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Abstract

Purpose 1In cold climates, glyphosate residues may
linger in soils, with effects on plant-microbe interac-
tions and, consequently, plant performance. Here, we
explore the influence of glyphosate residues on the
endophytic microbiota (bacteria and fungi) and per-
formance of the perennial nitrogen-fixing weed Lupi-
nus polyphyllus.

Methods In a common garden, we grew plants
from six populations of L. polyphyllus in glyphosate-
treated or untreated control soils, with or without
additional phosphorus. We sampled plant micro-
biota (leaves, roots, nodules) and assessed plant per-
formance based on six traits: height, retrogression
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probability (i.e. shrinkage), biomass, root:shoot ratio,
nodule number, and nodule viability.

Results The richness of plant endophytic micro-
bial communities was determined by soil phosphorus
level rather than by glyphosate treatment. However,
for bacteria, the composition of these communities
differed between glyphosate-treated and control soils
across plant tissue types; no difference was observed
for fungi. The plant bacterial communities in both
soil types were dominated by potential nitrogen-fix-
ing bacteria belonging to family Bradyrhizobiaceae,
and particularly so in glyphosate-treated soils. Over-
all, though, these changes in plant bacterial commu-
nities had a minor effect on plant performance: the
only difference we detected was that the probability
of retrogression was occasionally higher in glypho-
sate-treated soils than in control soils.

Conclusion Our findings indicate that glyphosate-
based herbicides, when applied at the recommended
frequency and concentration, may not have critical
effects on the growth of short-lived weeds after the
safety period has passed; however, the endophytic
microbiota of such weeds may experience longer-last-
ing shifts in community structure.

Keywords Glyphosate - Herbicide - Microbiota -
Plant traits - Rhizobia - Roundup
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Introduction

Glyphosate-based herbicides are the most common
and efficient method of control for weeds (reviewed
in Kettenring and Reinhardt Adams 2011). Glypho-
sate is lethal for practically all plant species (Duke
and Powles 2008) because it affects the shikimate
synthesis pathway, thus preventing plant growth
(Helander et al. 2012). The efficient translocation
of this chemical in plant tissues and its presumed
immobility in soils make glyphosate preferable to
many other herbicides (Duke and Powles 2008).
Moreover, it has been claimed that glyphosate
degrades in soils within a few weeks, with a mini-
mal impact on non-target organisms (Baylis 2000;
Duke and Powles 2008). However, previous studies
have suggested that glyphosate may linger in north-
ern soils after the safety period has passed (Laitinen
et al. 2009; Helander et al. 2012, 2018). Moreover,
glyphosate residues are found in both target (weed)
and non-target (crop) species several months after
application (Helander et al. 2018), with detectable
effects on herbivores (Gémez-Gallego et al. 2020).
This herbicide may thus affect a suite of organisms
for a longer period of time than expected.

Even at recommended concentrations of herbi-
cides, glyphosate can reduce the number and activ-
ity of soil microbes (Angelini et al. 2013; Helander
et al. 2018), many of which possess a shikimate syn-
thesis pathway similar to that of plants (Helander
et al. 2012; Leino et al. 2021; Rainio et al. 2021).
As a consequence, plants that rely on mutualistic
relationships with soil micro-organisms may be
indirectly affected by glyphosate residues through
quantitative and/or qualitative changes in soil
microbiota (e.g., Helander et al. 2012; Fuchs et al.
2021). Such effects, in turn, may result in shifts in
the composition of plant microbiota—the bacterial
and fungal micro-organisms associated with plant
tissues both belowground and aboveground—which
can be essential for plant growth and stress toler-
ance (reviewed in Compant et al. 2019).

Beyond the safety period, glyphosate residues
may have lingering effects on plant metabolic path-
ways, with potential consequences for plant physi-
ology and performance (Fuchs et al. 2021). Spe-
cifically, glyphosate residues have been reported to
reduce the germination, growth, and reproduction
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of crop plants (Helander et al. 2019; Muola et al.
2021), as well as weed biomass (Helander et al.
2018). However, the opposite result is also possi-
ble; at low doses, glyphosate may actually stimu-
late plant growth (e.g., Velini et al. 2008; Claas-
sens et al. 2019). For example, faba beans exposed
to glyphosate residues in the field were taller and
had larger biomass than untreated control plants
(Helander et al. 2019). Such inconsistency in the
effects of glyphosate residues on plants may arise
as a result of differences among plant species and
in soil nutrient status, particularly with respect to
phosphorus concentration. Phosphorus and glypho-
sate compete for the same binding sites in soil par-
ticles; in certain environments, phosphorus may
outcompete glyphosate (e.g., Helander et al. 2012),
thus increasing plants’ exposure to glyphosate resi-
dues. Whether glyphosate has a positive or negative
effect depends on the bioavailable concentration of
glyphosate and the plant species. Moreover, the out-
come of this competition, and thus the consequences
for plants, are determined by abiotic environmental
conditions, such as soil chemistry and weather con-
ditions (Hébert et al. 2019 and references therein).
Even with a single species, plants can demon-
strate among-population differences in tolerance to
glyphosate. As an example, in two annual weeds,
Bromus diandrus and Lolium rigidum, ten examined
populations of both species with no previous his-
tory of exposure to glyphosate showed varying dose
responses to this herbicide (Barroso et al. 2010).
While previous studies have examined the effects
of soil glyphosate residues independently on the
various aspects of plant microbiota (e.g., Kuklinsky-
Sobral et al. 2005; Kepler et al. 2020) or plant per-
formance (e.g., Helander et al. 2019; Soares et al.
2019), few studies have considered these two factors
simultaneously to explicitly discover the mechanis-
tic links between them (but see Helander et al. 2018;
Claassens et al. 2019). Here, we explore the effects
of glyphosate residues on the endophytic microbiota
and performance of the short-lived perennial weed
Lupinus polyphyllus, using seed material from six
introduced populations located on a latitudinal gra-
dient in Finland. None of these populations has been
exposed to glyphosate at least during the past ten
years. The negative effects of L. polyphyllus on vas-
cular plant diversity (Valtonen et al. 2006; Ramula
and Pihlaja 2012) and arthropod abundance (Valtonen
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et al. 2006; Ramula and Sorvari 2017) make this spe-
cies an unwanted invader. Regular mowing is used
to gradually reduce population size, whereas herbi-
cides (glyphosate-based or non-glyphosate-based) are
required for more rapid eradication (Fremstad 2010).
While L. polyphyllus is a target species, it also has
properties that make it ideal for exploring the effects
of glyphosate residues on plant-microbe interactions.
As a legume, this species forms symbioses with nitro-
gen-fixing bacteria that can be particularly sensitive
to glyphosate residues in soils in terms of growth and
nodulation (dos Santos et al. 2005). Therefore, poten-
tial changes in plant—-microbe interactions may reduce
plant performance. We specifically addressed the fol-
lowing three questions: 1) Do glyphosate residues in
soils reduce plant microbial (bacterial and fungal)
richness and alter the composition of plant microbial
communities? 2) Do glyphosate residues alter plant
performance (height, retrogression probability, dry
biomass, root:shoot ratio, nodule number, and nod-
ule viability)? If so, what is the effect of soil phos-
phorus level on this relationship? 3) Do naive weed
populations differ in tolerance to glyphosate residues?
Due to reductions in soil microbial richness after
glyphosate application (Herath et al. 2017), we pre-
dicted that glyphosate residues in soils would reduce
the richness of plant endophytic microbiota across
tissue types, with concomitant alterations in micro-
bial community composition. As a consequence,
we hypothesised that glyphosate would reduce plant
performance, particularly when the availability of
phosphorus was abundant. Alternatively, glyphosate
residues might increase plant performance in phos-
phorus-fertilised soils by enhancing the availability of
phosphates for plants (Helander et al. 2019). As the
six study populations represent a latitudinal gradient
of about 440 km and show genetic differences based
on 13 microsatellite loci (Li et al. 2016), we expected
to observe among-population differences in tolerance
to glyphosate-treated soils.

Methods
Study species and populations

Lupinus polyphyllus (Lindl., garden lupin) is a per-
ennial herb, 50-100 cm high, that is native to North

America and invasive in Europe, southern Australia,
New Zealand, and Chile (Fremstad 2010). Due to its
showy inflorescences and rhizomatous, soil-stabilis-
ing root system, the species has been used in horticul-
ture and landscaping in its introduced range, where it
currently inhabits road verges, wastelands, and forest
understories (Fremstad 2010). An individual plant is
able to produce hundreds of ballistically-dispersed
seeds (Ramula 2014), which may remain viable in the
soil for decades (Fremstad 2010).

In July 2018, we collected seeds from six popu-
lations of L. polyphyllus along a latitudinal gradient
in Finland. In each population, seeds were collected
from several haphazardly chosen plants that were at
least two metres apart, and were stored in paper bags
at room temperature.

Experiment 1: effects of glyphosate residues on plant
microbiota and performance

At the beginning of May 2019, we chose 120 fully
developed seeds from each population for a common-
garden experiment. To remove epiphytic microbes,
we surface-sterilised the seeds in 0.5% commercial
bleach (sodium hypochlorite) solution for 15 min
and rinsed them three times with deionised water.
We hand-scarified seeds with a scalpel and sowed
them individually into plastic trays (16X 16 pots of
2x2 cm each) that were filled with a sterilised potting
mix for garden plants (Kekkild karkea ruukutusseos,
autoclaved at 120 °C, 1 bar, 20 min). The germinated
seedlings were grown in an unheated greenhouse
(about+23 °C day,+ 12 °C night) for three weeks.
For the common-garden experiment, we utilised
a long-term experimental setup involving the annual
application of herbicides at the Ruissalo Botanical
Garden (60.4333°N, 22.1733°E) of the University
of Turku, Finland. The mean annual temperature
and precipitation in the area in 2019 were 7.4 °C and
741 mm, respectively (http://www.fmi.fi/en). The
experimental field was established in 2013 by mix-
ing sand (12 m?) and peat (12 m?) with existing clay
soil (pH 7.1) before tilling at a depth of 15 cm. As
a consequence, the top soil layer consisted of about
88% clay, 6% sand and 6% peat. The field was fenced
with a metal net to keep out mammalian herbivores.
The field contains 22 plots of 23x 1.5 m each that
are 1.5 m apart. Since May 2014, the plots have been
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tilled with a rotary tiller twice per year (May and
October) to a depth of 5 cm, and sprayed with 5 L
of either tap water (control plots) or tap water mixed
with Roundup Gold (glyphosate concentration 450 g
L~!, equivalent to the recommended maximum dose
of 3 kg ha™!), using a hand-operated pressure tank
(see Helander et al. 2019 for details). Since spring
2018, half of each plot has been fertilised annually
with phosphorus (Yara Ferticare™ P-K, 45 kg/ha) to
create phosphorus-fertilised and ambient (non-ferti-
lised) subplots. Crop plants (faba bean, turnip rape,
oat, potato) have been cultivated in the plots since
2016.

In early June, 21 days after the last application of
Roundup, we planted 12 seedlings (two seedlings per
population, spaced about 15 cm apart) in each phos-
phorus-fertilised and ambient subplot, resulting in 24
plants in each control or glyphosate-treated plot; 528
plants in total. We measured plant height four days
after planting to the nearest 0.5 cm and replaced 14
dead individuals with new seedlings. The plants were
watered when necessary. To minimise interspecific
plant competition, all of the plots were hand-weeded
during the growing season, and about 5 cm of hemp
bedding was added to the plots at the end of June. In
late June and early August (23 and 59 days after plant-
ing, respectively), we recorded survival, the num-
ber of leaves, and the length of the longest leaf as a
proxy for height for each individual plant. In August,
we also recorded the number of flowering shoots, but
did not use this variable for analysis due to the small
number of flowering plants (n=10 and 9 plants in
the glyphosate-treated and control plots, respectively,
out of 528 plants). After the final measurements were
taken in August, we harvested the plants to measure
biomass and nodules; the latter was used as a proxy
for colonisation by mutualists. We washed the roots
and recorded the number and activity of nodules from
one individual per subplot in each plot (n=44 plants
in total representing the six study populations, with
half of the samples coming from the P-fertilised sub-
plots). We assessed nodule activity visually based on
five dissected nodules per plant. Red nodules were
considered active nitrogen-fixers, while white nodules
were considered inactive or dead (Pommeresche and
Hansen 2017). We separated shoot and root biomass
and dried them at+ 65 °C for 48 h before weighing.

To analyse soil glyphosate concentrations, we col-
lected samples from glyphosate- treated and control
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plots in mid-August 2019. The soil samples were sent
to the certified laboratory, Groen Agro (https://agroc
ontrol.nl/en/) for quantification of glyphosate and its
main degradation product, aminomethylphosphonic
acid (AMPA). The extraction was performed with a
mixture of water and acidified methanol, and the anal-
yses were conducted using a liquid chromatography-
tandem mass spectrometry (LC-MS/MS). The sepa-
ration was performed with a mix mode column using
a gradient based on mixture of water and acetonitrile.

Sampling plant endophytic microbiota

To characterise plant endophytic microbial communi-
ties, we destructively sampled two plants in each plot
(one from the P-fertilised and non-fertilised subplot)
in late July (n=44 plants equally distributed among
the six study populations), leaving 484 plants in the
experiment. From each plant, we clipped 2-3 healthy
leaflets and nodule-containing pieces of roots using
sterilised scissors. The samples were placed in plastic
bags, stored on ice, and transported to the laboratory.
We processed the three sample types (leaves, roots,
nodules) in a laminar air-flow hood to minimise con-
tamination. Approximately 100 mg of each sample
were washed in 70% ethanol for 1 min followed by
3% sodium hypochlorite solution for 3 min. The sam-
ples were then rinsed three times with sterile deion-
ised water for 1 min each and dried thoroughly before
being transferred to 2-ml microcentrifuge tubes and
stored at -80 °C until further processing. We prepared
a negative control by plating 100 ul of the third wash
on an R2A plate and monitored it at room tempera-
ture for any microbial growth. Molecular methods for
plant endophytic microbiota, including DNA extrac-
tion and bioinformatics are described in detail in Sup-
plementary Information.

Experiment 2: effects of glyphosate-exposed soil
microbiota on plant performance based on soil
inoculation

To isolate the effects of glyphosate-exposed soil
microbiota (if any) on plant performance, we con-
ducted another common-garden experiment in
which we explicitly manipulated soil microbiota.
The seed sowing procedure was similar to that of
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Experiment 1, except that it took place about two
weeks later. Scarified seeds (50 seeds from each of
the six populations) were placed on a moist paper
towel in foil containers, covered with plastic film,
and left at room temperature (+22 °C) for four days.
The seedlings that emerged were planted in plastic
trays of 30X 60 cm that were filled with sterilised
potting mix and were grown in an unheated green-
house for about a week, as described in Experiment
1. They were then subjected to one of two inocula-
tion treatments in the common garden.

To ensure homogeneous growth conditions, we
used a nutrient-poor, sterilised growth substrate
(autoclaved at+ 120 °C for 20 min) consisting of
50% commercial sand (Kekkild) and 50% potting
mix (Kekkild karkea ruukutusseos). The sterilised
substrate was stored in black plastic bags outdoors
until all substrate had been prepared (<2 weeks).
For the two soil inoculation treatments, we collected
10 L soil, at a depth of 10 cm, from the glyphosate-
treated and untreated control plots from Experiment
1. The soil samples were obtained in equal measure
from the P-fertilised and ambient subplots, and were
mixed for the inoculation treatments. The soil col-
lection took place at the end of May, a day after the
end of the safety period recommended for Roundup
application.

In the beginning of June, we allocated the seed-
lings into glyphosate and control inoculation treat-
ments (n=96), respectively, and planted them
individually into plastic pots of 1 L filled with the
sterilised substrate. To inoculate the pots, we added
0.5 dI non-sterilised soil from either the glyphosate-
treated or control plots to the surface of each pot
(corresponding to about 4.8% of the volume; How-
ard et al. 2017). The pots were buried in sandy soil
(about 20 cm apart) in 8 rows, separated by a 0.7-m
corridor. The sand field was fenced with a metal net
to exclude mammalian herbivores. The field and
pots were weeded twice during the growing season
to avoid weed proliferation and were watered when
necessary. The protocol and measurements taken
from the individual plants were otherwise identi-
cal to those in Experiment 1, except that we did not
sample plant microbiota. In addition, we recorded
the number of nodules from all plants after harvest,
and examined nodule activity from 12 randomly
chosen plants per treatment (5 dissected nodules per
plant).

Statistical analyses
Plant endophytic microbiota

To examine whether glyphosate residues affected
the richness of plant endophytic microbiota, we con-
ducted a linear mixed model (LMM, Ilme4::Imer;
Bates et al. 2015) analysis separately for the bacte-
rial and fungal data in R software (R3.5.3; R Devel-
opment Core Team 2019). The number of OTUs
based on subsampled data was used as a response
variable; glyphosate treatment (glyphosate, control),
phosphorus (fertilised, ambient), plant tissue type
(nodule, root, leaf), and all possible interactions were
fixed categorical explanatory variables; and subplot
nested within plot was included as a random factor.
After discarding the two samples with the fewest
reads per tissue type, we subsampled the data to the
same threshold value of reads (374 for bacteria and
627 for fungi). For fungi, the number of OTUs was
logarithmically transformed to ensure the normality
of residuals. In addition to plant microbial richness,
we investigated differences in plant microbial com-
munity composition with permutational multivariate
analyses of variance (PERMANOVA, implemented
in vegan::adonis; Oksanen et al. 2020) separately for
bacteria and fungi. PERMANOVA was conducted,
with 999 permutations, based on Bray—Curtis dis-
similarities calculated from the relative abundances
of OTUs per sample (n=516 for bacteria and 433
for fungi), and contained the same fixed explanatory
variables as the LMMs described above. To highlight
OTUs that contributed to major differences in the
composition of plant bacterial communities, we con-
ducted indicator analyses with glyphosate treatment
as a grouping variable for the relative abundances
of OTUs (multipatt::indicspecies with func=r.g; De
Caceres and Legendre 2009).

Plant performance

To analyse the effects of glyphosate-treated soils on
plant performance in the two common-garden experi-
ments, we used linear (LMM) or generalised linear
(GLMM) mixed models, with initial plant height at
the beginning of the experiment as a covariate. Sur-
vival was not considered as nearly all plants survived
in both experiments (96.2% and 99.0%, respectively).
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For Experiment 1, we conducted an LMM for
plant height with glyphosate treatment (glypho-
sate, control), phosphorus (fertilised, ambient), time
(June, August), and all possible interactions as fixed
categorical explanatory variables. Population and
subplot nested within plot were included as random
factors. To consider repeated measurements taken
from the same plants, plant ID was also included as
a random factor in the model. We analysed the effects
of glyphosate and phosphorus treatments on the prob-
ability of retrogression to smaller size (i.e. shrinkage
in size between the two consecutive measurements)
with a binomial, logit-link GLMM (Ime4::glmer)
with the same model structure as described above.
In other words, retrogression occurred if an indi-
vidual plant was shorter at time 7+ 1 than at time .
The effects of glyphosate treatment, phosphorus, and
their interaction on total biomass, root:shoot ratio,
and the number of nodules were analysed with an
LMM, while a binomial, logit-link GLMM was used
to examine the effects on nodule activity (active, inac-
tive). Population and subplot nested within plot were
used as random factors for analyses of biomass and
root:shoot ratio because multiple measurements were
taken from the same subplot, while population and
plot were used as random factors for analyses of nod-
ules, for which only a single plant was sampled per
subplot.

For Experiment 2, we analysed the effect of
glyphosate-exposed soil microbiota on plant height
with an LMM and determined the effect on retrogres-
sion probability with a binomial, logit-link GLMM,
using soil inoculum (glyphosate, control), time (June,
August), and their interaction as fixed categorical
explanatory variables. Row, population, and plant ID
were included as random factors to consider repeated
measurements from the same individuals. Moreover,
an LMM was conducted for total biomass, root:shoot
ratio, and the number of nodules, with soil inoculum
as a fixed factor and population and row as random
factors. Finally, we analysed nodule activity with a
binomial, logit-link GLMM using soil inoculum as
a fixed explanatory variable and population as a ran-
dom factor.

For all models, we examined whether the six
populations responded differentially to the glypho-
sate or soil inoculation treatments by fitting differ-
ent slopes across populations and by comparing
model AICs. We verified model assumptions visually
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from residual plots for the linear models, and trans-
formed the response variable when necessary (see
Tables 3 and 4 for details). For the GLMMs, we
checked for potential overdispersion in the residu-
als and found none (dispersion factor being <0.98).
The significance of the fixed variables was evaluated
with an F test based on the Kenward-Roger method
for LMMs (ImerTest::anova; Kuznetsova et al.
2017) and with a Wald chi-square test for GLMMs
(car::Anova; Fox and Weisberg 2019). For signifi-
cant interactions (Table 4), differences in mean val-
ues between treatments were assessed with contrasts
(emmeans::1Ismeans; Lenth 2020).

Results

Experiment 1: effects of glyphosate residues on plant
microbiota and performance

The analysis confirmed that glyphosate-treated
soils contained 0.42+0.36 mg/kg of glyphosate and
1.85+0.24 mg/kg of AMPA, while negative control
plots did not contain detectable residues of glypho-
sate or AMPA.

Plant endophytic microbiota

Our analysis of plant bacterial communities yielded a
total of 383 803 sequence reads; these were classified
into 516 OTUs, representing 13 bacterial phyla and
1 archaeal phylum. Of these, more than 150 bacterial
OTUs were assigned to one of two major families,
with 18.7% OTUs belonging to Bradyrhizobiaceae
(abundant particularly in nodule tissues) and 14.1%
OTUs belonging to Comamonadaceae. The analy-
sis of plant fungal communities recovered a total of
203 098 high-quality reads which were categorised
into 433 OTUs. These OTUs were assigned to eight
phyla but were predominantly Ascomycota (64.0%)
and Basidiomycota (23.8%). Overall, 106 fungal fam-
ilies were represented, but the majority of them con-
sisted of a few OTUs only.

The bacterial and fungal richness of plant tis-
sues were similar between glyphosate-treated and
control soils, but were modified by soil phosphorus
level (Table 1). Plant bacterial richness was higher
in phosphorus-fertilised soils than in those with the
ambient level of phosphorus (mean+SE=51.2+2.3
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Table 1 Results of

mixed models analysing

the microbial richness
associated with the
perennial herb Lupinus
polyphyllus in Experiment 1

Richness was based on
the number of operational
taxonomic units (OTUs).
Plot was included as a
random factor. df and

ddf denote the degrees of
freedom in the numerator
and in the denominator,
respectively, and

p-values <0.05 are in bold

Response variable Explanatory variable F dfyddf 4

Bacterial richness Glyphosate (yes, no) 0.29 1719 0.599
Phosphorus (ambient, fertilised) 10.54 1/23 0.004
Tissue (leaf, root, nodule) 2.06 2/69 0.136
Glyphosate X Phosphorus 0.42 1/19 0.523
Glyphosate X Tissue 0.01 2/69 0.993
Phosphorus X Tissue 0.13 2/69 0.881
Glyphosate X Phosphorus X Tissue 0.19 2/69 0.827

Fungal richness (log) Glyphosate 0.26 1/19 0.613
Phosphorus 6.16 1/23 0.021
Tissue 5.96 2/69 0.004
Glyphosate X Phosphorus 0.89 1/19 0.357
Glyphosate X Tissue 0.06 2/69 0.942
Phosphorus X Tissue 0.71 2/69 0.495
Glyphosate X Phosphorus X Tissue 2.06 2/69 0.135

and 40.9 +2.2), while the opposite was true for plant
fungal richness (mean+SE=5.8+0.9 and 8.5+0.9;
Table 1). Fungal richness also differed between
plant tissue types (Table 1), being lower for nodules
(mean+SE=4.8+1.0) than for roots (9.5+1.0) and
leaves (7.2+1.0).

In plant tissues, the community composition of
bacteria differed between glyphosate-treated and con-
trol soils (Table 2). At the phylum level, plant endo-
phytic bacterial communities from both soil types
were highly dominated by Proteobacteria (about
96% in both cases). At the family level, Bradyrhizo-
biaceae was the most abundant family for plants

grown in glyphosate-treated and control soils fol-
lowed by Comamonadaceae (Fig. la). At the finer
(OTU) level, however, differences became appar-
ent. A more-detailed indicator analysis revealed
that 17 bacterial OTUs, mainly representing family
Bradyrhizobiaceae, were associated with the plant
bacterial communities for glyphosate-treated soils,
while 25 bacterial OTUs, representing diverse fami-
lies, particularly families in Comamonadaceae (order
Burkholderiales), were associated with the plant bac-
terial communities in control soils (Supplementary
Fig. 1). In contrast to bacteria, the community com-
position of fungi did not differ between plants grown

Table 2 Results of

PERMANOVAS for the Response variable Explanatory variable F dfyddf P
microbial community Bacterial composition  Glyphosate (yes, no) 296 1119 0.018
fﬁ:g;;ﬁﬁglaﬁ;fglz‘;;‘m?h Phosphorus (ambient, fertilised) 489 1119  0.002
polyphyllus in Experiment 1 Tissue (leaf, root, nodule) 18.44 2/119 0.001
Glyphosate x Phosphorus 0.46 1/119 0.850
Glyphosate x Tissue 1.03 2/119 0.396
Phosphorus X Tissue 1.76 2/119 0.078
Glyphosate X Phosphorus X Tissue 1.07 2/119 0.361
Microbial communities Fungal composition Glyphosate (yes, no) 1.13 1/119 0.318
were based on operational Phosphorus (ambient, fertilised) 16.49 1/119 0.001
taxonomic units (OTUs). Tissue (leaf, root, nodule) 16.66 2/119 0.001
gi ;‘fjesg ‘fife"e(gsr;hﬁ] Glyphosate x Phosphorus 126 1119 0235
the numerator and in the Glyphosate x Tissue 0.91 2/119 0.487
denominator, respectively, Phosphorus X Tissue 5.11 2/119 0.001
and p-values <0.05 are in Glyphosate x Phosphorus X Tissue 1.33 2/119 0.172

bold
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in glyphosate-treated and control soils (Table 2). In
both cases, the four most abundant fungal phyla were
Ascomycota, Basidiomycota, Mucoromycota, and
Glomeromycota (Fig. 1b).

Phosphorus fertilisation altered the community
composition of both endophytic bacteria and fungi
compared to ambient, non-fertilised soil (Table 2).
For bacteria, members in family Comamonadaceae
were more abundant in plants grown in P-fertilised
soil than in those grown in ambient soil (Fig. 1c). For
fungi, Mucoromycota phylum was particularly rare in
plants grown in P-fertilised soil (Fig. 1d).

Plant performance

Glyphosate and phosphorus treatments, either inde-
pendently or via interactions, had no effect on any of
the six plant traits considered (Table 3). As expected,
plants were taller and less likely to shrink in size in
late summer than in early summer (Table 3; height
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mean+SD=8.8+2.1 cm in June and 20.2+8.9 cm
in August, and retrogression frequency 26.4+41.1%
in June and 10.8+31.1% in August). Population-
specific slopes were not supported in any of the cases
(model AICs were either equal or larger with different
slopes than with the common slope, AAIC > 2), sug-
gesting similar responses among populations.

Experiment 2: effects of glyphosate-exposed soil
microbiota on plant performance based on soil
inoculation

Soil inoculation treatment had no effect on the six
plant traits considered, but did interact with time to
affect the probability of retrogression (Table 4). In
August, the probability of retrogression was higher
for plants grown in sterilised substrate inoculated
with glyphosate-treated soil than for plants inocu-
lated with control soil. In June, instead, soil inocu-
lation treatment had no effect on the probability of
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Table 3 Results of
mixed models analysing

the performance of the
perennial herb Lupinus
polyphyllus in Experiment 1

Population and plot (or
population and subplot
nested within plot) were
used as random factors in
all models. Plant ID was
used as a random factor for
height and retrogression in
order to consider repeated
measurements. df and

ddf denote the degrees of
freedom in the numerator
and denominator (when
applicable), respectively.
P-values <0.05 are in bold,

Response variable Explanatory variable F/ X2 df/ddf
Total biomass (log) Glyphosate (yes, no) 0.08 1/20 0.779
Phosphorus (ambient, fertilised) 0.22 1/20 0.642
Initial height 0.50 1/424 0.479
Glyphosate X Phosphorus 1.72 1720 0.205
Root:shoot-ratio (log) Glyphosate 0.32 1720 0.572
Phosphorus 0.00 1720 0.949
Initial height 0.05 1/389 0.822
Glyphosate X Phosphorus 1.33 1720 0.249
Height (sqrt) Glyphosate 0.05 1720 0.819
Phosphorus 0.79 1720 0.385
Time (June, August) 1073.49 1/975 <0.001
Initial height 49.62 1/916 <0.001
Glyphosate X Phosphorus 0.04 1720 0.854
Glyphosate X Time 0.70 1/975 0.369
Phosphorus X Time 3.10 1/975 0.078
GxPxTime 1.78 1/975 0.182
Retrogression prob Glyphosate 0.00 1/na 0.972
Phosphorus 1.23 1/na 0.268
Time (June, August) 43.63 1/na <0.001
Initial height 33.35 1/na <0.001
Glyphosate X Phosphorus 0.01 1/na 0.937
Glyphosate X Time 0.08 1/na 0.779
Phosphorus X Time 1.51 1/na 0.219
G xPxTime 2.17 1/na 0.141
No. nodules (log(x+ 1)) Glyphosate 0.31 1/19 0.577
Phosphorus 0.02 1/16 0.892
Initial height 0.05 1/30 0.829
Glyphosate X Phosphorus 0.65 1/16 0.419
Nodule activity Glyphosate 0.45 1/na 0.504
Phosphorus 2.84 1/na 0.092
Initial height 0.03 1/na 0.876
Glyphosate X Phosphorus 0.00 1/na 0.955

na=not applicable for
GLMMs

retrogression (Fig. 2). Plant height increased over
time and many plant traits were positively associated
with initial plant height early in the growing season
(Table 4). Plants originating from the six populations
responded similarly to the soil inoculation treatment
(i.e. models with the common slope produced the
smallest AIC).

Discussion

Glyphosate residues in soils may alter soil
microbial communities (Angelini et al. 2013) and,

consequently, plant microbiota (Fuchs et al. 2021). As
predicted, we observed glyphosate-induced shifts in
the endophytic microbiota of the perennial nitrogen-
fixing weed L. polyphyllus. We discovered that OTUs
belonging to Bradyrhizobiaceae were abundant in
plants grown in both glyphosate-treated and control
soils, and particularly so for the former soil type.
Our observation of a high relative abundance of
Bradyrhizobiaceae, which includes many nitrogen-
fixing bacteria, in the plant bacterial communities
in glyphosate-treated soils seems inconsistent with
previous findings that facultative host-associated
bacteria are more sensitive to glyphosate than
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Table 4 Results of

mixed models analysing

the performance of the
perennial herb Lupinus
polyphyllus in Experiment 2

Row and population were
used as random factors
when appropriate; plant ID
was used as a random factor
for height and retrogression
in order to consider
repeated measurements.

df and ddf denote the
degrees of freedom in

the numerator and in

the denominator (when
applicable), respectively.
P-values <0.05 are in bold,
na=not applicable for

Response variable Explanatory variable F/X2 dfyddf p
Total biomass (sqrt) Soil inoculum (glyphosate, 1.45 1/163 0.230
control)
Initial height 5.98 1/175 0.016
Root:shoot-ratio (log) Soil inoculum 1.52 1/180 0.219
Initial height 8.15 1/182 0.005
Height (log) Soil inoculum 0.06 1/175 0.812
Time (June, August) 331.40 1/178 <0.001
Initial height 7517 1/188 <0.001
Soil inoculum X Time 3.29 1/188 0.070
Retrogression prob Soil inoculum 0.01 1/na 0.911
Time (June, August) 5.23 1/na 0.022
Initial height 2.29 1/na 0.131
Soil inoculum X Time 4.74 1/na 0.029
No. nodules (log(x + 1)) Soil inoculum 2.68 1/181 0.102
Initial height 1.44 1/180 0.231
Nodule activity Soil inoculum 1.04 1/na 0.308
Initial height 1.01 1/na 0.315

GLMMs

free-living bacteria (Rainio et al. 2021), and that
glyphosate can reduce the growth of Bradyrhizobium
strains (e.g., de Maria et al. 2005; dos Santos et al.
2005). One possible explanation for our result is
that plants grown in glyphosate-treated soils may
have been more limited by nitrogen than plants
grown in untreated control soils and, thus, harbour
a higher abundance of nitrogen-fixing bacteria from
family Bradyrhizobiaceae. With respect to fungi,
even though previous studies have reported that

0.4 ’
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-O- Control
03 -® Glyphosate
c
o
7]
[%]
Q02 *
D
o
=
2 }
o1
0.0
June . August
Time

Fig. 2 The probability of retrogression to a smaller size in the
perennial Lupinus polyphyllus (back-transformed least square
mean+SE) grown in sterilised substrates inoculated with
either control or glyphosate-treated soils. An asterisk denotes
a significant difference between the soil inoculation treatments
(p<0.05, contrasts) at a given time

@ Springer

glyphosate residues can reduce root colonisation by
fungal symbionts (Helander et al. 2018; Claassens
et al. 2019), we observed no shifts in plant fungal
communities in glyphosate-treated soils. In the
present study, the plant fungal communities were
highly dominated by members in the largest phylum
of fungi, Ascomycota, regardless of treatment.
Furthermore, similar to Kepler et al. (2020), we found
that glyphosate residues in soils had no effect on plant
endophytic bacterial richness per se despite the fact
that glyphosate treatment had been applied annually
for six years. Taken together, these results highlight
the necessity of more-detailed taxonomic studies to
assess the consequences of glyphosate residues for
plant microbiota.

Phosphorus competes with glyphosate for the same
sorption sites in soil particles (Helander et al. 2012;
Kanissery et al. 2019). As a consequence, phosphorus
fertilisation may reduce glyphosate sorption
(Vereecken 2005; Hébert et al. 2019) increasing
its mobility and harmful effects on plants (Bott
et al. 2011). Contrary to our prediction, however,
glyphosate had no effect on plant microbiota or
on plant performance at either of the phosphorus
levels examined here. Soil phosphorus thus played a
negligible role in mediating the effects of glyphosate
on plant-microbe interactions and the performance
of the study species. Unfortunately, we cannot assess
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whether this negligible effect was due to small
differences in the phosphorus concentration between
the two treatments because we did not explicitly
determine soil phosphorus during the experiment.
Regardless of the exact phosphorus concentrations
of the two treatments, P-fertilisation did alter plant
microbiota, as indicated by structural differences in
both bacterial and fungal communities between plants
grown in fertilised and non-fertilised soils. More
specifically, P-fertilisation reduced the abundance of
Mucoromycota, many of which are mycorrhizal fungi
and root endophytes (Bonfante and Venice 2020).

Herbicide-induced shifts in plant microbiota, such
as those detected in this study, could plausibly result
in alterations in plant growth. Here, however, glypho-
sate treatments had only a negligible effect on plant
height, biomass, and root:shoot allocation. Indeed,
the only significant effect on plant performance we
observed was that plants grown in sterilised substrate
that had been inoculated with glyphosate-treated soil
were more likely to shrink in size in late summer than
plants that had been inoculated with control soil. This
finding may indicate that glyphosate residues altered
soil microbiota in such a way as to negatively affect
plant growth and increase the probability of retrogres-
sion. In plants, size is generally a good measure of an
individual’s performance (Caswell 2001) and there-
fore, retrogression to a smaller size might be a sign
of the poor resource status of an individual (Sheffer-
son and Roach 2013). In the study species used here,
smaller size is associated with lower survival, growth,
flowering probability, and seed production (Ramula
2014). Given this size-dependence in plant traits, our
finding suggests that soil nutrient status may play an
important role in the chemical control of weeds, with
glyphosate-based herbicides being a more effective
method of control in nutrient-poor soils than in nutri-
ent-rich soils.

Despite the increased probability of retrogression,
the glyphosate treatments had no effect on nodula-
tion in the present study. The negligible effect on
nodulation may simply indicate that the growth of L.
polyphyllus was not constrained by the availability of
nitrogen-fixing bacteria in soils. The importance of
nitrogen-fixing bacteria for legumes varies depend-
ing on soil nutrient status, with nitrogen-fixers being
less beneficial in nitrogen-rich soils than in nitro-
gen-poor soils (Simms and Taylor 2002; Dean et al.
2014); therefore, plants may contain fewer nodules in

soils with more nitrogen (Goergen et al. 2009; Dean
et al. 2014). Indeed, the plants in Experiment 1 pro-
duced about four times fewer nodules than the plants
in Experiment 2 (mean+SD=11.48+9.74 and
39.44 +23.03, respectively) despite their larger size
(biomass: 6.61 g and 3.83 g, respectively), suggesting
that growth conditions were particularly favourable
in Experiment 1. Despite the lower numbers of nod-
ules in Experiment 1, potential nitrogen-fixing bacte-
ria from family Bradyrhizobiaceae were abundant in
plant bacterial communities from both glyphosate-
treated and control soils (69.7% and 66.3%, respec-
tively), although the relative abundance of individual
OTUs representing this family differed between the
two soil types. Previous studies have revealed that
L. polyphyllus can effectively nodulate with multiple
commonly occurring strains of Bradyrhizobium spp.
(Stepkowski et al. 2007; Ryan-Salter et al. 2014); in
other words, the strain of the nitrogen-fixing partner
is not of critical importance. However, because we
considered the number of nodules only, we cannot
rule out the possibility that the glyphosate treatments
might have affected nodulation and plants’ nitrogen-
fixing capacities through effects on nodule structure
(de Maria et al. 2005) or nodule size, with larger
nodules being more effective than smaller ones (e.g.,
Simms and Taylor 2002).

In the present study, plants originating from the
six populations of L. polyphyllus responded simi-
larly to the glyphosate treatments, suggesting that
among-population differences in sensitivity to
glyphosate residues were minimal. The similarity
of their responses could be due to the low concen-
trations of glyphosate that were used here. Previous
studies that have reported intraspecific variation in
plant tolerance to glyphosate have usually examined
direct responses to herbicide application based on
dose-response bioassays (e.g., Barroso et al. 2010;
Panozzo et al. 2020), in which plants are typically
exposed to much higher concentrations of glypho-
sate than those used here. Overall, our results sup-
port the previous finding that plants may be less
sensitive to glyphosate residues than their associ-
ated micro-organisms (Claassens et al. 2019). As
the effects of glyphosate residues have been primar-
ily examined for crop plants (e.g., Helander et al.
2019; Claassens et al. 2019; Soares et al. 2019), it
remains to be confirmed whether short-lived weeds
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are generally more resistant to glyphosate residues
than crop plants.

To conclude, we found that glyphosate residues in soils
altered the composition of the endophytic microbial com-
munities associated with the study species, with changes
being more pronounced for bacteria than for fungi. In
particular, bacteria of the family Bradyrhizobiaceae
dominated in plants grown in glyphosate-treated soils.
Interestingly, despite these alterations in plant endophytic
microbiota, glyphosate residues had only a minor effect
on plant performance. Only one out of the six plant traits
considered was partially affected by glyphosate treatments:
plants grown on a nutrient-poor substrate and inoculated
with glyphosate-exposed soil microbiota showed a higher
probability of retrogression (i.e. shrinkage in size) in late
summer than plants inoculated with the control soil. The
present study demonstrates that glyphosate residues in
northern soils are able to modify the composition of plant
bacterial communities across tissue types (from roots
and nodules to leaves). However, the effects of this herbi-
cide on plant endophytic microbiota may have a minimal
impact on the performance of invasive plants, particularly
in nutrient-rich environments.
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