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Oligogalacturonide (OGA)-specific porins of the KdgM family have previously been
identified and characterized in enterobacterial plant pathogens. We found that deletion
of the gene encoding response regulator OmpR causes the porin KdgM2 to become
one of the most abundant proteins in the outer membrane of the human enteropathogen
Yersinia enterocolitica. Reporter gene fusion and real-time PCR analysis confirmed that
the expression of kdgM2 is repressed by OmpR. We also found that kdgM2 expression
is subject to negative regulation by KdgR, a specific repressor of genes involved in
the uptake and metabolism of pectin derivatives in plant pathogens. The additive
effect of kdgR and ompR mutations suggested that KdgR and OmpR regulate kdgM2
expression independently. We confirmed that kdgM2 occurs in an operon with the pelP
gene, encoding the periplasmic pectate lyase PelP. A pectinolytic assay showed strong
upregulation of PelP production/activity in a Y. enterocolitica strain lacking OmpR and
KdgR, which corroborates the repression exerted by these regulators on kdgM2. In
addition, our data showed that OmpR is responsible for up regulation of the kagM1
gene encoding the second specific oligogalacturonide porin KdgM1. This indicates the
involvement of OmpR in the reciprocal regulation of both KdgM1 and KdgM2. Moreover,
we demonstrated the negative impact of OmpR on kdgR transcription, which might
positively affect the expression of genes of the KdgR regulon. Binding of OmpR to
the promoter regions of the kdgM2-pelP-sghX operon, and kdgM1 and kdgR genes
was confirmed using the electrophoretic mobility shift assay, suggesting that OmpR can
directly regulate their transcription. We also found that the overexpression of porin KdgM2
increases outer membrane permeability. Thus, OmpR-mediated regulation of the KdgM
porins may contribute to the fitness of Y. enterocolitica in particular local environments.
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Nieckarz et al. OmpR Influences KdgR Regulon Genes

cytoplasmic PelW (YePL2B) and Ogl (YeOGL) (Abbott and  mutants. Complementation of the ompR mutation using pBR3
Boraston, 2007, 2008). It has been postulated that kdgM2,  caused a reduction in PelP activity (Figure4B). The changes
pelP and sghX, encoding porin KdgM2, pectate lyase PelP and  in PelP production in the tested Y. enterocolitica mutants
putative periplasmic polygalacturonate binding protein SghX, lacking OmpR, KdgR or both regulatory proteins, reflected the
respectively, might be organized in an operon in Yersiniae level of porin KdgM2 present in these mutants. These results
(Rodionov et al., 2004). To confirm this arrangement in  corroborated our finding that kdgM2 and pelP are organized in
Y. enterocolitica wild-type strain Ye9, RT-PCR analysis was  an operon whose promoter is negatively regulated by OmpR and
performed with cDNA using primer pairs specific for the kdgM2- ~ KdgR.
pelP-sghX mRNA (Figure 4A, upper panel). The results of this . .
analysis showed that these three genes are co-transcribed as a OmpR Positively Regulates the Expression
polycistronic mRNA (Figure 4A, lower panel). Thus, in addition ~ of kdgM1, a Paralog of kdgM2
to porin KdgM2, the production of proteins PelP and SghX might  Bioinformatic analysis revealed the presence of another
also be regulated by OmpR. gene encoding an oligogalacturonide-specific porin of the
To examine whether the lack of OmpR or KdgR influenced the ~ KdgM family in the genome of Y. enterocolitica, i.e., kdgM]I
production of periplasmic pectate lyase PelP by Y. enterocolitica, ~ (Additional File 1). To verify whether OmpR or KdgR control
we used the pectate lyase (Pel) plates assay (Figure4B). The  kdgMI transcription, we examined the expression of a kdgM1-
presence of PelP lyase in periplasmic fluid (released by osmotic  lacZYA’ chromosomal transcriptional fusion in the wild-type
shock) of the wild-type (Ye9), ompR mutant (AR4), kdgR mutant  strain (Ye9NK1), ompR mutant (AR4K1), kdgR mutant (ES1K1)
(ES1) and the ompRkdgR mutant (AR11) was tested. In the  and ompRkdgR mutant (AR11K1) (Figures 5A-C). First, we
wild-type Ye9, pectate lyase production was low. In contrast,  measured the B-galactosidase activity in LB medium, in strains
high pectate lyase activity was observed in the kdgR mutant, differing in their OmpR content, in the absence and presence
confirming the repressive activity of KdgR. The ompR mutant  of OGAs (Figures 5A,B). The expression of the transcriptional
(AR4) exhibited an increased level of pectate lyase production  fusion in cells of the wild-type strain grown in LB medium to
compared to wild-type cells, which was comparable to that stationary phase was very low and it was increased 4.3-fold by
of the kdgR mutant strain (ES1). Pectate lyase activity in the  the addition of OGAs. In non-inducing conditions, we did not
double ompRkdgR mutant was slightly higher than in the single  observe any difference between the wild-type strain and the

FIGURE 4 | Effect of OmpR and KdgR on pectate lyase (PelP) production. (A) To determine whether the kdgM2, pelP, and sghX genes are organized in an operon,
two pairs of primers were used in RT-PCR analysis (1-RTkdgMpelP1/2-RTkdgMpelP2 and 3-RTpelPsghX1/4-RTpelPsghX2) (A, upper panel). RT-PCR analysis of the
kdgM2-pelP-sghX operon (A, lower panel). Total RNA isolated from strain Ye9 grown in LB medium at 26°C was DNase treated and then reverse transcribed into
cDNA with pairs of primers shown in (A) upper panel. M — molecular size marker GeneRuler 1 kb DNA Ladder; bp. RNA was used as the template in negative control
reactions. (B) Changes in pectate lyase (PelP) production in the tested Y. enterocolitica mutants lacking OmpR, KdgR or both regulatory proteins. Periplasmic PelP
activity was determined in a semi-quantitative manner by measuring the diameter of haloes on plates containing OGAs and Ca2*, 48 h after inoculation with osmotic
shock fluid obtained from exponential phase Y. enterocolitica cultures grown in LB medium at 26°C. PelP production was compared in the following strains: Ye9
(wild-type), ES1 (kdgR mutant), AR4 (ompR mutant), AR11 (ompRkdgR mutant), and complemented AR4 (ompR/pompR). The data represent mean values with
standard deviations, obtained in at least three independent experiments. Significance was calculated using one-way ANOVA (*P < 0.05, **P < 0.001, ****P <
0.0001). P-values were calculated using (assuming unequal variances) comparing test strains to the AR4 strain.
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FIGURE 5 | OmpR promotes expression of the genes/operon of the KdgR regulon: kdgM1 (A-C) pehX (D,E) and pelWW-togMNAB (F,G). (A-C) p-galactosidase
activity of strains carrying a chromosomal kdgM1-lacZYA’ transcriptional fusion, with or without OmpR or/and KdgR: YeONK1 (wild-type, wt), AR4K1 (ompR mutant),
AR4K1/pompR (complemented ompR mutant, ompR/pompR) and Ye9NK1/pompR (wild-type overproducing OmpR, wt/pompR), ES1K1 (kdgR mutant) and AR11K1
(ompRkdgR mutant). B-galactosidase activity of Ye9N (wild-type) and AR4 (ompR mutant) strains containing pehX (D,E) and pe/W-togMNAB (F,G) transcriptional
fusions with lacZ expressed from plasmids pCM132Gm-pehX::lacZ and pCM132Gm-pelW-togMNAB::lacZ, respectively. Strains were grown at 26°C without or with
OGAs, to stationary phase in LB medium (A,B,D,F) or to exponential phase in MMA medium (C,E,G). The data represent mean p-galactosidase activity values (Miller
units) with the standard deviation from at least two independent experiments, each performed using at least triplicate cultures of each strain. Significance was
calculated using one-way ANOVA (ns [non-significant] P > 0.05, *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001).
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ompR mutant. In LB supplemented with OGAs, the activity of
the kdgM1 promoter in the ompR mutant was increased, but to a
lesser extent than in the wild-type strain. To confirm the positive
OmpR-dependent regulation of kdgM1, plasmid pBR3 carrying
the wild-type ompR allele was used to complement the ompR
mutation in strain AR4K1. However, complementation did not
produce any change in the level of reporter gene expression.
We next introduced pBR3 into the wild-type strain (Ye9NK1)
and found that overexpression of OmpR caused a 1.5-fold
increase in B-galactosidase activity compared to the wild-type
strain alone (Figure 5A). Notably, the lack of KdgR caused a
42-fold upregulation of the kdgM1 promoter in strain ES1K1,
suggesting that KdgR strongly represses KdgM1 production in
LB medium (Figure 5B). We could not rule out the possibility
that in the absence of the KdgR repressor, putative activators
may increase kdgM1 expression under these growth conditions.
In the ompRkdgR mutant AR11K1 we observed a significant
decrease in reporter gene expression (1.3-fold) compared to
the kdgR mutant (ES1K1). The positive influence of OmpR on
kdgM]1 expression was also seen in strains grown to exponential
phase in LB medium (data not shown).

To shed light on the OmpR-dependent regulation of kdgM1
we investigated the expression of the kdgMI-lacZYA' fusion
in Y. enterocolitica strains grown to exponential phase in
minimal medium. The 11-fold upregulation of kdgM1I in the
wild-type strain cultured in MMA+OGAs contrasted with the
weak expression in MMA+glycerol (Figure 5C). Almost the
same increase (10-fold) was observed in the kdgR mutant
independently of the growth conditions (MMA medium
supplemented with glycerol or OGAs), confirming the role of
KdgR as a repressor of kdgMI. In addition, introduction of
the wild type kdgR allele expressed from plasmid pBBRIMCS-3
reduced kdgMI expression in MMA+-glycerol. However, the
same effect was observed in the presence of the inducer (OGAs).
Possibly the intracellular concentration of the direct inducer
2-keto-3-deoxygluconate, a product of OGA degradation, was
insufficient to saturate high levels of KdgR expressed from the
multicopy plasmid. Inactivation of the ompR gene decreased
the expression of the kdgMI fusion in MMA+glycerol and
MMA+OGAs (Figure 5C) 2.6-fold and 2.4-fold, respectively,
in both the wild-type and the kdgR mutant background.
These results revealed the role of OmpR in the positive
regulation of kdgM1 expression, independently of the presence
of KdgR regulator. Unfortunately, we were unable to detect
any complementary effect of the ompR mutation. Variations in
osmolarity caused no change in the level of kdgM1 expression
examined in exponential phase cultures (data not shown).

OmpR Influences the Expression of Other
Members of the KdgR Regulon

To examine whether OmpR might affect the expression of genes
of the KdgR regulon in Y. enterocolitica, we constructed plasmid-
borne lacZ transcriptional fusions with the promoter regions
of the pehX gene encoding the periplasmic polygalacturonase
PehX and the pelW-togMNAB operon encoding the cytoplasmic
exopolygalacturonate lyase PelW and oligogalacturonide

transport system TogMNAB (Abbott and Boraston, 2008). The
resulting constructs pCM132Gm-pehX::lacZ and pCM132Gm-
pelW-togMNAB::lacZ were introduced into the wild-type strain
Ye9N and the ompR mutant AR4. Based on B-galactosidase
activity measurements, we found that pehX and pelW-togMNAB
expression were both 1.5-fold higher in strain Ye9N grown at
26°C to stationary phase in LB medium supplemented with
OGAs, compared to LB alone (Figures 5D,F). This confirmed
the OGA-inducible nature of both promoters and suggested the
participation of KdgR in their repression. The expression of both
pehX and pelW-togMNAB was higher in the wild-type strain
compared to the ompR mutant AR4 when they were grown in
LB medium (1.7-fold and 2.9-fold, respectively) (Figures 5D,F),
thus revealing the positive impact of OmpR on these genes.
In the presence of inducer (OGAs), we still observed reduced
pehX and pelW-togMINAB expression in the ompR mutant
background. Expression of the pehX fusion in strains grown in
LB to exponential phase was not significantly modified in the
ompR mutant, while expression of the pelW-togMNAB fusion was
equivalent in cells in both the exponential and stationary phases
of growth (data not shown). Furthermore, the regulatory role of
OGAs and OmpR in the upregulation of the pehX (Figure 5E)
and the pelW-togMNAB (Figure 5G) was also observed in strains
grown to exponential phase in MMA medium without or with
OGAs. Interestingly, the OmpR-dependent regulation of the
pelW-togMNAB expression was not observed in the presence
of OGAs. In summary, OmpR seems to be a positive regulator
of both studied transcriptional units. However, since no OmpR
binding sites have been detected in either the pehX or the
pelW-togMNAB regulatory regions, we presume that the positive
influence of OmpR might result from some indirect effect that it
exerts on their transcription.

OmpR Negatively Regulates kdgR

Transcription

To investigate the possible link between the OmpR and KdgR
regulatory proteins, OmpR-dependent activity of the kdgR
promoter was studied using a transcriptional fusion with a
promoterless lacZ gene, constructed in plasmid pCM132Gm.
The resulting construct pCM132Gm-kdgR::lacZ was introduced
into the wild-type strain Ye9N and the ompR mutant AR4.
The levels of expression of kdgR:lacZ, based on measurements
of B-galactosidase activity, were determined for both strains
grown to exponential and stationary phase in LB medium at
26°C (Figure 6A). The activity of the kdgR promoter in the
ompR mutant was 1.9-fold (in exponential phase) and 1.5-
fold (in stationary phase) higher than in the Ye9N strain. For
complementation analysis, vector pBR3 carrying the entire ompR
coding sequence was introduced into strain AR4/pCM132Gm-
kdgR::lacZ. The introduction of ompR in trans restored kdgR
expression to the wild-type level. These results suggested
that OmpR negatively regulates kdgR expression. Data from
the kdgR:lacZ reporter fusion were validated by evaluating
the expression of kdgR in the wild-type Ye9 and the ompR
mutant AR4 grown to stationary phase in LB4+OGAs at 26°C,
using quantitative real-time PCR (Figure 6B). In addition,
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as a control kdgM2 and pelP transcript abundance was also
assessed. Transcription of kdgR was up-regulated in the ompR
mutant (3-fold), confirming that OmpR functions as a negative
regulator of kdgR. In contrast, kdgM2 and pelP were highly up-
regulated in the ompR mutant, 39-fold and 27-fold, respectively.
These results are consistent with those obtained for the ompR
mutant with the kdgM2::lacZ reporter fusion and PelP activity
test.

Taken together, these results demonstrated that besides its role
in regulating kdgM2, kdgM1, pehX and pelW-togMINAB (shown
above), OmpR modulates the expression of their regulator
KdgR. Bearing in the mind that OmpR negatively regulates
kdgR expression, the KdgM2 level may reflect the dual function
of OmpR: having both a direct negative effect on kdgM2
transcription and an indirect effect by repressing kdgR. The
positive regulatory effect of OmpR on kdgMI1 may result from
both its direct positive effect on kdgMI expression and the
indirect effect of its inhibition of kdgR expression.

Putative KdgR and OmpR Binding Sites in
the Promoter Regions of kdgM1,
kdgM2-pelP-sghX and kdgR of

Y. enterocolitica

Putative KdgR and OmpR binding sites in the regulatory regions
of selected KdgR regulon members were identified by in silico
analysis (Figure 7). The promoters of the kdgM1l, kdgM2-
pelP-sghX and kdgR genes/operon were initially characterized
using BPROM software. Then a search conducted using
the D. dadantii consensus KdgR binding site sequence
(AAATGAAACANTGTTTCATTT, Rodionov et al, 2000,
2004) led to the identification of potential KdgR-binding site K1
close to the kdgM1 promoter (90% identity to consensus) and
K2 overlapping the kdgM2-pelP-sghX promoter (65% identity
to consensus). No putative KdgR-binding sites were identified
in the kdgR regulatory region. The consensus OmpR-binding
sequence of E. coli (TTTTACTTTTTG(A/T)AACATAT, Maeda
et al, 1991) was used to search for putative OmpR binding
sites. Two predicted OmpR-binding sites were found in the
kdgM1 promoter region: O1 and O2, both with 55% identity
to the consensus (Figures 7A,B). The putative O1 and O2 sites
are respectively located between nucleotides —277 and —297,
and —101 and —121 bp, upstream of the kdgM1 ATG, with the
second site overlapping the proposed KdgR-binding site. The
location of this OmpR-binding site might be related to the role
of OmpR as an antirepressor in the positive regulation of kdgM1
transcription. One putative OmpR-binding site was detected in
the kdgM2-pelP-sghX regulatory sequence: O3 with 60% identity
to the consensus (Figures 7A,B), located between nucleotides
—141 and —161 bp upstream of the kdgM2 ATG. The results
of this analysis indicated that kdgM1 and kdgM2-pelP-sghX
might be subject to dual regulation by KdgR and OmpR in
Y. enterocolitica. Two potential OmpR-binding sites were also
recognized in the kdgR regulatory region: sites O4 and O5
located between nucleotides —207 and —227 bp and —24 and
—44 bp upstream of the kdgR ATG, with 50% and 65% identity to
the consensus, respectively (Figures 7A,B). The results of Logo

A
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FIGURE 6 | Effect of OmpR on kdgR expression using /acZ reporter fusions
(A) and RT-gPCR analysis (B). (A) B-galactosidase activity of strains Ye9N
(wild-type), AR4 (ompR mutant) and complemented AR4 (ompR/pompR)
containing a kdgR::lacZ transcriptional fusion expressed from plasmid
pCM132Gm-kdgR::lacZ. Strains were grown to exponential and stationary
phase in LB at 26°C and B-galactosidase activity was assayed. The data
represent mean activity values (Miller units) with the standard deviation from
two independent experiments, each performed using at least triplicate cultures
of each strain. Significance was calculated using one-way ANOVA (ns
[non-significant] P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001). (B) mRNA
levels of kdgR, kdgM2 and pelP were determined by quantitative real-time
polymerase chain reaction (RT-gPCR analysis) from wild-type and ompR
mutant strains grown in LB+OGAs to stationary phase at 26°C as described
in Materials and Methods. Representative results from two independent
experiments, performed in quadruplicate, are shown. The statistical
significance of differences in transcripts of tested genes were analyzed using
Student’s t-test. Stars indicate statistically significant differences (P < 0.05,
**P < 0.001).

motif analysis of these putative Y. enterocolitica OmpR-binding
sites are shown in Figure 7C. The presence of OmpR-binding
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promoters of the indicated Y. enterocolitica genes determined based on similarity to the E. coli consensus sequence (% identity values are shown). The central motif
GXXAC or GXXXC and the AC or C nucleotides usually located about 10 nt away from the AC elements of the central motif are marked. (C) Logo motif (alignment) of
putative OmpR-binding sites identified in the Y. enterocolitica kdgM1, kdgM2-pelP-sghX and kdgR regulatory regions. WeblLogo (http://weblogo.berkeley.edu/logo.
cgi) was used to obtain consensus sequence logos in which the height of individual letters represents the relative frequency of that particular nucleotide at a given
position, and the number of letters in each stack indicates the degree of conservation at that position.
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FIGURE 8 | Binding of phosphorylated OmpR to the kdgM1,
kdgM2-pelP-sghX, and kdgR regulatory regions examined using EMSAs. A
range of concentrations of OmpR-P were incubated with DNA fragments
representing the kdgM1 (A, 544 bp), kdgM2-pelP-sghX (B, 500 bp) and kdgR
(C, 441 bp) promoters which contain putative OmpR-binding sites.

FIGURE 8 | Continued

A fragment of 16S rDNA (304 bp) was included in each reaction mixture as a
non-specific binding control. The DNA fragments were mixed with increasing
concentrations of OmpR-P in lanes 1-6: 0, 0.167, 0.333, 0.500, 0.583, 0.667
wM. The identities of the bands resolved by electrophoresis on native 5%
polyacrylamide gels are indicated.

sites in the kdgR regulatory region suggests a direct role for
OmpR in regulating KdgR expression.

OmpR Directly Regulates kdgM1, kdgM2,

and kdgR Expression in Y. enterocolitica

As shown above, in silico analysis led to the identification
of putative OmpR-binding sites in the promoter regions of
the Y. enterocolitica kdgM1 gene (2 sites), kdgM2-pelP-sghX
operon (1 site) and kdgR gene (2 sites) (Figure 8). To verify
whether OmpR directly binds to these sequence elements,
electrophoretic mobility shift assays (EMSAs) were performed.
A recombinant OmpR-Hisg protein was expressed in E. coli,
purified to homogeneity and phosporylated in vitro using
acetyl-phospate. It was shown previously that OmpR can be
phosphorylated by acetyl phosphate in vivo and in vitro (Shin
and Park, 1995). DNA fragments representing the promoter
region of the analyzed genes/operon, containing the putative
OmpR-binding sites, and a fragment of 16S rDNA, as a non-
specific binding control, were incubated with different amounts
of the OmpR-P and these binding reactions were analyzed by
electrophoresis in non-denaturing 5% polyacrylamide gels. As
shown in Figure 8, OmpR-P was able to bind the upstream
regions of kdgM1, kdgM2-pelP-sghX, and kdgR, but not the 16S
rDNA fragment. Shifted complexes were clearly produced by
interaction between the kdgM1 and kdgM2-pelP-sghX fragments
and phosphorylated OmpR present at a concentration of
0.167 wM (Figures 8A,B). Interestingly, the OmpR-P protein
interacted with the kdgR promoter fragment with slightly lower
affinity. A slower migrating nucleoprotein band appeared when
a higher concentration of OmpR-P (0.333 M) was incubated
with the kdgR fragment (Figure 8C). Since our in silico analysis
identified two putative OmpR-binding sites in the regulatory
regions of kdgM1 and kdgR, a stepwise shift in the nucleoprotein
complexes might be expected in EMSAs. Indeed, we observed
a slight stepwise shift when both promoter region fragments
were used in an EMSA. To reveal the exact number of OmpR
binding sites and the specific nucleotide sequence to which
OmpR-P binds, a DNase I footprinting experiment would be
necessary. Taken together, these results demonstrated that OmpR
can specifically bind to the kdgM1, kdgM2-pelP-sghX, and kdgR
promoter regions.

Intracellular ROS Production in Response

to Short OGAs

Short oligogalacturonides (sOGAs) penetrating the cells
of phytopathogens are able to induce the generation and
accumulation of reactive oxygen species (ROS) (Coté and Hahn,
1994; Ridley et al.,, 2001). sOGAs have been shown to evoke a

(Continueq)|  transient accumulation of ROS in Rhizobium leguminosarum byv.
viciae 3841 (Moscatiello et al., 2012). To investigate the effect of
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FIGURE 9 | Effect of short oligogalacturonides (sOGAs) and polymyxin B on
the production of ROS in Y. enterocolitica Ye9 and R. etli CE3. ROS formation
was detected using the fluorescent dye H2DCF-DA. Strains were cultivated in
LB medium (Y. enterocolitica) or in TY medium (R. etli) at 26°C to exponential
phase and treated with sOGAs (50 p.g/ml) or polymyxin B (25 pg/ml). Data
represent mean fluorescence activity values normalized to the ODgng of the
culture (+ standard deviation) from experiments performed in triplicate.
Significance was calculated using one-way ANOVA [ns (non-significant) P >
0.05, **P < 0.001, ***P < 0.0001].

sOGAs on cells of Y. enterocolitica Ye9 and Rhizobium etli CE3
we analyzed intracellular ROS production following treatment
with sOGAs by measurement of 2,7’ -dichlorodihydrofluorescein
diacetate (H2DCF-DA) fluorescence (Figure9). Short linear
a-1,4-linked oligogalacturonide molecules were obtained by
polygalacturonase digestion of PGA. It was recently shown
that polymyxin B, an antimicrobial peptide that attacks the cell
envelope, induces oxidative stress in E. coli (Dong et al., 2015).
Therefore as a control, we measured ROS production by Y.
enterocolitica Ye9 and R. etli CE3 caused by polymyxin B.

In comparison with the untreated control, sOGAs induced
an almost 2-fold increase in ROS level in R. etli CE3 cells,
but this effect was not observed in the case of Y. enterocolitica
Ye9 (Figure 9). Conversely, we found no polymyxin B-induced
effect on the production of ROS in R. etli CE3, but treatment
with this antimicrobial agent caused an accumulation of ROS
in Y. enterocolitica Ye9 (Figure 9). In contrast to polymyxin B,
sOGAs appeared to have no effect on the production of ROS in
Y. enterocolitica.

Pectin Utilization and Plant Tissue

Maceration by Y. enterocolitica Strains

Strains of Y. enterocolitica differing in their OmpR content
were examined for their ability to grow on plates supplemented
with 2% pectin (Figure 10A) and macerate chicory leaves
(Figure 10B). While P. carotovorum PCM 2056 was able to
grow on the pectin plates, no visible growth of Y. enterocolitica

B Plant tissue
maceration assay

i

Pectin
utilization

>

Y. enterocolitica

Y. enterocolitica

P. carotovorum

FIGURE 10 | Pectin utilization (A) and plant tissue maceration assay (B). (A)
The ability of Y. enterocolitica strains to utilize pectin was assessed visually by
analyzing the growth of strains on MMA plates supplemented with 2% (w/v)
pectin after incubation at room temperature for 48 h. (B) Aliquots of 10 pl of
each bacterial suspension (~1O8 cells) were injected into chicory leaves. The
inoculated leaves were incubated in a moist chamber at room temperature for
24 h and then examined for evidence of tissue maceration. The following
bacterial strains were tested in this assay: Y. enterocolitica wild-type Ye9 and
ompR mutant AR4, R, carotovorum PCM 2056 (positive control) and E. coli W
(negative control).

strain Ye9 or the ompR mutant AR4 was observed. When
P. carotovorum PCM 2056 was injected into chicory leaves, a
black, macerated lesion developed within 12 h. Neither wild-
type Ye9 nor the ompR mutant AR4 was capable of leaf tissue
maceration in comparison with P. carotovorum (Figure 10B).
This lack of maceration ability was also observed in kdgR and
ompRkdgR mutants of Y. enterocolitica (data not shown). E. coli,
which lacks OGA transport proteins and pectinases was applied
as a negative control and was also incapable of tissue maceration.

Antimicrobial Susceptibility Testing

We measured the antibiotic susceptibility of wild-type
Y. enterocolitica Ye9 and different mutant strains using the
broth micro-dilution test. The ompR mutant strain AR4 (lacking
OmpC and OmpF porins, with strong upregulation of KdgM?2)
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TABLE 1 | Antibiotic susceptibility of Y. enterocolitica strains.

Antibiotic MIC (ng/ml)*
wild-type (OmpC/F*, kdgR (OmpC/Ft, ompR (OmpC/F—, ompRkdgM2 (OmpC/F~,
KdgM1-/2—") KdgM1t/m2t) KdgM1~/2%) KdgM1~/27)

Ampicillin 100 100 400 400
Cefotaxime 0.063 0.063 0.125 0.125
Ceftazidime 0.031 0.031 0.25 0.25
Cephaloridine 1.953 1.953 500 500
Cephalothin 15.625 15.625 500 500
Chloramphenicol 3.125 3.125 3.125 3.125
Tetracycline 0.313 0.313 0.625 0.625

*Three independent replicates gave an identical MIC value. **The production of porins KdgM1 and KdgM2 is inhibited in LB medium.

showed reduced sensitivity to the tested f-lactam antibiotics and
tetracycline (Table 1). However, the antibiotic susceptibility of
the ompRkdgM2 double mutant strain AR10 was not markedly
different from that of the ompR mutant. These data implied
that the resistant phenotype correlated with the loss of the
general porins OmpC and OmpF (confirming our previous
observation, Brzostek and Raczkowska, 2007) and that KdgM2 is
not a significant entry route for antibiotics. The finding that the
null kdgR mutation (upregulation of both KdgM1 and KdgM2
porins) did not render Y. enterocolitica cells more sensitive
to any of the tested antimicrobial compounds supports this
conclusion.

Porin KdgM2 Enhances the Outer

Membrane Permeability in Y. enterocolitica
To address the possibility that the porin KdgM2 can influence
outer membrane permeability of Y. enterocolitica, an NPN
accumulation assay was applied. The use of NPN to study
the structure and function of biological membranes is well
documented (Hancock, 1984; Loh et al., 1984). NPN, a neutral
hydrophobic fluorescent probe, is normally excluded by the outer
membrane but exhibits increased fluorescence intensity when
it partitions into this membrane. This assay was performed for
wild-type strain Ye9, the kdgR mutant ES1, the ompR mutant
AR4 and the ompRkdgM2 double mutant AR10. Given the
influence of OmpR on the outer membrane protein composition,
particularly affecting levels of porin KdgM2 (Figure 2A), we
also used this assay to examine a strain overexpressing KdgM2.
The kdgM?2 coding sequence was cloned into the high-copy-
number vector pBAD18Km to generate pBAD-KdgM?2 and this
was introduced into the wild-type strain Ye9. Induction with
L-arabinose led to overexpression of KdgM2 that was detected
by SDS-PAGE analysis (Figure 11A). Preliminary experiments
were carried out using a growth temperature of 26°C (optimal
for Y. enterocolitica), but we saw no change in NPN fluorescence
in any of the studied strains (data not shown). However,
when the assay was performed at 37°C, clearly visible changes
were apparent (Figure 11B). The greatest increase in NPN
fluorescence was observed in the Ye9 strain overexpressing
KdgM2 (**P < 0.01). In contrast, we observed no meaningful
difference in fluorescence between the wild-type strain, ompR,

kdgR and double ompRkdgM2 mutants. These data suggested
that overexpression of KdgM2 increases the outer membrane
permeability in Y. enterocolitica.

Susceptibility of Y. enterocolitica Strains to
Hydrophobic Antimicrobial Compounds

and Detergents

The enhanced outer membrane permeability caused by
raised levels of KdgM2 (Figure 11), prompted us to perform
antimicrobial susceptibility assays using the hydrophobic
antibiotic gentamicin and trimethoprim (Delcour, 2009). We
examined the level of gentamicin and trimethoprim resistance of
the wild-type strain Ye9 and Ye9 overexpressing KdgM2 grown
at 26°C and 37°C. L-arabinose induction of pBAD-KdgM2 in
the wild-type strain Ye9 grown at 37°C significantly enhanced
sensitivity to trimethoprim (MIC 3.125 pg/ml) while this did
not occur in the absence of the inducer or in the wild-type
strain control, at both temperature (MIC 12.5 pg/ml). The
susceptibility to gentamicin was not changed in all studied
variants.

The role of porin KdgM2 was further explored using a
detergent sensitivity assay. The growth of strains differing in
their OmpR, KdgR, and KdgM2 contents was assessed in the
presence of two detergents: cationic CTAB and anionic SDS (Zou
et al., 2011). The wild-type Ye9 was able to grow in up to 200
SDS pg/ml and 1.56 pg/ml CTAB. In comparison, the ompR
mutant AR4 displayed only a slight increase in sensitivity to SDS
(100 pg/ml), while the overexpression of KdgM2 in the wild-type
background did not render the cells more sensitive to either of
the tested detergents. These findings indicated that the anionic
nature of SDS may be a key determinant of its antimicrobial
activity against the ompR mutant strain.

DISCUSSION

Comparative proteomic analysis suggested that the production
of Y. enterocolitica outer membrane protein KdgM2, related to
oligogalacturonide (OGA)-specific porins of D. dadantii, might
be negatively regulated by OmpR (Nieckarz et al., 2016). The
use of SDS-PAGE analysis followed by mass spectrometry in the
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FIGURE 11 | Overexpression of kdgM2 in Y. enterocolitica leads to increased production of KdgM2 in the OM (A) and membrane permeability to NPN (B). (A)
Coomassie blue-stained SDS-PAGE gel shows overproduction of KdgM2 analyzed in OM fractions prepared from bacterial cells grown in LB to exponential phase
(ODgpo ~ 0.5) and in total cell extracts (overnight cultures). Cultures of the wild-type strain Ye9 and Ye9 carrying pBAD-KdgM2 were induced with 0.2% L-arabinose
for 1 h (OM fractions) or overnight (total extracts) at 26°C. A non-induced control culture of Ye9 carrying pBAD-KdgM2 was processed in parallel. The KdgM2 protein
band is marked. MW — molecular weight standards (3-Color Prestained Protein Marker, DNA-Gdarisk). (B) Fluorescent dye NPN uptake by wild-type strain Ye9, strain
Ye9/pBAD-KdgM2 induced with L-arabinose to overexpress kdgM2, non-induced Ye9/pBAD-KdgM2, kdgR mutant ES1 (kdgR), ompR mutant AR4 (ompR) and the
ompRkdgM2 double mutant AR10 (ompRkdgM?2). Values are averages of three biological replicates. P-values were calculated using a one-way ANOVA comparing

test strains to the wild-type strain at 19.5 min (*P < 0.01).

present study confirmed the strong negative effect exerted by
OmpR on the level of KdgM2.

The kdgM and kdgN genes of D. dadantii were shown to be
regulated by KdgR, a local repressor of operons/genes involved
in pectin catabolism (Nasser et al., 1992; Rodionov et al., 2004).
Since the KdgR protein of Y. enterocolitica exhibits high sequence
similarity (88%) to the corresponding regulatory protein of D.
dadantii, we reasoned that it should play a similar role in the
regulation of kdgM1 and kdgM2 expression in Y. enterocolitica.
Our data showed an increase in the expression of both genes
in the Y. enterocolitica kdgR deletion mutant, confirming the
repression normally exerted by KdgR. In addition, the role of
OGA:s as an inducer of kdgM1 and kdgM2 expression was noted.
Induction of OGA-specific porins in the presence of pectin
derivatives in D. dadantii mainly results from the interaction of
the KdgR repressor with an intracellular OGA catabolite such
as 2-keto-3-deoxygluconate (KDG) (Hugouvieux-Cotte-Pattat
etal., 1996). Since Y. enterocolitica can grow on OGAs as the sole
carbon source, we speculate that OGA catabolism involves a stage
in which KDG is formed. An in silico search of the regulatory
regions of the Y. enterocolitica kdgM1 and kdgM?2 genes using the
consensus KdgR binding site sequence of D. dadantii identified
highly similar sequence elements.

The results of reporter gene fusion assays demonstrated
that the expression of kdgM2 is inhibited by OmpR. The
additive effect of kdgR and ompR mutations revealed that KdgR
and OmpR regulate kdgM?2 expression independently. Analysis
of kdgM1 expression suggested the positive role of OmpR
irrespective of the presence of KdgR. Thus, the expression of

kdgM1 and kdgM2 appear to be regulated in an inverse manner
by OmpR: the former is activated while the latter is repressed. It
was previously shown that the production of KdgM and KdgN
in D. dadantii is also subject to inverse regulation by OmpR,
but direct involvement of this regulator in this process has
not been reported (Condemine and Ghazi, 2007). In addition,
OmpR of D. dadantii was shown to repress the expression of
kdgM located downstream of the pelW-togMNAB operon, but
we found that OmpR of Y. enterocolitica produces the opposite
regulatory effect (upregulation) on the homolog kdgM]1, located
in the same genetic context. OmpR has the reciprocal effect on
the expression of kdgN of D. dadantii, i.e., activation, whereas its
Y. enterocolitica homolog kdgM?2 is repressed by this regulator.

We found that the expression of both kdgM genes are
inhibited by high osmolarity, although in an OmpR-independent
manner. It may be speculated that other regulatory factors or
mechanisms might contribute to the modulation of kdgM1 and
kdgM?2 transcription in response to varying osmolarity, as has
been reported for some enterobacterial genes (Higgins et al.,
1988). Interestingly, some genes regulated by EnvZ/OmpR are
not sensitive to osmotic change. The tpp genes from Salmonella
enterica sv Typhimurium and E. coli are notable examples
(Gibson et al., 1987; Goh et al., 2004). Osmoregulation of kdgN
expression in D. dadantii has been reported previously, and
a marginal role for OmpR in this phenomenon was proposed
(Condemine and Ghazi, 2007).

In search of other OmpR-regulated genes of the pectinolytic
pathway, we performed a bioinformatic analysis to identify
putative OmpR-binding sites within regulatory regions.
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Unexpectedly, the in silico analysis of the 5 untranslated
region of kdgR revealed the presence of two putative OmpR-
binding sequences. Reporter gene fusion assays and RT-qPCR
demonstrated that the expression of KdgR is negatively regulated
by OmpR.

Besides the Y. enterocolitica kdgR gene, putative OmpR-
binding sites were detected in the promoter regions of the
kdgM2-pelP-sghX operon (1 site) and kdgM1 gene (2 sites). In
addition, single putative KdgR-binding sites were identified in
the promoter regions of the kdgM2-pelP-sghX operon and kdgM1
gene. The OmpR- and KdgR-binding sites in the kdgM2 promoter
region are separated by 63 bp. In the kdgM1 regulatory region,
one of the two putative OmpR-binding sites overlaps the KdgR-
binding site, suggesting that OmpR bound at this site could act
as an antirepressor by preventing KdgR binding. However, the
results of reporter gene fusion assays demonstrated a positive role
for OmpR in kdgM1 expression and indicated that OmpR and
KdgR act independently to regulate this gene. EMSAs confirmed
the binding of Y. enterocolitica OmpR to regulatory region

fragments of the kdgM2-pelP-sghX operon, and the kdgM1I and
kdgR genes. This is strong evidence of a direct role for OmpR in
the regulation of KdgM2, KdgM1, and KdgR biosynthesis.

The production of porins KdgM1 and KdgM?2 is likely to
be influenced directly and indirectly by OmpR. The positive
regulation of kdgM1 by OmpR may result from both its direct
positive effect on kdgM1 expression and the indirect effect
of its inhibition of kdgR expression. The observed strong
negative regulation of kdgM2 by OmpR suggests that the direct
inhibitory effect it exerts on this gene is more powerful than
any upregulation caused by OmpR-dependent inhibition of kdgR
expression. However, we cannot rule out the possibility that
additional, as yet uncharacterized regulators might exist that
are involved in the regulation of kdgMI1 and kdgM2 in Y.
enterocolitica. The transcriptional regulatory network controlling
the kdgM and kdgN genes of D. dadantii is highly complex and
composed of several regulatory proteins, i.e., KdgR, PecS, HNS,
OmpR and CRP as well as their cross-regulatory interactions
(Blot et al., 2002; Condemine and Ghazi, 2007; Sepulchre et al.,
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FIGURE 12 | Model of the OmpR and KdgR regulatory network controlling gene expression involved in the uptake and depolymerization of oligogalacturonides in Y.
enterocolitica. Oligogalacturonides (OGAs) transported from the environment into Y. enterocolitica cells via the KdgM porins can be used as a carbon source. OGA
uptake and catabolism are controlled at the transcriptional level by repressor KdgR. Binding of the OGA degradation product 2-keto-3-deoxygluconate (KDG) by
KdgR leads to its inactivation, resulting in derepression of genes/operons of the KdgR regulon. The transcriptional regulation of kdgM1, pehX, pel\W-togMNAB, and
kdgM2-pelP-sghX expression is mediated by KdgR and OmpR regulators. OmpR activated (phosphorylated) by an unidentified environmental signal directly and/or
indirectly regulates expression of the genes/operons of KdgR regulon. OmpR-P binding to the promoter regions of kdgM1 and kdgM2-pelP-sghX leads to their
activation and repression, respectively. Binding of OmpR-P to the kdgR regulatory region inhibits its transcription causing indirect upregulation of kdgM1 and
kdgM2-pelP-sghX. The expression of pehX and pelWW-togMINAB is indirectly upregulated by OmpR-P. The different regulatory effects at the transcriptional level are
indicated by an arrow for positive regulation or by a line with a bar for negative regulation. The possible roles of EnvZ and acetyl-phosphate in OmpR phosphorylation
as well as KDG in the inactivation of KdgR are denoted by dotted arrows.
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2007). Interestingly, no elements with sequence homology to the
consensus OmpR-binding site were detected in the regulatory
regions of the D. dadantii kdgM or kdgN genes (Condemine and
Ghazi, 2007).

If OmpR negatively regulates kdgR, other genes of the Y.
enterocolitica KdgR regulon should be indirectly influenced
by OmpR. Using reporter gene fusion assays we found
that the pehX gene, encoding the polygalacturonase PehX
and the pelW-togMNAB operon, encoding the cytoplasmic
exopolygalacturonate lyase PelW and oligogalacturonide
transport system TogMNAB are positively regulated by OmpR.
Both transcriptional units are members of the KdgR regulon. It
is worth nothing that while we identified KdgR binding motifs
in the respective promoter regions, we were unable to detect
appropriate OmpR-binding sites. Thus, the regulatory effect
of OmpR on pehX and pelW-togMNAB may be linked to its
influence on kdgR expression. Together, our findings show that
the effects of OmpR on some members of the KdgR regulon
are likely to be direct, by transcriptional control of particular
genes, and/or indirect, by modulation of the expression of
other regulatory factor genes, including kdgR (see model,
Figure 12.)

In the course of this study we verified the hypothesis that an
OM channel formed by Y. enterocolitica KdgM2 might represent
a route via which low molecular weight hydrophilic f-lactam
antibiotics can enter the cell. However, neither upregulation
of KdgM2 in the absence of the general porins OmpC and
OmpF in the ompR mutant nor the upregulation of both
KdgM1 and KdgM2 in the kdgR mutant, affected the antibiotic
sensitivity of these strains, which argues against a role for
these oligogalacturonide-specific porins in the penetration of
the studied drugs. Interestingly, specific porins like maltoporin
LamB and phosphate transport porin PhoE have been shown
to contribute to resistance to certain B-lactam antibiotics in
Klebsiella pneumoniae (Kaczmarek et al., 2006; Garcia-Sureda
etal., 2011).

Interestingly, overexpression of KdgM2 in Y. enterocolitica
was found to (i) increase outer membrane permeability, as
revealed by the accumulation of hydrophobic dye NPN, and
(ii) make cells more susceptible to the trimethoprim. These
results corroborate the recent finding in Salmonella that an
increase in KdgM proteins in a mutant strain lacking elongation
factor P leads to increased OM permeability (Zou et al.,, 2011).
However, contrary to the Salmonella data we were unable to
demonstrate increased susceptibility to the gentamicin, probably
due to the presence of a functional AcrAB efflux system in
Y. enterocolitica (Raczkowska et al., 2015). Interestingly, the
increased permeability of Y. enterocolitica membranes caused
by overexpressed KdgM2 was only observed at 37°C and not
at the normal growth temperature of 26°C. Notably, this raised
temperature is also known to inhibit the synthesis of the O-
polysacharide chain of lipopolysaccharide (LPS) in yersiniae cells
(Bengoechea et al., 2004; Skurnik et al., 2007). Thus, the biological
relevance of KdgM2 may be associated with growth of Y.
enterocolitica at 37°C, i.e., the body temperature of a mammalian
host. The tight negative regulation of kdgM2 expression by OmpR
would therefore be necessary to decrease OM permeability and

prevent the influx of deleterious antimicrobial factors produced
by the host.

Our data raised questions concerning the redundancy of
KdgM porins in Y. enterocolitica and the adaptive role of OmpR
associated with the modulation of their levels. The differential
regulation of KdgM1 and KdgM2 by OmpR might reflect the
varied function of these proteins in bacteria growing in different
environmental niches, as has been proposed for OmpC and
OmpF in E. coli (Nikaido, 2003). Y. enterocolitica exhibits a
dual lifestyle, existing as both a non-pathogenic saprophyte
and a pathogen residing inside the host body. These two
environments differ greatly in the nature of the carbon and
energy sources available and in the presence and concentration of
harmful compounds. In the saprophytic lifestyle, Y. enterocolitica
may utilize both KdgM porins to acquire OGAs from the
surrounding environment. In the host body, upregulation of
more specific channels may be necessary for the uptake of
OGAs present in the intestinal environment (Cummings et al.,
1979; Cummings and Englyst, 1987; Gibson et al., 1990). OGAs
could be derived from pectin degradation mediated by the
pectinolytic activity of symbiotic microbiota sharing the same
ecological niche. On the other hand, the inhibition of KdgM2
production by OmpR might decrease OM permeability and
limit the diffusion of harmful compounds into cells growing
within a mammalian host. Thus, production of the appropriate
KdgM porin for a particular local environment, mediated by
the regulator OmpR, might contribute to the fitness of Y.
enterocolitica.
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Figure S1 | Amino acid sequence alignment of selected KdgM family members
from Yersiniae, D. dadantii, and P. carotovorum. (A) The aligned amino acid
sequences are KdgM1 and KdgM2 from Y. enterocolitica subsp. palearctica
105.5R(r) (Y.ent.; Taxonomy ID: 994476), Y. pseudotuberculosis IP 32953 (Y.pse.;
Taxonomy ID: 273123), Y. pestis KIM10+ (Y.pes.; Taxonomy ID: 187410), KdgN
and KdgM from D. dadantii 3937 (D.dad.; Taxonomy ID: 198628), and KdgN,
KdgM, KdgM3, and KdgM4 from R carotovorum subsp. carotovorum PC1 (P.car;
Taxonomy ID: 561230). Identical residues are marked by asterisks, highly similar
residues are denoted by colons and slightly similar residues are indicated by
periods. The program T-Coffee (version 8.93) was used to draw the alignment and
the sequence accession numbers are shown. (B) Percentage identity between
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KdgM1/KdgM2 from Y. enterocolitica subsp. palearctica 105.5R(r) and the other
KdgM proteins determined using Protein BLAST.

Figure S2 | Alignment of the KdgR amino acid sequence of Y. enterocolitica
subsp. palearctica 105.5R(r) (Y.ent.0:9; Acc.no. ADZ42452) with those of

D. dadantii 3937 (D.dad.;Acc. no. ADM98638) and R, carotovorum subsp.
carotovorum PC1 (P.car.; Acc. no. ACT12926). Identical residues are marked by
asterisks, highly similar residues are denoted by colons and slightly similar
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