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Abstract: Besides their direct bactericidal effect, antibiotics have also been suggested to stimulate
the host immune response to defend against pathogens. However, it remains unclear whether any
antibiotics may stimulate the host immune response by affecting bacterial activity. In this study,
reasoning that genetic mutations inhibit bacterial activities and, thereby, may mimic the effects of
antibiotics, we performed genome-wide screening and identified 77 E. coli genes whose inactivation
induces C. elegans cyp-14A4, representing an innate immune and detoxification response. Further
analyses reveal that this host immune response can clearly be induced through either inactivating the
E. coli respiratory chain via the bacterial cyoB mutation or using the antibiotic Q203, which is able to
enhance host survival when encountering the pathogen Pseudomonas aeruginosa. Mechanistically, the
innate immune response triggered by both the cyoB mutation and Q203 is found to depend on the host
brain response, as evidenced by their reliance on the host neural gene unc-13, which is required for
neurotransmitter release in head neurons. Therefore, our findings elucidate the critical involvement
of the microbiota—brain axis in modulating the host immune response, providing mechanistic insights
into the role of antibiotics in triggering the host immune response and, thus, facilitating host defense
against pathogens.

Keywords: Q203 antibiotics; innate immune response; cyp-14A4; microbiota-brain communication;
C. elegans

1. Introduction

Pathogenic bacterial infections have severe impacts on human health [1-3]. At present,
antibiotics are the primary method used to combat bacterial infections [4,5]. Antibiotics
disrupt various essential processes in pathogens, including energy metabolism, cell wall
synthesis, and protein synthesis [6]. In addition to their direct bactericidal effect, it has
been suggested that antibiotics stimulate the host immune response to defend against
pathogens [7-9]. For instance, nanoparticle-based antibiotics can promote bacterial lysis,
leading to the release of immune-stimulating substances within the bacteria and conse-
quently activating the host’s immune system [10]. However, the precise mechanisms
through which antibiotics induce immune responses and the specific antibiotics involved
in this process remain largely unclear. The innate immune response serves as the ini-
tial internal defense mechanism against pathogens, which is responsible for eliminating
invading pathogens through processes such as inflammatory responses and detoxifica-
tion [2,11]. Antibiotics that possess both direct bactericidal and immune-stimulatory effects
may exhibit enhanced efficacy in defending against bacterial invasion while minimizing
the development of antibiotic resistance [12-14]. Therefore, gaining a better understanding
of how antibiotics can influence the innate immune response could offer valuable insights
into the development of novel therapeutic approaches for bacterial infections.
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The animal gut harbors a diverse population of commensal micro-organisms, such
as E. coli, that play a crucial role in suppressing the growth of pathogens through com-
peting for nutrients, producing antibacterial substances, and stimulating host immune
responses [15-17]. Therefore, it is reasonable to hypothesize that certain antibiotics may
alter the activity of gut commensal micro-organisms, thereby leading to the initiation of
a host immune response. Identifying the specific bacterial processes that trigger the host
immune response could provide valuable insights into identifying the antibiotics that
affect the activity of gut bacteria such as to activate the host immune system. Moreover,
exploring how gut microbes and antibiotics influence the host immune response may
reveal previously unknown mechanisms for immune function modulation. For instance,
given the common communication between gut microbes and the host brain, studying
how gut commensal bacteria affect the host immune response may uncover the potential
involvement of the nervous system in coordinating the immune response to these microbes,
providing a new understanding of brain-mediated regulation of immunity [18,19].

The objective of our study was to identify bacterial processes that stimulate the innate
immune response of the host, and utilize this knowledge to uncover potential antibiotics
that modify the activity of gut commensal micro-organisms such as E. coli to initiate
the host immune response. For this purpose, we conducted whole-genome screening
and identified 77 E. coli genes that, when inactivated, can activate the detoxification and
immune responses in the host organism C. elegans. Further analysis revealed that mutations
in genes related to the bacterial respiratory chain and the use of the antibiotic Q203, which
inhibits the respiratory chain, both significantly induced host immune responses and
improved the host’s ability to survive against the pathogen Pseudomonas aeruginosa PA14.
Additionally, we found that activation of the host immune response relies on the function
of the nervous system, shedding light on the crucial role of neural regulation in the host’s
immune response. In summary, our study facilitates a comprehensive understanding of
the changes in bacterial activity that stimulate the host immune response and elucidates
the important role of the nervous system in the host’s response to gut bacteria, thereby
providing mechanistic insights into antibiotic-induced host immune responses.

2. Results
2.1. Genome-Wide Screening to Identify E. coli Genes Whose Inactivation Activates Detoxification
and Immune Response in C. elegans

Given that antibiotics exert bacteriostatic effects through the targeting of key processes
in bacteria [6], bacterial gene mutations that inhibit bacterial activity potentially mimic
the effects of antibiotics. Therefore, we performed genome-wide screening to identify E.
coli genes whose inactivation induced an innate immune response in C. elegans, thereby
providing clues for the identification of potential antibiotics that are able to trigger animal
immune responses by affecting bacterial activity. The gene cyp-14A4 encodes a cytochrome
P450 enzyme, which is a heme protein that utilizes molecular oxygen to hydroxylate small
molecule substrates as part of the detoxification process for toxins. Thus, a cyp-14A4
promoter GFP fusion gene [cyp-14A4p::GFP] has been previously used to indicate both
detoxification and innate immune response in C. elegans [20,21]. In our screening, we
employed 3985 non-essential gene mutants from the E. coli Keio collection library [22], and
examined their ability to induce the expression of [cyp-14A4p::GFP] in C. elegans. Following
three rounds of screening, a total of 77 single-gene deletion mutants of E. coli were identified
as inducing the expression of cyp-14A4 in C. elegans, supporting the idea that inhibiting the
bacterial biological processes involving these genes can trigger the host’s detoxification
and immune responses (Figure 1A,B, Table S1).
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Figure 1. Genome-wide screening to identify E. coli genes whose deletion activates the detoxifica-
tion and innate immune response in C. elegans. (A) Illustration of genome-wide screening for the
identification of single-gene deletion mutants of E. coli that activate cyp-14A4 expression in C. elegans,
representing an innate immune and detoxification response. Through three rounds of screening,
77 single-gene deletions of E. coli mutants that enhance cyp-14A4p::GFP expression were identified.
(B) Quantitative analysis was conducted to examine the expression of cyp-14A4p::GFP in response to
the deletion of 77 individual genes of E. coli, as identified through the genome-wide screening. Each
dot in the graph represents the total intensity of cyp-14A4p::GFP expression in mgls73[cyp-14A4p::GFP]
worms treated with indicated E. coli mutants carrying a single-gene deletion. To ensure accurate
comparisons, the fluorescence intensity was normalized relative to the expression level observed in
worms treated with wild-type E. coli BW25113 as the negative control, using a percentage scale n > 16
for each group. (C,D) The gene ontology analysis revealed that the 77 selected genes are enriched
in various molecular functions (C) and biological processes (D) in E. coli, including cytochrome bo3
ubiquinol oxidase, which is involved in the respiratory chain.

To investigate the inhibition of bacterial processes that trigger host immune responses,
a Gene Ontology (GO) analysis was performed on these 77 E. coli genes that activated the
host cyp-14A4. The results of molecular function analyses showed that these genes encode
various proteins, including hydrolases, oxidases, and transporters (Figure 1C). Furthermore,
biological process analyses revealed that these genes were involved in various processes,
including bacterial energy metabolism and transport, with an obvious enrichment in the
electron transport chain process (Figure 1D). Therefore, our findings identified various
bacterial processes that can affect the host immune response, providing a valuable resource
for the identification of antibiotics that potentially stimulate the immune response of
animals through the inhibiting of bacterial activity.

2.2. Q203 Antibiotic Potentially Activates the C. elegans Innate Immune Response and
Detoxification Response through Targeting the Electron Transport Chain of Bacteria

Next, we conducted tests to determine the potential usefulness of the bacterial muta-
tions obtained through our screening process, in terms of identifying antibiotics that could
elicit a host immune response. Notably, there was a clear enrichment of mutations in genes
associated with the bacterial respiratory chain (Figure 1C), which are often targeted for
antibiotic development [6,23]. Thus, we first performed independent experiments to verify
the effect of inactivation of the bacterial respiratory chain on triggering host immune re-
sponse, and then tested whether antibiotics targeting this bacterial process may also trigger
the host immune response. As expected, mutations of cyo-A/-B/-C/-D genes, encoding the
subunits of cytochrome bo3 ubiquinol oxidase [24,25], had a significant inducing effect on
the expression of cyp-14A4 (Figure 2A,B). Furthermore, Q203, as a novel antibiotic targeting
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the respiratory chain of Mycobacterium tuberculosis to inhibit its growth [26,27], was used to
test its ability in stimulating the C. elegans immune response through mimicking the effect
of mutations of cyo-A/-B/-C/-D genes. Indeed, the induction of mgls73[cyp-14A4p::GFP]
was evident in worms cultured on wild-type BW25113 E. coli supplemented with Q203 in
a concentration-dependent manner, in contrast to those treated with DMSO as a control
(Figures 2C,D and S1). Moreover, mgls73[cyp-14A4p::GFP] was also significantly triggered
in the worms treated with OP50 E. coli mixed with Q203 but not with DMSO (Figure 2E,F),
supporting the conclusion that the immune response-activating effect of Q203 is not influ-
enced by the E. coli strain. Additionally, our quantitative PCR (qPCR) analyses revealed
that either AcyoB E. coli or Q203 treatment can upregulate the infection response gene irg-1
and the antimicrobial peptide-encoding gene nip-29 (Figure S2), indicating their ability to
trigger a general immune response. These results reveal that the screening of bacterial gene
mutations for host immune activation is useful for identifying potential antibiotics that can
activate the animal’s immune response.
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Figure 2. Q203 antibiotic activates detoxification and the innate immune response of C. elegans,
possibly through inhibiting the electron transport chain of E. coli. (A,B) Images and bar graph indicate
that cyp-14A4p::GFP expression is induced by E. coli mutants with a single-gene deletion in cyoA/B/C/D
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genes. Each dot represents the total intensity of cyp-14A4p::GFP expression in each group of worms.
The percentage change in cyp-14A4p::GFP expression was determined by normalization with respect
to the levels in worms treated with BW25113. The data are expressed as the mean 4 SEM. Significance
was assessed using a one-way ANOVA test (**** p < 0.0001), with a sample size of n > 30 for each
group. The scale bar in the images corresponds to a length of 200 um. (C,D) Microscopic images
and bar graph showing the effects of the 500 pM Q203 + E. coli BW25113 on cyp-14A4p::GFP of C.
elegans. The percentage change in cyp-14A4p::GFP expression was determined through normalization
with respect to the levels in worms treated with BW25113 + Solvent. The data are expressed as the
mean + SEM. Significance was assessed using an unpaired t-test (** p < 0.01), with a sample size of
n > 20 for each group. The scale bar in the images corresponds to a length of 200 um. (E,F) Microscopic
images and bar graph showing the effects of the 500 tM Q203 + E. coli OP50 on cyp-14A4p::GFP of C.
elegans. The percentage change in cyp-14A4p::GFP expression was determined through normalization
with respect to the levels in worms treated with OP50 + Solvent. The data are expressed as the
mean + SEM. Significance was assessed using an unpaired ¢ test (* p < 0.05), with a sample size of
n > 20 for each group. The scale bar in the images corresponds to a length of 200 pm. (G,H) Molecular
docking analysis: The overall diagram shows that 6wti was selected as the receptor, while Q203 was
chosen as the ligand. In the local diagram, hydrogen bonding, hydrophobic interactions, and -1t
stacking interactions are represented by blue solid lines, gray dashed lines, and green dashed lines,
respectively (G). The table presents the binding energies for Q203 binding with 6wti, CyoB, CyoA,
CyoC, and CyoD in the molecular docking analysis (H). (I]J) Exogenous addition of Q203 had no
induction effect on zcIs13[hsp-6p::GFP], while cco-1 RNAi served as the positive control, effectively
inducing the activation of hsp-6. (K) Exogenous addition of Q203 had no significant effect on bacterial
growth. The percentage change in bacterial growth rate was calculated through normalization with
respect to the levels in BW25113 treated with Solvent. The data are expressed as the mean + SEM.
Significance was assessed using unpaired f-test (p > 0.05, ns), with a sample size of n = 3 for each
group. (L) No significant difference in growth rate was observed between AcyoB E. coli and wild-type
E. coli BW25113. The percentage change in bacterial growth rate was calculated through normalization
with respect to the levels in BW25113. The data are expressed as the mean £ SEM. Significance was
assessed using an unpaired t-test (p > 0.05, ns), with a sample size of n = 3 for each group.

Additionally, through employing macromolecular docking analyses [28], we found
that Q203 exhibits a strong binding affinity for E. coli cytochrome bo3 ubiquinol oxidase,
with a binding energy of —10.6 kcal/mol (Figure 2G,H). Specifically, a comprehensive
analysis of the binding energies between the four subunits containing cytochrome bo3
ubiquinol oxidase and Q203 was conducted. The results demonstrated that subunit I,
encoded by cyoB, displays the strongest affinity towards Q203 with a binding energy
of —12.3 kcal/mol (Figure 2H), supporting a high specificity for Q203 to target CyoB.
Moreover, we found that Q203 supplementation did not induce the expression of the C.
elegans zcls13[hsp-6p::GFP] reporter (Figure 2I)—a widely used indicator of mitochondrial
functional state [29]—in contrast to the obvious induction by cco-1(RNAi), which served as
the positive control (Figure 2J). This result thus suggests that this antibiotic may not act on
the worm mitochondria to trigger an immune response. In addition, our results rule out
the possibility that Q203 triggers the C. elegans immune response due to its bacteria-killing
effect. We found that Q203 showed no effect on the proliferation of E. coli, similar to the
effect of AcyoB mutation (Figure 2K,L), which suggests that other pathways redundant
with cyoB may exist to maintain bacterial respiration, and that Q203 and cyoB mutation may
affect certain non-essential bacterial activities to trigger the host immune response. Taken
together, our results suggest that the host immune response could be effectively induced
through inactivating the E. coli respiratory chain via both the bacterial cyoB mutation and
antibiotic Q203 treatment.
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2.3. Host Brain Activity Is Required for AcyoB E. coli and Q203 to Activate C. elegans
Detoxification and Immune Response

It has been suggested that the brain plays a crucial role in monitoring gut bacterial
changes [19,30-32]. Therefore, we tested whether the host’s brain may be required for
the activation of bacteria-induced innate immune responses. Strikingly, we found that
disrupting the release of neurotransmitters through the loss of function of unc-13—encoding
diacylglycerol-binding proteins that are required for presynaptic fusion of synaptic vesicles
with the plasma membrane [33]—significantly inhibited the activation of cyp-14A4 induced
by AcyoB E. coli, compared to the obvious induction of cyp-14A4 observed in the wild-type
worms treated with the AcyoB E. coli (Figure 3A,B). Importantly, the activation of cyp-14A4
induced by the AcyoB E. coli was restored in the unc-13(e51) through expressing unc-13
with the rgef-1 pan-neuron promoter [34], thereby further elucidating the neural function of
UNC-13 in mediating the host immune response to bacterial change (Figure 3A,B). Similarly,
we found that unc-13(e51) also repressed the Q203-induced cyp-14A4, where this repression
could be reversed via neural expression of UNC-13 (Figure 3C,D). These findings revealed
that UNC-13-mediated neurotransmitter release is required for the activation of host cyp-
14A4 via Q203 and AcyoB E. coli, in alighment with the implication that Q203 induces a
detoxification and immune response through repressing the E. coli electron transport chain.
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Figure 3. Neural function is required for the activation of cyp-14A4 expression by AcyoB E. coli
and Q203. (A,B) Microscopic images and bar graphs showing that UNC-13 is required for the
activation of cyp-14A4 expression induced by AcyoB E. coli. The unc-13(e51) loss-of-function mutant
was used to analyze the role of UNC-13 in mediating the bacteria-triggered cyp-14A4 response. The
unc-13(eb1);jefEx59[rgef-1p::unc-131;mgls73[cyp-14A4p::GFP] strain of worms was utilized, wherein
cyp-14A4p::GFP is expressed, and unc-13 is specifically expressed in neurons. The change in cyp-
14A4p::GFP fluorescence in the intestine was quantified through calculating the percentage change,
normalized to the fluorescence levels observed in cyp-14A4p::GFP control animals treated with
BW25113. The dashed line represents the GFP signal in the intestine. The data are expressed as the
mean + SEM. Significance was assessed using a two-way ANOVA test (* p < 0.05, *** p < 0.001), with
a sample size of n > 20 for each group. The scale bar in the images corresponds to a length of 200 pm.
(C,D) Microscopic images and bar graphs showing that UNC-13 is required for the activation of
cyp-14A4 expression induced by 500 uM Q203. The change in cyp-14A4p::GFP fluorescence of the
intestine was quantified through calculating the percentage change, normalized to the fluorescence
levels observed in cyp-14A4p::GFP control animals treated with BW25113 + Solvent. The dashed line
represents the GFP signal in the intestine. The data are expressed as the mean + SEM. Significance
was assessed using a two-way ANOVA test (* p < 0.05, ** p < 0.01), with a sample size of n > 20 for
each group. The scale bar in the images corresponds to a length of 200 pum.
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2.4. Brain-Mediated Activation of Immune Response by AcyoB E. coli and Q203 Enhances the
Ability of C. elegans to Resist Pathogenic Invasion

Next, we tested the role of UNC-13-mediated activation of the immune response in
defending against a common pathogenic bacterium, Pseudomonas aeruginosa PA14 [35-37].
First, we evaluated the sensitivity of unc-13(e51) worms to pathogenic infection with
PA14 through measuring the survival rate of these mutant animals in a PA14 slow-killing
assay [35]. We found that, when grown on wild-type BW25113 E. coli, the unc-13(e51)
mutant worms exhibited reduced survival rates in the PA14 slow-killing assay compared
to the wild-type N2 (Figure 4A). This result indicates the important role of the nervous
system in the survival response of C. elegans to PA14 infection. Furthermore, we found that
the activation of the immune response via AcyoB E. coli and Q203 was able to improve the
survival of the N2 worms exposed to PA14, as evidenced by the observation that N2 adult
worms pre-treated with AcyoB E. coli and Q203 exhibited increased survival rates in the
PA14 slow-killing assay compared to those pre-treated with wild-type E. coli BW25113 or
with BW25113 + Solvent groups (Figure 4A,B). Importantly, the enhanced survival rate of
worms pre-treated with AcyoB E. coli and Q203 in the PA14 slow-killing assay was repressed
by the unc-13(e51) mutation (Figure 4A,B). Therefore, the brain-mediated activation of the
immune response is important for the Q203 antibiotic to exert an effect on the resistance to
pathogen invasion in C. elegans. Additionally, there is no significant difference between the
survival rate of unc-13(e51) mutant worms on PA14 following pre-treatment with BW25113
or AcyoB E. coli, while the survival rate of unc-13(e51) worms pre-treated with Q203 was
significantly higher than those pre-treated with Solvent (Figure 4A,B). This suggests that,
unlike the immune response induced by AcyoB E. coli, the response induced by Q203 is
not entirely dependent on unc-13 regulation. There is potential for partial enhancement of
the immune response through alternative pathways, which is consistent with the finding
that unc-13(e51) partially inhibits the activation of cyp-14A4 induced by Q203. Overall, the
brain-mediated activation of the immune response by AcyoB E. coli and Q203 enhances C.
elegans’ ability to resist pathogenic invasion (Figure 5).
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Figure 4. Brain-mediated activation of the innate immune response by AcyoB E. coli and Q203
enhances resistance to PA14. (A) Survival curve results showing that unc-13 mediates the activation of
AcyoB E. coli-induced innate immune responses, improving the ability of animals to resist pathogenic
bacterial PA14 virulence. The survival rates of the unc-13(e51) and wild-type N2 animals, either with
AcyoB E. coli or BW25113 E. coli pre-treatment, were compared after exposure to PA14. Significance
was assessed using Log-rank test (* p < 0.05, *** p < 0.0001, ns > 0.05), with a sample size of
n > 90 for each group. (B) Survival curve results showing that unc-13 mediates the activation
of Q203-induced innate immune responses, improving the ability of animals to resist pathogenic
bacterial PA14 virulence. The survival rates of the unc-13(e51) and wild-type N2 animals, either with
BW25113 + 500 uM Q203 or BW25113 + Solvent pre-treatment, were compared after exposure to
PA14. Significance was assessed using a Log-rank test (** p < 0.01, *** p < 0.0001), with a sample size
of n > 200 for each group.
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Figure 5. Schematic model for antibiotics triggering host innate immune response via microbiota—
brain communication in C. elegans.

3. Discussion

Whether antibiotics can trigger the host response through affecting gut bacterial
activity is an important question. In this study, we identified 77 E. coli genes whose
inactivation can induce a host immune response, providing clues for the discovery of
potential antibiotics that can trigger the host immune response through affecting bacterial
activity. Further analysis revealed that the bacterial cyoB mutation and the antibiotic
203, which both inhibit the bacterial respiratory chain, could effectively induce innate
immunity and detoxification reactions in C. elegans. Importantly, our study revealed that
this activation of the immune response depends on the function of the nervous system.
Therefore, this study elucidates the critical role of the microbe-brain axis in modulating
the host immune response, providing insights into the mechanisms by which antibiotics
trigger host immune responses to enhance the host’s defense against pathogens.

Previous research has primarily focused on the bactericidal effects of antibiotics, such
as interference with DNA synthesis and inhibition of cell wall synthesis [6]. However,
recent studies have highlighted the potential of antibiotics to modulate the host’s immune
response. Some antibiotics have been found to hinder immune responses, thus increasing
susceptibility to infection [38]; for example, vancomycin, neomycin, and metronidazole
have been shown to effectively reduce the expression of REG3y, a C-type lectin [39].
Additionally, treatment with penicillin and streptomycin has been observed to decrease
the population of Th17 cells within the mouse intestine [40]. Nevertheless, the impacts
of different antibiotics on host immunity do not always yield negative outcomes. To the
contrary, certain studies have suggested that antibiotics can activate the host immune
response, thereby synergistically inhibiting pathogen invasion [41]. Our study revealed
that the antibiotic Q203 induces the host’s innate immune response and enhances its ability
to resist pathogen infection, thus supporting the synergistic role of antibiotics and the host
immune system in combating pathogens.

A wealth of evidence indicates that the gut microbiota can influence the immune
response of the host, which is crucial in determining susceptibility to intestinal pathogen
infections and the development of intestinal diseases [4,42]. Antibiotic treatment during
the progression of these infections indirectly affects the host’s immune system through
altering the activity and metabolic byproducts of the intestinal microbiota, thus impacting
the immune response [4,43,44]. Nevertheless, the exact molecular mechanisms responsible
for these effects remain unclear. One prominent approach for the development of antibiotics
involves inhibiting the proliferation and invasion of microbiota through targeting their
respiratory chain [23]. Q203, a compound designed to combat Mycobacterium tuberculosis
infections, operates on this principle by blocking binding of the cytochrome bcc complex
to its substrate, thereby impeding the aerobic respiratory pathway of this obligate aer-
obe [23,27]. Notably, our findings indicated that neither Q203 nor AcyoB inhibited the
amplification of E. coli, possibly because E. coli is a facultative anaerobic bacterium and
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there exist other redundant pathways to compensate for the loss of cyoB [45]. Overall,
our study supports the notion that Q203 induces the indirect activation of innate immune
responses in C. elegans through the modification of respiratory chain activity in E. coli.

Regarding the molecular mechanisms, we demonstrated that the nervous system plays
a crucial role in mediating the activation of host immune defense by antibiotics. According
to our findings, unc-13(e51) mutant worms, which have defects in neurotransmitter synap-
tic transmission [33], inhibited the expression of cyp-14A4 induced by antibiotics. This
provides evidence that blocking neurotransmitter pathways can suppress the innate im-
mune response in worms. Furthermore, we observed that the ability of unc-13(e51) mutant
animals to resist pathogenic bacteria PA14 was reduced when compared to the wild-type
worm N2, which is consistent with previous research [37]. Therefore, the above findings
suggest that the nervous system of the host mediates the activation of antibiotic-induced
innate immune responses, enhancing resistance against pathogenic invasion.

Our research uncovered the substantial influences of bacterial gene inactivation and
antibiotics on the stimulation of the innate immune response. Nevertheless, several lim-
itations within this study necessitate further investigation in future research. One area
for exploration is testing whether the immune response induced by Q203 or AcyoB E. coli
correlates with nutritional status, such as iron deficiency. The overlap in gene lists identified
through whole-genome screening and the study by Zhang suggest that iron deficiency
caused by mutant bacteria may trigger the activation of the host’s immune response [46].
Recent epidemiological association analyses show that intracellular free iron levels are
inversely correlated with infection resistance, such as iron supplementation exacerbating
pathogenic bacterial infections [47]. Consequently, whether the decline in labile iron levels
mediates the augmented efficacy of antibiotics or bacterial mutants against pathogenic
infection, as observed in our study, warrants further investigation. Another area for explo-
ration is the role of UNC-13 in synaptic signal transmission for multiple neurotransmitters.
Specifically, which neurotransmitters are involved in this process remains to be studied.
Additionally, while this study primarily focused on the impact on innate immunity, it failed
to comprehensively examine the associated effects on adaptive immunity. The recognition
of pathogens and the establishment of immune memory are crucial aspects of long-term
immune defense in the human body. Therefore, future research should consider utiliz-
ing mammalian models with adaptive immune systems to validate the reported findings.
Through conducting extensive research, we can acquire a deeper understanding of the
role of antibiotics in immune regulation, ultimately helping to tackle the pressing issue of
antibiotic resistance and facilitate the development of novel anti-infective therapies.

4. Materials and Methods
4.1. Strains and Maintenance

The C. elegans strains MAT207 [unc-13(e51)1;mgls73[cyp-14A4p::GFP] and MAT223 [unc-
13(e51)1;mgls73[cyp-14A4p::GFP];jefEx59[rgef-1p::UINC-13] were created in our laboratory.
The other strains GR2250 mgls73[cyp-14A4p::GFP], MT7929 [unc-13(e51)], SJ4100 zcIs13 [hsp-
6p::GFP] and N2 used in this study were obtained from Caenorhabditis Genetics Center
(CGC, Minneapolis, MN, USA). Additionally, the bacterial strains used in this study were
E. coli OP50, obtained from CGC, and E. coli K-12 from Keio Knockout library collection
(OEC4988) and the corresponding wild-type parent strain BW25113 (OEC5042), as well as
the ORF RNAi Collection (RCE1181), all of them obtained from Dharmacon (Lafayette, CO,
USA). All C. elegans strains were cultured and maintained under standard conditions at
20°C.

4.2. Screening for E. coli K-12 Mutants That Activate cyp-14A4 Expression of C. elegans and
GO Analysis

cyp-14A4, as a member of the cytochrome P450 family, is classified as one of the
genes related to detoxification and immunity. We investigated the activation of cyp-14A4
expression by screening for individual gene deletions using the Keio library collection
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(OEC4988), which consists of deletion strains for each of the non-essential 3985 genes, with
the aim of assessing the effect of bacterial variations on innate immune reactions in worms
through GO enrichment analysis.

Specifically, three rounds of screening were performed to identify bacterial gene dele-
tions that enhance cyp-14A4p::GFP expression. In each round, the wild-type BW25113 E. coli
and each E. coli mutant strain were cultured overnight in liquid LB medium (200 uL), with
or without 100 ng/mL kanamycin, in a 96-well plate. The cultures were subsequently inoc-
ulated onto nematode-growth media (NGM) plates with or without 50 pg/mL kanamycin.
Synchronized L1-stage worms were then cultured and, when they reached the day-1 adult
stage, the fluorescence of cyp-14A4p::GFP was assessed using a Nikon SMZ18 microscope
(Nikon Corporation, TKY, Japan). Throughout the screening process, cyp-14A4p::GFP
worms fed with wild-type E. coli BW25113 served as parallel negative controls. In the
second round of screening, the 202 bacterial clones identified in the first round as increasing
cyp-14A4p::GFP expression were re-examined, resulting in the selection of 77 positive clones
for further analysis. In the subsequent third round of screening, these 77 clones were again
included to confirm their status as positive clones. Across all three independent experi-
ments, it was consistently observed that these 77 positive clones significantly enhanced
the expression of cyp-14A4p::GFP. Finally, in order to explore which bacterial processes
influence the host’s cyp-14A4p::GFP expression, GO enrichment analysis was performed
on these 77 mutant genes, and corresponding images were generated using the Prism
software (v10.0).

4.3. Q203 Supplementation

Q203 (MedChemExpress Cat# HY-101040, Monmouth Junction, NJ, USA) was sol-
ubilized in DMSO and added to OP50 E. coli or BW25113 E. coli, resulting in a final
concentration of 1 uM, 20 uM, 100 uM, 500 uM, and 1 mM. As a negative control, an
equivalent volume of the DMSO solvent was added to OP50 E. coli or BW25113 E. coli,
and then seeded at NGM plates. The mixture of bacteria and Q203 was then dried in a
laminar flow hood and subsequently incubated at 37 °C for 16 h. To assess the impact of
Q203 on the indicated phenotypes, L1-stage worms were cultured with the indicated Q203
supplements and bacterial treatments. Until reaching the day-1 adult stage, the indicated
phenotypes were scored as described.

4.4. Imaging and Analysis of the Expression of Transgenic Reporter cyp-14A4p::GFP

For microscopic imaging of mgls73 [cyp-14A4p::GFP], approximately 100 L1-stage
reporter worms were cultured with the indicated treatment until reaching the day-1 adult
stage. To examine the expression of cyp-14A4p::GFP resulting from the indicated treat-
ments, individual worms were selected and anesthetized on an NGM plate. Images of
8 worms per group were then captured using a Nikon SMZ18 microscope. The acquired
images were subsequently analyzed using the Image] software 1.54g to quantify the fluo-
rescence intensity.

4.5. gPCR Analyses

Around 400 young adult worms, with specified genotypes and treatments, were
collected for RNA extraction using the MicroElute Total RNA Kit (Omega R6831, Omega
Engineering, Norwalk, CT, USA). Purified RNA samples were treated with the One-Step
gDNA Remover (Transgen AT311, Beijing, China) to eliminate potential genomic DNA
contamination. Thereafter, the RNA was reverse transcribed into cDNA using the cDNA
Synthesis SuperMix Kit (Transgen AT311, Beijing, China). qPCR was then conducted with
primers specific to the indicated genes and Universal gPCR Master Mix (BioLabs, Ipswich,
MA, USA). The mRNA levels of the designated genes were normalized against rpl-26
transcripts. The qPCR primers employed were shown in Table 1.
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Table 1. qPCR primer sequences.
Gene Name Primers Sequence
rpl-26 primer F CTTCGAAGGTCGCTATCACCA
primer R TTGACGGTCTCGTCAGTGTG
cyp-14A4 primer F CGTTTGTAACGCAAGGCGAA
primer R CGTTTCCAACGCAAAGCTGA
nlp-29 primer F TATGGAAGAGGATATGGAGGATATG
primer R TCCATGTATTTACTTTCCCCATCC
irg-1 primer F TGAAACTTGTGGAGGCCTCA
primer R TGGCATCTAGTTTCCAGGCT

4.6. RNA Interference in C. elegans

HT115 E coli, expressing cco-1 dsRNA, were initially cultured in LB medium supple-
mented with 50 pg/mL ampicillin (Amp) overnight. These bacteria were then inoculated
onto NGM plates containing 2 mM isopropyl 3-D-1-thiogalactopyranoside (IPTG) to fur-
ther induce cco-1 dsRNA production. Synchronized zcls13[hsp-6p::GFP] L1-stage worms
were seeded onto these RNAI plates to knock down cco-1 expression. The induction of
hsp-6p::GFP in the worms was assessed using a fluorescence microscope when the worms
reached the day-1 adult stage.

4.7. Quantification of Bacterial Growth

The Q203 mixture was added to LB, adjusting the final concentration to 500 uM. For
the control group, LB broth supplemented with an equal volume of DMSO was utilized.
Subsequently, an equal amount of BW25113 bacteria was introduced into both the LB-Q203
and LB-DMSO mixtures as the seed culture. The cultures were incubated at 37 °C for a
duration of 8 h, monitoring their progression into the exponential growth phase. Upon
reaching this phase, the samples were retrieved, adequately diluted, and inoculated onto
agar plates. An additional 12-h incubation period at 37 °C was followed by quantification of
the number of resulting colonies. To compare the bacterial growth rates of AcyoB E. coli and
BW25113, an equivalent and limited quantity of bacteria was introduced into LB broth to
establish a seed culture. The remaining steps were consistent with the aforementioned ones.

4.8. Generation of Transgenic Worm Strains

The transgenes containing the [rgef-1p::UNC-13::unc-54 3'UTR] construct were uti-
lized to specifically express unc-13 in the unc-13(e51) background, thereby rescuing the
neurotransmitter release function in pan-neurons. In detail, the promoter region of
rgef-1 was employed to drive the expression of these genes within pan-neurons. The
5 GAATTCCTGCAGCCCTTTCCGTCAATTCTACCTCCCCAAT3' and 5 ATCCATGGATC
CCCCCGTCGTCGTCGTCGATGC3' primers were employed to amplify the rgef-1 promoter
through PCR, while the 5’ ATGGATGACGTTGGAGATTACAA3' and 5’ CTATGTTCGATTG
ATGTTTTGACTTGA3' primers were used to amplify unc-13 cDNA. A DNA mixture was
prepared for microinjection, comprising a co-injection marker myo-2p::GFP at a concen-
tration of 20 ng/uL and a plasmid containing the specified genes at a concentration of
50 ng/uL. Then, worms carrying the rgef-1p::UUNC-13::unc-54 3'UTR extrachromosomal
array were obtained from microinjections.

4.9. PA14 Slow-Killing Assay

The PA14 slow-killing assay was chosen to evaluate the resistance of worms to
pathogen-induced mortality, as previously described [35]. Briefly, overnight-cultured
Pseudomonas aeruginosa PA14 was inoculated onto 35 mm diameter plates containing Slow
Killing (SK) agar media. The SK agar media was prepared by mixing 3.5 g of Bacto-Peptone,
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3 g of NaCl, and 17 g of Bacto-Agar in 1 L of distilled water, followed by high-pressure
sterilization. After sterilization, 1 mL of 1M MgSQOy, 25 mL of 1M KH,POy4, 1 mL of IM
CaCly, and 1 mL of 5 mg/mL cholesterol in ethanol were added. The plates were fully
coated with the inoculum of PA14 and air-dried at room temperature, then incubated at
37 °C for 24 h. Subsequently, the plates were transferred to a temperature of 25 °C and
incubated for an additional 24 h. After at least 1 h of cooling at room temperature, the
plates were used for the PA14 slow-killing assay. Synchronized young adult-stage worms
were transferred onto the PAl4-infused plates and cultured at 20 °C. The survival of the
worms was monitored at 12-h intervals. Worms on the bacterial lawn that displayed no
response or movement when gently touched with a platinum wire on either their nose or
tail were categorized as dead and counted. All survival rate determinations were repeated
at least three times, with a minimum of 20 worms counted in each experiment.

4.10. Macromolecular Docking

Molecular docking is a technique utilized to predict the optimal binding arrangement
between different molecules. In this study, we employed a semi-flexible docking approach
to form stable complexes and performed molecular docking of a ligand (Q203, PubChem
CID: 68234908) with a receptor (cytochrome bo3 ubiquinol oxidase, RCSB ID: 6wti) using
the AutoDock Vina 1.1.2 software [48]. In detail, 6wti was pre-processed using PyMol
2.3.3, including opening the sequence, removing water molecules and unnecessary ligands,
and adding hydrogen atoms. Subsequently, AutoDock Tools 1.5.6 was used to generate
PDBQT files for both Q203 and 6wti, in order to prepare for docking simulations. The
size of the docking box was set to the values in the provided table, with a grid spacing
of 1.00 A. Other parameters were kept at their default values except for the coordinates,
which were set as described below. The conformation with the lowest binding energy
and highest clustering frequency was chosen as the most potential binding mode between
Q203 and 6wti, out of the nine optimal docking conformations. This conformation was
then subjected to analysis of interaction forces and bond lengths using Plip. The docking
results were further visualized using PyMol 2.3.3, enabling a comprehensive examination
of ligand-receptor binding and subsequent analysis of the stability and intermolecular
interactions of the complex. Additionally, the docking processes of CyoA, CyoB, CyoC, and
CyoD with Q203 were consistent with those of 6wti. The docking boxes and coordinates (x,
y, z) were shown in Table 2.

Table 2. The parameters about the size and coordinates of the docking box.

Docking Box X y z
6wti 101 A x 101 A x 101 A 161.597 168.208 157.094
CyoB 62 A x 70 A x 60 A 170.031 161.868 151.459
CyoA 106 A x 64 A x 56 A 160.696 182.206 141.716
CyoC 88 A x 64 A x 56 A 160.696 170.206 180.716
CyoD 81 A x 56 A x 65 A 160.696 180.206 180.716

4.11. Statistical Analysis

We conducted at least three independent experiments to ensure the robustness of our
findings. In the Figures and Results sections, the sample size, represented by “n”, refers
to the number of worms analyzed in each group for each experiment. Statistical analyses
were performed using GraphPad Prism software 10.2.0. For comparisons between two
groups, we utilized Student’s t-test, while one- or two-way ANOVA tests were employed
for comparisons among multiple groups. Data are presented as the standard error of the
mean (SEM). Significance levels are denoted as follows: ¥, p < 0.05; **, p < 0.01; ***, p < 0.001;

e ) < 0.0001.
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