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SUMMARY

LysR-type transcriptional regulators (LTTRs) are ubiquitous and
abundant amongst bacteria and control a variety of cellular proc-
esses. Here, we investigated the effect of Rsc1880 (a putative
LTTR, hereafter designated as PrhO) on the pathogenicity of Ral-
stonia solanacearum. Deletion of prhO substantially reduced the
expression of the type Ill secretion system (T3SS) both in vitro
and in planta, and resulted in significantly impaired virulence in
tomato and tobacco plants. Complementary prhO completely
restored the reduced virulence and T3SS expression to that of the
wild-type. Moreover, PrhO-dependent T3SS and virulence were
conserved amongst R. solanacearum species. However, deletion
of prhO did not alter biofilm formation, swimming mobility and
in planta growth. The expression of some type IIl effectors was
significantly reduced in prhO mutants, but the hypersensitive
response was not affected in tobacco leaves. Consistent with the
key regulatory role of HrpB on T3SS, PrhO positively regulated
the T3SS through HrpB. Furthermore, PrhO regulated hrpB
expression via two close paralogues, HrpG and PrhG, which are
two-component response regulators and positively regulate hrpB
expression in a parallel manner. However, deletion of prhO did
not alter the expression of phcA, prhJ and prhN, which are also
involved in hrpB regulation. In addition, PrhO was expressed in a
cell density-dependent manner, but negatively repressed by
itself. No regulation was observed for HrpB, PhcA and PrhN on
prhO expression. Taken together, we genetically demonstrated
that PrhO is a novel virulence regulator of R. solanacearum,
which positively regulates T3SS expression through HrpG, PrhG
and HrpB and contributes to virulence.
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INTRODUCTION

The LysR-type transcriptional regulators (LTTRs), which contain an
N-terminal helix-turn-helix (HTH) DNA-binding domain and a C-
terminal co-inducer-binding domain, are one of the largest fami-
lies of regulators (more than 4000 orthologues) in diverse bacte-
ria, archaea and algae (Maddocks and Oyston, 2008; Reen et al.,
2013; Schell, 1993). Extensive research has generally character-
ized LTTRs as extremely abundant, similar sized (300-350 amino
acids), positively or negatively auto-regulated, and global regula-
tors of diverse cellular processes (Heroven et al., 2004; Maddocks
and Oyston, 2008). LTTRs activate or repress transcription by
affecting the efficiency of transcription initiation, and hence con-
trol a great variety of cellular processes, including metabolism, the
oxidative stress response, antibiotic resistance, quorum sensing,
cell motility and virulence (Herandez-Lucas et al, 2008;
Maddocks and Oyston, 2008; Sperandio et al., 2002). Most LTTRs
regulate the transcription of closely linked or genes in operon,
whereas some regulate multiple unlinked genes (Maddocks and
Oyston, 2008; Schell, 1993). To date, numerous LTTRs have been
identified to be important for the virulence of many pathogenic
bacteria of humans, animals and plants (Habdas et al, 2010;
Huang et al, 1998; Jin et al, 2011; Rashid et al, 2016). For
instance, BexR, MexT and MvfR regulate genes for virulence and
antibiotic resistance in Pseudomonas aeruginosa (Deziel et al.,
2005; Jin et al, 2011; Keith et al, 2009; Reen et al, 2013). In
Escherichia coli, 0157, QseA and QseD integrate several signalling
networks and contribute to virulence (Habdas et al., 2010; Kendall
et al, 2010). In the phytopathogenic bacterium, Ralstonia solana-
cearum, PhcA, a quorum-sensing-dependent LTTR, has been well
characterized as a global regulator that controls the expression of
diverse virulence-related genes, including those involved in plant
cell wall degradation, motility, synthesis of extracellular polysac-
charide (EPS) and the type IIl secretion system (T3SS) (Bhatt and
Denny, 2004; Brumbley et al, 1993; Genin et al, 2005; Huang
etal, 1995).

Ralstonia solanacearum, the causal agent of bacterial wilt of
plants, is a Gram-negative, soil-borne, vascular bacterium which
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causes severe losses in many economically important plants
worldwide (Genin, 2010). As a vascular bacterium, it generally
invades the xylem vessels through root wounds or natural open-
ings (Vasse et al, 1995). Once inside the xylem vessels,
R. solanacearum proliferates extensively and produces a huge
amount of EPS slime, which severely blocks sap flow in xylem ves-
sels and causes rapid stunting and wilting of plants (Denny, 1995;
Roberts et al, 1988). In addition to EPS, the syringe-like T3SS is
essential for the infection process of R. solanacearum in host plants
(Boucher et al, 1987, Galan and Wolf-Watz, 2006; Lindgren,
1997). Bacteria use it to inject virulence factors, called type Il
effectors (T3Es), into host cytosol to subvert host defence and
cause diseases (Cunnac et al, 2004; Fujiwara et al, 2016; Popa
et al, 2016; Tasset et al, 2010). Ralstonia solanacearum is highly
heterogeneous, which might be responsible for its extremely broad
range of host species (Genin and Denny, 2012). The T3SS in
R. solanacearum is encoded by approximately 20 genes located in
the hypersensitive response and pathogenicity (hrp) gene
cluster (Arlat et al, 1992), and is highly conserved amongst
R. solanacearum species (Coll and Valls, 2013; Genin and Denny,
2012). Moreover, R. solanacearum harbours an unusually large rep-
ertoire of T3Es (average of more than 70 T3Es per strain and total
of more than 110 T3Es amongst R. solanacearum species), which
is extremely more abundant than those of any closely related phy-
topathogenic bacterium, i.e. 20-30 T3Es in Pseudomonas syringae,
10-15 T3Es in Erwinia spp. and approximately 40 T3Es in Xantho-
monas spp. To date, about 30 T3Es have been functionally charac-
terized in the interaction between R. solanacearum and host cells
(Coll and Valls, 2013; Peeters et al,, 2013; Tasset et al., 2010).

The T3SS and entire T3Es in R. solanacearum are directly con-
trolled by the master regulator HrpB, an AraC family transcrip-
tional regulator (Angot et al, 2006; Mukaihara et al, 2004,
2010). The expression of hrpB, T3SS and T3Es is repressed in
nutrient-rich medium, but activated in nutrient-limited medium,
which might mimic plant apoplastic fluids, and can be increased
to much higher levels when in contact with host plants or when
invading host plants (Arlat et al, 1992; Clough et al, 1997;
Marenda et al, 1998; Yoshimochi et al, 2009b). Two close
paralogues, HrpG and PrhG, which belong to the OmpR/PhoB
family of two-component response regulators, positively regulate
hrpB expression in a parallel manner (Plener et al, 2010; Zhang
et al, 2013). Plant signals or certain mimic signals are presumed
to be recognized by an outer membrane protein PrhA, and trans-
ferred to HrpG through the PrhA—PrhR/I-PrhJ-HrpG signalling cas-
cade (Marenda et al, 1998; Valls et al, 2006). HrpG and PrhG
respond to host signals by phosphorylation at certain residues and
greatly enhance hrpB expression, but the regulation mechanism
remains to be further elucidated (Yoshimochi et al,, 2009b). More-
over, a well-characterized global LTTR regulator, PhcA, negatively
regulates hrpB expression, which is activated at high cell density

Regulation of LTTR PrhO on T3SS in R. solanacearum 1809

and binds to the promoter of prhl/R genes to repress their expres-
sion; this, in turn, shuts down the expression of prhJ, hrpG, hipB
and T3SS (Genin et al.,, 2005; Yoshimochi et al., 2009a). Different
from HrpG, PrhG is independent of the PrhA cascade, and is posi-
tively regulated by PhcA and PrhN (Zhang et al,, 2017, 2011).

In order to further elucidate the regulation of T3SS, we gener-
ated a popA-lacZYA fusion, which belongs to T3Es, to monitor the
expression profiles of T3SS in R. solanacearum. The generated
reporter strains exhibited identical virulence and T3SS expression
to those of wild-type strains under different conditions (Yoshimo-
chi et al, 2009b; Zhang et al, 2013). We screened 43 T3SS-
related candidates in the OE1-1 strain with transposon mutagene-
sis (Zhang et al, 2013). Amongst them is Rsc1880, a putative
LTTR (hereafter designated as Prh0). The expression level of the
T3SS was substantially reduced in prhO transposon mutants. In
total, 63 transcriptional regulators are predicted to be LTTRs in
the genome of the OE1-1 strain, but only PhcA has been function-
ally characterized to date. Here, we investigated the role of PrhO
in the regulation of T3SS expression and virulence in
R. solanacearum.

RESULTS

PrhO positively regulates the T3SS expression of
R. solanacearum species both in vitro and in planta

Previously, we used a popA-lacZYA fusion in OE1-1 (RK5050) to
monitor T3SS expression and screened several T3SS-related candi-
dates (Zhang et al, 2013). Here, we generated a prhO in-frame-
deleted mutant RK5738 (RK5050, AprhO) to confirm its effect on
T3SS expression. Consistent with observations in transposon
mutants, popA expression was substantially reduced in RK5738
(97 versus 293 Miller units of RK5050) in hrp-inducing (sucrose)
medium, and complementary prhO completely restored the
reduced popA expression to that of RK5050 (Fig. 1a), confirming
that PrhO positively regulates T3SS expression of OE1-1 in hrp-
inducing medium.

Ralstonia solanacearum species are highly heterogeneous, and
strains usually show different properties in pathogenicity. For
example, strain OE1-1 is virulent in both tomato and tobacco
plants, whereas strain GMI1000 is virulent in tomato plants, but
elicits a hypersensitive response (HR) in tobacco leaves. PrhOs are
highly conserved in R. solanacearum species that exhibit more
than 90% identity at the amino acid level. We therefore deleted
prhO from GFO01 (GMI1000, popA-lacZYA) to evaluate its role in
GMI1000. Consistent with the observations in OE1-1, popA
expression was substantially reduced in GF0094 (GF001, AprhO)
(Fig. 1a). As expected, OE1-1 PrhO completely restored the
reduced popA expression in GF0094 to that of GF001 (Fig. 1a),
suggesting that the PrhO-dependent expression of T3SS is con-
served amongst R. solanacearum species.
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Fig. 1 Expression of popA in Ralstonia solanacearum strains. (a) Expression
of popAin OE1-1 (left) and GMI1000 (right) derivatives grown in hrp-inducing
medium. (b) Expression of popA in OE1-1 derivatives in planta. (c) Expression
of popA in GMI1000 derivatives in planta. Black column, RK5050 (OE1-1,
PopA-lacZYA) or GFO01 (GMI1000, popA-lacZYA); white column, prhO
mutants RQ5738 (RK5050, Aprh0) or GF0094 (GF001, AprhO); gray column,
prhO complemented strains RQC0090 (RQ5738 + prh0) or RQCO095
(GF0094 + prhO). (a) Cells were grown in hrp-inducing medium to an optical
density at 600 nm (ODgg) of approximately 0.1 and subjected to B-
galactosidase assay. Enzymatic activities are presented in Miller units. (b, )
Tomato plants were inoculated with R. solanacearum strains using petiole
inoculation and stem species were removed at 3—6 days post-inoculation (dpi)
for enzyme assay in planta with a Galacto-Light Plus kit (Life, USA). Cell
numbers were quantified by dilution plating and luminescence was evaluated
using a GloMax20 luminometer (Promega, USA). Enzymatic activity was
presented as luminescence normalized by the cell number. RLU, relative
luminescence unit. The mean values of four independent experiments with
four replications per trial were averaged and presented with standard
deviation (SD) (error bars). Significance level: *P < 0.05; **P < 0.01 (t-test).

T3SS expression can be increased to a much higher level
in planta than that in hrp-inducing medium. We therefore eval-
uated whether T3SS expression in planta was altered with prhO
deletion. When directly inoculated into xylem by petiole inocula-
tion, R. solanacearum causes wilting and death in tomato plants
at 3 and 7 days post-inoculation (dpi), respectively. Hence, bacte-
rial cells were collected daily from petiole-inoculated tomato stems
at 3-6 dpi and subjected to enzyme assay. The two prhO mutants,
including derivatives of OE1-1 (RK5738) (Fig. 1b) and GMI1000
(GF0094) (Fig. 1c), exhibited significantly reduced T3SS expression
at 3-5 dpi (P < 0.01) compared with that of wild-type strains in
tomato stems (Fig. 1b,c). At 6 dpi, T3SS expression in GF0094 was
not changed (P = 0.31) (Fig. 1c), but slightly reduced in RK5738
(P < 0.05) (Fig. 1b). Our data indicate that the in planta expres-
sion of R. solanacearum T3SS is also positively requlated by PrhO.

PrhO positively regulates the expression of some T3Es
in R. solanacearum

The R. solanacearum species complex harbours more than 110
T3Es, with some playing important roles during the infection pro-
cess in host plants. PopA is a T3E, and we therefore evaluated
whether the expression of T3Es was altered with prhO deletion.
Total RNA was isolated from GF001 (GMI1000, popA-lacZYA) and
GF0094 (GF001, Aprh0), and mRNA levels of ripAA, ripB, ripD,
ripk, rip0, ripPl, ripR, ripTAL, ripW and ripX (popA) were quanti-
fied by quantitative reverse transcription-polymerase chain reac-
tion (qRT-PCR). Consistent with results from the enzyme assay,
the mRNA level of ripX was significantly reduced in GF0094 rela-
tive to that of the wild-type strain GF001 (P < 0.01) (Fig. 2). The
mRNA levels of ripAA, ripB, ripD, ripE, ripO, ripPl and ripW were
also significantly reduced (P < 0.01), and those of ripR and ripTAL
were slightly reduced (P < 0.05), compared with that of the wild-
type strain GFOO1 (Fig. 2), suggesting that the expression of some
T3Es is also positively regulated by PrhO in R. solanacearum.

PrhO contributes to the virulence of R. solanacearum
in host plants

T3SS and some T3Es play important roles in the pathogenicity of
R. solanacearum, and we therefore evaluated the contribution of
PrhO to pathogenicity. With soil-soaking inoculation, which
mimics natural invasion through roots, wild-type strains caused
wilting and death of most tomato plants within 10 dpi (Fig. 3a,b).
In contrast, the two prhO mutants, including derivatives of OE1-1
(Fig. 3a) and GMI1000 (Fig. 3b), caused the eventual death of
only about half of the tested tomato plants, and about half of the
tomato plants remained healthy or only slightly wilted up to
15 dpi (Fig. 3a,b). With petiole inoculation, by which bacteria
could invade xylem vessels directly, significantly reduced virulence
was also observed in RQ5738 (Fig. 3c). When complemented with
PrhO, the reduced virulence in prhO mutants was completely
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Fig. 2 Relative expression of selected type IIl effector (T3E) genes in Ralstonia solanacearum. Total RNA was isolated from GFO01 and prhO mutant (GF0094), and
mRNA levels of representative T3E genes in hrp-inducing medium were determined by quantitative reverse transcription-polymerase chain reaction (qRT-PCR). serC
was selected as reference for normalization. Normalized values of GF0094 were divided by those of GFO01 and relative values (relative expression) are presented.
Mean values of at least three independent trials were averaged and are presented with standard deviation (SD) (error bars). Statistical significance was assessed
between normalized values of GF001 and GF0094. Significance level: *P < 0.05; **P < 0.01 (ttest).
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Fig. 3 Pathogenicity test. Ralstonia solanacearum strains used: (a, ¢, d) OE1-1 derivatives; (b) GMI1000 derivatives. Test plants: (a, b, ) tomato plants; (d) tobacco
plants. Inoculation methods: (a, b) soil-soaking inoculation; a bacterial suspension was poured into the soil of plants at a final concentration of 107 colony-forming
units (cfu)/g of soil; (c) petiole inoculation; about 3 pl of bacterial suspension at 108 cfu/mL was dropped onto the freshly cut petiole surface; (d) leaf infiltration in
tobacco leaves; about 50 uL of bacterial suspension at 108 cfu/mL was infiltrated into tobacco leaves with a blunt-end syringe. Filled circles, wild-type strains; filled
triangles, prhO mutants; filled squares, prhO mutants complemented with OE1-1 prhO. Plants were inspected daily for wilting symptoms and scored on a disease
index scale of 0-4 (0, no wilting; 1, 1%—-25% wilting; 2, 26%-50% wilting; 3, 51%—75% wilting; 4, 76%—100% wilting or death). dpi, days post-inoculation. Each
assay was repeated in four independent trials and each trial contained at least 12 plants. Mean values of all results were averaged and are presented with standard
deviation (SD) (error bars). Significance level: *P < 0.05; **P < 0.01 (t-test).
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Fig. 4 Bacterial growth in planta. Tomato plants were inoculated with OE1-1
derivatives using petiole inoculation (a) and soil-soaking inoculation (b), and
stem species were removed for quantification by dilution plating. Black
column, RK5050; gray column, prhO mutant (RQ5738). cfu, colony-forming
unit; dpi, days post-inoculation. Each assay was repeated in four independent
trials and each trial contained at least 12 plants. Mean values of all results
were averaged and are presented with standard deviation (SD) (error bars).

restored to that of the wild-type (Fig. 3a—c). We also evaluated
the effect of PrhO on the virulence of OE1-1 in tobacco plants.
With leaf infiltration, significantly reduced virulence was also
observed in RQ5738, as about half of the RK5Q38-inoculated
tobacco plants remained healthy or slightly wilted even up to
24 dpi (Fig. 3d). These results confirm that PrhO is important for
the virulence of R. solanacearum species in different host plants.

PrhO is not required for bacterial growth in planta or
HR elicitation in tobacco leaves

As an avascular pathogen, extensive proliferation in xylem vessels
is one of the most important pathogenicity determinants in
R. solanacearum. We therefore evaluated whether the impaired
virulence of prhO mutants was a result of defective bacterial
growth in host plants. With petiole inoculation of wild-type
strains, tomato plants normally started to wilt at 3 dpi and died at

7 dpi; hence, we collected and quantified RK5738 cells from
tomato stems at 4 and 6 dpi, respectively. RQ5738 exhibited simi-
lar bacterial growth to that of RK5050 in tomato stems (Fig. 4a).
With soil-soaking inoculation, no difference was observed in
bacterial growth between RQ5738 and RK5050 in tomato stems
(Fig. 4b), suggesting that PrhO is not required for the bacterial
growth of R. solanacearum in host plants.

GMI1000 elicits HR in tobacco leaves, and some T3Es are
responsible for HR elicitation. We therefore evaluated whether
prho deletion could alter the HR elicitation of GMI1000 in tobacco
leaves. The generated popA-lacZYA strain (GF001) exhibited iden-
tical HR development to GMI1000 in tobacco leaves (Zhang et al.,
2017). Moreover, tobacco (Nicotiana tabacum BY) leaves were
infiltrated with GF0094 and GF001, and the development of
necrotic lesions was investigated periodically. It was intriguing
that GF0094 exhibited almost identical development of necrotic
lesions to that of GF001 in tobacco leaves (Fig. 5), indicating that
PrhO is not involved in the HR elicitation of GMI1000 in tobacco
leaves.

PrhO positively regulates T3SS expression through
HrpG and PrhG to HrpB

The expression of T3SS and T3Es is directly controlled by HrpB. We
thus deleted prhO from RK5046 (OE1-1, hrpB-lacZYA) to evaluate
its impact on hrpB expression. Our results showed that hrpB expres-
sion was significantly reduced in RQ5940 (hrpB-lacZYA, AprhO) in
hrp-inducing medium, and complementary PrhO completely restored
hipB expression to that of RK5046 (Fig. 6a), suggesting that the
regulation of PrhO on T3SS is mediated through HrpB.

The expression of hrpB is positively regulated by both HrpG
and PrhG in a parallel manner. Furthermore, we deleted prhO
from RK5120 (OE1-1, hrpG-lacZYA) and RK5212 (OE1-1, prhG-lac-
ZYA) to evaluate its impact on the expression of hrpG and prhG.
hrpG expression was almost abolished in RQ5978 (RK5120,
AprhO) in both rich medium (51 versus 1222 Miller units of
RK5120) and hrp-inducing medium (32 versus 343 Miller units of
RK5120) (P < 0.01) (Fig. 6b). Similarly, the expression of prhG
was also significantly reduced in RQ5980 (RK5212, AprhO), but
only in hrp-inducing medium (190 versus 3197 Miller units of
RK5212) (P < 0.01) (Fig. 6¢).

The expression of hrpG is positively requlated by the PrhA—
Prhl/R—PrhJ signalling cascade, but negatively regulated by PhcA-
mediated Prhl/R. However, the expression of prhG is positively
requlated by PhcA and PrhN, but independent of the PrhA cas-
cade. We thus deleted prhO from RK5043 (OE1-1, phcA-lacZYA),
RK5124 (OE1-1, prh)-lacZYA) and RK5619 (OE1-1, prhN-lacZYA)
to evaluate its impact on the expression of phcA, prhJ and
PrhN. However, deletion of prhO did not alter the expression lev-
els of prhJ, phcA or prhN in either rich or hrp-inducing medium
(Fig. 6d-f). Taken together, these data indicate that PrhO
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Fig. 5 Hypersensitive response (HR) test. Approximately 50 uL of bacterial suspension at 10® colony-forming units (cfu)/mL was infiltrated into tobacco leaves with a
blunt-end syringe. (A) GFO01 (GMI1000, popA-lacZYA); (B) GF0094 (GF001, Aprh0); (C) RQC0095 (GF0094 complemented with prh0); (D) distilled water. The
development of necrotic lesions was observed periodically and photographs were taken. Each experiment was repeated four times and each treatment contained four
plants. The results presented are from a representative experiment, and similar results were obtained in all experiments.

positively regulates T3SS expression through HrpG and PrhG to
HrpB, but not through the PrhA—Prhl/R—PrhJ signalling cascade,
PhcA or PrhN.

PrhO is not required for biofilm formation and
swimming motility in R. solanacearum

EPS production, biofilm formation and swimming motility are also
important for the virulence of R. solanacearum in host plants and
are globally controlled by PhcA (a representative LTTR in
R. solanacearum). The prhO mutants remained mucoid on agar
plates, indicating that EPS production was not abolished with
prhO deletion. In polystyrene microtitre plates, RQ5738 exhibited
biofilm formation similar to that of the wild-type in rich medium
(Fig. 7a). On semi-solid motility agar plates, RQ5738 produced
swimming halos similar to those of the wild-type strain. All of
these results suggest that PrhO is not required for EPS production,
biofilm formation or swimming motility in R. solanacearum.

PrhO is expressed in a cell density-dependent manner
and negatively represses it expression, but there is
no feedback regulation from PhcA, PrhN or HrpB

PhcA is a well-characterized LTTR in R. solanacearum which is
quorum-sensing dependent. We constructed a prhO-lacZYA
reporter strain (RQ5985) to evaluate its expression profile at dif-
ferent cell densities. The expression of prhO increased constantly
with cell density in both rich medium (Fig. 8a) and hrp-inducing
medium (data not shown), indicating that PrhO is expressed in a
cell density-dependent manner. As PhcA globally regulates the
expression of several virulence-related genes, we thus generated
a pchA deletion mutant (RQ5987) from RQ5985 (OE1-1, prhO-lac-
ZYA) to evaluate its impact on prhO expression. RQ5987 and
RQ5985 exhibited similar expression levels of prhO in both rich
and hrp-inducing medium (Fig. 8b). Moreover, prhO expression

was not changed with prhN deletion in both rich and hrp-inducing
medium (Fig. 8b), suggesting that prhO expression is independent
of PhcA and PrhN.

Many LTTRs are auto-regulated, and we thus introduced the
complementary prhO into RQ5985 (OE1-1, prhO-lacZYA) to evalu-
ate its auto-regulation. Interestingly, the complementary prhO sig-
nificantly decreased prhO expression, but only in hrp-inducing
medium (Fig. 8c), suggesting that prhO expression is negatively
requlated by itself under hrp-inducing conditions. Plener et al.
(2010) reported that HrpB could regulate its expression through
certain unknown mediators. We thus generated a hrpB deletion
mutant (RQ5991) from RQ5985 (OE1-1, prhO-lacZYA) to evaluate
whether PrhO is involved in the feedback regulation of HrpB.
However, Q5991 and RQ5985 exhibited similar expression levels
of prhO in both rich and hrp-inducing medium (Fig. 8c), suggest-
ing that prhO expression is negatively regulated by itself, but
there is no feedback regulation from PhcA, PrhN or HrpB.

DISCUSSION

LTTRs are abundant regulators in diverse bacteria, archaea and
algae, which globally control a great variety of cellular processes,
including pathogenicity (Maddocks and Oyston, 2008; Reen et al.,
2013; Schell, 1993). With genome searching, 63 transcriptional
regulators were predicted to be LTTRs in OE1-1, but only PhcA
has been functionally well characterized in R. solanacearum
(Brumbley et al, 1993; Genin et al, 2005; Yoshimochi et al,
2009a). In the present study, we provide genetic evidence to dem-
onstrate that PrhO, a putative LTTR, is a novel virulence regulator,
which positively regulates T3SS expression and contributes to the
virulence of R. solanacearum in host plants.

T3SS is essential for pathogenicity in many pathogenic bacteria
of humans, animals and plants (Galan and Wolf-Watz, 2006;
Hueck, 1998). To date, numerous LTTRs have been identified to
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control the T3SS in diverse pathogenic bacteria, such as BexR,
MexT and MvfR in Pseudomonas aeruginosa (Deziel et al., 2005;
Jin et al, 2011; Keith et al, 2009; Reen et al, 2013), QseA and
QseD in enterohaemorrhagic E. coli K12 (Habdas et al, 2010;
Kendall et al, 2010), GamR in Xanthomonas oryzae pv. oryzae
(Rashid et al, 2016) and PhcA in R. solanacearum (Huang et al.,
1998; Yoshimochi et al, 2009a). The LTTR PrhO positively controls
the T3SS in R. solanacearum, which is consistent with the impact

MOLECULAR PLANT PATHOLOGY (2018) 19(8),

of LTTRs on T3SS regulation. Deletion of prhO significantly
reduced the T3SS expression of R. solanacearum both in vitro and
in planta, but not the bacterial growth in host plants. However,
the deletion of prhO did not alter EPS production, biofilm forma-
tion and swimming mobility, which are also important for the
pathogenicity of R. solanacearum. Moreover, the extensive prolif-
eration of R. solanacearum in the xylem vessels of host plants
was not altered in prhO mutants, which is one of the most
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important pathogenicity determinants in R. solanacearum. All of
these data suggest that significantly reduced T3SS expression
in planta is the probable cause of the impaired virulence of prhO
mutants in host plants, not the defective growth in host plants.
RNA sequencing (RNA-seq) is planned to further ascertain
whether novel pathways are involved in the regulation of PrhO on
the pathogenicity of R. solanacearum in host plants.

The expression levels of some T3Es were also significantly
reduced in prhO mutants and some were responsible for the HR
elicitation of R. solanacearum in resistant plants (Peeters et al.,
2013). It is intriguing that prhO mutants caused almost identical
HR elicitation as GMI1000 in tobacco leaves. It should be noted
that the expression of popA and some T3Es was significantly
reduced, but not completely eliminated, in prhO mutants. This
might be the result of a certain amount of residual hrpB
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expression in prhO mutants, and these T3Es could continue to
elicit HR in resistant plants; this might be the reason why signifi-
cantly impaired T3E expression did not delay HR elicitation of
GMI100 in tobacco leaves.

The expression of the T3SS and entire T3Es in R. solanacearum
is directly controlled by the key regulator HrpB which binds
directly to the plant-inducible promoter (PIP) motif present in the
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promoters of the target genes (Cunnac et al, 2004; Mukaihara
et al, 2010). PrhO positively regulates T3SS expression via HrpB,
which is consistent with the key regulatory role of HrpB on T3SS.
Expression of hipB is activated by two close paralogues, HrpG and
PrhG, in a parallel manner. Our results showed that the expression
of hipG and prhG was almost eliminated with prhO deletion, sug-
gesting that PrhO positively regulates the expression of both hrpG
and prhG, and consequently regulates the expression of hrpB.
However, it remains to be further ascertained whether PrhO regu-
lates directly the expression of both hrpG and prhG. Further
experiments are planned to identify the direct regulating targets
of PrhO and to reveal its linear regulation on T3SS. Moreover, it is
intriguing how PrhO simultaneously regulates the expression of
hipG and prhG, as they exhibit distinctly different expression prop-
erties. The most remarkable is that the expression level of hrpG is
much higher in rich medium than in hrp-inducing medium or
when co-cultivated with Arabidopsis thaliana seedlings (Yoshimo-
chi et al, 2009b), whereas the expression level of prhG is much
lower in rich medium than in hrp-inducing medium (Zhang et al.,
2013). Moreover, the global regulator, PhcA, negatively regulates
hipG  expression, but positively regulates prhG expression
(Yoshimochi et al,, 2009b; Zhang et al,, 2013). prhO deletion did
not alter the expression of prhJ, phcA and prhN, which are known
to be important for the expression of hmpG and prhG (Hikichi
et al, 2007; Zhang et al, 2015), indicating that the regulation of
PrhO on the expression of hrpG and prhG is independent of these
known regulating pathways. Recently, we have identified a plant-
derived compound, umbelliferone, which impairs T3SS expression
via HrpG and PrhG, but independent of these known regulators
(Yang et al., 2017), supporting our speculation that certain novel
pathways should be integrated for the expression of hrpG and
prhG in R. solanacearum. It should be noted that HrpB is not
expressed until contact with hrp-inducing medium or with host
plants, whereas HrpG is best expressed in rich medium. As mem-
bers of the OmpR/PhoB family of two-component response regula-
tors, HrpG and PrhG respond to host signals by phosphorylation
at certain residues and sequentially activate hrpB expression
(Yoshimochi et al, 2009b). It remains to be further ascertained
whether PrhO is involved in the host signal response with HrpG
and PrhG.

The LTTR PhcA globally controls many virulence-related factors
other than the T3SS, including EPS synthesis, biofilm formation
and cell motility, which are important for the pathogenicity of
R. solanacearum in host plants (Brumbley et al, 1993; Genin
et al,, 2005). However, prhO deletion did not alter these phenom-
ena, except the T3SS, reflecting the complexity of LTTRs in diverse
cellular processes. LTTR PhcA expression is quorum-sensing
dependent, and its activity is triggered at high cell density by a
unique autoinducer, 3-hydroxy palmitic acid methyl ester (3-OH
PAME) or methyl 3-hydroxymyristate (3-OH MAME) (Flavier et al.,

1997; Mori et al, 2017). prhO expression increases constantly
with increasing cell density, suggesting that PrhO expression is
also quorum-sensing dependent. It remains to be further eluci-
dated how PrhO responds to cell density. Most LTTRs have been
reported to be negatively auto-regulated and to repress their own
expression, frequently with divergent promoters mediating their
regulating targets (Maddocks and Oyston, 2008; Schell, 1993).
prhO expression was significantly decreased by itself, but
unchanged with the deletion of hmpB and phcA, indicating that
PrhO was negatively regulated by itself, but the regulation path-
way remains to be further elucidated.

The R. solanacearum species complex is extremely heterogene-
ous (Genin and Denny, 2012), but PrhO is highly conserved (more
than 90% amino acid identity) in all R. solanacearum species.
Indeed, PrhO of OE1-1 could functionally substitute for that of
GMI1000 in T3SS expression and virulence in different host plants,
indicating that the function of PrhO in T3SS expression and viru-
lence is conserved amongst R. solanacearum species. With
National Center for Biotechnology Information (NCBI) sLast, PrhO
orthologues were also found in certain bacteria, such as Pandor-
aea species (about 70% similarity), Bordetella holmesii (about
60%) and Pseudomonas fuscovaginae (about 50%), whereas no
orthologues (more than 30% similarity) were found in Pseudomo-
nas syringae, Xanthomonas campestris or Xanthomonas oryzae
species, which are known to be much more closely related to phy-
topathogenic R. solanacearum.

In summary, our genetic results demonstrate that PrhO, a
putative LTTR, is a novel virulence regulator of R. solanacearum.
PrhO positively regulates the expression of T3SS through HrpG
and PrhG to HrpB, and contributes to virulence. Future investiga-
tions will aim to ascertain the biochemical role of LTTR PrhO and
its regulation mechanism on the expression of hrpG and PrhG.

EXPERIMENTAL PROCEDURES

Bacterial strains and culture conditions

The R. solanacearum strains used in this study are listed in Table 1. It
should be noted that strain OE1-1 (Kanda et al., 2003) is virulent in both
tomato and tobacco plants, whereas strain GMI1000 (Salanoubat et al.,
2002) is virulent in tomato plants, but causes HR in tobacco leaves.
Ralstonia solanacearum strains were grown at 28 °C in nutrient-rich
medium (B medium) or in hrp-inducing medium (sucrose medium)
(Yoshimochi et al., 2009b). Escherichia coli DH12S and S17-1 were grown
in Luria—Bertani (LB) medium at 37 °C for plasmid construction and conju-
gational transfer, respectively.

Construction of prhO in-frame-deleted mutants

Mutants with in-frame deletion of genes were generated via
pK18mobsacB-based homologous recombination, as described previously
(Zhang et al., 2015). For plasmid construction, two DNA fragments (about
600 bp) flanking the prhO gene were PCR amplified from OE1-1 genomic
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Table 1 Strains used in this study.

Strain Relative characteristics Reference source

OE1-1 Wild-type, race 1, biovar 3 Kanda et al. (2003)
RK5050 OE1-1 popA-lacZYA Yoshimochi et al. (2009b)
RQ5738 OE1-1 popA-lacZYA, AprhO This study

RQ5739 OE1-1, AprhO This study

RQC090 RQ5738, prhO complementation  This study

RK5046 OE1-1 hrpB-lacZYA Yoshimochi et al. (2009b)
RQ5940 OE1-1 hrpB-lacZYA, AprhO This study

RQC092 RQ5940, prhO complementation  This study

GMIT000  Wild-type, race 1, biovar 4 Salanoubat et al. (20022)
GF001 GMI1000, popA-lacZYA Zhang et al. (2017)
GF0094 GMI1000, popA-lacZYA, AprhO  This study

RQC0095  GF0094, prhO complementation  This study

RK5120 OE1-1 hipG-lacZYA Yoshimochi et al. (2009b)
RQ5978 OE1-1 hrpG-lacZYA, AprhO This study

RK5212 OE1-1 prhG-lacZYA Zhang et al. (2013)
RQ5980 OE1-1 prhG-lacZYA, AprhO This study

RK5043 OE1-1 phcA-lacZYA Yoshimochi et al. (2009b)
RQ5979 OE1-1 phcA-lacZYA, AprhO This study

RK5124 OE1-1 prhi-lacZYA Yoshimochi et al. (2009b)
RQ5981 OE1-1 prhi-lacZYA, AprhO This study

RK5619 OE1-1 prhN-lacZYA Zhang et al. (2015)
RQ5983 OE1-1 prhN-lacZYA, AprhO This study

RQ5985 OE1-1 prhO-lacZYA This study

RQ5987 OE1-1 prhO-lacZYA, AphcA This study

RQ5989 OE1-1 prhO-lacZYA, AprhN This study

RQ5991 OE1-1 prhO-lacZYA, AhrpB This study

RQC0096  RQ5983, prhO complementation  This study

DNA with the primer pairs 1880A1B-1880B1C and 1880A2C-1880B2H,
respectively. It should be noted that 1880B1C and 1880A2C are fully com-
plemented and these two DNA fragments were mixed for the second
round of PCR to generate the DNA fragment (about 1.2 kb) with primers
1880A1B and 1880B2H, in which the open-reading frame of prhO was
absent. The generated DNA fragment was first cloned into pBluescript KS
(+) to obtain pKSd1880, and subcloned into pK18mobsacB to obtain
pK18d1880. After validating the sequence, pK18d1880 was transferred
from E. coli S17-1 into R. solanacearum strains, and prhO mutants (listed
in Table 1) were generated and confirmed by colony PCR with the primer
pairs 1880A1B and 1880B2H. The primers used in this study are listed in
Table S1 (see Supporting Information).

Complementation analyses

Complementation analyses were performed with the pUC18-mini-Tn7T-
Gm-based site-specific chromosome integration system (Choi et al., 2005)
with some minor modifications (Zhang et al., 2015). The prhO gene con-
taining a 500-bp upstream region, empirically harbouring its native pro-
moter, was PCR amplified from OE1-1 genomic DNA with the primer pairs
1880A1B and 1880B3H. The DNA fragment was first cloned into pBlue-
script KS (+) to obtain pKS1880C, and subcloned into pUC18-mini-Tn7T-
Gm to obtain pUCprhO. After validating the sequence, complementary
prh0 was specifically integrated into the R. solanacearum chromosome at
a single atfTn7 site (25 bp downstream of the g/mS gene) and confirmed
by colony PCR with the primer pairs glmsdown and Tn7R (Zhang et al,
2011).
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p-Galactosidase assay

The expression levels of genes fused with promoterless /acZYA were eval-
uated by the B-galactosidase assay (both in vitro and in planta), as
described previously (Zhang et al, 2013). Enzyme activity in vitro was
expressed in Miller units (Miller, 1992), and in planta was normalized by
the luminescence divided by the cell number. Each assay was independ-
ently repeated in at least four experiments, and each treatment included
four replications. The mean values of all experiments were averaged with
the standard deviation (SD) and the statistical significance was assessed
using a post-hoc Dunnett test following analysis of variance (ANOVA).

gRT-PCR analysis

The expression level of genes without /acZYA fusion was quantified by
qRT-PCR analysis, as described previously (Zhang et al, 2017). Represen-
tative T3E genes, ripAA (avrA), ripB, ripD, ripE, ripO, ripPI (popPl), RipR,
ripTAL, ripW and popA (ripX), were selected for gRT-PCR analysis in this
study. It should be noted that RipAA and RipPI have been well character-
ized to be responsible for HR development of GMI1000 in tobacco plants
(Lavie et al., 2002; Poueymiro et al., 2009). serC was selected as reference
for normalization and ripX was selected as positive control (Monteiro
et al, 2012). Total RNA was isolated from GF001 and prhO mutant
(GF0094) and subjected to qRT-PCR analysis. Each assay was repeated
independently from RNA isolation at least three times, and each trial
included four replications. The mean values of all experiments were aver-
aged with SD and the statistical significance was assessed using a post-
hoc Dunnett test following ANOVA.

Virulence assay and HR test

Virulence assay and HR test were performed as described previously (Yao
and Allen, 2007). Wilt-susceptible tomato plants (Solanum lycopersicum
cv. Moneymaker) and tobacco plants (Nicotiana tabacum cv. Bright Yel-
low) were subjected to virulence assay with soil soaking, which mimics
the natural invasion through the roots, and petiole inoculation, by which
bacteria can invade directly the xylem vessels. Each assay was repeated
independently four times with 12 plants per trial. Wilt symptoms of plants
were inspected as the disease index (scale of 1-4) and the mean values
of all experiments were averaged with SD. The statistical significance was
assessed using a post-hoc Dunnett test following ANOVA.

The HR test was carried out in leaves of N. tabacum with leaf infiltra-
tion, and the symptom development of HR was recorded periodically.
Each test was repeated independently four times with four plants per
treatment. A representative result was presented.

Bacterial growth in planta

Bacterial growth in planta was assessed as described previously (Zhang
et al, 2013). Bacterial cells were collected daily from tomato stems and
quantified by dilution plating. Each assay was repeated independently
four times with 12 plants per treatment. The mean values of all experi-
ments were averaged with SD and the statistical significance was
assessed using a post-hoc Dunnett test following ANOVA.
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Biofilm and swimming motility assay

Biofilm formation was performed in 96-well polystyrene microtitre plates
as reported by Yao and Allen (2007) with some minor modifications (Mori
et al., 2016). Briefly, 20 pL of bacterial suspension at an optical density at
600 nm (ODggo) of 1.0 was inoculated into 180 pL of fresh B medium and
kept at 28 °C for 24 h without shaking. After staining with crystal violet,
biofilm formation was quantified by measuring the absorbance at 530 nm
(As30), and normalized by the cell number (ODggp). The swimming motility
assay was carried out on semi-solid medium (0.3% agar plates), as
reported previously (Kelman and Hruschka, 1973). The diameters of the
swimming halos on semi-solid medium (28 °C for 48 h) were measured.
Each assay was repeated independently at least four times and each trial
included three replications. The mean values of all experiments were aver-
aged with SD and the statistical significance was assessed using a post-
hoc Dunnett test following ANOVA.

Construction of prh0-lacZYA reporter strain
and auto-regulation analyses

A promoterless /acZYA fragment was inserted 22 bp downstream of the
start codon of prhO to construct the prhO-lacZYA fusion, in which six
nucleotides (GCCTTT) were replaced by GGTACC (Kpnl) by PCR for lacZYA
insertion. Two DNA fragments flanking the insertion site were amplified
from OE1-1 genomic DNA with the primer pairs 1880A1B and 1880B1K,
and 1880A2K and 1880B3H, respectively. It should be noted that the pri-
mers 1880b1K and 1880A2K were fully complemented, and these two
DNA fragments were mixed for the second round of PCR with the primer
pairs 1880A1B and 1880B3H to generate the DNA fragment which con-
tained the Kpnl site for lacZYA insertion. The generated DNA fragment
was finally subcloned into pk18mobSacB to obtain pK18prhO. After vali-
dating the sequence, the Kpnl-digested promoterless /acZYA from pUClac-
ZYA was inserted into pK18prhO to obtain pK18prhO-lacZYA. It should be
noted that /acZYA maintains the same transcription direction as prhO and
that they share the same promoter. After validating the sequence,
pK18prhO-lacZYA was transferred from E.  coli S17-1 into
R. solanacearum, and the reporter strain RQ5985 (OE1-1 prhO-lacZYA)
was generated and confirmed by colony PCR with the primer pairs
1880A1B and lacZR1. Based on RQ5985, mutants with deletion of phcA,
prhN or hrpB were generated to evaluate their impact on prhO expression.
Complementary PrhO was introduced into RQ5985 for the auto-regulation
analyses.
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