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Purpose: Colistin is one of the last-resort antimicrobial agents that combat the increasing
threat of multi-drug resistant (MDR) gram-negative bacteria. Based on the known mechan-
ism of colistin resistance which contributes to chromosomal mutations involved in the
synthesis and modification of lipopolysaccharide (LPS), we explored the regulatory genes
mediate colistin resistance, by whole genome sequencing and transcriptome analysis.
Materials and Methods: In this study, a colistin-resistant (Col") strain Escherichia coli
ATCC 25922-R was generated from colistin-sensible (Col®) strain E. coli ATCC 25922 by
colistin induction. We compared the genome and transcriptome sequencing result from Col®
and Col" strain. MALDI-TOF mass spectrometry was used to detect LPS.

Results: Genomic analysis and complementation experiment demonstrated the PmrB amino
acid substitution in ATCC 25922-R (L14R) conferred the colistin resistance phenotype. Results
of RNA sequencing (RNA-Seq) and comparative transcriptome analysis indicated that the two-
component system EvgS/EvgA is highly involved in the global regulation of colistin resistance.
Conclusion: This study demonstrated that PmrB L14R amino acid substitution resulted in
colistin resistance, and two-component system EvgS/EvgA might participate in colistin
resistance in E. coli.

Keywords: colistin resistance, Escherichia coli, PmrAB, EvgS/EvgA

Introduction

Multi-drug resistant (MDR) bacteria are a global healthcare concern responsible for
increased morbidity and mortality, hospitalization, and huge financial loss. In order
to combat increasing rise of MDR bacteria, various therapies have been developed
to inhibit MDR bacterial infection including traditional antibiotics, phage therapies,
monoclonal antibodies (mAbs), immune stimulation, vaccines and antimicrobial
peptides.' ™ But there are very few phages available to doctors and the number of
currently licensed mAbs is limited in clinical practice. In terms of traditional
antibiotics, only a handful of last-line antibiotics, such as colistin and tigecycline,
are proven to be effective in MDR bacteria treatment.’ Colistin (polymyxin E) is
a decades-old antimicrobial agent, intensively used in veterinary medicine and
animal husbandry.® In humans, the global spread of MDR Gram-negative bacteria
with limited therapeutic options has resulted in the return of colistin use regardless
of its documented nephrotoxicity.’
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Colistin is a cationic polypeptide that disrupts mem-
brane integrity through displacement of cations like Mg*"
and Ca®" in the outer membrane, leading to cell lysis.”®
Two widely accepted mechanisms of colistin resistance
that have been described in Gram-negative bacteria are
as follows: chromosomal mutations in genes involved in
the synthesis and modification of lipopolysaccharide (LPS)
and the acquisition of mobile colistin resistance (mcr)
genes encoding phosphoethanolamine transferases, result-
ing in a more cationic charged LPS or loss of LPS that
confers reduced susceptibility to colistin.®

The critical step of colistin resistance is the modifica-
tion of negatively charged lipid A, the endotoxic compo-
nent, via diverse routes, particularly through derivation of
lipid A phosphate moieties with a sugar or ethanolamine.”
The two-component regulatory systems PmrAB and
PhoPQ regulate expression of the genes (pmrC, arn and
eptA) that mediate phosphoethanolamine modification of
lipid A, which results in a decreased binding to the bacter-
ial outer membrane surface.'®'! Mutations in pmrAB,
phoPQ have identified in
resistant bacteria, including Escherichia coli, Klebsiella

been several colistin
pneumoniae and Acinetobacter baumannii.'*'* In the
transcriptomes of colistin-resistant K. pneumoniae, an ele-
vated expression of pmrH orperon was responsible for the
biosynthesis of Ara4N and modification of the lipid
A component.'? In A. baumannii, up-regulated expression
of pmrAB and IpxB (enzyme involved in the lipid
A Dbiosynthesis pathway) genes associated with colistin
resistance has also been reported.'?

Recent studies of colistin resistance mostly focus on
the plasmid-encoded mobilized colistin resistant gene mcr-
1 in many aspects, such as its prevalence, antibiotic resis-
tance mechanism, and its transmission between different
But
mediated colistin resistance always possesses higher level

bacteria. in fact, chromosomal gene mutation
of resistance and is not easily lost in the process of pas-
sage. Therefore, it is worth studying the mechanisms of
chromosome mediated colistin resistance, especially the
less studied regulation profile.

Here, by treating E. coli with consistent colistin stimu-
lation which imitates the clinical treatment condition, we
obtained the colistin-resistant strain E. coli ATCC 25922-
R. Using genomic, transcriptomic, bioinformatics and
other approaches to study the mechanism of chromosome-
related colistin resistant genes, we successfully explored
the genetic basis and analyzed the global transcription
profile to figure out new genes responsible for colistin

resistance. Our results revealed that it is highly possible
that two-component system EvgS/EvgA participates in the
regulation of colistin resistance in E. coli.

Materials and Methods
Strains and Antimicrobial Susceptibility

Testing

The strain E. coli ATCC 25922 was used to conduct this
study. Laboratory evolution of mutant with reduced colis-
tin susceptibility, £. coli ATCC 25922-R was generated by
broth step-wise induction.'® Briefly, a single colony of
E. coli ATCC 25922 was grown in Muller-Hinton (MH)
broth overnight at 37°C, and cultures were diluted 1:100 in
MH broth containing serially increasing concentrations of
colistin, starting at the one-half MIC of the respective
isolate, and doubling every 24 hours until bacterial growth
was completely inhibited. Cultures were plated on MH
agar plates and a colony, namely E. coli ATCC 25922-R
was stored for the following study. Colistin MIC determi-
nation was performed by broth microdilution methods in
accordance with the Clinical and Laboratory Standards
Institute 2019 (CLSI 2019).

Genomic Analysis and Gene

Complementation

Genomic DNA of E. coli ATCC 25922 and Col" strain
E. coli ATCC 25922-R were extracted using Gentra
Puregene Yeast/Bact. Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions, from over-
night cultures. After library preparation, genome of ATCC
25922 was sequenced using the PacBio RS II and Illumina
Hiseq platform (Illumina, San Diego, CA, USA), and the
genome of ATCC 25922-R was sequenced by Illumina
Hiseq platform. Library construction and sequencing was
performed at Beijing Novogene Bioinformatics
Technology Co. Ltd. The filtered reads were assembled
to generate one contig without gaps by SMRT 2.3.0. The
[llumina-generated contigs were mapped to the PacBio-
generated contigs for correction. Coding genes were anno-
tated using Rapid Annotation
Technology (RAST).

assembled genomes

using  Subsystem
For the genome comparison,
were annotated using Prokka
Software for unified comparison.'” Then Roary, a high
speed pan-genome pipeline was used to cluster the genes
encoding complete protein sequences.'® Complementation
of pmrB was conducted by plasmid pHGE-Ptac.'” The

gene of interest was amplified and inserted into MCS of
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pHGE-Ptac under the control of the fac promoter. The
resulting vectors were transferred into its corresponding
mutant strain via electro-transformation.

Real-Time PCR

Overnight cultures of the strains were diluted 1:100 and
subcultured in MH medium for ~3 hrs at 37°C (absorbance
at 600 nm [OD600] ~ 0.6) with or without colistin. Cells
were collected at 4°C by centrifuging at 10000 rpm for 1
min, and total RNA of E. coli ATCC 25922 and E. coli
ATCC 25922-R were extracted with RNeasy Mini Kit
(QIAGEN, Alameda, USA) as the production protocol
told. RNA degradation and contamination were monitored
on 1% agarose gels. cDNA was created from each RNA
sample. RT-qPCR was performed using an ABI 7300 96-
well RT-qPCR system (Applied Biosystems) with SYBR
Premix Ex Taq II (cat. no. RR820A; TaKaRa). mRNA
expression levels of genes pmrB, reld, evgS and evgd
were examined using real-time PCR primers (EC-gene-
RT-F/R) listed in Supplementary Table S1. Relative
expression values of each gene were normalized against
the 16S rRNA gene of E. coli ATCC 25922 using the
standard curve method. All samples were tested in tripli-

cate, and the data were represented as means+SD (standard
deviation).

RNA-Seq Experiments

For mRNA sequencing, overnight cultures of the strains
were diluted 1:100 and subcultured in MH medium to
OD600 ~ 0.5. Then the culture was induced with (ATCC
25922-R) or without (ATCC 25922 and ATCC 25922-R)
2 mg/L colistin for half an hour. Total RNA was extracted
with RNeasy Mini Kit (QIAGEN, Alameda, USA) as the
production protocol told. cDNA libraries were constructed
and were sequenced on an Illumina HiSeq platform. Reads
from each strain were mapped to the corresponding genome
assembly and RPKM (reads per kilobase of transcript
per million mapped reads) values were calculated based on
the length of the gene reads count mapped to the gene. The
cutoff for gene expression was set at an RPKM value of at
least 10. The raw sequencing data were deposited in the
NCBI Sequence Read Archive (BioProject accession num-
ber PRINA681352). Genes with significant expression
RPKM values were identified. Gene transcripts with >
2-fold change in expression and a ¢ value of < 0.05 were
considered as differentially expressed. Gene ontology (GO)
was analyzed using the GOseq R package. GO terms with
p-value less than 0.5 were considered significantly enriched

by differentially expressed genes. KEGG pathway mapping
analysis was performed to examine the associated pathways
and functions in the differentially expressed genes.

Extraction of LPS-Lipid A and

MALDI-TOF Analysis
The crude LPS was
extraction.”” Briefly, overnight bacterial cultures were col-

isolated by hot phenol/water

lected for LPS isolation. Bacterial cells (1~10 mg) were
washed with Tris-HCI (30mM, pH 8.0) twice, centrifuged
at 6000 rpm for 10 min, and resuspended in 0.4 mL of
Tris-HCI containing 20% sucrose. Bacterial samples
were incubated for 0.5 h after adding 40 pL of lysozyme
(Img/mL, 100 mM EDTA, pH 7.3), and frozen at —80°C
for 0.5 h, then thawed at room temperature. Following
several freezing and thawing cycles, the samples were
lysed by sonication and cell lysate was removed for
15 min at 6000 rpm. The supernatant was further centri-
fuged at 16,000 rpm for 1 h to precipitate the crude LPS.
Then the crude LPS was freeze-dried and resuspended in
a solution of 20 mM Tris-HCI with 0.2% SDS. DNase I (25
pg/mL) and RNase A (100 pg/mL) were added and the
solution was incubated for 2h at 37°C after following
a removal of protein contaminants via treatment with protei-
nase K at 37°C for 1h. To cleave the Kdo linkage, the crude
LPS was heated in 10 mM sodium acetate buffer (pH 4.5)
with aqueous 0.2% SDS at 100°C for 1 h and then precipitated
with acidified ethanol (100 pL) to remove SDS by centrifuga-
tion at 5000 rpm for 5 min. The resulting pellets were washed
with 95% ethanol twice and freeze-dried for storage.
Negative ion MALDI-TOF mass spectra were used to
analyze the chemical structures of lipid A from different
strains. Lipid A fractions were dissolved in 20 pL of chloro-
form/methanol (2:1) solution and mixed with 2,5-dihydroxy-
benzoic acid matrix in the solution of chloroform/methanol/
water (3:1.5:0.25) (20 mg/mL). One microliter of lipid
A solution was loaded to produce the MS spectrum. An
average of 500 shots was summed into a single mass spectrum.

Results
Generation of Colistin Resistant Strain

and Complementation

E. coli ATCC 25922 was treated with colistin to obtain
colistin resistant strain E. coli ATCC 25922-R as described
in materials and methods. Its flow chart was shown in
Figure 1. The colistin MICs of E. coli ATCC 25922 and
E. coli ATCC 25922-R were 0.25 mg/L and 64 mg/L,
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N <

E. coli ATCC 25922-R

v

agar plates containing colistin

colistin treatment at gradient concentration

Figure | Flow chart of colistin resistant strain induction assay. Colistin concentration was started at one-half MIC of E. coli ATCC 25922, doubling every 24 hours until
bacterial growth was completely inhibited. Cultures were plated on MH agar plates and the resistant colony was named E. coli ATCC 25922-R.

respectively. Comparative genomic analysis observed
a mutation of PmrB (L14R) in ATCC 25922-R, which
may responsible for the covalent modification of phos-
phate groups on lipid A. We also found an additional
mutation in RelA (R137W), the GTP pyrophosphokinase,
which is involved in the synthesis of guanosine 3',5'-

(ppGpp)
response to amino acid starvation®'?* (Figure 2A).

bispyrophosphate during the stringent
Complementation of pmrB gene amplified from ATCC
25922 to ATCC 25922-R restored the susceptibility of
ATCC 25922-R (colistin MIC of the complementary strain
is 0.5 mg/L), which demonstrated that the point mutation
of PmrB (L14R) in this study contributed to the colistin
resistant phenotype of ATCC 25922-R. Therefore, the

identification of the mutation in pmrB is involved in

A

R137W
CGG ;» TGG

— relA —

L14R
CTG ;» CGG

— pmrB -

in ATCC 25922-R
in vitro colistin exposure.

colistin resistance isolated after

Expression Analysis of pmrB and relA

Based on the prior knowledge of pmrB function reported
previously, we inferred that this mutation might cause the
transcriptional alteration in the pmrAB system. To evaluate
the effect of this mutation on the induced Col" strain, quan-
titative RT-PCR was performed using the primers designed
for pmrB transcript. The Col" strain displayed 2.3-fold
increased expression of pmrB, which is consistent with
activating mutations in pmrB (Figure 2B). RT-PCR result
showed no significant change in the expression of another
mutated gene, rel4 (Figure 2B). Since lipid A modification

has been associated with colistin resistance, we
B
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Figure 2 Point mutations in pmrB and relA of E. coli ATCC 25922-R (A) and gene expressions in E. coli ATCC 25922-R by quantitative RT-PCR (B). Relative expressions of

genes were determined using 2 aace

method. Error bars represent the standard deviations of three biological repeats.
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analyzed lipid A moieties from E. coli ATCC 25922-R by
MALDI-TOF mass spectrometry. Peak at m/z 1914.5 corre-
sponded to the addition of one phosphoethanolamine (pEtN)
moiety and to the phosphate group of the native lipid A,
leading to an increase of +123 mass units compared to the
mass of the major peak of native lipid A at m/z 1797.4. Two
additional peaks at m/z 1934.4 and m/z 2164.5 corresponded
to the addition of 4-amino-L-arabinose (L-Ara4N) to the
phosphate of the native lipid A, generating an increase of
+131 mass units compared to the native lipid A (Figure S1).
Both pEtN and L-Ara4N additions were detected in E. coli
ATCC 25922-R, suggesting that pmrB mutation altered the
lipid A structure with various forms.

Transcriptome Characterization

In order to gain a deeper insight into the mechanism of the
E. coli ATCC 25922-R resistant to colistin and gene expres-
sion change under the clinical treatment of colistin, we
performed RNA-seq analysis of three samples, E. coli
ATCC 25922 (sample A), ATCC 25922-R (sample B), and
ATCC 25922-R with colistin treatment under the dosage of
2 mg/L (sample C), a concentration that is used in clinical
therapy with the aim to simulate medication in clinical
practice, as described in materials and methods. Over 99%
of all clean reads were aligned to reference genome of
E. coli ATCC 25922. Each biological replicate was highly
similar to each other (R*>>0.95), which indicates the RNA-
seq data were suitable for transcriptome analysis. The tran-
scriptome comparisons were conducted between sample
A and B, sample B and C. The expression profile in the

two comparisons was shown in Figure 3. Hierarchical clus-
tering in the differentially expressed genes was analyzed and
shown in the format of heat map observed in Figure 4.

In the comparison of sample B vs sample A, there were
278 differentially expressed genes, of which 59 were up-
regulated and 219 were down-regulated (Supplementary
Table  S2).
genomes (KEGG) was used to compare the transcriptome

Kyoto encyclopedia of genes and
data. Most differentially expressed genes were focused on
citrate cycle (TCA cycle) and oxidative phosphorylation,
which indicates that these biological processes might be
affected by colistin resistance (Figure 4A). The top ten up-
regulated and ten most down-regulated genes are listed in
Table 1. Among the most up-regulated genes, gene yibD
(D1792_15900) encoding a glycosyltransferase responsible
for the synthesis of LPS cores was shown to be significantly
up-regulated in colistin resistant E. coli ATCC 25922-R.
Elevated transcription of arn operon and eptd associated
with lipopolysaccharide modification were observed as well,
which might partly explain the enhanced colistin resistance
trait in the induced Col" strain. Other components of the
PmrAB regulon, such as pmrD, showed no significant change
in both strains. Most of the highly down-regulated genes were
involved in glycolate utilization, an important energy source
which provides an energetic advantage to bacterial species.
The glc operon, consisting of GlcB encoding malate synthase
G and the gene encoding glycolate oxidase, exhibited notable
decline in transcriptional levels. Other genes participating in
TCA cycle, such as D1792 24720 encoding succinate dehy-
drogenase, were down-regulated obviously. From these

200
Regulation
150 Up

@
Q B Down
& 100
>
4

50

0 ]

Sample B vs Sample A Sample C vs Sample B

Figure 3 Difference in gene expression profile between the two groups. Sample A E. coli ATCC 25922. Sample B E. coli ATCC 25922-R. Sample C E. coli ATCC 25922-R
grown with 2 mg/L colistin. The red and blue bars represent up- and down-regulated genes. Number labels represent the number of genes in each group.
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Figure 4 Heat map of hierarchical clustering in differentially expressed genes in the groups. (A): E coli ATCC 25922 (sample A) and E. coli ATCC 25922-R (sample B); (B):
E coli ATCC 25922-R (sample B) and E. coli ATCC 25922-R grown with 2 mg/L colistin (sample C). Blue represents down-regulated expression and red represents up-

regulated expression, respectively, relative to that of the reference culture.

results, we inferred that E. coli ATCC 25922-R may reduce
unnecessary energy demands to maintain the colistin resis-
tance phenotype.

In E. coli ATCC 25922-R and its counterpart treated
with 2 mg/L colistin (sample C vs sample B), a distinct
transcriptional pattern was observed. Only 54 up-regulated
genes and 5 noticeably down-regulated genes were
observed, characterized by the elevated transcription of
glycosyltransferase, which is involved in colistin resis-
tance (Supplementary Table S3). Top ten genes that exhib-

ited significant expression levels are listed in Table 2. The
Toll-like  receptor ~ homologous  protein  TcpC
(D1792_06120) was greatly up-regulated in E. coli
ATCC 25922-R grown with 2 mg/L colistin (Table 2).
Combined with the fact that TcpC was identified as
a virulence factor of E.coli and interfered with the innate

immune response of the host by interrupting the NF-xB
signaling pathway,”> we speculated that the pathogenicity
of E. coli ATCC 25922-R might be enhanced when treated
with colistin. Furthermore, the transcriptional levels of
proteins like XcbB (D1792 12290) belonging to
K-antigen gene cluster and PapX (D1792 11760) encod-
ing a fimbrial-specific inhibitor were markedly increased,
indicating that serological phenotype and motility might
be affected (Table S2). The biological functions associated
with differentially expressed genes were also analyzed in
KEGG pathway (Figure 5B). Among them, “ubiquitin
mediated proteolysis” was the most highly represented
category.

Based on the knowledge that membrane transporters
and two component systems (TCS) are closely connected
with colistin resistance, we searched for these genes that

2442

Dove!

Infection and Drug Resistance 2021:14


https://www.dovepress.com/get_supplementary_file.php?f=316963.pdf
https://www.dovepress.com/get_supplementary_file.php?f=316963.pdf
https://www.dovepress.com
https://www.dovepress.com

Dove

Wan et al

Table | Top Ten Up- and Down-Regulated E. coli ATCC 25922-R (Sample B) Genes in Comparison with E. coli ATCC 25922 (Sample A)

Rank Genes Log, Fold Change Annotation

It yibD 38 Glycosyltransferase

21 D1792_18405 2.8 Maltoporin

317 D1792_19050 2.6 Lysine decarboxylase CadA

41 malE 23 maltose ABC transporter periplasmic protein
51 D1792_13205 23 Serine/threonine dehydratase

61 D1792_00690 2.2 Flagellar basal body rod protein FigG
7 D1792_18170 22 Zinc resistance-associated protein
81 D1792_15315 2.2 Acid stress chaperone HdeB

91 hdeA 2.1 Acid-resistance protein

101 D1792_13305 2.1 Agas family sugar isomerase

1| D1792_00864 —4.5 Multiple stress resistance protein BshA
2] glcG —4.5 Malate synthase G

3] tnaA -3.8 Tryptophanase

4] D1792_15610 =37 Cold-shock protein

5] D1792_11760 -3.7 MarR family transcriptional regulator
6] glcB -3.6 Malate synthase B

7] D1792_24740 -34 Succinyl-CoA ligase subunit

8| D1792_12370 -3.2 Glycolate oxidase

9 D1792_16520 -3.0 Low affinity typtophan permease
10] D1792_12360 -2.6 Glycolate oxidase iron-sulfur subunit

Table 2 Top Ten Up-Regulated Genes in E. coli ATCC 25922-R
Resistant Treated with 2mg/L Colistin (Sample C)

Gene Log, Annotation
Fold
change

D1792_27685 5.5 Hypothetical protein

D1792_06175 49 Hypothetical protein

clbA 4.6 Colibactin biosynthesis

phosphopantetheinyl transferase

D1792_22260 4.6 Hypothetical protein

tdcR 4.4 Threonine dehydratase operon
activator protein

tcpC 4.4 Toll like receptor domain-containing

protein

D1792_06170 43 Replication protein

D1792_12305 43 Glycerol-3-phosphate
cytidylytransferase

D1792_06960 4.1 Glycosyltransferase

D1792_06970 4.0 Glycosyltransferase

changed expression levels both in sample B vs A and
sample C vs B groups (Table 3). Because there were
only 59 genes that showed remarkably up-regulated
expression, we set the value of Log2 fold change above
0.5 for screening condition in order to get a more compre-
hensive result about genes with changed expression level.
The most distinctive difference was the expression of evgS

(1.34-fold down-regulated and 0.71-fold up-regulated,
respectively), encoding sensor histidine kinase EvgS of
TCS EvgS/EvgA which confers acid resistance in E. coli.
Moreover, we also noticed that the expression level of
another AraC-XylS family transcription factor ydeO
altered both in two groups, which was consistent with
the previous research findings that ydeO expression is
activated by TCS EvgS/EvgA.** qRT-PCR experiment
the

(Figure 6). According to the report that activated EvgS/
25,26

was performed to verify transcriptome result
EvgA promoted expression of PhoP-activated genes,
our data suggest that EvgS/EvgA might be involved in the
colistin resistance by interacting indirectly with PhoQ/

PhoP system.

Discussion

Antibiotics like colistin are the last resort to treat clinical
infections caused by carbapenem-resistant Enterobacteriaceae
(CRE). However, the new emergence of resistance to colistin
Among
Enterobacteriaceae,E. coli tops the list in causing infections

severely restricts therapeutic options.
because of high prevalence, multidrug resistance and rapid
transfer or acquisition of antimicrobial resistant traits through
horizontal gene transfer. The mechanism of colistin resistance
employed by the majority of bacteria can be explained in two

ways: chromosomal point mutations in pmrA/pmrB and phoP/
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Figure 5 KEGG pathway enrichment analysis of differentially expressed genes between the two groups. (A): Pathway enrichment genes for sample A (E. coli ATCC 25922)
and sample B (E. coli ATCC 25922-R). (B): Pathway enrichment genes for sample C (E. coli ATCC 25922-R grown with 2 mg/L colistin) and sample B (E. coli ATCC 25922-R).

phoQ; and plasmid mediated colistin resistant mcr-1 and mcr-2
genes. Hence, most of the studies are focused on alterations in
the expression and regulation mode of these genes. There are
relatively few studies which have investigated colistin resis-
tance in global transcriptome of E. coli. In this study, we aimed
to identify two distinct transcription profiles by comparing
whole genomic and transcriptomes from colistin-susceptible
and colistin-resistant strains. The mutation at the position of
14th amino acid substitution of PmrB from Leu to Arg has

2728 and this alteration

been reported in E. coli previously,
might lead to a constitutive activation of PmrB sensor that is
responsible for colistin resistance in E. coli, which implicates
the ability of clinical strains to evolve to a Col" phenotype. The
mechanism by which the Leul4Arg replacement alters the
functions of PmrB remains unknown. This mutation is located
at the amino-terminal protein portion of cytoplasmic secretion
signal domain of PmrB, which remarkably altered the structure

of the cytoplasmic domain and downstream regions. The

Table 3 Differentially Expressed Genes Both in Sample B vs A and Sample C vs B

Gene ID Annotation Log, Fold Change
Bvs A CvsB
ydeO Helix-turn-helix domain protein 1.89 —-1.07
D1792_22035 Hypothetical protein 091 0.92
D1792_14815 Fimbrial family protein 0.86 0.64
D1792_15930 O-Antigen ligase family protein 0.62 0.59
D1792_15820 Hypothetical protein 0.52 0.54
D1792_03220 Hypothetical protein —0.56 1.08
D1792_11820 Fimbrial regulatory protein -0.74 0.78
D1792_22270 Putative membrane protein —0.85 0.55
D1792_06985 Oligosaccharide repeat unit polymerase family protein -0.87 2.20
D1792_26225 Hypothetical protein -1.0 2.67
D1792_19485 Bacterial regulatory tetR family protein —-1.18 0.90
D1792_27530 Pl protein -1.33 I.16
evgS Sensor protein —1.34 0.71
D1792_11570 L-asparaginase —1.47 0.63
D1792_05880 Helix-turn-helix domain protein —1.69 1.79
D1792_12250 Hypothetical protein -1.89 1.07
D1792_00210 Helix DNA-binding domain protein —2.06 2.13
papE Fimbrial protein -3.07 2.19
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Figure 6 Gene expressions of TCS EvgS/EvgA in E. coli ATCC 25922 and E. coli ATCC 25922-R in comparison with their counterparts by quantitative RT-qPCR. Relative

expressions of genes were determined using 2AAce

mutations in the PmrB have previously been reported to
be associated with acquisition of a colistin resistance pheno-
type in other pathogenic species including P. aeruginosa,
A. baumannii and E. coli, underscoring the role of PmrB as
an important mutational target in the evolution of colistin
resistance in Gram-negative pathogens.'**** In addition,
our previous data indicated that mutations in PmrB would
alter the expression level of pmrAB operon and its downstream
genes in the mutants.'®

Previous studies have revealed that Pmr mutation leads to
the composition alteration of lipid A in several gram-negative
bacteria, which reduces LPS affinity for colistin by reducing
positive charges.®>! As we expected, our data also showed
the lipid A modification with L-Ara4N and pEtN in Col
strains, which indicates that lipid A aminoarabinosylation
would be sufficient to confer colistin resistance.

The comparative transcriptome analysis discovered inter-
esting genes that might be involved in colistin resistance in
E. coli. Transcriptional level of gene yibD encoding glycosly-
transferases regulated by PmrA increased nearly 16-fold in
Col" strain, which implicates increased production of LPS
synthesized by the sequential addition of sugar moieties by
glycosyltransferases. It is worth noting that the expression of
two-component system EvgS/EvgA was strongly affected in
E. coli ATCC 25922-R. The EvgS/EvgA two-component sys-
tem signal transduction regulates genes encoding the gluta-
mate-dependent acid resistance system and a number of drug
efflux pumps in response to low pH and antibiotic stress.

method. Error bars represent the standard deviations of three biological repeats.

Several studies have revealed that EvgS/EvgA system
interacts with PhoQ/PhoP system by enhancing the expres-
sion of PhoP regulons via the small connecter protein SafA,
signal transduction cascade between EvgS/EvgA and PhoQ/
PhoP TCSs in E. coli.*® Another report showed that over-
expression of EvgA is known to induce multidrug resistance
by up-regulating the multi-drug efflux pump genes.*
Moreover, a study reported that regulator YdeO activated
by EvgS also contributes to multi-drug resistance through the
activation of MAtEF efflux pump.®® Therefore, combined
with these studies, we hypothesize that EvgS/EvgA might
participate in colistin resistance either by regulating the
multi-drug efflux protein or by interacting with TCS PhoQ/
PhoP in E. coli. The biological function of the EvgS/EvgA
system in colistin resistance needs further investigation.
These findings will contribute to our understanding of the
mechanism underlying the occurrence of colistin resistance.

Conclusion

In conclusion, our findings revealed two new mutations in the
genome of colistin-resistant E. coli, and analyzing transcrip-
tome profiles of colistin-resistant E. coli under the treatment
of colistin, which indicated that two-component system EvgS/
EvgA might be responsible for colistin resistance in E. coli.
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