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ABSTRACT Glyphosate is the most widely used herbicide worldwide and a critical
tool for weed control in no-till cropping systems. However, there are concerns about
the nontarget impacts of long-term glyphosate use on soil microbial communities.
We investigated the impacts of repeated glyphosate treatments on bacterial com-
munities in the soil and rhizosphere of wheat in soils with and without long-term
history of glyphosate use. We cycled wheat in the greenhouse using soils from 4
paired fields under no-till (20�-year history of glyphosate) or no history of use. At
each cycle, we terminated plants with glyphosate (2� the field rate) or by removing
the crowns, and soil and rhizosphere bacterial communities were characterized.
Location, cropping history, year, and proximity to the roots had much stronger
effects on bacterial communities than did glyphosate, which only explained 2 to
5% of the variation. Less than 1% of all taxa were impacted by glyphosate, more
in soils with a long history of use, and more increased than decreased in relative
abundance. Glyphosate had minimal impacts on soil and rhizosphere bacteria of
wheat, although dying roots after glyphosate application may provide a “green-
bridge” favoring some copiotrophic taxa.

IMPORTANCE Glyphosate (Roundup) is the most widely used herbicide in the world
and the foundation of Roundup Ready soybeans, corn, and the no-till cropping sys-
tem. However, there have been recent concerns about nontarget impacts of glypho-
sate on soil microbes. Using next-generation sequencing methods and glypho-
sate treatments of wheat plants, we described the bacterial communities in the
soil and rhizosphere of wheat grown in Pacific Northwest soils across multiple
years, different locations, and soils with different histories of glyphosate use. The
effects of glyphosate were subtle and much less than those of drivers such as lo-
cation and cropping systems. Only a small percentage of the bacterial groups
were influenced by glyphosate, and most of those were stimulated, probably be-
cause of the dying roots. This study provides important information for the fu-
ture of this important tool for no-till systems and the environmental benefits of
reducing soil erosion and fossil fuel inputs.

KEYWORDS glyphosate, Roundup, soil microbiome, rhizosphere, tillage, wheat,
rhizosphere-inhabiting microbes

Glyphosate [N-(phosphonomethyl)glycine] is the most widely used herbicide world-
wide, with 6.1 billion kg applied in the last decade (1). The popularity of glyphosate

is due to its effectiveness at low concentrations (�0.84 kg acid equivalents/ha), low
mammalian toxicity, short environmental half-life (�3 to 90 days, 44 to 60 days on
average), and low activity/mobility in soil, making it one of the most environmentally
friendly herbicides available (2, 3). Glyphosate is considered an essential tool for weed
management in no-till cropping systems throughout the United States, which are key for
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reducing soil erosion and fuel use and increasing soil quality, organic matter, and water
retention (4–7). However, despite the minimal environmental impact of glyphosate and its
role in sustainable cropping systems, there are persistent concerns about potential non-
target effects of glyphosate on plant-beneficial microbial communities (3, 8–11).

Glyphosate specifically acts on the enzyme 5-enolpyruvylshikimic acid-3-phosphate
synthase (EPSPS; EC 2.5.1.19) and inhibits the production of aromatic amino acids, ulti-
mately resulting in plant death. While many bacteria and fungi also contain glyphosate-
sensitive EPSPS enzymes and are inhibited by glyphosate (12), others are able to
metabolize it, and microbial activity is the primary route of glyphosate degradation.
Two pathways of glyphosate catabolism by bacteria have been characterized, which are
widespread across bacterial lineages (13–15). However, although glyphosate metabo-
lizers are found commonly in soils, even those with no history of glyphosate use,
relatively few taxa are known to metabolize glyphosate as a source of P, C, or N, and
many may be nonculturable (13, 16, 17). Because some taxa are glyphosate sensitive,
whereas others are insensitive or may benefit from it as a nutrient source, glyphosate
is likely to have negative, neutral, or positive effects on soil microbial populations and
to modify the microbiomes of crop plants. Consequently, it is not surprising that studies
on the effects of glyphosate on microbial populations have yielded conflicting evi-
dence, suggesting detrimental effects (9–11, 18–20), minimal or no effects (21–27), or
stimulatory effects (23, 28–31) on bacterial abundance, activity, and diversity.

The inconsistent findings regarding glyphosate effects on soil microbiota may be
due to complex interactions between glyphosate and soil characteristics (2). Soil
minerology and chemistry influence the binding of glyphosate to soil particles and its
leaching and accessibility to microorganisms. Although glyphosate binds tightly to Fe-
and Al-oxides, sorption decreases at high pH. Furthermore, P competes with glyphosate
for binding sites, which may be blocked by soil organic matter, suppressing glyphosate
binding (2). However, even sorbed glyphosate might be available to microbial degra-
dation (32). Additionally, it has been suggested that microbial populations in soils with
a history of glyphosate exposure have adapted and can better tolerate (i.e., are less
responsive) or more rapidly break down (i.e., are more responsive to) the herbicide (24,
25, 29, 33).

Plant proximity also may influence the effects of glyphosate on microbial commu-
nities. Since plants select specific rhizosphere microbial consortia via root exudates (34),
they may recruit a consistent suite of rhizobacteria regardless of small changes in soil
communities due to glyphosate. On the contrary, because unbound glyphosate resi-
dues or degradation products (e.g., aminomethylphosphonic acid [AMPA]) may alter
plant growth, defense, or root exudation (9, 35, 36), the buildup of residues in soil may
impact the quantity or composition of resources available in the rhizosphere, with
subsequent impacts on rhizosphere communities. However, the likelihood of detecting
subtle changes in microbiome composition has been limited by low-resolution tech-
niques, and the potential impacts of glyphosate on soil and plant-associated microbial
communities remain a controversial issue of great concern to growers and the general
public alike.

To address these concerns, we investigated the following questions: (i) do repeated
applications of glyphosate impact the composition or diversity of soil and rhizosphere
bacteria? (ii) Does the response of soil bacterial communities to glyphosate application
depend on the history of glyphosate use in the field? (iii) Does the presence of a host
plant influence the effects of glyphosate on soil and the plant-associated bacterial
community?

RESULTS

In this study, we sampled four farms distributed across a wide precipitation gradient
in the spring of 2 years. At each farm, we sampled locations with and without a history
of glyphosate application, and there were four replicates taken from each location. Each
sample was split into two pots and seeded with wheat. One pot was treated with
glyphosate, and the other was not. Wheat was grown for 4 growth cycles, and bulk soil
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and rhizosphere samples were taken at the end of the first and fourth cycles, corre-
sponding to three rounds of termination with glyphosate. We obtained 9,065,781
sequences binned into 19,686 operational taxonomic units (OTUs) at 97% similarity
(2,946,020 sequences in 18,787 OTUs after rarefaction; see Fig. S1 in the supplemental
material). Bacterial communities tended to be dominated by Proteobacteria (33.3% �

9.6%), Actinobacteria (19.3% � 8.3%), Bacteroidetes (14.3% � 9.6%), and Acidobacteria
(9.0% � 3.8%) (Fig. S2). Abundant genera included Kaistobacter (0.01% � 0.007%),
Flavobacterium (0.009% � 0.023%), Bradyrhizobium (0.006% � 0.004%), Acidovorax
(0.006% � 0.014%), Devosia (0.006% � 0.004%), and Chitinophaga (0.005% � 0.013%)
(Fig. S3). Because bacterial communities differed between sampling years (Fig. S4),
communities from each year were analyzed independently.

Effects of glyphosate on bacterial community structure and diversity. Within
each location in 2015 and 2016, bacterial communities clustered primarily by cropping
system and root proximity, with no clear or consistent grouping of glyphosate-treated
soil or rhizosphere bacterial communities in soil from no-till (NT; history of glyphosate
use) or Conservation Reserve Program (CRP; no history of glyphosate use) cropping
systems (Fig. 1 and 2). However, in a few cases, bacterial communities from glyphosate-
treated soil or rhizospheres formed clusters distinct from those of nontreated samples
in the same location, cropping system, and root proximity. For example, in 2015, there
was little overlap between glyphosate-treated and nontreated rhizosphere communi-
ties from Colfax soil, or in glyphosate-treated or nontreated rhizosphere communities
in Lamont CRP soil (Fig. 1). Similarly, there was little overlap between glyphosate-
treated and nontreated communities from Genesee bulk soil (Fig. 1). In 2016,

FIG 1 NMDS plots of weighted UniFrac distances among bacterial communities for each location in 2015 (stress � Colfax, 0.07; Ritzville, 0.08; Lamont, 0.07;
Genesee, 0.09). Trt, treatment; G, glyphosate; Rhizo, rhizosphere.
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glyphosate-treated bulk soil communities from CRP systems at Ritzville and Genesee
clustered separately from nontreated communities (Fig. 2). Permutational multivariate
analysis of variance (PERMANOVA) supported the small and inconsistent effect of
glyphosate on bacterial communities, with glyphosate treatment explaining only �2 to
5% of the overall variation in the community structure at each site in 2015 and 2016
(Tables 1 and 2, respectively). Nonetheless, glyphosate treatment was a significant
source of variation at the Genesee location in 2015, and at Colfax, Lamont, and Genesee
in 2016 (Tables 1 and 2). In contrast to the weak and inconsistent impacts of glyphosate,
cropping system and root proximity consistently explained significant portions of
variation in bacterial communities (�7% to 47% and �12% to 48% of the variation,
respectively; Tables 1 and 2). Together, cropping system and root proximity explained
�59% to 65% of the total variation in bacterial community structure at each location
in 2015 and �37% to 50% in 2016, indicating that these two factors are primary drivers
of bacterial communities within locations and that the effects on bacterial communities
varied between years.

As with bacterial community structure, patterns in bacterial richness and diversity in
response to glyphosate treatment were significant in only a few cases and were
inconsistent among locations, cropping systems, root proximities, and sampling years
(Fig. S5 and S6 and Tables S2 and S3). When a significant effect of glyphosate on
bacterial diversity was found, diversity tended to be higher in glyphosate-treated
communities. For example, in Colfax soils in 2015, glyphosate-treated communities
tended to have higher Shannon and Simpson diversity than nontreated communities.
Similar patterns were observed for Ritzville (for Simpson’s diversity) and Lamont (for
Shannon diversity) in 2015. However, in 2016, these patterns were not significant, and

FIG 2 NMDS plots of weighted UniFrac distances among bacterial communities for each location in 2016 (stress � Colfax, 0.17; Ritzville, 0.13; Lamont, 0.10;
Genesee, 0.15).
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in some cases, such as for Colfax NT communities, diversity appeared to follow an
opposite trend with glyphosate treatment from that in 2015.

Despite the minor effects of glyphosate treatment on bacterial community compo-
sition and diversity as a whole, the relative abundances of a small number of taxa
significantly increased or decreased in response to glyphosate treatment for each
cropping system and root proximity in 2015 and 2016 (Fig. 3 and 4 and Table 3).
Differentially abundant bacterial taxa (DAotus) affected by glyphosate represented only
a small percentage of total OTUs (�0.41% and �0.99% of OTUs detected in 2015 and
2016, respectively) and comprised a small fraction of the total community, generally
accounting for �5% of the sequences (Table 3). The DAotus with the largest changes
in relative abundance were typically of low relative abundance over all samples, and
those DAotus with high relative abundances generally had small log2-fold changes with
glyphosate treatment (Fig. 3 and 4). In general, there was a greater number of DAotus
detected in 2016 than in 2015, and these typically comprised a larger percentage of the
bacterial community (Fig. 3 and 4 and Table 3).

DAotus belonged to diverse phylogenetic groups but included all major phyla
commonly found in soil or rhizosphere communities (Fig. 3 and 4). A large portion of
DAotus belonged to the phyla Proteobacteria and Bacteroidetes. These two groups
comprised 69 to 91% and 44 to 68% of DAotus in 2015 and 2016, respectively, while
making up only �32% of all OTUs among samples. Members of these phyla showed
both increases and decreases in response to glyphosate treatment in each location,
even among OTUs belonging to the same genus (Fig. 3 and 4), suggesting little
phylogenetic consistency in the specific responses of soil and rhizosphere communities
to glyphosate and that the effects of glyphosate on relative abundances of soil bacteria
are likely to be limited to a small number of specific OTUs or bacterial species.

TABLE 1 PERMANOVA of impacts of cropping system, root proximity, and glyphosate on
bacterial community structure at different locations in 2015

Location Factora F value r2 P valueb

Colfax CS 19.92 0.467 0.001
RP 15.64 0.183 0.001
G 1.39 0.016 0.236
CS � RP 0.68 0.013 0.59
CS � G 0.49 0.009 0.77
RP � G 0.95 0.018 0.41
CS � RP � G 0.88 0.017 0.46

Lamont CS 9.04 0.153 0.001
RP 26.9 0.455 0.001
G 2.23 0.038 0.083
CS � RP 1.6 0.027 0.132
CS � G 0.083 0.014 0.446
RP � G 1.42 0.024 0.181
CS � RP � G 1.09 0.018 0.319

Ritzville CS 5.91 0.108 0.002
RP 26.33 0.48 0.001
G 1.72 0.032 0.142
CS � RP 0.054 2.83 0.049
CS � G 0.017 0.087 0.443
RP � G 0.025 1.3 0.229
CS � RP � G 0.017 0.88 0.418

Genesee CS 14.73 0.267 0.001
RP 19.24 0.348 0.001
G 2.87 0.052 0.025
CS � RP 0.22 0.004 0.98
CS � G 1.18 0.021 0.32
RP � G 1.47 0.027 0.2
CS � RP � G 0.58 0.01 0.71

aCS, cropping system; RP, root proximity; G, glyphosate.
bValues in bold represent factors with a significant effect (P � 0.05).
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The relative abundances of a small number of genera representing more than
0.5% of the sequences in each year were significantly influenced by glyphosate (Fig.
5). Notably, multiple genera belonging to Sphingomonadaceae (Sphingomonas and
Kaistobacter) and Sphingobacteriaceae (Pedobacter and Olivibacter) tended to be
relatively less abundant in glyphosate treatments. However, only Chryseobacterium,
Kaistobacter, and Sphingomonas in 2015 and “Candidatus Solibacter” and Kaistobac-
ter in 2016 varied significantly with glyphosate after correction for false-discovery
rates (FDR; P � 0.1).

Adaptation of bacterial communities to long-term glyphosate use. Adaptation
of bacterial communities to long-term glyphosate applications should be reflected in
differential responses of communities between cropping systems with a long history of
glyphosate exposure (NT) and those with no known exposure (CRP). However, there
were no consistent patterns in clustering of glyphosate-treated communities in non-
metric multidimensional scaling (NMDS) plots, and PERMANOVA detected no signifi-
cant interactions between glyphosate treatment with either cropping system at any
location in 2015 or 2016 (Fig. 1 and 2 and Tables 1 and 2). These patterns suggest that
the major constituents of bacterial communities are unlikely to be adapted to glypho-
sate, even after many decades of use. Although not statistically significant, there were
weak near-significant interactions between cropping system and glyphosate treatment
for two locations in 2016 (Table 2), likely due to subtle glyphosate-induced shifts in CRP
bulk soil communities (Fig. 2).

Consistent with patterns in bacterial community structure, there was no evi-
dence that glyphosate use history significantly impacted the response of bacterial
diversity to glyphosate treatment. There were no significant interactions between
cropping history and glyphosate treatment in 2015 in a comparison of bacterial

TABLE 2 PERMANOVA of impacts of cropping system, root proximity, and glyphosate on
bacterial community structure at different locations in 2016

Location Factora F value r2 P valueb

Colfax CS 17.41 0.38 0.001
RP 11.08 0.12 0.001
G 2.1 0.022 0.043
CS � RP 0.955 0.022 0.46
CS � G 1.52 0.035 0.12
RP � G 0.899 0.02 0.52
CS � RP � G 0.839 0.019 0.56

Lamont CS 3.27 0.066 0.006
RP 15.51 0.315 0.001
G 2.3 0.047 0.038
CS � RP 0.78 0.016 0.596
CS � G 1.02 0.021 0.343
RP � G 1.28 0.026 0.228
CS � RP � G 1.03 0.021 0.342

Ritzville CS 5.01 0.108 0.002
RP 12.03 0.259 0.001
G 1.48 0.032 0.134
CS � RP 0.73 0.016 0.673
CS � G 2 0.043 0.055
RP � G 1.08 0.023 0.326
CS � RP � G 0.97 0.021 0.379

Genesee CS 15.84 0.265 0.001
RP 12.64 0.211 0.001
G 2.11 0.035 0.032
CS � RP 0.713 0.012 0.65
CS � G 1.36 0.023 0.21
RP � G 1.75 0.029 0.082
CS � RP � G 1.29 0.022 0.22

aCS, cropping system; RP, root proximity; G, glyphosate.
bValues in bold represent factors with a significant effect (P � 0.05).
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richness or diversity (Table S2). In 2016, bacterial communities in Colfax NT soils
treated with glyphosate tended to be less diverse than those in nontreated soils
(Fig. S6). However, the opposite pattern was observed in Ritzville soils in 2016,
where communities from glyphosate-treated NT soils tended to be more diverse
(Fig. S6). The lack of consistent patterns in diversity in response to glyphosate in NT
and CRP systems across locations and years indicates that the diversity of bacterial
communities is resilient in the face of glyphosate contamination, regardless of the
history of glyphosate use in the field.

A larger proportion of DAotus responded to glyphosate in NT than in CRP soils
(2015, n � 31 of 7,531 OTUs and 14 of 8,408 OTUs, respectively, �2 � 7.63, P � 0.006;
2016, n � 108 of 10,869 OTUs and 32 of 11,888 OTUs, respectively, �2 � 47.56, P �

0.0001). DAotus did not differ significantly in the direction of their responses between
NT and CRP systems in either year (2015, �2 � 0.004, P � 0.95; 2016, �2 � 0.021, P �

0.89). Most DAotus in both cropping systems tended to increase in relative abundance
with glyphosate treatment in each year (64% and 56% in 2015 and 72% and 69% in
2016 of DAotus for CRP and NT systems, respectively). Together, these data indicate
that although relatively rare overall, a greater number of bacterial OTUs respond to
glyphosate applications in NT systems than those from communities lacking a history

FIG 3 Distribution of log2 fold changes in DAotus in 2015. Diagrams show the normalized sequence count (base mean) of DAotus in each soil type that were
increased or decreased by glyphosate treatment, colored by the bacterial phyla to which they belong. Only DAotus with base means of �30 are presented.
The red vertical line represents a zero-fold change, where OTUs to the right of the line (positive values) are increased in relative abundance with glyphosate,
and those to the left of the line (negative values) are reduced in relative abundance with glyphosate. g, genus; f, family; p, phylum.
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of glyphosate exposure (CRP), but the proportions of OTUs with relative increases or
decreases are similar between cropping histories (Table 3).

A small number of DAotus were shared among cropping systems (Fig. 3, 4, and 6).
In 2015, only 2 OTU responded to glyphosate in both CRP and NT systems (OTU 84

FIG 4 Distribution of log2 fold changes in DAotus in 2016. Diagrams show the normalized sequence count (base mean) of DAotus in each soil type that
were increased or decreased by glyphosate treatment, colored by the bacterial phyla to which they belong. Only DAotus with base means of �30 are
presented. The red vertical line represents a zero-fold change, where OTUs to the right of the line (positive values) are increased in relative abundance
with glyphosate, and those to the left of the line (negative values) are reduced in relative abundance with glyphosate.

TABLE 3 Counts and percentages of DAotus increasing and decreasing within bacterial
communities for each factor

Factor Responsea

2015 2016

Increase Decrease Increase Decrease

Bulk No. of DAotus 10 1 45 23
Mean � SD % of sequences 0.137 � 0.29 0.013 � 0.08 2.74 � 3.5 1.14 � 1.0

Rhizosphere No. of DAotus 3 19 38 16
Mean � SD % of sequences 0.399 � 0.98 5.77 � 3.9 1.80 � 2.6 1.60 � 1.0

CRP No. of DAotus 9 5 23 9
Mean � SD % of sequences 0.407 � 1.1 2.23 � 2.1 1.56 � 2.8 1.57 � 0.88

NT No. of DAotus 18 13 74 34
Mean � SD % of sequences 2.04 � 5.9 2.42 � 2.6 3.82 � 3.8 1.77 � 1.7

aPercentages are based on DESeq2-normalized counts.
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[Xanthomonadaceae] decreased and OTU 20180 [Fluviicola] increased with glyphosate
treatment [Fig. 6]). In 2016, 12 DAotus increased in relative abundance, whereas 2
decreased in both CRP and NT systems (Fig. 6). DAotus that increased in both cropping
systems in 2016 predominantly included those belonging to the Bacteroidetes (OTUs

FIG 5 Bar plots of genera significantly influenced by glyphosate (triangle), a glyphosate � location interaction (circle), root proximity � glyphosate interaction
(square), or cropping system � glyphosate interaction (diamond) with an uncorrected P value of �0.05 based on ANOVA of log10(1 � x)-transformed sequence
counts. SE, standard error.

FIG 6 Venn diagrams showing overlap in DAotus increasing and decreasing in relative abundance in
2015 and 2016.
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699, 1084, 3528, and 674), Cyanobacteria (OTUs 11 and 149), and Proteobacteria (OTUs
158 and 1391), whereas those with relative decreases in abundance included Chloroflexi
(OTU 6578) and Fibrobacteres (OTU 24177) (Fig. 4). No DAotus were consistent between
CRP and NT systems in either 2015 or 2016. Thus, although there were more DAotus in
NT, the responses of most individual taxa were inconsistent among cropping systems
and years.

RP effects of glyphosate on bacterial communities. Plant-dependent effects of

glyphosate on microbiomes should be evident in differential responses of bacterial
communities to glyphosate treatment in bulk versus rhizosphere soil. However, there
were no significant interactions between root proximity (RP) and glyphosate treatment
in 2015 or 2016 (Tables 1 and 2), and responses of bacterial communities to glyphosate
were not rhizosphere or bulk soil specific (Fig. 1 and 2). In 2016, there was a near-
significant interaction between root proximity and glyphosate treatment at the Gen-
esee location (Table 2), likely due to a small effect of glyphosate treatment on bacterial
communities in CRP bulk soil (Fig. 2). In total, there were no clear or consistent effects
of glyphosate on either bulk soil or rhizosphere communities across locations, cropping
systems, or years, suggesting that the potential impacts of glyphosate on microbiomes
are not strongly influenced by proximity to a plant.

Similarly, in most cases, the response of bacterial diversity to glyphosate treatment
did not depend on root proximity (Tables S2 and S3). Moreover, in the small number
of cases where the RP � glyphosate interaction was significant, there were no consis-
tent patterns among locations, years, root proximity, or diversity measures used. For
example, richness and Shannon diversity tended to be higher only in Lamont rhizo-
sphere soils in 2015, yet in 2016, bulk soil communities from the Ritzville or Genesee
locations tended to be less rich or diverse, respectively (Fig. S5 and S6 and Tables S2
and S3).

The rhizosphere and bulk soil communities did not differ in the number of OTUs
impacted by glyphosate (2015, 22 of 8,959 OTUs and 11 of 8,937 OTUs, respectively,
�2 � 3.06, P � 0.08; 2016, 54 of 12,784 OTUs and 68 of 12,316 OTUs, respectively, �2 �

0.98, P � 0.32), supporting the finding that glyphosate impacts are not restricted to or
buffered by the rhizosphere. However, in 2015, DAotus had contrasting responses
between bulk and rhizosphere soil (�2 � 15.25, P � 0.0001). Most DAotus in bulk soil
(10/11 [91% of DAotus]) tended to increase in relative abundance with glyphosate
treatment, whereas only a single DAotu decreased with glyphosate treatment (1/11 [9%
of DAotus]) (Table 3). In contrast, in the rhizosphere, most DAotus decreased in relative
abundance with glyphosate treatment (19/22 [86% of DAotus]), and only a few DAotus
increased (3/22 [14% of DAotus]). However, there were no significant differences in
DAotu responses in 2016 (�2 � 0.09, P � 0.77), where 66% of DAotus in bulk soil
increased (n � 45/68) and 34% decreased (23/68) (Table 3). In the rhizosphere in 2016,
most DAotus (38/54 [70%]) increased in relative abundance rather than decreased
(16/54 [30%]).

There was little consistency in the identities of DAotus between bulk and
rhizosphere soils. Only 4 OTUs were influenced by glyphosate in both bulk and
rhizosphere soil in 2015 (OTUs 20180 [Fluviicola spp.], 161 [Cyclobacteriaceae spp.],
and 21 [Cellvibrio spp.] increased in relative abundance, whereas OTU 4045 [Bacte-
roidetes spp.] decreased) (Fig. 3). In 2016, 13 OTUs increased in relative abundance,
while 6 decreased in both bulk and rhizosphere soil (Table 3). Those DAotus that
increased in relative abundance included members of Bacteroidetes (OTUs 1084,
3528, 699, 674, and 2630), Proteobacteria (OTUs 1057, 158, 1391, and 1023), and
Cyanobacteria (OTUs 149 and 11), whereas those with relative decreases included
members of Gemmatimonadetes (OTU 1933), Chloroflexi (OTU 6576), Acidobacteria
(OTU 6369), Fibrobacteres (OTU 24177), Cyanobacteria (OTU 453), and Proteobacteria
(OTU 2165) (Fig. 4). No OTUs responded consistently in both bulk and rhizosphere
soil in the two years.
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DISCUSSION

Though glyphosate is a lynchpin of no-till practices and is widely considered an
environmentally safe herbicide, there have been persistent questions regarding its
potential long-term impacts on plant-associated microbes and plant health. In this
work, the most detailed to date, to our knowledge, of glyphosate effects on wheat-
associated bacterial communities across one of the most productive growing regions in
the United States, we found that repeated glyphosate applications had minimal
impacts on soil and rhizosphere bacterial community composition and diversity and
that the small effects of glyphosate were inconsistent between locations, years, root
proximities, and cropping systems. Thus, despite numerous claims of the detrimental
effects of glyphosate, our results support the idea that field rate applications of
glyphosate for preemergence weed control are unlikely to substantially impact soil or
rhizosphere bacterial communities. This is likely due to the low application rates and
volumes of glyphosate, its rapid binding to soil, and its strong adherence to the upper
layers of the soil profile (�2 mm from surface) (3).

Although there may be transient effects of acute glyphosate exposure on soil
microbial communities that we may not have detected after 6 weeks (21), the high
diversity and interconnectedness of microbial ecosystems are likely to render commu-
nities resistant or resilient to small perturbations, such as low levels of glyphosate
exposure. Many microbes may tolerate low concentrations of glyphosate (37, 38),
survive in dormant states (e.g., spores), or inhabit protected microniches or deeper soil
strata. Consequently, communities are likely to rapidly recover to a predisturbance state
with little impact of glyphosate on microbial community functions.

Despite weak or insignificant effects of glyphosate on soil and rhizosphere microbial
communities, a small number of taxa increased or decreased in relative abundance
after glyphosate treatment. However, the specific DAotus detected were largely incon-
sistent among locations, years, and cropping systems. These varied patterns in the
responses to glyphosate suggest that rather than a consistent direct positive or
negative effect of glyphosate, other factors likely control the population dynamics of
bacterial taxa. Although the affected DAotus represented common soil phyla, a dis-
proportionate number belonged to Proteobacteria and Bacteroidetes, both of which are
considered to be copiotrophic (39). Differences in resource availability, potentially as an
indirect effect of glyphosate or its residues on plant root exudation or degradation
dynamics, may generate distinct competitive outcomes among these taxa, resulting in
small shifts in relative abundances. This is consistent with the finding that closely
related taxa (belonging to the same genus), which likely share common life history
strategies and niche preferences, often had differential responses to glyphosate, po-
tentially indicative of competitive interactions.

Changes in root-derived resources with glyphosate treatment may generate a
“greenbridge” effect, similar to that observed with root-rotting fungal pathogens (8,
40). The shikimic acid pathway, which is inhibited by glyphosate, is crucial for the
formation of aromatic amino acids and plays a role in plant defense. With reduced
defensive compounds, dying roots are more readily colonized by root pathogens and
survive to infect subsequent crops. In the same way, dying roots may selectively be
colonized by fast-growing copiotrophic bacteria which increase in abundance after
repeated glyphosate applications. Thus, the changes in the relative abundances of
copiotrophic taxa after glyphosate application likely are not due to the utilization of
glyphosate as a nutrient source but rather to the resources provided by dying roots.
Importantly, the taxa that responded to glyphosate exposure are those with a little-
clear role in plant health, comprised only a small portion of the bacterial community,
and are unlikely to play a major role in plant productivity in agroecosystems.

Consistent with the small impact of glyphosate on soil and rhizosphere bacterial
communities as a whole, neither communities from environments with a long history
of glyphosate use (NT) nor those with no history of glyphosate exposure (CRP)
exhibited strong community-wide shifts after glyphosate applications. Thus, even after
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decades of glyphosate use, most bacterial taxa do not differ in their capacity to tolerate
or utilize glyphosate as a nutrient source. This finding is consistent with the idea that
glyphosate degradation is largely a cometabolic process that does not provide a
significant fitness benefit to the organisms producing glyphosate-degrading enzymes
(14). Moreover, most glyphosate degraders potentially benefit by accessing inorganic P
or N only in settings where these nutrients are limiting (14, 41). Consequently, it is
unlikely that glyphosate-degrading phenotypes will be under strong selection in
agricultural systems where soil nutrient availability is maintained at high levels and
glyphosate is applied at field rates.

Even though bacterial communities from NT or CRP systems did not show community-
wide shifts in composition under glyphosate treatment, a significantly greater proportion
of individual taxa increased or decreased in relative abundance in NT versus CRP in
both sampling years. Though still a small portion of the bacterial community (�1% of
OTUs in each cropping system), populations from cropping systems with a long history
of glyphosate use were somewhat more likely to be affected by glyphosate treatment
than those lacking such a history. This predisposition of some bacterial taxa with a
history of glyphosate exposure to respond to additional glyphosate treatment may be
due to higher densities of a few taxa that have adapted to better tolerate or grow in
the presence of glyphosate or to the accumulation of inhibitory residues that reduce
populations of less-tolerant taxa. However, the lack of consistency in the identities of
glyphosate-responsive taxa among sampling years may suggest that a diversity of
generalist copiotrophic bacteria are capable of multiplying on dying roots and that
patterns in specific taxa among years will be contingent on other drivers of microbial
communities, such as location/soil type or environmental conditions. Although
glyphosate is expected to have little selective effect on microbes and adaptation of
microbes may play a small role in glyphosate degradation rates, second-order
effects of glyphosate mediated via plants may allow some taxa to predominate.

Because the presence of plants may be a crucial mediator of glyphosate-induced
shifts in soil microbiomes, plants may buffer against the effects of glyphosate on
microbial communities in bulk soil by selecting for specific plant-associated taxa in the
rhizosphere. Alternatively, if residual glyphosate or its breakdown products modify
plant physiology in ways that inhibit the production of defense compounds or increase
root exudation, the presence of plants may intensify the effects of glyphosate on the
microbiome through altered degradation of plant biomass. However, the community-
wide response of bacteria to glyphosate treatment was weak and did not appear to
differ consistently between bulk soil and rhizosphere environments. Thus, close contact
of a bacterial community with plant roots is not likely to play a major role in mediating
the effects of glyphosate on bacterial communities of wheat, suggesting that the
buildup of some populations on dying roots is more likely an important route of
glyphosate effects on soil communities. However, due to significant differences in the
composition of bulk soil and rhizosphere communities, many of the taxa affected by
glyphosate were specific to these regions.

Other recent studies have observed subtle or insignificant impacts of glyphosate on
bacterial communities, though in a more limited number of soils or with little experi-
mental replication (11, 14, 18, 26). For example, Newman et al. (11) described slight
increases in the relative abundances of Proteobacteria and decreases in Acidobacteria,
consistent with the concept of copiotrophic bacteria being favored over oligotrophs in
the rhizospheres of glyphosate-treated plants (28). However, there are few investiga-
tions of how a history of glyphosate use impacts the microbial community response to
additional herbicide applications. Existing work has documented both increases (24)
and decreases (25) in microbial respiration in soils with a history of glyphosate
exposure, potentially due to toxic effects of glyphosate on microbial populations or
glyphosate metabolism by adapted taxa, but with little corresponding impact on
bacterial community composition. In contrast to these, we identified a small but
significantly greater portion of taxa that respond to glyphosate in soils with a long
history of exposure than in unexposed soils.
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This work demonstrates a minimal impact of glyphosate on bacterial communities
in the soil and rhizosphere of a dryland wheat cropping system. The lack of a consistent
cohort of OTUs that were significantly impacted by glyphosate indicates that it has no
major impact on bacterial communities in soil or the rhizosphere of wheat. Rather, a
small number of taxa may be influenced by an increase in biomass of dying roots in the
soil.

MATERIALS AND METHODS
Field sampling and greenhouse assays. Soil was collected from four farms spanning a rainfall

gradient across eastern Washington. Fields were chosen that had a long history (�30 years) of
glyphosate use as a result of long-term no-till (NT) cropping practices. A detailed analysis of the soils at
these locations is presented in Table S4. At the Genesee location, which receives an average of 631 mm
precipitation annually, the typical rotation is winter wheat/spring wheat/peas. At the Colfax location,
which receives an average of 512 mm precipitation annually, the typical rotation is winter wheat/spring
wheat/canola. At the Lamont location, which receives an average of 439 mm precipitation annually, the
typical rotation is winter wheat/spring wheat or spring canola and then a fallow year. At the Ritzville
location, which receives an average of 314 mm precipitation annually, the typical rotation is winter wheat
followed by a year of fallow. At each location, nearby fields that had no known exposure to glyphosate
and were in the Conservation Reserve Program (CRP) also were chosen for comparison. At Genesee,
Colfax, and Lamont, CRP was a mixture of native and introduced grasses. At Ritzville, CRP was native sage
and native grasses. Soil was collected from the top 30 cm of each field using a clean spade and
transported to the greenhouse. Soil was potted into 130 cm by 130 cm by 150 cm black plastic pots, and
wheat (Triticum aestivum L. cv. Louise) was planted (5 seeds/pot). Pots were arranged in a randomized
block design, and plants were grown with regular watering and a single round of fertilization (Miracle
Gro; Scotts, Inc., Maryville, OH) at each cycle. The greenhouse temperature was 23°C during the day and
18°C at night, with 16-h/day supplemental lighting with sodium vapor lamps. At the end of 6 weeks, two
treatments were applied to paired pots. Plants were either killed with a glyphosate spray (2 times the
recommended field rate, 1.68 kg/ha; RT3 with 0.25% nonionic surfactant [NIS] adjuvant and ammonium
sulfate) or by manual clipping at the soil line. After plants were allowed to senesce in the greenhouse
for 2 weeks, the remaining above-ground biomass was removed, and a subsequent cycle of wheat
growth was initiated. After 4 such cycles (3 glyphosate sprays), bulk and rhizosphere soils were sampled
from each pot. Bulk soil (�1 g) was taken between wheat plants using a sterile cork borer (�0.5 cm
diameter). For rhizosphere samples, a single plant was removed from each replicate pot and shaken
vigorously to remove loosely adhering soil from the root systems. Root systems were then transferred to
a sterile 50-ml tube, submersed in 10 ml of H2O, vortexed for 1 min, and sonicated for 1 min to remove
the tightly adhering rhizosphere soil. The first experiment was initiated in January 2015 and terminated
in June 2015. The second experiment was initiated in November 2015 and terminated in April 2016.

DNA extraction and Illumina sequencing. DNA was extracted from soil and rhizosphere samples
using the Mo Bio PowerSoil kit (Mo Bio/Qiagen, Carlsbad, CA), according to the manufacturer’s instruc-
tions. For rhizosphere samples, soil suspensions were centrifuged (16,000 � g, 1 min) to pellet rhizo-
sphere soil, H2O was removed, and soil was suspended in the PowerSoil buffer. Samples were transferred
to PowerSoil bead tubes and processed according to standard protocols. Homogenization of the samples
was performed on a FastPrep bead beater (MP Biomedical, Santa Ana, CA) using the “soil” program. DNA
was quantified on a NanoDrop spectrophotometer and submitted for amplification of the V1–V3 region
of the 16S rRNA gene and paired-end (2 � 300 bp) sequencing on the Illumina MiSeq platform using
version 3 chemistry. Samples from two locations in 2015 (Genesee and Ritzville) were submitted to the
MR DNA lab (Shallowater, TX), whereas all other samples were submitted to the University of Minnesota
Genomics Center (UMGC). Although the same region was amplified by each sequencing provider
(V1–V3), there were differences in amplification protocols and primer designs among sequence provid-
ers, confounding the location effects in the 2015 experiment. PCR amplification at MR DNA used
HotStartTaq Plus master mix (Qiagen, USA) and primers 27F (5=-AGRGTTTGATCMTGGCTCAG-3=) and 519R
(5=-GWATTACCGCGGCKGCTG-3=). The thermocycling conditions consisted of 94°C for 3 min, followed by
28 cycles of 94°C for 30 s, 53°C for 40 s, and 72°C for 1 min, with a final elongation step at 72°C for 5 min.
Samples were checked for successful amplification on a 2% agarose gel, pooled in equal proportions,
purified with AMPure XP beads, and prepared for sequencing with the Illumina TruSeq DNA library
preparation protocol. PCR amplification at the University of Minnesota UMGC used a dual-indexing
approach, as described by Gohl et al. (42). Briefly, this consisted of a first round of PCR using
template-specific primers MN_27F (5=-AGAGTTTGATCMTGGCTCAG-3=) and MN_534R (5=-ATTACCGCGGC
TGCTGG-3=) with Kapa HiFi HotStart polymerase. The PCR conditions consisted of an initial denaturing at
95°C for 5 min, followed by 25 cycles of 98°C for 20 s, 55°C for 15 s, and 72°C for 1 min, with a final
extension at 72°C for 1 min. The products from the first PCR were diluted 1:100, and 5 �l was included
in a second PCR using indexing primers. The second PCR consisted of an initial denaturation at 95°C for
5 min, 10 cycles of 98°C for 20 s, 55°C for 15 s, and 72°C for 1 min, with a final extension at 72°C for 5
min. The products were pooled, size selected, and spiked with 20% PhiX prior to sequencing with an
Illumina MiSeq 600 cycle version 3 kit.

Sequence processing. Despite primer and amplification differences for some samples in 2015, all
reads spanned the same 16S region. Sequences were trimmed to an identical region, leaving no terminal
gaps, and were processed together. Forward and reverse reads were paired using PEAR (version 0.9.6)
(43). Barcodes and primer sequences were removed with cutadapt (version 1.91) (44), and sequences
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with ambiguous bases or shorter than 350 bp were removed. Processed sequences were clustered
following the UPARSE pipeline (45) using vsearch (46) for all steps, with the exception of OTU clustering,
which used usearch (version 8.1) (45). Briefly, reads were quality filtered using a maximum expected error
rate of 1 and dereplicated, and singletons were removed prior to OTU clustering at 97% similarity
threshold using the cluster_otus command. Processed reads were then mapped to OTU clusters to
generate an OTU abundance table. Taxonomy was assigned to OTU representative sequences (centroids)
with the RDP naive Bayesian Classifier (47) using the Greengenes 13_8 reference (48) database and an
80% confidence threshold. OTUs were filtered to remove any nonbacterial OTUs or those classified as
mitochondria or chloroplasts using QIIME scripts (version 1.9.1) (49). OTUs with a total sequence count
of �20 were removed to reduce poor-quality OTUs, and the OTU table was rarefied to 13,391 sequences/
sample prior to analysis. Further, UniFrac distances were calculated after OTUs were aligned to the
Greengenes reference using PyNAST, and a phylogenetic tree was constructed using FastTree in QIIME.
Unrarefied OTU tables were retained for differential abundance analysis with DESeq2 (version 1.12.4) (50).

Data analysis. Nonmetric multidimensional scaling (NMDS) and PERMANOVA were performed using
weighted UniFrac distances to assess the significance of location, year, cropping system, root proximity,
and glyphosate on bacterial community structure using the metaMDS and adonis functions of the vegan
package (version 2.4.1 [51]) in R (52). Richness and diversity metrics (Shannon’s [H=] and inverse
Simpson’s [1/D]) were estimated from rarefied OTU tables and evaluated among factors using analysis of
variance (ANOVA). DESeq2 was used to identify differentially abundant bacterial taxa (DAotus) that were
impacted by glyphosate treatment. Briefly, unrarefied OTU tables were filtered to contain only OTUs with
normalized counts of �5 and that were present in 3 or more samples. In each year, glyphosate DAotus
were evaluated in rhizosphere and bulk soil after accounting for location and cropping system effects
using the model: �location � cropping system � root proximity � glyphosate. Similarly, DAotus were
evaluated for NT and CRP soils after accounting for location and root proximity using the model:
�location � root proximity � cropping system � glyphosate. Contrasts were performed between
glyphosate treatments, and OTUs with adjusted P values of �0.1 were considered to be differentially
abundant. Pearson’s chi-square tests were used to compare the number of DAotus in different root
proximity or cropping system treatments. ANOVA on log10(x � 1)-transformed sequence counts was
used to test for the main effects of glyphosate treatment and interactions with location, root proximity,
and cropping system on abundant bacterial genera (those representing �0.5% of all sequences).
Distributions of sequence counts of genera were tested for normality using a Shapiro-Wilk test and
examined manually to ensure that they approximated normal distributions. Data from the 2 years were
analyzed separately to isolate the effects of glyphosate (glyphosate treatment) on bacterial community
structure in no-till (NT) and CRP cropping systems while controlling for the effects of sampling year (Fig.
S4 and Table S1).
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