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ABSTRACT

V. fluvialis is an emerging foodborne pathogen and could cause cholera-like gastroenteritis syndrome and poses a
potential threat to public health. VfIT6SS2 is a functionally active type VI secretion system (T6SS) in V. fluvialis
which confers bactericidal activity. VfIT6SS2 is composed of one major cluster and three hcp-vgrG orphan
clusters. Previously, we identified two quorum sensing (QS) systems CqsA/LuxS-HapR and Vfql-VfqR in
V. fluvialis and demonstrated that the former regulates VfIT6SS2. However, whether Vfql-VfqR QS regulates
VAIT6SS2 is unknown. In this study, we showed that the mRNA abundances of VfIT6SS2 tssD2 (hcp), tssI2 (vgrG)
and tssB2 (vipA) were all significantly decreased in Vfql or/and VfqR deletion mutant(s). Consistently, Hcp
expression/secretion was reduced too in these mutants. Complementation assay with VfqQR mutant further
confirmed that the reduced Hcp expression/secretion and impaired antibacterial virulence are restored by
introducing VfqR-expressing plasmid. Reporter fusion analyses revealed that VfqR modulates the promoter ac-
tivities of VfIT6SS2. Bioinformatical prediction and further reporter fusion assay in E. coli supported that VfqR
acts as a transcriptional factor to bind and regulate the gene expression of the VfIT6SS2 major cluster. However,
VfqR seems to promote transcription of hcp (tssD2) in the orphan clusters through elevating the expression of
vasH which is encoded by the VfIT6SS2 major cluster. Additionally, we found that the regulation intensity of
VfqR on VfIT6SS2 is weaker than that of HapR. In conclusion, our current study disclosed that in V. fluvialis, Vfql-
VfqR circuit upregulates the expression and function of VfIT6SS2 by directly or indirectly activating its tran-
scription. These findings will enhance our understanding of the complicated regulatory network between QS and
T6SS in V. fluvialis.

1. Introduction

Type VI secretion system (T6SS) is a contact-dependent bacterial
weapon that allows for direct killing of competitors through the trans-

Vibrio fluvialis is a gram-negative, polarly-flagellated, halophilic,
oxidase-producing bacterium and is considered as an emerging food-
borne pathogen with epidemic potential [1]. It was first isolated from a
patient with severe diarrhea in Bahrain in 1975 [2] and is globally
distributed in the aquatic milieu, mostly in the seas, estuaries, and
brackish water [1]. People get infected by eating untreated seafood and
suffer acute gastroenteritis and cholera-like diarrhea [3,4]. The isolation
rates of V. fluvialis from patients with cholera-like diarrhea, extra-
intestinal infections and the appearance of multidrug-resistant strains
are gradually increasing [5,6]. So, V. fluvialis is becoming a great threat
to food safety and public health.
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location of proteinaceous toxins. T6SS was first found in Vibrio cholerae,
it can mediate V. cholerae non-O1/non-0139 infection in humans [7].
Since its discovery, T6SS-mediated pathogenic effect was reported in
many microbes such as Pseudomonas aeruginosa [8], Escherichia coli [9],
Edwardsiella piscicida [10], etc. Therefore, originally T6SS was consid-
ered as another way of bacterial pathogenesis [7-9], later on, continu-
ously increasing evidence showed that T6SS is involved in a variety of
physiological processes, such as bacterial competitors [11], environ-
mental survival [12], metal ion uptake [13-15]. In V. fluvialis 85003, we
identified two T6SS clusters, namely VfIT6SS1 and VfIT6SS2. VfIT6SS2
is functionally expressed and mediates antibacterial virulence, and its
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activity is regulated by environmental signals such as temperature, os-
motic pressure, and global regulators such as HapR and IHF [16-18].
VIIT6SS2 is composed of one major cluster and three hcp-vgrG orphan
clusters, tssD2_a-tssI2_a, tssD2_b-tssI2_b and tssD2_c-tssI2_c [18]. The
secretion activity of VfIT6SS2 depends on host growth phase and it
works when optical density (ODggo) reached between 1.0 and 2.0 [18].
The underlying mechanism of this phenomenon remains unclear and
might be involved in the regulation of quorum sensing (QS).

QS is a process of bacterial cell-to-cell chemical communication that
relies on the production, detection and response to extracellular
signaling molecules called autoinducers. QS controls group behaviors in
complex and dynamically changing environments [19] and many
physiological activities are subject to QS regulation such as biolumi-
nescence [20], virulence factor production [21], secondary metabolite
production [22], biofilm formation [23], and host-microbe interaction
[24,25]. Due to its broad-spectrum regulatory effect, QS has been
considered as an attractive target for antimicrobial therapy and a means
of biological control in agriculture [21,24,26]. Previously, we identified
two QS systems in V. fluvialis: one is CqsA/LuxS-HapR with cholera
autoinducer 1 (CAI-1) and autoinducer 2 (AI-2) as signal molecules, and
the other is VfqI-VfqR with acyl-homoserine lactone (acyl-HSL or AHL)
as the autoinducer [27]. We have shown that CqsA/LuxS-HapR system
modulates VfIT6SS2 by directly activating the transcription of its major
cluster and orphan clusters [17]. However, whether Vfql-VfqR system
participates in the regulation of VfIT6SS2 is unknown and thus is the
focus of this study.

AHL-dependent QS was firstly discovered in a marine biolumines-
cence bacterium Vibrio fisheri [28]. It contains two main components,
AHL synthase LuxI and transcriptional regulator LuxR. LuxI catalyzes
the synthesis of AHLs from acylated-acyl carrier protein and S-adeno-
sylmethionine [29]. LuxR then binds AHL and the resultant LuxR-AHL
complex promotes transcription of target genes, such as lux operon
responsible for bioluminescence [30]. In addition, luxR homolog
without a linked luxI homolog termed an orphan or solo, has been found
and luxI solo also exists [31]. In V. fluvialis, LuxI homolog VfqI produces
three AHL molecules with 3-0xo-C;10-HSL as the major component and
they are sensed by LuxR homolog VfgR. VfqR-AHL is required to activate
vfql expression and auto-repress vfgR expression. The other regulatory
targets of Vfql-VfqR remain to be investigated in addition to activating
hemolysin expression and therefore showing toxicity to tissue culture
cells [27]. In this study, we proved that Vfql-VfqR QS regulates the
expression and function of VfIT6SS2 thus contributing to environmental
fitness of V. fluvialis.

2. Materials and methods
2.1. Bacterial strains and plasmids

Bacterial strains and plasmids used in this study are shown in Sup-
plementary Table S1. Avfgl and AvfqR mutants were constructed pre-
viously [27]. Avfql-vfqR was generated by introducing pWM91-vfqI into
AvfgR. Exconjugants and sucrose-resistant mutants were selected as
described [16]. V. fluvialis were grown in Luria-Bertani (LB) broth with
2% NaCl at 30 °C. E. coli was cultured in LB with 1% NaCl at 37 °C.
Culture media were supplemented with antibiotics as required: ampi-
cillin (Amp, 100 pg/mL), streptomycin (Sm, 100 pg/mL), chloram-
phenicol (Cm, 10 pg/mL for E. coli, 2.5 pg/mL for V. fluvialis),
tetracycline (Tc, 10 pg/mL for E. coli, 2.5 pg/mL for V. fluvialis).

Complementation plasmid pSRvfgR was constructed by amplifying
and cloning vfqR coding sequence into pSRKTc. VfqR was expressed
from the lac promoter with the induction of isopropyl-b-p-thio-
galactopyranoside (IPTG).

2.2. RNA extraction and quantitative real-time PCR (qPCR)

V. fluvialis strains were cultured to ODggg 1.5. Total RNA extraction,
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chromosomal DNA removal, ¢cDNA synthesis, qPCR and relative
expression values (R) were performed or calculated as previously
described [16]. The related primers were listed in Supplementary
Table S2. A control reaction using DNase-treated RNA as a template was
performed for each sample to exclude chromosomal DNA
contamination.

2.3. Analyses of VAT6SS2 Hcp expression and secretion

Overnight cultures were diluted 1:100 into 20 mL LB medium and
incubated to ODggp 1.5 at 30 °C. As previously described, protein sam-
ples were prepared from cell pellets and cell-free supernatants [16,18].
Western blot analysis was performed with polyclonal rabbit anti-Hcp
antibody and anti-E. coli cyclic AMP receptor protein (CRP) antibody.
CRP was used as a control for Hep secretion to exclude the cell lysis.

For VfqR complementation, pSRvfgR/AvfqR or pSRKTc/AvfqR were
cultured to ODggg 0.5. Then, each sample was divided into two parts.
One was induced with 0.5 mM IPTG, and the other was not induced as a
control. The cultures were continually incubated to ODggg 1.5 for pro-
tein samples preparation.

2.4. Bacterial killing assay

The assay was performed as described previously [16,17]. The
predator strains pSRKTc/WT, pSRKTc/AvfqR, pSRvfqR/AvfgR, and
PSRKTc/AvasK were mixed with E. coli prey MG1655 at 9:1 ratio in
triplicates. Then, 10 pL of the 10-fold concentrated mixtures were
spotted on filter membrane placed on 2% NaCl LB agar plate containing
1 mM IPTG and incubated at 30 °C for 12 h. The colony-forming units
(CFU) of the prey MG1655 at the beginning (T0) and after 12 h incu-
bation with predators (T12) were calculated by plating 10-fold serial
dilutions on Rfp® (50 pg/mL) plates.

2.5. Luminescence activity assay

The overnight culture of V. fluvialis containing lux reporter fusion
plasmid was diluted at 1:100 in fresh LB and incubated at 30 °C with
shaking. Luminescence activity and ODggo were measured and calcu-
lated as previously described [16]. The culture of E. coli SM104pir con-
taining pVflT6SS2-lux or ptssD2a-lux together with pSRyfgR or pSRKTc
was complemented with 0.5 mM IPTG and various concentrations of
exogenous 3-0x0-C10-HSL as indicated.

2.6. Statistical analysis

GraphPad Prism 9 software was used for data statistics and analysis.
Statistical significance was determined by unpaired two-tailed Student’s
t-test.

3. Result
3.1. VfqI-VfqR QS regulates VfIT6SS2 expression

The products of tssD2 (hcp) and tssI2 (vgrG) function not only as the
structural components but also the secreted effectors of VIT6SS2. tssB2
(vipA) is the first gene of VfIT6SS2 major cluster and encodes the sheath
component. To determine whether VfqI-VfqR QS regulates VfIT6SS2, we
detected the mRNA levels of tssD2 (hcp), tssI2 (vgrG) and tssB2 (vipA) in
mutants Avfgl, AvfqR and Avfql-vfqR. Compared with WT, the mRNA
abundances of tssD2 (hcp), tssI2 (vgrG) and tssB2 (vipA) were greatly
reduced in Vfql-VfqR mutants, implying that VfqI-VfqR QS was involved
in the regulation of VfIT6SS2 (Fig. 1A-C). To further confirm, we
detected Hcp levels in WT and above mutants. As expected, both the
expression and secretion levels of Hep in Avfgl, AvfqR and Avfql-vfgR
were obviously less than WT (Fig. 1D). These results proved that Vfql-
VfqR QS circuit positively regulates VfIT6SS2.



Biochemistry and Biophysics Reports 31 (2022) 101282

Fig. 1. Vfql-VfgR QS modulates VfIT6SS2 expression.
(A-C) Comparison of the mRNA levels of tssD2 (A),
| tssI2 (B) and tssB2 (C) in WT, AvfqR, Avfql and Avfql-
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3.2. VfqR is the key player of Vfql-VfqR circuit on VAT6SS2

We have shown that in V. fluvialis VfqlI functions as an AHL synthase
and VfqR is the AHL-dependent LuxR homolog [27]. vfgR and vfqI are
convergently-transcribed with an intergenic region of 1 bp and a po-
tential lux box (5'-AACTGTTCGATCGGACAGGT-3') was found upstream
of vfgl which is centered at —68.5 from its start codon. The lux box
functions as the LuxR binding site to activate target loci [32]. The ex-
istence of lux box in vfql promoter correlates well with our previous
results, i. e. VfQR-AHL is required to activate vfql expression [27].
VfqR-AHL binding to the lux box results in a remarkable increase of AHL
production and creates a positive-feedback loop. We did find that the
level of AHL was increased in a cell density-dependent pattern [33].
Based on the facts that homologs of LuxR are widely considered to be
transcriptional regulators [34] and the regulation of vfgR on vfql [27],
and consistently reduced expression of VfIT6SS2 coding genes in
Vfql-VfgR mutants, we supposed that VfqR is the master regulator of
Vfql-VfqR QS on VIT6SS2.

Domain analysis (Pfam) revealed two principal conserved domains
in VfgR: N-terminal AHL-binding domain (residues 16-163) and C-ter-
minal DNA binding HTH domain (residues 174-230). Sequence align-
ments of VfqR with canonical LuxR homologs revealed the presence of
strongly conserved residues both in the AHL-binding domain (W61, Y65,
D74, P75, W89, G114) and the DNA-binding domain (E180, W186,
G190) which are present in at least 95% of LuxR-type proteins [35,36]
(Fig. 2A). The highly conserved residues in the AHL-binding domain are
involved in the formation of intermolecular H-bonds with AHL mole-
cules, reflecting the common activation mechanism by AHLs with
identical HSL headgroups [37]. Phylogenetic analysis of VfqR and other
LuxR-type proteins (Fig. 2B) indicated that VfqR shared the highest
amino acid similarity with VanR of Vibrio anguillarum, followed by LuxR
of V. fischeri, LasR from Pseudomonas aeruginosa and AhyR from Aero-
monas hydrophilia (Pairwise alignment: VfqR = 76%, 38%, 36% and
31%, respectively).

To further confirm the regulation of VfqR on VfIT6SS2, we performed

complementation assay. As shown in Fig. 2C, inclusion of pSRvfqR in
AvfqR restored Hcp expression and secretion with or without IPTG in-
duction, indicating that VfqR regulate VfIT6SS2, and the amount of VfqR
needed seems very small considering the uninduced (leaky) expression
of VfqR recovered Hcp expression/secretion. Consistently, the bacteri-
cidal ability of AvfgR was greatly impaired in contrast to WT but
restored after vfqR complementation (Fig. 2D). Though it did not recover
to WT level, the bactericidal ability of pSRvfgR/AvfgR was still signifi-
cantly higher than those of pSRKTc/AvfgR and pSRKTc/AvasK, the
latter was used as a T6SS negative control. These data demonstrated that
V£qR is the key regulator of VfqI-VfqR QS on VfIT6SS2 function.

3.3. VfqR is required for the promoter activities of VAT6SS2 clusters

VfIT6SS2 consists of one major cluster and three orphan clusters,
tssD2_a-tssI2_a, tssD2_b-tssI2_b and tssD2_c-tssI2_c (Fig. S1) [18]. Since
VfqR works as a transcriptional factor to regulate target gene expression,
we checked the luminescence activities of lux reporter plasmids con-
taining the promoter regions of VfIT6SS2 major cluster (pVfIT6SS2-lux)
and three orphan clusters (ptssD2a-lux, ptssD2b-lux and ptssD2c-lux) in
WT and AvfgR, which we constructed in previous study [16]. As shown
in Fig. 3, the promoter activities of pVfIT6SS2-lux. ptssD2a-lux.
ptssD2b-lux and ptssD2c-lux in AvfqR were all significantly lower than in
WT. To compare with the CqsA/LuxS-HapR circuit, we also monitored
the promoter activities of the above reporter constructs in deletion
mutant of hapR which is the master regulator of CAI-1/AI-2 based QS. By
contrast, in AhapR, the promoter activities diminished to a much lower
level (Fig. 3). Therefore, these results demonstrated that VfqR regulates
the major and three orphan clusters of VfIT6SS2 at the promoter level,
and VfqlI-VfqR circuit is the secondary QS regulatory system of VfIT65SS2
when comparing to CqsA/LuxS-HapR circuit. However, whether VfqR
directly works on the promoter regions of VfIT6SS2 still needs to be
determined.
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Fig. 2. VfqR is the key modulator of VfqI-VfqR QS on VfIT6SS2 expression. (A) Mega

7 multiple sequence alignment of V. fluvialis VfqR protein with canonical LuxR-

type proteins. Their GenBank accession numbers are listed in Supplementary Table S3. Highly conserved residues are given a black background. (B) Phylogenetic tree
showing the evolutionary distances between VfqR and other canonical QS LuxR-type proteins. The tree was generated using the Neighbor-Joining method and was
drawn to scale, with branch lengths showing the evolutionary distances. The bootstrap values are given as numbers at the nodes (percentage of 1000 replicates).
E. coli KIH34813.1 was used as an outgroup. The horizontal bar indicates evolutionary distance as 0.2 changes per nucleotide position. (C) The effect of vfgR on Hcp
expression and secretion. Protein extracts from cell pellets and culture supernatants of WT and AvfgR with pSRvfgR or pSRKTc were subjected to Western blot

analysis with the anti-Hcp or anti-CRP antibody. (D) Bacterial killing assay. The CFU
incubation with V. fluvialis predators. *P < 0.05, **P < 0.01, ***P < 0.001.

3.4. VfqR directly activates the promoter of VAIT6SS2 major cluster

To clarify whether VfqR directly activates VfIT6SS2 major cluster
and orphan clusters, we screened and identified a partially conserved
VfqR binding element (5-ATATGTAAGTTTAACTTGTA-3') based on a
relaxed [ux box-like sequence [32] in the promoter region of VfIT6SS2
major cluster which is positioned at nucleotides —196 to —177 relative
to the tssB2 (vipA) start codon, closely downstream of previously iden-
tified HapR binding site 1 (Fig. 4A).

To functionally prove the direct regulation, we measured the target
promoter activity in E. coli SM10pir strain as literature reported [30].
E. coli has a heterogenous genetic background where possible additional
regulation existed under circumstances within the native host,

of the prey MG1655 was determined at the start point (T0) and after 12 h (T12)

V. fluvialis could be excluded. pT6SS2-lux displayed very low lumines-
cence activity in SM104pir with control plasmid pSRKTc (Fig. 4B).
However, induction of VfqR from pSRvfqR greatly increased the lumi-
nescence activity of pT6SS2-lux, suggesting that VfqR could directly
activate the major cluster promoter of VfIT6SS2. Beyond expectation,
the activation of pT6SS2-lux by VfqR in SM104pir seems independent of
3-0x0-C10-HSL, as without addition of exogenous 3-oxo-C10-HSL,
PSRVfqR still activated pT6SS2-lux in SM10pir (Fig. 4B). Consistent
with the absence of potential lux box-like element in the hcp promoters,
ptssD2a-lux (used as a representative) could not be activated by pSRvfqR,
but was obviously activated by pSRhapR via the direct regulation of
HapR on hcp promoter which we reported before [17] (Fig. 4C).
Therefore, we reasoned that the decreased promoter activities of orphan
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(A), ptssD2a-lux (B), ptssD2b-lux (C) or ptssD2c-lux (D) were 1:100 diluted in fresh 2% NaCl LB with Cm and incubated at 30 °C with shaking. The luminescent
activities were reported as luminescence/ODgqg at the designated time points. **P < 0.01, ***P < 0.001.

clusters in AvfgR were due to the indirect effect caused by the reduced
VasH expression which is encoded within the major cluster and required
to activate hcp [16,18]. As demonstrated, the vasH mRNA level was
indeed down-regulated in VfqI-VfqR circuit deletion mutants (Fig. 4D).
For further validation we introduced the VasH expressing construct
pPSRvasH or pSRKTc into WT or AvfgR containing ptssD2a-lux. As shown
in Fig. 4E, the luminescence activity of ptssD2a-lux in pSRvasH/AvfqR
was raised to the same level as in pSRKTc/WT. Though the average
signal intensity in pSRvasH/WT was higher than that in pSRvasH/AvfqR,
statistical analysis indicated no significant difference between them.
Together, these results showed that VfqR modulates VfIT6SS2 by
directly or indirectly activating their promoters.

4. Discussion

As an energy-consuming secretion system, T6SS is under tight con-
trol to benefit bacterial fitness and pathogenicity [39]. Disecting the
regulation network of T6SS is an important way to understand the
modulation and function of T6SS.

V. fluvialis has relatively complicated QS by producing and detecting
at least three autoinducers [27]. CAI-1 and AI-2 signals of
CgsA/LuxS-HapR circuit are transmitted via the shared phosphor-
ylation—dephosphorylation cascade through LuxU and LuxO, and finally
converged to the master regulator HapR [40]. Previously, we showed
CgsA/LuxS-HapR circuit activates VfIT6SS2 through the master regu-
lator HapR [17]. Here, we clarified that AHL-based VfqI-VfqR circuit
also manipulates the function of VfIT6SS2 and further proved that the
AHL-responsive receptor, VfqR, is the key player which works at the
transcriptional level. Though both QS circuits are involved in regulating
VIIT6SS2, differences exist between each other. First, the intensity of
activation mediated by CqsA/LuxS-HapR QS circuit is much stronger
than that of Vfql-VfqR. Mutation of HapR almost fully abolished the
VIT6SS2 promoter activities, while deletion of VfqR still maintained
partial promoter activities. So, we proposed that VfqR is the secondary

QS regulator of VIT6SS2 while HapR is the predominant one. Second,
HapR directly activates the promoters of both the major cluster and
orphan clusters [17], while VfqR only directly targets the promoter of
the major cluster. Furthermore, there are two highly conserved HapR
binding sites [17] but only one less conserved VfqR binding element in
the major cluster promoter, which may account for the difference of
regulation efficiency between HapR and VfqR. The specific biological
significance of VfqR and HapR regulation on VfIT6SS2 is still unknown.
Previously, we found that at similar cell density, V. fluvialis produces
higher levels of CAI-1 and AI-2 at 37 °C, while AHL production peaks at
30 °C [33], so we reasoned that high levels of CAI-1 and AI-2 at 37 °C
might benefit the fitness of V. fluvialis in infected host intestine, whereas
AHL probably helps the survival in environment.

In addition, we found that in SM10/pir the activation of VfIT6SS2
major cluster promoter by VfqR was independent of exogenous com-
plemented 3-0x0-C;¢-HSL, which is the most abundant one in three AHL
molecules identified in V. fluvialis: 3-0x0-C10-HSL, C10-HSL and 3-oxo-
C12-HSL [27]. A possible interpretation of this phenomenon is that VfqQR
might function as a luxR solo (orphan LuxR) regulator homolog in E. coli,
which could sense more signals than just cognate AHLs [41]. Some LuxR
solos were reported to be implicated in intraspecies, interspecies, and
interkingdom signaling [42]. On the other hand, this result suggested
that although 3-0x0-C10-HSL is the main component of AHLs in
V. fluvialis, it might not be the real AHL molecule sensed and bound by
VfqR to activate the AHL-VfqR controlled promoters. It was recently
reported that LuxR-homolog YasR in Pseudoalteromonas sp. R3 only re-
sponds to C8-HSL but not 3-OH-C8-HSL, which are synthesized by LuxI
homolog YasI [43]. Similarly, YasR could promote the expression of
itself in an AHL-independent manner [43]. Previously, we used
arabinose-induced Ppap-vfql construct or concentrated spent medium
from WT V. fluvialis as the sources of AHL which theoretically produces
or contains above three AHLs instead of only 3-oxo-C10-HSL [27]. We
are interested in determining the true VfqR-responsive AHL in V. flivialis
in future study.
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Fig. 4. VfqR directly activates VfIT6SS2 major cluster
and indirectly activates tssD2 (hcp). (A) Characteris-
tics of the promoter region of VIT6SS2 major cluster.
Nucleotide sequences of the promoter region of tssB2
(V. fluvialis 85003), AL536_06745 (V. fluvialis 33809)
and vfuB_01176 (V. furnissii NCTC11218) were
aligned. The predicted VfqR binding sites are under-
lined and the conserved bases according to literature
[38] were highlighted in boldface type. Previously
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characterized IHF and HapR binding sites are also
shown. (B and C) Luminescence activities of
pT6SS2-lux and ptssD2a-lux with pSRvfgR or pSRKTc
in SM10/pir. Overnight cultures of the strains were
1:100 diluted in fresh LB with 0.5 mM IPTG induction
at 30 °C. Different concentrations of 3-oxo-C10-HSL
(0, 1, 5, 25 pM) were added to the corresponding
cultures as indicated. pSRhapR was used as a positive
control. ***P < 0.001. (D) mRNA level of vasH in WT,
AVfqR, Avfgl and Avfql-vfgR mutants. **P < 0.01,
***P < 0.001. (E) The activity of ptssD2a-lux in WT
and AvfgR containing either pSRvasH or pSRKTc
control vector. The cultures were induced with 0.5
mM IPTG at 30 °C. **P < 0.01.
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Although we identified a potential lux-like box in the promoter re-
gion of VfIT6SS2 major cluster and demonstrated the VfqR-dependent
activation of the promoter activity in a heterogeneous genetic back-
ground, we did not establish the direct binding of VfqR to the VfIT6SS2
major promoter in vitro due to unsolved VfqR expression problem.
Specifically, we could not get recombinant VfqR protein no matter with
PET or pTXB1 vector under various inducing conditions in E. coli host.
The underlying issue needs more exploration in future.

In summary, we clarified the regulation of Vfql-VfqR QS on VfIT65S2
in this study. These findings further broadened our understanding of
biological functions of Vfql-VfqR circuit and regulation complexity of
VIIT6SS2.
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