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Abstract
Arbuscular mycorrhizal fungi (AMF) are totally dependent on a suitable host plant for their carbon resources. Here, we 
investigated under in vitro conditions, the impact of defoliation practices, i.e., mechanical defoliation or chemical defoliation 
with a contact herbicide (Reglone®, containing the active ingredient diquat) or systemic herbicide (RoundUp®, containing 
the active ingredient glyphosate), on the dynamics of spore production of Rhizophagus irregularis and Rhizophagus intrara-
dices associated with Solanum tuberosum and/or Medicago truncatula. Glyphosate affected the spore production rate more 
rapidly and severely than diquat or mechanical defoliation. We hypothesize that this effect was related to disruption of the 
C metabolism in the whole plant combined with a possible direct effect of glyphosate on the fungus within the roots and/
or perhaps in soil via the release of this active ingredient from decaying roots. No glyphosate could be detected in the roots 
due to technical constraints, while its release from the roots in the medium corresponded to 0.11% of the active ingredient 
applied to the leaves. The three defoliation practices strongly affected root colonization, compared to the non-defoliated 
plants. However, the amount of glyphosate released into the medium did not affect spore germination and germ tube growth. 
These results suggest that the effects of defoliation on the dynamics of spore production are mainly indirect via an impact 
on the plant, and that the effect is faster and more marked with the glyphosate-formulation, possibly via a direct effect on 
the fungus in the roots and more unlikely on spore germination.
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Introduction

Arbuscular mycorrhizal fungi (AMF) colonize the roots of 
most crops and weeds without distinction (Yamato 2004; 
Wipf et al. 2019; El Omari and El Ghachtouli 2021). They 
supply plants with nutrients (e.g., N and P) in exchange for 
photosynthetic products (between 0.10% and 11.40% of net 
primary productivity) in the form of sugars and fatty acids 
(Hawkins et al. 2023), which represent a significant cost for 

the host plant (Kiers and van der Heijden 2006; Douglas 
2008; Giovannini et al. 2020; El Omari and El Ghachtouli 
2021). As these fungi are entirely dependent on C sources 
derived from photosynthesis, they are unable to complete 
their life cycle without a living host (Bécard et al. 2004; 
Wipf et al. 2019). Mechanical defoliation or defoliation 
using either a contact or systemic chemical herbicide, three 
common agricultural practices used to facilitate crop har-
vesting, suppress cover crops or control weeds, are therefore 
likely to have an impact on AMF.

Mechanical defoliation (Saravesi et al. 2014; Ambrosino 
et al. 2020) or severe grazing by herbivores (Gehring and 
Whitham 1994; Yang et al. 2020) have often been reported 
to affect root colonization by AMF, suggesting that it is 
limited by host C availability. However, in contrast a num-
ber of studies have reported increased root colonization 
following grazing (Barto and Rillig 2010; van der Heyde 
et al. 2017). Similarly, a decrease in spore production has 
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been observed immediately after mechanical defoliation 
(IJdo et al. 2010; Saravesi et al. 2014; Kusakabe et al. 
2018), although an increase also has been mentioned (Kli-
ronomos et al. 2004; Tawaraya et al. 2012). The differ-
ences observed in root colonization and sporulation after 
defoliation among studies may be related to various fac-
tors (as reviewed by Barto and Rillig (2010)) including 
fungal species and life history strategy (LHS). For exam-
ple, IJdo et al. (2010) demonstrated in vitro, that repeated 
defoliation of Medicago truncatula affected Rhizophagus 
intraradices (a r-strategist) and Scutellospora reticulata (a 
K-strategist) differently. The spore production rate of R. 
intraradices decreased immediately after defoliation and 
recovered shortly afterwards when the leaves regrew, while 
S. reticulata showed greater resistance to disturbance over 
time (IJdo et al. 2010). Klironomos et al. (2004) also found 
that the effects of defoliation differed between AMF species 
and depended on the frequency of defoliation.

A direct impact of chemical herbicides on AMF (e.g., 
spore viability and germination, plant colonization) has been 
reported in several studies (Pasaribu et al. 2011; Druille 
et al. 2013a; Li et al. 2013; Karpouzas et al. 2014; Helander 
et al. 2018), but none, to our knowledge, have reported their 
effects on spore production dynamics and only few have 
mentioned an indirect impact, via the plant, on root coloni-
zation (Zaller et al. 2014; Hage-Ahmed et al. 2019).

Glyphosate (Monsanto, Belgium) is the world’s most widely 
used non-selective – toxic for all plants – systemic herbicide 
used to control weeds or suppress cover crops (Woodburn 
2000; Duke 2021). It kills plants by inhibiting 5-enolpyru-
vylshikimate-3-phosphate synthase (EPSP synthase), a key 
enzyme in the shikimate biosynthetic pathway (Tzin et al. 
2012; Helander et al. 2012; Tall and Puigbò 2020). Over 30% 
of the C fixed by plants passes through this pathway (Shaner 
2006; Tzin et al. 2012). As a systemic herbicide, glyphosate is 
translocated from the treated leaves to shoots and roots within 
48 to 72 h (Wakelin et al. 2004; Eker et al. 2006). Neumann 
et al. (2006) showed that glyphosate was then released into the 
soil through root decomposition, possibly affecting non-target 
microorganisms (e.g., fungi or bacteria) in the roots or rhizos-
phere, modifying microbial communities, and thus potentially 
affecting ecosystem functions (Araújo et al. 2003; Kanissery 
et al. 2019). The persistence and transport of glyphosate in soil 
depend on soil composition, climatic conditions and microbial 
activity (Carlisle and Trevors 1988; Bai and Ogbourne 2016; 
Bento et al. 2016), as well as agricultural practices (Helander 
et al. 2012). Studies conducted in vitro (Wan et al. 1998) and 
in vivo (Druille et al. 2013b, 2016) have shown that glypho-
sate and aminomethylphosphonic acid (AMPA), a secondary 
metabolite of glyphosate, are relatively toxic to AMF (IC50 of 
0.5 ± 0.3 ppm and 3.8 ± 2.8 ppm, respectively). For example, 
Druille et al. (2013b) showed a marked reduction in arbuscules 
with glyphosate applied to plant leaves.

Diquat (Syngenta Crop Protection, Belgium) is a fast-
acting, non-selective contact herbicide inhibiting photosyn-
thesis by diverting the flow of electrons from photosystem 
I with subsequent inhibition of NADP+ reduction and pro-
duction of peroxide radicals leading to destruction of cell 
membranes (Zweig et al. 1965; Dodge and Harris 1970). It 
is used to dry many crops to facilitate seed harvesting. As 
a contact herbicide, spraying it on plant leaves will inhibit 
photosynthesis and thus cause plant death. To our knowl-
edge, no study on the effects of diquat on AMF has been 
conducted so far. It is likely that under natural conditions 
diquat has no direct impact on AMF because it is not trans-
located to roots (Smith et al. 1981) and is inactivated and 
immobilized in the soil (Tucker et al. 1967). Conversely, it 
can reduce AMF spore production by affecting plant photo-
synthesis and hence fixed carbon.

In this study, the objective was to evaluate, under in vitro 
culture conditions, the impact of different defoliation practices 
on the spore production dynamics of Rhizophagus irregularis 
MUCL 41833 and Rhizophagus intraradices MUCL 49410. 
In Experiment 1, we assessed and compared the effects of 
mechanical defoliation with defoliation by a contact chemi-
cal herbicide (Reglone® from Syngenta Crop Protection 
N.V., Belgium, containing the active ingredient diquat) and 
a systemic chemical herbicide (RoundUp® Max from Mon-
santo, Belgium, containing the active ingredient glyphosate), 
on the spore production dynamics of the two AMF. Spores 
were considered because their production is strongly linked 
to mycelium production (Declerck et al. 2001) and they are 
considered to be C storage structures in the mycelium as shown 
by radioactive tracers (Bago et al. 2003). Spores also are the 
easiest fungal structures to observe and quantify dynamically 
and non-destructively in vitro (Declerck et al. 2001; IJdo et al. 
2010). Finally, spore production by R. intraradices is influ-
enced instantaneously by mechanical defoliation (IJdo et al. 
2010). This treatment, therefore, represents a suitable control 
for evaluating and comparing the short-term effects of mechan-
ical defoliation with those of a contact and a systemic herbicide 
on AMF. The study was carried out using Solanum tuberosum 
and Medicago truncatula as model plants. In Experiment 2, 
we quantified the release of the active ingredient glyphosate 
into the medium, after application of RoundUp® to the leaves 
and shoots of Solanum tuberosum. In Experiment 3, the impact 
of different glyphosate concentrations was assessed on spore 
germination and germ tube length of R. intraradices.

Materials and methods

Biological material

Potato (Solanum tuberosum L., cv. Bintje was provided by 
the Station de Haute Belgique (Libramont, Belgium)). The 
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plants were genetically identical and micro-propagated 
every 5 weeks. Briefly, 10 nodal cuttings were placed in 
sterile microbox containers (90 × 120 mm, size: 870 mL, 
Sac O2, Belgium) containing 100 mL of Murashige and 
Skoog (MS) medium (Murashige and Skoog 1962) supple-
mented with 20 g L−1 sucrose (Duchefa, The Netherlands), 
3 g L−1 Phytagel™ (Sigma-Aldrich, Merck KGaA, Ger-
many) and adjusted to pH 5.9 before sterilization (121 °C 
for 15  min). The plants were maintained in a growth 
chamber under controlled conditions (i.e., 22 °C/18 °C 
(day/night), 70% relative humidity (RH), a photoperiod 
of 16 h day −1 and a photosynthetic photon flux density 
(PPFD) of 225 µmol m−2 s−1), until use.

Seeds of barrel medic (Medicago truncatula Gaertn., cv. 
Jemalong A 17 (SARDI, Australia)) were surface-disinfected 
by immersion in sodium hypochlorite (8% active chloride) 
for 10 min and rinsed in sterilized (121 °C for 15 min) deion-
ized water. Seeds were germinated in Petri plates (90 mm 
diameter) containing 35 mL of Modified Strullu-Romand 
(MSR) medium (Declerck et al. 1998) without sucrose and 
vitamins, solidified with 3 g L−1 Phytagel™ and adjusted 
to pH 5.5 before sterilization (121˚C for 15 min). The Petri 
plates were incubated at 27˚C in the dark. Seedlings were 
used 4 days after germination.

Rhizophagus irregularis (Błaszk., Wubet, Renker & 
Buscot) C. Walker & Schuessler (2010) [as 'irregulare'] 
MUCL 41833 and Rhizophagus intraradices (N.C. Schenck 
& G.S. Sm.) C. Walker & Schuessler (2010) MUCL 49410 
were supplied by the Glomeromycota in vitro collection 
(GINCO, Belgium) and maintained in vitro in bi-compart-
mented Petri plates (St-Arnaud et al. 1996) until thousands 
of spores were produced. R. irregularis and R. intraradices 
were selected because of their ubiquitous distribution and 
occurrence in agricultural soils. Moreover, these strains 
are extensively studied under in vitro conditions (Declerck 
et al. 2001; Gil-Cardeza et al. 2017; Le Pioufle and Declerck 
2018). Both strains (formerly classified as Glomus species) 
have similar spore production dynamics with lag, log and 
plateau phases (Declerck et al. 1996, 2001).

Chemicals

Herbicides

Two herbicides were used: RoundUp® Max (Monsanto, Bel-
gium), a systemic herbicide containing 450 g L−1 glyphosate, 
diluted in 250 mL of water (8 mL L−1) which corresponds 
to the field dose (0.72 kg ha−1) (Authority (EFSA) 2015) 
and Reglone® (Syngenta Crop Protection N.V., Belgium), 
a contact herbicide containing 200 g L−1 diquat, diluted in 
250 mL of water (1.5 mL L−1) which is lower than the rec-
ommended field dose (5 L ha−1) (Reglone—SYNGENTA 

Herbicides, n.d.), but was determined in a preliminary exper-
iment to be the minimum dose necessary to completely dry 
plant leaves after 96 h (data not shown). They are referred 
to as glyphosate-formulation (Glyphosate-F) and diquat-for-
mulation (Diquat-F), respectively, in the rest of this report.

Chemicals for glyphosate quantification

The following chemicals were used for Experiment 2. 
Organic solvents (methanol (MeOH) and acetonitrile (ACN) 
(VWR International, Belgium)) of HPLC grade were used 
for the quantification of glyphosate. Purified and deminer-
alized water was obtained with a Milli-Q system (Avidity 
ALTOi). Glyphosate and aminomethylphosphonic acid 
(AMPA) were purchased from Sigma-Aldrich (Sigma-
Aldrich, Merck KGaA, Germany) and used to prepare stand-
ard solutions for glyphosate quantification. Glyphosate pow-
der also was used to obtain solutions to study the effects of 
glyphosate on AMF spore germination. Boric acid (H3BO3) 
(Merck, Germany), potassium chloride (KCl) (Merck, Ger-
many) and sodium hydroxide 1 M (NaOH) (VWR Chemi-
cals, Avntor) were employed to prepare borate buffer pH 9. 
Borate buffer and 9-fluorenylmethylchloroformate (FMOC-
Cl) (Sigma-Aldrich, Merck KGaA, Germany) were used for 
the derivatization. Phosphoric acid (H3PO4, 85%) (AROS 
Organics), NaOH (50%) (VWR Chemicals, Avantor) and 
sodium nitrate (NaN3) (Merck, Germany) were used to pre-
pare phosphate buffer 10 mM pH 7 used as the mobile phase.

Experimental procedures

Exp. 1: Impact of mechanical or chemical (with contact 
or systemic herbicides) defoliation on the spore produc-
tion dynamics of R. irregularis and R. intraradices asso-
ciated with S. tuberosum or M. truncatula

Design of the in vitro culture system

Ten-day-old rooted nodal cuttings of potato or 4-day-old 
seedlings of barrel medic were transferred to single-com-
partmented Petri plates (90 mm diam.) containing 40 mL of 
MSR medium (Declerck et al. 1998) free from sucrose and 
vitamins, solidified with 3 g L−1 Phytagel™ (Sigma-Aldrich, 
Merck KGaA, Germany) and adjusted to pH 5.5 before being 
sterilized (121˚C for 15 min). Roots were placed on the MSR 
medium and the shoot protruded in the open air through an 
opening (± 2 mm diam.) made in the base and lid of the Petri 
plates (Online Resource 1). Approximately 100 spores of R. 
irregularis MUCL 41833 or R. intraradices MUCL 49410 
were inoculated in the vicinity of the roots. Each Petri plate 
was then closed and sealed with Parafilm M® (Bemis Com-
pany, Inc., USA) and the opening was carefully plastered 
with sterilized (121 °C for 15 min) silicon grease (VWR 
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International, Belgium) to avoid contamination. The Petri 
plates were covered with opaque plastic bags to keep the AMF 
and plant roots in the dark. They were further incubated in a 
growth chamber under controlled conditions (i.e., 22/18 °C 
(day/night), 70% RH, a photoperiod of 16 h day−1 and an 
average PPFD of 225 μmol  m−2  s−1). MSR medium was 
added every two weeks to the potato and once a week to the 
barrel medic plant systems. After defoliation, MSR medium 
was added only to the “Control” treatments (no defoliation) 
because defoliated plants did not need extra medium.

Experimental setup

A profuse mycelium bearing numerous spores was obtained 
after a few weeks (five for potato, eight or nine for barrel medic) 
of association with the AMF. For potato plants associated with 
R. irregularis MUCL 41833 and barrel medic plants associated 

with R. irregularis MUCL 41833 or R. intraradices MUCL 
49410, the systems were divided into four groups (Table 1) in 
such a way that the average number of spores at the time of 
treatment was similar for all groups (Table 2). The first group 
of plants was not defoliated (“Control”). The three other groups 
were defoliated either mechanically with scissors (“Mechani-
cal”) or chemically (“Diquat-F” and “Glyphosate-F”).

For potato, the four groups (each with 11 systems) were used 
in a single experiment with R. irregularis MUCL 41833. For 
barrel medic, a first trial was performed with the Control and 
Glyphosate-F groups (with 5 systems for each group), with R. 
irregularis MUCL 41833 strain, and a second trial (Experiment 
1 comprised both trials) was performed with the Control (6 
systems), Diquat-F (7 systems), and Mechanical (8 systems) 
groups with R. intraradices strain MUCL 49410 (Table 1). The 
dynamics of spore production over the first 8 weeks of associa-
tion, i.e., before defoliation treatment, were similar for plants 

Table 1   Number of replicated autotrophic in  vitro culture systems 
considered within each treatment (Control, Mechanical, Glyphosate-F 
or Diquat-F) and for each plant-AMF association (Potato- R. irregu-
laris, Barrel medic – R. irregularis, Barrel medic – R. intraradices) 

for Experiment 1 and within the Control or Glyphosate-F treatments 
for each plant (Potato – Barrel medic) for Experiment 2. Contamina-
tions and dead plant material reduced the number of replicates among 
treatments

AMF strain Plant Experiment 1 Experiment 2

R. irregularis R. intraradices No AMF

Potato Barrel medic Barrel medic Potato

Treatments Control 11 5 6 4
Mechanical 11 NA 8
Glyphosate-F 11 5 NA 18
Diquat-F 11 NA 7

Table 2   AMF growth descriptors measured, in Exp. 1, in the auto-
trophic in  vitro culture systems according to three treatment groups 
(Mechanical, Diquat-F and Glyphosate-F) and a non-defoliated control 
with potato and barrel medic plants: number of replicate systems fol-

lowed through (n), mean number of spores at defoliation (time 0), root 
dry weight (DW) and intra-radical colonization levels (presented as 
Total%, Arbuscules% and Spores/Vesicles%) at harvest  (8 weeks and 
6 weeks after defoliation for potato and barrel medic, respectively)

The parameters measured are expressed as mean ± standard error (SE). Different letters indicate significant differences (Tukey’s HSD, α = 0.05)

Experimental design At defoliation (time 0) Root colonization

Plant Treatment N AMF strain Number of spores Root DW (g) Total (%) Arbuscules (%) Spores/Vesicles (%)

At harvest (8 weeks after defoliation)

Potato Control 11 R. irregularis 311 ± 68a 0.079 ± 0.007a 41.2 ± 2.0a 9.4 ± 1.1a 3.8 ± 0.5a

Mechanical 11 R. irregularis 300 ± 81a 0.054 ± 0.003b 16.5 ± 2.3b 2.6 ± 0.7b 1.1 ± 0.4b

Diquat-F 11 R. irregularis 292 ± 69a 0.060 ± 0.003b 19.8 ± 2.0b 3.1 ± 0.6b 1.0 ± 0.3b

Glyphosate-F 11 R. irregularis 304 ± 78a 0.055 ± 0.003b 19.0 ± 2.2b 2.1 ± 0.3b 0.8 ± 0.2b

At harvest (6 weeks after defoliation)
Barrel medic Control 11 R. irregularis 

& R. intrara-
dices

929 ± 218a 0.132 ± 0.002a 64.8 ± 1.6a 12.4 ± 0.3a 6.7 ± 0.3a

Mechanical 8 R. intraradices 1157 ± 305a 0.086 ± 0.002b 35.4 ± 2.3b 5.8 ± 0.2c 3.0 ± 0.2b

Diquat-F 7 R. intraradices 1226 ± 355a 0.088 ± 0.002b 35.7 ± 1.8b 7.2 ± 0.2b 3.4 ± 0.2b

Glyphosate-F 5 R. irregularis 840 ± 284a 0.074 ± 0.004c 35.1 ± 0.8b 5.4 ± 0.3c 1.5 ± 0.3c
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inoculated in the two experiments, i.e., with R. irregularis 
MUCL 41833 and with R. intraradices MUCL 49410 (Fig. 1). 
No significant difference in spore abundance eight weeks after 
association was observed between R. irregularis and R. intrara-
dices (one-way ANOVA, F1,29 = 3.00, p = 0.094), allowing the 
results of the two experiments to be pooled for the statistical 
analysis of spore production dynamics. Mechanical defoliation 
was performed with scissors at the crown of the plant. Diquat-F 
and Glyphosate-F were applied homogeneously on the shoots 
and leaves of each plant with a manual sprayer. Defoliation was 
performed once and no regrowth was observed.

Spore production dynamics

The spore production dynamics were followed weekly 
under a stereo-microscope (Olympus SZ40, Olympus Opti-
cal GmbH, Germany) at 10 to 40 × magnification. A grid of 
lines was marked on the bottom of each autotrophic culture 
system to facilitate counting (Declerck et al. 1996). Quantifi-
cation was regularly performed before and after the applica-
tion of the defoliation treatment (Fig. 1).

Spore production dynamics were evaluated by quantify-
ing the average weekly rate of spore production from defo-
liation (Rt) according to the following formula:

with Nt being the abundance of spores at week t, and N0 
the abundance of spores when the defoliation treatment was 
applied (week 0). Density dependence is known to affect 
spore production rate (Declerck et al. 2001), but the auto-
trophic culture systems were distributed among the four treat-
ment groups in such a way that they had a similar average 
abundance of spores at the week of defoliation (Table 2). 
We decided therefore not to implement any correction for 
density dependence, our analysis being conservative because 
the effect of density dependence, if any, would be randomized 
among the four treatment groups and increase the residual 
variation, i.e., making the effects less significant statistically.

The spore production rate was ln-transformed and ana-
lyzed, for each plant species separately, using a three-way 
ANOVA model (time and defoliation as fixed crossed factors, 
replicate as random factor crossed with time but nested within 
defoliation). Differences between defoliation types were sub-
sequently tested week by week using contrasts to establish the 
rapidity of the impact of each defoliation treatment. The num-
ber of replicates per treatment being different in the experi-
ment with barrel medic (Table 2), we checked that the results 
of the ANOVA analysis were robust to this imbalance. To do 
so, we randomly down-sampled the data to produce a series 
of 1000 perfectly balanced datasets (with 5 replicate systems 
per defoliation) and recomputed the ANOVA tests.

R
t
=

t

√

N
t

N0

Root weight and colonization by AMF

At the end of the experiment, roots were harvested and 
AMF colonization was estimated. Roots were first cleaned 
of MSR medium and then dried at 60 °C for 24 h to esti-
mate dry weight. The roots subsequently were cleared with 
10% KOH at 50 °C for 90 min and stained with 5% blue 
ink (Parker®) diluted in vinegar (7° acidity) at 50 °C. The 
roots were rinsed with deionized water and observed under 
a compound microscope (Olympus BH2, Olympus Optical 
GmbH, Germany) at × 200 magnification. Root colonization 
was assessed by evaluating the percentages of total root col-
onization, arbuscules and vesicles/spores in 200 microscopic 
intersects, following the method of McGonigle et al. (1990). 
These variables were normalized by arcsine transformation 
and the effect of defoliation was tested using a one-way 
ANOVA, followed by Tukey’s honest significant difference 
tests to compare individual defoliations.

Exp. 2: Analysis of glyphosate and AMPA 
residues in culture medium and roots 
of Solanum tuberosum after foliar 
application of glyphosate

Design of the in vitro culture system

Ten-day-old rooted nodal cuttings of potato were transferred 
to sterile pots (60 × 45 × 75 mm, size: 125 mL, MLS nv, Bel-
gium) filled with 50 mL of MSR medium without sucrose 
and vitamins, solidified with 3 g L−1 Phytagel™ (Sigma-
Aldrich, Merck KGaA, Germany) and adjusted to pH 5.5 
before sterilization (121 °C for 15 min). A sterile 41 µm 
nylon mesh (PROSEP BVBA, Belgium) was deposited on 
the MSR medium to avoid roots of the plants penetrating 
the medium. The pot lid was pierced in the middle by a 
hole (± 2 mm diam.) through which the shoot was allowed 
to grow, while the roots developed in the open space inside 
the pots and in contact with the mesh, accessing nutrients by 
capillarity. To avoid contamination, the holes were carefully 
plastered with sterilized (121 °C for 15 min) silicon grease 
(VWR International, Belgium) and each system was sealed 
with Parafilm M® (Bemis Company, Inc., USA) (Online 
Resource 2). The systems were further incubated in a growth 
chamber under controlled conditions (i.e., 22/18 °C (day/
night), 70% RH, a photoperiod of 16 h day−1 and an average 
PPFD of 225 μmol m−2 s−1).

Before Glyphosate-F application (i.e., after five weeks of 
growth of potato), plantlets were transferred to new systems 
without nylon mesh, filled with 50 mL of sterilized water 
(121 °C for 15 min) (Online Resource 2). It enabled the 
development of the roots inside the sterile water and the exu-
dation of glyphosate into the water following its application 
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on the leaves and diffusion to the shoots and roots. This sys-
tem allowed for the detection of glyphosate residues released 
into the water.

Experimental setup

The plant systems filled with water were divided into two 
groups (Table  1). Plants in the first group received no 
glyphosate (“Control”). Plants in the second group received 
an application of 2 mL of the herbicide (“Glyphosate-F”) by 
spraying the shoots and leaves of each plant over a container 
(to collect the excess). The plants were left under a chemical 
hood until they died.

Quantitative analysis of glyphosate and AMPA 
residues in water

Standards stock, solvents and derivatization solutions – A 
standard stock solution (100 mg L−1) of glyphosate and 
AMPA was prepared by dissolving 10 mg of each com-
pound in a solution of Milli-Q water-acetonitrile (75 mL 
and 25 mL, respectively). This standard stock solution was 
diluted in Milli-Q water to obtain calibration solutions rang-
ing from 0.01 mg L−1 to 0.20 mg L−1 required to set up 
the quantification method and obtain a standard curve. The 
borate buffer was obtained by dissolving 3.10 g of H3BO3, 
3.75 g of KCl and 0.80 g of NaOH in 100 mL Milli-Q water. 
The pH was adjusted to 9 with NaOH 1 M. FMOC-Cl solu-
tion was prepared on the day of analysis by dissolving 10 mg 
of FMOC-Cl powder in 50 mL ACN. For the phosphate 
buffer 10 mM, used as eluent, 1.152 g of H3PO4 were dis-
solved in 1 L Milli-Q water and the pH was adjusted to 7 
with NaOH 50%. Fifty mg of NaN3 was added to the phos-
phate buffer to prevent contamination. The solution was fil-
tered through a 0.22 µm pore membrane.

Sample preparation – Two mL of the water in which 
roots had been immersed was filtered through a 0.45 µm 
pore Nylon Acrodisc® to avoid clogging the HPLC column. 
One mL of each filtered sample was transferred to 2 mL 
vials (VWR Chemicals, Avantor). One vial per sample was 
prepared and each one was analyzed two times. For the deri-
vatization, 200 µl of FMOC-Cl solution and 100 µl of borate 
buffer pH 9 solution were added to each vial and homog-
enized. Before HPLC analysis, the vials were left for 45 min 
to allow the derivatization reaction. The same protocol was 
used for calibration solutions, with one vial for each concen-
tration and two analyses per vial.

HPLC-FLD analysis – Glyphosate and AMPA residues 
in water were quantified by high-performance liquid chro-
matography (HPLC) (1200 series, Agilent Technologies 
Santa Clara, CA, USA). To detect compounds, the HPLC 
system was coupled with a fluorescence detector (FLD) with 

excitation and emission wavelengths of 260 nm and 310 nm, 
respectively. The system also was equipped with an injec-
tion system and a quaternary pump. All the system was con-
trolled by Agilent software. The analysis was performed with 
a Merck Lichrocart column C18 150 × 4.6 mm, with 5 µm 
particles, heated at 35 °C. The injection volume of samples 
was 10 µl. Solvents for the mobile phase consisted of 10 mM 
phosphate buffer (A) and 45:45:10 ACN:MeOH pH 7: Milli-
Q water solution (B). The flow rate was 1 mL min−1. The 
elution gradient was defined as follows: 0–1 min, 25% B; 
10–15 min, 100% B; 17–22 min, 25% B. Peaks correspond-
ing to glyphosate and AMPA were identified by comparing 
their retention times (RT) with chromatograms of calibration 
solutions.

For the quantification of glyphosate and AMPA in roots, 
different methods, adapted from ISO 21458, ISO 16308, 
Salingros (2020) and Liao et al. (2018), were tested. Unfor-
tunately, glyphosate could not be detected due to assessment 
difficulties, the method is therefore not described here.

Exp. 3: Impact of glyphosate on spore germination and 
germ tube length

Experimental setup

According to the glyphosate concentration (i.e., 120.13 µg 
L−1) detected in water in Exp. 2, six glyphosate concentra-
tions were tested: 0, 12.01, 120.13, 1201.30, 2402.60 and 
12,013 µg active ingredient per L water. These concentra-
tions corresponded to 0, 0.1, 1, 10, 20 and 100 times the 
detected concentration. Each glyphosate solution was pre-
pared by dissolving glyphosate powder (Sigma-Aldrich, 
Merck KGaA, Germany) in 5 mL of sterilized water. Each 
glyphosate solution (5 mL) was then added to 1 L steri-
lized MSR medium – with vitamins, solidified with 3 g L−1 
Phytagel™ (Sigma-Aldrich, Merck KGaA, Germany) and 
adjusted to pH 5.5 before sterilization (121 °C for 15 min) 
– before being poured into each well of 24-well microplates 
(VWR International, Belgium). For the control treatment, 
only water was added.

Spores of R. intraradices MUCL 49410 were extracted from 
the hyphal compartment of a bi-compartmented Petri plate and 
individualized with needles. Healthy-looking spores were then 
placed individually in each well of the 24-well microplates. For 
each treatment, 36 replicates (i.e., spores) were considered. 
Microplates were incubated at 25 °C in the dark.

Evaluation of spore germination and germ tube 
length

Spore germination and germ tube length were monitored 
twice a week during 46 days under a stereomicroscope (10 to 
35 × magnification). A spore was considered germinated as 
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soon as a germ tube emerged through the subtending hypha. 
The germ tube length was measured following the grid-
line intersect method adapted from Declerck et al. (2004). 
Briefly, a 1 mm × 1 mm grid was placed under each well. 
Each spore was observed and each intersection between a 
line and hyphae was recorded. Then, hyphal length was cal-
culated by integrating the total number of intersections in 
the formula of Newman (Newman 1966):

here L is the hyphal length, N is the intersection number, 
A is the gridline surface and H is the gridline length sum.

Statistical analysis

Data on spore germination rates, for the different concen-
trations of glyphosate and at each monitoring time, were 
analyzed using a Chi-square test. Data on germ tube length, 
at different time points, were analyzed using a Linear Gen-
eral Model (GLM) followed by Dunnett-HSD test to identify 
significant differences versus the Control treatment. Spores 

L =

�NA

2H

that did not germinate have not been considered for the mean 
length of germ tube. Normal distribution of residuals vari-
ance and normality were checked before analysis. When the 
conditions were not verified, a square root transformation 
was applied to the non-normal data.

Results

Exp. 1: Impact of mechanical or chemical (with contact 
or systemic herbicides) defoliation on the spore produc-
tion dynamics of R. irregularis and R. intraradices asso-
ciated with S. tuberosum or M. truncatula

Sporulation dynamics

Spore production dynamics are presented in Fig. 1. The 
first daughter spores were observed 3 weeks after plant-
fungus association. The number of spores of R. irregu-
laris MUCL 41833 and R. intraradices MUCL 49410 
increased gradually and weakly in both plants in the defo-
liation treatments. In contrast, the controls showed an 

Fig. 1   Spore production dynamics of (a) Rhizophagus intraradices 
MUCL 49410 associated with in  vitro grown Medicago truncatula, 
(b) Rhizophagus irregularis MUCL 41833 associated with in  vitro 
grown Medicago truncatula and (c) Rhizophagus irregularis MUCL 
41833 associated with in  vitro grown Solanum tuberosum. Control 
plants were not defoliated. The other plants were defoliated mechani-

cally (Mechanical) or chemically with a systemic herbicide (Glypho-
sate-F) or a contact herbicide (Diquat-F). Data are means ± 95% 
confidence limits (5 to 11 replicates (Table 1)). Means with the same 
letter were not statistically different at that week (HSD Tukey post-
hoc test, p < 0.05)
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exponential increase in the number of spores. A clear and 
general decrease in spore production rate, as quantified 
by the average weekly spore production rate from defolia-
tion (Rt), was observed after plant defoliation (Fig. 2). The 
magnitude of the effect differed between defoliation prac-
tices and these differences changed as time passed after 
defoliation (Fig. 2). Overall, the results were quite similar 
for potato and barrel medic. Glyphosate-F had the strong-
est and fastest effect, decreasing weekly spore production 
rate already by 40% and 19% after 1 week, for potato and 
barrel medic, respectively. Mechanical defoliation and 
defoliation with Diquat-F affected spore production nearly 
as severely from six weeks after defoliation but at a slower 
and more progressive pace. For potato, mechanical defo-
liation significantly affected spore production from the first 
week, faster than defoliation with Diquat-F; at week 4, 
the impact of both defoliations became similar. For barrel 
medic, both mechanical defoliation and defoliation with 
Diquat-F affected spore production from week 2 only, and 
their effects never significantly differed until the end of the 
experiment (Fig. 2). Conclusions were robust to statisti-
cal imbalance (different number of replicated systems): 
the tests of the treatment, week and treatment-by-week 
effects, and the contrasts comparing the four defoliations 
on a week per week basis, were similar when tested on ran-
domly down-sampled balanced datasets (with 5 replicates 
per defoliation level) (Table 3).

Root dry weight was assessed 8 and 6 weeks after defo-
liation of potato and barrel medic, respectively (Table 2). 
Whatever the practice, defoliation had a clear negative 
impact on root dry weight and colonization, which was 
similarly observed for potato and barrel medic (Table 2). 
With potato, no significant difference between the three 
defoliation treatments was observed. Conversely, with 

barrel medic, the negative effect of Glyphosate-F on dry 
weight and spores/vesicles percentage was significantly 
greater than after mechanical defoliation or defoliation 
with Diquat-F. Similarly for barrel medic, the negative 
effect of Glyphosate-F or mechanical defoliation on the 
arbuscules percentages was significantly greater than that 
of Diquat-F defoliation (Table 2).

Exp. 2: Analysis of glyphosate and AMPA residues in 
culture medium of Solanum tuberosum after glyphosate 
application 

Glyphosate and AMPA were not detected in the non-
treated controls. Glyphosate residues, but not AMPA, were 
detected in the water of glyphosate-F treated potato plants. 
The average concentration of glyphosate found in water sam-
ples was 120.13 ± 39.72 µg L−1 (Online Resource 3). This 
residue represents 0.11% of the applied amount of glypho-
sate on each plant.

Exp. 3: Impact of glyphosate on spore germination and 
germ tube length

The impact of glyphosate on spore germination and 
germ tube length was monitored for 46 days (at 6, 8, 12, 
15, 18, 21, 25, 29, 32, 35, 39, 43 and 46 days). The spores 
of R. intraradices MUCL 49410 germinated after 4 days of 
incubation at 25 °C. The rate of germination, all treatments 
combined, ranged from 51.4% and 77.4% and this remained 
unchanged until the end of the experiment (Online Resource 
4). None of the five concentrations of glyphosate had any 
impact on spore germination rate after 46 days ( �2

5
= 6.307; 

p = 0.2775) and there was no discernible difference over 
time.

Fig. 2   Weekly rate of spore production (Rt) of Rhizophagus irregu-
laris MUCL 41833 or Rhizophagus intraradices MUCL 49410 asso-
ciated with in  vitro grown (a) M. truncatula and (b) S. tuberosum, 
after defoliation treatment applied at week 0. Rt was computed as the 
average rate over the period from week 0 to week t; it is, therefore, a 
cumulative measure. Data are least-squares means ± 95% confidence 

limits. Means with the same letter were not statistically different at 
that week (3-way ANOVA with contrasts, see text for details). Points 
were slightly staggered for easier visualization. Table  3. Statistical 
analysis of average weekly spore production rates (Rt) using a three-
way ANOVA (time and defoliation as fixed crossed factors, replicate 
as a random factor crossed with time but nested within defoliation)
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The dynamics of germ tube growth were similar for all the 
treatments compared to the control (Online Resource 5). From 
day 6 to 46, the germ tube length at highest rate of glyphosate 
(100 ×) was less than that of all the other treatments but did 
not differ significantly from the control (Online Resource 6). 
From day 6 to 8, at a concentration of 120.13 µg a. i. L−1 (1 ×) 
of glyphosate, the germ tube length was significantly longer 

as compared to the control (Fig. 3). During the entire experi-
ment – except at days 6, 18, 21, 29, 35 and 46 –, the lowest 
concentration of glyphosate (0.1 ×) significantly increased the 
germ tube length as compared to the control (Fig. 3). After 
12 days, the germ tube length was numerically but not sta-
tistically longer for all treatments except 12,013 µg a. i. L−1 
(100 ×) as compared to the control (Online Resource 6).

Table 3   Statistical analysis of average weekly spore production rates (Rt) using a three-way ANOVA (time and defoliation as fixed crossed fac-
tors, replicate as a random factor crossed with time but nested within defoliation)

“NA” denotes statistics that could not be computed given the ANOVA model used. Tests that revealed significant differences at the 0.05 α level 
are indicated in bold. “% significant”: proportion of the 1000 perfectly balanced datasets with 5 replicates per defoliation group (produced from 
randomly down-sampled data) for which the effect was significant at the 0.05 α level, confirming that the results of the full analysis were affected 
only slightly by statistical imbalance of the original data. Root weight and colonization by AMF

Source Degrees of 
freedom

Sum of squares Mean square F-test P-Value

Potato
  Time 4 5.2767 1.3192 68.18  < 0.0001
  Defoliation 3 3.6325 1.2108 7.56 0.0004
  Replicate (Defoliation) 40 6.4092 0.1602 NA NA
  Time × Defoliation 12 1.0055 0.0838 4.33  < 0.0001
  Time × Replicate (Defoliation) 160 3.0959 0.0193 NA NA
  Error 0 0 NA NA NA
  Corrected total 219 19.4197
Barrel medic % significant
  Time 4 1.0275 0.2569 31.61  < 0.0001 100.00
  Defoliation 3 1.5982 0.53274 4.39 0.0122 60.00
  Replicate (Defoliation) 27 3.2751 0.1213 NA NA
  Time × Defoliation 12 0.2805 0.0234 2.88 0.0018 61.20
  Time × Replicate (Defoliation) 108 0.8778 0.0081 NA NA
  Error 0 0 NA NA NA
  Corrected total 154 7.0040

Fig. 3   Germ tube length of 
Rhizophagus intraradices 
MUCL 49410 for 46 days 
for Control (0 µg L−1), 
0.1 × (12.01 µg L−1) and 
1 × (120.13 µg L.−1) treatments. 
The corresponding factor 1 × is 
equal to the concentration of 
glyphosate detected in water 
in Experiment 2. Data are 
means ± 95% confidence limits 
of an average of 23 replicates. 
Means with * were statistically 
different from the control treat-
ment at that day (Dunnett-HSD 
test, p < 0.05)
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Discussion

Mechanical or chemical defoliation with a contact or systemic 
herbicide are likely to impact AMF. However, it is unknown 
whether the systemic herbicide (i.e., glyphosate) has a faster 
and stronger effect than the contact herbicide (i.e., diquat) 
or the mechanical defoliation, because the former affects all 
the plant parts, potentially impacting the AMF indirectly (by 
killing the plant) or directly (by accumulating in the roots and 
affecting the intraradical structures of the AMF or by release 
into the environment from decaying roots affecting the fungus 
in the soil). To explore this, we used a reproducible in vitro 
culture system and compared the impact of the three defolia-
tion treatments on the sporulation dynamics of R. irregularis 
and R. intraradices associated with potato or barrel medic.

Whatever the defoliation practice, a clear and general 
decrease in the spore production rate of R. irregularis and 
R. intraradices was observed. This corroborates the study 
of IJdo et al. (2010), which suggested that the production of 
new spores depends directly on the C flow from the plant to 
the fungus. However, our study also revealed a difference 
between the three defoliation treatments. As hypothesized, 
glyphosate (the systemic herbicide) had a faster and stronger 
effect on spore production than the mechanical defoliation 
or the contact herbicide. Smid and Hiller (1981) demon-
strated that glyphosate is translocated to potato roots 12 h 
after application. After 4 days, the quantity of glyphosate 
accumulated in roots has reached its maximum level (Smid 
and Hiller 1981). This translocation of glyphosate to the 
roots could directly interrupt the C flow from the roots to 
the AMF. It also may disrupt the functioning of the symbio-
sis because glyphosate inhibits EPSPS, an enzyme required 
in the shikimate pathway (Carlisle and Trevors 1988). This 
pathway is required to produce proteins involved in the 
exchange of signals between the host plant and AMF (Sique-
ira et al. 1991; Sheng et al. 2012). Finally, glyphosate may 
be released into the environment from decaying roots or root 
exudates, potentially directly affecting AMF spores (Coup-
land and Caseley 1979). From our results, it appears also that 
mechanical defoliation and the contact herbicide diquat have 
a slower and less pronounced impact on AMF spore produc-
tion. Both defoliation practices inhibit plant photosynthetic 
production (by eliminating or drying the foliar part of the 
plant) but do not directly impact the roots. Because C pre-
sent in the roots still could be translocated to the AMF, the 
impact of these defoliation practices was presumably slower 
and less pronounced than that of the systemic herbicide. 
However, the contact herbicide and mechanical defoliation 
affected spore production nearly as severely as the systemic 
herbicide six weeks after defoliation.

At harvest (i.e., 13 weeks after association of potato 
with R. irregularis MUCL 41833 or 15 or 14 weeks after 

association of barrel medic with R. irregularis MUCL 41833 
or R. intraradices MUCL 49410, respectively), mean root 
colonization for the control plants (i.e., those without defo-
liation) was relatively high. Conversely, defoliation prac-
tice, especially with glyphosate, reduced colonization by R. 
irregularis and R. intraradices and root dry weight. Druille 
et al. (2013b) also observed a significant reduction of root 
colonization (the number of arbuscules) after glyphosate 
application. They explained that arbuscules were sensitive 
to the reduction in the supply of carbohydrates caused by 
the herbicide. The contact herbicide diquat in contrast does 
not move to the roots. The impact of defoliation on arbus-
cules or intraradical spores/vesicles formation is thus prob-
ably only caused by photosynthesis disruption in the shoots 
and reduction/interruption of carbon flow to the roots. The 
impact of mechanical defoliation on arbuscules or intra-
radical spores/vesicles is comparable to that of the contact 
defoliant because only the foliar part of the plant is affected.

As suggested, the stronger and faster impact of glypho-
sate on spore production may result from the disruption of 
C metabolism in plants combined with the translocation of 
glyphosate from leaves to roots and from roots to soil. Trans-
location of glyphosate by plants is widely documented. Con-
vincing results on root accumulation were mostly obtained 
with 14C. For example, Coupland and Caseley (1979) in an 
experiment conducted in the greenhouse with Agropyron 
repens, noticed that 16% of the [14C]glyphosate applied on 
the leaves was detected in the roots 8 days after the treat-
ment. A similar quantity (i.e., 12%) was obtained by Laitinen 
et al. (2007) in quinoa roots after 8 days. Nevertheless, other 
studies showed that only 1 to 6% of [14C]glyphosate applied 
to the shoot was found in roots after 24 h, depending on the 
glyphosate formulation (Duke 2021).

Exudation of glyphosate by roots also is studied widely. 
Coupland and Caseley (1979), noticed that 3.10% of applied 
glyphosate on quackgrass was exuded into the root-bathing 
solution. In another study conducted with field horsetail in 
a greenhouse, Coupland and Peabody (1981), showed that 
0.36% of glyphosate applied on the aboveground plant parts 
was exuded in the root-bathing solution 4 days after application. 
Finally, Sesin et al. (2021) observed that 14 days after applica-
tion of 2.20 mL of glyphosate (27 g L−1) on Ammannia robusta, 
1.22% of glyphosate applied was detected in the soil. These 
examples clearly demonstrate the exudation of glyphosate by 
roots and also highlight that the quantity of glyphosate trans-
located and exuded is dependent on the time of analysis and 
different parameters such as plant species and growth stage, soil 
type, temperature, dosage and experimental conditions (Smid 
and Hiller 1981; Masiunas and Weller 1988; Laitinen et al. 
2007, 2009; Gomes et al. 2014; Singh et al. 2020).

Translocation of glyphosate into the roots is an important 
process which can impact AMF. However, glyphosate could 
not be detected in roots in our study. Glyphosate and AMPA 
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have chemical properties – low molecular weight and vola-
tility, high polar character and water solubility and lack of 
chromophore or fluorophore – which makes extractions chal-
lenging (Kaczyński and Łozowicka 2015; Koskinen et al. 
2016). The numerous studies found in the literature show the 
complexity of glyphosate quantification, which is dependent 
on the matrix and the organic matter content of the sample 
(Botero-Coy et al. 2013; Marek and Koskinen 2014; Koski-
nen et al. 2016). Plant material is a complex matrix in which 
endogenous unknown compounds interfere and react with 
FMOC-Cl (Koskinen et al. 2016; Tong et al. 2017). Low 
concentration levels also are an obstacle for precise quanti-
fication of glyphosate and AMPA residues (Liao et al. 2018).

In our study, only 0.11% of glyphosate applied on potato 
shoot and leaves was detected in the culture medium after 
13 days. No other study, to the best of our knowledge, 
reported exudation of glyphosate by potato roots. For 
instance, Masiunas and Weller (1988) reported the absence 
of glyphosate in the growth medium of potato following leaf 
application. They supposed that the quantity was too low 
to be quantified. Although less frequent, some plant spe-
cies, such as Digitaria insularis, did not exudate glyphosate 
(Barros et al. 2022). As AMPA is a secondary metabolite of 
glyphosate, its presence in samples also was assessed in our 
study. Unsurprisingly, no traces of AMPA were detected in 
the samples. In fact, AMPA is the major degradation product 
of glyphosate. Some microorganisms or genetically modi-
fied plants, as suggested by a study on glyphosate-resistant 
soybean (Sprankle et al. 1975; Reddy et al. 2004; Sviridov 
et al. 2015), have the capacity to degrade glyphosate into 
AMPA. Krzyśko-Lupicka et al. (1997) demonstrated that 
some fungal strains can degrade glyphosate into AMPA.

Overall, the low quantity of glyphosate detected in the 
water samples of potato suggested that glyphosate moved 
towards the roots, accumulating in these plant parts. There 
is thus a presumption of a direct effect of glyphosate on the 
intraradical structures of the AMF.

Finally, spore germination was tested in a dose–response 
approach using the concentration of glyphosate released in 
the water (i.e., 120.13 µg L−1) to detect whether glyphosate 
had a direct effect on spore germination. We noticed a sig-
nificant increase of germ tube length for concentrations 10 
times lower or equal (only the first 2 days) than that exuded 
and no effect at higher doses (ranging from 1201.30 to 
12,013 µg L−1). To our knowledge, this increase has never 
been reported for glyphosate affecting AMF. This phenom-
enon is known as hormesis (a two-phased dose–response 
relationship, whereby a low concentration of a compound 
had a stimulatory effect on hyphal growth and a high con-
centration an inhibitory effect) and has been observed with 
other pesticides such as fenpropimorph (Rodriguez-Morelos 
et al. 2021). No fungicidal effect of glyphosate was observed 
on AMF spore development even at the high concentrations 

– slightly lower than the recommended field dose. This is 
corroborated by some studies, which showed that the growth 
of fungi was only inhibited at concentrations higher than 
the recommended field dose (Morjan et al. 2002; Dill et al. 
2010). For example, under in vitro conditions, Giovannetti 
et al. (2006) showed that, for concentrations ranging from 
0 to 72,800 µg L−1, there is no impact on spore germina-
tion of Funneliformis mosseae, although an inhibition effect 
on germ tube growth was noticed at concentrations rang-
ing from 4400 to 72,800 µg L−1. Interestingly, Malty et al. 
(2006) demonstrated that the inhibitory effects of glyphosate 
on spore germination and germ tube growth is species and 
dose dependent. The higher the dose, the greater the inhibi-
tory effect. The inhibitory germination and growth effect of 
glyphosate was slower and weaker for the Gigasporaceae 
family such as Gigaspora margarita and Scutellospora het-
erogama compared to the Glomeraceae family (Glomus etu-
nicatum) which might be linked to the different life history 
strategies of AMF (Malty et al. 2006).

Conclusion

In this study we showed that mechanical/chemical defolia-
tion strongly impact the dynamics of spore production of 
R. irregularis MUCL 41833 and R. intraradices MUCL 
49410 and root colonization of potato and barrel medic. The 
effect is more rapid and marked with the systemic herbicide 
(glyphosate) compared with the other two treatments (defo-
liation by mechanical treatment and contact herbicide) but 
fades with time. This difference in the short term is possibly 
attributed to the translocation of the active ingredient in the 
roots, directly impacting the transfer of C from root to AMF 
and possibly impacting also AMF present in the root. To the 
contrary, a direct effect of glyphosate (at the doses released 
from roots) released from decaying roots on spore viability 
and germ tube growth seems unlikely.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00572-​024-​01166-4.

Acknowledgements  Thanks are addressed to Tankoano Yentema Pris-
cile and the Mineral and Organic Chemical Analysis (MOCA) platform 
of the Earth and Life Institute (UCLouvain, Belgium) for technical 
assistance.

Author contribution  BB, CB, NS, SD made substantial contributions 
to the conception and design of the work; BB and CB made contribu-
tion to the acquisition and analysis of the data; BB, CB, IL, NS and 
SD contributed to the interpretation of the data; BB and CB drafted 
the work; SD, IL and NS revised the work critically for important 
intellectual content; All authors approved the version to be published; 
All authors agree to be accountable for all aspects of the work in ensur-
ing that questions related to the accuracy or integrity of any part of 
the work are appropriately investigated and resolved. This is publica-
tion BRC424 of the Biodiversity Research Center at UCLouvain.

https://doi.org/10.1007/s00572-024-01166-4


	 Mycorrhiza

Funding  Action de Recherche Concerté,18/23-095,Direction Générale 
Opérationnelle Agriculture,Ressources Naturelles et Environnement du 
Service Public de Wallonie,D31-1246. This research was partly spon-
sored by the Direction générale opérationnelle de l’Agriculture, des 
Ressources naturelles et de l’Environnement du Service Public de Wal-
lonie (SPW) under contract number D31-1246, entitled ‘Valorisation de 
la microflore bénéfique des sols pour le contrôle de la flore pathogène 
des productions de pomme de terre comme alternative à l’utilisation 
des pesticides’, and partially by the Action de Recherche Concerté 
(ARC) under contract number 18/23-095, entitled ‘Does intraspecific 
variability modulate the impact of environmental change on biodiver-
sity and ecosystem function ?’. NS is Senior Research Associate of 
the Fonds de la Recherche Scientifique-FNRS and acknowledges its 
financial support.

Data availability  No datasets were generated or analysed during the 
current study.

Declarations 

Statements and Declarations  The authors declare that they have no 
known competing financial interests or personal relationships that 
could have appeared to influence the work reported in this paper.

Competing interests  The authors declare no competing interests.

References

Ambrosino ML, Busso CA, Cabello MN et al (2020) Total and structure 
colonization by arbuscular mycorrhizal fungi in native, perennial 
grasses of different forage quality exposed to defoliation. J King Saud 
Univ - Sci 32:377–383. https://​doi.​org/​10.​1016/j.​jksus.​2018.​06.​001

Araújo ASF, Monteiro RTR, Abarkeli RB (2003) Effect of glyphosate 
on the microbial activity of two Brazilian soils. Chemosphere 
52:799–804. https://​doi.​org/​10.​1016/​S0045-​6535(03)​00266-2

Authority (EFSA) EFS (2015) Conclusion on the peer review of the 
pesticide risk assessment of the active substance glyphosate. 
EFSA J 13:4302. https://​doi.​org/​10.​2903/j.​efsa.​2015.​4302

Bago B, Pfeffer PE, Abubaker J et al (2003) Carbon Export from 
Arbuscular Mycorrhizal Roots Involves the Translocation of 
Carbohydrate as well as Lipid. Plant Physiol 131:1496–1507. 
https://​doi.​org/​10.​1104/​pp.​102.​007765

Bai SH, Ogbourne SM (2016) Glyphosate: environmental contami-
nation, toxicity and potential risks to human health via food 
contamination. Environ Sci Pollut Res 23:18988–19001. https://​
doi.​org/​10.​1007/​s11356-​016-​7425-3

Barros RE, Mendes Reis M, Tuffi Santos LD et al (2022) Light avail-
ability in the cultivation environment and the action of glypho-
sate on Digitaria insularis: physiological aspects and herbicide 
root exudation. J Environ Sci Health B 57:597–607. https://​doi.​
org/​10.​1080/​03601​234.​2022.​20881​98

Barto EK, Rillig MC (2010) Does herbivory really suppress mycor-
rhiza? A meta-analysis. J Ecol 98:745–753. https://​doi.​org/​10.​
1111/j.​1365-​2745.​2010.​01658.x

Bécard G, Kosuta S, Tamasloukht M et al (2004) Partner commu-
nication in the arbuscular mycorrhizal interaction. Can J Bot 
82:1186–1197. https://​doi.​org/​10.​1139/​b04-​087

Bento CPM, Yang X, Gort G et al (2016) Persistence of glyphosate 
and aminomethylphosphonic acid in loess soil under different 
combinations of temperature, soil moisture and light/darkness. 
Sci Total Environ 572:301–311. https://​doi.​org/​10.​1016/j.​scito​
tenv.​2016.​07.​215

Botero-Coy AM, Ibáñez M, Sancho JV, Hernández F (2013) 
Improvements in the analytical methodology for the residue 
determination of the herbicide glyphosate in soils by liquid 
chromatography coupled to mass spectrometry. J Chromatogr 
A 1292:132–141. https://​doi.​org/​10.​1016/j.​chroma.​2012.​12.​007

Carlisle SM, Trevors JT (1988) Glyphosate in the environment. 
Water Air Soil Pollut 39:409–420. https://​doi.​org/​10.​1007/​
BF002​79485

Coupland D, Caseley JC (1979) Presence of 14 C activity in root 
exudates and guttation fluid from Agropryron Repens treated 
with 14 C-labelled glyphosate. New Phytol 83:17–22. https://​
doi.​org/​10.​1111/j.​1469-​8137.​1979.​tb007​21.x

Coupland D, Peabody DV (1981) Absorption, Translocation, and 
Exudation of Glyphosate, Fosamine, and Amitrole in Field 
Horsetail (Equisetum arvense). Weed Sci 29:556–560. https://​
doi.​org/​10.​1017/​S0043​17450​00637​24

Declerck S, Strullu DG, Plenchette C (1996) In vitro mass-produc-
tion of the arbuscular mycorrhizal fungus, Glomus versiforme, 
associated with Ri T-DNA transformed carrot roots. Mycol Res 
100:1237–1242. https://​doi.​org/​10.​1016/​S0953-​7562(96)​80186-9

Declerck S, Strullu DG, Plenchette C (1998) Monoxenic culture of 
the intraradical forms of Glomus sp. isolated from a tropical 
ecosystem: a proposed methodology for germplasm collection. 
Mycologia 90:579–585. https://​doi.​org/​10.​1080/​00275​514.​1998.​
12026​946

Declerck S, D’or D, Cranenbrouck S, Boulengé LE (2001) Model-
ling the sporulation dynamics of arbuscular mycorrhizal fungi in 
monoxenic culture. Mycorrhiza 11:225–230. https://​doi.​org/​10.​
1007/​s0057​20100​124

Declerck S, D’Or D, Bivort C, de Souza FA (2004) Development of 
extraradical mycelium of Scutellospora reticulata under root-organ 
culture: spore production and function of auxiliary cells. Mycol 
Res 108:84–92. https://​doi.​org/​10.​1017/​S0953​75620​30087​61

Dill GM, Sammons RD, Feng PCC, et al (2010) Glyphosate: Discov-
ery, Development, Applications, and Properties. In: Nandula VK 
(ed) Glyphosate Resistance in Crops and Weeds, 1st edn. Wiley, 
pp 1–33

Dodge AD, Harris N (1970) The mode of action of paraquat and diquat. 
Biochem J 118:43P-44P

dos Malty J, S, Siqueira JO, Moreira FM de S, (2006) Effects of glypho-
sate on soybean symbiotic microorganisms, in culture media and 
in greenhouse. Pesqui Agropecuária Bras 41:285–291. https://​doi.​
org/​10.​1590/​S0100-​204X2​00600​02000​13

Douglas AE (2008) Conflict, cheats and the persistence of symbioses. 
New Phytol 177:849–858. https://​doi.​org/​10.​1111/j.​1469-​8137.​
2007.​02326.x

Druille M, Cabello MN, Omacini M, Golluscio RA (2013a) Glyphosate 
reduces spore viability and root colonization of arbuscular mycor-
rhizal fungi. Appl Soil Ecol 64:99–103. https://​doi.​org/​10.​1016/j.​
apsoil.​2012.​10.​007

Druille M, Omacini M, Golluscio RA, Cabello MN (2013b) Arbuscular 
mycorrhizal fungi are directly and indirectly affected by glypho-
sate application. Appl Soil Ecol 72:143–149. https://​doi.​org/​10.​
1016/j.​apsoil.​2013.​06.​011

Druille M, García-Parisi PA, Golluscio RA et al (2016) Repeated 
annual glyphosate applications may impair beneficial soil 
microorganisms in temperate grassland. Agric Ecosyst Environ 
230:184–190. https://​doi.​org/​10.​1016/j.​agee.​2016.​06.​011

Duke SO (2021) Glyphosate: Uses Other Than in Glyphosate-Resistant 
Crops, Mode of Action, Degradation in Plants, and Effects on 
Non-target Plants and Agricultural Microbes. In: Knaak JB (ed) 
Reviews of Environmental Contamination and Toxicology, vol 
255. Glyphosate. Springer International Publishing, Cham, pp 
1–65

Eker S, Ozturk L, Yazici A et al (2006) Foliar-Applied Glyphosate Sub-
stantially Reduced Uptake and Transport of Iron and Manganese 

https://doi.org/10.1016/j.jksus.2018.06.001
https://doi.org/10.1016/S0045-6535(03)00266-2
https://doi.org/10.2903/j.efsa.2015.4302
https://doi.org/10.1104/pp.102.007765
https://doi.org/10.1007/s11356-016-7425-3
https://doi.org/10.1007/s11356-016-7425-3
https://doi.org/10.1080/03601234.2022.2088198
https://doi.org/10.1080/03601234.2022.2088198
https://doi.org/10.1111/j.1365-2745.2010.01658.x
https://doi.org/10.1111/j.1365-2745.2010.01658.x
https://doi.org/10.1139/b04-087
https://doi.org/10.1016/j.scitotenv.2016.07.215
https://doi.org/10.1016/j.scitotenv.2016.07.215
https://doi.org/10.1016/j.chroma.2012.12.007
https://doi.org/10.1007/BF00279485
https://doi.org/10.1007/BF00279485
https://doi.org/10.1111/j.1469-8137.1979.tb00721.x
https://doi.org/10.1111/j.1469-8137.1979.tb00721.x
https://doi.org/10.1017/S0043174500063724
https://doi.org/10.1017/S0043174500063724
https://doi.org/10.1016/S0953-7562(96)80186-9
https://doi.org/10.1080/00275514.1998.12026946
https://doi.org/10.1080/00275514.1998.12026946
https://doi.org/10.1007/s005720100124
https://doi.org/10.1007/s005720100124
https://doi.org/10.1017/S0953756203008761
https://doi.org/10.1590/S0100-204X2006000200013
https://doi.org/10.1590/S0100-204X2006000200013
https://doi.org/10.1111/j.1469-8137.2007.02326.x
https://doi.org/10.1111/j.1469-8137.2007.02326.x
https://doi.org/10.1016/j.apsoil.2012.10.007
https://doi.org/10.1016/j.apsoil.2012.10.007
https://doi.org/10.1016/j.apsoil.2013.06.011
https://doi.org/10.1016/j.apsoil.2013.06.011
https://doi.org/10.1016/j.agee.2016.06.011


Mycorrhiza	

in Sunflower (Helianthus annuus L.) Plants. J Agric Food Chem 
54:10019–10025. https://​doi.​org/​10.​1021/​jf062​5196

El Omari B, El Ghachtouli N (2021) Arbuscular mycorrhizal fungi-
weeds interaction in cropping and unmanaged ecosystems: 
a review. Symbiosis 83:279–292. https://​doi.​org/​10.​1007/​
s13199-​021-​00753-9

Gehring CA, Whitham TG (1994) Interactions between aboveground 
herbivores and the mycorrhizal mutualists of plants. Trends Ecol 
Evol 9:251–255. https://​doi.​org/​10.​1016/​0169-​5347(94)​90290-9

Gil-Cardeza ML, Calonne-Salmon M, Gómez E, Declerck S (2017) 
Short-term chromium (VI) exposure increases phosphorus uptake 
by the extraradical mycelium of the arbuscular mycorrhizal fungus 
Rhizophagus irregularis MUCL 41833. Chemosphere 187:27–34. 
https://​doi.​org/​10.​1016/j.​chemo​sphere.​2017.​08.​079

Giovannetti M, Turrini A, Strani P, et al (2006) Mycorrhizal fungi in 
ecotoxicological studies: soil impact of fungicides, insecticides 
and herbicides

Giovannini L, Palla M, Agnolucci M et al (2020) Arbuscular Mycor-
rhizal Fungi and Associated Microbiota as Plant Biostimulants: 
Research Strategies for the Selection of the Best Performing 
Inocula. Agronomy 10:106. https://​doi.​org/​10.​3390/​agron​omy10​
010106

Gomes MP, Smedbol E, Chalifour A et al (2014) Alteration of plant 
physiology by glyphosate and its by-product aminomethylphos-
phonic acid: an overview. J Exp Bot 65:4691–4703. https://​doi.​
org/​10.​1093/​jxb/​eru269

Hage-Ahmed K, Rosner K, Steinkellner S (2019) Arbuscular myc-
orrhizal fungi and their response to pesticides. Pest Manag Sci 
75:583–590. https://​doi.​org/​10.​1002/​ps.​5220

Hawkins H-J, Cargill RIM, Van Nuland ME et al (2023) Mycorrhi-
zal mycelium as a global carbon pool. Curr Biol 33:R560–R573. 
https://​doi.​org/​10.​1016/j.​cub.​2023.​02.​027

Helander M, Saloniemi I, Saikkonen K (2012) Glyphosate in north-
ern ecosystems. Trends Plant Sci 17:569–574. https://​doi.​org/​10.​
1016/j.​tplan​ts.​2012.​05.​008

Helander M, Saloniemi I, Omacini M et al (2018) Glyphosate decreases 
mycorrhizal colonization and affects plant-soil feedback. Sci Total 
Environ 642:285–291. https://​doi.​org/​10.​1016/j.​scito​tenv.​2018.​05.​
377

IJdo M, Schtickzelle N, Cranenbrouck S, Declerck S, (2010) Do arbus-
cular mycorrhizal fungi with contrasting life-history strategies dif-
fer in their responses to repeated defoliation? FEMS Microbiol 
Ecol 72:114–122. https://​doi.​org/​10.​1111/j.​1574-​6941.​2009.​
00829.x

Kaczyński P, Łozowicka B (2015) Liquid chromatographic deter-
mination of glyphosate and aminomethylphosphonic acid resi-
dues in rapeseed with MS/MS detection or derivatization/fluo-
rescence detection. Open Chem 13:. https://​doi.​org/​10.​1515/​
chem-​2015-​0107

Kanissery R, Gairhe B, Kadyampakeni D et al (2019) Glyphosate: Its 
Environmental Persistence and Impact on Crop Health and Nutri-
tion. Plants 8:499. https://​doi.​org/​10.​3390/​plant​s8110​499

Karpouzas DG, Papadopoulou E, Ipsilantis I et al (2014) Effects of 
nicosulfuron on the abundance and diversity of arbuscular mycor-
rhizal fungi used as indicators of pesticide soil microbial toxicity. 
Ecol Indic 39:44–53. https://​doi.​org/​10.​1016/j.​ecoli​nd.​2013.​12.​
004

Kiers ET, van der Heijden MGA (2006) Mutualistic Stability in the 
Arbuscular Mycorrhizal Symbiosis: Exploring Hypotheses of 
Evolutionary Cooperation. Ecology 87:1627–1636. https://​doi.​
org/​10.​1890/​0012-​9658(2006)​87[1627:​MSITAM]​2.0.​CO;2

Klironomos JN, McCune J, Moutoglis P (2004) Species of arbuscu-
lar mycorrhizal fungi affect mycorrhizal responses to simulated 
herbivory. Appl Soil Ecol 26:133–141. https://​doi.​org/​10.​1016/j.​
apsoil.​2003.​11.​001

Koskinen WC, Marek LJ, Hall KE (2016) Analysis of glyphosate and 
aminomethylphosphonic acid in water, plant materials and soil: 
Analysis of glyphosate and AMPA in water, plant materials and 
soil. Pest Manag Sci 72:423–432. https://​doi.​org/​10.​1002/​ps.​4172

Krzyśko-Lupicka T, Strof W, Kubś K et al (1997) The ability of soil-
borne fungi to degrade organophosphonate carbon-to-phosphorus 
bonds. Appl Microbiol Biotechnol 48:549–552. https://​doi.​org/​10.​
1007/​s0025​30051​095

Kusakabe R, Taniguchi T, Goomaral A et al (2018) Arbuscular myc-
orrhizal fungal communities under gradients of grazing in Mon-
golian grasslands of different aridity. Mycorrhiza 28:621–634. 
https://​doi.​org/​10.​1007/​s00572-​018-​0855-7

Laitinen P, Rämö S, Siimes K (2007) Glyphosate translocation from 
plants to soil – does this constitute a significant proportion of 
residues in soil? Plant Soil 300:51–60. https://​doi.​org/​10.​1007/​
s11104-​007-​9387-1

Laitinen P, Rämö S, Nikunen U et al (2009) Glyphosate and phospho-
rus leaching and residues in boreal sandy soil. Plant Soil 323:267–
283. https://​doi.​org/​10.​1007/​s11104-​009-​9935-y

Li X, Miao W, Gong C et al (2013) Effects of prometryn and acetochlor 
on arbuscular mycorrhizal fungi and symbiotic system. Lett Appl 
Microbiol 57:122–128. https://​doi.​org/​10.​1111/​lam.​12084

Liao Y, Berthion J-M, Colet I et al (2018) Validation and application 
of analytical method for glyphosate and glufosinate in foods by 
liquid chromatography-tandem mass spectrometry. J Chromatogr 
A 1549:31–38. https://​doi.​org/​10.​1016/j.​chroma.​2018.​03.​036

Marek LJ, Koskinen WC (2014) Simplified analysis of glyphosate and 
aminomethylphosphonic acid in water, vegetation and soil by liq-
uid chromatography–tandem mass spectrometry. Pest Manag Sci 
70:1158–1164. https://​doi.​org/​10.​1002/​ps.​3684

Masiunas JB, Weller SC (1988) Glyphosate Activity in Potato (Sola-
num tuberosum) Under Different Temperature Regimes and Light 
Levels. Weed Sci 36:137–140. https://​doi.​org/​10.​1017/​S0043​
17450​00746​10

McGonigle TP, Miller MH, Evans DG et al (1990) A new method 
which gives an objective measure of colonization of roots by 
vesicular—arbuscular mycorrhizal fungi. New Phytol 115:495–
501. https://​doi.​org/​10.​1111/j.​1469-​8137.​1990.​tb004​76.x

Morjan WE, Pedigo LP, Lewis LC (2002) Fungicidal Effects of 
Glyphosate and Glyphosate Formulations on Four Species of 
Entomopathogenic Fungi. Environ Entomol 31:1206–1212. 
https://​doi.​org/​10.​1603/​0046-​225X-​31.6.​1206

Murashige T, Skoog F (1962) A Revised Medium for Rapid Growth and 
Bio Assays with Tobacco Tissue Cultures. Physiol Plant 15:473–
497. https://​doi.​org/​10.​1111/j.​1399-​3054.​1962.​tb080​52.x

Neumann G, Kohls S, Richter E, et al (2006) Relevance of glyphosate 
transfer to non-target plants via the rhizosphere. J Plant Dis Prot 20:

Newman EI (1966) A Method of Estimating the Total Length of Root in 
a Sample. J Appl Ecol 3:139–145. https://​doi.​org/​10.​2307/​24016​70

Pasaribu A, Mohamad RB, Awang Y et al (2011) Growth and develop-
ment of symbiotic Arbuscular mycorrhizal fungi, Glomus mossea 
(Nicol. and Gerd.), in alachlor and glyphosate treated soils. Afr J 
Biotechnol 10:11520–11526. https://​doi.​org/​10.​5897/​AJB11.​1200

Le Pioufle O, Declerck S (2018) Reducing Water Availability Impacts the 
Development of the Arbuscular Mycorrhizal Fungus Rhizophagus 
irregularis MUCL 41833 and Its Ability to Take Up and Transport 
Phosphorus Under in Vitro Conditions. Front Microbiol 9:. https://​
doi.​org/​10.​3389/​fmicb.​2018.​01254

Reddy KN, Rimando AM, Duke SO (2004) Aminomethylphosphonic 
acid, a metabolite of glyphosate, causes injury in glyphosate-treated, 
glyphosate-resistant soybean. J Agric Food Chem 52:5139–5143. 
https://​doi.​org/​10.​1021/​jf049​605v

Reglone - SYNGENTA Herbicides (n.d.) https://​agrob​aseapp.​com/​belgi​
um-​french/​pesti​cide/​reglo​ne-​18. Accessed 18 Oct 2023

https://doi.org/10.1021/jf0625196
https://doi.org/10.1007/s13199-021-00753-9
https://doi.org/10.1007/s13199-021-00753-9
https://doi.org/10.1016/0169-5347(94)90290-9
https://doi.org/10.1016/j.chemosphere.2017.08.079
https://doi.org/10.3390/agronomy10010106
https://doi.org/10.3390/agronomy10010106
https://doi.org/10.1093/jxb/eru269
https://doi.org/10.1093/jxb/eru269
https://doi.org/10.1002/ps.5220
https://doi.org/10.1016/j.cub.2023.02.027
https://doi.org/10.1016/j.tplants.2012.05.008
https://doi.org/10.1016/j.tplants.2012.05.008
https://doi.org/10.1016/j.scitotenv.2018.05.377
https://doi.org/10.1016/j.scitotenv.2018.05.377
https://doi.org/10.1111/j.1574-6941.2009.00829.x
https://doi.org/10.1111/j.1574-6941.2009.00829.x
https://doi.org/10.1515/chem-2015-0107
https://doi.org/10.1515/chem-2015-0107
https://doi.org/10.3390/plants8110499
https://doi.org/10.1016/j.ecolind.2013.12.004
https://doi.org/10.1016/j.ecolind.2013.12.004
https://doi.org/10.1890/0012-9658(2006)87[1627:MSITAM]2.0.CO;2
https://doi.org/10.1890/0012-9658(2006)87[1627:MSITAM]2.0.CO;2
https://doi.org/10.1016/j.apsoil.2003.11.001
https://doi.org/10.1016/j.apsoil.2003.11.001
https://doi.org/10.1002/ps.4172
https://doi.org/10.1007/s002530051095
https://doi.org/10.1007/s002530051095
https://doi.org/10.1007/s00572-018-0855-7
https://doi.org/10.1007/s11104-007-9387-1
https://doi.org/10.1007/s11104-007-9387-1
https://doi.org/10.1007/s11104-009-9935-y
https://doi.org/10.1111/lam.12084
https://doi.org/10.1016/j.chroma.2018.03.036
https://doi.org/10.1002/ps.3684
https://doi.org/10.1017/S0043174500074610
https://doi.org/10.1017/S0043174500074610
https://doi.org/10.1111/j.1469-8137.1990.tb00476.x
https://doi.org/10.1603/0046-225X-31.6.1206
https://doi.org/10.1111/j.1399-3054.1962.tb08052.x
https://doi.org/10.2307/2401670
https://doi.org/10.5897/AJB11.1200
https://doi.org/10.3389/fmicb.2018.01254
https://doi.org/10.3389/fmicb.2018.01254
https://doi.org/10.1021/jf049605v
https://agrobaseapp.com/belgium-french/pesticide/reglone-18
https://agrobaseapp.com/belgium-french/pesticide/reglone-18


	 Mycorrhiza

Rodriguez-Morelos VH, Calonne-Salmon M, Bremhorst V, et al (2021) 
Fungicides With Contrasting Mode of Action Differentially Affect 
Hyphal Healing Mechanism in Gigaspora sp. and Rhizophagus 
irregularis. Front Plant Sci 12:642094. https://​doi.​org/​10.​3389/​fpls.​
2021.​642094

Salingros E (2020) Validation of a method for direct determination of 
glyphosate and AMPA in sugar beet root using hydrophilic interac-
tion liquid chromatography and tandem mass spectrometry

Saravesi K, Ruotsalainen AL, Cahill JF (2014) Contrasting impacts of 
defoliation on root colonization by arbuscular mycorrhizal and dark 
septate endophytic fungi of Medicago sativa. Mycorrhiza 24:239–
245. https://​doi.​org/​10.​1007/​s00572-​013-​0536-5

Sesin V, Davy CM, Stevens KJ et al (2021) Glyphosate Toxicity to Native 
Nontarget Macrophytes Following Three Different Routes of Inci-
dental Exposure. Integr Environ Assess Manag 17:597–613. https://​
doi.​org/​10.​1002/​ieam.​4350

Shaner D (2006) An overview of glyphosate mode of action: Why is it 
such a great herbicide. North Cent Weed Sci Soc Proc 94:

Sheng M, Hamel C, Fernandez MR (2012) Cropping practices modu-
late the impact of glyphosate on arbuscular mycorrhizal fungi and 
rhizosphere bacteria in agroecosystems of the semiarid prairie. Can 
J Microbiol 58:990–1001. https://​doi.​org/​10.​1139/​w2012-​080

Singh S, Kumar V, Datta S et al (2020) Glyphosate uptake, translocation, 
resistance emergence in crops, analytical monitoring, toxicity and 
degradation: a review. Environ Chem Lett 18:663–702. https://​doi.​
org/​10.​1007/​s10311-​020-​00969-z

Siqueira JO, Safir GR, Nair MG (1991) Stimulation of vesicular-arbus-
cular mycorrhiza formation and growth of white clover by flavonoid 
compounds. New Phytol 118:87–93. https://​doi.​org/​10.​1111/j.​1469-​
8137.​1991.​tb005​68.x

Smid D, Hiller LK (1981) Phytotoxicity and Translocation of Glyphosate 
in the Potato (Solanum tuberosum) Prior to Tuber Initiation. Weed 
Sci 29:218–223. https://​doi.​org/​10.​1017/​S0043​17450​00618​3X

Smith TF, Noack AJ, Cosh SM (1981) The effect of some herbicides on 
vesicular-arbuscular endophyte abundance in the soil and on infec-
tion of host roots. Pestic Sci 12:91–97. https://​doi.​org/​10.​1002/​ps.​
27801​20114

Sprankle P, Meggitt WF, Penner D (1975) Adsorption, Mobility, and 
Microbial Degradation of Glyphosate in the Soil. Weed Sci 23:229–
234. https://​doi.​org/​10.​1017/​S0043​17450​00529​29

St-Arnaud M, Hamel C, Vimard B et al (1996) Enhanced hyphal growth 
and spore production of the arbuscular mycorrhizal fungus Glomus 
intraradices in an in vitro system in the absence of host roots. Mycol 
Res 100:328–332. https://​doi.​org/​10.​1016/​S0953-​7562(96)​80164-X

Sviridov AV, Shushkova TV, Ermakova IT et al (2015) Microbial degra-
dation of glyphosate herbicides (Review). Appl Biochem Microbiol 
51:188–195. https://​doi.​org/​10.​1134/​S0003​68381​50202​09

Tall T, Puigbò P (2020) The Glyphosate Target Enzyme 5-Enolpyruvyl 
Shikimate 3-Phosphate Synthase (EPSPS) Contains Several EPSPS-
Associated Domains in Fungi. Proceedings 76:6. https://​doi.​org/​10.​
3390/​IECGE-​07146

Tawaraya K, Shiozawa S, Ueda K et al (2012) Leaf herbivory by Spodop-
tera litura increases arbuscular mycorrhizal colonization in roots of 

soybean. Soil Sci Plant Nutr 58:445–449. https://​doi.​org/​10.​1080/​
00380​768.​2012.​704520

Tong M, Gao W, Jiao W et al (2017) Uptake, Translocation, Metabolism, 
and Distribution of Glyphosate in Nontarget Tea Plant (Camellia 
sinensis L.). J Agric Food Chem 65:7638–7646. https://​doi.​org/​10.​
1021/​acs.​jafc.​7b024​74

Tucker BV, Pack DE, Ospenson JN (1967) Adsorption of bipyridylium 
herbicides in soil. J Agric Food Chem 15:1005–1008. https://​doi.​
org/​10.​1021/​jf601​54a017

Tzin V, Galili G, Aharoni A (2012) Shikimate Pathway and Aromatic 
Amino Acid Biosynthesis. In: Encyclopedia of Life Sciences. John 
Wiley & Sons, Ltd

van der Heyde M, Bennett JA, Pither J, Hart M (2017) Longterm effects 
of grazing on arbuscular mycorrhizal fungi. Agric Ecosyst Environ 
243:27–33. https://​doi.​org/​10.​1016/j.​agee.​2017.​04.​003

Wakelin AM, Lorraine-Colwill DF, Preston C (2004) Glyphosate resist-
ance in four different populations of Lolium rigidum is associated 
with reduced translocation of glyphosate to meristematic zones. 
Weed Res 44:453–459. https://​doi.​org/​10.​1111/j.​1365-​3180.​2004.​
00421.x

Wan MT, Rahe JE, Watts RG (1998) A new technique for determin-
ing the sublethal toxicity of pesticides to the vesicular-arbuscular 
mycorrhizal fungus Glomus intraradices. Environ Toxicol Chem 
17:1421–1428. https://​doi.​org/​10.​1002/​etc.​56201​70728

Wipf D, Krajinski F, van Tuinen D et al (2019) Trading on the arbuscular 
mycorrhiza market: from arbuscules to common mycorrhizal networks. 
New Phytol 223:1127–1142. https://​doi.​org/​10.​1111/​nph.​15775

Woodburn AT (2000) Glyphosate: production, pricing and use world-
wide. Pest Manag Sci 56:309–312. https://​doi.​org/​10.​1002/​(SICI)​
1526-​4998(200004)​56:4%​3c309::​AID-​PS143%​3e3.0.​CO;2-C

Yamato M (2004) Morphological types of arbuscular mycorrhizal fungi 
in roots of weeds on vacant land. Mycorrhiza 14:127–131. https://​
doi.​org/​10.​1007/​s00572-​003-​0246-5

Yang X, Chen J, Shen Y et al (2020) Global negative effects of livestock 
grazing on arbuscular mycorrhizas: A meta-analysis. Sci Total Envi-
ron 708:134553. https://​doi.​org/​10.​1016/j.​scito​tenv.​2019.​134553

Zaller JG, Heigl F, Ruess L, Grabmaier A (2014) Glyphosate herbicide 
affects belowground interactions between earthworms and symbiotic 
mycorrhizal fungi in a model ecosystem. Sci Rep 4:5634. https://​
doi.​org/​10.​1038/​srep0​5634

Zweig G, Shavit N, Avron M (1965) Diquat (1,1′-ethylene-2,2′-
dipyridylium dibromide) in photoreactions of isolated chloroplasts. 
Biochim Biophys Acta BBA - Biophys Photosynth 109:332–346. 
https://​doi.​org/​10.​1016/​0926-​6585(65)​90161-5

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.3389/fpls.2021.642094
https://doi.org/10.3389/fpls.2021.642094
https://doi.org/10.1007/s00572-013-0536-5
https://doi.org/10.1002/ieam.4350
https://doi.org/10.1002/ieam.4350
https://doi.org/10.1139/w2012-080
https://doi.org/10.1007/s10311-020-00969-z
https://doi.org/10.1007/s10311-020-00969-z
https://doi.org/10.1111/j.1469-8137.1991.tb00568.x
https://doi.org/10.1111/j.1469-8137.1991.tb00568.x
https://doi.org/10.1017/S004317450006183X
https://doi.org/10.1002/ps.2780120114
https://doi.org/10.1002/ps.2780120114
https://doi.org/10.1017/S0043174500052929
https://doi.org/10.1016/S0953-7562(96)80164-X
https://doi.org/10.1134/S0003683815020209
https://doi.org/10.3390/IECGE-07146
https://doi.org/10.3390/IECGE-07146
https://doi.org/10.1080/00380768.2012.704520
https://doi.org/10.1080/00380768.2012.704520
https://doi.org/10.1021/acs.jafc.7b02474
https://doi.org/10.1021/acs.jafc.7b02474
https://doi.org/10.1021/jf60154a017
https://doi.org/10.1021/jf60154a017
https://doi.org/10.1016/j.agee.2017.04.003
https://doi.org/10.1111/j.1365-3180.2004.00421.x
https://doi.org/10.1111/j.1365-3180.2004.00421.x
https://doi.org/10.1002/etc.5620170728
https://doi.org/10.1111/nph.15775
https://doi.org/10.1002/(SICI)1526-4998(200004)56:4%3c309::AID-PS143%3e3.0.CO;2-C
https://doi.org/10.1002/(SICI)1526-4998(200004)56:4%3c309::AID-PS143%3e3.0.CO;2-C
https://doi.org/10.1007/s00572-003-0246-5
https://doi.org/10.1007/s00572-003-0246-5
https://doi.org/10.1016/j.scitotenv.2019.134553
https://doi.org/10.1038/srep05634
https://doi.org/10.1038/srep05634
https://doi.org/10.1016/0926-6585(65)90161-5

	The systemic herbicide glyphosate affects the sporulation dynamics of Rhizophagus species more severely than mechanical defoliation or the contact herbicide diquat
	Abstract
	Introduction
	Materials and methods
	Biological material
	Chemicals
	Herbicides
	Chemicals for glyphosate quantification

	Experimental procedures
	Design of the in vitro culture system
	Experimental setup
	Spore production dynamics
	Root weight and colonization by AMF


	Exp. 2: Analysis of glyphosate and AMPA residues in culture medium and roots of Solanum tuberosum after foliar application of glyphosate
	Design of the in vitro culture system
	Experimental setup
	Quantitative analysis of glyphosate and AMPA residues in water
	Experimental setup
	Evaluation of spore germination and germ tube length
	Statistical analysis

	Results
	Sporulation dynamics

	Discussion
	Conclusion
	Acknowledgements 
	References


