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To identify secreted virulence factors involved in bacterial wilt disease caused by the phytopathogen Ralstonia
solanacearum, we mutated tatC, a key component of the twin-arginine translocation (Tat) secretion system. The
R. solanacearum tatC mutation was pleiotropic; its phenotypes included defects in cell division, nitrate utili-
zation, polygalacturonase activity, membrane stability, and growth in plant tissue. Bioinformatic analysis of
the R. solanacearum strain GMI1000 genome predicted that this pathogen secretes 70 proteins via the Tat
system. The R. solanacearum tatC strain was severely attenuated in its ability to cause disease, killing just over
50% of tomato plants in a naturalistic soil soak assay where the wild-type parent killed 100% of the plants. This
result suggested that elements of the Tat secretome may be novel bacterial wilt virulence factors. To identify
contributors to R. solanacearum virulence, we cloned and mutated three genes whose products are predicted to
be secreted by the Tat system: RSp1521, encoding a predicted AcvB-like protein, and two genes, RSc1651 and
RSp1575, that were identified as upregulated in planta by an in vivo expression technology screen. The
RSc1651 mutant had wild-type virulence on tomato plants. However, mutants lacking either RSp1521, which
appears to be involved in acid tolerance, or RSp1575, which encodes a possible amino acid binding protein,
were significantly reduced in virulence on tomato plants. Additional bacterial wilt virulence factors may be
found in the Tat secretome.

Extracellular proteins secreted by plant pathogenic bacteria
form a molecular arsenal that facilitates niche adaptation, host
invasion, and evasion of plant defenses. The consortium of
plant cell wall-degrading enzymes produced by the soft rot
erwiniae, which are secreted via the type II secretion system
(23), offers an example of how bacterial secreted proteins work
together during plant pathogenesis. Agrobacterium tumefaciens
uses a specialized type IV secretion system to deliver Ti-DNA
that transforms plant host cells (8). Many plant pathogenic
bacteria use host contact-mediated type III secretion systems
to optimize the host environment and suppress plant defense
responses (9). Cooperatively secreted proteins are critical for
the pathogenicity and virulence of bacterial plant pathogens
(31).

Ralstonia solanacearum, a widely distributed soilborne plant
pathogen, causes bacterial wilt disease, which affects such eco-
nomically important crops as potato, tomato, and banana (18).
Bacterial wilt pathogenesis is incompletely understood. How-
ever, it is known that contributing factors are controlled by
interlocking environmentally responsive regulatory cascades
and that disease development depends on the action of several

proteins secreted by the type III and type II secretion systems
(35). Type II-secreted factors include the plant cell wall-de-
grading pectinases (PehA, PehB, PehC, and Pme), an endo-
glucanase (Egl), and extracellular polysaccharide (EPS); these
individually contribute quantitatively to pathogen success in
colonization and subsequent disease development (1, 11, 15,
33). However, several additional as-yet-unidentified virulence
factors must be secreted by R. solanacearum in a type II-
dependent manner because a gspK type II secretion mutant is
significantly less virulent than a pyramided mutant lacking six
of the previously identified type II-dependent virulence factors
(24, 26). Analysis of the R. solanacearum strain GMI1000 ge-
nome sequence identified over 200 candidate virulence pro-
teins; we hypothesize that among these are many secreted
proteins that contribute to virulence (34).

In gram-negative bacteria, extracellular proteins must first
be secreted through the cytoplasmic membrane into the
periplasm prior to their secretion out of the bacterial cell by
the type II system. Proteins move into the periplasm via one of
two parallel secretion systems: Sec and twin-arginine protein
translocation (Tat) (3, 32). Tat secretion is a Sec-independent,
ATP-independent mechanism of protein translocation. Pro-
teins secreted by Tat are characterized by a signature twin-
arginine motif (S-R-R-x-F-L-K) located at the N terminus
(37). Relative to their Sec-secreted counterparts, Tat-secreted
proteins have a longer signal peptide (14 amino acids longer on
average), decreased hydrophobicity in the hydrophobic central
domain (h-region), and a basic or uncharged, but seldom acidic,
polar carboxy-terminal region (c-region). A genomic survey of
available bacterial genomes found putative Tat system genes in
pathogens of both plants (Xanthomonas campestris, X. axonopo-
dis, and Xyllela fastidiosa) and animals (Salmonella enterica sero-
var Typhi, Yersinia pestis, Neisseria meningitidis, and Vibrio chol-
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erae) (12). A functional Tat system is essential for establishing
relationships with eukaryotic hosts both pathogenic (Pseudo-
monas aeruginosa, P. syringae, Escherichia coli O157:H7, and A.
tumefaciens) and symbiotic (Rhizobium leguminosarum) (5, 7,
13, 28, 29). These results suggested that that the Tat system
might also play a role in R. solanacearum virulence. To test this
hypothesis we mutated the tatC locus of R. solanacearum,
which is predicted to encode an indispensable component of
the Tat secretion system.

We used a 2003 genomic survey of putative Tat-secreted
proteins in published bacterial genomes (12) to identify poten-
tial virulence factors among R. solanacearum candidate Tat-
secreted proteins. Several R. solanacearum proteins predicted
to be secreted by Tat are virulence factors in other host-patho-
gen systems. In P. aeruginosa, phospholipases PlcH and PlcN,
which degrade host cellular lipids, are secreted by Tat and
contribute significantly to virulence (28, 42). In E. coli O157:
H7, Shiga toxin Stx1 synthesis is severely affected in a �tatABC
mutant (29). Thus, we further hypothesized that additional
virulence factors await identification among the R. solanacea-
rum Tat-secreted proteins. In this report we characterize an R.
solanacearum tatC mutant and describe the individual contri-
butions to bacterial wilt virulence of two novel predicted Tat-
secreted R. solanacearum proteins.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and plasmids used in this
study are listed in Table 1.

Cultivation of E. coli and R. solanacearum strains. E. coli strains were grown
in LB medium (27) at 37°C. R. solanacearum strains were grown at 28°C in either

CPG broth (20) or CPG solid medium amended with 0.05% (wt/vol) tetrazolium
chloride (25). Antibiotics were added to cultures when needed at the following
concentrations: ampicillin, 50 �g/ml; kanamycin, 25 �g/ml; tetracycline, 15 �g/
ml; and gentamicin, 12.5 �g/ml. To test for auxotrophic phenotypes and carbon
source utilization, we used BMM (4) amended with 0.2% (wt/vol) glucose, 0.2%
(wt/vol) polygalacturonate, or 4 mM of various amino acids. BMM amended with
0.2% (wt/vol) citrate and 0.1% (wt/vol) yeast extract was used to grow cells for
extracellular exopolygalacturonase activity assays. Motility was assayed in plates
containing 0.325% Noble agar and BMM plus 0.1% (wt/vol) citrate.

To measure the generation times of strains K1521 and K60, cultures were
grown in BMM plus 0.2% glucose at pH 7.0 or pH 5.5 for 6 hours. Populations
were enumerated by dilution plating at time zero and at 6 h, and the generation
time was calculated. Bacterial sensitivity to detergents was measured by exposing
equivalent-density CPG broth cultures of strains to a series of sodium dodecyl
sulfide (SDS) concentrations (0, 0.01, 0.015, 0.02, and 0.025% [wt/vol]) overnight.
Relative sensitivity was calculated as the optical density (A600) of the strain
grown in the presence of SDS divided by the optical density (A600) of the same
strain grown in the absence of SDS.

In planta growth of R. solanacearum was measured as multiplication in the
apoplast of tobacco (Nicotiana tabacum cv. “Bottom Special”) as previously
described; growth of this pathogen in tobacco leaf tissue is correlated with
multiplication in tomato stems (40). We measured growth of R. solanacearum
strains K1521, K1651, and K1575 in either CPG or BMM supplemented with
different carbon sources as previously described (39). We measured growth of R.
solanacearum wild-type K60 and K60TAT under oxygen-limiting conditions sup-
plemented with 0.2% (wt/vol) KNO3 as described previously (19).

DNA manipulations. All DNA manipulations, including cloning, Southern
transfer, restriction mapping, sequencing, and PCR, were performed using stan-
dard procedures (2). R. solanacearum and E. coli electrocompetent cells were
used as previously described (1). Unless otherwise noted, chemical reagents were
purchased from Sigma-Aldrich (St. Louis, MO) and molecular biology reagents
and kits were purchased from Promega (Madison, WI).

Oligonucleotides and sequence analysis. DNA sequences were assembled
using the Sequencher program (Gene Codes Corporation, Ann Arbor, MI).
Oligonucleotides for PCR and sequencing were ordered from Sigma-Genosys
(The Woodlands, TX), Integrated DNA Technologies (Coralville, IA), or the

TABLE 1. Strains and plasmids used in this research

Strain or plasmid Relevant characteristicsa Reference
or source

Escherichia coli strain
DH5� F� endA1 relA �80lacZ� supE44 thi-1 recA1 gyrA96 16

Ralstonia solanacearum strains
GMI1000 Wild-type phylotype I, biovar 3 4
K60 Wild-type phylotype II, biovar 1 25
K60-409 pehC::aphA-3; Kmr 15
K60TAT tatC::pTatC(s); Kmr This study
K1575 RSp1575::aacC1; Gmr This study
K1651 RSc1651::aacC1; Gmr This study
K1521 RSp1521::aacC1; Gmr This study

Plasmids
pSTblue-1 Kmr Apr Novagen
pLAFR3 Tcr 38
pUCGM Gmr Apr 36
pCR-1 Kmr Zeor Epicenter
pTatC(s) 533-bp internal tatC fragment cloned into pCR-1; Kmr Zeor This study
pSTTAT 1.8-kb insert containing tatABC in pSTblue-1; Kmr Apr

pLTat 1.8-kb insert containing tatABC in pLAFR3; Tetr This study
pST2131 701-bp internal RSp1575 fragment cloned into pSTblue-1; Kmr Apr This study
pST2131Gm pST2131 with 850-bp Gmr cassette insertion from pUCGM; Kmr Apr Gmr This study
pST4028 1,185-bp insert containing RSc1651 in pSTblue-1; Kmr Apr Gmr This study
pST4048Gm pST4028 with 850-bp Gmr cassette insertion from pUCGM; Kmr Apr Gmr This study
pST4798 1,809-bp insert containing RSp1521 in pSTblue-1; Kmr Apr This study
pST4798Gm pST4798 with 850-bp Gmr cassette insertion from pUCGM; Km Kmr Apr Gmr This study
pLPehCRRKK 3.2-kb insert in pLAFR3 containing R25K and R26K mutations PehC; Tetr This study
pPehC11 3.8-kb BalI-Alw44I fragment containing pehC-exuT in pLAFR3; Tcr 15

a Ap, ampicillin; Tc, tetracycline; Km, kanamycin; Gm, gentamicin; Zeo, zeocin.
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University of Wisconsin Biotechnology Center (Madison, WI). All DNA se-
quencing was performed at the University of Wisconsin Biotechnology Center
(Madison, WI). Sequences of the oligonucleotide primers used to amplify tatC,
tatABC, RSp1521, RSc1651, and RSp1575 are listed in Table 2.

Construction of R. solanacearum tatC mutant K60TAT. PCR primers were
designed from the R. solanacearum GMI1000 sequence to amplify a 533-bp
internal portion of the tatC gene from R. solanacearum strain K60 (Table 2). The
resulting PCR product was cloned into pCR-1, creating the R. solanacearum
suicide plasmid pTatC(s), which was introduced into R. solanacearum K60 via
electroporation. A single exchange gene interruption mutant was selected, and
its insertion into tatC was verified by Southern blot analysis.

Complementation of R. solanacearum K60TAT. PCR primers were designed to
amplify the entire tatABC operon from R. solanacearum GMI1000. The resulting
1.8-kb PCR product was cloned into pSTBlue-1, creating pSTTAT. The insert
was sequenced and subcloned into broad-host-range vector pLAFR3, creating
pLTAT. For trans complementation studies, plasmid pLTAT was introduced into
both R. solanacearum wild-type and tatC mutant K60TAT cells by electropora-
tion.

Construction of R. solanacearum mutant strains K1521, K1575, and K1652.
Open reading frames (ORFs) of RSp1521, RSp1575, and RSc1651 were PCR
amplified from R. solanacearum K60 genomic DNA by use of primers listed in
Table 2. The resulting PCR products were cloned into pSTBlue-1 and sequenced
to confirm the identity of the cloned fragment. Each ORF was interrupted by
inserting the gentamicin resistance cassette aacC1 from pUCGM, and the re-
sulting mutagenesis constructs were individually introduced into R. solanacearum
K60 via allelic replacement, as shown in Fig. 1. The resulting RSp1521, RSp1575,
and RSc1651 mutants were called K1521, K1575, and K1651, respectively. In-
sertion location for all mutant strains was verified by Southern blot analysis.

Microscopy. To study cell morphology, a 10-microliter droplet containing R.
solanacearum liquid cultures of K60 or K60TAT grown to mid-log phase was
viewed under �400 magnification using an Olympus BX60F-3 phase microscope.
Images were collected using an Olympus digital camera (Olympus America,
Inc.).

Site-directed mutagenesis of the PehC twin-arginine domain from RR to KK.
We used the QuikChange approach (Stratagene) to mutate the twin-arginine
domain of PehC to R25K/R26K using primers PehCKRKKFor and PehCKRK
KRev (Table 2). The mutated gene was sequenced to confirm the site changes
and subcloned into pLAFR3, creating pLPehCRRKK for use in trans comple-
mentation studies.

PehC activity assay. Release of galacturonic acid from polygalacturonate by
the exopolygalacturonase PehC was measured as previously described by the
separation and visualization of reaction products on thin-layer chromatography
plates (21).

Virulence assays. To compare virulence levels of mutant and wild-type R.
solanacearum strains on the tomato host plant, we used a naturalistic soil soak
inoculation as previously described (39). Fourteen- to 15-day-old plants (suscep-
tible cv. Bonny Best) were inoculated to a soil density of approximately 1.56 �
107 to 3.12 � 107 CFU/g soil. Plants were monitored for disease progress over a
14-day period, and symptoms were scored on a 0-to-4 disease index by a rater
blind to inoculation to generate a disease progress curve, where 0 indicates no
disease, 1 indicates 1 to 25% of leaves wilted, 2 indicates 25 to 50% of leaves
wilted, 3 indicates 51 to 75% of leaves wilted, and 4 indicates 76 to 100% of
leaves wilted. Each experiment contained a minimum of 16 plants per treatment,

and each assay included a minimum of three trials. Strain virulence levels were
analyzed using a repeated-measures analysis of variance (40).

RESULTS

R. solanacearum GMI1000 has Tat secretion genes. To de-
termine if R. solanacearum contains homologs of the core
genes encoding a Tat secretion system, we searched the R.
solanacearum GMI1000 database (http://bioinfo.genopole
-toulouse.prd.fr/annotation/iANT/bacteria/ralsto/) for genes
similar to the well-characterized tatABC genes from P. aerugi-
nosa and E. coli. On the 3.1-Mb circular chromosome we found
a tatABC gene cluster encoding proteins with 46%, 37%, and
43% identity, respectively, to the TatA, TatB, and TatC pro-
teins of P. aeruginosa PAO1 (Fig. 2).

A search of the GMI1000 genome sequence using the
algorithm TATFIND1.2 revealed 70 putative Tat-secreted pro-

TABLE 2. Primers used in PCR amplification of Tat secretion
system genes and putative Tat-secreted genes

Primer Target Sequence

tatCshortL Internal tatC 5�-CTTCAACCTGTTCTCGCGTC-3�
tatCshortR 5�-CAACAGCTGCGACATCACAT-3�
TATORFL tatABC 5�-GCTGCCTTTTCTTTTGGATG-3�
TATORFR 5�-TATCTCAACGACAGCAAGCC-3�
Rs04798L RSp1521 5�-TACATTGACTGATGTCGCGG-3�
Rs04798R 5�-GTAATCGCCGTCGAAGTGA-3�
Rs02131L RSp1575 5�-ATTGCCGATATCAAGAAGCG-3�
Rs02131R 5�-AACCACTTTGTCTGCAGCG-3�
Rs04028L RSc1651 5�-GTCGGAGGACATCATGGAAC-3�
Rs04028R 5�-CTACGCAAGCTGTGGCTG-3�
PehCKRKKFor pehC 5�-GCTCGCATTCGCCAGCGAAGA

AGGCATTCGTCGTCTGGTC-3�
PehCKRKKRev 5�-GACCAGACGACGAATGCCTTCT

TCGCTGGCGAATGCGAGC-3�

FIG. 1. Genomic context and mutagenesis strategies for R. so-
lanacearum strains K1575, K1651, and K1521. (A) Gene map of
RSp1575 mutant K1575. RSp1575 is directly upstream of RSp1576 and
RSp1577, which are predicted to encode an ABC-type transporter.
Further downstream is speB, which is predicted to encode an arginase.
(B) Gene map of RSc1651 mutant K1651. RSc1651 is upstream of crtB,
a gene predicted to encode a phytoene synthase; the genes are oriented
in opposite directions. (C) Gene map of RSp1521 mutant K1521.
RSp1521 is preceded by lpiA-like gene RSp1522; the two genes are
overlapping and may therefore form an operon. RSp1575, RSp1651,
and RSp1521 were mutated by the insertion of an aacC1 gentamicin
resistance cassette (shaded triangle) into a unique restriction site in the
gene of interest. Correct allelic replacements were confirmed by
Southern blot analysis.

FIG. 2. R. solanacearum Tat gene organization (GMI1000 ge-
nome). To create a Tat secretion mutant of R. solanacearum, a kana-
mycin resistance gene cassette (open triangle) was inserted into tatC, a
gene predicted to encode an essential component of the Tat secretion
system. R. solanacearum tatC is predicted to encode a 267-amino-acid
protein with a molecular mass of 29.7 kDa. The entire tatABC gene
cluster was used for all trans complementation studies of the R. so-
lanacearum tatC mutant, K60TAT.
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teins, identified by the presence of the signature twin-arginine
domain within the first 35 amino acids followed by a stretch of
at least 13 uncharged amino acids (12). The putative Tat se-
cretome of GMI1000 contained proteins required for nitrate
metabolism (NasF, NosL, and NosZ), plant cell wall degrada-
tion (PehC), and cell membrane function (AmiC, MltB, and
LpxK), to name a few. A complete list of putative R. solanacea-
rum GMI1000 Tat-secreted proteins is given elsewhere (see
Table S1 in the supplemental material).

R. solanacearum tatC mutant K60TAT has a pleiotropic phe-
notype. To investigate the contribution of Tat-secreted pro-
teins to R. solanacearum virulence, we mutated tatC to create
Tat-defective strain K60TAT (Fig. 2). tatC encodes an indis-
pensable component of the Tat secretion system (3). In P.
aeruginosa and A. tumefaciens, tatC mutants have a pleiotropic
phenotype that features defects in swimming motility, extra-
cellular enzyme production, and virulence (13, 28). We tested
R. solanacearum K60TAT for a subset of the phenotypes ob-
served in these systems.

K60TAT had a distinctive colony morphology; colonies were
smaller and surrounded by flocculent EPS different from those
of the wild-type colonies, which produced opaque, milky EPS.
K60TAT also overexpressed the reddish-brown pigment mel-
anin on agar plates. Mid-log-phase cultures of R. solanacearum
K60TAT viewed under the phase microscope contained chains
of approximately four to five cells, in contrast to the single or
doublet cells formed by the wild-type parent under the same
growth conditions (Fig. 3A). In addition, cells of K60TAT in

culture were smaller and rounder than those of the wild type
(Fig. 3A). The tatC mutant also had reduced swimming motil-
ity on low-agar motility plates (data not shown). Although
there was a slight early growth lag, the tatC mutant ultimately
grew to wild-type levels in minimal medium broth supple-
mented with 0.2% (wt/vol) glucose and in CPG rich medium
(data not shown). To test for membrane defects, we exposed
wild-type and R. solanacearum K60TAT cells to detergent
stress; R. solanacearum K60TAT was significantly more sensi-
tive to SDS treatment than wild-type strain K60. In the pres-
ence of 0.02% SDS, K60 cultures grew a density fivefold
greater than that of mutant strain K60TAT (data not shown).

To cause disease, R. solanacearum must proliferate in plants,
and bacterial populations normally reach 108 to 109 CFU/g of
stem tissue-infected hosts (22). To measure the ability of the
mutant to multiply in planta, we infused tobacco leaves with
equivalent populations of wild-type R. solanacearum K60, tatC
strain K60TAT, and the tatC strain carrying the tatABC
complementation construct. K60TAT grew more poorly in to-
bacco leaf apoplast than its wild-type parent did, but K60TAT
complemented with tatABC in trans reached wild-type popu-
lation sizes (Fig. 3B). Tobacco leaf tissue became necrotic and
collapsed 48 h after infusion with wild-type K60, but no necro-
sis was apparent 48 h after infusion with K60TAT (data not
shown). These results suggested that R. solanacearum K60TAT
would not be as virulent on tomato host plants as its wild-type
parent. To test this hypothesis we inoculated susceptible heir-
loom tomato cultivar “Bonny Best” by pouring a bacterial

FIG. 3. Phenotypes of R. solanacearum tatC mutant K60TAT. (A) Cells of wild-type strain K60 and tatC mutant K60TAT, viewed by
phase-contrast microscopy at �400 magnification. (B) Growth in tobacco leaf tissue of R. solanacearum wild type (K60; closed circles), tatC mutant
(K60TAT; open squares), and tatC mutant complemented [K60TAT(pLTAT); closed squares]. (C and D) Growth curves of R. solanacearum wild
type (K60; closed circles), tatC mutant (K60TAT; open squares), and tatC mutant complemented [K60TAT(pLTAT); closed squares] in rich
medium supplemented with 0.2% (wt/vol) KNO3 under O2-limiting conditions (panel C) or in minimal medium supplemented with 0.2% (wt/vol)
polygalacturonic acid (panel D). All growth curves were performed in triplicate; bars indicate standard error.
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suspension into pots of unwounded 2-week-old plants. K60TAT
was significantly less virulent than the wild type, reaching a final
disease index of only 2.2 of a possible 4 (P 	 0.026) (Fig. 4A).
However, the presence of tatABC in trans restored the virulence
of K60TAT to wild-type levels (P 	 0.479) (Fig. 4A).

Several proteins involved in nitrate metabolism are pre-
dicted Tat substrates in R. solanacearum: NasF, the nitrate
transporter; NosZ, nitrous oxide reductase; and NosL, a ni-
trous oxide reductase co-cofactor insertion protein. We hy-
pothesized that an R. solanacearum tatC mutant would grow
poorly under oxygen-limiting conditions with 0.2% (wt/vol)
KNO3 as an energy source. Indeed, R. solanacearum K60TAT
did not grow at all under these conditions, but near-wild-type
growth was restored if the tatABC operon was provided in trans
(Fig. 3C).

One of R. solanacearum’s well-characterized plant cell wall-
degrading exopolygalacturonases, PehC, is a predicted Tat
substrate (15). This suggested that like a pehC mutant, the tatC
mutant would not be able to use polygalacturonate as the sole
carbon source. Indeed, K60TAT did not grow in minimal me-
dium supplemented with 0.2% (wt/vol) polygalacturonate, al-
though the growth of the mutant on this carbon source was
restored by the wild-type tatABC gene cluster in trans (Fig.
3D). To more directly determine if R. solanacearum PehC is a
Tat-secreted protein, we destroyed the twin-arginine motif in
the N terminus of PehC by introducing R25K and R26K mu-
tations by site-directed mutagenesis. If the twin-arginine motifs
in Tat-dependent proteins are changed to twin lysines they are
no longer translocated by the Tat secretion system (10). When
heterologously expressed in E. coli, the resulting mutant twin-
lysine PehC protein still had polygalacturonase activity, de-
grading polygalacturonate into galacturonate monomers like
the wild-type enzyme (data not shown). However, the twin-
lysine mutant protein could not restore extracellular PehC
enzyme activity to strain K60-409 (pehC negative), indicating
that even though it retained its enzyme activity, without its
signature twin arginines the mutant PehC protein was not
secreted (Fig. 5). Collectively, these data demonstrated the

presence of a fully functional Tat secretion system in R. so-
lanacearum K60 and that PehC is secreted by this system.

Searching for more R. solanacearum virulence factors in the
Tat secretome. The significantly reduced virulence of the tatC
mutant suggested that one or more R. solanacearum Tat-se-
creted proteins contribute to bacterial wilt virulence. To begin
assessing the contributions of individual Tat-secreted proteins
to virulence, we mutated three genes, RSc1651, RSp1575, and
RSp1521, whose products are predicted Tat substrates (12).
Genes RSc1651 and RSp1575 were chosen because they were
previously identified in an in vivo expression technology
(IVET) screen as upregulated during growth in tomato plants,
suggesting a possible role in bacterial wilt virulence (6). RSc1651

FIG. 4. Disease progress curves of R. solanacearum strains on tomato plants. (A) Equivalent bacterial cell suspensions of R. solanacearum wild
type (K60; closed circles), tatC mutant (K60TAT; open squares), and complemented tatC mutant [K60TAT(pLTAT); solid squares] were poured
onto the crowns of young susceptible tomato seedling plants, which were monitored for disease over the course of 14 days on a disease index scale
where 0 indicated healthy and 4 indicated 100% wilted. (B) Similar assay using R. solanacearum wild type (K60; closed circles), RSc1651 mutant
(K1651; closed squares), RSp1575 mutant (K1575; X’s), and RSp1521 mutant (K1521, closed triangles). All assays had a minimum of 16 plants
per treatment per assay. The graph in panel A represents the mean of three assays and the graph in panel B represents four assays; bars indicate
standard error.

FIG. 5. Thin-layer chromatography analysis of secreted polygalactu-
ronase products from trans complementation analyses of R. solanacearum
pehC mutant K60-409. Culture supernatants of R. solanacearum strains
were incubated with 0.4% (wt/vol) polygalacturonic acid in 50 mM MES
[2-(N-morpholino)ethanesulfonic acid], pH 5.7, for 1 h at 45°C and sep-
arated on a K5 silica gel plate in a 5:3:2 n-butanol:water:glacial acetic acid
buffer system. Wild-type strain K60 (lane 1), pehC mutant K60-409 (lane
2), pehC mutant K60-409(pPehC11) (wild-type pehC) (lane 3), and pehC
mutant K60-409(pLPehCRRKK) (R25K/R26K PehC) (lane 4). Four mi-
crograms of pure monogalacturonate (mono-galUA), di-galUA, and tri-
galUA standards were spotted for reference (lanes M). Monogalactu-
ronate is the product of PehC activity.
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is predicted to encode a conserved hypothetical protein most
similar to a hypothetical protein from Caulobacter crescentus
(NCBI NC_00296.2; E 	 2e�34). We mutated RSc1651 by
marker-mediated allelic replacement (Fig. 1A) and assayed the
virulence of the resulting mutant, called K1651, on tomato
using the naturalistic soil soak inoculation method. The viru-
lence of strain K1651 was indistinguishable from that of its
wild-type parent (Fig. 4B).

Another IVET-identified gene, RSp1575, is predicted to en-
code a protein resembling a periplasmic amino acid binding
protein from P. aeruginosa (NCBI AE004920.1; E 	 2e�22)
and is upregulated approximately 17-fold when R. solanacea-
rum grows in tomato plants (6). We also mutated this gene by
marker-mediated allelic replacement mutagenesis to create R.
solanacearum K1575 (Fig. 1B); this mutant grew like the wild
type in culture and in planta (data not shown). This mutant
had significantly reduced virulence (P 	 0.0009), killing only
just over half of the inoculated plants under conditions in
which the wild-type parent killed all inoculated plants
(Fig. 4B).

The protein encoded by RSp1575 is a predicted amino acid
binding protein because it contains a bacterial periplasmic
binding protein (PBPb) domain from amino acids 42 to 266, so
we hypothesized that the mutant K1575 would be unable to
grow in media containing one or several specific amino acids as
the sole carbon source. However, when we tested the growths
of the wild type and of mutant K1575 in 20 different BMM
aliquots individually supplemented with 4 mM of 1 of the 20
amino acids as a sole carbon source, the growth pattern of
K1575 was indistinguishable from that of the wild-type parent
(data not shown).

The third Tat-dependent gene, RSp1521, resembled viru-
lence-related proteins in several plant-associated bacteria, in-
cluding X. fastidiosa, X. campestris, Rhizobium tropici, and A.
tumefaciens, and Rsp1521 is 1 of 200 proteins previously iden-
tified as potential R. solanacearum virulence factors (34).
RSp1521 is predicted to encode a protein most similar to AcvB
from A. tumefaciens (E 	 1e�38) and AtvA from R. tropici
(E 	 2e�36) over the whole length of the protein, apart from
the N terminus; however, AcvB and AtvA are not predicted
Tat-secreted proteins. An A. tumefaciens acvB mutant is atten-
uated in virulence, and an R. tropici atvA mutant cannot toler-
ate changes in extracellular pH level (41, 43). We cloned
RSp1521 by amplifying the ORF from R. solanacearum K60
and mutated it to create R. solanacearum K1521 (Fig. 1C); this
mutant grew as well as the wild type both in culture and in
planta (data not shown). Mutant K1521 was significantly re-
duced in virulence on tomato plants, reaching a disease index
of only 2.9 out of a possible 4 (P 	 0.0018) (Fig. 4B). Because
the R. tropici atvA mutant has reduced acid tolerance, we
measured growth of K1521 in minimal medium at pH 5.5, the
pH of healthy tomato plant xylem fluid. Under these relatively
low pH conditions, the doubling time of K1521 was signifi-
cantly longer than that of its wild-type parent, about 1.3 times
longer (P 	 0.05, Student’s t test; data not shown). However,
the two strains grew equally well at pH 7.0. This is similar to
what was reported for an R. tropici atvA mutant. However, for
R. solanacearum this pH-dependent growth phenotype varied
with the carbon source, suggesting that Rsp1521 function in-

volves several environmental variables and that the protein
plays a complex role in the physiology of the bacterium.

DISCUSSION

The accumulating genomic data from plant-associated bac-
teria is impressive, but we are only beginning to use these
genomes to understand how plant-associated bacteria form
intimate relationships with their host plant(s) and other micro-
bial partners in the phyllo- or rhizosphere. We used a post-
genomic approach to look for new virulence determinants in
the bacterial plant pathogen R. solanacearum, focusing on se-
creted potential virulence factors. We disrupted the tatC gene
with the expectation that this would eliminate the Tat system.
An R. solanacearum tatC mutant, like tatC mutants from P.
aeruginosa, A. tumefaciens, and E. coli O157:H7, is pleiotropic
with defects in cell division, colony morphology, swimming
motility, extracellular enzyme production, growth in planta,
and virulence. The importance of the Tat system for R. so-
lanacearum’s fitness in the host plant is demonstrated by the
fact that a pLAFR3-derived plasmid carrying that tatABC locus
was highly stable in K60TAT mutant background and was
retained over weeks during growth in planta and pathogenesis.
pLAFR3 plasmids are usually moderately unstable in planta
(C. Allen, unpublished data), but restoration of the Tat secre-
tion system clearly conferred a strong selective advantage on
the complemented strains.

Collectively, Tat-secreted proteins contributed to R. so-
lanacearum virulence; however, the pleiotropic nature of the
tatC mutation made it difficult to identify the specific mecha-
nisms of virulence involved. We therefore mutated several
individual putative Tat-secreted proteins to determine their
roles in virulence. Among the 70 putative Tat-secreted protein
genes were four, RSc0532, RSc1651, RSp0881, and RSp1575,
that were also identified as highly expressed in planta by an
independent IVET screen (6). We cloned and mutated two of
the four IVET Tat genes, RSp1575 and RSc1651.

An RSc1651 mutant was fully virulent on the susceptible
tomato cultivar “Bonny Best.” Although this gene is expressed
in planta, its product is apparently not required for virulence.
It is possible that this gene encodes a redundant virulence
function. In planta competition assays with wild-type K60 in
tomato could determine if the mutant has reduced fitness un-
der these conditions.

An RSp1575 mutant which lacks a gene predicted to encode
an amino acid binding protein was severely attenuated in vir-
ulence on tomato, killing just over 50% of the inoculated plants
under conditions when the wild-type parent killed all inocu-
lated plants. Expression of RSp1575 is induced 17-fold when
the pathogen grows in the tomato plant host rather than in rich
broth, suggesting that this protein plays a role in plant-microbe
interactions (6). Although this gene is predicted to encode an
amino acid binding protein, mutant K1575 had an amino acid
utilization pattern indistinguishable from that of the wild type,
indicating either that amino acids are not the preferred sub-
strate for Rsp1575 or that alternate redundant binding pro-
teins can compensate if this protein is absent. We speculate
that Rsp1575 may play a role in R. solanacearum taxis, the
ability of bacteria to move towards more favorable conditions.
Taxis is required for full virulence of this pathogen and is
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regulated by the motility master regulatory protein complex
FlhDC (44; J. Yao, A. Milling, and C. Allen, unpublished
data). Solute-binding proteins are often involved in chemo-
taxis, and we previously found that RSp1575 is negatively reg-
ulated by FlhDC (6). In preliminary experiments, K1575 had
reduced swimming motility on low-agar motility plates. Fur-
ther detailed chemotaxis and motility studies are necessary to
explore the connection between RSp1575 and bacterial taxis.

We chose to mutate RSp1521 based on its similarity to genes
required for normal interactions with plant interaction by
other bacteria, namely, acvB from A. tumefaciens and atvA
from R. tropici. Although the RSp1521 mutant grew normally
in tobacco leaf apoplast, the strain was significantly attenuated
in virulence on tomatoes. The function of Rsp1521 remains
unclear, however.

Bioinformatic and in vitro growth experiments suggested
that RSp1521 contributes to the ability to grow at low pH in R.
solanacearum, and we speculate that poor acid tolerance may
explain the reduced virulence of strain K1521. K1521 grows
like the wild type in tobacco leaves; however, the leaf apoplast
is not R. solanacearum’s primary habitat inside plants. Quan-
titative analyses of bacterial growth in tomato xylem fluid could
clarify the role of Rsp1521 in this trait. The pH of tomato plant
xylem fluid during bacterial wilt pathogenesis is unknown, but
R. solanacearum grows faster in xylem fluid of diseased plants
than in any laboratory medium tested to date (Allen, unpub-
lished data). Acidic and/or toxic by-products caused by the
rapid growth of R. solanacearum in xylem fluid could contrib-
ute to an inhibitory change in pH in this environment, and the
degradation of the reactive oxygen species produced during
plant defense can also lower xylem pH significantly. Prelimi-
nary in vitro studies of R. solanacearum K152 found that this
strain has wild-type levels of hydrogen peroxide tolerance;
however, it is the active degradation of peroxides in planta that
can be inhibitory. Measuring the growth or virulence of this
strain in cultivars of tobacco that overproduce reactive oxygen
species could test this hypothesis (17).

Of six genes encoding putative Tat-secreted proteins (pehC,
RSp1521, RSp1575, RSc1651, nosZ, and plcN), four had a
virulence defect when mutated, suggesting that there are ad-
ditional contributors to virulence among the 70 putative Tat-
secreted proteins. A nonhemolytic phospholipase C, PlcN, and
a nitrous oxide reductase, NosZ, are putative Tat-secreted
proteins in R. solanacearum GMI1000, and these proteins have
been shown to be Tat dependent in other bacteria (19, 28). In
separate experiments, we found that nosZ and plcN mutants of
R. solanacearum GMI1000 are reduced in virulence (E. Gonza-
lez, J. Zarate, and C. Allen, unpublished data). However, the
genes encoding NosZ and PlcN are not present in the genome
of R. solanacearum K60, the strain used in the experiments
presented in this paper. NosZ and PlcN may thus be strain-
specific virulence factors for GMI1000. Further analysis of
these proteins and their role in virulence is forthcoming.

The draft sequence of another R. solanacearum strain, phylo-
type II biovar 2 (“race 3”) strain UW551 (http://vision.biotech.ufl
.edu/mycap/jsp/project/description.jsp?projectID 	 1), suggests
that this strain carries a somewhat different repertoire of Tat-
secreted proteins (14). Interestingly, 15 proteins that are pre-
dicted Tat-secreted substrates in GMI1000 are present in the
UW551 genome but lack the signature N-terminal twin-argi-

nine motif, suggesting that although these proteins are con-
served across strains, their secretion pathways are not. There
may be adaptive value in secreting virulence factors via differ-
ent pathways under various environmental conditions. These
differences in secretory strategy also reinforce the idea that
genomes of strains in the R. solanacearum species complex are
fluid and significantly functionally divergent.

It is hypothesized that the Tat system could be a potential
target for antimicrobial agents. However, mounting data sug-
gest that in addition to virulence factors, Tat secretes numer-
ous proteins necessary for basic metabolic and physiological
bacterial processes. Tat proteins are well conserved among
bacteria both beneficial (e.g., Rhizobium spp.) and pathogenic
(12). Therefore, it could be unwise to use such a broad anti-
microbial strategy against bacterial plant pathogens that oc-
cupy the same niche as benevolent bacteria. Rather, a com-
parative genomic analysis of predicted Tat-secreted proteins
from plant pathogenic bacteria may shed light on other viru-
lence-related or host adaptation proteins common to patho-
gens that share the same habitat (i.e., plant xylem tissue).
These proteins would be good candidates for further mutagen-
esis and study using R. solanacearum and might offer useful
targets for antimicrobial control strategies.
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