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Haemophilus parasuis is known as a commensal organism discovered in the upper
respiratory tract of swine where the pathogenic bacteria survive in various adverse
environmental stress. QseC, a histidine protein kinase of the two-component regulatory
systems CheY/QseC, is involved in the environmental adaptation in bacteria. To
investigate the role of QseC in coping with the adverse environment stresses and
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Haemophilus parasuis is a causative agent of Glisser’s disease what characterized by fibrinous
polyserositis, polyarthritis, and meningitis (Cai et al., 2005). H. parasuis, one of the major causes
of nursery mortality in swine herds, giving rise to great economic loss in pig farms (Oliveira
and Pijoan, 2004). After invading the respiratory tract and lung tissue, H. parasuis exposes to
stress conditions, such as osmotic pressure, oxidative stress, and temperature. These stresses may
affect bacterial survival, and result in protein denaturation and misfolding (Frees et al., 2004).
H. parasuis regulates a variety of gene expression to survive these stress conditions (Huang et al.,
2016). However, bacterial survival and establishment of infection require to sense and accurately to
environmental cues. Two component regulatory systems are important for bacterial to adapt in the
environment (Stock et al., 2000).

Two-component signal transduction system (TCSTS) consists of a sensor histidine kinase (HK)
and a response regulator(RR) (Wuichet et al., 2010). QseBC, a two-component-based quorum
sensing (QS) system that responds to hormone’s signals AI-3, epinephrine, and norepinephrine in
Escherichia coli and Salmonella (Sperandio et al., 2003; Clarke et al., 2006; Walters and Sperandio,
2006; Kalia, 2013). Enterohemorrhagic E. coli through QseC to senses Al-3, epinephrine and
norepinephrine to activate flagella and motility, AE lesion formation and Shiga toxin expression
(Hughes et al., 2009).

QseC sensory kinase is a bacterial adrenergic receptor that is crucial for interkingdom signaling
in E. coli (Clarke et al., 2006). QseC, as a transmembrane protein with histidine protein kinase,
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is activated in response to host and bacterial signals, and
phosphorylates the QseB response regulator, a transcription
factor that regulates relevant virulence gene expression (Walters
and Sperandio, 2006; Hughes et al,, 2009)!. QseC can control
QseB activation via a mechanism that is independent of
reverse phosphotransfer. QseC-mediated dephosphorylation is
required for maintaining proper QseB-PmrB-PmrA interactions
in Uropathogenic E. coli (Breland et al., 2017). QseC controls
biofilm formation in non-typeable Haemophilus influenza (Unal
et al,, 2012). Moreover, the AgseC diminished motility and
colonization of the gastrointestinal tract compared to the wild-
type parent strain in Salmonella enterica serovar Typhimurium
(S. Typhimurium) (Bearson and Bearson, 2008). QseC also
involved in flagellar motility, fimbrial hemagglutination, and
intracellular virulence in fish pathogen Edwardsiella tarda (Wang
etal., 2011).

TCSTS of bacteria are considered to form an intricate signal
network to detect changes in environmental and respond by
adjusting various cellular functions (Li et al., 2002; Eguchi
et al., 2007)%3. However, whether the QseC plays a role in the
H. parasuis adapt to environmental changes in pigs are still
unknown.

In the present study, we investigated the responses of AgseC
to the stress conditions and biological characteristics which
constructed by the natural transformation system (Bigas et al.,
2005). In addition to affect biofilm formation as reported in
E. coli and Salmonella, we found that QseC function in bacterial
response to a variety of stimuli such as osmotic pressure,
oxidative stress, and heat shock.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Growth

Conditions

The bacterial strains and plasmids used in this study were listed
in Table 1. E. coli DH5a and E. coli BL21 were cultured in Luria—
Bertani medium at 37°C. H. parasuis serovar 13 strain, MY1902
was grown in tryptic soy broth (TSB) medium or cultivated on
tryptic soy agar (TSA) (Difco, Detroit, USA) supplemented with
0.001% (w/v) nicotinamide adenine dinucleotide (NAD) (Sigma
Aldrich, Missouri, USA) and 5% (v/v) inactivated bovine serum
at 37°C. When necessary, the media were supplemented with 50
pL kanamycin (100 mg/mL) or 100 pL ampicillin (100 mg/mL).

Construction and Complementation of the
AgseC Strain

The primers used to construct the gseC mutant are listed
in Table2. The 964-bp upstream and 945-bp downstream
fragments of gseC were amplified from the genome of MY1902
using primers gseC-Up-F/R and gseC-Down-F/R, A kanamycin

1Quorum sensing Escherichia coli regulators B and C (QseBC)_ a novel two-
component regulatory systeminvolved in the regulation of flagella and motility
byquorum sensing in E. coli.pdf.

2Signaling by two-component system non-cognate partners promotes intrinsic
tolerance to polymyxin B in uropathogenic Escherichia coli.pdf.

3Strong cross-system interactions drive the activation of the Qse B response
regulator in the absence of its cognate sensor.pdf.

TABLE 1 | Bacterial strains and plasmids used in this study.

Strain or plasmid Relevant characteristic(s) Source
STRAIN
H. parasuis MY1902  serovar 13 clinical isolate Laboratory
collection
H. parasuis MY1902AgseC:: Kan" This study
MY1902AqgseC(AgseC)
E. coli DH5a Cloning host for maintaining the Tiangen
recombinant plasmids
E. coli BL21 Expressing host for maintaining the Tiangen
recombinant plasmids
PLASMID
pMD19-T T-vector, Amp" Takara
pET-32a Expression vector, Amp" Laboratory
collection
pk18mobsacB Suicide and narrow-broad-host vector, Laboratory
Kan' collection
pLQ2 A 2844-bp fragment containing Kan', the  This study
upstream and downstream sequences of
the gseC gene in pK18mobsacB, Kan"
PLQ3 A 1601-bp fragment containing Gm" and ~ This study
the gseC gene in PSF116
PSF116 Gm resistance cassette-carrying vector, Zhou et al.,
Gm" 2016
pLS88 Str' resistance cassette-carrying Laboratory
complement vector, Str” Kan" collection
pKD4 Amp', Kan", gene knock-out vector Laboratory
collection

Kan, kanamycin; r, resistence.

resistant (kanR) cassette(935 bp) was amplified from pKD4 using
primers Kan-F/R. These three PCR fragments were combined
by overlap PCR with primers gseC-up-F and gseC-down-R.
Then the overlapped product was cloned into pK18mobsacB at
BamHI and HindIII to construct the recombinant plasmid pLQ2.
The recombinant plasmid pLQ2 was mobilized into H. parasuis
strain MY1902 by natural transformations (Zhang et al., 2012b).
To construct the complementing Plasmid pLQ3, the gseC gene
was amplified from MY1902 using primers gseC-Comp-F/R and
cloned into KpnI and BamHI digested pSF116 (Zhou et al., 2016).
Both two DNA fragments (upstream homologous arm and down
homologous arm) contained a 9-bp core DNA uptake signal
sequence (USS) of 5'- ACCGCTTGT—3' (Zhang et al., 2012a).

RT-PCR and Western Blotting

The RNAs of MY1902, AgseC, and C-AgseC were extracted using
the Bacterial RNA Kit (5) according to the instructions(OMEGA
R6950-00, America). RT-PCR using a PrimeScript™ RT reagent
Kit (Perfect Real Time) according to the instructions (TaKaRa,
Japan). The cDNA synthesis of both wild strain MY1902 and
AgseC was detected with primers HPS-F/R, Kan-F/R, and gseC-
F/R (Table 2). Western blotting assay was performed as described
previously (Wang et al., 2013). 1 ml overnight bacterial cultures
of the wild strain MY1902 and the AgseC were harvested by
centrifugation for 1 min at 12000 rpm/min. Then resuspended
with 40 LL ultrapure water, followed by adding 10 pL five-fold
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TABLE 2 | Primers used in this study.

Primer name Sequence (5'-3')

gseC-Up-F CGGGATCCACCGCTTGTGCCAGCCAAGTATCTTCAATG
(BamHl)

gseC-Up-R ACTTTGCAGGGCTTCCCAACCTTACCGTTTTTTCCTAAGG
CGTAGC

gseC-Comp-F CGGGGTACCAGAGTACAATTTACTTGAGCTATTTATG (Kpnl)

gseC-Comp-R CGCGGATCCTCAGGACGGAGTTTGACGG (BamHI)

gseC-Down-F ACTCTGGGGTTCGAAATGACCGACCAGGATGGAGATAT
AAGGCAC

gseC-Down-R CCCAAGCTTACCGCTTGTGTCTTTAGTGATGGTTGGTGC
(Hindlll)

Kan-F GTAAGGTTGGGAAGCCCTGCAAAGT

Kan-R GGTCGGTCATTTCGAACCCCAGAGT

gseC-F CGGGATCCATGAAGTTGCTTAAAAATACC (BamHl)

gseC-R CCCAAGCTTTCAGGACGGAGTTTGACGGC (Hindlll)

HPS-F GTGATGAGGAAGGGTGGTGT

HPS-R GGCTTCGTCACCCTCTGT

Restriction sites are underiined, uptake signal sequences (USS) are in bold.

protein loading buffer, then boil for 10 min and ice bath for 2 min.
The samples (10 ml) were electrophoresed on 12% SDS-PAGE
gel and transferred onto Nitrocellulose(NC) membranes. The
proteins on membrane were detected with Clarity™ Western
ECL Substrate kit according to the instructions (BIO-RAD,
America).

Stress Resistance Assays

Stress resistance assays were performed as the previously
described methods (Wong et al., 2007; Allen and Schmitt, 2009;
Liu et al, 2013; Xie et al, 2013, 2016; Nasrallah et al., 2014;
Huang et al., 2016). Fifty microliters of overnight cultures of
MY1902, AgseC, and C-AgseC were subcultured at a dilution
of 1:100 into 5 mL fresh TSB with 5% inactivated bovine serum
and 0.01% NAD and the cells were grown at 37°C with 220 rpm.
For the osmotic tolerance assay, the cells were cultivated on 40,
60, 80, and 100 mM NaCl TSA respectively. For the oxidative
stress tolerance assay, the bacterial suspension was treated with
0.5, 1, 2, 4, 8, 16 mM H,0, for 30 min respectively. For the
heat-shock assay, bacterial cultures were placed in a 39, 42, and
45°C water bath for 30 min respectively and plated on TSA
plates. Stress resistance was calculated as [(stressed sample CFU
mL~1)/(control sample CFU mL~!)] x 100. The experiments
were carried out independently three times.

Iron Utilization Assays

Growth curve of the low-iron environment assay was performed
as the previously described (Deslandes et al., 2007; Xie et al.,
2013)%. Briefly, 1 mL overnight cultures of MY1902, AgseC, and
C-AgseC were subcultured at a dilution of 1:100 into 100 mL
fresh TSB with 100 uM, 200 pM EDDHA (ethylenediamine
di(o-hydroxyphenylacetic) acid), a concentration sufficient to

#Molecular cloning and characterization of the ferric hydroxamate uptake (fhu)
operon in Actinobacillus pleuropneumoniae.pdf.

cause iron restriction (Beddek et al., 2004; Deslandes et al., 2007),
or 33.33 wM FeSO4, 66.66 LM FeSO4 respectively, ODggo values
were measured every hour. The experiments were carried out in
triplicate independently.

Biofilm Formation Assays

Biofilm formation ability was measured as described previously
with some modifies (Kaplan and Mulks, 2005; Tremblay et al.,
2013; Xie et al., 2016). Twenty microliters overnight cultures of
MY1902, AgseC, and C-AgseC were subcultured at a dilution
of 1:100 into fresh TSB in 6-well tissue culture plate for 24, 48,
72, 96 h at 37°C respectively. Biofilms were washed with water
and stained with 1 ml of 0.1% crystal violet for30 min. Excess
staining was rinsed off under water, drying, and 100 L of 33%
(v/v) acetic acid was added to each well, then transferred to 96-
well polystyrenemicrotiter plates and measured at wavelength of
595 nm. All tests were repeated independently times.

Confocal Laser Scanning Microscopy
Confocal laser scanning microscopy (CLSM) assay was
performed as previously described (Tremblay et al., 2013). Thirty
microliters overnight cultures of MY1902, AgseC, and C-AgseC
were subcultured were diluted 1:100 in the following media:
fresh TSB, TSB with 50 LM epinephrine both supplemented with
5% inactivated bovine serum and 0.01% NAD in the six well
microtiter plate with 20 x 20 mm cell climbing tablets for 18 h.
The cell climbing tablets were removed and washed three times
with phosphate buffer saline and stained with (LIVE/DEAD®
BacLight ™ Bacterial Viability kits, Invitrogen; live bacteria
stain fluorescent green, whereas dead bacteria stain fluorescent
red). The plates were incubated at room temperature in the
dark for 20 min and washed three times with phosphate buffer
saline. SYTO 9 was excitation (with an Ar laser) at 488 nm, and
propidium iodide was excitation (with a HeNe laser) at 559 nm
using Nikon AIR confocal scanning laser microscope (CLSM).
The images were analyzed with the NIS-Elements AR software.

RESULTS

Sequence Analysis of QseC Protein

QseC is a chromosomally encoded polypeptide with 466 amino
acids. In order to determine the similarity between QseC, we
aligned the protein sequences of QseC from H. parasuis (SH0165)
with Actinobacillus pleuropneumoniae (L20), H. influenzae (Rd
KW20), S. enterica subsp (enterica serovar Typhimurium str.
LT2), and E. coli (str. K-12 substr. MG1655). The multiple-
sequence alignment revealed 60.71% identity (Figure 1).

Construction and Complementation of the

gseC knockout Mutant in H. parasuis

In this study, we constructed the gseC mutant (AgseC) and
complementary strain (C-AgseC) of H. parasuis serovar 13 strain,
MY1902 (Figure 2 in Supplementary Material). And the result
of reverse transcription PCR(RT-PCR) verificated the H. parasuis
AgseC was successfully constructed (Figure 3 in Supplementary
Material). Additionally, the result of western blot showed that
the expression of a protein of ~69.08 kDa was absent in the
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FIGURE 1 | Sequence alignment of H. parasuis QseC (HpQseC) against A. pleuropneumoniae QseC(ApQseC), H. influenzae QseC (HiQseC), Salmonella QseC
(SaQseC), and E. coli QseC (EcQseC).
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FIGURE 2 | Growth of the wild strain MY1902, AgseC and C-AgseC in TSB
supplemented with 5% inactivated bovine serum and 0.01% NAD. Error bars
represent the standard deviations of three independent experiments.

AgseC compared with the wild-type strain MY1902 (Figure 4 in
Supplementary Material). These results indicated that the gseC
gene have been knocked out from the genome of the wild-type
strain MY1902.

Growth Assays

Compared with the wild strain MY1902, we found that the AgseC
didn’t exhibit obvious growth defects compared with the wild
strain (Figure 2).

Loss of QseC Showed More Sensitive to

Stress Conditions

We investigated various stress conditions included osmotic
pressure, oxidative stress, and heat shock of the wild strain,
AgseC and C-AgseC. When bacterial were treated with 40, 60,
80, and 100 mM NaCl TSA, the survival rate of AgseC was 32,
27.07,1.88%, 0, which much lower than the wild strain with 85.13,
87.22, 60.88, 42.1% survival (Figure 3A). Similar results were
observed in the oxidative stress assay, when bacterial exposed
to 0.5, 1, 2, 4, 8, 16 mM H,0, for 30 min, the survival rate
of wild strain were 85.04, 81.64, 77.24, 82.07, 88.24, 73.8%,
while only 75.13, 61.73, 46.6, 51.13, 61.38, 55.01% of the AgseC
cells survived (Figure 3B). When incubated in 39, 42 and 45°C
water bath for 30 min, the wild strain exhibited survival rates
of 68.25, 71.30, 34.6%. However, the resistance of AgseC to
heat-shock was significantly decreased, with survival rate of
61.74, 20.59, and 17.30% (Figure 3C). These findings indicated
that QseC played an important role in stress tolerance in
H. parasuis.

The QseC Influenced Iron Utilization of

H. parasuis

The ability of utilize iron in the wild strain MY1902 and the gseC
mutant strain were studied by using of iron restricted medium
with 100, 200nM EDDHA or 33.33 M FeSO4, 66.66 uM
FeSO4 respectively, containing 5% inactivated bovine serum and
0.01%NAD. As shown in Figure 3, when exposed to 100 /200 uM
EDDHA, the AgseC decreased the growth compared with the
wild strain in H. parasuis. Whereas supplement of FeSO4, the
AgseC restored the growth rate (Figure 4).
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FIGURE 3 | Analysis of the stress tolerance of wild strain MY1902, AgseC
and C-AgseC. (A) The bacterial were treated with 40, 60, 80, and 100 mM
NaCl TSA, (B) The bacterial exposed to 0.5, 1, 2, 4, 8, 16 MM HyO» for
30min, (C) The bacterial were incubated in 39, 42, and 45°C water bath for
30 min. Data indicate the mean of three independent experiments performed
in duplicates and error bars show SDs. Asterisks indicate statistical
significance using two-way ANOVA (P < 0.01; **P < 0.001).

The AgseC Showed Impaired Biofilm
Formation

The biofilm formation assay results show that QseC was
involved in biofilm formation in H. parasuis (Figure 5). Biofilm
productions was measured at wavelength of 595 nm.

The QseC Might Sense the Epinephrine in
Environment to Regulate the Density of

H. parasuis

Previously study proved that gseBC is activated by AI-3. AI-3,
and Epi are recognized by the same receptor, and AgseC is
unable to respond to both AI-3 and Epi in Enterohemorrhagic
E. coli (Sperandio et al., 2003). We found that when exposed to
50 WM exogenous epinephrine, the AgseC weakened the ability
of feeling the signal AI-3 (Figure 6). The specific mechanisms of
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FIGURE 4 | The capability of utilize iron of the wild strain MY1902, AgseC, and C-AgseC. Growth of the wild strain MY1902, AgseC and C-AgseC in iron restricted
medium and iron supplementation medium. Error bars represent the standard deviations of three independent experiments.
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FIGURE 5 | (A) Biofilms were stained with crystal violet. (B) Quantification of biofilm productions. Error bars represent the standard deviations of three independent
experiments. Asterisks indicate statistical significance using two-way ANOVA (‘P < 0.05; ***P < 0.001).
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FIGURE 6 | CLSM images of MY1902 and AgseC. H. parasuis were cultured in six-well microtiter plates were stained with the SYTO-9 and propidium iodide to label

interkingdom communication still unkown, and further research
are needed in this specific mechanisms, which is important in
understanding bacterial pathogenesis.

DISCUSSION

Bacteria have multiple mechanisms for sensing the environment
and regulate gene expressions in response to different niches of
their host organisms, which is frequently mediated by TCSTS
(Labandeira-Rey et al., 2010; Xu et al.,, 2014). CheY/QseC is

one of the TCSTS in H. parasuis, and involved in virulence
gene expression in a number of pathogenic bacterias (Kostakioti
et al,, 2009). QseC controls the phosphorylation of QseB in
order to optimize expression patterns (metabolic and virulence
genes) in E. coli (Hadjifrangiskou et al., 2011). QseBC plays an
important role in flagellar motility, fimbrial hemagglutination,
and intracellular virulence in fish pathogen Edwardsiella tarda
(Wang et al, 2011). QseBC of E. coli shares the homology
with H. parasuis regulator Y and C (CheY/QseC). However, the
functions of QseC in the H. parasuis adapts to the environment
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are unknown. It is necessary to explore the function of the QseC
in H. parasuis.

In this study, we constructed a gseC deletion mutant of
H. parasuis serovar 13 strain MY1902(AgseC), and studied
the survival rate under a variety of stress conditions as well
as relevant biological characteristics. Results showed that the
QseC played an important role in stress tolerance and biofilm
formation of H. parasuis strain. Whereas we found that the
AgseC didn’t exhibit obvious growth defects compared with the
wild strain. In this study, we observed that the AgseC was more
sensitive to osmotic pressure, oxidative stress, and heat shock.
Most notably the AgseC significantly osmotic pressure tolerance,
in which the survival rate of wild strain was 42.1% whereas the
AgseC didn’t grow when exposed to 100 mM NaCl. These data
suggested that the QseBC two-component system participated in
H. parasuis responded to signal in the environment and survived
in the stress conditions.

Iron is essential for bacterial growth, and it’s an environmental
signal that regulates the expression of virulence factors (Jacques,
2004). Iron contributes a lot to the growth of H. parasuis,
and low iron availability in the host is a primary pressure for
the pathogenic bacterium and considered a signal that leads to
significant changes in cell processes (Deslandes et al., 2007). In
this study we found that QseC might regulate the expression
of some of the genes involved in iron uptake, and further
studies will be necessary to evaluate the impact of the two-
component regulatory systems CheY/QseC during the course of
iron acquisition in H. parasuis.

Furthermore, we observed that the biofilm formation ability
of the AgseC was weaker than the wild-type strain. Bacterial
biofilm formation is a complex multifactor process, which
is involved in adherence, competence, quorum sensing, cell
wall synthesis, metabolism, and the stress response (Hasona
et al, 2007). Previous studies have demonstrated that gseC
controls biofilm formation of non-typeable H. influenza
(Unal et al., 2012). Similarly, protein CheY was proved to
influence biofilm formation in H. parasuis (He et al.,, 2016),
which might closely related with QseC. In this study, we
demonstrated that QseC was involved in biofilms formation in
H. parasuis.

QseC, a histidine sensor kinase that can sense epinephrine
(EPI)/norepinephrine (NE) was the quorum-sensing regulator
of E. coli and Eschericha coli and S. enterica (Yang et al.,
2014; Weigel et al, 2015). Weigel et al. demonstrated that
iron and catecholamines may be signals that activate the QseC
sensor, and detection of catecholamines and iron by the QseBC
two-component system may essential for the adaptation of A.
actinomycetemcomitans to the host cell environment (Weigel
et al, 2015). Privious study demonstrated that epinephrine
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