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The Host Plant Metabolite Glucose Is the Precursor of Diffusible
Signal Factor (DSF) Family Signals in Xanthomonas campestris
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Plant pathogen Xanthomonas campestris pv. campestris produces cis-11-methyl-2-dodecenoic acid (diffusible signal factor
[DSEF]) as a cell-cell communication signal to regulate biofilm dispersal and virulence factor production. Previous studies have
demonstrated that DSF biosynthesis is dependent on the presence of RpfF, an enoyl-coenzyme A (CoA) hydratase, but the DSF
synthetic mechanism and the influence of the host plant on DSF biosynthesis are still not clear. We show here that exogenous
addition of host plant juice or ethanol extract to the growth medium of X. campestris pv. campestris could significantly boost
DSF family signal production. It was subsequently revealed that X. campestris pv. campestris produces not only DSF but also
BDSEF (cis-2-dodecenoic acid) and another novel DSF family signal, which was designated DSF-II. BDSF was originally identified
in Burkholderia cenocepacia to be involved in regulation of motility, biofilm formation, and virulence in B. cenocepacia. Func-
tional analysis suggested that DSF-II plays a role equal to that of DSF in regulation of biofilm dispersion and virulence factor
production in X. campestris pv. campestris. Furthermore, chromatographic separation led to identification of glucose as a spe-
cific molecule stimulating DSF family signal biosynthesis in X. campestris pv. campestris. '>C-labeling experiments demon-
strated that glucose acts as a substrate to provide a carbon element for DSF biosynthesis. The results of this study indicate that X.
campestris pv. campestris could utilize a common metabolite of the host plant to enhance DSF family signal synthesis and there-

fore promote virulence.

Many microorganisms employ a cell-to-cell communication
mechanism known as quorum sensing (QS) to coordinate
group behavior in a cell density-dependent manner (1-3). This
regulation mechanism consists of the production, release, and
perception of small diffusible signal molecules, transduction of
signal, and activation of target gene expression. When cell density
reaches a certain threshold, the accumulated signals initiate a set
of biological activities in a coordinated fashion. Since the 1980s, a
range of QS signals have been identified in bacteria. Among them,
the best-characterized quorum-sensing signals belong to the N-
acyl homoserine lactone (AHL) family, which have been identified
in many bacterial species (4, 5). The substrates for AHL synthesis
are acyl-ACP or acyl-coenzyme A (CoA) and AHL S-adenosylme-
thionine (6-8). The biosynthetic pathways for these substrates are
well known, and the catalytic mechanism of AHL synthesis has
been studied in detail (8).

The diffusible signal factor (DSF) is another important type of
QS signal which controls many biological functions such as bio-
film formation, motility, virulence, and antibiotic resistance (1, 9,
10). DSF was originally purified and structurally characterized in
Xanthomonas campestris pv. campestris (11). Subsequently, the
signal and its structural analogues were found in many other bac-
terial pathogens such as Stenotrophomonas maltophilia (12), Xy-
lella fastidiosa (13, 14), Burkholderia cenocepacia (15), Pseudomo-
nas aeruginosa (16), B. cepacia complex (17), Xanthomonas oryzae
pv. oryzae (18), and Streptococcus mutans (19).

Previous studies identified several rpf genes essential for DSF
biosynthesis, signal perception, and transduction. The synthesis of
DSEF signal in X. campestris pv. campestris is dependent on rpfF,
which is a dual-function enzyme that synthesizes DSF by dehydra-
tion of a 3-hydroxyacyl-acyl carrier protein fatty acid synthetic
intermediate and also cleaves the thioester bond to release free
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DSF, whereas rpfC and rpfG encode a multidomain kinase sensor
and a response regulator, which are involved in DSF signal per-
ception and signal transduction, respectively (20-24). Interest-
ingly, genetic and protein structure analyses unveiled that the
RpfC sensor protein also plays a key role in regulation of RpfF
enzyme activity via a protein-protein interaction mechanism,
while RpfB plays a role as a fatty acyl-CoA ligase to counteract the
RpfF thioesterase activity (21, 22, 25). The mechanism of DSF
biosynthesis and signal transduction appears to be widely con-
served, as the rpf gene cluster has been identified in many other
bacteria, including S. maltophilia, X. axonopodis pv. citri, X. oryzae
pv. oryzae, and Xylella fastidiosa (10, 18, 26—30). Recently, it was
found that cis-2-dodecenoic acid (BDSF), which is an important
DSF family signal originally identified in B. cenocepcia, is catalyzed
by the RpfFj. possessing both dehydratase and thioesterase activ-
ity. RpfFy. could enable the direct conversion of the acyl carrier
protein (ACP) thioester of 3-hydroxydodecanoic acid into cis-2-
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TABLE 1 Bacterial strains used in this study

Strain Source or characteristic(s) Reference
X. campestris pv. campestris Xcl Wild-type strain of Xanthomonas campestris pv. campestris 22
X. campestris pv. campestris ArpfF DSF-minus mutant derived from Xcl with rpfF being deleted 22
X. campestris pv. campestris ArpfC Derived from Xc1 with rpfC being deleted 33
X. campestris pv. campestris 8004 Wild-type strain of X. campestris pv. campestris 22
X. campestris pv. campestris 8004dF DSF-minus mutant derived from 8004 with rpfF being deleted 22
X. campestris pv. campestris FE58 Biosensor for DSF signals 11

dodecenoyl-ACP and then cleavage of the thioester bond from
cis-2-dodecenoyl-ACP to release the free acid molecule (31).

In addition to vital roles in regulation of bacterial pathogenesis,
DSF signals also seem to play a part in interspecies signaling (15,
17). It was recently reported that the DSF system in a bacterial
pathogen can provide a benefit to the host plant. DSF in S. malto-
philia R551-3 could positively influence seed germination and
plant growth of the host plant (32). However, little is known about
the impact of host plants on the bacterial quorum sensing system.
To address this issue, in this study we tested the effect of Chinese
cabbage, a common X. campestris pv. campestris host plant, on
transcriptional expression of the quorum sensing genes and bio-
synthesis of DSF signal molecules. Interestingly, we found that
plant extracts had little effect on transcriptional expression of rpf
genes but could significantly boost DSF production. Hence, we
conducted chromatographic separation and structural character-
ization analyses and identified glucose as the active component
that specifically stimulates DSF family signal production. Further
feeding tests using isotope-labeled compound showed that the
fatty acid carbon chain of DSF is derived from glucose. These
results suggest that there is a complicated interaction between X.
campestris pv. campestris and its host plant, as X. campestris pv.
campestris can directly benefit from the presence of host plant
metabolites to increase the QS signal production and therefore, of
course, promote the virulence.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The strains used in this work are
listed in Table 1. X. campestris pv. campestris strains were described pre-
viously (22, 33), and they were maintained at 30°C in NYG (5 g peptone
[Difco], 3 g yeast extract [Difco], and 20 g glycerol per liter) or YEB (10 g
tryptone, 5 g yeast extract [Difco], 5 g sucrose, 5 g NaCl, and 0.5 g
Mg,SO,-7H,0 per liter) medium (11, 34). The following antibiotics were
supplemented when necessary. Rifampin was added to the medium at 50
pg ml~". Glucose, glycerol, mannitol, sucrose, and sodium acetate were
added to the medium at a final concentration of 15 mM, unless otherwise
indicated.

Extraction of Chinese cabbage with ethanol. Chinese cabbage (1 kg)
was minced using an electric juicer and incubated with 2 liters of 100%
ethanol for 2 days before centrifugation and collection of supernatants.
The precipitates were resuspended in 2 liters of 100% ethanol twice. The
supernatants were combined and concentrated by evaporation to achieve
a final volume of 100 ml.

Time course analysis of DSF activity. Briefly, Xc1 wild-type strains
were grown in NYG medium with agitation at 30°C in the presence of a
1% ethanol extract of Chinese cabbage or of an equal volume of ethanol.
At different time points as indicated, 100 ml of culture supernatants was
collected by centrifugation and extracted with an equal volume of ethyl
acetate. The organic solvent was evaporated to dryness, and the residues
were dissolved in 0.5 ml of methanol. Quantitative measurement of DSF
activity was achieved using X. campestris pv. campestris biosensor strain
FE58 (11). Briefly, the biosensor was grown at 30°C in 5 ml of YEB me-
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dium to an optical density at 600 nm (ODy,) of 0.6 prior to the addition
of 100 pl extract. Following incubation for 2.5 h at 30°C with shaking at
200 rpm, 1 ml of culture was centrifuged, the bacterial pellets were lysed,
and protein concentrations were determined using a Bradford assay kit
(Bio-Rad). All assays were performed with equal amounts of proteins.
B-Glucuronidase (GUS) activity was determined according to methods
described previously (35).

Structural analysis of DSF family signals and HPLC analysis of plant
extract. The DSF-overproducing ArpfC strain, which is the rpfC deletion
mutant derived from wild-type strain Xcl, was grown in NYG medium
overnight. The cultures were centrifuged, and the bacterial cells were re-
suspended in fresh NYG medium to a high initial cell density of OD, at
2.0. Five milliliters of the plant extract was added to 500 ml of the bacterial
cultures. The bacterial cells were grown at 30°C for 8 h with slow shaking
at 150 rpm. Bacterial cultures were centrifuged, and the supernatants were
collected and extracted with ethyl acetate (1:1 [vol/vol]) twice. Following
evaporation of ethyl acetate, the residues were dissolved in 0.5 ml of meth-
anol and subjected to high-performance liquid chromatography (HPLC)
profiling analysis on a reverse-phase column (Waters Symmetry C,4)
(3.5-pm particle size; 150 by 4.60 mm) eluted with gradient acetonitrile in
H,0 at 55% to 60% at a flow rate of 1 ml min~"'. Peaks were monitored
using a UV detector with X = 210 and 254 nm and were collected and
assayed using DSF biosensor FE58 (11). High-resolution electrospray ion-
ization mass spectrometry (ESI-MS) was performed on a Finnigan/MAT
95XL-T mass spectrometer using conditions described previously (11).

The 'H and '>C nuclear magnetic resonance (NMR) spectra in a
CDCI, solution were obtained using a Bruker DRX400 spectrometer op-
erating at 400 MHz for "H or 100 MHz for '*C. High-resolution electro-
spray ionization mass spectrometry was performed on a Finnigan/MAT
MAT 95XL-T mass spectrometer using conditions described previously
(11).

For analysis of the active component in plant extract, the extract was
diluted with water and subjected to a HPLC profiling analysis on a carbo-
hydrate column (Shodex Sugar KS-801) (8.0 by 300 mm) eluted with H,O
at a flow rate of I ml min~"'. Peaks were monitored by a refractive index
detector.

DSF bioassay analysis. The assay was performed as described previ-
ously using the FE58 biosensor strain (11, 15). Briefly, 4-mm-diameter
wells were introduced on prepared bioassay plates and 20 .l concentrated
culture was added to each well. The plates were incubated at 30°C over-
night. DSF activity is indicated by the presence of a blue halo around the
well.

Extracellular polysaccharides and biofilm analysis. For quantifica-
tion of the production of extracellular polysaccharides (EPS), 10 ml of
overnight YEB cultures at an ODg, of 3.0 was centrifuged at 12,000 rpm
for 20 min. The supernatants were mixed with 2.5 volumes of absolute
ethanol, and the mixture was incubated at 4°C for 30 min. The precipi-
tated EPS was isolated by centrifugation and dried overnight at 55°C be-
fore determination of dry weights was performed. The formation of bio-
films was investigated as follows: cultures of the X. campestris pv.
campestris 8004 strains were grown overnight in 5 ml of YEB medium.
Methanol was used as a solvent control. After overnight incubation, bac-
terial cells were visualized by phase-contrast microscopy (Olympus BX50)
and images were taken with an Olympus DP70 digital camera.
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Analysis of the DSF family signals induced by carbohydrate. Follow-
ing the methods described above, the ArpfC strain was grown in NYG
medium overnight and centrifuged to collect the cell pellet, which was
inoculated in 500 ml of NYG medium from an initial cell density at an
ODg 0f 2.0. Glucose or another carbon source was added to each of the
cultures at a final concentration of 15 mM. The bacterial cells were grown
at 30°C with slow shaking at 150 rpm. Bacterial cultures were centrifuged,
and the supernatants were collected and extracted with ethyl acetate (1.0
[vol/vol]) twice. Following evaporation of the organic solvent, the resi-
dues were dissolved in 0.5 ml of methanol and subjected to HPLC analysis
and mass spectrometer analysis.

RESULTS

Exogenous addition of Chinese cabbage extract enhances DSF
biosynthesis in X. campestris pv. campestris. To investigate the
potential influence of host plants on the X. campestris pv. camp-
estris quorum sensing system, we extracted small chemical mole-
cules from Chinese cabbage, which is a common host plant of X.
campestris pv. campestris, by using ethyl acetate or ethanol. We
then determined their effects on the transcriptional expression of
quorum sensing genes and production of DSF signal. The DSF
activity was measured with the aid of the FE58 biosensor strain, in
which the GUS reporter gene was driven by the promoter of the
engXCA DSF-inducible endoglucanase gene (11). The results
showed that the ethyl acetate extract had no effect on DSF produc-
tion and expression of rpf genes (data not shown), whereas the
ethanol extract could significantly boost DSF production and
the DSF activity was increased by about 277% compared with the
activity seen with the untreated control at 24 h postinoculation
(Fig. 1A). However, the ethanol extract displayed no visible effect
on the transcriptional expression of rpfF, rpfG, or rpfC (see Fig. S1
in the supplemental material). Exogenous addition of the ethanol
extract increased the growth rate of Xcl cells only slightly (Fig.
1B); therefore, such a drastic stimulating effect of the extract on
DSF production appears unlikely to be due to a nutritional effect
on bacterial growth.

Given that DSF biosynthesis is catalyzed by RpfF and inhibited
by RpfC at the posttranscriptional level (22), we then analyzed the
effect of the extract on DSF biosynthesis in the null mutants RpfF
and RpfC, respectively. As reported previously (22, 24), deletion
of rpfC in wild-type strain Xcl substantially increased the DSF
activity, and addition of the plant extract further increased the
DSF activity by 222% in the rpfC deletion mutant at 24 h postin-
oculation. No DSF activity was detected for the rpfF deletion mu-
tant regardless of whether or not the extract was added (Fig. 1C).
The results described above indicate that the plant extract-stimu-
lated production of DSF is dependent on the presence of RpfF but
is not associated with RpfC. Considering that the plant extract
neither affects the transcription of rpf genes (see Fig. S1 in the
supplemental material) nor counteracts the RpfC suppression in
DSF biosynthesis (Fig. 1C), we speculate that the active compo-
nent in the plant extract may actually be the substrate or precursor
for DSF biosynthesis.

The extract significantly increases production of DSF family
signals in X. campestris pv. campestris. Given that RpfF enzymes
in other bacterial species commonly produce two or more DSF
family signals (17, 18), we tested the effect of plant extract on the
production profile of DSF family molecules. The results showed
that exogenous addition of the extract to the rpfC deletion mutant,
which overproduces DSF signals, increased the production of at
least three DSF family signals as revealed by HPLC separation
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FIG 1 Influence of exogenous addition of Chinese cabbage ethanol extract on
the DSF activity in X. campestris pv. campestris. (A) Time course analysis of the
DSF activity in wild-type strain Xc1, in the absence (M) and presence (V) of
1% extract. (B) Growth curve of Xcl, in the absence (H) and presence (A) of
1% extract. (C) DSF activity in the ArpfF and ArpfC strains in the absence and
presence of 1% extract. The data shown are the means of the results of two
replicates, and error bars indicate standard deviations.

aem.asm.org 2863


http://aem.asm.org

Deng et al.

§ 80
& 70
€60
< 50
.g 40
® 30
Q

Y 20

3.20
2.40
5
2160
0.80
0.00 et — S —
6.00
B
3.00
2.50
2.00
2150
1.00 DSF-I
0.50
0.00 -

1200 1800 2400  30.00
Time (min)

1000 15.00 20.00 25.00 30.00
Time (min)

197.30

BDSF

Q50

o 30:

00 120 140 160 180 200 220 240
m/z
211.22

DSF

1 N

100
90
80
70
60
50
40
30
20

Relative Abundance M

60 80 100 120 140 160 180 200 220 240 260 280 300
m/z

211.1703

32
DSF-II 12/w19/\/\/\/=ﬁ1(01+
8 6 4
0]

10

2864 aem.asm.

200 400 600 800 1000
m/z

TABLE 2 The NMR data of the novel DSF-II signal produced by
X. campestris pv. campestris”

Chemical shift (ppm)

Position dy S

1 170.8
2 5.79, dt (11.6, 2.0) 118.9
3 6.36, dt (11.6, 7.6) 153.7
4 2.67,ddd (14.8, 7.6, 2.0) 29.2
5 1.45, m 29.4
6 1.20-1.40, m 29.5
7 1.20-1.40, m 30.0
8 1.20-1.40, m 27.2
9 1.20-1.40, m 36.8
10 1.20-1.40, m 34.6
11 1.20-1.45, m 29.7
12 0.87,1(6.8) 11.6
13 0.86, d (6.8) 19.4

“ The carbon number is based on data shown in Fig. 2E.

coupled with DSF activity bioassay (Fig. 2A and B). Electrospray
ionization mass spectrometry (ESI-MS) analysis of the two major
purified signals showed m/z values of 197.30 and 211.22, respec-
tively (Fig. 2Cand D), indicating that the two signals are BDSF and
DSEF (11, 15).

To further characterize the remaining novel DSF family signal,
the collected active fraction was analyzed using accurate electros-
pray ionization mass spectrometry (ESI-MS). The peak was
shown at m/z 211.1703 (Fig. 2E). This m/z value is in agreement
with the molecular formula C,3H,50,. From the NMR analysis, in
"H spectra, there were two partially overlapped signals of methyl
groups between 0.86 and 0.87 ppm; one is a triplet, while the other
one is a doublet (Table 2). It is known that cis-11-methyl-2-dode-
cenoic acid (DSF) should have two fully overlapped doublet
methyl groups at 0.86 ppm. On the basis of the 'H and '°C spectra,
the structure of the novel DSF family signal was determined and
was found to be cis-10-methyl-2-dodecenoic acid, which was des-
ignated DSF-II (Fig. 2E).

Furthermore, we have also tested the DSF-boosting activity of
the extracts of other X. campestris pv. campestris host plants, in-
cluding cauliflower and broccoli, and have found that the extracts
of cauliflower and broccoli could enhance the DSF family signal
production of X. campestris pv. campestris in a manner similar to
that seen with the extract of cabbage (data not shown), suggesting
that the DSF-boosting activity is conserved in the host plants of X.
campestris pv. campestris.

DSF-II plays an important role in regulation of biofilm dis-
persal and EPS production. We firstly assayed DSF-II using the
DSF biosensor X. campestris pv. campestris strain FE58, which
indicated the DSF-like activity of DSF-II, as there was a blue halo
around the DSF-II molecule spotted in the DSF bioassay plate
(Fig. 3A). In the plant pathogen X. campestris pv. campestris, DSF
is required as an antiaggregation factor (36). While DSF-produc-

FIG 2 Structural analysis of DSF family signals induced by the plant extract.
(A and B) HPLC analysis of the DSF family signals produced by the ArpfC
strain cultured in NYG medium in the absence (A) and presence (B) of the
extract. (C to E) ESI-MS spectra of BDSF (C), DSF (D), and DSF-II (E) pro-
duced by the ArpfC strain cultured in NYG medium supplemented with the
extract. AU, arbitrary units.
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FIG 3 Functional analysis of the novel DSF family signal. (A) DSF bioassay
analysis of DSF-II. (B) Growth characteristics of X. campestris pv. campestris
wild-type (WT) strain 8004 and DSF-negative mutant 8004dF in the absence
or presence of DSF signals. (C) Addition of 5 wM DSF-II or DSF to cultures of
8004dF restored EPS production. The data shown are the means of the results
of three repeats, and error bars indicate standard deviations.

ing wild-type strain 8004 grows planktonically, with cells being
well dispersed (Fig. 3B), the 8004dF rpfF deletion mutant forms
large aggregates (15, 22) (Fig. 3B). Previous studies showed that
BDSF is a functional analogue of DSF in regulation of biofilm
dispersal and EPS production in X. campestris pv. campestris (15,
17). To evaluate the biological relevance of the novel DSF family
signal, 5 uM DSF-II was added to an 8004 rpfF deletion mutant
culture. It was found that addition of DSF-II showed an effect
equal to that of DSF in that it completely dispersed the cell aggre-
gates (Fig. 3B). We then quantitatively compared the biological
activity of DSF-II with that of DSF with respect to the production
of EPS in the DSF-minus 8004dF mutant. The experiment showed
that addition of 5 uM DSF-II to a culture of 8004dF increased the
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FIG 4 Glucose enhances the production of DSF family signals. (A) HPLC
separation of the Chinese cabbage extract monitored using a refractive index
detector. (B) HPLC profile of the standard glucose detected by a refractive
index detector. (C) HPLC analysis of the DSF family signal production of the
ArpfC strain in the presence of glucose. MV, millivolts.

6.00 30.00

EPS production to 96.5% of the wild-type level, which is similar to
the biological activity of DSF (Fig. 3C).

The active component in the plant extractis glucose. To iden-
tify the active component that stimulates DSF family signal bio-
synthesis in the Chinese cabbage extract, we conducted HPLC
analysis coupled with a refractive index detector and DSF activity
assay. The results of the bioassay showed that the major active
component(s) was eluted at around 7 to 8 min, corresponding to
a peak (designated peak A) in the refractive-index spectra (Fig.
4A). Following our speculation that the active component in the
plant extract could be a substrate or precursor for DSF family
signal biosynthesis, we tested a range of carbohydrates in HPLC
analysis, and the results showed that glucose displayed a retention
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FIG 5 Glucose provides carbon atoms for the biosynthesis of DSF family
signals. (A) HPLC analysis of the DSF family signal production of the ArpfC
strain cultured in the NYG medium supplemented with 15 mM ["*C]glucose.
(B) ESI-MS spectrum of DSF produced by the ArpfC strain cultured in the
NYG medium with addition of 15 mM ["*C]glucose.

time identical to that of peak A (Fig. 4B). We then weighted the
extract and calculated the concentration of glucose in the extract
based on the HPLC analysis result and roughly determined that
the stock concentration of glucose in the extract was about 1.5 M
and that the final concentration of glucose in the bacterial culture
supplemented with the extract was therefore about 15 mM. Con-
sistent with the findings described above, we found that exoge-
nous addition of 15 mM glucose significantly enhanced the pro-
duction of DSF family signals (Fig. 4C). In particular, the DSF
family signal production spectrum of X. campestris pv. campestris
in the presence of glucose is almost the same as that in the presence
of the plant extract (Fig. 2B and 4C).

Glucose is used as a carbon source for DSF family signal bio-
synthesis. To validate the role of glucose in DSF family signal
biosynthesis, we used real-time PCR to measure the effect of glu-
cose on the rpf gene expression in X. campestris pv. campestris.
The results showed that glucose did not affect the transcriptional
expression of rpfF, rpfC, and rpfG (data not shown), similarly to
the effect of the Chinese cabbage extract. We then tested whether
glucose is used as a carbon source in DSF biosynthesis by using
C-labeling technology. The same final concentration of ['>C]-
glucose (all six carbons are involved in "°C labeling) was used to
replace normal glucose to feed DSF biosynthesis. HPLC analysis
results showed that the DSF family signal production spectrum
after addition of [°C] glucose is similar to that in the presence of
the normal glucose (Fig. 5A). However, in contrast to the electro-
spray ionization mass spectrometry (ESI-MS) spectrum of DSF
induced by normal glucose at m/z 211.22 (100%), for which the
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FIG 6 Analysis of the DSF family signal production by the ArpfC strain with
addition of 15 mM concentrations of different carbon sources. The data shown
are the means of the results of three repeats, and error bars indicate standard
deviations. The relative amounts of signal molecules were calculated on the
basis of their peak areas.

isotopic peak is at /2 212.22 (14.1%) (Fig. 2D), ESI-MS analysis
of DSF enhanced by addition of [*>C]glucose showed a cluster of
statistical distributions of isotopic peaks at m/z 213.42, 214.50,
215.50, 216.42, 217.58, 218.50, and 219.50 (Fig. 5B). The average
mass was calculated to be 216.60 according to methods described
previously (37). The 211.33 peak suggested the existence of unla-
beled DSF. From the equation X,; = (M, — M,,)/[N(My; — M,)],
where X, is the '’C abundance, M,, is the average mass of the
cluster (216.60), M,, is the mass of unlabeled DSF (211.33) (n =
13), M, is the mass of the light isotopic form of the label element
(12 atomic mass units [amu] in our case), and M, is the mass of
the heavy isotopic form of label element (13 amu in our case). So
X, for the labeled DSF was calculated to be 0.406 (216.60 —
211.33)/[13 X (13 — 12)]. Consistently, this result suggested that
about 40% of the carbon atoms of the DSF molecule were derived
from [**C]glucose.

Exogenous addition of acetate also increases production of
DSF family signals. To determine whether other carbohydrates
could also promote the biosynthesis of DSF family signals in X.
campestris pv. campestris, we compared the DSF family signals
and the BDSF, DSF-II, and DSF production profiles seen when the
ArpfC strain was cultured in NYG medium supplemented with 15
mM concentrations of various common carbohydrates. Given the
aim to identify direct precursors, a high-density (ODg,, = 2.0)
bacterial inoculum in NYG medium was supplemented with can-
didate carbohydrate and DSF family signals were extracted using
ethyl acetate for HPLC analysis at 8 h after inoculation. The results
showed that among the carbohydrates tested, including sodium
acetate, sucrose, mannitol, and glycerol, only sodium acetate
could significantly promote production of DSF family signals with
a high percentage rate comparable with that of glucose (Fig. 6).

DISCUSSION

The findings from this study showed that DSF is not the sole DSF
family signal produced by X. campestris pv. campestris. We
showed here that strain Xcl produces at least two other DSF fam-
ily signals, BDSF and DSF-II (Fig. 2). Among them, BDSF was
originally identified in B. cenocepacia (15). It was reported previ-
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ously that exogenous addition of BDSF to the DSF-deficient mu-
tant of X. campestris pv. campestris could restore biofilm disper-
sion and extracellular polysaccharide (EPS) production to the
wild-type levels. We also confirmed that the activity of DSF-II is
similar to that of DSF with respect to restoring biofilm dispersion
and EPS production in the X. campestris pv. campestris DSF-defi-
cient mutant in this study (Fig. 3B), demonstrating that, similarly
to the previously characterized DSF (11), BDSF and DSF-II should
also play an important role in X. campestris pv. campestris cell-cell
communication (15, 17). Nevertheless, the yield of DSF was sub-
stantially higher than that of BDSF or DSF-II in the presence of
Chinese cabbage extract or glucose, suggesting that DSF is the
prominent signal in the X. campestris pv. campestris QS system.
Several other bacterial species, such as S. maltophilia (12, 28),
some B. cepacia species (17), and X. oryzae pv. oryzae (18), also
produce multiple DSF family signals. Given that RpfF homo-
logues are highly conserved in different bacterial species (33), it
would not be surprising if more bacterial pathogens were to be
found to produce multiple DSF family signals.

Fatty acids are synthesized from acetyl-CoA and malonyl-CoA
precursors by fatty acid synthases. As DSF family signals are either
saturated or unsaturated fatty acid derivatives (1), it is believed
that DSF signals are synthesized through the fatty acid biosynthe-
sis pathway. It was reported recently that BDSF is synthesized
from a fatty acid synthetic intermediate, i.e., an acyl carrier protein
(ACP) thioester of 3-hydroxydodecanoic acid. It was revealed that
this intermediate was converted to cis-2-dodecenoyl-ACP by
RpfFp, and that the thioester bond of cis-2-dodecenoyl-ACP was
subsequently cleaved by the same enzyme to release the free acid
molecule of BDSF (31). However, 3-hydrododecanoic acid could
be derived from either a fatty acid synthetic pathway or a degra-
dation pathway. The findings from this study provide solid evi-
dence that DSF family signals can be generated through the fatty
acid synthetic pathway, in particular, under in planta conditions.
The biosynthesis of DSF family signals could be drastically and
quickly enhanced by addition of glucose or sodium acetate to X.
campestris pv. campestris growth media (Fig. 6), suggesting that
DSF family molecules are possibly synthesized from acetyl-CoA
through a fatty acid biosynthesis pathway. Consistently, it was
observed that among the members of the cluster, the odd m/z
values are prevalent over the even m/z values (Fig. 5B). As the m/z
of the DSF molecule is an odd value, this MS spectrum indicated
that most of the DSF molecules were incorporated with an even
number of "*C carbon atoms, which were possibly derived directly
from acetyl-CoA converted from [ Clglucose.

The isotope-labeling feeding test further confirmed that many
carbon atoms in DSF were derived from glucose. Fatty acid syn-
thesis represents the creation of fatty acids from acetyl-CoA and
malonyl-CoA precursors; this means that DSF is derived from
both acetyl-CoA and malonyl-CoA precursors. In our experi-
ments, under the culturing conditions that included slow shaking,
we assumed that some acetyl-CoA and malonyl-CoA precursors
for the DSF family signal biosynthesis were derived from glucose;
the remaining precursors were derived from other forms of fatty
acid biosynthesis/degradation metabolism. This speculation was
further confirmed by our observation that the '>C abundance of
DSF molecules was 40.6% when the bacterial cells were fed with
the isotope labeling glucose (Fig. 5B). Interestingly, under the
conditions used in this study, addition of sucrose, mannitol, or
glycerol was not able to enhance the production of DSF family
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signals. The likely reason behind this observation is that, under the
culture conditions of high bacterial cell density (ODg,, = 2.0) and
slow shaking (150 rpm) used in this study, bacterial growth is
poor, and sucrose, mannitol, and glycerol may be more slowly
metabolized than glucose to produce acetyl-CoA and with greater
difficulty. In contrast, the enzymes associated with fatty acid bio-
synthesis seem to remain active at the stationary phase, as maxi-
mal production of DSF occurs at the late stationary phase (11).
This speculation was supported by the result showing that addi-
tion of sodium acetate could also boost the production of DSF
family signals, as acetate is quickly converted to acetyl-CoA by the
enzyme acetyl-CoA synthetase (Fig. 6). These findings indicate
that glucose is first converted to acetyl-CoA and then used as the
carbon source for the DSF family signal biosynthesis.

The role of DSF in the interaction between bacterial pathogens
and host plants is an emerging area of interest. It was recently
shown that DSF in S. maltophilia could increase the germination
rate of oilseed rape seeds (32). This demonstrates that DSF can
provide a benefit to the host plant. However, the relationship be-
tween the bacterial pathogen and the host plant is competitive or
even antagonistic in the most cases. As X. campestris pv. campes-
tris employs DSF to positively control virulence factor production
and pathogenicity, enhancement of this weapon is definitely im-
portant for X. campestris pv. campestris cells with respect to infec-
tion of the host plant. Because glucose is the direct product of
plant photosynthesis reaction, utilization of glucose from the host
plant as an energy source and DSF family signal precursor is a dual
benefit to X. campestris pv. campestris for the infection. Interest-
ingly, recent reports showed that there are sugar efflux transport-
ers which translocate the sugar produced in mesophyll cells into
phloem cells throughout the plant. Bacterial pathogens may ex-
ploit these transporters by inducing the expression of transporter
genes and then enhancing their activities for nutritional gain (38,
39). Consistently with our results, infection of Arabidopsis thali-
ana by Xcl wild-type cells caused an increase of the expression
level of some transporter genes (unpublished data), which may
enhance the translocation of glucose into phloem cells and finally
benefit the X. campestris pv. campestris cells by enabling them to
obtain the glucose as an energy source and a precursor of DSF
family signals.
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