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Abstract

Herbicides are frequently released into both rural and urban environments. Commercial herbicide formulations induce
adaptive changes in the way bacteria respond to antibiotics. Salmonella enterica sv. Typhimurium and Escherichia coli were
exposed to common co-formulants of formulations, and S. enterica sv. Typhimurium was exposed to active ingredients
dicamba, 2,4-D and glyphosate to determine what ingredients of the commercial formulations caused this effect. Co-
formulants Tween80 and carboxymethyl cellulose induced changes in response, but the pattern of the responses differed
from the active ingredients, and effect sizes were smaller. A commercial wetting agent did not affect antibiotic responses.
Active ingredients induced changes in antibiotic responses similar to those caused by complete formulations. This occurred
at or below recommended application concentrations. Targeted deletion of efflux pump genes largely neutralized the
adaptive response in the cases of increased survival in antibiotics, indicating that the biochemistry of induced resistance was
the same for formulations and specific ingredients. We found that glyphosate, dicamba, and 2,4-D, as well as co-formulants
in commercial herbicides, induced a change in susceptibility of the potentially pathogenic bacteria E. coli and S. enterica to
multiple antibiotics. This was measured using the efficiency of plating (EOP), the relative survival of the bacteria when
exposed to herbicide and antibiotic, or just antibiotic, compared to survival on permissive media. This work will help to
inform the use of non-medicinal chemical agents that induce changes in antibiotic responses.

INTRODUCTION

The widespread use of antibiotics has led to antibiotic-resis-
tant human pathogens. Multi-drug-resistant pathogens are
now a serious but common occurrence complicating treat-
ment, increasing morbidity and mortality, and resulting in

fall to sub-lethal levels. Grey zones can occur, for example,
at the end of a treatment course or because of inconsistent
adherence to treatment. Small increases in the MIC, either
through mutations that incrementally increase resistance or
through an adaptive response, extend the range of sub-lethal
concentrations and hence the probability of treatment

increased costs to health systems [1-3]. While mutations
and gene acquisition through horizontal gene transfer that
lead to changes in the minimum inhibitory concentration
(MIC) of antibiotics in clinical settings have received the
most attention, microbes in many environments are
exposed to antibiotics at sub-inhibitory levels. This can have
a wide range of physiological consequences [4]. Sub-inhibi-
tory antibiotic exposures may occur in livestock, feed, soil
and areas polluted by environmental releases of antibiotics
such as waterways and sewage ponds. Even within patients,
antibiotic concentrations vary with time and location in the
body, creating ‘grey zones’ where antibiotic concentrations

failure [5, 6].

‘Adaptive’ responses to antibiotics that temporarily increase
the MIC can be caused by changes in gene expression [7].
These often result in changes to efflux and permeability [8].
Adaptive resistance is initiated by exposure to an environ-
mental trigger. Many bacterial efflux pumps are not sub-
strate-specific, so once induced they confer cross-protection
to other toxins [9]. This has been demonstrated for combi-
nations of antibiotics [10], unrelated substances like salicylic
acid [11, 12] or bile salts [13], or abiotic stresses from
changes to pH or anaerobiosis [8].

Received 2 October 2017; Accepted 2 November 2017

Author affiliations: 'School of Biological Sciences, University of Canterbury, Christchurch, New Zealand; 2Centre for Integrated Research in Biosafety
and Centre for Integrative Ecology, University of Canterbury, Christchurch, New Zealand; 3Department of Biology, University of Massachusetts
Dartmouth, Dartmouth, MA, USA; “Bio-Protection Centre, Lincoln University, Lincoln, New Zealand.

*Correspondence: Jack A. Heinemann, jack.heinemann@canterbury.ac.nz

Keywords: pesticides; antibiotics; antibiotic resistant bacteria.

Abbreviations: 2,4-D, 2,4-Dichlorophenoxyacetic acid; Amp, ampicillin; Cam, chloramphenicol; CFU, colony forming units; Cip, ciprofloxacin; CMC, car-
boxymethyl cellulose; EOP, efficiency of plating; Kan, kanamycin; MIC, minimum inhibitory concentration; Tet, tetracycline.

tThese authors contributed equally to this work.

Supplementary material is available with the online version of this article.

000573 © 2017 The Authors
This is an open access article under the terms of the http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, distribution and reproduction in any medium, provided the original
author and source are credited.

1791


http://www.microbiologysociety.org/
http://mic.microbiologyresearch.org/content/journal/micro/
http://creativecommons.org/licenses/by/4.0/

Kurenbach et al., Microbiology 2017;163:1791-1801

Bacteria revert to their previous state of susceptibility after
the trigger is removed. Adaptive resistance can complicate
treatment because therapeutic doses are determined by MIC
measurements in vitro under laboratory conditions in the
absence of such triggers [14].

We previously added three commercial herbicide formula-
tions to the list of triggers. They caused either increases,
decreases, or no change in the survival on antibiotics when
bacteria were exposed to herbicides and antibiotics concur-
rently, compared to only antibiotic exposure. Increases were
shown to be additive and consistent with an induction of
efflux pumps [15]. Herbicide formulations are complex
chemical mixtures of active and inert ingredients. Active
ingredients are those intended to confer the pesticidal activ-
ity of the product [16]. Inert ingredients are defined by the
US Environmental Protection Agency as co-formulants
‘other than an active ingredient that is intentionally
included in a pesticide product’ [16]. We attempted to iden-
tify the kinds of ingredients that could potentially induce an
antibiotic response. We tested two hypotheses: (1) active
ingredients and (2) co-formulants induce changes in antibi-
otic response. The active ingredients of these herbicide for-
mulations, dicamba (3, 6-dichloro-2-methoxybenzoic acid),
2,4-D (24-Dichlorophenoxyacetic acid) and glyphosate
(N-(phosphonomethyl)glycine), and two other compounds
commonly used as surfactants identified from patent appli-
cations as components of herbicide formulations, Tween80
and carboxymethyl cellulose (CMC) [17, 18], were used to
test the hypotheses. Deletion mutant phenotypes and tran-
scriptomics were used to further test the hypothesis that
efflux pumps were induced by the commercial formulations
Kamba and Roundup.

METHODS

Bacteria

Bacteria are described in Table 1. JW2454 was purchased
from NBRP: E. coli (NIG, Shizouka, Japan). Bacteria were
cultured at 37°C using LB Lennox (Invitrogen, Auckland,
NZ) medium supplemented as appropriate with ampicillin
(Amp; AppliChem, Dunedin, NZ), chloramphenicol (Cam;
Sigma, Auckland, NZ), ciprofloxacin (Cip; Pentex, Auck-
land, NZ), kanamycin (Kan; Gibco, Auckland, NZ) or tetra-
cycline (Tet; Sigma, Auckland, NZ). Liquid cultures were
grown with aeration (180 r.p.m.), and plates were incubated
in plastic bags to avoid drying out. Commercial herbicide
formulations were Kamba®®® (Nufarm, Otahuhu, NZ) con-
taining 500g 17" dimethyl salt of dicamba, and Roundup
Weedkiller (Monsanto, Melbourne, AU) containing 360 g
17! isopropylamine salt of glyphosate. Active ingredients
were dicamba, 2,4-D and glyphosate (Sigma, Auckland,
NZ). Co-formulants were Tween80 (BDH, Auckland, NZ),
Pulse Penetrant (Yates, Auckland, NZ) containing 800 g 1"
organo-modified polydimethyl siloxane, and carboxymethyl
cellulose (Sigma, Auckland, NZ). Herbicide concentrations
are reported in parts per million acid equivalent (ppm ae) to
enable comparison with other formulations.
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Table 1. Bacteria

Strain Genotype, comments Reference
E. coli
BW25113  (Wild-type) F~, A™, A(araD-araB)567, [22]
AlacZ4787(::rrnB-3), rph-1, A(rhaD-rhaB)
568, hsdR514
CR5000 BW25113 AacrB [22]
CR7000 BW25113 AacrA [39]
JW0912  BW25113 AompF:: kan, Kan® [22]
JW2454 BW25113 AacrD : kan, Kan® [22]
JW5503 BW25113 AtolC:: kan, Kan® [22]
S. enterica sv. Typhimurium
SL3770 LT2, pyr, rfa* [40]

To account for day-to-day differences in the densities of the
culture used, results are reported as the efficiency of plating
(EOP), the ratio of the titre of a culture on treatment
medium to the titre of the same culture on LB medium [(c.f.u.
Ml peatment/(c.£0. ml ™) g] [12]. Changes in EOP (antibiotic
effectiveness) and concentration of the inducing agent (dose
responses) were determined as described previously [15]. In
brief, bacteria were cultured to saturation (approx. 2x10° c.fu.
ml ™) without selection and dilutions were plated on LB sup-
plemented with antibiotics and/or herbicides/ingredients (see
figure legends for concentrations). Plates were examined and
colonies counted daily for up to 4 days, at which time no new
colonies emerged. Results are the average of at least three inde-
pendent experiments.

Statistics

R was used for all statistical analyses of change in EOP
(antibiotic effectiveness) or inducing concentration (dose)
of ingredients [19]. For the antibiotic effectiveness experi-
ments, we were interested in cases where the simultaneous
exposure to both herbicide and antibiotic has a different
effect on EOP than we would expect by looking at the effect
of antibiotic and herbicide in isolation. These were tested on
the log-transformed EOP scores using a multi-factor analy-
sis of variance (ANOVA) and evaluating the significance of
an (antibiotic*herbicide) interaction term (P values reported
in Figs 1a, 2a and 3. See Table S1). Antibiotic concentrations
were treated as separate categories. We tested for violations
of assumptions of ANOVAs using residual plots. We fit
these models using the Im function.

In the inducing concentration (dose) experiments, many data
points were near or below the detection limit, and conse-
quently the residuals from a standard ANOVA were not
always normally distributed. In these cases, a Kruskal-Wallis
one-way ANOVA, the equivalent nonparametric test, was
used to test for differences in log-transformed EOP/EOP,
scores among herbicide concentrations (Figs 1b and 2b. See
Table S1, available in the online version of this article). We
present a P value for a comparison of a null model where log
EOP/EOP,, is the same across all herbicide concentrations
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versus an alternative model where log EOP/EOP, differs
among some herbicide concentrations.

RESULTS

Active ingredients of herbicides cause changes in
antibiotic response

Responses to the antibiotics ampicillin (Amp), chlorampheni-
col (Cam), ciprofloxacin (Cip), kanamycin (Kan) and tetracy-
cline (Tet) by S. enterica exposed to herbicide active
ingredients were measured [15]. Bacteria were spread onto
solid media with increasing concentrations of antibiotic, with
either no or a single defined concentration of active ingredient
(see Methods for details). The efficiency of plating (EOP) was
determined for each defined concentration of antibiotic and
active ingredient (Fig. 1a). The EOP is the ratio of the titre
(c.£u. mI™Y) of a culture on treatment plates to the titre (c.fu.
ml™") on LB. The limit of detection was determined by the
number of bacteria in, and practical volumes of, culture that
could be transferred to a Petri plate. This provided a range of
9 orders of magnitude (EOP ~1-107%).

The series of EOP measurements from high to low reveals the
concentrations of antibiotic that affect survival and thus is
indicative of antibiotic effectiveness. The active ingredient
alone at the concentrations used did not reduce EOP. At low
antibiotic concentrations the EOP was high, and it dropped
below the detection limit as concentrations approached the
MIC. In most cases the addition of active ingredient led to an
increase in survival shown by higher EOP measurements at
higher concentrations of antibiotic. However, decreases in sur-
vival and no change in response for some combinations of
antibiotic and ingredient were also observed. The response to
a single antibiotic could be different depending on the herbi-
cide to which the bacteria were exposed. For example, glypho-
sate increased and 2,4-D decreased EOP on medium with
Kan. Furthermore, the same herbicide could induce different
responses depending on the antibiotic to which the bacteria
were exposed. For example, 2,4-D increased EOP on Cam, but
decreased it on Kan.

From the above we identified the antibiotic concentrations at
which the EOP decreased by a factor of > 10? with or without
herbicide exposure (Table 2). For the majority of combina-
tions, herbicide exposure increased the antibiotic concentra-
tion 1.3-3.5 times. This was similar to what was observed for
combinations of antibiotics and commercial formulations
[15]. There were three combinations where the magnitude of
change in antibiotic concentration was even larger. 2,4-D
exposure decreased by four times the amount of Kan needed
to cause a >10”fold change in EOP, glyphosate increased the
Kan concentration fivefold and dicamba exposure increased
the Cam concentration sevenfold.

At the antibiotic concentration that caused the biggest
change in EOP (Fig. 1a), the minimum concentration, or
dose, of ingredient that induced a response was determined
(Fig. 1b). To aid visualization of the magnitude of change,
we report the data as the log of the ratio of two EOP
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measurements: (1) EOP on antibiotic at a given active ingre-
dient concentration to (2) EOP on antibiotic without active
ingredient. Log-transformed EOP ratios >0 indicate that the
bacteria survived higher concentrations of the antibiotic.
Dicamba decreased (Kan) or increased (Amp, Cam, Cip,
Tet) survival in the tested antibiotics by 10°-10"-fold
(Table 3). The ratio for Tet did not reach statistical signifi-
cance, but showed a clear trend. The pattern of responses
was the same for both 2,4-D and dicamba, even though
Cam did not reach statistical significance for the former,
while Tet did. Using 2,4-D, EOP ratios reached 10°-10°.
Glyphosate induced statistically significant decreases (Cam,
Tet) or increases (Amp, Cip, Kan) in survival in all tested
antibiotics, with EOP ratios reaching 10*-10°.

We restricted our comparisons to cases where there is a differ-
ence of at least 100-fold between the herbicide and non-herbi-
cide treatments (Table 3). This criterion was in addition to
statistical significance and makes our conclusions more con-
servative. A 100-fold threshold does not indicate that a lower
value is biologically irrelevant, but represents a measure that
our limit of detection could support. In most cases, the
amount of active ingredient needed to meet the threshold was
between 500 and 5000 ppm ae. Exceptions were glyphosate*-
Kan (125 ppm ae), *Cip (200 ppm ae) and *Tet (50 ppm ae).
Kamba*Tet met the threshold at 50 ppm ae, but the effect was
not statistically significant at this concentration.

Common co-formulants Tween80 and CMC cause
changes in antibiotic response

Commercial herbicide formulations contain a range of inert
ingredients in addition to the herbicidal compounds [17,
18]. These include solvents, wetting agents and surfactants
that can make up the non-water bulk of the formulation.
Surfactants such as Tween80 are added to herbicide formu-
lations to reduce the surface tension of water, which leads to
a better distribution on leaf surfaces and aids uptake by the
plant [20]. CMC is used as a binder or regulator of viscosity.

The change in EOP was measured at increasing concentra-
tions of the different antibiotics on medium supplemented
or not with co-formulants (Fig. 2a).For cost reasons we lim-
ited testing of active ingredients to only S. enterica. How-
ever, the low cost of surfactants allowed us to measure the
responses of both S. enterica and E. coli.

Where a statistically significant change in EOP resulted
from exposure to a co-formulant, the concentration of co-
formulant needed to cause the response was then deter-
mined (Fig. 2b). As with the active ingredients, responses
varied with compound, antibiotic and species. Exposure to
some (9/20) combinations of co-formulant and antibiotic
did not result in significant changes to EOP. Of the remain-
ing (11/20) combinations, two decreased the concentration
of antibiotic needed to meet our EOP threshold of a >10°-
fold change in EOP (E. coli exposed to CMC*Amp and
Tween80*Kan) and the other nine increased the necessary
antibiotic concentrations. To quantify the effect, we identi-
fied the change in antibiotic concentration when the EOP
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needed to induce a response (b). (a) The x-axis scale is antibiotic concentrations in ug ml™

1. Change in EOP (a) when S. enterica is (orange) and is not (blue) exposed to active ingredients. Concentration of active ingredient

', Dicamba concentrations were always

1500 ppm ae. For Amp/Cam/Cip/Kan/Tet, respectively, 2,4-D concentrations were na/1500/5000/6000/500 ppm ae and glyphosate
were 3000/3000/200/200/3000 ppm ae. (b) The x-axis scale is the concentration of ingredients in ppm ae. For Amp/Cam/Cip/Kan/Tet,
respectively, concentrations used were 1.5/4.4/0.1/6/3.5 uygml™" dicamba, na/4.4/0.05/6/2.5ugml™" 2,4-D and 2.5/4/0.05/12/2.5 pg
ml~" glyphosate. Values are averages of at least three independent experiments; error bars are sem (standard deviation/\/n). Asterisks
indicate P-values (see Methods). *P<0.05; **P<0.01; **P<0.001, Ns, not significant.

changed by a factor of >10° (Table 2). With the exception
of CMC*Kan in E. coli, for which a fourfold increase in anti-
biotic concentration was observed, values were between
1.25- and 2.3-fold. Although often significant, the effects of
co-formulants on antibiotic responses were generally
weaker than those observed for the active ingredients.

The concentration (or dose) of co-formulant needed to
induce a response is presented again as a log-transformed
ratio of EOP measurements: (1) EOP on antibiotic at a given
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co-formulant concentration to (2) EOP on antibiotic with-
out co-formulant. The S. enterica log EOP/EOP, ratios were
as high as 10°-10° with exposure to Tween80, and 10°-10°
with exposure to CMC. The E. coli responses were mainly
weaker than the S. enterica responses, but did reach 10*-10”
at their extremes (Table 3). Most of the combinations that
induced a response caused a 100-fold change in EOP only
towards the higher end of tested co-formulant concentra-
tions (max. 2% for Tween80 and 1% for CMC) (Table 3).
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Table 2. Fold-change shift in antibiotic effectiveness following exposure to herbicide ingredients

Amp Cam Cip Kan Tet
S. enterica
Active ingredients
Dicamba 1.3 (1500) 7 (1500) 3.5 (1500) 0 (1500)* 2.7 (1500)
2,4-D NS 2.5 (600) 1.8 (5000) 4 (6000)* 2.2 (500)
Glyphosate 1.8 (3000) 1.5 (3000)* 2 (200) 5 (200) 1.4 (3000)*
Surfactants
Tween80 NS 2.3 12 1.8 1.8
CMC 1.7 NS NS 1.5 14
E. coli
Surfactants
Tween80 NS 1.6 0 1.5* NS
CMC 1.25*% NS NS 4 NS

Shown is fold-change in antibiotic concentration necessary to cause EOP to vary by a factor >1000 between treatment and no-treatment plates. The
concentration of active ingredients used (in ppm ae) is given in parenthesis. Concentrations of Tween80 and CMC were 2 and 1%, respectively. Ns:
not significant; 0: statistically significant differences, but the drop below the threshold of EOP 0.001 occurred at the same antibiotic concentration for

treatment and no-treatment plates.
*Indicates a decrease in response.

Exceptions were seen for S. enterica exposure to CMC*Kan
(0.25 %) and Tween80*Cam (<0.05 %), and E. coli exposure
to Tween80*Kan (0.5 %) and CMC*Amp (0.25 %).

We also tested the commercial wetting agent Pulse Pen-
etrant which, according to the manufacturer, is used to
‘improve penetration and rainfastness of Roundup herbi-
cide’, and contains organo-modified polydimethyl silox-
ane as the active ingredient. Pulse Penetrant did not
induce significant changes to S. enterica antibiotic sus-
ceptibility for any of the five antibiotics when it was

added at 2%, 10 times the recommended application
level. Any observed differences in EOP were <100-fold
and only observed at one antibiotic concentration (data
not shown).

Efflux pumps are major contributors to increased
resistance

Adaptive resistance can be caused by increases in efflux or
decreases in influx [21]. This is achieved by regulating
the expression of porins and efflux pumps. The efflux
pump inhibitor PABN (phenylalanine-arginine beta-

Table 3. Minimum concentration of ingredient required to cause a statistically significant (>100-fold) change in EOP

The maximum change in EOP ratios observed at any concentration is given in parenthesis. EOP ratios >1 indicate that bacteria become more tolerant
to the antibiotic. Antibiotic concentrations, in pg ml™" were: S. enterica: dicamba: 1.5/4.4/0.1/-/3.5. 2,4-D: -/4.4/0.05/6/2.5; glyphosate: 2.5/4/0.05/
12/2.5; Tween80: -/4.4/0.03/12/2; CMC: 1.5/-/-/12/2.5; E. coli: Tween80: -/7.5/0.01/4/-; CMC: 5/-/-/10/- for Amp/Cam/Cip/Kan/Tet, respectively. ND:

not determined because change in EOP was not significant. Ns, not significant.

Amp Cam

Cip Kan Tet

S. enterica

Active ingredients, ppm ae

Dicamba
2,4-D
Glyphosate

Surfactants %
Tween80
CMC

E. coli

Surfactants, %
Tween80
CMC

100 (8.7%10%)
ND
1500 (1.3x10°)

ND

ns (5.7x10°)

ND
0.25 (3x1077)

1000 (1.2x107)
100 (3.3x10°%)
500 (7.3x107°)

<0.05 (9.5x10°)

ND

1 (42x10%)

ND

1000 (3.7x107)
7000 (8.9x10°%)
200 (2.8x10°)

1 (4.1x10%

ND

1.5 (1.2x10%)

ND

ND
6000 (1.3x1077)
125 (1.6x10%)

2 (5.8x10%)

0.25 (4.8%10%)

0.5 (3.5x107°)
0.5 (1.8x10°)

50 (1.5x10°)
300 (3.1x10%)
50 (1.2x10°%)

2 (1.3x10°

1 (5.8%10%)

ND

ND
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to induce a response (b). (a) The x-axis scale is antibiotic concentrations in pg ml~". Tween80 was used at 2 % (v/v), CMC was used at
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naphthylamide) counteracted the response associated with
exposure to herbicide formulations [15]. To investigate the
role of several permeability and efflux components in resis-
tance caused by the herbicides, five genes known to be
involved in adaptive antibiotic resistance, four associated
with efflux (acrA, acrB, acrD, tolC) and one associated with
influx (ompF) were tested in a common genetic background
called the Keio collection [22]. The Keio collection consists
of a set of single gene deletion mutants of all non-essential
genes of E. coli BW25113 (‘wild-type’).

Two antibiotics from different classes, Cip and Tet, and the
commercial herbicide formulations Kamba and Roundup,
were chosen to represent the response patterns observed
previously. The change in EOP was measured at increasing
concentrations of the different antibiotics on medium sup-
plemented or not with herbicide.

The MIC of each herbicide and antibiotic was measured for
each strain (Table S2). No change or an increase in the MIC
of the herbicides was observed for the AompF and AacrD
strains compared to the wild-type. A decrease in MIC was
observed for strains with a AacrA, AacrB, or AtolC genotype.
This effect was much more pronounced for Roundup than
for Kamba. For these strains, the Roundup concentration
used to measure changes in the EOP at different antibiotic
concentrations was reduced from 1240 to 25 ppm ae, a con-
centration that caused no decrease in EOP by itself (Table 4,
Fig. 3).

Antibiotic susceptibility also varied because efflux has a role
in adaptive resistance [21]. Consequently, a direct between-
strain comparison of EOP at given antibiotic concentrations

was not possible. Instead, the P-values for the antibioti-
c*herbicide interaction term were calculated for each geno-
type to determine whether the effects of the herbicides on
antibiotic response could still be observed when the gene
was deleted (Table 4). We also report the proportion of all
variability in the dataset, which can be explained by the
interaction term (partial R*). We express this measure as a
percentage, with 0 % indicating that none of the variation in
EOP is explained by the interaction term and 100 % indicat-
ing that all variability in the dataset is explained by the
interaction term. Antibiotics and herbicide ingredients on
their own explain the majority of variability in the dataset.
The pattern observed for the wild-type resembled that seen
for E. coli JB578 (the strain used in Ref [15]) and S. enterica.
The addition of either herbicide led to an increase in sur-
vival on Cip, while Kamba increased and Roundup
decreased survival on Tet. The results were statistically sig-
nificant for all combinations, with the interaction explaining
between 4.9 and 10.8 % of the variation in the wild-type
(Table 4, Fig. 3. See Table S1). When the gene deletion
strains were used, most combination exposures also pro-
duced highly significant interaction terms. This indicates
that the deleted genes are not individually responsible for
the entirety of the observed effects of the herbicides on
adaptive resistance. However, for some combinations the
interaction term was not significant. The Cip*Kamba inter-
action was disrupted for the AacrB strain. For
Cip*Roundup, deletions of acrA and tolC resulted in the dis-
ruption of the herbicide-induced effects. The Tet*Kamba
interaction behaved similarly to Cip*Kamba. Only the
AacrB strain showed a weaker, albeit still significant,
response to the Tet*Kamba exposure compared to the wild-

Table 4. Responses of gene deletion strains

Kamba Roundup
Cip Tet Cip Tet
Strain P- R? Fold-change P- R? Fold-change P- R? Fold-change P- R? Fold-change
value* (%) MIC value* (%) MIC value* (%) MIC value* (%) MIC

BW25113 bl 6 3 el 4.9 2t ek 10.8 5 ook 5.7 2
(WT)

CR7000 ol 2.1 1.25 ook 1.6 1.25 * 0.7 0 NS 0.3 0
(AacrA)

CR5000 NS 0.6 0 * 3 1.25% ek 1.8 0 ook 1.2 0
(AacrB)

JW5503 ek 6 2 el 0.8 0 NS 0.1 0 ox 1.3 2
(AtolC)

JW2454 ex 9.8 1.5t o 8.1 2 x 7.9 2F e 4.6 2.67
(AacrD)

JW0912 ex 6.7 2.33 ek 8.4 5 ox 4.4 33 ek 4.5 3t
(AompF)

*P-values for the interaction term. *P<0.05; **P<0.01; **P<0.001. Ns, not significant. See Materials and Methods for details.

fIndicates a decrease in response.

Fold-change MIC is change in the antibiotic concentration where EOP drops by at least a factor of 10 compared to the no-herbicide treatment. Herbi-
cide concentrations were 1380 ppm ae Kamba for all strains; 1240 ppm ae Roundup for WT, AompF and AacrD, and 25 ppm ae for AacrA, AacrB and

AtolC.

R%is a partial R?, describing the % of variability that is due to the antibiotic*herbicide interaction term.
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Fig. 3. Change in EOP of WT and strains with pump and porin gene
deletions with (orange columns Kamba, blue columns Roundup) or
without (black columns) added herbicide. The x-axis scale is antibiotic
concentration. Left panel: Cip (ngml™), right panel: Tet (ug ml™"). Note
that the x-axes were expanded for the AacrA, AacrB and AtolC strains.
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Herbicide concentrations were 1380 ppm ae Kamba for all strains,
1240 ppm ae Roundup for WT, AompF,and AacrD, and 25 ppm ae for
AacrA, AacrB and AtolC strains. Values are averages of at least three
independent experiments; error bars are Sem (standard deviation/\/n).
Asterisks indicate P-values for the [AB*H] interaction term (see Meth-
ods). *P<0.05, *P<0.01; **P<0.001, Ns, not significant.

type. The AacrA strain did not respond to the combination
of Tet*Roundup. The other strains did. This might hint at
an interaction of acrB with other efflux pumps. For all her-
bicide*antibiotic combinations, R* in the acrA, AacrB and
AtolC strains decreased relative to the wild-type, indicating
that the genes may play a role in the observed effects.

Consistent with the observed role of efflux pumps, tran-
scription of the marRAB operon increased when E. coli
were exposed to the Tet*Kamba combination (Table S3).
We chose this combination because resistance to Tet is
mediated by the efflux pump TetA [23], and Kamba
causes the same pattern of adaptive antibiotic resistance
response as another benzoic acid derivative, salicylic acid,
for which transcriptomes were previously investigated
[24].

DISCUSSION

We show that bacteria exposed to the ingredients of herbi-
cides respond differently to clinically relevant antibiotics.
This is important because bacteria can be exposed to herbi-
cides and antibiotics in environments as diverse as the
human body, farms and in urban environments such as the
lawns and gardens surrounding hospitals and homes. Expo-
sure to herbicide active ingredients in food is regulated.
Maximum residue levels (MRLs) of herbicides on food com-
modities are set by national and international bodies such
as the Codex Alimentarius Commission (CAC) of the UN
FAO. However, many other potential exposures in both
urban and rural environments are not monitored. Thus,
both the frequency of herbicide-induced changes in antibi-
otic resistance in any approved use of herbicides and antibi-
otics, and the effects of the change escape regulatory
oversight.

Toxicity testing of herbicides before registration is usually
restricted to the active ingredient tested in isolation, and in
any case never extends to sub-lethal effects on potential
human, companion animal or livestock pathogens. The con-
centrations of active ingredients at which change to antibi-
otic response was observed were within application levels,
as would be seen in the field or urban environments [25].
They were higher than the MRL set by the CAC in food
products. Several combinations produced effects at MRLs
permissible in animal feed.

It is tempting to directly compare the results obtained for
active ingredients with those for the respective commercial
formulations. However, the active ingredients have different
MICs and solubility compared to the commercial
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formulations, and hence the concentrations used often dif-
fered. For example, the glyphosate concentration in the
commercial formulation used was 1240 ppm ae [15], while
instead either 200 or 3000 ppm ae of the pure active ingredi-
ent was used here. However, in all cases the responses
caused by commercial formulations and the corresponding
active ingredients were in the same direction, only the mag-
nitude of the effects varying. The responses elicited by the
tested co-formulants, albeit generally weaker than those of
the active ingredients, suggest that effects might be modu-
lated by co-formulants present in the formulations.

In commercial use, active ingredients are mixed with co-for-
mulants to improve spreading, absorbing or penetrating
properties. Toxicity data for these co-formulants are not
usually required by regulators, and residues of co-formu-
lants left by herbicides are not monitored. The concentra-
tions of Tween80 and CMC at which change to antibiotic
response was observed were within levels permitted in food.
The United States Food and Drug Administration guide-
lines allow concentrations of Tween80 up to 1% in some
processed foods, where it is used as an emulsifier. Herbicide
formulations before dilution are exempt from this concen-
tration limit [26]. Herbicide formulations contain binders
such as CMC in the range of 2-10% by weight [27, 28].
CMC has ‘generally regarded as safe’ status and can be
found in food at concentrations up to 2 % [29].

It is noteworthy that the tested co-formulants did not
induce the same pattern of antibiotic response observed for
any of the herbicide formulations. While we observed
mainly decreases in antibiotic susceptibility or no effect
induced by the two co-formulants and a commercial wetting
agent, increases in susceptibility to some of these co-formu-
lants have been reported elsewhere. For example, suscepti-
bility of Streptococcus agalactiae to platensimycin and
triclosan was increased by as little as 0.2 % Tween80, while
susceptibility to triclosan increased and to platensimycin
decreased for MRSA when Tween80 was added [30].

Adaptive responses leading to antibiotic cross-response
have been reported in many bacterial species upon sub-
lethal exposure to a variety of substances, including bile salts
[31], weak acids [12], triclosan, chlorhexidine [32], quater-
nary ammonium compounds [33], and other antibiotics [8,
34]. We add to the list herbicides and some inert ingredients
of commercial products. The relevance of this work extends
beyond herbicides because other commercial products use
the same co-formulants. For example, a patent for fluoro-
quinolone compositions specified using various polysor-
bates, including Tween80, as surfactants, co-solvents, or
emulsifiers in concentrations of up to 6.5 % by weight [35].
We found increased survival of both E. coli and S. enterica
in higher concentrations of the fluoroquinolone antibiotic
Cip at exposures of only 2 % Tween80. It is worth investi-
gating whether the choice of co-formulants will influence
the frequency of resistance or the efficacy of treatments
using these drugs. In addition to use in processed foods, pol-
ysorbates are widely used as solubilising agents in products
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intended for applications that result in chronic human
exposures. These products include cosmetics, mouthwash,
and medical preparations. Thus, the patchwork of non-anti-
biotic resistance-inducing chemicals of human origin that
microbes routinely encounter may conflict with antibiotic
stewardship strategies, undermining goals to substantially
reduce antibiotic resistance, or sustain susceptibility, even if
antibiotic use were decreased.

The phenotype and transcription assays confirmed that
multiple genes respond to herbicide exposures, and some
also contributed to adaptive resistance. Several genes known
to participate in adaptive resistance were tested in pheno-
type assays and by transcriptomics. Three strains with gene
deletions had a different phenotypic pattern of response
compared to the wild-type. These had deletions in AacrA
(Roundup*Tet), AacrB (Kamba*Cip), or AtolC (Roundup*-
Cip). For these combinations, the deleted gene explained
most if not all of the adaptive response. No other statistically
robust interactions were observed. It is noteworthy that the
herbicide concentrations tolerated by these strains were
much lower than those tolerated by the wild-type, confirm-
ing that adaptive resistance contributes to the intrinsic her-
bicide and antibiotic response level. This is consistent with
an increase in acrB (efflux) and a decrease in ompF (influx)
transcripts observed for Tet*Kamba interactions. In con-
trast, AcrD did not contribute to the response to either anti-
biotic or Kamba. Because deleting some components of the
AcrAB-TolC system did not uniformly impact responses to
herbicide/antibiotic combinations, the response of E. coli to
the compounds tested probably involves additional genes
[36]. This suggestion is consistent with a mar-dependent
and an undescribed mar-independent pathway as suggested
by others [37]. The data presented here indicate that genes
outside the RND family of transporters contribute to herbi-
cide-induced adaptive antibiotic resistance. Our survey has
not been exhaustive, but points at a complex response by
bacteria exposed to herbicides and provides the basis for
further work identifying herbicide-responsive gene net-
works in bacteria.

Multiple strategies are needed to address the antibiotic resis-
tance crisis. While new drugs will certainly be required,
invention alone will fail unless we can maintain the effec-
tiveness of antimicrobial agents, both old and new [38]. Sus-
tainable use of antibiotics will likely include cycling drugs
out of use for periods of time. This approach may be com-
promised if other environmental factors sustain resistance -
possibly even favouring the development of populations
with acquired resistance - or select for rapid adaptation of
bacteria when the drug is re-introduced. It will only be pos-
sible to avoid rapid evolution of resistance to new drugs, or
engineer a return to susceptibility to existing drugs, if we
understand the complex interaction of microbes with multi-
ple chemical releases into the environment.

Antibiotic resistance is influenced by more factors than just
exposure of bacteria to antibiotics. These other factors
include manufactured products released into the
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environment. We demonstrated that the pure forms of
dicamba, 2,4-D, and glyphosate, as well as common surfac-
tants, can change the susceptibility of bacteria to a diverse
range of antibiotics upon concurrent exposure. The induc-
ing concentrations were well within the working concentra-
tions of herbicides to which people, pets and farm animals
may be exposed.
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