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The Global Response Regulator ExpA Controls Virulence Gene
Expression through RsmA-Mediated and RsmA-Independent Pathways
in Pectobacterium wasabiae SCC3193

M. Broberg,>? G. W. Lee, J. Nykyri,® Y. H. Lee,*¢ M. Pirhonen,® E. T. Palva®

University of Helsinki, Department of Biosciences, Helsinki, Finland?®; University of Helsinki, Department of Agricultural Sciences, Helsinki, Finland®; Soongsil University,
Department of Bioinformatics and Life Science, Seoul, South Korea®; University of Helsinki, Department of Forest Sciences, Helsinki, Finland®; Seoul National University,
Department of Agricultural Biotechnology, Seoul, South Korea®

ExpA (GacA) is a global response regulator that controls the expression of major virulence genes, such as those encoding plant
cell wall-degrading enzymes (PCWDEs) in the model soft rot phytopathogen Pectobacterium wasabiae SCC3193. Several studies
with pectobacteria as well as related phytopathogenic gammaproteobacteria, such as Dickeya and Pseudomonas, suggest that the
control of virulence by ExpA and its homologues is executed partly by modulating the activity of RsmA, an RNA-binding post-
transcriptional regulator. To elucidate the extent of the overlap between the ExpA and RsmA regulons in P. wasabiae, we charac-
terized both regulons by microarray analysis. To do this, we compared the transcriptomes of the wild-type strain, an expA mu-
tant, an rsmA mutant, and an expA rsmA double mutant. The microarray data for selected virulence-related genes were
confirmed through quantitative reverse transcription (QRT-PCR). Subsequently, assays were performed to link the observed
transcriptome differences to changes in bacterial phenotypes such as growth, motility, PCWDE production, and virulence in
planta. An extensive overlap between the ExpA and RsmA regulons was observed, suggesting that a substantial portion of ExpA
regulation appears to be mediated through RsmA. However, a number of genes involved in the electron transport chain and oli-
gogalacturonide metabolism, among other processes, were identified as being regulated by ExpA independently of RsmA. These

results suggest that ExpA may only partially impact fitness and virulence via RsmA.

he virulence of soft rot phytopathogens such as Pectobacterium

wasabiae strain SCC3193 depends on the coordinated produc-
tion and secretion of plant cell wall-degrading enzymes (PCWDEs),
the main virulence factors of this pathogen (1-6). These factors
are regulated in part by quorum-sensing signals, two-component
regulatory systems (TCS) responding to environmental signals
such as those from plants, and posttranscriptional mechanisms (1,
6-8). In SCC3193, a central TCS required for virulence is the
ExpS/ExpA pair, and expA mutants are rendered avirulent. The
expS gene encodes a sensor kinase that is activated by environmen-
tal signals that are currently uncharacterized, although acidic
plant compounds have been postulated as candidates (1, 7). The
expA gene encodes the DNA binding response regulator that con-
verts the ExpS signal into modifications in downstream gene ex-
pression, including activation of genes for PCWDEs (7). The
ExpS/ExpA TCS has homologues in many gammaproteobacteria,
such as the GacA/GacS regulatory system in certain Pseudomonas
subspecies, BarA/SirA in Salmonella enterica, and BarA/UvrY in
Escherichia coli, all of which have been linked to the positive con-
trol of metabolism and virulence factors, similar to ExpS/ExpA
(8-22).

The ExpS/ExpA TCS regulates large parts of the transcriptome
of Pectobacterium via modulation of a posttranscriptional system
consisting of RsmA, an RNA-binding protein that promotes RNA
decay or stabilization, and a positive small regulatory RNA en-
coded by rsmB, which modulates the activity of RsmA (5, 7, 16,
23-25). The ExpS/ExpA TCS and its homologues in many gam-
maproteobacteria appear to primarily induce the transcription of
genes encoding these small nontranslated RNAs (sRNAs); these
include rsmB in P. wasabiae and Pectobacterium carotovorum and
rsmX, rsmY, and rsmZ in Pseudomonas syringae DC3000 or Pseu-
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domonas fluorescens (20, 25-29). RsmA homologues in related
gammaproteobacteria include CsrA in E. coli and S. enterica sero-
var Typhimurium and RsmA and RsmE in P. fluorescens (7,15, 17,
25, 28, 28, 30-32). RsmA has been proposed to be a key down-
stream component in the ExpS/ExpA regulatory network and has
been suggested as the main channel through which the homolo-
gous GacA/GacS systems operate in some phytopathogens (7, 15—
17,28, 32, 33).

Previous studies of the ExpS/ExpA TCS in P. wasabiae
SCC3193 have shown that it is a positive regulator of virulence
related traits, particularly PCWDE production and secretion (5, 7,
15). Accordingly, the negative regulation of these virulence-re-
lated genes in Pectobacterium by RsmA has been well documented
(7,8, 15,24, 25, 28). Recently, we conducted a microarray analysis
of the impact of an RsmA mutant on the global gene expression
pattern in P. wasabiae SCC3193 (23). The resulting data revealed
increased transcription of a number of genes involved in viru-
lence, as well as fermentation and glycogen metabolism in the
rsmA mutant. This prompted us to address the question of
whether all control of gene expression by ExpA is channeled
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through RsmA or whether there are ExpA-regulated genes that are
controlled independently of RsmA. There is evidence that in the
gammaproteobacteria Pseudomonas aeruginosa and P. fluorescens,
GacA activates the transcription of several sSRNA-encoding genes,
and each sRNA affects gene expression in a manner that is depen-
dent on or independent of RsmA (34). There are also studies sug-
gesting that GacA binds DNA regions upstream of virulence-re-
lated genes, affecting their expression directly (17). To further
examine the network of ExpA-mediated regulation in Pectobacte-
rium, we characterized the transcriptome in rsmA and expA single
mutants along with an expA rsmA double mutant, utilizing mi-
croarrays. Microarray results were confirmed by qPCR analysis of
selected genes and phenotypic assays for PCWDE production,
motility, virulence, and growth. Based on the microarray data, the
majority of the expA and double-mutant regulons were found to
overlap the RsmA regulon. Thus, our results demonstrate that
ExpA indeed controls expression of the majority of genes through
RsmA but also exerts control of a number of genes affecting viru-
lence and fitness through RsmA-independent mechanisms. These
ExpA-controlled genes are involved in oligogalacturonide trans-
port and metabolism, electron transport, and energy metabolism.
Furthermore, virulence regulators such as KdgR (6, 15, 35) and
CadC (36, 37) were found to be controlled by ExpA as well.

MATERIALS AND METHODS

Bacterial strains and mutant construction. The P. wasabiae expA mutant
strain used in this study was described in previous work (5). An rsmA
deletion mutant and an rsmA expA double mutant were constructed using
the lambda red recombination method (38), permitting the replacement
of the rsmA gene in wild-type P. wasabiae or in the already existing expA
mutant SCC3060 with a chloramphenicol resistance marker from plasmid
pKD3 (5). The same method was used to replace the phn cluster with the
antibiotic cassette, resulting in a phnGHIJKLMNP mutant. Mutants were
checked using primers for two PCRs as described in the original lambda
red recombination protocol, as well as by utilizing sequencing. Primers
utilized in P. wasabiae mutant and vector construction are listed in Tables
S1 and S2 in the supplemental material, and the strains used in this study
are listed in Table S3 in the supplemental material. A complemented
strain of the P. wasabiae expA mutant was constructed by PCR amplifica-
tion using the primers BSexpAF and BSexpAR (see Tables S1 and S2 in the
supplemental material) and cloning the resulting product into the Blue-
script SK plasmid (Stratagene).

Bacterial growth. The P. wasabiae wild type and mutants were cul-
tured in liquid minimal medium with 0.4% polygalacturonic acid (PGA)
as well as in liquid LB medium. Ampicillin (100 mg/liter), kanamycin (20
mg/liter), and chloramphenicol (20 mg/liter) were used when appropriate
(7, 39). For the construction of growth curves, the bacteria were cultured
in 30 ml of medium in 300-ml Erlenmeyer flasks, and the optical density at
600 nm (ODy,,) was measured at different time points. All bacterial in-
cubation was performed with 200-rpm rotation at 28°C. At least three
biological replicates were used for each strain to construct the growth
curves. The experiments were repeated at least three times.

RNA extraction and preparation for microarray hybridization. P.
wasabiae strains were cultured in a liquid minimal medium (39) supple-
mented with 0.4% PGA as the carbon source at 28°C and 200 rpm. PGA
has been used in previously published studies investigating the induction
of enzyme production in P. wasabiae. Because the rsmA mutant and the
double mutant grow at significantly decreased rates compared to the wild
type and expA mutants, we decided to perform transcriptome analysis at
different growth phases. Three separate biological replicates for each of
the four strains were grown to late logarithmic and early stationary phase.
RNA from the cultures was isolated based on a previously published ex-
traction protocol (40). The total RNA was then treated with the RNeasy
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MinElute (Qiagen) cleanup kit to remove genomic DNA and other pos-
sible contaminants. For the purified total RNA, we first used the Ambion
MICROBExpress kit, followed by the Ambion MessageAmp II-Bacteria
kit (all according to the manufacturer’s instructions), to synthesize ami-
noallyl-UTP-containing antisense RNA (aRNA) from purified mRNA.
The aRNA from each biological replicate of the four strains was coupled
with one of three different dyes: HyPer 5 (Amersham), Cy3 (Amersham),
and Alexa Fluor 488 (Invitrogen). Dye coupling was performed as de-
scribed in our previous microarray study of SCC3193 (23).

Microarray hybridization and analysis. The microarray platform
and the hybridization procedure for RNA samples were the same as those
described by Koiv et al. (23). Normalization and gene expression were
analyzed using the Bioconductor and Limma packages provided for the R
language. Print-tip LOESS was used for normalization of samples within
the individual arrays on the slide, and subsequently quantile normaliza-
tion (41, 42) was used for samples between the different arrays. The array
contained three 60-mer probes per gene, encompassing 4,571 open read-
ing frames (ORFs) of P. wasabiae SCC3193. As a cutoff to determine
significant differences in gene expression, we used a log, change of =0.5-
fold or =—0.5-fold and a false discovery rate (FDR) value of =0.05. Gene
expression comparisons between the strains resulting from this study are
listed in Data Sets S1 to S7 in the supplemental material.

Validation of microarray data via quantitative real-time RT-PCR.
The data from the microarray analysis were verified by quantitative real-
time RT-PCR of several genes of interest. Fresh RNA samples were col-
lected from the growth phases of interest for all strains involved in the
microarray analysis, using the method of RNA isolation described for
the microarray experiment. Total RNA was used to synthesize cDNA via
the Superscript VILO ¢cDNA synthesis kit (Life Technologies) follow-
ing the manufacturer’s instructions. Samples were then analyzed using
LightCycler 480 SYBR green I master mix (Roche) as the PCR master mix,
according to the manufacturer’s instructions. Two housekeeping genes
were used as reference genes, ffh (W5S_1021) and recA (W5S_1006),
which have been used as references for this type of experiment (43, 44).
The method used for data handling and calculation of fold change was the
27ACT method (45). Relative gene expression ratios less than 1.0 were
transformed to the negative inverse of the ratio. The genes that were an-
alyzed by qPCR along with the primers are listed in Table S1 in the sup-
plemental material.

Assays for enzyme activities. We utilized plate assays to estimate cel-
lulolytic and pectinolytic activity in the P. wasabiae strains as described in
previous investigation (3), using minimal medium supplemented with
0.4% PGA. For assaying cellulase activity, carboxymethylcellulose sodium
(Sigma-Aldrich) was used as the substrate, while polygalacturonic acid
sodium salt (Sigma-Aldrich) was used as the substrate for pectinase activ-
ity. The diameters of the emerging halos were measured and compared.

Swimming motility assay. A swimming motility assay was performed
with P. wasabiae strains using 0.3% agar in M9 minimal medium plates
containing 10 mM sucrose or 0.2% PGA as the carbon source. Cells were
cultured in LB until the early stationary phase and then washed with 10
mM MgSO, solution. Washed cells were then adjusted to an OD, value
of 0.2, and 3 pl of washed culture was subsequently pipetted into the
center of the agar plates. At least five replicate plates were used per strain,
and the plates were incubated at 28°C for 2 days. The diameter of the
swimming halo was measured, and the experiment was repeated at least
three times.

Phosphonate sensitivity assay. The growth of the P. wasabiae wild
type and that of mutant strains were tested in liquid minimal medium
supplemented with 1 mM glucose and various concentrations (10 puM,
100 uM, and 1 mM) of the phosphonate compounds N-(phosphometh-
yl)glycine or phosphomycin (Sigma-Aldrich). Bacteria were cultured in
30 ml medium in 300-ml Erlenmeyer flasks with shaking at 200 rpm in
28°C. Phosphonate sensitivity tests were performed on LB agar plates with
sterile Whatman paper discs soaked with a 1 mM solution of either phos-
phonate compound placed in the center.
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FIG 1 Bacterial strain growth curves in minimal medium. A growth curve was constructed based on cultures of wild-type P. wasabiae and the expA, rsmA, and
expA rsmA (DM) mutants grown on minimal liquid medium supplied with 0.4% PGA. The optical density at 600 nm was measured throughout the culture
growth, using cultures starting at an ODg, of approximately 0.008. The experiment was performed using three biological replicates for all strains. (A) Arrows
indicate the ODyg,s at the time points at which RNA was extracted from the strains for microarray or qPCR analysis, with dashed arrows indicating early
stationary phase. (B) Numbers of CFU per ml were calculated at five time points using biological duplicates of all strains. The statistical significance of mean
maximal cell density values according to the CFU/ml measurements was calculated using analysis of variance (ANOVA), and asterisks indicate statistical

significance (P < 0.05).

In planta growth in tobacco seedlings. The virulence of P. wasabiae
strains was tested on tobacco seedlings. Bacterial CFU were counted from
inoculated plants at 0, 24, and 48 h postinfection according to a previously
utilized protocol for tobacco seedling infections by Nykyri et al. (3). One
24-well plate with a tobacco seedling in each well was used per strain
during the infection experiments. At least three biological replicates, each
replicate sample consisting of the contents of two combined plants (ex-
cluding the roots), were sampled per time point for CFU counts. The
experiment was repeated three times. Resulting differences between
strains in terms of CFU/plant at the 24 and 48 h time points were statisti-
cally confirmed using Microsoft Excel software to calculate 2-tailed
Welch’s ¢ test, with a P value less than 0.05.

Microarray data accession number. A detailed microarray experi-
ment description and raw data are available in the GEO database under
accession number GSE47545.

RESULTS AND DISCUSSION

Microarrays for the expA-rsmA regulon analysis. In an effort to
expand upon previous gene expression studies of an SCC3193
expA mutant (4, 5, 7) and rsmA mutant (23) by determining the
regulatory hierarchical relationship between ExpA and RsmA, a
comparative transcriptome analysis utilizing microarrays and
real-time RT-PCR was performed. Both ExpA and RsmA in Pec-
tobacterium as well as their homologs in other bacteria are global
regulators that control large number of genes. ExpA and RsmA
have been indicated to have an opposite effect on the expression of
virulence-related and non-virulence-related genes in several bac-
teria (11, 15, 16, 23, 24, 28, 46, 47). The complexity of the corre-
sponding regulons and their intertwined nature, with RsmA me-
diating the effects of ExpA on downstream gene expression, make
the analysis of these regulons particularly challenging. To facilitate
this analysis and to identify potential genes specifically regulated
by ExpA, either directly or indirectly, we compared global down-
stream gene expression in both single mutants and an expA rsmA
double mutant by microarray analysis. Double mutants have been
increasingly utilized in large-scale microarray experiments to clar-
ify the roles of genes involved in related regulatory functions (48,

1974 aem.asm.org

49). Initially, the double mutant, the P. wasabiae wild type, and the
expA and rsmA single mutants were assessed for their growth phe-
notypes in liquid minimal medium supplemented with 0.4% PGA
(Fig. 1), which has been used to activate the ExpS/ExpA TCS (7).
While the expA mutant displayed growth similar to that of the wild
type, the maximum cell density of the rsmA mutant was severely
reduced, and the expA rsmA double mutant demonstrated a cell
density intermediate between those of the single mutants. The
drastically impaired growth of the rsmA mutant and the double
mutant in both culture media could partially be explained by an
uncontrolled overproduction of PCWDEs and other virulence
factors reducing the bacterial fitness (23 ); however, we cannot rule
out the possibility that other physiological factors may impact the
growth of these mutants. The large impact of an rsmA mutation on
growth made the transcriptome analysis particularly challenging,
and constructing the growth curves was essential to determining
the corresponding growth phases for RNA extraction in the dif-
ferent strains that were used (Fig. 1). In this study, samples for
microarray analysis were collected from bacterial cultures grown
to late logarithmic phase, as well as to early stationary phase, in
which ExpA homologs appear to be most active in gammaproteo-
bacteria (9, 11, 16, 32, 50). The microarray data from early station-
ary growth phase had a relatively low statistical significance and as
such were used only to support data from the logarithmic phase in
this study, using the same log, change but a P value cutoff of
=0.005. Genes mentioned specifically in this text can be found in
Data Set S7 in the supplemental material.

Characterization of the expA regulon in P. wasabiae. Based
on previous transcriptional analyses of expA mutants in Pseu-
domonas species, as well as from our previous rsmA mutant study,
we expected to see an impact on a significant part of the global
transcriptome. Virulence-related genes were expected to be
downregulated by an expA mutation, while genes involved in gly-
cogen metabolism, the citric acid cycle, and the electron transport
chain were expected to be upregulated (11, 23, 34, 49). Microarray
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FIG 2 COG dlassification of the gene expression data comparing mutants to the wild type. Clusters of orthologous groups (COG) classification of genes whose
expression was significantly different in the expA mutant, rsmA mutant, and expA rsmA double mutant (DM) compared to the wild type (wt) was based on the
late-logarithmic-growth-phase microarray data. The graphs show the numbers of genes within each group on the x axis and COG category on the y axis. The bars

are color coded to show what comparison they belong to.

analysis from samples of bacteria grown to late logarithmic phase
revealed 344 significantly differentially expressed genes out of the
4,571 ORFs present on the array between the expA mutant
SCC3060 and the wild type (see Data Set S1 in the supplemental
material). According to a COG (clusters of orthologous groups)
analysis of the microarray data, the differentially expressed genes
in the expA mutant were mainly involved in the following COG
categories; energy metabolism, protein turnover, inorganic ion
transport and metabolism, and carbohydrate and amino acid me-
tabolism, as well as unknown functions (Fig. 2). This type of global
effect of an expA mutation was expected based on evidence from
previous studies with expA and rsmB homologues (11, 23, 46, 49).
Some of the larger operons of significantly downregulated viru-
lence-related genes in the expA mutant were involved in the
general secretion pathway (gspSBCDEFGHIJKLMO operon,
W5S_1291 to W5S_1305), the type VI secretion system (T6SS)
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cluster called T6SS-1 in SCC3193 (3), the T6SS-related hcp and
vgrG genes, and PCWDE production. Many of these alterations in
gene expression were similar to those found in gacA mutants of
Pseudomonas species (11, 34, 46, 51, 52). When more relaxed sig-
nificance cutoff values (a P value of =0.005 instead of an FDR
of =0.05) were used, the downregulation of genes involved in
flagellar biosynthesis (fiRQPONMLKJIHGF, W5S_1790 to W5S_
1802) and phosphonate metabolism (phnGHIJKLMNP, W5S_
0593 to W5S_0601) was apparent as well in the expA mutant,
particularly during stationary growth (see Data Set S4 in the sup-
plemental material).

In contrast to the reduced expression of several major viru-
lence genes in the expA mutant, the microarray data analysis re-
vealed an increased expression of genes involved in glycogen me-
tabolism (glgPACXB, W5S_4290 to W5S_4294) and fumarate
reductase biosynthesis (frdABCD, W5S_4092 to W5S_4095), the
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FIG 3 Venn diagrams of gene expression data illustrating ExpA and RsmA regulon overlaps. Venn diagrams comparing significantly (FDR of =0.05; log, change
of =0.5-fold or =—0.5-fold) up- and downregulated genes between the expA and rsmA mutant, as determined by microarray analysis, using the expA rsmA
double mutant (DM) as a separator. The diagrams show the degree to which the regulons overlap between expA and rsmA based on the model of their opposing
effects on the expression of many genes. “Up” and “Down” indicate the groups of genes upregulated or downregulated in the mutant in comparisons of the expA
mutant to the wild type (ExpA), the rsmA mutant to the wild type (RsmA), and the expA rsmA double mutant to the wild type.

nitrate reductase-encoding operon nar[JHGKXL (W5S_2536 to
W5S_2542), the nitrite reductase-encoding nirBD (W5S_4204 to
W5S_4205), and the operon encoding cytochrome bo oxidase
synthesis (W5S_3266 to W5S_3270). The nar and nir clusters en-
code proteins for the utilization of nitrate and nitrite as alternative
electron transporters in anaerobic environments (53), which
could affect survival in the plant apoplast and, thus, propagation
and disease development. Furthermore, expression of kdgR
(W5S_2118) was decreased in the expA mutant, while cadC
(W5S_0954), which is involved in survival at low pH in other
bacteria (54), was upregulated. Our microarray data for genes
identified as differentially expressed in the expA mutant are sup-
ported by corresponding data for homologous genes identified as
belonging to the gacA regulon in related species, such as P. fluore-
scens Pf-5 and Pectobacterium atrosepticum (11, 46,49). In conclu-
sion, we have characterized the regulon controlled by ExpA in
SCC3193 and confirmed that genes involved in a variety of viru-
lence-related and non-virulence-related functions were affected
by ExpA inactivation (see Data Sets S1 and S4 in the supplemental
material).

Identification of the overlap between the ExpA and RsmA
regulons. Since RsmA has been identified as a main component of
the ExpS/ExpA regulatory pathway, it seemed likely that large
parts of their respective regulons would overlap and be regulated
in opposing ways. In particular, genes encoding virulence factors
such as secretion systems, PCWDE, and motility were expected to
be regulated in an opposing fashion, as indicated in earlier inves-
tigations (7, 15, 23). Out of the total 4,571 ORFs present on the
array, 1,274 genes had significantly altered expression in the rsmA
mutant relative to the wild type, and 1,211 had significantly dif-
ferent expression between the double mutant and the wild type
(see Data Sets S2 and S3 in the supplemental material), demon-
strating a significantly larger impact for RsmA on the transcrip-
tome than ExpA. The expected opposing up- and down-regula-
tion between ExpA and RsmA according to the microarray data is
summarized in Venn diagrams (Fig. 3; see also Data Sets S1 to S6
in the supplemental material). COG categorization of the array
data (Fig. 3) indicated that most of the genes affected in terms of
expression in the rsmA mutant were involved in energy turnover,
unknown functions, and amino acid and inorganic ion transport
and metabolism, with the double mutant exhibiting regulation of
the same groups. The regulation of genes within the mentioned
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groups by rsmA corresponds with evidence from previous studies
of P. wasabiae and related bacteria. The gene expression data for
the expA mutant compared to the wild type revealed a similar
emphasis on certain COG classifications, but with a smaller over-
all impact on the number of genes affected. This similarity of rel-
ative COG regulation in expA and rsmA mutants on the overall
transcriptome impact corresponds to the idea of ExpA modulat-
ing gene expression in ways that are both dependent on and inde-
pendent of RsmA.

Many of the genes identified as upregulated in the rsmA mu-
tant (and often in the double mutant as well) but downregulated
in the expA mutant encode virulence-related functions such as
secretion and motility or central metabolism (sdhABCD, encod-
ing succinate dehydrogenase, and sucABCD, encoding succinyl
CoA synthetase; W5S_3088 to W5S_3095). In contrast, genes
downregulated in the 7smA mutant and the double mutant but up-
regulated in the expA mutant are involved in metabolism; for exam-
ple, these include the previously described frdABCD, glgABCPX, nar,
and nir operons. Gene expression data from early stationary phase
suggested that downregulation of genes encoding PCWDEs, the
T6SS-related proteins VgrG and Hcp, and proteins involved in
flagellar biosynthesis was more prevalent in the stationary phase in
the expA mutant (Fig. 4; see also Data Set S2 in the supplemental
material), with an opposite effect being observed in the rsmA mu-
tant. Some of the genes involved in virulence aspects and metab-
olism, as well as those potentially regulated by ExpA indepen-
dently of RsmA (as identified in the microarray data), were
selected and further confirmed via qPCR (Table 1).

The microarray data indicated that genes in the T2SS and one
of the two T6SS operons (T6SS-1) were downregulated in the
expA mutant but upregulated in the rsmA mutant and the double
mutant (Fig. 4; also, see Data Sets S1 to S6 in the supplemental
material), in accordance with previous RsmA gene expression
data for P. wasabiae (23). Inactivation of these secretion systems
has been shown to reduce virulence of Pectobacterium species (3,
23,28, 55, 56). This ExpA/RsmA regulation of T6SS-related genes
is supported by data from previous studies of Pectobacterium and
Pseudomonas species (11, 23, 46, 49). T6SS-associated hcp and
vgrG genes were also found to be slightly downregulated in the
expA mutant, including W5S_1674, but upregulated in the
rsmA mutant. However, when the stationary-phase data were
analyzed using a P value of <0.005, the contrasting regulation
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FIG 4 Heat map of virulence-related genes according to microarray data. The heat map of unfiltered microarray results shows various plant cell wall-degrading
enzymes, secretion systems, and related proteins seen to be affected in comparisons of the expA mutant to wild-type SCC3193 (ExpA-wt), the rsmA mutant to the
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key translates observed changes to a red-green color gradient in the heat map. Color bars on the right indicate which virulence-related functional group the gene

belongs to.

March 2014 Volume 80 Number 6

aem.asm.org 1977


http://aem.asm.org

Broberg et al.

TABLE 1 Quantitative real time RT-PCR verification of genes with significantly altered expression in late-logarithmic-phase microarray data

Fold change”

qPCR Microarray
NCBI locus tag Gene expAlwt DM/wt rsmA/wt expAlwt DM/wt rsmA/wt
W5S_0060 hep —1.5 4.2 3.3 NA# 34 3.18
W5S_0593 phnG -1.1 3.7 11.9 NA 4.1 17.5
W5S5_0599 phnM —1.4 ND ND NA 3.9 17.8
W5S_0965 A0110 —7.6 10.2 16.9 —-2.9 NA 1.8
W5S_1006 recA Ref Ref Ref NA NA NA
W5S_1009 rsmA L5 <107* <107* NA —45.4 —14
W5S_1021 ffh Ref Ref Ref NA NA NA
W5S_2118 kdgR —5.5 —18.8 5.6 —1.67 —2.12 NA
W5S_2139 togB -1.8 -15 4.8 —2.0 -1.9 NA
W5S_2142 togM -39 —1.6 1.9 —2.6 —2.0 NA
W5S_2539 narG 1.4 —3.3 —3.8 2.8 —6.4 —5.0
W5S5_2933 moakE 24 -1.7 -1.3 2.4 NA NA
W5S_3266 cyoA 1.7 3.5 —-1.6 3.5 4.0 NA
W5S_3268 cyoC 3.0 5.5 -1.8 2.7 2.6 NA
W5S_4193 Pel 3 1.9 3.7 11.9 2.0 15.5 11.0
W5S_4205 nirD 1.5 —5.7 =79 2.4 —11.2 —6.5
W5S_4748 pelX —4.7 —1.6 -1.7 -2.9 -1.7 -2.2
No NCBI tag” rsmB —205 —146.7 -9 NA NA NA

“ Fold change was calculated via the 2724C" method, negatively inverting values of <1.0, for the expA mutant compared to the wild type (wt), the expA rsmA double mutant (DM)
compared to the wild type, and the rsmA mutant compared to the wild type. ND, not done; NA, not available from microarray data due to cutoff parameters; Ref, reference gene

used for the qPCR gene expression analysis.
b The gene encoding RsmB has not been annotated as such in the NCBI database.

by ExpA for this type of gene was apparent. These Hcp and
VgrG proteins may have roles in the T6SS, perhaps either as
effectors or as structural components (2, 57). Overall, the vir-
ulence-related secretion systems appear to be affected by ExpA
through the RsmA pathway.

In related gammaproteobacteria, both ExpA and RsmA have
been shown to impact flagellar biosynthesis and motility, which
are important virulence factors (5, 6, 11, 23, 47, 49, 58). The mi-
croarray data in this study and previous studies revealed that in-
activation of rsmA indeed has a positive impact on the expression
of flagellar biosynthesis- and motility-related fIh, flg, and fli oper-
ons in SCC3193 (23, 32, 50), while an expA mutation negatively
impacted expression of flagellum-related genes (see Data Sets S1
to S6 in the supplemental material). Notably, the cheABRWYZ
genes, which encode the proteins that have a central role in cou-
pling sensory receptors to the flagellar rotor system (59, 60), along
with motAB, which are involved in torque generation of the fla-
gellar rotor (61), were upregulated in rsmA and the double mu-
tant, while the expA mutant displayed significant downregulation
of several chemotaxis-related genes (W5S_1696, W5S_1733, and
W5S_4020). In previous work on SCC3193 (23), we observed that
an rsmA inactivation mutant had increased flagellation but
showed no motility on swimming motility agar plates. The expA
mutant also exhibited a decrease in swimming halo size (approx-
imately 31 mm in diameter) compared to the wild type (approxi-
mately 39 mm in diameter), as well as a lack of a defined halo edge,
when the motility agar was supplemented with PGA as the carbon
source but not when sucrose was the carbon source. The expA
complementation strain and the vector control confirmed this
finding (Fig. 5). The expA complementation strain demonstrated
an increased halo size (approximately 34 mm). This result sup-
ports the effects seen on the expA mutant expression of motility-
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FIG 5 ExpA impacts motility in PGA supplemented medium. Photographs
show results from bacterial swimming motility plate assays. Plates were made
from 0.3% (wt/vol) agar in M9 minimal medium supplemented with 0.2%
PGA as the carbon source. Bacteria from the P. wasabiae wild type (WT), the
expA mutant (ExpA), the expA mutant with complementation vector (ExpA +
pBSexpA), and the vector control (ExpA + pBS) were grown overnight and
subsequently pipetted onto the center of the plates. Plates were incubated for 2
days at 28°C, with at least five technical replicate plates per strain, and the
experiment was repeated at least 3 times. Five-pointed asterisks indicate P
values of 0.01 or less for comparison of the mean diameter of one strain to the
other strains, using one-way ANOVA with the Scheffe post hoc test. However,
diameters of the ExpA and ExpA+pBS vector control strains were not signif-
icantly different from each other (P < 0.01), as indicated by six-pointed aster-
isks.
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and chemotaxis-related genes in the microarray results, revealing
the impaired swimming motility of both the expA and rsmA mu-
tants and suggesting different regulation of certain aspects of mo-
tility.

The rsmA and double mutants demonstrated significantly up-
regulated expression of genes in the phnGHIJKLMNP operon, as
well as associated genes W5S_0590 to W5S_0592, during the log-
arithmic growth phase, compared to the wild type. In contrast, the
expA mutant demonstrated downregulation of this operon at the
stationary phase (see Data Sets S1 to S4 in the supplemental ma-
terial). The microarray results were supported by qPCR data for
phnG and phnM (Table 1). There are studies that have suggested
that genes involved in phosphonate transport and metabolism are
affected during bacterial interactions with plant tissue (62, 63). A
P. wasabiae deletion mutant of this operon was made to test
whether virulence was affected, possibly due to reduced phospho-
rus utilization by the mutant, but we did not observe any impact
on virulence in tobacco seedlings or potato tubers (data not
shown). A phosphonate sensitivity assay with phosphonate-con-
taining compounds suggested that high concentrations (over 100
mM) of N-(phosphomethyl)glycine or phosphomycin inhibited
bacterial growth in liquid media. However, no difference in sen-
sitivity was detected between the wild type and the phn operon
mutant (data not shown). The microarray data suggest that ExpA
seems to regulate this type of alternative phosphorus uptake via
RsmA, possibly affecting phosphonate utilization or survival in-
side and outside hosts (64, 65).

According to the array data, there was a significantly greater
impact on the global transcriptome during the logarithmic growth
phase in the rsmA mutant than the expA mutant compared to the
wild type. Aside from the negative regulation of virulence-related
traits already mentioned, positive RsmA regulation was observed
for genes involved in LPS synthesis, cell division, the enterobacte-
rial common antigen (ECA) cluster, and the glyoxylate shunt (see
Data Set S2 in the supplemental material). In conclusion, the over-
all transcriptome analysis data in this study suggest that via RsmA,
ExpA regulates the expression of many genes within nutrient
transport and metabolism, either directly or indirectly, and acts as
a positive regulator of many genes involved in virulence (Fig. 6). It
seems probable that this is also reflected in phenotypes such as cell
culture growth, cell size, and overall fitness. This observation is
bolstered by previous observations from gene expression studies
of the homologous gacA-rsmA pathway in related bacteria such as
P. atrosepticum and E. coli (8, 11, 23, 24, 31, 46-49).

Identification of genes regulated by ExpA independently of
RsmA. An important aspect of this study was to elucidate whether
ExpA operates only via RsmA in its regulation or whether poten-
tial differences in their regulons could be identified. As expA mu-
tants do not exhibit phenotypes that are completely opposite to
those of rsmA mutants regarding motility, growth, or virulence on
axenically grown tobacco, an incomplete overlap of their regulons
seemed plausible. the data suggest that over 10% of the 344 genes
found to be differentially expressed between the wild type and the
expA mutant were affected by ExpA, directly or indirectly, inde-
pendently of RsmA (Table 2). The genes were not found to be
significantly affected when the rsmA mutant was compared to the
wild type or when the double mutant was compared to the expA
mutant. These genes were not affected, as indicated by the data
from our previous microarray study of rsmA mutants (23) when
the same normalization and statistical procedures were applied to
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FIG 6 Regulation model of ExpA and RsmA in Pectobacterium wasabiae. A
putative conclusive regulatory scheme of rsmA and expA in SCC3193 for var-
ious functions and operons, possibly related to virulence functions, is shown.
This model is based on the results from the microarray analysis, virulence
assays, exoenzyme production assays, and growth curves. Arrows indicate pos-
itive regulation, direct or indirect, while truncated lines indicate negative reg-
ulation, direct or indirect. PDH, pyruvate dehydrogenase genes pdhCDR and
aceE.

all the data. The 37 genes, both up and downregulated, included
homologs of the togMNAB operon (W5S_2139 to W5S_2142)
(66), which were found here to be expressed less in the expA mu-
tant than in the wild type. The togMNAB operon has been found to
have a redundant role in oligogalacturonide transport from the
periplasm to the cytoplasm in the related soft rot phytopathogen
Dickeya dadantii (66). According to growth curves (Fig. 1), there
was no effect on the expA mutant growth rate in PGA-supple-
mented minimal medium despite lower expression of this operon.
Furthermore, the data for the expA mutant revealed reduced ex-
pression of W5S_0817, which encodes a similar protein of the
TogT oligogalacturonide transporter in D. dadantii. TogT actsasa
secondary transporter in addition to togMNAB. Mutating the
togM gene has been shown to reduce the virulence of D. dadantii
on chicory leaves (66), while mutating both togM and togT re-
sulted in a more pronounced loss of virulence and reduced sur-
vival in minimal medium with galacturonic acid as the sole carbon
source. The togMNAB operon has been implicated as negatively
regulated by kdgR (66), a regulatory gene that was found to be
downregulated only in the expA mutant. The KdgR protein is a
negative regulator of PCWDEs and virulence factors in general (1,
15, 66-68). Despite the reduced expression of kdgR in the expA
mutant, the togMNAB was still downregulated, suggesting a
higher hierarchical position for ExpA compared to KdgR in the
regulation of these genes. Additionally, W5S_2143, which encodes
the cytoplasmic protein PelW, was downregulated in the expA
mutant and appeared to be influenced by ExpA independently of
RsmA.

The operons encoding cytochrome o ubiquinol oxidase (cyo-
ABCDE, W5S_3266 to W5S_3270; upregulated in the expA mu-
tant) and for pyruvate dehydrogenase (pdhCDR and aceE,
W5S_3892 to W5S_3895; downregulated in the expA mutant)
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TABLE 2 Genes identified in microarray data analysis as affected by an expA mutation independently of an rsmA mutation

NCBI locus tag Gene name Log, FC, expA/wt® FDR® Description

W5S_0002 NA 0.514 0.01 DNA polymerase III, beta subunit

W5S_0389 NA 0.944 0.00 IS407A, transposase OrfA

W55_0399 exbD —0.501 0.03 TonB system transport protein ExbD

W5S_0685 dnaG 0.637 0.00 DNA primase

W5S_0817 melB —0.577 0.01 Oligogalacturonide transporter

W5S_0954 cadC 0.591 0.00 Transcriptional regulator, CadC

W5S_0955 NA 0.517 0.01 Putative exported protein

W5S_1120 NA —0.610 0.00 EAL domain containing protein involved in flagellar function
W5S_1458 uvrC —1.916 0.00 UvrABC system protein C

W5S_1502 NA —0.998 0.00 BpiB05

W5S_1546 NA 0.617 0.00 Putative exported protein

W5S_2118 kdgR —0.738 0.00 Transcriptional regulator KdgR

W5S_2139 togB —1.024 0.00 Oligogalacturonide ABC transporter

W5S_2140 togA —0.951 0.00 Carbohydrate ABC transporter ATP-binding protein
W5S_2141 togN —1.144 0.00 Oligogalacturonide ABC transporter, permease protein
W5S_2142 togM —1.384 0.00 Oligogalacturonide ABC transporter, permease protein
W5S_2143 pelw —1.134 0.00 Pectate disaccharide-lyase

W5S_2348 NA —0.821 0.00 Putative uncharacterized protein

W5S_2483 kdgM —0.558 0.01 Oligogalacturonate-specific porin

W5S_2701 cemH 0.497 0.02 Cytochrome c-type biogenesis protein CcmH
W5S_2740 ppsA 0.673 0.00 Phosphoenolpyruvate synthase

W5S_2741 ydiA 0.660 0.00 Putative phosphotransferase YdiA

W5S_2967 NA —0.504 0.02 Putative uncharacterized protein

W5S_2973 afuA —0.690 0.00 Ferric iron uptake ABC transporter (FeT) family, periplasmic iron-binding protein
W5S_3018 NA —0.507 0.02 Acylneuraminate cytidylyltransferase

W5S_3224 cstA 0.611 0.00 Carbon starvation protein A

W5S5_3266 cyoA 1.797 0.00 Cytochrome o ubiquinol oxidase, subunit II
W5S_3267 cyoB 1.452 0.00 Cytochrome o ubiquinol oxidase, subunit I

W5S_3268 cyoC 1.457 0.00 Cytochrome o ubiquinol oxidase, subunit IIT
W5S5_3269 cyoD 1.191 0.00 Cytochrome o ubiquinol oxidase, subunit IV
W5S_3270 cyoE 1.311 0.00 Protoheme IX farnesyltransferase

W5S_3294 brnQ 0.504 0.01 Branched-chain amino acid transport system II carrier protein
W5S_3526 rci 0.555 0.01 Shufflon-specific recombinase

W5S_3888 NA —0.753 0.00 Putative hydrolase YtaP

W5S_3892 aceF —0.525 0.01 Dihydrolipoyl dehydrogenase

W55_3893 aceE —0.593 0.00 Dihydrolipoamide acetyltransferase c

W5S_4652 dnaJ —0.516 0.02 Putative heat shock protein, Dna]J like

@ Fold change in the Pectobacterium wasabiae expA mutant compared to the wild type. NA, not applicable.

b False discovery rate.

were also affected by ExpA independently of RsmA. The effects
observed on genes involved in these two pathways were similar to
those observed for gacA mutants of Pseudomonas species (11, 46).
Cytochrome o ubiquinol oxidase is the terminal oxidase of the
electron transport chain during anaerobic growth. Results ob-
tained with Pseudomonas putida mutants have suggested that the
¢yoABCD operon is involved in catabolic repression and affects
the redox state of the cell (69), which may also affect virulence in
bacteria (70-72). The PDH pyruvate dehydrogenase complex
coded by pdhCD and aceE has been documented in E. coli to have
a role in connecting glycolysis with the citric acid cycle, and the
pdhR gene has been shown to negatively regulate the cyoABCD
operon and other operons involved in energy metabolism (73,
74). In conclusion, the overall gene expression data suggest that
both regulators control the expression of virulence-related genes
aswell as genes involved in general metabolism. However, the data
indicate that the ExpA regulon is partially independent of RsmA,
as the double mutant behaves similarly to the expA mutant, re-
gardless of RsmA presence. As such, expA may very well be an
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independent virulence regulator as well as working through the
rsmAB pathway in SCC3193.

PCWDE gene regulation and phenotypes. Previous studies
indicated the opposing effects of expA and rsmA mutants on
PCWDE biosynthesis in P. wasabiae, P. carotovorum, P. fluore-
scens, Pseudomonas chlororaphis, and S. Typhimurium (11, 15, 16,
23, 24, 48, 49). Consequently, we decided to elucidate this aspect
of virulence using our mutants to investigate the regulation of
Pel-, Peh-, Cel-, and Prt-encoding genes. Our microarray analysis
of this gene type revealed an upregulation of PCWDE genes such
as celV (W5S_2582) and pell123 (W5S_3319 and W5S_4192 to
W5S_4194) in the rsmA mutant and the double mutant during the
late logarithmic growth phase, with opposing regulation exhibited
by expA at stationary growth phase (see Data Sets S1 to S6 in the
supplemental material). Plate assays were utilized to visualize en-
zymatic activity to confirm the microarray data. These plate tests
indicated that both the rsmA mutant and the double mutant dem-
onstrated higher activity of pectolytic enzymes and cellulase in the
medium, while the expA mutant produced no detectable pecto-
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FIG 7 The ExpA RsmA double mutant exhibits cellulase and pectolytic en-
zyme activities similar to those of the RsmA mutant. Bacteria were grown to
stationary phase on liquid minimal medium supplemented with 0.4% PGA.
Cells were subsequently pelleted, and the supernatant was diluted 2, 3, and 5
times. The different dilutions were pipetted onto LB plates containing polyga-
lacturonic acid to test for pectolytic enzyme activity (A) or carboxymethylcel-
lulose to test for cellulase activity (B) in 20-l drops. In the assay, we used five
replicate drops per dilution per strain. (C) The diameters of cleared circles on
the plates were measured and compared between strains.

lytic enzyme or cellulase activity in the medium (Fig. 7). The rea-
son for these phenotypes was indicated by the microarray results,
in which the double mutant and rsmA mutant strains showed
enhanced expression of a number of genes involved in PCWDE
biosynthesis, including those encoding various pectate lyases, an
expansin, and a polygalacturonase, along with genes involved in
T2SS (see Data Sets S2 and S3 in the supplemental material). In
contrast, the expA mutant demonstrated a few significantly down-
regulated PCWDE-encoding genes during the logarithmic growth
phase, with an even more noticeable reduction in expression at the
stationary growth phase (see Data Sets S1 and S4 in the supple-
mental material). During logarithmic growth, however, two genes
encoding products involved in the breakdown of plant cell wall de-
rivatives appeared to be exceptions to the model of ExpA regulation
via RsmA; the gene encoding pectate lyase 3 (W5S_4193) had in-
creased expression in all mutant strains compared to the wild type,
and pelX (W5S_4748) had reduced expression in all mutants. These
effects were confirmed by qPCR (Table 1). In conclusion (Fig. 6),
expA seems to control PCWDE production through its interaction
with rsmA, as the double mutant and rsmA mutant have similar phe-
notypes and transcriptome effects. However, gene expression data
also suggest that ExpA regulates the expression of some PCWDE-
related genes independently of RsmA. In addition, our qPCR analysis
showed that rsmB was downregulated in all mutant strains compared
to the wild type, particularly the double mutant, which is supported
by studies showing that rsmB RNA is stabilized and maintained in
part by RsmA itself (25).

Effects of ExpA and RsmA on the virulence of P. wasabiae.
The P. wasabiae expA mutant has been shown to be avirulent,
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FIG 8 The ExpA RsmA double mutant is more virulent than either of the
single mutants during infection on axenically grown tobacco seedlings. The
wild-type and expA mutant strains were grown overnight in LB medium, while
the double mutant (DM) and rsmA mutant were grown in the same medium
for 2 days. These strains were subsequently washed twice in 10 mM MgSO,.
The washed cultures were equalized at an ODy, 0f 0.1, and 1.5 pl was pipetted
onto wounds in the leaves of 16-day-old in vitro tobacco seedlings. The plants
were grown in sterile 24-well plates, each well containing one plant. For each
experimental replicate, one 24-well plate was used for the inoculation of each
strain. Inoculated plants were incubated in darkness at room temperature for
0, 24, and 48 h before the bacterial CFU from harvested plants were counted.
At least six plants per plate were used to count CFU at each time point and for
each strain. In the graph, CFU/plant signifies the number of CFU from the
dilution series on LB plates at 0, 24, or 48 h postinfection. All comparisons of
numbers of CFU/plant between the strains had a statistical significance of
<0.05 using the two-tailed Welch’s ¢ test in Microsoft Excel.

while rsmA mutants have been considered hypervirulent (5, 7, 15,
16, 23, 24, 28). However, these interpretations depend on the type
of virulence assays employed; for example, maceration assays
measure PCWDE production rather than virulence-associated
lifestyle, i.e., the ability to propagate in planta (75). When bacterial
growth in planta on tobacco is being assessed as a measure of
virulence (Fig. 8), the expA mutant clearly demonstrated impaired
virulence, with only slight initial growth inside the plant tissue
during the first 48 h and without visible maceration due to alack of
PCWDE biosynthesis. In contrast, the double mutant and the
rsmA mutant exhibited significant maceration of plant tissues at
the infection site, although this was somewhat greater in the dou-
ble mutant. As the growth rate was still highly impaired in all
mutant strains, they could be considered mutants with reduced
virulence. The double mutant proved to be more virulent than
either single mutant, although it was still significantly less virulent
than the wild type (Fig. 8). It seems possible that this effect is the
result of a combination of greater growth of the double mutant,
compared to the rsmA mutant, and the almost similar production
of many virulence-related proteins, such as PCWDEs. However,
the overproduction of virulence determinants along with im-
paired growth clearly reduces the fitness of these mutants, result-
ing in a reduced-virulence phenotype. Furthermore, studies of the
impact on virulence in rsmA mutants in related gammaproteobac-
teria have revealed that the situation is more complex than simply
exhibiting an opposing phenotype to expA inactivation, and var-
ious pathogenicity-related phenotypes have been noted depend-
ing on the experiment (16).

It appears that that expA operates through rsmA for many
functions, including, as previously established, the PCWDE-
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biosynthetic pathways, as well as control of secretion systems,
chemotaxis, and flagellar biosynthesis, and different metabolic
functions. However, ExpA also exerts effects that are separate
from those of RsmA on virulence and fitness, leading to the
phenotypes we observed in the mutants. It is important to re-
member, however, that the microarray data as well as the vir-
ulence tests and growth assays show that expA also regulates
functions involved in PCWDE production, various forms of
metabolism, and energy conversion independently of rsmA.
In conclusion, these data indeed confirm that ExpA is a positive
regulator of a number of central virulence traits such as
PCWDE production and secretion, in a regulatory hierarchy
above the negative virulence regulators KdgR and RsmA. Fur-
thermore, ExpA appears to have a regulatory role in determin-
ing the redox state of the cell as well, positively regulating PGA
uptake and metabolism, and yet, mutation of expA causes the
bacterial population to exhibit increased growth when RsmaA is
already deleted in a medium in which PGA is the sole carbon
source. This may be related to the upregulation of proton-
exporting systems such as cytochrome o ubiquinole oxidase in
the expA mutant and may affect the regulation of internal pro-
ton levels in the acidic environment.

There are indications that ExpS/ExpA and similar TCS in phy-
topathogenic enterobacteria are activated by acidic plant com-
pounds such as PGA, o-coumaric acid, and p-coumaric acid (1,
76). ExpA together with KdgR may be part of a complex system
controlled by acidity, perhaps by plant compounds, as a bacterial
response to plant stimuli. Consequently, ExpA would activate
transport and metabolism of plant compounds and subsequently
trigger virulence via inhibition of RsmA virulence repression,
while KdgR represses virulence, but independently of RsmA, as a
response to the absence of 2-keto-3-deoxygluconate. The possible
fine-tuning of virulence might be partially due to intracellular
activity such as redox potential. Genes involved in redox potential
chemistry were observed to be affected in the expA mutant in this
study (see Data Set S1 in the supplemental material) and have
been inferred to affect virulence in, for example, studies of animal
pathogens (71, 72, 77, 78).

Therefore, there is a need for more work to fully map and
understand these two regulators and their respective regulons. A
schematic model can be presented to summarize the interactions
in the global transcriptome controlled by the expA-rsmA pathway
in P. wasabiae SCC3193 (Fig. 6). This study provides an approach
of transcriptomics combined with microbial genetics and physi-
ology to elucidate regulatory networks with many interacting reg-
ulators, highlighting the complexities of the RsmA and ExpA net-
works and showing how interwoven bacterial functions and
regulation can be.
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