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ABSTRACT Evolution of bacterial tolerance to antimicrobials precedes evolution of
resistance and may result in cross-tolerance, cross-resistance, or collateral sensitivity
to other antibiotics. Transient exposure of gut bacteria to glyphosate, the world’s
most widely used herbicide, has been linked to the activation of the stress response
and changes in susceptibility to antibiotics. In this study, we investigated whether
chronic exposure to a glyphosate-based herbicide (GBH) results in resistance, a con-
stitutive activation of the tolerance and stress responses, and cross-tolerance or
cross-resistance to antibiotics. Of the 10 farm animal-derived clinical isolates of Sal-
monella enterica subjected to experimental evolution in increasing concentrations of
GBH, three isolates showed stable resistance with mutations associated with the
glyphosate target gene aroA and no fitness costs. Global quantitative proteomics
analysis demonstrated activation of the cellular tolerance and stress response
during the transient exposure to GBH but not constitutively in the resistant mu-
tants. Resistant mutants displayed no cross-resistance or cross-tolerance to anti-
biotics. These results suggest that while transient exposure to GBH triggers cellu-
lar tolerance response in Salmonella enterica, this response does not become
genetically fixed after selection for resistance to GBH and does not result in in-
creased cross-tolerance or cross-resistance to clinically important antibiotics un-
der our experimental conditions.

IMPORTANCE Glyphosate-based herbicides (GBH) are among the world’s most pop-
ular, with traces commonly found in food, feed, and the environment. Such high
ubiquity means that the herbicide may come into contact with various microorgan-
isms, on which it acts as an antimicrobial, and it may select for resistance and cross-
resistance to clinically important antibiotics. It is therefore important to estimate
whether the widespread use of pesticides may be an underappreciated source of
antibiotic-resistant microorganisms that may compromise efficiency of antibiotic
treatments in humans and animals.
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Antimicrobial resistance (AMR) is a complex problem and a major existential threat
as described by the World Economic Forum (https://www.weforum.org/reports/

the-global-risks-report-2020). Chronic exposure of bacteria to sublethal concentrations
of antimicrobials has long been identified as the major driver of the de novo evolution
of resistance and cross-resistance to antibiotics (1). Tolerance is a transient phenotypic
ability of the bacterial population to tolerate antimicrobials associated with general
stress response (2). It has recently been shown that evolution of tolerance in response
to subinhibitory concentrations of antibiotics precedes and facilitates emergence of
resistance (3), making it an important but underappreciated contributor to AMR.

Glyphosate-based herbicides (GBH) are among the world’s most popular herbicides
(4). While the potential toxic effects of glyphosate on humans, animals, and the
environment are subjects of heated scientific and public debates (5, 6), its effects on gut
bacteria have only recently attracted attention, despite its known antimicrobial prop-
erties (7) and frequent exposure through food and feed (8). Indeed, we recently found
that Salmonella enterica sampled after the introduction of GBH into agricultural practice
tended to have higher levels of resistance to glyphosate and GBH than the historical
isolates from the preglyphosate era (9), while direct exposure to GBH has been shown
to enrich for pathogenic bacteria in the gut (10) and change susceptibility to antibiotics
in S. enterica and Escherichia coli through the activation of AcrAB efflux pumps (11),
which are known to be involved in drug tolerance and resistance (12–14).

Intrigued by the findings of Kurenbach et al. (11), who found that transient exposure
to subinhibitory concentrations of GBH resulted in altered antibiotic susceptibility
profiles, and by the pervasive nature of glyphosate contamination, we sought to
investigate whether chronic exposure to GBH results in the genetic fixation of this
tolerance response and thereby may permanently compromise the efficiency of anti-
biotics.

RESULTS AND DISCUSSION

First, we attempted to obtain stable mutants resistant to GBH. For this, 10 clinical
isolates of S. enterica from farm animals were passaged daily at increasing concentra-
tions of the GBH Roundup LB Plus (RU), starting from 1/2� to 1/4� the MIC (20 mg/ml
RU, equivalent to isopropylamine salt of glyphosate), depending on the strain, along
with nonselected wild-type controls (Fig. 1). The overall dynamics of adaptation was
slow and marked by early extinctions. Although all isolates were initially able to grow
at 60 mg/ml, only three demonstrated a 2- to 4-fold MIC increase after the “stability of
resistance” passage (in the absence of GBH) (Table 1). These data suggest that although
evolution of resistance to GBH does not occur easily, it nonetheless has the potential
to become fixed in resistant isolates.

To gain insights into the molecular mechanisms of resistance, we sequenced the
resulting GBH-resistant mutants and their respective ancestors. All three strains had
missense mutations either upstream of (S. enterica serovar Typhimurium 12468M and
S. enterica serovar Enteritidis 12539M) or inside (S. Typhimurium 12472M) aroA, the
gene encoding the molecular target of glyphosate (15, 16). Additionally, mutations in
the genes frequently associated with stress response and tolerance (17, 18) were also
found (Table 2; Table S1): truncation of rpoS in S. Typhimurium 12472M, which encodes
RNA polymerase sigma factor, a master regulator of the general stress response (19),
and a missense mutation in rcsB in S. Typhimurium 12468M, encoding the transcrip-
tional regulator of a two-component system. These data suggest that while evolution
of resistance to GBH converges at the target gene and functional levels (various genes
related to stress and tolerance response), individual strains employ different strategies
to achieve this adaptation.

To probe more deeply into what cellular processes are affected by resistance to GBH,
we performed global label-free quantitative proteomics analysis of the resistant mu-
tants and their ancestors in the presence and absence of subinhibitory (1/4� MIC)
concentrations of GBH (Table S2; Fig. S1 and S2). We wondered whether the acute
response to the sublethal concentration of GBH in the sensitive ancestor simply became
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amplified and constitutively fixed in resistant mutants following chronic exposure.
While upregulation of proteins involved in oxidative stress response was consistent in
both challenged sensitive ancestors and constitutive GBH-resistant mutants, the overall
cellular responses were vastly different (Fig. 2A and B), suggesting that evolution of
resistance to GBH does not simply result in fixation of the acute response to GBH stress.

When we searched the combined proteome of the four challenged ancestors (three
ancestors of the resistant mutants—12468A, 12472A, and 12539A—and one ancestor
of the extinct line 12538A used as a control) for proteins involved in the processes
known to be affected by glyphosate (production of aromatic amino acids, chelation of
iron, and stress response in bacteria) and plotted them together with the 10 most up-
and downregulated proteins for each strain using STRING network analysis (20), we
found a striking convergence at the tolerance response (Fig. 2A). The acriflavine
resistance AcrAB multidrug efflux pump, which is associated with tolerant persister
state in nongrowing and nondividing cells, including herbicide paraquat-induced
tolerance (21, 22), was upregulated in all challenged ancestral isolates. This is consistent
with the findings of Kurenbach et al., who demonstrated that exposure of Enterobac-
teriaceae to subinhibitory concentrations of GBH resulted in activation of efflux pumps
and was associated with increased antibiotic tolerance (11), while deletion of acrA, acrB,

FIG 1 Schematic representation of the evolution experiment. Bacterial cultures were preadapted to the experi-
mental conditions prior to the evolution experiment, where evolving populations were passaged daily 1:100 with
the same Roundup LB Plus (RU) concentration and a concentration that was increased by 10 mg/ml, along with the
nonselected controls. After the evolution experiments, populations were passaged in the absence of the herbicide
and assessed by MIC testing for stability of resistance.

TABLE 1 Dynamics of adaptation in the evolution experimenta

Serovar Isolate no.
MIC before
expt (mg/ml)

Highest concn with
visible growth (mg/ml)

MIC after
expt (mg/ml)

MIC after stability
passage (mg/ml)

Day of
extinction

S. Typhimurium 12468 40 90 160 160 17
S. Typhimurium 12469 40 70 7
S. Typhimurium 12470 40 70 7
S. Typhimurium 12471 40 80 22
S. Typhimurium 12472 40 80 80 160 24
S. Typhimurium 12473 40 60 5
S. Enteritidis 12538 80 80 80 80 10
S. Enteritidis 12539 80 70 80 160 10
S. Enteritidis 12541 40 80 13
S. Enteritidis 12543 40 60 5
aThe number of passages equals the number of days of the experiment before extinction. Resistant isolates that were subjected to whole-genome resequencing are
in bold.
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and tolC (but not of ompF and acrD) caused a reduction in the MIC of GBH (23).
Furthermore, TolC, which is frequently associated with tolerance, was also upregulated
in all but one strain. Among other upregulated proteins were those involved in uptake
and metabolism of iron and other divalent trace metals (siderophores and a number of
transporters), consistent with the chelating effects of glyphosate (24). General envelope
(RpoE, OmpA, LolA, Lpp, and SlyB), osmotic (osmolarity response proteins and osmo-
protectants YehZ and OsmY), and oxidative (SufB, SufC, and SufS) stress response
proteins were also upregulated, as well as respiration (CydAB), DNA recombination
(RuvAB), and cell division (FtsZ) proteins. No effects directly on the target of glyphosate
(3-phosphoshikimate1-carboxyvinyltransferase or 5-enolpyruvylshikimate-3-phosphate
synthase [EPSPS]) were found in any of the strains, although other proteins involved in
the shikimate pathway (chorismate mutase and synthase) were upregulated in all
strains except S. Typhimurium 12468.

Recently, a relationship between stress response, iron limitation, and amino acid
uptake was demonstrated (25). Banerjee et al. reported that for pathogenic E. coli,
survival in the urinary tract is linked to the stress response-mediated ability to increase
amino acid uptake under iron-limiting conditions (25). It is conceivable that similar
processes occur in Salmonella exposed to glyphosate, which acts as a potent iron
chelator, and these would be consistent with the increased stress response and iron
metabolism observed in our experiments. In short, our data strongly suggest that
activation of iron limitation and tolerance response precedes activation of expression
of the specific glyphosate target following acute GBH stress in a rich medium.

In contrast, similar analysis of the combined proteomes of the three constitutively
GBH-resistant mutants (S. Enteritidis 12539M, S. Typhimurium 12468M, and S. Typhi-
murium 12472M) and their ancestors revealed few similarities between the isolates,
with the exception of the molecular target of glyphosate EPSPS, which was upregulated
in all three mutants (Fig. 2B; Table S2; Fig. S2). Interestingly, iron metabolism-related
proteins were not as strongly affected by the evolution of resistance to GBH, despite a
strong activation of these proteins in the challenged sensitive ancestors. Nonetheless,
bacterioferritin, which is used for storage of intracellular iron, was upregulated in
resistant S. Typhimurium 12468M but downregulated in resistant S. Typhimurium
12472M. It is important to note that none of the ferritins were upregulated during the
GBH exposure of the sensitive ancestors, suggesting that Salmonella’s short-term
response to iron limitation by glyphosate chelation is to increase transport but not
storage of iron. There were fewer proteins involved in tolerance and envelope stress
represented in this data set, and those that were present tended to be downregulated,
in contrast to the response in challenged ancestors. Altogether, proteomics data
suggest that chronic exposure to GBH results in constitutive fixation of the resistance
traits associated with the direct effects of the herbicide on bacteria (EPSPS and iron
chelation) but not the tolerance response, which is activated by the presence of GBH
in both sensitive ancestors and resistant mutants.

TABLE 2 Overview of the nonsynonymous mutations detected in GBH-resistant mutantsa

Isolate
Affected
gene

Type and location of mutations in coding and
protein sequences Protein function

S. Typhimurium 12468M aroA SNP in scaffold_16:G41393A upstream of aroA 3-Phosphoshikimate 1-carboxyvinyltransferase
rcsB Missense variant c.530G�T/651 p.Arg177Leu/216 Two-component system transcriptional regulator RcsB

S. Typhimurium 12472M rpoS Stop gained c.361G�T/993 p.Glu121*/330 RNA polymerase sigma factor RpoS
aroA Missense variant c.289A�G/1284 p.Thr97Ala/427 3-Phosphoshikimate 1-carboxyvinyltransferase
Multiple 91 missense mutations in prophage genes Prophage genes

S. Enteritidis 12539M aroA SNP in scaffold_0:G272493A upstream of aroA 3-Phosphoshikimate 1-carboxyvinyltransferase
aStable resistant mutants (single colonies after the stability passage) were subjected to whole-genome resequencing and compared to the genomes of the
nonevolved controls and ancestors. Mutation locations are indicated as follows: type of mutation, followed by the variant of nucleotide or amino acid present in the
ancestor, position (relative to the gene or protein start) at which the substitution occurred, substituted nucleotide or amino acid in the mutant relative to the
complete nucleotide coding (c) and translated protein (p) sequences (after the slash). Mutations in the aroA gene encoding the molecular target of glyphosate are
shaded in gray. Note that S. Typhimurium 12468 and S. Enteritidis 12539 appear to have the same mutation in the intergenic space upstream of aroA, while S.
Typhimurium 12472 has the amino acid substitution in the location previously associated with resistance to glyphosate (47), suggesting a high degree of convergent
evolution between these environmental isolates. SNP, single-nucleotide polymorphism.
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It was demonstrated previously that evolution of tolerance precedes evolution of
resistance (3) and may result in cross-tolerance (26) and collateral sensitivity (27) to
other antimicrobials. Indeed, our experimental evolution resulted in resistance to GBH,
while proteomics demonstrated activation of the tolerance response upon transient
exposure to GBH in both ancestors and mutants. To check whether genetically fixed
resistance to GBH affects cross-tolerance and cross-resistance/collateral sensitivity, we
subjected the ancestors and the mutants to TDtest assays (28) and MIC testing by Vitek
automated susceptibility testing (AST) (in the absence of GBH) against a number of
antibiotics relevant to human medicine. We found no tolerant bacteria in TDtest assays
with the �-lactam antibiotics ceftazidime (CAZ; third-generation cephalosporin) and
cefepime (FEP; 4th-generation cephalosporin) or with rifampin (RIF) or colistin (CT; also
known as polymyxin) (Fig. S3), consistent with the lack of tolerance response at the
proteome level. Interestingly, we found colonies in tolerance assays with fosfomycin

FIG 2 STRING network analysis of the proteome. The combined proteome of four challenged ancestors (A) and that of the three resulting constitutively
GBH-resistant mutants (B) are shown, representing proteins involved in the processes known to be affected by glyphosate (production of aromatic amino acids,
chelation of iron, and stress response in bacteria) and the 10 most up- and downregulated proteins for each strain. Blue spheres represent downregulated
proteins, red spheres represent upregulated proteins, and yellow spheres are proteins which are upregulated in one strain and downregulated in another strain.
Proteins highlighted with the same color belong to a functional group.
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(FOS) which upon retesting by MIC testing displayed an elevated level of resistance and
are likely spontaneous mutants (Fig. S4), a phenomenon frequently described for this
antibiotic (29). MIC assays by Vitek showed no changes between nonchallenged
ancestors and mutants with the exception of the isolate 12472, where the mutant had
a decreased MIC of piperacillin (Table 3), likely a sign of collateral sensitivity. In short,
GBH resistance had no effect on cross-tolerance and cross-resistance to antibiotics.

Evolution of resistance is often accompanied by fitness costs, meaning that resistant
mutants would not survive as well as their sensitive ancestors. While subinhibitory
concentrations of antibiotics are usually necessary for AMR selection, they are not
always needed for maintenance, once fitness costs become sufficiently reduced by
compensatory mechanisms (30). To test whether resistance to GBH is associated with
fitness costs or advantages, we compared the growth of resistant mutants and their
GBH-sensitive ancestors in the absence and presence of several concentrations of the
selective agent. For this, we performed growth curves of ancestors and mutants
individually and used the final biomass at 16 h as a proxy for fitness. In the absence of
GBH, two strains (S. Enteritidis 12539M and S. Typhimurium 12468M) demonstrated no
fitness costs, and S. Typhimurium 12472M displayed a fitness advantage. All three
resistant mutants had a higher biomass than the ancestors at 80 mg/ml GBH (the
highest level of resistance achieved in the experiment and the highest concentration
tested), as well as small fitness advantages across the range of subinhibitory concen-
trations (0.312 to 20 mg/ml) (Fig. 3). Additionally, we performed a growth rate inhibition

FIG 2 (Continued)
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analysis of the growth curves in the presence and absence of GBH (Fig. S5). This method
is independent of cell division rate and assay duration and is considered more robust
than traditional 50% inhibitory concentration (IC50) determination for estimation of
cellular responses to drugs (31, 32). Similarly to the biomass analyses, comparison of the
growth rate inhibition of ancestral and mutant strains in the presence of nine different
concentrations of GBH showed no statistically significant differences. Our data indicate
that stable resistance to GBH not only is possible but also is free of fitness costs or even
advantageous, in both the presence and absence of GBH. While this suggests that the
resistant GBH mutants may persist in the environment even when the selective
pressure is not present, a competition assay between the mutant and the ancestor in
vivo would provide evidence as to whether this is indeed the case, and this is the
subject of further investigations.

Our study demonstrated that transient exposure of pathogenic Salmonella enterica
bacteria to subinhibitory concentrations of the herbicide GBH in a rich growth medium
and at a physiological (neutral) pH (a situation resembling in vivo conditions) readily
elicits a tolerance response at the cellular level and upregulation of the AcrAB-TolC
efflux system, while chronic exposure to GBH results in selection for GBH resistance but
not cross-tolerance or cross-resistance to clinically relevant antibiotics. Importantly,
although our results indicate that GBH resistance does not occur easily and is relatively
low level (2 to 4� MIC increase), it is stable and is associated with no fitness costs in
the absence of GBH and even a fitness advantage in its presence.

Our results are in line with the findings of Randall et al. (33), who demonstrated that
exposure of Salmonella enterica serovar Typhimurium to commonly used farm disin-
fectants resulted in upregulation of the AcrAB-TolC efflux system, while selection for
resistance to these biocides largely did not result in resistance to multiple antibiotics.
Similar to our results, these biocide-resistant mutants did not show any fitness losses
relative to parent strains. Kurenbach et al. demonstrated through the use of efflux
pump and stress response regulator reporter assays and efflux pump gene deletion
experiments that efflux plays an important role in the response of Enterobacteriaceae to
GBH (11, 23), which is also in agreement with our data showing upregulation of the
AcrAB-TolC efflux pump.

Interestingly, no noticeable upregulation of efflux pump genes was found in a
transcriptomic study of E. coli in the presence of glyphosate (34), where largely energy-
and metabolism-related genes were downregulated, while cell motility and

TABLE 3 Susceptibilities to antibiotics in GBH mutants and ancestors

Agent Antibiotic class

MIC (mg/liter) and category fora:

S. Typhimurium
12468

S. Typhimurium
12472 S. Enteritidis 12539

Ancestor
(40)

Mutant
(160)

Ancestor
(40)

Mutant
(160)

Ancestor
(80)

Mutant
(160)

Piperacillin �-Lactam �128 R �128 R �128 R �128 R �4 S �4 S
Piperacillin-tazobactam �-Lactam–�-lactamase-inhibitor �4 S �4 S 8 S <4 S �4 S �4 S
Cefotaxime 3rd-generation cephalosporin �1 S �1 S �1 S �1 S �1 S �1 S
Ceftazidime 3rd-generation cephalosporin �1 S �1 S �1 S �1 S �1 S �1 S
Cefepime 4th-generation cephalosporin �1 S �1 S �1 S �1 S �1 S �1 S
Aztreonam Monobactam �1 S �1 S �1 S �1 S �1 S �1 S
Imipenem Carbapenem �0.25 S �0.25 S �0.25 S �0.25 S �0.25 S �0.25 S
Meropenem Carbapenem �0.25 S �0.25 S �0.25 S �0.25 S �0.25 S �0.25 S
Amikacin Aminoglycoside �2 R �2 R �2 R �2 R �2 R �2 R
Gentamicin Aminoglycoside �1 R �1 R �1 R �1 R �1 R �1 R
Tobramycin Aminoglycoside �1 R �1 R �1 R �1 R �1 R �1 R
Ciprofloxacin Fluoroquinolone �0.25 R �0.25 R �0.25 R �0.25 R �0.25 R �0.25 R
Tigecycline Glycylcycline �0.5 S �0.5 S �0.5 S �0.5 S �0.5 S �0.5 S
Fosfomycin Epoxide �16 S �16 S �16 S �16 S �16 S �16 S
Trimethoprim-sulfamethoxazole Folate inhibitor-sulfonamide �20 S �20 S �20 S �20 S �20 S �20 S
aMICs were determined using the Vitek2 AST N-248 panel of antibiotics. Changes in MIC between ancestors and mutants are in bold. Numbers in parentheses are
concentrations of Roundup LB Plus, in milligrams per milliliter. R, resistant; S, susceptible.
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FIG 3 Fitness costs. Final biomass (OD600 values at 16 h) was used as a proxy for bacterial fitness in the
presence and absence of Roundup LB Plus (RU). M, mutant; A, ancestor. Asterisks indicate statistical
significance as determined by the t test (P � 0.05). Note the absence of fitness costs in the absence of
RU and the subtle fitness advantage at certain subinhibitory concentrations of RU.
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chemotaxis-related genes were upregulated. This discrepancy may be explained by
the fact that different types and concentrations of GBH were used: 200 mM glyphosate
(or 33.814 mg/ml) (34) versus 1,250 ppm (or 1.25 mg/ml) complete formulation
Roundup weed killer (11) and 10 to 20 mg/ml Roundup LB Plus in the present study,
both containing 360 g/liter isopropylamine salt. Indeed, it has been demonstrated that
inert wetting agents found in complete formulations may also change bacterial sensi-
tivity to antibiotics (23), highlighting the importance of making a distinction between
the effects of the active ingredient and the complete formulation. Additionally, differ-
ences in the sensitivity of the methods, culturing conditions, and bacterial strains may
also offer an explanation. At the same time, very few changes were found in the
transcriptome of E. coli during the heterologous expression of the resistant aroA variant
in the absence of the herbicide (35). This mirrors our observations of the proteomes in
the resistant mutants in the absence of GBH, where only the proteins directly involved
in resistance to glyphosate were differentially expressed.

Overall, there appears to be a consensus that while acute exposure to GBH triggers
activation of efflux pumps and stringent response, no such effects are observed during
the constitutive expression of the resistant EPSPS variant in the absence of GBH. It is
also noteworthy that although the GBH concentrations used in this study exceed the
concentrations typically found in animal feed (8), they are not unlikely and can be
found during handling of the undiluted herbicide. Interestingly, it has been reported
that exposure to higher GBH concentrations decreases the genome-wide mutation rate
in E. coli, suggesting that long-term exposure to GBH does not compromise bacterial
genome stability (36). This is in agreement with our observations of slow resistance
evolution at increasingly higher concentrations of GBH, frequent extinctions, few
observed mutations, and no cross-resistance to antibiotics, assuming that increased
mutation supply is a prerequisite for evolution, including evolution of antibiotic resis-
tance (37). Nonetheless, while this study provides important hints for extended risk
assessment of ubiquitous herbicides such as glyphosate, the findings may be limited to
the specific experimental conditions, and therefore, more studies with a broader range
of bacterial species are needed to determine the relevance of these findings in vivo.

MATERIALS AND METHODS
Bacterial strains and culturing conditions. Ten isolates of S. enterica serovars Enteritidis and

Typhimurium originally isolated from pig feces were provided by the German Federal Institute for Risk
Assessment. All cultures were grown in Mueller-Hinton I (MHI) medium (CM0405; Oxoid GmbH, Wesel,
Germany) and incubated at 37°C with moderate shaking, unless stated otherwise.

Experimental evolution. Single colonies were isolated from blood agar plates and passaged daily
1:100 in 5 ml MHI in a 50-ml Falcon tube for 3 days to help bacteria adapt to the experimental conditions
(referred to as the preadaptation passage). Roundup LB Plus (German license 024142-00; Monsanto) was
used for experiments. After the preadaptation phase, the medium was supplemented with increasing
concentrations of Roundup LB Plus, adjusted with NaOH to pH 7. The starting subinhibitory concentra-
tion for the challenge was 20 mg/ml glyphosate isopropylamine salt in Roundup LB Plus. Each day, 50 �l
of the overnight culture was transferred into two new tubes, one with the same concentration of
Roundup at which the visible growth occurred in the last passage and one with a concentration of
glyphosate 10 mg/ml higher than that. Nonevolving controls were handled similarly with the exception
that Roundup was absent. The experiment ended when no growth was visible after 24 h in both tubes.
Roundup-selected isolates were then passaged 1:100 in the absence of the herbicide (referred to as the
stability passage), followed by the determination of the MICs (Fig. 1).

DNA preparation and whole-genome resequencing. Isolates which remained Roundup resistant
after the stability passage were subjected to whole-genome resequencing along with nonselected
controls and ancestors (each as a single colony and a population) (Table S1). For colony sequencing,
individual colonies were isolated from Mueller-Hinton agar plates before culturing in liquid medium. For
population sequencing, a loopful of the frozen stock was directly cultivated in 3 ml MHI. DNA was
extracted with a GeneMatrix bacterial and yeast genomic DNA purification kit (EURx Molecular Biology
Products, Gdansk, Poland). DNA concentration was determined using Nanodrop at 260/280 nm. DNA
integrity was ensured by gel electrophoresis (1% agarose). Isolated DNA was stored at �20°C until
sequencing.

Sequencing libraries were constructed from 2 �g total genomic DNA using a TruSeq DNA PCR-free
kit (Illumina) and sequenced for 600 cycles using a MiSeq at the Berlin Center for Genomics in Biodiversity
Research.

Reference genomes were constructed by assembling sequencing reads using the a5-miseq pipeline
(38) and annotated using prokka (39). The variant calling pipeline Snippy was used to identify mutations
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in the selection lines. Snippy uses bwa (40) to align reads to the reference genome and identifies variants
in the resulting alignments using FreeBayes (41). Variants were verified using the breseq computational
pipeline (42).

Label-free quantitative proteomics analysis. Isolates from ancestral and mutant lines frozen stocks
were grown overnight in MHI at 37°C with shaking, diluted 1:100, and subcultured until an optical density
of 0.5 was achieved. Each mutant-ancestor pair was allowed to grow for 25 min more in the presence and
absence of Roundup LB Plus; each condition consisted of six biological replicates. Treatment samples
were challenged with 1/4� MIC Roundup and had their pH adjusted with 5 M NaOH to neutral.

Following incubation, subcultures were centrifuged for 5 min at room temperature at maximum
speed, and the supernatant was discarded. The pellet was washed with 1 ml PBS, followed by addition
of 300 �l distilled water and 900 �l ethanol (EtOH) (100%). After 1 h of incubation at room temperature,
samples were centrifuged for 10 min at room temperature at 10,000 � g. The supernatant was discarded,
and the pellet was air dried and stored at �20°C until protein extraction.

Protein extraction was carried out with the ethanol-fixed cells. In brief, the cells were reconstituted
with 100 �l each of acetonitrile (100%) and formic acid (75% [vol/vol]). The samples were sonicated on
ice for 1 min (duty cycle, 1.0; amplitude, 100%) (UP100H; Hielscher Ultrasound Technology, Teltow,
Germany) and centrifuged at 11,290 � g for 5 min at 4°C. The clear supernatant was collected, and the
protein content was quantified using the Qubit method (Thermo Fisher Scientific, Germany) following
the manufacturer’s recommendations.

In-solution trypsin digestion was carried out at room temperature as described elsewhere (43). The
resultant trypsin-digested peptide products were first desalted by solid-phase extraction using C18

Empore disc cartridges (Supelco/Sigma-Aldrich, Taufkirchen, Germany) and dried under vacuum. Pep-
tides were reconstituted in 10 �l of 0.05% trifluoroacetic acid (TFA)–2% acetonitrile, and 2 �l was
analyzed by a reversed-phase nanoscale liquid chromatography system (Ultimate 3000; Thermo Scien-
tific) connected to an Orbitrap Velos mass spectrometer (Thermo Scientific). Samples were injected and
concentrated on a trap column (PepMap100 C18 [Thermo Scientific]; 3 �m, 100 Å, 75 �m [inside diam-
eter], 2-cm length) equilibrated with 0.05% TFA–2% acetonitrile in water. After switching the trap column
inline, liquid chromatography (LC) separations were performed on a capillary column (Acclaim Pep-
Map100 C18 [Thermo Scientific]; 2 �m, 100 Å, 75 �m [inside diameter], 25-cm length) at an eluent flow
rate of 300 nl/min. Mobile phase A contained 0.1% formic acid in water, and mobile phase B contained
0.1% formic acid in acetonitrile. The column was pre-equilibrated with 3% mobile phase B followed by
an increase from 3 to 50% mobile phase B in 80 min. Mass spectra were acquired in a data-dependent
mode using a single mass spectrometry (MS) survey scan (m/z 350 to 1,500) with a resolution of 60,000
in the Orbitrap and MS/MS scans of the 20 most intense precursor ions in the linear trap quadrupole. The
dynamic exclusion time was set to 60 s, and automatic gain control was set to 1 � 106 and 5,000 for
Orbitrap-MS and LTQ-MS/MS scans, respectively. The acquired raw data files from mass spectrometry
were processed using the MaxQuant-Andromeda software suite (version 1.6.0.16; Max Planck Institute of
Biochemistry, Martinsried, Germany) (44).

Protein identification was carried out by searching MS and MS/MS data against FASTA files of protein
sequences produced by translating annotated DNA sequences. The parametric settings were set for
protein identification, as follows: mass tolerance, 7 ppm; MS and MS/MS ion tolerance, 0.5 Da; enzymes
LysC and trypsin, both with two missed cleavage sites allowed for the database search; variable
modification including oxidation of methionine and protein N-terminal acetylation; fixed modification
including carbamidomethylation; target-decoy-based false discovery rate (FDR) for peptide and protein
identification of 1% for peptides and proteins; and minimum peptide length, 7 amino acids. The software
Perseus (version 1.6.1.1; Max Planck Institute of Biochemistry, Martinsried, Germany) (45) was used for
identification of differentially expressed proteins. The MaxQuant result file (protein groups.txt) was
imported into the Perseus software, and a reduction matrix was applied to remove proteins identified
only by site and reverse and potential contamination. The intensity values were transformed to log2

values, and a reduction matrix based on signal detection in three of six replicates in any one of the group
was applied. The two-way Student t test, error correction (P � 0.05), and FDR correction of the alpha error
were applied through the Benjamini-Hochberg procedure for identification of differentially expressed
proteins among the compared groups. The STRING online tool (v.11; https://string-db.org/) (20) was used
to visualize proteins affected by Roundup in protein networks. For this, significantly differentially
expressed proteins from the processes known to be affected by glyphosate and the 10 most up- and
downregulated proteins for each strain were used.

Antimicrobial susceptibility testing. The MIC of Roundup LB Plus (German license 024142-00;
Monsanto) was determined by the broth microdilution method described in reference 9 in MHI. Because
GBH acidifies medium, the pH was adjusted to neutral with NaOH. The concentration of glyphosate was
calculated based on the concentration of glyphosate isopropylamine salt in the herbicide formulation.
Cross-resistance to a panel of antibiotics relevant to human medicine was determined via antibiotic
susceptibility testing with the Vitek system (bioMérieux Deutschland GmbH, Nürtingen, Germany) using
the test card Vitek 2 AST N-248. The tested antimicrobials were piperacillin, piperacillin-tazobactam,
cefotaxime, ceftazidime, cefepime, aztreonam, imipenem, meropenem, amikacin, gentamicin, tobramy-
cin, ciprofloxacin, moxifloxacin, tigecycline, fosfomycin, and trimethoprim-sulfamethoxazole.

Tolerance detection test. Tolerant colonies were detected by the tolerance detection (TD) test
based on the semiquantitative method described in reference 28. The overnight culture for each isolate
was prepared with three biological replicates, each of which was individually inoculated from a single
cryopreserved stock. An appropriate quantity of cells was resuspended in 0.85% NaCl, and the optical
density was adjusted to 0.5. The bacterial suspension was plated on dried Mueller-Hinton I agar plates
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containing 0.5% glucose. Ready-to-use discs for CAZ (30 �g per disc), FEP (30 �g per disc), and CT (10 �g
per disc) were purchased from Oxoid (Thermo Fisher Scientific, Germany). Fosfomycin (200 �g per disc)
and rifampin (10 �g per disc) diffusion discs were prepared by soaking blank discs with 20 �l of antibiotic
stock solution per disc. A disc diffusion assay was performed by placing the discs on the lawn of bacteria
and incubating them overnight at 37°C. After the overnight incubation, the antibiotic discs were replaced
by discs containing 40% glucose and incubated overnight. The isolated colonies found in the zone of
inhibition after the incubation with glucose discs represent the tolerant colonies.

Fitness costs. Growth curves were performed in a plate reader (Synergy HTX; BioTech Instruments,
Germany). Ancestral and mutant lines were grown in tubes with 3 ml of MHI overnight with shaking.
Subsequently, the overnight cultures were diluted 1:100 in MHI and grown for approximately 2 h until
an optical density at 600 nm (OD600) of 0.5 was reached. An aliquot of 100 �l was transferred into the
wells of a 96-well plate containing 100 �l MHI. Measurements were taken at 10-min intervals after a short
period of shaking and incubation at 37°C for 16 h in the plate reader. The assays were performed in the
absence and presence of Roundup LB Plus (2-fold dilutions from 0.3125 to 80 mg/ml). Four biological and
technical replicates were used for each sample-treatment combination. As a proxy for fitness, mean
values of the final biomass (OD600 at 16 h) were used. A t test was used to calculate statistical significance
(P � 0.05) of the difference between ancestors and mutants using GraphPad Prism 8. Growth rate (GR)
inhibition analysis was performed using GRcalculator (31). For this, three time points (2, 9, and 16 h) and
9 concentrations (0.3125, 0.625, 1.25, 2.5, 5.0, 10.0, 20.0, 40.0, and 80.0 mg/ml glyphosate in RU LB Plus)
were used to calculate GR50, GRmax, and GRinf values (Fig. S5).

Data availability. Sequence data are available from the NCBI SRA under BioProject accession no.
PRJNA485244. The mass spectrometry proteomics data have been deposited in the ProteomeXchange
Consortium via the PRIDE (46) partner repository with the data set identifier PXD019463.
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