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Nitrate Assimilation Contributes to Ralstonia solanacearum Root
Attachment, Stem Colonization, and Virulence
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Ralstonia solanacearum, an economically important plant pathogen, must attach, grow, and produce virulence factors to colo-
nize plant xylem vessels and cause disease. Little is known about the bacterial metabolism that drives these processes. Nitrate is
present in both tomato xylem fluid and agricultural soils, and the bacterium’s gene expression profile suggests that it assimilates
nitrate during pathogenesis. A nasA mutant, which lacks the gene encoding the catalytic subunit of R. solanacearum’s sole as-
similatory nitrate reductase, did not grow on nitrate as a sole nitrogen source. This nasA mutant exhibited reduced virulence and
delayed stem colonization after soil soak inoculation of tomato plants. The nasA virulence defect was more severe following a
period of soil survival between hosts. Unexpectedly, once bacteria reached xylem tissue, nitrate assimilation was dispensable for
growth, virulence, and competitive fitness. However, nasA-dependent nitrate assimilation was required for normal production
of extracellular polysaccharide (EPS), a major virulence factor. Quantitative analyses revealed that EPS production was signifi-
cantly influenced by nitrate assimilation when nitrate was not required for growth. The plant colonization delay of the nasA mu-
tant was externally complemented by coinoculation with wild-type bacteria but not by coinoculation with an EPS-deficient epsB
mutant. The nasA mutant and epsB mutant did not attach to tomato roots as well as wild-type strain UW551. However, adding
either wild-type cells or cell-free EPS improved the root attachment of these mutants. These data collectively suggest that nitrate
assimilation promotes R. solanacearum virulence by enhancing root attachment, the initial stage of infection, possibly by modu-

lating EPS production.

Ithough often overlooked, pathogen physiology is a key com-

ponent of virulence. Pathogens rarely cause disease without
the physiological capacity to grow and multiply (1). Nitrogen me-
tabolism, in particular assimilation (the constructive metabolism
by which nutrients are used for biosynthesis), is underexplored as
it relates to virulence in pathogenic bacteria (1). Genomic and
transcriptomic studies have suggested the possible importance of
nitrate assimilation in virulence or fitness, but few have function-
ally investigated these hypotheses (2, 3). Based on genomic anal-
yses, it has been proposed that Xanthomonas campestris pv. camp-
estris uses nitrate as a nitrogen source while infecting crucifer
plants (2). The presence and expression of genes encoding nitrate
assimilation has been noted in another plant pathogen, Ralstonia
solanacearum (4). R. solanacearum, the causal agent of bacterial
wilt disease, is a betaproteobacterial plant pathogen that costs the
global potato industry over $1 billion per year and can cause up to
90% yield losses of tomato (5, 6). There is no generally effective
strategy for controlling bacterial wilt of tomato or potato, so un-
derstanding the biology of this host-pathogen interaction is im-
portant for both industrial and subsistence agriculture.

The R. solanacearum infection process begins with attachment
to host roots, followed by formation of microcolonies on the root
surface. The bacterium then enters host plants through wounds or
natural openings in the roots. Once beyond the root surface, the
bacterium moves through the cortex and colonizes the water-
transporting xylem elements in the vascular system (7, 8). R. so-
lanacearum then moves up into the stem with the plant’s transpi-
rational flow and multiplies rapidly in the xylem fluid. Bacterial
population sizes in infected plants can surpass 10 CFU/g of stem
tissue (8). Wilting symptoms are believed to result from physical
blockage of the xylem by R. solanacearum cells and their cellular
products (9). As infected plants wilt and die, the bacteria spread
out of the xylem and return to the soil through the roots of the
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decayed plant. They persist in the environment until another host
becomes available. The nutrients that support the growth, viru-
lence, and survival of R. solanacearum over its life cycle are not
known.

R. solanacearum produces extracellular polysaccharide (EPS),
a complex polymer of N-acetylated sugars (10). EPS is a major
bacterial wilt virulence factor; mutants lacking EPS colonize
plants poorly and rarely cause symptoms (11, 12). It has been
suggested that EPS contributes to virulence by blocking xylem
vessels (6, 13). In addition, EPS was recently found to specifically
trigger defense responses in bacterial wilt-resistant tomato plants
(14). However, the role of EPS in pathogenesis prior to xylem
colonization has not been explored. EPS production is regulated
by a complex environmentally responsive network that is not fully
characterized (15, 16).

To grow and produce virulence factors that contain nitro-
gen, like EPS, R. solanacearum requires nitrogen input. The bac-
terium encounters high concentrations of nitrate in both agricul-
tural soils and in tomato plant xylem sap (17, 18). Nitrate is
consistently the most abundant potential nitrogen source in both
environments. High-pressure liquid chromatography (HPLC)
analyses confirmed that the xylem sap of our tomato plants
contains high levels (40 mM) of nitrate (Jean-Claude Davidian,
unpublished results). All 11 sequenced R. solanacearum ge-
nomes in the MaGE RalstoniaScope database encode putative nitrate
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TABLE 1 Strains and plasmids used in this study

Strain or plasmid Relevant characteristics”

Source or reference

Strains

E. coli TOP10 F~ mcrA A(mrr-hsdRMS-mcrBC) $80lacZAM15 AlacX74 recAl araD139 Invitrogen
A(ara-leu)7697 galU galK rpsL (Str") endAI nupG
R. solanacearum
UWS551 (WT) Wild-type race 3, biovar 2 8
UWS551Rif (WTRif) UWS551; Rif 25
epsB mutant UWS551 AepsB:Km; Km" 14
nasA mutant UWS551 AnasA:Gm; Gm® This study
nasA mutant + pNascomp UWS551 AnasA:Gm + pNascomp; Gm" Km" This study
nasA mutant + pUFJ10 UW551 AnasA:Gm + pUFJ10; Gm" Km" This study
Plasmids
pSTBlue-1 Cloning vector; Amp* Km" EMD Bioscience
pCR-Blunt Cloning vector; Km* Invitrogen
pUFJ10 Gm" Km"; stable in R. solanacearum 23
pSTBlueAnasA pSTBlue-1 + nasA::Gm deletion construct in EcoRV MCS This study
pNascomp pUFJ10 + narK3 nirB-nirD-nasB-nasA DNA subcloned from pCR-Blunt This study

“ Gm', gentamicin resistance; Rif", rifampin resistance; Amp", ampicillin resistance; Str", streptomycin resistance; Km', kanamycin resistance.

assimilation capacity (http://www.genoscope.cns.fr/agc/microscope
/home/index.php) (2). Transcriptional analyses revealed that the ni-
trate assimilatory network is expressed by the bacterium during to-
mato pathogenesis (4). Based on these preliminary observations, we
sought to determine the role of assimilatory nitrate reduction in bac-
terial wilt pathogenesis.

We found that the deletion of nasA, which encodes the catalytic
subunit of the pathogen’s only apparent assimilatory nitrate re-
ductase, caused defects in virulence and plant colonization, but
only when bacteria infected unwounded plant roots. The viru-
lence defect was exacerbated after a period of soil survival. Once
bacteria reached xylem tissue, nitrate assimilation was dispensable
for growth, virulence, and competitive fitness, indicating that
nasA contributes to virulence prior to xylem entry. Unexpectedly,
nasA was also required for the normal production of EPS and for
attachment to tomato roots. Our data suggest a previously unrec-
ognized role for R. solanacearum EPS in attachment to host roots
and that this EPS-mediated root attachment is enhanced by ni-
trate metabolism.

MATERIALS AND METHODS

Bacterial strains and culture conditions. All bacterial strains and plas-
mids used in the present study are listed in Table 1. Unless otherwise
noted, E. coli strains were grown in Luria-Bertani (LB) medium at 37°C
and R. solanacearum strains were grown in CPG medium (19) at 28°C.
When appropriate, media were supplemented with antibiotics (15 wg of
gentamicin/ml, 25 g of kanamycin/ml, and 50 wg of rifampin/ml).
Boucher’s minimal medium (BMM) buffered with 20 mM MES (mor-
pholineethanesulfonic acid) was used when minimal medium was needed
(20), with either nitrate or ammonium as sole nitrogen sources at concen-
trations noted. Chemicals were from Difco Laboratories (Detroit, MI),
Sigma-Aldrich (St. Louis, MO), or Fisher Scientific (Hanover Park, IL).
Measuring gene expression. Bacterial cells from overnight CPG cul-
tures were centrifuged (6,000 rpm; 10 min) and resuspended to a cell
density of 2 X 10* CFU/ml in 5 ml of Boucher’s minimal medium (de-
scribed above) containing either no nitrogen, 5 mM ammonium, 5 mM
nitrate, 5 mM ammonium plus 5 mM nitrate, or a 1:10 final concentration
of xylem sap (collected and pooled from 30 3-week-old Bonny Best to-
mato plants as described previously [4]). After 3 h of incubation at 228
rpm and 28°C, 1.25 ml of transcriptional stop solution of 5% phenol in
ethanol was added to the cells. Cells were immediately centrifuged (12,000
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rpm for 5 min at 4°), and the supernatant was discarded. Pellets were
frozen in liquid nitrogen and stored at —80°C. RNA was extracted using a
phenol-chloroform extraction method as described previously (4), fol-
lowed by four DNase I treatments to ensure complete DNA removal.
cDNA was synthesized using a SuperScript VILO ¢cDNA Synthesis kit
according to manufacturer’s instructions (Invitrogen). Quantitative real-
time PCR (qRT-PCR) was used to determine differences in expression of
nasA under the various treatments using the constantly expressed rpIM
gene for normalization (Fanhong Meng, unpublished data). Relative
quantification gqRT-PCR was carried out as described previously (4) and
analyzed using the AAC; method (14). Nine biological replicate experi-
ments were performed under each condition.

Construction of R. solanacearum nasA mutant and nasA-comple-
mented strains. Overlap extension PCR (21) was used to create the marked
nasA deletion construct AnasA::Gm. Specifically, a 700-bp region upstream
of the nasA gene was amplified from R. solanacearum strain UW551
genomic DNA using the primers nasAupForward and nasAupReverse. A
700-bp region downstream of the nasA gene was amplified using the
primers nasAdownForward and nasAdownReverse. A Tn7 Gm plasmid
was used as the template for amplification of the gentamicin resistance
gene using the primers GmF and GmR. Both nasAupReverse and
nasAdownForward primers have gentamicin resistance gene sequence
overlap, which allowed construction of a deletion construct containing
the gentamicin (Gm) resistance cassette with the three resulting DNA
fragments. All primer sequences are listed in Table 2.

The resulting 2.5-kb blunt-ended deletion construct was phosphory-
lated with T4N kinase using standard procedures and cloned into the

TABLE 2 Primers used in this study

Primer Sequence (5'-3") Source
nasAupForward GTGGAGGTGCGCTACGACCG This study
nasAupReverse ATTCGAGCTCGGTACCCGCCTG This study
CCGCTGGATCAGCTC
nasAdownForward ~ AATTGTCACAACGCCGCGGCG This study
TGGGCCGCAACACCATCT
nasAdownReverse ~ GCCGTTCGGGTTGGCGATCA This study
GmF GGGTACCGAGCTCGAATTG Jacobs and Allen,
unpublished
GmR CCGCGGCGTTGTGACAATTT Jacobs and Allen,
unpublished
nasoperonF TCGCACCATAACCGCACACCG This study
nasoperonR ACGAGGAGCCGGATTTTAAGTGC  This study
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EcoRV site in the multiple cloning region of pSTBlue-1 (Km'; Novagen)
to create pSTBlueAnasA. Correct deletion construct insertion was con-
firmed by sequencing. The deletion construct was introduced into wild-
type (WT) R. solanacearum chromosome by double homologous recom-
bination following electroporation, as previously described (22). Correct
allelic replacement was confirmed with PCR.

An initial complementation construct contained only the nasA open
reading frame (ORF). This plasmid was introduced into the nasA mutant
strain and conferred the ability to grow on nitrate, but at a lower rate than
the wild-type strain. We therefore constructed a new complementation
plasmid, this time including the upstream region to facilitate proper tran-
scriptional control.

This nasA complementation plasmid (pNascomp) was generated us-
ing the primers nasoperonF and nasoperonR on R. solanacearum genomic
DNA template to amplify a fragment encoding the promoter, narK3, nirB,
nirD, nasB, and nasA. This 8.8-kb DNA fragment was cloned into pCR-
Blunt (Invitrogen). The full nas operon was excised with Xbal and BamHI
and transferred into Xbal/BamHI-digested pUFJ10 (23) to create
pNascomp. This plasmid, which is stably maintained in R. solanacearum,
was introduced into the nasA mutant R. solanacearum strain via electro-
poration. The presence of the plasmid was confirmed by plasmid purifi-
cation and antibiotic resistance. Plasmid pUFJ10 is one of the few com-
plementation vectors that is stable in R. solanacearum (23). However,
pUFJ10 confers a significant fitness defect on R. solanacearum (Tuan
Tran, unpublished data), so the complemented nasA mutant was not used
for in planta studies.

Growth measurements. Nitrate assimilation capacity was measured
using growth curves and imaging of R. solanacearum wild-type and nasA
mutant strains growing in BMM (pH 7.0) with equimolar concentrations
(5 mM) of either ammonium or nitrate as a nitrogen source and 55 mM
glucose as a carbon source. Filter-sterilized tomato xylem sap collected as
previously described (4) was also used as a growth medium. Then, 96-well
plates were inoculated with 10* CFU of single R. solanacearum strains and
incubated in a spectrophotometric plate reader (Bio-Tek Instruments) for
72 h at 28°C with slow shaking. Each treatment was replicated nine times.
Growth curves indicated that growth resulting from nitrate assimilation
when nitrate was the sole N source can be simplified to a +/— scale. We
depicted readings with endpoint images illustrating the qualitative nature
of the metabolism across strains. Viability and cell density at the 72 h
endpoint were assessed via serial dilution plating.

Plant assays. A bacterial wilt-susceptible tomato cultivar (Lycopersi-
con esculenturm Mill cv. Bonny Best) was used to evaluate virulence of the
R. solanacearum strains. Soil soak inoculations were performed by gently
pouring a 50-ml bacterial suspension at a final concentration of 10°
CFU/g of potting mix into the pots of unwounded 3-week-old tomato
plants (24). To measure strain competitive fitness, plants were inoculated
with a 1:1 suspension of two strains at a final total concentration of 10
CFU/g of potting mix. Wilt symptom development was assessed daily on
ascale from0to4 (0= 0%, 1 =1to25%,2 = 26to50%,3 = 51 to 75%,
and 4 = 76 to 100% total leaves wilted). Bacteria were inoculated directly
into stem xylem tissue by petiole inoculation as previously described (4).
Briefly, 3-week-old Bonny Best tomato plants were inoculated with 2,000
CFU of the specified R. solanacearum strain(s) through the cut petiole of
the first true leaf and monitored for symptoms as described above. For
colonization assays, plants were inoculated by either soil soak or cut pet-
iole inoculations and sampled 2 to 5 days postinoculation or at the first
appearance of symptoms, as indicated by the term “Disease Index 1.” A
100-mg segment of midstem tissue was suspended in water to a 1:10
dilution (0.1 g of stem tissue plus 0.9 ml of water), ground, and dilution
plated on CPG medium supplied with appropriate antibiotics to measure
the CFU per 100 mg of stem tissue. For competitive fitness assays, the
relative competitive index (RCI) was calculated as the ratio of mutant to
WT CFU per 1 g of stem tissue recovered normalized to the ratio of
mutant to WT CFU in the inoculum. A value of 1 indicates the two com-
pared strains behaved similarly. A value of <1 indicates the mutant was

March 2014 Volume 196 Number 5

R. solanacearum Nitrate Assimilation and Pathogenesis

less fit than WT, while a value of >1 indicates the mutant was more fit
than WT under the conditions tested. Because the coinoculated strains
were marked with antibiotic resistance genes, it should be noted that
rifampin and gentamicin resistance do not affect virulence or growth in R.
solanacearum (25; A. Milling and C. Allen, unpublished data).

To assess the contribution of nitrate assimilation to the ability of R.
solanacearum to persist between plant infections, we soil soak inoculated
bacterial wilt-resistant H7996 tomato plants with either nasA mutant or
wild-type R. solanacearum as described above. Twenty days after the initial
inoculation, plants were uprooted and removed from each pot, and the
pots continued to be watered daily. Ten days later, a new 3-week-old
Bonny Best plant was transplanted into each pot, and disease develop-
ment was monitored.

Soil survival assessments. One tomato plant per pot containing 80 g
of potting mix was added to each pot (n = 10 per treatment). After 3 weeks of
incubation, the plants were removed, and the soil was soaked with 50 ml of
either wild type, nasA mutant, or a 1:1 mix of wild-type and nasA mutant R.
solanacearum to a final density of 10% CFU/g of soil. Previously used pots
were used in order to replicate the conditions used in the original be-
tween-plant virulence assay.

Pots were watered with Hoagland’s fertilizer every other day, and pop-
ulations were quantified in the pots immediately after inoculation, at 6 h
postinoculation, at 5 days postinoculation, and at 15 days postinocula-
tion. For each time point, a total pooled mass of 1 g of soil was taken from
three different locations within each pot. This soil was suspended in 9 ml
of sterile water, vortexed, serially diluted, and plated on selective medium
to quantify the CFU/g of soil. The RCI was calculated as described above.

EPS analyses. EPS production was observed by plating 10> CFU of
wild-type, nasA mutant, epsB mutant, and nasA + pNascomp R. so-
lanacearum on either CPG or CPG plus 40 mM nitrate. Colony morphol-
ogy of each strain was visually assessed and imaged after 4 days of incuba-
tion at 28°C.

Quantitative analyses of EPS production were conducted using en-
zyme-linked immunosorbent assay (ELISA), the biochemical Elson-Mor-
gan assay, and viscosity measurements. R. solanacearum strains were
grown in CPG medium overnight, rinsed, and diluted to a cell density of
10° CFU/ml. Portions (100 wl) of these cell suspensions were spread on
plates of MES-buffered CPG agar or CPG—40 mM nitrate agar and incu-
bated for 4 days at 28°C. The cells were then resuspended in water to a
uniform optical density at 600 nm (ODyq,) of 1 (i.e., 10° CFU/ml). The
cell density was confirmed through dilution plating. EPS was quantified
by using anti-R. solanacearum EPS antibodies with ELISA (Agdia, Inc.,
Elkhart, IN) according to the manufacturer’s instructions per 10-pl vol-
ume (107 CFU) of cell suspension (10 technical replicates were assessed).
To measure viscosity of EPS produced by comparable cell numbers (10°
CFU/ml) of different strains, bacteria were collected from plates as de-
scribed above, whole cells were removed from the suspensions (at 10°
CFU/ml determined by spectrophotometry [ODy,, = 1.0] and confirmed
via dilution plating) via centrifugation (as described in reference 14), and
the viscosity of the extracellular milieu (mainly consisting of EPS1) was
measured. Then, 1 ml of cell-free extracellular milieu was placed in the
measurement cup of a Brookfield DV-1 digital viscometer, and the viscos-
ity was measured at 28°C at 60 rpm. Viscosity was determined relative to
water, which was given an arbitrary value of 1.

For biochemical analysis, crude EPS was purified, and hexosamine
content was quantified per 10° CFU using the Elson-Morgan method as
described previously (14). Briefly, EPS was prepared as for the ELISAs,
and whole cells were removed as described above for the viscosity assays.
Cell-free EPS was lyophilized, dissolved in water, precipitated overnight at
—20°C in 4 volumes acetone—20 mM NaCl, and redissolved in water.
N-Acetylgalactosamine (Sigma-Aldrich) was used as the standard, and
calculated concentrations were normalized to cell density (as determined
by the ODy,, and dilution plating prior to removing cells via centrifuga-
tion).
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FIG 1 Organization of the R. solanacearum nitrate assimilation pathway and its function in culture. (A) The nitrate assimilation pathway allows for the uptake
of nitrate and reduction of both nitrate and nitrite for use in the synthesis of organic compounds. The relevant genes are listed above each enzymatic step.
Annotations: narK3 and nasFED, nitrate uptake transporters; nasA, large catalytic subunit of the assimilatory nitrate reductase; nasB, small subunit of the
assimilatory nitrate reductase; nirB, large catalytic subunit of the assimilatory nitrite reductase; nirD, small subunit of the assimilatory nitrite reductase. (B) The
R. solanacearum nitrate assimilation operon and construction of the nasA mutant strain. The complete nasA ORF was replaced with a gentamicin resistance
cassette, as shown. (C) Growth of R. solanacearum strains in minimal medium with 5 mM nitrate as the sole nitrogen source, imaged after 72 h. WT, wild-type
R. solanacearum UW551; nasA, nasA deletion mutant; nasA + pUFJ10, nasA mutant plus empty vector; nasA + pNascomp, complemented nasA mutant.

Root attachment assay. Tomato seeds (cv. Bonny Best) were surface
sterilized, germinated, and grown on Murashige & Skoog (MS) medium
plus agar with nitrate (MS Medium Mod 4; PlantMedia) as the sole nitro-
gen source for 2 days. Bacterial suspensions were generated from over-
night cultures grown in CPG plus 10 mM nitrate. Inocula included single
strains (wild type, nasA mutant, and epsB mutant R. solanacearum alone),
coinoculations (nasA mutant plus wild-type cells [1:1], epsB mutant plus
wild-type cells [1:1]), and cell-free EPS-supplemented single strain inoc-
ulations containing 2 pg of EPS per cm of root (nasA mutant of EPS
produced from wild-type R. solanacearum grown on nitrate-containing
plates and epsB mutant plus EPS produced from wild-type R. so-
lanacearum grown on nitrate-containing plates). Then, 10 wl (5 X 10’
CFU/ml) of each inoculum was placed on 2-cm sections of individual
seedling roots to deliver 2.5 X 10> CFU/cm of root. After incubation for 2
h, inoculated root segments were excised, gently mixed for 10 s in 15-ml
conical tubes of sterile water, and blotted dry. Batches of three to five 2-cm
root segments were pooled, ground, serially diluted, and plated to quan-
tify CFU of the strain of interest attached per cm of root. To account for
small variations in inoculum cell density, the resulting CFU/cm numbers
were divided by the initial inoculum, as determined by dilution plating.
This number was used to generate a directly comparable percentage of
CFU attached from each inoculation. This assay was repeated three times
with a total of n = 10 to 16 replicates (each replicate containing 3 to 5
roots) for each treatment.

RESULTS

Nitrate assimilation in R. solanacearum. The genomic structure
of R. solanacearum’s nitrate assimilation network is unique to a
subset of Betaproteobacteria. Genomic analysis suggests R. so-
lanacearum has two assimilatory nitrate uptake systems, encoded
by nasFED and narK3 (26, 27). The nasFED operon, predicted to
encode the typical assimilatory nitrate transporter, is atypically
distant from the metabolic operon, suggesting a relatively recent
genomic rearrangement (27). The metabolic operon is predicted
to encode enzymes responsible for the reduction of nitrate and
nitrite. It begins with narK3, predicted to encode an ATP-inde-
pendent high-affinity nitrate transporter similar to those that up-
take nitrate for respiration (Fig. 1) (26, 28). narK3 is directly up-
stream of nirB and nirD, which encode the assimilatory nitrite
reductase, and nasB and nasA, which encode the assimilatory ni-
trate reductase. This arrangement (narK3-nirBD-nasBA) is lim-
ited to R. solanacearum, R. pickettii, R. eutropha, Cupriavidus tai-
wanensis, and Herbaspirillum seropedicae. Entirely unique to R.
solanacearum is the positioning of this operon between aer! (en-
coding an energy taxis receptor [29]) and a cluster of predicted
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filamentous hemagglutinin genes. This nas operon has no nearby
regulator, which is uncommon (27). However, a predicted NasR
regulator is encoded immediately upstream of the nasFED
operon. Although nasR and narK3-nirBD-nasBA are genomically
distant and the leader sequence of the metabolic operon has no
clearly identifiable stem-loop secondary structure motif (see be-
low), we nonetheless observed the typical nitrate-induced regula-
tory patterns (Fig. 2) (30). In organisms such as Klebsiella oxytoca,
a stem-loop structure forms in the leader region of the metabolic
operon. This leads to transcriptional termination. When nitrate is
present, however, NasR aids in the formation of an antiterminator
in this region, allowing transcription of the nitrate assimilatory
genes (31). Using qRT-PCR to measure transcription of nasA, we
determined that R. solanacearum nitrate assimilation is induced
by nitrate (Fig. 2). The expression of nasA was highly induced
(39-fold) in minimal medium with 5 mM nitrate relative to in
medium without nitrogen. There was no detectable nasA tran-
script in minimal medium with 5 mM ammonium, and growth in
5 mM nitrate and 5 mM ammonium decreased nasA expression

I
S o
[l []

SA
w
o
[l

< 204

of

-
o
[

not
detected

0

Relative Expression (log,)
a

-10

Nitrogen:  NH,* NO;  NH,"NOj

xylem sap

Medium: minimal medium

FIG 2 Expression of the nasA gene was induced by nitrate and repressed by
ammonium. RNA was extracted from wild-type R. solanacearum cells incu-
bated for 3 h at a density of 2 X 10® CFU/ml in either minimal medium (with
no nitrogen, ammonium, nitrate, or both ammonium and nitrate) or in 1:10-
diluted xylem sap. After cDNA synthesis, gene expression levels were deter-
mined with relative value quantitative real-time PCR using rpIM for normal-
ization. The data are presented relative to nasA expression in wild-type R.
solanacearum cells in minimal medium with no nitrogen source. Bars indicate
the standard errors; n = 9 biological replicates for each treatment.
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TABLE 3 Expression of R. solanacearum genes involved in nitrate assimilation and scavenging during tomato pathogenesis®

R. solanacearum

R. solanacearum UW551 GMI1000

In planta In planta

absolute absolute
Gene Annotation (NCBI) Locus tag expression Locus tag expression
narK3 High-affinity nitrate transporter transmembrane protein RRSL_01120 9.66 RSp1223 8.95
nirB Nitrite reductase NADPH large subunit RRSL_01119 9.72 RSp1222 8.94
nirD Nitrite reductase NADPH small subunit RRSL_01118 7.97 RSp1221 8.29
nasB Flavoprotein FAD oxidoreductase RRSL_01117 8.26 RSp1220 7.94
nasA Nitrate reductase large subunit oxidoreductase RRSL_01116 7.08 RSp1219 7.95
nasF Nitrate transporter protein RRSL_03280 9.01 RSc0381 9.83
nasE Nitrate transmembrane ABC transporter protein RRSL_03281 7.80 RSc0380 9.17
nasD Nitrate binding ABC transporter protein RRSL_03282 8.71 RSc0379 7.97
glnAl Glutamine synthetase RRSL_01421 11.71 RSc1258 14.03
ntrB Nitrogen regulation (sensor protein kinase transcription regulator) RRSL_01419 9.68 RSc1260 11.31
ntrC Nitrogen assimilation regulatory response regulator transcription regulator protein RRSL_01418 9.84 RSc1261 9.95
ginA2 Glutamine synthetase RRSL_03114 8.51 RSp0886 8.41
ginB Nitrogen regulatory P-II transcription regulator protein RRSL_00967 12.05 RSc2345 12.91
amtB Ammonium transporter RRSL_03319 10.07 RSc0343 10.88
glnkK Nitrogen regulatory P-II transcription regulator protein RRSL_03320 10.68 RSc0342 11.51

“To determine the in planta absolute expression, R. solanacearum cells were centrifuged from the stems of symptomatic tomato plants inoculated with the indicated strain, and
absolute gene expression levels were determined using strain-specific microarrays as described previously (4).

2-fold compared to in minimal medium with no nitrogen. This,
together with the failure to detect any nasA transcript in the 5 mM
ammonium condition, indicates that ammonium represses tran-
scription of nitrate assimilation genes, as is typical in most nitrate-
assimilating bacteria (27). Growth in diluted tomato xylem sap, a
biologically relevant condition, increased R. solanacearum nasA
expression 16-fold (Fig. 2).

The nas cluster is expressed by R. solanacearum during plant
pathogenesis. We predicted that if R. solanacearum uses nitrate
assimilation during pathogenesis, the genes of the nas operon
would be expressed during plant infection. The data from a pre-
vious transcriptional analysis indicate that the nas operon is in-
deed expressed at 5 X 10® CFU/ml both in culture (data not
shown) and during tomato pathogenesis (Table 3) (4). R. so-
lanacearum also expresses genes encoding components of the am-
monium-deficient response, such as ntrBC, in the plant during
disease. This confirms that under the conditions tested, ammo-
nium, the preferred nitrogen source of most bacteria and the one
that requires the least energy to channel into assimilation, is ab-
sent. This suggests that R. solanacearum is not subject to ammo-
nium-mediated repression of nasA during plant pathogenesis and
may actively assimilate nitrate.

R. solanacearum nasA encodes a necessary component of a
functional assimilatory nitrate reductase. To explore the role of
nitrate assimilation in R. solanacearum biology, we created a dele-
tion mutant lacking nasA (Fig. 1B). As predicted by annotation,
nasA was required for R. solanacearum growth on nitrate as a sole
nitrogen source but was dispensable for growth on ammonium
(Fig. 1C; data not shown). Measuring continuous growth of the
nasA mutant and wild-type R. solanacearum strains over 96 h con-
firmed that nitrate assimilation was suppressed by the presence
of ammonium, as is typical of bacterial nitrate assimilation
networks (data not shown) (32-34). The two strains grew in-
distinguishably in minimal medium supplemented with am-
monium or ammonium + nitrate. However, the wild type grew
significantly slower on nitrate than on ammonium when nitrate was
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being assimilated, suggesting again that ammonium is a more effi-
ciently used nitrogen source than nitrate and is preferred over nitrate
when available. The nasA mutant nitrate assimilation defect was
complemented by addition of the wild-type narK3-nirBD-nasBA
operon in trans, but the empty vector did not affect nitrate assimila-
tion (Fig. 1C).

nasA contributes to bacterial wilt virulence early in infec-
tion. The nasA mutant was significantly delayed in virulence on
tomato following naturalistic soil soak inoculation (P = 0.002,
repeated-measures analysis of variance [ANOVA]; Fig. 3A). Soil
soak inoculation of unwounded plants forces the bacterium to
survive in soil, chemotax to root exudates, attach, form micro-
colonies, enter the root, and move through the cortex to colonize
the xylem. Based on the gene expression data, the abundance of
nitrate in the agricultural environment and the virulence defect of
the nasA mutant, we hypothesized that nitrate is an important
nitrogen source for R. solanacearum in the xylem environment.
However, the nasA and wild-type strains grew equally well in fil-
ter-sterilized tomato xylem sap (P > 0.05, Mann-Whitney f test)
(Fig. 4A). To determine whether during colonization, the plant
provides nitrate or other nitrate assimilation-promoting factors
that are not present in ex vivo xylem sap from healthy plants, we
inoculated nasA mutant and wild-type strains directly into xylem
tissue via a cut leaf petiole and measured symptom development.
With this inoculation method, the nasA mutant and wild-type
strains were equally virulent (P > 0.05, repeated-measures
ANOVA) (Fig. 4B). To determine whether nitrate assimilation
confers a competitive fitness benefit on R. solanacearum cells
growing in xylem, we measured population sizes of marked nasA
mutant and wild-type bacteria after coinoculation via cut petiole
at either 48 h postinoculation or when wilt symptoms first ap-
peared. Under these conditions the nasA mutant grew better than
the wild type at both sampling points (P = 0.0026 and 0.0059,
respectively) (Fig. 4C). This indicates that NasA provides no de-
tectable fitness benefit to the pathogen during stem xylem coloni-
zation. Overall, these experiments demonstrate that nitrate assim-
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FIG 3 Nitrate assimilation is required for full R. solanacearum virulence on
tomato. (A) Disease caused by wild-type strain UW551 (@) or assimilatory
nitrate reductase mutant nasA ([J) following naturalistic soil soak inoculations
of susceptible tomato plants (cv. Bonny Best), as illustrated in Fig. 5A. The data
shown reflect mean daily ratings on a disease index scale of 0 to 4 of three
biological replicates, each containing 8 to 16 plants/treatment for a total n = 28
plants. P = 0.002 (two-way repeated-measures ANOVA). (B) Percentage of
plants showing any wilt symptoms each day for the experiment described
above. Black bars, wild-type strain UW551; white bars, nasA mutant. Bars
indicate the standard errors of the mean; asterisks indicate days when percent
symptomatic plants were significantly different between wild-type and nasA
treatments (P < 0.05 [unpaired ¢ test]).

ilation was not required for bacterial growth or competitive fitness
in host xylem. This suggests that nitrate assimilation makes its
contribution to R. solanacearum virulence during the early stages
of pathogenesis.
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Nitrate assimilation contributes to pathogen success over
the disease cycle. Virulence assays typically ignore key steps in the
biological disease cycle such as survival and production of viru-
lence factors between crop plantings. To test the hypothesis that
nitrate assimilation contributes to the ability of R. solanacearum to
cause disease following a period of soil incubation, we compared
symptom development in tomato plants grown in soil previously
colonized by either nasA mutant or wild-type strains (Fig. 5A).
This assay required bacteria to both survive in soil without a living
plant, and to successfully infect a new host. To generate infested
soil, the moderately wilt-resistant tomato line H7996 was soil soak
inoculated with nasA mutant or wild-type bacteria. Importantly,
H7996 is equally susceptible to nasA mutant and wild-type strains
(data not shown). After 20 days, the plants were uprooted and
discarded, leaving the bacteria to survive under conditions analo-
gous to those in a harvested field. A 3-week-old susceptible tomato
plant was transplanted into each pot, and wilt symptoms were as-
sessed over time. Plants growing in pots that previously contained
nasA mutant-infected plants were less likely to wilt and also devel-
oped symptoms several days later than plants growing in pots that
formerly contained wild-type infected plants (P = 0.0009; repeated-
measures ANOVA) (Fig. 5B). This suggests that the ability to assim-
ilate nitrate contributes to the ability of R. solanacearum to infect
new plants brought into an infested environment.

The nasA mutant was not defective in soil survival. To test the
hypothesis that the nasA mutant’s delayed symptom development
was due to reduced ability to survive in soil, we measured bacterial
populations sizes over time under the conditions described above.
Pots that previously contained 3-week-old tomato plants were
inoculated with 10® CFU of either the nasA mutant, the wild type,
or a 1:1 mix of nasA mutant plus wild type/g of soil, and the
population sizes in soil were measured over time. The population
sizes of both strains declined rapidly and at similar rates over the
experiment (Fig. 5C). In single-strain treatments, the nasA mu-
tant population sizes were slightly higher than those of the wild
type, and in coinoculation treatments the nasA mutant strain was
slightly more fit than the wild-type strain (P = 0.0025; Wilcoxon
signed-rank test) at 5 days postinoculation (Fig. 5D). By 15 days
postinoculation, all populations were below the detection limit of
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FIG 4 R. solanacearum does not require nitrate assimilation for wild-type growth, virulence, or competitive fitness in tomato xylem. (A) Growth of wild-type
strain UW551 (M) or nasA mutant ((J) in either filter-sterilized xylem sap or water inoculated with 10* CFU of bacteria. Growth was assessed 72 h later by dilution
plating. The data shown are means of nine replicates; P > 0.05 (Mann-Whitney ¢ test). (B) Disease progress of tomato plants inoculated directly into xylem tissue
via a cut leaf petiole with 2,000 CFU of either R. solanacearum wild-type UW551 (black) or nasA mutant (white). Plants were rated daily on a 0 to 4 disease index
scale; n = 10; P > 0.05 (repeated-measures ANOVA). (C) Competitive indices of marked R. solanacearum strains following cut-petiole inoculation of tomato
plants with a 1:1 mixture of wild-type and nasA mutant bacteria (2,000 cells total). Portions (100 mg) of plant tissue were ground and dilution plated to quantify
each strain at either the first sign of disease (disease index 1; n = 29) or at 48 h postinoculation (n = 10). The relative competitive index was calculated as the ratio
of CFU of nas mutant recovered/g of stem to the CFU of UW551 wild-type recovered/g of stem, adjusted to inoculum levels. Horizontal lines represent the
medians. The nasA mutant significantly outcompeted wild-type bacteria (P = 0.0026 and 0.0059 [Wilcoxon signed-rank test] for disease index 1 and 48 h
postinfection [HPI], respectively).
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FIG 5 nasA contributes to tomato plant bacterial wilt following a period of soil survival. (A) Virulence assay comparison. In a between-host virulence assay (see
panel B), unwounded plants of moderately wilt-resistant tomato H7996 were inoculated with 10® CFU of R. solanacearum/g soil. After 20 days, the plants were
removed from each pot, and 10 days later a susceptible Bonny Best plant was transplanted into each pot. This is in contrast to the standard soil soak virulence assay
(see the results presented in Fig. 2), where 10° CFU of R. solanacearum were added to pots containing a 3-week-old Bonny Best plant. (B) Between-host virulence
assay. The percentages of Bonny Best tomato plants showing any wilt symptoms each day after transplanting into pots previously containing a H7996 plant
inoculated with either wild-type UW551 (M) or nasA mutant ([J) strains are shown. This assay was repeated twice, with 20 plants/treatment in total (P = 0.0009
[repeated-measures ANOVA]). (C) Soil survival assessments. Pots were inoculated via soil soak as described above with 10® CFU of either nasA mutant or
wild-type R. solanacearum/g of soil. At 0 h, 6 h, 5 days, and 15 days postinoculation, 1-g soil samples were dilution plated to determine the population sizes of R.
solanacearum in each pot. (D) Soil survival competitive index assessments. Pots were inoculated via soil soak with a 1:1 ratio of nasA mutant and wild-type R.
solanacearum cells. Population sizes of each strain were determined by dilution plating on selective media at 6 h and 5 days postinoculation. The relative
competitive index was calculated as the ratio of CFU nasA mutant to CFU wild-type recovered/g of stem, adjusted to inoculum levels. Horizontal bars represent

the medians.

10® CFU/g of soil. These data indicate that the virulence defect of
the nasA mutant is not due to reduced ability to survive in soil. In
addition, the nasA mutant exhibited wild-type levels of motility
and chemotaxis in a plate assay (35), indicating that loss of nitrate
assimilation did not affect these known early-disease virulence
factors (data not shown).

Nitrate assimilation influences EPS production in a nasA-de-
pendent fashion. Because soil survival did not explain the nasA mu-
tant virulence defect (Fig. 5D), we hypothesized that the nasA mu-
tant produces qualitatively or quantitatively different virulence
factors. Since EPS, the major virulence factor of this organism, is
influenced by environmental conditions, we investigated the pos-
sibility that EPS production was linked to nitrate assimilation.
Qualitatively, we assessed EPS production and the influence of
nitrate assimilation on it, We assessed colony morphologies of
nasA mutant and wild-type R. solanacearum cells growing on CPG
plates with or without added nitrate (Fig. 6A). On CPG, R. so-
lanacearum colonies are mucoid and irregular, reflecting the or-
ganism’s abundant production of EPS. Adding nitrate to CPG
reduced the mucoidy of wild-type colonies, but the nasA mutant
colony morphology was not affected by the addition of nitrate
(Fig. 6A).

We further qualitatively assessed the EPS by measuring vis-
cosity of cell-free supernatants of bacteria harvested from
plates (Fig. 6B). The EPS from the wild-type strain was signif-
icantly less viscous (P < 0.05, ¢ test) when cells grew with
supplemental nitrate, but nitrate levels did not affect the vis-
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cosity of EPS from the nasA mutant (Fig. 6B). Viscosity mea-
surements are shown in values relative to water (which was
given an arbitrary value of 1).

We used ELISA to quantify total EPS produced by comparable
numbers (107 CFU) of R. solanacearum cells growing on plates
with or without nitrate. In the absence of supplemental nitrate, the
nasA mutant and the wild-type strain produced similar quantities
of EPS. However, in the presence of nitrate, the wild-type strain
produced significantly less EPS than the nasA mutant and less than
the wild-type strain without added nitrate (P < 0.05, ¢ test) (Fig.
6C). An epsB mutant, which lacks a key EPS biosynthetic enzyme
and forms small round dry colonies, produced no detectable EPS
in this assay.

We quantified a major component of R. solanacearum EPS,
hexosamines, using the Elson-Morgan biochemical assay, using
cell-free preparations from 10° CFU (Fig. 6D). This method also
indicated that nitrate reduced the amount of EPS produced by the
wild-type strain (P < 0.05, ¢ test) but did not affect EPS levels in
the nasA mutant. Together, these results indicate that high envi-
ronmental nitrate levels reduce EPS production in R. so-
lanacearum and that nasA is required for this response.

The nasA mutant was delayed in host plant colonization; this
phenotype was rescued by coinoculation with wild-type, but not
EPS-deficient, bacteria. Because the nasA mutant caused slower
symptom development than wild-type following soil soak in-
oculation, it seemed likely that this mutant would also be de-
layed in plant colonization. To test this hypothesis, we com-
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FIG 6 Nitrate influences the quantity and viscosity of extracellular polysaccharide (EPS) via nasA. (A) Colony morphology of R. solanacearum wild-type UW551,
nasA mutant, nasA mutant complemented with pNascomp, or epsB mutant, grown on either CPG medium plates (left) or on CPG plus 40 mM nitrate (right) and
imaged after 4 days of growth at 28°C. (B) Effect of nitrate supplementation and nasA mutation on viscosity of a crude EPS suspension. Colonies grown for 4 days
on CPG with (+) or without (—) 40 mM nitrate were suspended in water to 10° CFU/ml and centrifuged, and the viscosity of the cell-free supernatant (from 10°
CFU) was measured with a Brookfield model DV-1 viscometer. The viscosity shown is normalized to that of water, arbitrarily set at 1. Bars: ll, WT UW551; [J,
nasA mutant; [, epsB mutant. Bars indicate the standard errors. Asterisks indicate significant differences from wild-type cells growing without nitrate (P < 0.05,
t test). (C) Immunological quantification of EPS in supernatants using ELISA with anti-R. solanacearum EPS antibodies (OD,,5). Colonies grown for 4 days on
CPG with (+) or without (—) 40 mM nitrate were suspended in water to 10> CFU/ml. EPS was quantified in 107 CFU (10 pl) by ELISA. Asterisks indicate
significant differences in OD,5 values from wild-type cells growing without nitrate (P < 0.05, ¢ test). (D) Biochemical quantification of EPS hexosamines.
Purified EPS from colonies grown for 4 days on CPG with (+) or without (—) 40 mM nitrate was quantified by using the Elson-Morgan assay with known
concentrations of N-acetylgalactosamine as a standard. The total hexosamine was quantified and normalized to the amount of CFU in the samples. An asterisk

indicates a significant difference from wild-type cells growing without nitrate (P = 0.0014; t test).

pared bacterial population sizes in tomato stems 5 days after
soil soak inoculation. As predicted, the nasA mutant was sig-
nificantly delayed in stem colonization (P < 0.05, t test) (Fig.
6A). By 8 days postinoculation, the nasA mutant reached stem
populations comparable to those of wild type (data not
shown). Therefore, the lower population sizes at 5 days post-
inoculation represent a delay and not an inability to reach wild-
type population sizes during infection.

To test the hypothesis that aberrant EPS is responsible for the
nasA mutant’s slower stem colonization, we coinoculated plants
with the nasA mutant and an equal number of either wild-type or
epsB mutant bacteria. Interestingly, coinoculation with the wild-
type strain externally complemented the nasA mutant’s coloniza-
tion defect (P < 0.05, ¢ test) (Fig. 7A). In contrast, coinoculation
with an epsB mutant had no effect on the nasA mutant coloniza-
tion delay. This result suggested that altered EPS production ex-
plains the nasA mutant’s colonization defect.

EPS and nasA are needed for R. solanacearum attachment to
roots. Although it has not been explored in R. solanacearum,
EPS is involved in root attachment in other bacteria (36, 37). Both
EPS production and early stages of pathogenesis were compro-
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mised in a strain lacking the ability to assimilate nitrate, so we
hypothesized that under high nitrate conditions a nasA mutant
strain would be affected in root attachment, one of the first events
in R. solanacearum pathogenesis. To test this hypothesis, we com-
pared attachment to intact sterile tomato roots of wild-type
UWS551, the nasA mutant, and an EPS-deficient epsB mutant. Af-
ter 2 h of incubation with roots, more than twice as many wild-
type bacteria were attached as the nasA mutant (P < 0.05, ¢ test),
while very few cells of the epsB mutant were attached (Fig. 7B).
Similar results were obtained with a 30-min incubation (data not
shown). To rule out the possibility that the reduced recovery of
nasA mutant cells from roots was due to an inability to survive
oxidative plant-produced defenses, we measured the survival of
the nasA mutant and wild-type R. solanacearum after exposure to
various concentrations of nitric oxide and hydrogen peroxide.
There was no difference between the strains in survival (data not
shown).

To further define the contribution of EPS to R. solanacearum
root attachment, we measured the root attachment of various
strains in the presence of either wild-type cells or purified EPS
from wild-type cells. Coinoculation with wild-type cells at a 1:1
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FIG 7 Loss of nitrate assimilation or EPS production reduced R. solanacearum
tomato stem colonization and attachment to tomato roots. (A) Colonization
of tomato stems following soil soak inoculation of tomato plants with wild-
type UW551 (WT, ), nasA mutant ((J), nasA mutant coinoculated with
UWS551 wild type (), and nasA mutant coinoculated with epsB mutant ([I).
Bacteria were quantified by dilution plating of ground midstem tissue 5 days
after inoculation. Asterisks indicate significant differences from the WT (P <
0.05, t test; n = 9 plants/treatment; bars indicate the standard errors [nasA
mutant error bars are too small to see]). (B) R. solanacearum attachment to
tomato roots after 2 h of incubation with 2.5 X 10° CFU/cm of root of wild-
type UW551 (M), nasA mutant ([J), or epsB mutant (H). Three rinsed and
blotted roots were pooled per biological replicate (n = 10 to 16 replicates), and
each replicate was ground and dilution plated to quantify CFU/cm of root. As
indicated below the columns, some treatments were combined with either an
equal number of wild-type (WT) cells/root or 2.5 mg of cell-free EPS/cm of
root (purified from wild-type cells grown in the presence of NO;™). Bars
represent the standard errors. Columns with different letters above them are
significantly different from each other (P < 0.05, ¢ test).

ratio significantly enhanced attachment of the nasA mutant and
epsB mutant strains to tomato roots (P < 0.05, t test) (Fig. 7B).
The addition of 2 g of EPS/cm of root significantly enhanced the
ability of the epsB mutant to attach (P < 0.05, t test) and also
slightly increased nasA attachment, although not significantly
(Fig. 7B). These results suggest that EPS increases the ability of R.
solanacearum to attach to host roots and that the reduced attach-
ment of the nasA mutant may be at least in part due to its aberrant
EPS production.
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DISCUSSION

R. solanacearum uses nitrate assimilation during pathogenesis.
The form of inorganic nitrogen in fertilizer is known to affect
plant disease development by altering host susceptibility. How-
ever, the pathogen’s contribution to this phenomenon is poorly
understood (38). When the R. solanacearum nasA mutant entered
plants through its natural infection court in the root, it was signif-
icantly less virulent than its wild-type parent; this defect was ex-
acerbated if the mutant was incubated in soil for 10 days between
hosts. To the best of our knowledge, this is the first time nitrate
assimilation has been directly implicated in the virulence of any
bacterial pathogen, although nitrogen starvation is known to in-
duce the expression of type 3 secretion systems and secreted effec-
tor genes in several plant pathogens (39). Once the nasA mutant
reached the xylem, it grew and caused disease as well as the wild-
type strain. Interestingly, a nitrate assimilation-deficient Pseu-
domonas syringae mutant likewise grows as well as the wild type on
nitrate-rich leaf surfaces (3). Our results suggest that nitrate as-
similation contributes to early-stage virulence. This defect could
reflect only the effect of nasA on EPS that we observed, but nitrate
assimilation may be involved in additional early-pathogenesis
events. Nitrate is abundant and highly mobile in soil. Nitrate is
also relatively abundant in xylem sap, but other accessible nitro-
gen sources such as amino acids are present as well, though not at
comparable concentrations (40-43). Our finding that nasA is dis-
pensable for R. solanacearum growth and competitive fitness in
tomato xylem suggests strongly that this environment offers the
bacterium sufficient amounts of non-nitrate nitrogen sources.

R. solanacearum scavenges nitrogen in the xylem environ-
ment. The transcriptomic data suggest that during growth in tomato
xylem R. solanacearum expresses several nitrogen assimilatory sys-
tems (ammonium uptake, amino acid uptake and metabolism,
and nitrate uptake and metabolism). This affirms that ammo-
nium, an easily metabolized nitrogen source that represses uptake
and metabolism of other nitrogen sources, is not present in this
environment (4). Although this nitrogen scavenging behavior is
consistent with the long-held idea that plant xylem is a relatively
nutrient-poor environment, this description should be used care-
fully (44). The nitrogen-scavenging behavior revealed by gene ex-
pression analysis does not necessarily indicate that the organism is
nitrogen starved. Although tomato xylem sap does not contain
ammonium, it does contain substantial amounts of nitrate, some
amino acids, and potentially other forms of nitrogen.

Over the course ofits life cycle R. solanacearum moves between
diverse environments such as water, soil, rhizosphere, root cortex,
and host plant xylem, so the ability to quickly access any nitrogen
source that becomes available may be advantageous. We speculate
that metabolic flexibility contributes to this bacterium’s ability to
survive in nutrient poor environments such as surface water (45,
46). In several symbiotic relationships, including the squid-Vibrio
fischeri interaction, the microbe relies on host-supplied amino ac-
ids for growth (47). R. solanacearum may likewise primarily use
host-derived amino acids for growth. In culture, R. solanacearum
can use single amino acids as sole sources of both carbon and
nitrogen (35; B. L. Dalsing, unpublished data), and our finding
that a nasA mutant grew like the wild type in xylem sap indicates
that xylem sap contains enough non-nitrate nitrogen to support
R. solanacearum colonization and pathogenesis. Further, this re-
sult suggests that nitrogen is not quantitatively limited in xylem.
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Nitrate assimilation alters EPS. EPS production in R. so-
lanacearum is tightly controlled by a complicated network of vir-
ulence regulators and quorum sensing (16). Although our results
indicate that nitrate assimilation influences EPS production, the
mechanism remains to be determined, and it is unclear exactly
how nitrate assimilation fits into the broader context of EPS reg-
ulation. Nitrogen source and nutrient abundance influence
EPS-like substances produced by Burkholderia cenocepacia, Staph-
ylococcus aureus, Cryptococcus neoformans, Bradyrhizobium ja-
ponicum, Aureobasidium pullulans, and Azotobacter vinelandii, al-
though no regulatory mechanism has been identified (48-53). It is
possible that low levels of nitrite within the cell trigger reduced
EPS production in the wild-type strain. This could be caused by
changes in intracellular pH or directly by nitrite-responsive sig-
naling. Aerobically supplied nitrate differentially induced expres-
sion of 18% of the Pseudomonas aeruginosa genome, perhaps in
part due to nitrate assimilation-dependent signaling (54). Alter-
natively, nitrate assimilation may affect EPS production by chang-
ing the intracellular C/N ratio. Nitrate assimilation requires
higher carbon input as the process involves more ATP than, for
example, ammonium assimilation. This, in turn, could affect the
overall intracellular C/N ratio, a core metabolic signal that can
affect production of many secondary metabolites, including ni-
trogen-containing virulence factors such as EPS (55, 56).

It remains to be determined how EPS production changes when
cells are assimilating nitrate. Our immunological, biochemical, and
viscometric measurements indicate that wild-type, but not nasA mu-
tant, bacteria produce less EPS in the presence of nitrate. Our data do
not indicate whether this EPS is qualitatively different because of, for
example, altered patterns of cross-linking, branching, or N acetyla-
tion. This question could be addressed with structural analyses and
assessments of physical properties of EPS produced under conditions
with or without nitrate assimilation.

Nitrate, EPS, and root attachment. The almost complete fail-
ure of an EPS-deficient mutant to attach to tomato roots offers
direct evidence that EPS is necessary for R. solanacearum root
attachment. The role of nitrate assimilation in this process is less
obvious, since the nasA mutant actually produces more EPS than
the wild-type strain in the presence of agriculturally relevant
quantities of nitrate. It remains to be determined how nitrate as-
similation regulates EPS production in R. solanacearum: does it
simply reduce the total amount of EPS, or does it alter the EPS
structure in a way that affects binding efficiency? It should be
noted the root attachment assay used here may not accurately
reflect the physiochemical or biological conditions of roots grow-
ing under more natural conditions. Further studies are needed to
determine whether high soil nitrate alters R. solanacearum EPS in
ways that promote pathogen binding to host roots in agricultural
environments.

EPSs of diverse biochemistries are key for root attachment by
several plant pathogens and symbionts (36, 37), but EPS has not
previously been implicated in attachment of R. solanacearum. To
date, only type 4 pili are known to be required for normal attach-
ment (57). Here, we demonstrate that EPS is also important for
attachment to roots. However, the mechanism by which EPS aids
attachment remains to be determined.

Two independent lines of evidence support a link between the
reduced virulence of the nasA mutant and the production of EPS.
First, nitrate affects the quantity of EPS in a nasA-dependent man-
ner in culture. Second, EPS is required for R. solanacearum attach-
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ment to host roots, a critical first step in pathogenesis. Attachment
of the nasA mutant was increased by coinoculation with either
wild-type (EPS+) cells or purified cell-free EPS. Although these
data do not directly prove that nitrate assimilation changes EPS to
facilitate root attachment, they do indicate that this hypothesis
deserves further exploration.

This work initiated exploration of inorganic nitrogen metabo-
lism, specifically nitrate assimilation, in R. solanacearum patho-
genesis. Further work is ongoing to understand additional roles of
this primary metabolite in R. solanacearum, in particular func-
tions associated with nitrate respiration and denitrification.
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