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SUMMARY

Gut microbiomes contribute to animal health and fitness. The immense biochemical diversity of bacteria
holds particular potential for neutralizing environmental toxins and thus helping hosts deal with new toxic
challenges. To explore this potential, we used Caenorhabditis elegans harboring a defined microbiome,
and the antibiotic neomycin as a model toxin, differentially affecting microbiome strains, and also toxic to
worms.Worms exposed to neomycin showeddelayed development and reduced survival but were protected
when colonized with neomycin-resistant Stenotrophomonas. 16S rRNA sequencing, bacterial load quantifi-
cation, genetic manipulation, and behavioral assays showed that protection was linked to enrichment of
Stenotrophomonas carrying a neomycin-modifying enzyme. Enrichment was facilitated by altered bacterial
competition in the gut, as well as by KGB-1/JNK-dependent behavioral changes. While microbiome remod-
eling conferred toxin resistance, it was associated with reduced infection resistance andmetabolic changes.
These findings suggest that microbiome adaptation can help animals copewith stressors but may have long-
term consequences that add to effects of direct intoxication.

INTRODUCTION

Animals harbor large gut microbial communities—microbiomes,

which are important for their health and fitness. In vertebrates,

the gut microbiome has been shown to contribute to processes

as diverse as development, immunity, metabolism, and even

mood regulation.1–4 In herbivores (both vertebrate and inverte-

brates), gut bacteria are essential for mere survival, as energy

harvest from plants depends on bacterial enzymes.5–7While cur-

rent understanding highlights how interwoven are the fates of an-

imals and their gut bacteria, the full scale of this dependence is

yet unknown. To consider some numbers, the human gut micro-

biome is estimated to consist of as many bacteria as there are

cells in the body and to encode 100-fold more genes than there

are in the human genome.8 Thus, it is likely that our current un-

derstanding of the contributions of the gut microbiome repre-

sents only the tip of an iceberg.

Host-adapted symbionts, such as those of sap-eating aphids,

open new niches by providing their hosts with essential nutrients

otherwise missing in available diet, or provide protection from

local threats.9 Niche adaptation can be facilitated also by looser

interactions with gut bacteria. Adaptation to toxins is a case in

point. To deal with chemically-diverse toxins, animals possess

several families of detoxifying enzymeswith relatively broad sub-

strate specificity, for example the cytochrome P450 superfam-

ily.10 However, the repertoire of such enzymes is limited. Bacte-

ria, on the other hand, as a group offer a far greater biochemical

diversity, which throughout animal evolution has been instru-

mental in enabling host adaptation to toxins, particularly to plant

toxins. Examples include the coffee berry borer, a pest of the

coffee industry, which is among the few herbivorous insects

that are not deterred by caffeine, attributed to the metabolizing

activity of Pseudomonas fulva gut commensals; or the beetle

Psylliodes chrysocephala, a major pest of oilseed rape, which

is protected from plant isothiocyanates by Pantoea commen-

sals; or the Mojave desert woodrat, which can subsist on the

otherwise toxic creosote bush, thanks to yet uncharacterized

gut commensals.11–13

The last century has exacerbated the challenge of environ-

mental toxins, with an expansion in human-made chemicals,

such as pesticides, flame retardants, or even antibiotics (of

which many are synthetic or semi-synthetic). Some of the

released chemicals have intended toxic effects on pathogens

or pests but may also have off-target toxicity, others are thought

to be toxic but data are ambiguous, and many others have not

yet been characterized for possible toxic effects. Such environ-

mental toxins represent novel paradigms of toxicity and stress

for animals (including humans) as they contaminate large areas

in a short time and spread through water.14 The timescale of

such exposures further reduces the potential of genetic variation

within animal populations to be useful. Bacteria, with their

biochemical diversity and short generation time are better suited

to offer a solution. Examples of bacteria-mediated protection

from environmental toxins are still scarce. In the bean bug
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Riptortus pedestris, a soybean pest, resistance to organophos-

phate pesticides was found to appear through rapid acquisition

of pesticide-metabolizing Burkholderia, attributed to their

increased environmental abundance in sprayed fields.15,16 In

another study, experimental evolution investigation of the wasp

Nasonia vitripennis through generations of exposure to sub-toxic

concentrations of the herbicide atrazine revealed increased

resistance that was provided by gut enrichment for toxin-de-

grading Serratia marcescens and Pseudomonas protegens.17,18

However, the paths and molecular underpinnings of micro-

biome-mediated protection are not well understood.

We employed a model host and a model toxin to explore the

mechanisms leading to bacteria-mediated protection from a

novel toxin. As a host model we used the nematode Caenorhab-

ditis elegans, a recently established model for microbiome

research, shown to harbor a diverse yet characteristic gut micro-

biome shaped by environmental availability, host genetics and

interbacterial interactions.19–25 C. elegans is also increasingly

used for studying evolutionary processes that shape host-

microbe and host-microbiome interactions.26–28 As a convenient

model toxin we chose neomycin, an aminoglycoside antibiotic,

bound to affect the structure and function of the gut microbiome,

with sensitive community members inhibited, and resistant

members capable of modifying and neutralizing it. Unlike most

antibiotics, neomycin is also toxic to worms, offering the oppor-

tunity to examine microbiome-mediated protection.29 The ex-

periments described further demonstrate that rapid bacteria-

mediated protection can emerge through distinct mechanisms,

involving either interbacterial competition or changes in host

behavior, both leading to reproducible microbiome remodeling

and enrichment for protective bacteria, and both largely inde-

pendent of environmental enrichment for protective bacteria.

The straightforwardness of these mechanisms suggests that

bacteria-mediated protection may be more common than

currently appreciated. At the same time, we considered that

changes in microbiome composition may also cause dysbiosis,

which is often associated with pathology.30,31 Exploring the

long-term consequences of microbiome remodeling identified

metabolic remodeling, the significance of which is yet unknown.

In addition, it identified a trade-off between short-term toxin pro-

tection and longer-term susceptibility to infection. Considering

such findings in the broader perspective of environmental intox-

ication suggests that indirect microbiome-dependent effects

may compound the outcomes of toxin exposure.

RESULTS

Gut bacteria protect C. elegans from neomycin toxicity
Worms were raised either on non-colonizing E. coli or on CeM-

bio, a community of twelve characterized worm gut commensals

selected to represent the C. elegans core gut microbiome.32,33

E. coliOP50 is a standard lab strain sensitive to neomycin. How-

ever, members of the CeMbio community varied in their sensi-

tivity/resistance to neomycin, including four strains, boxed in

Figure 1A, which maintained growth following neomycin expo-

sure, both on plates and at least to some extent in liquid cultures.

Worms raised on E. coli showed dose-dependent develop-

mental delays in response to neomycin, attributed to its toxicity

in worms (and differing from another aminoglycoside, kana-

mycin, which is equally toxic to E. coli but not to worms) (Fig-

ure 1B). In contrast, worms raised on CeMbio, which develop

faster than worms raised on E. coli,34 were protected from

neomycin toxicity, showing no developmental delays. Protection

from neomycin toxicity could be conferred by gut bacteria, as

worms raised on CeMbio and shifted to neomycin as reproduc-

ing adults survived significantly longer than worms raised on

E. coli (Figure 1C and Table S1). This protection was dependent

on live bacteria, as worms raised on paraformaldehyde-killed

bacteria of the CeMbio community survived neomycin exposure

no better than those raised on E. coli (Figure S1). Together, these

results demonstrate that the gut microbiome assembled from

CeMbio can help its host resist neomycin toxicity.

Neomycin-induced microbiome remodeling involves gut
enrichment with protective Stenotrophomonas

independent of the extent of its environmental
availability
Worms were raised without neomycin on monocultures of the

four neomycin-resistant strains and shifted as gravid adults to

plates with neomycin and E. coli as food. Even without further

intake, resistant bacteria persisted (and proliferated) in the

worm gut and conferred protection from neomycin (Figures 2A

and 2A inset; Table S1 and Figure 2). In contrast, Lelliottia, a

moderately Neo-sensitive strain, could not persist or protect,

although it normally is an effective colonizer of worms.33 This

linked bacterial neomycin resistance with the ability to persist

and protect the host. While each of the four Neo-resistant strains

managed to persist in the gut of neomycin-exposedwormswhen

in monocultures, next-generation 16S rRNA sequencing of gut

microbiomes showed that in the context of a community assem-

bled from CeMbio only one of the four—Stenotrophomonas indi-

catrix JUb19, became dominant (Figure 2B and Table S2). The

pattern emerging in several similar experiments showed that un-

like gut microbiomes in worms raised on CeMbio without antibi-

otics, which were dominated by Ochrobactrum, microbiomes of

worms exposed to neomycin were dominated by Stenotropho-

monas (Figures 2B, 2C left and Table S2). The driving force for

the Stenotrophomonas enrichment seemed to be distinct from

its environmental availability, which changed relatively little in

CeMbio lawns with or without neomycin (Figure 2B). Additional

experiments, in which worms were raised on CeMbio and colo-

nized in the absence of neomycin, then shifted to neomycin with

E. coli as food, still showed enrichment of Stenotrophomonas,

indicating that the change in microbiome composition was due

to the effect of neomycin on, or in, the worm gut (Figure 2C right

and Table S2).

An experiment similar to those described earlier of worms

raised on CeMbio with or without neomycin, but using colony

forming units (CFU) counts to estimate the actual number of bac-

terial cells in the worm gut, again demonstrated that Stenotro-

phomonas became dominant in the intestine of worms exposed

to neomycin (Figure 2D). Importantly, the number of gut Steno-

trophomonas cells in neomycin-exposed worms was larger

than the combined number of Ochrobactrum and Stenotropho-

monas in the gut of unexposed worms, and even larger than

the number of all gut bacteria. SinceOchrobactrum is somewhat
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resistant to neomycin (Figure 1A) and when in monoculture can

persist in the worm gut (Figure 2A inset), its disappearance

from the worm gut is not likely due to direct inhibition by

neomycin. Instead, this disappearance suggests competitive

exclusion by Stenotrophomonas, allowing the latter to subse-

quently allocate more energy for proliferation. In vitro competi-

tion experiments in liquid culture showed a similar increase in

Stenotrophomonas growth and displacement of Ochrobactrum

following addition of neomycin (Figure 3B). Together, these re-

sults support the hypothesis that the increase in Stenotropho-

monas abundance in the gut of neomycin-treated animals was

due to its ability to outcompete Ochrobactrum.

Scanning the genome of the JUb19 Stenotrophomonas strain

for potential aminoglycoside-protective mechanisms identified

an aminoglycoside 30-phosphotransferase homolog, APH(30),
which in other bacteria was shown to phosphorylate and

neutralize aminoglycosides such as neomycin and kanamycin.35

The encoded enzyme may be the factor responsible for JUb19’s

neomycin resistance and for its ability to protect the host.Worms

raised on Stenotrophomonas killed with paraformaldehyde were

as sensitive to neomycin as those raised on E. coli, indicating

that active bacterial protein expression was required for protec-

tion (Figure 2E). Scanning the genomes of several other Steno-

trophomonas species (gratefully received fromMichael Herman,

University of Nebraska), we identified BIGb262, a Stenotropho-

monas rhizophila strain, also isolated from C. elegans, which

shared 95.8% of its gene clusters with JUb19, but lacked the

APH(30) gene. Unlike JUb19, BIGb262was sensitive to neomycin

andwas unable to protect worms from neomycin (Figures 2F and

S4A). Transformation of BIGb262 with a plasmid carrying a Kan/

NeoR selection marker encoded by an APH(30) gene made it

resistant to neomycin and capable of protecting worms from

neomycin, thus highlighting APH(30) as the likely mechanism

through which JUb19 provided protection. Unlike transformed

A

CB

Figure 1. The gut microbiome protects host from neomycin toxicity

(A) Sensitivity to neomycin, quantified in CeMbio community members by disk diffusion growth inhibition as demonstrated in inset (red intensity signifies extent of

inhibition), or by growth in liquid media (green intensity signifies growth rate). Resistant strains are boxed.

(B) Effects of neomycin (or kanamycin) on development of worms raised onE. coli or on CeMbio. Proportion of worms reaching L4 following 30 h of growth from L1

at 20�C. Shown are averages ±SD from two independent experiments, each with two plate replicates (total n = 4); 17–91 worms/plate; *, p < 7.64E-4, t test.

(C) Survival of wild typeworms raised on designated bacterial cultures and shifted as first day gravids (t = 0) to plates with neomycin and E. coli as food. Shown are

averages ±SD from three plates (60–73 worms/group); *, p = 1E-10, log-rank test.
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APH(30)-positive BIGb262, a natural colonizer of the worm gut,

similarly-transformed non-colonizing E. coli OP50 failed to pro-

tect worms, in spite of becoming Neo-resistant (Figure 4).

Together, these results support the notion that APH(30) expres-
sion is what makes Stenotrophomonas protective, but that pro-

tection depends also on bacterial ability to colonize the worm

gut, thus indicating that APH(30) provides protection by neutral-

izing ingested neomycin.

Kgb-1-dependent toxin avoidance enables preference
and acquisition of neomycin-protective strains
In bacteria, neomycin inhibits protein translation by binding to

the 30S ribosomal subunit. To examine how it affected

C. elegans, we carried out RNA-seq analysis seeking to identify

genes that responded to neomycin exposure. Responses were

examined 8 h after onset of neomycin exposure to focus on early

events, more likely to represent direct effects. DESeq2 analysis

identified 82 genes that were downregulated in adult worms

exposed to neomycin and 76 that were upregulated (Table S3).

Downregulated genes were primarily enriched for genes anno-

tated with carboxylic acid metabolism process, including genes

involved in glycolysis and lipid b-oxidation (corrected p value of

5E-10) and for mitochondrial localization (p = 0.02), and further

included seventeen collagen genes. Upregulated genes were

primarily enriched for annotations of defense response to other

organism (p = E�5) and response to stress (p = 2E-4). While it

is difficult to determine based on these results how exactly

neomycin affected worms, one possible interpretation is that

neomycin inhibited some aspects of mitochondrial function,

affecting energy metabolism, which activated stress responses.

Interestingly, among the upregulated genes, enrichment was

found for genes previously characterized as part of the KGB-1

regulon (Table S3).36 KGB-1 is a stress-activated protein kinase

and a JNK homolog that was shown to take part in diverse stress

responses in C. elegans.37,38 It was also shown to activate an

aversion behavior leading worms away from conditions where

essential cellular processes were inhibited.39 To test whether

such avoidance could be activated by neomycin exposure, we

A

D E F

CB

Figure 2. Neomycin exposure enriches for Neo-resistant gut Stenotrophomonas

(A) Survival assays of wild type worms raised onmonocultures of Neo-resistant CeMbio strains and shifted as gravids to plates with neomycin and E. coli as food.

Each curve shows averages ±SD from three plates (31–110 worms/group); *, p < 1E-4, log-rank test. Inset. Persistence of designated strains in worms 48 h after

shift to neomycin plates (10 worms/group, averages ±SD for three replicates); *, p < 0.011, t test compared to E. coli.

(B) A representative experiment showing microbiome composition (analyzed by 16S sequencing, color-coded by strains) in wild type worms raised on CeMbio

with or without neomycin (W) or in their lawn environment (Env). Each bar represents a swab of the bacterial lawn or a population of �70 worms.

(C) Gut enrichment ofOchrobactrum and Stenotrophomonas in worms raised with or without neomycin (left, 3 independent experiments, each with 2–3 separate

populations as in B (total n = 7), each populationmarkedwith a dot), or worms raised on CeMbio and shifted as gravids for 12 h to neomycin with E. coli food (right,

two independent experiments, 2-3 separate populations each, total n = 5). Shown are averages ±SD, *, p < 0.05, t test.

(D) Bacterial load in gravid worms raised on CeMbio with or without neomycin. CFU counts of gut bacteria cultured on LB with neomycin (left) or without (right);

averages ±SD for two independent experiments, each with two replicates (n = 4, 15 worms/experiment); *, p = 0.0018 (left) and p = 0.047 (right), t test.

(E and F) Survival assays of wild type worms raised on designated bacteria (live or dead) and transferred as gravid to plates with neomycin and E. coli food. St.i.,

S. indicatrix (JUb19, APH(30)+), St.r., S. rhizophila (BIGb262, APH(30)-), St.r. APH(30)+, APH(3’)-transformed BIGb262. Each curve shows averages ±SD for three

plates; 27–45 worms/plate (E), N = 44–89 worms/plate (F); *, p < 7E-7, log-rank test compared to live E. coli.

4 iScience 28, 112209, April 18, 2025

iScience
Article

ll
OPEN ACCESS



applied neomycin in different concentrations to worm plates and

measured the distance of individual worms from the point of

application. This revealed dose-dependent avoidance and

further showed that neomycin avoidance was kgb-1 dependent,

supporting activation of KGB-1 by neomycin (Figure 3A). To

examine whether this avoidance behavior could play a role in

helping worms acquire protection from neomycin, we carried

out preference assays allowing worms to choose between

E. coli and the neomycin-protective CeMbio community. Unlike

adults, larval responses to neomycin were slow, prompting us

to extend the time of preference assays, which would allow, in

addition to sensing, also involvement of learning processes. By

A

D E

F

CB

Figure 3. kgb-1-dependent toxin avoidance enables preference and acquisition of Neo-protective Stenotrophomonas

(A) Avoidance of neomycin by wild type or kgb-1 gravid worms within an hour of application. Shown is one experiment, with averages ±SD for distances of

individual worms from point of neomycin application (red dot on bacterial lawn in scheme); 24–92 worms/group; *, p < 2E-5, t test.

(B) Preference assays (direction marked in schemes by arrows) with wild type or kgb-1worms between CeMbio and E. coli,with or without neomycin. Shown are

median (lines) and interquartile ranges (boxes) for five assay plates from two independent experiments (n = 5), 46–134 worms/plate; *, p = 8.5E-5, t test.

(C) Preference assay of wild type worms in amulti-choice assay on spatially segregatedmonocultures of CeMbio members, with or without neomycin. Shown are

averages ±SD from two independent experiments each with two plate replicates (n = 4), 46–185 worms/plate; *, p = 0.01, t test.

(D and E) Preference assayswithwild type or kgb-1worms betweenStenotrophomonas strains orE. coli, live or dead, andwith or without neomycin.D. Shown are

medians and interquartile ranges for three independent experiments, each with 2–3 assay plates (n = 7, 40–157 worms/plate); *, p = 4.5E-7, t test. St.i., JUb19; St.

r., BIGb262; St.r. APH(30 )+, APH(30)-transformed BIGb262. E. Each graph shows medians and interquartile ranges for three assay plates, 37–135 worms/plate;

*, p < 0.009, t test.

(F) Gut microbiome composition and the derived Stenotrophomonas abundance in worms raised on a mixed CeMbio culture, or on spatially segregated

monocultures, in plates with or without neomycin. Bar graphs as in Figure 2B, 80 worms/population; Stenotrophomonas abundance shows averages ±SD of two

populations, *, p < 0.05, t test.

iScience 28, 112209, April 18, 2025 5

iScience
Article

ll
OPEN ACCESS



the end of larval development, in the absence of neomycin, wild-

type worms showed a slight preference to E. coli over CeMbio.

However, neomycin exposure changed that, significantly

increasing worm preference for CeMbio, a shift which was

kgb-1 dependent, and further depended on mek-1, which en-

codes KGB-1’s upstream activator (Figures 3B, S5 and

Table S4). Furthermore, when worms exposed to neomycin

were allowed to choose between the twelve members of CeM-

bio, in this case spatially segregated in random order, a greater

percentage of wild-type animals gravitated toward the protective

Stenotrophomonas, but not so kgb-1mutants (Figure 3C). These

results supported a role for KGB-1 in responding to the toxic ef-

fects of neomycin and activating a behavioral response that led

worms away from the toxin, and as a consequence, toward

toxin-neutralizing bacteria where concentrations were lower. In

agreement with the proposed mechanism, kgb-1-dependent

preference was only for live Stenotrophomonas (Figure 3D) and

was tuned to preference of APH(30)-positive Stenotrophomonas

(Figure 3E). In contrast, the more general preference of live over

dead bacteria, observed with non-protective E. coli, was inde-

pendent of kgb-1 (Figure S6 and Table S4), further supporting

a more specific role for KGB-1 in responding to neomycin

toxicity.

To test how kgb-1-dependent preferences could affect gut mi-

crobiome composition, we raised wild type and kgb-1 worms

with or without neomycin, and on E. coli or CeMbio—the latter

either with all twelve strains mixed, as in Figure 2, or spatially

segregated. Whereas both wild type and kgb-1mutants showed

neomycin-induced Stenotrophomonas enrichment when raised

on a well-mixed CeMbio, recapitulating the ability of Stenotro-

phomonas to outcompete other strains in the neomycin-affected

worm gut, kgb-1 mutants exposed to neomycin failed to enrich

for Stenotrophomonas when required to choose between

spatially segregated colonies (Figures 3F and Table S4). This dis-

tinguishes between two mechanisms which can contribute to

enrichment with Stenotrophomonas: post-ingestion enrichment

seen in mixed cultures, which is independent of kgb-1, and a

behavioral, kgb-1-dependent avoidance that directs worms to-

ward protective bacteria. KGB-1 is expressed both in the gut

and in neurons,40 but the results presented here indicate that

its contribution to neomycin-induced changes in microbiome

composition were more associated with the latter, although

gut-neuron crosstalk is also possible.

Long-term consequences of neomycin-induced gut
microbiome remodeling
Examination of the persistence of neomycin-induced micro-

biome remodeling demonstrated that worms raised on CeMbio

in the presence of neomycin and then shifted away from the toxin

maintained a significant Stenotrophomonas enrichment for at

least two and a half more days, indicating that microbiome re-

modeling persisted past toxin exposure (Figure 4A). Changes

in gut microbiome composition, due to diet, inflammation, or

environmental factors, have varied effects on host health and

fitness, and are often described as dysbiosis. Therefore, it was

of interest to examine how neomycin-induced changes affected

host function and fitness. Wild-type worms were raised either on

CeMbio, CeMbio with neomycin (to recreate the dysbiotic, Sten-

otrophomonas-enriched gut microbiome), and on a CeMbio

variant reconfigured to emulate the composition of the gut mi-

crobiome in worms exposed to neomycin, but without the toxin

itself. CFU counts of gut bacteria in worms raised on this recon-

figured community demonstrated the desired gut enrichment for

Stenotrophomonas, although not to the same extent as in

neomycin-treated worms (Figure S7). Worms developing on

the remodeled microbiomes did not show significant effects on

fecundity, or subsequently, on lifespan (Figure S8). However, a

significant increase in gut lipid levels was observed in worms

raised on Stenotrophomonas-enriched communities, represent-

ing an increase in energy storage (Figure 4B). A small, non-signif-

icant increase was observed in worms raised on CeMbio and

exposed to neomycin, but a larger increase was observed in

worms raised on the reconfigured CeMbio without neomycin,

which was similar to the increase seen in worms raised on Sten-

otrophomonas alone, indicating that Stenotrophomonas enrich-

ment was sufficient to alter lipid storage. How this metabolic re-

modeling may affect host health and fitness is yet unclear. In

contrast, the significance of microbiome remodeling for path-

ogen resistance, as seen with the Pseudomonas aeruginosa

infection model, was more straightforward. Resistance of Sten-

otrophomonas-enriched worms, in two configurations, was

significantly lower than in worms raised on standard CeMbio

(Figure 4C and Table S1), and decreased colonization with

non-pathogenic bacteria was correlated with the decreased

infection resistance (Figure 4C inset). To test whether decreased

infection resistance was due to a decrease in community diver-

sity, or alternatively, loss of specific protective strains, we gener-

ated three additional modified configurations of the CeMbio

community—one that included only strains that were previously

shown to prevent pathogenic colonization of P. aeruginosa—

Sphingobacterium strain BIGb0170, Chryseobacterium JUb44,

and Pantoea BIGb0393 (Figure 9),41 a second community, which

lacked only these protective strains, and a third, in which three

non-protective strains (Ochrobactrum Myb71, Pseudomonas

MSPm1 and Sphingomonas JUb134) were excluded, reducing

general diversity, but keeping the three protective strains. The

results shown in Figure 4D suggest that loss of infection-protec-

tive strains due to neomycin sensitivity is likely the reason for

reduced infection resistance following neomycin-driven reconfi-

guration of the gut microbiome, not a general decrease in micro-

biome diversity. Thus, while Stenotrophomonas enrichment pro-

vides short-term toxin protection, displacement of other bacteria

represents a trade-off that may have long term negative

consequences.

DISCUSSION

Using neomycin as a convenient model for environmental

toxins—toxic to the C. elegans host and effectively altering the

gut microbiome, our results demonstrate that the gut micro-

biome can provide protection from an environmental toxin. In

the context of a full community, protection was conferred by

themost resistant member of the community, a Stenotrophomo-

nas indicatrix strain, which outcompeted other gut bacteria and

persisted in the affected worm gut. In addition, exposed worms

sought relief from the toxin, driven by avoidance behavior that
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depended on the stress-activated JNK homolog gene kgb-1,

and that when given a choice resulted in a preference for protec-

tive bacteria. Thus, two distinct mechanisms converge to facili-

tate colonization by protective bacteria. In this toxin-remodeled

microbiome, the enrichment for Neo-resistant strains (primarily

Stenotrophomonas) described a significant deviation from base-

line gut microbiome composition, representing dysbiosis. The

effects of this dysbiosis on host fitness were limited, with fecun-

dity and lifespan of worms developing on the remodeled com-

munity remaining unaltered. However, it did increase the sus-

ceptibility of hosts to the pathogen Pseudomonas aeruginosa,

driven by loss of pathogen-protective but neomycin-sensitive

strains, and further altered metabolism leading to increased lipid

storage. Our results demonstrate that microbiome-assisted host

resistance to environmental toxins is simple and attainable. They

further demonstrate that this resistance could arise through

more than one mechanism, either in bacteria or in the host,

and that themechanisms involved are of general purpose—inter-

bacterial competition and avoidance of harmful environments,

together increasing the likelihood that resistance will emerge.

Our results focus on resistance to an environmental toxin, but

similar mechanisms could give rise to resistance to other types

of environmental stress. At the same time, the results highlight

the trade-off that may take place between short-term resistance

to the toxin and other adaptive traits, some of which with poten-

tial long-term consequences.

The ability of S. indicatrix JUb19 to protect worms was asso-

ciated with its persistence and proliferation in the worm gut,

and further associated with its APH(30)-encoding gene. While

we did not knock-out the JUb19’s APH(30) as a direct demon-

stration of its requirement for protection, introduction of an

APH(30)-encoding gene into S. rhizophila BIGb262 showed it to

A

DC

B

Figure 4. Consequences of neomycin-induced microbiome remodeling

(A) CFU counts of gut-colonizing Neo-resistant CeMbio members from worms raised from L1 to mid gravid stage (4.5 days) on CeMbio with or without neomycin,

or first with neomycin (two days) and then shifted for 2.5 days more to plates without neomycin (Post-Neo). Averages ±SD of two technical repeats per group (13

worms/group); ****, p < 0.0001, two-way ANOVA followed by a Bonferroni’s test.

(B) Left, representative Images of lipid staining (proportional to lipid content) in wild type gravid worms raised on CeMbio, on CeMbio with neomycin, on re-

configured CeMbio (Re.) or on Stenotrophomonas alone; scale bar, 200 mm. Right, quantification of staining in individual worms from three independent ex-

periments. Averages ±SD for 16–21 worms/group; p = 2.4E-8, ANOVA; *, p < 3.7E-05, Tukey’s HSD post hoc.

(C) Infection resistance in worms raised on designated communities and shifted in adulthood to Pseudomonas aeruginosa. Each curve shows averages ±SD for

three plates (67–83 worms/group); p = 1E-7 (CeMbio vs. E. coli), p = 0.003 (CeMbio vs. Re.), log-rank test. Inset. Persistence of CeMbio members in worms 24 h

after shift to P. aeruginosa. Averages ±SD for three technical replicates, 10 worms/group; p = 8E-7, ANOVA; *, p < 3.4E-05 Tukey’s HSD post hoc.

(D) Infection resistance as in C with worms raised on CeMbio including Pseudomonas-protective strains, without them, or without three non-protective strains

(low diversity). Curves show averages ±SD for three plates (62–87 worms/group), *, p < 3.4–05, log-rank test.
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be sufficient for providing worms with neomycin resistance, as

well as to make BIGb262 as attractive to worms as JUb19. While

JUb19 was the strain taking over the gut microbiome, the three

other Neo-resistant strains were also capable of protecting

worms from neomycin. In the case of JUb44 and BIGb170, scan-

ning of gene annotations suggested that they harbored putative

neomycin modifying enzymes—an aminoglycoside adenyltrans-

ferase and an unspecified aminoglycoside phosphotransferase,

respectively. Ochrobactrum Myb71 was also found to harbor a

putative APH(30) gene, but unlike JUb44 and BIGb170, Myb71

could not always persist in the worm gut (i.e., under exposure

to high neomycin concentrations (0.5 mg/mL)), yet was still

able to cf. resistance (Figure 2A, Table S1 and Figure S2). In

this case, the ability of Myb71 to protect worms may be associ-

ated with its value as food, making the host better able to resist

infection on its own, or, as shown in other cases, through activa-

tion of host immunity, making the host better prepared for infec-

tion.42 This further demonstrates the potential of bacteria to lend

from their biochemical diversity to offer hosts varied solutions to

new challenges.

While bacterial environmental availability can be affected by

neomycin toxicity, environmental availability was not the main

factor responsible for Stenotrophomonas gut enrichment, as

this occurred also in worms first colonized by CeMbio members

and only subsequently exposed to the toxin. The increased bac-

terial load observed in the toxin-adapted worms is in line with a

release from competition and suggests that the mechanism

through which Stenotrophomonas becomes enriched is its abil-

ity to outcompete less-resistant gut bacteria and proliferate on

their expense.While previous studies of the bean bug adaptation

to pesticide linked host resistance to acquisition of environmen-

tally-enriched protective bacteria,16 our results demonstrate that

when biochemical capabilities pre-exist in the gut microbiome,

toxin-induced stress could be sufficient for microbiome remod-

eling and host protection, independent of environmental

availability.

The choice of neomycin as themodel toxin and concentrations

selected for testing was to ensure microbiome changes in a

community with somewhat limited diversity and to ensure

observable effects on hosts. In the environment, antibiotic con-

centrations are usually far lower than those used here.43,44

Nevertheless, there are examples of antibiotics, specifically ami-

noglycosides, used in the environment in concentrations as high

as those we used.45 Thus, the mechanisms that we identified as

taking part in worm resistance to neomycin might play similar

roles in natural contexts. These mechanisms are of general pur-

pose. On the bacterial side, aminoglycoside modifying enzymes

are common among bacteria, including in the human gut.46–49

On the host side, the C. elegans stress-activated MAP kinase

KGB-1, a JNK homolog, is a conserved protein involved in

diverse stress responses as well as in behavioral modula-

tion.50–52 Together, such mechanisms could facilitate bacteria-

dependent resistance to toxic antibiotics in nematodes in the

wild, as well as in other animals. Resistance to other toxins

may rely on different bacterial toxin-modifying enzymes but

could be similarly feasible. And when appropriate enzymes are

not as common as those involved in antibiotic resistance, envi-

ronmental exposure to the toxin could significantly increase

availability of bacteria expressing the appropriate enzyme, as

found for the pesticide-resistance bean bug discussed earlier.16

While remodeling of the worm gut microbiome provided relief

from neomycin toxicity, at least one trade-off was noted, i.e.,

susceptibility to infection. The case of pathogen susceptibility

seems to be straightforward, attributed to loss of bacterial

strains that compete better with the pathogen.41 In addition,

the Stenotrophomonas enrichment was sufficient to drive meta-

bolic remodeling. The significance of this change is not as clear.

Lipid storage is thought to provide energy for worm growth, sur-

vival and reproduction, but it has also been shown (following

disruption of TORC2 signaling, the less characterized branch

of target of rapamycin signaling) to be associated with develop-

mental delays and decreased body size,53 and in humans, it is

associated with metabolic syndrome. Maintaining gut micro-

biome composition within certain boundaries (still ill-defined) is

essential for gut homeostasis,54 and deviations lead to dysbiosis

and pathology.24,55,56 Host metabolism seems to be sensitive to

changes in microbiome composition.57 The effects of Stenotro-

phomonas enrichment is one example. Work in vertebrates pro-

vides many more, linking gut-dysbiosis to metabolic syndrome

and obesity.55,58 Such examples suggest that metabolic remod-

eling might be a common indirect effect of toxin-induced micro-

biome-remodeling.

The results presented here support the notion that micro-

biome-dependent protection from environmental toxins is

straightforward, can be achieved through distinct routes and,

as a consequence, is probably more prevalent than currently

appreciated. Increases in the spread of environmental toxins

are only one facet of global change, perhaps representing a

change in which bacteria are particularly likely to play a role.

However, gut bacteria could contribute to any aspect of physio-

logical and ecological adaptation. The microbiome was previ-

ously proposed as a potential source for adaptive novelty.59 It

seems that helping hosts maintain their fitness in a changing

environment may be one such contribution. It might be

happening all around us, and may further be a yet unaccounted

cause of health issues stemming from trade-offs with initially

protective remodeling.

Limitations of the study
The results described provide a proof-of-concept for the

straightforwardness of microbiome-dependent toxin resistance,

taking advantage of the prevalence of antibiotics resistance

mechanisms. When it comes to other toxins, modification mech-

anisms may be less common and less likely to be available in

communities with limited diversity. Nevertheless, in normally

diverse environmental microbiomes such mechanisms should

be common enough tomakemicrobiome-dependent toxin resis-

tance a phenomenon to be reckoned with and to study.
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Data and code availability

RNA-seq data generated during this study has been deposited at the Gene

Expression Omnibus (GEO) and is publicly available as of the date of publica-

tion. The BIGb262 genome sequence was deposited in the NCBI. Accession

numbers are listed in the key resources table. This paper does not report orig-

inal code. Any additional information required to reanalyze the data reported in

this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL

C. elegans maintenance
C. elegans worms were maintained at 20�C on Nematode Growth Medium (NGM) plates seeded with E. coli bacteria strain OP50.

NGM: 3 g/L NaCl, 2.5 g/L Bacto-peptone and 17 g/L Bacto-agar are dissolved in Milli-Q filtered water, autoclaved. After cooling

to 55�C, 1 mL/L cholesterol (stock solution: 5 mg/mL in ethanol), 25 mL/L of 1M potassium phosphate, 1 mL/L of 1M magnesium

sulfate and 1 mL calcium chloride (1M) are added. Where designated, antibiotic was also added after autoclaving. Germ-free and

synchronized populations of arrested L1 larvae were obtained by bleaching gravid worms with a 1.8% sodium hypochlorite

0.375 M KOH solution for 6 min (with vigorous shaking), to dissolve mothers and release their eggs, and hatching eggs on NGM

without bacteria food. Worms were subsequently raised to adulthood at 20�C on plates with bacterial monocultures or communities

in large excess.

The CeMbio community
CeMbio is a defined community of twelve characterized and genome-sequenced worm gut commensals33 Genome sequences of

CeMbio strains are available in the European Nucleotide Archive (accession number PRJEB37895). In setting for an experiment, in-

dividual strains were grown at 28�C for two days, shaking, in 2 mL of LB. Saturated cultures of each monoculture were adjusted to

OD600nm of 4, mixed in desired combinations (or kept as individual strains) and spread as lawns on nematode growth media (NGM)

plates with or without antibiotics.

A bacterial community reconfigured to mimic the gut community as assembled from CeMbio in worms exposed to neomycin,

included JUb19, MYb71, and BIGb0172 in a ratio of 9: 0.27: 0.5, respectively.

METHOD DETAILS

Assessing bacterial susceptibility to neomycin
Growth inhibition on plates

Sterile paper disks soaked in solutions with different antibiotic concentrations were placed on bacterial lawns seeded from 0.05

OD600nm cultures on LB plates and incubated overnight at 28�C. Bacterial sensitivity to antibiotic was assessed by the width of

the clear halo around the disk.

Growth in liquid

Individual strains, diluted from saturated cultures to 0.05 OD600nm, were raised in LB at 28�C in wells of a microtiter plate containing

different antibiotic concentrations, and their growth monitored during 48 h with OD600nm readings every 5 min using a Molecular De-

vices Versamax plate reader. Maximal growth rate was calculated to assess antibiotic sensitivity.

Neomycin concentrations

Most experiments were carried out with 0.25 mg/mL neomycin, which was found to have clear physiological effects on worms (sur-

vival, avoidance). In experiments used for 16S rRNA analysis, a lower concentration of 0.1 mg/mL was selected, which has lower

impact on host physiology (see Figure 1B) and may allow more nuanced analysis of changes in microbiome composition.

C. elegans survival on neomycin

Worms were raised on OP50, CeMbio, or individual CeMbio strains until the first day of gravid, washed off plates and washed three

times with 15 mL filter-sterilized M9 (3 g KH2PO4, 6 g Na2HPO4, 5 g NaCl, 1 mL 1 M MgSO4, H2O to 1 L. Sterilized by autoclaving.)

before transferring to NGM plates with neomycin, and with E. coli as food, on which survival was scored. In experiments testing the

ability of dead bacteria to protect worms from neomycin, killing was achieved by a 45 min incubation at 37�C with 1% paraformal-

dehyde, followed by washing five times with 15 mL filter-sterilized M9. Killing was verified by streaking a swab taken from lawn of

dead bacteria on an LB plate, noting no growth.

Harvesting and processing worms for colony forming units (CFUs) and next generation sequencing
Worms raised on CeMbio were washed five times with 1 mLM9-T (M9 + 0.025% Triton X-100), to remove surface adherent bacteria.

They were then left in 100 mL M9-T for 10 min, to allow clearance of transient colonizers, before adding 100 mL of 10 mM levamisole

solution to paralyze them. Thereafter, worms were surface-sterilized by the addition of 200 mL 4% bleach solution for 2 min and sub-

sequently washed with 1mL PBS twice to remove excess bleach and levamisole. Surface-sterilized worms (10–15worms in 250mL of

M9) were ground by vortexing at full speed for 10 min with zirconia beads to release live bacteria, while monitoring worm degradation

under a light microscope. After serial dilutions, aliquots were plated on LB plates +/� neomycin and incubated at 28�C for 2–3 days.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Zirconia/Silica Beads 1.0 mm diameter Fisher Scientific Cat#NC9847287

KAPA HiFi HotStart ReadyMix Roche Cat#07958935001
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For next generation sequencing, washed worms were used for DNA extraction using the DNeasy PowerSoil Kit. DNA was similarly

extracted from swabs taken of the bacterial lawns.

Preparation of sequencing libraries
Extracted DNA was used as template (>1 ng per reaction) for amplification of the 16S rRNA V4 region, using tailed 515F and 806R

primers, compatible with the Nextera XT DNA library prep kit (Illumina, FC-131-2001), and KAPA HiFi HotStart polymerase (Roche,

#07958935001). Amplification was carried out as follows: 95�C for 3 min, 25 cycles of 95�C for 30 s, 55�C for 30 s and 72�C for 30 s,

and 72�C for 5min. PCR products were purified using the AMpure XP reagent. Indices were added using the Nextera kit, according to

themanufacturer instructions and products cleaned again using AMpure XP reagent. Libraries prepared from different samples were

combined in equimolar ratios as suggested by the Illumina manual and used in paired-end next generation sequencing (NGS) using

an Illumina MiniSeq.

NGS data analysis
Analysis of 16S rRNA amplicon data were conducted using QIIME2.62 In total, 96.9% of the total reads passed quality filtering with an

average read of 81200 reads per sample. Sequenceswere aligned and clustered into operational taxonomic units (OTU) based on the

closed reference OTU picking algorithm using the QIIME2 implementation of UCLUST72 and the taxonomy of each OTU was as-

signed based on 99% similarity to reference sequences based on 16S rRNA sequences, available in the Caenorhabditis Genetics

Center, of CeMbio strains.

CFU counts
CFUs of Ochrobactrum and Stenotrophomonas were counted on LB plates with 0.1 mg/mL neomycin based on their distinct mor-

phologies: small and dark colonies for Ochrobactrum, large and orangish for Stenotrophomonas (Figure S3A). Estimates for total

bacterial load relied on CFU counts on LB plates without antibiotics. In assessing gut persistence of CeMbio members during infec-

tion, CFUs of the latter were distinguished from those of the pathogen P. aeruginosa PA14-GFP based on their lack of fluorescence.

Bacterial genome sequence analyses
Scanning of bacterial genomes for potential antibiotic resistance genes was performed using the Comprehensive Antibiotic Resis-

tance Database (CARD).71 The genome sequence of BIGb262 was provided by Michael Herman, from the University of Nebraska

(NCBI accession number PRJNA986126). Comparison of the JUb19 and BIGb262 genomes was carried out using OrthoVenn3, iden-

tifying orthologous gene clusters to assess the evolutionary relatedness of the two species.66 In addition, gene annotations for all four

Neo-resistant strains were searched for aminoglycoside resistance genes in their corresponding NCBI entries.

Generation of APH(30)-positive Stenotrophomonas rhizophila and E. coli strains
Stenotrophomonas rhizophila cells were made electrocompetent by incubating early exponential cultures on ice for 30 min, centri-

fuging at 4000g (4�C, 5min), washing cell pellets with ice-cold 10%glycerol (v/v), resuspending in the same glycerol solution to a final

concentration of 23108 cells/ml, and storing as aliquots at�80�C. For electroporation, 50 mL aliquots of electrocompetent cells were

each mixed with 2 mL plasmid DNA (100 ng/mL, pVSP61 - a broad host range plasmid encoding mRFP-1 and APH(30)61). Cell/DNA
mixtures were transferred to a chilled 0.1-cm cuvette and electroporated using a Bio-rad Gene Pulser, set at Ec1 (V = 1.8 kV).

Following recovery of 1 h in 1 mL LB at 28�C, 100 mL were spread on LB plates with 0.1 mg/mL neomycin and incubated at 28�C.
OP50 was transformedwith the same plasmid using the heat shock protocol. Competent cells were prepared fromOD600 0.25–0.3

cultures by chilling on ice for 15min, centrifuging at 4000 g at 4�C for 5min, resuspending pellets in ice-cold 0.1MCaCl2 solution and

incubating on ice for additional 30 min, then centrifuging again and resuspending pellets in 5 mL ice-cold 0.1 MCaCl2 with 15% glyc-

erol. Aliquoted were stored at 80�C. For heat shock transformation, thawed 50-mL aliquots of competent cells were mixed with 10 ng

of plasmid DNA and incubated on ice for 30 min. Mixtures were then heat-shocked at 42�C for 45 s, moved to ice for 2 min, and then

allowed to recover by addition of 450 mL LB and incubation at 37�C with shaking for 1 h. Aliquots of 100 mL from each tube were

spread on LB plate with 0.1 mg/mL neomycin and incubated overnight at 37�C giving rise to neomycin resistant bacteria, also

observed under aa fluorescence scope as red.

RNA extraction and RNA-seq analysis
Synchronized worm populations were raised from L1 to adulthood at 20�C on NGM plates seeded with E. coli. Gravid worms were

transferred to similar plates with or without 0.25 mg/mL neomycin for 8 h, following which 100–150 worms (per group, per replicate)

were washed off, washed three timeswithM9 solution, snap-frozenwith 1mL Trizol, and stored at�80�C for further use. RNA extrac-

tion started with three rounds of freeze/thaw using liquid nitrogen and a dry bath set at 37�C. Following the final thaw, 200 mL chlo-

roform were added to each sample, vortexed, and the aqueous phase was collected. Molecular grade isopropanol was added at an

equivalent volume of the collected aqueous phase and samples were centrifuged in a minicentrifuge at 14,000 rpm for 5 min at 4�C.
Pellets were washed once with 500 mL nuclease-free 75% EtOH, air-dried for 5–10 min, and subsequently resuspended in 45 mL

nuclease-free water. Genomic DNA contamination was removed using Turbo DNase (Qiagen). Extracted RNA samples were stored

at�80�C. Total RNA was sent for sequencing to Novogene (https://www.novogene.com/amea-en/), where mRNA was purified from
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total RNA using polyT oligos attached to magnetic beads, followed by cDNA synthesis using random hexamer primers, and 150 bp

paired-end sequencing with an Illumina Novaseq 6000. Following removal of adaptor sequences and low quality reads, 23,990,910

reads/sample remained on average. Kallisto was employed to identify and quantify transcripts, and DESeq2 was used to identify

differentially expressed genes, with a false-discovery-rate-corrected p-value cutoff of 0.05.63,65 Gene Ontology analysis was per-

formed usingGeneric GO term Finder (https://go.princeton.edu), with Bonferroni correction for p-values. RNA-seq raw data are avail-

able at GEO (GSE246966).

Neomycin avoidance
Worms were grown on 60 mm diameter plates, with a lawn of food E. coli, covering about 60–70% of its center area. When worms

reached adulthood, 30 mL of neomycin solution in designated concentrations were spotted in the center of the plate. Images were

captured 1 h later, using a Leica MZ16F stereoscope equipped with a Qimaging Micropublisher 5.0 camera, and the distance of

worms from the point of antibiotic application was measured using ImageJ.

Bacterial preference assays
Bacterial strains/communities were normalized to 4 OD600 and further concentrated 2-fold in M9. 30 mL of the concentrated culture

were seeded on opposite sides of a 60 mm NGM plate in pairwise choice assays, or around plates periphery in multiple choice as-

says, providing excess food for developing worms. L1 worms were transferred to the center of plates, raised to adulthood at 20�C
(40 h after transfer), at which point their number (#) in the vicinity of bacterial strains/communities was counted and used for calcu-

lating preference index: (# of worms near strain A – # near strain B)/total # of worms.

Infection resistance assay
Worms raised on monocultures or bacterial communities until gravid were washed off and washed with 15mL filter-sterilized M9 so-

lution three times, transferred to slow killing plates (SKP) with PA14-GFP. Survival assays were performed by counting dead and live

worms each day, while removing the dead worms and censoring worms found dehydrated on plate walls.73 Persistence of CeMbio

members during infection was measured by CFU counts of colonies without GFP fluorescence. Differences were assessed using

Kaplan-Meier estimator and post-hoc log -rank tests using the R Survival package.

Lipid staining and quantification
Gravid worms raised on different bacterial strains/communities were washed off plates, washed three times in PBST (PBS +0.01%

Triton X-100), fixed in 40% isopropanol by 3 min incubation at room temperature and incubated with 3 mg/mL Oil Red O solution in

60% isopropanol for 2 h at room temperature, followed by two washes, 30 min each, with PBST.74 Images of stained worms were

captured using a Leica MZ16F stereoscope equipped with a Qimaging Micropublisher 5.0 camera. Images were quantified using

color deconvolution in ImageJ, normalizing to background and to an unstained head region.Within each experiment the same thresh-

olds were used for normalization in all images and across the different groups.75

Fluorescent image analysis
Fluorescent signal in images presented in Figure S9 was quantified by Fiji plugin within the ImageJ package.76 Fluorescent signal per

worm was calculated using Integrated Density values, from which background mean gray values and autofluorescence were sub-

tracted, and subsequently normalized for worm size.41

QUANTIFICATION AND STATISTICAL ANALYSIS

Survival curveswere compared using KaplanMeier Analysis and a post-hoc Log -rank test with asterisks defined in figure legends. All

other comparisons were evaluated using Student’s t test or with ANOVA followed by Tuckey’s post hoc tests, as described in figure

legends. Assumption of equal variance or unequal variance made no difference for calculated statistical significance.
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