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Abstract
The Escherichia coli (E. coli) nirC gene encodes a nitrite transporter, which involved in transporting toxic
nitrite (NO2

-) from the environment into the bacteria. Although the deletion of nirC gene could cause
changes in motility, adhesion in the previous study, and the virulence involved in the speci�ed mechanism
for pathogenic E. coli remains to be known. In the present work, we aimed to evaluate the role of NirC in a
serotype O2:K1:H7 avian pathogenic Escherichia coli (APEC) strain. For this purpose, we generated a
NirC-de�cient mutant of APEC XM strain and examined its biological characteristics. The nirC gene
deletion mutant enhanced ability of motility, decreased in bio�lm formation, and it markedly reduced
ability to adhere mouse brain microvascular endothelial cell b.End3 cells. For understanding its
mechanism, sequentially we detected and found the stress regulator rpoS and its downstream genes csrA
were up-regulated in NirC-de�cient mutant while diguanylate cyclase gene dgcT was down-regulated. By
high-performance liquid chromatography (HPLC) experiment, we demonstrated the concentration of
intracellular 3',5'-cyclic diguanosine monophosphate (c-di-GMP) signi�cantly decrease in nirC gene
deletion mutant. Taken data together, we may make a conclusion with a possible signal pathway clue,
due to NirC mutation, environmental NO2

- accumulation leads to nitrite stress and inactivates c-di-GMP
synthesis by stimulating the stress regulator RpoS, resulting in changes of biological characteristics.

1 Introduction
Avian pathogenic Escherichia coli (APEC) has a lot of serotypes, which can cause avian colibacillosis
(Dho-Moulin and Fairbrother 1999). Some serotypes of APEC are highly homologous with the neonatal
meningitis Escherichia coli (NMEC) and were applied to construct meningitis disease models in
mammals. Therefore, these APEC are potential zoonotic pathogens, such as the APEC strain XM used in
this study (Ma et al. 2014).

Nitrite (NO2
−) accumulates in large amounts can produce extremely toxic molecules, such as nitric oxide

(NO) and peroxynitrite anion (ONOO−) (Carlsson et al. 2001). However, E. coli can reduce them to non-
toxic ammonium through periplasmic or cytoplasmic NO2

− reductase systems and provide electron
acceptors for electron transport chain (Khlebodarova et al. 2016; Wang and Gunsalus 2000). Three kinds
of NO2

− transporters involved in NO2
− transmembrane passage had been discovered in E. coli, including

NirC, NarK, and NarU, and study have shown that NirC has the highest transport e�ciency (Jia et al.
2009). NirC is a pentamer transmembrane protein that belongs to the formate-nitrite transporter family
(Lu et al. 2012). Previously, researchers had different views on the function of NirC. Clegg and his
coleagues showed NirC has the function of transferring NO2

− into or out of bacteria (Clegg et al. 2002),

while another study believed that NirC is a NO2
−/H+ antiporter (Rycovska et al. 2012). Later, Lu et al.

(2012) utilized the structural analysis and electrophysiological detection of NirC protein, and showed that
NirC is a monovalent anion channel, which has a preference for the intracellular transport of NO2

−.



Page 3/21

The 3',5'-cyclic diguanosine monophosphate (c-di-GMP) is one of the second messengers found in
bacteria, cyclized by diguanylate cyclases with two molecules of guanosine triphosphate and degraded
by speci�c c-di-GMP phosphodiesterase (Hengge 2009). The c-di-GMP level in cytoplasm affects changes
of biological characteristics due to speci�c protein domain can bind c-di-GMP and control its
functionality. For example, c-di-GMP can activate �agellar molecular brake protein YcgR to shut down
motility of �agellar and inhibit bacterial swimming, and it can also bind cellulose synthase to increase the
production of cellulose, a main component of bio�lm (Cheang et al. 2019). Generally speaking, the
increase of intracellular c-di-GMP concentration leads to decreased motility and enhanced bio�lm
formation (Simm et al. 2004).

In recent years, some progress has been reported that NirC was involved in the pathogenicity of E. coli
(Das et al. 2009; de Paiva et al. 2015). For example, the absence of nirC gene can transform a strain of
APEC causing swollen head syndrome into chronic infection in chicks and decrease the adhesion ability
to chicken embryo �broblasts(de Paiva et al. 2015). However, the regulatory mechanism is not clear. For
understanding the mechanism of NirC on the biological characteristics of APEC, a nirC mutant strain was
generated from the APEC strain XM in this study. By detecting the biological characteristics of the mutant,
the role of NirC in APEC biological characteristics was determined. The main purpose of this study is to
provide a possible explanation for NirC contributed to the motility, bio�lm formation, and adhesion of
pathogenic E. coli.

2 Materials And Methods

2.1 Bacterial strains, plasmids, cell and culture conditions
APEC XM strain was presented by Professor Lu Chengping (Nanjing Agricultural University, College of
Veterinary Medicine, China) (Ma et al. 2014), and cloning E. coli strain DH-5α was stocked in our
laboratory. APEC XM ΔnirC is a nirC in-frame gene mutant of APEC XM and complementary strain APEC
XM ΔnirC/pnirC is an APEC XM ΔnirC carrying pBR322-nirC plasmid. All bacterial strains were grown in
Luria-Bertani (LB) broth at 30 ℃ or 37 ℃ according to the request of the experiments. Plasmids pKD3,
pKD46, pCP20 used for the λ Red-based recombination are stocked in our laboratory. pBR322 plasmids
are used as the expression vector and purchased from Takara (Shiga, Japan).

Mouse brain microvascular endothelial cell bEnd.3 was also presented by Professor Lu Chengping(Hejair
et al. 2017), and cultured in Dulbecco’s modi�ed Eagle’s medium (DMEM) with low sugar (HyClone,
Logan, USA), supplemented with 12% fetal bovine serum (FBS) (Gibco BRL, AUS). Cells were maintained
at 37 ℃ in the incubator with 5% CO2.

2.2 Construction of nirC gene mutant and complemented
strain of APEC XM
APEC XM ΔnirC was constructed via λ Red-based recombination system (Datsenko and Wanner 2000)
and the primers used are shown in Table 1. P1/P2 and P3/P4 were used to construct APEC XM ΔnirC with
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pKD3, pKD46, and pCP20, P5/P6 was used to construct the vector pBR322-nirC. The ΔnirC and
complemented strain ΔnirC/pnirC of APEC XM were con�rmed by polymerase chain reaction (PCR) and
DNA sequencing.

Table 1
The sequence of primers for constructing mutant and complemented strain for nirC

primer sequence (5’→3’) length of PCR product/bp

P1 GTCTTGGGATCATCCTGATTTT 662

P2 CTTTCGGCGTAGCATACCA

P3 TAATTTGCTCGACCCGTCCGTACGTCCTCTGGTGATG

GGCGCGACCTTTGTGTGTAGGCTGGAGCTGCT TCG

1113

P4 CTGATAAAGTATTACCCAGCGTCACCCACAGCAGGT

TATGACCAATACCCCATATGAATATCCTCCTTAG

P5 CGCGGATCCATGTTTACAGACACTATTACTAAGTGTG 816

P6 ACGCGTCGACTTAACCGGCAGCCGTTTC

2.3 Bacterial growth test
To understanding the growth rate of APEC XM wild type (WT), APEC XM ΔnirC, and APEC XM ΔnirC/pnirC,
bacterial strains were cultured at 30 ℃ and 37 ℃ in 50 mL LB broth with shaking speed of 200 rpm,
respectively. The cell density was estimated by measuring the optical density at 600 nm (OD600) every 1 h
until the value of OD600 was stabilized.

2.4 Motility test
The semisolid medium was prepared according to the literature method (Pesavento et al. 2008). The
bacterial strains were transferred to fresh LB broth and cultured at 30℃ and 37 ℃ for 200 rpm to OD600 

= 1.0, respectively. 0.2 µL bacterium solution (1×108 CFU) was added to semisolid medium and cultured
at 30℃ and 37 ℃ for 24 h, the diameter of swimming zone was measured.

2.5 Crystal violet method for quanti�cation of bio�lm
formation
The bio�lm induction solution was prepared(Hossain and Tsuyumu 2006), bacterial strains were cultured
at 30℃ and 37 ℃ without shaking for 24 h, respectively, then gently wash off the bacterial solution twice
with distilled water and dye 20 min with 1% crystal violet solution. Add 95% ethanol solution to dissolve
the crystal violet, and detect the absorbance at 600 nm.

2.6 Bacterial adhesion assay
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The methyl thiazolyl tetrazolium (MTT) method was used in the bacterial adhesion assay with a little
alteration (de Paiva et al. 2015). The bEnd.3 cells were digested and transferred to a 96-well plate at 100
µL per well. After cells covered the bottom, bacterial solution of WT, ΔnirC, and ΔnirC/pnirC with PBS
washing twice was added to the well, respectively, according to the proportion of multiplicity of infection
(MOI) = 100:1. Bacteria and cells were co-incubated at 37 ℃ for 1 h and set up a control group without
bacterial treatment. Washing off each well twice by PBS and 50 µL of 5 mg/mL MTT (Solarbio, Beijing,
China) dissolved by PBS was added to each well and incubated at 37 ℃ in the incubator for 12 h, so that
MTT was fully reduced to Formazan by bacteria. The supernatant was gently absorbed the next day, and
50 µL of 2 mg/mL lysozyme dissolved by PBS was added to each well and incubated at 37 ℃ for 10
minutes. Then adding 250 µL dimethyl sulfoxide (DMSO) to each well and detect the absorbance of 490
nm.

2.7 Assays of the red, dry, and rough (rdar) colony
morphology using Congo red plate
Bacteria can show different colony phenotypes through the differential expression of Curli and cellulose
when growing in Congo red agar plate without salt, and in order to increase the contrast, Coomassie
brilliant blue needs to be added. Con�guration of congo red (Solarbio, Beijing, China)-coomassie brilliant
blue (Solarbio, Beijing, China) salt-free medium (containing 1 g peptone, 0.5 g yeast extract, 4 mg congo
red, and 2 mg coomassie brilliant blue G-250, per 100 mL water) (Jain and Chen 2006). After the bacterial
strains grew to OD600 = 1, 2.5 µL bacteria solution was added to congo red-coomassie brilliant blue salt-
free medium, and the colony morphology was observed after being cultured at 30 ℃ and 37 ℃ for 3
days.

2.8 High-performance liquid chromatography (HPLC)-based
detection and quantitation of cellular c-di-GMP

2.8.1 Cellular c-di-GMP extraction
The bacterial strains were cultured at 30 ℃ and 37 ℃, and obtain a bacterial culture volume equivalent
to 1 mL of OD600 = 2.5. The bacteria solution was centrifuged at 4 ℃ and 16000 g for 2 min, and the
supernatant was discarded, and then wash the cell pellet with 1 mL ice-cold PBS twice. After discarding
the supernatant, add 100 µL ice-cold PBS to resuspend and culture at 100 ℃ for 5 min and 186 µL cold
anhydrous ethanol was added to the boiling material, whirl for 15 s, then centrifuge at 4 ℃ and 16000 g
for 2 min, take the supernatant to a new microcentrifuge tube and store it temporarily at -20 ℃. The
precipitate was processed twice, and the supernatant obtained three times was combined and dried in a
vacuum concentrator in 45 ℃ for 4 h. The white particles contained c-di-GMP, were stored at -80 ℃. The
total protein of the precipitate concentration was measured after ultrasonic fragmentation, and the
protein concentration was used for normalization (Petrova and Sauer 2017).

2.8.2 c-di-GMP detection by HPLC
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The precipitate containing c-di-GMP (Sigma-Aldrich, St Louis, USA) is dissolved in 1 mL of ultra-pure
water and �ltered through the 0.45 µm hydrophobic PTFE �lter, and the c-di-GMP standard substance is
con�gured with a concentration gradient of 2.5, 5, 10, 20, 40 pmol/mL, which also needs to be �ltered.
Samples were detected by high performance liquid chromatography (Waters, MA, USA), speci�c
parameters including Reverse-phase C18 column (4.6×250 mm, 5 µm, Elite Ltd, Dalian, China), HPLC
solvent (90%: 10 mM ammonium acetate solution, and 10%: 10 mM ammonium acetate methanol
solution), column temperature (60 ℃), �ow velocity (1 mL/min). Normalize c-di-GMP levels to total
cellular protein levels (i.e. pmol/mg) by using the �tted standard curve.

2.9 RNA extraction and real-time quantitative polymerase
chain reaction (RT-qPCR)
Bacterial strains were cultured at 30 ℃ and 37 ℃, respectively, until the OD600 = 2.0, i.e. 2×109 CFUs of
bacteria. Total RNA was extracted by the TRIzol method as described before (Duan et al. 2013).
Concentration and purity of RNA was detected through NanoDrop ND-1000 spectrophotometer (Thermo
Fisher Scienti�c, MA, USA) and agarose gel electrophoresis, respectively. And the cDNA was synthesized
via the PrimeScriptRT reagent Kit (Takara, Shiga, Japan) for reverse transcription-PCR. The ampli�cation
sequence of primers for RT-qPCR is shown in Table 2. Then the qRT-PCR test is performed according to
the SYBRPremix Ex Taq™ Perfect Real Time (Takara, Shiga, Japan) on an Applied Biosystems 7500 Real
Time System. The data obtained by qRT-PCR were analyzed by 2−ΔΔCT method(Livak and Schmittgen
2000), and then transformed into log2 to show fold-change differences among each bacterial strains.

Table 2
The sequence of primers for RT-qPCR

gene forward primer reverse primer

gapA GTTGTCGCTGAAGCAACTGG ACCGGTAGAAGACGGGATGA

nirC TGGTATCGCCTTAACGCTGG TGTACGCAATGCCATCCAGA

rpoS GCTCGAACAGCCATTTGACG ACGTGGTTTCCGCTTCTCAA

csrA GACCCTCATGATTGGGGATGA GCCTGGATACGCTGGTAGATC

narP TCCAGCGATGTCTTTGCACT CGGACGTTGAGTTTACGCAG

pgaC GTGCCGTAACCGGTAATCCT GAATACTTCTGCACCGCCCT

bcsA AGTGTGCGCATCTTCGGTTA TATGCCAAAGGCGAGTTCGT

csgA ACATTTACCAGTACGGTGGCG ATGAGCGGTCGCGTTGTTA

�mA ACCCACGACGGTAAATGGTG CTGCACTAAATGTCGCACCG

dcgT GGGCCGATAGTTGCTCACAT CGCGATGTGCAATGTCCTTT

2.10 Statistical analysis
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GraphPad Prism (San Diego, CA, USA) version 8 (a simple t-test analysis or one-way analysis for multiple
comparisons) were used for estimating statistical signi�cance. And it’s de�ned as P < 0.05 (represented
by *), P < 0.01 (represented by **), P < 0.001(represented by ***), and P < 0.0001 (represented by ****).

3 Results

3.1 Genetic stability and growth characteristics
According to the PCR and DNA sequence results, we con�rmed the construction of ΔnirC and ΔnirC/pnirC,
and there are no point mutations in the complemented strain. PCR identi�cation results showed in
supporting material 1. The growth curves of these three strains showed no obvious differences at 30 ℃
or 37 ℃, indicating that the deletion of nirC gene had no effect on the growth of bacteria (Fig. 1).

3.2 Knockout of nirC gene changes the motility, bio�lm
formation, and adhesion ability of APEC XM
The ΔnirC showed a larger motion ring than WT at 30 ℃ and 37 ℃, especially at 37 ℃ (Fig. 2). We
detected the bio�lm formation of each strain at 30 ℃ and 37 ℃, and found that the bio�lm formation
level of ΔnirC decreased about 55.7% at 30 ℃ compared with WT, but this function was restored at 37 ℃
(Fig. 3). In order to maintain cell viability, we only detected the adhesion level of bacterial strains to
bEnd.3 cells at 37 ℃. The results showed that the adhesion ability of ΔnirC was signi�cantly lower than
that of wild strains, about 30.3% (Fig. 4).

3.3 Colony morphology of ΔnirC on Congo red plate is
different with wild type
Colony morphology of ΔnirC grown on Congo red plate exhibited a white and smooth form at 30 ℃ and
37 ℃, especially at 30 ℃ (Fig. 5), while the WT and ΔnirC/pnirC showed red, dry and routh (rdar)
phenotype. The results show that the genes expression of cellulose and Curli is signi�cantly down-
regulated in ΔnirC.

3.4 Deletion of nirC gene leads to the decrease of
intracellular c-di-GMP concentration of APEC XM
The results of HPLC detection of c-di-GMP were consistent with colony morphology test for each bacterial
strains. The intracellular c-di-GMP concentration of ΔnirC was about 25.1% lower than that of WT at 30
℃, and this result decreased by 15.1% at 37 ℃ (Fig. 6).

3.5 Expression level of regulatory and phenotypic genes in
NirC-de�cient mutant
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RT-qPCR was used to detect the transcription level of regulatory factors, including RNA polymerase sigma
S subunit gene rpoS, carbon storage regulator gene csrA, two-component systems response regulator
gene narP, and diguanylate cyclase gene dgcT. The phenotypic genes include Curli A subunit gene csgA,
cellulose synthase A subunit gene bcsA, N-acetylglucosamine synthase large subunit gene pgaC, and
type I �mbriae main subunit gene �mA.

At 30 ℃, the expression level of rpoS and csrA of ΔnirC was up-regulated about 258% and 213% when
compared with WT, respectively, narP and dgcT was down-regulated by both 37% (Fig. 7A). Meanwhile,
the expression of csgA, bcsA, pgaC and �mA genes were down-regulated by 30%, 47 %, 29% and 51 %
when compared with WT (Fig. 7B). At 37 ℃, the results changed, both rpoS and narP of ΔnirC maintained
the signi�cant difference, compared with WT, rpoS was up-regulated by 140 % while narP was down-
regulated by 27%. There was no statistical difference in the expression level of csrA, dgcT, csgA, bcsA,
pgaC and �mA genes, but the trend of csrA and dgcT expression was similar with the result at 30 ℃
(Fig. 7C and 7D).

4 Discussion
As a NO2

− transport channel, NirC absence means high concentrations of NO2
− can not be transported

into the cell and accumulated outside. It is a dangerous signal for bacteria since the conjugate acid of
NO2

−, free nitrous acid, can make free diffusion across the cytomembrane and produce reactive nitrogen
species such as NO and caused oxidative damage(Hartop et al. 2017). Our result shows the counter-
measures of E. coli in response to this emergency, comparing with WT, ΔnirC demonstrated a strong
swimming with lower bio�lm (or bio�lm component) production and adhesion ability, which suggested
that the bacteria seem to escape the adverse environment.

RpoS is a sigma subunit of RNA polymerase complex and a global stress regulator involved in abiotic
stress responses, such as oxidative stress, nutrient limitation, and so on (Sedlyarova et al. 2016). In
theory, the deletion of nirC gene results in a large number of NO2

− accumulate outside is a kind of stress
to the bacteria, called nitrite stress. This explains why the nirC mutant leads to a signi�cant increase in
rpoS expression in this study. NarP is the effector of the two-component regulatory system in response to
nitrite/nitrate stimulation, and regulates the expression of periplasmic and cytoplasmic nitrite reductase
system (Noriega et al. 2010). RpoS negatively regulates the expression of narP through sRNA SdsN137
and SdsN178 (Hao et al. 2016). In the present study, we found the expression levels of narP was down-
regulated signi�cantly while rpoS gene was up-regulated, and these �ndings were consistent with
previous �ndings. CsrA is a homologous dimer RNA binding protein, which participates in carbon
metabolism, motility, and bio�lm formation of E. coli(Jonas et al. 2008). Studies have shown that CsrA is
regulated and activated by RpoS (Park et al. 2017; Yakhnin et al. 2011), and CsrA negatively regulates the
content of c-di-GMP by speci�cally binding to the promoter of diguanosine cyclase gene dgcT (formerly
known as ycdT) (Hengge et al. 2016). Through RT-qPCR and HPLC methods, we proved that after the
deletion of nirC gene, the expression of rpoS and csrA was up-regulated, and the content of c-di-GMP in
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bacteria was decreased, which supported the above theory. Thus, we found a pathway to regulate E. coli
nitrite stress.

E. coli mainly relied on �agella in their motility. Flagellar molecular brake protein YcgR has a PilZ domain,
can be activated by c-di-GMP to inhibit �agellar rotor proteins MotA, thus curbing �agellar motor output
(Boehm et al. 2010). Bio�lm is a group of microorganisms surrounded by extracellular polymer matrix at
the interface(Flemming and Wingender 2010). Extracellular polymers are usually composed of
extracellular polysaccharides, secretory proteins, and DNA, in which the synthesis of cellulose, poly N-
acetylglucosamine, and Curli is regulated by c-di-GMP(Steiner et al. 2013; Wang et al. 2004). Our results
showed that the increased motility and the decrease of bio�lm formation ability of nirC mutant were
consistent with the decrease of c-di-GMP content in bacteria. Type I �mbria is a very important adhesin in
E. coli (Mulvey et al. 1998). Although there have not been reported that type I �mbria is regulated by c-di-
GMP in E. coli, our results show that the expression of �mA is down-regulated when the content of c-di-
GMP decreases. Whether c-di-GMP is involved in the regulation of type I �mbriae needs to be further
explored. In view of type I �mbriae is an important virulence factor of meningitis-caused E. coli, deletion
of nirC gene decreased the adhesion ability, suggesting that nitrite stress can signi�cantly reduce the
pathogenicity of APEC XM.

5 Conclusion
We proposed that nitrite stress is the directed reason for the change of biological characteristics of APEC
XM caused by nirC gene deletion, and we put forward a possible signal regulatory pathway. The deletion
of nirC gene leads to nitrite stress, and then the expression level of stress regulator rpoS is up-regulated
and further activates the transcription of csrA. CsrA inhibits the expression of dgcT and thus reduces the
concentration of c-di-GMP in bacteria. At low levels of c-di-GMP, APEC XM show enhanced motility,
reduced bio�lm formation, and reduced adhesion ability. In addition, our results show that nitrite stress
becomes stronger at a low temperature, a model of this mechanism is shown in Fig. 8.
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Figure 1

Bacterial growth characteristics at 30 ℃ and 37 ℃. The growth characteristics of WT, ΔnirC and
ΔnirC/pnirC were consistent at 30 ℃ or 37 ℃. We chose 30 ℃ for experiments because the enzymatic
activity of extracellular nitrite reductase was low, extracellular nitrite accumulated more easily which can
cause stronger stimulation. 37 ℃ is the body temperature of the model host (mouse) of the strains.
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Figure 2

Bacterial motility test at 30 ℃ (A and B) and 37 ℃ (C and D). The swimming ring diameter of ΔnirC was
larger than that of the WT, whether at 30 ℃ or 37 ℃. ns: not signi�cant.
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Figure 3

Bacterial bio�lm formation test at 30 ℃ (A) and 37 ℃ (B). The bio�lm formation ability of ΔnirC was
decreased at 30 ℃, but there was no signi�cant difference of bio�lm formation at 37 ℃.
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Figure 4

Bacterial adhesion test on b.End3 cell. The adhesion ability of ΔnirC to the b.End3 cells decreased, and
we only tested it at 37 ℃, since the cell activity was seriously affected at 30 ℃.
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Figure 5

Bacterial colony morphology on Congo red-Coomassie brilliant blue plate. ΔnirC showed a white and
smooth phenotype at 30 ℃ and 37 ℃ while WT and ΔnirC/pnirC was red dry and rough phenotypes.
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Figure 6

Bacterial intracellular c-di-GMP detection at 30 ℃ (A) and 37 ℃ (B).

Figure 7
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Gene expression detection at 30 ℃ (A and B) and 37 ℃ (C and D). Regulatory genes: rpoS, csrA, narP
and dgcT. Phenotypic genes: csgA, bcsA, pgaC and �mA.

Figure 8

A model of nitrite stress caused by nirC deletion. After nirC gene was deleted, NO2- is accumulated and
leads to nitrite stress, and then the expression of stress regulator rpoS is up-regulated and further
activates the transcription of csrA. CsrA inhibits the expression of dgcT and thus reduces the content of c-
di-GMP in bacteria. Due to �agella, cellulose, Curli, and PGA are regulated by c-di-GMP, so bacteria show
enhanced motility and a low level of bio�lm formation ability. Moreover, our results show that nitrite
stress becomes stronger at a low temperature. σS: RNA polymerase sigma subunit S (RpoS); TA:
transcriptional activation; TI: transcription inhibition; PGA: poly N-acetylglucosamine

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.



Page 21/21

S1PCRidenti�cation.tif

https://assets.researchsquare.com/files/rs-371196/v1/8d24e8cb1d39d361c26438a6.tif

