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ABSTRACT

The inappropriate use of antibiotics is widely recognized as the primary driver of bacterial antibiotic resistance.
However, less attention has been given to the potential induction of multidrug-resistant bacteria through
exposure to disinfectants. In this study, Klebsiella pneumonia, an opportunistic pathogen commonly associated
with hospital and community-acquired infection, was experimentally exposed to NaClO at both minimum
inhibitory concentration (MIC) and sub-MIC levels over a period of 60 days. The result demonstrated that NaClO
exposure led to enhanced resistance of K. pneumonia to both NaClO itself and five antibiotics (erythromycin,
polymyxin B, gentamicin, tetracycline, and ciprofloxacin). Concurrently, the evolved resistant strains exhibited
fitness costs, as evidenced by decreased growth rates. Whole population sequencing revealed that both con-
centrations of NaClO exposure caused genetic mutations in the genome of K. pneumonia. Some of these mutations
were known to be associated with antibiotic resistance, while others had not previously been identified as such.
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In addition, 11 identified mutations were located in the virulence factors, demonstrating that NaClO exposure
may also impact the pathogenicity of K. pneumoniae. Overall, this study highlights the potential for the wide-
spread use of NaClO-containing disinfectants during the COVID-19 pandemic to contribute to the emergence of

antibiotic-resistant bacteria.

Environmental Implication: Considering the potential hazardous effects of disinfectant residues on environment,
organisms and biodiversity, the sharp rise in use of disinfectants during COVID-19 pandemic has been considered
highly likely to cause worldwide secondary disasters in ecosystems and human health. This study demonstrated
that NaClO exposure enhanced the resistance of K. pneumonia to both NaClO and five antibiotics (erythromycin,
polymyxin B, gentamicin, tetracycline, and ciprofloxacin), highlighting the widespread use of NaClO-containing
disinfectants during the COVID-19 pandemic may increase the emergence of antibiotic-resistant bacteria in the

environment.

1. Introduction

Antimicrobial resistance has become a serious public health problem
threatening human health, which now causes at least 700,000 people to
die globally every year [1]. The use of disinfectants has exploded
globally since the outbreak of COVID-19 due to their high efficacies in
controlling the spread of the coronavirus. Statistics indicate that the
global sales of surface disinfectants soared to 4.5 billion US dollars in
2020 alone, marking a more than 30% increase compared to
pre-pandemic levels [2]. In 2020, the U.S. EPA alone approved 545
disinfectant products for COVID-19 disinfection. [3] Large-scale use of
disinfectants can bring many negative effects on the ecological envi-
ronment [4]. Among them, the extensive use of disinfectants is known to
induce bacteria to develop disinfectant resistance, which is potentially
connected with antibiotic resistance [5-7]. Thus, the large-scale use of
disinfectants during the COVID-19 pandemic has the potential to exac-
erbate the already grave issue of bacterial antibiotic resistance, posing
serious threat to human health.

Although there are significant differences in the bactericidal mech-
anism between disinfectants and antibiotics, increasing evidence dem-
onstrates that the use of disinfectants can contribute to bacterial
resistance against both disinfectants and antibiotics [8-10]. For
example, Mc Cay et al. found that continuous exposure to sublethal
concentrations of benzalkonium chloride significantly increased the
resistance of Pseudomonas aeruginosa to antibiotic ciprofloxacin [11].
Hou et al. found that the resistance of P. aeruginosa to ceftazme, chlor-
omycin, and ampicillin increased by 1.4-5.6 times upon exposure to
NaClO [12]. However, some opposite phenomena in which bacteria
often tend to be sensitive to antibiotics when developing disinfectant
resistance were also observed in previous studies [13-17]. Therefore, it
still needs more studies to explore bacterial antibiotic resistance
following exposure to disinfectants. The documented mechanisms for
concurrent bacterial resistance to antibiotics and disinfectants can be
grouped into two categories: cross-resistance and co-resistance.
Regarding cross-resistance, certain bacterial efflux pumps (which
expel toxic substances from cells) may have multiple substrates,
encompassing both antibiotics and disinfectants. Consequently, the
overexpression of these efflux pumps can make bacteria resistant to both
antibiotics and disinfectants simultaneously. For example, the efflux
pump, MexCD-OprJ, endows cross-resistance of P. aeruginosa to the
antimicrobial triclosan and multiple antibiotics [18]. Another type of
mechanism is co-resistance, in which antibiotic resistance genes and
disinfectant resistance genes are located in the same mobile genetic el-
ements, such as plasmid, integron, and gene cassette [5]. After acquiring
these mobile genetic elements, bacteria would have co-resistance to
disinfectants and antibiotics.

Klebsiella pneumonia, a member of the genus Klebsiella of Enterobac-
teriaceae, is a rod-shaped, gram-negative, lactose-fermenting bacterium.
It is ubiquitous in the environment and has been associated with a va-
riety of human infections [19-23]. Now, K. pneumoniae is considered the
most common cause of hospital-acquired pneumonia in the United
States, accounting for 3— 8% of all nosocomial bacterial infections [24].
More seriously, the worldwide spread of multidrug-resistant

K. pneumoniae has become a public health threat, which caused an
estimated 2700 deaths in 2017 in the United States alone [25]. Since the
outbreak of SARS-CoV-2, disinfectants have been widely used world-
wide, among which chlorine-containing disinfectants represented by
NaClO are particularly common. Nevertheless, improper disinfectant
usage may indiscriminately select multidrug-resistant K. pneumoniae,
resulting in serious risks to human health. Presently, there is still a lack
of reports on the resistance of K. pneumoniae to multiple antibiotics after
exposure to disinfectants, as well as the associated mechanisms.

Through the NaClO exposure experiment, this study investigated the
influence of NaClO disinfection on the development of K. pneumoniae
resistance to multiple antibiotics and explored the underlying genetic
mutations using whole-genome sequencing. The results demonstrated
that NaClO, at both minimum inhibitory concentration (MIC) and sub-
MIC levels, coselected for resistance to NaClO and antibiotics. The
whole-genome analysis identified chromosomal genetic mutations
known to be involved in antibiotic resistance, along with genes not
previously recognized for their role in antibiotic resistance. This study
expanded our understanding of the mechanisms in NaClO-induced
antibiotic resistance and provided important hints for accelerating
antibiotic resistant bacteria from overuse of disinfectants during COVID-
19 pandemic.

2. Experimental section
2.1. Strain

To get closer to a strain that could infect humans, a K. pneumoniae
bacterium isolated from the feces of a healthy human without any
apparent or self-declared disease and no recent medication experience
for nearly six months before the fecal collection was used in this study.
The genome sequence of this strain has been submitted to the NCBI
database, and its accession number is NZ_VKKD00000000. This strain
was cultured in lysogeny broth (LB) media on a horizontally moving
shaker at 180 rpm and 37 °C, which was regarded as the ancestor (Kpn.
0), and used as the inoculum for the evolutionary experiments. This
strain has a minimum inhibitory concentration (MIC) to NaClO of 275
mg/L, which was measured using a Mueller-Hinton microbroth dilution
method [26].

2.2. Evolution experiment

The schematic of the evolution experiment upon NaClO exposure is
shown in Fig. 1. The entire exposure experiment was performed in 15
mL-plastic centrifuge tubes. Three experimental groups of sub-MIC
exposure group, MIC exposure group, and non-exposed control group
were set up. To be specific, K. pneumoniae grown in 5 mL LB media
containing 140 and 280 mg/L NaClO was named as sub-MIC and MIC
groups (denoted as M and H), respectively. Correspondingly, bacteria
grown in LB without NaClO were considered the unexposed control
group (denoted as C). Each treatment comprised 5 parallel populations.
Every 24 h of cultivation on a horizontally moving shaker at 180 rpm
and 37 °C, 50 uL bacterial suspension was transferred to fresh LB
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containing the same concentrations of NaClO or without NaClO. In this
way, the whole passaging experiment was repeated for 60 days. During
the experiment, the bacterial suspension was diluted into 30% glycerol
solution at volume ratio of 1:1 every five days and stored at — 80 °C for
subsequent experiments and analyses. To avoid the strains being
contaminated, the entire evolution experiment was carried out on a
super clean bench. In addition, the bacterial suspensions collected every
five days were also appropriately diluted and spread on the LB solid
medium, and the monoclonal colonies were selected for PCR amplifi-
cation to identify their purity, as detailed in the Supporting Information
(SD.

2.3. Determination of MIC for NaClO and antibiotics

Mueller-Hinton microbroth dilution method was used to detect MIC
of the ancestral and evolved populations against NaClO and five repre-
sentative antibiotics (erythromycin, polymyxin B, gentamicin, tetracy-
cline, and ciprofloxacin). Briefly, 100 uL. bacterial suspension was
spiked into MHB media containing either different concentrations of
NaClO or antibiotics in 96-well plate. The used concentration range for
MIC determination was NaClO (200-425mg/L), erythromycin
(60-600 mg/L), polymyxin B  (0.1-51.2mg/L), gentamicin
(0.1-51.2 mg/L), tetracycline (0.1-51.2mg/L), and ciprofloxacin
(0.1-51.2 mg/L). The experiment was repeated three times. After add-
ing samples, the 96-well plate was incubated at 37 °C for 24 h, and the
absorbance of each well was measured at 620 nm using a multimode
microplate reader. The minimum concentration that completely
inhibited bacterial growth was determined as the MIC.
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2.4. Measurement of bacterial growth curve

For measurement of growth curves of ancestral and evolved
K. pneumoniae, bacterial suspensions at each sampling time point were
also centrifuged at 8000 g at 4 °C for 10 min to collect cell pellets, and
further washing 3 times with phosphate-buffered saline (PBS) to remove
residual NaClO and metabolites and then re-suspended in PBS at 107
— 108 CFU/mL. Subsequently, 10 pL cell suspension was inoculated into
200 pL sterile LB medium in 96-well plate and incubated at 37 °C for
more than 12 h. During the incubation, the ODggo of bacterial suspen-
sion was detected every 30 min using multimode microplate reader. The
growth dynamics of the strains were fitted in Origin 2017 software, and
the corresponding maximum growth rate and lag time were calculated.

2.5. Detection of bacterial biofilm formation capacity

Biofilm formation capacity of the ancestral and evolved populations
was measured using crystal violet staining [27]. Briefly, the overnight
culture of the strains was diluted to ODggg = 1 with sterile PBS solution,
and 2 pL was taken into a 96-well plate containing 198 L fresh LB
medium, which was incubated at 37 °C for 48 h. The 96-well plates were
then washed with sterilized distilled water and repeated twice to remove
the planktonic bacteria. After draining the wells, 125 pL crystal violet
solution (0.1%) was added to each well and allowed to stand for 10 min.
After dyeing, the 96-well plates were cleaned twice with sterilized
distilled water to remove crystal violet dye and non-tightly bound bac-
teria. After air drying for 30 min, 200 pL 30% acetic acid solution was
added to each well to dissolve crystal violet. Finally, the absorbance at
570 nm was recorded, and all treatments were repeated five times.
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Fig. 1. Schematic diagram of NaClO exposure experiment. A total of five parallel populations (P1-P5) of K. pneumoniae (Kpn.o) under each exposure condition were
serially passaged every 24 h into fresh LB medium containing NaClO at the same exposure levels for up to 60 days. The exposure conditions include 0 mg/L, 140 mg/
L, and 280 mg/L of NaClO, which are denoted as C, M, and H groups, respectively. Populations during the exposure periods were subject to phenotypic change

analysis and whole-population sequencing.
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2.6. Whole-population sequencing

In this study, to identify the genetic mutation upon NaClO exposure,
the ancestral population (Kpn.o), one population (C-3) from the unex-
posed control group, and four populations from the exposed treatments
(M-3 and M-5 from sub-MIC exposure group; H-2 and H-5 from MIC
exposure group) on the 60th day were used to analyze the genome. In
this study, we employed whole-population sequencing instead of single-
clone sequencing to mitigate potential biases arising from the random
selection of clones from the population. To be specific, 1 mL of the
overnight bacterial culture was centrifuged at 16,000 g for 2 min to
obtain the bacterial pellets. Bacterial DNA was extracted using the
Wizard Genomic DNA Purification Kit according to the manufacturer’s
instructions. The extracted DNA was then sent to Beijing Baimaike
Biotechnology Co., Ltd. for whole-population sequencing using Nano-
pore sequencing platform. All data generated during this study are
available in publicly accessible databases. Bacterial genome sequencing
data can be accessed through the Sequence Read Archive of NCBI
(BioProject accession number PRINA1069381).

Sequence data analysis proceeded as follows. Firstly, quality control
was conducted on the raw reads, and the subreads with low quality and
excessively short length (< 2000 bp) were filtered out. Subsequently,
Canu v1.5 software was used to assemble the filtered clean reads [28].
The assembled results were further refined and corrected using Racon
v3.4.3 software. Circlator v1.5.5 software was used to produce correct
representations of circular DNA structures [29]. Following this, Pilon
v1.22 software was used for additional error correction, resulting in the
genome with higher accuracy for subsequent analysis [30]. After that,
open reading frames (ORFs) in contigs were predicted and assembled
using Prodigal v2.6.3 software [31]. Antibiotic resistance genes were
annotated using RGI [32] based on the Comprehensive Antibiotic
Resistance Database (CARD), and BlastP [31] was used to compare the
main general databases, such as Nr, PHI, etc. Based on the comparison
results of Nr database blast, Blast2GO v2.5 was used to annotate the
gene function according to the GO database [33]. The genome sequences
of six sequenced K. pneumoniae strains (Kpn.o, C-3, M-3, M-5, H-2, H-5)
were used to construct an evolutionary tree using phyML software to
study the evolutionary relationship between strains [34]. The C-3 strain
in the control group was taken as the reference strain. The collinearity
relationship between the reference strain and the other five strains was
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determined by MCScanX software [35]. MUMmer software was used to
compare the sequence of the reference strain and the other five strains,
and the single-nucleotide polymorphism (SNP) and the insertions and
deletions (InDel) mutations in the compared results were extracted and
summarized.

3. Results and discussion
3.1. NaClO exposure increased NaClO resistance

The effect of NaClO exposure on the development of resistance of
K. pneumoniae to NaClO was investigated first, the minimum inhibition
concentrations (MIC) of NaClO for the populations collected from
different experimental groups (unexposed control, exposed treatments
at sub-MIC and MIC levels) on the 5th, 15th, 30th, 45th, and 60th days of
exposure were measured. As shown in Fig. 2a, with increasing exposure
time, the resistance of five parallel K. pneumoniae populations at three
experimental groups to NaClO all gradually increased, indicating the
selection of NaClO-resistance regardless of NaClO exposure or not. It
was quite interesting to observe that bacterial population resistance to
NaClO also persistently increased in the unexposed control group
(Fig. 2b), although an insignificant decrease was exhibited from day 45
to day 60 (ANOVA, p > 0.05). One possible hypothesis was that LB
media itself could exert certain selective pressure on the K. pneumoniae,
leading to adaptive evolution. Given that the used K. pneumoniae was
isolated from human feces, the nutrient-rich LB media used in the evo-
lution experiment could create substantially different growth conditions
compared to the gastrointestinal tract, thereby inducing bacterial
adaptive evolution. This phenomenon has been reported in E. coli grown
in nutrient-rich media, where significant changes were observed in both
physiological and mutational responses [36]. However, the evolved
resistance to NaClO observed in the unexposed control was generally
lower than that observed in the NaClO-exposed treatments. Addition-
ally, the evolved populations selected by MIC level exposure showed the
highest resistance to NaClO (Fig. 2b and c). These results indicated that
long-term exposure to NaClO can lead bacteria to develop NaClO
resistance, and this was not surprise as many previous studies have
demonstrated the selection of disinfectant-resistant microbes following
extensive use of disinfectants [37-39].
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Fig. 2. NaClO exposure increases the resistance of K. pneumoniae population to NaClO. (a) Evolution of NaClO resistance over time for all five populations at different
treatments, C-1 to C-5: NaClO-unexposed control; M-1 to M-5: NaClO-exposed treatment at sub-MIC level; H-1 to H-5: NaClO-exposed treatments at MIC level; (b)
Change of average MIC of NaClO for the populations grown in three treatments over time; (c) Comparison of NaClO resistance for the ancestral population (Kpn.o)
and the evolved populations from three experimental groups after 60-days exposure. ANOVA test: * * p < 0.01, * ** p < 0.001.
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3.2. NaClO exposure co-selected bacterial resistance to multiple
antibiotics

To explore the effect of NaClO exposure on the development of
antibiotic resistance of K. pneumoniae, the resistance of evolved pop-
ulations collected from different treatments at different sampling times
to tetracycline, ciprofloxacin, gentamicin, polymyxin B, and erythro-
mycin was measured. These five antibiotics were purposely selected
because they belong to different classes of antibiotics and have incon-
sistent antibacterial mechanisms (Fig. 3). The results showed that the
resistance of the populations from unexposed control to the five anti-
biotics generally decreased with increasing time (Fig. 3a and b), which
contrasts with the trend of bacterial NaClO resistance over time in the
control group (Fig. 2b). This indicated that the evolved NaClO resistance
selected by the LB medium could decrease bacterial antibiotic resis-
tance. Collateral sensitivity refers to an evolutionary trade-off between
antibiotic resistance mechanisms in bacteria, where resistance to one

Journal of Hazardous Materials 470 (2024) 134102

antibiotic increases susceptibility to another antibiotic [40,41]. Thus,
the observed phenomena in the unexposed control may indicate
collateral sensitivity between NaClO resistance and antibiotic resistance.
However, this type of collateral sensitivity was not observed in the
NaClO-exposed populations. On the contrary, we found that NaClO
exposure coselected the resistance of K. pneumoniae populations to
studied antibiotics. This was indicated by the fact that populations from
NaClO-exposed groups generally exhibited higher resistance to five
antibiotics compared to the evolved populations in the unexposed con-
trol (Fig. 3b). Meanwhile, the effect of NaClO on increasing bacterial
antibiotic resistance showed inconsistent dose-response relationship for
the different antibiotics (Fig. 3b and c). For the tetracycline- and
erythromycin-resistance, the MIC level of NaClO had a stronger stimu-
lant effect than the sub-MIC level, whereas ciprofloxacin, gentamicin,
and polymyxin B, the sub-MIC concentration exposure had larger pro-
motional effect. This inconsistency might be related to the discrepant
antibacterial mechanism of different antibiotics. Both tetracycline and
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Fig. 3. Evolution of bacterial antibiotic resistance upon NaClO exposure. (a) measured MIC for all populations to tetracycline, ciprofloxacin, gentamicin, polymyxin
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erythromycin inhibit protein synthesis by binding to the subunits of
bacterial ribosomes, leading to their similar dose-response to NaClO
exposure. However, similar antimicrobial mechanisms did not fully
explain the observed phenomenon, as gentamicin also inhibits protein
synthesis but showed a similar dose-response relationship to NaClO
exposure as ciprofloxacin (inhibiting DNA synthesis) and polymyxin B
(impairing bacterial outer membrane). Together, the above results
indicated that both MIC and sub-MIC levels of NaClO exposure pro-
moted the development of multidrug-resistant K. pneumoniae, posing a
potentially significant risk to human health.

3.3. Increased resistance was associated with reduced bacterial growth
and increased biofilm formation ability

It has been pointed out that the resistance of bacteria to antibiotics is
often associated with the fitness cost, typically observed as reduced
bacterial growth rate [42]. Similarly, we observed that the growth of the
evolved populations from the NaClO-exposed groups was significantly
lower than that of the unexposed control, as indicated by the lower
growth rate and the longer lag-time (Fig. 4a). Formation of biofilm is one
of the important ways for bacteria to develop resistance to antibiotics. It
has been found that antibiotic resistance of K. pneumoniae in biofilms is
10-1000 times higher than that in planktonic state [43]. Therefore, it
was also of great significance to explore the biofilm formation ability of
the evolved K. pneumoniae populations selected by NaClO. As shown in
Fig. 4b, compared with the ancestral population (Kpn.o), the
biofilm-forming ability of the evolved populations in the three experi-
mental groups all improved, although not significantly in statistics
(ANOVA, p > 0.05). These results indicate that the observed increase in
K. pneumoniae resistance to NaClO and antibiotics upon NaClO exposure
was associated with decreased growth capacity and improved biofilm
formation ability. Similar phenomena were also found in previous
studies, for example, El-Banna et al, found that P. aeruginosa clinical
isolates increased antibiotic resistance after adapting to disinfectant
BAC, with 66% of the isolates showing retardation of growth and 23.5%
exhibiting enhanced biofilm formation [44]. Techaruvichit et al. pointed
out that after treatment with subinhibitory concentrations of five bio-
cides, Campylobacter jejuni strains improved their biofilm formation

a 0.7 [
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ability, resulting in increased resistance to kanamycin and streptomycin
[45]. These studies highlight the potential for disinfectant exposure to
induce changes in bacterial behavior and antibiotic resistance, empha-
sizing the importance of understanding the broader impacts of antimi-
crobial use in various settings.

3.4. Genetic mutations in resistant mutants revealed the underlying
mechanisms

In this study, the evolved K. pneumoniae populations with stronger
resistance to both NaClO and antibiotics were selected for whole-
population sequencing. As a result, the ancestor (Kpn.o), C-3 popula-
tion from the control group, M-3 and M-5 populations from the sub-MIC
exposure group, as well as H-2 and H-5 populations from the MIC
exposure group, were selected (supplemental Fig. S1). Draft genomes
were reconstructed as depicted in Fig. S2. The genome size of ancestor
Kpn.o, C-3, M-3, M-5, H-2, and H-5 was determined to be 5342163,
5342164, 5313956, 5343238, 5342169, and 5342162 kb, respectively.
Further, MCScanX software was used to analyze the collinear relation-
ship among the genomes, comparing C-3 genome with Kpn.o, M-3, M-5,
H-2, and H-5 genomes. As shown in Fig. S3a, compared to the unexposed
C-3, the NaClO-exposed populations (M-3, M-5, H-2, H-5) exhibited
more translocations, insertions, inversion, etc, demonstrating that
NaClO exposure induced the genetic mutation of K. pneumoniae. This
was further supported by the phylogenetic analysis of 6 studied
K. pneumoniae genomes (Fig. S3b). Kpn.o, C-3, M-3, and M-5 genomes
were closely related, whereas the H-2 and H-5 genomes were distinct
from them, suggesting that higher concentration of exposure could cause
more significant genome mutations.

3.5. InDel mutations

Insertion-deletion (InDel) mutations represent an evolutionary
strategy employed by bacteria when facing stressors. These mutations
involved the insertion or deletion of nucleotide fragments of varying
sizes (less than 1 kb) into DNA sequence. Thus, InDel in the evolved
K. pneumoniae populations upon NaClO exposure was examined using
the ancestor Kpn.o as the reference. As shown in supplemental Table S1,
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Fig. 4. Comparison of (a) the growth and (b) biofilm formation capability of the populations selected by LB-media and NaClO at sub-MIC and MIC levels. The growth
of the population was indicated by the growth curves, the maximum growth rate, and the growth lag time. C: unexposed control; M: sub-MIC level exposure to NaClO;
H: MIC level exposure to NaClO. ANOVA test: * p < 0.05, * * p < 0.01, * ** p < 0.001.
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compared to the Kpn.o, the evolved population cultivated in NaClO-free
LB media (C-3) had 1 InDel mutation in the non-coding region. For the
populations evolved upon sub-MIC level exposure (M-3 and M-5), there
were 4 InDel in non-coding regions of M-3 genome and 2 InDel in non-
coding regions of M-5 genome. For the resistant mutants exposed to MIC
exposure level, the H-2 genome displayed 9 InDel mutations in non-
coding region and 6 InDel mutations in coding region, while the H-5
genome had 5 InDel in non-coding region and 3 InDel in coding region.
Consistently increasing InDel mutation number from the unexposed
control to the high concentration of exposure indicates NaClO induces
genetic mutations in K. pneumoniae. Notably, there were 2 identical
InDel mutations present in the genomes of H-2 and H-5, both occurring
in genes mutS (inserting 2 bases) and mfpsA (inserting 1 base). The mutS
gene encodes a mismatch repair protein critical for maintaining DNA
replication fidelity and combating the adverse effects of genomic dam-
age. Mutations in mutS have been extensively reported to significantly
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contribute to the emergence of mutational resistance to various anti-
biotic classes in bacteria [46]. For example, Willems et al. found that
Enterococcus faecium with mutation in mutS gene is prone to the devel-
opment of resistance to oxazolidinone antibiotics. [47] Similarly, in
Acinetobacter baumannii, mutations in mutS also increased the rate of
mutation to rifampicin resistance by ~50-fold. [48] The DNA mis-
matched repair system is crucial in avoiding mutations and maintaining
replicative fidelity, bacteria with defects in this system have a reduced
ability to repair DNA damage, making them more susceptible to accu-
mulating mutations in facing stressors. Thus, it was plausible that the
observed mutS mutation resulting from high concentrations of NaClO
exposure may contribute to the development of resistance to multiple
antibiotics. The mfpsA gene, which codes mannosylfructose-phosphate
synthase, is involved in the biosynthesis of disaccharide mannosyl-
fructose, an important osmolyte in Agrobacterium tumefaciens that helps
bacterium respond to osmotic stress [49,50]. While the specific

A nonsynonymous
O synonymous
O  stop-gain
1000kp
C-3
Kpn
M-3
M-5
H-2
® s
wookep
|:] biosynthetic
[_] Other
- regulatory
4,358,056 bp
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Fig. 5. (a) c¢SNP mutation in the genome of bacterial clones, /\ represents non-synonymous mutation, o represents synonymous mutation, [] represents nonsense
mutation, and the circle graph from inside to outside shows genome size marker, GC content, GC skew (green represents GC skew-+, purple represents GC skew—), K.
pneumoniae.o, C-3, M-3, M-5, H-2, H-5 chromosome genome; (b) counted number of cSNP mutation; (c) Location diagram of mobA and truB gene on Kpn.o

chromosome genome.
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involvement of mfpsA in antibiotic resistance is not as extensively
studied, research by Boinett et al. has highlighted its importance for the
survival of A. baumannii in sub-inhibitory concentrations of colistin
[51]. The finding of our study further underscores the potential role of
mfpsA in modulating K. pneumoniae resistance to NaClO and antibiotics,
suggesting its multifaceted involvement in bacterial stress responses and
adaptation mechanisms.

3.6. SNP mutations

As same to InDel mutation, SNP mutations in the genomes of evolved
mutants (C-3, M-3, M-5, H-2, H-5) were also examined in this study. As
shown in Table S1, three SNP mutations comprising 1 non-synonymous
mutation and 2 synonymous mutations were found in C-3, indicating
that the aforementioned selection pressure from LB medium also led to
the mutation of the bacterial genome. In line with InDel mutation, we
also found that the SNP mutations in the concentration group (H-2, H-5)
were significantly more than those in the low concentration group (M-3,
M-5). Specifically, when only 4 and 1 SNP mutations were found in the
genomes of M-3 and M-5, respectively, a much higher number of SNP
mutations, comprising 52 and 43 mutations, were identified in the ge-
nomes of H-2 and H-5 genomes, respectively. These SNP mutations
include genes known to be involved in antibiotic resistance such as wcaJ
[52], mobA [53], rfaC [54], pat [55], c¢sbC [56], csgA [571, secA [58],
bcsA [59], srmB [60], as well as the genes not yet identified to play a role
in antibiotic/disinfectant resistance, including yrbK, purD, argE, infB,
truB, andAa, zipA, ccml, ygbM, astE,ybiU,pcaR_1, phnC, phnE_2, cimH,
rhaA, proX, sepB, yejM, gipR_1,nhoA, fimD_1, yvoA_3, and phoA (Table S2).
Given their importance, particular attention was focused on the SNP
mutations occurring in the coding region of the genome (cSNP) (Fig. 5a
and b). The cSNP mutations in populations exposed to MIC-level NaClO
were likewise significantly higher than that in the low-concentration
exposure group and the ancestor (Fig. 4b). The main class of cSNP
mutations was non-synonymous mutations, which changed the protein
sequence and potentially affected protein function. Of particular note,
two identical non-synonymous cSNP were identified in both H-2 and H-5
chromosomes. These mutations occurred in genes mobA (SNP: G—A;
amino acid: Gly—Glu) and truB (SNP: C—T; amino acid: Arg—Cys),
respectively (Fig. 5a and c). The mobA gene encodes a mobilization
protein that has been reported to be induced by certain antimicrobials
[53,61]. Gene truB encodes a pseuduridine synthase involved in cata-
lyzing the pseuduridylation of U55 in tRNA [62]. While previous studies
have highlighted the role of truB in optimizing cell survival at high
temperatures through tRNA modification, [63] its involvement in
disinfectant and antibiotic resistance has not been reported before. Thus,
our study suggests a potential new role for the truB gene in mediating
resistance mechanisms against both disinfectants and antibiotics,
expanding our understanding of bacterial adaptation under selective
pressures such as NaClO exposure.

The analysis of non-synonymous SNPs in the evolved populations
was further enriched by utilizing different databases for annotation,
providing insights into the functional implications of these mutations
(Fig. S4 and Tables S3-S6). The GO database annotation revealed that
there were 54 non-synonymous SNPs in all evolved strains, among
which 28 genes were involved in cell components, 38 in molecular
functions, and 40 in biological processes (Fig. S4). According to KEGG
Pathway analysis (Table S3), it was found that 20 non-synonymous SNPs
of H-2 were involved in metabolic pathways, spanning four categories of
Cellular Processes, Environmental Information Processing, Genetic In-
formation Processing, and Metabolism. Similarly, the non-synonymous
SNPS of H-5 involved 16 metabolic pathways, which were divided
into two categories of environmental information processing and
metabolism. Interestingly, only the MIC level of NaClO exposure caused
mutations in genes related to bacterial metabolic pathways, and the
major metabolic pathways they participated in included ABC trans-
porters, Metabolic pathways, Biosynthesis of antibiotics, Biosynthesis of
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secondary metabolites, and Microbial metabolism in diverse environ-
ments. Through TCDB annotation of the non-synonymous SNPs
(Table S4), it was found that there were 1, 1, 11, and 11 membrane
transporter genes in M-3, M-5, H-2, and H-5, respectively. Among these,
4 belonged to the ABC superfamily known for its crucial role in bacterial
cell vitality, virulence, pathogenicity, and multiple drug resistance, [64,
65]. The ABC superfamily proteins use energy generated by hydrolysis
of ATP to reverse concentration gradient transport to remove drugs from
cells, contributing to multiple drug resistance. Additionally, 1 FUP
family protein identified belongs to the outer membrane pili guiding
porer protein, which is associated with the processes related to bacterial
pili. Pili are essential for various functions, including adherence to
surfaces and host cells, biofilm formation, and pathogenicity. The
presence of mutations in this protein could influence the bacterial life
cycle and pathogenicity. Furthermore, there were 4 members of the MFS
family, which plays essential role in bacterial uptake of various toxic
compounds including antibiotics, fungicides, and other drugs [66]. In
this study, CARD database annotation in Table S5 showed that only H-2
non-synonymous mutation had an Antibiotic Resistance Ontology
(ARO) of CRP, a global regulator that represses MdtEF multidrug efflux
pump expression. Finally, by comparison with the VFDB database
(Table S6), 1, 5, and 6 virulence factors were found in the
non-synonymous SNP of M-3, H-2, and H-5 genomes, respectively. These
mutations need to be focused on because they are likely to affect the
ability of K. pneumoniae to cause disease. It is important to highlight that
NaClO exposure caused mutations in virulence genes, especially bopD
and PIA, which are known to be associated with bacterial biofilm for-
mation. This finding provides a clear explanation for the observed
enhancement in biofilm formation under NaClO exposure conditions.

4. Conclusion

This study convincingly demonstrated that exposure to sub-MIC and
MIC levels of NaClO co-selects for resistance in K. pneumoniae against
both NaClO itself and a range of antibiotics, including erythromycin,
polymyxin B, gentamicin, tetracycline, and -ciprofloxacin. Such
increased resistance was associated with decreased growth rate and
increased biofilm formation capacity, indicating the existence of fitness
cost from the evolved resistance. Through whole-population
sequencing, this study identified several chromosomal genetic muta-
tions, some of which are known to be involved in antibiotic resistance,
while others represent novel candidates deserving further exploration.
Notably, genes such as mobA, truB, mutS, and mfpsA emerged as poten-
tial key players in antibiotic resistance induced by NaClO exposure,
underscoring the need for in-depth investigations into their mechanisms
of action. Given the widespread use of NaClO-based disinfectants amid
the COVID-19 epidemic, the findings of this study provided important
evidence that the disinfectants may select more multidrug-resistant
bacteria, potentially harming human health.
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