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Abstract

This study elucidates the in vivo genetic mechanisms contributing to the emerging resistance to carbapenem

in Shewanella algae through a lens of adaptive microbial evolution. Leveraging PacBio amplification-free sequenc-
ing, we tracked the evolution of B-lactam resistance in clinical isolates from a persistent S. algae bacteremia case
amidst antimicrobial therapy. Our investigation spotlighted a recurrent G547W mutation in the sensor histidine kinase
(pdsS), which was associated with the overexpression of an OmpA-like protein (pdsO) within a proteobacteria-specific
sortase system. Intriguingly, we observed a recurrent switch between wild-type and G547W alleles, revealing an adap-
tive expansion and contraction of underlying cell subpopulations in response to B-lactam exposure. Comparative
transcriptome analyses further demonstrated the overexpression of genes pivotal for membrane integrity, biofilm for-
mation, immune evasion, and 3-lactamase activation in resistant samples. This underscores the pre-existence of resist-
ant cells at minuscule frequencies even without antibiotic pressure, potentially explaining the within-host emergence
of resistance during antibiotic treatments. Our findings provide pivotal insights into the dynamic genetic adaptations
of S. algae under therapeutic pressures, unmasking intricate resistance mechanisms and highlighting the critical role
of subpopulation dynamics in treatment outcomes.

Keywords Shewanella algae, Carbapenem resistance, Adaptive microbial evolution, 3-lactam antibiotics

Background
Bacterial populations often exhibit remarkable hetero-
geneity, enabling survival and adaptation in harsh and
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at low frequencies, thereby providing a reservoir from
which resistance can emerge under the selective pressure
of antibiotic treatment [4].

Shewanella algae a prominent human pathogen within
the genus Shewanella, is implicated in various infec-
tions, including bacteremia, intraabdominal infections,
and skin and soft tissue infections, making it a significant
concern for public health [5]. The incidence of multid-
rug-resistant isolates and treatment failures, particularly
in response to carbapenem therapies, have been docu-
mented over the years [6]. However, the mechanisms
underlying this emerging resistance in S. algae are yet
to be fully elucidated. Limited knowledge regarding the
dynamics and mechanisms of carbapenem resistance in
S. algae underscores the urgency of advancing research in
this domain to develop effective therapeutic strategies.

Next-generation sequencing has illuminated our under-
standing of within-host heteroresistant evolution, reveal-
ing intricate genetic landscapes and adaptive trajectories
of bacteria under antibiotic pressure [7, 8]. For instance,
genome comparisons in vancomycin-resistant Staphylo-
coccus aureus have identified mutations associated with
reduced susceptibility [9]. Under low-dose colistin treat-
ment, a nonsynonymous mutation in PmrB emerged and
remained stable for 50 generations [10]. Deep sequencing
of pneumococcal samples identified enriched alleles dur-
ing antimicrobial therapy, and in the absence of antibiot-
ics, susceptible lineages outcompeted resistant lineages
within the host [11]. However, the detection of within-
host diversity, especially involving subpopulations with
low minor allele frequency (MAF), remains challenging
with existing methodologies. Traditional antibiotic sus-
ceptibility tests, like Minimum Inhibitory Concentration
(MIC), are geared towards assessing population-wide
resistance and often fall short in detecting low-frequency
resistant cells [12, 13]. The most reliable method is the
population analysis profile (PAP) assay [4]. Combining
PAP with whole-genome sequencing found most methi-
cillin-resistant Staphylococcus aureus is heteroresistant,
and the resistance cells are present at very low frequen-
cies [14]. Unfortunately, PAP assays are labor-intensive
and not applicable in clinical practice [3]. Existing PAP-
free sequencing methods are prone to biases such as
strand bias, GC bias, and coverage bias [15-17].

Emerging third-generation sequencing platforms, such
as PacBio, enable single-molecule, amplification-free
sequencing, which can minimize biases and provide uni-
form coverage, offering a novel window into investigat-
ing within-host heteroresistant evolution [18, 19]. In this
study, we employ PacBio sequencing to trace the within-
host evolutionary trajectory of S. algae during antibiotic
treatments. By illuminating the competitive interplay
between sensitive and resistant subpopulations and
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unearthing novel insights into the mechanisms of emerg-
ing resistance, this work seeks to advance our under-
standing of bacterial adaptive strategies and inform the
development of enhanced therapeutic interventions.

Methods

Bacterial strain isolation and antimicrobial susceptibility
testing

Four S. algae isolates were obtained from the blood of
a patient with persistent bacteremia. The isolates were
inoculated on trypticase soy agar with 5% sheep blood
(Becton—Dickinson, Franklin Lakes, NJ, United States)
and incubated aerobically at 37 °C overnight. MALDI-
TOF mass spectrometry was used for preliminary iden-
tification. The MICs of each sample were measured by
VITEK 2 Automated System (BioMerieux, Marcy I'Etoile,
France), with susceptibility interpreted according to Clin-
ical and Laboratory Standards Institute-established crite-
ria (CLSI M100-S29).

Library preparation and genome sequencing

Overnight cultures of the S. algae isolates were grown in
Luria—Bertani broth overnight at 37°C. Genomic DNA
was extracted from these cultures using the DNeasy
blood and tissue kit (Qiagen, Valencia, CA, USA), and
high-molecular-weight gDNA was sheared to approxi-
mately 10-kb lengths using g-TUBES (Covaris, Woburn,
MA, USA). PacBio sequencing libraries were prepared
from this sheared DNA using standard protocols (Pacific
Biosciences, Menlo Park, CA, USA), and whole genome
sequencing was performed on the PacBio RS II sequencer
(Pacific Biosciences, Menlo Park, CA, USA). Sequence
runs of 12 single-molecule real-time (SMRT) cells were
performed, with a movie time of 120-min per SMRT cell.
SMRT Analysis portal version 2.1 was used to filter and
trim the reads, and post-filtered data (1.479 Gb) with
approximately 404X coverage and an average read length
of approximately 6.2 kb were used for subsequent assem-
bly (Supplementary Table S1).

Genome assembly and gene annotation

The post-filtered genome reads were de novo assembled
by Canu (v1.4) [20], which produced one single large
chromosome (~4.9 Mb) and one plasmid (~132kbp)
(Supplementary Table S2). Circlator was used to circu-
larize the genome and plasmid [21]. Protein-coding and
non-coding genes in the genomes were annotated using
National Center for Biotechnology Information (NCBI)
Prokaryotic Genomes Automatic Annotation Pipeline
(PGAAP). Identification of nonsynonymous mutations
and measurement of allele frequency was carried out by
aligning reads from all samples (S1, S2, S3, S4) onto the
S1 genome by minimap2 followed by codon translation
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(Supplementary Table S6). The function of the pdsO pro-
tein was inferred as an OmpA-like protein using InterPro
domain analysis and the STRING database [22].

Annotation of antibiotic-resistance genes

The resistome was annotated using the Resistance Gene
Identifier from the Comprehensive Antibiotic Resistance
Database [23]. The strict criteria were chosen for predic-
tion using the homology model, in which BLAST is used
to detect functional homologs of antimicrobial resistance
genes, which are then confirmed by alignment against
the Integrated Microbial Genomes (IMG) database using
BLASTN with a 95% sequence identity threshold [24].

Validation of pdsS G547W mutation by PCR and Sanger
sequencing

Two pairs of primers of specific sequences spanning the
upstream and downstream regions of the pdsS G547W
mutation were designed (Supplementary Figure S1). The
primer sequences, temperatures, and sizes of the PCR
products are shown in Supplementary Table S3. The
PCR products were amplified using these primer pairs,
purified using the GenElute PCR Clean-Up Kit (Sigma-
Aldrich, Dorset, United Kingdom), and diluted to a
concentration of 1-3 ng/pl following quantification in a
NanoDrop 2000 UV spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). The purified PCR prod-
ucts were sequenced using the dye terminator chemistry
(BigDye, version 3.1) on the 3130x] ABI PRISM Genetic
Analyzer (Thermo Fisher Scientific, Waltham, MA,
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USA). The forward and reverse sequences of the four
samples were shown in Supplementary Figure S2.

Transcriptome analysis

The transcriptomes of carbapenem-susceptible (S1)
and carbapenem-resistant (S2) S. algae isolates were
sequenced using the Illumina platform. The RNA-seq
reads were mapped to the PGAAP-annotated transcripts
by kalisto [25], and the expression abundance of each
gene between the samples was normalized by Transcripts
Per Million (TPM) (Supplementary Table S7). The fold
change in expression levels of each gene between S1 and
S2 was then calculated and sorted. Differential expression
analysis was carried by the NOIseq package with three
simulated replicates to assess the significance of fold
changes. The protein functions of over-expressed genes
were annotated according to PGAAP.

Results

Longitudinal sequencing during antibiotic treatments
Four S. algae isolates (S1-S4) were isolated from blood
of a patient with persistent S. algae bacteremia (Fig. 1).
These samples were subjected to deep sequencing
(~300x) using the PacBio platform and assembled into
four complete circular genomes (~4.7 Mb) and one cir-
cular plasmid (~132 kb) (Supplementary Table S1 and
S2). The minimum inhibitory concentrations (MICs) of
these samples indicated that the initial S1 isolate was sus-
ceptible to imipenem, while the others (S2, S3, S4) con-
ferred resistance to imipenem, ampicillin/sulbactam, and
trimethoprim-sulfamethoxazole.

8/20 8/25 8/28 9/1 9/4 10/7 10/9
L ! ! ! ! ! I Antimicrobial therapy
 — [ s
® Tigecycline
O Drug sensitive —
® Drug resistant ® | Piperacillin/Tazobactam |
I T T T
S1 S2 S3 sS4
l l l l Antibiotic s1 S2 S3 sS4

PacBio

Sequencing

Assembly

Imipenem 2 216 216 216
AMP/SUL <2 232 232 232
TMP/SMX <20 160 160 160
Tigecycline 2 2 2 2
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Fig. 1 Overview of the study that examines the time course of antibiotic treatments and the development of antibiotic resistance in a series
of bacterial isolates. The study involves four bacteremic isolates, labeled as S1, S2, S3, and S4, which were collected at different points
during antimicrobial therapy. S1 represents the first isolate. S2, S3, and S4 represent subsequent isolates during antimicrobial therapy. The four

samples were subject to complete genome sequencing
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Recurrent pdsS G547W mutations upon -lactam delivery
A comparison of the four genomes identified a recur-
rent missense mutation in the proteobacterial dedicated
sortase system histidine kinase (pdsS) (Fig. 2a, Supple-
mentary Figures S3). This G-to-T substitution resulted in
a change from Glycine (G) to Tryptophan (W) at position
547 of pdsS. The G547W mutation first appeared in the
S2 genome after the delivery of ertapenem, which was
restored to G in the S3 genome after switching to tige-
cycline. The mutation reoccurred in the S4 genome after
the addition of piperacillin/tazobactam. We validated
these nucleotide switches by PCR and Sanger sequencing
(Fig. 2b, Supplementary Figures S1 and S2).

The amplification-free sequencing of PacBio allowed
investigation of underlying cell population. We found
that a heterogeneous cell population existed before anti-
biotic treatment and the subpopulation carrying the
G547W mutation expands and reduces depending on
the exposure to beta-lactams. Analysis of the PacBio
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reads revealed diversifying cell populations in all four
samples (Fig. 2c), with the G547W mutation expand-
ing (in S2 and S4) and reducing (in S1 and S3) depend-
ing on the exposure to beta-lactams (Fig. 2c). In sample
S1, although the amino acid G was the dominant allele
(~99%), W was also detected at low MAF (<1%). After
the delivery of ertapenem (S2), the allele frequency of W
surged to~70%, while G reduced to 30%. The frequen-
cies were restored after switching to tigecycline in S3
(i.e., G=~99%, W <1%). Finally, after starting piperacil-
lin/tazobactam (S4), the frequency of W surged again
to 70%. Consequently, a heterogeneous cell population
existed before antibiotic treatments. The subpopulation
carrying the G547W mutation expands (i.e., S2 and S4)
and reduces (i.e., S1 and S3) depending on the exposure
to B-lactams.

BLAST search of the NCBI database showed that all
public available pdsS sequences carry the wild type (G)
allele, implying that the pdsS (G) may have better fitness
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Fig. 2 Heteroresistance to carbapenem in S. algae. a A non-synonymous SNP (G to T) leading to amino acid change (G to W) in pdsS

was recurrently detected after delivering B-lactams (S2 and S4); b and c allele frequencies of the Sanger sequencing and PacBio sequencing; d
the genes surrounding pdsS disclose the other members of the proteobacterial dedicated sortase system, including pdsR, pdsO, sortase target,
and sortase; e comparison of expression levels between the wild type pdsS (G) and mutant pdsS (W); f illustration of the adaptive expansion
and reduction of the pdsS G547W subpopulations with or without S-lactams
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when free off antibiotic pressure. Therefore, the co-exist-
ence of the alternative allele (W) with low MAF might
be likely overlooked by conventional amplification-based
PCR and sequencing.

Up-regulation of an OmpA-like protein by the pdsS G547W
mutation

We found that the G547W mutation in the sensor his-
tidine kinase pdsS associates with a nearby OmpA-like
protein called pdsO, which may help maintain membrane
integrity and increase resistance to beta-lactam antibi-
otics. Analysis of genes surrounding pdsS revealed five
members of the proteobacterial dedicated sortase system
(Fig. 2d). The response regulator (pdsR) is located next to
pdsS, followed by a sortase-associated OmpA-like protein
(pdsO), sortase target protein, and sortase. The G547W
mutation occurs within the histidine kinase A domain in
pdsS, and its regulatory role in this sortase system was
assessed. The expression levels of all five sortase system
members were significantly up-regulated in the pdsS
(W) sample (Fig. 2d, p<0.05). When compared with the
wild type, the expression levels of pdsS and pdsR with the
G547W mutation increase by 4.8 and 18.2 folds, respec-
tively. The expression levels of the three downstream
members (sortase, sortase target, and pdsO) were signifi-
cantly elevated by 126, 388, and 799 folds, respectively
(Fig. 2e, p<0.01). qPCR with three replicates also con-
firmed the overexpression of this sortase system (Sup-
plementary Tables S4 and S5). The C-terminal domain of
OmpA-like protein is capable of binding to peptidogly-
can, which effectively links the outer membrane to the
cell wall and stabilizes the outer membrane. Together,
these results suggest that the G547W mutation in pdsS
is associated with the overexpression of pdsO, which may
help to maintain the membrane integrity and increase
resistance to 3-lactams [26]. The recurrent expansion and
reduction of pdsS (W) suggest a substantial fitness cost of
over-expressing pdsO without -lactams pressure. These
findings suggest that the presence of pdsS diversity allows
the isolate to adapt to different antimicrobial agents dur-
ing the treatment course, potentially contributing to the
persistence of the infection (Fig. 2f).

Synergistic resistance mechanisms revealed

by transcriptome sequencing

The study found that over-expression of pdsO was corre-
lated with resistance to carbapenem. Transcriptomes of
the S1 (carbapenem-susceptible) and S2 (carbapenem-
resistant) samples were sequenced and compared. The
RNA-seq reads were mapped to the PGAAP annotated
transcripts, and the expression abundance of each gene
was normalized by Transcripts Per Million (TPM). The
fold change in expression levels of each gene between
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S1 and S2 was then calculated and sorted. The transcrip-
tomes also revealed that genes related to membrane
integrity, biofilm formation, immune evasion, and beta-
lactamase activation were over-expressed in the resistant
sample.

Figure 3 shows the top 20 over-expressed genes in the
resistant sample (p<0.01, see method). Four pdsS/pdsR
sortase system members are included, and the fold
change of pdsO being the largest of all genes. Four
biofilm-associated genes (creD, GGDEF gene, TonB-
dependent receptor [TBDR] gene, and exbD) are also
significantly up-regulated. CreD is involved in biofilm
development in the presence of S-lactams [27], and over-
expression of GGDEF-containing proteins has been
shown to increase biofilm formation [28]. The exbB-
exbD-TonB system contributes to biofilm formation by
influencing the production of N-acyl homoserine lac-
tones [29]. In addition, five flagella-related genes (e.g.,
fleT and flgF) are significantly over-expressed, which
may increase motility or evade immune recognition [30].
Finally, over-expression of LysR/OXA-55, RND efflux,
and LexA/GroES confirms the activation of S-lactamase,
efflux pumps, and SOS/stress responses [31]. These find-
ings suggest that the in vivo resistance of this isolate to
multiple antibiotic agents is likely due to a synergistic
effect of outer membrane alteration, biofilm formation,
immune evasion, and activation of S-lactamase/efflux
pumps.

Discussion
In the study, we identified a mutation in a sensor histidine
kinase called pdsS, which leads to the over-expression
of an OmpA-like protein pdsO via a proteobacteria-
dedicated sortase system. Our findings suggest that this
mutation in pdsS is associated with the overpexression
of an OmpA-like protein pdsO, which can contribute to
resistance to B-lactam antibiotics by maintaining mem-
brane integrity and potentially through its involvement in
biofilm formation [26]. Previous research has shown that
OmpA can decrease susceptibility to several antibiotics,
including nalidixic acid, chloramphenicol, aztreonam,
imipenem, and meropenem. Over-expression of OmpA
decreased the susceptibility to nalidixic acid, chloram-
phenicol, aztreonam, imipenem, and meropenem [32].
The deletion of OmpA has also been shown to increase
susceptibility to B-lactams in Acinetobacter baumannii
[33]. Additionally, over-expression of OmpA has been
linked to biofilm formation in E coli [34]. Thus, the up-
regulation of pdsO is likely a key driving force contribut-
ing to carbapenem resistance in S. algae.

In the study, we present novel findings that shed light
on the intricate mechanisms underlying the emergence of
carbapenem resistance in S. algae. For many years, it has
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been observed that carbapenem resistance emerges in S.
algae during antimicrobial therapy, leading to treatment
failure [6]. This phenomenon has been has been linked
to the presence of a chromosome-encoded carbapenem-
hydrolyzing Ambler class D OXA-55 B-lactamase, a gene
that is conserved in S. algae regardless of its susceptibil-
ity to carbapenem [35]. Recent study have shown that
there is an increasing level of blany 55 transcription and
[-lactamase activity in carbapenem-resistant S. algae iso-
late compared with the carbapenem-susceptible isolates
[31]. Our research has revealed an addition mechanism
of resistance, involving a mutation in a sensor histidine
kinase (pdsS) and subsequent over-expression of an
OmpA-like protein pdsO through a proteobacteria-ded-
icated sortase system. Furthermore, our transcriptome
analysis revealed that not only is the beta-lactamase
OXA-55 activated in carbapenem resistant S. algae iso-
late, but also genes related to membrane integrity, bio-
film formation, immune evasion are over-expressed in
the carbapenem-resistant isolate. The identification of
a novel mechanism of resistance involving mutation in
pdsS and multiple overexpressing genes, in addition to
the well-known role of OXA-55, underscores the com-
plexity of carbapenem resistance in S. algae and the need
for multi-faceted approaches to tackle this problem.

We found that the G547W mutation existed at low
frequency before antibiotic treatments. The resistant
G547W subpopulation adaptively expanded and reduced
in response to exposure to f-lactams. This phenomenon,

known as heteroresistance, has been previously observed
in the PhoP-PhoQ two-component system in E. cloacae.
In that case, heteroresistant E. cloacae cells were able to
withstand colistin treatment by modifying the lipopoly-
saccharide component of their outer membrane [36]
which is dependent on the histidine kinase PhoQ [37].
This suggests that heteroresistance, mediated by distinct
subpopulations with different outer membrane compo-
sitions, may be a common phenomenon in bacteria. In
our study, the G547W mutation is located in the sensor
histidine kinase pdsS, which is a TCS-like system. Thus,
it is possible that similar bimodal responses mediated by
heterogeneous subpopulations may exist in other TCS
systems in bacteria [38].

We note that the pdsS G547W is not the only reason
driving the multidrug resistance. The analysis of RNA-
seq showed that the up-regulated pathways also include
other resistant pathways (e.g., over-expression of flagella-
related genes, efflux pumps, and OXA-55). High-level
expression of OXA-55 alone has been shown to confer
carbapenem, but our study can't link the G547W muta-
tion to the over-expression of OXA-55. We hypothesize
the multi-drug resistance may be attributed to a syner-
gistic effect of several resistant mechanisms, although
each has its unique fitness cost. For instance, the G547W
mutation may have better fitness than over-expression
of OXA-55/efflux pumps under beta lactam pressure,
albeit each of them can confer resistance to carbapenem.
Consequently, this coordination reduced the treatment
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efficacy no matter how we changed the antibiotics or
used multiple antibiotics, which finally led to the death
of the patient.

Resistant mutation often comes at fitness costs. For
instance, mutations reducing the influx or enhancing
efflux of antibiotics can also decrease the absorption of
nutrient compounds [39]. As a result, compensatory
mutations may arise to compensate for the fitness of the
resistant allele [40, 41]. Our findings suggest that the
heterogeneous subpopulations in this isolate are able to
balance the fitness costs by retaining the resistant sub-
populations at low frequency and the wild type at high
frequency without S-lactam exposure. When coupled
with other resistant mechanisms, this within-host diver-
sity and adaptiveness greatly reduce the drug efficacy
during treatments.

As we only focused on the transcriptomic profiles of
S1 (susceptible) and S2 (resistant), the lack of S3 and S4
transcriptomes for understanding the dynamics of all
resistant pathways is a limitation of this study. It is possi-
ble that the wild type subpopulation may benefit from the
over-expression of OXA-55 from other subpopulations to
combat the beta-lactam treatments without the need of
G547W mutation. The allele frequency analysis implies
the G547W subpopulation might have better fitness than
others with over-expressed OXA-55/efflux pumps, albeit
all of them may confer substantial resistance to beta lac-
tams. Further in vitro experiments are required to justify
this hypothesis.

In conclusion, we identified a p-lactam-resistant muta-
tion in a sensor histidine kinase called pdsS, which
leads to the over-expression of an OmpA-like protein
pdsO via a proteobacteria-dedicated sortase system.
We found that the G547W mutation in pdsS is associ-
ated with overexpressed pdsO, which can contribute to
B-lactam resistance by maintaining membrane integrity
and potentially through its involvement in biofilm forma-
tion. The G547W-encoding cells existed at low frequency
before antibiotic treatment, but adaptively expanded
and reduced in response to exposure to -lactams. This
within-host diversity and adaptiveness greatly reduce the
efficacy of antibiotic treatment, especially when coupled
with other resistant mechanisms [42—44]. These findings
provide insights into the mechanisms of antibiotic resist-
ance and highlight the importance of considering heter-
oresistant subpopulations in the treatment of bacterial
infections.

Conclusion

The study provides new insights into the within-host
evolution of microbial populations during antibiotic
treatments and the dynamics of allele switch in the
development of emerging resistance to carbapenem

Page 7 of 9

in Shewanella algae. The identification of a recurrent
G547W mutation in the sensor histidine kinase gene
and its correlation with the an OmpA-like protein, as
well as the adaptive expansion and reduction of the
cell subpopulations in response to B-lactam exposure,
offers a deeper understanding of the mechanisms of
antibiotic resistance and the potential for resistant sub-
populations to exist at very low frequencies even in the
absence of antibiotic pressure. This information can
inform the development of more effective treatment
strategies to combat antibiotic resistance.
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