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Abstract: ERAMYC - Test battery for the effect determination of chemicals in soils: Suitability of 
test systems with mycorrhizal fungi for the risk assessment   

Arbuscular Mycorrhizal Fungi (AMF) are recognized as important providers of ecosystem 
services, supporting soil health and key soil functions. Their ecological relevance and 
sensitivity to chemicals led the European Food Safety Authority (EFSA) to indicate AMF as a 
potential group of non-target test organisms for future Ecological Risk Assessment schemes 
(ERA) for Plant Protection Products (PPPs). However, AMF sensitivity to chemicals is poorly 
understood and the impact of contaminants on the AMF life cycle, including on spore viability 
(AMF pre-symbiotic phase), root colonization and subsequent production of spores and soil 
mycelium (AMF symbiotic phase), are of growing concern due to the crucial importance of 
these microorganisms on soil ecosystems. 

The ERAMYC project included an extensive literature review on the effects of organic 
chemicals on the pre-symbiotic and symbiotic phases of the AMF life cycle which guided the 
development and refinement of test protocols for AMF testing for risk assessment. A series of 
laboratory experiments, including the use of different test methodologies, AMF species, host 
plants, test soils and test substances, culminated on the production of test protocols which 
were submitted to ring tests, with the objective of drafting a new OECD guideline for AMF pre-
symbiotic and symbiotic phase testing.    

Despite the steps given towards standardization of AMF testing, the methods tested here could 
not be considered reproductible and/or precise due to high variability of the estimated 
endpoints and the low number of valid data sets resulting from the ring test experiments. AMF 
intra-specific genetic variation and the technical knowledge needed for the measurement of 
AMF parameters (e.g. root colonization and hyphae measurements) could be the main factors 
contributing to the high variability of the results. 

Data produced in the ERAMYC project constitutes an undeniable contribution for the 
standardization of methods based on AMF colonization and highlights the current insufficiency 
of ERA of PPPs in European Union to protect this group of microorganisms in terrestrial 
systems.  
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Kurzbeschreibung: ERAMYC - Testbatterie zur Wirkungsbestimmung von Chemikalien in Böden: 
Eignung von Testsystemen mit Mykorrhizapilzen zur Risikobewertung  

Arbuskuläre Mykorrhizapilze (AMF) gelten als wichtige Anbieter von 
Ökosystemdienstleistungen, da sie die Bodengesundheit und wichtige Bodenfunktionen 
unterstützen. Aufgrund ihrer ökologischen Relevanz und Empfindlichkeit gegenüber 
Chemikalien hat die Europäische Behörde für Lebensmittelsicherheit (EFSA) AMF als 
potenzielle Gruppe von Nichtziel-Testorganismen für zukünftige ökologische 
Risikobewertungssysteme (ERA) für Pflanzenschutzmittel (PPPs) bezeichnet. Die 
Empfindlichkeit von AMF gegenüber Chemikalien ist jedoch noch wenig erforscht und die 
Auswirkungen von Schadstoffen auf den Lebenszyklus von AMF, einschließlich der 
Sporenlebensfähigkeit (präsymbiotische Phase von AMF), der Wurzelbesiedlung und der 
anschließenden Produktion von Sporen und Bodenmyzel (symbiotische Phase von AMF), 
geben aufgrund der entscheidenden Bedeutung dieser Mikroorganismen für Bodenökosysteme 
zunehmend Anlass zur Sorge. 

Das ERAMYC-Projekt umfasste eine umfassende Literaturrecherche zu den Auswirkungen 
organischer Chemikalien auf die präsymbiotischen und symbiotischen Phasen des 
Lebenszyklus von AMF, die als Leitfaden für die Entwicklung und Verfeinerung von 
Testprotokollen für AMF-Tests zur Risikobewertung diente. Eine Reihe von 
Laborexperimenten, bei denen unterschiedliche Testmethoden, AMF-Arten, Wirtspflanzen, 
Testböden und Testsubstanzen verwendet wurden, mündete in der Erstellung von 
Testprotokollen, die Ringversuchen unterzogen wurden, mit dem Ziel, eine neue OECD-
Richtlinie für Tests der präsymbiotischen und symbiotischen Phase von AMF zu erstellen. 

Trotz der unternommenen Schritte zur Standardisierung von AMF-Tests können die hier 
getesteten Methoden aufgrund der hohen Variabilität der geschätzten Endpunkte und der 
geringen Anzahl gültiger Datensätze aus den Ringversuchsexperimenten nicht als 
reproduzierbar und/oder präzise angesehen werden. Die intraspezifische genetische Variation 
von AMF und das technische Wissen, das zur Messung von AMF-Parametern erforderlich ist (z. 
B. Wurzelbesiedlung und Hyphenmessungen), könnten die Hauptfaktoren sein, die zur hohen 
Variabilität der Ergebnisse beitragen. 
Die im Rahmen des ERAMYC-Projekts gewonnenen Daten stellen einen unbestreitbaren 
Beitrag zur Standardisierung von Methoden dar, die auf der AMF-Kolonisierung basieren, und 
unterstreichen die derzeitige Unzulänglichkeit der ERA von PSM in der Europäischen Union 
zum Schutz dieser Gruppe von Mikroorganismen in terrestrischen Systemen. 
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Summary 

Introduction 

Arbuscular Mycorrhizal Fungi (AMF) are organisms that live in obligate symbiosis with most 
vascular plant species. They have an important role on soil ecosystems by increasing plant 
nutrient acquisition (namely of phosphorous) and tolerance to various environmental 
stressors (e.g., metals, pathogens, drought, salinity, and others) and by increasing soil carbon 
sequestration, and soil aggregation and stabilization. Due to their recognized ecological 
relevance in supporting key soil functions as well as their sensitivity to chemicals, AMF have 
been identified by EFSA as a potential group of non-target test organisms to be included in the 
standard test battery to assess the effects of PPP on in-soil organisms (EFSA, 2017).  

As in-soil organisms, AMF are exposed to a wide range of chemicals found, namely, in 
agricultural soils (e.g., PPP, veterinary pharmaceuticals, metals) and the potential risk derived 
from this exposure is largely unknown and usually disregarded in ecological risk assessment 
(ERA) schemes. Moreover, in addition to the limited information on the effects of chemicals on 
AMF, the methodologies adopted to evaluate those effects (e.g. selection of AMF and host plant 
species, endpoints considered) are often inconsistent among published studies. 

The ERAMYC project was founded with the main objective of filling some of the gaps identified 
in the EFSA’s scientific opinion (EFSA, 2017). This included the development and 
standardization of new test protocols and the refinement of existing guiding documents 
concerning AMF testing, with the final objective of including these organisms in ERA schemes. 

To accomplish these objectives, the work developed during the ERAMYC project was divided 
into four main sections. Section 1 included a literature review conducted in WP1 about the 
effects of organic contaminants on the AMF pre-symbiotic and symbiotic phases; Section 2 
encompassed the work conducted for the development and testing of a protocol for AMF 
symbiotic phase testing based on the results of laboratory experiments conducted without 
chemicals and with chemicals over the two phases of WP2. Experiments aiming to define a 
reference substance, the chemicals and the strategy to be used in the symbiotic and pre-
symbiotic ring tests were conducted in a second phase of WP2; Section 3 comprised the work 
developed in WP3, that included the performance of the symbiotic and pre-symbiotic ring 
tests; Section 4 comprised the refinement and the adaptation of protocols tested during the 
symbiotic and pre-symbiotic testing for future publication/proposal (WP4) for a new OECD 
guideline, based on the results obtained in experiments of WP2 and WP3. 

 

WP1 - Systematic literature review and a comparative assessment of the studies with AMF 
exposed to chemicals 

The main objective of WP1 within the ERAMYC project was to conduct a literature review, 
based on studies where AMF have been exposed to chemicals, to collect information at 
different levels (e.g., chemicals assessed, AMF and host plant species used, test conditions 
adopted, and parameters measured including their sensitivity to the tested chemicals) and 
synthesize that information to help defining different aspects of the protocol to be developed 
and ring tested during the next phases of the project. The information collected was decisive to 
select the best combination of AMF, plant species, test conditions and test endpoints to be used 
to assess effects of organic chemicals on both pre-symbiotic and symbiotic phases of AMF life 
cycle. The selection of AMF species was also supported by an additional search on the 
worldwide distribution of AMF taxa to evaluate their geographical representativeness. 
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Methods adopted in the literature review 

Two independent searches were performed:  

1. A search to evaluate AMF biogeographical distribution was performed and ranked the 20 
most reported groups of AMF worldwide based on their occurrence. This search was 
conducted on specialized AMF databases, namely PlutoF (Abarenkov et al., 2010), MaarjAM 
(Öpik et al., 2010, Stürmer et al., 2018), Fungal Traits (Põlme et al., 2021) and NCBI 
website1. 

2. A systematic literature search using different databases (see below) was performed to 
retrieve information on (i) effects of chemicals on AMF and (ii) influence of abiotic 
parameters on AMF performance both on the pre-symbiotic and symbiotic phases. This 
search was performed on platforms Scopus2, ScienceDirect3, PubMed4, Web of Science5, 
SciELO6 and Google Scholar7 in April and May of 2021. Specific search terms are indicated 
in the respective sections where the results are presented. 

 

Results obtained in the literature review 

A total of 322 research papers were found, but only 53 of them met the goals of this review and 
were analysed in more detail. The information about chemicals and active ingredients (a.i.) 
tested, AMF species and host plants used, and test conditions adopted in ecotoxicological 
studies can be synthesized as follows: 

1. The most studied chemicals were fungicides (F; 41 a.i.), herbicides (H; 16 a.i.), veterinary 
and human-use pharmaceuticals (15), biological pesticides (6), disinfectant agents (4), 
personal care products (PCP; 2), insecticides (I; 2 a.i.), and mixtures of pesticides (12 
formulations, 2 with fungicides+insecticides; 8 with fungicides; 2 with herbicides). 

2. The most studied a.i. were Glyphosate (H) (11 studies), Benomyl (F) (9), Carbendazim (F) 
(8), Fenhexamid (F) (8), Captan (F) (6), Azoxystrobin (F) (5), Chlorothalonil (F) (5), 
Mancozeb (F) (5), Pentachloronitrobenzene (F) (5), Flutholanil (F) (4), Triclosan (PCP) (4) 
Alachlor (H) (3), Dicamba (H) (3), Dimethoate (I) (3), Fenpropimorph (F) (3), Fosethyl-
aluminium (F) (3), and Pencycuron (F) (3). 

3. The AMF species mostly used were Funneliformis mosseae (27 studies), Claroideoglomus 
etunicatum (14), Rhizophagus intraradices (13), Rhizophagus clarus (8), Gigaspora 
margarita (6), Glomus aggregatum (4), Rhizophagus irregularis (4), Scutellospora 
heterogama (4), Acaulospora laevis (3), Funneliformis caledonium (3), Gigaspora rosea (3), 
and Glomus monosporum (3). This is in close agreement with the findings presented in 
section 2.3 about AMF worldwide distribution. 

4. 28 species of host plants were used in experiments reported in existing literature. The 
most used plant was Zea mays (6 studies), followed by Glycine max (5), Daucus carota (in 
vitro transformed roots) (5), Triticum aestivum (4), Pisum sativum (3), Capsicum annum (2), 

 

1 https://www.ncbi.nlm.nih.gov/ 
2 https://www.scopus.com/search/form.uri?display=basic 
3 https://www.sciencedirect.com/ 
4 https://pubmed.ncbi.nlm.nih.gov/ 
5 https://www.webofknowledge.com 
6 https://scielo.org 
7 https://scholar.google.com.br 

https://www.ncbi.nlm.nih.gov/
https://www.scopus.com/search/form.uri?display=basic
https://www.sciencedirect.com/
https://pubmed.ncbi.nlm.nih.gov/
https://www.webofknowledge.com/
https://scielo.org/
https://scholar.google.com.br/
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Citrus aurantium (2), D. carota (2), Leucaena leucocephala (2), Phaseolus vulgaris (2), and 
Trifolium subterraneum (2). 

5. Most papers focused on the pre-symbiotic phase (27), the symbiotic phase (15) or both 
(11). Experiments have been performed using natural soils (20 studies), natural soil mixed 
with sand (11), artificial soils (3), sand (5) and culture medium (in vitro) (17) as test 
medium. Studies using natural soils have reported pH values between 6.3-8.2; pH values of 
artificial soil were adjusted to 6.0 (± 0.5), and of sand varied between 6.0 and 7.0. 

6. Most studies focusing on the pre-symbiotic phase reported experiments carried out in the 
dark and only two studies have used a photoperiod of 16:8h light/dark. Most experiments 
have used temperatures of 25 °C, 27 °C, and 28 °C ± 2 °C with two exceptions where 
temperatures of 22 °C and 26 °C were tested. 
 

Conclusions from the literature review 

On this first approach, we found that the most studied group of chemicals were fungicides, and 
the most studied a.i. was Glyphosate. The AMF species more often used were Funneliformis 
mosseae, Claroideoglomus etunicatum and Rhizophagus intraradices. It is important to highlight 
that there is a predominance of studies reporting the effect of chemicals only at pre-symbiotic 
phase level and the scarcity of data regarding effects on the symbiotic phase. In general, there 
is a lack of data regarding the effect of biocides, veterinary pharmaceuticals, and insecticides 
on AMF species. 

 

WP2 - Performance of ecotoxicological tests with AMF – development phase 

The strategy defined for WP2 was based on the review presented in Section 1 of this Final 
report and on the experience of the consortium members.  

WP2 was divided into two phases (two clusters of experiments) with the objective of defining 
and refining methodologies for the performance of symbiotic phase tests. In the first phase, no 
chemicals were used, and the aim was to evaluate the performance/suitability of the selected 
AMF species in the selected soils under specific test conditions (environmental conditions and 
selected host plants). The most relevant parameters were assessed to evaluate the operational 
aspects of their measurement, the intra-specific variability and to define adequate validity 
criteria for combinations of AMF species/measured parameters. The second phase included 
the use of test chemicals aiming to assess how the different AMF species and parameters 
measured react to the selected chemicals. The results obtained in this second phase were used 
to select test substances to be applied in the ring tests (interlaboratory tests) of WP3. 

 

Results obtained in WP2  

The data produced in WP2 were essential to define the methodologies to be applied in the next 
steps of the project, especially in the ring tests of WP3 and, therefore, for the preparation of the 
proposal for the new OECD standard method. 

Before starting the experiments, the selection of soils, AMF species and host plant had to be 
supported: 

► Soils for the tests were selected according to their characteristics through a Principal 
Component Analysis (PCA), availability, and suitability for AMF development. Five soils 
were selected: a modified artificial soil (with 2.5% of organic matter) and four natural soils 
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(one natural soil per each country of the consortium partners, i.e. Portugal, Estonia and 
Brazil and a natural reference soil from Germany); 

► Four species of AMF, Rhizophagus irregularis, Rhizophagus clarus, Gigaspora margarita and 
Funneliformis mosseae, were selected based on data obtained in the literature review from 
WP1 and on the availability of inoculant suppliers; 

► Two species of host plants, Solanum lycopersicum (tomato) and Allium ampeloprasum 
(leek), were selected due to their use in previous ecological studies with AMF. 

After the selection of these components, the first part of the experimental phase of WP2 began, 
with the main objective of refining the methodology for symbiotic phase experiments and to 
evaluate the suitability of the selected AMF. The following aspects were evaluated: 

► Mode of AMF inoculation (number of spores vs mixed inoculum weigh): inoculation with 
mixed inoculum was the most suitable to achieve adequate percentages of AMF 
colonization;  

► Potential of inoculum: to estimate the amount (i.e. weigh) of mixed inoculum necessary for 
an acceptable AMF colonization; 

► Host plant: the host plant selected for the following phases was leek, as AMF colonization 
was generally higher in this species than in tomato; 

► Development phase of the host plant for test beginning: turgid seeds, with no signs of 
germination, are more suitable for these experiments as the initial phase of plant 
development is essential to the establishment of the plant-AMF symbiosis; 

► Parameter endpoints and acceptable outcomes (for test validation): intra-radicular 
colonization (total and arbuscular) and extra-radicular hyphae length were the selected 
parameters to be used in symbiotic phase tests, as they reflect the strength of the AMF-
plant symbiosis. A percentage of 30% total colonization was considered the minimum 
required to validate the tests.  

Other technical parts of the methodology such as the staining method, the necessity of using a 
nutrient solution for plant irrigation and of adding sand/glass beads in the top of the soil to 
prevent soil water losses over the experiments, were also approached in this phase.  

Based on the work developed in this first phase, initial drafts of the SOPs were produced. 
Methods described in these drafts were followed by the consortium during testing with 
contaminants, in the second phase of WP2.  

The main objectives of the second phase of WP2 were 1) to define a reference substance to be 
used in positive controls and 2) to select suitable chemicals to be used in the ring tests of 
laboratory AMF symbiotic and pre-symbiotic phase tests. 

Boric acid was the first chemical selected to be suggested as reference substance for AMF 
symbiotic phase testing as this chemical has been used as reference substance for other 
organisms in ecotoxicological testing. However, there was an apparent higher toxicity of Boric 
acid to the host plant when compared to the AMF root colonization that appeared unaffected in 
replicates with plant biomass production even in the highest tested concentrations. Therefore, 
it was concluded that Boric acid is not suitable to be used as reference substance in AMF 
symbiotic phase tests. 
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A second chemical was proposed for reference substance: Copper sulphate. The results 
obtained with Copper sulphate were inconclusive regarding its suitability to be used as 
reference substance, due to the unclear relationship between the concentrations of Copper 
sulphate and the effects on plant biomass production and root AMF colonization of F. mosseae. 
For R. irregularis, toxic effects on the host plant appeared to be higher than the effects on AMF 
colonization, but this could be due to the concentration gradient used, possibly too large 
between test concentrations. 

Since neither Boric acid nor Copper sulphate showed to be adequate to be used as reference 
substance in AMF symbiotic phase tests, it was decided to select 2 chemicals from a list of a.i. 
commonly used in agriculture for the ring tests and, according to the results obtained, select 
one of them to be used as reference substance for the method.   

Five a.i. (3 fungicides: Azoxystrobin, Fluazinam and Tebuconazole + 2 herbicides: 
Pendimethalin and Terbuthylazine) were tested using both artificial and natural soils and 
using three AMF species with leek as host plant. The main objective of these experiments was 
to select chemicals to be used in the ring tests of WP3. Azoxystrobin and Fluazinam were the 
selected chemicals to be used in the ring tests. Both substances were tested in the artificial soil 
(i.e. OECD artificial soil with 2.5% of OM) and in the natural soils from Portugal, Brazil, Estonia 
and a reference soil from Germany.  

Data obtained in experiments of WP2 were used in predictive Generalized Linear Models to 
assess the influence of soil properties on AMF colonization and on the sensitivity of AMF to 
chemicals in soil.  

The influence of soil properties on AMF colonization was evaluated considering the average 
measurements of AMF total (TC) and arbuscular colonization (AC) and extra-radicular hyphae 
length (EHL) in negative controls of experiments with R. irregularis and F. mosseae and leek 
from both phases of WP2 as response variables and soil properties - soil pH, organic matter 
content, cation exchange capacity, sand, silt and clay contents, aluminium exchangeable 
concentration and phosphorus, iron and manganese extractable concentrations - as continuous 
explanatory variables and AMF species and laboratory as nominal explanatory variables. 
Average TC and AC measurements did not show a statistically significant influence on the 
measured endpoints raised by changed soil properties. On the other hand, average EHL was 
significantly influenced by iron and phosphorous extractable concentrations, soil pH and cation 
exchange capacity. The laboratory also had a significant influence on EHL measurements.  

The effect of soil properties on the AMF sensitivity to chemicals in soil was assessed 
considering the endpoints estimated for the three AMF parameters (i.e. TC, AC and EHL) in the 
experiments conducted during the second phase of WP2 with R. irregularis and Azoxystrobin 
or Fluazinam as response variables. The same soil properties considered in the previous 
evaluation were used as continuous explanatory variables and the laboratory and test 
substance were used as nominal explanatory variables. No significant explanatory variables 
were found in GLMs using the estimated endpoins for the three AMF parameters considered as 
response variable, except for a GLM with “Laboratory” as explanatory variable for EC10 values 
based on TC measurements.  

Although GLMs generally did not evidence significant explanatory variables, they explained a 
higher percentage of the observed variance when considering the “Laboratory” and “Chemical” 
variables for all AMF parameters (TC explained the highest percentages, followed by AC and 
EHL). The absence of statistical significance for the “Chemical” variable in the GLMs suggests 
that a dataset with endpoints estimated for a larger number (and a greater variety) of 
substances would be needed to enhance the robustness of the analysis. 
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Data obtained in the second phase of WP2 were also analyzed from the perspective of risk 
assessment to understand at which point AMF are being protected by the current ERA of PPPs 
in the European Union (EU). Endpoints reported in the literature for the seven test substances 
using standard species were compared with the endpoints estimated from TC measurements 
obtained in ERAMYC. This comparison showed that AMF are more than 5 times more sensitive 
to three of the seven substances tested in WP2 (i.e. Tebuconazole, Azoxystrobin and 
Pendimethalin) than the standard organisms currently considered in ERA. Therefore, AMF are 
probably not being sufficiently protected considering the assessment fator of 5 currently used 
in ERA schemes, which highlights the urgency of including AMF for the refinement of future 
PPP risk assessment schemes in EU. 

Data regarding nominal and initial measured concentrations of the test substances were 
compared and used to infere on the relevance of performing chemical determination on soil 
samples to complement and support risk assessment. Chemical analysis showed, that already 
at test start 80 % of nominal concentrations were not reached for the majority of test 
substances. During the project, the estimated endpoints based on nominal concentrations 
were, generally, within a factor of 5 of the estimated endpoints based on initial measured 
concentrations. However, in some cases (namely for Tebuconazole, Terbuthylazine and 
Azoxystrobin), the endpoints derived from nominal concentrations were more than 5 times – 
up to 50000 fold - higher than those derived from measured concentrations, which suggests 
that the use of nominal concentrations may lead to insufficiently protective measures for AMF. 
Chemical analyses can produce relevant data to complement and confirm the accuracy of the 
methods applied during the performance of the tests and to produce more precise endpoints, 
enabling the refinement of risk evaluation. 

 

WP3 – Performance of a ring test 

The test protocols developed and agreed in WP2 were used to a ring test (interlaboratory 
tests), involving the members of the consortium and other laboratories among Europe that 
expressed interest in participating.  

The ring test was carried out under the coordination of CloverStrategy and implied the 
elaboration of clear and detailed test protocols that each laboratory had to follow. In WP3, AMF 
pre-symbiotic and symbiotic phase tests were carried out with 2 chemicals (the fungicides 
Fluazinam and Azoxystrobin, both as pure a.i.), 1 AMF species (Rhizophagus irregularis) and 1 
soil (the OECD 2.5% artificial soil). The in vivo symbiotic phase tests were carried out using one 
host plant (leek, Allium ampeloprasum). 

 

Results obtained in WP3 

In the symbiotic phase ring test, from the eighteen experiments conducted, eleven were valid 
(six for Azoxystrobin and five for Fluazinam), being seven not valid due to the low root 
colonization and/or high coefficients of variation in controls. Valid tests showed a tendency (in 
general more evident for Azoxystrobin, but not statistically significant) to reduce percentages 
of total and arbuscular colonization and extra-radicular hyphae length along the increase of the 
test concentrations, despite the high variability observed, especially in AC and EHL 
measurements. The reproducibility of the method could not be verified as there were not 
sufficient confidence intervals to allow the estimation of the repeatability of the method. 
Precision of the method could not be confirmed either, due to the high variability of the 
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estimated endpoints between laboratories and the reduced number of data sets considered 
that made the warning limits too wide. 

In the pre-symbiotic phase tests, from the twelve experiments conducted, three were valid 
(two for Azoxystrobin and one for Fluazinam). Most tests were not valid due to low 
germination rate and low number of recovered spores at the end of the tests (the percentage of 
germinated spores was lower than 75% in control and/or the number of recovered spores was 
not higher than 25 in all test treatments). The number of data sets obtained in this ring test 
was insufficient to evaluate the reproducibility and/or precision of the method. 

The inclusion of more participanting laboratories, the adaptation of some of the methodologies 
applied during the ring test experiments (e.g. use of more replicates in the negative control 
and/or use of propagules from in-vitro cultivations), and a more customized or in person 
training of the less experienced laboratories could contribute to reduce the variability 
observed in the results of the ring test and to increase the number of valid data sets in both 
AMF pre-symbiotic and symbiotic testing. 

 

WP4 – Drafting of an OECD Test Guideline 

Two drafts for OECD guidance documents were prepared, contemplating both pre-symbiotic 
and symbiotic phases of the AMF life cycle. These documents were based on the methodologies 
discussed and agreed during the ERAMYC project, being supported by the systematic literature 
review of WP1, on the data obtained in the experiments of WP2, on data generated in the ring 
test of WP3 and on the information available in existing international standards for laboratory 
testing with AMF. 

 

 

Zusammenfassung 

Einleitung 

Arbuskuläre Mykorrhizapilze (AMF) sind Organismen, die in obligatorischer Symbiose mit den 
meisten Gefäßpflanzenarten leben. Sie spielen eine wichtige Rolle in Bodenökosystemen, 
indem sie die Nährstoffaufnahme der Pflanzen (insbesondere von Phosphor) und ihre Toleranz 
gegenüber verschiedenen Umweltstressoren (z. B. Metalle, Krankheitserreger, Dürre, 
Salzgehalt und andere) erhöhen und die Kohlenstoffbindung im Boden sowie die 
Bodenaggregation und -stabilisierung verbessern. Aufgrund ihrer anerkannten ökologischen 
Relevanz bei der Unterstützung wichtiger Bodenfunktionen sowie ihrer Empfindlichkeit 
gegenüber Chemikalien wurden AMF von der EFSA als potenzielle Gruppe von Nichtziel-
Testorganismen identifiziert, die in die Standardtestbatterie aufgenommen werden sollen, um 
die Auswirkungen von PSM auf Bodenorganismen zu bewerten (EFSA, 2017). Als 
Bodenorganismen sind AMF einer Vielzahl von Chemikalien ausgesetzt, die insbesondere in 
landwirtschaftlichen Böden vorkommen (z. B. Pflanzenschutzmittel, Tierarzneimittel, Metalle). 
Das potenzielle Risiko, das sich aus dieser Exposition ergibt, ist weitgehend unbekannt und 
wird in der Regel bei der Bewertung ökologischer Risiken (ERA) außer Acht gelassen. 
Zusätzlich zu den begrenzten Informationen über die Auswirkungen von Chemikalien auf AMF 
sind die zur Bewertung dieser Auswirkungen angewandten Methoden (z. B. Auswahl von AMF 
und Wirtspflanzenarten, berücksichtigte Endpunkte) in veröffentlichten Studien häufig 
inkonsistent. 
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Das ERAMYC-Projekt wurde mit dem Hauptziel entworfen, einige der in der wissenschaftlichen 
Stellungnahme der EFSA festgestellten Lücken zu schließen (EFSA, 2017). Dies umfasste die 
Entwicklung und Standardisierung neuer Testprotokolle und die Verfeinerung bestehender 
Leitliniendokumente zur AMF-Prüfung mit dem Endziel, diese Organismen in ERA-Programme 
aufzunehmen. 

Um diese Ziele zu erreichen, wurde die im Rahmen des ERAMYC-Projekts entwickelte Arbeit in 
vier Hauptabschnitte unterteilt. Abschnitt 1 umfasste eine in WP1 durchgeführte 
Literaturübersicht über die Auswirkungen organischer Schadstoffe auf die präsymbiotischen 
und symbiotischen Phasen von AMF; Abschnitt 2 umfasste die Arbeiten zur Entwicklung und 
Prüfung eines Protokolls für die Prüfung der symbiotischen Phase von AMF basierend auf den 
Ergebnissen von Laborexperimenten, die ohne Chemikalien und mit Chemikalien in WP2 
durchgeführt wurden. In einer zweiten Phase von WP2 wurden Experimente durchgeführt, die 
darauf abzielten, eine Referenzsubstanz, die Chemikalien und die in den symbiotischen und 
präsymbiotischen Ringtests zu verwendende Strategie zu bestimmen; Abschnitt 3 umfasste die 
in WP3 entwickelte Arbeit, die die Durchführung der symbiotischen und präsymbiotischen 
Ringtests beinhaltete; Abschnitt 4 umfasste die Verfeinerung und Anpassung der während der 
symbiotischen und präsymbiotischen Tests getesteten Protokolle für eine künftige 
Veröffentlichung/einen künftigen Vorschlag (WP4) für eine neue OECD-Richtlinie, basierend 
auf den in den Experimenten von WP2 und WP3 erzielten Ergebnissen. 

 

WP1 – Systematische Literaturrecherche und vergleichende Bewertung der Studien mit AM-
Pilzen, die Chemikalien ausgesetzt wurden 

Das Hauptziel von WP1 im Rahmen des ERAMYC-Projekts war die Durchführung einer 
Literaturrecherche auf der Grundlage von Studien, in denen AMF Chemikalien ausgesetzt 
wurden, um Informationen auf verschiedenen Ebenen zu sammeln (z. B. bewertete 
Chemikalien, verwendete AMF- und Wirtspflanzenarten, gewählte Testbedingungen und 
gemessene Parameter, einschließlich ihrer Empfindlichkeit gegenüber den getesteten 
Chemikalien) und diese Informationen zu synthetisieren, um verschiedene Aspekte des 
Protokolls zu definieren, das in den nächsten Phasen des Projekts weiterentwickelt und 
ringgetestet werden soll. Die gesammelten Informationen werden entscheidend dazu 
beitragen, die beste Kombination aus AMF, Pflanzenarten, Testbedingungen und 
Testendpunkten auszuwählen, die zur Bewertung der Auswirkungen organischer Chemikalien 
auf die präsymbiotischen und symbiotischen Phasen des AMF-Lebenszyklus verwendet 
werden soll. Die Auswahl der AMF-Arten wird auch durch eine zusätzliche Suche nach der 
weltweiten Verbreitung von AMF-Taxa unterstützt, um ihre geografische Repräsentativität zu 
bewerten. 

 

Methoden der Literaturrecherche 

Es wurden zwei unabhängige Suchvorgänge durchgeführt: 

1. Es wurde eine Suche zur Bewertung der biogeografischen Verbreitung von AMF 
durchgeführt und die 20 am häufigsten gemeldeten AMF-Gruppen weltweit wurden 
anhand ihres Vorkommens bewertet. Diese Suche wurde in spezialisierten AMF-
Datenbanken durchgeführt, nämlich PlutoF (Abarenkov et al., 2010), MaarjAM (Öpik et al., 
2010, Stürmer et al., 2018), Fungal Traits (Põlme et al., 2021) und der NCBI-Website. 

2. Es wurde eine systematische Literatursuche in verschiedenen Datenbanken (siehe unten) 
durchgeführt, um Informationen zu (i) den Auswirkungen von Chemikalien auf AMF und 
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(ii) dem Einfluss abiotischer Parameter auf die AMF-Leistung sowohl in der 
präsymbiotischen als auch in der symbiotischen Phase abzurufen. Diese Suche wurde im 
April und Mai 2021 auf den Plattformen Scopus, ScienceDirect, PubMed, Web of Science, 
SciELO und Google Scholar durchgeführt. Spezifische Suchbegriffe sind in den jeweiligen 
Abschnitten angegeben, in denen die Ergebnisse präsentiert werden. 

 

Ergebnisse der Literaturrecherche 

Insgesamt wurden 322 Forschungsarbeiten gefunden, aber nur 53 davon erfüllten die Ziele 
dieser Recherche und wurden genauer analysiert. Die Informationen über die getesteten 
Chemikalien und Wirkstoffe (a.i.), die verwendeten AMF-Arten und Wirtspflanzen sowie die in 
ökotoxikologischen Studien angewandten Testbedingungen können wie folgt 
zusammengefasst werden: 

1. Die am häufigsten untersuchten Chemikalien waren Fungizide (F; 41 a.i.), Herbizide (H; 16 
a.i.), Arzneimittel für Tier- und Humanmedizin (15), biologische Pestizide (6), 
Desinfektionsmittel (4), Körperpflegeprodukte (PCP; 2), Insektizide (I; 2 a.i.) und 
Pestizidmischungen (12 Formulierungen, 2 mit Fungiziden+Insektiziden; 8 mit Fungiziden; 
2 mit Herbiziden). 

2. Die am häufigsten untersuchten Wirkstoffe waren Glyphosat (H) (11 Studien), Benomyl (F) 
(9), Carbendazim (F) (8), Fenhexamid (F) (8), Captan (F) (6), Azoxystrobin (F) (5), 
Chlorothalonil (F) (5), Mancozeb (F) (5), Pentachlornitrobenzol (F) (5), Flutholanil (F) (4), 
Triclosan (PCP) (4), Alachlor (H) (3), Dicamba (H) (3), Dimethoat (I) (3), Fenpropimorph 
(F) (3), Fosethylaluminium (F) (3) und Pencycuron (F) (3). 3. Die am häufigsten 
verwendeten AMF-Arten waren Funneliformis mosseae (27 Studien), Claroideoglomus 
etunicatum (14), Rhizophagus intraradices (13), Rhizophagus clarus (8), Gigaspora 
margarita (6), Glomus aggregatum (4), Rhizophagus irregularis (4), Scutellospora 
heterogama (4), Acaulospora laevis (3), Funneliformis caledonium (3), Gigaspora rosea (3) 
und Glomus monosporum (3). Dies steht in enger Übereinstimmung mit den in Abschnitt 2.3 
vorgestellten Erkenntnissen zur weltweiten Verbreitung von AMF. 

3. In den in der vorhandenen Literatur beschriebenen Experimenten wurden 28 Arten von 
Wirtspflanzen verwendet. Die am häufigsten verwendete Pflanze war Zea mays (6 Studien), 
gefolgt von Glycine max (5), Daucus carota (in vitro transformierte Wurzeln) (5), Triticum 
aestivum (4), Pisum sativum (3), Capsicum annum (2), Citrus aurantium (2), D. carota (2), 
Leucaena leucocephala (2), Phaseolus vulgaris (2) und Trifolium subterraneum (2). 

4. Die meisten Arbeiten konzentrierten sich auf die präsymbiotische Phase (27), die 
symbiotische Phase (15) oder beide (11). Es wurden Experimente mit natürlichen Böden 
(20 Studien), natürlichem Boden gemischt mit Sand (11), künstlichen Böden (3), Sand (5) 
und Kulturmedium (in vitro) (17) als Testmedium durchgeführt. Studien mit natürlichen 
Böden ergaben pH-Werte zwischen 6,3 und 8,2; die pH-Werte des künstlichen Bodens 
wurden auf 6,0 (± 0,5) eingestellt und die des Sandes variierten zwischen 6,0 und 7,0. 

5. Die meisten Studien, die sich auf die präsymbiotische Phase konzentrierten, berichteten 
von Experimenten, die im Dunkeln durchgeführt wurden, und nur zwei Studien 
verwendeten eine Photoperiode von 16:8 Stunden Licht/Dunkelheit. Bei den meisten 
Experimenten wurden Temperaturen von 25 °C, 27 °C und 28 °C ± 2 °C verwendet, mit 
zwei Ausnahmen, bei denen Temperaturen von 22 °C und 26 °C getestet wurden. 
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Schlussfolgerungen aus der Literaturrecherche  

Bei diesem ersten Ansatz stellten wir fest, dass die am Besten untersuchte Gruppe von 
Chemikalien die Gruppe der Fungizide war. Der am Besten untersuchte Wirkstoff war 
Glyphosat. Die am häufigsten verwendeten AMF-Arten waren Funneliformis mosseae, 
Claroideoglomus etunicatum und Rhizophagus intraradices. Es ist wichtig hervorzuheben, dass 
es überwiegend Studien gibt, die die Wirkung von Chemikalien nur auf der Ebene der prä-
symbiotischen Phase berichten, und dass es nur wenige Daten zu den Auswirkungen auf die 
symbiotische Phase gibt. Im Allgemeinen fehlen Daten zur Wirkung von Bioziden, 
Tierarzneimitteln und Insektiziden auf AMF-Arten. 

 

WP2 – Durchführung ökotoxikologischer Tests mit AMF – Entwicklungsphase 

Die für AP2 festgelegte Strategie basierte auf der in Abschnitt 1 dieses Abschlussberichts 
vorgestellten Übersicht und den Erfahrungen der Konsortiumsmitglieder. 

AP2 war in zwei Phasen (zwei Versuchscluster) unterteilt, um Methoden für die Durchführung 
von Tests in der symbiotischen Phase zu definieren und zu verfeinern. In der ersten Phase 
wurden keine Chemikalien verwendet. Ziel war es, die Leistungsfähigkeit/Eignung der 
ausgewählten AMF-Arten in den ausgewählten Böden unter spezifischen Testbedingungen 
(Umweltbedingungen und ausgewählte Wirtspflanzen) zu bewerten. Die wichtigsten 
Parameter wurden bewertet, um die operationellen Aspekte ihrer Messung und die 
intraspezifische Variabilität zu beurteilen und geeignete Validitätskriterien für Kombinationen 
von AMF-Arten/gemessenen Parametern zu definieren. In der zweiten Phase wurden 
Testchemikalien eingesetzt, um zu beurteilen, wie die verschiedenen gemessenen AMF-Arten 
und Parameter auf die ausgewählten Chemikalien reagieren. Die Ergebnisse dieser zweiten 
Phase dienten der Auswahl von Testsubstanzen für die Ringversuche (Ringversuche) von AP3. 

 

Ergebnisse aus WP2 

Die in Arbeitspaket 2 gewonnenen Daten waren entscheidend für die Definition der Methoden 
für die nächsten Projektschritte, insbesondere für die Ringversuche in Arbeitspaket 3, und 
damit für die Ausarbeitung des Vorschlags für die neue OECD-Standardmethode. 

Vor Beginn der Experimente musste die Auswahl der Böden, der AMF-Arten und der 
Wirtspflanze unterstützt werden: 

► Die Böden für die Tests wurden anhand ihrer Eigenschaften mittels einer 
Hauptkomponentenanalyse (PCA), ihrer Verfügbarkeit und ihrer Eignung für die AMF-
Entwicklung ausgewählt. Fünf Böden wurden ausgewählt: ein modifizierter Kunstboden 
(mit 2,5 % organischer Substanz) und vier natürliche Böden (ein natürlicher Boden pro 
Land der Konsortialpartner, d. h. Portugal, Estland und Brasilien, sowie ein natürlicher 
Referenzboden aus Deutschland); 

► Vier AMF-Arten – Rhizophagus irregularis, Rhizophagus clarus, Gigaspora margarita und 
Funneliformis mosseae – wurden basierend auf den Daten aus der Literaturrecherche in 
Arbeitspaket 1 und der Verfügbarkeit von Impfmittellieferanten ausgewählt; 

► Zwei Wirtspflanzenarten, Solanum lycopersicum (Tomate) und Allium ampeloprasum 
(Lauch), wurden aufgrund ihrer Verwendung in früheren ökologischen Studien mit AMF 
ausgewählt. 
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Nach der Auswahl dieser Komponenten begann der erste Teil der experimentellen Phase von 
WP2 mit dem Hauptziel, die Methodik für Experimente in der symbiotischen Phase zu 
verfeinern und die Eignung der ausgewählten AMF zu bewerten. Folgende Aspekte wurden 
bewertet: 

► Art der AMF-Inokulation (Anzahl der Sporen vs. Gewicht des gemischten Inokulums): Die 
Inokulation mit gemischtem Inokulum war am besten geeignet, um einen angemessenen 
Prozentsatz an AMF-Besiedlung zu erreichen. 

► Potenzial des Inokulums: Abschätzung der Menge (d. h. des Gewichts) des gemischten 
Inokulums, die für eine akzeptable AMF-Besiedlung erforderlich ist. 

► Wirtspflanze: Als Wirtspflanze für die folgenden Phasen wurde Lauch ausgewählt, da die 
AMF-Besiedlung bei dieser Art generell höher war als bei Tomaten. 

► Entwicklungsphase der Wirtspflanze zu Beginn des Versuchs: Pralle Samen ohne 
Anzeichen einer Keimung eignen sich für diese Versuche besser, da die anfängliche Phase 
der Pflanzenentwicklung für die Etablierung der Pflanze-AMF-Symbiose entscheidend ist. 

► Parameterendpunkte und akzeptable Ergebnisse (zur Testvalidierung): Die intraradikuläre 
Besiedlung (gesamt und arbuskulär) und die extraradikuläre Hyphenlänge wurden als 
Parameter für die Tests in der symbiotischen Phase ausgewählt, da sie die Stärke der AMF-
Pflanzen-Symbiose widerspiegeln. Ein Prozentsatz von 30 % Gesamtbesiedlung wurde als 
Mindestanforderung zur Validierung der Tests angesehen. 

Weitere technische Aspekte der Methodik, wie die Färbemethode, die Notwendigkeit der 
Verwendung einer Nährlösung zur Pflanzenbewässerung und die Zugabe von Sand-
/Glasperlen in die Bodenoberfläche zur Vermeidung von Bodenwasserverlusten während der 
Experimente, wurden ebenfalls in dieser Phase behandelt. 

Basierend auf den in dieser ersten Phase erzielten Ergebnissen wurden erste Entwürfe der 
Standardarbeitsanweisungen (SOPs) erstellt. Die in diesen Entwürfen beschriebenen 
Methoden wurden vom Konsortium in der zweiten Phase von WP2 bei Tests mit Schadstoffen 
angewendet. 

Die Hauptziele der zweiten Phase von WP2 waren 1) die Definition einer Referenzsubstanz für 
Positivkontrollen und 2) die Auswahl geeigneter Chemikalien für die Ringversuche von 
Labortests in der symbiotischen und präsymbiotischen Phase von AMF. 

Borsäure wurde als erste Chemikalie als Referenzsubstanz für Tests in der symbiotischen 
Phase von AMF vorgeschlagen, da diese Chemikalie bereits in ökotoxikologischen Tests als 
Referenzsubstanz für andere Organismen verwendet wurde. Allerdings zeigte sich eine höhere 
Toxizität von Borsäure für die Wirtspflanze im Vergleich zur AMF-Wurzelbesiedlung, die in 
Replikaten mit Pflanzenbiomasseproduktion selbst bei den höchsten getesteten 
Konzentrationen unbeeinflusst blieb. Daher wurde der Schluss gezogen, dass Borsäure nicht 
als Referenzsubstanz in Tests der symbiotischen Phase von AMF geeignet ist. 

Als Referenzsubstanz wurde Kupfersulfat vorgeschlagen. Die mit Kupfersulfat erzielten 
Ergebnisse ließen hinsichtlich seiner Eignung als Referenzsubstanz keine eindeutigen Schlüsse 
zu, da der Zusammenhang zwischen den Kupfersulfatkonzentrationen und den Auswirkungen 
auf die Pflanzenbiomasseproduktion und die AMF-Wurzelbesiedlung von F. mosseae unklar 
war. Bei R. irregularis schienen die toxischen Effekte auf die Wirtspflanze stärker zu sein als die 
Effekte auf die AMF-Besiedlung. Dies könnte jedoch auf den verwendeten 
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Konzentrationsgradienten zurückzuführen sein, der möglicherweise zu groß zwischen den 
Testkonzentrationen war. 

Da sich weder Borsäure noch Kupfersulfat als Referenzsubstanz in Tests zur symbiotischen 
AMF-Phase als geeignet erwiesen, wurde beschlossen, zwei Chemikalien aus einer Liste 
landwirtschaftlicher Wirkstoffe für die Ringversuche auszuwählen und je nach den erzielten 
Ergebnissen eine davon als Referenzsubstanz für die Methode auszuwählen. 

Fünf Wirkstoffe (3 Fungizide: Azoxystrobin, Fluazinam und Tebuconazol + 2 Herbizide: 
Pendimethalin und Terbuthyazin) wurden in künstlichen und natürlichen Böden sowie an drei 
AMF-Arten mit Lauch als Wirtspflanze getestet. Das Hauptziel dieser Experimente war die 
Auswahl von Chemikalien für die Ringversuche von AP3. Azoxystrobin und Fluazinam waren 
die ausgewählten Chemikalien für die Ringversuche. Beide Substanzen wurden im künstlichen 
Boden (d. h. künstlichem OECD-Boden mit 2,5 % OM) und in natürlichen Böden aus Portugal, 
Brasilien, Estland und einem Referenzboden aus Deutschland getestet. 

Die in den Experimenten von AP2 gewonnenen Daten wurden in prädiktiven 
verallgemeinerten linearen Modellen verwendet, um den Einfluss der Bodeneigenschaften auf 
die AMF-Kolonisierung und auf die Empfindlichkeit der AMF gegenüber Chemikalien im Boden 
zu bewerten. 

Der Einfluss der Bodeneigenschaften auf die AMF-Besiedlung wurde unter Berücksichtigung 
der Durchschnittswerte der AMF-Gesamt- (TC) und Arbuskulärbesiedlung (AC) sowie der 
extraradikulären Hyphenlänge (EHL) in Negativkontrollen von Experimenten mit R. irregularis 
und F. mosseae sowie Lauch aus beiden Phasen von WP2 als Antwortvariablen und der 
Bodeneigenschaften – Boden-pH-Wert, Gehalt an organischer Substanz, 
Kationenaustauschkapazität, Sand-, Schluff- und Tongehalt, austauschbare 
Aluminiumkonzentration sowie extrahierbare Phosphor-, Eisen- und Mangankonzentrationen 
– als kontinuierliche erklärende Variablen sowie der AMF-Arten und des Labors als nominale 
erklärende Variablen bewertet. Durchschnittliche TC- und AC-Messungen zeigten keinen 
signifikanten Einfluss der Bodeneigenschaften. Andererseits wurde die durchschnittliche EHL 
signifikant durch die extrahierbaren Eisen- und Phosphorkonzentrationen, den Boden-pH-
Wert und die Kationenaustauschkapazität beeinflusst. Auch das Labor hatte einen 
signifikanten Einfluss auf die EHL-Messungen. 

Der Einfluss der Bodeneigenschaften auf die AMF-Empfindlichkeit gegenüber Chemikalien im 
Boden wurde unter Berücksichtigung der für die drei AMF-Parameter (d. h. TC, AC und EHL) 
geschätzten Endpunkte in den Experimenten der zweiten Phase von WP2 mit R. irregularis und 
Azoxystrobin oder Fluazinam als Antwortvariablen bewertet. Dieselben Bodeneigenschaften 
wie in der vorherigen Bewertung wurden als kontinuierliche erklärende Variablen verwendet, 
Labor und Testsubstanz als nominale erklärende Variablen. In den GLMs, die die geschätzten 
Endpunkte für die drei AMF-Parameter als Antwortvariable verwendeten, wurden keine 
signifikanten erklärenden Variablen gefunden, mit Ausnahme eines GLMs mit „Labor“ als 
erklärender Variable für EC10-Werte basierend auf TC-Messungen. 

Obwohl GLMs im Allgemeinen keine signifikanten erklärenden Variablen aufwiesen, erklärten 
sie einen höheren Prozentsatz der beobachteten Varianz, wenn die Variablen „Labor“ und 
„Chemikalien“ für alle AMF-Parameter berücksichtigt wurden (TC erklärte die höchsten 
Prozentsätze, gefolgt von AC und EHL). Das Fehlen statistischer Signifikanz für die Variable 
„Chemikalie“ in den GLMs lässt darauf schließen, dass zur Verbesserung der Robustheit der 
Analyse ein Datensatz mit geschätzten Endpunkten für eine größere Anzahl (und eine größere 
Vielfalt) von Substanzen erforderlich wäre. 
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Die in der zweiten Phase von WP2 erhobenen Daten wurden auch aus der Perspektive der 
Risikobewertung analysiert, um zu verstehen, ab wann AMF durch die aktuelle 
Risikobewertung für Pflanzenschutzmittel in der Europäischen Union geschützt sind. Die in der 
Literatur für die sieben Testsubstanzen unter Verwendung von Standardspezies berichteten 
Endpunkte wurden mit den aus den in ERAMYC ermittelten TC-Messungen geschätzten 
Endpunkten verglichen. Dieser Vergleich zeigte, dass AMF gegenüber drei der sieben in WP2 
getesteten Substanzen (Tebuconazol, Azoxystrobin und Pendimethalin) mehr als fünfmal 
empfindlicher reagieren als die derzeit in der Risikobewertung berücksichtigten 
Standardorganismen. Daher sind AMF unter Berücksichtigung des derzeit in 
Risikobewertungssystemen verwendeten Bewertungsfaktors von 5 wahrscheinlich nicht 
ausreichend geschützt. Dies unterstreicht die Dringlichkeit, AMF in die Weiterentwicklung 
zukünftiger Risikobewertungssysteme für Pflanzenschutzmittel in der EU einzubeziehen. 

Die chemische Analyse zeigte, dass bereits zu Beginn der Prüfung 80 % der 
Nennkonzentrationen für die meisten Prüfsubstanzen nicht erreicht wurden. Daten zu 
nominalen und anfänglich gemessenen Konzentrationen der Testsubstanzen wurden 
verglichen und verwendet, um Rückschlüsse auf die Relevanz chemischer Bestimmungen an 
Bodenproben zur Ergänzung und Unterstützung der Risikobewertung zu ziehen.  

Während des Projekts lagen die auf Nominalkonzentrationen basierenden geschätzten 
Endpunkte auf Grundlage der nominalen Konzetrationen größtenteils um den Faktors 5, 
verglichen mit Endpunkte auf Basis initial gemessener Konzentrationen In einigen Fällen 
(insbesondere bei Tebuconazol, Terbuthylazin und Azoxystrobin) waren die aus 
Nominalkonzentrationen abgeleiteten Endpunkte jedoch mehr als fünfmal – bis zum 50000 
fachen - höher als die aus gemessenen Konzentrationen abgeleiteten. Dies deutet darauf hin, 
dass die Verwendung von Nominalkonzentrationen zu unzureichenden Schutzmaßnahmen für 
AMF führen kann. Chemische Analysen können relevante Daten liefern, um die Genauigkeit der 
bei der Durchführung der Tests angewandten Methoden zu ergänzen und zu bestätigen sowie 
präzisere Endpunkte zu ermitteln und so die Risikobewertung zu verfeinern. 

 

WP3 – Durchführung eines Ringtests 

Die in WP2 entwickelten und vereinbarten Testprotokolle wurden für einen Ringtest 
(Ringversuche) verwendet, an dem die Mitglieder des Konsortiums und andere Labore in 
Europa teilnahmen, die Interesse an einer Teilnahme bekundeten. 

Der Ringtest wurde unter der Koordination von CloverStrategy und CloverStrategy 
durchgeführt und beinhaltete die Ausarbeitung klarer und detaillierter Testprotokolle, die 
jedes Labor befolgen musste. In WP3 wurden AMF-Tests in der präsymbiotischen und 
symbiotischen Phase mit 2 Chemikalien (den Fungiziden Fluazinam und Azoxystrobin, beide 
als reine Wirkstoffe), 1 AMF-Art (Rhizophagus irregularis) und 1 Boden (dem 2,5 %igen 
künstlichen Boden der OECD) durchgeführt. Die Tests in der symbiotischen Phase in vivo 
wurden mit einer Wirtspflanze (Lauch, Allium ampeloprasum) durchgeführt. 

 

Ergebnisse aus WP3 

Im Ringtest der symbiotischen Phase waren von den 18 durchgeführten Experimenten elf 
valide (sechs für Azoxystrobin und fünf für Fluazinam). Sieben Experimente waren aufgrund 
der geringen Wurzelbesiedlung und/oder hoher Variationskoeffizienten in den Kontrollen 
ungültig. Valide Tests zeigten eine Tendenz (im Allgemeinen deutlicher für Azoxystrobin, 
jedoch nicht statistisch signifikant) zu einer Abnahme der Prozentsätze der Gesamt- und 
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Arbuskelbesiedlung sowie der extraradikulären Hyphenlänge mit zunehmender 
Testkonzentration, trotz der beobachteten hohen Variabilität, insbesondere bei AC- und EHL-
Messungen. Die Reproduzierbarkeit der Methode konnte nicht überprüft werden, da die 
Konfidenzintervalle für die Abschätzung der Wiederholbarkeit der Methode nicht ausreichten. 
Auch die Präzision der Methode konnte aufgrund der hohen Variabilität der geschätzten 
Endpunkte zwischen den Laboren und der geringen Anzahl berücksichtigter Datensätze, die 
die Warngrenzen zu weit gefasst machten, nicht bestätigt werden. 

In den Tests der präsymbiotischen Phase waren von den zwölf durchgeführten Experimenten 
nur drei valide (zwei für Azoxystrobin und eines für Fluazinam). Die meisten Tests waren 
ungültig, da am Ende der Tests der Anteil gekeimter Sporen in der Kontrolle unter 75 % lag 
und/oder die Anzahl der wiedergefundenen Sporen in allen Testbehandlungen nicht höher als 
25 war. Die Anzahl der in diesem Ringtest erhaltenen Datensätze reichte nicht aus, um die 
Reproduzierbarkeit und/oder Präzision der Methode zu bewerten. 

Die Einbeziehung weiterer teilnehmender Labore, die Anpassung einiger der während der 
Ringtestexperimente angewandten Methoden (z. B. Verwendung von mehr Replikaten in der 
Negativkontrolle und/oder Verwendung von Propagule aus In-vitro-Kultivierungen) und eine 
individuellere oder persönliche Schulung der weniger erfahrenen Labore könnten dazu 
beitragen, die beobachtete Variabilität der Ringtestergebnisse zu verringern und die Anzahl 
gültiger Datensätze sowohl in den präsymbiotischen als auch in den symbiotischen AMF-Tests 
zu erhöhen. 

 

WP4 – Erstellung einer OECD-Testrichtlinie 

Es wurden zwei Entwürfe für OECD-Leitlinien erstellt, die sowohl die präsymbiotische als auch 
die symbiotische Phase des AMF-Lebenszyklus berücksichtigen. Diese Dokumente basieren auf 
den im ERAMYC-Projekt diskutierten und vereinbarten Methoden und werden durch die 
systematische Literaturrecherche von AP1, die in den Experimenten von AP2 gewonnenen 
Daten, die im Ringversuch von AP3 generierten Daten und die in bestehenden internationalen 
Normen für Labortests mit AMF verfügbaren Informationen unterstützt. 
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1 Section 1 - WP1: Systematic literature review and a 
comparative assessment of the studies with AM fungi 
exposed to chemicals 

 

1.1 Introduction  
Soil is a non-renewable resource hosting an enormous diversity of organisms in a dynamic and 
interactive system, providing a variety of essential ecological, economic, and social functions 
(EC, 2003). Interaction between soil organisms results in important ecological functions such 
as organic matter decomposition, nutrient cycling, biotic regulation, and maintenance of soil 
structure (Delgado-Baquerizo et al., 2016; Pretty, 2018).  

Expansion and intensification of human activities contribute to the deposition of large amounts 
of chemical compounds in the soil. Not occurring naturally in the environment, these 
contaminants are generated from key anthropogenic activities like agriculture (e.g. plant 
protection products (PPP) applications), zoonoses control, disposal of urban waste as soil 
amendments and accidental disposals of industrial wastes (Rajput et al., 2020). Soil 
contamination can lead to multiple negative consequences to soil organisms and soil food 
webs, reducing biodiversity of terrestrial ecosystems (Tibbett et al., 2020). A loss in diversity 
can, consequently, impair the function of biological systems and contribute to the loss of 
several key soil functions (Cardinale et al., 2012; Wagg et al., 2014). 

One of the groups of organisms that can be affected by soil pollution are arbuscular 
mycorrhizal fungi (AMF) (Mallmann et al., 2018; Malfatti et al., 2021; Rabab & Reda, 2019). 
AMF form specialized associations (symbiosis) with roots of about 72% of vascular plant 
species, including native and most cultivated species (Brundrett & Tedersoo, 2018). AMF are 
components of soil microbiota and are widely distributed across terrestrial ecosystems 
(McGuire et al., 2008; Beauregard et al., 2013, Davison et al., 2015). In the symbiosis, the host 
plant supplies the fungi with sources of energy that allow their maintenance and growth via 
photosynthates (Smith & Read, 2008). On the other hand, the fungi provide several direct (e.g., 
enhance nutrient absorption, promote water transference to the plant, and improve the plant 
pathogen defense system) and indirect benefits to the plant (e.g., promote formation and 
stabilization of soil structure) (Louarn et al., 2012; Demenois et al., 2018; Zhang et al., 2019). 

Although the AMF life cycle depends on the establishment of the symbiosis (obligatory 
symbiotrophy), spore germination can occur without a host – the so-called pre-symbiotic 
phase. Germination, germ tube formation, and asymbiotic hyphal growth are important phases 
for the establishment of the symbiosis and could be affected by the presence of pollutants in 
the soil (Hage-Ahmed et al., 2019; Mallmann et al., 2018; Malfatti et al., 2021). Effects of 
chemicals on these phases can impact AMF life cycle directly, resulting in no-formation, 
reduction, or even inhibition of mycorrhizal colonization of plant roots (Maia et al., 2010; 
Mallmann et al., 2018; Malfatti et al., 2021). 

Nowadays, ecotoxicological evaluations of soil pollutants are carried out using various tests 
with living organisms (especially soil invertebrates and plants). These assays are standardized 
by entities such as the Organization for Economic Cooperation and Development (OECD) and 
the International Organization for Standardization (ISO). The standardization of methods used 
in this type of tests has been widely recommended, since it allows comparison of results 
obtained under different circumstances and laboratories, thus improving robustness of the 
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generated data. These protocols are based on the use of standard species representatives of 
key groups of organisms. Most of the soil ecotoxicological studies are based on non-target 
invertebrates, particularly earthworms (ISO, 2023b; OECD, 2016a), collembolans (ISO, 2023c; 
OECD, 2016c), mites (OECD, 2016b) and enchytraeids (ISO, 2023) that are used as 
bioindicators of toxicity. Standard species usually have a broad geographic distribution, 
relevant ecological roles, live in permanent contact with soil, have fast reproduction, and are 
easily cultured in laboratory conditions (Römbke et al., 1996; OEHHA, 2009).  

In addition to the organisms belonging to soil mesofauna and macrofauna, microorganisms 
could provide significant information that can support the interpretation of the effects 
attributed to soil disturbances provoked by the presence of pollutants (Bossio et al., 2005). In 
general, tests using microorganisms allow to assess community functions like carbon (OECD, 
2000b) and nitrogen transformation in soil (OECD, 2000a).  

Although it is thought that most of the soil microorganism’s species are still unknown (Torsvik 
& Øvreås, 2007), among those already described, many have well-known ecological functions. 
In this context, AMF prove to have advantages as non-target test organisms, considering that 
AMF contribute for the majority of soil fungal biomass in arable systems (van-Groenigen et al., 
2010), are relevant to terrestrial ecosystems, have functional specificity, and can be used in 
ecotoxicological tests (Basile, 2008). AMF comply with most of the criteria defined to consider 
an organism as a bioindicator. They are sensitive to soil pollutants (Mallmann et al., 2018; 
Malfatti et al., 2021) and variations in edaphoclimatic factors (Carvalho et al., 2012), are widely 
distributed around the globe (McGuire et al., 2008; Beauregard et al., 2013, Davison et al., 
2015), and ecologically relevant to plant and ecosystem health (Begum et al., 2019). Thus, it is 
important to include AMF in ecological risk assessments of chemicals to be applied in soils, as 
suggested by the European Food Safety Authority (EFSA) (EFSA, 2017). 

Concerning effects on the AMF symbiotic phase, the technical guidance document published by 
the Association Française de Normalisation (AFNOR) (AFNOR, 2014), describes a methodology 
to evaluate the effects of contaminants on this phase by evaluating the frequency of 
mycorrhization on the host plant roots. A protocol describing in vivo and in vitro experiments 
was proposed by Mallmann (2020) to evaluate the effects of PPPs in the symbiotic phase of 
AMF, using the fungicide chlorothalonil as a reference substance.  

So, although there have been studies on these subjects, the knowledge gap related to the effect 
of soil contaminants on AMF species remains, especially when considering the symbiotic phase. 
Therefore, in order to comply with the main objective of the ERAMYC project, a compilation of 
the existing information regarding effects of chemicals towards AMF is important to take 
decisions at several levels (species and parameter selection, substrate to use, exposure 
conditions, etc.) and to steer the work on the next phases of the project culminating on the 
development of a standard guideline to test effects of chemicals on AMF pre-symbiotic and 
symbiotic phases. 

The aim of this section is to provide a literature review, and a comparative assessment of the 
studies conducted to investigate the effect of chemicals in AMF species, focusing on both the 
pre-symbiotic and symbiotic phase of AMF life cycle. This review is structured in four topics. 
First, a brief introduction placing this review into the context of the ERAMYC project is 
presented (present topic 1.1) followed by an overview of AMF ecology with a biogeographical 
distribution survey about the most relevant AMF species and the influence of abiotic 
(temperature, soil pH and nutrients) and biotic (intraspecific variability) factors of AMF 
performance on topic 1.2. Topic 1.3 provides information about the effects of organic chemicals 
that reach the focus of the project (plant protection products, biocides and pharmaceuticals) 
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on AMF, both on the pre-symbiotic and symbiotic phases, with information on AMF species 
selected, host plants and soil types used, and exposure conditions (photoperiod and 
temperatures) adopted in the experiments. Topic 1.4 contains the main conclusions of the 
review. 

 

1.2 Overview on the ecology and geographical distribution of AMF 

1.2.1 Ecological relevance of investigating the AMF life cycle 

AMF are important components of soil microbiota, capable of forming mutualist symbiotic 
associations with most plant species (Öpik et al., 2006). Symbiosis between AMF and plant 
roots – named arbuscular mycorrhiza (AM) – is obligatory for fungi to complete their life cycle 
(Bentivenga et al., 2013; Powell & Rillig, 2018), which is divided in two typical phases: the pre-
symbiotic and the symbiotic phase (Figure 1). 

The pre-symbiotic phase consists of spore germination, germ tube formation and 
production/elongation of pre-symbiotic mycelium (Giovannetti et al., 2010; Maia et al., 2010). 
Spore germination can occur even without a host, utilizing the spores’ own energetic reserves. 
Initially, spores absorb water/nutrients and swell, starting the synthesis of diverse compounds 
necessary to keep the process ongoing (Giovannetti et al., 2010; Maia et al., 2010). Sequentially, 
cellular division occurs, and cells are deposited in the place where the germ tube will be 
formed (some species can form various germ tubes). Afterwards, an initial aseptate mycelium 
is formed and develops into a mycelium network with variable extension, which will promote 
the contact between the host plant and the fungus (Maia et al., 2010). Thus, the symbiotic 
phase of the AMF life cycle relies on the success of spore germination (although other 
colonization routes by other propagules such as infected root fragments or extra-radical 
hyphae also occur in soil), pre-symbiotic mycelium growth and chemical signalling between 
fungi and the host plant, which allows recognition and promotes changes in both partners 
metabolism, allowing for the onset of the symbiosis (Berbara et al., 2006; Smith & Read, 2008; 
Stürmer & Siqueira, 2008). Once the pre-symbiotic hyphae contacts with the host plant roots, a 
structure called appressorium is differentiated. Rapidly, appressoria penetrates the root 
epidermis, setting the root cortex free to be colonized by the fungus. Colonization can be either 
intercellular or intracellular, depending on the AMF type. Inside the plant cell, between the 
cellular wall and the plasma membrane, AMF hyphae can turn into arbuscles. During the 
symbiosis, the arbuscules are responsible for most of the nutrient exchanges that occur 
between the host plant and the fungi (Stürmer & Siqueira, 2008). The plant provides 
photosynthates to the fungi, allowing them to grow and reproduce and, on the other hand, the 
fungi provide a range of services to the plant, notably increased mineral nutrition (especially in 
P and N), facilitated growth and productivity, pathogen protection, C sequestration, and 
resistance to stress caused by drought and soil pollutants (ISO, 2009; Louarn et al., 2012; Öpik 
et al., 2006; Smith & Read, 1997; Song et al., 2010; Souza et al., 2008). 

Once intraradical colonization is established, hyphae begin to grow outside the root, forming 
an extra-radical mycelium network, responsible for “exploring” the soil (reaching places that 
roots cannot reach). This soil mycelium represents an important sink of carbon from the roots 
to the soil while allowing connections between plants (Smith & Read, 2008). The extra-radical 
mycelium also provides nutrient uptake, carrying them to the intraradical mycelium and finally 
transferring to the host (Berbara et al., 2006; Smith & Read, 2008; Stürmer & Siqueira, 2008). 
For some AMF species, intraradical hyphae can turn into reserve structures denominated 
vesicles. Extra-radical mycelium is also responsible for new propagule production, 
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differentiating into asexual spores (but spores not the only source of AMF propagules). Spore 
differentiation can occur in apical or intercalary portions of hyphae (in the latter case generally 
forming sporocarps) (Berbara et al., 2006). Some species can even produce spores inside host 
roots (Berbara et al., 2006; Stürmer & Siqueira, 2008). 

 

Figure 1: AMF life cycle and development of a functional symbiosis.  

 
Based on Akiyama (2007). Source: own illustration using BioRender; UDESC. 

AMF live in close relationship with plants and distinct taxon composition in AMF communities 
can induce different growth responses in plants and influence structure and composition of 
vascular plant communities (Öpik et al., 2006). Information about the diversity and factors that 
affect the structure and functions of natural AMF communities contributes to understanding 
and identifying the factors shaping plant communities (Öpik et al., 2006; Souza et al., 2010). 
AMF relevance to the ecosystem, however, goes beyond nutritional improvements and 
enhanced plant growth (Vos et al., 2013; van der Heijden et al., 2015; Rahman et al., 2018). 
These fungi are directly and indirectly involved in the provision of ecosystem services such as 
soil formation, aggregate stability (Purin & Rillig, 2007; Rillig et al., 2015; Demenois et al., 
2018; Wilkes et al., 2021), carbon stocks increase (Jansa & Treseder, 2017; McGowan et al., 
2019), nutrient cycling (Cavagnaro et al., 2015; Frew, 2019), food web support (Antunes & 
Koyama, 2017), positive effects on primary (Nara, 2006) and secondary (Lerat et al., 2002; 
Schoonmaker et al., 2007; Teste et al., 2009, Vahter et al., 2020) successions establishment in 
terrestrial ecosystems (for example, nutrient acquisition, exchange of carbon and nutrients), 
also establishing a complex linked network between roots of plant communities (Rillig, 2004; 
Selosse & Duplessis, 2006). These effects shape the composition, interactions, and diversity 
within plant and AMF communities (Simard et al., 2012; Wubs et al., 2016; Vahter et al., 2020).  
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Because they are relevant to ecosystems and because they are sensitive to soil pollutants 
(Twanabasu et al., 2013a), AMF comprise a key-group to assess ecological risk of substances 
deposited in soil. This relevance has been highlighted by regulatory agencies like EFSA that 
pointed out the need to establish viable methodologies to assess effect of PPP on different 
phases of the AMF life cycle (EFSA, 2017). 

 

1.2.2 AMF spore formation and germination 

AMF are included on the group of Glomeromycetes (one of the divisions of the fungi kingdom) 
and reproduce mainly asexually by cloning their spores, denominated glomerospores (Goto & 
Maia, 2006). They constitute the main form of AMF propagation and constitute some of the 
biggest spores in the kingdom of fungi (22 to 1050 µm) (Souza et al., 2010). Spores are 
considered indicators of ecological processes and are able to reflect anthropogenic influence 
on AMF communities, since their presence in the soil is evidence of adequate root colonization, 
although they are not present during the entire life cycle of the fungi (Souza et al., 2008). 

According to Stürmer & Siqueira (2008) and Maia et al. (2010), glomerospores present 
different formations, as described so far: 

- Glomoid – presents glomerospore formation at terminal or intercalary portion of hyphae, it is 
common in Glomus genera, although present in Ambispora, Archeospora, Diversispora, 
Pacispora, and Paraglomus as well. 

- Radial-glomoid – glomerospore formation from the terminal portion of hyphae, but radially, 
from a complex of central hyphae, occurs in Glomus species. 

- Gigasporoid – spores are formed terminally in a bulbous hypha of Gigaspora, Racocetra, 
Cetraspora, Fuscutata, Dentiscutata, Quatunica, and Scutellospora. 

- Acaulosporoid – present in Acaulospora, Ambispora, Archeospora, and Otosporora, they are 
formed laterally in the hyphae (hyphae neck), that connects to the terminal sporiferous 
saccule, which leaves a scar on the surface of the spore. 

- Entrofosporoid – glomerospores are formed inside the hyphae that connects sporiferous 
saccule, which leaves two scars on the surface of the spore, typical for Entrophospora, 
Kuklospora, and Intraspora. 

Although this characterization of groups based on spores exists, Azevedo & Souza (2007) 
pointed out the existence of dimorphism in Glomus species, since a same strain of AMF can 
have glomerospores with different sizes. In Ambispora as well, dimorphism has already been 
identified in species that present glomoid and acaulosporoid formation (Maia et al., 2010). 
Some authors consider this trait as a conservative strategy that possibly confers better 
adaptation capacity of some species (Azevedo & Souza, 2007).  

If glomerospores are fundamental structures to initiate AMF life cycle - organisms known by 
their obligatory symbiosis - germination and hyphal growth are the precursory phases of 
symbiosis establishment and fungal survival (Maia et al., 2010). 

Initial studies about glomerospores germination are dated to 1950 and refer to the 
germination process of Endogone species (Maia et al., 2010). Siqueira et al. (1985) published a 
review focused on data description and discussion concerning the germinative process of AMF 
spores. They indicated that germination proceeds following three main steps: peripheral 
shares, through the glomerospore wall and by regrowth of the sustentation hyphae, this last 
one occurring in Glomus. Further studies provided more information about these aspects of 
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glomeromycotans but are still far from being conclusive and are outdated for some genera 
(Maia et al., 2010). 

Glomerospores are biological unities in dormancy that can be activated to start metabolic 
processes that induce germination and subsequent growth. The duration of the state of 
dormancy depends on AMF species (Maia et al., 2010), as well as the mechanisms that induce 
morphogenesis and growth of germ tube. Juge et al. (2002) observed that spore storage at low 
temperatures is a factor that could contribute to breaking dormancy, though the mechanisms 
that guide this process are not completely elucidated and are not present in all species. After 
water and nutrient absorption during the wet extraction process, spores could grow their 
volume by up to 40%, which triggers membrane modifications and activation of proteolytic 
enzymes previously inactive in the spore, leading to biochemical chains that finally induce 
germination (Moreira & Siqueira, 2006). 

Germination can occur without a host. It starts after spore imbibition and continues until 
complete depletion of spore reserves. In the initial steps, after dormancy break, nucleic acids 
and essential proteins are synthetized to support morphogenesis and growth of the germ tube 
that can reach a few centimetres, and the following grouping and branching of cells forming an 
initial mycelium (Maia et al., 2010). Pre-symbiotic mycelium can grow only for a brief period 
by itself. If the host is absent, cytoplasm recoil occurs and mycelium growth stops, and the 
fungi enters in a new dormancy state, which characterize its obligatory biotrofism (Maia et al., 
2010).  

The main biochemical and phenotypical events of AMF spores and mycelium growth in vitro 
are chronologically present in Table 1. Outstanding factors that influence the speed and final 
rate of germination include pH, temperature, moisture, luminosity and radiation, oxygen and 
CO2 concentration, nutrient content, microorganisms’ presence, substrate composition, and 
pollutant effects. 

Table 1: Biochemical and phenotypical events of in vitro spores’ germination from 0 to 30 
days.  

Time (min/hours/days) Events 

0 Soaking and swelling  

15 minutes Start of ARN and protein synthesis 

35 minutes Proteins and neutral carbohydrates synthesis 

45 minutes Amino acid, ATP, and fatty acids synthesis 

5 hours Lipid synthesis 

13 hours Polysaccharide synthesis 

29 hours Non-detectable DNA synthesis 

3-4 days Germ tube primordium 

5-7 days Germ tube emergence 

7-20 days Growth and branching 

20-30 days Growth arrest and new dormancy  

Adapted from Moreira & Siqueira, 2006. 
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1.2.3 AMF Classification and Biogeography 

Currently, four established orders are recognized: Glomerales, Archaeosporales, 
Paraglomerales, and Diversisporales8. Although AMF have global distribution, some species are 
known to be cosmopolitan, while others are not (Öpik et al., 2006, 2010; Davison et al., 2015; 
Sturmer et al., 2018). In this section, our goal was to report global occurrence of most 
frequently recorded species in Databases and Web Sites that compile studies about AMF 
occurrence. This is important to help selecting potential test species for the project. 

1.2.3.1 Global occurrence 

Occurrence of AMF species is reported based both on morphology and molecular data. First, a 
database regarding morphological records of mycorrhizal associations (PlutoF) was used as 
data source (Abarenkov et al., 2010). This database compiles information published worldwide 
regarding several types of mycorrhizae and allows evaluation of biogeographical distribution 
based on several parameters such as location, year of occurrence and basis of record. A total of 
113 601 AMF records were found, distributed among 4 taxa and 1 unknown order (Figure 2). 

 

Figure 2: Percentage of AMF species distributed in Glomerales, Archaeosporales, 
Paraglomerales, Diversisporales or unknown order.  

  
Data obtained from PlutoF database, April 2021 (Abarenkov et al., 2010). Source: own illustration, UFSC. 

Secondly, a search was performed to rank the most reported groups of AMF worldwide based 
on their occurrence, and selected the 20 most frequent species. In addition, we included data 
obtained from 3 other databases: MaarjAM (Öpik et al., 2010), Stürmer et al. (2018), Fungal 
Traits (Põlme et al., 2021) and NCBI website. MaarjAM´s database includes 44 545 
Glomeromycetes sequences: 39 255 from Glomerales, 5 273 from Diversisporales, 1 492 from 
Archaeosporales, and 1 110 from Paraglomerales. Although NCBI contains mostly sequencing 

 

8 http://www.amf-phylogeny.com/ 

http://www.amf-phylogeny.com/
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data, information was used with the goal to provide an overview of which are the most studied 
species worldwide. 

The number of records regarding each species is presented in Table 2 and used as ranking 
criteria. If classification of the 5 most reported species were to be considered, a similar pattern 
to Figure 2 is observed, i.e., most species belong to Glomerales, followed by Diversisporales. 

Note that, currently, the most correct nomenclature for the genus Rhizophagus is in fact 
Rhizoglomus (Robert et al., 2005). However, and due to its wide use in literature, the 
nomenclature Rhizophagus will be used in this report. 

 

Table 2: Rank of the 20 AMF species with the highest frequency of occurrence worldwide. 
Morphology data were obtained from PlutoF database, whereas molecular data 
were obtained from both MaarjAM and NCBI databases. 

Rank Species Maarj 
AM 

Stürmer PlutoF Fungal 
Traits 

NCBI Total 

1 Gigaspora margarita 109 145 228 193 90 507 91 182 

2 Rhizophagus irregularis 29 0 349 359 77 314 78 051 

3 Rhizophagus intraradices 115 280 340 299 49 059 50 093 

4 Rhizophagus clarus 23 146 210 299 4 305 4 983 

5 Funneliformis mosseae 427 432 1 558 310 1 378 4 105 

6 Claroideoglomus etunicatum 92 311 480 147 2088 3 118 

7 Glomus versiforme 1 48 549 71 1519 2 188 

8 Claroideoglomus claroideum 68 167 460 144 393 1 232 

9 Funneliformis caledonium 42 102 727 55 143 1 069 

10 Paraglomus occultum 24 177 619 16 91 927 

11 Funneliformis geosporum 31 217 247 60 155 710 

12 Acaulospora laevis 0 132 385 31 89 637 

13 Glomus macrocarpum 8 194 293 39 75 609 

14 Rhizophagus fasciculatus 5 270 178 2 96 551 

15 Archaeospora trappei 13 67 275 9 61 425 

16 Acaulospora scrobiculata 9 208 141 11 47 416 

17 Funneliformis constrictum 8 161 151 0 67 387 

18 Scutellospora calospora 6 174 146 2 55 383 

19 Acaulospora brasiliensis 6 2 171 42 51 272 

20 Diversispora eburnea 10 21 155 12 32 230 
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1.2.3.2 Worldwide distribution 

We searched for evidence of cosmopolitan distribution of the top five species highlighted in 
bold on Table 2. In a first approach, records from Stürmer et al. (2018) were used, which 
compiled a database with 7 105 records from 1960 to 2012. Among 4 orders, Diversisporales 
and Glomerales were the most frequent in all continents, countries, climatic zones, and biomes 
considered. This aspect corroborates global occurrence data from section 1.2.3.1. It is 
important to emphasize that some regions (e.g. in Africa and Asia) are less studied compared 
to the well-studied areas across Europe and America. 

Among the 5 top species presented in Table 2, only Rhizophagus irregularis is not considered 
cosmopolitan (Stürmer et al. 2018). This species has been recorded only in non-contiguous 
countries from Europe, Asia and Africa, and therefore considered to have disjunct distribution. 
All other 4 species have been reported through the 5 continents (Stürmer et al., 2018) and, 
therefore, are classified as cosmopolitan.  

In a second approach, all data from databases of Stürmer et al. (2018), PlutoF, MaarjAM, and 
FungalTraits were collected. All entries that contained information about country of origin or 
geographic coordinates were used, in order to build distribution maps. Entries with no 
information about the country or coordinates pointing to ocean locations (a mistake from the 
database itself), were excluded from the dataset. 

Distribution maps were built for the 5 top-ranked AMF species, with data from single 
databases or all of them combined. 

 

Gigaspora margarita 

Data on Gigaspora margarita global distribution are presented in Figure 3 and Appendix A.1. 

Figure 3: Global frequency of occurrence of Gigaspora margarita by continent, considering 
data from 4 databases combined: MaarjAM (Öpik et al., 2010), Stürmer et al. 
(2018), PlutoF (Abarenkov et al., 2010), and FungalTraits (Põlme et al., 2021). 
Numbers within each continent represent the total number of entries recorded. 

 
Source: own illustration, UFSC. 
 



TEXTE Test battery for the effect determination of chemicals in soils: Suitability of test systems with mycorrhizal fungi for 
the risk assessment  

52 

 

Rhizophagus intraradices 

Data on Rhizophagus intraradices global distribution are presented in Figure 4 and Appendix 
A.2. 

Figure 4: Global frequency of occurrence of Rhizophagus intraradices by continent, 
considering data from 4 databases combined: MaarjAM (Öpik et al., 2010), 
Stürmer et al. (2018), PlutoF (Abarenkov et al., 2010), and FungalTraits (Põlme et 
al., 2021). Numbers within each continent represent the total number of entries 
recorded. 

 
Source: own illustration, UFSC. 

 

Rhizophagus irregularis 

Data on Rhizophagus irregularis global distribution are presented in Figure 5 and Appendix 
A.3. 

Figure 5: Global frequency of occurrence of Rhizophagus irregularis by continent, 
considering data from 4 databases combined: MaarjAM (Öpik et al., 2010), 
Stürmer et al. (2018), PlutoF (Abarenkov et al., 2010), and FungalTraits (Põlme et 
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al., 2021). Numbers within each continent represent the total number of entries 
recorded. 

 
Source: own illustration, UFSC. 

 

Rhizophagus clarus 

Data on Rhizophagus clarus global distribution are presented in Figure 6 and Appendix A.4. 

Figure 6: Global frequency of occurrence of Rhizophagus clarus by continent, considering 
data from 4 databases combined: MaarjAM (Öpik et al., 2010), Stürmer et al. 
(2018), PlutoF (Abarenkov et al., 2010) and FungalTraits (Põlme et al., 2021). 
Numbers within each continent represent the total number of entries recorded. 

 
Source: own illustration, UFSC. 

 

Funneliformis mosseae 

Data on Funneliformis mosseae global distribution are presented in Figure 7 and Appendix A.5. 
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Figure 7: Global frequency of occurrence of Funneliformis mosseae by continent, 
considering data from 4 databases combined: MaarjAM (Öpik et al., 2010), 
Stürmer et al. (2018), PlutoF (Abarenkov et al., 2010), and FungalTraits (Põlme et 
al., 2021). Numbers within each continent represent the total number of entries 
recorded. 

 
Source: own illustration, UFSC. 

Overall, the 5 AMF species reported in section 1.2.3 seem to be the most promising candidates 
to be test species in laboratory tests, given their high frequency of occurrence and global 
distribution. 

 

1.2.4 Availability of AMF species in culture collections and inoculum storage 

A fundamental criterion to select a particular test species for ecotoxicological tests is the 
availability of AMF species at culture collections worldwide. This is mandatory for laboratories 
to purchase inoculum and then multiply these fungi at their own facilities.  

We used information from the following culture collections (Table 3): 

1. BEG: The International Bank of Glomeromycota, located in Dijon - France. Information can 
be checked at: https://www.i-beg.eu/  

2. INVAM: International Culture Collection of (Vesicular) Arbuscular Mycorrhizal Fungi, 
located in West Virginia – United States. Information can be checked at: 
https://invam.wvu.edu/    

3. CICG: Coleção Internacional de Cultura de Glomeromycota, located in Santa Catarina – 
Brasil. Information can be checked at: https://sites.google.com/site/cicgfma/home   

4. GINCO: Glomeromycota In vitro Collection, located in Belgium. Information can be checked 
at: https://www.mycorrhiza.be/ginco-bel/index.php   

5. CMCC: Centre for Mycorrhizal Culture Collection, located in India. Information can be 
checked at: http://mycorrhizae.org.in/cmcc/prod_res.php   

6. SAF: Swiss culture collection of Arbuscular Mycorrhizal Fungi, located in Switzlerland. 
Information can be checked at: 
https://www.agroscope.admin.ch/agroscope/en/home/topics/environment-
resources/soil-bodies-water-nutrients/swiss-collection-of-arbuscular-mycorrhizal-
fungi.html.   

https://www.i-beg.eu/
https://invam.wvu.edu/
https://sites.google.com/site/cicgfma/home
https://www.mycorrhiza.be/ginco-bel/index.php
http://mycorrhizae.org.in/cmcc/prod_res.php
https://www.agroscope.admin.ch/agroscope/en/home/topics/environment-resources/soil-bodies-water-nutrients/swiss-collection-of-arbuscular-mycorrhizal-fungi.html
https://www.agroscope.admin.ch/agroscope/en/home/topics/environment-resources/soil-bodies-water-nutrients/swiss-collection-of-arbuscular-mycorrhizal-fungi.html
https://www.agroscope.admin.ch/agroscope/en/home/topics/environment-resources/soil-bodies-water-nutrients/swiss-collection-of-arbuscular-mycorrhizal-fungi.html
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Table 3: Species that are currently available for purchase from different culture 
collections. BEG: The International Bank of Glomeromycota, INVAM: International 
Culture Collection of (Vesicular) Arbuscular Mycorrhizal Fungi, CICG: Coleção 
Internacional de Cultura de Glomeromycota, GINCO: Glomeromycota In vitro 
Collection, CMCC: Centre for Mycorrhizal Culture Collection, SAF: Swiss culture 
collection of Arbuscular Mycorrhizal Fungi. 

Species BEG INVAM CICG GINCO CMCC SAF 

Gigaspora margarita X X X   X 

Rhizophagus irregularis X   X  X 

Rhizophagus intraradices  X  X  X 

Rhizophagus clarus  X X X   

Funneliformis mosseae X X    X 

Claroideoglomus etunicatum  X X  X  

Glomus versiforme       

Claroideoglomus claroideum X X   X X 

Funneliformis caledonium X X    X 

Paraglomus occultum  X X    

Funneliformis geosporum X X    X 

Acaulospora laevis  X     

Glomus macrocarpum       

Rhizophagus fasciculatus       

Archaeospora trappei  X X   X 

Acaulospora scrobiculata  X X    

Funneliformis constrictum  X     

Scutellospora calospora X X    X 

Acaulospora brasiliensis       

Diversispora eburnea  X     

 

Information regarding spore storage is scarce and often contradictory (Silva et al., 2007; 
Püschel et al., 2019). Different conditions and periods of storage of each species are important 
as they can influence further performance of the inoculum (Püschel et al., 2019). Significant 
reduction in viability over short storage periods may represent the need for frequent 
multiplication, which tends to cause instability in AMF responses obtained in laboratory tests. 
Moreover, recurrent AMF multiplication demands constant human resources and is a time-
consuming process, thus hindering the development of experimental trials (Mallmann, 2020). 

Inoculum storage temperature commonly used for research purposes is 4 °C, even in 
international AMF culture collections (INVAM, 2021; Stürmer, 2021). Louis & Lim (1988) 
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reported that a brief storage time in low temperature (4 °C at least 2 weeks) increases spore 
germination of Rhizophagus clarus under temperatures of 25-35 °C. Indeed, storage at low 
temperatures may be important to promote a dormancy break of some species (Juge et al., 
2002). However, other species like Gigaspora albida may not present differences in infectivity 
if previously stored at 4 or 28 °C (Silva et al., 2007). 

Storage time is another factor influencing future performance of the spores. Wagner et al. 
(2001) found that although storage temperature of 4 °C was better than 24 °C for long term 
survival of Glomus claroideum, spore viability decreases with time of storage, even after 272 
weeks stored there was considerable number of viable spores. Practical observations have 
shown that while some species need to be multiplied frequently to maintain a viable inoculum 
(e.g., Gigaspora spp.), others are more resistant to degradation (e.g., Acaulospora spp.) (INVAM, 
2021). Furthermore, the response to storage conditions can be variable even between isolates 
of the same species (Püschel et al., 2019). 

The effects of storage time on spores may also pose practical implications, as evidenced by 
Mallmann (2020). The germination rate of Gigaspora albida spores remained the same over 5 
years of storage, meeting the validation criteria of the ISO 10832 (ISO, 2009) ecotoxicological 
protocol during the entire period. However, for Rhizophagus clarus there was a significative 
reduction in spores' germination over the years, and from the third year of storage onwards, 
the inoculum no longer met the validity criteria. This leads to assume that inoculum of 
Rhizophagus clarus needs more frequent multiplication than inoculum of Gigaspora albida in 
testing routines (Mallmann, 2020). Besides the aspects inherent to the spores of the 
multiplication process itself, another practical implication is the existence of variation in 
germination response. Spores that do not remain viable for long periods, or do not tolerate 
prolonged storage time, will necessarily need more frequent reproduction cycles, implying an 
increase in the possibilities of genetic variation and, consequently, in the variation of the 
responses of these test organisms to the tested substances (Mallmann, 2020). 

 

1.2.5 Effects of abiotic conditions on the performance of AMF species 

In this section, we focused on papers describing the effects of abiotic factors on target AMF 
species. Databases used for this search were Web of Science9, SciELO10 and Google Scholar11. 
Other search tools mentioned in the Methods section were also used but are not reported here 
because no additional papers were obtained from those sources. 

Only studies targeting the five most frequently used species presented in Table 2 were 
considered for this part of the literature review. Several papers regarding temperature and pH 
effects on plants that are colonized by AMF communities were found but not used in this part 
of the review since this is not the focus of the current project. Studies reporting the effects of 
temperature or pH on AMF species richness or diversity, were also not considered. 

 

1.2.5.1 Temperature 

Search terms used were: “Temperature AND arbuscular AND mycorrhiz* AND spore AND 
germination”; “Temperature AND Gigaspora AND spore AND germination”; “Temperature AND 
 

9 https://www.webofknowledge.com 
10 https://scielo.org 
11 https://scholar.google.com.br 

https://www.webofknowledge.com/
https://scielo.org/
https://scholar.google.com.br/
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Rhizophagus AND spore AND germination”; “Temperature AND Glomus AND spore AND 
germination”; Temperature AND arbuscular AND mycorrhiz* AND colonization”; “Temperature 
AND Gigaspora AND colonization”; “Temperature AND Rhizophagus AND colonization”; 
“Temperature AND Glomus AND colonization”; “Temperature AND arbuscular AND mycorrhiz* 
AND symbiosis”; “Temperature AND Gigaspora AND symbiosis”; “Temperature AND 
Rhizophagus AND symbiosis”; “Temperature AND Glomus AND symbiosis”. 

 

Most studies performed under laboratory conditions have reported the formation of AMF 
symbiosis at temperatures between 18 and 40°C, and the optimum temperature for most 
associations has been found between 28 and 30°C. This optimal condition is related to 
temperatures that promote spore germination, as well as photosynthesis and C flow from 
plants to roots (Entry et al., 2002). Effects of temperature on both spore germination (pre-
symbiotic phase) and symbiotic parameters (symbiotic phase) for different species are shown 
in Tables 4 and 5, respectively.  It must be acknowledged that temperature may also have an 
indirect effect on AMF, since the formation of the symbiosis can be influenced by the optimal 
growth temperature of the host plants. 

 

Table 4: Percentage of spore germination (%) of distinct AMF species at different 
temperatures between 15 and 37 °C. 

Reference Species 15 
°C 

20 
°C 

22 
°C 

24 
°C 

25 
°C 

28 
°C 

30 
°C 

34 

°C 
35 
°C 

37 
°C 

Schenck et 
al. (1975) 

F. mosseae 8 80 -* - 73 - - 5 - - 

Haugen & 
Smith 
(1992) 

R. intraradices - - 57 - - 75 - - - 25 

Matsubara 
& Harada 
(1996) 

G. margarita 15 50 - - 85 - 90 - 82 - 

Mallmann 
et al. (2018) 

R. clarus 
 

- - - 21 - 91 - - - - 

Mallmann 
et al. (2018) 

G. albida 
 

- - - 56 - 96 - - - - 

Mallmann 
et al. (2018) 

G. margarita - - - 40 - 73 - - - - 

* - not evaluated by the referred authors. 

 

Table 5: Optimal temperature for different symbiotic characteristics of AMF species. 

Reference Species Host Intraradical 
root 
colonization  

Extra-radical 
mycelium 

Spores 

Schenck & Smith 
(1982) 

R. clarus Glycine max -* - 24 °C 



TEXTE Test battery for the effect determination of chemicals in soils: Suitability of test systems with mycorrhizal fungi for 
the risk assessment  

58 

 

Reference Species Host Intraradical 
root 
colonization  

Extra-radical 
mycelium 

Spores 

Schenck & Smith 
(1982) 

F. mosseae Glycine max - - 30 °C 

Haugen & Smith 
(1992) 

R. intraradices Vigna radiata 30 °C - - 

Matsubara & 
Harada (1996) 

G. margarita Asparagus 
officinalis 

25 °C - - 

Liu et al. (2004) R. intraradices Sorghum bicolor 23 °C - - 

Liu et al. (2004) R. intraradices Transformed 
carrot roots 

23 °C 23 °C 23 °C 

Gavito et al. 
(2005) 

R. intraradices Transformed 
carrot roots 

- 30 °C - 

Martin & Stutz 
(2004) 

R. intraradices Capsicum 
annuum 

20.7-25.4 °C - - 

Heinemeyer & 
Fitter (2004) 

F. mosseae Holcus lanatus 
and Plantago 
lanceolata 

20 °C - - 

Costa et al. (2013) R. clarum Transformed 
carrot roots 

- - 28 °C 

* - not evaluated in the study 

 

Classic studies by Tommerup (1983) and Siqueira et al. (1985) have demonstrated differences 
among the preferential germination temperature to various species. Tommerup (1983) 
evaluated various temperatures and germination times and found maximum germination after 
5 days, at temperatures between 25-30 °C to Scutellospora heterogama (Gigaspora calospora) 
spores, 7 days at 20-25 °C to Funneliformis caledonoim (Glomus) caledonium, and 16 days at 20 
°C to Acaulospora laevis. Siqueira et al. (1985) observed that temperatures between 18 to 25 °C 
are optimum for Glomus versiforme germination and that temperatures below 15 °C or above 
35 °C are prejudicial for Gigaspora gigantea in the pre-symbiotic development. Different 
temperatures could, however, reflect the disparity of various environments where fungi were 
collected. Under Brazilian conditions, the use of a temperature close to 28 ± 2 °C has resulted in 
satisfactory spore germination (Maia & Yano-Melo, 2001; Cardoso et al., 2002; Soares et al., 
2009; Malfatti et al., 2021; Mallmann et al., 2018). 

Some AMF isolates have shown an effect on spore germination only at a temperature of 28 °C 
of incubation. At lower temperatures, germination does not occur or is low (lower than the 
value suggested in ISO 10832:2009 for test validation). In addition, results have shown that 
shorter incubation times at higher temperatures lead to spore germination, even in isolates 
from colder regions. This indicates that the adoption of 28 °C for the same evaluation period 
proposed by the ISO 10832:2009 protocol is feasible. The temperature of 28 °C is also used for 
the evaluation of other microbial parameters such as the determination of soil basal 
respiration (C-CO2) (Jenkinson & Powlson, 1976). 
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1.2.5.2 Soil pH 

Search terms used were: “pH AND arbuscular AND mycorrhiz* AND spore AND germination”; 
“pH AND Gigaspora AND spore AND germination; “pH AND Rhizophagus AND spore AND 
germination”; “pH AND Glomus AND spore AND germination”; “pH AND arbuscular AND 
mycorrhiz* AND colonization”; pH AND Gigaspora AND colonization”; “pH AND Rhizophagus 
AND colonization”; “pH AND Glomus AND colonization”; “pH AND arbuscular AND mycorrhiz* 
AND symbiosis”; “pH AND Gigaspora AND symbiosis”; “pH AND Rhizophagus AND symbiosis”; 
“pH AND Glomus AND symbiosis”. 

 

Effects of soil pH on spore germination (pre-symbiotic phase) and symbiotic parameters 
(symbiotic phase) for different species are shown in Tables 6 and 7. pH values between 6.0 and 
7.0 are the most frequent values for optimal pre-symbiotic and symbiotic stages. It must be 
acknowledged that pH values may also have an indirect effect on AMF, once distinct host plants 
will likely have different growth optimum pH. 

 

Table 6: Optimal pH identified for spore germination (%) of distinct AMF species. 

Reference Species 4.0 4.5 5.0 5.5 6.0 6.5 7.0 

Siqueira et al. (1984) F. mosseae       x 

Siqueira et al. (1984) G. margarita     x   

 

Table 7: Optimum pH identified for different symbiotic variables of AMF species. 

Reference Species Host Intra-
radical root 
colonization  

Extra-
radical 

mycelium 

Spores 
formation 

Hayman & 
Tavares (1985) 

F. mosseae 
G. margarita 
R. clarus 

Fragraria 
vesca 

7.0 
7.0 
5.0 

-* - 

Medeiros et al. 
(1994) 

R. intraradices 
 

Sorghum 
bicolor 

7.0 - - 

Rohyadi et al. 
(2004) 

G. margarita Vigna 
unguiculata 

4.7 - - 

Rohyadi (2008) G. margarita Vigna 
unguiculata 

5.2 4.9 - 

Costa et al. (2013) R. clarus Transformed 
carrot roots 

-* - 4.5 

Radha et al. 
(2015) 

R. intraradices 
 

Transformed 
carrot roots 

- - 5.5 
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Reference Species Host Intra-
radical root 
colonization  

Extra-
radical 

mycelium 

Spores 
formation 

Oehl et al. (2017) R. irregularis 
R. intraradices 
F. mosseae 
G. margarita 

Grassland 
and 
croplands 
plant 
communities 

- 
- 
- 
- 

- 
- 
- 
- 

7.0 
7.0 
7.0 
6.0 

* - not evaluated in the study 

 

The mutualism between plants and AM fungi is an essential component for ecosystems. The 
beneficial effects of AM fungal communities on their plant hosts and the occurrence and 
abundance of AM fungi are relatively well-known, and we highlight effects of pH, Al, N, and P 
soil content. 

The pH value cannot be considered as an isolated factor since pH values between 6.0 and 7.0 
are considered ideal for most AMF species germination and growth. Particularly, some species, 
like Acaulospora caledonicum, germinate in acid conditions (pH<5.5) and others, like 
Funeliformis mosseae, are capable to form the germ tube only in pH>5.0 (Moreira & Siqueira, 
2006). On the other hand, Claroideoglomus etunicatum and Rhizophagus clarus are species 
more adapted to higher pH (pH>6.0) (Maia et al., 2010). Thus, differences in spore germination 
between species and genera are often related to the environment from which the fungi were 
isolated (Clark, 1997; Souza et al., 2010).  

In acid soils, aluminium in its trivalent form (Al3+) can reduce germination rates, i.e. germ tube 
growth rates, and can also affect the initial steps of symbiosis establishment. The magnitude of 
these effects, however, depends on species or strain tolerance (Maia et al., 2010). Clark (1997) 
found that Gigaspora albida, Gigaspora gigantea, and Gigaspora margarita spores have high 
tolerance towards an Al saturated soil, as their germinations rates were higher than 60%. 
Meanwhile, Rhizophagus clarus (Glomus clarum) and three strains of Claroideoglomus (Glomus) 
etunicatum were heavily affected, presenting germination rates lower than 3%. The presence 
of Al did not inhibit hyphal growth of Gigaspora gigantea (304 mm of hyphae) and Gigaspora 
margarita (197 mm) strains but reduced hyphal growth of Gigaspora albida (46 mm) and 
Gigaspora clarum (3 mm) and inhibited mycelial growth of Claroideoglomus (Glomus) 
etunicatum. 

Differences between spore germination and hyphal growth of Acaulospora morrowiae, 
Claroideoglomus claroideum, Rhizophagus clarus (Glomus clarum), Claroideoglomus (Glomus) 
etunicatum, Paraglomus brasilianum, and Scutellospora heterogama in an Al saturated soil were 
found by Klugh-Stewart & Cumming (2009). Both germination and hyphal growth decreased 
with the Al presence, except for Scutellospora heterogama that exhibited increased 
germination. However, these responses did not interfere on short-term colonization, 
suggesting that Al might not be an impediment to symbiosis establishment.  

On the other hand, in acid soils, P is fixed and thus in low availability, and, in turn, Al in low pH 
appears in its phytotoxic form, which is a problem for host plants development and 
consequently to symbiosis. AMF suppression increased at low pH across several soils (Cruz-
Paredes et al., 2021) and different Al contents show a strong negative correlation with root 
colonization by AMF (Göransson et al., 2008). Thus, it may be necessary to adjust soil pH, so 
that the host plant and the AMF species may establish their symbiosis. 
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1.2.5.3 Soil nutrient content  

Soil nitrogen (N) content has been shown to have little or no influence on spore germination 
(Daniels & Trappe, 1980), while phosphorus (P) in small quantities favours AMF germination 
and asymbiotic growth (Moreira & Siqueira, 2006). The combined effect of soil N and P on AMF 
was investigated by Bressan (2001). In this study, conducted in agar-water medium (0,8%), 
spore germination of Claroideoglomus (Glomus) etunicatum in low P medium (2 mg L-1) was 
reduced by the addition of N doses (5, 10, and 50 mg L-1) compared to the control medium. In 
low N mediums (5 mg L-1), the increase of P content (2, 10, and 20 mg L-1) stimulated spore 
gemination, suggesting that P and N interaction directly affects spore germination.  

Soil nutrients is also considered an important factor in the control of mycorrhizal associations. 
Soils with low nutrient levels limit plant development and increase the dependence of plants 
on the mycorrhizal association (Martínez-García et al., 2012). On the other hand, high soil 
nutrient levels decrease colonization, which is probably related to the reduction in the 
dependence of plants on their association with mycorrhiza, restricting the development of 
these fungi to the root cortex of the host plants (Verlinden et al., 2018). Thus, the use of 
fertilizers in soil in the experiments should be undertaken with care, to avoid negatively 
influencing colonization of AMF in roots and mycorrhizal structures (e.g., hyphae, vesicles, and 
arbuscules). 

 

1.2.6 Intraspecific variability 

It has been assumed that AMF are asexual organisms that grow clonally (see Sanders & Croll, 
2010 for further discussion). However, some species present high intraspecific diversity, 
resulting in a wide range of effects on terrestrial ecosystems (van der Heijden et al., 2015; 
Mathieu et al., 2018). These genetic variations may affect symbiotic performance and may 
affect the stress response of fungi, such as exposure to pesticides (Novais et al., 2019a; 
Mallmann, 2020). 

Genetic variability is usually associated with heterokaryosis, i.e., the fact some fungi have 
spores and hyphae with multiple nuclei genetically different inside a common cytoplasm (Kuhn 
et al., 2001; Croll et al., 2009; Hijri & Sanders, 2005), although the subject raises controversy 
(Pawlowska & Taylor, 2004). 

A study conducted by Koch et al. (2004) reported high genetic and phenotypic variation in a 
Rhizophagus intraradices population, which was supported by further studies with other 
species, such as the model species Rhizophagus irregularis (Chen et al., 2018). Note that 
Rhizophagus irregularis is the only AMF species to date with its genome is completely codified. 
Different lineages of Funneliformis mosseae originating from the same ancestor isolate, 
cultivated for 20 years in different locations in Europe, showed high levels of vegetative 
incompatibility and reduced ability to form anastomosis, suggesting the occurrence of 
potential genetic divergence (Sbrana et al., 2018). In addition to the intraspecific diversity, 
variations can also be found within the same isolate, as evidenced by Ehinger et al. (2012). 
These authors found remarkable genetic and even phenotypic variation between three clonal 
generations of Rhizophagus (Glomus) irregularis, originating from a common single spore. 
These findings agree with heterokaryotic hypothesis and evidence the dynamic nature of AMF 
genetics (Ehinger et al., 2012). 
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Phenotypic plasticity derived from genetic variations has great practical importance for 
agricultural and environmental purposes as different isolates may affect plant fitness in 
different ways (Koch et al., 2006; Mathieu et al., 2018; Peña et al., 2020). Beyond that, the 
existence of such plasticity may explain part of the variation in AMF responses against 
stressors. In fact, different isolates of the same species have demonstrated distinct responses 
towards pesticide exposure (Novais et al., 2019a; Mallmann, 2020). Moreover, each of three 
clonal generations of a same isolate (of Gigaspora albida or Rhizophagus clarus) presented 
distinct germination responses to pesticide exposure, which was hypothesized to be (at least 
partially) a consequence of a potential genetic variability within spores. The variability in 
fungal response, however, seems dependent on the test substance and the magnitude of the 
measured effect, being IC10 data less variable among generations than IC20 and IC50 (Mallmann, 
2020).  

This type of variation, originated by genetic and/or phenotypic plasticity, does exist also in all 
other test organisms currently used in ecotoxicology. In the case of AMF, the most important 
aspect, when thinking in terms of test standardization, is that the level of variation when using 
inocula from the same species, but from different origins, should be within the acceptable level 
of variability in the test endpoints (assessed, e.g., via a warning chart).  

1.2.7 Interspecific variability 

Almost all terrestrial plants form symbiotic associations with AMF, but they have no host 
specificity. Thus, the effectiveness of the symbiosis depends, among other factors, on the 
combination of plant and AM fungi and on the origin of the AMF isolates (Novais et al., 2014). 
For example, plant growth response to inoculation varied from − 19 to 232% and depended on 
AMF isolate, species, and family (Säle et al., 2021).  

AMF responses to chemicals in the pre-symbiotic and symbiotic phases have been shown to be 
quite different, however it is dependent on the AMF species and chemical. Mallmann et al. 
(2018) and Malfatti et al. (2021), evaluated spore germination, in tropical artificial soil (TAS), 
for Rhizophagus clarus and Gigaspora albida, and concluded on different responses of the test 
species towards the application of fungicides and herbicides. The species Rhizophagus clarus 
was more sensitive to the use of herbicides (glyphosate and Diuron+Paraquat), while 
Gigaspora albida showed higher sensitivity to fungicides (Chlorothalonil, Mancozeb, and 
Metalaxyl - M). Other studies have shown differences in sensitivity of spore germination for the 
species Gigaspora margarita, Glomus intraradices, Funneliformis mosseae, and Rhizophagus 
irregularis when exposed to the same chemical (Giovannetti et al., 2006; Pasaribu et al., 2011; 
Dodd & Jeffries, 1989a,b; Malty et al., 2006; Zocco et al., 2008; Schreiner & Bethlenfalvay, 1997; 
Buysens et al., 2015). Despite the variability in sensitivity of spore germination across different 
AMF species, spore germination have been reported as adversely affected by most of the 
substances tested. 

For symbiotic phase the variation in sensitivity is dependent on the same factors as during the 
pre-symbiotic phase. Jakobsen et al. (2021) evaluated the effect of mancozeb and carbendazim 
on the performance of the AMF species Claroideoglomus claroideum, Funneliformis mosseae, 
and Funneliformis caledonium and found a hormetic response for root colonization. The 
authors report effects for AMF species for both fungicides in the highest test concentrations, 
only (0.602 μg Carbendazim g-1 soil; 83.325 μg Mancozeb g-1 soil). Pasaribu et al. (2013) found 
different effects in AMF endpoints for the herbicides Alachlor and Glyphosate. None of the 
herbicide affected the external hyphal length. However, spore production and internal hyphal 
infectivity were significantly affected by Alachlor while glyphosate had no significant effects on 
those parameters. Therefore, the symbiotic functions with the host plant can be affected 
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differently according to the endpoint evaluated. Therefore, different endpoints should be 
evaluated to know which function is affected. 

However, Dodd & Jeffries (1989a), Pasaribu et al. (2011), and Malty et al. (2006) found no 
effect of the application of the herbicides Difenzoquat methyl sulphate, Bifenox, Chlorotoluron, 
a mixture of Mecoprop+Ioxynil+Clopyralid, Alachlor, and Glyphosate on total intra-radicular 
colonization as well as in spore production for Funneliformis mosseae and Gigaspora margarita. 
The lack of effect may be raised by the increased production of isoflavonoids in the roots, 
which can promote mycorrhizal colonization (Siqueira et al. 1991). 

Little is known about the influence of pharmaceuticals or personal care products on AMF. The 
effects of 12 pharmaceuticals on Rhizophagus (Glomus) intraradices hyphal length and spore 
production were evaluated by Hills et al. (2008). The authors found six pharmaceuticals toxic 
to hyphal length and five to spore production. Both parameters are valuable in assessing the 
potential impacts of chemicals on the mycorrhizal life cycle, considering the different modes of 
action of chemicals towards AMF.  

These results demonstrate that there is a wide variation in AMF responses of different 
parameters to chemicals. This fact gives strength to the use of different parameters and AMF 
species in ecotoxicological experiments. 

 

1.3 Effects of organic chemicals on AMF 
Soil organisms in agricultural systems are exposed to a wide range of chemicals (e.g., the so-
called regulated chemicals as PPP, biocides, veterinary pharmaceuticals, among others) and the 
potential risks derived from this exposure must be accurately assessed with the ultimate goal 
of protecting soil biodiversity and safeguarding the soil functions they support.  

According to FAO and ITPS (2017), PPP are pesticides used in plant or crop production, 
contributing to prevent, destroy or control any pest causing harm or interfering in the 
production, processing, storage, transport or marketing of food and agricultural commodities. 
Biocides are products that aim to control organisms/pests not involved in plant or crop 
production, and include disinfectants, preservatives, pest control, and other biocidal products 
(more details can be seen in Appendix A.6) (EU, 2012). Veterinary pharmaceuticals are 
products either for therapeutic or non-therapeutic use in animals and, depending on the 
different groups of animals, the same compound can be used for different purposes (Kim & 
Carlsson, 2005). According to Bártíková et al. (2016), veterinary pharmaceuticals belong to 
several pharmacological categories: antiparasitics (ectoparasiticides, endectocides, 
endoparasiticides including antiprotozoals and anthelmintics), antimicrobials (antibiotics 
including growth promoters and antiseptics), hormones, antifungals, anti-inflammatory 
(steroidal and non-steroidal) drugs, anaesthetics, euthanasia products, tranquilizers, sedatives, 
bronchodilators, antacids, diuretics, emetics and emulsifiers. 

In the field, these chemicals can affect the pre-symbiotic and symbiotic phases of AMF (Figure 8). 
PPP are applied on the crop or directly on the soil surface, being sprayed, applied as granules or as 
seed treatments. Also, they can reach soil as wash-off from leaf application in treated areas, reach 
off-crop areas by drift or as run-off and soil drainage (Hage-Ahmed et al., 2019). Veterinary 
pharmaceuticals enter terrestrial systems through the common practice of fertilizing soil with 
manure or directly through livestock grazing (Kaczala & Blum, 2015). Other chemicals that 
have been of growing concern in terrestrial areas are human pharmaceuticals and personal 
care products (biocides). These chemicals may reach soils through the application of biosolids 
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resulting mainly from waste sludges of municipal wastewater treatment systems (Solomon et 
al., 2010). In this way, these chemicals have become a concern also to AMF. In the pre-symbiotic 
phase, structures such as spores and hyphae can be exposed to chemicals when these substances 
reach the ground (direct effects). In the symbiotic phase, indirect effects on AM symbiosis 
mediated by changes in the host plant physiology can occur (Hage-Ahmed et al., 2019), like in 
root colonization, extra-radicular hyphal length, and spore production. 

 

Figure 8: Main ways of exposure of AMF to soil pollutants (chemicals as PPP, biocides, and 
veterinary pharmaceuticals).  

 
Adapted from Hage-Ahmed et al. (2019). 

1.3.1 Research terms used 

A literature search was performed to collect information about AMF used in ecotoxicological 
tests, and the material was collected from peer-reviewed publications and reports. Articles 
were collected from the search platforms Scopus12, ScienceDirect13, PubMed14, and Web of 
Science15 in April and June 2021, and our search was restricted to title+abstract+key words.  

The search was performed using the following terms: “arbuscular mycorrhizal fungi AND 
biocides”; "arbuscular mycorrhizal fungi AND herbicide”; "arbuscular mycorrhizal fungi AND 
insecticide”; "arbuscular mycorrhizal fungi AND fungicide”; "arbuscular mycorrhizal fungi AND 
pharmaceuticals”. 

 

12 https://www.scopus.com/search/form.uri?display=basic 
13 https://www.sciencedirect.com/ 
14 https://pubmed.ncbi.nlm.nih.gov/ 
15 https://www.webofknowledge.com 

https://www.scopus.com/search/form.uri?display=basic
https://www.sciencedirect.com/
https://pubmed.ncbi.nlm.nih.gov/
https://www.webofknowledge.com/
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The exclusion criteria were articles published without an ecotoxicological point of view, effects 
of soil parameters, and metals to AMF, pure molecular analysis, and exposure experiments 
with other chemicals like hydrocarbonates. 

1.3.2 Overview of the literature review 

The number of publications recovered in the search with the terms arbuscular mycorrhizal 
fungi, fungicides, herbicides, insecticides, pharmaceuticals, and biocides, is presented in Table 
8. In total, 618 publications were recovered, but there is an overlap between the searched 
databases. 

Discounting the overlapping results, 323 publications were found. The chemicals investigated 
until date predominantly concern to fungicides (172 publications), followed by herbicides (82), 
pharmaceuticals (35), insecticides (26), and biocides (8). However, only a small percentage 
(less than 20%) of the publications met our objectives and, therefore, were further analysed. In 
total, 53 papers were analysed, of which 27 are involved mainly in symbiotic phase, 15 in pre-
symbiotic phase, and 11 in both pre and symbiotic phases. 

 

Table 8: Number of publications for AMF and each combination of key words. 

Combinations Scopus Science Direct PubMed Web of 
Science 

"arbuscular mycorrhizal fungi" AND 
fungicide 164 31 33 101 

"arbuscular mycorrhizal fungi" AND 
herbicide 79 21 8 47 

"arbuscular mycorrhizal fungi" AND 
insecticide 24 4 3 8 

"arbuscular mycorrhizal fungi" AND 
pharmaceuticals 32 14 8 24 

"arbuscular mycorrhizal fungi" AND biocides 7 4 0 6 

 

Considering the papers analysed, among field and laboratory experiments, we found that: 

1. The most studied chemicals (Figure 9) were fungicides (F; 41 active ingredients, a.i.), 
herbicides (H; 16 a.i), veterinary and human-use pharmaceuticals (15 a.i), biological 
pesticides (6 a.i), disinfectant agents (4 a.i), personal care products (PCP; 2 a.i), insecticides 
(I; 2 a.i), and mixtures of pesticides (12 formulations, 2 between fungicides+insecticides; 8 
fungicides; 2 herbicides) (Appendix A.7). 
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Figure 9: Main chemicals used in the experiments with AMF. 

 
Source: own illustration, UDESC. 

2. The most active ingredients studied (Figure 10) were Glyphosate (H) (11 studies), Benomyl 
(F) (9), Carbendazim (F) (8), Fenhexamid (F) (8), Captan (F) (6), Azoxystrobin (F) (5), 
Chlorothalonil (F) (5), Mancozeb (F) (5), Pentachloronitrobenzene (F) (5), Flutholanil (F) 
(4), Triclosan (PCP) (4) Alachlor (H) (3), Dicamba (H) (3), Dimethoate (I) (3), 
Fenpropimorph (F) (3), Fosethyl-aluminium (F) (3), and Pencycuron (F) (3) (Appendix A.7). 

 

Figure 10: Main active ingredients of PPP used in the experiments. 

 
Source: own illustration, UDESC. 
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3. The most studied AMF species (Figure 11) were Funneliformis mosseae (27 studies), 
Claroideoglomus (= Glomus) etunicatum (14), Rhizophagus intraradices (13), Rhizophagus 
clarus (8), Gigaspora margarita (6), Glomus aggregatum (4), Rhizophagus irregularis (4), 
Scutellospora heterogama (4), Acaulospora laevis (3), Funneliformis caledonium (3), 
Gigaspora rosea (3), and Glomus monosporum (3) (Appendix A.8). This is in accordance 
with our findings in section 1.2.3, about the worldwide distribution of AMF. 

 

Figure 11: Main AMF species used in the experiments. 

 
Source: own illustration, UDESC. 

4. A total of 28 species of host plants were used in the experiments published until June 2021 
(Figure 12). The most often used plant was Zea mays (6 studies), followed by Glycine max 
(5), Daucus carota (transformed roots) (5), Triticum aestivum (4), Pisum sativum (3), 
Capsicum annum (2), Citrus aurantium (2), Daucus carota (2), Leucaena leucocephala (2), 
Phaseolus vulgaris (2), and Trifolium subterraneum (2) (Appendix A.9). 
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Figure 12: Main host plants used in the experiments. 

Source: own illustration, UDESC. 

5. Studies focusing on the pre-symbiotic phase have used natural soils, artificial soil, sand and 
culture medium. The natural soils used had pH values of 6.3-6.5, 7.83, 8.24; the pH of the 
artificial soil has been adjusted to 6.0 (± 0.5); and sand, when used, had a pH varying 
between 6.0 and 7.0. Most studies that use culture medium, do not bring information about 
its pH value. Few exceptions reported pH values of 5.5, 5.8, and 7.5. 

6. In general, most studies in pre-symbiotic phase were performed in the dark. Only two 
studies were conducted using a photoperiod of 16:8 h light/dark. In most cases, the 
temperatures used in the experiments were 25, 27, and 28 with a variation of ± 2 °C. 
Exceptionally, 22 and 26 °C have been also used. 

 
The results of effects in pre and symbiotic phases are summarized on Table 9. A more 
descriptive explanation of these results is given sections 1.3.3 and 1.3.4. 
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Table 9: Overview of sensitivity of the AMF species and chemicals for different parameters. (+) Effect/Showed sensitivity; (-) No effect/Not sensitive. 
*Study found after June 2021. 

AMF Species Chemical Parameter Test duration (days) Species sensitivity Reference 

Pre-symbiotic phase 

Gigaspora margarita Glyphosate Germ tube length 15 + Malty et al., 2006 

 Sodium hypochlorite solution 5% 
free chlorine (concentration 
0.5%) 

Spore germination 14 -  Colozzi-Filho et al., 1994 

 Sodium hypochlorite solution 5% 
free chlorine (concentration 1%) 

Spore germination 14 +  Colozzi-Filho et al., 1994 

 Chloramine-T Spore germination 14 - Colozzi-Filho et al., 1994 

 Formaldehyde solution Spore germination 14 - Colozzi-Filho et al., 1994 

 Mercury chloride Spore germination 14 - Colozzi-Filho et al., 1994 

 Streptomycin (Streptomycin 
sulfate) 

Spore germination 14 - Colozzi-Filho et al., 1994 

 Gentamicyn (injectable 
Garamicyn 30mg) 

Spore germination 14 - Colozzi-Filho et al., 1994 

 Pimaricin (Pimaracin) suspension 
1.5% 

Spore germination 14 - Colozzi-Filho et al., 1994 

 Chloramphenicol (injectable 
"Quemicetina") 

Spore germination 14 - Colozzi-Filho et al., 1994 

 Glyphosate Spore germination 15 + Malty et al., 2006 

Rhizophagus 
(Glomus)  
intraradices 

Triclosan Spore germination 21 + Twanabasu et al., 2013 
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AMF Species Chemical Parameter Test duration (days) Species sensitivity Reference 

 Triclosan Hyphal lenght* 21 + Twanabasu et al., 2013 

 Triclosan  Hyphal branching 21 + Twanabasu et al., 2013 

 Fenpropimorph  Spore germination 27 d for non-
germinated spores; 
15 d for pre-
germinated spores 

+ Zocco et al., 2008 

 Fenhexamid  Spore germination 27 d for non-
germinated spores; 
15 d for pre-
germinated spores 

+ Zocco et al., 2008 

 Fenpropimorph  Germ tube length 27 d for non-
germinated spores; 
15 d for pre-
germinated spores 

+ Zocco et al., 2008 

 Fenhexamid  Germ tube length 27 d for non-
germinated spores; 
15 d for pre-
germinated spores 

+ Zocco et al., 2008 

Funneliformis 
(Glomus)  mosseae 

Alachlor  Spore germination 30 - Pasaribu et al., 2011 

 Glyphosate  Spore germination 30 - Pasaribu et al., 2011 

 Alachlor  Hyphal length 30 - Pasaribu et al., 2011 

 Glyphosate  Hyphal length 30 - Pasaribu et al., 2011 

 Mancozeb (Crittox MZ 80) Spore germination 10 + Giovannetti et al., 2006 

 Ziram (Pomarsol Z Wg) Spore germination 10 + Giovannetti et al., 2006 
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AMF Species Chemical Parameter Test duration (days) Species sensitivity Reference 

 Copper Hydroxide (Ramid 30 Pb) Spore germination 10 + Giovannetti et al., 2006 

 Oxycarboxin (Plantvax 20 E)  Spore germination 10 - (caused a dose-
response effect, but 
germination was 
never completely 
inhibited) 

Giovannetti et al., 2006 

 Iprodione (Rovral) Spore germination 10 - (caused a dose-
response effect, but 
germination was 
never completely 
inhibited) 

Giovannetti et al., 2006 

 Fosetyl Al (Aliette) Spore germination 10 - Giovannetti et al., 2006 

 Metalaxyl (Ridomil 5 G) Spore germination 10 - Giovannetti et al., 2006 

 Terbuthylazine (Basel FL) Spore germination 10 - Giovannetti et al., 2006 

 Glyphosate (Risolutiv) Spore germination 10 - Giovannetti et al., 2006 

 MCPA (Agritox Dry 800) Spore germination 10 - Giovannetti et al., 2006 

 Pendimethalin (Disetalin L) Spore germination 10 - Giovannetti et al., 2006 

 Dicamba (Aric 480 L.S.) Spore germination 10 - Giovannetti et al., 2006 

 Delfin (6.4% Bacillus 
thuringiensis Sa 11) 

Spore germination 10 - Giovannetti et al., 2006 

 Biofox C (105 propagules /mg 
Fusarium oxysporum 251/2RB) 

Spore germination 10 - Giovannetti et al., 2006 

 MCPA (Agritox Dry 800) Hyphal length 10 - Giovannetti et al., 2006 

 Ziram (Pomarsol Z Wg) Hyphal length 10 + Giovannetti et al., 2006 
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AMF Species Chemical Parameter Test duration (days) Species sensitivity Reference 

 Iprodione (Rovral) Hyphal length 10 + Giovannetti et al., 2006 

 Fosetyl Al (Aliette) Hyphal length 10 + Giovannetti et al., 2006 

 Terbuthylazine (Basel FL) Hyphal length 10 + Giovannetti et al., 2006 

 Pendimethalin (Disetalin L ) Hyphal length 10 + Giovannetti et al., 2006 

 Glyphosate (Risolutiv) Hyphal length 10 + Giovannetti et al., 2006 

 Delfin (6.4% Bacillus 
thuringiensis Sa 11) 

Hyphal length 10 - Giovannetti et al., 2006 

 Biofox C (105 propagules /mg 
Fusarium oxysporum 251/2RB) 

Hyphal length 10 - Giovannetti et al., 2006 

 Difenzoquat methyl sulphate 
(Avenge 630)  

Spore germination 20 + Dodd & Jeffries, 1989a 

 Bifenox (Ceridor)  Spore germination 20 + (low 
concentrations) 
- (high 
concentrations)  

Dodd & Jeffries, 1989a 

 Chlorotoluron (Dicurane 500 L) Spore germination 20 + Dodd & Jeffries, 1989a 

 Mecoprop+ioxynil+clopyralid 
(Harrier)  

Spore germination 20 + (low 
concentrations) 
- (high 
concentrations) 

Dodd & Jeffries, 1989a 

 Carbendazim (Bavistin FL)  Spore germination 20 + Dodd & Jeffries, 1989b 

 Tridemorph (Calixin)  Spore germination 20 - Dodd & Jeffries, 1989b 

 Propiconazole and tridemorph 
(Tilt Turbo 375)  

Spore germination 20 + Dodd & Jeffries, 1989b 
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AMF Species Chemical Parameter Test duration (days) Species sensitivity Reference 

Funneliformis 
(Glomus)  mosseae 
BEG46 

Benomyl Spore germination 14 +  Schreiner & Bethlenfalvay, 
1997 

 Pentachloronitrobenzene (PCNB) Spore germination 14 + Schreiner & Bethlenfalvay, 
1997 

 Captan Spore germination 14 + Schreiner & Bethlenfalvay, 
1997 

 Benomyl Hyphal length (early hyphal 
growth of spores) 

14 + Schreiner & Bethlenfalvay, 
1997 

 Pentachloronitrobenzene (PCNB) Hyphal length (early hyphal 
growth of spores) 

14 + Schreiner & Bethlenfalvay, 
1997 

 Captan  Hyphal length (early hyphal 
growth of spores) 

14 - Schreiner & Bethlenfalvay, 
1997 

Rhizophagus clarus 
RJN102A 

Glyphosate Spore germination 14 + Malfatti et al., 2021 

 Diuron+Paraquat Spore germination 14 + Malfatti et al., 2021 

 Chlorothalonil Spore germination 14 + Mallmann et al., 2018 

 Mancozeb  Spore germination 14 + Mallmann et al., 2018 

 Metalaxyl-M  Spore germination 14 + Mallmann et al., 2018 

Rhizophagus 
irregularis MUCL 
41833  

Azoxystrobin Spore germination 3, 6, 14, 28 + Buysens et al., 2015 

 Flutolanil  Spore germination 3, 6, 14, 28 + Buysens et al., 2015 

 Pencycuron  Spore germination 3, 6, 14, 28 + Buysens et al., 2015 
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AMF Species Chemical Parameter Test duration (days) Species sensitivity Reference 

Native AMF spores Tebuthiuron  Spore germination  - Allen & West, 1993 

Symbiotic phase 

Funneliformis 
mosseae 

Mancozeb (Dithane DG NT)  Intra-radicular total colonization 39 - (lower 
concentrations) 
+ (high 
concentrations) 

Jakobsen et al., 2021* 

 Mancozeb (Dithane DG NT) Extra-mycelial production 39 - Jakobsen et al., 2021* 

 Carbendazim (Derosal fl.) Intra-radicular total colonization 39 - (lower 
concentrations) 
+ (high 
concentrations) 

Jakobsen et al., 2021* 

 Carbendazim (Derosal fl.) Extra-mycelial production 39 - Jakobsen et al., 2021* 

Gigaspora margarita Glyphosate  Intra-radicular total colonization 17, 31, 45 - Malty et al., 2006 

Rhizophagus 
(Glomus) clarum 

Fenhexamid Anastomosis frequency 
(probability of fusion between 
two lineages paired) 

21 - Cardenas-Flores et al., 
2011 

 Fenhexamid   Spore production 70 No significant 
difference was 
observed between 
the lineages within a 
same generation. 

Cardenas-Flores et al., 
2011 

Rhizophagus 
(Glomus)  
intraradices 

17- α -ethynyl estradiol Spore production 14, 21, 28 + (at 28 days) Hillis et al., 2008 

 Atorvastatin Spore production 14, 21, 28 - Hillis et al., 2008 
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AMF Species Chemical Parameter Test duration (days) Species sensitivity Reference 

 Carbamazepine Spore production 14, 21, 28 + (at 28 days) Hillis et al., 2008 

 Chlortetracycline Spore production 14, 21, 28 - Hillis et al., 2008 

 Doxycycline Spore production 14, 21, 28 + (at 28 days) Hillis et al., 2008 

 Irgasan Spore production 14, 21, 28 - Hillis et al., 2008 

 Levofloxacin Spore production 14, 21, 28 + (at 28 days) Hillis et al., 2008 

 Monensin Spore production 14, 21, 28 - Hillis et al., 2008 

 Oxytetracycline Spore production 14, 21, 28 - Hillis et al., 2008 

 Sulfamethoxazole Spore production 14, 21, 28 + (at 14, 21, and 28 
days) 

Hillis et al., 2008 

 Tetracycline Spore production 14, 21, 28 - Hillis et al., 2008 

 Tylosin Spore production 14, 21, 28 - Hillis et al., 2008 

 17- α -ethynyl estradiol Extra-mycelial production 14, 21, 28 - Hillis et al., 2008 

 Atorvastatin Extra-mycelial production 14, 21, 28 + (at 28 days) Hillis et al., 2008 

 Carbamazepine Extra-mycelial production 14, 21, 28 - Hillis et al., 2008 

 Chlortetracycline Extra-mycelial production 14, 21, 28 + (at 28 days) Hillis et al., 2008 

 Doxycycline Extra-mycelial production 14, 21, 28 + (at 21 and 28 days) Hillis et al., 2008 

 Irgasan Extra-mycelial production 14, 21, 28 - Hillis et al., 2008 

 Levofloxacin Extra-mycelial production 14, 21, 28 + (at 28 days) Hillis et al., 2008 

 Monensin Extra-mycelial production 14, 21, 28 - Hillis et al., 2008 

 Oxytetracycline Extra-mycelial production 14, 21, 28 - Hillis et al., 2008 
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AMF Species Chemical Parameter Test duration (days) Species sensitivity Reference 

 Sulfamethoxazole Extra-mycelial production 14, 21, 28 + (at 21 and 28 days) Hillis et al., 2008 

 Tetracycline Extra-mycelial production 14, 21, 28 + (at 21 and 28 days) Hillis et al., 2008 

 Tylosin Extra-mycelial production 14, 21, 28 - Hillis et al., 2008 

Rhizophagus 
(Glomus)  irregulares 

Propiconazole  Extra-mycelial production 42 + Calonne et al., 2012 

 Propiconazole   Spore production 42 + Calonne et al., 2012 

Funneliformis 
(Glomus)  mosseae  

Difenzoquat methyl sulphate 
(Avenge 630)  

Intra-radicular total colonization 146 - Dodd & Jeffries, 1989a 

 Difenzoquat methyl sulphate 
(Avenge 630)   

Spore production 146 - Dodd & Jeffries, 1989a 

 Bifenox (Ceridor)   Intra-radicular total colonization 146 - Dodd & Jeffries, 1989a 

 Bifenox (Ceridor)  Spore production 146 - Dodd & Jeffries, 1989a 

 Chlorotoluron (Dicurane 500 L)  Intra-radicular total colonization 146 - Dodd & Jeffries, 1989a 

 Chlorotoluron (Dicurane 500 L)  Spore production 146 - Dodd & Jeffries, 1989a 

 Mecoprop+ioxynil+clopyralid 
(Harrier)  

Intra-radicular total colonization 146 - Dodd & Jeffries, 1989a 

 Mecoprop+ioxynil+clopyralid 
(Harrier) 

Spore production 146 - Dodd & Jeffries, 1989a 

 Difenzoquat methyl sulphate 
(Avenge 630)   

Intra-radicular total colonization 98 - Dodd & Jeffries, 1989a 

 Difenzoquat methyl sulphate 
(Avenge 630)   

Spore production 98 - Dodd & Jeffries, 1989a 
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AMF Species Chemical Parameter Test duration (days) Species sensitivity Reference 

 Bifenox (Ceridor)   Intra-radicular total colonization 98 - Dodd & Jeffries, 1989a 

 Bifenox (Ceridor)  Spore production  98 - Dodd & Jeffries, 1989a 

 Chlorotoluron (Dicurane 500 L)  Intra-radicular total colonization 98 - Dodd & Jeffries, 1989a 

 Chlorotoluron (Dicurane 500 L)  Spore production  98 - Dodd & Jeffries, 1989a 

 Mecoprop+ioxynil+clopyralid 
(Harrier)   

Intra-radicular total colonization 98 - Dodd & Jeffries, 1989a 

 Mecoprop+ioxynil+clopyralid 
(Harrier)  

Spore production 98 - Dodd & Jeffries, 1989a 

 Carbendazim (Bavistin FL)  Intra-radicular total colonization 38, 75, 104 - 
- 
+ 

Dodd & Jeffries, 1989b 

 Ethirimol (Milgo E)  Intra-radicular total colonization 38, 75, 104 - 
- 
- 
 

Dodd & Jeffries, 1989b 

 Prochloraz (Sportak) Intra-radicular total colonization 38, 75, 104 - 
- 
+ 

Dodd & Jeffries, 1989b 

 Carbendazim (Bavistin 
FL)+Ethirimol (Milgo 
E)+Prochloraz (Sportak)  

Intra-radicular total colonization 38, 75, 104 - 
- 
+ 

Dodd & Jeffries, 1989b 

 Tridemorph (Calixin)  Intra-radicular total colonization 26, 56, 74, 88 + (26 and 56 days) 
- (74 and 88 days) 

Dodd & Jeffries, 1989b 

 Carbendazim (Bavistin FL)  Intra-radicular total colonization 26, 56, 74, 88 + (26 and 56 days) 
- (74 and 88 days) 

Dodd & Jeffries, 1989b 
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AMF Species Chemical Parameter Test duration (days) Species sensitivity Reference 

 Propiconazole and tridemorph 
(Tilt Turbo 375)  

Intra-radicular total colonization 26, 56, 74, 88 + (26 and 56 days) 
- (74 and 88 days) 
+ (88 days) 

Dodd & Jeffries, 1989b 

 Fenpropimorph  Spore production 42 + Zocco et al., 2008 

 Fenpropimorph  Intra-radicular total colonization 42 - Zocco et al., 2008 

 Fenpropimorph  Extra-radical mycelium 
architecture 

42 + Zocco et al., 2008 

 Fenhexamid  Spore production 42 + Zocco et al., 2008 

 Fenhexamid  Intra-radicular total colonization 42 - Zocco et al., 2008 

 Fenhexamid  Extra-radical mycelium 
architecture 

42 + Zocco et al., 2008 

 Glyphosate  Extra-mycelial production 28 - Pasaribu et al., 2011 

 Alachlor  Extra-mycelial production 28 - Pasaribu et al., 2011 

Rhizophagus 
irregularis MUCL 
41833  

Azoxystrobin Intra-radicular total colonization 14, 63 + Buysens et al., 2015 

 Flutolanil Intra-radicular total colonization 14, 63 - Buysens et al., 2015 

 Pencycuron  Intra-radicular total colonization 14, 63 + Buysens et al., 2015 

 Azoxystrobin  Spore production 14, 63 - Buysens et al., 2015 

 Flutolanil  Spore production 14, 63 - Buysens et al., 2015 

 Pencycuron  Spore production 14, 63 + Buysens et al., 2015 

 Azoxystrobin  Extra-mycelial production 14, 63 - Buysens et al., 2015 
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AMF Species Chemical Parameter Test duration (days) Species sensitivity Reference 

 Flutolanil Extra-mycelial production 14, 63 + Buysens et al., 2015 

 Pencycuron  Extra-mycelial production 14, 63 + Buysens et al., 2015 

* Growth of hyphae originated from spores.  
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1.3.3 Effects on the pre-symbiotic phase 

1.3.3.1 Effects of PPPs 

Information regarding effects of PPPs on pre-symbiotic parameters are often contradictory. 
Giovannetti et al. (2006) developed one on the first studies to evaluate the effect of PPPs on the 
pre-symbiotic phase on an AMF species. These authors investigated the effect of formulations 
having as a.i. the fungicides Mancozeb, Ziram, Copper Hydroxide, Oxycarboxin, Iprodione, 
Fosetyl Al, Metalaxyl, and Fusarium oxysporum 251/2RB and the herbicides Terbuthylazine, 
Glyphosate, MCPA, Pendimethalin, Dicamba, Bacillus thuringiensis Sa 11 in the pre-symbiotic 
phase of Glomus Funneliformis (Glomus) mosseae. Regarding fungicides, spore germination of 
Funneliformis (Glomus) mosseae was strongly inhibited by Mancozeb even at the lowest doses 
tested (400 mg a.i. L-1), and by Ziram from 36 mg a.i. L-1 upwards. Oxycarboxin and Iprodione 
affected germination but without completely inhibiting it. On the other hand, Fosetyl Al and 
Metalaxyl did not show any effects towards spore germination. Regarding the herbicides, none 
of them affected spore germination, but affected the mycelium growth. This data showed that 
even PPPs of the same group have different effects for AMF and there is clearly a dose-effect 
response between AMF species and pesticides tested. 

Malty et al. (2006) investigated the effects of increasing concentrations of Roundup (360 g L-1, 
Glyphosate) (0 to 454 µmol L-1) on Gigaspora margarita, Claroideoglomus (Glomus) etunicatum, 
and Scutellospora heterogama mycorrhization of soybean. The addition of glyphosate stimulated 
the germination of Gigaspora margarita spores (up to 111.75 µM concentration), while the 
germination of Scutellospora heterogama and Claroideoglomus (Glomus) etunicatum spores was 
inhibited linearly with Glyphosate concentrations. The growth of the spore germ tube was 
inhibited in the three AMF species tested. 

Druille et al. (2013) also investigated the effect of Glyphosate on native AMF spores and on root 
colonization. The authors used Paspalum dilatatum and Lotus tenuis as host plants, exposed to 0, 
0.8 and 3 L ha-1 doses of Glyphosate, with separate applications directly in the soil (Mollic Gleyic 
Solonetz/FAO Soil Taxonomy) and in plant foliage. Spore viability was reduced already at the 
lowest dose (0.8 L ha-1) when Glyphosate was applied on the soil.  

The effect of the herbicides Prometryn and Acetochlor was evaluated by Li et al. (2013) who 
exposed Claroideoglomus (Glomus) etunicatum to the doses of 0.1, 1 and 10 mg L-1. No significant 
effects were found in spore germination at the presence of Acetochlor in all three concentrations 
tested, but a significant reduction in spore germination was observed at the highest 
concentration of Prometryn. Both herbicides had negative effects on mycorrhizal symbiosis with 
increasing concentrations and Prometryn was the most toxic. 

The impact of the herbicide Nicosulfuron on the mycorrhizal colonization potential of a native 
community of AMF species of a field from Serbia was tested in two stages by Karpouzas et al. 
(2014). First an extreme exposure by repeated applications (five culture cycles of Zea mays) of a 
range of doses (0, 10, 100, 1000 times the recommended dose) was tested and, lastly, a realistic 
exposure scenario by exposing AMF community to concentrations based on the recommended 
dose (0, 1, 2, 5 times the recommended dose) was tested. In the extreme doses of 100 and 1000 
times, there was a significant reduction in plant biomass, mycorrhizal colonization (hyphae, 
arbuscules, and vesicles) and fungal richness (determined by DGGE), which followed the 
progressive accumulation of the herbicide in the soil. In contrast, no significant effects were 
observed on the AMFs of those doses of the realistic exposure scenario. 

Other studies have shown that AMF can also be threatened by the application of fungicides used 
to control pathogenic fungi. Buysens et al. (2015) investigated the impact of Azoxystrobin (a 
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broad-spectrum fungicide), Flutholanil (a fungicide for systemic-specific Basidiomycota) and 
Pencycuron (a specific contact fungicide for Rhizoctonia) on the growth and development of the 
AMF Rhizophagus irregularis MUCL 41833 under in vitro conditions. The results revealed that 
Azoxystrobin did not affect spore germination and colonization of potato roots by Rhizophagus 
irregularis, considering the recommended values (inhibitory concentration - IC, IC50 ≤0.1 mg L-1 
a.i.) for controlling Rhizoctonia solani, while the development of extra-radical mycelium and 
spore production was reduced 10 times. Flutholanil did not affect spore germination or 
development of extra-radical mycelium, but it decreased root colonization and arbuscule 
formation. In the case of Pencycuron, there were no effects on spore germination and on intra or 
extra-radical development of Rhizophagus irregularis. 

Recently, Mallmann et al. (2018) proposed modifications to the ISO 10832 protocol (ISO, 2009) 
to evaluate the effect of fungicides in the pre-symbiotic phase of AMFs. These modifications 
showed the adequacy of these types of tests to evaluate the risk of fungicides to spore 
germination using Gigaspora albida and Rhizophagus clarus as AMF species representative of 
subtropical soils. These authors found that Gigaspora albida was more sensitive to fungicides 
Chlorotalonil (IC50=12.14), Mancozeb (IC50=5.66), and Metalaxyl-M (IC50=3.50) than 
Rhizophagus clarus. On the other hand, Malfatti et al. (2021) found a higher sensitivity of 
Rhizophagus clarus to herbicides Glyphosate and Diuron combined with Paraquat than 
Gigaspora albida. 

 

1.3.3.2 Effects of veterinary pharmaceuticals 

No published scientific articles were found about the effects of these chemicals on AMF species 
in pre-symbiotic phase. 

 

1.3.3.3 Effects of biocides 

Biocides products have not been studied very well with regard to AMF. The first study reported 
was carried out by Colozzi-Filho et al. (1994) in Brazil. The authors evaluated the effect of 
Sodium hypochlorite, Formaldehyde, Mercury chloride, and antibiotics (Streptomycin sulfate, 
Gentamicyn, Pimaricin, Chloramphenicol), on spore germination of Gigaspora margarita. They 
found that Formaldehyde, Mercury chloride, and all of the antibiotics significantly reduced spore 
germination. 

Twanabasu et al. (2013a) and Twanabasu et al. (2013b) reported the impacts of Triclosan 
(biocides used as a preservative and antimicrobial) on AMF. Spore germination, hyphal growth, 
and hyphal branching of Rhizophagus (Glomus) intraradices were all significantly reduced 
compared to control, in both doses tested (0.4 and 4.0 mg L-1). Spore germination was reduced 
from 86.9% in the control, to 43% at the lowest dose tested (Twanabasu et al., 2013b). Similarly, 
triclosan caused significant decline in Rhizophagus (Glomus) intraradices hyphal and arbuscular 
root colonization of various wetland plant species (Twanabasu et al., 2013a). 

A single study with Fusarium oxysporum and Bacillus thuringiensis-based products did not show 
any effects on spore germination and mycelium growth of Funnelliformis (Glomus) mosseae. The 
experimental setup consisted of a spore “sandwich system”, placed in Petri dishes filled with 
quartz and incubated in the dark at 25°C, in the presence of tested products (Giovannetti et al., 
2006). 
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1.3.4 Effects on the symbiotic phase 

The vast majority of research involving the symbiotic phase of AMF has been carried out 
considering mainly the benefits for the host plants.  In agricultural systems, AMF and the 
symbiosis, are exposed to various chemicals that may pose a risk to the events that precede the 
establishment of the symbiosis, in later events (consolidation and functionality of the symbiosis) 
and in the continuity of these fungi in the field through the production of propagules 
(Hage-Ahmed et al., 2019). Furthermore, considering that spores are not the main promoter of 
soil infectivity in some conditions (Smith and Read, 2008), and that exposure of AMF symbiotic 
structures may occur in a different way than pre-symbiotic, it is important to also evaluate the 
effects of PPPs when the symbiosis has already established. 

The characteristic obligatory biotrophism of AMF is one of the greatest challenges for studying 
these organisms because there is a need to consider the presence of a host. The effect of 
chemical substances such as fertilizers, residues and contaminants on mycorrhizal symbiosis 
and their functionality are commonly carried out through experiments in pots with host plants 
(in vivo system), such as the works carried out by Ipsilantis et al. (2012) and Karpouzas et al. 
(2014), which evaluated the impact of the studied substances on mycorrhizal colonization. 

AMF and their mutualistic association with plants can be affected when exposed to chemicals via 
contact or systemic uptake. Effects can occur directly by root or hypha contact and/or uptake, 
and indirectly when pesticide application promotes changes in plant metabolism. The impact of 
chemicals on several AMF species have been reviewed (Hage-Ahmed et al., 2018), tested 
(Giovannetti et al., 2006; Mallmann, 2020) and they reported the effects of PPPs on numerous 
endpoints, mainly related to fungal spore production, germination, mycelium growth and root 
colonization. 

 

1.3.4.1 Effects of PPPs 

Glyphosate is the most studied a.i. among PPPs. Zaller et al. (2014) found a significant decrease 
in root mycorrhization, soil AMF spore biomass, vesicles and propagules of Funneliformis 
mosseae. However, other authors found that, for the same AMF species – but probably different 
isolate – mycorrhizal sporulation and hyphal infectivity were significantly affected by Alachlor, 
but not by Glyphosate (Pasaribu et al,. 2013). Novais et al. (2019a) reported that the herbicides 
Dicamba and Glufosinate negatively affect extra-radical mycelium (ERM) viability and structural 
traits of Funneliformis mosseae isolate BEG 116, even more significantly than fungicides. 
Although these findings suggest that several factors are influencing these negative effects (e.g., 
such as AMF isolate, evaluated endpoint, choice of pesticide) it is not possible to make 
comparisons, as experimental setups are notably different, especially regarding the soil/matrix 
used. 

Rivera-Becerril et al. (2017) reported that the abundance (measured by nested and real-time 
qPCR on purified DNA) of the Glomeromycota taxa decreased in both a vineyard and an arable 
soil due to the application of a pesticide cocktail composed of Fenhexamid, Folpel, and 
Deltamethrin, even at the recommended field dose. Some taxa (Funneliformis mosseae and 
Claroideoglomus), however, decreased only in arable soil, which indicates that rather than 
reducing global abundance, pesticides alter the community structure. As a result, ecosystem 
services provided by these fungi may be affected (Rivera-Becerril et al., 2017).  

Campos et al. (2015) evaluated the effect of fungicides currently used to control diseases in 
common bean using native AMF as bioindicators. These authors evaluated the effects of various 
fungicides on mycorrhizal colonization, the number of spores in soil, leaf N, P and K contents, dry 
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mass of the root, shoot and beans. The following treatments were used: water (control), 
Azoxystrobin (120 g ha-1), Pyraclostrobin (75 g ha-1), Tebuconazole+Trifloxystrobin (0.7 L ha-1), 
Trifloxystrobin (225 g ha-1), Oxide cuprous (1.5 Kg ha-1) and Mancozebe (2.5 Kg ha-1). 
Azoxystrobin, Tebuconazole+Trifloxystrobin in a combi product and Trifloxystrobin applied as 
monoformulation did not cause a significant difference in the root colonization with native AMF, 
in the number of spores in the soil or in the leaf N, P and K contents in relation to the control. 
Pyraclostrobin, Cuprous oxide, and Mancozebe inhibited mycorrhizal colonization when 
compared to the control. These findings suggested that Azoxystrobin, 
Tebuconazole+Trifloxystrobin or Trifloxystrobin are the most adequate fungicides to control 
bean diseases without compromising the symbiotic performance of the native AMF. 

Another study reported that high doses of Nicosulfuron (x100 and x1000 the recommended 
dose) significantly reduced root mycorrhizal colonization, AM fungal richness, and host plant 
biomass (Zea mays). The authors hypothesised that these effects might be related to the 
accumulation of the herbicide in soil (Karpouzas et al., 2014). Also, high doses of pesticides can 
remain in the soil for long periods, constituting a risk to AMFs. Pánková et al. (2018), found that 
negative effects of the fungicide Carbendazim on plant species composition, diversity, AMF 
infectivity still persisted five years after the last fungicide application. 

However, according to Rabab & Reda (2019), a correct use (i.e., recommended dose) of Ridomil 
and Bavistin may have stimulatory effect on AM fungal colonization in the host plant Cucumis 
sativus. Indeed, these authors reported increased mycorrhizal colonization after application of 
both pesticides (250 ml a.i. L-1 of Ridomil [Metalaxyl-M 8% and Mancozeb 64%] and 500 a.i. L-1 
of Bavistin [Carbendazin]) when compared to treatment without pesticide. This may constitute 
per se a way for the farmer to stimulate mycorrhizal symbiosis. 

 

1.3.4.2 Effects of veterinary and human-use pharmaceuticals 

Pharmaceuticals and personal care products show a potential risk on beneficial soil microbe 
populations, including AMF species. Nevertheless, until this moment there is a gap of knowledge 
about this topic for AMF. The only work found that investigated the effects of pharmaceutical 
products was a study conducted by Hillis et al. (2008). The authors investigated the effects of 
veterinary and human-use pharmaceuticals and PCPs in the symbiotic phase  of Rhizophagus 
(Glomus) intraradices (in transformed carrot roots). Among the 12 products evaluated, the EC50 
values for Rhizophagus (Glomus) intraradices hyphal length was 45 µg L-1 for Doxycycline and 
Sulfamethoxazole, and 65 µg L-1 for Atorvastatin, while Carbamazepine and 17-α-ethynyl 
estradiol targeted spore production with EC50 values of 113 and 116 µg L-1, respectively. This 
study provided important information regarding the minimum time period of exposure needed 
for certain AMF endpoints. For example, for hyphal length, at least 21 days of exposure is 
needed, while spore production requires 28 days, otherwise no significant differences could be 
detected (Hillis et al., 2008). Similarly to pesticides, these products showed a dose-response 
curve that changed according to the product and the endpoint measured. 

 

1.3.4.3 Effects of biocides 

Personal care products, as Triclosan (TCS) and Triclocarban (TCC), are compounds frequently 
detected at high concentrations in biosolids. Considering their antimicrobial properties and 
being relatively persistent in the soil, the mode of action of TCS and TCC could adversely affect 
AMF (Prosser et al., 2015). However, Prosser et al., (2015) demonstrated that these TCS and 
TCC-amended biosolids do not inhibit the colonization of corn roots by a mix of AMF (Glomus 
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aggregatum, Claroideoglomus (Glomus) etunicatum, Glomus intraradices, Funneliformis (Glomus) 
mosseae, Rhizophagus clarus (Glomus clarum), Glomus monosporus, Gigaspora margarita, and 
Paraglomus brasilianum), and that they have a significant and positive effect on the colonization 
of lettuce roots, improving root growth. With the same mix of AMF, Shahmohamdloo et al. 
(2017) showed that TCS present in four different types of biosolids poses minimal risks in the 
establishment of the symbiotic phase of AMF and host plants (Zea mays, Glycine max, Triticum 
aestivum), since TCS typical concentrations (found in municipal biosolids in Canada and United 
States) caused no significant effects for root colonization. 

In organic agriculture, the use of biological products or biological pesticides to control pests and 
diseases is widespread. These pesticides are generally considered environmentally safe (Isman, 
2006). However, as well as many other products, there is limited information on their effects on 
non-target soil organisms like AMF. Giovannetti et al. (2006) has shown effects for the pre-
symbiotic phase, as previously reported. One of the first studies published about the effects of 
biological products on the diversity of AMF (Ipsilantis et al., 2012), showed that Spinosad, 
Pyrethrum, and Terpenes did not affect the colonization ability and the structure of an AM 
fungal community. On the other hand, in a pot experiment, Azadirachtin selectively inhibited 
Glomus etunicatum, and promoted significant and persistent shifts in the AM fungal community. 

 

1.4 Suitability of different in vitro (AM fungi only or AM fungi with plant 
roots) and in vivo test designs (AM fungi plus host plants) for the reliable 
detection of different endpoints 

The in vitro system is based on an association between AMF and root explants, cultivated in Petri 
dishes at low levels of nutrients, and is the only system that allows real time observation of a 
mycorrhizal association (Bécard and Fortin, 1988; Cranenbrouck et al., 2005). This system 
became a valuable tool to study characteristics that cannot be observed in any other cultivation 
system and, therefore, this is an important tool to better understand AMF dynamics. Such 
aspects include non-destructive monitoring of sporulation (Declerck et al., 2001), as well as 
spore color and wall thickness (Pawlowska et al., 1999). Mycelium-healing mechanisms, hyphal 
length, and anastomosis patterns can also be monitored throughout different stages of the 
symbiosis (de la Providencia et al., 2005). In this cultivation system, a transformed plant root is 
colonized by an AMF, and extraradical hyphae and spores are spread through a medium with 
very low nutrient concentrations, supplied with sucrose (Bécard and Fortin, 1988; 
Cranenbrouck et al., 2005). Throughout the past years, most research work with this system has 
been focused on massive spore production for inoculum production purposes (Costa et al., 2013; 
Ellatif et al., 2019). However, many characteristics of this system can be directed to study 
endpoints in toxicological research, given its remarkable traits. First, the in vitro cultures allow 
observation of both roots and mycelia growing simultaneously (Figure 13). Hence, evaluations 
of hyphal production, as well as spore number and spatial distribution can be easily assessed. 
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Figure 13: In vitro coculture of Rhizophagus irregularis with carrot roots showing extraradical 
hyphae and spores.  

 
Source: Tisserant et al. (2013). 

Aspects of spore development, as well as hyphae architecture, can be also evaluated with in vitro 
cultures. Figure 14 (a-f) details those aspects in root organ cultures.  
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Figure 14: Development of extra-radical mycelium of Funneliformis mosseae and in vitro 
spore formation (a–f).  

 

 
Source: Rodrigues & Rodrigues (2015). 

Given all these features, AMF in vitro cultures, when applied to ecotoxicological studies, have the 
potential to provide information regarding: 

► Extra-radical mycelium production 

► Spore number, morphology, color, and distribution 

► Intra-radical root colonization 

► Hyphae morphology, branching and thickness 
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However, it is important to highlight that few studies based on in vitro cultures (Hillis et al., 
2008; Costa et al., 2013; Li et al., 2013; Novais et al., 2019a, 2019b) have addressed these aspects 
in an ecotoxicological perspective, and this project aims to explore the potential of endpoints 
measured from roots in a real scenario. Although in vitro tests can bring important information 
related to AMF symbiosis, in vivo tests can bring greater reality to the tests, allowing the 
evaluation of the effects of chemicals in AMF based on the exposure of AMF to chemicals when 
submitted to the influence of environmental factors like soil properties. 

 

1.5 Conclusions of the literature review 
The current review gives an overview of AMF ecological relevance and their life cycle. It also 
brings together information about the experiments conducted with the target organic chemicals 
of this project (i.e., PPPs, biocides and veterinary pharmaceuticals) to test their effects on AMF 
species and on the symbiosis with the host plants. Aspects dealing with tested species, test 
conditions, and parameters measured (and their sensitivity) are described below. 

Given that species Gigaspora margarita, Rhizophagus irregularis, Rhizophagus intraradices, 
Rhizophagus clarus, and Funneliformis mosseae showed a high frequency of occurrence or global 
distribution, these species seem to be the most promising candidates to be selected as test 
species for the laboratory tests to be developed in WP2 of the project. Moreover, these species 
being among the ones mostly used to assess the effects of chemicals on AMF (together with 
Claroideoglomus (Glomus) etunicatum and Glomus aggregatum) highlights their adequacy as 
potential candidates. 

Besides the selection of the AMF species, aspects like the temperature and time of inoculum 
storage, especially spores, must be considered, as they can affect their performance. Depending 
on the species to be used, spores can remain in storage for five years without losing germination 
viability. This must be considered when buying inoculum from different suppliers.  

Regarding host plants, a wide range of both monocot and dicot species can be used. So, in WP2 
the selection of the host plants for testing (at least one moncot and one dicot) should take into 
account the duration of the plant life cycle (fast growing species should be selected in order not 
to prolong the test duration), but also the experience of the different partners, i.e., the most 
frequently used species in their laboratories should be prioritized.  

About test conditions, considering soil moisture, AMF can endure a wide range of moisture 
contents, and during tests, the optimal moisture level for plant growth should be considered. 
Regarding temperature, the range adequate for the development of symbiosis in most species 
studied is between 25 and 28 °C. Therefore, a temperature around this range should be 
selected for testing.  

Regarding soils, besides the artificial OECD soil, natural soils can be used in WP2. Although in 
most tests reported in literature, the soils presented a pH between 6.0 and 7.0, soils with 
lower pH can also be used. So, the influence of different soil parameters should be tested in 
WP2, by using a wide range of soils with different properties, including an evaluation of the 
robustness of the test itself. 

When looking at effects of chemicals and the selection of the test parameters according to their 
sensitivity, a separation of measured effects during the pre-symbiotic phase (spore germination 
and mycelium growth) and assessed effects at the symbiotic phase (e.g., intra-radicular 
colonization, percentage of arbuscules in the roots, extra-radicular mycelium and spore 
production) should be considered in the evaluation.  
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Spore germination has been the most studied parameter but not always the most sensitive when 
compared to mycelium growth, with sensitivity of both parameters being species and substance 
dependent. From the 13 herbicides tested, 6 showed toxicity to the parameter spore 
germination, while from the 6 herbicides tested through the measurement of mycelium growth, 
4 showed toxicity for this parameter. Regarding fungicides, from the 21 substances assessed 
through spore germination, 15 showed toxicity to this parameter, while 7 out of 8 fungicides 
significantly impaired the mycelium growth. Data on biocides is more consistent, with most 
studied substances inducing a reduction in spore germination. No information is available on 
effects of veterinary pharmaceuticals. This aspect should be taken into account when improving 
the existing protocol for assessing effects on the pre-symbiotic phase, although the easiness of 
evaluating spore germination when compared to mycelium growth, makes this parameter 
much more attractive to the main parameter in a pre-symbiotic protocol. 

On the symbiotic phase, extra-radicular mycelium has been reported as the most sensitive 
parameter, followed by spore production and root colonization (considering several fungicides 
tested). Curiously, until this moment, there are no toxicity data reported to these parameters 
when testing herbicides. On the other hand, several veterinary and human pharmaceuticals 
induced a toxic response both on extra-radicular mycelium growth and spore production. So, as 
expected, the sensitivity of these parameters can be species and substance dependent. 
When developing a standard protocol for the symbiotic phase, it is important to take these 
aspects into account, but adopting a compromise solution regarding the feasibility of measuring 
some of the parameters and the duration of the test to observe them (e.g., to observe effects on 
spore germination, usually 14 days are necessary while to observe effects on root colonization 
and extra-radicular mycelium production, 56 days are needed). 
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2 Section 2 – WP2: Performance of ecotoxicological tests 
with AMF – development phase 

 

The strategy defined for WP2 was based on the outcome of the review presented in Section 1 of 
this Report and on the experience of the consortium members of the project.  

WP2 was divided into two phases (i.e. two clusters of experiments), and both phases were 
dedicated to the symbiotic phase tests, as these experiments were expected to be more time 
consuming and required a more significant amount of work for standardization given the fact 
that it comprised a new method about which no international standards existed (despite the 
existence of the guidance document from AFNOR).  

In the first phase, no chemicals were used, and the aim was to evaluate the 
performance/suitability of selected AMF and plant host species in selected soils under specific 
test environmental conditions. The most relevant AMF parameters were assessed to evaluate 
the operational aspects of their measurement and the intra-specific variability also to define 
adequate validity criteria for combinations of AMF species/measured parameters. Initial drafts 
of the SOPs were prepared in this phase to guide the experiments conducted on the second 
phase of WP2. 

The second phase included the use of test chemicals, and the aim was to assess how the different 
AMF species and parameters measured respond to the selected chemicals. Tests with artificial 
soil were prioritized to facilitate comparability of results between different laboratories, 
followed by the tests in natural soils. The SOPs were improved during the performance of these 
tests. 

The results obtained in WP2 guided the preparation of the symbiotic and pre-symbiotic ring 
tests (e.g., selection of methods to apply, substances to use).  

The three laboratories composing the ERAMYC consortium conducted the experiments of WP2: 

► UDESC laboratory from Brazil; 

► University of Tartu laboratory from Estonia; 

► CloverStrategy and University of Coimbra laboratory from Portugal. 

 

2.1 Selection of test soils 
A modified artificial soil (composed of 2.5% peat, 20% kaolin clay and 77.5% sand, hereon 
designated as OECD 2.5%), plus 4 natural soils, 3 from Europe and 1 from Brazil, were selected 
for the execution of the tests. The 3 natural soils from Europe comprised 1 natural soil from 
Portugal, 1 from Estonia and 1 from Germany.  

The selection of the natural soils was based on two principles: (i) the result of a Principal 
Coordinate Analysis performed with all the natural soils possible to collect by the different 
laboratories in the different countries (Portugal, Estonia, Germany and Brazil) based on pre-
existing knowledge of soil characterization, and (ii) the availability of the soils to be collected. 

Moreover, the natural soils should be locally representative and should reflect (as well as the 
artificial soil) the reality of the natural European soil properties. As reported by Xu et al. (2019), 
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European agricultural soils are acidic or weakly acidic and the organic carbon content is on 
average of 1.73-1.80%. This agrees with the PERSAM/JRC database and Soil Atlas of Europe (EC 
2005), according to which most European soils are typically from humid temperate climate with 
organic carbon content between 1 and 2.5% and pH values predominantly of 4.1-4.7, 5.0-5.2 and 
6.4-6.7 (EFSA PPR Panel 2021). Beyond the relatively low organic carbon content (≤ 2.5%), a 
low fine sand and a low clay content are also relatively common in European agricultural soils 
(EFSA Scientific report, 2010). Despite that, preference was also given to soils with low clay 
content to ensure adequate colonization of AMF species in laboratory tests as data from 
literature have shown greater AMF root colonization in sandy soils (e.g. Zaller et al. 2011). 

The main properties taken into consideration for the selection of the natural soils were pH, 
organic carbon content (OC) and percentages of sand, silt and clay. The list of natural soils 
considered in the multivariate analysis is presented in Appendix A.10.  

Soil pH does not differ considerably between the natural soils of the different countries, while 
Portuguese soils tend to be richer in organic carbon content compared to the natural soils of the 
other countries. On the other hand, Brazilian soils are richer in silt and clay content, while the 
European soils have the highest content of sand (Figures 15 and 16). 

Figure 15:  Average (± standard deviation) of soil pH, organic carbon content (OC) and sand, 
silt, and clay percentages of natural soils of Germany, Portugal, Brazil and Estonia 
listed in Appendix A.10. 

 
Source: own illustration, CloverStrategy. 
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Figure 16: Principal Coordinate Analysis based on the similarity of soil properties (through Bray-Curtis indices) of natural soils from Germany (Ger), 
Portugal (Por), Brazil (Bra) and Estonia (Est; listed in Appendix A.10). 

 
Source: own illustration, University of Coimbra. 
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According to a SIMPER analysis using Bray-Curtis indices, texture is the major soil property, 
discriminating soils from both continents (Figure 17). 

Figure 17: Output of the SIMPER analysis performed using the Bray-Curtis indices to 
estimate the average dissimilarities when comparing Portuguese with Brazilian 
soils and Brazilian with Estonian soils. 

 
Source: own illustration, University of Coimbra. 

Cluster analysis based on Bray-Curtis dissimilarity indices discriminated 4 Brazilian soils 
(Bra5, Bra8, Bra10, Bra11) taking into consideration pH, organic carbon content and clay, silt 
and sand percentages (Figure 18), while 3 Portuguese soils (Por2, Por5, Por1) and 6 Estonian 
soils (Est3, Est25, Est24, Est15, Est27, Est31) were discriminated when considering pH and 
organic carbon content of soils (Figure 19). 

Groups POR  &  BRA
Average dissimilarity = 35,58

Group POR Group BRA
Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.%
Sand 62,40 29,20 15,81 1,95 44,43 44,43
Clay 12,72 36,45 11,84 1,70 33,28 77,70
Silt 24,88 34,35 6,46 1,25 18,15 95,86

Groups BRA  &  EST
Average dissimilarity = 32,49

Group BRA Group EST
Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.%
Sand 29,20 58,16 14,09 1,80 43,36 43,36
Clay 36,45 14,44 11,20 1,72 34,47 77,82
Silt 34,35 27,40 6,19 1,29 19,06 96,89

Groups POR & BRA
35,58

Groups BRA & EST
32,49
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Figure 18: Cluster analysis based on the Bray-Curtis indices of dissimilarities considering the soil pH, organic carbon content (OC) and clay, silt and sand 
percentages of natural soils from different countries. Dashed red circle highlights the Brazilian soils. Soil properties of natural soils are 
presented in Appendix A.10. 

 
Source: own illustration, University of Coimbra. 
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Figure 19: Cluster analysis based on the Bray-Curtis indices of dissimilarities considering the soil pH and organic carbon content (OC) of natural soils 
from different countries excluding the Brazilian natural soils and some of the Portuguese soils. Dashed red circles highlight the most extreme 
Estonian and Portuguese soils. Soil properties of natural soils are presented in Appendix A.10. 

 
 
 Source: own illustration, University of Coimbra. 
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The selection of natural soils was based on the analysis described above. The soils selected were 
Lufa 2.1, Por3, Bra8 and Est32. The natural Estonian soil selected for the experiments was a soil 
that presented higher probability to have lower residue of PPPs than the soils from the list used 
for the multivariate analysis (Appendix A.10), but of which previous analysis have shown that 
soil pH and organic carbon and clay content are in the same range as the other Estonian soils (i.e. 
Est3, Est15, Est24, Est25, Est27 and Est31). The natural Portuguese soil selected, Por3, 
presented a higher sand content, was easier to collect and was safer in terms of PPPs residues 
than other soils selected on the Bray-Curtis analysis (Figure 19) as it comes from an 
experimental field without historical use of PPPs for the last 10 years. 

After soils selection, additional analyses were performed to evaluate the soil properties of the 4 
natural soils selected (Table 10), including: soil pH (ISO, 2021), organic matter content (ISO, 
1995), cation exchange capacity (ISO, 2018), electric conductivity (ISO, 1994b), total nitrogen 
(ISO, 1998) and soil texture (ISO, 2020). Exchangeable phosphorous (P) was quantified through 
the Olsen method: P was extracted from soil using 0.5 M sodium bicarbonate and determinated 
by molecular elemental analysis (EA) (ISO, 1994a). Extractable potassium (K) was quantified 
following the Égner-Riehm method by the extraction of K from soil with acetate/ammonium 
lactate (at pH = 3.6) and determination by atomic EA (Egnér et al., 1960). Extractable aluminium 
(Al) was determinated by titration, after extraction with 1M KCl (Thomas, 1960). Finally, the 
quantification of iron and manganese (Fe and Mn, respectively) was conducted according to the 
Lakanen method, using ammonium acetate-EDTA (AFNOR, 2024) for extraction followed by 
determination through ICP-OES. 

By the end of WP2, a great difference between the pH generally described for Lufa 2.1 soil (pH= 
5.9) and the pH measured in the Lufa 2.1 soil used on the tests (pH= 7.59) was realized. Actually, 
the soil supplier (i.e. Lufa Speyer company) confirmed to have sent a mistaken soil instead of the 
ordered Lufa 2.1 and provided information about that soil.  The characterization of the 
“mistaken Lufa 2.1 soil” is presented in Table 10. Hereon, a # will be added to the soil code (i.e., 
#Lufa 2.1 soil) throughout the report so that the mistaken soil can be correctly identified. 

 Table 10: Chemical and physical characterization of the natural soils selected for the 
experiments of WP2 of ERAMYC. 

Parameter #Lufa 2.1 Por3 Bra8 Est32 

Country Germany Portugal Brazil Estonia 

Origin Lufa 2.1 FM Ferralsol (FAO) KIK069T 

pH (H2O) 7.8 5.7 5.3 6.6 

pH (KCl) 7.6 5.0 4.2 5.6 

Organic matter (%) 0.65 1.92 7.34 4.13 

Extractable P (mg P kg-1) 23.3 14.0 4.7 21.7 

Extractable K (mg K2O kg-1) 70 275 208 310 

Exchangeable Al3+ (cmolc kg-1) 0.0 0.04 0.93 0.0 

Extractable Fe2+ (mg Fe kg-1) 121.7 54.7 148.7 286.0 

Extractable Mn2+ (mg Mn kg-1) 56.8 59.3 263 150.3 

Cation Exchange Capacity (cmolc kg-1) 4.4 6.81 7.92 12.44 
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Parameter #Lufa 2.1 Por3 Bra8 Est32 

Electric conductivity (dS m-1) 0.123 0.121 0.253 0.101 

Total N (g N kg-1) 0.58 1.92 7.34 4.13 

Ratio (C/N) 11.2 5.8 5.8 5.8 

Clay (%) 3.5 15.6 52.6 19.0 

Silt (%) 12.7 9.0 25.4 14.4 

Sand (%) 83.8 75.4 22.0 66.6 

Soil type Loamy sand Sandy loam Clay Sandy loam 

Multi-residue analyses were performed with the 4 natural soils to evaluate the presence of 
pesticide residues in the soil. The list of active ingredients and the respective quantification 
limits considered in these analyses are presented in Appendix A.11. No active ingredients above 
the detection limit were found in Por3, Bra8 and Est32 soils. In #Lufa 2.1 soil, the active 
ingredients Anthraquinone, p,p’-DDE and p,p’-DDT were found but in concentrations that were 
considered residual and not sufficiently high to influence the outcome of the laboratory 
experiments (i.e. 0.0091, 0.0074 and 0.0083 mg/kg, respectively). 

 

2.2 Selection of AMF species to be used in the experiments 
AMF species were selected based on the outcome of the review from WP1, on the availability in 
culture collections and considering the top AMF species recorded globally. Considering these 
aspects, the following species were selected to be used in the laboratory experiments: 

► Funneliformis mosseae (from the Swiss AGROSCOPE bank – contact person Marcel van der 
Heijden) 

► Rhizophagus irregularis (from the Swiss AGROSCOPE bank – contact person Marcel van der 
Heijden) 

► Rhizophagus clarus (isolated from a tropical soil of Brazil - used only by the Brazilian 
laboratory) 

► Gigaspora margarita / albida (isolated from a tropical soil of Brazil - used only by the 
Brazilian laboratory) 

This selection was also based on the availability of enough inoculant from a supplier for WP2 
and for the ring test of WP3. The project consortium considered that the propagation of a 
sufficient amount of inoculant for all laboratories was unfeasible within the project timeline. 

Therefore, inoculants of Funneliformis mosseae and Rhizophagus irregularis (in a sterile medium) 
were provided (free of charge) by AGROSCOPE to all laboratories partners of the project to be 
used in the experiments of WP2.  
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2.3 Selection of the host plant species  
The selection of plant species for the experiments was based on the consortium members 
previous experiences and some criteria set by discussions. The plant host had to be a 
mycorrhizal species with suitable growth characteristics to be used in both growth chambers 
and greenhouses. Nitrogen-fixing species were excluded due to the added complexity of having 
an additional symbiont in the experiments. The plant species diaspores also had to be readily 
available, meaning that most natural plants were excluded, and mostly agricultural cultivars 
were considered. Finally, the plant species had to be sufficiently easy to work with – i.e. have 
roots that are easy to process for staining.  

The monocot species Allium ampeloprasum (leek – variety Carentan) and the dicot species 
Solanum lycopersicum (tomato – variety Beef heart tomato) were selected as host species for the 
experiments of the first phase of WP2. These species are widely used in ecological studies with 
AMF and there is a long-term experience of using these plants in the laboratories of the 
consortium members. All laboratories used the same batches of commercial seeds to reduce 
variability of data between experiments within the same host plant species.  

 

2.4 Experiments to refine test protocols for the symbiotic phase (1st phase of 
WP2) 

The first phase of the WP2 was composed of laboratory experiments for: 

► Testing and refining test protocols for the symbiotic phase experiments in artificial soil (with 
2.5% of OM) and natural soils; 

► Preparation of Standard Operating Procedures (SOP) for the critical phases of the test; 

► Evaluate the suitability of the selected AMF species and hosts to the selected soils; 

► Evaluate the suitability of the selected endpoint parameters. 

 

2.4.1 Objective 1: Define the most adequate type of inoculum to obtain a suitable 
percentage of AMF colonization for symbiotic phase laboratory tests 

Definitions:  

Spore inoculum –  Inoculum consisting exclusively of spores of the AMF tested 

Mixed inoculum – Inoculum consisting of a mixture of different types of AMF propagules, 
such as fungal hyphae, spores and colonized roots  

Inoculant – Mixture of the mixed inoculum with a soil (usually a sandy soil)   

 

Aiming to obtain an optimal root colonization rate in the test replicates, experiments were 
performed following two different approaches: 

1. Spore inoculum approach - Using a gradient of increasing number of counted spores (spore 
inoculum) in each replicate 

2. Mixed inoculum approach - Using a gradient of increasing weights of inoculant in the 
replicates 
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A method based on wet sieving was adopted to extract the spores from the inoculant to obtain 
the spore inoculum (method described in Annex A of Appendix A.17). Once extracted, the spores 
were counted, using a binocular microscope, and transferred to the test containers to obtain 
replicates with specific numbers of spores. Each treatment was composed of 4 replicates each 
one with 200 g of soil (OECD 2.5% artificial soil or a natural soil). The percentage of colonization 
obtained in these replicates was compared with the percentage of colonization obtained in 
replicates where specific weights of inoculant (instead of spores) were used. In both approaches, 
the percentage of total colonization was evaluated after a test period of 4 weeks by the 
observation of the presence of intra-radicular hyphae, arbuscules, vesicles and spores in the root 
fragments following the procedures described in Appendix A.15. These observations were 
carried out after staining the roots of host plants following the procedures described in 
Appendix A.14, which were defined based on the methods routinely adopted in UDESC and UT 
and on some preliminary experiments conducted in UDESC and UC laboratories to optimize the 
staining method.  

 

Brazilian partner (UDESC) performed both approaches (i.e. pre-counted spores and increasing 
weights of inoculant) using the Brazilian natural soil (Bra8 without correcting the pH) for 
tomato (Solanum lycopersicum) and leek (Allium ampeloprasum) and using the AMF species F. 
mosseae BEG240 (isolated from a temperate soil of Germany) and R. clarus RJN102A (isolated 
from a tropical soil of Brazil). The test soil was previously autoclaved through one cycle of 60 
min at 120 °C and under 1.5 atm. After autoclaving, the soil was kept at room temperature for 5-
7 days before being used in the tests. Treatments of the spores inoculum approach were 0, 25, 
50, 75 and 100 spores per replicate, while the approach based on specific weights of inoculant 
was composed of the following treatments: 0, 15, 30, 45 and 60 g of inoculant per replicate for F. 
mosseae and 0, 10, 20, 30 and 40 g of inoculant per replicate for R. clarus. For the spore inoculum 
approach, in each replicate, 200 g of soil previously moistened with distilled water to 50% of its 
water holding capacity (WHC) was used. Then, three seeds (tomato or leek) and an appropriated 
number of spores (F. mosseae or R. clarus) were buried in the soil at a maximum depth of 1 cm 
from the soil surface. For the mixed inoculum approach, in each replicate 130 g of soil previously 
moistened with distilled water to 50% of its WHC was introduced in the replicates. Then, at the 
top of this soil, 70 g of a mixture of soil (moistened with 50% of its WHC) + inoculant (dry) 
following the gradient of proportions presented in Table 11 was introduced. Afterwards, three 
seeds were buried in the soil in the same way as performed in the spore inoculum approach.  
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Table 11: Weights of soil (fresh weight equivalent) and inoculant (with mixed inoculum of 
Funneliformis mosseae or Rhizophagus clarus) used in the 70 g mixtures introduced 
in the top of each replicate of the mixed inoculum approach treatments. 

Treatment Soil (g) Inoculant (g) 

F. mosseae 

0 70 0 

15 55 15 

30 40 30 

45 25 45 

60 10 60 

R. clarus 

0 70 0 

10 60 10 

20 50 20 

30 40 30 

40 30 40 

 

In both approaches and for both host plants, seven days after seeds germination, one plant per 
replicate was left and the test period lasted 28 days. Over the experiments, replicates were 
randomly distributed within the space used for the test and their positions were changed once a 
week at the growth chamber. Test vessels were irrigated twice a week with distilled water 
according to the weight losses during the test. At the end of the test period, the percentage of 
intra-radicular total colonization was determined following the procedures described in 
Appendixes A.14 and A.15. Raw data from the experiments conducted for both approaches are 
presented on Appendix A.12. 

There was no AMF colonization in any of the control replicates independently of plant or AMF 
species and approach, which means that the experiments were valid and there were no active 
propagules coming from the soil used. Results obtained in the spore inoculum approach 
evidenced no clear relationship between the number of spores initially used in the replicates 
and the percentage of AMF colonization for both AMF species and host plants (Figure 20). 

 

Figure 20: Percentage of total colonization (average + standard deviation; n=4) of 
Funneliformis mosseae and Rhizophagus clarus in replicates with tomato (Solanum 
lycopersicum) and leek (Allium ampeloprasum) and using the natural soil Bra8, 
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when submitted to an increasing number of pre-counted arbuscular mycorrhiza 
fungi spores. Tests performed by UDESC, Brazil. 

 
Source: own illustration, CloverStrategy. 

On the other hand, in the mixed inoculum approach, the percentage of AMF colonization in the 
roots was highly dependent on the weight of inoculant used (Figure 21). In both approaches, the 
percentage of total colonization of F. mosseae was generally higher than that of R. clarus for both 
host plants.  

Over the experiments, the weight loss due to water evaporation was high, especially in the soil 
surface. This fact may have delayed seed germination and reduced spores’ germination resulting 
in a lower percentage of colonization in both approaches. Because of that, it is recommended the 
use of a thin layer of a coarse sand on the soil surface of replicates to reduce water losses 
through evaporation, keeping the soil moisture stable over the experiment. 

Figure 21: Percentage of total colonization (average + standard deviation; n=4) of 
Funneliformis mosseae and Rhizophagus clarus in replicates with seeds of tomato 
(Solanum lycopersicum) and leek (Allium ampeloprasum) and using the natural soil 
Bra8 with increasing weights of inoculant. Tests performed by UDESC, Brazil. 

 
Source: own illustration, CloverStrategy. 

The Portuguese partner (UC) also performed laboratory tests following both approaches (i.e. 
spore inoculum approach and mixed inoculum approach). In these tests, the AMF species F. 
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mosseae SAF 11 and R. irregularis SAF 22 (using the inoculant provided by Swiss AGROSCOPE 
bank) were used. Tomato (S. lycopersicum) or leek (A. ampeloprasum) in artificial soil with 2.5% 
of peat were used in the replicates. After preliminary tests, it was decided to use seedlings 
instead of seeds in the replicates. This decision was taken to reduce the loss of replicates due to 
ungerminated seeds. Seedlings were prepared before the beginning of the test by introducing 
pre-disinfected seeds in wet filter paper inside of Petri dishes during 3 to 5 days. Germinated 
seedlings were transferred to the replicates once they reached a size no higher than 1 cm. One 
seedling per replicate was used for both plants. The tests had a duration of 28 days after which 
the percentage of total colonization was determined following the procedures describe in 
Appendixes A.14 and A.15. 

As these experiments started after knowing the results of the experiments conducted in the 
laboratory of UDESC (experiments described above), in the spores inoculum approach it was 
decided to determine the percentage of total colonization initially only in replicates of the 
treatments with 0 (control) and 100 spores and the determination of the percentage of total 
colonization in the other treatments would be determined only if high percentages of AMF 
colonization were found in the replicates of the 100 spores treatment. In control replicates no 
AMF colonization was observed in any plant roots independently of the AMF and plant species. 
In replicates with 100 spores of F. mosseae, no colonization was observed in roots of both 
tomato and leek (raw data in Appendix A.12), while in replicates with spores of R. irregularis, a 
total colonization of 3.0 ± 3.4 and 5.3 ± 4.0 % was observed, on average (± standard deviation; 
n=4), in tomato and leek roots, respectively (Figure 22). The percentage of colonization in 
replicates of the other treatments of the spore inoculum approach was not determined as the 
AMF colonization in replicates of the 100 spores treatment was low to absent (Appendix A.12).  

Figure 22: Percentage of total colonization (average + standard deviation; n=4) of 
Rhizophagus irregularis in replicates with tomato (Solanum lycopersicum) or leek 
(Allium ampeloprasum) seedlings and using standard artificial soil with 2.5% of 
peat as substrate with increasing numbers of pre-counted AMF spores. Tests 
performed by UC, Portugal. 

 
Source: own illustration, CloverStrategy. 

In the mixed inoculum approach, control replicates did not show any AMF colonization, in any of 
the AMF and plant species. Replicates with F. mosseae inoculant had the highest percentages of 
total colonization when using 60 g of inoculant per replicate. A total colonization of 7.5 and 
18.25% was found in replicates with tomato and leek, respectively. In the treatments with less 
than 60 g of inoculant, the F. mosseae colonization was residual to inexistent in roots of both 
plant species. In replicates with R. irregularis inoculant, the highest percentage of total 
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colonization was generally observed in replicates of 45 and 60 g treatments. Replicates with 
tomato had total colonization of 34.5 and 30.25%, while replicates with leek showed total 
colonization of 17.5 and 27.3% in 45 and 60 g treatments, respectively (Figure 23). Raw data 
from the experiments conducted on UC following the mixed inoculum approach are presented 
on Appendix A.12. 

The percentages of total colonization found in the experiments performed in UC were generally 
lower than those observed in the experiments performed in UDESC. This difference could be 
related to the fact that in UDESC the experiments started with seeds while in UC the experiments 
started with seedlings with approximately 1 cm of length. In fact, the importance of the initial 
stage of seeds germination for the AMF colonization has been reported in previous studies 
(Singla and Garg, 2017), which suggests that the use of over-developed seedlings in the 
experiments may reduce the AMF colonization plant roots. Because of that, it was decided in the 
next experiments to use germlings (i.e. freshly sprouted seeds) or pre-moistened seeds (e.g. 
seeds previously soaked in water for 3 to 5 days but not germinated) in the test instead of 
seedlings.  

 

Figure 23: Percentage of total colonization (average + standard deviation; n=4) of 
Funneliformis mosseae and Rhizophagus irregularis in replicates with tomato 
(Solanum lycopersicum) or leek (Allium ampeloprasum) seedlings and using 
standard artificial soil with 2.5% of peat as substrate with increasing weights of 
inoculant. Tests performed by UC, Portugal.  

 
Source: own illustration, CloverStrategy. 

 

Conclusion of objective 1:  

i) The use of mixed inoculum is the most adequate inoculum type to ensure a suitable 
percentage of AMF colonization in symbiotic phase laboratory tests.  
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2.4.2 Objective 2: Define the most adequate weight of inoculant of different AMF species 
(dependent on the inoculum potential of each mixed inoculum) to ensure a suitable 
percentage of AMF colonization in leek and tomato  

Definition:  

Inoculum potential -  capacity of a certain weight of inoculant to colonize (through its 
propagules) a host plant’s root. 

 

Additional experiments were performed in UDESC laboratory following the mixed inoculum 
approach. In these experiments, beyond the inoculants of the two AMF species used in the 
previous experiments (i.e. F. mosseae and R. clarus), inoculants of AMF Gigaspora margarita 
SCT077A and Gigaspora albida SCT200A (isolated from tropical soils of Brazil) were used. 
Experiments were conducted in artificial standard soil with 2.5% of Sphagnum peat and Bra8 
natural soil previously autoclaved (following the same procedures adopted in the previous 
experiments) with tomato and leek. The irrigation frequency over the experiments was similar 
to that used in the previous tests (i.e. twice a week) with the difference that 10 mL of a Long 
Ashton fertilizer solution (Appendix A.13) was added per replicate once at the beginning of the 
experiment (i.e. 7 days after seeds germination). The test treatments considered were 0, 10, 30 
and 50 g of inoculant/replicate for both soils and all AMF species, except for the inoculant of G. 
albida that was used only in the Bra8 natural soil. The procedures adopted in the preparation of 
the replicates was similar to that used in the previous experiments. The proportions of soil and 
inoculant in each replicate varied with the test treatment as presented in Table 12. As in the 
previous experiments, a test period of 28 days starting 7 days after seeds germination was 
considered. Three seeds per replicate were used, being only one left (after 7 days of 
germination) until the end of the experiment.   

Table 12: Weights of soil (fresh weight equivalent) and inoculant of Funneliformis mosseae, 
Rhizophagus clarus, Gigaspora margarita or Gigaspora albida used in the 70 g 
mixtures introduced in the top of each replicate of mixed inoculum approach 
treatments. 

Treatment Soil (g) Inoculant (g) 

0 70 0 

10 60 10 

30 40 30 

50 20 50 

 

For all inoculants and host plants, results evidenced that the higher the inoculant weight used in 
the replicates the higher the percentage of AMF colonization (raw data are presented on 
Appendix A.12). In Bra8 soil, AMF root colonization was generally higher in leek than in tomato, 
independently of the inoculant used. In replicates with leek, total colonization was generally 
higher than 80% in treatments with 30 g or more inoculant. The exception was the inoculant of 
G. albida that resulted in a colonization of about 40% in the 30 g treatment. In treatments using 
50 g of inoculant the colonization of leek roots was always close to 100%; the highest AMF root 
colonization in tomato was always found in 50 g treatments generally presenting a total 
colonization of about 40% (Figure 24).   
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Figure 24: Percentage of total colonization (average + standard deviation; n=4) of 
Funneliformis mosseae, Rhizophagus clarus, Gigaspora margarita and Gigaspora 
albida in replicates with tomato (Solanum lycopersicum) and leek (Allium 
ampeloprasum) and using the Bra8 natural soil as substrate with increasing weights 
of inoculant. Tests performed by UDESC, Brazil. 

 
Source: own illustration, CloverStrategy. 

 

In replicates with OECD 2.5% soil, the percentage of colonization was always close to 100% 
independently of the treatment (i.e. inoculant weight), mixed inoculum and host plant (Figure 
25). 
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Figure 25: Percentage of total colonization (average + standard deviation; n=4) of 
Funneliformis mosseae, Rhizophagus clarus and Gigaspora margarita) in replicates 
with tomato (Solanum lycopersicum) and leek (Allium ampeloprasum) and using 
standard artificial soil with 2.5% of peat with increasing weights of inoculant. Tests 
perfomed by UDESC, Brazil. 

 
Source: own illustration, CloverStrategy. 

 

Estonian partner (UT) performed an experiment using the mixed inoculum approach for the 
AMF species F. mosseae SAF 11 (supplied by Swiss AGROSCOPE bank) to confirm the adequacy 
of this inoculant. Note that this was the only inoculant used in the experiments performed in UC 
that showed a percentage of total colonization always lower than 30% in all treatments (Figure 
22). Experiments were conducted using 250 g of soil or mixture of soil and inoculant per 
replicate in 300 ml vessels and 4 replicates per treatment were used as in the previous 
experiments. In replicates with mixed inoculum, specific weights of inoculant were mixed with 
OECD 2.5% soil to make 250 g of substrate in total that were then transferred to the test vessels. 
Three previously disinfected seeds (in sodium hypochlorite solution 1%) of tomato or leek were 
sown per pot. Test treatments consisted of OECD 2.5% artificial soil with 0, 30 and 60 g of F. 
mosseae inoculant. Additional replicates with the Est32 natural soil were prepared using 50 g of 
F. mosseae inoculant. A test period of 60 days (starting on the sowing day) was used. Replicates 
were irrigated each 2 days by compensating replicate weight losses with the addition of distilled 
water without any nutrient solution. A thin layer of coarse sand was added in the soil surface 
after seeds germination to reduce water losses over the experiment. 

After the test period, plant shoots were cut at soil surface and discarded. Plant roots were 
separated from soil by sieving (1 mm) and hand-sorting. Roots were stored in paper bags and 
air-dried at 50 ºC for 24h for root colonization assessment. The methods adopted for staining 
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AMF structures inside the collected roots followed the procedures described in Appendix A.14 
and the assessment of the percentage of total AMF colonization followed the procedures 
described in Appendix A.15.  

Results obtained (Appendix A.12) evidenced that, in OECD 2.5% with tomato and leek there is 
no difference in the percentage of AMF colonization whether using 30 or 60 g of F. mosseae 
inoculant. In these treatments, both plants exhibited suitable colonization (30 to 40% on 
average) for further symbiotic phase laboratory experiments. In replicates with the Est32 
natural soil, tomato presented a percentage of total colonization similar to that found in 
treatments with 30 and 60 g of inoculant with OECD 2.5%. Leek showed the highest percentage 
of colonization (on average) in replicates with Est32 soil and 50 g of inoculant (Figure 26).    

  

Figure 26: Percentage of total root colonization (average ± standard deviation; n=4) of 
Funneliformis mosseae after 60 days in replicates with tomato (Solanum 
lycopersicum) or leek (Allium ampeloprasum) and using artificial soil (OECD 2.5% 
soil) mixed with 30 and 60 g of inoculant and an Estonian natural soil (Est32 soil) 
mixed with 50 g of inoculant as substrate. Tests performed in UT, Estonia. 

 
Source: own illustration, CloverStrategy. 

 

Conclusions of objective 2:  

i) The use of an inoculant weight equivalent of about 10% of the soil weight per 
replicate allows a suitable percentage of total root colonization of the generality of 
AMF species;  

ii) The use of a nutrient solution promotes growth of tomato and leek, which can result 
in increasing percentages of AMF total root colonization. 
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2.4.3 Objective 3: Define acceptable outcomes for test validation in symbiotic phase tests 
and select the most suitable plant (either tomato or leek) to be used in 
experiments of the 2nd phase of WP2 and ring test    

Definition:  

Hyphae length –  length of extra-radicular hyphae produced in AMF colonized plant roots. 

 

Experiments performed in UDESC, used OECD 2.5% artificial soil and the Brazilian natural soil 
Bra8 as test substrate. These soils were previously prepared and managed in a similar way as 
performed in the previous experiments. AMF symbiotic phase tests were conducted using 
inoculants of Funneliformis mosseae BEG 240, Rhizophagus clarus RJN102A and Gigaspora 
margarita SCT077A and tomato (Solanum licopersicum) and leek (Allium ampeloprasum) as host 
plants (seeds of the same batch used in the previous experiments). Three groups of treatment 
types were considered: 1) the NCt treatments were composed of replicates with the test soil (i.e. 
OECD 2.5% or Bra8), without host plant but with autoclaved AMF inoculum and aimed to 
quantify and control the existing extra-radicular hyphae natural from the soil at the end of the 
experiments; 2) the Ct treatments were composed of replicates with test soil (i.e. OECD 2.5% or 
Bra8) and host plant (i.e. tomato or leek) but without AMF inoculant and aimed to confirm that 
no AMF colonization occurs in the roots of the host plants in the absence of the AMF inoculant in 
the replicates (i.e. evidencing the inexistence of active propagules in the soil); 3) Ti treatments 
were composed of replicates with test soil (i.e. OECD 2.5% or Bra8), host plant (i.e. tomato or 
leek) and 50 g of inoculant (i.e. about 10% of the soil weight per replicate) of Funneliformis 
mosseae, Rhizophagus clarus or Gigaspora margarita and aimed to evaluate the outcome of the 
measured endpoints related to the AMF roots colonization. A factorial design was used for each 
treatment type (i.e. NCt, Ct and Ti) in order to test all possible combinations. More specifically, 
there were 2 NCt treatments (i.e. 2 test soils), 4 Ct treatments (i.e. 2 test soils x 2 host plants) 
and 12 Ti treatments (i.e. 2 test soils x 2 host plants x 3 AMF sp. inoculants). The treatment 
codes and respective components are described in Table 13. 

 

Table 13: List of treatments and respective codes, test soils (Bra8 natural soil or OECD 2.5% 
artificial soil), host plant (tomato - Solanum licopersicum or leek - Allium 
ampeloprasum) and AMF inoculant (of Fm - Funneliformis mosseae, Rc - 
Rhizophagus clarus or Gm - Gigaspora margarita) used in the experiments of the 
objective 3 of WP2. Tests performed in UDESC, Brazil. 

Treatment code Test soil Host plant Inoculant 

NCtNat Bra8 - - 

NCtO OECD 2.5% - - 

CtNatT Bra8 Tomato - 

CtNatL Bra8 Leek - 

CtOT OECD 2.5% Tomato - 
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Treatment code Test soil Host plant Inoculant 

CtOL OECD 2.5% Leek - 

TiNatTFm Bra8 Tomato Fm 

TiNatLFm Bra8 Leek Fm 

TiOTFm OECD 2.5% Tomato Fm 

TiOLFm OECD 2.5% Leek Fm 

TiNatTRc Bra8 Tomato Rc 

TiNatLRc Bra8 Leek Rc 

TiOTRc OECD 2.5% Tomato Rc 

TiOLRc OECD 2.5% Leek Rc 

TiNatTGm Bra8 Tomato Gm 

TiNatLGm Bra8 Leek Gm 

TiOTGm OECD 2.5% Tomato Gm 

TiOLGm OECD 2.5% Leek Gm 

 

Ten replicates were used per treatment and each replicate consisted of a 500 ml plastic vessel 
with 250 g DW of test soil (Bra8 or OECD 2.5% artificial soil) previously moistened with 50% of 
its WHC in the bottom and a mixture (prepared separately) of 200 g of pre-moistened soil with 
50 g of inoculant (making a total of 250 g of soil + inoculant) in the top. Each replicate was 
perforated in the bottom and connected to a vessel filled with deionized water by a glass fibre 
wick to ensure a suitable moisture of soil over the experiment. Replicates were left for 24 h to 
allow an equal distribution of the substrate moisture, before sowing the plant seeds. Seeds were 
previously kept in moist paper for five days to allow the seeds to absorb water before being 
buried in the soil (three seeds per replicate) at a maximum depth of 1 cm. Seven days after seeds 
germination one plant was left per replicate and growth was allowed for 56 days. Five millilitres 
of a Long Ashton fertilizer solution (Appendix A.13) was provided in each replicate 7 days after 
germination and 10 ml every 10 days. 

After a test period of 56 days, the following parameters were measured: percentage of total 
intra-radicular and arbuscular colonization following the procedures described in Appendixes 
A.14 and A.15 and extra-mycelial production (hyphal length in m g-1 soil dry weight) following 
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the procedures described in Appendix A.16. Raw data of these experiments are presented on 
Appendix A.12. 

Since, at the end of the test, roots of the host plants of replicates of the Ct treatments (i.e. CtNatT, 
CtNatL, CtOT and CtOL) did not have any AMF colonization, the test was valid. In replicates with 
mixed inoculum, although the number of arbuscles per replicate were lower than 1% in most of 
the replicates (Figure 27), the percentage of total colonization was always higher than 90%, 
independently of the test soil, host plant and AMF species (Figure 28). Extra-radicular hyphae 
length measurements showed high variability between treatments (Figure 29). For tomato, 
using F. mosseae and R. clarus inoculants, the hyphae length was higher in replicates with OECD 
2.5% soil compared to replicates with Bra8 soil, while replicates with G. margarita inoculant 
showed similar hyphae length in both soils. For leek, although the influence of soil type in the 
hyphae length appeared to be lower than in tomato roots, extra-radicular hyphae length tended 
to be higher in Bra8 soil than in OECD 2.5% soil. These data suggest that the hyphae length is 
dependent on soil type and host plant and, because of that, these two factors must be taken into 
account when establishing threshold values for test validations.       

 

Figure 27: Average percentage of arbuscular colonization (± standard deviation; n=10) in roots 
of tomato (Solanum lycopersicum) or leek (Allium ampeloprasum) of replicates 
with the test soils Bra8 or OECD 2.5% and AMF inoculant of Funneliformis mosseae, 
Rhizophagus clarus or Gigaspora margarita after 56 days of exposure. Tests 
performed in UDESC, Brazil. 

 
Source: own illustration, CloverStrategy. 
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Figure 28: Average percentage of total AMF colonization (± standard deviation; n=10) in roots 
of tomato (Solanum lycopersicum) or leek (Allium ampeloprasum) of replicates 
with the test soils Bra8 or OECD 2.5% and AMF inoculant of Funneliformis mosseae, 
Rhizophagus clarus or Gigaspora margarita after 56 days of exposure. Tests 
performed in UDESC, Brazil. 

 
Source: own illustration, CloverStrategy. 

 

Figure 29: Average extra-radicular hyphae length (± standard deviation; n=10) found in the 
roots of tomato (Solanum lycopersicum) or leek (Allium ampeloprasum) of 
replicates with the test soils Bra8 or OECD 2.5% and AMF inoculant of Funneliformis 
mosseae, Rhizophagus clarus or Gigaspora margarita after 56 days of exposure. 
Hyphae length is expressed in m of hyphae per g of soil. Tests performed in UDESC, 
Brazil. 

 
Source: own illustration, CloverStrategy. 

 

In the UC, a strategy similar to that used by UDESC was followed. NCt, CT and Ti treatment types 
were prepared using OECD 2.5% artificial soil, #Lufa 2.1 and Por3 natural soils as test substrate, 
tomato (S. lycopersicum) and leek (A. ampeloprasum) as host plants and inoculants of the AMF 
species R. irregularis SAF 22. Additionally, replicates with inoculant of F. mosseae SAF 11 using 
only leek as host plant were prepared. The test treatments considered for the experiments 
performed in UC are presented in Table 14. 
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Table 14: List of treatments and respective codes, test soils (OECD 2.5% artificial soil, #Lufa 
2.1 or Por3 natural soils), host plant (tomato - Solanum licopersicum or leek - Allium 
ampeloprasum) and AMF inoculant (of Fm - Funneliformis mosseae or Ri - 
Rhizophagus irregularis) used in the experiments of the objective 3 of WP2. Tests 
performed in UC, Portugal. 

Treatment code Test soil Host plant AMF inoculant 

NCtO OECD 2.5% - - 

NCtL21 #Lufa 2.1 - - 

NCtP Por3 - - 

CtOT OECD 2.5% Tomato - 

CtOL OECD 2.5% Leek - 

CtL21T #Lufa 2.1 Tomato - 

CtL21L #Lufa 2.1 Leek - 

CtPT Por3 Tomato - 

CtPL Por3 Leek - 

TiOTRi OECD 2.5% Tomato Ri 

TiOLRi OECD 2.5% Leek Ri 

TiL21TRi #Lufa 2.1 Tomato Ri 

TiL21LRi #Lufa 2.1 Leek Ri 

TiPTRi Por3 Tomato Ri 

TiPLRi Por3 Leek Ri 

TiOLFm OECD 2.5% Leek Fm 

TiL21LFm #Lufa 2.1 Leek Fm 

TiPLFm Por3 Leek Fm 
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Treatment code Test soil Host plant AMF inoculant 

TiPTFm Por3 Tomato Fm 

 

A thin layer of coarse sand was applied in the soil surface to reduce water losses over the 
experiments. Replicates were watered twice a week to compensate weight losses. Additionally, 
12.5 mL of a Long Ashton fertilizer solution (Appendix A.13) was provided in each replicate once 
5 to 7 days after the start of the test.  For NCt replicates, only 5 mL of fertilizer solution were 
provided. One seedling per replicate was used in the first experiments (as at the beginning of 
these first experiments the decision had not been made to use germlings or seeds previously 
soaked in water) and three seeds previously soaked in water were sown per replicate in the last 
experiments. In these last replicates only one plant was left in the experiment after seeds 
germination.  

The first experiments (i.e. using one seedling per replicate) consisted of replicates using 
inoculant of R. irregularis, in both host plants and in OECD 2.5%, #Lufa 2.1 and Por3 soils (i.e. 
TiOTRi, TiOLRi, TiL21Tri, TiL21Lri, TiPTRi, TiPLRi) and the respective controls (i.e. NCt and Ct 
treatments). Although in the replicates of Ct treatments no colonization was found, replicates of 
the Ti treatments especially with tomato in all soils and with tomato or leek in Por3 soil had a 
reduced percentage of colonization (i.e. ≤ 10%) (Appendix A.12). Apparently this low 
colonization was not directly related to the use of seedlings in the replicates (rather then of pre-
soaked seeds) since pre-soaked seeds were used in the last experiments in OECD 2.5% artificial 
soil and in #Lufa 2.1 and Por3 natural soils, using leek and inoculant of F. mosseae and low or no 
AMF colonization was found, especially in the natural soils (Figure 30 and 31 for arbuscular and 
total colonization, respectively) (Appendix A.12). Extra-radicular hyphae length was measured 
only in tests where a total colonization ≥ 30% was found (Figure 32), i.e. in tests with leek only. 
In replicates with inoculant of R. irregularis, the hyphae length measured was generally 
proportional to the percentage of total colonization observed in the roots, while hyphae length 
of roots colonized by F. mosseae (i.e. in tests using inoculant of F. mosseae) tended to be lower 
than in roots colonized by R. irregularis. Extra-radicular hyphae measurements suggest that its 
length depends on the soil type.        

 

Figure 30: Average percentage of arbuscular colonization (± standard deviation; n=10) found 
in roots of tomato (Solanum lycopersicum) or leek (Allium ampeloprasum) of 
replicates with the test soils OECD 2.5%, Por3 and #Lufa 2.1 and inoculants of 
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Funneliformis mosseae or Rhizophagus irregularis after 56 days of exposure. Tests 
performed in UC, Portugal. 

 
Source: own illustration, CloverStrategy. 

 

Figure 31: Average percentage of total AMF colonization (± standard deviation; n=10) found in 
roots of tomato (Solanum lycopersicum) or leek (Allium ampeloprasum) of 
replicates with the test soils OECD 2.5%, Por3 and #Lufa 2.1 and inoculants of 
Funneliformis mosseae or Rhizophagus irregularis after 56 days of exposure. Tests 
performed in UC, Portugal. 

 
Source: own illustration, CloverStrategy. 

 

 

Figure 32: Average extra-radicular hyphae length (± standard deviation; n=10) found in roots 
of leek (Allium ampeloprasum) of replicates with the test soils OECD 2.5% and 
#Lufa 2.1 and inoculants of Funneliformis mosseae or Rhizophagus irregularis after 
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56 days of exposure. Hyphae length is expressed in m of hyphae per g of soil. Tests 
performed in UC, Portugal. 

 
Source: own illustration, CloverStrategy. 

 

In the UT, additional experiments were performed following an approach similar to that 
followed in UDESC and UC for the objective 3. The experiments were performed in OECD 2.5% 
artificial soil and in the Est32 natural soil, using tomato and leek as host plant and inoculants of 
R. irregularis SAF 22 and F. mosseae SAF 11 (the same inoculants used in UC experiments) (Table 
15). Ten replicates of 500 g of soil or a mixture of soil and inoculant per treatment were used. As 
in the previous experiments, three seeds per replicate were used and only one plant was left 
after seeds germination over a test period of 56 days. A thin layer of a coarse sand (previously 
autoclaved) was placed on the soil surface of replicates after seeds germination to reduce water 
loss by evaporation. Replicates were irrigated twice a week, and no fertilizer solution was added 
over the experiment. Arbuscular and total AMF colonization of roots measured in these 
experiments are presented in Figures 33 and 34, respectively.  Extra-radicular hyphae length 
was not measured in any replicate. Percentage of arbuscular and total colonization of roots on 
average, showed a tendency to be higher in leek than in tomato in both inoculants. Raw data are 
presented on Appendix A.12. 

Table 15: List of treatments and respective codes, test soils (OECD 2.5% artificial soil and 
Est32 natural soil), host plant (tomato - Solanum licopersicum or leek - Allium 
ampeloprasum) and AMF inoculant (of Fm - Funneliformis mosseae or Ri - 
Rhizophagus irregularis) used in the experiments of the objective 3. Tests 
performed in UT, Estonia. 

 
Treatment code Test soil Host plant AMF inoculant 

NCtO OECD 2.5% - - 

NCtE32 Est32 - - 

CtOT OECD 2.5% Tomato - 
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Treatment code Test soil Host plant AMF inoculant 

CtOL OECD 2.5% Leek - 

CtE32T Est32 Tomato - 

CtE32L Est32 Leek - 

TiOTRi OECD 2.5% Tomato Ri 

TiOLRi OECD 2.5% Leek Ri 

TiE32TRi Est32 Tomato Ri 

TiE32LRi Est32 Leek Ri 

TiOLFm OECD 2.5% Leek Fm 

TiOTFm OECD 2.5% Tomato Fm 

TiE32LFm Est32 Leek Fm 

TiE32TFm Est32 Tomato Fm 

 

Figure 33: Average percentage of arbuscular colonization (± standard deviation; n=10) found 
in roots of tomato (Solanum lycopersicum) or leek (Allium ampeloprasum) of 
replicates with the test soils OECD 2.5% and Est32 and inoculants of Funneliformis 
mosseae or Rhizophagus irregularis after 56 days of exposure. Tests performed in 
UT, Estonia. 

 
Source: own illustration, CloverStrategy. 
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Figure 34: Average percentage of total AMF colonization (± standard deviation; n=10) found in 
roots of tomato (Solanum lycopersicum) or leek (Allium ampeloprasum) of 
replicates with the test soils OECD 2.5% and Est32 and inoculants of Funneliformis 
mosseae or Rhizophagus irregularis after 56 days of exposure. Tests performed in 
UT, Estonia. 

 
Source: own illustration, CloverStrategy. 

 

Conclusions of objective 3:  

i) 30% of total AMF intra-radicular colonization in control replicates (i.e. Ti 
treatments), on average, is the minimum AMF colonization required to validate a 
symbiotic phase test.  

ii) The minimum acceptable extra-radicular hyphae length in control replicates (i.e. Ti 
treatments) could not be estimated and therefore, was not considered as a criterion 
for test validation. Measuring hyphal length is time-consuming, which makes this 
parameter more difficult to process.  

iii) Leek was selected to be used as host plant in the experiments of the 2nd phase of WP2 
and in the ring test as this plant generally had the highest average percentages of 
AMF root colonization and its roots are easier to process than those of tomato. 

 

2.4.4 Conclusion 

The results obtained in the first phase of WP2 helped to evaluate the performance of each AMF 
species in each soil and to select the best combination of AMF species/soil/host plant, test 
conditions and methods to apply on the subsequent experimental phases of the project.  

More specifically: 

► Inoculation of the replicates via mixed inoculum was selected over inoculation using 
exclusively AMF spores. This method induced higher colonization of the host plant’s roots 
even when using low amounts of inoculant (approximately 10% of the weight of the 
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replicate is enough to induce a satisfactory percentage of root colonization). Besides, the use 
of mixed inoculum requires less laboratory labour and reduces the probability of technical 
errors when compared with the use of counted AMF spores. 

► The use of a low P nutrient solution increased the growth of the host plants, which can be 
relevant in the promotion of the symbiosis AMF-host plant.  

► Leek was selected as host plant to be used in the next phases because the percentages of root 
colonization observed on the experiments conducted with this plant are, generally, higher 
than the colonization observed in experiments conducted with tomato. Besides, since leek is 
a monocot, its root structure is less complex/branched, facilitating the processing of the 
roots (e.g. collection, selection and staining for AMF visualization). 

Also, the feasibility of assessing different parameters, as well as their range of variation were 
assessed. These data supported the definition of the validity criteria to be considered for the 
next experimental phases. 

More specifically: 

► The feasibility of measuring extra-radicular hyphae length varies with the soil and host 
plant. This parameter is a more time-consuming and more difficult to assess than intra-
radicular colonization. Since it was not possible to define a minimum acceptable extra-
radicular hyphae length in control replicates, this aspect was not considered as a criterion 
for test validation. 

► Total colonization > 30% in control replicates was achievable in the generality of the tests 
performed using different combinations of AMF species/soil/host plant. Therefore, this 
parameter was established as criteria for test validation. 

2.5 Standard Operating Procedures developed 
Based on the experiments described above, the Standard Operating Procedures (SOPs) 
previously prepared were refined and improved. The preparation of the SOPs was led by UDESC 
team and counted with the review and support of all partners of the consortium. These SOPs 
were followed in the experiments conducted in the 2nd phase of the WP2, where experiments 
with chemicals were carried out. More specifically, the following SOPs were considered for the 
subsequent experiments: 

 

► SOP 1.1 – Extraction of Arbuscular Mycorrhizal Fungi (AMF) spores from an inoculant 
(Appendix A.17, Annex A). This SOP describes a method to extract and determine the 
number of spores in an inoculant. The method is based on a wet sieving technique, followed 
by a sucrose centrifugation, after which, spores are separated and counted. 

► SOP 2.1 - Assessing the inoculum potential of Arbuscular Mycorrhizal Fungi (AMF) from an 
inoculant (Appendix A.13).  This SOP describes a method to evaluate soil or substrate 
inoculum potential through an inoculant. The inoculum potential is intended as the capacity 
of a soil/substrate inoculant to promote root colonization (through the measurement of the 
percentage of colonized roots). The method is based on the use of an inoculant of the 
selected AMF species mixed with natural or artificial soil in different amounts in test 
containers with seeds of the host plant. After 28 days (4 weeks) of incubation, the 
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percentage of AMF colonization in the roots is determined by assessing the intra-radicular 
colonization. 

► SOP 2.2 - Staining method for colonization structures of Arbuscular Mycorrhizal Fungi (AMF) 
in root tissues (Appendix A.14). This SOP describes a method for staining AMF colonization 
structures to allow its observation root tissues. Plant roots are first clarified and acidified 
and lastly submerged in an acid solution with ink to make visible the intra-radicular AMF 
structures. 

► SOP 2.3 - Assessing the percentage of total and arbuscular colonization of Arbuscular 
Mycorrhizal Fungi (AMF) in roots (Appendix A.15). This SOP describes a method to 
determine the total and arbuscular colonization of AMF based on recording the presence or 
absence of fungal structures (i.e. spores, hyphae, vesicles and arbuscules) in previously 
stained root fragments.   

► SOP 2.4 - Assessing the total extra-radicular mycelium length of Arbuscular Mycorrhizal 
Fungi (AMF) (Appendix A.16). This SOP describes a method to determine the length of extra-
radicular hyphae in soil based on the extraction of hyphae from soil in a filter holder system 
where the hyphae retained in a cellulose nitrate membrane are measured through the grid 
line intersect method in the microscope.   

► SOP Test 1 - Assessing effects of chemicals on the pre-symbiotic phase of Arbuscular 
Mycorrhizal Fungi (AMF) – AMF spore germination test (Appendix A.17). This protocol 
describes a method based on the procedures described in ISO 10832 (2009) and Mallmann 
et al. (2018) to evaluate the potential effect of chemicals in one of the key phases of AMF life 
cycle – spore germination. Spores of Rhizophagus irregularis are placed between two 
nitrocellulose membrane filters forming a sandwich, which is placed in a Petri dish 
containing the test substrate/soil. The percentage of germinated spores is estimated after 14 
days, and the results allow to estimate the 10 and 50% inhibition concentration of the test 
substance for spore germination. 

► SOP Test 216 - Assessing effects of chemicals on the symbiotic phase of Arbuscular 
Mycorrhizal Fungi (AMF) (Appendix A. 18). This protocol describes a method to evaluate the 
potential effect of chemicals in the symbiotic phase of the AMF Rhizophagus irregularis. 
Presoaked seeds of the host plant leek (Allium ampeloprasum) are planted in pots containing 
an AMF inoculant and soil spiked with increasing concentrations of the test substance. After 
8 weeks of incubation, effects on the establishment of the AMF-plant symbiosis are assessed 
by measuring intra-radicular total and arbuscular colonization and extra-radicular mycelial 
production). 

 

 

16 SOP Test 2 presented in Appendix A.18 is the final version that includes improvements carried out after the performance of the 
symbiotic phase ring tests. For this reason, some of the methods applied in the experiments of the 2nd phase of WP2 slightly differed 
from the methods described in the Appendix (e.g. AMF species other than R. irregularis were used in the experiments).   
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2.6 Experiments with chemicals (2nd phase of WP2) 
The second phase of WP2 comprised laboratory experiments to evaluate the sensitivity of the 
selected test parameters (defined in the first phase) in tests with selected chemicals to be used 
as reference substance in AMF symbiotic phase tests and in the ring tests of WP3. 

In the experiments carried out in the 2nd phase of the WP2 (based on the methods described in 
SOP Test 2, Appendix A.18), at the end of the test period (i.e. 56 days), the host plants were 
harvested, and the shoot and/or root biomass production were measured. The percentage of 
total and arbuscular AMF colonization in roots and extra-radicular hyphae length were 
measured only on replicates where there was plant biomass production, as the presence of a 
plant is the necessary condition for the establishment of the symbiosis.  

Only the experiments with a total colonization ≥ 30% in control replicates, on average, were 
considered valid and the measurement of extra-radicular hyphae length was not mandatory on 
invalid experiments. 

The following chemicals were selected for testing: 

► Boric acid; 

► Copper sulphate; 

► Tebuconazole; 

► Terbuthylazine; 

► Azoxystrobin; 

► Fluazinam; 

► Pendimethalin. 

Table 16 summarizes the experiments carried out (with the respective soils and AMF inoculants 
used in each chemical tested) in the different laboratories of the consortium. 

Table 16: Experiments performed by UDESC, UT and UC with Boric acid, Copper sulphate, 
Terbuthylazine, Tebuconazole, Azoxystrobin, Fluazinam and Pendimethalin using 
inoculants of Funneliformis mosseae, Rhizophagus irregularis and R. clarus and 
different soils (OECD 2.5% artificial soil, Bra8, Lufa 2.2, Est32, Por3 and #Lufa 2.1 
natural soils). 

 OECD 2.5% Bra8 Lufa 2.2 Est32 Por3 #Lufa 2.1 

F. mosseae UDESC UDESC - - UC UC 

R. clarus - - - - - - 

Bo
ric

 a
ci

d 

R. irregularis UT - - - UC UC 

F. mosseae UDESC - - - - - 

Co
pp

er
 

su
lp

ha
te

 

R. clarus - - - - - - 
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 OECD 2.5% Bra8 Lufa 2.2 Est32 Por3 #Lufa 2.1 

R. irregularis UDESC - - - - - 

F. mosseae UDESC UDESC - - - - 

R. clarus UDESC UDESC - - - - 

Te
rb

ut
hy

la
zin

e 

R. irregularis - - - - - - 

F. mosseae UDESC UDESC - - - - 

R. clarus UDESC UDESC - - - - 

Te
bu

co
na

zo
le

 

R. irregularis - - - - - - 

F. mosseae UT - - UT - - 

R. clarus - - - - - - 

Fl
ua

zin
am

 

R. irregularis UT UDESC UC 

UDESC 

UT 

UT UC  

F. mosseae UC - - - - UC 

R. clarus - - - - - - 

Az
ox

ys
tr

ob
in

 

R. irregularis UC UDESC UC 

UDESC 

UT 

UC UC UC 

F. mosseae UT - - UT - - 

R. clarus - - - - - - 

Pe
nd

im
et

ha
lin

 

R. irregularis UT - - UT - - 
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At the beginning of the laboratory tests, one composite soil sample of about 50 g DW per 
treatment was collected and stored at -20°C for chemical analysis to measure the initial 
measured concentrations of the test chemicals in treatments of valid tests.  

Replicates without plants were included on the statistical analysis of plant biomass parameters. 
However, for the analysis of total and arbuscular AMF colonization and of extra-radicular 
hyphae length, only replicates with plants were taken into consideration. The statistical analysis 
of plant biomass, AMF intra-radicular colonization and extra-radicular hyphae length was 
performed in R Studio (version 2023.09.1), using packages drc (v. 3.0-1), car (v. 3.1-2), dunn.test 
(v. 1.3.6), DescTools (v. 0.99.52) and PMCMRplus (v. 1.9.10).  

Normality of data distribution and homogeneity of data variances were assessed through 
Shapiro and Bartlett tests, respectively. When these assumptions were confirmed, a one-way 
ANOVA was performed to assess differences among the treatments for each measured 
parameter (considering treatments as independent variable and plant biomass, AMF 
colonization, or hyphae length as dependent variables).  

When the normality and/or homogeneity assumptions were not confirmed, data were log (i.e., 
log (x+1)) or square root (i.e., √x) transformed. If the transformed data complied with the 
assumptions, a one-way ANOVA was performed, following the methodology described above. If 
the transformed data still did not comply with the assumptions (also when there were 
treatments with ≤ 2 replicates with plant biomass), a non-parametric Kruskal-Wallis’ test was 
performed, using the non-transformed data, to assess the differences among treatments.  

When significant differences between treatments were found, differences between treatments 
and the respective control were assessed through post-hoc Dunnett test (when the parametric 
test one-way ANOVA was used) or post-hoc Dunn test (with Bonferroni correction; when the 
non-parametric Kruskal-Wallis’ test was used) to estimate the No-Observed Effect Concentration 
(NOEC) and the Lowest-Observed Effect Concentration (LOEC). All statistical analyses 
considered a significance level of 5%. 

When possible, Effect Concentration values for 10% and 50% reduction (EC10 and EC50, 
respectively) of total and arbuscular colonization and of extra-radicular hyphae length in 
relation to control (and the respective 95% confidence intervals) were estimated trough non-
linear regression models (using logistic, exponential or Hormesis models, according to highest 
coefficient of regression and the best fit to data) based on nominal and initial measured 
concentrations of the tested substances. These estimations were performed on R Studio (version 
2023.09.1), using packages drc (v. 3.0-1), tidyverse (v. 2.0.0), readxl (v. 1.4.3) and PMCMRplus 
(v. 1.9.10).  

 

2.6.1 Experiments for the selection of a suitable chemical to be used as reference 
substance for AMF symbiotic phase laboratory tests and/or in the ring tests of WP3  

2.6.1.1 Experiments with Boric acid (BA) 

Boric acid (BA) was the first substance to be evaluated as possible reference substance for AMF 
testing (Table 17). BA has been used as reference substance for other ecotoxicological tests 
(Niemeyer et al. 2018) and is often use as fertilizer in soil.  
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Table 17: Physical and chemical characterization of boric acid.  

Boric acid 

Pesticide type Insecticide, Fungicide, Other substance 

Substance group Inorganic compound, Monobasic acid 

IUPAC name Boric acid 

Empirical formula H₃BO₃ 

CAS number 10043-35-3 

Molecular mass 61.83 g/mol 

Melting point (°C) 171 

Solubility (water, 20°C) 57000 mg/L 

Dissociation constant (pKa)(25°C) 9.24 

Log Kow (20°C) -0.757 

Henry's Law constant 2.6 x 10-12 atm/m3/mol 

Data retrieved from PubChem (https://pubchem.ncbi.nlm.nih.gov/) and PPDB 
(https://sitem.herts.ac.uk/aeru/ppdb/en/index.htm). 

A total of seven experiments were performed with Boric acid. These experiments were carried 
out by the members of the consortium (UC, UDESC and UT) using two AMF species 
(Funneliformis mosseae and Rhizophagus irregularis), one host plant species (Allium 
ampeloprasum) and four soils (OECD 2.5%, Bra8, #Lufa 2.1 and Por3 soils). The experiments 
performed using boric acid are summarized in Table 18. 

Table 18: Experiments performed by the consortium laboratories (UC, UDESC and UT) with 
boric acid using different soils (OECD 2.5%, Bra8, #Lufa 2.1 and Por3) and two AMF 
inoculants (Funneliformis mosseae and Rhizophagus irregularis). 

 AMF species OECD 2.5% Bra8 #Lufa 2.1 Por3 

F. mosseae UDESC UDESC UC UC Boric 
acid 

R. irregularis UT - UC UC 

 

The experiments were performed according to the procedures described in the SOP Test 2 
(Appendix A.18) using the concentration gradient 0, 25, 50, 100, 250, 500, 1000 and 1500 mg 
Boric acid/kg of soil. The definition of the test concentrations took into consideration the doses 
of Boric acid usually recommended for soil fertilization indicated for leek in Brazil (15 kg/ha – 
7.5 mg/kg dry soil) and the EC50 value reported in the literature for F. mosseae BEG 240 spore 
germination of 463.5 (327.7 – 599.3) mg/kg (Mallmann (2020)). 

Results obtained by the three laboratories are presented in Figures 35 to 41 and raw data are 
presented in Appendix A.19. 

https://pubchem.ncbi.nlm.nih.gov/
https://sitem.herts.ac.uk/aeru/ppdb/en/index.htm
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Figure 35: Host plant: leek (Allium ampeloprasum); Inoculant: Funneliformis mosseae; Test 
soil: Bra8; Test substance: Boric Acid; Performing lab: UDESC, Brazil.  

 
(A) Fresh and dry shoot biomass (average ± standard deviation), (B) total and arbuscular colonization (average ± standard 
deviation) and (C) extra-radicular hyphae length (average ± standard deviation) after 56 days of exposure. Test is valid (i.e. 
total colonization ≥ 30%). n values considered in each treatment for each parameter are expressed in the top of the 
respective bars. NPB – no plant biomass produced; NA – not assessed.  
Source: own illustration, CloverStrategy. 
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Figure 36: Host plant: leek (Allium ampeloprasum); Inoculant: Funneliformis mosseae; Test 
soil: OECD 2.5%; Test substance: Boric Acid; Performing lab: UDESC, Brazil.   

 
(A) Fresh and dry shoot biomass (average ± standard deviation), (B) total and arbuscular colonization (average ± standard 
deviation) and (C) extra-radicular hyphae length (average ± standard deviation) after 56 days of exposure. Test is valid (i.e. 
total colonization ≥ 30%). n values considered in each treatment for each parameter are expressed in the top of the 
respective bars. NPB – no plant biomass produced; NA – not assessed.  
Source: own illustration, CloverStrategy. 
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Figure 37: Host plant: leek (Allium ampeloprasum); Inoculant: Rhizophagus irregularis; Test 
soil: OECD 2.5%; Test substance: Boric Acid; Performing lab: UT, Estonia.  

 
(A) Dry shoot and root biomass (average ± standard deviation), (B) total and arbuscular colonization (average ± standard 
deviation) and (C) extra-radicular hyphae length (average ± standard deviation) after 56 days of exposure. Test is valid (i.e. 
total colonization ≥ 30%). n values considered in each treatment for each parameter are expressed in the top of the 
respective bars; * - significantly lower compared to control after one-way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn 
post hoc test for p ≤ 0.05. NPB – no plant biomass produced; NA – not assessed. 
Source: own illustration, CloverStrategy. 
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Figure 38: Host plant: leek (Allium ampeloprasum); Inoculant: Funneliformis mosseae; Test 
soil: Por3; Test substance: Boric Acid; Performing lab: UC, Portugal.   

 
(A) Fresh root biomass (average ± standard deviation), (B) fresh and dry shoot biomass (average ± standard deviation) and 
(C) total and arbuscular colonization (average ± standard deviation) after 56 days of exposure. Test is invalid (i.e. total 
colonization < 30%). n values considered in each treatment for each parameter are expressed in the top of the respective 
bars; * - significantly lower compared to control after one-way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn post hoc 
test for p ≤ 0.05. NPB – no plant biomass produced; NA – not assessed. 
Source: own illustration, CloverStrategy. 
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Figure 39: Host plant: leek (Allium ampeloprasum); Inoculant: Funneliformis mosseae; Test 
soil: #Lufa 2.1; Test substance: Boric Acid; Performing lab: UC, Portugal.  

 
(A) Fresh root biomass (average ± standard deviation), (B) fresh and dry shoot biomass (average ± standard deviation), (C) 
total and arbuscular colonization (average ± standard deviation) and (D) extra-radicular hyphae length (average ± standard 
deviation) after 56 days of exposure. Test is valid (i.e. total colonization ≥ 30%). n values considered in each treatment for 
each parameter are expressed in the top of the respective bars; * - significantly lower compared to control after one-way 
ANOVA/Kruskal-Wallis followed by Dunnett/Dunn post hoc test for p ≤ 0.05. NPB – no plant biomass produced; NA – not 
assessed. 
Source: own illustration, CloverStrategy. 
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Figure 40: Host plant: leek (Allium ampeloprasum); Inoculant: Rhizophagus irregularis; Test 
soil: Por3; Test substance: Boric Acid; Performing lab: UC, Portugal.  

 
(A) Fresh root biomass (average ± standard deviation), (B) fresh and dry shoot biomass (average ± standard deviation) and 
(C) total and arbuscular colonization (average ± standard deviation) after 56 days of exposure. Test is invalid (i.e. total 
colonization < 30%). n values considered in each treatment for each parameter are expressed in the top of the respective 
bars; * - significantly lower compared to control after one-way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn post hoc 
test for p ≤ 0.05. NPB – no plant biomass produced; NA – not assessed. 
Source: own illustration, CloverStrategy. 
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Figure 41: Host plant: leek (Allium ampeloprasum); Inoculant: Rhizophagus irregularis; Test 
soil: #Lufa 2.1; Test substance: Boric Acid; Performing lab: UC, Portugal.  

 
(A) Fresh root biomass (average ± standard deviation), (B) fresh and dry shoot biomass (average ± standard deviation) and 
(C) total and arbuscular colonization (average ± standard deviation) after 56 days of exposure. Test is invalid (i.e. total 
colonization < 30%). n values considered in each treatment for each parameter are expressed in the top of the respective 
bars. NPB – no plant biomass produced; NA – not assessed. 
Source: own illustration, CloverStrategy. 

 

Chemical analyses were performed to determine the actual contamination of boric acid on soil 
samples collected at the beginning of the experiments (samples were frozen at -20℃ until 
chemical analysis). Chemical determination was only performed for valid experiments (i.e. total 
colonization ≥ 30% in negative control) and only for treatments where plant germination was 
observed. Due to a problem in the freezer where the soil samples were stored, no chemical 
analyses could be carried out for the experiments with Boric acid conducted in UT (Estonia). 

The chemical determination method consisted of the extraction of boron, by digestion of a 
representative amount of soil sample (approximately 0.25 g), previously dried and sieved 
through a 2 mm mesh, in an oven with microwave technology, at high pressure and temperature 
and in an oxidizing acid medium (4 mL HNO3:H2O (1:1) + 1 mL H2O2). In this way, the matrix 
charge was eliminated, and the analyte was released in the resulting extract, which was made up 
to 25 mL with milliQ water and subsequently injected into ICP-MS. The instrumental analysis 
carried out consisted of the determination of elemental metals based on the mass charge ratio 
(m/z) of the ions under analysis. The samples were nebulized, forming an aerosol that was 
transported through argon to a torch in which a gas plasma was generated at a high 
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temperature, between 6 000 – 10 000 K. The ions thus produced were selected inside the 
equipment based on the m/z ratio and were subsequently quantified in the mass detector by 
comparing the signal obtained in the sample against that of a calibration line of known 
concentrations. Boron standards by Scharlab (BO00160100; 1003.7 ± 2.8 mg/L) were used. 

Finally, the total boron measured on soil was used to estimate the initial measured 
concentration of boric acid in soil after extrapolation based on the molecular weight of boric acid 
(H₃BO₃; molecular weight of 61.833 g/mol). Measured concentrations of boric acid on the 
control treatment were lower than the detection limit (i.e., < 28.6 mg BA/kg DW). Measured 
concentrations on the treatments were generally higher than expected concentrations; however, 
an increase on the concentrations was maintained along the gradient (Table 19). 

Table 19: Nominal and initial measured concentrations of Boric acid (BA) on soil samples 
collected from symbiotic experiments. Only valid experiments and treatments with 
plant growth were considered.  

AMF species Soil Lab Nominal 
concentration 
(mg BA/kg of 

soil DW) 

Initial 
measured 

concentration 
(mg BA/kg of 

soil DW) 

% nominal concentration 

0 < 28.6 NA 

25 < 28.6 NA 

50 76.3 152.6 

F. mosseae #Lufa 2.1 UC 

100 84.8 84.8 

0 < 28.6 NA 

25 < 28.6 NA 

50 < 28.6 NA 

100 36.9 36.9 

F. mosseae Bra8 UDESC 

250 96.2 38.5 

0 < 28.6 NA 

25 < 28.6 NA 

50 55.5 111.0 

100 106.7 106.7 

F. mosseae  OECD 2.5% UDESC 

250 270.1 108.1 
NA – not applicable 

2.6.1.1.1 Conclusions of the experiments with Boric acid 

The endpoints estimated (i.e. NOEC, LOEC, EC10 and EC50) as well as compliance of the results 
with the validity criterion (i.e., total colonization on average in the control treatment ≥ 30%) on 
the experiments with Boric acid are summarized in Table 20.  



TEXTE Test battery for the effect determination of chemicals in soils: Suitability of test systems with mycorrhizal fungi for 
the risk assessment – Suitability of test systems with mycorrhizal fungi for the risk assessment 

131 

 

The host plant (leek) was sensitive to boric acid, which showed to have influenced the effects 
observed on AMF colonization and mycelium production. The significant effects in AMF 
colonization were generally associated to significant reductions of plant biomass production.  

In experiments with OECD 2.5% artificial soil, EC10 and EC50 values of BA for F. mosseae were 
lower than those estimated for R. irregularis. However, this difference was likely influenced by 
the fact that in the experiment with F. mosseae, there was plant biomass production up to 250 
mg BA/kg, while in experiment with R. irregularis, plant biomass production occurred up to 
concentration of 750 mg BA/kg.     

Despite the apparent dependence between plant biomass production and AMF root colonization, 
the endpoints estimated for BA are below those reported in the literature for F. mosseae BEG 
240 regarding spore germination, where an EC50 of 463.5 (327.7 – 599.3) mg/kg was reported 
in tropical artificial soil with 5% of OM by Mallmann (2020). On the other hand, the endpoints 
estimated for AMF are within the same order of magnitude of the data reported by Amorim et al. 
(2012) for two soil invertebrate species. These authors reported EC10 values of 31.7 and 39.3 
mg BA/kg of soil for Folsomia candida and Enchytraeus albidus, respectively, in reproduction 
tests using Lufa 2.2 soil. However, among the data collected, other non-target soil organisms 
were estimated to be less sensitive to boric acid than F. mosseae and R. irregularis (data available 
in the existing literature presented in Appendix A.23).  

Since all experiments conducted by the three consortium partners showed a strong relationship 
between reduction of the AMF root colonization or extra-radicular hyphae production and low 
plant biomass production, the effect of BA on the establishment of AMF-plant symbiosis could 
not be clearly evidenced. Because of that, BA was not considered a suitable chemical to be used 
as reference substance in AMF symbiotic phase tests. 
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Table 20: Summary of the experiments performed in the consortium laboratories with Boric acid (BA) using two AMF species (Rhizophagus irregularis 
and Funneliformis mosseae), artificial soil (OECD 2.5%) and different natural soils (Bra8, Por3 and #Lufa 2.1). No-Observed Effect 
Concentration (NOEC), Lowest Observed Effect Concentration (LOEC) and Effect Concentrations for 10% and 50% (EC10 and EC50) reduction 
(and respective 95% confidence intervals) on total colonization (TC), arbuscular colonization (AC) and extra-radicular hyphae length (EHL) 
were estimated on valid experiments only (effects on plant biomass were not estimated) using nominal concentrations. Results are 
expressed in mg BA/kg of soil dry weight. Non-linear models applied and the respective r2 values are presented in Appendix A.20.   

 
AMF species Soil Concentrations 

(mg BA/kg 
DW) 

Concentrations 
with plant 
biomass 

(mg BA/kg 
DW) 

Laboratory State 
(valid/invalid) 

Parameters NOEC LOEC EC10 EC50 

TC 250 > 250 41.0* > 250 

AC 250 > 250 19.9* > 250 

F. mosseae Bra8 0; 25; 50; 100; 
250; 500; 1000; 

1500 

0; 25; 50; 100; 
250 

UDESC Valid 

EHL 25 50 ND ND 

TC 100 250 94.6  
(58.9-130.4)  

143.6 
 (78.9-208.4) 

AC 250 > 250 98.5  
(59.1-138.0) 

130.2  
(43.6-216.8) 

F. mosseae OECD 2.5% 0; 25; 50; 100; 
250; 500; 1000; 

1500 

0; 25; 50; 100; 
250 

UDESC Valid 

EHL 250 > 250 83.9* 97.1  
(36.5-157.7) 

TC - - - - F. mosseae Por3 0; 25; 50; 100; 
250; 500; 1000; 

1500 

0; 25; 50; 100 UC Invalid 

AC - - - - 

F. mosseae #Lufa 2.1 0; 25; 50; 100 UC Valid TC 50 100 36.8  
(6.0-67.6) 

69.0  
(33.6-104.4) 
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AMF species Soil Concentrations 
(mg BA/kg 

DW) 

Concentrations 
with plant 
biomass 

(mg BA/kg 
DW) 

Laboratory State 
(valid/invalid) 

Parameters NOEC LOEC EC10 EC50 

AC 100 > 100 ND ND 0; 25; 50; 100; 
250; 500; 1000; 

1500 EHL 100 > 100 > 100 > 100 

TC - - - - R. irregularis Por3 0; 25; 50; 100; 
250; 500; 1000; 

1500 

0; 25; 50; 100 UC Invalid 

AC - - - - 

TC - - - - 

AC - - - - 

R. irregularis #Lufa 2.1 0; 25; 50; 100; 
250; 500; 1000; 

1500 

0; 25; 50; 100 UC Invalid 

EHL - - - - 

TC 250 500 346.9* 381.4* 

AC 250 500 289.6* 337.3* 

R. irregularis OECD 2.5% 0; 50; 100; 250; 
500; 750; 1000; 

1500 

0; 50; 100; 250; 
500; 750 

UT Valid 

EHL 500 > 500 128.3* > 500 
* - Data did not allow to estimate the 95% confidence intervals. ND - the fit of the model did not allow the estimation of EC10 and EC50. 
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2.6.1.2 Experiments with Copper sulphate 

Copper sulphate (CuSO4) is commonly used in organic farming practices as a fungicide (Tamm 
et al. 2022). Physical and chemical properties of copper sulphate are presented in Table 21.  

Table 21: Physical and chemical properties of copper sulphate.  

Copper sulphate 

Pesticide type Fungicide, Algicide, Bactericide, Other substance 

Substance group Inorganic compound 

IUPAC name Copper II sulphate pentahydrate 

Empirical formula CuSO₄ 

CAS number 7758-98-7 

Molecular mass 159.61 g/mol 

Melting point (°C) 360 

Solubility (water, 20°C) 3.42 mg/L 

Dissociation constant (pKa)(25°C) Not applicable 

Log Kow (20°C) 0.44 

Degradation point (°C) 360 

Degradation in soil (aerobic) 

DT50 (lab at 20°C) 0.1 days 

DT50 (field) 0.1 days 
Data retrieved from PubChem (https://pubchem.ncbi.nlm.nih.gov/) and PPDB 
(https://sitem.herts.ac.uk/aeru/ppdb/en/index.htm). 

The two experiments performed using copper sulphate were carried out with inoculants of 
Funneliformis mosseae and Rhizophagus irregularis and were conducted in the laboratory of the 
Brazilian partners from UDESC (Table 22). 

Table 22: Experiments performed in UDESC (Brazil) with copper sulphate using inoculants of 
Funneliformis mosseae and Rhizophagus irregularis and OECD 2.5% artificial soil.  

  OECD 2.5% 

F. mosseae UDESC Copper sulphate 

R. irregularis UDESC 

 

The experiments were performed according to the procedures described in the protocol SOP 
Test 2 (Appendix A.18) and using a concentration gradient composed of the treatments: 0, 50, 
100, 200, 300 and 500 mg CuSO4/kg of soil.  

https://pubchem.ncbi.nlm.nih.gov/
https://sitem.herts.ac.uk/aeru/ppdb/en/index.htm
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Results obtained are graphically shown in Figures 42 and 43 and raw data are presented in 
Appendix A.19. 

Figure 42: Host plant: leek (Allium ampeloprasum); Inoculant: Funneliformis mosseae; Test 
soil: OECD 2.5%; Test substance: Copper sulphate; Performing lab: UDESC, Brazil. 

 
(A) Fresh shoot and root biomass (average ± standard deviation), (B) total and arbuscular colonization (average ± 
standard deviation) and (C) extra-radicular hyphae length (average ± standard deviation) after 56 days of exposure. Test is 
valid (i.e., total colonization ≥ 30%). n values considered in each treatment for each parameter are expressed in the top of 
the respective bars; * - significantly different compared to control after one-way ANOVA/Kruskal-Wallis followed by 
Dunnett/Dunn post hoc test for p ≤ 0.05. NPB – no plant biomass produced; NA – not assessed. 
Source: own illustration, CloverStrategy. 
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Figure 43:  Host plant: leek (Allium ampeloprasum); Inoculant: Rhizophagus irregularis; Test 
soil: OECD 2.5%; Test substance: Copper sulphate; Performing lab: UDESC, Brazil. 

 
(A) Fresh shoot and root biomass (average ± standard deviation), (B) total and arbuscular colonization (average ± 
standard deviation) and (C) extra-radicular hyphae length (average ± standard deviation) after 56 days of exposure. Test is 
valid (i.e., total colonization ≥ 30%). n values considered in each treatment for each parameter are expressed in the top of 
the respective bars; * - significantly different compared to control after one-way ANOVA/Kruskal-Wallis followed by 
Dunnett/Dunn post hoc test for p ≤ 0.05. NPB – no plant biomass produced; NA – not assessed. 
Source: own illustration, CloverStrategy. 

 

Chemical analyses to determine initial measured concentrations of copper sulphate were 
performed on soil samples from valid experiments only for treatments where there was plant 
biomass production (i.e., treatments up to 300 mg CuSO4/kg of soil DW). 

Total copper in soil was quantified following the methodology described by Tedesco et al. 
(1995). Copper was extracted from 10 g of air-dried soil per treatment using 40 mL of a HCl 
0.1M solution. Quantification of copper in extracts was carried out by atomic absorption 
spectrometry by atomization in an air-acetylene flame. Five samples of reference soils from 
Brazil were used as standards to check the accuracy of the quantifications as advised by Rede 
Oficial de Laboratórios de Solos dos Estados do Rio Grande do Sul e de Santa Catarina 
(https://www.sbcs-nrs.org.br/rolas).  

Total copper concentration measured in controls was subtracted to the copper concentrations 
measured in test treatments, that were then used to estimate initial measured concentrations 
of Copper sulphate in soil by extrapolation based on the CuSO4 molecular weight of 159.61 
g/mol. Initial measured concentrations confirmed that test treatments comprised a gradient of 

https://www.sbcs-nrs.org.br/rolas
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increasing concentrations of Copper sulphate. However, initial measured concentrations were 
generally twice the nominal concentrations (Table 23). 

Table 23: Nominal and initial measured concentrations of CuSO4 (in mg CuSO4/kg of soil 
DW), and the respective percentage of nominal concentrations measured in soil 
samples collected from AMF symbiotic phase tests using inoculants of F. mosseae 
or R. irregularis and OECD 2.5% artificial soil, carried out in UDESC (Brazil). Copper 
initial measured concentrations presented correspond to the measured values 
after subtracting the copper concentration measured in the control treatment 
(i.e., nominal concentration = 0 mg CuSO4/kg of soil).  

AMF species Nominal concentration 
(CuSO4 mg/kg) 

Initial measured 
concentration 
(CuSO4 mg/kg) 

% of Nominal  
concentration 

0 3.0 NA 

50 115.8 231.6 

100 215.8 215.8 

200 636.0 318.0 

F. mosseae 

300 824.8 274.9 

0 9.5 NA 

50 93.7 187.4 

100 163.5 163.5 

200 363.7 181.8 

R. irregularis 

300 551.3 183.8 
NA – not applicable. 

 

2.6.1.2.1 Conclusions of the experiments with Copper Sulphate 

Estimated endpoints and the validity of the experiments with copper sulphate based on the 
criterion defined in SOP Test 2, are summarized in Table 24.  

The experiments performed showed clear dose-response patterns to most of the parameters 
measured. The exception was in the experiment with F. mosseae for plant biomass production 
and extra-radicular hyphae length as these parameters showed high variability (often 
appearing to be unrelated to increased Copper sulphate concentration) among test treatments 
lower or equal to 300 mg CuSO4/kg. Due to this variation, it was not clear if the decrease in F. 
mosseae colonization was influenced not only by the presence of copper sulphate but also by 
the decrease in plant root biomass. In experiments with R. irregularis, results suggest that a 
refined concentration gradient of copper sulphate up to 100 mg/kg would show a clearer dose-
response curve of the AMF colonization.  

The effects observed on total colonization and extra-radicular hyphae of R. irregularis were 
higher than those estimated to F. mosseae, which suggests that R. irregularis is more sensitive 
to Copper sulphate than F. mosseae. The AMF EC10 and EC50 estimated for total colonization 
and extra-radicular hyphae length are in the same range of concentrations of the endpoints 
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reported in the literature for in-soil non-target invertebrates such as Folsomia candida, 
Folsomia fimetaria and Eisenia andrei (see Appendix A.23). 

Although Copper sulphate has shown to be a potentially toxic substance for AMF, further 
testing is advised to confirm the suitability of this chemical to be used as reference substance 
in AMF symbiotic phase tests. 
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Table 24: Summary of the experiments performed in UDESC laboratory with Copper sulphate (CuSO4) using two AMF species (Rhizophagus irregularis 
and Funneliformis mosseae) and artificial soil (OECD 2.5%). No-Observed Effect Concentration (NOEC), Lowest Observed Effect Concentration 
(LOEC) and Effect Concentrations for 10% and 50% (EC10 and EC50) reduction (and respective 95% confidence intervals) on total colonization 
(TC), arbuscular colonization (AC) and extra-radicular hyphae length (EHL) were estimated (effects on plant biomass were not estimated) 
using nominal concentrations. Results are expressed in mg CuSO4/kg of soil dry weight. Non-linear models applied and the respective r2 

values are presented in Appendix A.20.  

AMF species Soil Concentrations 
(mg CuSO4/kg 

DW) 

Concentrations 
with plant 
biomass 

(mg CuSO4/kg 
DW) 

Laboratory State 
(valid/invalid) 

Parameters NOEC LOEC EC10 EC50 

TC 100 200 20.9 
(8.8-33.0) 

137.6 
(58.0-217.1) 

AC 300 > 300 0.00004* 2.66* 

F. mosseae OECD 2.5% 0; 50; 100; 200; 
300; 500 

0; 50; 100; 200; 
300 

UDESC Valid 

EHL 300 > 300 207.2 
(38.8-375.5) > 300 

TC 50 100 2.4 
(0.01-4.9) 

16.1 
(0.05-32.0) 

AC 100 > 100 ND ND 

R. irregularis OECD 2.5% 0; 50; 100; 200; 
300; 500 

0; 50; 100; 200; 
300 

UDESC Valid 

EHL 50 100 38.4* 90.8 
(56.7-125.0) 

* - Data did not allow to estimate the 95% confidence intervals. ND - the fit of the model did not allow the estimation of EC10 and EC50.
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2.6.1.3 Experiments with Tebuconazole (TBC) 

Tebuconazole has been widely used in agriculture due to its high efficiency as a fungicide. Its 
effect on the inhibition of spores’ germination and fungal growth has been reported on literature 
(Dong 2024). Physical and chemical properties of Tebuconazole are described in Table 25. 

Table 25: Physical and chemical properties of Tebuconazole.  

Tebuconazole 

Pesticide type Fungicide 

Substance group Triazole fungicide, Conazole fungicide 

IUPAC name 1-(4-chlorophenyl)-4,4-dimethyl-3-(1,2,4-triazol-1-
ylmethyl)pentan-3-ol 

Empirical formula C₁₆H₂₂ClN₃O 

CAS number 107534-96-3 

Molecular mass 307.82 g/mol 

Melting point (°C) 105 

Solubility (water, 20°C) 36 mg/L 

Dissociation constant (pKa) 
(25°C) 

5.0 

Log Kow (20°C) 3.7 

Henry's Law constant 1.0 x 10-5 Pa/m3/mol 

Degradation point (°C) 350 

Degradation in soil (aerobic) 

DT50 (lab at 20°C) 365 days 

DT50 (field) 47.1 days 
Data retrieved from PubChem (https://pubchem.ncbi.nlm.nih.gov/) and PPDB 
(https://sitem.herts.ac.uk/aeru/ppdb/en/index.htm). 

Four experiments exposing AMF inoculants of Rhizophagus clarus and Funneliformis mosseae to 
Tebuconazole in OECD 2.5% artificial soil and Bra8 natural soil, using leek as host plant, were 
carried out in UDESC laboratory (Brazil) (Table 26).  

Table 26: Experiments performed in UDESC (Brazil) with Tebuconazole using inoculants of 
Funneliformis mosseae and Rhizophagus clarus in OECD 2.5% artificial soil and the 
natural Brazilian soil Bra8. 

  OECD 2.5% Bra8 

Tebuconazole F. mosseae UDESC UDESC 

https://pubchem.ncbi.nlm.nih.gov/
https://sitem.herts.ac.uk/aeru/ppdb/en/index.htm


TEXTE Test battery for the effect determination of chemicals in soils: Suitability of test systems with mycorrhizal fungi for 
the risk assessment – Suitability of test systems with mycorrhizal fungi for the risk assessment 

141 

 

  OECD 2.5% Bra8 

R. clarus UDESC UDESC 

 

The experiments were performed according to the procedures described in the SOP Test 2 
(Appendix A.18) and using concentration gradients composed of the treatments 0, 0.5, 5, 25, 50, 
and 100 mg TBC/kg of soil. Test concentrations used in the experiments aimed to define EC10 
and EC50 values and not to cover realistic application doses.  

Results obtained in the experiments are graphically presented in Figures 44 to 47 and raw data 
are shown in Appendix A.19. 

Figure 44: Host plant: leek (Allium ampeloprasum); Inoculant: Funneliformis mosseae; Test 
soil: Bra8; Test substance: Tebuconazole; Performing lab: UDESC, Brazil.  

 
(A) Fresh root and shoot biomass (average ± standard deviation), (B) total and arbuscular colonization (average ± standard 
deviation) and (C) extra-radicular hyphae length (average ± standard deviation) after 56 days of exposure. Test is valid (i.e. 
total colonization ≥ 30%). n values considered in each treatment for each parameter are expressed in the top of the 
respective bars; * - significantly lower compared to control after one-way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn 
post hoc test for p ≤ 0.05. NPB – no plant biomass produced; NA – not assessed. 
Source: own illustration, CloverStrategy. 
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Figure 45: Host plant: leek (Allium ampeloprasum); Inoculant: Funneliformis mosseae; Test 
soil: OECD 2.5%; Test substance: Tebuconazole; Performing lab: UDESC, Brazil. 

 
(A) Fresh root and shoot biomass (average ± standard deviation), (B) total and arbuscular colonization (average ± standard 
deviation) and (C) extra-radicular hyphae length (average ± standard deviation) after 56 days of exposure. Test is invalid (i.e. 
total colonization < 30%). n values considered in each treatment for each parameter are expressed in the top of the 
respective bars; * - significantly different compared to control after one-way ANOVA/Kruskal-Wallis followed by 
Dunnett/Dunn post hoc test for p ≤ 0.05. NPB – no plant biomass produced; NA – not assessed. 
Source: own illustration, CloverStrategy. 
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Figure 46: Host plant: leek (Allium ampeloprasum); Inoculant: Rhizophagus clarus; Test soil: 
Bra8; Test substance: Tebuconazole; Performing lab: UDESC, Brazil.   

 
(A) Fresh root and shoot biomass (average ± standard deviation), (B) total and arbuscular colonization (average ± standard 
deviation) and (C) extra-radicular hyphae length (average ± standard deviation) after 56 days of exposure. Test is valid (i.e. 
total colonization ≥ 30%). n values considered in each treatment for each parameter are expressed in the top of the 
respective bars; * - significantly lower compared to control after one-way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn 
post hoc test for p ≤ 0.05. 
Source: own illustration, CloverStrategy. 
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Figure 47: Host plant: leek (Allium ampeloprasum); Inoculant: Rhizophagus clarus; Test soil: 
OECD 2.5%; Test substance: Tebuconazole; Performing lab: UDESC, Brazil.   

 
(A) Fresh root and shoot biomass (average ± standard deviation), (B) total and arbuscular colonization (average ± standard 
deviation) and (C) extra-radicular hyphae length (average ± standard deviation) after 56 days of exposure. Test is valid (i.e. 
total colonization ≥ 30%). n values considered in each treatment for each parameter are expressed in the top of the 
respective bars; * - significantly lower compared to control after one-way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn 
post hoc test for p ≤ 0.05. 
Source: own illustration, CloverStrategy. 

 

Chemical analyses were performed to determine the actual contamination of Tebuconazole in 
soil collected at the beginning of the experiments (Table 27). 

These analyses followed the modified QuEChERS methodology (Perestrelo et al., 2019), where 
aliquots of each treatment and control were prepared by mixing 5 g of soil with 10 mL of ultra-
pure water and 10 mL of acetonitrile. After shaking the mixture for 2 min, 1 g of citrate dibasic, 
0.5 g of disodium citrate, 1 g of sodium chloride and 4 g of magnesium sulphate were added. The 
later mixture was shaken for 2 min, centrifuged at 4500 rpm for 10 min and injected with 10 μL 
of acetonitrile. Aliquots were analyzed by UPLC-MS/MS. Calibration was performed on matrix 
(soil blank) with internal standard. Tebuconazole standard by Dr Ehrenstorfer (CAS 107534-96-
3; purity 98.57%) was used to assess the quality of the analysis. The percentage of recovery of 
Tebuconazole was 99% and the quantification limit was 0.005 mg TBC/kg.  
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Table 27: Nominal and initial measured concentrations of Tebuconazole (in mg TBC/kg of soil 
DW), and the respective percentage of nominal concentrations measured in soil 
samples collected from AMF symbiotic phase tests using inoculants of F. mosseae 
or R. clarus and test soils Bra8 and OECD 2.5% artificial soil, carried out in 
laboratory of UDESC (Brazil).  

 
AMF species Soil Lab Nominal 

concentration 
(mg TBC/kg of 

soil DW) 

Measured 
concentration 
(mg TBC/kg of 

soil DW) 

% nominal concentration 

0 0.018 NA 

0.5 0.035 7.0 

5 0.0079 0.158 

25 0.018 0.072 

F. mosseae Bra8 UDESC 

50 0.072 0.144 

0 0.018 NA 

0.5 0.78 156.0 

5 3.7 74.0 

25 18.5 74.0 

50 40.0 80.0 

R. clarus Bra8 UDESC 

100 94.8 94.8 

0 0.076 NA 

0.5 0.92 184.0 

5 4.1 82.0 

25 20.5* NA 

50 32.3 64.6 

R. clarus OECD 2.5% UDESC 

100 79.8 79.8 
NA – not applicable; * - Lost sample –value estimated by multiplying the measured concentration of the previous treatment 
by the dilution factor between the two treatments (i.e. 5). 

 

2.6.1.3.1 Conclusions of the experiments with Tebuconazole 

Results obtained in the experiments with Tebuconazole (Table 28) did not allow to observe a 
coherent relationship between the AMF parameters assessed (i.e. total and arbuscular 
colonization or extra-radicular hyphae length) and concentration of Tebuconazole in soil. AMF 
sensitivity varied greatly among each experiment and even within the same experiment among 
the different parameters.  



TEXTE Test battery for the effect determination of chemicals in soils: Suitability of test systems with mycorrhizal fungi for 
the risk assessment – Suitability of test systems with mycorrhizal fungi for the risk assessment 

146 

 

While R. clarus seems to be very sensitive to Tebuconazole in OECD 2.5% artificial soil (e.g. EC10 
EHL= 0.000002 mg TBC/kg of soil DW), the same species was less sensitive than F. mosseae in 
the experiment with Bra8 soil when considering total and arbuscular colonization. On the other 
hand, despite the high sensitivity of total and arbuscular colonization shown by F. mosseae to 
Tebuconazole in Bra8 soil, extra-radicular hyphae length was not significantly affected in any of 
the test treatments with plant biomass production. Moreover, significant effects found in AMF 
parameters were generally associated to significant decreases of plant biomass production, 
which suggest that the reductions in AMF colonization can be related to the lack of plant biomass 
instead of the presence of Tebuconazole in soil.   

The endpoints obtained from these experiments contrast with those published by Campos et al. 
(2015), where no effects on AMF colonization and spores production of indigenous AMF were 
observed in a mixture of 2 natural soils (in a ratio of 1:1, w:w) with 3% of granulated and air 
dried elephant grass (Pennisetum purpureum) sprayed with a commercial formulation of a 
mixture of Tebuconazole and Trifloxystrobin that corresponded to a Tebuconazole 
concentration of 0.19 mg TBC/kg DW (assuming an homogeneous distribution of the fungicide 
among the top 5 cm soil layer and a substrate bulk density of 1.5 g/cm3) in greenhouse 
experiments using beans as host plant.  

The endpoints estimated in the experiments with Tebuconazole on the ERAMYC project are 
generally lower than most of the endpoints reported in the literature for non-target in-soil 
organisms (namely invertebrates and plants; Appendix A.23), which suggests that AMF could be 
more sensitivity to Tebuconazole compared to other groups of non-target soil organisms, some 
of them considered in current ERA of PPPs. 

Tebuconazole showed suitability to be used as a reference substance or in ring test experiments 
only for with inoculant of R. clarus in OECD 2.5% artificial soil. In experiments with F. mosseae in 
both soils or with R. clarus in Bra8 soil, data did not show a clear relation between increasing 
concentrations of Tebuconazole in soil and the AMF colonization and extra-radicular hyphae 
length. 
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Table 28: Summary of the experiments performed in the consortium laboratories with Tebuconazole (TBC) using two AMF species (Rhizophagus clarus 
and Funneliformis mosseae) in artificial soil (OECD 2.5%) and a Brazilian natural soil (Bra8). No-Observed Effect Concentration (NOEC), 
Lowest Observed Effect Concentration (LOEC) and Effect Concentrations for 10% and 50% (EC10 and EC50) reduction on total colonization 
(TC), arbuscular colonization (AC) and extra-radicular hyphae length (EHL) were estimated in valid experiments only (effects on plant 
biomass were not estimated) using nominal concentrations. Results are expressed in mg TBC/kg of soil dry weight. Non-linear models 
applied and the respective r2 values are presented in Appendix A.20.   

AMF species Soil Concentrations 
(mg TBC/kg DW) 

Concentrations 
with plant 
biomass 

(mg TBC/kg DW) 

Laboratory State 
(valid/invalid) 

Parameters NOEC LOEC EC10 EC50 

TC 0.5 5 0.005* 0.03* 

AC < 0.5 0.5 ND ND 

F. mosseae Bra8 0; 0.5; 5; 25; 50; 
100 

0; 0.5; 5; 25; 50 UDESC Valid 

EHL 50 > 50 > 50 > 50 

TC - - - - 

AC - - - - 

F. mosseae OECD 2.5% 0; 0.5; 5; 25; 50; 
100 

0; 0.5; 5; 25; 50 UDESC Invalid 

EHL - - - - 

TC < 0.5 0.5 74.6* > 100 

AC 100 > 100 17.0* > 100 

R. clarus Bra8 0; 0.5; 5; 25; 50; 
100 

0; 0.5; 5; 25; 50; 
100 

UDESC Valid 

EHL 100 > 100 2.4* 15.7* 

TC < 0.5 0.5 0.03* 0.2* 

AC 100 > 100 0.26* 1.73* 

R. clarus OECD 2.5% 0; 0.5; 5; 25; 50; 
100 

0; 0.5; 5; 25; 50; 
100 

UDESC Valid 

EHL 100 > 100 0.000002* > 100 
* - Data did not allow to estimate the 95% confidence intervals. ND - the fit of the model did not allow the estimation of EC10 and EC50. 
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2.6.1.4 Experiments with Terbuthylazine (TRZ) 

Terbuthylazine is an herbicide widely used in agriculture to control weeds and in commercial 
and industrial water-cooling systems, and in residential and commercial ornamental ponds, 
fountains and aquaria as an algicide, microbicide and microbiostat (USEPA, 1995; PPDB, 2024). 
Physical and chemical properties of Terbuthylazine are described on Table 29. 

Table 29: Physical and chemical properties of Terbuthylazine.  

Terbuthylazine 

Pesticide type Herbicide 

Substance group Triazine herbicide, Methoxytriazine herbicide 

IUPAC name 2-N-tert-butyl-6-chloro-4-N-ethyl-1,3,5-triazine-2,4-diamine 

Empirical formula C₉H₁₆ClN₅ 

CAS number 5915-41-3 

Molecular mass 229.71 g/mol 

Melting point (°C) 175 

Solubility (water, 20°C) 6.6 mg/L 

Dissociation constant (pKa) (25°C) 1.9 

Log Kow (20°C) 3.4 

Henry's Law constant 2.3 x 10-3 Pa/m3/mol 

Degradation point (°C) 224 

Degradation in soil (aerobic) 

DT50 (lab at 20°C) 72 days 

DT50 (field) 21.8 days 
Data retrieved from PubChem (https://pubchem.ncbi.nlm.nih.gov/) and PPDB 
(https://sitem.herts.ac.uk/aeru/ppdb/en/index.htm). 

Four experiments were performed with Terbuthylazine, using inoculants of Rhizophagus clarus 
and Funneliformis mosseae and using leek as host plant in OECD 2.5% or Bra8 soils. These 
experiments were carried out in UDESC (Brazil) laboratory (Table 30). 

Table 30: Experiments performed in UDESC (Brazil) with Terbuthylazine using inoculants of 
Funneliformis mosseae and Rhizophagus clarus on two test soils (artificial soil, 
OECD 2.5%, and natural Brazilian soil, Bra8). 

  OECD 2.5% Bra8 

Terbuthylazine F. mosseae UDESC UDESC 

https://pubchem.ncbi.nlm.nih.gov/
https://sitem.herts.ac.uk/aeru/ppdb/en/index.htm


TEXTE Test battery for the effect determination of chemicals in soils: Suitability of test systems with mycorrhizal fungi for 
the risk assessment – Suitability of test systems with mycorrhizal fungi for the risk assessment 

149 

 

  OECD 2.5% Bra8 

R. clarus UDESC UDESC 

 

The experiments were performed according to the procedures described in the SOP Test 2 
(Appendix A.18), using a gradient of concentrations composed of the treatments 0, 0.5, 5, 25, 50, 
100 mg TRZ/kg of soil. Test concentrations were selected to cover a range of concentrations 
large enough to provoke effects in AMF symbiotic phase parameters, without taking into 
consideration realistic application doses of real scenarios.  

Results obtained in the experiments are presented in graphs of Figures 48 to 51 and raw data 
are presented in Appendix A.19. 

Figure 48: Host plant: leek (Allium ampeloprasum); Inoculant: Funneliformis mosseae; Test 
soil: Bra8; Test substance: Terbuthylazine; Performing lab: UDESC, Brazil.  

 
(A) Fresh root and shoot biomass (average ± standard deviation), (B) total and arbuscular colonization (average ± standard 
deviation) and (C) extra-radicular hyphae length (average ± standard deviation) after 56 days of exposure. Test is valid (i.e. 
total colonization ≥ 30%). n values considered in each treatment for each parameter are expressed in the top of the 
respective bars; * - significantly lower compared to control after one-way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn 
post hoc test for p ≤ 0.05. NPB – no plant biomass produced; NA – not assessed. 
Source: own illustration, CloverStrategy. 
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Figure 49: Host plant: leek (Allium ampeloprasum); Inoculant: Funneliformis mosseae; Test 
soil: OECD 2.5%; Test substance: Terbuthylazine; Performing lab: UDESC, Brazil. 

 
(A) Fresh root and shoot biomass (average ± standard deviation), (B) total and arbuscular colonization (average ± standard 
deviation) and (C) extra-radicular hyphae length (average ± standard deviation) after 56 days of exposure. Test is valid (i.e. 
total colonization ≥ 30%). n values considered in each treatment for each parameter are expressed in the top of the 
respective bars. NPB – no plant biomass produced; NA – not assessed. 
Source: own illustration, CloverStrategy. 
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Figure 50:  Host plant: leek (Allium ampeloprasum); Inoculant: Rhizophagus clarus; Test soil: 
Bra8; Test substance: Terbuthylazine; Performing lab: UDESC, Brazil.  

 

(A) Fresh root and shoot biomass (average ± standard deviation), (B) total and arbuscular colonization (average ± standard 
deviation) and (C) extra-radicular hyphae length (average ± standard deviation) after 56 days of exposure. Test is valid (i.e. 
total colonization ≥ 30%). n values considered in each treatment for each parameter are expressed in the top of the 
respective bars; * - significantly lower compared to control after one-way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn 
post hoc test for p ≤ 0.05. NPB – no plant biomass produced; NA – not assessed. 
Source: own illustration, CloverStrategy. 
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Figure 51: Host plant: leek (Allium ampeloprasum); Inoculant: Rhizophagus clarus; Test soil: 
OECD 2.5%; Test substance: Terbuthylazine; Performing lab: UDESC, Brazil.  

 

(A) Fresh root and shoot biomass (average ± standard deviation), (B) total and arbuscular colonization (average ± standard 
deviation) and (C) extra-radicular hyphae length (average ± standard deviation) after 56 days of exposure. Test is valid (i.e. 
total colonization ≥ 30%). n values considered in each treatment for each parameter are expressed in the top of the 
respective bars; * - significantly lower compared to control after one-way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn 
post hoc test for p ≤ 0.05. NPB – no plant biomass produced; NA – not assessed. 
Source: own illustration, CloverStrategy. 

 

Chemical analyses were performed to determine the actual contamination of Terbuthylazine in 
soil collected at the beginning of the experiments, following the same methodology described for 
the chemical determination of Tebuconazole (Perestrelo et al., 2019; see section 2.6.1.3.) (Table 
31). 

Terbuthylazine standard by Dr Ehrenstorfer (CAS 5915-41-3; purity 99.28%) was used to assess 
the quality of the analysis. The percentage of recovery of Terbuthylazine was 98% and the 
quantification limit was 0.005 mg TRZ/kg. 
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Table 31: Nominal and initial measured concentrations of Terbuthylazine (in mg TRZ/kg of 
soil DW), and the respective percentage of nominal concentrations measured in soil 
samples collected from AMF symbiotic phase tests using inoculants of F. mosseae 
or R. clarus and test soils Bra8 and OECD 2.5% artificial soil, carried out in 
laboratory of UDESC (Brazil).  

 
AMF species Soil Lab Nominal 

concentration 
(mg TRZ/kg of 

soil DW) 

Measured 
concentration 
(mg TRZ/kg of 

soil DW) 

% nominal concentration 

0 < 0.005 NA 

0.5 < 0.005 NA 

5 < 0.005 NA 

F. mosseae Bra8 UDESC 

50 < 0.005 NA 

0 0.018 NA 

0.5 0.34 68 

F. mosseae OECD 2.5% UDESC 

5 3.6 72 

0 < 0.005 NA 

0.5 0.32 64 

5 3.5 70 

R. clarus Bra8 UDESC 

25 23.7 94.8 

0 0.018 NA 

0.5 0.32 64 

5 3.2* NA 

R. clarus OECD 2.5% UDESC 

25 21.4 85.6 
NA – not applicable; * - Lost sample –value estimated by multiplying the measured concentration of the previous treatment 
by the dilution factor between the two treatments (i.e. 10). 

 

2.6.1.4.1 Conclusions of the experiments with Terbuthylazine 

The endpoints estimated from the tests performed with Terbuthylazine, as well as their 
compliance with the validity criterion (i.e. total colonization ≥ 30% in the negative control), are 
summarized in Table 32.  

Results obtained suggest that R. clarus is generally more sensitive to the herbicide than F. 
mosseae, independently of the tested soil. This was particularly evident when considering AMF 
total and arbuscular colonization of roots. Both species were more sensitive to Terbuthylazine 
when exposed in OECD 2.5% artificial soil than when exposed in Bra8 soil. These results 
contrast with the data reported by Giovannetti et al. (2006), who carried out a pre-symbiotic 
phase tests with Glomus mosseae in sand with increasing concentrations of a commercial 



TEXTE Test battery for the effect determination of chemicals in soils: Suitability of test systems with mycorrhizal fungi for 
the risk assessment – Suitability of test systems with mycorrhizal fungi for the risk assessment 

154 

 

product of Terbuthylazine. These authors did not find effects on spore germination at 
concentrations up to 81.2 mg TRZ/l, but did for hyphal growth at concentrations higher or equal 
to 5.2 mg TRZ/l. On the other hand, considering the endpoints from literature for other soil 
organisms to Terbuthylazine (either through a commercial product or as a pure active 
ingredient), the endpoints estimated for AMF to Terbuthylazine in the present project show a 
tendency of AMF to be, in general, more sensitive than the other non-target soil organisms 
tested, including NTTPs (Appendix A.23).  

Notwithstanding, the endpoints estimated in the present study were generally conditioned by 
the toxicity of the herbicide to the host plant, that was generally too high, which impaired the 
plant biomass production in the highest test concentrations. This happened because 
Terbuthylazine was more (or similarly) toxic to the host plant than to F. mosseae and R. clarus 
symbioses in the test soils and therefore, Terbuthylazine cannot be considered suitable to be 
applied in AMF symbiotic phase experiments as a reference substance. 
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Table 32: Summary of the experiments performed by the consortium laboratories with Terbuthylazine (TRZ) using two AMF species (Rhizophagus 
clarus and Funneliformis mosseae) in artificial soil (OECD 2.5%) and a natural Brazilian soil (Bra8). No-Observed Effect Concentration (NOEC), 
Lowest Observed Effect Concentration (LOEC) and Effect Concentrations for 10% and 50% (EC10 and EC50) reduction on total colonization 
(TC), arbuscular colonization (AC) and extra-radicular hyphae length (EHL) were estimated (effects on plant biomass were not estimated) 
using nominal concentrations. Results are expressed in mg TRZ/kg of soil dry weight. Non-linear models applied and the respective r2 values 
are presented in Appendix A.20.   

AMF 
species 

Soil Concentrations 
(mg TRZ/kg DW) 

Concentrations 
with plant biomass 

(mg TRZ/kg DW) 

Laboratory State 
(valid/invalid) 

Parameters NOEC LOEC EC10 EC50 

TC 5 > 5 38.7* > 50 

AC 5 > 5 10.5* 11.6* 

F. mosseae Bra8 0; 0.5; 5; 25; 50; 100 0; 0.5; 5; 50 UDESC Valid 

EHL 50 > 50 ND ND 

TC 5 > 5 > 5 > 5 

AC 5 > 5 > 5 > 5 

F. mosseae OECD 
2.5% 

0; 0.5; 5; 25; 50; 100 0; 0.5; 5 UDESC Valid 

EHL 5 > 5 0.03* 0.2* 

TC 5 > 5 3.7* 5.1* 

AC 5 > 5 4.6* 5.0* 

R. clarus Bra8 0; 0.5; 5; 25; 50; 100 0; 0.5; 5; 25 UDESC Valid 

EHL 25 > 25 3.9* > 25 

TC 5 > 5 0.4* 3.5* 

AC 5 > 5 ND ND 

R. clarus OECD 
2.5% 

0; 0.5; 5; 25; 50; 100 0; 0.5; 5; 25 UDESC Valid 

EHL 0.5 5 0.09* 5.2* 
* - Data did not allow to estimate the 95% confidence intervals. ND - the fit of the model did not allow the estimation of EC10 and EC50. 
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2.6.1.5 Experiments with Azoxystrobin (AZX)  

Azoxystrobin is a post-emergence broad spectrum fungicide widely used in agriculture for the 
control of fungal diseases affecting crops (Wang et al. 2020). Physical and chemical properties of 
Azoxystrobin are presented in Table 33. 

Table 33: Physical and chemical properties of Azoxystrobin.  

Azoxystrobin 

Pesticide type Fungicide 

Substance group Strobilurin fungicide 

IUPAC name Methyl (E)-2-{2-[6-(2-cyanophenoxy)pyrimidin-4-yloxy]phenyl}-3-
methoxyacrylate 

Empirical formula C22H17N3O5 

CAS number 131860-33-8 

Molecular mass 403.4 g/mol 

Melting point (°C) 116 

Solubility (water, 20°C) 6.7 mg/L 

Solubility (acetone, 20°C) 86000 mg/L 

Dissociation constant (pKa) 
(25°C) 

Not applicable 

Log Kow (20°C) 2.5 

Henry's Law constant 7.40 x 10-9 Pa/m3/mol 

Degradation point (°C) 345 

Degradation in soil (aerobic) 

DT50 (lab at 20°C) 84.5 days 

DT50 (field) 180.7 days 
Data retrieved from PubChem (https://pubchem.ncbi.nlm.nih.gov/) and PPDB 
(https://sitem.herts.ac.uk/aeru/ppdb/en/index.htm). 

Eight experiments exposing R. irregularis and two exposing F. mosseae to Azoxystrobin using 
leek as host plant in OECD 2.5% artificial soil, #Lufa 2.1, Por3, Lufa 2.2, Est32 and Bra8 natural 
soils were carried out by the consortium laboratories. For these experiments, a concentration 
gradient composed of 0, 0.5, 5, 25, 50, 100 mg AZX/kg of soil DW for #Lufa 2.1 and OECD 2.5% 
soils and 0, 0.5, 1.25, 3.125, 7.8, 19.5 mg AZX/kg soil DW for the rest of the soils were used. The 
test concentrations were selected with the aim of estimating NOEC, LOEC, EC10 and EC50 
values, and therefore, did not aim to cover realistic application doses.  

The list of experiments carried out with Azoxystrobin are summarized in Table 34 and were 
performed according to the procedures described in the SOP Test 2 (Appendix A.18). 

https://pubchem.ncbi.nlm.nih.gov/
https://sitem.herts.ac.uk/aeru/ppdb/en/index.htm
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Table 34: Experiments performed by the consortium laboratories (UC, Portugal; UDESC, 
Brazil; UT, Estonia) with Azoxystrobin using inoculants of Funneliformis mosseae 
and Rhizophagus irregularis in OECD 2.5%, #Lufa 2.1, Por3, Lufa 2.2, Est32 and Bra8 
soils.  

 OECD 2.5% #Lufa 2.1 Por3 Lufa 2.2 Est32 Bra8 

F. mosseae UC UC - - - - 

R. irregularis UC UC UC UC, UDESC, UT UC UDESC 

 

Results obtained in the experiments with Azoxystrobin are presented in Figures 52 to 60 and the 
corresponding raw data are presented in Appendix A.19. 

Figure 52: Host plant: leek (Allium ampeloprasum); Inoculant: Funneliformis mosseae; Test 
soil: #Lufa 2.1; Test substance: Azoxystrobin; Performing lab: UC, Portugal.   

 
(A) Fresh root and shoot biomass (average ± standard deviation), (B) total and arbuscular colonization (average ± standard 
deviation) and (C) extra-radicular hyphae length (average ± standard deviation) after 56 days of exposure. Test is valid (i.e. 
total colonization ≥ 30%). n values considered in each treatment for each parameter are expressed in the top of the 
respective bars; * - significantly lower compared to control after one-way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn 
post hoc test for p ≤ 0.05. 
Source: own illustration, CloverStrategy. 
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Figure 53: Host plant: leek (Allium ampeloprasum); Inoculant: Funneliformis mosseae; Test 
soil: OECD 2.5%; Test substance: Azoxystrobin; Performing lab: UC, Portugal.   

 

(A) Fresh root and shoot biomass (average ± standard deviation), (B) total and arbuscular colonization (average ± standard 
deviation) and (C) extra-radicular hyphae length (average ± standard deviation) after 56 days of exposure. Test is valid (i.e. 
total colonization ≥ 30%). n values considered in each treatment for each parameter are expressed in the top of the 
respective bars; * - significantly lower compared to control after one-way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn 
post hoc test for p ≤ 0.05. 
Source: own illustration, CloverStrategy. 
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Figure 54: Host plant: leek (Allium ampeloprasum); Inoculant: Rhizophagus irregularis; Test 
soil: #Lufa 2.1; Test substance: Azoxystrobin; Performing lab: UC, Portugal.   

 
(A) Fresh root and shoot biomass (average ± standard deviation), (B) total and arbuscular colonization (average ± standard 
deviation) and (C) extra-radicular hyphae length (average ± standard deviation) after 56 days of exposure. Test is valid (i.e. 
total colonization ≥ 30%). n values considered in each treatment for each parameter are expressed in the top of the 
respective bars; * - significantly lower compared to control after one-way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn 
post hoc test for p ≤ 0.05. 
Source: own illustration, CloverStrategy. 
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Figure 55: Host plant: leek (Allium ampeloprasum); Inoculant: Rhizophagus irregularis; Test 
soil: OECD 2.5%; Test substance: Azoxystrobin; Performing lab: UC, Portugal.   

 
(A) Fresh root and shoot biomass (average ± standard deviation), (B) total and arbuscular colonization (average ± standard 
deviation) and (C) extra-radicular hyphae length (average ± standard deviation) after 56 days of exposure. Test is valid (i.e. 
total colonization ≥ 30%). n values considered in each treatment for each parameter are expressed in the top of the 
respective bars; * - significantly lower compared to control after one-way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn 
post hoc test for p ≤ 0.05. 
Source: own illustration, CloverStrategy. 

Figure 56: Host plant: leek (Allium ampeloprasum); Inoculant: Rhizophagus irregularis; Test 
soil: Por3; Test substance: Azoxystrobin; Performing lab: UC, Portugal.  

 
(A) Fresh root and shoot biomass (average ± standard deviation) and (B) total and arbuscular colonization (average ± 
standard deviation) after 56 days of exposure. Test is invalid (i.e. total colonization < 30%). n values considered in each 
treatment for each parameter are expressed in the top of the respective bars. 
Source: own illustration, CloverStrategy. 
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Figure 57:  Host plant: leek (Allium ampeloprasum); Inoculant: Rhizophagus irregularis; Test 
soil: Lufa 2.2; Test substance: Azoxystrobin; Performing lab: UC, Portugal.  

 
(A) Fresh root and shoot biomass (average ± standard deviation) and (B) total and arbuscular colonization (average ± 
standard deviation) after 56 days of exposure. Test is invalid (i.e. total colonization < 30%). n values considered in each 
treatment for each parameter are expressed in the top of the respective bars. NPB – no plant biomass produced; NA – not 
assessed. 
Source: own illustration, CloverStrategy. 

 

Figure 58: Host plant: leek (Allium ampeloprasum); Inoculant: Rhizophagus irregularis; Test 
soil: Lufa 2.2; Test substance: Azoxystrobin; Performing lab: UDESC, Brazil.   

 
(A) Fresh root and shoot biomass (average ± standard deviation) and (B) total and arbuscular colonization (average ± 
standard deviation) after 56 days of exposure. Test is valid (i.e. total colonization ≥ 30%). n values considered in each 
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treatment for each parameter are expressed in the top of the respective bars; * - significantly lower compared to control 
after one-way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn post hoc test for p ≤ 0.05. 
Source: own illustration, CloverStrategy. 

 

Figure 59: Host plant: leek (Allium ampeloprasum); Inoculant: Rhizophagus irregularis; Test 
soil: Est32; Test substance: Azoxystrobin; Performing lab: UC, Portugal.   

 
(A) Fresh root and shoot biomass (average ± standard deviation) and (B) total and arbuscular colonization (average ± 
standard deviation) after 56 days of exposure. Test is invalid (i.e. total colonization < 30%). n values considered in each 
treatment for each parameter are expressed in the top of the respective bars. 
Source: own illustration, CloverStrategy. 
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Figure 60: Host plant: leek (Allium ampeloprasum); Inoculant: Rhizophagus irregularis; Test 
soil: Bra8; Test substance: Azoxystrobin; Performing lab: UDESC, Brazil.   

 
(A) Fresh root and shoot biomass (average ± standard deviation) and (B) total and arbuscular colonization (average ± 
standard deviation) and (C) extra-radicular hyphae length (average ± standard deviation after 56 days of exposure. Test is 
valid (i.e. total colonization ≥ 30%). n values considered in each treatment for each parameter are expressed in the top of 
the respective bars; * - significantly lower compared to control after one-way ANOVA/Kruskal-Wallis followed by 
Dunnett/Dunn post hoc test for p ≤ 0.05. 
Source: own illustration, CloverStrategy. 

 

Seeds germination of leek in the experiments with Lufa 2.2 soil was very low in the experiments 
carried out in UC (Figure 59) and UT (data not shown). Because of that, after the 2-week time for 
seeds germination (as established in the SOP Test 2) replicates were resown. After the second 2-
week period for resown seeds germination, in the experiment carried out in UT, there were only 
2 replicates with germinated seeds in controls (because of that, the test was discarded and no 
data was generated), while in the experiment carried out in UC, some of the germinated plants 
ended up by dying during the exposure/test period, which led to the loss of some replicates. 
Seeds germination in the UDESC experiment with Lufa 2.2 (Figure 60) was also initially low, but 
there was no need to resow the leek.  

Chemical analyses were performed to determine the actual contamination of Azoxystrobin in 
soil collected at the beginning of the experiments, following the same methodology described for 
the chemical determination of the previous test substances (Perestrelo et al., 2019; see section 
2.6.1.3.) (Table 35). 
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Azoxystrobin standard by Sigma-Aldrich (CAS 131860-33-8; purity >98%) was used to assess 
the quality of the analysis. The percentage of Azoxystrobin recovery was 97% and the 
quantification limit was 0.005 mg AZX/kg. 

Table 35: Nominal and initial measured concentrations of Azoxystrobin (in mg AZX/kg of soil 
DW), and the respective percentage of nominal concentrations measured in soil 
samples collected from AMF symbiotic phase tests using inoculants of F. mosseae 
or R. irregularis and test soils #Lufa 2.1, Lufa 2.2, Bra8 and OECD 2.5% artificial soil, 
carried out in UC (Portugal) and UDESC (Brazil).  

 

AMF species Soil Lab Nominal 
concentration 
(mg AZX/kg of 

soil DW) 

Measured 
concentration 
(mg AZX/kg of 

soil DW) 

% nominal concentration 

0 < 0.005 NA 

0.5 0.54 108.0 

5 1.4 28.0 

25 3.9 15.6 

50 6.4 12.8 

F. mosseae #Lufa 2.1 UC 

100 17.2 17.2 

0 < 0.005 NA 

0.5 0.31 62.0 

5 1.6 32.0 

25 3.3 13.2 

50 7.5 15.0 

F. mosseae OECD 2.5% UC 

100 10.8 10.8 

0 < 0.005 NA 

0.5 0.36 72.0 

5 1.1 22.0 

25 4.4 17.6 

50 5.4 10.8 

R. irregularis #Lufa 2.1 UC 

100 13.4 13.4 

0 < 0.005 NA 

0.5 0.27 54.0 

R. irregularis OECD 2.5% UC 

5 1.1 22.0 
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AMF species Soil Lab Nominal 
concentration 
(mg AZX/kg of 

soil DW) 

Measured 
concentration 
(mg AZX/kg of 

soil DW) 

% nominal concentration 

25 3.8 15.2 

50 4.1 8.2 

100 13.8 13.8 

0 < 0.005 NA 

0.5 0.34 68.0 

1.25 1.3 104.0 

3.125 3.0 96.0 

7.8 5.8 74.4 

R. irregularis Bra8 UDESC 

19.5 17.5 89.7 

0 < 0.005 NA 

0.5 0.66 132.0 

1.25 1.6 128.0 

3.125 2.2 70.4 

7.8 6.4 82.1 

R. irregularis Lufa 2.2 UDESC 

19.5 15.2 77.9 
NA – not applicable. 

 

2.6.1.5.1 Conclusions of the experiments with Azoxystrobin 

The endpoints estimated from the data generated in the experiments carried out with 
Azoxystrobin, as well as their respective compliance with the validity criterion (i.e. total 
colonization on the control treatment ≥ 30%), are summarized in Table 36. 

In experiments with #Lufa 2.1, TC and AC of R. irregularis revealed higher sensitivity to 
Azoxystrobin than F. mosseae, however, EHL showed lower sensitivity to R. irregularis compared 
to F. mosseae. Moreover, these differences were not observed in experiments with OECD 2.5% 
artificial soil. Actually, sensitivity of R. irregularis to Azoxystrobin varied with the test soil and 
the AMF parameter measured. While TC of R. irregularis was more sensitive in Lufa 2.2, being in 
the same order of magnitude in the rest of the test soils, AC showed the highest sensitivity in 
#Lufa 2.1, Bra8 and Lufa 2.2 soils and EHL was generally the least sensitive parameter (of the 
three measured AMF parameters), except in the experiment with Bra8, where the EHL showed 
the most sensitive pattern of all experiments with Azoxystrobin.   

Results obtained in the present experiments showed higher sensitivity of AMF to Azoxystrobin 
than the data reported by Campos et al. (2015) who conducted a pot experiment using a mixture 
of two natural soils and Pennisetum purpureum (previously granulated and dried) in a ratio of 
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50:50:3 as substrate, beans as host plant and total colonization and spores production of 
indigenous AMF as parameters to evaluate the effect of a commercial product of Azoxystrobin. 
Authors did not find effects neither on AMF intra-radicular colonization nor in spores 
production in substrate sprayed with the fungicide in a concentration corresponding to 0.16 mg 
AZX/kg DW (assuming an homogeneous distribution of the fungicide among the top 5 cm soil 
layer and a substrate bulk density of 1.5 g/cm3). On the other hand, a reduction on spore 
germination and production, total root colonization and production of extra-radicular mycelium 
of R. irregularis in in-vitro experiments with solutions with increasing concentrations of pure 
Azoxystrobin was observed for concentrations higher than 1 mg AZX/l by Buysens et al. (2015). 
Moreover, the endpoints reported in the literature for non-target soil organisms other than AMF 
(e.g. EC20 Eisenia andrei= 12.2 mg AZX/kg of soil (Leitão et al., 2017), LC50 Eisenia fetida= 21.3 
mg AZX/kg of soil (Xu et al., 2021) and EC10 Enchytraeus crypticus= 17 mg AZX/kg of soil 
(Gomes et al. 2024)) suggest that the TC and/or AC of the AMF R. irregularis is more sensitive to 
Azoxystrobin then other non-target in-soil organisms (Appendix A.23).  

Results obtained in the experiments of the 2nd phase of WP2 evidenced that Azoxystrobin is a 
suitable chemical to be used as a reference substance for AMF testing. Actually, the toxic effects 
observed on the establishment of the AMF-plant symbiosis do not seem to be caused by side 
effects of the contaminant on the host plant. 
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Table 36: Summary of the experiments performed by the consortium laboratories with Azoxystrobin using two AMF species (Rhizophagus irregularis 
and Funneliformis mosseae) in artificial soil (OECD 2.5%) and natural soils (#Lufa 2.1, Por3, Est32, Lufa 2.2 and Bra8). No-Observed Effect 
Concentration (NOEC), Lowest Observed Effect Concentration (LOEC) and Effect Concentrations for 10% and 50% (EC10 and EC50) reduction 
(and the respective 95% confidence intervals) in total colonization (TC), arbuscular colonization (AC) and extra-radicular hyphae length (EHL) 
were estimated in valid experiments only (effects on plant biomass were not estimated) using nominal concentrations. Results are 
expressed in mg AZX/kg of soil dry weight. Non-linear models applied and the respective r2 values are presented in Appendix A.20.   

AMF 
species 

Soil Concentrations 
(mg AZX/kg 

DW) 

Concentrations 
with plant 
biomass 

(mg AZX/kg 
DW) 

Lab State 
(valid/invalid) 

Parameters NOEC LOEC EC10 EC50 

TC 100 > 100 53.1  
(28.1-78.1) 

78.4  
(20.1-136.8) 

AC 100 > 100 10.7* 70.2* 

F. mosseae #Lufa 2.1 0; 0.5; 5; 25; 50; 
100 

0; 0.5; 5; 25; 50; 
100 

UC Valid 

EHL 100 > 100 0.3* 2.2* 

TC 100 > 100 ND ND 

AC 100 > 100 0.9* 5.8* 

F. mosseae OECD 
2.5% 

0; 0.5; 5; 25; 50; 
100 

0; 0.5; 5; 25; 50; 
100 

UC Valid 

EHL 100 > 100 ND ND 

TC 0.5 5 0.2  
(0.1-0.4) 

1.5  
(0.4-2.6) 

AC 100 > 100 0.1* 0.7* 

R. 
irregularis 

#Lufa 2.1 0; 0.5; 5; 25; 50; 
100 

0; 0.5; 5; 25; 50; 
100 

UC Valid 

EHL 100 > 100 99.4* > 100 

R. 
irregularis 

OECD 
2.5% 

0; 0.5; 5; 25; 50; 
100 

0; 0.5; 5; 25; 50; 
100 

UC Valid TC 0.5 5 0.5  
(0.1-0.9) 

3.4  
(0.8-5.9) 
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AMF 
species 

Soil Concentrations 
(mg AZX/kg 

DW) 

Concentrations 
with plant 
biomass 

(mg AZX/kg 
DW) 

Lab State 
(valid/invalid) 

Parameters NOEC LOEC EC10 EC50 

AC 100 > 100 4.2* 4.6* 

EHL 100 > 100 1.7* 11.4* 

TC - - - - R. 
irregularis 

Por3 0; 0.5; 1.25; 
3.125; 7.8; 19.5 

0; 0.5; 1.25; 
3.125; 7.8; 19.5 

UC Invalid 

AC - - - - 

TC - - - - R. 
irregularis 

Lufa 2.2 0; 0.5; 1.25; 
3.125; 7.8; 19.5 

0; 0.5; 1.25; 
3.125; 7.8 

UC Invalid 

AC - - - - 

TC - - - - R. 
irregularis 

Est32 0; 0.5; 1.25; 
3.125; 7.8; 19.5 

0; 0.5; 1.25; 
3.125; 7.8; 19.5 

UC Invalid 

AC - - - - 

TC 3.125 7.8 0.3  
(0.1 - 0.5) 

1.0  
(0.8 - 1.3) 

AC 3.125 7.8 0.1  
(0.01 - 0.2) 

0.6  
(0.1 - 1.1) 

R. 
irregularis 

Bra8 0; 0.5; 1.25; 
3.125; 7.8; 19.5 

0; 0.5; 1.25; 
3.125; 7.8; 19.5 

UDESC Valid 

EHL < 0.5 0.5 0.002* 0.01* 

TC < 0.5 0.5 0.08  
(0.05-0.12) 

0.6  
(0.3-0.8) 

AC 19.5 > 19.5 0.5* 3.0* 

R. 
irregularis 

Lufa 2.2 0; 0.5; 1.25; 
3.125; 7.8; 19.5 

0; 0.5; 1.25; 
3.125; 7.8; 19.5 

UDESC Valid 

EHL 0.5 1.25 17.3  
(4.5-30.1) 

> 19.5 
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AMF 
species 

Soil Concentrations 
(mg AZX/kg 

DW) 

Concentrations 
with plant 
biomass 

(mg AZX/kg 
DW) 

Lab State 
(valid/invalid) 

Parameters NOEC LOEC EC10 EC50 

TC - - - - 

AC - - - - 

R. 
irregularis 

Lufa 2.2 0; 0.5; 1.25; 
3.125; 7.8; 19.5 

  UT  Invalid 

EHL  - -   -  - 
* - Data did not allow to estimate the 95% confidence intervals. ND - the fit of the model did not allow the estimation of EC10 and EC50. 
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2.6.1.6 Experiments with Fluazinam (FLZ) 

Fluazinam is a fungicide widely used in agriculture, mainly to protect crops against Oomycetes. 
This chemical acts by inhibiting spores’ germination, hyphal penetration, growth and 
sporulation (EFSA, 2008), and it is also known to have some acaricidal activity (PPDB, 2024). 
Physical and chemical properties of Fluazinam are summarized on Table 37. 

Table 37: Physical and chemical properties of Fluazinam.  

Fluazinam 

Pesticide type Fungicide, Acaricide 

Substance group Pyridine fungicide, Aminopyridine fungicide, Chloropyridine fungicide 

IUPAC name 3-chloro-N-(3-chloro-5-trifluoromethyl-2-pyridyl)-α,α,α-trifluoro-2,6-
dinitro-p-toluidine 

Empirical formula C13H4Cl2F6N4O4 

CAS number 79622-59-6 

Molecular mass 465.09 g/mol 

Melting point (°C) 117 

Solubility (water. 20°C) 0.135 mg/L 

Solubility (acetone. 20°C) 853000 mg/L 

Dissociation constant 
(pKa) (25°C) 

7.22 

Log Kow (20°C) 4.1 

Henry's Law constant 5.93 x 10-2 Pa/m3/mol 

Degradation point (°C) 150 

Degradation in soil (aerobic) 

DT50 (lab at 20°C) 124 days 

DT50 (field) 25.9 days 
Data retrieved from PubChem (https://pubchem.ncbi.nlm.nih.gov/) and PPDB 
(https://sitem.herts.ac.uk/aeru/ppdb/en/index.htm). 

Seven experiments exposing R. irregularis and two exposing F. mosseae to Fluazinam using leek 
as host plant in OECD 2.5%, #Lufa 2.1, Por3, Lufa 2.2, Est32 and Bra8 soils were carried out in 
the consortium laboratories. For these experiments, a concentration gradient composed of 0, 0.5, 
5, 25, 50, 100 mg FLZ/kg of soil DW for Est32 and OECD 2.5% soils and 0, 0.5, 1.0, 2.0, 4.0 8.0 mg 
FLZ/kg soil DW for the rest of the soils were used. The test concentrations were selected with 
the aim of estimating NOEC, LOEC, EC10 and EC50 values, and therefore, did not aim to cover 
realistic application doses.  

These experiments are summarized in Table 38 and were performed according to the 
procedures described in the SOP Test 2 (Appendix A.18). 

https://pubchem.ncbi.nlm.nih.gov/
https://sitem.herts.ac.uk/aeru/ppdb/en/index.htm
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Table 38: Experiments performed by UT (Estonia) with Fluazinam using inoculants of 
Funneliformis mosseae and Rhizophagus irregularis in OECD 2.5% and Est32 soils. 

  OECD 
2.5% 

Est32 Por3 Lufa 2.2 Bra8 

F. mosseae UT UT - - - Fluazinam 

R. irregularis UT UT UC UC, UT, 
UDESC 

UDESC 

 

Results obtained on the experiments with Fluazinam are presented in graphs of Figures 61 to 68 
and raw data are presented in Appendix A.19. 

Figure 61: Host plant: leek (Allium ampeloprasum); Inoculant: Funneliformis mosseae; Test 
soil: Est32; Test substance: Fluazinam; Performing lab: UT, Estonia.  

 
(A) Dry root and shoot biomass (average ± standard deviation), (B) total and arbuscular colonization (average ± standard 
deviation) and (C) extra-radicular hyphae length (average ± standard deviation) after 56 days of exposure. Test is valid (i.e., 
total colonization ≥ 30%). n values considered in each treatment for each parameter are expressed in the top of the 
respective bars; * - significantly lower compared to control after one-way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn 
post hoc test for p ≤ 0.05. 
Source: own illustration, CloverStrategy. 
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Figure 62: Host plant: leek (Allium ampeloprasum); Inoculant: Funneliformis mosseae; Test 
soil: OECD 2.5%; Test substance: Fluazinam; Performing lab: UT, Estonia.  

 
(A) Dry root and shoot biomass (average ± standard deviation), (B) total and arbuscular colonization (average ± standard 
deviation) and (C) extra-radicular hyphae length (average ± standard deviation) after 56 days of exposure. Test is valid (i.e., 
total colonization ≥ 30%). n values considered in each treatment for each parameter are expressed in the top of the 
respective bars; * - significantly lower compared to control after one-way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn 
post hoc test for p ≤ 0.05. 
Source: own illustration, CloverStrategy. 
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Figure 63: Host plant: leek (Allium ampeloprasum); Inoculant: Rhizophagus irregularis; Test 
soil: Est32; Test substance: Fluazinam; Performing lab: UT, Estonia.   

 

(A) Dry root and shoot biomass (average ± standard deviation), (B) total and arbuscular colonization (average ± standard 
deviation) and (C) extra-radicular hyphae length (average ± standard deviation) after 56 days of exposure. Test is valid (i.e., 
total colonization ≥ 30%). n values considered in each treatment for each parameter are expressed in the top of the 
respective bars; * - significantly lower compared to control after one-way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn 
post hoc test for p ≤ 0.05. 
Source: own illustration, CloverStrategy. 
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Figure 64: Host plant: leek (Allium ampeloprasum); Inoculant: Rhizophagus irregularis; Test 
soil: OECD 2.5%; Test substance: Fluazinam; Performing lab: UT, Estonia.   

 

(A) Dry root and shoot biomass (average ± standard deviation), (B) total and arbuscular colonization (average ± standard 
deviation) and (C) extra-radicular hyphae length (average ± standard deviation) after 56 days of exposure. Test is valid (i.e., 
total colonization ≥ 30%). n values considered in each treatment for each parameter are expressed in the top of the 
respective bars; * - significantly different compared to control after one-way ANOVA/Kruskal-Wallis followed by 
Dunnett/Dunn post hoc test for p ≤ 0.05. 
Source: own illustration, CloverStrategy. 

 

Figure 65: Host plant: leek (Allium ampeloprasum); Inoculant: Rhizophagus irregularis; Test 
soil: Por3; Test substance: Fluazinam; Performing lab: UC, Portugal.   
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(A) Fresh root and shoot biomass (average ± standard deviation) and (B) total and arbuscular colonization (average ± 
standard deviation) after 56 days of exposure. Test is invalid (i.e. total colonization < 30%). n values considered in each 
treatment for each parameter are expressed in the top of the respective bars. 
Source: own illustration, CloverStrategy. 

 

Figure 66: Host plant: leek (Allium ampeloprasum); Inoculant: Rhizophagus irregularis; Test 
soil: Bra8; Test substance: Fluazinam; Performing lab: UDESC, Brazil.   

 
(A) Fresh root and shoot biomass (average ± standard deviation) and (B) total and arbuscular colonization (average ± 
standard deviation) and (C) extra-radicular hyphae length (average ± standard deviation) after 56 days of exposure. Test is 
valid (i.e. total colonization ≥ 30%). n values considered in each treatment for each parameter are expressed in the top of 
the respective bars; * - significantly lower compared to control after one-way ANOVA/Kruskal-Wallis followed by 
Dunnett/Dunn post hoc test for p ≤ 0.05. 
Source: own illustration, CloverStrategy. 
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Figure 67: Host plant: leek (Allium ampeloprasum); Inoculant: Rhizophagus irregularis; Test 
soil: Lufa 2.2; Test substance: Fluazinam; Performing lab: UC, Portugal.  

 
(A) Fresh root and shoot biomass (average ± standard deviation) and (B) total and arbuscular colonization (average ± 
standard deviation) after 56 days of exposure. Test is invalid (i.e. total colonization < 30%). n values considered in each 
treatment for each parameter are expressed in the top of the respective bars; * - significantly lower compared to control 
after one-way ANOVA/Kruskal-Wallis followed by Dunnett post hoc test for p ≤ 0.05. NPB – no plant biomass produced; NA 
– not assessed. 
Source: own illustration, CloverStrategy. 
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Figure 68: Host plant: leek (Allium ampeloprasum); Inoculant: Rhizophagus irregularis; Test 
soil: Lufa 2.2; Test substance: Fluazinam; Performing lab: UDESC, Brazil.   

 
(A) Fresh root and shoot biomass (average ± standard deviation) and (B) total and arbuscular colonization (average ± 
standard deviation) after 56 days of exposure. Test is valid (i.e. total colonization ≥ 30%). n values considered in each 
treatment for each parameter are expressed in the top of the respective bars; * - significantly lower compared to control 
after one-way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn post hoc test for p ≤ 0.05. 
Source: own illustration, CloverStrategy. 

 

As for the experiments with Azoxystrobin, seeds germination of leek in the experiments with 
Lufa 2.2 soil was very low in the experiments carried out in UC (Figure 67) and UT (data not 
shown). Because of that, after the 2-week time for seeds germination (as established in the SOP 
Test 2) replicates were resown. After the second 2-week period for resown seeds germination, 
in the experiment carried out in UT, there were only 2 replicates with germinated seeds in 
controls and because of that, the test was discarded, and no data was generated. In the 
experiment carried out in UC, some of the germinated plants ended up by dying during the 
exposure/test period, which led to the loss of some replicates. Seeds germination in the UDESC 
experiment with Lufa 2.2 (Figure 68) was also initially low, however, it was sufficient to not 
need to resow the leek.  

Chemical analyses were performed to determine the actual contamination of Fluazinam in soil 
collected at the beginning of the experiments, following the same methodology described for the 
chemical determination of the previous test substances (Perestrelo et al., 2019; see section 
2.6.1.3.) (Table 39). 
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Fluazinam standard by Dr Ehrenstorfer (CAS 79622-59-6; purity 98.7%), was used to assess the 
quality of the analysis. The percentage of recovery of Fluazinam was 102% and the 
quantification limit was 0.005 mg FLZ/kg. 

Due to a problem in the freezer where the soil samples were stored, no chemical analyses could 
be carried out for the experiments with conducted in UT.   

Table 39: Nominal and initial measured concentrations of Fluazinam (in mg FLZ/kg of soil 
DW), and the respective percentage of nominal concentrations measured in soil 
samples collected from AMF symbiotic phase tests using inoculants of R. irregularis 
and test soils Lufa 2.2 and Bra8, carried out in UDESC (Brazil).  

AMF species Soil Lab Nominal 
concentration 

(mg FLZ/kg of soil 
DW) 

Initial 
measured 

concentration 
(mg FLZ/kg of 

soil DW) 

% nominal concentration 

0 < 0.005 NA 

0.5 0.086 17.2 

1 0.76 76.0 

2 2.3 115.0 

4 2.5 62.5 

R. irregularis Bra8 UDESC 

8 8.5 106.25 

0 < 0.005 NA 

0.5 0.30 60.0 

1 0.68 68.0 

2 1.7 85.0 

4 3.8 95.0 

R. irregularis Lufa 2.2 UDESC 

8 5.6 70.0 

NA – not applicable. 

 

2.6.1.6.1 Conclusions of the experiments with Fluazinam 

Validity of experiments with Fluazinam (considering total colonization on the control treatment 
≥ 30% validity criterion) and the respective estimated endpoints for each parameter are 
summarized in Table 40.  

Experiments with Est32 and OECD 2.5% soils that were carried out for both inoculants with R. 
irregularis and F. mosseae, evidenced a higher sensitivity of F. mosseae to Fluazinam compared to 
R. irregularis for the three AMF parameters TC, AC and EHL. Considering all experiments, the 
total intra-radicular colonization was the most sensitive AMF parameter, in general. 

Despite the lack of toxicity data of Fluazinam from literature to AMF, toxicity data of this 
chemical to other non-target in-soil organisms have been reported from previous studies 
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(Appendix A.23). These data suggest that AMF species can be more sensitive to Fluazinam than 
other non-target in-soil species such as Eisenia sp., Folsomia candida and cucumber in artificial 
soil (EFSA, 2008). 

In general, the experiments carried out with Fluazinam showed that the establishment of the 
AMF-plant symbiosis decreases with the increase of Fluazinam concentration in soil. Therefore, 
Fluazinam seems to be a suitable substance to be used as reference substance in AMF symbiotic 
phase tests. 
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Table 40: Summary of the experiments performed by the consortium laboratories with Fluazinam using two AMF species (Rhizophagus irregularis and 
Funneliformis mosseae) in artificial soil (OECD 2.5%) and natural soils (#Lufa 2.1, Por3, Est32, Lufa 2.2 and Bra8). No-Observed Effect 
Concentration (NOEC), Lowest Observed Effect Concentration (LOEC) and Effect Concentrations for 10% and 50% (EC10 and EC50) reduction 
(and the respective 95% confidence intervals) in total colonization (TC), arbuscular colonization (AC) and extra-radicular hyphae length (EHL) 
were estimated in valid experiments only (effects on plant biomass were not estimated) using nominal concentrations. Results are 
expressed in mg FLZ/kg of soil dry weight. Non-linear models applied and the respective r2 values are presented in Appendix A.20.   

AMF species Soil Concentrations 
(mg FLZ/kg DW) 

Concentrations 
with plant biomass 

(mg FLZ/kg DW) 

Lab State 
(valid/invalid) 

Parameters NOEC LOEC EC10 EC50 

TC 5 25 0.6  
(0.3-0.9) 

3.9  
(2.1-5.7) 

AC 5 25 0.5  
(0.2-0.8) 

3.5  
(1.5-5.5) 

F. mosseae Est32 0; 0.5; 5; 25; 50; 
100 

0; 0.5; 5; 25; 50; 
100 

UT Valid 

EHL 0.5 5 ND ND 

TC 5 25 0.3  
(0.1-0.5) 

1.8  
(0.6-3.1) 

AC 100 > 100 0.3  
(0.1-0.6) 

2.0  
(0.4-3.7) 

F. mosseae OECD 2.5% 0; 0.5; 5; 25; 50; 
100 

0; 0.5; 5; 25; 50; 
100 

UT Valid 

EHL 100 > 100 0.0001* 0.0007* 

TC 100 > 100 23.6  
(2.6-44.6) 

53.7  
(13.1-94.3) 

AC 100 > 100 20.2* 58.5* 

R. irregularis Est32 0; 0.5; 5; 25; 50; 
100 

0; 0.5; 5; 25; 50; 
100 

UT Valid 

EHL 100 > 100 35.5* 44.8  
(27.1-62.6) 
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AMF species Soil Concentrations 
(mg FLZ/kg DW) 

Concentrations 
with plant biomass 

(mg FLZ/kg DW) 

Lab State 
(valid/invalid) 

Parameters NOEC LOEC EC10 EC50 

TC < 0.5 0.5 9.7  
(4.6-14.7) 

18.8  
(4.8-32.8) 

AC < 0.5 0.5 13.6  
(1.1-26.1) 

25.5* 

R. irregularis OECD 2.5% 0; 0.5; 5; 25; 50; 
100 

0; 0.5; 5; 25; 50; 
100 

UT Valid 

EHL 5 25 10.9* 16.7* 

TC - - - - R. irregularis Por3 0; 0.5; 1; 2; 4; 8 0; 0.5; 1; 2; 4; 8 UC Invalid 

AC - - - - 

TC - - - - R. irregularis Lufa 2.2 0; 0.5; 1; 2; 4; 8 0; 0.5; 1; 2; 8 UC Invalid 

AC - - - - 

TC 4.0 8.0 0.3* 5.5  
(2.4-8.6) 

AC 4.0 8.0 0.5  
(0.03-1.0) 

3.2  
(0.2-6.3) 

R. irregularis Bra8 0; 0.5; 1; 2; 4; 8 0; 0.5; 1; 2; 4; 8 UDESC Valid 

EHL 8.0 > 8.0 0.1* 1.0* 

TC 4.0 8.0 0.05* 0.3* 

AC 8.0 > 8.0 7.6  
(2.1-13.2) 

> 8.0 

R. irregularis Lufa 2.2 0; 0.5; 1; 2; 4; 8 0; 0.5; 1; 2; 4; 8 UDESC Valid 

EHL 8.0 > 8.0 0.27* 1.78* 
* - Data did not allow to estimate the 95% confidence intervals. ND - the fit of the model did not allow the estimation of EC10 and EC50. 
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2.6.1.7 Experiments with Pendimethalin (PDM) 

Pendimethalin is a preemergent herbicide widely used in agriculture to inhibit germination of 
annual grasses and weeds (Belden et al. 2005). Physical and chemical properties of 
Pendimethalin are summarised in Table 41.  

Table 41: Physical and chemical properties of Pendimethalin.  

Pendimethalin 

Pesticide type Herbicide 

Substance group Dinitroaniline herbicide 

IUPAC name N-(1-ethylpropyl)-2,6-dinitro-3,4-xylidine 

Empirical formula C₁₃H₁₉N₃O₄ 

CAS number 40487-42-1 

Molecular mass 281.31 g/mol 

Melting point (°C) 56 

Solubility (water. 20°C) 0.33 mg/L 

Dissociation constant (pKa) (25°C) 2.8 

Log Kow (20°C) 5.4 

Henry's Law constant 1.27 Pa/m3/mol 

Degradation point (°C) 246 

Degradation in soil (aerobic) 

DT50 (lab at 20°C) 182.3 days 

DT50 (field) 100.6 days 
Data retrieved from PubChem (https://pubchem.ncbi.nlm.nih.gov/) and PPDB 
(https://sitem.herts.ac.uk/aeru/ppdb/en/index.htm). 

Four experiments exposing the AMFs R. clarus and F. mosseae to Pendimethalin in OECD 2.5% 
artificial soil and Est32 natural soil were carried in laboratory of UT (Estonia) (Table 42).  

Table 42: Experiments performed by UT (Estonia) with Pendimethalin using inoculants of 
Funneliformis mosseae and Rhizophagus irregularis in OECD 2.5% and Est32 soils. 

  OECD 2.5% Est32 

F. mosseae UT UT Pendimethalin 

R. irregularis UT UT 

 

https://pubchem.ncbi.nlm.nih.gov/
https://sitem.herts.ac.uk/aeru/ppdb/en/index.htm
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The experiments were performed according to the procedures described in the SOP Test 2 
(Appendix A.18). The concentration gradient defined for the experiments was composed of the 
following concentrations: 0, 0.5, 5, 25, 50, 100 mg PDM/kg of soil. Test concentrations were 
selected with the objective to find significant effects in the establishment of the AMF-plant 
symbiosis. Therefore, the concentration gradient selected for the experiments did not aim to 
cover realistic application doses of the test substance.  

Results obtained in the experiments with Pendimethalin are presented in graphs of Figures 69 
to 72 and raw data are presented in Appendix A.19. 

 

Figure 69: Host plant: leek (Allium ampeloprasum); Inoculant: Funneliformis mosseae; Test 
soil: Est32; Test substance: Pendimethalin; Performing lab: UT, Estonia.  

 
(A) Dry root and shoot biomass (average ± standard deviation). (B) total and arbuscular colonization (average ± standard 
deviation) and (C) extra-radicular hyphae length (average ± standard deviation) after 56 days of exposure. Test is valid (i.e. 
total colonization ≥ 30%). n values considered in each treatment for each parameter are expressed in the top of the 
respective bars; * - significantly lower compared to control after one-way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn 
post hoc test for p ≤ 0.05. NPB – no plant biomass produced; NA – not assessed. 
Source: own illustration, CloverStrategy. 
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Figure 70: Host plant: leek (Allium ampeloprasum); Inoculant: Funneliformis mosseae; Test 
soil: OECD 2.5%; Test substance: Pendimethalin; Performing lab: UT, Estonia.  

 
(A) Dry root and shoot biomass (average ± standard deviation). (B) total and arbuscular colonization (average ± standard 
deviation) and (C) extra-radicular hyphae length (average ± standard deviation) after 56 days of exposure. Test is valid (i.e. 
total colonization ≥ 30%). n values considered in each treatment for each parameter are expressed in the top of the 
respective bars; NPB – no plant biomass produced; NA – not assessed. 
Source: own illustration, CloverStrategy. 
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Figure 71: Host plant: leek (Allium ampeloprasum); Inoculant: Rhizophagus irregularis; Test 
soil: Est32; Test substance: Pendimethalin; Performing lab: UT, Estonia.  

 
(A) Dry root and shoot biomass (average ± standard deviation). (B) total and arbuscular colonization (average ± standard 
deviation) and (C) extra-radicular hyphae length (average ± standard deviation) after 56 days of exposure. Test is valid (i.e. 
total colonization ≥ 30%). n values considered in each treatment for each parameter are expressed in the top of the 
respective bars; * - significantly lower compared to control after one-way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn 
post hoc test for p ≤ 0.05. NPB – no plant biomass produced; NA – not assessed. 
Source: own illustration, CloverStrategy. 
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Figure 72: Host plant: leek (Allium ampeloprasum); Inoculant: Rhizophagus irregularis; Test 
soil: OECD 2.5%; Test substance: Pendimethalin; Performing lab: UT, Estonia.  

 
(A) Dry root and shoot biomass (average ± standard deviation). (B) total and arbuscular colonization (average ± standard 
deviation) and (C) extra-radicular hyphae length (average ± standard deviation) after 56 days of exposure. Test is valid (i.e. 
total colonization ≥ 30%). n values considered in each treatment for each parameter are expressed in the top of the 
respective bars; NPB – means no plant biomass produced; NA – not assessed. 
Source: own illustration, CloverStrategy. 

 

Due to a problem in the freezer where the soil samples collected at the beginning of the 
experiments were stored, no chemical analyses could be carried out for the experiments with 
Pendimethalin conducted in UT (Estonia). 

 

2.6.1.7.1 Conclusions of the experiments with Pendimethalin 

Endpoints estimated from the results obtained in the experiments performed with 
Pendimethalin, as well as the compliance of each experiment with the validity criterion (i.e., total 
colonization in the control treatment ≥ 30%) are summarized in Table 43.  

EC10 and EC50 values estimated in experiments with Est32 were based on AMF parameters 
measured in concentrations up to 5 mg PDM/kg, which means that the lack of points in the dose-
response curve (only two points plus control in total) makes these values weakly supported. 
EC10 and EC50 values could not be estimated in experiments with OECD 2.5% artificial soil 
because there was no plant biomass production at concentrations higher than the lowest tested 
concentration (i.e. 0.5 mg PDM/kg). In treatments with plant biomass production, the sensitivity 
in the establishment of the AMF-plant symbiosis, in general, did not significantly decrease 
compared to the control. The exception was the TC of F. mosseae in tests with Est32 soil, where 
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both 0.5 and 5 kg/kg treatments showed significantly lower TC than the control, although the 
AMF TC in these treatments was still relatively high (around 50%). Results obtained in most 
experiments agree with the data reported by Giovannetti et al. (2006) who found no significant 
effects of Pendimethalin in spores’ germination of Glomus mosseae (IMA1), despite the 
decreasing dose-response trend observed in growth of extra-radicular mycelium. During the 
experiments conducted in the ERAMYC project, both AMF species were sensitive to 
Pendimethalin, with the AMF F. mosseae showing more sensitivity to this chemical than R. 
irregularis.  

Despite the reduced number of treatments with plant biomass supporting the estimated 
endpoints, it is worth comparing the estimated endpoints with the toxic values reported in the 
literature. The endpoints estimated are generally lower than those from literature (Appendix 
A.23), excepting the results obtained by Sanyal et al. (2015), who estimated LC50 values ranging 
from 0.016 to 0.018 mg PDM/kg of soil for the earthworm Perionyx excavatus after exposure to 
Pendimethalin in a natural soil and OECD 10% artificial soil, respectively. Another exception is 
found for the endpoints estimated in the present project to R. irregularis that are in the same 
order of magnitude of the literature data for the non-target terrestrial plant Lactuca sativa (IC50 
for 7 days seed growth= 7.74 (5.67-10.57) mg PDM/kg of soil). 

Results obtained suggest that Pendimethalin is not suitable to be used as reference substance or 
as test substance for the ring test of AMF symbiotic phase tests, as relatively high AMF 
colonization (i.e. TC around or higher than 50%) was always found in treatments with plant 
biomass production. The trends observed in the experiments with PDM lead to suppose that, 
even refining the concentration gradients, the total inhibition of plant biomass production would 
occur at concentrations not high enough to allow obtaining a clear dose-response for the 
establishment of AMF-plant symbiosis.      
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Table 43: Summary of the experiments performed by UT (Estonia) with Pendimethalin using two AMF species (Rhizophagus irregularis and 
Funneliformis mosseae) in artificial soil OECD 2.5% and natural soils Est32. No-Observed Effect Concentration (NOEC), Lowest Observed 
Effect Concentration (LOEC) and Effect Concentrations for 10% and 50% (EC10 and EC50) reduction (and the respective 95% confidence 
intervals) in total colonization (TC), arbuscular colonization (AC) and extra-radicular hyphae length (EHL) were estimated in valid 
experiments only (effects on plant biomass were not estimated) using nominal concentrations. Results are expressed in mg PDM/kg of soil 
dry weight. Non-linear models applied and the respective r2 values are presented in Appendix A.20.   

AMF species Soil Concentrations 
(mg PDM/kg 

DW) 

Concentrations 
with plant 
biomass 

(mg PDM/kg 
DW) 

Lab State 
(valid/invalid) 

Parameters NOEC LOEC EC10 EC50 

TC > 0.5 0.5 0.03* 0.2* 

AC 5 > 5 1.7* > 5 

F. mosseae Est32 0; 0.5; 5; 25; 50; 
100 

0; 0.5; 5 UT Valid 

EHL 5 > 5 ND ND 

TC 0.5 > 0.5 ND ND 

AC 0.5 > 0.5 ND ND 

F. mosseae OECD 2.5% 0; 0.5; 5; 25; 50; 
100 

0; 0.5 UT Valid 

EHL 0.5 > 0.5 ND ND 

TC 5 > 5 4.4* > 5 

AC 5 > 5 1.4* 1.8* 

R. irregularis Est32 0; 0.5; 5; 25; 50; 
100 

0; 0.5; 5 UT Valid 

EHL 5 > 5 4.2* > 5 

TC 0.5 > 0.5 ND ND 

AC 0.5 > 0.5 ND ND 

R. irregularis OECD 2.5% 0; 0.5; 5; 25; 50; 
100 

0; 0.5 UT Valid 

EHL 0.5 > 0.5 ND ND 
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* - Data did not allow to estimate the 95% confidence intervals. ND - the fit of the model did not allow the estimation of EC10 and EC50. 

 

 

 

 

 

 



TEXTE Test battery for the effect determination of chemicals in soils: Suitability of test systems with mycorrhizal fungi for 
the risk assessment – Suitability of test systems with mycorrhizal fungi for the risk assessment 

190 

 

2.7 Conclusions and discussion of the results obtained on WP2 

2.7.1 Selection of a reference substance for AMF testing  

Forty experiments were carried out in the 2nd phase of the WP2 to evaluate the suitability of 
seven chemicals (Boric acid, Copper sulphate, Tebuconazole, Terbuthylazine, Azoxystrobin, 
Fluazinam and Pendimethalin) to be used as reference substance in the AMF symbiotic phase 
tests (Table 44). These experiments were performed in the three consortium laboratories using 
three AMF species (Funneliformis mosseae, Rhizophagus irregularis and Rhizophagus clarus), one 
host plant (Allium ampeloprasum) and six test soils (OECD 2.5% artificial soil and Bra8, Lufa 2.2, 
Est32, Por3 and #Lufa 2.1 natural soils). The selection of two test substances to be used as 
reference substance in the ring tests to be performed on WP3 were based on the results of these 
experiments.  

Table 44: Suitability of seven chemicals to be used as reference substance for the ring test 
experiments, based on the results of experiments performed in the 2nd phase of 
WP2 of the ERAMYC project using three AMF species (Funneliformis mosseae, 
Rhizophagus irregularis and Rhizophagus clarus), one artificial soil and five natural 
soils (OECD 2.5% artificial soil and Bra8, Lufa 2.2, Est32, Por3 and #Lufa 2.1 natural 
soils). Tests were performed by the consortium laboratories (UC, UT and UDESC). S 
– suitable to be used as reference substance; NS – not suitable to be used as 
reference substance; NS/S – further tests required for suitability confirmation. 

Chemical AMF species OECD 2.5% Bra8 Lufa 2.2 Est32 Por3 #Lufa 2.1 

F. mosseae NS 

(UDESC) 

NS 

(UDESC) 

- - NS 

(UC) 

NS 

(UC) 

R. clarus - - - - - - 

Bo
ric

 a
ci

d 

R. irregularis NS 

(UT) 

- - - NS 

(UC) 

NS 

(UC) 

F. mosseae NS/S 

(UDESC) 

- - - - - 

R. clarus - - - - - - 

Co
pp

er
 su

lp
ha

te
 

R. irregularis NS/S 

(UDESC) 

- - - - - 

F. mosseae NS 

(UDESC) 

NS 

(UDESC) 

- - - - 

Te
rb

ut
hy

la
zin

e 

R. clarus NS NS - - - - 
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Chemical AMF species OECD 2.5% Bra8 Lufa 2.2 Est32 Por3 #Lufa 2.1 

(UDESC) (UDESC) 

R. irregularis - - - - - - 

F. mosseae NS 

(UDESC) 

NS 

(UDESC) 

- - - - 

R. clarus S 

(UDESC) 

NS 

(UDESC) 

- - - - 

Te
bu

co
na

zo
le

 

R. irregularis - - - - - - 

F. mosseae NS 

(UT) 

- - S 

(UT) 

- - 

R. clarus - - - - - - 

Fl
ua

zin
am

 

R. irregularis S 

(UT) 

S 

(UDESC) 

S 

(UDESC) 

S 

(UT) 

NS 

(UC) 

- 

F. mosseae NS 

(UC) 

- - - - NS 

(UC) 

R. clarus - - - - - - 

Az
ox

ys
tr

ob
in

 

R. irregularis S 

(UC) 

S 

(UDESC) 

S 

(UDESC) 

NS 

(UC) 

NS 

(UC) 

NS 

(UC) 

F. mosseae NS 

(UT) 

- - NS 

(UT) 

- - 

R. clarus - - - - - - 

Pe
nd

im
et

ha
lin

 

R. irregularis NS 

(UT) 

- - NS 

(UT) 

- - 
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Boric acid is not suitable to be used as reference substance to the AMF symbiotic phase tests as 
the decrease of AMF colonization observed in the experiments (with the two AMF species) 
seems related to the toxic effects of the substance in leek (i.e., decreased biomass) for the four 
tested soils (OECD 2.5%, Por3, #Lufa 2.1 and Bra8). Similarly, the toxicity of Pendimethalin and 
Terbuthylazine was also higher in the host plant (leek) than in the establishment of the AMF-
plant symbiosis with F. mosseae and R. irregularis, in OECD 2.5%, Bra8 and Est32 soils. 
Therefore, Pendimethalin and Terbuthylazine were not considered for the selection of a 
reference substance. 

Copper sulphate was inconclusive regarding its suitability to be used as reference substance, due 
to the unclear relationship between the concentrations of Copper sulphate and the effects on 
plant biomass production and root AMF colonization of F. mosseae. Toxic effects on the host 
plant appeared to be higher than the effects on AMF colonization on experiments with R. 
irregularis, but this could be due to the concentration gradient used, possibly too large between 
test concentrations. Therefore, further AMF symbiotic phase tests using refined concentration 
gradients are advised to better clarify this relationship. 

Thus, the main candidates to be used as reference substance were the fungicides Tebuconazole, 
Azoxystrobin and Fluazinam.  

Tebuconazole seemed a suitable test substance but only when using R. clarus inoculant in OECD 
2.5% soil, as the experiments with R. clarus in Bra8 soil and the experiments with F. mosseae did 
not evidence a coherent dose-response relationship between the Tebuconazole increasing 
concentrations and the AMF root colonization. 

Azoxystrobin showed toxic effects in experiments with R. irregularis inoculant, regardless the 
test soil used. Clear dose-response effects (especially regarding total colonization) on the AMF 
parameters were observed on experiments with this species to contaminated OECD 2.5%, Bra8 
and Lufa 2.2 soils. Furthermore, the effects observed seem to be more connected to the toxicity 
of Azoxystrobin on AMF root colonization than to effects in the host plant biomass production. 

Fluazinam also showed higher toxicity to AMF symbiotic parameters (e.g. root colonization) 
than to leek growth. This was particularly evident in experiments with F. mosseae inoculant in 
Est32 and in the experiments with R. irregularis inoculant in OECD 2.5%, Est32, Bra8 and Lufa 
2.2 soils. 

Finally, the substances Azoxystrobin and Fluazinam were selected as test substances for WP3 
since these were the substances that showed clearer effects in the experiments conducted in 
WP2 (for most AMF species and tested soils).  

 

2.7.2 Selection of an AMF species for WP3 testing 

The three AMF species used on the experiments conducted during the 2nd phase of WP2 
(Rhizophagus irregularis, Rhizophagus clarus and Funneliformis mosseae) led to a high number of 
valid experiments, showing that these species are suitable for the performance of AMF symbiotic 
phase tests. 

The relative sensitivity of the three AMF species was evaluated for each test substance by 
comparing the endpoints obtained with each species on experiments using the same test soil 
(Table 45). 
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Table 45: Relative sensitivity of three AMF species to the different test substances. Only 
clusters of experiments conducted with different AMF species and using the same 
test soil were considered. 

Test substance Test soil Upward sensitivity of AMF species 

Boric acid OECD 2.5% F. mosseae > R. irregularis 

CuSO4 OECD 2.5% R. irregularis  F. mosseae   

Tebuconazole Bra8 F. mosseae > R. clarus 

Terbuthylazine Bra8 R. clarus > F. mosseae 

Terbuthylazine OECD 2.5% F. mosseae  R. clarus 

Azoxystrobin #Lufa 2.1 R. irregularis  F. mosseae 

Azoxystrobin OECD 2.5% R. irregularis  F. mosseae 

Fluazinam Est32 F. mosseae > R. irregularis 

Fluazinam OECD 2.5% R. irregularis  F. mosseae 

Pendimethalin Est32 R. irregularis  F. mosseae 

Pendimethalin OECD 2.5% R. irregularis = F. mosseae  

 - sensitivity higher or lower depending on the parameter (whether TC, AC or EHL is considered) and/or the estimated 
endpoint (whether NOEC, LOEC, EC10 or EC50 is considered) 

 

Given the similar sensitivity of R. irregularis and F. mosseae for most of the test substances, the 
consortium selected R. irregularis as the species to be used on the experiments from WP3. The 
decision was supported by the good performance of this species on the experiments from WP2 
(especially in the experiments conducted with Azoxystrobin and Fluazinam, the test substances 
selected for the ring test) and by the availability of sufficient R. irregularis inoculant from a 
culture bank (Agroscope, Switzerland). This ensured the performance of WP3 experiments, 
without the need for inoculant propagation by the consortium, which would be very time-
consuming and unfeasible within the project timeline.  
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2.7.3 Influence of soil properties on AMF colonization and on the sensitivity of AMF to 
the presence of chemicals in soil 

2.7.3.1 Statistical analysis 

Predictive Generalised Linear Models (GLMs) were conducted to assess the influence of soil 
properties on AMF colonization and on the sensitivity of AMF to chemicals in soil.  

For assessing the influence of soil properties on the establishment of the AMF-plant symbiosis, 
an independent GLM was applied for each test parameter (TC, AC and EHL), considering the 
respective average measurements in negative controls of experiments from both phases of WP2 
with F. mosseae and R. irregularis (as these were the AMF species used by all project partners) 
and leek (as this was the host plant used in most of the 1st phase experiments and in all of the 2nd 
phase experiments of WP2) (i.e. a total of 32 valid tests) as response variable and soil pH, 
organic matter content, cation exchange capacity, sand, silt and clay contents, aluminium 
exchangeable concentration and phosphorus, iron and manganese extractable concentrations as 
continuous explanatory variables. Additionally, the influence of AMF species, and laboratories 
were evaluated, considering these factors as nominal explanatory variables (variables and data 
considered in the GLMs are presented in Table 46 and Appendix A.21, respectively).  

For assessing the influence of soil properties on the sensitivity of AMF colonization to the 
presence of chemicals, a GLM independent for each endpoint (estimated EC10 and EC50 values 
based on nominal test concentrations) and test parameter (i.e. TC, AC and EHL) was applied 
using the respective estimated endpoints of valid tests of the 2nd phase of WP2 using R. 
irregularis and Azoxystrobin and Fluazinam (as this AMF species and these substances were 
tested by all project partners) as response variables (i.e. data from a total of 8 valid tests), soil 
pH, organic matter content, cation exchange capacity, sand, silt and clay contents, aluminium 
exchangeable concentration and phosphorus, iron and manganese extractable concentrations as 
continuous explanatory variables, and test substance and laboratory as nominal explanatory 
variables (Table 49). Data considered in GLMs to evaluate the influence of soil properties in AMF 
sensitivity to chemicals are presented in Appendix A.22.  

Previous to the GLM analysis, the presence of outliers was graphically checked through Boxplot 
and Dotplot methods. Data exploration also included elimination of collinear variables (i.e. 
variables with variance inflation factors ≥ 5) and/or highly correlated variables (i.e. Pairplots of 
variables with r ≥ 0.8) and looking for possible interactions between variables by visual 
evidence on Coplot graphs. Binomial distribution GLMs were adopted, using the logit link 
function when the response variable was a percentage (i.e. when using TC and AC measurements 
as response variable, values were divided by 100 to scale them between 0 and 1) while Gamma 
distribution GLMs were adopted, using inverse link function when using continuous data (i.e. 
when EHL measurements or TC, AC or EHL endpoints). Best models were selected based on the 
lowest overdispersion and Arkaic information criterion (AIC) values. GLMs were applied in 
Brodgar 2.7.5 (www.brodgar.com). 

 

2.7.3.2 AMF colonization vs Soil properties 

Data exploration did not evidence any outliers (outliers were graphically checked as explained 
above) and no interactions were found between explanatory variables. Variables considered in 
the analysis are summarized in Table 46.  

http://www.brodgar.com/
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Table 46: Summary of the variables considered on the GLM analysis regarding AMF 
colonization vs Soil properties. 

AMF colonization vs Soil properties 

Response variables Continous explanatory variables Nominal explanatory variables 

Average TC, AC and 
EHL on experiments 
with F. mosseae and R. 
irregularis with host 
plant leek 

Soil pH 
Organic matter content 
Cation exchange capacity 
Sand, silt and clay contents 
Aluminium exchangeable concentration 
Phosphorous extractable concentration 
Iron extractable concentration 
Manganese extractable concentration 

AMF species 
Laboratory 

 

There were strong correlations (i.e. correlations with r ≥ 0.80) between continuous explanatory 
variables. Organic matter content, sand, silt and clay contents, and aluminium exchangeable 
concentrations and manganese extractable concentrations were highly correlated, while iron 
extractable concentration was correlated with cation exchange capacity. On the other hand, TC 
and AC response variables were generally weakly correlated with the explanatory variables, 
except EHL for soil pH and P extractable concentrations that showed correlations with r of 0.79 
and 0.81, respectively (Table 47). Collinearity of variables was also considered for their selection 
for the models. In GLMs using TC or AC measurements as response variables, the explanatory 
variables, either continuous or nominal, were not significant (i.e. p > 0.05) independently of the 
combination of the selected variables. In addition to having no significant explanatory variables, 
GLMs using TC measurements always explained less than 5% of the observed variation while 
GLMs using AC measurements only explained 15 to 35% of the observed variation. Therefore, TC 
was the parameter least influenced by the soil properties, AMF species and laboratory, followed 
by AC. On the other hand, GLMs using EHL measurements as response variable, showed 
statistical significance when using soil pH, iron extractable concentration, laboratory, cation 
exchange capacity and phosphorous extractable concentration. From the GLMs with significant 
explanatory variables, the GLM using only phosphorous presented the highest percentage of 
explained variation (55.48%), while the GLM with iron was the model that less explained the 
observed variation (15.80%). GLM using laboratory as explanatory variable was significant only 
for UC laboratory, explaining 25.27% of the observed variation (Table 48 and Figure 73).     

Therefore, data statistical analysis evidenced that TC and AC measurements of F. mosseae and R. 
irregularis in unspiked soils are not influenced by soil properties or laboratory. EHL, however, 
showed to be influenced by soil properties such as iron and phosphorous extractable 
concentrations, soil pH and cation exchange capacity. Note that soil properties such as organic 
matter content, sand, silt and clay contents, aluminium exchangeable concentration and 
manganese extractable concentrations did not show significant influence in EHL measurements. 
The “Laboratory” variable also had significant influence in the EHL outcomes, as measurements 
performed in experiments carried out in the UC were significantly different from those 
measured in UDESC laboratory (Figure 73).     
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Table 47: Coefficients of correlations (r) between ten continuous explanatory variables (pH – 
soil KCl pH, OM – % of organic matter content, CEC – cation exchange capacity, 
Sand - % of sand content, Silt - % of silt content, Clay - % of clay content, Al – 
exchangeable aluminium concentration, P – phosphorus extractable concentration, 
Fe – iron extractable concentration, Mn – manganese extractable concentration) 
and AMF total root colonization (TC), AMF arbuscular colonization (AC) or AMF 
extra-radicular hyphae length (EHL) measured in symbiotic phase tests (using 
different unspiked soils) of WP2 of ERAMYC project as response variable. Bold 
values mean coefficients of correlation ≥ 0.80. 

 pH OM CEC Sand Silt Clay Al P Fe Mn 

TC 0.03 0.13 0.18 -0.08 0.13 0.06 0.05 0.15 0.20 0.16 

AC 0.03 0.08 0.39 0.06 -0.01 -0.07 -0.18 0.28 0.38 0.10 

EHL 0.79 -0.20 0.15 0.26 0.10 -0.40 -0.20 0.81 0.43 0.05 

 pH -0.55 -0.02 0.62 -0.23 -0.75 -0.52 0.77 0.23 -0.30 

  OM 0.58 -0.95 0.92 0.91 0.88 -0.00 0.52 0.96 

   CEC -0.31 0.49 0.21 0.18 0.60 0.95 0,62 

    Sand -0.90 -0.98 -0.97 0.21 -0.26 -0.90 

     Silt 0.79 0.90 0.22 0.55 0.98 

      Clay 0.94 -0.39 0.12 0.80 

       Al -0.21 0.17 0.85 

        P 0.79 0.24 

         Fe 0.64 

 

Table 48: Percentage of explained observed variance (Exp. var.) of regression models (the 
ones that best explain the observations), response variable and explanatory 
variables and their respective regression coefficients (Reg. coef.) and p-value. EHL - 
AMF extra-radicular hyphae length; pH - soil pH; CEC - cation exchange capacity; Fe 
- extractable iron concentration; P – extractable phosphorous concentration; Lab - 
laboratory (Lab2 – University of Tartu, Lab3 – University of Coimbra). 

Response 
variable 

Explanatory 
variable 

Reg. coef. p-value Exp. var. 

EHL 1Fe -0.0046 0.0385* 15.80% 

EHL 1pH 
1Fe 

-0.5933 

-0.0052 

0.00004* 

0.00622* 

55.15% 
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Response 
variable 

Explanatory 
variable 

Reg. coef. p-value Exp. var. 

EHL 2(Lab)2 
2(Lab)3 

-0.1958 

-1.3318 

0.76119 

0.01802* 

25.27% 

EHL 1pH -0.5664 0.00009* 41.59% 

EHL 1pH 
1CEC 

-0.7310 

-0.1337 

0.00004* 

0.0133* 

52.60% 

EHL 1P -0.0966 0.00002* 55.48% 

1 – Continuous explanatory variable; 2 – Class of nominal explanatory variable; * - statistically significant value (p≤0.05) 

 

Figure 73: Boxplots representing the percentage of total (left graph), arbuscular (center 
graph) mycorrhiza fungi root colonization and the extra-radicular hyphae length 
(right graph) measured in AMF symbiotic phase tests using leek as host plant and 
inoculants of Funneliformis mosseae and Rhizophagus irregularis, carried out in 
laboratories of the State University of Stanta Catarina, Brazil (UDESC), University of 
Tartu, Estonia (UT) and University of Coimbra, Portugal (UC) in the WP2 of the 
ERAMYC project.  

 
* - Statistically significant different (p≤0.05) compared to UDESC (evidenced in a GLM described in Table 48).  
Source: own illustration, CloverStrategy. 

 

2.7.3.3 AMF sensitivity vs Soil properties 

No outliers were found in the used datasets of TC, AC or EHL endpoints (outliers were 
graphically checked as explained above) for data exploration. Variables considered in the 
analysis are summarized in Table 49.  
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Table 49: Summary of the variables considered on the GLM analysis regarding AMF 
sensitivity vs Soil properties. 

AMF sensitivity vs Soil properties 

Response variables Continous explanatory variables Nominal explanatory variables 

EC10 and EC50 of TC, 
AC and EHL from 
experiments using R. 
irregularis with 
Azoxystrobin and 
Fluazinam 

Soil pH 
Organic matter content 
Cation exchange capacity 
Sand, silt and clay contents 
Aluminium exchangeable concentration 
Phosphorous extractable concentration 
Iron extractable concentration 
Manganese extractable concentration 

Test substance 
Laboratory 

 

The selection of the explanatory variables to be included in the models was conditioned by the 
fact that there were strongly correlated continuous explanatory variables (i.e. correlations with r 
≥ 0.80). These correlations showed that organic matter content, sand, silt and clay contents and 
aluminium exchangeable concentrations and manganese extractable concentrations were highly 
autocorrelated, while cation exchange capacity was correlated with iron extractable 
concentration and soil pH was correlated to phosphorous extractable concentrations (Table 50).  

No statistically significant explanatory variables were found in GLMs using the estimated 
endpoins for the three parameters considered (i.e. EC10 or EC50 of TC, AC and EHL) as response 
variable, except for a GLM with “Laboratory” as explanatory variable for EC10 values based on 
TC measurements, where this variable showed statistical significance for data from experiments 
carried out in UT laboratory (Figure 74), and explained 90.81% of the observed variance (Table 
51). Since the data generated in UT laboratory is composed of only two tests (n=2), additional 
tests would be needed to confirm the influence of laboratory in the AMF sensitivity outcomes 
based on TC measurements.  

Although GLMs generally did not evidence statistically significant explanatory variables, they 
explained a higher percentage of the observed variance when considering the “Laboratory” and 
“Test substance” variables for all parameters. Among them, the GLMs for TC explained the 
highest percentages, followed by the GLMs for AC, while the GLMs for EHL exhibited the lowest 
percentages of explained variance. The absence of statistical significance for the “Test 
substance” variable in the GLMs suggests that a dataset composed of endpoints estimated for a 
larger number of substances is needed to enhance the robustness of this analysis. 

 

Table 50: Coefficients of correlations (r) between ten continuous explanatory variables (pH – 
soil KCl pH, OM – % of organic matter content, CEC – cation exchange capacity, 
Sand - % of sand content, Silt - % of silt content, Clay - % of clay content, Al – 
exchangeable aluminium concentration, P – phosphorus extractable concentration, 
Fe – iron extractable concentration, Mn – manganese extractable concentration) 
and EC10 and EC50 values of AMF total root colonization (TC_EC10 and TC_EC50, 
respectively), AMF arbuscular colonization (AC_EC10 and AC_EC50, respectively) 
and AMF extra-radicular hyphae length (EHL_EC10 and EHL_EC50, respectively) 
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estimated in symbiotic phase tests of WP2 of ERAMYC project as response variable. 
Bold values mean coefficients of correlation ≥ 0.80. 

 pH OM CEC Sand Silt Clay Al P Fe Mn 

TC_EC10 0.08 -0.00 0.31 0.11 -0.10 -0.10 -0.30 0.37 0.43 0.06 

TC_EC50 0.06 0.05 0.33 0.05 -0.04 -0.06 -0.25 0.39 0.47 0.13 

AC_EC10 0.02 -0.18 0.25 0.28 -0.34 -0.24 -0.45 0.20 0.25 -0.18 

AC_EC50 0.06 -0.03 0.36 0.15 -0.16 -0.15 -0.34 0.36 0.44 0.01 

EHL_EC10 0.95 -0.48 -0.21 0.42 -0.14 -0.51 -0.38 0.81 0.14 -0.19 

EHL_EC50 0.95 -0.52 -0.21 0.47 -0.20 -0.56 -0.45 0.81 0.13 -0.24 

 pH -0.68 -0.14 0.66 -0.39 -0.74 -0.60 0.80 0.12 -0.45 

  OM 0.30 -0.95 0.92 0.93 0.92 -0.25 0.36 0.94 

   CEC 0.00 0.12 -0.05 -0.01 0.38 0.89 0.16 

    Sand -0.93 -0.99 -0.98 0.37 -0.10 -0.94 

     Silt 0.88 0.94 -0.04 0.32 0.98 

      Clay 0.95 -0.49 0.01 0.90 

       Al -0.36 0.07 0.91 

        P 0.67 -0.05 

         Fe 0.36 

 

Table 51: Percentage of explained observed variance (Exp. var.) of regression models (the 
ones that best explain the observations), response variable and explanatory 
variables and their respective regression coefficients (Reg. coef.) and p-value. TC - 
AMF total root colonization; Lab - laboratory (Lab2 – University of Tartu, Lab3 – 
University of Coimbra). 

Response 
variable 

Explanatory variable Reg. coef. p-value Exp. 
var. 

TC 1(Lab)2 
1(Lab)3 

-5.419 

-2.622 

0.0353* 

0.3156 

90.81% 

1 – Class of nominal explanatory variable; * - Significant value (p≤0.05) 

 

Figure 74: Boxplots representing the EC10 (first line of graphs) and EC50 values (second line of 
graphs) estimated based of total (left graphs) and arbuscular (center graphs) 
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mycorrhiza fungi root colonization and extra-radicular hyphae length (right graphs) 
measured in AMF symbiotic phase tests using leek as host plant and inoculants of 
Funneliformis mosseae and Rhizophagus irregularis and using different soils spiked 
with increasing concentrations of Azoxystrobin and Fluazinam, carried out in 
laboratories of the State University of Stanta Catarina, Brazil (UDESC), University of 
Tartu, Estonia (UT) and University of Coimbra, Portugal (UC) in the WP2 of the 
ERAMYC project.  

 
* - Statistically significant different (p≤0.05) compared to UDESC (evidenced in the GLM described in Table 51).  
Source: own illustration, CloverStrategy. 

 

2.7.4 Relative sensitivity of AMF parameters  

From the 28 valid symbiotic phase tests carried out in the 2nd phase of WP2, the obtained data 
allowed to estimate endpoints (i.e. EC10 and EC50 values) for the 3 test parameters in 18 tests 
(Table 52). From these 18 tests, EHL was the most sensitive parameter in 9 tests (including data 
from 5 test substances), TC in 5 tests (including 3 test substances) and AC in 4 tests (including 4 
test substances). Endpoints based on TC could be estimated in 26 tests, while AC endpoints 
could be estimated in 23 tests and EHL endpoints in 22 tests. Therefore, although the EHL was 
the most sensitive parameter in the majority of  tests, it was also the parameter that least often 
allowed the estimation of  endpoints. Moreover, from the 5 test substances that allowed the 
estimation of endpoints for all three AMF parameters, EHL was the most sensitive to Boric acid 
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and Tebuconazole in all tests carried out with these substances. Notwithstanding, in tests with 
Terbuthylazine both EHL and TC were the most sensitive parameters and in tests with 
Fluazinam and Azoxystrobin, the highest sensitivity was found in the three parameters 
depending on the variables AMF species and test soil. Therefore, the relative sensitivity of the 
test parameters to the presence of test chemicals in soil seems to depend on the test substance 
properties, which agrees with the GLMs described above that highlighted the strong influence of 
the test substance in the sensitivity of AMF measurements.     

Table 52: Relative sensitivity of the different AMF test parameters (total colonization [TC], 
arbuscular colonization [AC] and extra-radicular hyphae length [EHL]) based on the 
estimated endpoints (EC10 and EC50s ordered from the lowest to the highest 
values; i.e. from the most to the least sensitive) obtained in laboratory AMF 
symbiotic phase tests with different test substances, using inoculants with 
propagules of different AMF species (Funneliformis mosseae, Rhizophagus 
irregularis or Rhizophagus clarus) and different test soils (OECD 2.5% artificial soil 
or Bra8, #Lufa 2.1, Lufa 2.2, Est32 natural soils) carried out in different laboratories 
(UDESC, UT or UC). 

Test substance 
AMF 

species 
Soil Lab Upward sensitivity of endpoints 

Boric acid F. mosseae Bra8 UDESC 
AC (EC10) > TC (EC10) > TC (EC50) = 

AC (EC50) 

Boric acid F. mosseae OECD 2.5% UDESC 
EHL (EC10) > TC (EC10) > EHL (EC50) > 

AC (EC10) > AC (EC50) > TC (EC50) 

Boric acid 
R. 

irregularis 
OECD 2.5% UT 

EHL (EC10) > AC (EC10) > AC (EC50) > 
TC (EC10) > TC (EC50) > EHL (EC50) 

Boric acid F. mosseae #Lufa 2.1 UC TC > EHL 

Copper sulphate F. mosseae OECD 2.5% UDESC AC > TC > EHL 

Copper sulphate 
R. 

irregularis 
OECD 2.5% UDESC TC > EHL 

Tebuconazole F. mosseae Bra8 UDESC TC > EHL 

Tebuconazole R. clarus Bra8 UDESC 
EHL (EC10) > EHL (EC50) > AC (EC10) > 

TC (EC10) > TC (EC50) = AC (EC50) 

Tebuconazole R. clarus OECD 2.5% UDESC 
EHL (EC10) > TC (EC10) > TC (EC50) > 
AC (EC10) > AC (EC50) > EHL (EC50) 
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Test substance 
AMF 

species 
Soil Lab Upward sensitivity of endpoints 

Terbuthylazine F. mosseae Bra8 UDESC AC > TC 

Terbuthylazine F. mosseae OECD 2.5% UDESC EHL > TC = AC 

Terbuthylazine R. clarus Bra8 UDESC 
TC (EC10) > EHL (EC10) > AC (EC10) > 
AC (EC50) > TC (EC50) > EHL (EC50) 

Terbuthylazine R. clarus OECD 2.5% UDESC 
EHL (EC10) > TC (EC10) > TC (EC50) > 

EHL (EC50) 

Azoxystrobin F. mosseae #Lufa 2.1 UC EHL > TC > AC 

Azoxystrobin F. mosseae OECD 2.5% UC AC 

Azoxystrobin 
R. 

irregularis 
#Lufa 2.1 UC AC > TC > EHL 

Azoxystrobin 
R. 

irregularis 
OECD 2.5% UC 

TC (EC10) > EHL (EC10) > TC (EC50) > 
AC (EC10) > AC (EC50) > EHL (EC50) 

Azoxystrobin 
R. 

irregularis 
Bra8 UDESC EHL > AC > TC 

Azoxystrobin 
R. 

irregularis 
Lufa 2.2 UDESC TC > AC > EHL 

Fluazinam F. mosseae Est32 UT AC > TC 

Fluazinam F. mosseae OECD 2.5% UT EHL > TC > AC 

Fluazinam 
R. 

irregularis 
Est32 UT 

AC (EC10) > TC (EC10) > EHL (EC10) > 
EHL (EC50) > TC (EC50) > AC (EC50) 

Fluazinam 
R. 

irregularis 
OECD 2.5% UT 

TC (EC10) > EHL (EC10) > AC (EC10) > 
EHL (EC50) > TC (EC50) > AC (EC50) 

Fluazinam 
R. 

irregularis 
Bra8 UDESC 

EHL (EC10) > TC (EC10) > AC (EC10) > 
EHL (EC50) > AC (EC50) > TC (EC50) 



TEXTE Test battery for the effect determination of chemicals in soils: Suitability of test systems with mycorrhizal fungi for 
the risk assessment – Suitability of test systems with mycorrhizal fungi for the risk assessment 

203 

 

Test substance 
AMF 

species 
Soil Lab Upward sensitivity of endpoints 

Fluazinam 
R. 

irregularis 
Lufa 2.2 UDESC TC > EHL > AC 

Pendimethalin F. mosseae Est32 UT TC > AC 

Pendimethalin F. mosseae OECD 2.5% UT ND 

Pendimethalin 
R. 

irregularis 
Est32 UT 

AC (EC10) > AC (EC50) > EHL (EC10) 
>TC (EC10) > TC (EC50) = EHL (EC50) 

Pendimethalin 
R. 

irregularis 
OECD 2.5% UT ND 

ND – Endpoints not determined.  

 

2.7.5 Relative sensitivity of AMF to different test soils 

The relative sensitivity of AMF parameters on the different soils tested was compared within 
each tested substance, considering clusters of experiments for which at least two different soils 
were tested using the same AMF species. A total of 21 experiments were considered in this 
analysis (Table 53).  

 

Table 53: Relative sensitivity of the different AMF test parameters (total colonization [TC], 
arbuscular colonization [AC] and extra-radicular hyphae length [EHL]) in the 
different test soils (OECD 2.5% artificial soil or Bra8, #Lufa 2.1, Lufa 2.2, Est32 
natural soils), based on the estimated nominal endpoints (EC10 and EC50s ordered 
from the lowest to the highest values; i.e. from the most to the least sensitive) 
obtained in laboratory AMF symbiotic phase tests with different test substances, 
using inoculants with propagules of different AMF species (Funneliformis mosseae, 
Rhizophagus irregularis or Rhizophagus clarus). A summary of the endpoints is 
listed in Table 56. 

Test substance AMF 
species 

Parameter Upward sensitivity of test parameters to the tested 
soils 

TC EC10L2.1# > EC10B > EC50L2.1# > EC10O > EC50O > EC50B 

AC EC10B > EC10O > EC50O > EC50B 

Boric acid F. mosseae 

EHL EC10O > EC50O > EC10L2.1# = EC50L2.1# 

Tebuconazole R. clarus TC EC10O > EC50O > EC10B > EC50B 
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Test substance AMF 
species 

Parameter Upward sensitivity of test parameters to the tested 
soils 

AC EC10O > EC50O > EC10B > EC50B 

EHL EC10O > EC10B > EC50B > EC50O 

TC EC10B = EC10O > EC50B = EC50B 

AC EC10B = EC10O > EC50B = EC50B 

Terbuthylazine F. mosseae 

EHL EC10O > EC50O 

TC EC10O > EC50O > EC10B > EC50B 

AC EC10B > EC50B 

Terbuthylazine R. clarus 

EHL EC10O > EC10B > EC50O > EC50B 

TC EC10L2.1# > EC50L2.1# 

AC EC10O > EC50O > EC10L2.1# > EC50L2.1# 

Azoxystrobin F. mosseae 

EHL EC10L2.1# > EC50L2.1# 

TC EC10L2.2 > EC10L2.1# > EC10B > EC10O > EC50L2.2 > 
EC50B > EC50L2.1# > EC50O 

AC EC10L2.1# = EC10B > EC10L2.2 > EC50B > EC50L2.1# > 
EC50L2.2 > EC10O > EC50O 

Azoxystrobin R. 
irregularis 

EHL EC10B > EC50B > EC10O > EC50O > EC10L2.2 > EC50L2.2 = 
EC10L2.1# > EC50L2.1# 

TC EC10O > EC10E > EC50O > EC50E 

AC EC10O > EC10E > EC50O > EC50E 

Fluazinam F. mosseae 

EHL EC10O > EC50O 

TC EC10L2.2 > EC50L2.2 = EC10B > EC50B > EC10O > EC50O > 
EC10E > EC50E 

AC EC10B > EC50B > EC10L2.2 > EC50L2.2 = EC10O > EC10E > 
EC50O > EC50E 

Fluazinam R. 
irregularis 

EHL EC10B > EC10L2.2 > EC50B > EC50L2.2 > EC10O > EC50O > 
EC10E > EC50E 

O – OECD 2.5% artificial soil; B – Bra8 soil; L2.1# - #Lufa 2.1 soil; L2.2 – Lufa 2.2 soil; E – Est32 soil. Endpoints higher than the 
highest tested concentration were considered equal to the next highest estimated endpoint. 

 

The test soil that is most often ranked in the first place of sensitivity (i.e., AMF parameters are 
more sensitive in that soil) is OECD 2.5% artificial soil (it appears 11 times in first place, Bra8 
appears 5 times, #Lufa 2.1 appears 3 times, Lufa 2.2 appears 2 times, Est32 never appears as the 
most sensitive and in 3 occasions there are two soils with the same highest relative sensitivity). 
However, conclusions regarding the relative sensitivity of the AMF parameters to the different 
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tested soils should be drawn with caution, as they may be biased by the number of experiments 
conducted with each test soil. Actually, the sensitivity of AMF parameters to the different tested 
soils seems directly proportional to the number of times that each soil is used in the different 
experiments (e.g. OECD 2.5% was the most used soil, followed by Bra8 soil). 

 

2.7.6 Data of WP2 in the perspective of risk assessment 

In terms of in-soil organisms, current ERA schemes of PPPs require effect data on earthworms 
Eisenia andrei/fetida, collembolans Folsomia candida, predatory mites Hypoaspis aculeifer, non-
target terrestrial plants (NTTPs) and on nitrogen and carbon transformation by in-soil 
microorganisms. Whereby effect data for NTTP are used to describe effects outside the field, 
only, effect data for earthworms, collembolans, mites and microorganisms are used to estimate 
effects in-field. Despite the effort to cover a large spectrum of sensitivities by requiring effect 
data on different non-target soil organism groups, other soil groups not represented by these 
non-target species could be under protected. For instance, there is a growing concern on 
improving the current ERA for the protection of some “disregarded” organisms. This is 
particularly true for microorganisms, such as beneficial fungi like AMF (EFSA, 2017), that 
represent a group of soil organisms important for soil functioning. Actually, the effects on soil 
microorganisms are generally evaluated via functional responses on carbon and nitrogen 
turnover and relatively few efforts have been made to standardize methods for testing effects on 
beneficial fungi. From this point of view, the effect data generated in WP2 of the ERAMYC project 
are highly relevant, as they allow comparing the effect data reported in the literature to in-soil 
non-target organisms (namely to the in-soil non-target species currently considered in ERA 
schemes for the in-field area) and, by that way, to understand if AMF are being adequately 
protected. Aiming to facilitate the comparison between effect data from literature and effect data 
from ERAMYC project, Table 54 presents the lowest endpoints reported in the literature for the 
non-target soil organisms considered on current ERA schemes and the endpoints estimated for 
AMF in the ERAMYC project for the seven substances evaluated in WP2. Note that only the 
endpoints generated from experiments with OECD artificial soil were considered, as this is the 
soil required to generate the effect data in actual ERA, and only endpoints estimated from total 
colonization measurements were considered as this parameter was, in generally, the most 
robust and least variable from the three AMF parameters used in ERAMYC tests (see sections 
above). 
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Table 54: Lowest endpoints estimated for the test substances of ERAMYC WP2 (Boric acid, 
Copper sulphate, Tebuconazole, Terbuthylazine, Azoxystrobin, Fluazinam and 
Pendimethalin) retrieved from literature and from the ERAMYC outcomes.  

Test 
substance  

Lowest endpoint reported 
from literaturea  

Lowest endpoint 
estimated on ERAMYC 
WP2b – symbiotic 
phase 

Number of folds 
between lowest 
endpoint from 
literature and the 
lowest endpoint from 
ERAMYC 

Boric acid  Eisenia fetida (NOEC) = 316 
mg BA/kg of soil  
(Becker et al., 2011)  

Funneliformis mosseae 
(EC10) = 94.6 (58.9-
130.4) mg BA/kg of 
soil    

3.3 

Copper 
sulphate  

Folsomia candida (NOEC, 
chronic) = 1.480 mg Cu/kg of 
soil (obtained from study with 
copper nitrate; EFSA, 2013) 

Rhizophagus 
irregularis (EC10) = 2.4 
(0.01-4.9) mg 
CuSO4/kg of soil = 0.96 
mg Cu/kg of soil  

1.5 

Tebuconazole  Eisenia fetida (NOEC, chronic) 
= 10 mg TBC/kg of soil  
(EFSA, 2014)  

Rhizophagus clarus 
(EC10) = 0.03 mg 
TBC/kg of soil  

333.3 

Terbuthylazine  Eisenia fetida (NOEC, chronic) 
= 0.563 mg TRZ/kg of soil  
(EFSA, 2010)  

Rhizophagus clarus 
(EC10) = 0.4 mg 
TRZ/kg of soil  

1.4 

Azoxystrobin  Eisenia fetida (NOEC, chronic) 
= 4 mg AZX/kg of soil  
(EFSA, 2010)  

Rhizophagus 
irregularis (EC10) = 0.5 
(0.1-0.9) mg AZX/kg of 
soil  

8 

Fluazinam  Eisenia andrei (NOEC, chronic) 
< 0.175 mg FLZ/kg of soil  
(EFSA, 2008)  

Funneliformis mosseae 
(EC10) = 0.3 (0.1-0.5) 
mg FLZ/kg of soil  

0.6 

Pendimethalin  Soil microorganisms (EC25, 
nitrogen transformation) = 
2.66 mg PDM/kg of soil  
(EFSA, 2016)  

R. irregularis and F. 
mosseae (NOEC) = 0.5 
mg PDM/kg of soil  

5.32 
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a - Only experiments conducted with artificial soil and standard species were considered, see Appendix A.23; b – Only 
endpoints for total colonization from experiments conducted on artificial soil were considered. Values in bold are higher 
than the assessment factor (AF) considered on current risk assessment schemes (AF=5). 

 

The comparison between the endpoints from the literature with those estimated for AMF total 
colonization shows that, from the seven substances evaluated, three (i.e., Tebuconazole, 
Azoxystrobin and Pendimethalin) are clearly more toxic to AMF comparing to the non-target soil 
species as the number of folds between the literature endpoints and the estimated endpoints is 
higher than the assessment factor of 5 considered in current risk assessment schemes.  This 
suggests that AMF are not being sufficiently protected by current ERA and, therefore, the 
inclusion of this group of microorganisms in the ERA schemes is urgent. 

 

2.7.7 Relevance of chemical analysis for endpoints estimation 

In the initial measured concentrations, the percentage of recovery of test substances was lower 
than 80% of the nominal concentrations for 4 out of the 6 test substances for which chemical 
analyses were conducted in soil samples (Table 55). 

Table 55: Mean percentages (± standard deviation) of nominal concentration measured 
initially on soil samples from the experiments performed on WP2. 

Test substance  
Mean (± SD) % of nominal concentration, 

initially measured 

Boric acid (n=7) 91.2 ± 41.7 

Copper sulphate (n=10) 222.0 ± 49.1 

Tebuconazole (n=13) 69.0 ± 57.7 

Terbuthylazine (n=7) 74.1 ± 11.7 

Azoxystrobin (n=30) 49.5 ± 39.3 

Fluazinam (n=10) 75.5 ± 27.6 

Pendimethalin (n=0) NA 

Values in bold: mean % of nominal concentration < 80%; NA – not estimated due to lack of soil samples for chemical 
analysis; n – number of soil samples evaluated for the determination of each test substance. 

 

The estimated EC10 and EC50 values for TC, AC and EHL were based on nominal and initial 
measured concentrations for the test substances (Table 56). It was not possible to estimate ECx 
values based on initial measured concentrations in the experiment using inoculant of F. mosseae 
in Bra8 soil contaminated with Terbuthylazine because the initial measured concentration of 
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TRZ in all test treatments was lower than the quantification limit (i.e. < 0.005 mg TRZ/kg of soil; 
Table 31).  

Chemical analysis did not considerably change the outcomes of the majority of the tests since the 
endpoints estimated based on the nominal concentrations allowed to estimate endpoints in the 
same order of magnitude of those estimated based on initial measured concentrations (Table 
56). 

From the 96 pairs of ECx nominal/measured estimated, 12 pairs showed endpoints based on 
nominal concentrations more than 5 times higher than the endpoints based on the respective 
initial measured concentrations. This was observed in endpoints estimated from experiments 
with Azoxystrobin, Tebuconazole and Terbuthylazine (Table 56) and suggests that, considering 
the EC10 and/or EC50 value estimated from nominal concentrations, may not be sufficiently 
protective for AMF.
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Table 56: Estimated EC10 and EC50 values based on the data generated in the AMF symbiotic phase tests carried out with several test substances and 
using inoculants of different AMF species in WP2 of the ERAMYC project considering nominal (EC10/EC50 nom) and initial measured 
concentrations (EC10/EC50 meas) of the test substances. Ratios between nominal and inital measures (R) (EC10 or EC50) > 5 are highlighted 
in bold.   

Test substance AMF species Test soil Lab Parameters EC10 nom EC10 meas R EC10 EC50 nom EC50 meas R EC50 

TC 41.0* 35.7* 1.1 > 250 > 96.2 2.6 

AC 19.9* 20.9* 1.0 > 250 > 96.2 2.6 

Boric acid F. mosseae Bra8 UDESC 

EHL ND 69.0* ND ND > 96.2 ND 

TC 94.6  
(58.9-130.4)  

91.4  
(47.0-135.8) 

1.0 143.6  
(78.9-208.4) 

138.6  
(72.6-204.5) 

1.0 

AC 98.5  
(59.1-138.0) 

101.2* 1.0 130.2  
(43.6-216.8) 

116.8* 1.1 

Boric acid F. mosseae OECD 2.5% UDESC 

EHL 83.9* 66.0  
(36.2-95.8) 

1.3 97.1  
(36.5-157.7) 

101.1  
(26.4-175.8) 

1.0 

TC 36.8  
(6.0-67.6) 

70.7  
(57.9-83.4) 

0.5 69.0  
(33.6-104.4) 

80.3 
 (74.4-86.3) 

0.9 

AC ND ND ND ND ND ND 

Boric acid F. mosseae #Lufa 2.1 UC 

EHL > 100 84.0  
(77.1-90.9) 

1.2 > 100 87.7 
 (66.6-108.8) 

1.1 

TC 20.9  
(8.8-33.0) 

15.2* 1.4 137.6  
(58.0-217.1) 

243.8* 0.6 

AC 0.00004* 7.9* 0.00001 2.66* 51.9* 0.1 

Copper sulphate F. mosseae OECD 2.5% UDESC 

EHL 207.2  557.7  0.4 > 300 > 824.8 0.4 
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Test substance AMF species Test soil Lab Parameters EC10 nom EC10 meas R EC10 EC50 nom EC50 meas R EC50 

(38.8-375.5) (112.8-1042.6) 

TC 2.4  
(0.01-4.9) 

4.1  
(0.1-8.1) 

0.6 16.1  
(0.05-32.0) 

26.8  
(0.4-53.2) 

0.6 

AC ND ND ND ND ND ND 

Copper sulphate R. irregularis OECD 2.5% UDESC 

EHL 38.4* 75.8  
(12.4-139.2) 

0.5 90.8 
 (56.7-125.0) 

151.3  
(105.6-197.1) 

0.6 

TC 0.005* 0.01  
(0.001-0.03) 

0.5 0.03* 0.07  
(0.01-0.1) 

0.4 

AC ND > 0.072* ND ND > 0.072* ND 

Tebuconazole F. mosseae Bra8 UDESC 

EHL > 50 0.001* 50000 > 50 0.004* 12500 

TC 74.6* 48.4* 1.5 > 100 > 94.8 1.1 

AC 17.0* ND ND > 100 ND ND 

Tebuconazole R. clarus Bra8 UDESC 

EHL 2.4* 1.9* 1.3 15.7* 12.2* 1.3 

TC 0.03* 0.06* 0.5 0.2* 0.4* 0.5 

AC 0.26* 0.3* 0.9 1.73* 1.7* 1.0 

Tebuconazole R. clarus OECD 2.5% UDESC 

EHL 0.000002* 0.04* 0.0001 > 100 0.3* 333 

TC 38.7* NA ND > 50 NA ND 

AC 10.5* NA ND 11.6* NA ND 

Terbuthylazine F. mosseae Bra8 UDESC 

EHL ND NA ND ND NA ND 
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Test substance AMF species Test soil Lab Parameters EC10 nom EC10 meas R EC10 EC50 nom EC50 meas R EC50 

TC > 5 > 3.6 1.4 > 5 > 3.6 1.4 

AC > 5 0.01* 500 > 5 0.03* 167 

Terbuthylazine F. mosseae OECD 2.5% UDESC 

EHL 0.03* 0.02* 1.5 0.2* 0.14* 1.4 

TC 3.7* 1.9* 1.9 5.1* 3.3  
(0.9-5.7) 

1.5 

AC 4.6* 3.2* 1.4 5.0* 3.5* 1.4 

Terbuthylazine R. clarus Bra8 UDESC 

EHL 3.9* 1.9* 2.1 > 25 > 23.7 1.1 

TC 0.4* 0.2* 2.0 3.5* 1.1* 3.2 

AC ND ND ND ND ND ND 

Terbuthylazine R. clarus OECD 2.5% UDESC 

EHL 0.09* 0.02* 4.5 5.2* 2.1* 2.5 

TC 53.1  
(28.1-78.1) 

8.6  
(0.9-16.2) 

6.2 78.4  
(20.1-136.8) 

14.0* 5.6 

AC 10.7* 2.8* 3.8 70.2* 18.7* 3.8 

Azoxystrobin F. mosseae #Lufa 2.1 UC 

EHL 0.3* 6.7 
(1.1-12.3) 

0.04 2.2* 43.9  
(7.0-80.8) 

0.1 

TC ND 1.5* ND ND 9.9* ND 

AC 0.9* ND ND 5.8* ND ND 

Azoxystrobin F. mosseae OECD 2.5% UC 

EHL ND 0.0004* ND ND 0.003* ND 

Azoxystrobin R. irregularis #Lufa 2.1 UC TC 0.2  
(0.1-0.4) 

0.07  
(0.04-0.1) 

2.9 1.5 
 (0.4-2.6) 

0.5  
(0.2-0.7) 

3.0 
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Test substance AMF species Test soil Lab Parameters EC10 nom EC10 meas R EC10 EC50 nom EC50 meas R EC50 

AC 0.1* 0.06* 1.7 0.7* 0.4* 1.8 

EHL 99.4* 5.5* 18.1 > 100 36.4* 2.7 

TC 0.5  
(0.1-0.9) 

0.5  
(0.2-0.9) 

1.0 3.4  
(0.8-5.9) 

1.0  
(0.4-1.6) 

3.4 

AC 4.2* 0.1* 42.0 4.6* 0.6* 7.7 

Azoxystrobin R. irregularis OECD 2.5% UC 

EHL 1.7* 0.1* 17.0 11.4* 0.7* 16.3 

TC 0.3  
(0.1 - 0.5) 

0.2  
(0.1-0.3) 

1.5 1.0  
(0.8 - 1.3) 

1.0 
 (0.8-1.2) 

1.0 

AC 0.1  
(0.01 - 0.2) 

0.1* 1.0 0.6  
(0.1 - 1.1) 

0.5  
(0.02-1.0) 

1.2 

Azoxystrobin R. irregularis Bra8 UDESC 

EHL 0.002* 0.002* 1.0 0.01* 0.01* 1.0 

TC 0.08  
(0.05-0.12) 

0.1  
(0.07-0.2) 

0.8 0.6  
(0.3-0.8) 

0.8  
(0.5-1.0) 

0.8 

AC 0.5* 0.4* 1.3 3.0* 2.3* 1.3 

Azoxystrobin R. irregularis Lufa 2.2 UDESC 

EHL 17.3  
(4.5-30.1) 

13.4  
(5.2-21.6) 

1.3 > 19.5 > 15.2 1.3 

TC 0.3* 0.2* 1.5 5.5  
(2.4-8.6) 

5.9  
(1.9-10.0) 

0.9 

AC 0.5  
(0.03-1.0) 

0.1* 5.0 3.2  
(0.2-6.3) 

2.1* 1.5 

Fluazinam R. irregularis Bra8 UDESC 

EHL 0.1* 0.1* 1.0 1.0* 0.7* 1.4 
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Test substance AMF species Test soil Lab Parameters EC10 nom EC10 meas R EC10 EC50 nom EC50 meas R EC50 

TC 0.05* 0.03* 1.7 0.3* 0.2* 1.5 

AC 7.6  
(2.1-13.2) 

4.0* 1.9 > 8.0 > 5.6* 1.4 

Fluazinam R. irregularis Lufa 2.2 UDESC 

EHL 0.27* 0.3* 0.9 1.78* 1.9* 0.9 
ND – Not determined as the data did not allow estimation of the endpoint. 
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The estimated endpoint based on extra-radicular hyphae length (EHL) measured in the 
experiment conducted with F. mosseae in Bra8 soil contaminated with Tebuconazole were 
much lower when considering measured concentrations compared to nominal concentrations 
(50 000 and 12 500 times, for EC10 and EC50, respectively). These differences are related to 
the percentage of recovery of the test substance found in treatments of this experiment that 
were particularly low (1.8% on average for all treatment, Table 27).  

Azoxystrobin was the test substance for which there were more ECx nominal/measured pairs 
with a difference higher than 5 (i.e. in 7 pairs out of the 30 pairs estimated), meaning that most 
of the endpoints calculated on measured concentrations for Azoxystrobin were lower when 
compared to the endpoints based on initial measured concentrations. 

This could be related, not only to the low percentages of recovery generally associated to 
Azoxystrobin experiments (49.5% on average, Table 55), but also to the fact that Azoxystrobin 
was the test substance for which more experiments were carried out.  

In conclusion, ERA based on endpoints derived from nominal concentrations may not be 
sufficiently protective for AMF. Data suggest that chemical analyses can provide valuable 
information to complement and validate the adequacy of the procedures applied in the tests, 
helping to generate more precise endpoints and allowing to improve the accuracy and 
effectiveness of risk assessment.  
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3 Section 3 – WP3: Performance of the ring test 

3.1 Preparation of the ring test  
A ring test was performed, under coordination of CloverStrategy, with the objective of 
evaluating the feasibility and reproducibility of the methods developed for AMF symbiotic 
phase testing and to test the adapted and refined methodological steps and test conditions of 
the AMF pre-symbiotic test. 

Besides the three laboratories composing the ERAMYC consortium (i.e., UDESC, UT and UC), six 
other laboratories expressed interest in participating in the ring test for AMF symbiotic phase 
testing, making a total of 9 laboratories. Of these, a total of six laboratories (including the 
consortium laboratories) were also available to participate on the pre-symbiotic phase ring 
test.  

The list of laboratories and their participation on the different tests is presented in Table 57. 

 

Table 57: List of laboratories participating in the ring test for AMF pre-symbiotic and 
symbiotic phase tests.  

Institution/company Country Contact person Participation on tests 

Univ. Coimbra  

(Consortium 
member) 

Portugal Susana Echeverria/Patrícia 
Ferreira 

Symbiotic phase 

Pre-symbiotic phase 

Univ. Tartu  
(Consortium 

member) 

Estonia Mari Moora/Tanel Vahter Symbiotic phase 

Pre-symbiotic phase 

UDESC  
(Consorium 

member) 

Brazil Osmar Klauberg/Luís Iuñes Symbiotic phase 

Pre-symbiotic phase 

Eurofins Agroscience 
Services Ecotox 

GmbH 

Germany Eva Aderjan Symbiotic phase 

Eurofins Trialcamp 
SLU 

Spain  Mikel Queralt/Sara Varela Symbiotic phase 

BioChem agra GmbH Germany Lennart Schulz Symbiotic phase 

Bayer AG Germany Ulrich Menke Symbiotic phase 

Pre-symbiotic phase 
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Institution/company Country Contact person Participation on tests 

Fraunhofer Institute 
for Molecular 

Biology and Applied 
Ecology IME 

Germany Karsten Schlich Symbiotic phase 

Pre-symbiotic phase 

BASF AM and EU Germany Leticia Carniel/Matthias 
Bergtold 

Symbiotic phase 

Pre-symbiotic phase 

 

The project consortium established the first contact with the participating 
institutions/laboratories by sending them a Survey (Appendix A.24) to clarify if they had a list 
of key equipment and materials available to use in the experiments and also to clarify the 
capabilities and expertise/experience of each laboratory for the performance of the ring test 
experiments. It was verified that, in general, the laboratories met the necessary conditions to 
carry out the ring test experiments. Then, a draft of a Non-Disclosure Agreement (NDA) was 
sent to the laboratories; after all the laboratories adapted and accepted the NDA, the SOPs 
describing the methodologies to follow during the ring test experiments were shared with the 
participants to give them the opportunity to analyse the methods and the descriptions 
contained therein. 

 

3.2 Symbiotic phase ring test 
In July 2023, a first online meeting with all laboratories of the ring test was held, and the 
methods and the details of the SOPs were presented and discussed with the ring test 
participants. No methodological changes were required, but the descriptions of the method 
were improved and clarified taking into account the doubts raised. The objective was to 
produce the most user-friendly SOPs possible and to facilitate the understanding and execution 
of the methods described by less experienced laboratories. The updated SOPs were 
subsequently distributed to the laboratories. The strategy for the ring test was also defined: 
priority was given to the symbiotic phase experiments due to the higher standardization effort 
for these experiments compared to the pre-symbiotic experiments, which are based on already 
established documents.  

In October 2023, after gathering all data from the 2nd phase of WP2, and after a discussion 
within the project consortium members and UBA, the following elements were selected for the 
symbiotic phase ring test (Table 58). 



TEXTE Test battery for the effect determination of chemicals in soils: Suitability of test systems with mycorrhizal fungi for 
the risk assessment – Suitability of test systems with mycorrhizal fungi for the risk assessment 

217 

 

Table 58: Elements selected for the performance of the symbiotic phase ring test 
experiments. 

Component selected Justification  

Inoculant of Rhizophagus irregularis SAF 22 ► Good performance on the generality of 
the experiments of WP2, especially with 
Azoxystrobin and Fluazinam 

► Enough inoculant for the performance of 
the ring test could be supplied by a culture 
bank (Agroscope, Switzerland) 

Host plant Allium ampeloprasum ► High percentages of root colonization 
were observed in the experiments 
conducted in WP2  

► Root structure is poorly branched, and 
roots are easy to process (e.g. collection, 
selection and staining) 

OECD 2.5% artificial soil ► Composed of the same elements used in 
reference soil for ecotoxicological testing 

► Can be easily reproduced by different 
laboratories 

Test substances Azoxystrobin and Fluazinam ► Showed clearer effects in the experiments 
conducted in WP2 for different soils and 
AMF inoculants 

 

The concentration gradients for the AMF symbiotic phase ring test were selected according to 
the toxicity found in the experiments of WP2 and did not consider recommended doses used in 
real application scenarios. The test treatments defined were: 

► Azoxystrobin: 0; 0.5; 1.25; 3.125; 7.8; 19.5 mg AZX/kg soil DW. 

► Fluazinam: 0; 0.5; 1; 2; 4; 8 mg FLZ/kg soil DW. 

► Each experiment also included a solvent control (with acetone, CTsol) and a sterilization 
control (CTster). 

A sampling scheme for determination of the initial measured concentration of Azoxystrobin or 
Fluazinam in soil was followed based on soil samplings at the beginning and end of the ring 
test experiments. More specifically, the sampling scheme comprised the following collections: 



TEXTE Test battery for the effect determination of chemicals in soils: Suitability of test systems with mycorrhizal fungi for 
the risk assessment – Suitability of test systems with mycorrhizal fungi for the risk assessment 

218 

 

► 5 treatments x 2 dates (beginning and end of the test) x 3 samples of 50 g x 2 test 
substances x 1 test soil x 9 laboratories x 1 extractant. 

► One sample of the control treatment was also collected per each laboratory at the 
beginning of each test. 

Chemical analyses for the determination of initial measured concentrations of Azoxystrobin 
and Fluazinam were conducted by Tentamus LAB S.L.U. (Spain), following the same 
methodologies used for the chemical determination on sample from the experiments 
conducted in 2nd phase of WP2. 

In December 2023, a Material Transfer Agreement (MTA) was signed by all the ring test 
participants to enable the distribution of inoculant that was provided by Agroscope (contact 
person: Marcel van der Heijden). The MTA had the aim of preventing the inoculant exploitation 
for own profit by the laboratories, that should use it uniquely for the ring test purposes.  

Laboratory materials required for the symbiotic phase ring test experiments were purchased 
by CloverStrategy and distributed throughout the participants (the test substances, the 
inoculant, the leek seeds and the nutrient solution belonged to the same batch). Updated 
versions of the SOPs for the performance of symbiotic phase tests (Appendix A.14 to A.16 and 
Appendix A.18), recording Excel spreadsheets (Appendix A.25) and two supporting videos  

► https://youtu.be/5ee9mGHYonU?si=cB4BCkCYOhj96RQP  

► https://youtu.be/B5o4ut_3KPk?si=W7gCdEAa_vRi-jrp  

were shared with the participant laboratories. 

In January 2024, an online training session with the ring test participants was organized by the 
consortium, to clarify any existing doubts regarding the methodologies described in the 
supporting materials and to address critical aspects of the methodology and decision criteria 
required in the measurement of the endpoint parameters.  

 

3.2.1 Assessment of the inoculum potential for the ring test 

A potential inoculum test using the same inoculant of R. irregularis to be used on the ring test 
and OECD 2.5% artificial soil was carried out by UC (Portugal), according to SOP 2.1 (Appendix 
A.13). 

The total colonization was lower than 30%, which was established as minimum for the 
validation of a definitive test (Figure 75). 

https://youtu.be/5ee9mGHYonU?si=cB4BCkCYOhj96RQP
https://youtu.be/B5o4ut_3KPk?si=W7gCdEAa_vRi-jrp
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Figure 75: Total and arbuscular root colonization (average ± standard deviation) of leek 
(Allium ampeloprasum) in OECD 2.5% artificial soil with inoculant of Rhizophagus 
irregularis after 28 days of test period. Tests performed in UC, Portugal. 

 

Source: own illustration, CloverStrategy. 

The consortium agreed that the low colonization observed in the experiment with artificial soil 
can be sufficient to validate the experiments of the ring test, as those tests take 56 days (twice 
as long compared to the 28 days of the potential inoculum test), which should be enough to 
increase the percentage of total colonization to, at least, 30%.  

3.2.2 Results of the symbiotic phase experiments of the ring test 

The experiments for the symbiotic phase ring test started in February 2024. The endpoints 
assessed included shoot fresh and dry biomass, root fresh biomass and, in replicates where 
there was plant biomass production, total and arbuscular colonization and extra-radicular 
hyphae length (note that the measurement of hyphae length was not mandatory for invalid 
experiments). Doubts regarding the performance of the experiments and the assessment of the 
endpoint parameters were clarified by the consortium by email, online meetings and during 
the online training in July 2024. 

The validity of the ring test experiments was evaluated considering the following criteria: 

► Total intra-radicular colonization of 0% in replicates of the sterilization control (CTster); 

► Total intra-radicular colonization higher than 30% on average in replicates of the negative 
control (0 mg test substance/kg of soil DW); 

► Coefficient of variation in the total colonization lower than 50% in the negative control; 

► Minimum length of roots of 10 cm, observed in the negative control replicates. 

Intra-radicular colonization and extra-radicular hyphae length were analysed using R Studio 
(version 2023.09.1), through packages drc (v. 3.0-1), car (v. 3.1-2), dunn.test (v. 1.3.6), 
DescTools (v. 0.99.52) and PMCMRplus (v. 1.9.10). Sterilization control (CTster) was not 
considered on the statistical analysis of intra-radicular colonization as its purpose was to verify 
the quality of the soil sterilization and to validate the test. Data on plant biomass are reported 
in Appendixes A.26 and A.27 (plant biomass data were not statistically analysed).  

Normality and homogeneity of data of AMF parameters were assessed through Shapiro and 
Bartlett tests, respectively. When these assumptions were confirmed, a one-way ANOVA was 
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performed to assess differences among the treatments for each measured parameter 
(considering treatments as independent variable and colonization (total or arbuscular) or 
extra-radicular hyphae length as dependent variable).  

When the normality and/or homogeneity assumptions were not confirmed, data were 
transformed to logarithm (i.e. log (x+1)) or squared root (i.e. √x). If the transformed data 
complied with the assumptions, a one-way ANOVA was performed, following the methodology 
described above. When the transformed data did not comply with the ANOVA assumptions, a 
non-parametric Kruskal-Wallis’ test was performed, using non-transformed data, to assess the 
differences among treatments. Kruskal-Wallis’ test was also applied when the number of 
replicates in the treatments was lower than two. 

When significant differences were found, rather in one-way ANOVA or Kruskal-Wallis’ test, 
differences between each treatment and the respective control were assessed through a post-
hoc Dunnett test or a post-hoc Dunn test (with Bonferroni correction), respectively. The No-
Observed Effect Concentration (NOEC) and the Lowest-Observed Effect Concentration (LOEC) 
were estimated for both approaches. All the statistical analyses were performed considering a 
significance level of 5%. 

When possible, and only for valid experiments, Effect Concentration values for 10% and 50% 
reduction (EC10 and EC50, respectively) of total and arbuscular colonization and of extra-
radicular hyphae length when compared to control were estimated trough non-linear 
regression models (using the measured parameters as dependent variable and nominal or 
measured concentrations as independent variable). Models applied in non-linear regressions 
were logistic, exponential or Hormesis and its selection was based on the highest coefficient of 
regression (r2) and best fit to the data. The 95% confidence intervals were also estimated when 
data allowed. These estimations were performed on R Studio (version 2023.09.1), using 
packages drc (v. 3.0-1), tidyverse (v. 2.0.0), readxl (v. 1.4.3) and PMCMRplus (v. 1.9.10). 

Results of the symbiotic phase experiments obtained in the ring test are presented below. A 
code was assigned to each participating laboratory, and results were analysed individually for 
each laboratory. 

 

3.2.2.1 AMF symbiotic phase experiments of the ring test with Azoxystrobin 

The results obtained by the nine laboratories that conducted the symbiotic phase tests with 
Azoxystrobin are presented in Figures 76 to 84 and raw data are presented on Appendix A.26. 
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Figure 76: Host plant: leek (Allium ampeloprasum); Inoculum: Rhizophagus irregularis; Test 
soil: OECD 2.5%; Test substance: Azoxystrobin; Performing lab: Laboratory 1.  

 
(A) Total and arbuscular colonization (average ± standard deviation) after 56 days of exposure. Test is valid (Table 59). n 
values considered in each treatment for each parameter are expressed in the top of the respective bars; * - means 
significantly different compared to control after one-way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn post hoc test 
for p ≤ 0.05. Extra-radicular hyphae length was not assessed within the project’s timeframe. 
Source: own illustration, CloverStrategy. 

 

Figure 77: Host plant: leek (Allium ampeloprasum); Inoculum: Rhizophagus irregularis; Test 
soil: OECD 2.5%; Test substance: Azoxystrobin; Performing lab: Laboratory 2.   

 
(A) Total and arbuscular colonization (average ± standard deviation) and (B) extra-radicular hyphae length (average ± 
standard deviation) after 56 days of exposure. Test is valid (Table 59). n values considered in each treatment for each 
parameter are expressed in the top of the respective bars; * - means significantly different compared to control after one-
way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn post hoc test for p ≤ 0.05. 
Source: own illustration, CloverStrategy. 
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Figure 78: Host plant: leek (Allium ampeloprasum); Inoculum: Rhizophagus irregularis; Test 
soil: OECD 2.5%; Test substance: Azoxystrobin; Performing lab: Laboratory 3.   

 
(A) Total and arbuscular colonization (average ± standard deviation) and (B) extra-radicular hyphae length (average ± 
standard deviation) after 56 days of exposure. Test is invalid (Table 59). n values considered in each treatment for each 
parameter are expressed in the top of the respective bars; * - means significantly different compared to control after one-
way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn post hoc test for p ≤ 0.05. 
Source: own illustration, CloverStrategy. 

Figure 79: Host plant: leek (Allium ampeloprasum); Inoculum: Rhizophagus irregularis; Test 
soil: OECD 2.5%; Test substance: Azoxystrobin; Performing lab: Laboratory 4.   

 
(A) Total and arbuscular colonization (average ± standard deviation) and (B) extra-radicular hyphae length (average ± 
standard deviation) after 56 days of exposure. Test is valid (Table 59). n values considered in each treatment for each 
parameter are expressed in the top of the respective bars; * - means significantly different compared to control after one-
way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn post hoc test for p ≤ 0.05. 
Source: own illustration, CloverStrategy. 
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Figure 80: Host plant: leek (Allium ampeloprasum); Inoculum: Rhizophagus irregularis; Test 
soil: OECD 2.5%; Test substance: Azoxystrobin; Performing lab: Laboratory 5.  

 
(A) Total and arbuscular colonization (average ± standard deviation) and (B) extra-radicular hyphae length (average ± 
standard deviation) after 56 days of exposure. Test is invalid (Table 59). n values considered in each treatment for each 
parameter are expressed in the top of the respective bars. 
Source: own illustration, CloverStrategy. 

 

Figure 81: Host plant: leek (Allium ampeloprasum); Inoculum: Rhizophagus irregularis; Test 
soil: OECD 2.5%; Test substance: Azoxystrobin; Performing lab: Laboratory 6.   

 
(A) Total and arbuscular colonization (average ± standard deviation) and (B) extra-radicular hyphae length (average ± 
standard deviation) after 56 days of exposure. Test is valid (Table 59). n values considered in each treatment for each 
parameter are expressed in the top of the respective bars; * - means significantly different compared to control after one-
way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn post hoc test for p ≤ 0.05. 
Source: own illustration, CloverStrategy. 
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Figure 82: Host plant: leek (Allium ampeloprasum); Inoculum: Rhizophagus irregularis; Test 
soil: OECD 2.5%; Test substance: Azoxystrobin; Performing lab: Laboratory 7.   

 
(A) Total and arbuscular colonization (average ± standard deviation) and (B) extra-radicular hyphae length (average ± 
standard deviation) after 56 days of exposure. Test is valid (Table 59). n values considered in each treatment for each 
parameter are expressed in the top of the respective bars; * - means significantly different compared to control after one-
way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn post hoc test for p ≤ 0.05. 
Source: own illustration, CloverStrategy. 

 

Figure 83: Host plant: leek (Allium ampeloprasum); Inoculum: Rhizophagus irregularis; Test 
soil: OECD 2.5%; Test substance: Azoxystrobin; Performing lab: Laboratory 8.   

 
(A) Total and arbuscular colonization (average ± standard deviation) after 56 days of exposure. Test is invalid (Table 59). n 
values considered in each treatment for each parameter are expressed in the top of the respective bars. 
Source: own illustration, CloverStrategy. 
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Figure 84: Host plant: leek (Allium ampeloprasum); Inoculum: Rhizophagus irregularis; Test 
soil: OECD 2.5%; Test substance: Azoxystrobin; Performing lab: Laboratory 9.   

 
(A) Total and arbuscular colonization (average ± standard deviation) and (B) extra-radicular hyphae length (average ± 
standard deviation) after 56 days of exposure. Test is valid (Table 59). n values considered in each treatment for each 
parameter are expressed in the top of the respective bars; * - means significantly different compared to control after one-
way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn post hoc test for p ≤ 0.05. 
Source: own illustration, CloverStrategy. 

 

3.2.2.1.1 Summary of results obtained in the AMF symbiotic phase experiments of the ring 
test using Azoxystrobin 

Of the nine experiments conducted exposing R. irregularis to Azoxystrobin in OECD 2.5% soil, 
six were valid and three were not valid. Only two of the experiments were invalid due to the 
low root colonization observed (i.e. total colonization < 30%) but all three experiments 
presented coefficients of variation (CV) > 50%. The compliance of each experiment with the 
validity criteria is summarized in Table 59. 

Table 59: Summary of the compliance with the validity criteria defined in SOP Test 2 of the 
symbiotic phase experiments of the ring test carried out exposing R. irregularis to 
Azoxystrobin in OECD 2.5% artificial soil. TC – total root colonization in negative 
control (C0); CTster – sterilization control; CV – coefficient of variation in C0.  

Lab ID CTster (0% TC) TC (≥ 30%) CV (< 50%) Min. 10 cm root length Test validity 

Laboratory 1 Yes 62.2% 18.8% Yes Valid 

Laboratory 2 Yes 97.4% 3.8% Yes Valid 

Laboratory 3 Yes 57.4% 51.7% Yes Invalid 

Laboratory 4 Yes 51.2% 36.9% Yes Valid 

Laboratory 5 Yes 8.4% 141.6% Yes Invalid 

Laboratory 6 Yes 36.6% 37.2% Yes Valid 

Laboratory 7 Yes 44.2% 27.6% Yes Valid 

Laboratory 8 Yes 1.2% 149.2% Yes Invalid 

Laboratory 9 Yes 33% 38.8% Yes Valid 
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Chemical analyses to determine the actual contamination of Azoxystrobin in soil samples 
collected at the beginning and end of the experiments were performed following the modified 
QuEChERS methodology (Perestrelo et al., 2019). Results are presented in Appendix A.31. 

The endpoints estimated for the symbiotic phase ring test experiments with Azoxystrobin are 
presented on Table 60. 
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Table 60: Summary of the experiments performed in the symbiotic phase ring test using inoculant of Rhizophagus irregularis with Azoxystrobin in 
OECD 2.5% artificial soil. Nominal concentrations used in the experiments were 0; 0.5; 1.25; 3.125; 7.8; 19.5 mg AZX/kg of soil DW. No-
Observed Effect Concentration (NOEC), Lowest Observed Effect Concentration (LOEC) and Effect Concentrations for 10% and 50% (EC10 and 
EC50) of reduction on total colonization (TC), arbuscular colonization (AC) and extra-radicular hyphae length (EHL) were estimated in valid 
experiments only. ECx values were estimated based on nominal and initial measured concentrations. Results are expressed in mg AZX/kg of 
soil dry weight and presented with the respective 95% confidence interval, when data allowed. Non-linear models applied and the 
respective r2 values are presented in Appendix A.32.   

Nominal concentrations Initial measured concentrations 
Laboratory State 

(valid/invalid) Parameters 
NOEC LOEC EC10 EC50 NOEC LOEC EC10 EC50 

TC 1.25 3.125 0.4* 1.7 (0.7-2.8) 1.4 4.7 0.4* 2.2 (0.5-3.9) 

AC 19.5 > 19.5 0.9* 1.4* 25.8 > 25.8 1.2* 1.5* 

Lab 1 Valid 

EHL Not measured 

TC 19.5 > 19.5 ND ND 22.3 > 22.3 ND ND 

AC 7.8 19.5 0.14* 0.92* 9.4 22.3 0.1* 0.8* 

Lab 2 Valid 

EHL 19.5 > 19.5 0.9* 1.5* 22.3 > 22.3 0.8* 1.7* 

TC - - - - - - - - 

AC - - - - - - - - 

Lab 3 Invalid 

EHL - - - - - - - - 

TC 0.5 1.25 0.02* 5.4* 0.5 1.0 0.01* 8.3* 

AC 0.5 1.25 0.9* 1.0* 0.5 1.0 0.08* 0.5* 

Lab 4 Valid 

EHL 19.5 > 19.5 0.1* 0.8* 27.4 > 27.4 0.1* 0.7* 
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Nominal concentrations Initial measured concentrations 
Laboratory State 

(valid/invalid) Parameters 
NOEC LOEC EC10 EC50 NOEC LOEC EC10 EC50 

TC - - - - - - - - 

AC - - - - - - - - 

Lab 5 Invalid 

EHL - - - - - - - - 

TC 19.5 > 19.5 3.5* > 19.5 20.6 > 20.6 ND ND 

AC 19.5 > 19.5 0.4* 1.1* 20.6 > 20.6 0.3* 0.9* 

Lab 6 Valid 

EHL 3.125 7.8 3.1 (0.9-5.4) 5.1 (1.1-9.1) 2.6 9.3 2.6* 5.1* 

TC < 0.5 0.5 0.7* 4.6* < 0.3 0.3 0.5* 3.0* 

AC 19.5 > 19.5 ND ND 3.2 > 3.2 ND ND 

Lab 7 Valid 

EHL 19.5 > 19.5 0.0001* 0.0007* 3.2 > 3.2 0.0005* 0.003* 

TC - - - - - - - - 

AC - - - - - - - - 

Lab 8 Invalid 

EHL - - - - - - - - 

TC 0.5 1.25 0.3* 4.0* 0.1 0.7 0.1* 2.7* 

AC 3.125 7.8 0.5* 3.3* 1.7 6.3 0.3* 2.2* 

Lab 9 Valid 

EHL 3.125 7.8 2.8 (0.03-5.6) 3.0 (1.2-4.8) 1.7 6.3 1.3 (0.03-2.5) 1.5* 
* - Data did not allow to estimate the 95% confidence intervals. ND - the fit of the model did not allow the estimation of EC10 and EC50. 
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The percentage of total and arbuscular colonization and the extra-radicular hyphae length 
obtained in the experiments above were normalized by dividing the percentage of 
total/arbuscular colonization or the extra-radicular hyphae length obtained in each replicate 
by the mean response observed in the respective negative control (0 mg AZX/kg of soil DW). 
The normalization of the data makes easier the comparability of the data among laboratories 
as the response obtained in each experiment (and therefore, by each laboratory) must be 
analysed in comparison with its own control response. The normalized data for each 
parameter are presented on Figure 85. 

There seems to be a trend towards reduced percentages of total and arbuscular colonization 
(Figure 85, graphs A and B, respectively) and extra-radicular hyphae length (Figure 85, graph 
C) along the increase of the concentration gradient, despite the high variability observed in the 
three measured parameters. 

The most variable parameters were arbuscular colonization and extra-radicular hyphae length, 
and the least variable was the total colonization.  
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Figure 85: Data obtained in the valid symbiotic phase experiments of the ring test exposing 
the AMF R. irregularis to Azoxystrobin in OECD 2.5% artificial soil (data were 
normalized to the response in the respective control treatment).   

 
(A) Total colonization (TC, average ± standard deviation), (B) arbuscular colonization (AC, average ± standard deviation) 
and (C) extra-radicular hyphae length (EHL, average ± standard deviation) after 56 days of exposure. 
Source: own illustration, CloverStrategy. 
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3.2.2.2 AMF symbiotic phase experiments of the ring test with Fluazinam 

The results obtained by the nine laboratories in the symbiotic phase tests with Fluazinam are 
presented in Figures 86 to 94. Raw data are presented on Appendix A.27. 

 

Figure 86: Host plant: leek (Allium ampeloprasum); Inoculum: Rhizophagus irregularis; Test 
soil: OECD 2.5%; Test substance: Fluazinam; Performing lab: Laboratory 1.   

 
(A) Total and arbuscular colonization (average ± standard deviation) after 56 days of exposure. Test is invalid (Table 61). n 
values considered in each treatment for each parameter are expressed in the top of the respective bars. 
Source: own illustration, CloverStrategy. 

 

Figure 87: Host plant: leek (Allium ampeloprasum); Inoculum: Rhizophagus irregularis; Test 
soil: OECD 2.5%; Test substance: Fluazinam; Performing lab: Laboratory 2.  

 
(A) Total and arbuscular colonization (average ± standard deviation) and (B) extra-radicular hyphae length (average ± 
standard deviation) after 56 days of exposure. Test is valid (Table 61). n values considered in each treatment for each 
parameter are expressed in the top of the respective bars. 
Source: own illustration, CloverStrategy. 
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Figure 88: Host plant: leek (Allium ampeloprasum); Inoculum: Rhizophagus irregularis; Test 
soil: OECD 2.5%; Test substance: Fluazinam; Performing lab: Laboratory 3.  

 
(A) Total and arbuscular colonization (average ± standard deviation) and (B) extra-radicular hyphae length (average ± 
standard deviation) after 56 days of exposure. Test is invalid (Table 61). n values considered in each treatment for each 
parameter are expressed in the top of the respective bars. 
Source: own illustration, CloverStrategy. 

 

Figure 89: Host plant: leek (Allium ampeloprasum); Inoculum: Rhizophagus irregularis; Test 
soil: OECD 2.5%; Test substance: Fluazinam; Performing lab: Laboratory 4.   

 
(A) Total and arbuscular colonization (average ± standard deviation) and (B) extra-radicular hyphae length (average ± 
standard deviation) after 56 days of exposure. Test is valid (Table 61). n values considered in each treatment for each 
parameter are expressed in the top of the respective bars; * - means significantly different compared to control after one-
way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn post hoc test for p ≤ 0.05. 
Source: own illustration, CloverStrategy. 

 



TEXTE Test battery for the effect determination of chemicals in soils: Suitability of test systems with mycorrhizal fungi for 
the risk assessment – Suitability of test systems with mycorrhizal fungi for the risk assessment 

233 

 

Figure 90: Host plant: leek (Allium ampeloprasum); Inoculum: Rhizophagus irregularis; Test 
soil: OECD 2.5%; Test substance: Fluazinam; Performing lab: Laboratory 5.   

 
(A) Total and arbuscular colonization (average ± standard deviation) and (B) extra-radicular hyphae length (average ± 
standard deviation) after 56 days of exposure. Test is not valid (Table 61). n values considered in each treatment for each 
parameter are expressed in the top of the respective bars. 
Source: own illustration, CloverStrategy. 

 

Figure 91: Host plant: leek (Allium ampeloprasum); Inoculum: Rhizophagus irregularis; Test 
soil: OECD 2.5%; Test substance: Fluazinam; Performing lab: Laboratory 6.   

 
(A) Total and arbuscular colonization (average ± standard deviation) after 56 days of exposure. Test is valid (Table 61). n 
values considered in each treatment for each parameter are expressed in the top of the respective bars; * - means 
significantly different compared to control after one-way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn post hoc test 
for p ≤ 0.05. 
Source: own illustration, CloverStrategy. 
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Figure 92: Host plant: leek (Allium ampeloprasum); Inoculum: Rhizophagus irregularis; Test 
soil: OECD 2.5%; Test substance: Fluazinam; Performing lab: Laboratory 7.   

 
(A) Total and arbuscular colonization (average ± standard deviation) and (B) extra-radicular hyphae length (average ± 
standard deviation) after 56 days of exposure. Test is valid (Table 61). n values considered in each treatment for each 
parameter are expressed in the top of the respective bars. 
Source: own illustration, CloverStrategy. 

 

Figure 93: Host plant: leek (Allium ampeloprasum); Inoculum: Rhizophagus irregularis; Test 
soil: OECD 2.5%; Test substance: Fluazinam; Performing lab: Laboratory 8.  

 
(A) Total and arbuscular colonization (average ± standard deviation) after 56 days of exposure. Test is invalid (Table 61). n 
values considered in each treatment for each parameter are expressed in the top of the respective bars. 
Source: own illustration, CloverStrategy. 
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Figure 94: Host plant: leek (Allium ampeloprasum); Inoculum: Rhizophagus irregularis; Test 
soil: OECD 2.5%; Test substance: Fluazinam; Performing lab: Laboratory 9.   

 
(A) Total and arbuscular colonization (average ± standard deviation) and (B) extra-radicular hyphae length (average ± 
standard deviation) after 56 days of exposure. Test is valid (Table 61). n values considered in each treatment for each 
parameter are expressed in the top of the respective bars; * - means significantly different compared to control after one-
way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn post hoc test for p ≤ 0.05. 
Source: own illustration, CloverStrategy. 

 

3.2.2.2.1 Summary of the results obtained in the AMF symbiotic phase experiments of the 
ring test using Fluazinam 

From the nine experiments conducted during the symbiotic phase ring test exposing R. 
irregularis to Fluazinam in OECD 2.5% artificial soil, five were valid and four were invalid. Only 
two experiments did not attain sufficient total colonization in the control treatment (i.e. TC > 
30%) but all the four invalid experiments presented coefficients of variation (CV) higher than 
50%. The compliance of each experiment with the validity criteria is summarized in Table 61. 

Table 61: Summary of the compliance with the validity criteria defined in SOP Test 2 of the 
symbiotic phase experiments of the ring test carried out exposing R. irregularis to 
Fluazinam in OECD 2.5% artificial soil. TC – total colonization in negative control 
(C0); CTster – sterilization control; CV – coefficient of variation in C0.  

Lab ID CTster (0% TC) TC (≥ 30%) CV (< 50%) Min. 10 cm root length Test validity 

Laboratory 1 Yes 30.4% 87.1% Yes Invalid 

Laboratory 2 Yes 95.6% 3.0% Yes Valid 

Laboratory 3 Yes 46.4% 50.1% Yes Invalid 

Laboratory 4 Yes 58.4% 20.6% Yes Valid 

Laboratory 5 Yes 19.8% 63.9% Yes Invalid 

Laboratory 6 Yes 31.4% 15.9% Yes Valid 

Laboratory 7 Yes 44.8% 26.9% Yes Valid 

Laboratory 8 Yes 1.2% 149.1% Yes Invalid 

Laboratory 9 Yes 36.2% 36.2% Yes Valid 
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Chemical analyses to determine the actual contamination of Fluazinam in soil samples 
collected at the beginning and end of the experiments were performed following the modified 
QuEChERS methodology (Perestrelo et al., 2019). Results are presented in Appendix A.31. 

Endpoints estimated for the symbiotic experiments with Fluazinam are presented in Table 62. 
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Table 62: Summary of the experiments performed in the symbiotic phase ring test using inoculant of Rhizophagus irregularis with Fluazinam in OECD 
2.5% artificial soil. Nominal concentrations used in the experiments were: 0; 0.5; 1; 2; 4; 8 mg FLZ/kg of soil DW. No-Observed Effect 
Concentration (NOEC), Lowest Observed Effect Concentration (LOEC) and Effect Concentrations for 10% and 50% (EC10 and EC50) on 
reduction in total root colonization (TC), arbuscular colonization (AC) and extraradicular hyphae length (EHL) were estimated in valid 
experiments only. ECx values were estimated based on nominal and initial measured concentrations. Results are expressed in mg FLZ/kg of 
soil dry weight and presented with the respective 95% confidence interval. when possible. Non-linear models applied and the respective r2 

values are presented in Appendix A.32.   

Nominal concentrations Initial measured concentrations 
Laboratory State 

(valid/invalid) Parameters 
NOEC LOEC EC10 EC50 NOEC LOEC EC10 EC50 

TC - - - - - - - - 

AC - - - - - - - - 

Lab 1 Invalid 

EHL - - - - - - - - 

TC 8 > 8 > 8 > 8 9.7 > 9.7 9.1* > 9.7 

AC 8 > 8 1.3* > 8 9.7 > 9.7 1.4* > 9.7 

Lab 2 Valid 

EHL 8 > 8 0.9* 4.8* 9.7 > 9.7 1.0* 5.1* 

TC - - - - - - - - 

AC - - - - - - - - 

Lab 3 Invalid 

EHL - - - - - - - - 

TC 2 4 0.05* > 8 1.7 3.6 0.01* > 11.1 

AC 8 > 8 0.1* 1.1* 11.1 > 11.1 0.1* 1.0* 

Lab 4 Valid 

EHL 8 > 8 0.5* 3.1* 11.1 > 11.1 0.3* 1.9* 
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Nominal concentrations Initial measured concentrations 
Laboratory State 

(valid/invalid) Parameters 
NOEC LOEC EC10 EC50 NOEC LOEC EC10 EC50 

TC - - - - - - - - 

AC - - - - - - - - 

Lab 5 Invalid 

EHL - - - - - - - - 

TC 0.5 1 ND ND 0.4 0.8 ND ND 

AC 8 > 8 ND ND 5.6 > 5.6 ND ND 

Lab 6 Valid 

EHL 2 4 1.8 (0.6-3.1) 2.0 (1.7-2.3) 1.3 2.6 1.2 (0.8-1.6) 1.3 (1.2-1.4) 

TC 8 > 8 0.1* 3.9* 0.6 > 0.6 0.008* 0.05* 

AC 8 > 8 1.4* > 8 0.6 > 0.6 0.0000001* > 0.59 

Lab 7 Valid 

EHL 8 > 8 0.3* 1.8* 0.6 > 0.6 0.6* 3.9* 

TC - - - - - - - - 

AC - - - - - - - - 

Lab 8 Invalid 

EHL - - - - - - - - 

TC 2 4 0.1 (0.03-0.2) 0.8 (0.2-1.3) 1.8 3.2 0.06 (0.01-0.1) 0.4 (0.09-0.7) 

AC 4 8 0.4 (0.1-0.8) 0.7 (0.3-1.0) 3.2 8.1 0.3 (0.1 - 0.5) 0.4 (0.2-0.6) 

Lab 9 Valid 

EHL 4 8 0.04* 0.3* 3.2 8.1 0.02* 0.1* 
* - Data did not allow to estimate the 95% confidence intervals. ND - the fit of the model did not allow the estimation of EC10 and EC50. 
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The percentage of total and arbuscular colonization and the extra-radicular hyphae length 
obtained in the experiments with Fluazinam were normalized by dividing the percentage of 
total/arbuscular colonization or the extra-radicular hyphae length obtained in each replicate 
by the mean response observed on the respective negative control (0 mg FLZ/kg of soil DW). 
The normalized data are presented in Figure 95. 

Apparently, there is a slight tendency to reduce percentages of total and arbuscular 
colonization and extra-radicular hyphae length along the increase of the Fluazinam 
concentration, despite the high variability observed on the three measured parameters. 

Similarly, to that observed for Azoxystrobin, the most variable parameters were arbuscular 
colonization and extra-radicular hyphae length, and the least variable was the total 
colonization.  
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Figure 95: Data obtained in the valid symbiotic phase experiments of the ring test exposing 
the AMF R. irregularis to Fluazinam in OECD 2.5% artificial soil (data were 
normalized to the response in the respective control treatment).  

 
(A) Total colonization (TC, average ± standard deviation), (B) arbuscular colonization (AC, average ± standard deviation) 
and (C) extra-radicular hyphae length (EHL, average ± standard deviation) after 56 days of exposure.  
Source: own illustration, CloverStrategy. 
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3.2.3 Conclusions on the symbiotic phase testing 

The symbiotic phase ring test was conducted to evaluate the validity of the method developed 
for the assessment of effects of chemicals on the symbiotic phase of the AMF life cycle.  

From the 18 symbiotic phase experiments performed (including both test substances), 11 
complied with the validity criteria. This corresponds to a validation of 61.1% of the 
experiments performed, supporting the capability and transferability of the method under 
scrutiny (ISO, 2021). Furthermore, from the 9 laboratories participating in the ring test, 66% 
validated at least one of the experiments performed (either with Azoxystrobin or Fluazinam). 

Guidelines OECD 34 (2005), ISO 5594 (2021), ISO 5725-2 (1994) and Environment Canada EPS 
1/RM/46 (2005) were used as guidance to explore the data obtained in the symbiotic phase 
ring test of the present report. 

First, the reproducibility variance of the method was applied for data of each test chemical, 
according to the following equation (taken from ISO 5594 (2021) and ISO 5725-2 (1994)): 

SR
2 = SL

2 + Sr
2 

Where SR
2 is the reproducibility variance, SL

2 is the variance between laboratories, and Sr
2 is the 

arithmetic mean of the variance within-laboratory, which is the repeatability.   

Repeatability estimation using the intervals of confidence of the estimated ECx (as advised in 
ISO 5594 (2021)) in the ring test could not be achieved as data produced in the ring test did 
not allow the estimation of the confidence intervals for some of the endpoints. Because of that, 
the reproducibility of the method could not be confirmed for both test substances. 

As an alternative, the statistical evaluation of the precision of the ring test based on the ECx 
estimations obtained in the experiments was performed by adapting the approach described in 
EC (2005) for the estimation of warning limits and plotting of warning charts.  

Individual warning charts were plotted for EC10 and EC50 estimated for each measured 
parameter (total colonization, arbuscular colonization and extra-radicular hyphae length) and 
for each test substance (Figure 96 to 99). Only experiments complying with the validity criteria 
were considered for the estimation of the warning limits with the exception of the tests for 
which the ECx could not be estimated or for which the estimated ECx were higher than the 
highest concentration tested. 

 

Figure 96: Results (EC10 as mg of Azoxystrobin/kg of soil DW) for (A) total colonization, (B) 
arbuscular colonization and (C) extra-radicular hyphae length from the 
experiments of symbiotic phase ring test using inoculant of R. irregularis and 
OECD 2.5% artificial soil. EC10 values higher than the highest concentration tested 
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are described in the respective graph. ND – data did not allow the estimation of 
EC10.  

  
Source: own illustration, CloverStrategy. 

 

Figure 97: Results (EC50 as mg of Azoxystrobin/kg of soil DW) for (A) total colonization, (B) 
arbuscular colonization and (C) extra-radicular hyphae length from the 
experiments of the symbiotic phase ring test using inoculant of R. irregularis and 
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OECD 2.5% artificial soil. EC50 higher than the highest concentration tested are 
described in the respective graph. ND – data did not allow the estimation of EC50.  

 
Source: own illustration, CloverStrategy. 

 

Figure 98: Results (EC10 as mg of Fluazinam/kg of soil DW) for (A) total colonization, (B) 
arbuscular colonization and (C) extra-radicular hyphae length from the 
experiments of the symbiotic phase ring test using inoculant of R. irregularis and 
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OECD 2.5% artificial soil. EC10 higher than the highest concentration tested are 
described in the respective graph. ND – data did not allow the estimation of EC10.  

 
Source: own illustration, CloverStrategy. 

 

Figure 99: Results (EC50 as mg of Fluazinam/kg of soil DW) for (A) total colonization, (B) 
arbuscular colonization and (C) extra-radicular hyphae length from the 
experiments of the symbiotic phase ring test using inoculant of R. irregularis and 
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OECD 2.5% artificial soil. EC50 higher than the highest concentration tested are 
described in the respective graph. ND – data did not allow the estimation of EC50.  

 
Source: own illustration, CloverStrategy. 

 

ECx values within the warning limits (upper warning limit= geometric mean + 2x standard 
deviation (SD); lower warning limit= geometric mean – 2x SD) are considered 
satisfactory/precise and any ECx values standing outside the warning limits are considered 
outliers. In this case, all ECx values estimated for the ring test are within the warning limits. 
However, for example in Figure 97 (graph C), the warning limits are very wide and, therefore, 
all ECx are within the satisfactory zone. This “distortion” of the warning limits resulted from 
the low number of laboratories/ECx values and is considered in the analysis. This issue will be 
discussed further ahead. 

The variation on the ECx values must also be subject of analysis. According to Environment 
Canada (2005), a “reasonable” variation of the ECx data set should correspond to a 30% 
coefficient of variation and a “preferred” variation to 20% coefficient of variation, and these 
percentages correspond to standard deviations of 0.132 and 0.03, respectively. The standard 
deviations estimated for the symbiotic phase ring test are presented in Table 63. 

 

 

Table 63: Standard deviation (SD) of the data sets obtained in the symbiotic phase ring test.  

Test substance Parameter SD 

Azoxystrobin EC10 TC 0.81 
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Test substance Parameter SD 

EC10 AC 0.33 

EC10 EHL 1.88 

EC50 TC 0.22 

EC50 AC 0.23 

EC50 EHL 1.58 

EC10 TC 0.17 

EC10 AC 0.54 

EC10 EHL 0.63 

EC50 TC 0.49 

EC50 AC 0.14 

Fluazinam 

EC50 EHL 0.46 
TC – total colonization; AC – arbuscular colonization; EHL – extra-radicular hyphae length. 

The estimated ECx values of the ring test are more variable than those considered in the 
Environment Canada (2005) as reasonable, since all the standard deviations are higher than 
0.132. This could be due to the high variability of the estimated endpoints between 
laboratories that was associated to a low number of valid data sets considered or due to 
natural intraspecific variability. 

In fact, according to the ISO guideline 5594 (2021), a minimum of 6 valid experiments must be 
obtained from laboratories of 3 different countries to validate a methodology. On this ring test, 
11 valid experiments of 4 countries were valid - 6 valid experiments of 4 countries for 
Azoxystrobin and 5 valid experiments of 4 countries for Fluazinam. Therefore, the general 
requirements for the number of valid tests in different countries defined in ISO 5594 are met 
for Azoxystrobin, indicating a potential of the method to be standardized in the future. 

However, due to the high variability of the data obtained during the ring test and due to the 
impossibility of estimating the reproductibility and repeatability of the method, more data 
would be needed to strengthen validation. Therefore, more laboratories (and more valid 
experiments) would be needed to narrow the warning limits and the standard deviations 
estimated for the ECx data sets, allowing the visualization of outliers and a more accurate 
interpretation of the results for the validation of the reproducibility and repeatibility of the 
method. 

Some adaptations to the proposed methodology, such as the increase of the number of 
replicates in the control treatment (e.g. a minimum of 8 replicates), the use of a source of 
propagules other than trap cultures (e.g. in-vitro cultivations) and the possibility of providing a 
more customized training to participant laboratories could be important steps to increase the 
number of valid tests. This would particularly help reduce the coefficient of variation in control 
replicates, which was the validity criterion that led to the invalidation of most of the data sets 
produced during the ring test. 
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3.3 Pre-symbiotic phase ring test 
From the 9 laboratories available to the symbiotic phase experiments (including the 
laboratories from the consortium), 6 were also available to carry out the pre-symbiotic phase 
experiments (Table 57). 

The methodologies for the performance of the pre-symbiotic experiments were described in 
SOP Test 1 (Appendix A.17) and shared with the participating laboratories to guide them 
during the ring test. As for the symbiotic phase tests, an Excel spreadsheet with the 
calculations for the test setup and a spreadsheet for registration of the results was prepared 
and shared with the participants (Appendix A.28). 

In September 2024, an online training coordinated by UDESC (Brazil), was carried out with the 
laboratories of the pre-symbiotic phase ring test to explore, step-by-step, the methodologies 
described on SOP Test 1 and to clarify participants’ doubts.  

Spores of the same AMF species used in the symbiotic phase ring test (i.e. Rhizophagus 
irregularis SAF 22) and the OECD 2.5% artificial soil were selected for the performance of the 
experiments of the pre-symbiotic phase ring test using Azoxystrobin and Fluazinam as test 
substances. The gradients of concentrations selected for the experiments were based in the 
concentrations used on the symbiotic phase ring test and assuming an expected lower 
sensitivity of spores to the presence of contaminants (according to what is described in 
literature). Therefore, the selected gradients were: 

► 0; 1.25; 3.125; 7.8; 19.5; 39.0 and 78.0 mg Azoxystrobin/kg of soil DW; 

► 0; 1.0; 2.0; 4.0; 8.0; 16.0 and 32.0 mg Fluazinam/kg of soil DW; 

► A solvent control (CTsol) was also included in each test. 

 

The scheme of soil sampling defined for chemical analysis was based on the following strategy: 
in each experiment, three soil samples were collected per test treatment at the beginning and 
at the end of the tests so that the following samples were collected: 

► 6 treatments x 2 dates (beginning and end of the test) x 3 samples x 2 substances x 1 soil x 
6 laboratories x 1 extractant 

► One sample of the control treatment was also collected at the beginning of each test per 
laboratory. 

The determination of initial measured concentrations of the test substances on soil samples of 
the pre-symbiotic ring test were conducted by Tentamus LAB S.L.U. (Spain), following the same 
procedures described on the experiments conducted during the 2nd phase of WP2. 

 

3.3.1 Results of the pre-symbiotic phase experiments of the ring test 

The pre-symbiotic phase experiments of the ring test started in October 2024. The number of 
recovered and germinated spores of each replicate was recorded after 14 days of exposure in 
test treatments and the percentage of germinated spores was estimated. 

The validity of the pre-symbiotic phase experiments was evaluated considering the following 
criteria (described on SOP Test 1 and according to ISO 10832): 
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► Mean number of recovered spores in all treatments ≥ 25;  

► Mean percentage of germinated spores in control treatment ≥ 75% at the end of the test. 

Statistical analysis of the data produced in the pre-symbiotic phase experiments to estimate 
the respective endpoints was similar to that applied in the symbiotic phase experiments. 

Normality and homogeneity of data were assessed through Shapiro and Bartlett tests, 
respectively. When these assumptions were confirmed, a one-way ANOVA was performed to 
assess differences among the treatments (considering treatments as independent variable and 
the percentage of spores’ germination as dependent variable).  

When assumptions of data normality and/or homogeneity were not confirmed, data were 
logarithm (i.e., log (x+1)) or square root (i.e., √x) transformed. When the transformed data 
complied with the assumptions, a one-way ANOVA was performed, following the methodology 
described above. When the transformed data did not comply with the assumptions, a non-
parametric Kruskal-Wallis’ test was performed, using the non-transformed data, to assess the 
differences among treatments.  

When significant differences were found (either through one-way ANOVA or Kruskal-Wallis’ 
test), differences between each treatment and the respective control were assessed through a 
post-hoc Dunnett test or a post-hoc Dunn test (with Bonferroni correction). The No-Observed 
Effect Concentration (NOEC) and the Lowest-Observed Effect Concentration (LOEC) were 
estimated for both approaches. All the statistical analyses were performed considering a 
significance level of 5%. 

Data regarding the percentage of spores’ germination between test treatments was analysed 
using R Studio (version 2023.09.1), with packages drc (v. 3.0-1). car (v. 3.1-2), dunn.test (v. 
1.3.6), DescTools (v. 0.99.52) and PMCMRplus (v. 1.9.10). 

When possible, and only for valid experiments, Inhibition Concentration values for 10% and 
50% inhibition of spore germination when compared to control were estimated (IC10 and 
IC50, respectively) trough non-linear regression models (using spore germination as 
dependent variable and concentrations as independent variable; models applied were logistic, 
exponential or Hormesis). The 95% confidence intervals were also estimated when data 
allowed. The most adequate model was selected through the highest coefficient of regression 
(r2) and best fit to the data. The IC10 and IC50 estimations were performed in R Studio 
(version 2023.09.1), using packages drc (v. 3.0-1), tidyverse (v. 2.0.0), readxl (v. 1.4.3) and 
PMCMRplus (v. 1.9.10). 

Results of the pre-symbiotic phase experiments obtained in the ring test are presented in the 
next sections. The same code assigned to each participating laboratory in the ring test of the 
symbiotic phase test was considered in the ring test for the pre-symbiotic phase tests. 

 

3.3.1.1 AMF pre-symbiotic phase experiments of the ring test with Azoxystrobin 

The results obtained by the six laboratories of the pre-symbiotic phase test experiments with 
Azoxystrobin are presented in Figures 100 to 105 and raw data are presented in Appendix 
A.29. 
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Figure 100: Spores: Rhizophagus irregularis; Test soil: OECD 2.5%; Test substance: 
Azoxystrobin; Performing lab: Laboratory 3.  

 
Percentage of germinated spores (average ± standard deviation) after 14 days of exposure. Test is invalid (Table 64). n 
values considered in each treatment for each parameter are expressed in the top of the respective bars. 
Source: own illustration, CloverStrategy. 

 

Figure 101: Spores: Rhizophagus irregularis; Test soil: OECD 2.5%; Test substance: 
Azoxystrobin; Performing lab: Laboratory 4.   

  
Percentage of germinated spores (average ± standard deviation) after 14 days of exposure. Test is invalid (Table 64). n 
values considered in each treatment for each parameter are expressed in the top of the respective bars. 
Source: own illustration, CloverStrategy. 
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Figure 102: Spores: Rhizophagus irregularis; Test soil: OECD 2.5%; Test substance: 
Azoxystrobin; Performing lab: Laboratory 5.   

 
Percentage of germinated spores (average ± standard deviation) after 14 days of exposure. Test is invalid (Table 64). n 
values considered in each treatment for each parameter are expressed in the top of the respective bars; * - means 
significantly different compared to control after one-way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn post hoc test 
for p ≤ 0.05. 
Source: own illustration, CloverStrategy. 

 

Figure 103: Spores: Rhizophagus irregularis; Test soil: OECD 2.5%; Test substance: 
Azoxystrobin; Performing lab: Laboratory 7.   

 
Percentage of germinated spores (average ± standard deviation) after 14 days of exposure. Test is valid (Table 64). n 
values considered in each treatment for each parameter are expressed in the top of the respective bars; * - means 
significantly different compared to control after one-way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn post hoc test 
for p ≤ 0.05. 
Source: own illustration, CloverStrategy. 
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Figure 104: Spores: Rhizophagus irregularis; Test soil: OECD 2.5%; Test substance: 
Azoxystrobin; Performing lab: Laboratory 8.   

 
Percentage of germinated spores (average ± standard deviation) after 14 days of exposure. Test is valid (Table 64). n 
values considered in each treatment for each parameter are expressed in the top of the respective bars; * - means 
significantly different compared to control after one-way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn post hoc test 
for p ≤ 0.05. 
Source: own illustration, CloverStrategy. 
 

Figure 105: Spores: Rhizophagus irregularis; Test soil: OECD 2.5%; Test substance: 
Azoxystrobin; Performing lab: Laboratory 9.   

 
Percentage of germinated spores (average ± standard deviation) after 14 days of exposure. Test is invalid (Table 64). n 
values considered in each treatment for each parameter are expressed in the top of the respective bars; * - means 
significantly different compared to control after one-way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn post hoc test 
for p ≤ 0.05. 
Source: own illustration, CloverStrategy. 
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3.3.1.1.1 Summary of the results obtained in AMF pre-symbiotic phase experiments of the 
ring test with Azoxystrobin 

From the six experiments performed, only two were valid (experiments of laboratories 7 and 
8). The compliance of each experiment with the validity criteria is summarized in Table 64. 

Table 64: Summary of the compliance with the validity criteria defined in SOP Test 1 of the 
pre-symbiotic phase experiments of the ring test carried out exposing R. 
irregularis to Azoxystrobin in OECD 2.5% artificial soil.  

Nº recovered spores/treatment ≥ 25 Test 
validity 

Lab 

Ctso
l 

C0 C1 C2 C3 C4 C5 C6 

Germinated 
spores in C0 ≥ 75% 

 

L3 27.5 23.8 27.5 26.7 25.8 25.8 25.7 24.8 35.3% Invalid 

L4 27.2 27.8 29.3 27.7 25.8 26.7 25.2 25.3 11.3% Invalid 

L5 26.5 25.2 25.0 26.2 27.7 26.8 28.8 29.2 35.1% Invalid 

L7 27.7 28.5 28.8 28.0 28.0 28.5 27.7 28.5 82.5% Valid 

L8 27.7 28.7 28.2 26.5 28.2 27.0 28.7 27.3 83.0% Valid 

L9 29.4 28.4 27.2 28.4 28.4 28.0 27.8 27.8 10.3% Invalid 

 

Chemical analyses to determine the actual contamination of Azoxystrobin in soil samples 
collected at the beggining and end of the experiments were performed following the modified 
QuEChERS methodology (Perestrelo et al., 2019). Results are presented on Appendix A.31. 

The endpoints estimated for the effects of Azoxystrobin on the spore germination of R. 
irregularis in OECD 2.5% artificial soil are presented on Table 65.
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Table 65: Summary of the experiments performed in the pre-symbiotic phase ring test with Azoxystrobin in OECD 2.5% artificial soil. Nominal 
concentrations used in the experiments were: 0; 1.3; 3.1; 7.8; 19.5; 39.0 and 78.0 mg AZX/kg of soil DW. No-Observed Effect Concentration 
(NOEC), Lowest Observed Effect Concentration (LOEC) and Inhibition Concentrations for 10% and 50% (IC10 and IC50) reduction of spore 
germination (SG) were estimated in valid experiments. ICx values were estimated based on nominal and on initial measured concentrations. 
Results are expressed in mg AZX/kg of soil dry weight and presented with the respective 95% confidence interval, when data allowed. Non-
linear models applied and the respective r2 values are presented in Appendix A.32.   

Nominal concentrations Initial measured concentrations 
Laboratory State 

(valid/invalid) Parameters 
NOEC LOEC IC10 IC50 NOEC LOEC IC10 IC50 

Lab 3 Invalid SG - - - - - - - - 

Lab 4 Invalid SG - - - - - - - - 

Lab 5 Invalid SG - - - - - - - - 

Lab 7 Valid SG 1.3 3.1 1.6* 10.2* 1.0 1.3 1.5 (0.9-2.2) 10.2 (5.8-14.5) 

Lab 8 Valid SG 3.1 7.8 0.4 (0.1-0.6) 2.5 (0.8-4.2) 3.0 8.0 0.4 (0.1-0.8) 2.9 (0.6-5.2) 

Lab 9 Invalid SG - - - - - - - - 

* - Data did not allow to estimate the 95% confidence intervals. ND - the fit of the model did not allow the estimation of IC10 and IC50. 
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The percentage of spores’ germination obtained on the experiments described above was 
normalized by dividing the percentage of spores’ germination obtained in each replicate by the 
germination observed in the negative control (0 mg test AZX/kg of soil DW). Normalization of 
data makes easier the comparability of the data among laboratories as the response obtained 
in each experiment (and therefore, by each laboratory) should be analysed in relation to its 
own control response. The normalized percentage of spores’ germination for the pre-symbiotic 
experiments conducted with Azoxystrobin is presented in Figure 106. 

Figure 106: Percentage of spores germination (on average and normalized to the respective 
control response) observed in valid pre-symbiotic phase experiments of the ring 
test exposing spores of the AMF R. irregularis to OECD 2.5% artificial soil spiked 
with Azoxystrobin. 

 
Source: own illustration, CloverStrategy. 

 

The percentages of spores germination in the valid experiments were similar among 
laboratories. Results suggest a slight tendency (although without statistically significant 
evidence) for the reduction of spores germination among the increasing concentrations of 
Azoxystrobin in both laboratories. 

 

3.3.1.2 AMF pre-symbiotic phase experiments of the ring test with Fluazinam 

The results obtained by the six laboratories of the pre-symbiotic phase experiments with 
Fluazinam are presented in Figures 107 to 112 and raw data are presented in Appendix A.30. 
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Figure 107: Spores: Rhizophagus irregularis; Test soil: OECD 2.5%; Test substance: Fluazinam; 
Performing lab: Laboratory 3.   

 
Percentage of germinated spores (average ± standard deviation) after 14 days of exposure. Test is invalid (Table 66). n 
values considered in each treatment for each parameter are expressed in the top of the respective bars; * - means 
significantly different compared to control after one-way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn post hoc test 
for p ≤ 0.05. 
Source: own illustration, CloverStrategy. 

 

Figure 108: Spores: Rhizophagus irregularis; Test soil: OECD 2.5%; Test substance: Fluazinam; 
Performing lab: Laboratory 4.  

 
Percentage of germinated spores (average ± standard deviation) after 14 days of exposure. Test is valid (Table 66). n 
values considered in each treatment for each parameter are expressed in the top of the respective bars. 
Source: own illustration, CloverStrategy. 
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Figure 109: Spores: Rhizophagus irregularis; Test soil: OECD 2.5%; Test substance: Fluazinam; 
Performing lab: Laboratory 5.   

 
Percentage of germinated spores (average ± standard deviation) after 14 days of exposure. Test is invalid (Table 66). n 
values considered in each treatment for each parameter are expressed in the top of the respective bars; * - means 
significantly different compared to control after one-way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn post hoc test 
for p ≤ 0.05. 
Source: own illustration, CloverStrategy. 

 

Figure 110: Spores: Rhizophagus irregularis; Test soil: OECD 2.5%; Test substance: Fluazinam; 
Performing lab: Laboratory 7.   

 
Percentage of germinated spores (average ± standard deviation) after 14 days of exposure. Test is invalid (Table 66). n 
values considered in each treatment for each parameter are expressed in the top of the respective bars; * - means 
significantly different compared to control after one-way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn post hoc test 
for p ≤ 0.05. 
Source: own illustration, CloverStrategy. 
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Figure 111: Spores: Rhizophagus irregularis; Test soil: OECD 2.5%; Test substance: Fluazinam; 
Performing lab: Laboratory 8.   

 
Percentage of germinated spores (average ± standard deviation) after 14 days of exposure. Test is valid (Table 66). n 
values considered in each treatment for each parameter are expressed in the top of the respective bars; * - means 
significantly different compared to control after one-way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn post hoc test 
for p ≤ 0.05. 
Source: own illustration, CloverStrategy. 

 

Figure 112: Spores: Rhizophagus irregularis; Test soil: OECD 2.5%; Test substance: Fluazinam; 
Performing lab: Laboratory 9.   

 
Percentage of germinated spores (average ± standard deviation) after 14 days of exposure. Test is invalid (Table 66). n 
values considered in each treatment for each parameter are expressed in the top of the respective bars; * - means 
significantly different compared to control after one-way ANOVA/Kruskal-Wallis followed by Dunnett/Dunn post hoc test 
for p ≤ 0.05. 
Source: own illustration, CloverStrategy. 
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3.3.1.2.1 Summary of the results obtained in AMF pre-symbiotic phase experiments of the 
ring test with Fluazinam 

 

From the six experiments conducted during this phase, only one was valid (experiment of 
laboratory 8) according to the validity criteria defined on SOP Test 1 (Table 66). 

Table 66: Summary of the compliance with the validity criteria defined in SOP Test 1 of the 
pre-symbiotic phase experiments of the ring test carried out exposing R. 
irregularis to Fluazinam in OECD 2.5% artificial soil.  

Nº recovered spores/treatment ≥ 25 Lab ID 

Ctsol C0 C1 C2 C3 C4 C5 C6 

Germinated 
spores in C0 ≥ 

75% 

Test validity 

L3 27.0 26.8 27.8 26.8 28.8 29.3 27.5 29.2 29.8% Invalid 

L4 28.0 29.0 28.6 27.3 27.0 27.6 28.0 25.5 36.2% Invalid 

L5 26.5 26.2 28.0 28.7 27.7 26.3 27.7 26.5 19.5% Invalid 

L7 29.0 26.8 24.5 27.7 29.3 28.7 25.7 25.3 52.5% Invalid 

L8 27.7 28.7 27.5 27.0 27.0 27.8 27.3 27.5 86.0% Valid 

L9 25.6 27.4 29.6 27.4 28.8 28.8 28.0 28.2 61.3% Invalid 

 

Chemical analyses to determine the actual contamination of Fluazinam in soil samples 
collected at the beginning and end of the experiments were performed following the modified 
QuEChERS methodology (Perestrelo et al., 2019). Results are presented on Appendix A.31. 

The endpoints estimated for the effects of Fluazinam on the germination of R. irregularis 
spores in the valid tests are presented on Table 67.
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Table 67: Summary of the experiments performed in the pre-symbiotic phase ring test with Fluazinam in OECD 2.5% artificial soil. Nominal 
concentrations used in the experiments were: 0; 1.0; 2.0; 4.0; 8.0; 16.0 and 32.0 mg FLZ/kg of soil DW. No-Observed Effect Concentration 
(NOEC), Lowest Observed Effect Concentration (LOEC) and Inhibition Concentrations for 10% and 50% (IC10 and IC50) reduction of spores’ 
germination (SG) were estimated in valid experiments only. ICx values were estimated based on nominal and initial measured 
concentrations. Results are expressed in mg FLZ/kg of soil dry weight and presented with the respective 95% confidence interval. Non-linear 
models applied and the respective r2 values are presented in Appendix A.32.   

Nominal concentrations Actual concentrations 
Laboratory State 

(valid/invalid) Parameters 
NOEC LOEC IC10 IC50 NOEC LOEC IC10 IC50 

Lab 3 Invalid SG 
- - - - - - - - 

Lab 4 Invalid SG 
- - - - - - - - 

Lab 5 Invalid SG 
- - - - - - - - 

Lab 7 Invalid SG 
- - - - - - - - 

Lab 8 Valid SG 2.0 4.0 0.5 (0.3-0.7) 3.3 (1.9-4.7) 1.3 2.8 0.3 (0.2-0.5) 2.2 (1.3-3.1) 

Lab 9 Invalid SG 
- - - - - - - - 

* - Data did not allow to estimate the 95% confidence intervals. ND - the fit of the model did not allow the estimation of IC10 and IC50.
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As performed with the data of Azoxystrobin, the percentage of spores’ germination obtained on 
the pre-symbiotic experiments with Fluazinam was normalized by dividing the percentage of 
spores’ germination of each replicate by the mean response observed on the negative control 
(0 mg FLZ/kg of soil DW). The normalized data for spores’ germination after exposure to 
Fluazinam are presented on Figure 113. 

Figure 113:  Data obtained in the valid pre-symbiotic phase experiment of the ring test 
exposing spores of the AMF R. irregularis in OECD 2.5% artificial soil spiked with 
Fluazinam. 

 
Source: own illustration, CloverStrategy. 

 

There was a significant reduction in the percentage of spores’ germination compared to the 
control in concentrations higher or equal to 4 mg FLZ/kg of soil. 

 

3.3.2 Conclusions in pre-symbiotic phase testing 

The pre-symbiotic phase ring test was conducted to evaluate the validity of the adapted 
method suggested by the ERAMYC consortium for the assessment of effects of chemicals based 
on the germination of spores of the AMF Rhizophagus irregularis (an AMF species different 
than that suggested by ISO 10832). 

From the 12 pre-symbiotic phase experiments performed (including both test substances), 3 
complied with the validity criteria. This corresponds to the validation of 25% of the 
experiments performed. From the 7 laboratories participating on the ring test, only two 
validated at least one of the experiments performed (either with Azoxystrobin or with 
Fluazinam). The results obtained during the pre-symbiotic phase ring test do not confirm the 
results obtained in the ISO document 10832 using F. mosseae (for which at least 4 data 
sets/laboratories were considered). Difficulties in handling and/or selection spores of R. 
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irregularis, which are considerably smaller than those of F. mosseae, may be one of the reasons 
for the low number of valid tests obtained in the pre-symbiotic phase experiments. 

Due to the lack of valid experiments in this phase, the number of data sets obtained was 
insufficient to evaluate the reproducibility and/or precision of the method, according to the 
approaches described in ISO 5594 (2021), ISO 5725-2 (1994) and Environment Canada EPS 
1/RM/46 (2005). More participating laboratories and valid experiments would be needed do 
draw further conclusions regarding the validity of the method proposed. Moreover, some 
adaptations to the methodologies proposed could be important for obtaining more valid 
experiments, such as increasing the number of replicates in the control treatment (e.g. 
minimum of 8 replicates) and providing more costumized and intensive training for the 
technicians performing the methods (e.g. in isolation and handling of AMF spores). 

The endpoints estimated for the pre-symbiotic experiments conducted with Azoxystrobin and 
Fluazinam are within the same order of magnitude as the generality of the endpoints estimated 
in the symbiotic phase experiments. This suggests that AMF spores’ germination is as sensitive 
to the exposure to Azoxystrobin or Fluazinam as the symbiotic parameters measured (i.e. total 
and arbuscular colonization and extra-radicular hyphae length). Data from literature do not 
provide clarity on whether pre-symbiotic or symbiotic parameters are the most sentitive, if 
exposed to chemicals. Moreover, as concluded in WP1, it should be noted that the relative 
sensitivity of pre-symbiotic parameters/symbiotic parameters may depend on the test 
substance. More data (with more AMF species, test soils and test substances) would be needed 
to further assess the relative sensitivity of both AMF phase methods. 
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4 Section 4 – WP4: Preparation of OECD documents 
The ERAMYC consortium worked in the development of two drafts for OECD documents for 
ecotoxicological testing with AMF, one for the AMF pre-symbiotic phase and one for AMF 
symbiotic phase. These documents are presented in Appendixes A.33 and A.34, respectively for 
pre-symbiotic and symbiotic phase testing.  

These draft documents, constituting the deliverables of the WP4 of the ERAMYC project, took 
into consideration the methodologies discussed and agreed during the ERAMYC project that 
were based on the information available in existing literature, with special attention to the ISO 
document 10832 (ISO, 2009) for the pre-symbiotic phase test, and to the documentation 
fascicule from AFNOR for the effects of pollutants on the symbiotic phase of AMF (AFNOR, 
2014).  

Despite the relatively high variability of the data collected during the ring tests, the 
information provided about the methodologies developed during the project constitute a 
highly relevant contribution for the standardization of a method to measure the toxicity of 
chemicals in soil for the establishment of AMF-plant symbiosis and for pre-symbiotic phase 
testing. 
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5 Final remarks  
The ERAMYC project raised from the necessity of filling some of the gaps identified on EFSA’s 
scientific opinion from 2017 (EFSA, 2017) for the inclusion of microorganisms on ERA schemes 
for PPPs.  

Concerning AMF testing, these gaps included the lack of a standardized method to evaluate the 
effects of contaminants on the AMF symbiotic phase of the development of these organisms, 
despite the technical specification document from AFNOR, and the refinement of the 
methodologies described on ISO 10832 for the effects on the AMF pre-symbiotic development.  

The ERAMYC project comprised an extensive literature review on the state of the art of the use 
of AMF on ecotoxicological studies, including both phases of the AMF life cycle. Then, based on 
the information collected during the literature review and on the experimental knowledge of a 
group of experts that made part of the project consortium, a series of experiments was carried 
out to define and refine methodologies to be used in laboratory experiments to evaluate the 
effects of contaminants on AMF development.   

The performance of the ring test for pre-symbiotic and symbiotic AMF phases revealed that, 
despite the important developments made towards standardization and the feasibility of the 
methodologies described, these could not be considered reproductible due to the high variance 
observed among the results obtained.  

The broad genetic variability of AMF associated with the existing gap of knowledge about the 
AMF structures that comprise the propagules of the AMF species, could have been at the origin 
of the difficulties in standardizing the method for these organisms. According to Purin et al. 
(2012), AMF from the same species and origin can be genetically different, which can cause 
genetic incompatibility and impair the formation of anastomosis. According to Mallman et al. 
(2018), the multinucleate spores from the same species but with different origins can originate 
different results when submitted to testing. Because of that, these authors suggest that 
different culturing/test conditions may be needed for AMF with different origins, which makes 
it more difficult to standardize a procedure for AMF testing. Some experts even defend that the 
use of AMF propagules from in-vitro cultivations instead of trap cultures may promote a 
considerable reduction in variability of test results.  

Another aspect that can contribute to the variability of data is the technical skills required to 
the adequate measurement of the AMF parameters of both phases by the technicians that carry 
out the tests. Actually, little experience of a technician in the measurements of AMF 
parameters, can make him/her take faulty decisions, resulting in a high variance in the 
generated data. From this point of view, the selection of parameters less prone to be influenced 
by the technician procedures/criteria can contribute to reduce the variability of data.   

In the ring-test for the AMF symbiotic phase method, the high variability of data did not allow 
the estimation of endpoints from the data of six laboratories, which is the minimum number 
advised to confirm the reproducibility of the method. Despite the online training sessions 
ministered by the consortium to the laboratories of the ring test, the inexperience of the 
laboratories could have contributed to the variability of the data. Actually, data analysis of the 
experiments of the 2nd phase of WP2 evidenced that there are AMF parameters more prone to 
be influenced by laboratory technicians (e.g. the measurements of the percentage of arbuscular 
colonization). Data of ring test also showed a higher variability in measurements of arbuscular 
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colonization and extra-radicular hyphae length than in total colonization measurements. 
Another aspect that was not achieved in this method was the definition of a reference 
substance. Although the experiments carried out in WP2 have indicated that Azoxystrobin and 
Fluazinam could be adequate for reference substances, the experiments of the ring test did not 
confirm that, mainly due to the high data variability. Despite that, beyond Azoxystrobin and 
Fluazinam, other substances like Terbuthylazine and even Copper sulphate showed to have 
potential to be used as reference substances, but further tests would be needed to confirm that. 
Taking these considerations into account, further research steps are needed to substantiate the 
standardization of the AMF symbiotic phase testing. From this perspective, the following 
aspects should be considered in the future work for the standardization of the symbiotic phase 
testing:  

► The measurement of AMF parameters less dependent on the technical skills/criteria of the 
technician (e.g. percentage of total colonization) should be prioritized; 

► Investment in testing Copper sulphate and/or Terbuthylazine should be made to confirm if 
any of these substances are adequate to be used as reference chemical in AMF symbiotic 
phase method; 

► The use of AMF propagules from in-vitro cultivations instead of trap cultures should be 
checked with the aim of reducing data variability.  

 In the ring test of pre-symbiotic phase method, the low number of valid tests resulted in an 
insufficient amount of data to confirm the reproducibility of the method. The reduced number 
of valid tests can be related to the AMF species (R. irregularis spores may be too sensitive not 
being viable after handling for testing) or to a dormant state of the spores previously collected 
from the inoculants used in the experiments. Therefore, for the standardization of the pre-
symbiotic phase method, further experiments are needed, and the following aspects should be 
considered:  

► Spores from AMF species other than R. irregularis should be tested; 

► Especial care must be taken when handling spores to be used in testing.  

Despite the impossibility of supporting the validation of the methods applied during ERAMYC, 
the effect data produced are relevant to support the importance and urgency of including AMF 
sensitivity on ERA schemes.  

The comparison between the endpoints obtained for in-soil non-target standard species 
considered in the current ERA (i.e. Folsomia candida, Eisenia andrei/fetida, Hypoaspis aculeifer, 
among plant species and microorganisms) and those estimated for AMF showed that, for three 
of the seven substances tested in WP2, AMF are more than 5 times more sensitive to the test 
substances than the other groups. Therefore, the data suggest that AMF are not sufficiently 
protected in the current ERA schemes. 

Moreover, the results obtained in this project show that initial measured concentrations of the 
majority of tested substances were below 80 % already at test start. Constant exposure during 
the whole test was hampered due to degradation of test substances. Although the endpoints 
estimated based on nominal concentrations are generally within a factor of 5 compared to 
those estimated from initial measured concentrations, differences up to factor 50000 were 
observed. Therefore, ERA for in-soil organisms based strictly on nominal values may not be 
sufficiently protective. Performing chemical analyses and estimating endpoints based on 
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measured concentrations can provide more relevant data to complement and confirm the 
accuracy of the procedures applied during the tests, leading to a more accurate basis for 
regulation. 
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6 Dissemination of the ERAMYC project 
The ERAMYC project was disseminated in various occasions: 

► SETAC Europe 32nd Annual Meeting, between May 15th and 19th 2022 in Copenhagen, 
Denmark. The project was presented by Tiago Natal da Luz as an oral platform in the 
session “4.10 – Linking soil ecology, ecotoxicology and risk assessment to the impact of 
multiple stressors on soil organism communities in the field” chaired by Silvia Pieper, M. 
Nazaret Gonzalez-Alcaraz, Susana Loureiro and Tiago Natal da Luz that was held on May 
17th, 2022. The extended abstract submitted to this congress is presented in Appendix A.35.  

► SETAC Europe 33rd Annual Meeting, between April 30th and May 4th, 2023, in Dublin, 
Ireland. The project was presented by Tiago Natal da Luz as an oral platform in the session 
“6.14 – “Getting the Soil Loop Rolling: from Ecotoxicology to Risk Prediction to Monitoring 
and Back to Better Protect Soils Under the European Green Deal” chaired by Silvia Pieper, 
Amy C. Brooks, Gregor Ernst and Paola Grenni that was held on May 1st, 2023. The 
extended abstract submitted to this congress is presented in Appendix A.36.  

► Summer School of the Aristo Project (a project focused on the development of tools, 
methods and procedures to assess in the most comprehensive and robust way the toxicity 
of pesticides on soil microorganisms) by Tiago Natal da Luz on May 30th, 2024, at the 
invitation of Prof Dimitrios Karpoyzas from Thessaly University, Greece.  

► An abstract was accepted for poster presentation on SETAC Europe 35th Annual Meeting 
that will be held on Viena, Austria, between 11th and 15th May 2025. The submitted 
extended abstract is presented in Appendix A.37. 

► An abstract was submitted for an oral presentation on SETAC Latin America 16th Biennial 
Meeting that will be held on Lima, Peru, between the 26th and 29th August 2025. The 
submitted abstract is presented in Appendix A.38. 
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A Appendix 

A.1 Global frequency of occurrence of Gigaspora margarita by country, considering 
data from 4 databases: MaarjAM (Öpik et al., 2010), Stürmer et al. (2018), PlutoF 
(Abarenkov et al., 2010) and FungalTraits (Põlme et al., 2021). Numbers within each 
country represent the total number of entries recorded. 

Country/Database Maarj AM Stürmer PlutoF Fungal 
Traits 

Argentina - 2 - - 

Australia - 3 78 19 

Brazil - 41 6 8 

Burkina Faso - 1 - - 

Cameroon - 1 - 12 

Canada - 1 - - 

China - 3 - - 

Germany 6 - 1 - 

India - 12 - - 

Japan 2 11 6 1 

Kenya - 2 - - 

Korea - 1 - - 

Malaysia - 2 - - 

Mexico - 6 - - 

Namibia - 1 - - 

New Zealand - 2 5 45 

Pakistan - 1 - - 

Phillippines - 1 1 - 

Portugal - - 72 16 

Scotland - - 1 - 

Senegal - 1 - - 

South Korea  1 - - - 

Spain - 4 - - 

Switzerland 15 1 - 15 

Thailand - 1 - - 

Uganda - - 2 - 
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Country/Database Maarj AM Stürmer PlutoF Fungal 
Traits 

United States of America - 50 3 2 

Venezuela - 1 1 - 
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A.2 Global frequency of occurrence of Rhizophagus intraradices by country, considering 
data from 4 databases: MaarjAM (Öpik et al., 2010), Stürmer et al. (2018), PlutoF 
(Abarenkov et al., 2010) and FungalTraits (Põlme et al., 2021). Numbers within each 
country represent the total number of entries recorded. 

Country/Database Maarj AM Stürmer PlutoF Fungal 
Traits 

Algeria - 1 - - 

Argentina - 5 2 - 

Australia - 4 - 3 

Bangladesh - - 2 - 

Belgium - - 3 - 

Benin - 11 - - 

Bolivia - - - 1 

Brazil - 14 - - 

Burkina Faso - 1 - - 

Canada 5 9 8 13 

Canary Island - 2 - - 

Chile - 1 - - 

China - 18 24 17 

Colombia - 1 - - 

Costa Rica - - 2 3 

Croatia - 2 - - 

Czech Republic 8 6 - 3 

Denmark 3 3 2 - 

Ecuador - 1 - - 

England - 1 - - 

Estonia - 1 2 - 

France 1 3 2 2 

Germany - 3 44 50 

Greece - 1 - - 

India - 25 1 1 

Iran - 3 10 12 

Israel - 1 - - 

Italy - 3 2 - 
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Country/Database Maarj AM Stürmer PlutoF Fungal 
Traits 

Japan 3 4 2 3 

Kenya - 1 2 3 

Korea - 1 - - 

Libya - - - 1 

Mali - 1 - - 

Mexico - 9 - - 

Namibia - 3 2 3 

Netherlands 3 2 2 3 

New Zealand - - 4 - 

Nigeria - 1 - - 

Peru - 1 - - 

Philippines - - 1 - 

Poland - 3 1 - 

Republic of Korea - 1 - - 

Russian Federation - - 1 - 

Scotland - 3 3 - 

Senegal - 1 - - 

Slovenia - - 1 - 

South Africa - 3 - - 

Spain 2 14 10 - 

Sweden - 1 - - 

Switzerland 27 7 9 84 

Syria - 1 - - 

Thailand - 1 - - 

Tibet - 7 - - 

Tunisia - 2 - - 

United States of America 7 91 100 71 

Venezuela - 1 - - 
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A.3 Global frequency of occurrence of Rhizophagus irregularis by country, considering 
data from 4 databases: MaarjAM (Öpik et al., 2010), Stürmer et al. (2018), PlutoF 
(Abarenkov et al., 2010) and FungalTraits (Põlme et al., 2021). Numbers within each 
country represent the total number of entries recorded. 

Country/Database Maarj AM Stürmer PlutoF Fungal 
Traits 

Canada 22 - 26 170 

China - - 1 2 

Czech Republic - - - 1 

Denmark 3 - 1 - 

Estonia - - 1 - 

Iran - - - 3 

Lithuania - - - 1 

Poland - - - 2 

Russian Federation - - 8 8 

South Korea 1 - - - 

Ukraine - - 1 1 

USA - - 1 - 
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A.4 Global frequency of occurrence of Rhizophagus claurs by country, considering data 
from 4 databases: MaarjAM (Öpik et al., 2010), Stürmer et al. (2018), PlutoF 
(Abarenkov et al., 2010) and FungalTraits (Põlme et al., 2021). Numbers within each 
country represent the total number of entries recorded. 

Country/Database Maarj AM Stürmer PlutoF Fungal 
Traits 

Argentina - 3 1 - 

Australia - 3 62 - 

Benin - 1 - - 

Brazil - 16 11 3 

Cameroon - 1 - - 

Canada - 7 4 - 

China - 14 - - 

Colombia - 5 3 2 

Croatia - 1 - - 

Cuba - - 5 - 

Denmark - - - 7 

Finland - - 4 - 

Germany - 1 8 - 

Iceland - 1 20 9 

India - 8 - - 

Indonesia - - 6 - 

Japan - 3 2 - 

Korea - 1 - - 

Madagascar - 1 - - 

Malaysia - 1 - - 

Mexico 1 5 - - 

Namibia - 5 1 4 

Nicaragua - 1 - - 

Nigeria - 2 - - 

Poland - 1 - - 

Portugal - - 47 - 

Republic of Korea - 1 - - 

Scotland - - 5 - 
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Country/Database Maarj AM Stürmer PlutoF Fungal 
Traits 

Singapore - 1 - - 

South Korea - 1 - - 

Spain - 3 - - 

Switzerland - 1 - 3 

Syria - 1 - - 

Thailand - 2 3 - 

Tibet - 7 - - 

Tunisia - 1 - - 

USA 1 46 11 - 

Venezuela - 1 - - 
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A.5 Global frequency of occurrence of Funneliformis mosseae by country, considering 
data from 4 databases: MaarjAM (Öpik et al., 2010), Stürmer et al. (2018), PlutoF 
(Abarenkov et al., 2010) and FungalTraits (Põlme et al., 2021). Numbers within each 
country represent the total number of entries recorded. 

Country/Database Maarj AM Stürmer PlutoF Fungal 
Traits 

Algeria - 1 - - 

Antarctica - - 16 - 

Argentina - 3 1 - 

Australia 21 15 1118 23 

Austria - - 14 - 

Belgium - - 3 - 

Benin - 3 - - 

Bolivia 2 - 2 - 

Brazil - 18 - 8 

Canada 4 25 6 2 

Chile - 1 - - 

China 14 28 11 29 

Christmas Island - - 1 - 

Colombia 3 1 - - 

Costa Rica - 2 - - 

Croatia - 2 - - 

Cuba - 3 - 5 

Czech Republic - 5 - - 

Denmark 40 4 3 4 

Ecuador - 1 - - 

England - 4 - - 

Estonia - 1 - - 

Ethiopia 6 - - 6 

Finland 11 4 14 - 

France 1 5 6 - 

Germany 15 8 62 64 

Greece - 1 - - 

Guatemala - 1 - - 
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Country/Database Maarj AM Stürmer PlutoF Fungal 
Traits 

Honduras - 1 - - 

Hungary - 1 - - 

India - 32 6 10 

Indonesia - 1 4 - 

Iran - 2 6 7 

Israel - 2 - - 

Italy 14 12 - 26 

Japan 3 3 2 - 

Jordan - 1 - - 

Kazakhstan 2 - - - 

Kenya - 2 - - 

Libya - 1 2 2 

Mexico - 12 1 - 

Namibia - 3 1 1 

Netherlands - 3 3 - 

New Zealand - 8 3 - 

Nicaragua - 1 2 - 

Nigeria - 2 - - 

Pakistan - 1 - - 

Philippines 7 2 7 - 

Poland - 11 - 3 

Portugal - 3 4 - 

Saudi Arabia - 1 - - 

Scotland - 7 63 45 

Senegal - 3 2 - 

Slovakia - - - 1 

Slovenia - 1 - - 

Somalia - 2 - - 

South Africa - 1 - - 

Spain 7 15 32 - 

Sweden - 1 - - 
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Country/Database Maarj AM Stürmer PlutoF Fungal 
Traits 

Switzerland 19 4 18 20 

Syria - 1 - - 

Thailand - 1 2 - 

Tibet - 5 - - 

Tunisia - 1 - - 

Uganda - - 4 - 

Ukraine - - 1 1 

United States 32 139 56 20 

Venezuela 1 - 6 - 
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A.6 The classification of biocides in the Biocidal Products Regulation (EU) 528/2012)(BPR) 
(EU, 2012). 

 

MAIN GROUP 1: Disinfectants 

Product-type 1: Human hygiene 

Product-type 2: Disinfectants and algaecides not intended for direct application to humans or 
animals 

Product-type 3: Veterinary hygiene 

Product-type 4: Food and feed area 

Product-type 5: Drinking water 

 

MAIN GROUP 2: Preservatives 

Product-type 6: Preservatives for products during storage 

Product-type 7: Film preservatives 

Product-type 8: Wood preservatives 

Product-type 9: Fiber, leather, rubber and polymerised materials preservatives 

Product-type 10: Construction material preservatives 

Product-type 11: Preservatives for liquid-cooling and processing systems 

Product-type 12: Slimicides 

Product-type 13: Working or cutting fluid preservatives 

 

MAIN GROUP 3: Pest control 

Product-type 14: Rodenticides 

Product-type 15: Avicides 

Product-type 16: Molluscicides, vermicides and products to control other invertebrates 

Product-type 17: Piscicides 

Product-type 18: Insecticides, acaricides and products to control other arthropods 

Product-type 19: Repellents and attractants 

Product-type 20: Control of other vertebrates 

 

MAIN GROUP 4: Other biocidal products 

Product-type 21: Antifouling products 

Product-type 22: Embalming and taxidermist fluids
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A.7 List of chemicals used in ecotoxicological studies until June of 2021. Number in 
parentheses indicates the number of times they were used in the experiments. 

 

Biocides - Biological pesticide (BP): 

Azadirachtin (2) 

Bacillus thuringiensis (1) 

Fusarium oxysporum (1) 

Pyrethrum (2) 

Terpens (2) 

Spinosad (2) 

 

Biocides - Disinfectant agents (DA): 

Chloramine-T (1) 

Formaldehyde (1) 

Mercury chloride (1) 

Sodium hypochlorite (1) 

 

Biocides - Personal Care Products (PCP): 

Triclocarban (1) 

Triclosan (4) 

 

Biocides - Veterinary and human-use pharmaceuticals (VHP): 

17-α-ethynyl estradiol (1) 

Arbamazepine (1) 

Atorvastatin (1) 

Chloramphenicol (1) 

Chlortetracycline (1) 

Doxycycline (1) 

Garamicyn (1) 

Levofloxacin (1) 

Monensin (1) 

Oxytetracycline (1) 

Pimaracin (1) 

Streptomycin sulfate (1) 

Sulfamethoxazole (1) 
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Tetracycline (1) 

Tylosin (1) 

 

Fungicides (F): 

Azoxystrobin (5) 

Chinosol (1) 

Benomyl (9) 

Captan (6) 

Carbendazim (8) 

Chlorothalonil (5) 

Ciproconazole (1) 

Copper hydroxide (1) 

Copper oxychloride (2) 

Copper sulfate (1) 

Dichlofluanide (1) 

Ethirimol (1) 

Etridiazole (1) 

Fenarimole (1) 

Fenhexamid (8) 

Fenpropimorph (3) 

Flutholanil (4) 

Folpel (1) 

Fosethyl-aluminium (3) 

Hymexazole (1) 

Iprodione (2) 

Kresoxim-methyl (1) 

Mancozeb (5) 

Mepanipyrim (1) 

Metalaxyl (2) 

Metalaxyl-M (2) 

Mephenoxan (1) 

Miclobutanil (1) 

Oxycarboxin (1) 

Penconazole (1) 

Pencycuron (3) 
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Pentachloronitrobenzene (5) 

Prochloraz (2) 

Propamocarb (1) 

Propiconazole (2) 

Pyraclostrobin (2) 

Sedaxane (1) 

Tetramethylthiuram-disulfide (1) 

Tridemorph (1) 

Trifloxystrobin (2) 

Ziram (1) 

 

Herbicides (H): 

Acetochlor (1) 

Alachlor (3) 

Aminomethylphosphonic acid (AMPA - metabolite of glyphosate) (1) 

Bentazon (1) 

Bifenox (1) 

Chlorotoluron (1) 

Dicamba (3) 

Difenzoquat methyl sulphate (1) 

Glufosinate ammonium (2) 

Glyphosate (11) 

MCPA (1) 

Nicosulfuron (2) 

Pendimethalin (2) 

Prometryn (1) 

Tebuthiuron (1) 

Terbuthylazine (1) 

 

Inseticides (I): 

Deltamethrin (1) 

Dimethoate (3) 

 

Pesticides mixtures (F – fungicides; I – insecticides; H – herbicides): 

Azoxystrobin (F)+Fludioxonil (F)+Mefenoxam (F)+Thiamethoxam (I) (1) 
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Fludioxonil (F)+Mefenoxam (F)+Thiamethoxam (I) (1) 

Mecoprop+Ioxynil+Clopyralid (H) (1) 

Prothioconazole+Penflufen+Metalaxyl (F) (2) 

Pyraclostrobin+Triticonzole+Metalaxyl (F) (1) 

Ciprodinyl+Fludioxonyl (F) (1) 

Dimetomorph+Folpet (F) (1) 

Diuron+Paraquat (H) (1) 

Methalaxyl+Mancozeb (F) (1) 

Propiconazole+Tridemorph (F) 

Tebuconazole+Trifloxystrobin (F) (1) 

Tebuconazole+Metalaxyl (F) (1) 

 



TEXTE  – Test battery for the effect determination of chemicals in soils: Suitability of test systems with mycorrhizal fungi 
for the risk assessment 

321 
 

A.8 List of AMF species used in the ecotoxicological studies carried out until June of 
2021. Number in parentheses indicates the number of studies where they were used. 

Acaulospora sp. (1) 

Acaulospora koskei isolate SCT049C (1) 

Acaulospora laevis (3) 

Claroideoglomus spp. (1) 

Claroideoglomus claroideum (1) 

Dentiscutata nigra (1) 

Funneliformis caledonium (1) 

Glomus caledonoim = Funneliformis caledonium (2) 

Funneliformis monosporum (1) 

Funneliformis mosseae (3) 

Glomus mosseae = Funneliformis mosseae (19) 

Funneliformis mosseae isolates from Finland. Denmark or Spain (1) 

Funneliformis mosseae isolate BEG119 from Granada (1) 

Funneliformis mosseae isolate IMA1 from Pisa (1) 

Funneliformis. mosseae isolate BEG116 from Barcelona (2) 

Gigaspora spp. (1) 

Gigaspora albida (1) 

Gigaspora albida isolate SCT200A (2) 

Gigaspora decipiens (1) 

Gigaspora margarita (5) 

Gigaspora margarita isolate SCT077A (1) 

Gigaspora rosea (3) 

Glomus sp. (2) 

Glomus aggregatum (4) 

Glomus etunicatum = Claroideoglomus etunicatum (14) 

Glomus fascicularum (1) 

Glomus geosporum (2) 

Glomus leptotichum (1) 

Glomus monosporum (3) 

Glornus monosporum (2) 

Paraglomus brasilianum (2) 

Paraglomus occultum  

Glomus occultum = Paraglomus occultum (1) 
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Rhizophagus clarus isolate RJN102A (2) 

Glomus clarum = Rhizophagus clarus (5) 

Rhizoglomus clarum = Rhizophagus clarus (1) 

Rhizophagus intraradices (1) 

Glomus intraradices = Rhizophagus intraradices (12) 

Rhizophagus irregularis (1) 

Glomus irregularis = Rhizophagus irregularis (1) 

Rhizophagus irregularis isolate MUCL 41833 (2) 

Scutellospora heterogama (2) 

Gigaspora calospora = Scutellospora heterogama (2) 

 

Native AMF species from cultivated fields, pastures, and grassland (9) 
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A.9 List of host plants used in the ecotoxicological studies carried out until June of 2021. 
Number in parentheses indicates the number of studies where they were used. 

Allium cepa (1) 

Allium porrum L. cv. Lancelot (1) 

Anthylis vulneraria sub sp. Sampaiana (transformed roots) (1) 

Arachis hipogea (1) 

Avena sativa (1) 

Bromus tectorum (1) 

Capsicum annum (2) 

Cichorium intybus (1) 

Cichorium intybus (transformed roots) (1) 

Citrus aurantium (2) 

Cucumis sativus (1) 

Daucus carota (2) 

Daucus carota (transformed roots) (4) 

Daucus carota (transformed roots) clone DC1 (1) 

Glycine max (4) 

Glycine max cv. Hobbit (1) 

Lactuca sativa (1) 

Leucaena leucocephala (2) 

Lolium multiflorum (1) 

Lotus tenuis (1) 

Medicago truncatula (1) 

Paspalum notatum (1) 

Phaseolus vulgaris (1) 

Phaseolus vulgaris cv. Pérola (1) 

Pisum sativum cv. Finale (1) 

Pisum sativum cv. Little Marvel (1) 

Pisum sativum cv. Solare (1) 

Schizolobium parahyba var amazonicum (1) 

Sesamum indicum (1) 

Sitanion hystrix (1) 

Trifolium repens (1) 

Trifolium subterraneum (1) 

Trifolium subterraneum L. cv. Seaton Park (1) 
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Triticum aestivum (4) 

Xanthium strumarium (1) 

Zea mays (5) 

Zea mays var. saccharata (1) 
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A.10 List of soils, respective origin country (Ger- Germany; Por – Portugal; Bra – Brazil; 
Est – Estonia) and soil properties made available for collection by the elements of the 
ERAMYC consortium. 

Origin Country Soil code pH OC Sand (%) Silt (%) Clay (%) 

Lufa 2.1 Germany Ger1 4.7 0.71 86.0 11.0 3.0 

Lufa 2.2 Germany Ger2 5.4 1.61 76.2 15.8 8.0 

Lufa 2.4 Germany Ger3 7.4 1.99 33.1 41.1 25.8 

Gleidson Portugal Por1 3.53 3.8 51.4 35.0 13.6 

Vairão Portugal Por2 4.4 3.23 54.1 35.6 10.3 

FM Portugal Por3 5.4 2.5 68.0 24.0 8.0 

FB Portugal Por4 5.4 2.8 70.7 22.7 6.7 

Roxo Portugal Por5 4.16 2.49 49.2 24.2 26.5 

CM Portugal Por6 6.7 2.09 81.0 7.8 11.2 

Cambisol (FAO) Brazil Bra1 4.2 0.96 46.8 24.2 29.0 

Cambisol (FAO) Brazil Bra2 4.2 2.2 60.0 19.0 21.0 

Cambisol (FAO) Brazil Bra3 3.9 1.24 26.0 43.0 31.0 

Nitisol (FAO) Brazil Bra4 5.0 1.88 35.0 32.0 33.0 

Nitisol (FAO) Brazil Bra5 5.3 1.68 11.0 39.0 50.0 

Nitisol (FAO) Brazil Bra6 5.0 1.2 35.0 32.0 33.0 

Arenosol (FAO) Brazil Bra7 5.3 0.36 37.0 59.0 4.0 

Ferralsol (FAO) Brazil Bra8 4.1 1.08 12.0 39.0 49.0 

Ferralsol (FAO) Brazil Bra9 4.4 0.32 24.0 46.0 30.0 

Cambisol (FAO) Brazil Bra10 5.9 2.93 13.4 24.6 62.0 

Cambisol (FAO) Brazil Bra11 4.7 2.7 21.0 20.0 59.0 

KIK002T Estonia Est1 6.3 2.2 44.9 40.0 15.2 

KIK005T Estonia Est2 5.9 2.2 44.7 40.6 14.7 

KIK006T Estonia Est3 7.2 2.1 57.9 27.3 14.8 

KIK008T Estonia Est4 5.5 2.3 52.4 34.3 13.3 

KIK009T Estonia Est5 5.2 1.9 50.1 38.5 11.4 

KIK010T Estonia Est6 6.2 1.5 66.5 20.3 13.2 

KIK039R Estonia Est7 5.4 1.2 68.9 22.3 8.8 

KIK041R Estonia Est8 5.9 1.6 58.9 29.0 12.1 

KIK042R Estonia Est9 5.4 1.7 43.2 44.6 12.2 
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Origin Country Soil code pH OC Sand (%) Silt (%) Clay (%) 

KIK050T Estonia Est10 6.4 2 59.5 25.3 15.2 

KIK052T Estonia Est11 5.9 1.5 63.6 22.7 13.7 

KIK054T Estonia Est12 5.7 1.8 63.8 23.3 13.0 

KIK056T Estonia Est13 6.0 1.6 53.6 31.8 14.6 

KIK058T Estonia Est14 5.2 1.6 75.5 14.4 10.1 

KIK060T Estonia Est15 7.1 1.8 41.8 34.5 23.7 

KIK062T Estonia Est16 6.2 1.8 59.7 24.0 16.2 

KIK064T Estonia Est17 5.2 1.3 66.3 21.7 12.0 

KIK065R Estonia Est18 5.4 2.3 74.9 15.3 9.8 

KIK067T Estonia Est19 5.8 1.8 68.2 20.3 11.5 

KIK083T Estonia Est20 5.4 1.7 67.9 21.1 11.1 

KIK086T Estonia Est21 6.5 1.7 70.2 18.4 11.4 

KIK087R Estonia Est22 6.1 2.4 71.5 16.0 12.5 

KIK098T Estonia Est23 4.7 1.2 88.0 5.2 6.9 

KIK100T Estonia Est24 7.2 2 46.6 33.5 19.9 

KIK102T Estonia Est25 7.3 2.1 48.5 32.8 18.7 

KIK243T Estonia Est26 6.0 1.3 53.0 29.8 17.1 

KIK244T Estonia Est27 7.0 2.8 58.0 11.0 31.0 

KIK245T Estonia Est28 6.2 1.5 48.3 38.7 13.1 

KIK246T Estonia Est29 6.0 1.3 50.4 36.6 13.0 

KIK247T Estonia Est30 6.4 1.6 37.2 40.4 22.4 

KIK248T Estonia Est31 6.2 2.8 49.0 35.9 15.2 



TEXTE – Test battery for the effect determination of chemicals in soils: Suitability of test systems with mycorrhizal fungi 
for the risk assessment 

327 
 

A.11 List of active ingredients considered in the multi-residue analysis performed to 
the 4 natural soils (Ger1, Por3, Bra8 and Est32) and the respective quantification 
limits (QL). 

Please refer to the “Supporting information” supplementary Excel file.
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A.12 Raw data of the experiments from the 1st phase of WP2. 

Table A.12 – 1: Raw data obtained from the experiments with different weights of AMF 
inoculants (Funneliformis mosseae, Rhizophagus irregularis and Rhizophagus 
clarus), host plants (tomato – Solanum lycopersicum and leek – Allium 
ampeloprasum) with OECD 2.5% and Bra8 soil. Experiments conducted by UC and 
UDESC for the 1st phase of WP2, objective 1.  

Please refer to the "Raw data" supplementary Excel file. 

 

Table A.12 – 2: Raw data obtained from the experiments with different number of spores 
isolated from AMF inoculants of Funneliformis mosseae, Rhizophagus irregularis 
and Rhizophagus clarus, using the host plants tomato (Solanum lycopersicum) and 
leek (Allium ampeloprasum) with OECD 2.5% soil. Experiments conducted by UC 
and UDESC for the 1st phase of WP2, objective 1.  

Please refer to the "Raw data" supplementary Excel file. 

 

Table A.12 – 3: Raw data obtained from the experiments with different weights of AMF 
inoculants (Funneliformis mosseae, Gigaspora margarita, Gigaspora albida and 
Rhizophagus clarus), host plants (tomato – Solanum lycopersicum and leek – 
Allium ampeloprasum) with OECD 2.5% and Bra8 soil. Experiments conducted by 
UT and UDESC for the 1st phase of WP2, objective 2.  

Please refer to the "Raw data" supplementary Excel file. 

 

Table A.12 – 4: Raw data obtained from the experiments with different weights of AMF 
inoculants (Funneliformis mosseae, Gigaspora margarita, Rhizophagus irregularis 
and Rhizophagus clarus), host plants (tomato – Solanum lycopersicum and leek – 
Allium ampeloprasum) with OECD 2.5%, Por3, #Lufa 2.1, Est32 and Bra8 soil. 
Experiments conducted by UC, UT and UDESC for the 1st phase of WP2, objective 
3.   

Please refer to the "Raw data" supplementary Excel file. 

 

 



TEXTE – Test battery for the effect determination of chemicals in soils: Suitability of test systems with mycorrhizal 
fungi for the risk assessment 

329 
 

A.13 SOP 2.1 - Assessing the inoculum potential of Arbuscular Mycorrhizal Fungi 
(AMF) from a soil/substrate inoculant (reproduction of the final version of the 
document, from June 2023). 

Title: 
Assessing the inoculum potential of Arbuscular Mycorrhizal Fungi (AMF) from an 

inoculant. 

 

Aim of this Standard Operating Procedure: 
Ensure an adequate assessment of the inoculum potential of Arbuscular 

Mycorrhizal Fungi (AMF) from an inoculant. This assessment is particularly 

relevant to know the amount of inoculant needed to perform definitive AMF 

laboratory tests. 

 

Summary: 
This protocol describes a method to evaluate the inoculum potential through an 

inoculant for leek (Allium ampeloprasum) or other plant species. The inoculum 

potential is intended as the capacity of an inoculant to promote root colonization 

(through the measurement of the percentage of colonized roots). The method is 

based on the use of inoculant of the selected AMF species mixed with natural or 

artificial soil in different amounts in test containers with presoaked seeds of the 

host plant. After 28 days (4 weeks) of incubation the percentage of AMF 

colonization in the roots is determined by assessing the intra-radicular 

colonization in the roots. 

 
NOTE: Mixed inoculum is considered a mixture with more than one source of AMF 

propagules (i.e., spores, hyphae, and colonized roots). Inoculant is a mixture of the 

mixed inoculum and the soil (usually a sandy soil) that is used as source of mixed 

inoculum in the experiment. 

NOTE: This protocol was developed for Funneliformis mosseae, Rhizophagus irregularis 

and Rhizophagus clarus inoculant in leek but can be adapted to inoculants of other AMF 

species and other host plants. 
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Equipment: 
- Growth chamber (temperature of 25 ± 2 ºC and a photoperiod of 16:8h, 
light:dark) 

- Weighing scale 

- Autoclave 

 

Test Materials:  

- Distilled water  

- 250 mL plastic pots as test vessels  

- Modified standard artificial soil or a natural soil sieved at 5 mm  

 

NOTE: Modified artificial soil composition: 2.5% of peat (use mature peat, air dried and 
sieved at 2 mm - peat can be milled if necessary to make sieving easier), 20% of kaolin 
clay and 77.5% of sand. Soil pH should be adjusted to 6.0 ± 0.5 with the addition of 
CaCO3.  

NOTE: For tropical conditions, a tropical artificial soil (TAS) (Garcia, 2004) can be used.  

 

Biological Materials:  

- Soil/substrate inoculant - can be produced under pot culture conditions 

according to Stutz & Morton (1996) and kept at 4°C until its use for tests or can 

be obtained from certified AMF germplasm banks.  

- Allium ampeloprasum seeds  

 

Test conditions:  

- Growth/room chamber with a controlled temperature of 23 ± 2 °C and 

photoperiod of 16:8h light:dark.  
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- Soil moisture adjusted to 50 ± 10% of its water holding capacity (WHC). Soil 

water content should be adjusted twice a week on a weight basis (distilled water 

should be added to compensate water losses when the weight loss is higher than 

2%).  

- When possible, a relative air moisture of 60% should be used (a high air 

moisture reduces water losses).  
NOTE: A fertilizer solution can be used in the experiments. 

 

Procedure: 

The soil to be used in the test (whether it is artificial soil or natural soil) must be 

previously sterilized by gamma irradiation or, alternatively, autoclaving (through 

2 cycles of 60 min at 121°C and under 1.5 atm; the soil must “rest” at least 

overnight between cycles). Note that, after autoclaving, the soils must be kept at 

room temperature for 5-7 days before being used in the tests. 

 

Before the beginning of the tests, the number of spores per gram of inoculant 

should be estimated (see SOP 1.1). This measurement should be done for each 

new inoculant batch and inoculants with a minimum of 1 spore g-1 of soil should 

be considered for use in the tests. 

Four replicates should be prepared for each test mixture. In each test container, 

add 100 g of soil with the moisture adjusted to 50% of its WHC in the bottom and 

at the top a mixture of 100 g of soil + inoculant (Figure 1). As an example, the 

following gradient of mixtures can be tested (note that the proportion of soil + 

inoculant can be adjusted depending on the number of spores per g of inoculant): 
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Bottom  Top   
Soil (g)  Soil (g) Soil/substrate inoculant (g) 
100  100 0 
100  95 5 
100  90 10 
100  80 20 
100  70 30 
100  60 40 
100  50 50 
 

Seeds should be previously disinfected by immersion in a 1% sodium 

hypochlorite solution for 5 min and subsequently washed several times with 

distilled water. Seeds should then be placed in filter paper moistened with 

autoclaved distilled water in Petri dishes for 2 to 4 days. Immediately before 

seeds germination (note that AMF roots colonization may be reduced when 

seedlings with radicles length are used instead of seeds) 3 seeds should be sown 

in each test container. Seeds should be buried at 0.5-1 cm of soil surface. After 

seeds germination only one plant should remain per replicate during the test and 

the others should be harvested. Note that the test period starts only after seeds 

germination in each vessel.  

 

 
Figure 1. Representation of a test vessel with the respective test mixture. Source: 

Luís Carlos Iuñes de Oliveira Filho. 
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After seeds germination, soil surface can be covered with dry and previously 

washed (e.g. with a 1% HCl solution and/or washed five times with distilled water) 

and autoclaved glass beads or coarse sand to reduce water losses and 

contaminations.   

 

Soil moisture content must be corrected twice a week in each replicate, when 

necessary, by adding water on a weight basis (procedure described in “Test 

conditions” section).  

The test period should be 28 days (4 weeks), as according to Brundrett et al. 

(1996), seedlings require 2-4 weeks to form AM associations.  

Test containers should be randomly distributed within the space used for the test 

and their positions should be changed once a week. 

Test should run in a growth/room chamber at temperature of 25 ± 2 ºC under a 

photoperiod of 16:8h light:dark.  

After the test period (28 days), the total intra-radicular colonization (%) of AMF is 

evaluated in each replicate. The percentage of root colonization is evaluated in 

stained roots as proposed by Vierheilig et al. (1998) (see details in SOPs 2.2 and 

2.3). Root segments of approximately 1 cm are laid out on glass slides for 

microscope to allow the observation of hyphae, vesicles, arbuscules and spores 

inside the roots as described by McGonigle et al. (1990) (see details in SOP 2.3).  
 

NOTE: If necessary, a fertilizer solution can be provided through a Long Ashton solution 

with 10% Phosphorus (9.3 mg P kg-1 soil) and applying 5 ml per replicate (200 g) 5-7 

days after planting or germination. In Annex A the Long Ashton nutrient solution 

composition is presented. 
 

References: 
Brundrett, M.; Bougher, N.; Dell, B.; Grove, T.; Malajczuk, N. 1996. Working with 

Mycorrhizas in Forestry and Agriculture. AClAR Monograph 32. 374 + x p.  
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Annex A 
(informative) 

 
 

Composition of 1 L of a Long Ashton nutrient solution with low P. 
Component   Stock 

solution 

g L-1 

Volume of stock 
solutions to complete 1 
L fertilizer solution 

Macronutrients     100 mL 

KNO3 Potassium nitrate 4.04   

Ca(NO3)2•4H2O Calcium nitrate 
tetrahydrate 

9.44   

NaH2PO4•4H2O Sodium Dihydrogen 
Phosphate Tetrahydrate 

1.84   

MgSO4•7H2O Magnesium sulfate 
heptahydrate 

3.68   

Micronutrients     10 mL 

MnSO4•H2O Manganese (II) sulfate 
monohydrate 

1.68   

CuSO4•5H2O Copper sulfate 
pentahydrate 

0.25   

ZnSO4•7H2O Zinc sulfate heptahydrate 0.29   

H3BO3 Boric acid 2.23   

Molybdenum     1 mL 

(NH4)6O24Mo7•4H2O Ammonium molybdate 
tetrahydrate 

0.35   

Iron     10 mL 

FeSO4•7H2O Iron(II) sulfate 
heptahydrate 

3.05   

Ferric sodium 
EDTA  

Ethylenediaminetetraacetic 
Acid ferric sodium salt  

4.09   

Distilled water     879 mL 



TEXTE – Test battery for the effect determination of chemicals in soils: Suitability of test systems with mycorrhizal 
fungi for the risk assessment 

336 
 

A.14 SOP 2.2: Staining method for colonization structures of Arbuscular 
Mycorrhizal Fungi (AMF) in root tissues (reproduction of the final version of the 
document, from January 2024). 

 

Aim of this Standard Operating Procedure 

Ensure an adequate staining of roots to facilitate the observation of hyphae, 

vesicles, arbuscules in root tissues resulting from the colonization of AMF. 
 
Summary 

This protocol describes a method for staining root tissues to allow the observation 

of the presence of colonization structures of Arbuscular Mycorrhizal Fungi (AMF) 

on leek (Allium ampeloprasum). Plant roots are first clarified, acidified and then 

colored to facilitate the visualization of AMF structures. 
 

Equipment 

- Water bath. 
 
Test Materials 

- Tap water; 

- Distilled water; 

- 50 ml Erlenmeyers. test tubes or biopsy specimen cassettes; 

- Fine mesh sieve (e.g. 300 µm mesh); 

- 10% potassium hydroxide solution; 

- 5% acetic acid solution or 4% hydrochloric acid solution; 

- Black ink or 0.05% trypan blue; 

- Acidic glycerol (optional). 

 

Procedure 

The methodologies described for root staining are adapted from Vierheilig et al. 

(1998) and Kormanik and McGraw (1982). 
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At the end of the 56 days of test, remove the covering sand or glass beads from 

the top of the replicate. Collect soil samples for chemical analysis, extra-radicular 

mycelium length, soil final pH and soil final moisture as described in SOP 2.4 and 

Test 2. 

Collect the maximum of leek roots possible: the objective is to collect at least the 

sufficient amount to prepare one slide with 10 root segments of 1 cm each per 

replicate. However, it is recommended to collect an extra quantity of roots from 

each replicate as a backup for eventual problems in the staining process. Thin 

roots must be selected (Figure 1A) and old lignified roots can be rejected. 

When it is not possible to stain the roots immediately after the end of the test, 

these can be stored for a maximum of 5 days in distilled water until staining. 

 

The staining of AMF structures inside the roots comprises 3 steps: root clearing, 

root acidification and staining of fungi structures. These must be followed in 

the presented sequential order. 

 

To clear the collected roots, follow the steps below: 

1. Wash the roots collected from the replicate with tap water to remove soil 

and organic residues; 

2. Place the roots in an Erlenmeyer flask (or other type of vessel);  

3. Fully immerse the roots in 10% KOH overnight (~14 hours) at room 

temperature. For thicker roots. the 10% KOH solution may be changed at 

least once over this period; 

4. Place the flasks in a water-bath at 90°C and incubate for 5 minutes. This 

step removes the cytoplasmic content from the cells. At the end of this 

period, the solution is expected to present a brownish color. Note that if 

roots are left in hot KOH for too long, the cortex will disintegrate; 

5. Remove the flasks from the water bath and pour their content (roots and 

KOH) in a fine sieve (e.g.. 300 µm mesh) so that the roots are retained 

while the KOH is removed by runoff; 

 

 



TEXTE – Test battery for the effect determination of chemicals in soils: Suitability of test systems with mycorrhizal 
fungi for the risk assessment 

338 
 

 

6. Wash the roots with tap water to remove KOH residue and place them 

back into the empty flasks. Roots should look like those presented in 

Figure 1B. 

 

Alternatively, roots can be cleared in a 2.5% KOH solution by placing cassettes 

with roots in a beaker that is inside a water bath at 90ºC in a fume cupboard, for 

15 minutes. Periodically, cassettes must be agitated so that the KOH is refreshed 

inside the cassettes. After the 15 minutes period, cassettes are drained and 

washed thoroughly under tap water as described previously. 

 

The next step is root acidification. For that follow the steps presented below, 

which are based on the methodologies described by Gerdemann (1955) and 

Phillips & Hayman (1970): 

1. Immerse the previously cleared root in a 5% acetic acid solution for 50 

minutes at room temperature. Acetic acid opens cortex cell membranes, 

which improves the staining process of fungal structures. Alternatively, 4% 

hydrochloric acid may be used for 60 minutes; 

2. Remove the acetic acid (or hydrochloric acid) from the flasks. There is no 

need of washing the roots before following to the next steps. 

 

After clearing and acidifying. the roots are ready for staining of fungi structures: 

1. Immerse the roots. inside a flask, in a 1:1 solution of 5% black ink solution 

and 5% acetic acid; 

2. Place the flasks in a water bath at 90°C and incubate for 5 minutes; 

3. Remove the flasks from the water bath; 

4. Pour the flask content (roots and ink-acetic acid solution) in a fine sieve 

(e.g. 300 µm mesh) so that the roots are retained while the ink-acetic acid 

solution is removed by runoff; 

5. Wash the roots with tap water to remove ink excess; 

6. Roots should look like those presented in Figure 1C. 
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Alternatively, cleared roots inside the cassettes, may be immersed in 0.05% 

trypan blue at 90ºC for 15 minutes in a fume cupboard. Periodically, cassettes 

should be agitated so that the dye is refreshed inside the cassettes. Then, roots 

should be drained and washed thoroughly under tap water and lastly immersed 

with acid glycerol (50 mL 1% HCl + 450 mL distilled water + 500 mL glycerol) for 

10-20 minutes in a water bath at 90ºC or overnight at room temperature to remove 

excessive coloration from empty root cells. 

 

If necessary, stained roots can be stored, at room temperature, in flasks or Falcon 

tubes with distillated water for a period not longer than 6 weeks (Vierheilig et al., 

1998) or in acidified glycerol (50 mL 1% HCl + 450 mL distilled water + 500 mL 

glycerol or 70 mL 5% acetic acid + 230 mL distilled water + 700 mL glycerol, 

depending on the acid used in the acidification step of the staining process).  

 
Note 1: According to Brundrett et al. (1996), depending on the flask used, clearing 

procedures generally do not work well with root samples with more than 2 g. 
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Figure 1. Different steps to root staining: (A) freshly collected roots, (B) cleared 

roots and (C) stained roots. Source: Luís Carlos Iuñes de Oliveira Filho. 
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A.15 SOP 2.3: Assessing the percentage of total and arbuscular root colonization of 
Arbuscular Mycorrhizal Fungi (AMF) (reproduction of the final version of the 
document, from January 2024). 

 

Aim of this Standard Operating Procedure 

Ensure an adequate measurement of the percentage of total and arbuscular root 

colonization of leek. 

 

Summary 

This protocol describes a method to determine the total and arbuscular 

colonization of AMF in roots of leek (Allium ampeloprasum). The method is based 

on the observation of the presence or absence of fungal structures (i.e., hyphae, 

vesicles and arbuscules) in root fragments (previously stained according to the 

SOP 2.2). 
 

Equipment 

- Microscope 400x magnification (10x ocular × 40x objective). 

 

Test Materials 

- Microscope slides and coverslips. 

 

Procedure 

After staining the AMF structures on the roots (see SOP 2.2), one microscope 

slide is mounted per replicate as soon as possible: 

1. Cut the roots from the replicate (preferably, the straightest and thinnest 

roots) into fragments of approximately 1 cm; 

2. Place the fragments parallelly on a microscope slide (Figure 1). At least 

one slide with 10 root fragments should be prepared for each replicate; 

3. Cover with a coverslip and observe at the microscope. 
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Figure 1. Disposition of root fragments on the microscope slide. Black lines 

represent stained root fragments; red dots represent the microscope field of view 

in the observation positions (see below); red arrows indicate the reading 

sequence of the roots. Source: Luís Carlos Iuñes de Oliveira Filho. 

 

Total and arbuscular root colonization are determined following the method 

based on McGonigle et al. (1990). An observation point is considered colonized 

when there is the presence of at least one type of the four fungal structures: 

vesicles, arbuscles and/or hyphae (Figure 3).  

To assess intra-radicular colonization, follow the steps bellow: 

1. Place the microscope slide under a microscope at 400x magnification (10x 

ocular and 40x objective); 

2. Observe a randomly selected observation point in a root fragment; 

3. Observe and record the presence or absence of any of the four AMF 

structures (total colonization) but individually record the presence of 

arbuscules (arbuscular colonization); 

4. Assess 9 more randomly selected observation points in the same root 

fragment. A total of 10 observation points must be assessed per root 

fragment. Observation points must not overlap (Figure 1 and 2); 

5. Repeat for the 10 root fragments present in the microscope slide; 

6. Register, in the Excel file provided by the project coordination, the total 

number of observation points in which you observed the presence of AMF 

structures (total and/or arbuscular colonization) per replicate. 
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NOTE 2: register the presence/absence of AMF structures, not the number of structures 

observed. 
 

 
Figure 2. Microscopic examination of non-colonized (2A) and colonized (2B) 

roots. Red circles represent the observation positions (i.e., microscope field of 

view).  
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Figure 3. Fungal structures of Funneliformis mosseae and Rhizophagus clarus 

in root fragments of leek (Allium ampeloprasum).  

 

Calculation and expression of results 

The percentage of total colonization and arbuscular colonization is calculated 

considering the number of observation points where at least one fungal structure 

(vesicles, arbuscles or hyphae) and one arbuscule is observed, respectively. As 

the total number of observation points per replicate is 100, the number of 

observation positions with one or more presences represents the percentage of 

colonization in each slide or replicate. 
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A.16 SOP 2.4: Assessing the total extra-radicular mycelium length of Arbuscular 
Mycorrhizal Fungi (AMF) (reproduction of the final version of the document, 
from January 2024). 

 

Aim of the Standard Operating Procedure 

Ensure an adequate measurement of the length of extra-radicular hyphae in the 

soil. 

 

Summary 

This protocol describes a method to determine the length of extra-radicular 

hyphae in the soil. The method is based on the extraction of hyphae from soil in 

a filter holder system where the hyphae retained in a cellulose nitrate membrane 

are measured through a grid line intersect method.  
 
Equipment 

- Blender (with capacity for, at least, 1.5 L); 

- Kitasato flask; 

- Microscope with magnification of 400x (10x ocular and 40x objective), 

preferably; 

- Polycarbonate filter holder; 

- Vacuum pump. 

 

Materials 

- Tap water; 

- 1 L beaker; 

- 2 L beaker; 

- Sieve 1 mm mesh; 

- Sieve 0.25 mm mesh; 

- Sieve 45 μm mesh; 

- Cellulose nitrate membranes (4.7 cm diameter, 0.45 μm porosity, 3 mm grid); 

- Eye piece Whipple disc - 10 x 10 grid (1 mm2); 
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- Wash bottle with distilled water; 

- Glass slides; 

- Glass rods; 

- Spoon or spatula; 

- Almond oil. 

 

Procedure 

The method for the measurement of the total extra-radicular mycelium length 

(TEML) in soil is based on the procedures described by Melloni (1996) and 

Melloni & Cardoso (1999). 

 

At the end of the 56 days of test, remove the covering sand or glass beads from 

the top of the replicate. Collect soil for final pH and chemical analysis as 

described in Test 2.  

After that, homogenise the remaining soil (both the top and bottom layer) and 

collect 3 sub-samples of 10 g of soil per experimental unit: 

1. One sub-sample will be used to measure hyphae extra-radicular length 

(expressed in m of hyphae per g of dry soil); 

2. One sub-sample will be used to determine the soil final moisture (see Test 

2, Annex C). Note that soil moisture must be assessed before the 

assessment of the extra-radicular mycelium length of AMF. Use the 

spreadsheet provided by the project coordination to register the results; 

3. One sub-sample must be stored at -20ºC to use if further measurements 

are needed.  

 
NOTE 1: When the assessment of the AMF hyphae length cannot be done immediately 

after the experiment, soil samples can be stored using one of the two following methods: 

(i) soil samples can be stored fresh (i.e., with the moisture they had when collected) or 

(ii) previously air-dried. In both cases, soil samples for mycelium assessment can be 

stored at 4°C or -20°C.  
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To extract extra-radicular hyphae, follow the steps described below:  

1. Place one of the sub-samples (i.e., 10 g of soil) in a 1 L beaker with 500 ml 

of tap water; 

2. Stir vigorously with a glass rod for 30 seconds and leave to settle down for 1 

minute; 

3. Stack the 1 mm (top sieve) and 0.25 mm (bottom sieve) sieves above a 2 L 

beaker; 

4. Sieve the tap water with soil and collect it in the beaker placed under the 

sieves; 

5. Repeat steps 2, 3 and 4 twice to reach a total sieved tap water volume of 

about 1.5 L;  

6. Stir the 1.5 L of water for 30 seconds in a blender at the lowest speed. Let 

the water settle down for 2 minutes; 

7. In a cellulose nitrate membrane (4.7 cm diameter, 0.45 μm porosity, 3 mm 

grid) mark, with a pen, a square of 8 x 8 grid (see Figure 1). Place the 

membrane in the filtration compartment of the vacuum pump;  

8. Sieve 500 ml of the supernatant in a 45 μm sieve; 

9. With a wash bottle, wash the materials retained on the 45 μm sieve to the 

filtration compartment of the vacuum pump; 

10. Filter the retained materials until there is no water in the compartment with 

the membrane; 

11. The materials retained in the membrane (composed of soil/substrate residue, 

mycelium, and other particles) are submitted to evaluation.  

 

For the measurement of the TEML: 

1. Air dry the membrane with the sample (i.e., the filtered material) and place 

it on a glass slide, lubricated with a drop of almond oil to improve 

visualization at the microscope; 

2. Place the glass slide under a microscope with magnification of 400x (other 

magnification can be used, see NOTE 3); 

3. Place the Eye piece Whipple disc inside the microscope’s ocular; 
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4. Observe and register the number of intersections of the hyphae with horizontal 

and vertical lines of the Eye piece Whipple disc grid. Note that when the point 

of intersection of the hyphae with the grid is the corner of the grid (i.e., the 

intersection of a vertical and a horizontal line), it only counts as one 

intersection; 

5. Assess one sampling site inside each one of the 64 fields (8 x 8 grid) of the 

cellulose nitrate membrane (Figure 1); 

6. Register the number of intersections observed on the sample in the 

spreadsheet provided by the project coordination. 

 

NOTE 2: Hyphae are generally colorless and have a diameter of around 2 

μm. Roots are generally thicker (root hairs: Ø 10-20 μm; lateral roots: 100-

500 μm) and can be colored (Berbara et al. (2006)). 

 
Figure 1. Procedure for quantification of the number of intersections of extra-

radicular hyphae. Note that when the point of intersection of the hyphae with the 

grid is in the intersection of a vertical and horizontal grid line, it only counts as 

one point of intersection. Source: Luís Carlos Iuñes de Oliveira Filho. 
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Calculation and expression of results 

The number of intersections of the hyphae with horizontal and vertical lines of the 

Eye piece Whipple disc grid is determined and transformed into mycelium length 

based on information taken from Cardoso-Filho (1994), Melloni (1996), and 

Nogueira (1997). The TEML is expressed in meters of hyphae per gram of dry 

soil, after applying the following equation:  

 

 𝑅 = 𝟎.𝟎𝟑𝟕𝟏𝟔𝟎𝟐𝟑𝟑∗𝑛
10 ― 𝜃

 

 

where R is the length of the extra-radicular mycelium present in the replicate (in 

m g-1 of soil) evaluated in the 64 membrane fields; n is the number of hyphae 

intersections in the horizontal and vertical lines of the Eye piece Whipple disc grid 

and θ is the water content in 10 g of fresh soil (measured using the first sub-

sample).  

 
NOTE 3: Changes in the final formula (R), i.e., in the equation correction factor 

(presented in bold in the equation), must be done when using different microscope 

magnification (ocular and objective lens) and/or size of Eye piece Whipple disc grid, 

following the link below: 

https://udesc-

my.sharepoint.com/:f:/g/personal/48502758934_udesc_br/Epgrsvl8ENJFiLgMb

p4K7JIB70r_oMKVNLHk2-lWeZ1FVA?e=WpLSoV 
 

 

 

 

 

 

 

 

 

https://udesc-my.sharepoint.com/:f:/g/personal/48502758934_udesc_br/Epgrsvl8ENJFiLgMbp4K7JIB70r_oMKVNLHk2-lWeZ1FVA?e=WpLSoV
https://udesc-my.sharepoint.com/:f:/g/personal/48502758934_udesc_br/Epgrsvl8ENJFiLgMbp4K7JIB70r_oMKVNLHk2-lWeZ1FVA?e=WpLSoV
https://udesc-my.sharepoint.com/:f:/g/personal/48502758934_udesc_br/Epgrsvl8ENJFiLgMbp4K7JIB70r_oMKVNLHk2-lWeZ1FVA?e=WpLSoV
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A.17 SOP Test 1: Assessing the effects of chemicals on the pre-symbiotic phase of 
Arbuscular Mycorrhizal Fungi (AMF) (reproduction of the final version of the 
document, from October 2024). 

 

Aim of this Standard Operating Procedure 

Ensure an adequate evaluation of the effects of chemicals on the germination of 

spores of the arbuscular mycorrhizal fungi (AMF) Rhizophagus irregularis. 

 

Summary 

The test assesses the effects of test chemicals present in soil on the percentage 

of germination of the AMF Rhizophagus irregularis mature spores, inside a 

membrane filter “spore sandwich”, after 14 days of exposure under controlled 

laboratory conditions. The methodologies described are based on the procedures 

from ISO 10832 (2009) and Mallmann et al. (2018). 

 

Equipment 

- Incubator with controlled temperature (see Test conditions); 

- Weighing scale; 

- Oven; 

- Centrifuge, capable of 2000 rpm; 

- Stereomicroscope (50x magnification) and/or microscope (100x 
magnification). 

 

Materials 

- Inoculant (must be stored at 4ºC); 

- Sterile plastic Petri dishes with 9 cm of diameter; 

- Filter paper or paper towel; 

- Nitrocellulose membrane filters (47 mm diameter, 0.45 μm porosity, white, 3 mm 

grid lined); 

- Vessels for soil moisture and pH assessment; 
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- Distilled water with pH ≥ 5.5; 

- 50 mL Falcon tubes for spore isolation; 

- 50 mL Falcon tubes for soil sampling (provided by the project coordination); 

- Spoons; 

- Plastic pipettes; 

- Watch-glass; 

- Ultra-fine tweezers; 

- Black or blue ink; 

- Sucrose (or regular white sugar); 

- Parafilm; 

- Microtubes; 

- Sieves with mesh of 250 µm and 45 µm; 

- 5% acetic acid solution; 

- Modified standard artificial soil (see NOTE 1). 

 
NOTE 1: Modified artificial soil composition: 2.5% of peat (use mature peat, air dried and 

sieved at 2 mm), 20% of kaolin clay (with kaolinite content preferably above 30%) and 

77.5% of air-dried industrial sand (with more than 50% of the particles between 50 and 

200 microns). Soil pH should be adjusted to 6.0 ± 0.5 with the addition of CaCO3.  

 

Test conditions 

Replicates are incubated under controlled conditions: 26 ± 2ºC in the dark 

(alternatively Petri dishes can be covered with aluminium foil).  
 

Procedure 

On the day before the test setup, AMF spores are isolated using a sucrose 

gradient followed by centrifugation. The methodology for spore isolation is 

described in Annex A. Test soil aliquots must be dried overnight before the day 

of soil spiking (see step 1.1). 
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Test setup 

Three types of treatment are considered in each experiment: 
Solvent control (CTsol) Replicates with test soil moistened with the organic 

solvent used in the stock solution but without test 

substance.  

Negative control (C0) Replicates with the test soil without the test 

substance. 

Test treatments (Cx = C1. 

C2.…C6) 

Treatments with test soil spiked with the test 

substance in different concentrations. 

Each treatment is composed by 6 replicates. 

 

To initiate the experiment, use the Excel spreadsheet (“Test setup”) provided by 

the consortium and follow the steps below: 

 

1st Step – Aliquot contamination 
1.1. Oven-dry one individual portion of fresh test soil per treatment at 70ºC 

overnight (“Soil aliquot – Fresh weight”); 

1.2. Prepare the Stock Solution by diluting the contaminant (Azoxystrobin or 

Fluazinam) in acetone (“Stock solution preparation”); 

1.3. Contaminate the soil portions (“Soil aliquot – Dry weight”) with a mixture of 

“Stock solution” and “Acetone” in a mortar (in alternative, glass or metallic vessels 

can be used). Mix very well and let the solvent volatilize totally before following 

for the 2nd step. 

1.4. While waiting for the acetone to evaporate, prepare the “spore 

sandwiches”:  
1.4.1. With a pencil, mark, on a wet nitrocellulose membrane filter, 30 

intercalated points as shown in Figure 1a (left panel); 

1.4.2. Place the previously isolated spores on a filter paper or paper towel; 

1.4.3. Under the stereomicroscope (50x magnification), select 30 viable 

spores with shiny and undamaged walls. Select spores without 
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hyphae or, alternatively, remove the hyphae connected to the spore by 

carefully cutting it with tweezers or a scalpel blade; 

1.4.4. Transfer the selected spores, with ultra-fine tweezers, to the points 

marked on the nitrocellulose membrane filter; 

1.4.5. Cover the nitrocellulose membrane filter containing the spores with 

another previously moisturized membrane, creating a “spore sandwich” 

(Figure 1a, right panel). The grids of the two membranes must overlap; 

1.4.6. Keep the “spore sandwiches” on moist paper towel until inserting them 

on the replicates (avoid waterlogging as it increases the risk of losing 

spores from the membranes). 
NOTE 2: you can identify the nitrocellulose membranes by carefully writing, with a pencil, 

the treatment and replicate identification code on their back before preparing the “spore 

sandwiches”. 

 

NOTE 3: The number of “spore sandwiches” prepared in one day must be the same as 

the number of replicates to be prepared at the same day because the “spore sandwiches” 

must be incorporated between the soil layers in the replicates (3rd Step) at the same day 

of its preparation.     

 

On the day of spiking the soil aliquots and after the acetone has evaporated, 

replicates of treatments CTsol, C0, C1 and C2 must be prepared following the 2nd 

and 3rd Steps. 

Soil aliquots for treatments C3, C4, C5 and C6 must be sealed and stored at 4ºC 

overnight after total evaporation of the acetone and replicates of these treatments 

must be prepared on the following day also following the 2nd and the 3rd Steps. 
 

2nd Step – Contamination of soil by treatment 
2.1. Once all solvent has volatilized, mix the “Soil aliquot” with the rest of the 

soil batch (“Fresh soil”). Add the volume of “Water” to reach 50% of the maximum 

WHC of the soil.   
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Each treatment must be prepared individually, from the lowest to the highest 

concentration.  

The 6 replicates composing each treatment are filled after this step, following the 

steps described in the section “3rd Step – Replicate preparation and sampling”.    

 
3rd Step – Replicate preparation and sampling    
3.1. Place 40 g DW of soil (“Moistened soil/replicate (g), Bottom layer”) on the 

bottom part of the Petri dish, avoiding soil compaction. Lay the previously 

prepared “spore sandwich” on the soil and cover it with 40 g DW of soil 

(“Moistened soil/replicate (g), Top layer”) (Figure 1b). Ensure that the “spore 

sandwich” is in total contact with the two soil layers. Prepare the 6 replicates of 

the treatment before following to the next treatment; 

3.2. For treatments C1 to C6, collect three samples of 50 g of soil FW per 

treatment for chemical analysis; for C0 collect only one sample of 50 g of soil for 

chemical analysis (use the Falcons tubes provided by the project coordination). 

No samples are collected for the solvent control (CTsol). The soil samples must 

be stored at -20ºC until analysis/shipment; 

3.3. Collect one sample of 10 g of soil for determination of soil initial pH and 

one sample of 10 g of soil for determination of initial soil WC per treatment (see 

Annex C and D. Results must be registered in the spreadsheet provided by the 

project coordination); 

3.4. Seal each Petri dish with Parafilm; 

3.5. Randomly distribute the test replicates in the growth chamber following the 

described test conditions. 
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Figure 1 – Representation of an experimental unit: a) spores’ arrangement on 

the grid membrane and “spore sandwich”; b) assembly of the experimental unit 

for spore germination test with the 1st layer of soil (1), the “spore sandwich” (2), 

the 2nd layer of soil (3) in the Petri dish (4). Adapted from Mallmann et al. (2018). 
 

Test final measurements 

Fourteen days after replicates preparation, disassemble the replicates. Note that 

replicates of treatments C3, C4, C5 and C6 must be disassembled one day after 

the replicates of treatments CTsol, C0, C1 and C2 have been disassembled. 

 

Carefully extract the “spore sandwiches” from each replicate and remove the 

excess of soil on the membranes with a paintbrush or with tweezers. Keep the 

“spore sandwiches” on a horizontal position to avoid loss of spores. Lay the 

“spore sandwiches” in a tray with a wet paper towel to avoid excessive loss of 

moisture until the moment of the assessment (avoid waterlogging). 

Using the Falcon tubes provided by the project coordination, collect soil samples 

(~50 g FW) from three random replicates per treatment for chemical analysis 

(except for C0 and CTsol. where no replicates need to be collected). These 

samples must be stored at -20ºC ± 4ºC until analysis/shipment. 
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Also, one sample of 10 g of soil from a random replicate per treatment must be 

collected to determine soil final pH and another sample of 10 g of soil must be 

collected to determine soil final water content at the end of the test. Register the 

measured pH and soil water content in the spreadsheet provided by the project 

coordination. 

 

“Spore sandwich” staining and germination assessment 
Using a Pasteur pipette, add some drops of 1:1 mixture of 5% ink solution and 

5% acetic acid solution on the “spore sandwiches” and let it rest for 10-15 minutes 

to stain the germinated hyphae.  

The number of germinated and recovered spores on both membranes composing 

the sandwich is determined using a stereomicroscope (50x magnification) or a 

microscope (100x magnification). A spore is considered germinated when the 

length of the hyphae produced by the spore is at least five times greater than the 

spore’s diameter. Register the results of the assessment on the Excel 

spreadsheet provided by the project coordination. 

NOTE 4: the germination assessment can be performed one day after the disassembly 

of the replicates, maximum. In that case, the “spore sandwiches” wrapped on moist 

paper towel must be stored in the refrigerator, at 4ºC, in the dark. 

Validity criteria 

- The mean number of recovered spores in all treatments is ≥ 25;  

- The mean percentage of germinated spores in the control treatment is ≥ 

75% at the end of the test. 

 

Calculation and expression of results 

The percentage of spore germination, per replicate, is calculated according to the 

following equation. adapted from Malfatti et al. (2021): 

 

% 𝐺𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 =
g x 100

𝑛  
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Where g is the number of germinated spores 

 n is the number of recovered spores 

 

One-way analysis of variance, followed by the post hoc Dunnett test (p≤0.05) 
will be used to evaluate statistical significance of the differences between 
treatments and the control and estimate the no observed effect concentration 
(NOEC) and the lowest observed effect concentration (LOEC). Inhibition 
concentrations (ICx) causing 10 or 50% of inhibition in spore germination will be 
estimated using non-linear regressions when possible. 
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Annex A 

(informative) 
 

Spore isolation with sucrose gradient 
 

The recommended spore extraction method is based on a wet sieving technique, 

followed by a sucrose centrifugation after which spores are separated and 

counted (Gerdemann & Nicolson (1963). 

 

Procedure 
1) Prepare a 50 mL Falcon tube with a sucrose gradient: pour 15 ml of 20% 

sucrose solution in the tube. Then, dip a glass pipette in the 20% sucrose 

solution, reaching the bottom of the tube, and add 15 ml of 60% sucrose 

solution. The 60% sucrose solution must remain in the bottom of the 

Falcon tube, under the 20% sucrose solution; 

2) In a 2 L beaker, vigorously mix a sample of 50 g of inoculant with 2 L of 

tap water for 30 seconds. Sieve the supernatant and the inoculant through 

stacked sieves of 250 μm (top) and 45 μm mesh (bottom). Repeat as many 

times as necessary to bring all the inoculant to the top sieve. With tap 

water, wash the inoculant retained on the top sieve so all the spores are 

dragged to the bottom sieve; 

3) Wash the materials retained on the 45 μm sieve to a beaker. Add a 

maximum of 10 mL of the retained materials to the Falcon tube containing 

the sucrose gradient and centrifuge for 2 minutes at 2000 rpm; 

4) After centrifugation, sieve the supernatant using the 45 μm sieve and wash 

the retained materials with distilled water to remove all sucrose residues; 

5) Transfer the retained material (which includes the spores) to a watch-glass 

or Petri dish and select viable spores under the stereomicroscope at 50x 

amplification. Only viable spores, with intact walls, are collected. Old, 

empty or crushed spores are discarded; 
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6) Store the selected spores in microtubes with distilled water at 4ºC. 
Spores can be stored for one day before use in pre-symbiotic phase 
tests. 
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Annex B 
(informative) 

 
Determination of water holding capacity 

 

The method described below for maximum water holding capacity (WHC) of the 

soil determination is based on Annex C of the ISO 11268-2 (Soil Quality - Effects 

of pollutants on earthworms (Eisenia fetida). Part 2: Determination of effects on 

reproduction) and on the Annex 5 of the OECD 232 guideline (OECD guidelines 

for testing chemicals - Collembolan Reproduction Test in Soil). 

 

Procedure 
1) Prepare a tube with a filter paper in the bottom and weight (A); 

2) Wet the piece of filter paper and weight (B); 

3) Fill the tubes with a portion of the test soil (or with a mixture of test soil and 

inoculum. as applicable), without reaching the top of the tubes; 

4) Place the tubes in a tray with tall borders; 

5) Outside the tubes, put water until the soil is submerged (don’t put water 

directly in the soil, the water must ascent by capillarity).  

6) Let it rest, submerged, for three hours; 

7) Drain the samples for two hours in a grid. Cover the tubes so water in the 

soil will not be lost by evaporation; 

8) Weight the saturated tubes (C); 

9) Dry at 105ºC for 14h; 

10)  Weight (D) and calculate the %WHC applying the equation below: 

 

%𝑊𝐻𝐶 =
(𝐶 ― 𝐵) ― (𝐷 ― 𝐴)

𝐷 ― 𝐴 ∗ 100 
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Annex C 
(informative) 

 
Determination of soil water content 

 

Soil water content should be measured following the steps below: 

1) Weigh an empty vessel (A); 

2) Without taring the scale, add about 10g of the fresh soil in the vessel and 

weight (B); 

3) Dry the soil at 105ºC for at least 12h; 

4) After letting settle down the temperature of the soil (5 to 10 min), weight 

the dried soil + vessel (C); 

5) Calculate de soil water content, in percentage, by following the equation 

below: 

 

% 𝑊𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =
(𝐵 ― 𝐶)
(𝐶 ― 𝐴) ∗ 100 
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Annex D 
(informative) 

 
Determination of soil pH 

 

The method described for determination of soil pH is based on the methodology 

described on the guideline ISO 10390: Soil Quality Determination of pH and on 

the OECD 232 guideline (OECD guidelines for testing chemicals - Collembolan 

Reproduction Test in Soil, Annex 6). 

 

To measure the pH of a soil sample. follow the steps presented below: 

1) Let the fresh soil air-dry at room temperature for at least 12h; 

2) Once the soil is dry, weight 5 g of soil into a tall vessel; 

3) Add 25 mL of KCl (1M) or CaCl2 (0.01M); 

4) Mix for 5 minutes and settle for at least 2h (but not more than 24h); 

5) Measure the pH in the liquid phase using a previously calibrated pH-meter. 
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A.18 SOP Test 2: Assessing the effects of chemicals on the symbiotic phase of 
Arbuscular Mycorrhizal Fungi (AMF) (reproduction of the final version of the document, 
from January 2024). 

 

Aim of this Standard Operating Procedure 

Ensure an adequate evaluation of the effects of chemicals on arbuscular symbiotic 

root colonization, consolidation and functionality (formation of intra-radicular 

arbuscules and extra-radicular hyphae production) for the arbuscular mycorrhizal 

fungi (AMF) Rhizophagus irregularis. 

 

Summary 

This protocol describes a method to evaluate the potential effect of chemicals in the 

symbiotic phase of the AMF Rhizophagus irregularis. Seeds of the host plant (leek, 

Allium ampeloprasum) are sown in pots containing AMF mixed inoculum and test soil 

spiked with the test substance in different concentrations. After 8 weeks of incubation, 

effects on different AMF and plant related parameters are assessed (total and 

arbuscular intra-radicular colonization, extra-radicular mycelial production, plant 

shoot/root biomass). 

 
NOTE 1: Mixed inoculum is considered a mixture with more than one source of AMF 

propagules (i.e., spores, hyphae, and colonized roots). Inoculant is a mixture of the mixed 

inoculum with a soil (usually a sandy soil) that is used as source of mixed inoculum in the 

experiment. 

 

Equipment 

- Growth chamber with controlled temperature and photoperiod (see Test conditions); 

- Weighing scale; 

- Oven; 

- Autoclave. 
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Materials 

- Inoculant (must be stored at 4ºC until its use for tests); 

- Petri dish; 

- Filter paper or paper towel; 

- Allium ampeloprasum seeds; 

- 250 mL plastic tubes or pots as test vessels; 

- Vessels for soil moisture and pH assessment; 

- Distilled water; 

- Falcon tubes; 

- Spoons; 

- Long Asthon nutrient solution; 

- Coarse sand or glass beads (particles > 2 mm); 

- Modified standard artificial soil (see NOTE 2) or natural soil sieved at 2 mm.  

 
NOTE 2: Modified artificial soil composition: 2.5% of peat (use mature peat, air dried and 

sieved at 2 mm - peat can be milled if necessary to make sieving easier), 20% of kaolin clay 

(with kaolinite content preferably above 30%) and 77.5% of air-dried industrial sand (with 

more than 50% of the particles between 50 and 200 microns). Soil pH should be adjusted to 

6.0 ± 0.5 with the addition of CaCO3.  

 

Test conditions 

The test is incubated for 56 days in a growth chamber with controlled temperature of 

23 ± 2ºC, 16:8h light:dark photoperiod and light intensity of 1000 to 4000 lx.  

When possible, a relative air moisture of 40% to 60% should be used (high air 

moisture reduces water losses in the replicates). 
 

Procedure 

A test timeline is presented in Annex F. 

Before the test setup, some materials need previous preparation: 

- Natural or artificial soils and coarse sand or glass beads must be autoclaved by 2 
cycles at 121ºC ± 2ºC and 1.5 ± 0.1 atm for 60 ± 5 minutes. The soil and coverage 

 



TEXTE – Test battery for the effect determination of chemicals in soils: Suitability of test systems with mycorrhizal fungi 
for the risk assessment 

369 
 

 

material must “rest” at least overnight between cycles. After autoclaving, the materials 

must be kept at room temperature for 5-7 days before being used in the tests; 

- Test soils and mixtures soil + inoculum must be characterized before the start of the 

test. Test soil pH and maximum water holding capacity (WHC) should be measured 

after soil autoclavation as autoclaving process interferes in the soil pH and WHC (see 

Annex B and Annex D); 

- Seeds must be presoaked before use in test. First, they are disinfected by immersion 

in a 1% sodium hypochlorite solution for 5 minutes and subsequently washed several 

times with distilled water. Then, they are placed in filter paper/paper towel moistened 

with distilled water in Petri dishes for 2 to 4 days. Turgid seeds must be used 

immediately before germination (note that AMF roots colonization may be reduced 

when seedlings with radicles length are used); 

- In the day before the test setup, an aliquot of test soil must be dried as described 

below (see Test setup, 1st Step). 
 

Test setup 

Four treatment types should be considered in each experiment: 
Sterilization control (CTster) Replicates with non-contaminated test soil, 

with host plants and without inoculant.  

Controls the persistence of active 

propagules in the soil after sterilization. 

Solvent control (CTsol) Replicates with test soil moistened with the 

organic solvent used in the stock solution, 

with inoculant and host plant but without test 

substance.  

This treatment is only applied in cases where 

a substance insoluble in water is used. 

Negative control (C0) Replicates with the test soil without the test 

substance, with inoculant and the host plant. 

Test treatments (Cx = C1. C2.…) Treatments with test soil spiked with the test 

substance in different concentrations, with 

inoculant and the host plant. 
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To setup the test use the provided spreadsheet (“Test setup”) and follow the steps 

described below: 

 

1st Step – Aliquot contamination 
1.1. Oven-dry one individual portion of fresh test soil per treatment at 70ºC 

overnight (“Soil aliquot – Fresh weight”); 

1.2. Prepare the Stock Solution by diluting the contaminant (Azoxystrobin or 

Fluazinam) in acetone (“Stock solution preparation”); 

1.3. Contaminate the soil portions (“Soil aliquot – Dry weight”) with a mixture of 

“Stock solution” and “Acetone” in a mortar (in alternative, glass or metallic vessels 

can be used). Mix very well and let the solvent volatilize totally before following for 

the 2nd step. 

 
2nd Step – Contamination of soil by treatment 
2.1. Once all solvent has volatilized, mix the “Soil aliquot” with the rest of the soil 

batch (“Fresh soil”). Add the volume of “Water” to reach 50% of the maximum WHC 

of the soil.   

Each treatment must be prepared individually, from the lowest concentration to the 

highest.  

Preferably, the five replicates of each treatment are filled after this step, following the 

steps described in the section “3rd Step – Replicate preparation and sampling”.    

 
3rd Step – Replicate  
3.1. Insert the soil for the bottom layer on the 5 treatment replicates, avoiding soil 
compaction. Prepare the top layer individually for each replicate by mixing soil, 
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inoculum and water. Lay the top layer on each of the 5 replicates. All replicates of 
the treatment must be ready before following to the next treatment; 

3.2. For treatments CTsol, CTster and C1 to C5, collect three samples of 50 g of soil 

per treatment for chemical analysis; for C0 collect only one sample 50 g of soil for 

chemical analysis (use the Falcons tubes provided by the project coordination). 

These samples must be stored at -20ºC until analysis/shipment.  

Collect one sample of 10 g of soil for determination of soil initial pH and one sample 

of 10 g of soil for determination of initial soil WC per treatment (see Annex C and D. 

Results must be registered in the spreadsheet provided by the project coordination); 

3.3. Sow 3 presoaked seeds of leek in each replicate at approximately 0.5 cm depth. 

Cover with sterilized coarse sand or glass beads; 

3.4. Weight each replicate individually and register the weight; 

3.5. Randomly distribute the test containers in the growth chamber (positions must 

be changed once a week). 

 

The test starts only when at least one seed has germinated in each replicate of the 

negative control (C0). The time period for at least one seed germination cannot 

exceed two weeks. Despite three seeds being sown per replicate at the test setup, 

only the first emergent plant should remain in the replicate to the end of the test. For 

that, remove the later emergent plants by pulling them in order to also remove their 

root. 

Soil water content should be adjusted twice a week on a weight basis: distilled water 

should be added to compensate water losses when the weight loss is higher than 

2%.  

At week 1, 3 and 5 after the beginning of the test (i.e., after germination in C0 

replicates), 5 mL of Long Ashton nutrient solution (with 10% P (9.3 mg P kg-1 soil), 

see Annex A) is applied in each replicate. 
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Test final measurements 

At the end of the 56 days, the replicates are individually disassembled by removing 

the coverage layer (sand or glass beads) and pouring the replicate content in a tray.  

Using the Falcon tubes provided by the project coordination, collect a soil sample 

(~50 g) from the bottom layer of three random replicates per treatment for chemical 

analysis (except for C0, where no replicates must be collected). These soil samples 

must be stored at -20ºC ± 4 ºC until analysis/shipment. 

Also, a sample of 10 g of soil from a random replicate per treatment must be used to 

measure soil pH at the end of the test (also from the bottom layer). Register the 

measured pH in the spreadsheet provided by the project coordination. 

Soil water content at the end of the test must be measured in each replicate as 

described in SOP 2.4 and registered in the spreadsheet provided by the project 

coordination. 

 

Measurements of the endpoints 

At the end of test period (56 days) the following parameters should be measured: 

a. Intra-radicular total colonization (%) (see SOP 2.3) 

b. Intra-radicular arbuscular colonization (%) (see SOP 2.3) 

c. Extra-mycelial production (hyphal length) (see SOP 2.4) 

 

Additionally, as complementary parameters, plant root fresh biomass and shoot fresh 

and dry biomass must be measured. To obtain shoot dry biomass, the plant structure 

is weighted fresh, oven-dried at 60ºC for at least 2 days and weighted again. 

 
Validity criteria 

At the end of the experiment (56 days), the following validiy criteria must be fulfilled: 

- Total intra-radicular colonization of 0% in replicates of CTster. 

- Total intra-radicular colonization higher than 30% on average in the replicates 

of C0.  
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- Coefficient of variation lower than 50% in total intra-radicular colonization of 

C0. 

- Minimum length of roots of 10 cm should be observed in replicates of C0. 

 

Calculation and expression of results 

Total and arbuscular root colonization are expressed in % of colonization per 

replicate, while extra-radicular mycelium length is expressed in meters of hyphae per 

gram of dry soil per replicate.  

One-way analysis of variance, followed by the post hoc Dunnett test (p≤0.05) will be 

used to evaluate statistical significance of the differences between treatments and 

the control. Effect concentrations (ECx) causing 10 or 50% of inhibition in the 

evaluated endpoints will be estimated using non-linear regressions. 

  

References 

ISO 11268-2. Soil Quality - Effects of pollutants on earthworms (Eisenia fetida). Part 

2: Determination of effects on reproduction 

OECD 232 guideline. OECD guidelines for testing chemicals - Collembolan 

Reproduction Test in Soil 
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Annex A 
(informative) 

 
Composition of 1 L of a Long Ashton nutrient solution with low P (provided by the 

project coordination) 

 
Component   Stock solution 

g L-1 
Volume of stock solutions 
to complete 1 L fertilizer 
solution 

Macronutrients     100 mL 
KNO3 Potassium nitrate 4.04   
Ca(NO3)2•4H2O Calcium nitrate tetrahydrate 9.44   
NaH2PO4•4H2O Sodium Dihydrogen 

Phosphate Tetrahydrate 
1.84   

MgSO4•7H2O Magnesium sulfate 
heptahydrate 

3.68   

Micronutrients     10 mL 
MnSO4•H2O Manganese (II) sulfate 

monohydrate 
1.68   

CuSO4•5H2O Copper sulphate 
pentahydrate 

0.25   

ZnSO4•7H2O Zinc sulfate heptahydrate 0.29   
H3BO3 Boric acid 2.23   

Molybdenum     1 mL 
(NH4)6O24Mo7•4H2O Ammonium molybdate 

tetrahydrate 
0.35   

Iron     10 mL 
FeSO4•7H2O Iron (II) sulfate heptahydrate 3.05   
Ferric sodium EDTA Ethylenediaminetetraacetic 

acid ferric sodium salt  
4.09   

Distilled water     879 mL 
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Annex B 
(informative) 

 
Determination of water holding capacity 

 

The method described below for maximum water holding capacity (WHC) of the soil 

determination is based on Annex C of the ISO 11268-2 (Soil Quality - Effects of 

pollutants on earthworms (Eisenia fetida). Part 2: Determination of effects on 

reproduction) and on the Annex 5 of the OECD 232 guideline (OECD guidelines for 

testing chemicals - Collembolan Reproduction Test in Soil). 

 

Procedure 
1. Prepare a tube with a filter paper in the bottom and weight (A); 

2. Wet the piece of filter paper and weight (B); 

3. Fill the tubes with a portion of the test soil (or with a mixture of test soil and 

inoculum. as applicable), without reaching the top of the tubes; 

4. Place the tubes in a tray with tall borders; 

5. Outside the tubes, put water until the soil is submerged (don’t put water directly 

in the soil, the water must ascent by capillarity).  

6. Let it rest, submerged, for three hours; 

7. Drain the samples for two hours in a grid. Cover the tubes so water in the soil 

will not be lost by evaporation; 

8. Weight the saturated tubes (C); 

9. Dry at 105ºC for 14h; 

10. Weight (D) and calculate the %WHC applying the equation below: 

 

%𝑊𝐻𝐶 =
(𝐶 ― 𝐵) ― (𝐷 ― 𝐴)

𝐷 ― 𝐴 ∗ 100 
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Annex C 
(informative) 

 
Determination of soil water content 

 

Soil water content should be measured following the steps below: 

1. Weigh an empty vessel (A); 

2. Without taring the scale, add about 10g of the fresh soil in the vessel and 

weight (B); 

3. Dry the soil at 105ºC for at least 12h; 

4. After letting settle down the temperature of the soil (5 to 10 min), weight the 

dried soil + vessel (C); 

5. Calculate de soil water content, in percentage, by following the equation 

below: 

 

% 𝑊𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =
(𝐵 ― 𝐶)
(𝐶 ― 𝐴) ∗ 100 
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Annex D 
(informative) 

 
Determination of soil pH 

 

The method described for determination of soil pH is based on the methodology 

described on the guideline ISO 10390: Soil Quality Determination of pH and on the 

OECD 232 guideline (OECD guidelines for testing chemicals - Collembolan 

Reproduction Test in Soil, Annex 6). 

 

To measure the pH of a soil sample, follow the steps presented below: 

1. Let the fresh soil air-dry at room temperature for at least 12h; 

2. Once the soil is dry, weight 5 g of soil into a tall vessel; 

3. Add 25 mL of KCl (1M) or CaCl2 (0.01M); 

4. Mix for 5 minutes and settle for at least 2h (but not more than 24h); 

5. Measure the pH in the liquid phase using a previously calibrated pH-meter. 
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Annex E 
(informative) 

 
Test timeline 

 

Time (days) Action 
-14 days before test setup - Prepare artificial soil following the 

instructions of Note 2 (if applicable) 
 

-7 to -5 days before test setup - Autoclave soil and coarse sand/glass 
beads 
- Measure WHCsoil and WHCsoil+inoculum 

(applicable only for artificial soil) 
-4 or -2 days before test setup - Sterilize leek seeds 

- Prepare test materials 
Test setup - Follow SOP Test 2 

- Assess initial WC and pH 
- Sample for chemical analysis 

≤ 2 weeks Check for seeds germination (during this 
period, the replicates initial weight must 
be reestablished by addition of distilled 
water when weight loss >2% twice a 
week) 

 
Day 0 - Observe the germination of at least one 

seed per replicate of C0 
- Reestablish replicates initial weight by 
addition of distilled water when weight 
loss >2% 

Day 4 - Reestablish replicates initial weight by 
addition of distilled water when weight 
loss >2% 

Day 7 - Watering with 5 ml of Long Ashton 
nutrient solution per replicate 
- Reestablish replicates initial weight by 
addition of distilled water when weight 
loss >2% 

Day 11 - Reestablish replicates initial weight by 
addition of distilled water when weight 
loss >2% 
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Time (days) Action 
Day 14 - Reestablish replicates initial weight by 

addition of distilled water when weight 
loss >2% 

Day 18 - Reestablish replicates initial weight by 
addition of distilled water when weight 
loss >2% 

Day 21 - Watering with 5 ml of Long Ashton 
nutrient solution per replicate 
- Reestablish replicates initial weight by 
addition of distilled water when weight 
loss >2% 

Day 25 - Reestablish replicates initial weight by 
addition of distilled water when weight 
loss >2% 

Day 28 - Reestablish replicates initial weight by 
addition of distilled water when weight 
loss >2% 

Day 32 - Reestablish replicates initial weight by 
addition of distilled water when weight 
loss >2% 

Day 35 - Watering with 5 ml of Long Ashton 
nutrient solution per replicate 
- Reestablish replicates initial weight by 
addition of distilled water when weight 
loss >2% 

Day 39 - Reestablish replicates initial weight by 
addition of distilled water when weight 
loss >2% 

Day 42 - Reestablish replicates initial weight by 
addition of distilled water when weight 
loss >2% 

Day 46 - Reestablish replicates initial weight by 
addition of distilled water when weight 
loss >2% 

Day 49 - Reestablish replicates initial weight by 
addition of distilled water when weight 
loss >2% 

Day 53 - Reestablish replicates initial weight by 
addition of distilled water when weight 
loss >2% 

Day 56 - End of test 
- Assess final pH per treatment and WC 
per replicate 
- Evaluate test endpoints 
- Sample for chemical analysis 



TEXTE – Test battery for the effect determination of chemicals in soils: Suitability of test systems with mycorrhizal fungi 
for the risk assessment 

380 
 

Time (days) Action 
After 56 days test - Evaluate test endpoints 
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A.19 Raw data of the experiments from the 2nd phase of WP2. 

Table A.19 – 1: Raw data of the experiments with boric acid (BA) conducted during the second 
phase of WP2 using AMF inoculants of Funneliformis mosseae and Rhizophagus 
irregularis and soils OECD 2.5%, Bra8, Por3 and #Lufa 2.1. Only treatments with 
plant germination are presented.   

Please refer to the "Raw data" supplementary Excel file. 

 

Table A.19 – 2: Raw data of the experiments with copper sulphate (CuSO4) conducted during the 
second phase of WP2 using AMF inoculants of Funneliformis mosseae and 
Rhizophagus irregularis and OECD 2.5% soil. Only treatments with plant 
germination are presented.   

Please refer to the "Raw data" supplementary Excel file. 

 

Table A.19 – 3: Raw data of the experiments with Tebuconazole (TBC) conducted during the 
second phase of WP2 using AMF inoculants of Funneliformis mosseae and 
Rhizophagus clarus and soils OECD 2.5% and Bra8. Only treatments with plant 
germination are presented.  

Please refer to the "Raw data" supplementary Excel file. 

 

Table A.19 – 4: Raw data of the experiments with Terbuthylazine (TRZ) conducted during the 
second phase of WP2 using AMF inoculants of Funneliformis mosseae and 
Rhizophagus clarus and soils OECD 2.5% and Bra8. Only treatments with plant 
germination are presented.  

Please refer to the "Raw data" supplementary Excel file. 
 

Table A.19 – 5: Raw data of the experiments with Azoxystrobin (AZX) conducted during the 
second phase of WP2 using AMF inoculants of Funneliformis mosseae and 
Rhizophagus irregularis and soils OECD 2.5%, #Lufa 2.1, Por3, Lufa 2.2, Est32 and 
Bra8. Only treatments with plant germination are presented.   

Please refer to the "Raw data" supplementary Excel file. 

 

Table A.19 – 6: Raw data of the experiments with Fluazinam (FLZ) conducted during the second 
phase of WP2 using AMF inoculants of Funneliformis mosseae and Rhizophagus 
irregularis and soils OECD 2.5%, Por3, Lufa 2.2, Est32 and Bra8. Only treatments 
with plant germination are presented.   

Please refer to the "Raw data" supplementary Excel file. 
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Table A.19 – 7: Raw data of the experiments with Pendimethalin (PDM) conducted during the 
second phase of WP2 using AMF inoculants of Funneliformis mosseae and 
Rhizophagus irregularis and soils OECD 2.5% and Est32. Only treatments with 
plant germination are presented.   

Please refer to the "Raw data" supplementary Excel file. 
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A.20 Non-linear models for endpoint estimations for WP2. 

Endpoint estimations (EC10 and EC50), based on nominal and initial measured concentrations, 
were performed for each test endpoint parameter: total colonization (TC), arbuscular 
colonization (AC) and hyphae length (EHL) using R Studio (version 2023.09.1), packages drc 
(v. 3.0-1), tidyverse (v. 2.0.0), readxl (v. 1.4.3) and PMCMRplus (v. 1.9.10).  

Table A.20 – 1: Experiments with Boric acid (BA) (WP2, section 2.6.1.1). 

Please refer to the “Supporting information” supplementary Excel file. 

 

Table A.20 – 2: Experiments with copper sulphate (WP2, section 2.6.1.2). 

Please refer to the “Supporting information” supplementary Excel file. 

 

Table A.20 – 3: Experiments with Tebuconazole (WP2, section 2.6.1.3). 

Please refer to the “Supporting information” supplementary Excel file. 

 

Table A.20 – 4: Experiments with Terbuthylazine (WP2, section 2.6.1.4). 

Please refer to the “Supporting information” supplementary Excel file. 

 

Table A.20 – 5: Experiments with Azoxystrobin (WP2, section 2.6.1.5). 

Please refer to the “Supporting information” supplementary Excel file. 

 

Table A.20 – 6: Experiments with Fluazinam (WP2, section 2.6.1.6). 

Please refer to the “Supporting information” supplementary Excel file. 

 

Table A.20 – 7: Experiments with Pendimethalin (WP2, section 2.6.1.7). 

Please refer to the “Supporting information” supplementary Excel file. 
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A.21 Data considered in the Generalized Linear Models to evaluate the influence of soil 
properties on AMF colonization. 

Table A.21 – 1: Data considered in the Generalized Linear Models applied in Brodgar 2.7.5 
software (www.brodgar.com) to evaluate the influence of soil properties on 
arbuscular mycorrhiza fungi (AMF) colonization.  

Please refer to the “Supporting information” supplementary Excel file.

https://www.brodgar.com/
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A.22  Data considered in the Generalized Linear Models to evaluate the influence of 
soil properties on AMF sensitivity to different test substances. 

Table A.22-1: Data considered in the Generalized Linear Models applied in Brodgar 2.7.5 
software (www.brodgar.com) to evaluate the influence of soil properties on 
sensitivity of Rhizophagus irregularis to Azoxystrobin and Fluazinam.  

Please refer to the “Supporting information” supplementary Excel file.  

 

https://www.brodgar.com/
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A.23 Literature data on the contaminants tested on WP2. 

Table A.23 – 1: Literature data on the effects of boric acid on soil non-target organisms. 

Organism 
species 

Soil Product 
tested 

Active ingredient Endpoint Value Units Reference 

Avena sativa OECD 10% Active 
ingredient 

Boric acid EC50 (shoot fresh 
weight) 

182 (119-
281) 

mg a.i./kg 
of soil 

Becker et al. 2011 

Brassica napus OECD 10% Active 
ingredient 

Boric acid EC50 (shoot fresh 
weight) 

175 (164-
187) 

mg a.i./kg 
of soil 

Becker et al. 2011 

Caenorhabditis 
elegans 

OECD 10% Active 
ingredient 

Boric acid EC50 (reprod) 747 (589-
949) 

mg a.i./kg 
of soil 

Becker et al. 2011 

Eisenia fetida OECD 10% Active 
ingredient 

Boric acid EC50 (reprod) 484 (465-
504) 

mg a.i./kg 
of soil 

Becker et al. 2011 

Eisenia fetida OECD 10% Active 
ingredient 

Boric acid NOEC (reprod) 316 mg a.i./kg 
of soil 

Becker et al. 2011 

Enchytraeus 
albidus 

Lufa 2.2 Active 
ingredient 

Boric acid EC10 (reprod) 39.3 (33.1-
44.9) 

mg a.i./kg 
of soil 

Amorim et al. 2012 

Enchytraeus 
albidus 

Lufa 2.2 Active 
ingredient 

Boric acid EC50 (reprod) 103.5 (96.6-
110.9) 

mg a.i./kg 
of soil 

Amorim et al. 2012 

Enchytraeus 
albidus 

Lufa 2.2 Active 
ingredient 

Boric acid LC50 302.8 (233.4-
391.5) 

mg a.i./kg 
of soil 

Amorim et al. 2012 

Enchytraeus 
albidus 

Lufa 2.2 Active 
ingredient 

Boric acid NOEC (reprod) 113 mg a.i./kg 
of soil 

Amorim et al. 2012 

Enchytraeus 
albidus 

Lufa 2.2 Active 
ingredient 

Boric acid NOEC (surv) 226 mg a.i./kg 
of soil 

Amorim et al. 2012 
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Organism 
species 

Soil Product 
tested 

Active ingredient Endpoint Value Units Reference 

Enchytraeus 
crypticus 

OECD 10% Active 
ingredient 

Boric acid EC50 (reprod) 220 (280-
233) 

mg a.i./kg 
of soil 

Becker et al. 2011 

Enchytraeus 
luxuriosus 

OECD 10% Active 
ingredient 

Boric acid EC50 (reprod) 228 (201-
259) 

mg a.i./kg 
of soil 

Becker et al. 2011 

Folsomia candida Lufa 2.2 Active 
ingredient 

Boric acid EC10 (reprod) 31.7 (24.9-
36.5) 

mg a.i./kg 
of soil 

Amorim et al. 2012 

Folsomia candida Lufa 2.2 Active 
ingredient 

Boric acid EC50 (reprod) 54.5 (50.5-
58.3) 

mg a.i./kg 
of soil 

Amorim et al. 2012 

Folsomia candida Lufa 2.2 Active 
ingredient 

Boric acid LC50 139.4 (125.7-
153.2) 

mg a.i./kg 
of soil 

Amorim et al. 2012 

Folsomia candida Lufa 2.2 Active 
ingredient 

Boric acid NOEC (reprod) 25 mg a.i./kg 
of soil 

Amorim et al. 2012 

Folsomia candida Lufa 2.2 Active 
ingredient 

Boric acid NOEC (surv) 110 mg a.i./kg 
of soil 

Amorim et al. 2012 

Folsomia candida OECD 10% Active 
ingredient 

Boric acid EC50 (avoid) 1441 (183-
478293) 

mg a.i./kg 
of soil 

Becker et al. 2011 

Hypoaspis 
aculeifer 

OECD 5% Active 
ingredient 

Boric acid EC50 (avoid) 1234 (749-
2031) 

mg a.i./kg 
of soil 

Owojori et al. 2014 

Hypoaspis 
aculeifer 

OECD 5% Active 
ingredient 

Boric acid EC50 (reprod) 332 (292-
373) 

mg a.i./kg 
of soil 

Owojori et al. 2014 

Hypoaspis 
aculeifer 

OECD 5% Active 
ingredient 

Boric acid LC50 668 (523-
791) 

mg a.i./kg 
of soil 

Owojori et al. 2014 
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Organism 
species 

Soil Product 
tested 

Active ingredient Endpoint Value Units Reference 

Soil 
microorganism 

NA Active 
ingredient 

EC50 (nitrogen 
transformation) 

> 240 mg a.i./kg of 
soil 

Becker et al. 
2011 

EC50 (nitrogen 
transformation) 

 

Table A.23 – 2: Literature data on the effects of copper sulphate on soil non-target organisms. 

Organism 
species Soil Product tested Active ingredient Endpoint Value Units Reference 

Eisenia andrei Agricultural sandy 
loam Active ingredient Copper sulphate EC50 

(reprod) 124 (85-179) μg/g of soil Velicogna et al. 
2021 

Eisenia andrei Agricultural sandy 
loam 

Active ingredient Copper sulphate EC10 
(reprod) 79 (34-185) μg/g of soil Velicogna et al. 

2021 

Folsomia 
candida 

Agricultural sandy 
loam 

Active ingredient Copper sulphate EC50 
(reprod) 490 (380-646) μg/g of soil Velicogna et al. 

2021 

Folsomia 
candida 

Agricultural sandy 
loam 

Active ingredient Copper sulphate EC10 
(reprod) 219 (123-398) μg/g of soil Velicogna et al. 

2021 

Folsomia 
candida Natural soil Active ingredient Copper sulphate EC10 

(reprod) 
50 (0.03-
13095) 

mg/kg of soil 
DW 

Pedersen et al. 
2000 

Folsomia 
candida Natural soil Active ingredient Copper sulphate EC50 

(reprod) 
519 (21-
13095) 

mg/kg of soil 
DW 

Pedersen et al. 
2000 

Folsomia 
fimetaria Natural soil Active ingredient Copper sulphate EC10 

(reprod) 141 (20-1001) mg/kg of soil 
DW 

Pedersen et al. 
2000 

Folsomia 
fimetaria Natural soil Active ingredient Copper sulphate EC50 

(reprod) 
657 (293-
1470) 

mg/kg of soil 
DW 

Pedersen et al. 
2000 
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Table A.23 – 3: Literature data on the effects of Tebuconazole on soil non-target organisms. 

Organism 
species 

Soil Product 
tested 

Active ingredient(s) Endpoint Value Units Reference 

Eisenia fetida OECD Active 
ingredient 

Tebuconazole LC50 (14 days) 1381 mg a.i./kg of 
soil DW 

EFSA 2014 

Eisenia fetida OECD Active 
ingredient 

Tebuconazole NOEC (chronic) 10 mg a.i./kg of 
soil DW 

EFSA 2014 

Eisenia fetida OECD Active 
ingredient 

Tebuconazole LC50 (7 days) 746.3 mg a.i./kg of 
soil DW 

Chen et al. 2018 

Eisenia fetida OECD Active 
ingredient 

Tebuconazole LC50 (14 days) 287.9 mg a.i./kg of 
soil DW 

Chen et al. 2019 

Eisenia fetida OECD 
10% 

Folicur 
25EW 

Tebuconazole LC50 (14 days) 180 (161–
204) 

mg a.i./kg of 
soil DW 

Rico et al. 2016 

Eisenia fetida OECD 
10% 

Prosaro® 
250 EC 

Tebuconazole + 
Prothioconazole 

EC10 (reprod) 133.3 (20.13–
1776) 

mg fung/kg of 
soil 

Jorge-Escudero et 
al. 2022 

Eisenia fetida OECD 
10% 

Prosaro® 
250 EC 

Tebuconazole + 
Prothioconazole 

EC20 (reprod) 233.3 (35.95–
3269) 

mg fung/kg of 
soil 

Jorge-Escudero et 
al. 2023 

Eisenia fetida OECD 
10% 

Prosaro® 
250 EC 

Tebuconazole + 
Prothioconazole 

LC50 (14 days) >1000 mg fung/kg of 
soil 

Jorge-Escudero et 
al. 2024 

Enchytraeus 
crypticus 

Lufa 
2.2 

Prosaro® 
250 EC 

Tebuconazole + 
Prothioconazole 

LC10 (21 days) 429 (nd) mg a.i./kg of 
soil DW 

Gomes et al. 2021 

Enchytraeus 
crypticus 

Lufa 
2.2 

Prosaro® 
250 EC 

Tebuconazole + 
Prothioconazole 

LC50 (21 days) 533 (nd) mg a.i./kg of 
soil DW 

Gomes et al. 2021 

Enchytraeus 
crypticus 

Lufa 
2.2 

Prosaro® 
250 EC 

Tebuconazole + 
Prothioconazole 

EC10 (reprod) 139 (48-229) mg a.i./kg of 
soil DW 

Gomes et al. 2021 
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Organism 
species 

Soil Product 
tested 

Active ingredient(s) Endpoint Value Units Reference 

Enchytraeus 
crypticus 

Lufa 
2.2 

Prosaro® 
250 EC 

Tebuconazole + 
Prothioconazole 

EC50 (reprod) 350 (262-438) mg a.i./kg of 
soil DW 

Gomes et al. 2021 

Enchytraeus 
crypticus 

Lufa 
2.2 

Active 
ingredient 

Tebuconazole LC10 (21 days) 148 (145-150) mg a.i./kg of 
soil DW 

Gomes et al. 2021 

Enchytraeus 
crypticus 

Lufa 
2.2 

Active 
ingredient 

Tebuconazole LC50 (21 days) 164 (162-166) mg a.i./kg of 
soil DW 

Gomes et al. 2021 

Enchytraeus 
crypticus 

Lufa 
2.2 

Active 
ingredient 

Tebuconazole EC10 (reprod) 12 (-6-31) mg a.i./kg of 
soil DW 

Gomes et al. 2021 

Enchytraeus 
crypticus 

Lufa 
2.2 

Active 
ingredient 

Tebuconazole EC50 (reprod) 41 (16-66) mg a.i./kg of 
soil DW 

Gomes et al. 2021 

Folsomia 
candida 

OECD Active 
ingredient 

Tebuconazole NOEC (chronic) 250 mg a.i./kg of 
soil DW 

EFSA 2014 

Folsomia 
candida 

OECD 
5% 

Active 
ingredient 

Tebuconazole NOEC (chronic) 50 mg a.i./kg of 
soil DW 

Guimarães 2018 
(thesis) 

Folsomia 
candida 

OECD 
5% 

Active 
ingredient 

Tebuconazole LOEC (chronic) 111.8 mg a.i./kg of 
soil DW 

Guimarães 2018 
(thesis) 

Folsomia 
candida 

OECD 
5% 

Active 
ingredient 

Tebuconazole EC10 (reprod) 44.5 (6.2-
82.8) 

mg a.i./kg of 
soil DW 

Guimarães 2018 
(thesis) 

Folsomia 
candida 

OECD 
5% 

Active 
ingredient 

Tebuconazole LC50 (28 days) > 1250 mg a.i./kg of 
soil DW 

Guimarães 2018 
(thesis) 

Folsomia 
candida 

OECD 
5% 

Active 
ingredient 

Tebuconazole EC50 48h (avoid) 14.2 (0-56.3) mg a.i./kg of 
soil DW 

Guimarães 2018 
(thesis) 
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Organism 
species 

Soil Product 
tested 

Active ingredient(s) Endpoint Value Units Reference 

Glossoscolex 
rione 

OECD 
10% 

Prosaro® 
250 EC 

Tebuconazole + 
Prothioconazole 

LC50 (14 days) 285 (223-344) mg fung/kg of 
soil 

Jorge-Escudero et 
al. 2025 

Hypoaspis 
aculeifer 

OECD Active 
ingredient 

Tebuconazole NOEC (chronic) 50 mg a.i./kg of 
soil DW 

EFSA 2014 

Lepidium 
sativum 

OECD Active 
ingredient 

Tebuconazole ER50 (vegetative vigour) 14 mg a.i./kg of 
soil DW 

EFSA 2014 

Lepidium 
sativum 

OECD Active 
ingredient 

Tebuconazole ER50 (seed emergence) 100 mg a.i./kg of 
soil DW 

EFSA 2014 

Soil 
microorganisms 

NA Active 
ingredient 

Tebuconazole Nitrogen mineralisation 
(28 days)  

NS at 8.3  mg a.i./kg of 
soil DW 

EFSA 2014 

Soil 
microorganisms 

NA Active 
ingredient 

Tebuconazole Carbon mineralisation 
(28 days)  

NS at 8.3 mg a.i./kg of 
soil DW 

EFSA 2014 

NA – information not available; NS – not significant 

 

Table A.23 – 4: Literature data on the effects of Terbuthylazine on soil non-target organisms. 

Organism species Soil Product tested Active 
ingredient 

Endpoint Value Units Reference 

Collembola (F. 
candida?) 

OECD Gardoprim Plus Gold Terbuthylazin
e 

NOEC (28 days) 21.12 mg a.i/kg of soil 
DW 

EFSA 2010 

Eisenia fetida OECD Active ingredient Terbuthylazin
e 

LC50 (14 days) > 141.7 mg a.i/kg of soil 
DW 

EFSA 2010 
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Organism species Soil Product tested Active 
ingredient 

Endpoint Value Units Reference 

Eisenia fetida OECD Gardoprim Plus Gold Terbuthylazin
e 

NOEC (56 days) 0.563 mg a.i/kg of soil 
DW 

EFSA 2010 

Eisenia fetida OECD 
10% 

Terbis Terbuthylazin
e 

LC50 (14 days) 1.26 (2.89-5.50) mg a.i/kg of soil 
DW 

Jovana et al. 
2014 

Eisenia fetida OECD 
10% 

Active ingredient Terbuthylazin
e 

LC50 (14 days) 258.52 (195.33–
377.38) 

mg a.i/kg of soil 
DW 

Li et al. 2023 

Lettuce OECD Gardoprim Plus Gold Terbuthylazin
e 

EC50 (pre-emerg) 321 mL c.f./ha EFSA 2010 

Lettuce OECD Gardoprim Plus Gold Terbuthylazin
e 

EC50 (post-emerg) 439 mL c.f./ha EFSA 2010 

Sugar beet OECD Terbuthylazine 500 
g/L SC 

Terbuthylazin
e 

EC50 (pre-emerg) 16 mL c.f./ha EFSA 2010 

Tomato OECD Terbuthylazine 500 
g/L SC 

Terbuthylazin
e 

EC50 (post-emerg) 164.61 mL c.f./ha EFSA 2010 

Soil microorganisms NA Terbuthylazine Terbuthylazin
e 

Nitrogen 
mineralisation 

NS at 10.9 mg a.i/kg of soil 
DW 

EFSA 2010 

Soil microorganisms NA Terbuthylazine Terbuthylazin
e 

Carbon 
mineralisation 

NS at 10.9 mg a.i/kg of soil 
DW 

EFSA 2010 

NA – information not available; NS – not significant 
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Table A.23 – 5: Literature data on the effects of Azoxystrobin on soil non-target organisms. 

Organism Soil Product 
tested 

Active ingredient Endpoint Value Units Reference 

Enchytraeus 
crypticus 

Lufa 2.2 Amistar® 
XTRA 

Azoxystrobin + 
Cyproconazole 

LC10 (21 days) 172 (74-269) mg a.i./kg of 
soil DW 

Gomes et al. 
2021 

Enchytraeus 
crypticus 

Lufa 2.2 Amistar® 
XTRA 

Azoxystrobin + 
Cyproconazole 

LC50 (21 days) 320 (286-355) mg a.i./kg of 
soil DW 

Gomes et al. 
2021 

Enchytraeus 
crypticus 

Lufa 2.2 Amistar® 
XTRA 

Azoxystrobin + 
Cyproconazole 

EC10 38 (6-70) mg a.i./kg of 
soil DW 

Gomes et al. 
2021 

Enchytraeus 
crypticus 

Lufa 2.2 Amistar® 
XTRA 

Azoxystrobin + 
Cyproconazole 

EC50 161 (130-193) mg a.i./kg of 
soil DW 

Gomes et al. 
2021 

Enchytraeus 
crypticus 

Lufa 2.2 a.i. Azoxystrobin LC10 (21 days) 21 (15-30) mg a.i./kg of 
soil DW 

Gomes et al. 
2022 

Enchytraeus 
crypticus 

Lufa 2.2 a.i. Azoxystrobin LC50 (21 days) 39 (34-45 mg a.i./kg of 
soil DW 

Gomes et al. 
2023 

Enchytraeus 
crypticus 

Lufa 2.2 a.i. Azoxystrobin EC10 17 (2-33) mg a.i./kg of 
soil DW 

Gomes et al. 
2024 

Enchytraeus 
crypticus 

Lufa 2.2 a.i. Azoxystrobin EC50 37 (25-49) mg a.i./kg of 
soil DW 

Gomes et al. 
2025 

Enchytraeus 
crypticus 

Lufa 2.2 QUADRIS® Azoxystrobin LC50 (21 days) ≥150  mg a.i./kg of 
soil DW 

Kovačević et al. 
2021 

Enchytraeus 
crypticus 

Lufa 2.2 QUADRIS® Azoxystrobin EC50 93.10 mg a.i./kg of 
soil DW 

Kovačević et al. 
2022 

Folsomia 
candida 

Mediterran
ean 

ORTIVA® Azoxystrobin EC50 92.0 (57.9–
126.1) 

mg a.i./kg of 
soil DW 

Leitão et al. 
2014 
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Organism Soil Product 
tested 

Active ingredient Endpoint Value Units Reference 

Folsomia 
candida 

Mediterran
ean 

ORTIVA® Azoxystrobin EC20 54.9 (23.0–
86.9) 

mg a.i./kg of 
soil DW 

Leitão et al. 
2015 

Eisenia andrei Mediterran
ean 

ORTIVA® Azoxystrobin EC50 42.0 (23.2–
60.8) 

mg a.i./kg of 
soil DW 

Leitão et al. 
2015 

Eisenia andrei Mediterran
ean 

ORTIVA® Azoxystrobin EC20 12.2 (1.2–23.1) mg a.i./kg of 
soil DW 

Leitão et al. 
2015 

Enchytraeus 
crypticus 

Mediterran
ean 

ORTIVA® Azoxystrobin EC50 99.2 (73.3–
125.7) 

mg a.i./kg of 
soil DW 

Leitão et al. 
2015 

Enchytraeus 
crypticus 

Mediterran
ean 

ORTIVA® Azoxystrobin EC20 42.6 (25.2–
60.0) 

mg a.i./kg of 
soil DW 

Leitão et al. 
2015 

Eisenia fetida Fluvo-aquic 
soil 

a.i. Azoxystrobin LC50 (7 days) 53.8 (43.5–
66.0) 

mg a.i./kg of 
soil DW 

Xu et al. 2021 

Eisenia fetida Fluvo-aquic 
soil 

a.i. Azoxystrobin LC50 (14 days) 32.5 (18.6–
44.8) 

mg a.i./kg of 
soil DW 

Xu et al. 2021 

Eisenia fetida Black soil a.i. Azoxystrobin LC50 (7 days) 266.6 (235.8–
297.3) 

mg a.i./kg of 
soil DW 

Xu et al. 2021 

Eisenia fetida Black soil a.i. Azoxystrobin LC50 (14 days) 241.0 (185.2–
244.1) 

mg a.i./kg of 
soil DW 

Xu et al. 2021 

Eisenia fetida Red clay 
soil 

a.i. Azoxystrobin LC50 (7 days) 37.4 (33.7–
42.2) 

mg a.i./kg of 
soil DW 

Xu et al. 2021 

Eisenia fetida Red clay 
soil 

a.i. Azoxystrobin LC50 (14 days) 21.3 (19.8–
28.7) 

mg a.i./kg of 
soil DW 

Xu et al. 2021 
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Organism Soil Product 
tested 

Active ingredient Endpoint Value Units Reference 

Eisenia fetida OECD 10% a.i. Azoxystrobin LC50 (7 days) 607.2 (544.8–
675.6) 

mg a.i./kg of 
soil DW 

Xu et al. 2021 

Eisenia fetida OECD 10% a.i. Azoxystrobin LC50 (14 days) 528.7 (471.2–
588.9) 

mg a.i./kg of 
soil DW 

Xu et al. 2021 

Eisenia fetida OECD a.i. Azoxystrobin LC50 (14 days) 283 mg a.i./kg of 
soil DW 

EFSA 2010 

Lettuce OECD a.i. Azoxystrobin ER50 (seed emerg) > 20 mg a.i./kg of 
soil DW 

EFSA 2010 

Radish OECD a.i. Azoxystrobin ER50 (seed emerg) > 20 mg a.i./kg of 
soil DW 

EFSA 2010 

Wheat OECD a.i. Azoxystrobin ER50 (seed emerg) > 20 mg a.i./kg of 
soil DW 

EFSA 2010 

Soil 
microorganisms 

NA R234886  Azoxystrobin Nitrogen mineralisation 
(28 days) 

NS at 10 mg a.i./kg of 
soil DW 

EFSA 2010 

Soil 
microorganisms 

NA R401553  Azoxystrobin Nitrogen mineralisation 
(28 days) 

NS at 2.643 mg a.i./kg of 
soil DW 

EFSA 2010 

Soil 
microorganisms 

NA R402173  Azoxystrobin Nitrogen mineralisation 
(28 days) 

NS at 4.131 mg a.i./kg of 
soil DW 

EFSA 2010 

Soil 
microorganisms 

NA R234886  Azoxystrobin Carbon mineralisation 
(28 days) 

NS at 10 mg a.i./kg of 
soil DW 

EFSA 2010 

Soil 
microorganisms 

NA R401553  Azoxystrobin Carbon mineralisation 
(28 days) 

NS at 2.643 mg a.i./kg of 
soil DW 

EFSA 2010 
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Organism Soil Product 
tested 

Active ingredient Endpoint Value Units Reference 

Soil 
microorganisms 

NA R402173  Azoxystrobin Carbon mineralisation 
(28 days) 

NS at 4.131 mg a.i./kg of 
soil DW 

EFSA 2010 

NA – information not available; NS – not significant 

 

Table A.23 – 6: Literature data on the effects of Fluazinam on soil non-target organisms. 
 

Organism Soil Product tested Active ingredient Endpoint Value Units Reference 

Eisenia fetida OECD a.i. Fluazinam LC50 (14 days) 500 mg a.i./kg soil DW EFSA 2008 

Eisenia fetida OECD Fluazinam 500 SC Fluazinam LC50 (14 days) > 341 mg a.i./kg soil DW EFSA 2008 

Eisenia andrei OECD Fluazinam 500 SC Fluazinam NOEC (chronic) < 0.175 mg a.i./kg soil DW EFSA 2008 

Folsomia candida OECD Fluazinam 500 SC Fluazinam NOEC (chronic) < 0.785 mg a.i./kg soil DW EFSA 2008 

Cucumber OECD a.i. Fluazinam ER50 (veg rigour) > 1500 mg a.i./kg soil DW EFSA 2008 

Cucumber OECD a.i. Fluazinam ER50 (seed emerg) > 1500 mg a.i./kg soil DW EFSA 2008 

Soil microorganisms NA Fluazinam 500 SC Fluazinam Nitrogen mineralisation 
(28 days) 

NS at 2.27 mg a.i./kg soil DW EFSA 2008 

Soil microorganisms NA HYPA Fluazinam Nitrogen mineralisation 
(28 days) 

NS at 0.38 mg a.i./kg soil DW EFSA 2008 

Soil microorganisms NA Fluazinam 500 SC Fluazinam Carbon mineralisation 
(28 days) 

NS at 2.27 mg a.i./kg soil DW EFSA 2008 

Soil microorganisms NA HYPA Fluazinam Carbon mineralisation 
(28 days) 

NS (increase) at 0.38 mg a.i./kg soil DW EFSA 2008 
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NA – information not available; NS – not significant (< 25%) 

Table A.23 – 7: Literature data on the effects of Pendimethalin on soil non-target organisms. 

Organism Soil Product 
tested 

Active 
ingredient 

Endpoint Value Units Reference 

Earthworm OECD 10% Active 
ingredient 

Pendimethali
n 

NOEC 33.45 mg a.i./kg of soil 
DW 

EFSA 2016 

Earthworm OECD 10% Active 
ingredient 

Pendimethali
n 

EC10 (reprod) 49 mg a.i./kg of soil 
DW 

EFSA 2016 

Folsomia 
candida 

Natural soil 
(Field 55) 

Active 
ingredient 

Pendimethali
n 

NOEC 30 mg a.i./kg of soil 
DW 

Belden et al. 
2005 

Folsomia 
candida 

Natural soil 
(Field 55) 

Active 
ingredient 

Pendimethali
n 

LOEC 90 mg a.i./kg of soil 
DW 

Belden et al. 
2005 

Folsomia 
candida 

Natural soil 
(Field 55) 

Active 
ingredient 

Pendimethali
n 

EC50 (reprod) 47 (44-51) mg a.i./kg of soil 
DW 

Belden et al. 
2005 

Folsomia 
candida 

OECD 5% BAS455 48 H Pendimethali
n 

NOEC 193 mg a.i./kg of soil 
DW 

EFSA 2016 

Folsomia 
candida 

OECD 5% BAS455 48 H Pendimethali
n 

EC10 (reprod) 561 mg a.i./kg of soil 
DW 

EFSA 2016 

Hypoaspis 
aculeifer 

OECD 5% BAS455 48 H Pendimethali
n 

NOEC 385 mg a.i./kg of soil 
DW 

EFSA 2016 

Hypoaspis 
aculeifer 

OECD 5% BAS455 48 H Pendimethali
n 

EC10 (reprod) 257 mg a.i./kg of soil 
DW 

EFSA 2016 

Latuca sativa Natural soil 
(Field 55) 

Active 
ingredient 

Pendimethali
n 

IC50 (seed growth 7 days) 7.74 (5.67-
10.57) 

mg a.i./kg of soil 
DW 

Belden et al. 
2005 
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Organism Soil Product 
tested 

Active 
ingredient 

Endpoint Value Units Reference 

Latuca sativa Natural soil 
(Field 55) 

Active 
ingredient 

Pendimethali
n 

NOEC 1 mg a.i./kg of soil 
DW 

Belden et al. 
2005 

Latuca sativa Natural soil 
(Field 55) 

Active 
ingredient 

Pendimethali
n 

LOEC 4 mg a.i./kg of soil 
DW 

Belden et al. 
2005 

Perionyx 
excavatus 

Garden soil Active 
ingredient 

Pendimethali
n 

LC50 0.016 (0.01-
0.04) 

mg a.i./kg of soil 
DW 

Sanyal et al. 
2015 

Perionyx 
excavatus 

OECD 10% Active 
ingredient 

Pendimethali
n 

LC50 0.018 (0.01-
0.08) 

mg a.i./kg of soil 
DW 

Sanyal et al. 
2015 

Ryegrass OECD BAS 455 48 Pendimethali
n 

ER50 (emergence) 543 g a.i./ha EFSA 2016 

Tomato OECD AG-P4-400-
SC 

Pendimethali
n 

ER50 (emergence) 402 g a.i./ha EFSA 2016 

Soil 
microorganisms 

NA BAS 455 48 H Pendimethali
n 

Nitrogen mineralisation 
EC25 (28 days) 

2.66 g a.i./ha EFSA 2016 

Soil 
microorganisms 

NA AG-P4-400-
SC   

Pendimethali
n 

Nitrogen mineralisation 
(28 days) 

NS at 11.0 g a.i./ha EFSA 2016 

Soil 
microorganisms 

NA M455H001    Pendimethali
n 

Nitrogen mineralisation 
(28 days) 

NS at 5.0 g a.i./ha EFSA 2016 

Soil 
microorganisms 

NA M455H033    Pendimethali
n 

Nitrogen mineralisation 
(28 days) 

NS at 5.0 g a.i./ha EFSA 2016 

NA – information not available; NS – not significant (< 25%)
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A.24 Survey for participation in the ring test. 

Reproduction of the survey sent to the laboratories interested in participating in the ring 
test to infer which laboratories were able to perform the experiments required is 
presented below. 

 

Survey for the ring testers: 
 
This survey aims at collecting information from each ring test participant so we 
can better plan the work to be developed. 
 
Contact information: 

Institution/Company:  
Name: 
Email: 

Laboratory main contact: 

Telephone Nº: 
Name: 
Email: 

Ring Test Study Leader  
(if different from main 
contact): Telephone Nº: 
Full Mailing address  
(supplies will be shipped to 
this address)  

Attn: 

 
 
Please check if you have the following equipment available for the ring-test: 
 

Type of Equipment: Do you have 
access to this 
equipment? 
(Yes/No) 

Model (and capacity if 
applicable):  

1 temperature controlled 
room/chamber regulated for  
23 ± 2 ºC, a photoperiod of 
16:8 h light:dark and a relative 
air moisture of 60% or higher 
(consider that a minimum of 1 
m2 is needed for each 
experiment and a constant 
ventilation is required to avoid 
CO2 accumulation) 

  

1 autoclave with capacity for 
autoclaving soil 

  

1 centrifuge ideally for ≥50 mL 
tubes (needed only for the pre-
symbiotic phase) 

  

1 Oven set at 105 °C   
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1 microscope with 
magnification up to 400x (10x 
ocular × 40x objective) 

  

1 Binocular microscope with 
≥50x of magnification (needed 
only for the pre-symbiotic phase) 

  

Eye piece Whipple disc  (i.e. 
net micrometer) - 10 x 10 grid 
(1 mm squares) 

  

1 water bath or any other 
system that allows continuous 
heating of water, e.g. pot on a 
stove (e.g. 4-14 L capacity) 

  

Blender (e.g. 2 L capacity)   
Vacuum filtration 
system/capability 

  

1 mm - mesh sieve (e.g. 20 cm 
diameter) 

  

0.30 mm - mesh sieve (e.g. 20 
cm diameter). (needed only for the 
pre-symbiotic phase) 

  

0.25 mm - mesh sieve (e.g. 20 
cm diameter) 

  

45 μm – mesh sieve (e.g. 20 cm 
diameter) 

  

 
To the following questions, please write freely in the right column: 
 

Question: Answer: 
1. Do you have someone with 

experience in performing 
experiments and/or manipulating 
mycorrhiza in your laboratory? 

 

2. Do you have someone with 
experience in laboratory 
ecotoxicological tests following 
procedures from international 
standards?  

 

3. Would you require initial training to 
have the necessary skills to perform 
the experiments? For how many 
persons would it be needed? When 
would you be available to start the 
training?  

 

4. How many experiments would you 
be able to perform for the symbiotic 
phase, knowing that (i) 1 
experiment encompasses 6 
treatments + 1 control and (ii) each 

 



TEXTE – Test battery for the effect determination of chemicals in soils: Suitability of test systems with mycorrhizal 
fungi for the risk assessment 

401 
 

treatment and control consisting of 
5 replicates (meaning a total of 35 
replicates),(iii) each experiment 
takes 2 months (i.e. 56 days) to be 
performed; (iv) after these 2 
months, the measurement of the 
endpoints take 2 additional months 
(1 person) but over these additional 
months, other tests can be 
performed in the meantime.  

NOTE: In an ideal situation we would expect 
that each laboratory would be able to perform 
4 experiments in 6 months. 
5. Knowing that, for the experiments 

of symbiotic phase, each replicate is 
composed of a 500 mL/pot, how 
many replicates would you be able 
to handle simultaneously in your 
facilities (please consider 
manpower for management, and 
space available for the 
experiments). 

 

6. Are you able to obtain your own 
inoculum of Funneliformis mosseae 
and/or Rhizophagus irregularis for 
the ring-test experiments? We 
estimate that the total amount of 
inoculum needed for each 
laboratory is about 7kg for each of 
these two AMF species.  

 

7. Are you able to make OECD artificial 
soil yourself (i.e. kaolin clay, sand 
and Sphagnum sp. Peat)? We 
estimate that a total of 70kg of soil 
will be needed for each laboratory 
(4 experiments). 

 

8. Would you be available to perform 
experiments also for the pre-
symbiotic phase? Please take into 
consideration that experiments for 
pre-symbiotic phase are performed 
in Petri dishes, over 14 days and a 
test design similar to that used for 
the symbiotic phase will be 
followed.  

 

9. We plan to ask to each laboratory a 
non-disclosure agreement and of 
intellectual property rights 
according to the requirements 
agreed with the sponsor of this 
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project. If you have any internal 
incompatibility in signing this 
document, please let us know.  

10. Would you be able to receive the 
materials needed for the ring test, 
e.g. natural soils, inoculum, test 
substance, etc., in your facilities 
over the first 2 months of 2023 and 
to start the tests on March of 2023? 

 

 
Please send the completed form to Tiago Natal da Luz (tiagoluz@cloverstrategy.pt) 
by November 11, 2022 

mailto:tiagoluz@cloverstrategy.pt
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A.25 Example of an Excel spreadsheet for the symbiotic phase ring test (for 
instance for the test with Fluazinam in OECD 2.5% soil). 

"Test setup" tab 
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"Soil %WC and pH" tab 
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"Intraradicular colonization" tab 
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"Extra-radicular hyphae lenght" tab 
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"Plant biomass" tab 
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A.26 Raw data of the symbiotic phase ring test experiments with Azoxystrobin. 

Table A.26 – 1: Raw data from the experiments conducted during the symbiotic phase ring 
test using inoculant of Rhizophagus irregularis, the test soil OECD 2.5% soil 
and the test substance Azoxystrobin (AZX).   

Please refer to the "Raw data" supplementary Excel file. 
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A.27 Raw data of the symbiotic phase ring test experiments with Fluazinam. 

Table A.27 – 1: Raw data from the experiments conducted during the symbiotic phase ring 
test using inoculant of Rhizophagus irregularis, the test soil OECD 2.5% soil 
and the test substance Fluazinam (FLZ).   

Please refer to the "Raw data" supplementary Excel file.
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A.28 Example of an Excel spreadsheet for the pre-symbiotic phase ring test (for 
instance for the test with Azoxystrobin in OECD 2.5% soil). 

"Test setup" tab 
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"Soil %WC and pH" tab 

 

 
 

"%Spore germination" tab 
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A.29 Raw data from the pre-symbiotic phase ring test with Azoxystrobin. 

Table A.29 – 1: Raw data from the experiments conducted during the pre-symbiotic phase ring 
test using spores of Rhizophagus irregularis, the test soil OECD 2.5% soil and the 
test substance Azoxystrobin (AZX).   

Please refer to the "Raw data" supplementary Excel file. 
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A.30 Raw data from the pre-symbiotic phase ring test with Fluazinam. 

Table A.30 – 1: Raw data from the experiments conducted during the pre-symbiotic phase ring 
test using spores of Rhizophagus irregularis, the test soil OECD 2.5% soil and the 
test substance Fluazinam (FLZ).   

Please refer to the "Raw data" supplementary Excel file. 
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A.31 Chemical analysis conducted for the pre-symbiotic and symbiotic phase ring 
test experiments. 

Table A.31 – 1:  Mean (± standard deviation, n=3) measured initial and final 
concentrations of Azoxystrobin on soil samples from valid 
experiments of the symbiotic phase ring test. Percentages of nominal 
concentration (initial and final) were estimated based on raw data 
and nominal concentrations.  

Please refer to the "Raw data" supplementary Excel file. 

 

Table A.31 – 2:  Mean (± standard deviation, n=3) measured initial and final 
concentrations of Fluazinam on soil samples from valid experiments 
of the symbiotic phase ring test. Percentages of nominal 
concentration (initial and final) were estimated based on raw data 
and nominal concentrations.  

Please refer to the "Raw data" supplementary Excel file. 

 

Table A.31 – 3:   Mean (± standard deviation, n=3) measured initial and final 
concentrations of Azoxystrobin on soil samples from valid 
experiment of the pre-symbiotic phase ring test. Percentages of 
nominal concentration (initial and final) were estimated based on 
raw data and nominal concentrations. 

Please refer to the "Raw data" supplementary Excel file. 

 

Table A.31 – 4:  Mean (± standard deviation, n=3) measured initial and final 
concentrations of Fluazinam on soil samples from valid experiment of 
the symbiotic phase ring test. Percentages of nominal concentration 
(initial and final) were estimated based on raw data and nominal 
concentrations.  

Please refer to the "Raw data" supplementary Excel file. 
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A.32 Non-linear models for endpoint estimations for WP3. 

Table A.32 – 1:   Non-linear models (and respective coefficient of regression, r2) used 
on the estimation of the endpoints based on nominal and measured 
concentrations for the symbiotic phase experiments of the ring test 
with Azoxystrobin. 

Please refer to the “Supporting information” supplementary Excel file. 

 

Table A.32 – 2:   Non-linear models (and respective coefficient of regression, r2) used 
on the estimation of the endpoints based on nominal and measured 
concentrations for the symbiotic phase experiments of the ring test 
with Fluazinam. 

Please refer to the “Supporting information” supplementary Excel file. 

 

Table A.32 – 3:   Non-linear models (and respective coefficient of regression, r2) used 
on the estimation of the endpoints based on nominal and measured 
concentrations for the pre-symbiotic phase experiments of the ring 
test with Azoxystrobin. 

Please refer to the “Supporting information” supplementary Excel file. 

 

Table A.32 – 4:   Non-linear models (and respective coefficient of regression, r2) used 
on the estimation of the endpoints based on nominal and measured 
concentrations for the pre-symbiotic phase experiments of the ring 
test with Fluazinam. 

Please refer to the “Supporting information” supplementary Excel file. 
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A.33 Draft guideline for the AMF pre-symbiotic phase tests. 

Reproduction of the document prepared following the OECD formatting guidelines. 

 

INTRODUCTION 

1. This document is designed for assessing the effects of contaminants in soil on the pre-
symbiotic phase (spore germination) of the development of Arbuscular Mycorrhizal 
Fungi (AMF). This test guideline has been ring-tested. 
 

2. AMF are mutualist organisms living in symbiotic association with most vascular plant 
species. Besides the benefits provided to the host plant during the symbiosis (e.g. 
enhanced tolerance to environmental stress and nutrient acquisition), AMF also 
contribute with a large spectrum of ecosystem services (e.g. supporting and regulating 
services) (1,2). 
 

3. Appropriate spore germination is essential for the subsequent establishment of the 
symbiosis between the AMF and the host plant. Spores released outside the host-plant 
roots are particularly vulnerable to the presence of contaminants in the soil, as they are in 
direct contact with them. The acknowledged sensitivity of AMF to contaminants led the 
European Food Safety Authority (EFSA) to list these organisms as potentially important 
for the risk assessment of Plant Protection Products (PPP) (2). 

 
4. The standardized guideline from the International Organization for Standardization 

(ISO), guideline 10832:2009 (3), and the studies published by Mallmann et al. (2018), 
Malfatti et al. (2021) and Malfatti et al. (2023) provided essential information for the 
development of the present document. 

 

PRINCIPLE OF THE TEST 

5. The test assesses the effects of test chemicals present in the soil on the percentage of 
germination of AMF mature spores, inside a membrane filter “spore sandwich”, after 14 
days of exposure under controlled laboratory conditions. 
 

6. The percentage of spore germination on the treatments is compared to the response on 
the negative control to determine the no-observed effect concentration (NOEC), the 
lowest observed effect concentration (LOEC) and, when possible, the inhibition 
concentrations (ICx; e.g. IC10, IC50) may be estimated through non-linear regression 
models. 

 

INFORMATION ON THE TEST CHEMICAL 

7. Information on the test chemical such as common name. chemical name (preferably 
IUPAC name), structural formula, CAS registry number, purity, safety precautions, 
proper storage conditions and analytical methods should be obtained before the beginning 
of the study. In addition, the following information should be known:  
- Solubility in water and/or in organic solvents; 
- Octanol-water partition coefficient, Kow; 
- Soil-water partition coefficient, expressed as Koc; 
- Vapour pressure; 



TEXTE – Test battery for the effect determination of chemicals in soils: Suitability of test systems with mycorrhizal 
fungi for the risk assessment 

422 
 

- Degradability (e.g. in soil, water); 
- Known metabolites. 

 

REFERENCE SUBSTANCE 

8. The recommended reference substance on ISO 10832:2009 (3) is cadmium nitrate 
(CdNO3·4H2O). This substance caused a 50% inhibition on Glomus (=Funneliformis) 
mosseae spore germination at concentrations between 0.15 and 1.7 mg kg−1. 
 

9. An alternative reference substance, boric acid, is recommended by Mallmann et al. 
(2018). Boric acid caused a 50% inhibition of spore germination on different AMF 
species on tropical artificial soil (TAS, (7)) between 359.84 and 684.27 mg kg -1. 
 

VALIDITY CRITERIA 

10. For the test to be valid, the following criteria are applied: 
- The mean number of recovered spores in all treatments is ≥ 25;  
- The mean percentage of germinated spores in the control treatment is ≥ 75% at the 

end of the test. 
 

DESCRIPTION OF THE TEST 

Test apparatus  

11. Usual laboratory equipment and the following should be used: 
 

a. Sterilized plastic Petri dishes (Ø 9 cm), or other recipient with lid, with enough capacity 
for 80 g of soil dry weight (DW) can be used for replicates; 
 

b. Distilled water with pH ≥ 5.5; 
 

c. Nitrocellulose membrane filters (47 mm diameter, 0.45 μm porosity, white, 3 mm grid 
lined); 
 

d. Watch-glass; 
 

e. Ultra-fine tweezers; 
 

f. Blue or black ink; 
 

g. Sucrose (or regular white sugar); 
 

h. Centrifuge, capable of 2000 rpm; 
 

i. Stereomicroscope with 50x magnification. 

Biological materials 

12. AMF species suitable for the performance of these tests are Glomus (=Funneliformis) 
mosseae (3), Rhizophagus irregularis (8), Rhizophagus clarus and Gigaspora albida 
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(4–6). Other AMF species may be adapted to the method after evaluation of germination 
responses and test validation criteria. 

13. Sporocarps or isolated spores can be purchased commercially. Alternatively, sporocarps 
or spores can be extracted from monoxenic cultures by wet sieving (9) and using a sucrose 
gradient solution followed by centrifugation (Annex B). 
 

14. Sporocarps containing spores can be placed on moisturized filter paper and carefully 
opened with ultra-fine tweezer under the stereo microscope to extract the spores. Spores 
can be transferred to a microtube with distilled water and stored at 4ºC until use in tests, 
which should be within one day. 
 

Test soil  

15. Test soils (either natural or artificial soil) should not have negative effects on the 
development of AMF spores. Soils with physical or chemical characteristics that can 
inhibit the development of AMF should be avoided (e.g. high content of phosphorous, 
aluminum or manganese) (10–15). 
 

16. Test soils should be characterized before their use in tests, with, at least, the following 
information: 
- Collection site (for natural soils); 
- Origin of the components used in preparation of artificial soil; 
- Organic carbon content; 
- Particle size distribution (% sand, clay and silt); 
- Maximum water holding capacity (% WHCmax) (Annex C); 
- Water content (% WC) (Annex D); 
- pH (Annex E); 
- Aluminum, manganese and phosphorus content. 
 

17. Modified artificial soil, with reduced organic matter content, can be prepared based on 
the information presented in the guideline OECD 232:2016 (16): 
 

Soil component Content expressed on % 
dry mass basis 

- Sphagnum peat (with no visible plant remains, use mature 
peat, air dried and sieved at 2 mm) 2.5 

- Kaolin clay (kaolinite content preferably above 30 %) 20 

- Industrial quartz sand (air dried, with more than 50 % of the 
particles between 50 and 200 microns) 77.5 

- Calcium carbonate (CaCO3, pulverized,  analytical grade) to 
obtain an initial pH of 6.0 ± 0.5 < 1 

Note 1: The amount of CaCO3 required depends on its constituents and should be 
determined by measuring the pH of pre-incubated moist soil sub-samples before the test. 

Note 2: Tropical artificial soil (TAS) (7) can be applied in this methodology by replacing 
the Sphagnum peat by coconut fiber on the preparation of the artificial soil. 
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18. Natural soils should be collected from unpolluted sites and be free of PPP, manure from 
treated animals and organic fertilizers for at least one year prior to use. Sieving at 2 mm 
is recommended to homogenize the soil and remove coarser particles. Natural soils can 
be stored at room temperature. for the shorter time possible before use in tests. 
 

Preparation of test concentrations 

19. Test soils are contaminated by homogenizing a solution of test chemical directly in the 
test soil. 

Contaminating soil with water soluble test chemicals 

20. A stock solution is prepared by dissolving the test chemical in distilled water. A portion 
of test soil enough for the test treatment is homogeneously contaminated with an amount 
of stock solution and distilled water to adjust the soil moisture to 50% WHCmax before 
preparing the replicates. 
 

Contaminating soil with water insoluble chemicals 

21. Contamination of soil with water insoluble chemicals requires the previous coating of an 
aliquot of test soil. A portion of test soil is contaminated with a solution of the test 
chemical dissolved in an appropriate organic solvent (e.g. acetone). After complete 
evaporation of the solvent, the portion of contaminated soil is mixed with an amount of 
test soil enough for all treatment and the soil moisture should be adjusted to 50% WHCmax 
with distilled water.  
 

22. In this case, the preparation of a solvent control is recommended (paragraph 24). 
 

TEST PROCEDURES 

Test treatments  

23. A negative control, composed by the test soil without the test chemical is prepared for all 
tests.  
 

24. A solvent control is recommended in test with water insoluble chemicals. In this case, the 
soil is spiked with the solvent, but no test chemical is added. 

Range finding test  

25. A range-finding test could be necessary to help select appropriate test concentrations for 
the definitive test. Three replicates can be used per treatment and the percentage of spore 
germination should be assessed after 14 days of exposure. 
 

26. For the range-finding test. the test concentrations should be widely spaced (e.g. 0.1, 1.0, 
10, 100 and 1000 mg/kg dry soil) or others if data exist to support the selection of different 
concentrations. 

Definitive test 
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27. Test concentrations can be based on the results observed on the range-finding test or on 
data from literature, which should be reported in any case. At least five treatments are 
recommended.  
 

28. Ideally, the selected concentrations should cover concentrations with no effect and 
concentrations which totally inhibited spore germination on the range finding test.  
 

Test design 

29. Each test treatment is composed of, at least, six replicates with 30 spores each. 
 

30. Previously isolated spores are selected under the stereo microscope (50x amplification). 
Only spores with intact and clean walls are selected. 
 

31. Viable spores are transferred to wet nitrocellulose membranes and placed inside the grid 
squares. The membrane is covered with another wet nitrocellulose membrane, forming a 
“spore sandwich”. 
 

32. The “spore sandwich” is transferred to a Petri dish with 40 g DW of test soil 
(uncontaminated for control or contaminated for test treatments other than control) and 
covered with more 40 g DW of the same soil. 
 

33. The Petri dish is sealed with parafilm and incubated under controlled conditions for 14 
days. 
 

Test conditions 

34. Replicates are incubated under controlled conditions: 26 ± 2ºC in the dark (alternatively 
Petri dishes can be covered with aluminum foil). Other temperatures can be used 
according to the AMF species. 
 

Test measurements 

35. After 14 days of exposure, the “spore sandwich” is removed from each replicate. Excess 
soil is removed from the surface of the “sandwich” with a brush or with distilled water. 
The spore sandwich should always be kept horizontally to avoid loss of spores. 
 

36. The “sandwiches” are soaked in a 1:1 solution of a 5% blue or black aqueous pen ink 
solution and a 5% acetic acid solution for 15 min to make hyphal germination visible. 
After this period, the “sandwiches” are carefully dried with absorbent paper and opened.  
 

37. The number of recovered and germinated spores is determined using a stereo microscope 
(50x magnification). A spore is considered germinated when the hyphae length is at least 
five times greater than the spore diameter. 

 

DATA AND REPORTING 

Treatment of results  
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38. The percentage of germination and recovery of spores is calculated according to the 
following equation (1) adapted from Malfatti et al. (2021): 
 

(1) %(Germ/Rec) =  g x 100
n  

Where g is the number of germinated spores 

Where n is the number of recovered spores 

39. The mean percentage of spore germination and its standard deviation should be reported 
and compared to the control treatment. NOEC/LOEC and ICx should be calculated if 
possible. 

NOEC/LOEC 

40. The no observed effect concentration (NOEC) and the lowest observed effect 
concentration (LOEC) are estimated through the evaluation of significant differences of 
treatments when compared to the controls, considering p < 0.05. 
 

41. Data normal distribution and homogeneity of data variances must be tested using an 
appropriate statistical test, e.g. the Shapiro-Wilk test and Bartlett test, respectively, before 
statistical analysis. One-way ANOVA and subsequent multi-comparison tests can be 
performed. Multiple comparisons (e.g. Dunnett's test) can be used to calculate if there are 
significant differences (p ≤ 0.05) between the controls and the treatments. Non-parametric 
methods (e.g. Bonferroni-U-test) could also be applied for NOEC/LOEC estimation. 

ICx  

42.  Effect concentration for x% of inhibition of the spore germination when compared to the 
respective control (and its 95% confidence intervals) is estimated through non-linear 
regression models (e.g. logistic model, exponential model, Hormesis model).  
 

Test report 

43. The test report must contain the following information: 

Test chemical 

- Data from previous works, if available; 
- Physical and chemical characterization of the test chemical; 
- Details on soil contamination and verification of the tested concentrations. 

Inoculant and host plant 

- Scientific name, strain/variety, source. 

Test conditions 

- Description of the test design and procedures; 
- Description of environmental conditions during the exposure period (photoperiod, % 

relative humidity, etc.); 
- Nominal test concentrations; 
- Characterization of the test soil. 
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Results 

- Percentage of spore germination; 
- Methods for statistical analysis; 
- Compliance with the validity criteria; 
- Further observations. 
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ANNEX A 

Definitions 

Hyphae: AMF filamentous structures ramifying from the spore after its germination. 

ICx (concentration for x% inhibition effect): the concentration that causes x% inhibition on the 
germination of spores when compared to the response on the control. 

LOEC (lowest observed effect concentration): the lowest test treatment for which there is an effect 
on the measured endpoint parameter. Statistically significant differences are observed when 
comparing the treatment to the control (p < 0.05). 

NOEC (no observed effect concentration): the highest test treatment for which there is no effect 
on the measured endpoint parameter, since no statistically significant differences are observed 
when comparing the treatment to the control (p < 0.05). 

Spore: AMF spherical structures which store nutrients but can also be dormant structures or 
propagules for germination and colonization. 

Sporocarp: capsules containing clusters of spores.  
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ANNEX B 

Spore extraction 

 

The recommended spore extraction method is based on a wet sieving technique, followed by a 
sucrose centrifugation after which spores are separated and counted, as described by (Gerdemann 
& Nicolson (1963): 

1. Prepare a Falcon tube with a sucrose gradient: pour 15 ml of 20% sucrose solution in a 
Falcon tube. Then, dip a glass pipette in the 20% sucrose solution, reaching the bottom 
of the tube, and add 15 ml of 60% sucrose solution. The 60% sucrose solution must 
remain in the bottom of the Falcon tube, under the 20% sucrose solution; 
 

2. Vigorously mix a sample of 50 g of inoculant with 2L of tap water in a beaker for 30 
seconds. After 2 minutes of sedimentation, sieve the supernatant through stacked sieves 
of 300 μm (top) and 45 μm mesh (bottom). This step must be repeated twice with the 
sedimented inoculant; 
 

3. Wash the materials retained on the 45 μm sieve into the Falcon tube containing the 
sucrose gradient. Centrifuge for 2 minutes at 2000 rpm; 
 

4. Sieve the supernatant using a 45 μm sieve and wash the retained materials with distilled 
water to remove the sucrose residues; 
 

5. Transfer the retained material (which includes spores) to a watch-glass or Petri dish and 
select viable spores under the stereo microscope at 50x amplification. Viable spores, with 
intact walls, are collected and empty or crushed spores are eliminated; 
 

6. Selected spores can be stored, at 4ºC, for two days in microtubes with distilled water until 
use in pre-symbiotic phase tests.  
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ANNEX C 

Determination of water holding capacity 

 
The method described below for maximum water holding capacity (WHCmax) of the soil is based 
the Annex 5 of the OECD 232 guideline (16). 
 

1. Prepare a tube with a filter paper in the bottom and weight (A); 

2. Wet the piece of filter paper and weight (B); 

3. Fill the tubes with a soil, without reaching the top of the tubes; 

4. Place the tubes in a tray with tall borders; 

5. Outside the tubes, put water until the soil is submerged (don’t put water directly in the 

soil, the water must ascent by capillarity).  

6. Let it rest, submerged, for three hours; 

7. Drain the samples for two hours in a grid. Cover the tubes to avoid water evaporation; 

8. Weight the saturated tubes (C); 

9. Dry at 105ºC for 14h; 

10. Weight (D) and calculate the %WHCmax applying the equation below: 

 
 

%𝑊𝐻𝐶𝑚𝑎𝑥 =
(𝐶 ― 𝐵) ― (𝐷 ― 𝐴)

𝐷 ― 𝐴 ∗ 100 
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ANNEX D 

Determination of soil water content 

 
Soil water content should be measured following the steps below: 
 

1. Weigh an empty vessel (A); 

2. Without taring the scale, add approximately 10 g of fresh soil into the vessel and weight 

(B); 

3. Dry the soil at 105ºC for at least 12h; 

4. After letting settle down the temperature of the soil (5 to 10 min), weight the dried soil + 

vessel (C); 

5. Calculate de soil water content, in percentage, by following the equation below: 

 

% 𝑊𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =
(𝐵 ― 𝐶)
(𝐶 ― 𝐴) ∗ 100 
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ANNEX E 

Determination of soil pH 

 
The method described for determination of soil pH is based on the methodology described on the 
OECD 232 guideline (16): 
 

1. Let the fresh soil air-dry at room temperature for at least 12h; 

2. Once the soil is dry, weight 5 g of soil into a container; 

3. Add 25 mL of KCl (1M) or CaCl2 (0.01M); 

4. Mix for 5 minutes and settle for at least 2h (but not more than 24h); 

5. Measure the pH in the liquid phase using a previously calibrated pH-meter. 
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A.34 Draft guideline for the AMF symbiotic phase tests. 

Reproduction of the document prepared following the OECD formatting guidelines. 

 

INTRODUCTION 

1. This Test document is designed for assessing the effects of chemicals in soil on the 
symbiotic phase (intra-radicular colonization and extra-radicular mycelium length) of the 
development of Arbuscular Mycorrhizal Fungi (AMF). This test guideline has been ring-
tested. 
 

2. AMF are organisms that live in obligate symbiosis with most plant species. They have an 
important role to plants and soil ecology by increasing plant nutrient acquisition and 
tolerance to several environmental stressors (e.g., metals, pathogens, drought, salinity, 
and others) and by increasing soil carbon sequestration and soil aggregation and 
stabilization (1,2). 
 

3. Due to their recognized ecological relevance and their sensitivity to chemicals, AMF have 
been indicated by the European Food Safety Authority (EFSA) as a potential group of 
non-target organisms for ecotoxicological testing with Plant Protection Products (PPPs) 
(2). 
 

4. Despite the lack of published national and international guidelines. the documentation 
fascicule from the Association Française de Normalisation (AFNOR) for the effects of 
pollutants on AMF (3) provides useful information for the performance of the present 
methodology. 
 

PRINCIPLE OF THE TEST 

5. The test assesses the effects of the test chemical present in the test soil on the 
establishment of the symbiosis between the AMF and the host plant through the 
evaluation of the intra-radicular colonization and the evaluation of the production of 
extra-radicular mycelium after 56 days of exposure under controlled laboratory 
conditions.  
 

6. Intra-radicular colonization (i.e. percentage of total and arbuscular colonization) is 
quantified through observation, at the microscope, of AMF colonizing structures on 
previously stained root fragments collected from the replicates after the exposure period. 
The length of extra-radicular hyphae produced during the exposure period is evaluated 
through a grid line intersection method after observation, on the microscope, on filtered 
soil samples collected from the replicates. 
 

7. The intra-radicular colonization and extra-radicular mycelium production observed on 
the treatments is compared to the response on the negative control to determine the no-
observed effect concentration (NOEC) and the lowest observed effect concentration 
(LOEC). When possible, effective concentrations (ECx; e.g. EC10, EC50) may be 
estimated through the fitting in non-linear regression models. 
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INFORMATION ON THE TEST CHEMICAL 

8. Information on the test chemical such as common name, chemical name (preferably 
IUPAC name), structural formula, CAS registry number, purity, safety precautions, 
proper storage conditions and analytical methods should be obtained before the beginning 
of the study. In addition, the following information should be known:  
- Solubility in water and/or in organic solvents; 
- Octanol-water partition coefficient, Kow; 
- Soil-water partition coefficient, expressed as Koc; 
- Vapour pressure; 
- Degradability (e.g. in soil, water); 
- Known metabolites. 

 

REFERENCE SUBSTANCE 

9. The recommended reference substance on AFNOR (2014) (3) is cadmium nitrate 
(CdNO3·4H2O). This substance caused a 20% effect on Glomus (=Funneliformis) 
mosseae mycorrhization frequency at concentrations between 1.6 and 4.1 mg kg−1. 
 

VALIDITY OF THE TEST 

10. For the test to be valid, the following criteria apply: 
- Percentage of total intra-radicular colonization higher than 30%, on average, in the 

replicates of the negative control; 
- Percentage of total intra-radicular colonization of 0% in replicates of sterilization 

control; 
- Coefficient of variation in total intra-radicular colonization lower than 50% in 

replicates of the negative control; 
- A minimum length of roots to prepare at least one preparation with 10 fragments of 

root (of approximately 1 cm) must be found in at least 80% of the replicates of the 
negative control. 
 

DESCRIPTION OF THE TEST 

Test vessels  

11. Cylindrical vessels made of non-toxic plastic with capacity for 200 g of soil dry weight 
(dw) can be used for the replicates. Vessel size should allow good development of the 
root. The vessels should not be transparent to avoid biofilm production during the test.  
 

Host plant  

12. The selected host plant should be known for its capacity to form symbiosis with AMF 
and for its ability to thrive under laboratory conditions. Some common host plants are 
Allium ampeloprasum/porrum, Zea mays and Glycine max. A list of other possible host 
plant species is presented in Annex B.  
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13. Seeds of the host plant should be from reliable seed sources and produce consistent and 
regular germination. and uniform plant growth. It is recommended to use uncoated 

seeds (i.e. free of any plant protection product [PPP]), unless this is in the scope of the 
test.  

 

AMF species and inoculant selection 

14. The selected AMF species should have known capacity to colonize the selected host 
plant. Common selected species are Rhizophagus irregularis, Funneliformis mosseae, 
Claroideoglomus etunicatum and Rhizophagus intraradices; other possible AMF species 
are recommended in Annex C. 
 

15. AMF inoculant can be obtained from pure laboratory cultures (Annex D) or purchased 
from certified AMF germplasm banks. An appropriate inoculant should contain, at least, 
1 spore g-1 of inoculant. 
 

16. Before the definitive test, the performance of an inoculum potential test (Annex E) is 
recommended to assess the suitability of the inoculant to validate the test according to the 
validity criteria defined in paragraph 10.  
 

Test soil 

17. Test soils (either natural or artificial soil) should allow the good development of the host 
plant and the establishment of the symbiosis with the AMF. Soils with high contents of 
phosphorus, aluminum, and manganese are not recommended, as these nutrients are 
known to limit the symbiosis plant-AMF (Alotaibi et al., 2021; Liu et al., 2016; Miao et 
al., 2023; Nogueira et al., 2004; Nogueira & Cardoso, 2003; Rouphael et al., 2015). 
 

18. Test soils should be characterized prior to their use in the test with, at least, the following 
information: collection site (for natural soils), origin of the constituents (for artificial 
soil), pH, organic carbon content, particle size distribution (% sand, silt, and clay), 
maximum water holding capacity (WHCmax soil, Annex F), % water content (WC, Annex 
G) and phosphorous, aluminum and manganese content. 
 

19. Natural soils from unpolluted sites can be used as test soil. Agricultural soils should be 
free of PPPs, manure from treated animals and organic fertilizers for at least one year 
prior to use in tests. Natural soils must be sieved at 2 mm to homogenize the soil and 
remove coarser particles. Natural soils can be stored at room temperature, for the shorter 
time possible before use in tests. 
 

20. Modified artificial soil, with reduced organic matter content, can be prepared based on 
the information presented in the guideline OECD 232 (10): 
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Soil component Content expressed on % 
dry mass basis 

- Sphagnum peat (with no visible plant remains, use mature 
peat, air dried and sieved at 2 mm) 2.5 

- Kaolin clay (kaolinite content preferably above 30%) 20 

- Industrial quartz sand (air dried, with more than 50% of the 
particles between 50 and 200 microns) 77.5 

- Calcium carbonate (CaCO3. pulverized, analytical grade) to 
obtain an initial pH of 6.0 ± 0.5 < 1 

 

Note 1: The amount of CaCO3 required depends on its constituents and should be 
determined by measuring the pH of pre-incubated moist soil sub-samples before the test. 

Note 2: Tropical artificial soil (TAS) (11) can be applied in this methodology by 
replacing the Sphagnum peat with coconut fiber on the preparation of the artificial soil. 

 

Preparation of test concentrations 

21. Soil contamination methods depend on the characteristics of the test chemical and on the 
aim of the study. Generally, the test chemical is homogenized into the soil but other 
modes of application (e.g. spraying) can be performed if required. 
 

Contaminating soil with water soluble test chemicals 

22. A stock solution is prepared by completely dissolving the test chemical in deionized 
water. The stock solution is mixed with an amount of deionized water to adjust soil 
moisture to 40% to 60% of the WHCmax soil. The mixture of stock solution and deionized 
water is homogenized with the portion of test soil needed for each treatment, before 
distributing the soil by the replicates.  
 

Contaminating soil with water insoluble test chemicals 

23. Water insoluble chemicals require the coating of an aliquot of test soil: an oven-dried 
(70ºC, overnight) portion of soil is coated with a solution of the test chemical dissolved 
in an appropriate organic solvent (e.g. acetone) and left to evaporate completely before 
being mixed with the remaining test soil. Deionized water is added to adjust the final 
moisture of the soil to be between 40% and 60% of the WHCmax soil. 
 

24. When an organic solvent is used, the preparation of a solvent control is recommended.  
 

Application of test chemical on the soil surface 

25. The test chemical may be applied directly on the surface of the replicates, which are 
previously prepared according to paragraphs 39 and 40. The test chemical is applied to 
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the surface of the soil as evenly as possible using a suitable laboratory-scale spraying 
device to simulate spray application in the field. 

 

TEST PROCEDURES 

Preparation of test components  

26. A recommended test timeline is presented in Annex I. 
 

27. Before the test setup, test soil and covering material (coarse sand or glass beads with size 
> 2 mm) are autoclaved twice, with at least one night of interval between cycles, at 121ºC 
and 1.5 atm for 60 minutes. The soil and covering materials are aerated at room 
temperature for 5 to 7 days before test setup. Alternatively, gamma arrays can be used to 
sterilize the test soil and covering material. 
 

28. Host plant seeds are disinfected with a 1% sodium hypochlorite solution, washed with 
deionized water and soaked in a paper filter with deionized water 2 to 4 days before the 
test setup. Turgid seeds must be used immediately before germination (AMF root 
colonization may be reduced when seedlings with radicles are used). At least 3 seeds 
should be sown in each test replicate. 
 

29. The maximum water holding capacity of the mixture soil + inoculant (WHCmax soil+inoculum) 
should be assessed prior to the test setup, using the proportion inoculum:soil 2:8 (w:w) 
used in the upper soil layer of the test replicates (paragraph 39). 
 

Test treatments 

30. A negative control consisting of replicates with the test soil without the test chemical. 
with inoculant and host plant seeds are prepared for all tests. 
 

31. A sterilization control should be prepared to confirm that no active propagules remain in 
the soil after sterilization. The replicates are composed of non-contaminated test soil and 
host plant seeds. Note that no inoculant must be included. 
 

32. A solvent control is recommended in tests with test chemicals that are water insoluble. 
The replicates are composed of test soil moistened with the organic solvent used in soil 
spiking (see paragraph 23) without test chemical. These replicates also include the 
inoculant and host plant seeds. 
 

33. Soil water content (Annex G) and soil pH (Annex H) should be determined at the 
beginning and at the end of the test in a sample of control soil and a sample of each test 
concentration. Soil samples for chemical determination can be collected if needed 
according to the objective of the study.  
 

Range-finding test 

34. A range-finding test could be necessary to help select appropriate test concentrations for 
the definitive test. Three replicates can be used per treatment and the intra-radicular 
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colonization is assessed after 8 weeks after the emergence of 70% of the control 
replicates. 

 

35. For the range-finding test, the test concentrations should be widely spaced (e.g. 0.1, 1.0, 
10, 100 and 1000 mg/kg dry soil). Other concentrations may be used if supported by 
existing data. 
 

Definitive test concentrations 

36. Test concentrations can be based on the results observed on the range-finding test or on 
data from literature, which should be reported in any case. 
 

37. The concentrations should not affect significantly the development of the host plant as 
this may indirectly affect the development of the symbiosis AMF-plant. 
 

Test procedure 

38. The symbiosis AMF-host plant is exposed to the test chemical during 56 days after the 
emergence of, at least, 70% of the negative control replicates. 
 

39. At least 6 replicates are prepared per treatment and control. The replicates are composed 
of two layers: the bottom layer with 100 g dw of soil (uncontaminated for control or 
contaminated for test treatments other than control) and the top layer composed by 100 g 
dw of mixture of AMF inoculant + soil (uncontaminated or contaminated) in a proportion 
of 2:8 (w:w). 
 

40. At least 3 pre-soaked turgid seeds (paragraph 28), with no evidence of germination, are 
sown on the top layer of each replicate at 0.5 cm depth. The first emerged plant must 
remain in the replicate until the end of the test. Other emerged plants are removed by 
pulling them to remove the root and avoid resprouting (if more than one plant emerged 
at the same time, the plant with a development state more similar to the plants of the other 
replicates of the same treatment is selected). 
 

41. The replicates are covered with autoclaved covering material (coarse sand or glass beads 
with size > 2 mm) to reduce water evaporation during the test.  
 

Watering and nutrient supplementation 

42. Soil water content is adjusted twice a week on a weight basis: deionized water is added 
to compensate water losses when the weight loss is higher than 2% (weight resulting from 
plant growth is neglected). 
 

43. At weeks 1, 3 and 5 after germination of at least 70% of negative control replicates, 5 mL 
of Long Ashton nutrient solution (Annex J) are applied in each replicate. 
 

Test conditions 
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44. Tests are incubated under a controlled temperature of 23ºC ± 2ºC, 16h:8h light:dark 
photoperiod and a light intensity of 1000 to 4000 lx. Air relative moisture should be 
maintained between 40% and 60% (higher air moisture reduces water loss in the 
replicates but can also promote biofilm production). 

45. Replicates position should be randomized at least once a week to reduce variability in 
plant development due to differences in the test conditions inside the incubation space. 

 

Test measurements 

46. At the end of the exposure period (56 days), replicates are individually disassembled by 
removing the coverage material and pouring the replicate content in a tray. 
 

47. Samples for final pH determination (and, if necessary, for chemical determination) should 
be collected from the bottom layer in each treatment. Samples for final WC determination 
should be collected from each replicate after homogenizing the two soil layers. 
 

48. Host plant roots are collected and washed in a fine sieve (≤ 1mm) using deionized water. 
If necessary, roots can be dried with paper towel and weighted to obtain fresh root 
biomass. Roots can be stored in deionized water for a maximum of 5 days before being 
stained. 
 

49.  Shoots can also be collected, and fresh and/or dry biomass can be assessed (to obtain dry 
biomass the shoots must be oven-dried at 60ºC for 48h). Signs of phytotoxicity observed 
during the test must be recorded. 
 

50. A sample of at least 10 g of homogenized soil (fresh weight, fw) is collected for 
evaluation of extra-radicular hyphae length. This sample can be stored at -20ºC for a 
maximum of 6 months until assessment of this endpoint parameter.  
 

Root staining and intra-radicular colonization assessment 

51. The assessment of intra-radicular colonization requires the previous staining of the AMF 
inside the roots collected at the end of the test. The staining process includes (i) root 
clearing in KOH; (ii) root acidification and (iii) staining of AMF structures with aqueous 
pen ink. Detailed steps for the recommended staining process are presented in Annex K. 
 

52.  The assessment of intra-radicular colonization is based on the presence/absence of 
mycorrhizal structures in root fragments observed under a microscope (Annex K). The 
percentage of total colonization is determined by the presence/absence of any AMF 
structures (i.e. hyphae, vesicles, spores and/or arbuscules) in fragments of root from the 
replicate. The percentage of arbuscular colonization is determined by the 
presence/absence of arbuscules in the same root fragment. 
 

Extra-radicular mycelium production assessment 

53. The extraction of the extra-radicular mycelium is made through successive washing and 
filtering steps of the soil collected in paragraph 50. Materials retained in a sieve are 
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filtered in a vacuum pump through a cellulose nitrate membrane with a grid. The number 
of intersections of the extra-radicular hyphae with a gridded Eye piece Whipple  
disc in the microscope are counted in random sampling points of the membrane. 
Detailed steps for the recommended methodology and the equation to estimate the 
length of produced mycelium are presented on Annex L.  

 

DATA AND REPORTING 

Data treatment 

NOEC/LOEC 

54. The no-effect observed concentration (NOEC) and the lowest observed effect 
concentration (LOEC) are estimated through the evaluation of significant differences of 
treatments when compared to the controls. considering p < 0.05. 
 

55. Data normal distribution and homogeneity must be tested using an appropriate statistical 
test, e.g. the Shapiro-Wilk test and Bartlett test, respectively, before statistical analysis. 
One-way ANOVA and subsequent multi-comparison tests can be performed. Multiple 
comparisons (e.g. Dunnett's test) can be used to calculate if there are significant 
differences (p ≤ 0.05) between the controls and the treatments. Non-parametric methods 
(e.g. Bonferroni-U-test) could also be applied for NOEC/LOEC estimation. 

ECx  

56.  Effect concentration for x% of reduction on a specific parameter when compared to the 
respective control (and its 95% confidence intervals) is estimated through non-linear 
regression models (e.g. logistic model, exponential model, Hormesis model).  
 

Test report 

57. The test report must contain the following information: 

Test chemical 

- Data from previous works, if available; 
- Physical and chemical characterization of the test chemical; 
- Details on soil contamination and verification of the tested concentrations, if needed. 

Inoculant and host plant 

- Scientific name, strain/variety, source. 

Test conditions 

- Description of the test design and procedures; 
- Description of environmental conditions during the exposure period (temperature, 

photoperiod, % relative humidity, etc.); 
- Nominal test concentrations; 
- Characterization of the test soil. 

 



TEXTE – Test battery for the effect determination of chemicals in soils: Suitability of test systems with mycorrhizal 
fungi for the risk assessment 

443 
 

Results 

- Percentage of total and arbuscular colonization; 
- Extra-radicular hyphae length; 
- Additional parameters (optional); 
- Methods for statistical analysis; 
- Compliance with the validity criteria; 
- Further observations.  
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ANNEX A 

Definitions 

 
Arbuscules: tree-shaped structures growing inside the root cells. Arbuscules are the AMF 
structure where nutrient exchange between the AMF and host plant occurs. 

ECx (effect concentration for x% effect): the concentration that causes x% effect on the assessed 
endpoint parameter when compared to the response on the control. 

Hyphae: AMF filamentous structures ramifying through the root cortex (intra-radicular hyphae) 
or though the soil (extra-radicular hyphae). Their main functions are nutrient acquisition and 
propagation of the colonization. 

Inoculant: mixture of the mixed inoculum and the culture medium. The inoculant is used as source 
of mixed inoculum for an experiment. 

Inoculum potential: capacity of an inoculant to promote symbiosis establishment and, therefore, 
root colonization. 

LOEC (lowest observed effect concentration): the lowest test treatment for which there is an effect 
on the measured endpoint parameter. Statistically significant differences are observed when 
comparing the treatment to the control (p < 0.05).  

Mixed inoculum: a mixture with more than one source of AMF propagules. 

NOEC (no-observed effect concentration): the highest test treatment for which there is no effect 
on the measured endpoint parameter, since no statistically significant differences are observed 
when comparing the treatment to the control (p < 0.05).  

Propagules: AMF spores, arbuscules, hyphae and vesicles. 

Spores: AMF spherical structures forming from hyphae in the root or in the soil. Spores store 
nutrients but can also be used as dormant structures or propagules for further germination and 
colonization. 

Vesicles: AMF structures formed from hyphae where the nutrients acquired by the symbiosis are 
stored.  
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ANNEX B 

Host plant species used on ecotoxicological studies with AMFs according to 
published literature 

 

Allium cepa 

Allium ampeloprasum/porrum  
Anthylis vulneraria sub sp. Sampaiana 
(transformed roots) 
Arachis hipogea 

Avena sativa 

Bromus tectorum 

Capsicum annum 

Cichorium intybus 

Cichorium intybus (transformed roots) 

Citrus aurantium 

Cucumis sativus 

Daucus carota 

Daucus carota (transformed roots) 

Glycine max 

Lactuca sativa 

Leucaena leucocephala 

Lolium multiflorum 

Lotus tenuis 

Medicago truncatula 

Paspalum notatum 

Phaseolus vulgaris 

Pisum sativum 

Schizolobium parahyba var amazonicum 

Sesamum indicum 

Sitanion hystrix 

Solanum lycopersicum 

Trifolium repens 

Trifolium subterraneum 

Triticum aestivum 

Xanthium strumarium 

Zea mays 
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ANNEX C 

Arbuscular mycorrhiza fungi species used on ecotoxicological studies according to 
published literature 

Acaulospora sp. 

Acaulospora laevis 

Claroideoglomus spp. 

Claroideoglomus claroideum 

Dentiscutata nigra 

Funneliformis caledonium 

Glomus caledonoim = F. caledonium 

Funneliformis monosporum 

Funneliformis mosseae 

Glomus mosseae = F. mosseae 

Gigaspora spp. 

Gigaspora albida 

Gigaspora decipiens 

Gigaspora margarita 

Gigaspora rosea 

Glomus sp. 

Glomus aggregatum 
Glomus etunicatum = Claroideoglomus 
etunicatum 

Glomus fascicularum 

Glomus geosporum 

Glomus leptotichum 

Glomus monosporum 

Paraglomus brasilianum 

Paraglomus occultum 

Glomus occultum = P. occultum 

Glomus clarum = Rhizophagus clarus 

Rhizoglomus clarum = Rhizophagus clarus 

Rhizophagus intraradices 

Glomus intraradices = R. intraradices 

Rhizophagus irregularis 

Glomus irregularis = R. irregularis 

Scutellospora heterogama 

Gigaspora calospora = S. heterogama 
Native AMF species from cultivated fields, 
pastures, and grassland 
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ANNEX D 

Production of AMF inoculant under laboratory conditions 

 
AMF inoculant for the performance of symbiotic phase tests can be produced though multiplication of 
the selected AMF in plant pots under laboratory conditions. It is recommended to, at least initially, 
acquire mixed inoculum from an entity that ensures the purity of the AMF species and the viability of 
propagules. The production of AMF mixed inoculum is established for 120 days.  
 

1. A substrate composed by a mixture of a suitable natural soil and fine sand (1:1; pH adjusted 
to 6.0 ± 0.5) is autoclaved at 121ºC, 1.5 atm for 60 minutes. After 5-7 days of aeration, the 
substrate is moistened to 60-70% WHCmax and transferred into plant pots with capacity for 3 
kg of soil; 
 

2. 30 mL of mixed inoculum containing viable propagules are deposited above the substrate and 
10 mL of seeds of a host plant, previously disinfected in 1% sodium hypochlorite for 5 
minutes, are placed on top of the substrate. Suggested host plants include C4 grasses, legumes 
and perennial or long-lived annuals. The number of seeds may vary depending on the host 
plant; however, competition between plants on the culture pot should be avoided; 
 

3. Over the mixed inoculum and the seeds, a thin layer of the substrate should be placed, and 
above this, a thin layer of sterile covering material (~1 cm of coarse sand or glass beads, with 
size > 2 mm); 
 

4. Culture vessels are incubated at 23ºC ± 2ºC, 16h:8h light:dark photoperiod and a light intensity 
of 1000 to 4000 lx. Air relative moisture should be maintained between 40% and 60%. Other 
culture conditions may be used according to the optimal conditions for the development of the 
selected host plant; 
 

5. After 90-100 days, approximately 50 g of culture substrate can be sampled to monitor the 
AMF multiplication and production of new spores. If new spores’ production is observed, 
watering is suspended until complete senescence of the host plants; 
 

6. On day 120, the culture substrate and the roots of the host plants are collected. A new sample 
of culture substrate is monitored for quantification of spores and verification of the presence 
of contamination (i.e. presence of spores other than the AMF species of interest). Intra-
radicular colonization can also be assessed. Contaminated substrate must be discarded. 
Uncontaminated substrate should be stored in plastic bags with approximately 20% moisture, 
identified with the species name and number of spores per g of soil, and stored in a refrigerator 
at 4ºC until use. 

 
Each new batch of inoculant should be characterized before use in tests. Only inoculants with at 
least 1 spore g-1 of inoculant are suitable for testing.  
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ANNEX E 

Assessing the inoculum potential of an inoculant 

 
Inoculum potential is evaluated through the assessment of intra-radicular colonization after 28 days of 
incubation of different proportions inoculant:soil in containers with seeds of the host plant. The 
performance of an inoculum potential test is essential to confirm if the inoculant has sufficient 
propagules to be used in the tests or if it must be improved or multiplied according to the procedures 
described in Annex D before being used in the tests. 
 

1. Test soil (artificial or natural soil) and covering materials (coarse sand or glass beads with size 
> 2 mm) are sterilized by two cycles of 60 minutes at 121ºC and 1.5 atm (resting overnight 
between cycles). The autoclaved soils and covering materials are aerated at room temperature 
for 5-7 days before being used. Alternatively, soils and covering materials can be sterilized 
through gamma arrays. 
 

2. Host plant seeds are disinfected by immersion in a 1% sodium hypochlorite solution for 5 
minutes and afterwards washed with deionized water. Disinfected seeds are placed in filter 
paper moistened with deionized water in Petri dishes for 2 to 4 days before the beginning of 
the test (only turgid seeds with no evidence of germination should be sown in the test); 
 

3. Five replicates should be prepared for each inoculant:soil mixture. In each test container, add 
100 g dw of soil with the moisture adjusted to 50% WHCmax soil in the bottom and, at the top, 
a mixture of 100 g of soil + inoculant in different proportions. Table 1 presents a suggested 
gradient of mixtures; 
 

4. Disinfected seeds are buried at 0.5 cm depth. Then, the replicates’ surface is covered with 
autoclaved covering material. 
 

The test has a duration of 4 weeks (12) starting after at least one plant has germinated in no less than 
70% of the replicates. Only one plant must remain per replicate to the end of the test (later emerged 
seeds are extracted by pulling them to remove the root and avoid resprouting). 
Replicates’ moisture is corrected twice a week, on a weight basis, by adding deionized water. 5 mL of 
Long Ashton solution (Annex J) can be added 5 to 7 days after the test beginning.  
After 28 days, the percentage of total intra-radicular colonization is evaluated in each replicate 
following the procedures described in Annex K. 
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Table 1. Suggested proportions of test soil and inoculant for the performance of a potential of inoculum 
test. 
 

Bottom layer  Top layer  
Soil (g dw)  Soil (g dw) Soil/substrate inoculant (g dw) 

100  100 0 
100  95 5 
100  90 10 
100  80 20 
100  70 30 
100  60 40 
100  50 50 
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ANNEX F 

Determination of water holding capacity 

 
The method described below for maximum water holding capacity (WHCmax) of the soil (or mixture 
inoculant + soil) determination is based the Annex 5 of the OECD 232 guideline (10). 
 

1. Prepare a tube with filter paper in the bottom and weight (A); 

2. Wet the piece of filter paper and weight (B); 

3. Fill the tubes with soil (or with a mixture of soil and inoculum, as applicable), without reaching 

the top of the tubes; 

4. Place the tubes in a tray with tall borders; 

5. Outside the tubes, put water until the soil is submerged (do not put water directly in the soil, 

the water must ascent by capillarity); 

6. Let it rest, submerged, for three hours; 

7. Drain the samples for two hours in a grid. Cover the tubes to avoid water evaporation; 

8. Weight the saturated tubes (C); 

9. Dry at 105ºC for 14h; 

10. Weight (D) and calculate the %WHCmax applying the equation below: 

 
 

%𝑊𝐻𝐶𝑚𝑎𝑥 =
(𝐶 ― 𝐵) ― (𝐷 ― 𝐴)

𝐷 ― 𝐴 ∗ 100 
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ANNEX G 

Determination of soil water content 

 
Soil water content should be measured following the steps below: 
 

1. Weigh an empty vessel (A); 

2. Without taring the scale, add approximately 10 g of fresh soil into the vessel and weight (B); 

3. Dry the soil at 105ºC for at least 12h; 

4. After letting settle down the temperature of the soil (5 to 10 min), weight the dried soil + vessel 

(C); 

5. Calculate de soil water content, in percentage, by following the equation below: 

 

% 𝑊𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =
(𝐵 ― 𝐶)
(𝐶 ― 𝐴) ∗ 100 
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ANNEX H 

Determination of soil pH 

 
The method described for determination of soil pH is based on the methodology described on the 
OECD 232 guideline (10): 
 

1. Let the fresh soil air-dry at room temperature for at least 12h; 

2. Once the soil is dry, weight 5 g of soil into a container; 

3. Add 25 mL of KCl (1M) or CaCl2 (0.01M); 

4. Mix for 5 minutes and settle for at least 2h (but not more than 24h); 

5. Measure the pH in the liquid phase using a previously calibrated pH-meter. 
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ANNEX I 

Suggested timeline for AMF symbiotic phase testing 

 
Time (days) Action 

-14 days before test setup - Prepare artificial soil (if applicable) 
 

-7 to -5 days before test setup - Autoclave test soil and covering material 
- Measure WHCmax soil and WHCmax soil+inoculum  

-4 or -2 days before test setup - Sterilize host plant seeds 
- Prepare test materials 

-1 day before test setup - Oven-dry, at 70ºC, soil aliquots for 
contamination (if applicable) 

Test setup - Follow Test Procedures 
- Assess initial WC and pH 
- Sample for chemical analysis (if applicable) 

 
Day 0 - Observe the germination of at least one seed on 

70% of the negative control replicates 
- Reestablish replicates initial weight by addition 
of deionized water when weight loss >2% 

Day 4 - Reestablish replicates initial weight by addition 
of deionized water when weight loss >2% 

Day 7 - Watering with 5 ml of Long Ashton nutrient 
solution per replicate 
- Reestablish replicates initial weight by addition 
of deionized water when weight loss >2% 

Day 11 - Reestablish replicates initial weight by addition 
of deionized water when weight loss >2% 

Day 14 - Reestablish replicates initial weight by addition 
of deionized water when weight loss >2% 

Day 18 - Reestablish replicates initial weight by addition 
of deionized water when weight loss >2% 

Day 21 - Watering with 5 ml of Long Ashton nutrient 
solution per replicate 
- Reestablish replicates initial weight by addition 
of deionized water when weight loss >2% 

Day 25 - Reestablish replicates initial weight by addition 
of deionized water when weight loss >2% 

Day 28 - Reestablish replicates initial weight by addition 
of deionized water when weight loss >2% 

Day 32 - Reestablish replicates initial weight by addition 
of deionized water when weight loss >2% 
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Time (days) Action 
Day 35 - Watering with 5 ml of Long Ashton nutrient 

solution per replicate 
- Reestablish replicates initial weight by addition 
of deionized water when weight loss >2% 

Day 39 - Reestablish replicates initial weight by addition 
of deionized water when weight loss >2% 

Day 42 - Reestablish replicates initial weight by addition 
of deionized water when weight loss >2% 

Day 46 - Reestablish replicates initial weight by addition 
of deionized water when weight loss >2% 

Day 49 - Reestablish replicates initial weight by addition 
of deionized water when weight loss >2% 

Day 53 - Reestablish replicates initial weight by addition 
of deionized water when weight loss >2% 

Day 56 - End of test (collect roots, shoots and soil 
samples, if applicable) 
- Assess final pH per treatment and WC per 
replicate 
- Sample for chemical analysis (if applicable) 

After 56 days test - Evaluate test endpoints 
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ANNEX J 

Composition of 1L of a Long Ashton nutrient solution with low P (10% P (9.3 mg P kg-1 
soil) 

 
The Long Ashton nutrient solution is prepared based on the mixture of 4 stock solutions 
(macronutrients, micronutrients, molybdenum, and iron solutions) and deionized water. The Long 
Ashton nutrient solution can be stored at 4ºC in the dark and used within 9 months. 

Component  
Stock 

solution 
(g L-1) 

Volume of stock 
solutions for 1 L of 
fertilizer solution 

Macronutrients     100 mL 
KNO3 Potassium nitrate 4.04   
Ca(NO3)2•4H2O Calcium nitrate tetrahydrate 9.44   
NaH2PO4•4H2O Sodium Dihydrogen 

Phosphate Tetrahydrate 
1.84   

MgSO4•7H2O Magnesium sulfate 
heptahydrate 
 

3.68   

Micronutrients     10 mL 
MnSO4•H2O Manganese (II) sulfate 

monohydrate 
1.68   

CuSO4•5H2O Copper sulfate 
pentahydrate 

0.25   

ZnSO4•7H2O Zinc sulfate heptahydrate 0.29   
H3BO3 Boric acid 

 
2.23   

Molybdenum     1 mL 
(NH4)6O24Mo7•4H2

O 
Ammonium molybdate 
tetrahydrate 
 

0.35   

Iron     10 mL 
FeSO4•7H2O Iron (II) sulfate 

heptahydrate 
3.05   

Ferric sodium 
EDTA 

Ethylenediaminetetraacetic 
acid ferric sodium salt  
 

4.09   

Deionized water     879 mL 
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ANNEX K 

Root staining and assessment of AMF intra-radicular colonization 

 
Root staining 

Host plant roots collected at the end of the test should be stained to allow visualization of AMF intra-
radicular structures. The recommended staining methods are adapted from (13–16). 
Thiner roots should be selected, and old lignified roots rejected. Staining procedures work better with 
small amounts of roots (< 2 g). The staining of AMF structures inside the roots comprises 3 steps: root 
clearing, root acidification and staining of AMF structures, which must be followed sequentially. 
 
Root clearing 

1. Wash the roots collected from the replicate with tap water to remove soil and organic residues; 
 

2. Coarsely cut the roots and place the fragments in an Erlenmeyer flask or other type of vessel;  
 

3. Fully immerse the roots in 10% KOH overnight (~14 hours) at room temperature. For thicker 
roots, the 10% KOH solution may be changed at least once over this period; 
 

4. Place the flasks in a water-bath at 90°C and incubate for 5-7 minutes. This step removes the 
cytoplasmic content from the cells. At the end of this period, the solution is expected to present 
a brownish color. Note that if roots are left in hot KOH for too long, the cortex will 
disintegrate; 
 

5. Remove the flasks from the water bath and pour the roots and KOH in a fine sieve (mesh ≤ 1 
mm). Wash the roots with tap water to remove KOH residue and place the roots back into the 
empty flasks.  

 
Alternatively, roots can be cleared in a 2.5% KOH solution by placing cassettes with roots in a beaker 
inside a water bath at 90ºC in a fume cupboard. Periodically, cassettes must be agitated so that the 
KOH is refreshed inside the cassettes. After 15 minutes the cassettes are drained and washed 
thoroughly under tap water. 
 
Root acidification 

6. Immerse the cleared roots in a 5% acetic acid solution for 50 minutes at room temperature. 
Acetic acid opens cortex cell membranes, improving the staining process of AMF structures. 
Alternatively, 4% hydrochloric acid may be used for 60 minutes; 
 

7. Remove the acid solution. There is no need of washing the roots before following to the next 
steps. 
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Staining of AMF structures 

8. Immerse the roots, inside the flask, in a 1:1 solution of 5% black ink solution (e.g. Parker ink) 
and 5% acetic acid; 
 

9. Place the flasks in a water bath at 90°C and incubate for 5-7 minutes; 
 

10. Remove the flasks from the water bath; 
 

11. Pour the roots and ink-acetic acid solution in a fine sieve (mesh ≤ 1 mm) so that the roots are 
retained while the ink-acetic acid solution is removed by runoff; 
 

12. Wash the roots with tap water to remove ink excess 
 
Alternatively, cleared roots inside the cassettes, may be immersed in 0.05% trypan blue at 90ºC in a 
fume cupboard. Periodically, cassettes must be agitated so that the dye is refreshed inside the cassettes. 
After 15 minutes, roots must be drained and washed thoroughly under tap water and immersed with 
acid glycerol (50 mL 1% HCl + 450 mL deionized water + 500 mL glycerol) for 10-20 minutes in a 
water bath at 90ºC or overnight at room temperature to remove excessive coloration from empty root 
cells. 
 
Stained roots can be stored, at room temperature, in deionized water for a period not longer than 6 
weeks or in acidified glycerol (50 mL 1% HCl + 450 mL deionized water + 500 mL glycerol or 70 mL 
5% acetic acid + 230 mL deionized water + 700 mL glycerol, depending on the acid used in the 
acidification step of the staining process).  
It is recommended to let the root destain at least overnight before proceeding for intra-radicular 
colonization assessment. 
 

Intra-radicular colonization assessment 

Evaluation of intra-radicular colonization is based on the observation of the presence/absence of AMF 
structures in previously stained root fragments from each replicate under microscope.  
Total and arbuscular root colonization are determined following the method described by (17). An 
observation point is considered colonized when there is the presence of at least one type of the four 
fungal structures: vesicles, spores, arbuscles and/or hyphae (Figure 1). 
 

13. Cut the stained roots collected from the replicate into fragments of approximately 1 cm; 
 

14. Place the fragments on a microscope slide. One slide with 10 root fragments must be prepared 
for each replicate. When less than 10 root fragments are available, a microscope slide 
composed by a lower number of fragments is acceptable; 
 

15. Cover the root fragments with a coverslip and gently smash the roots to avoid root cell 
superposition; 

 
16. Place the microscope preparation under a microscope at 400x magnification (10x ocular and 

40x objective); 
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17. Observe a randomly selected observation point in a root fragment; 
 

18. Observe and record the presence or absence (not the number) of any of the four AMF 
structures (total colonization) and individually record the presence of arbuscules (arbuscular 
colonization); 

 
19. Assess 9 more randomly selected observation points in the same root fragment. A total of 10 

observation points is assessed per root fragment. Observation points must not overlap; 
 

20. Repeat for all root fragments present in the microscope slide. 
 
Calculation and expression of results 

The percentage of total colonization and arbuscular colonization is calculated considering the number 
of observation points where at least one AMF structure and one arbuscule is observed, respectively. 
The percentage of colonization (total or arbuscular) on each replicate is calculated through equation 
(1): 
 

Eq. (1)     % 𝐶𝑜𝑙𝑜𝑛𝑖𝑧𝑎𝑡𝑖𝑜𝑛 (𝑡𝑜𝑡𝑎𝑙 𝑜𝑟 𝑎𝑟𝑏𝑢𝑠𝑐𝑢𝑙𝑎𝑟) =  𝑁º 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑧𝑒𝑑 𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛 𝑝𝑜𝑖𝑛𝑡𝑠 𝑥 100
𝑁º 𝑜𝑓 𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛 𝑝𝑜𝑖𝑛𝑡𝑠
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Figure 1. Examples of AMF colonizing structures: (H) hyphae, (V) vesicles, (A) arbuscules and (S) 
spores. Note that arbuscules, vesicles and immature spores are always connected to hyphae. Mature 
spores can be separated from hyphae. Credits: Julia dos Santos Ganen, Patrícia Ferreira and Tanel 
Vahter. 
 

 



TEXTE – Test battery for the effect determination of chemicals in soils: Suitability of test systems with mycorrhizal fungi 
for the risk assessment 

462 
 

 

ANNEX L 

Extra-radicular mycelium length determination 

 
Extra-radicular hyphae are extracted from soil samples collected from the replicates. These are retained 
in a cellulose nitrate membrane and measured through a grid line intersect method. The recommended 
procedures are based on literature (18,19). 
 
Sample preparation 

1. Place the soil sample collected at the end of the test (10 g of soil fw, paragraph 50) in a 1 L 
beaker with 500 ml of tap water; 
 

2. Stir vigorously with a glass rod for 30 seconds and leave to settle down for 1 minute; 
 

3. Stack a 1 mm mesh sieve (top) and a 0.25 mm sieve (bottom) above a 2 L beaker; 
 

4. Sieve the supernatant and collect it in the beaker placed under the sieves; 
 

5. Repeat steps 2 and 4 twice to reach a total sieved supernatant volume of 1.5 L; 
 

6. Stir the 1.5 L of supernatant for 30 seconds in a blender at the lowest speed. Let settle down 
for 2 minutes; 

 
7. In a cellulose nitrate membrane (4.7 cm diameter, 0.45 μm porosity, 3 mm grid) mark, with a 

pen, a square of 8 x 8 grid. Place the membrane in the filtration compartment of the vacuum 
pump;  

 
8. Sieve 500 ml of the supernatant in a 45 μm sieve; 

 
9. With a wash bottle. wash the materials retained on the 45 μm sieve to the filtration 

compartment of the vacuum pump; 
 

10. Filter the retained materials until there is no water in the compartment with the membrane; 
 

11. The materials retained in the membrane (composed of soil/substrate residue, mycelium, and 
other particles) are submitted to evaluation under microscope. 

 
Evaluation of extra-radicular hyphae length 

12. Air dry the membrane with the filtered material and place it on a glass slide, lubricated with a 
drop of almond oil to improve visualization at the microscope; 

 
13. Place the preparation under a microscope. Observation with a 400x magnification (10x ocular 

and 40x objective) is recommended; 
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14. Place an Eye piece Whipple disc (10 x 10 grid, squares with 1 mm2) inside the microscope’s 
ocular; 

 
15. Observe and register the number of intersections of the hyphae (see Note 3) with horizontal 

and vertical lines of the Eye piece Whipple disc grid. Note that when the point of intersections 
of the hyphae with the grid is the intersection of a vertical and a horizontal line, it only counts 
as one intersection (Figure 2); 

 
16. Assess one sampling site inside each one of the 64 fields (8 x 8 grid) of the cellulose nitrate 

membrane; 
 

17. Register the number of intersections observed for each replicate (Figure 3). 
 
Note 3: Hyphae are generally colorless and have a diameter of around 2 μm. Roots are generally 
thicker (root hairs: Ø 10-20 μm; lateral roots: 100-500 μm) and can be colored (20). 

 

 
 
Figure 2. Procedure for quantification of the number of intersections of extra-radicular hyphae 
observed though the Eye piece Whipple disc grid. Credits: Luís Carlos Iuñes Oliveira Filho. 
 
Calculation and expression of results 

Extra-radicular hyphae length (EHL, m of hyphae g-1 of soil) is determined by extrapolation of the 
number of intersections of the hyphae with horizontal and vertical lines of the Eye piece Whipple disc 
grid using equation (2), adapted from root measurements (18,21,22). 
 

Eq. (2)    EHL=0.037160233 x n
10 – θ
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Where: 
EHL is the length of the extra-radicular mycelium present in the replicate (in m g-1 of soil) evaluated 
in the 64 membrane fields 
n is the number of hyphae intersections in the horizontal and vertical lines of the Eye piece Whipple 
disc grid 
θ is the water content in 10 g of fresh soil (measured in paragraph 47) 
 
This formula is derived from the simplification of equation (3), considering the following factors: 
Af is the useful filtering area in the cellulose nitrate membrane (𝜋 x r2 = 𝜋 x (47 mm /2)2 = 1734.89 
mm2) 
Sq is the number of squares on one line of the Eye piece Whipple disc (10 squares/line) 
L is the number of vertical and horizontal lines on the Eye piece Whipple disc (22 lines) 

 

Eq. (3)    EHL=
π x Af

2 x Sq x L

10-θ
 x 3n x 10-3 

 
Note: different characteristics of the Eye piece Whipple disc and different useful filtering area are 
admitted and can be replaced on equation 3.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



TEXTE – Test battery for the effect determination of chemicals in soils: Suitability of test systems with mycorrhizal fungi 
for the risk assessment 

465 
 

 

 

Figure 3. Examples of extra-radicular hyphae (H) and structures commonly mistaken by 
hyphae (NH; probably root hairs, organic matter or soil particles). Credits: Patrícia Ferreira, 
Isadora Pinheiro Ávila and Julia Merkle Ramos.
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1. Introduction 
Arbuscular Mycorrhizal Fungi (AMF) are recognized as ecologically relevant in supporting key soil 
functions, providing important ecosystem services (e.g. increasing resistance of host plants to 
several stressors, acquiring nutrients from soil for host plants, stabilizing soil structure and increasing 
soil carbon stocks). Due to their recognized ecological relevance and their sensitivity to chemicals, 
AMF have been indicated by the European Food Safety Authority (EFSA PPR [1]) as a potential 
group of non-target test organisms for ecotoxicological tests, used in the risk assessment of Plant 
Protection Products (PPPs).  

The existing ISO protocol 10832, which aims to evaluate the effect of pollutants on AMF, considers 
only the pre-symbiotic phase. However, spore germination, germ tube formation, and asymbiotic 
hyphal growth are important phases of the fungal life cycle and are essential for establishing 
symbiosis. Some other processes like root colonization could be affected by pollutants in the soil and 
are not investigated when following existing test protocols. A literature search indicates that some 
studies have additionally analysed how stressors can influence AMF colonization, but at the moment 
there is no standardized test protocol availabe which includes effects of soil contaminants on AMF 
species during the symbiotic phase. 

ERAMYC is a project which integrates a consortium of experts and aims to i) improve the existing 
protocol for the pre-symbiotic phase by including additional AMF species, test conditions and 
procedures embracing the symbiotic phase of AMF species; ii) standardize the developed advanced 
test protocol through a ring-test with different chemicals; iii) develop a draft OECD Test Guideline 
and evaluate experimental results in reference to the existing framework for the risk assessment of 
soil organisms exposed to chemicals. 
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2. Materials and methods 
To comply with the objectives defined, the ERAMYC project is structured along four work packages 
(WPs). 

WP1 comprises a literature review where a comparative assessment of studies with AMF exposed to 
chemicals is performed to collect data regarding test species sensitivity, test conditions and 
measured endpoints. Based on the data collected, a general test protocol was developed to be used 
in the WP2.  

WP2 is divided in two phases or two clusters of experiments. In the first phase (without chemicals), 
the aim is to evaluate the performance/suitability of the selected AMF species in different soils under 
specific test conditions like environmental conditions and selected host plants. The most relevant 
parameters will be assessed to evaluate the operational aspects of their measurement, the intra-
specific variability and also to define adequate validity criteria for combinations of AMF 
species/measured parameters. The second phase will include the use of test chemicals and the aim 
is to assess how the different AMF species and parameters measured react to the selected 
chemicals. 

WP3 will comprise a ring test using the developed test protocol (involving a minimum of 6 
laboratories) for the performance of tests comprising both the pre-symbiotic and symbiotic phases of 
AMF to evaluate its reproducibility. 

WP4 will comprise the proposal of a draft OECD Test Guideline and validation report for testing AMF 
exposed to chemical substances. 

 

3. Results and discussion 
3.1. Literature review 

The literature review provided an overview of AMF ecological relevance and their life cycle and 
delivered information about experiments conducted with the target organic chemicals of the project 
(i.e., PPPs, biocides and veterinary phamaceuticals) to test their effects on AMF species and on the 
symbiosis with selected host plants. Aspects dealing with tested species, test conditions and 
parameters measured (and their sensitivity) were also discussed. 

Regading global occurrence, a total of 113,601 AMF records were found, distributed among 4 taxa 
and 1 unknown order (Figure 1). 

In terms of geographical distribution, Gigaspora margarita, Rhizophagus irregularis, Rhizophagus 
intraradices, Rhizophagus clarus and Funneliformis mosseae were identified as the AMF species 
with the highest frequency of occurrence and/or global distribution.  
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Figure 1: Percentage of AMF species distributed in Glomerales, Archaeosporales, Paraglomerales, 
Diversisporales or unknown order. Data obtained from PlutoF Database, April 2021 [3] 

 

Concerning the test parameters, according to the data from literature, spore germination is the 
parameter mostly used, but not always the most sensitive when compared to mycelium growth. 
Fungicides are usually more toxic to AMF (15 out of 21 showed toxicity) than herbicides (6 out of 13 
showed toxicity). Most of the biocides tested induced reduction in spore germination and no 
information is available on the effects of veterinary pharmaceuticals. 

3.2. Ongoing WPs 

The first phase of the WP2 is ongoing and some preliminary results of the experiments to evaluate 
the performance/suitability of the selected AMF species in the selected soils under specific test 
conditions (environmental conditions and selected host plants) will be presented. 

 

4. Conclusions 
The literature review evidenced that the sensitivity of test parameters can be species and substance 
dependent. When developing a standard protocol for the symbiotic phase, it is important to take 
these aspects into account. Additionally, a trade-off between measuring some of the parameters and 
the duration of the test might become apparent (i.e., to observe effects on spore germination, usually 
longer test periods are necessary). 
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1 Introduction 

Arbuscular Mycorrhizal Fungi (AMF) are organisms that live in symbiosis with most plant species, 
being responsible for supporting key soil functions (e.g. increasing resistance of host plants to 
several stressors, acquiring nutrients from soil for host plants, stabilizing soil structure and increasing 
soil carbon stocks) and providing important ecosystem services. Due to their ecological relevance 
and sensitivity to chemicals, AMF have been indicated by the European Food Safety Authority 
(EFSA PPR [1]) as a potential group of non-target test organisms to be used in the risk assessment 
of Plant Protection Products (PPPs).  

The existing ISO protocol 10832 [2] describes a method to evaluate the effect of chemicals on AMF, 
but considers only spore germination (pre-symbiotic phase). Germ tube formation and asymbiotic 
hyphal growth are also important phases of the fungal life cycle and are essential for establishing 
symbiosis. However, other processes like root colonization could be affected by chemicals in the soil 
and are not investigated when following the existing test protocol. 

ERAMYC is a project which integrates a consortium of experts with the aim to i) improve the existing 
protocol for the pre-symbiotic phase by including additional AMF species, test conditions and 
procedures embracing the symbiotic phase of AMF species; ii) standardize the developed test 
protocol through a ring-test with different chemicals; iii) develop a draft OECD Test Guideline and 
evaluate experimental results in reference to the existing framework for the risk assessment of soil 
organisms exposed to chemicals. 

To support the preparation of the ring-test, ERAMYC integrates a Work Package (WP) that, beyond 
the optimisation of the method and definintion of endpoints to be measured, also intends to evaluate 
the toxicity of several chemicals in four soils to different AMF species. The present oral platform aims  

to provide the current status of the ERAMYC project and to present the toxicity data of chemicals to 
different AMF species in both pre-symbiotic and symbiotic phases in reference soils.  
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2 Materials and methods 

To comply with the objective of the ERAMYC project of improving the existing method for the pre-
symbiotic phase and of standardizing the procedures embracing the symbiotic phase of AMF species 
before the ring-test, two phases of preliminary experiments were performed. In the first phase, 
experiments were conducted without chemicals to evaluate the performance and suitability of the 
selected AMF species in different test soils under specific environmental conditions and selected 
host plants. The most relevant parameters were assessed to evaluate the operational aspects of 
their measurement, the inter-specific variability and also to define adequate validity criteria for 
combinations of AMF species and measured parameters. The second phase included the use of test 
chemicals aiming to assess how the different AMF species and respective parameters react to the 
selected chemicals. 

 

3 Results and discussion 

3.1 First phase 

Laboratory experiments showed that a higher colonization rate is reached by the use of mixed 
inoculum of Funneliformis mosseae, Rhizophagus irregularis and Rhizophagus clarus per replicate 
compared to the use of extracted spores of the same AMF species. The amount of mixed inoculum 
per replicate depends on the inoculum potential, a parameter that must be measured previously for 
each inoculum batch (when aquired) and host plant used or routinely when multiplied in the lab. 
Regarding the performance of host plants, the use of tomato (Solanum licopersicum) and leek 
(Allium ampeloprasum) seeds previously soaked in water, at a temperature of 23 ± 2 ºC, in replicates 
of 200 to 500 g of soil (+inoculum) over a time period of 28 to 56 days is the most suitable setup for 
laboratory testing. In some cases, a fertilizer solution may be needed to ensure a good development 
of the host plants which will promote higher percentages of total AMF colonization. 

3.2 Second phase 

Laboratory experiments will be conducted with different chemicals with potential to be used as 
reference substance in positive controls of AMF symbiotic phase laboratory tests and/or suitable to 
be used in the planned ring-test. One of this substances could be the fungicide Chlorothalonil.  

Results of previous studies [3] showed that a chlorothalonil-based fungicide significantly inhibited 
spore germination of Gigaspora albida (IC50 = 12.14 mg kg-1) and Rhizophagus clarus (IC50 = 36.20 
mg kg-1) in the pre-symbiotic phase in tropical artificial soil (TAS). Effects at the symbiotic phase 
were evaluated using isolates of the same AMF species in combination with the host plants soybean 
(Glycine max) and brachiaria (Braquiaria brizantha) in TAS [4]. Fifty percent of effects (compared to 
control) were found at concentrations greater than 17 mg kg-1 depending on the AMF-host plant 
combination and the endpoint measured (Table 1). 
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Table 1. Inhibition concentration values [IC50 (CI95%) - mg kg-1] for the percentage of total and 
arbuscular mycorrhizal root colonization and total extra-radicular mycelium length 
(TEML) in tropical artificial soil (TAS) spiked with a chlorothalonil-based fungicide [4] 

Test battery Total colonization (%) Arbuscular 
colonization (%) 

TEML  
(cm hyphae g-1 dry 

soil) 

G. albida + G. max > 72 [not calculated] > 72 [not calculated] 44.0 [39.8 – 48.1] 

G. albida + B. brizantha 69.7 [42.8 – 97.0] 17.8 [11.4 – 24.2] 69.3 [40.2 – 98.3] 

R. clarus + G. max 17.5 [15.0 – 21.0] 20.9 [13.1 – 28.8] 55.1 [43.9 – 66.3] 

R. clarus + B. brizantha 56.5 [35.9 – 77.2] 23.8 [16.4 – 31.2] 53.5 [43.0 – 63.9] 
IC50 = concentration originating 50% inhibition of the germination; CI - confidence intervals. 

 

4 Conclusions 

The use of seeds pre-soaked in water and a total AMF colonization higher than 40% in controls have 
been required to validate the experiments. Chlorothalonil had effects on both the pre-symbiotic and 
symbiotic phases in both tested AMF species. In the symbiotic phase, arbuscular colonization was, 
in most cases, more sensitive when compared to total colonization and TEML. However, this patern 
can be different when testing an herbicide or/and a fungicide with a different mode of action. 
Percentage of colonization (total and arbuscular) and TEML seem to be adequate endpoints in the 
evaluation of the symbiosis between AMF-host plant. 
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1. Introduction 
Arbuscular mycorrhizal fungi (AMF) are mutualistic organisms living in obligate symbiosis with a wide 
range of plants. The presence of AMF in ecosystems is essential because of the benefits these 
organisms provide to host plants (e.g., enhanced tolerance to environmental stressors and increased 
nutrient and water uptake) and because of their major contributions to key ecosystem services (e.g., 
carbon sequestration, and soil aggregation and stabilization). 

The ecological importance and sensitivity of AMF to contaminants led the European Food Safety 
Authority (EFSA) to identify this group of microorganisms as a potential group of non-target in-soil 
organisms to be included in risk assessment of plant protection products (PPPs) [1]. To date, there 
are no standardized OECD Test Guidelines for the performance of tests with AMF, but two 
standardized methods are available, one from ISO (ISO/TS 10832:2009) for pre-symbiotic testing [2] 
and one from Association Française de Normalisation (AFNOR, FD X 31-205-2) for symbiotic testing 
[3]. 

The ERAMYC project aims to fill some of the gaps identified by EFSA by i) improving the existing 
ISO document [2] for AMF pre-symbiotic phase testing by including new AMF species, improved test 
conditions and procedures and ii) developing and standardizing a laboratory method to assess the 
effects of chemicals on the AMF symbiotic phase. A ring test was conducted to assess the feasibility 
and reproducibility of the methods developed in the project with the final objective of developing an 
OECD Test Guideline for AMF symbiotic and pre-symbiotic phase tests. 
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2. Materials and Methods 

2.1. Symbiotic phase ring test 
The methodology for the performance of AMF symbiotic phase tests was developed and refined in 
two phases: i) definition of test procedures, assessment of the suitability of AMF and host plant and 
of the environmental conditions and definition of relevant parameters and respective validity criteria 
and ii) evaluation of the AMF response towards different test substances to be used in the 
interlaboratory test.  

The protocol resulting from this work was ring-tested by 9 laboratories (3 from the consortium + 7 
independent laboratories) using one AMF species (Rhizophagus irregularis), one host plant (Allium 
ampeloprasum), one test soil (OECD 2.5%) and two test substances (azoxystrobin and fluazinam). 
After 56 days of incubation, the total and arbuscular intra-radicular colonization and the extra-
radicular hyphae length were assessed to evaluate the effect of the test substances on the 
establishment of the AMF-plant symbiosis. 

2.2. Pre-symbiotic phase ring test 
The methodology described in the ISO/TS 10832:2009 [2] was adapted and refined by including new 
methodological steps and considering different test conditions. The updated protocol was distributed 
to 7 laboratories (3 from the consortium + 4 independent laboratories) to be ring-tested using the 
AMF species R. irregularis, the test soil OECD 2.5% and the same test substances used for the 
symbiotic phase ring test, azoxystrobin and fluazinam. After 14 days of incubation, the number of 
recovered spores and the percentage of germinated spores were assessed to evaluate the effect of 
the test substances on the AMF pre-symbiotic development. 

3. Results and Discussion 

3.1. Symbiotic phase ring test 
Most tests performed by the laboratories of the ring test fulfilled the validity criteria defined in the first 
phase of the project (i.e., total colonization ≥ 30%, coefficient of variation < 50% and root length ≥ 10 
cm in control replicates). Measurements of total colonization generally provided more robust data 
compared to arbuscular colonization and sensitivity of both parameters did not differ considerably, 
independently of the test substance. Extra-radicular hyphae length revealed to be the least sensitive 
parameter measured. Data showed some variability within and between laboratories and so far it 
was not possible to find a suitable reference substance. Despite the data variability, results suggest 
that toxicity of the tested substances to AMF is similar to higher than the toxicity data reported in the 
literature for standard in-soil organisms.  

 

Figure 1: Outcome of an AMF symbiotic phase test of a laboratory of the ring test exposing R. 
irregularis in OECD 2.5% spiked with increasing concentrations of azoxystrobin. 
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3.2. Pre-symbiotic phase ring test 
Most tests performed by the laboratories of the ring test showed that the new suggested species and 
environmental conditions continue to guarantee the compliance of the experiments with the validity 
criteria considered in the ISO document (i.e., nº recovered spores in all treatments ≥ 25, germinated 
spores in control ≥ 75%). Toxicity observed in pre-symbiotic phase tests tended to be lower than that 
observed in the symbiotic phase tests.   

4. Conclusions 
The variability of data obtained especially in the new method for AMF symbiotic phase testing and 
the difficulty in finding a suitable reference substance may hamper the standardization of the 
method. On the other hand, the fact that the toxic effects of the test substances to AMF observed in 
the ring test tended to be in the same order of magnitude or higher than the toxicity data reported in 
the literature for non-target standard in-soil species, suggests that the AMF communities may, in 
some cases, be insufficiently covered by the standard species currently considered in the ERA of 
PPPs in European Union. However, further tests are needed with a larger set of test substances to 
substantiate this assumption.   
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Arbuscular Mycorrhizal Fungi (AMF) form symbiotic relationships with the roots of most land plants 
aiding in nutrient uptake and enhancing host plant resistance to diseases and stressors. AMF also 
increase soil carbon stocks and contribute to the formation of soil aggregates improving soil structure 
and moisture retention. 

Ecological relevance and sensitivity of AMF to contaminants led the European Food Safety Authority 
(EFSA) to identify AMF as a potential group of non-target in-soil organisms to be included in 
environmental risk assessment (ERA) of plant protection products (PPPs). However, the existing 
ISO/TS 10832:2009 protocol that evaluates the effect of pollutants on AMF only considers spore 
survival and germination. Germ tube formation and asymbiotic hyphal growth, essential for 
establishing the symbiosis, could be also affected by pollutants in the soil, but they are not 
addressed by the current standards. Given this reality, German Environment Agency (UBA) funded 
the ERAMYC project that aimed to improve the existing ISO document for pre-symbiotic testing and 
develop and standardize a laboratory method for including the symbiotic phase. Laboratory tests 
were carried out with different AMF species (Funneliformis mosseae, Rhizophagus irregularis and 
Rhizophagus clarus), test soils (OECD 2.5% and 4 natural soils) and chemicals (5 fungicides and 2 
herbicides) to assess the sensitivity of AMF and to develop and optimize the method. Lastly, a ring 
test was conducted using the AMF R. irregularis, the host plant Allium ampeloprasum, OECD 2.5% 
soil and the test substances Azoxystrobin and Fluazinam, to assess the precision and reproducibility 
of these methodologies with the final objective of developing an OECD international standard for 
AMF pre-symbiotic and symbiotic testing. 

Symbiotic phase ring test results showed high variability and it was not possible to find a suitable 
reference substance, which may hamper the standardization of the method. The pre-symbiotic phase 
ring test did not confirm the reproducibility of the method due to a high number of invalid tests. 
Laboratory tests showed that Boric acid, Tebuconazole, Azoxystrobin and Pendimethalin are 1.85 to 
333 times more toxic to AMF when compared to the lowest endpoints reported in the literature for the 
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non-target standard in-soil species considered in the current ERA of PPPs in European Union. This 
highlights the urgency of including AMF in ERA schemes. 
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