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Xanthoferrin, the a-hydroxycarboxylate-type siderophore of
Xanthomonas campestris pv. campestris, is required for optimum
virulence and growth inside cabbage
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SUMMARY

Xanthomonas campestris pv. campestris causes black rot, a seri-
ous disease of crucifers. Xanthomonads encode a siderophore
biosynthesis and uptake gene cluster xss (Xanthomonas sidero-
phore synthesis) involved in the production of a vibrioferrin-type
siderophore. However, little is known about the role of the side-
rophore in the iron uptake and virulence of X. campestris pv.
campestris. In this study, we show that X. campestris pv. cam-
pestris produces an «-hydroxycarboxylate-type siderophore
(named xanthoferrin), which is required for growth under low-
iron conditions and for optimum virulence. A mutation in the
siderophore synthesis xssA gene causes deficiency in siderophore
production and growth under low-iron conditions. In contrast,
the siderophore utilization AxsuA mutant is able to produce side-
rophore, but exhibits a defect in the utilization of the sidero-
phore—iron complex. Our radiolabelled iron uptake studies
confirm that the AxssA and AxsuA mutants exhibit defects in fer-
ric iron (Fe*™) uptake. The AxssA mutant is able to utilize and
transport the exogenous xanthoferrin—Fe3* complex; in contrast,
the siderophore utilization or uptake mutant AxsuA exhibits
defects in siderophore uptake. Expression analysis of the xss
operon using a chromosomal gusA fusion indicates that the xss
operon is expressed during in planta growth and under low-iron
conditions. Furthermore, exogenous iron supplementation in cab-
bage leaves rescues the in planta growth deficiency of AxssA
and AxsuA mutants. Our study reveals that the siderophore xan-
thoferrin is an important virulence factor of X. campestris pv.
campestris which promotes in planta growth by the sequestra-
tion of Fe**.
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INTRODUCTION

Iron uptake and metabolism are crucial for the growth and sur-
vival of bacterial pathogens inside their hosts (Cassat and Skaar,
2013; Expert et al, 2012; Expert et al, 1996; Guerinot, 1994).
Iron acquisition by both animal- and plant-pathogenic bacteria
inside their hosts acts as a crucial virulence-determining factor in
many infection processes in which iron is sequestered by the host
proteins (Expert et al, 1996; Schaible and Kaufmann, 2004; Wein-
berg, 2009). Under low-iron conditions, bacteria produce and
secrete  siderophores (high-affinity, iron-binding compounds),
which chelate ferric iron (Fe*™) from the environment and facili-
tate its uptake (Andrews et al,, 2003; Neilands, 1981). The trans-
port of the Fe®*—siderophore complex occurs across the outer
membrane through TonB-dependent transporters (TBDTs), which
are bacterial outer membrane B-barrel proteins with 22 antiparal-
lel B-strands (Noinaj et al,, 2010). Fe*—siderophore-bound outer
membrane TonB-dependent transporters couple with the cytoplas-
mic membrane through the protein complex TonB—ExbB—ExbD,
which provides the proton motive force-derived energy required
for the conformational change of TBDTs to release the Fe>* —side-
rophore complex into the periplasm (Ferguson and Deisenhofer,
2004; Larsen et al, 1999; Wiener, 2005; Wiggerich et al,, 1997).
An ABC transporter, which is a cytoplasmic-ATPase-attached
transmembrane permease, delivers periplasmic Fe?*—sidero-
phores to the cytoplasm and eventually Fe>* reduction occurs to
release ferrous iron (Fe>") (Braun and Hantke, 2013; Faraldo-
Gomez and Sansom, 2003; Krewulak and Vogel, 2008; Noinaj
etal, 2010).

Siderophores exhibit substantial structural diversity and can be
classified into five major groups based on the moiety involved in
iron coordination: catecholates (e.g. enterobactin from enteric
bacteria, Streptomyces spp.), hydroxamates (e.g. alcaligin from
Alcaligenes denitrificans), phenolates (e.g. yersiniabactin from
Yersinia pestis), carboxylates (e.g. staphyloferrin from Staphylo-
coccus spp.) and mixed type (e.g. aerobactin from Enterobacter
spp.) (Miethke and Marahiel, 2007).

Earlier studies have demonstrated the requirement of sidero-
phores in the virulence of several animal-pathogenic bacteria,
such as staphyloferrin B in Staphylococcus aureus (Dale et al,
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2004), yersiniabactin in Yersinia pestis and Klebsiella pneumoniae
(Bearden et al., 1997; Lawlor et al., 2007), pyoverdine in Pseudo-
monas aeruginosa (Meyer et al,, 1996) and vibriobactin in Vibrio
cholerae (Henderson and Payne, 1994).

However, there are considerable differences in the contribu-
tions of siderophores to the virulence of plant-pathogenic bacteria.
The plant-pathogenic bacterium Erwinia chrysanthemi 3937 syn-
thesizes two types of siderophore, chrysobactin and achromobac-
tin, which are required for the development of soft rot disease in
African violets (Saintpaulia ionantha) (Enard et al., 1988; Franza
et al,, 2005). The fire blight-causing bacterium Erwinia amylovora
produces the siderophore desferrioxamine, which is crucial for its
effective infection on apple (Malus domestica) (Dellagi et al,
1998). In contrast, siderophore-deficient mutants of Agrobacte-
rium tumefaciens (Rondon et al., 2004), Ralstonia solanacearum
(Bhatt and Denny, 2004), Erwinia carotovora ssp. carotovora (Bull
et al, 1996) and Pseudomonas syringae pv. tomato DC3000
(Jones and Wildermuth, 2011) are virulence proficient.

Xanthomonads encode an xss (Xanthomonas siderophore syn-
thesis) operon which is homologous to the Vibrio parahaemolyti-
cus siderophore (pvs) locus and produces a vibrioferrin-type
siderophore under iron-restricted conditions (Pandey and Sonti,
2010; Rai et al, 2015). In Xanthomonas oryzae pv. oryzae (Xoo; a
vascular pathogen of rice), it has been shown that siderophore
production is not required for virulence in rice (Pandey and Sonti,
2010). Interestingly, the Xoo xss cluster is induced under low-iron
conditions; however, it is not expressed in planta (Pandey and
Sonti, 2010).

In Xanthomonas campestris pv. campestris (Xcc), the TonB-
dependent Fe** acquisition system (exbB, exbD1 and exbD2) has
been proposed to play a role in virulence. However, the role of the
siderophore in iron uptake and virulence has not been demon-
strated clearly in this bacterium (Wiggerich and Puhler, 2000). In
order to understand the role of the siderophore in Xcc virulence
and iron uptake, we characterized the siderophore biosynthesis
(xssA) and utilization (xsuA) mutants of Xcc 8004. In this study,
we show that Xcc produces xanthoferrin, which is similar to the
a-hydroxycarboxylate-type siderophore vibrioferrin. We demon-
strate that the production and utilization of xanthoferrin are
required for Xcc growth under low-iron conditions and contribute
to its virulence and growth inside its cabbage host.

RESULTS

AxssA mutant of Xcc is deficient in xanthoferrin
production

The genome of strain Xcc 8004 (Qian et al, 2005) possesses a
homologue of the Xanthomonas siderophore synthesis and utiliza-
tion locus similar to the Xoo xss and V. parahaemolyticus pvs
locus (Fig. S1; Table S1, see Supporting Information; Pandey and

Sonti, 2010; Tanabe et al,, 1982). The xssA (XC_1107) gene prod-
uct from the Xcc 8004 strain exhibits high homology to XssA from
Xoo (identity 86%, similarity 90%) and PvsA from V. parahaemo-
Iyticus (identity 46%, similarity 64%). The siderophore utilization
gene product xsuA exhibits high homology to XsuA from Xoo
(identity 87%, similarity 92%) and PvuA from V. parahaemolyticus
(identity 45%, similarity 61%) (Table S1).

In order to understand the role of the siderophore in Xcc viru-
lence, we constructed in-frame marker-free deletions of xssA
(XC_1107) and xsuA (XC_1108) genes in the wild-type Xcc 8004
strain (see Experimental Procedures; Fig. S2A; Table S2, see Sup-
porting Information). Expression analysis by quantitative reverse
transcription-polymerase chain reaction (qRT-PCR) indicated that
the expression of downstream genes is not altered in the deletion
mutants relative to the wild-type strain (Fig. S3, see Supporting
Information). This result suggests that the in-frame deletion of
xssA and xsuA genes does not have a possible polar effect on the
expression of genes located downstream. The ability of these
mutants to produce siderophores was assessed on peptone—
sucrose agar and chromeazurol S (PSA-CAS) medium containing
75 um 2,2'-dipyridyl (DP; specific Fe?" chelator). In contrast with
the wild-type Xcc 8004 strain, the AxssA mutant failed to produce
a halo on PSA—CAS-DP medium (Fig. 1A). Complementation of
the AxssA mutant with a plasmid harbouring the entire xss cluster
from Xoo (pAP15; Pandey and Sonti, 2010; Table S2) rescued the
siderophore production defect.

We isolated siderophores from the cell-free culture superna-
tant of wild-type Xcc 8004, AxssA, AxsuA, and mutants harbour-
ing the complementing plasmid pAP15 (AxssA/pAP15 and AxsuA/
pAP15) with Amberlite XAD-16 resin columns (see Experimental
Procedures) and checked for activity on PSA—CAS-DP plates (Fig.
1A). The siderophore was further purified from active fractions by
high-performance liquid chromatography (HPLC) and compared
with the elution profile of the purified a-hydroxycarboxylate-type
siderophore vibrioferrin (Fujita et al, 2011). The HPLC analysis
indicated that the fractions corresponding to the purified active
Xcc siderophore and standard synthetic vibrioferrin exhibited simi-
lar retention times (Fig. S4, see Supporting Information). We
named the purified active siderophore from the Xcc 8004 strain as
‘xanthoferrin’, which is similar to vibrioferrin produced by V. para-
haemolyticus and V. alginolyticus (Fujita et al,, 2011; Pandey and
Sonti, 2010; Rai et al,, 2015; Tanabe et al., 1982). The concentra-
tion of xanthoferrin produced by different strains of Xcc was
determined on the basis of the peak area and calculated from
standard curves generated from known concentrations of stand-
ard vibrioferrin by HPLC analysis (Fujita et al, 2011). The wild-
type Xcc 8004 strain produced approximately 12 ug of xanthofer-
rin per 10° cells (Fig. 1B). In contrast, the AxssA mutant produced
a negligible amount of xanthoferrin siderophore, which could be
complemented by the plasmid harbouring the xss cluster from
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Fig. 1 xssA gene is required for siderophore xanthoferrin biosynthesis in Xanthomonas campestris pv. campestris (Xcc). (A) Top: siderophore production by different
Xcc strains on peptone-sucrose agar and chromeazurol S (PSA-CAS) plates containing 75 pm of the ferrous iron chelator 2,2’-dipyridyl. Strains: Xcc 8004 (wild-type
strain); AxssA [deletion of xssA (Xanthomonas siderophore synthesis A)l; AxsuA [deletion of xsuA (Xanthomonas siderophore uptake A)]; AxssA/pAP15; and AxsuA/
pAP15 (pAP15; wild-type xssA and xsuA alleles). Bottom: wells on PSA-CAS plate containing siderophore isolated from the cell-free culture supernatant of different
strains of Xcc grown under low-iron conditions [peptone—sucrose (PS) + 100 uwm 2,2'-dipyridyl] using Amberlite XAD-16 resin column chromatography. Cell-
normalized siderophore fractions were loaded into wells prepared on a PSA-CAS indicator plate (with 75 puu 2,2’-dipyridyl). (B) Quantification of purified xanthoferrin
of different Xcc strains. Strains were grown to late exponential phase in low-iron medium (PS + 100 puu 2,2’-dipyridyl). Siderophores were initially purified from cell-
free culture supernatants using Amberlite XAD-16 resin columns. The cell-normalized active fraction of siderophore was analysed by high-performance liquid
chromatography (HPLC). Xanthoferrin was detected at 300 nm. The amount of xanthoferrin was determined by comparing the peak area (mAU X min) with the
standard curve which was generated from a known concentration of pure standard vibrioferrin.

Xoo (Figs 1B and S4). However, the siderophore utilization AxsuA
mutant did not exhibit any defect in xanthoferrin production (Figs
1B and S4).

Xanthoferrin-mediated iron uptake is required for
growth under low-iron conditions

To understand the role of xanthoferrin during growth under low-
iron conditions, we compared the growth profile of wild-type Xcc

8004, AxssA, AxsuA, AxssAIpAP15 and AxsuA/pAP15 strains in
peptone—sucrose (PS) (rich medium), PS-DP (low-iron conditions;
PS medium containing 150 um DP) and PS-DP medium supple-
mented with either purified xanthoferrin siderophore or Fe?* sul-
fate (Fig. 2). The growth patterns of wild-type and mutants were
indistinguishable in rich medium (doubling time of approximately
2.8 h; Fig. 2A; Table 1). Under low-iron conditions (PS-DP), the
doubling time of the wild-type Xcc 8004 strain was 3.9 h. How-
ever, the doubling times of AxssA and AxsuA mutants were

© 2016 BSPP AND JOHN WILEY & SONS LTD MOLECULAR PLANT PATHOLOGY (2017) 18(7), 949-962



952 S. S. PANDEY et al.

significantly less (doubling time of 5.5 h) than that of the
wild-type strain (Fig. 2B; Table 1) grown under low-iron con-
ditions. The growth defect exhibited by the AxssA and AxsuA
mutants under low-iron conditions could be rescued by com-
plementation with the plasmid harbouring the Xoo xss gene
cluster (Fig. 2A,B; Table 1). Interestingly, supplementation of
purified xanthoferrin siderophore could rescue the growth
defect of AxssA (doubling time of approximately 4 h), but
failed to restore the growth defect exhibited by AxsuA in
low-iron medium (doubling time 5.9 h) (Fig. 2C; Table 1).
Furthermore, supplementation of purified vibrioferrin from V.
parahaemolyticus also rescued the growth defect of the
AxssA mutant, similar to xanthoferrin supplementation (Fig.
S5; Table S3, see Supporting Information).

AxssA and AxsuA mutants exhibit less intracellular
iron content under low-iron conditions

The bactericidal activity of the quinone antibiotic streptonigrin
is strongly dependent on the formation of oxygen radicals,
which has a direct correlation with the availability of intracel-
lular iron in bacteria. The hypersensitivity of bacterial cells
towards streptonigrin indicates a higher intracellular level of
iron (Cohen et al, 1987; Schmitt, 1997; Yeowell and White,
1982). Therefore, to assess the intracellular iron content of
different Xcc strains, we performed streptonigrin sensitivity
assay in rich PS, low-iron and iron-replete media (Figs 3A
and S6, see Supporting Information). We observed that AxssA
and AxsuA mutants exhibited a 35%-40% increase in sur-
vival rate compared with the wild-type strain after 16 and
42 h of growth under low-iron conditions in the presence of
streptonigrin. This result suggests that the AxssA and AxsuA
mutants hold less intracellular iron in the low-iron medium
relative to the wild-type Xcc 8004, a phenotype which can
be restored by complementation in trans (Fig. 3A). In rich
(PS) and iron-replete (PS+ 100 um FeSO,) media, there was
no significant difference observed in the survival rate of these
mutants relative to the wild-type Xcc 8004 (Fig. S6A-D). Fur-
ther, we performed atomic absorption spectroscopy to mea-
sure directly intracellular elemental iron in different Xcc
strains. Iron estimation by inductively coupled plasma-optical
emission spectrometry (ICP-OES) further indicated approxi-
mately two-fold less intracellular iron content in the AxssA
and AxsuA mutants under low-iron conditions, which was
restored by in trans expression of the wild-type Xoo xss
gene cluster in the mutant background (Fig. 3B). However,
we did not observe any significant difference in the intracellu-
lar iron content of AxssA and AxsuA mutants relative to the
wild-type Xcc 8004 strain in either rich PS medium or iron-
replete conditions (PS + 100 um FeSO,) (Fig. S6E,F).

Expression of the xss operon is induced under low-
iron conditions and during in planta growth

To investigate the role of xanthoferrin during the in planta growth of
Xcc, we performed expression analysis inside the plant using a chro-
mosomal fusion of the upstream putative promoter of the xss cluster
with the B-glucuronidase (gusA) reporter gene in the wild-type Xcc
8004 background (Fig. S2; Table S2). The Xcc 8004 Pxss:gusA
reporter strain exhibited phenotypes similar to the wild-type Xcc
strain when grown under low-iron conditions (Fig. S7, see Support-
ing Information). Cabbage leaves were infiltrated with the Xcc 8004
Pxss:gusA strain with and without FeSO4 or DP. GUS activity was
monitored by staining the leaves with the chromogenic substrate X-
Gluc (5-bromo-4-chloro-3-indolyl-B-p-glucuronide; see Experimental
Procedures). The histochemical blue—green GUS staining was
detected in leaves inoculated with the Xcc 8004 Pxss::gusA reporter
strain at 5 days post-inoculation (dpi). Leaves co-infiltrated with DP
and Xcc 8004 Pxss:gusA reporter strain exhibited slightly more
intense GUS staining relative to leaves infiltrated with the Xcc 8004
Pxss::gusA strain alone (Fig. 4A). The intensity of GUS staining
decreased strongly in leaves co-infiltrated with Xcc 8004 Pxss::gusA
strain with Fe™ (Fig. 4A). GUS activity was measured from the
extracts of cabbage leaves inoculated with the Xcc 8004 Pxss::gusA
reporter strain from 0 to 8 dpi. GUS assay indicated significant in
planta expression of the xss operon (Fig. 4B). There was approxi-
mately 100-fold decrease in GUS activity in leaves co-infiltrated with
Xcc 8004 Pxss::gusA and iron compared with those infiltrated with
Xcc 8004 Pxss::gusA strain alone. In addition, we performed in vitro
expression analysis with the chromosomal fusion of Pxss:gusA
grown in rich (PS), low-iron (PS + DP) and low-iron medium supple-
mented with Fe*". There was approximately three- to four-fold
induction in the expression of the xss gene cluster under low-iron
conditions relative to rich PS medium. The addition of exogenous
iron to the low-iron medium suppressed the expression of the xss
operon (Fig. 4C).

AxssA and AxsuA mutants are defective in Fe**
uptake and exogenous xanthoferrin restores Fe3*
uptake in AxssA

To understand the contribution of xanthoferrin in iron uptake, we
performed in vitro iron uptake assay to measure the iron transport
ability of wild-type Xcc 8004, AxssA, AxsuA and the mutants har-
bouring the wild-type Xoo xss cluster (pAP15) using radiolabelled
iron, as described previously (Ardon et al, 1997; Velayudhan
et al, 2000) with a few modifications (see Experimental Proce-
dures). The total amounts of radiolabelled Fe>* incorporated into
the AxssA and AxsuA mutants were significantly less (approxi-
mately two-fold lower) than in the wild-type Xcc 8004, AxssA/
pAP15 and AxsuA/pAP15 over the 10-min time course of the
uptake assay experiment (Fig. 5A). In addition, we performed
the Fe** uptake assay with the Fe>*—xanthoferrin complex. The
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Fig. 2 The AxssA and AxsuA mutants are growth deficient under low-iron conditions. Growth of Xanthomonas campestris pv. campestris (Xcc) 8004, AxssA,
AxsuA, AxssAIpAP15 and AxsuA/pAP15 strains under the following conditions: (A) rich peptone—sucrose (PS) medium; (B) low-iron medium (PS + 150 pwm
intracellular ferrous iron chelator 2,2’-bipyridyl); (C) xanthoferrin-supplemented low-iron medium (PS + 150 pum 2,2’-dipyridyl + 20 um xanthoferrin); (D) ferrous iron-
supplemented low-iron medium (PS + 150 pm 2,2’-dipyridyl + 100 pm FeSO,). Growth was monitored by determination of the optical density at 600 nm (ODgqq).

Data are shown as mean = standard deviation (SD) (n = 3).

xanthoferrin-mediated incorporation of radiolabelled Fe** was of
a similar level in AxssA and wild-type Xcc 8004, but the AxsuA
mutant was defective in xanthoferrin-mediated Fe** uptake (Fig.
5B). However, we did not observe any significant difference in
radiolabelled Fe?* uptake in the AxssA and AxsuA mutants com-

pared with the wild-type Xcc 8004 (data not shown).

Table 1 Generation times of Xanthomonas campestris pv. campestris (Xcc) strains.

Xanthoferrin synthesis and uptake are required for
the optimum virulence of Xcc 8004 on cabbage

To understand the role of xanthoferrin in the virulence of Xcc, we
performed infection studies with wild-type Xcc 8004, AxssA,

AxsuA, AxssAIpAP15

and AxsuA/pAP15 strains on cabbage

plants. We inoculated cabbage leaves with bacterial cell

Generation time (h)*

PS PS -+ DPt PS + DP + FeSO4# PS + DP + xanthoferring
Xcc 8004 2.86 = 0.06 3.98 £0.03 2.84+0.13 419=0.14
AXxssA 2.85*+0.04 5.56 = 0.389 2.82*0.1 4.06 £0.13
AXsUA 2.85+0.13 551+ 0.379 285*0.1 5.91+0.529
AxssAIpAP15 283 +0.11 3.92£0.19 2.8 +0.04 415%=0.11
AxsuAIpAP15 29=0.04 3.89 = 0.07 2.88 =0.07 431£0.19

*Generation times are the means of three biological replicates = standard deviation (SD).

1150 pm 2,2’-dipyridyl (DP) was added to peptone—sucrose (PS) medium to yield low-iron conditions.
$100 pm of FeSO4 was added to supplement the low-iron medium.
§20 pm of xanthoferrin was added to supplement the low-iron medium.

1P <0.01 vs. wild-type in the same medium by two-tailed paired Student’s t-test.

© 2016 BSPP AND JOHN WILEY & SONS LTD MOLECULAR PLANT PATHOLOGY (2017) 18(7), 949-962
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Fig. 3 The AxssA and AxsuA mutants exhibit less
intracellular iron content under low-iron conditions. (A)
Streptonigrin (SNG) sensitivity assay in broth. Percentage
survival of different Xanthomonas campestris pv.
campestris (Xcc) strains in peptone—sucrose (PS) 4+ 150 pm
2,2'-dipyridyl 4 0.5 ug/mL SNG + 0.01 wm sodium citrate
after 16 and 42 h of growth. Percentage survival in SNG
was calculated by comparison with growth in PS + 150 pm
2,2'-dipyridyl as described in Experimental Procedures. (B)
Intracellular iron content quantification determined by
inductively coupled plasma-optical emission spectrometry
(ICP-OES). Different Xcc strains were grown to late
exponential phase in low-iron medium (PS + 150 pm
intracellular ferrous iron chelator 2,2’-dipyridyl). Cells were
harvested by centrifugation, freeze dried and solubilized in
30% HNOs as described in Experimental Procedures. The
data shown in the graphs are the mean = standard error
(SE) (n=13). **P<0.01; ***P<0.001; statistical
significance by paired Student's t-test.
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Fig. 4 The xss (Xanthomonas siderophore synthesis) gene cluster is expressed during the in planta growth of Xanthomonas campestris pv. campestris (Xcc). (A)
Histochemical B-glucuronidase (GUS) staining with the chromogenic substrate X-Gluc (5-bromo-4-chloro-3-indolyl-B-p-glucuronide) of cabbage leaves infiltrated with
reporter strain Xcc 8004 Pxss::gusA with water, 100 pwm 2,2'-dipyridyl or 200 um FeSO,. Control is a GUS-negative Xcc 8004 strain. Arrows indicate GUS staining in
veins. (B) In planta expression analysis of xss gene cluster in wild-type (Xcc 8004 Pxss:gusA). GUS activity was monitored from 1 cm? of cabbage leaves inoculated
with reporter strain Xcc 8004 Pxss::gusA with water, 100 pm 2,2’-dipyridyl or 200 um FeSO4. (C) Cell-normalized in vitro GUS assay of reporter strain Xcc 8004
Pxss::gusA in rich peptone—sucrose (PS), low-iron (PS -+ 150 pm 2,2-dipyridyl), iron-supplemented low-iron (PS + 150 um 2,2'-dipyridyl + 100 um FeSO,) and excess

iron (PS + 100 pm FeSO,4) media. 4-MU, 4-methylumbelliferone.

MOLECULAR PLANT PATHOLOGY (2017) 18(7), 949-962 © 2016 BSPP AND JOHN WILEY & SONS LTD



A 201
-+ Xcc 8004
15 & Avssd
= Avsud

* AvssA/pAP15
-+ Avsud/pAP1S

(pMole/mg protein)
=
o

Ferric iron uptake

S

e

0 T T T T
1 3 5 10
Time (min)
B
6.
% -+ Xcc 8004
T = & AxssA
8 g 4 “* Avsud
Eg2 7 * AvssA/pAP1S
55 S -+ Avsud/pAP15
253
‘.‘E g 2 &———:—-—-._-_*______:
2 9
5
<9
0

1 3 5 10
Time (min)

Fig. 5 The AxssA and AxsuA mutants are defective in ferric iron uptake and
xanthoferrin supplementation restores ferric iron uptake in the AxssA mutant.
(A) The AxssA and AxsuA mutants show deficiency in ferric iron uptake under
low-iron conditions. The ferric iron transport was initiated by the addition of
0.4 1 >>FeCl; to cell suspensions of wild-type Xcc 8004, AxssA, AxsuA,
AxssAIpAP15 and AxsuAl/pAP15 strains. (B) Xanthoferrin supplementation
restores the ferric iron uptake deficiency of AxssA. The ferric-xanthoferrin
complex transport was initiated by the addition of 0.4 pm 1 : 1 ratios of
55FeCl; and xanthoferrin to cell suspensions of various Xanthomonas
campestris pv. campestris (Xcc) strains grown under low-iron conditions. Data
are shown as mean = standard error (SE) (n = 3).

suspensions by the leaf clip method and monitored lesion devel-
opment, bacterial migration inside the leaves and in planta bacte-
rial growth (see Experimental Procedures; Fig. S8, see Supporting
Information). The AxssA and AxsuA mutants were significantly
compromised in lesion development, which was rescued by plas-
mid harbouring the Xoo xss cluster (pAP15) (Fig. 6A,B). The
lesions caused by the wild-type Xcc 8004 strain were approxi-
mately 3 cm in length at 21 dpi. In contrast, the lesions caused by
AxssA and AxsuA mutants were approximately 1 cm in length at
21 dpi (Fig. 6B). To monitor bacterial migration inside cabbage
leaves, surface-sterilized infected leaves (5 dpi) were cut into 1-
cm pieces from the bottom of the leaf to the top (site of inocula-
tion) with sterile scissors, and were incubated on PSA medium
containing appropriate antibiotics (Fig. S8A). Migration was esti-
mated by observing the colonies formed after 1-3 days by bacte-
rial ooze from the cut ends of the cabbage leaf pieces. Migration
assay indicated that the AxssA and AxsuA mutants exhibited
reduced in planta migration relative to the wild-type Xcc 8004
strain (Fig. 6C). In planta growth assay (0-14 dpi) indicated that
the AxssA and AxsuA mutants exhibited significantly reduced
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growth (approximately four-fold less) than that exhibited by the
wild-type Xcc 8004 strain or the mutants harbouring the comple-
menting plasmid (Fig. 6D).

Exogenous iron supplementation promotes the
growth of AxssA and AxsuA mutants in cabbage
leaves

To investigate whether iron supplementation can rescue the
growth defect of AxssA and AxsuA mutants inside host leaves,
detached leaf assays were performed as described previously
(Chatterjee and Sonti, 2002) with modifications (see Experimental
Procedures; Fig. S8B). The detached cabbage leaves were main-
tained in beakers with or without iron (50 pm FeCl3) supplementa-
tion. Benzyl amino purine (BAP), a first-generation synthetic
cytokinin, was added to each beaker to maintain the freshness of
the leaves. The detached cabbage leaves were inoculated with dif-
ferent Xcc strains and bacterial growth within the leaves was esti-
mated at 0, 24, 48 and 72 h post-inoculation. /In planta growth
assay indicated that exogenous iron supplementation rescued the
growth defect exhibited by the AxssA and AxsuA mutants (Fig.
6E). In contrast, iron supplementation in cabbage leaves did not
significantly affect the growth of wild-type Xcc 8004, AxssA/
pAP15 and AxsuA/pAP15 strains (Fig. 6E).

DISCUSSION

In this study, we have characterized the role of the siderophore in
the virulence of Xcc, a pathogen of crucifers. The results of this
study have established the following: Xcc produces xanthoferrin,
an «-hydroxycarboxylate-type siderophore similar to vibrioferrin,
under low-iron conditions; xanthoferrin production is required for
growth under low-iron conditions and for virulence; the xanthofer-
rin production and uptake mutants AxssA and AxsuA exhibit
defects in Fe®>" uptake; and exogenous supplementation of iron
promotes the in planta growth of AxssA and AxsuA mutants in
cabbage.

Xanthomonas axonopodis pv. citri (Xac) and Xcc possess non-
ribosomal peptide synthetase (NRPS) enzymes encoding the genes
Xac3922 and Xcc3867, respectively, which show similarity to
enterobactin, a catecholate-type siderophore, synthase component
F (EntF) in Escherichia coli (Etchegaray et al, 2004; Ryan et al,
2011; da Silva et al, 2002). It has been proposed that the sidero-
phores produced by Xac and Xcc do not belong to the catechol or
hydroxamate family, but might be assigned to an unknown novel
category (Etchegaray et al, 2004). The genome sequence of Xcc
8004 (Qian et al, 2005) indicated that it possesses an xss gene
cluster, homologous to the Xoo xss locus (Lee et al., 2005; Pandey
and Sonti, 2010) and V. parahaemolyticus pvs locus (Tanabe
et al, 1982), which is involved in siderophore synthesis and
uptake (Fig. S1). Siderophore purified from the cell-free culture
supernatant by Amberlite XAD-16 resin columns and HPLC
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Fig. 6 The AxssA and AxsuA mutants are deficient in virulence and growth inside cabbage. (A) Cabbage leaves (Indian Super Hybrid variety) infected with wild-type
Xcc 8004, AxssA, AxsuA, AxssAlpAP15 and AxsuA//pAP15 strains showing lesion symptoms at 21 days post-inoculation. Bacterial cultures (1 X 107 cells/mL
suspension) were inoculated into 30-day-old plants by the clip method. (B) Quantification of lesion length at 21 days post-inoculation. Twenty-five leaves were
inoculated per strain. (C) Bacterial migration at 5 days post-inoculation in host leaves was assayed by inoculating 1-cm pieces of infected leaf, cut from the base to
the tip, on a peptone—sucrose agar (PSA) plate with the respective antibiotics (see Table $2). Migration was estimated by observing colonies formed after 1-3 days
by bacterial ooze from the cut ends of the cabbage leaf pieces. For each experiment, six leaves were used (three independent experiments). (D) /n planta growth
assays of wild-type Xcc 8004, AxssA, AxsuA, AxssAIpAP15 and AxsuA//pAP15 strains. Bacterial populations were measured by crushing leaves (1 cm?) followed by
serial dilution plating at the indicated post-inoculation days. For each experiment, six leaves were used (three independent experiments). (E) Detached leaf assay with
exogenous iron supplementation. Different Xcc strains were inoculated on detached cabbage leaves by the clip method. The leaves were maintained in 1 ug/mL of
benzyl amino purine (BAP; first-generation synthetic cytokinin) with or without 50 pm FeCls supplementation. Bacterial populations were determined from a leaf area
of 1 cm? at the indicated post-inoculation days. The data shown in the graphs are the mean = standard error (SE) (n = 3). *P< 0.05; **P< 0.01; ***P< 0.001;
significant difference between the data obtained from mutants and the data obtained from the wild-type and complemented strains by paired Student’s t-test. CFU,
colony-forming unit.

analysis suggests that Xcc 8004 synthesizes a xanthoferrin sidero- exogenous supplementation of purified vibrioferrin from V. para-
phore (similar to the vibrioferrin of V. parahaemolyticus) under haemolyticus strongly suggests that the xanthoferrin form Xcc and
iron-limited conditions, which is an «-hydroxycarboxylate-type vibrioferrin are structurally related (Fig. S5).

siderophore (Figs 1A and S4). The homology of the xssA gene to In Xoo, a xylem-specific pathogen of rice, it has been demon-
pvsA, the vibrioferrin synthesis gene of V. parahaemolyticus, and strated that siderophore production is not required for virulence
the drastic reduction in xanthoferrin production in the AxssA and the xss cluster is not expressed in planta (Pandey and Sonti,
mutant suggest that xssA encodes a protein which is involved in 2010). In contrast, it has been shown that, in Xanthomonas ory-
xanthoferrin synthesis (Fig. 1B; Table S1). Furthermore, rescue of zae pv. oryzicola (Xoc; a pathogen of rice parenchyma), sidero-
the growth defect exhibited by the AxssA mutant of Xcc by the phore production is required for virulence and is induced in planta
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(Rai et al, 2015). These studies suggest that the contribution of
the xss locus in pathogenicity seems to be variable among closely
related xanthomonads. Our results indicate that siderophore-
mediated iron uptake is required for the virulence and colonization
of Xcc. We speculate that differences in host iron storage and
forms (Fe*™ vs. Fe*™) may contribute to differences in iron utiliza-
tion strategies and need for closely related pathogens.

Many bacteria acquire iron through energy-independent, low-
affinity iron uptake systems in iron-rich environments; however, in
iron-limited  environments, siderophore-mediated iron uptake
occurs, which is a highly energy-dependent process (Jones and
Niederweis, 2010; Noinaj et al, 2010). We observed that Xcc
8004 produces siderophores under low-iron conditions, which
ceases on iron supplementation (data not shown). Although, iron
or xanthoferrin supplementation restores the impaired growth of
the AxssA mutant under iron-limited conditions, the addition of
xanthoferrin fails to restore the compromised growth of the
AxsuA mutant in low-iron medium (Fig. 2C). Similarly, xanthofer-
rin supplementation restores the impaired Fe>* uptake of the
AxssA mutant, but fails to restore the Fe** uptake deficiency of
the AxsuA mutant (Fig. 5B). These results suggest that xsuA, a
homologue of V. parahaemolyticus pvuA (a receptor for the Fe**—
siderophore complex), encodes an outer membrane receptor pro-
tein required for xanthoferrin-mediated Fe*" uptake. Quantitative
GUS reporter assay suggests that the expression of the xss operon
is induced under low-iron conditions and is suppressed to the
basal level after iron supplementation (Fig. 4C). The AxssA and
AxsuA mutants possess less intracellular iron than the wild-type
Xcc 8004 grown under iron-limited conditions (Fig. 3). These
results indicate that Xcc 8004 requires xanthoferrin-mediated iron
uptake, particularly in the iron-limited environment of the plant.
Siderophore-independent, low-affinity iron uptake systems main-
tain iron homeostasis under iron-replete conditions in many micro-
organisms (Andrews et al, 2003). The porins, Msp in
Mycobacterium smegmatis (Jones and Niederweis, 2010) and the
SFU system in Serratia marcescens (Angerer et al., 1990; Zimmer-
mann et al, 1989), have been reported to be involved in
siderophore-independent Fe*™ uptake. The FeoB system is
involved in the uptake of the less commonly available, but solu-
ble, Fe?* form of iron (Cartron et al,, 2006; Kammler et al., 1993).
Extracellular or cell-associated Fe®" reductases have been
reported in many bacteria, which assist in iron uptake by increas-
ing the availability of the soluble form of iron by reducing Fe*" to
Fe** (Schroder et al, 2003). In our study, we detected Fe3*
reductase activity in Xcc strains, but no significant difference was
observed among wild-type Xcc 8004, AxssA and AxsuA mutants
(Fig. S9, see Supporting Information). It is pertinent to note that
the iron uptake facilitated by Fe** reductases and low-affinity
iron uptake systems might be sufficient to fulfil the iron require-
ment under rich or iron-replete conditions. However, under iron-
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depleted conditions, Xcc 8004 may depend nparticularly on
xanthoferrin-mediated iron uptake. This might be the reason why
the xss cluster is induced under iron-limiting conditions.

In planta GUS reporter assay indicated that the xss operon is
expressed in the iron-limited host environment, but is suppressed
on co-infiltration of the reporter strain and iron in cabbage leaves
(Fig. 4). These results suggest that Xcc 8004 requires
xanthoferrin-mediated iron uptake in the iron-limiting environ-
ment of the host. The disruption of either xanthoferrin synthesis
or the xanthoferrin-mediated iron uptake system diminishes the
ability of Xcc to grow, colonize and migrate inside cabbage leaves
(Fig. 6). The results of the detached leaf assay suggested that the
in planta growth deficiency of AxssA and AxsuA mutants can be
rescued by the exogenous supplementation of a moderate amount
of iron (Fig. 6E). Thus, there is a correlation between xanthoferrin-
mediated iron uptake and the ability of Xcc to cause disease.
These data suggest that the ability to acquire iron by the energy-
dependent xanthoferrin synthesis and uptake system may have
evolved in Xcc as a mechanism to take up iron under iron-
depleted conditions, such as in the host environment.

This study is also important from the disease perspective, as
targeting of the iron uptake system in these bacteria could help to
prevent disease development in the near future. Further, a thor-
ough understanding of iron uptake systems in different bacteria
may aid in the development of novel strategies to control various
animal and plant diseases, which are mainly dependent on the
iron uptake ability of pathogens.

EXPERIMENTAL PROCEDURES

Bacterial strains, plasmids and culture conditions

The bacterial strains and plasmids used in this study are listed in Table S2.
Xcc 8004 strains were grown at 28 °C in PS medium (Tsuchia et al., 1982)
at 200 rpm (New Brunswick Scientific, Innova 43, Edison, NJ, USA). The
concentrations of antibiotics used were as follows: rifampicin (Rif), 50 pg/
mL; kanamycin (Kan), 50 pg/mL; tetracycline (Tet), 5 pg/mL; gentamycin
(Gent), 5 pg/mL; ampicillin (Amp), 50 pg/mL. We used an iron chelator,
DP (Fluka Analytical, Steinheim, Westphalia, Germany), to create the low-
iron conditions.

Molecular biology and microbiology techniques

All standard molecular biology techniques, including plasmid isolations,
genomic DNA isolations, gel extractions and PCR purifications, were per-
formed as described by Sambrook et al. (1989) or using kits provided by
Qiagen Inc., (Valencia, CA, USA). PCR amplifications were carried out with
high-fidelity accu taq polymerase (Sigma-Aldrich, St. Louis, MO, USA),
KAPA HiFi HotStart DNA Polymerase (Kappa Biosystems Inc., Wilmington,
MA, USA) and Taq polymerase (Thermo Fisher Scientific, Waltham, MA,
USA) according to the user manuals provided by the manufacturers.
Restriction digestions and ligations were performed with enzymes pro-
vided by New England Biolabs (Ipswich, MA, USA) according to the user
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manual provided by the manufacturer. Transformations were performed
by electroporation, the heat shock method or conjugation. The primers
used in this study are listed in Table S4 (see Supporting Information).

Generation of AxssA and AxsuA deletion mutants in
the wild-type Xcc 8004 background

In-frame marker-free deletion strains were prepared as described previ-
ously by Schafer et al. (1994) with a few modifications. The chromosomal
deletion of the xssA and xsuA genes in the Xcc 8004 background was
obtained by allelic exchange and homologous recombination using the
suicide vector pK18mobsacB harbouring 5" and 3 flanking regions of the
gene to be deleted. The 5 flanking regions of AxssA and AxsuA were
amplified with the primers (listed in Table S4) SCPsidelxc1F & SCPsi-
delxc2R and SCPxsuAdel 1F & SCPxsuA1R, respectively, whereas the 3’
flanking regions were amplified with the primers SCPsidelxc2F & SCPsi-
delxc2R and SCPxsuAdel2F & SCPxsuAdel2R, respectively. The 5’ and 3’
flanking PCR products were digested with a common restriction enzyme
(Xbal) and ligated. The ligation product was PCR amplified with end pri-
mers to select the deletion construct. The PCR products and pK18mobsacB
were then digested with appropriate restriction enzymes (BamH1 & Hindlll
for the deletion of xssA and EcoRl & Hindlll for the deletion of xsuA),
ligated and transformed in £. coli DH5a cells. Appropriate clones were
selected on nalidixic acid and kanamycin-containing Luria—Bertani (LB)
agar plates and confirmed by nucleotide sequencing. pK18mobsacB carry-
ing deletion constructs (Table S2) was transformed into the wild-type Xcc
8004 strain by electroporation, and transformants with single crossover
were selected on nutrient agar (NA) plates containing rifampicin and
kanamycin. Colonies were passaged in antibiotic-free nutrient broth
medium for the second recombination to occur for the removal of the
plasmid background, and eventually selected on PSA containing rifampicin
and 5% sucrose. Colonies growing on PSA, but not on NA with kanamy-
cin, were confirmed by the sequencing of PCR products amplified using
the outward primers (Table S4): SCP54F Sid del out 2 & SCP54R Sid del
out 2 and SCPxsuA del out F and SCPxsuAdel2R for deletion in the xssA
and xsuA genes, respectively. For complementation, the cosmid clone
with a 38.2-kb genomic insert of Xoo containing the entire xss cluster
(pAP15) (Table S2; Pandey and Sonti, 2010) was mobilized in the AxssA
and AxsuA background by biparental mating with E. coli strain S17'-1 har-
bouring pAP15.

Generation of chromosomal promoter fusions to GUS

Chromosomal fusions of the promoter of the xss gene cluster with GUS
were created using the suicidal plasmid pvV0155 containing the promoter-
less gusA gene, as described previously (Oke and Long, 1999; Pandey and
Sonti, 2010) with a few modifications. Briefly, a 971-bp sequence
(upstream of the xsuA gene) containing the putative promoter of the xss
gene cluster (Fig. S2; Table S2) was amplified with SCP_sid_prom F &
SCP_sid_prom R primers (listed in Table S4) and cloned at the Hindll-
Xbal site of the promoterless suicidal plasmid pv0155. The GUS reporter
construct was mobilized from E. coli DH5« to E. coli S17-1 by triparental
mating, and subsequently introduced into wild-type Xcc 8004 by biparen-
tal mating with the $17’-1 construct. Insertion of the gus reporter cassette
was confirmed by PCR amplification and sequencing with primers specific
for gusA and the neighbouring flanking sequence (data not shown).

Growth under low-iron conditions

We used different concentrations of DP (75, 100 and 150 pm) to create
low-iron conditions in PS medium in order to identify the conditions induc-
ing siderophore production without affecting the growth of different Xcc
strains, and also to identify the low-iron conditions in which the
siderophore-deficient mutants exhibit growth deficiency (Figs 2 and S10,
see Supporting Information). We found that 75 um DP induced sidero-
phore production in the wild-type Xcc 8004 strain, but did not cause sig-
nificant growth defects in the wild-type or the AxsuA and AxssA mutants
(Fig. S10B). To induce siderophore production and purification from liquid
PS medium, we used 100 pm DP. We found that 100 um DP did not cause
severe growth deficiency in the AxsuA and AxssA mutants compared
with the wild-type Xcc 8004 strain (Fig. S10C). At 150 um DP, we
observed that the AxsuA and AxssA mutants exhibited growth deficiency
which could be rescued by supplementation of either iron or purified side-
rophores. Therefore, for growth assay under low-iron conditions, we used
150 pm DP in this study (Fig. 2).

CAS plate assays for the assessment of siderophore
production

CAS agar plate assays for the assessment of siderophore production were
performed as described previously (Schwyn and Neilands, 1987) with a
few modifications (Chatterjee and Sonti, 2002). Xanthomonas grew quite
slowly on minimal medium MM9; therefore, we used rich PSA medium
supplemented with 75 pum DP to create low-iron conditions. The different
Xcc strains were spotted onto the CAS agar plate and incubated at 28 °C.

Purification and quantification of xanthoferrin

Primary cultures of different Xcc strains were grown up to 1.0 X 10° cells/
mL in PS broth with the respective antibiotics (see Table S2); 0.3% of inoc-
ulum was transferred to 500 mL of PS medium supplemented with 100
um DP and grown to an optical density at 600 nm (ODggo) of unity at
28°C in a shaking incubator at 200 rpm (New Brunswick Scientific). The
cultures were centrifuged at 13201 g for 1 h. The supernatants from dif-
ferent cultures were collected and further filtered through a 0.22-um
membrane to remove the remaining cells. Initially, the siderophore was
isolated from cell-free supernatants using Amberlite XAD-16 resin col-
umns, as described by Wright (2010) with a few modifications. Briefly, the
different cell-free supernatants were acidified up to pH 2 with concen-
trated HCl and allowed to pass through the prepared XAD-16 resin col-
umn (2.4 X 30 cm?). Elution was performed with methanol and the flow-
through was collected into 100 fractions. Each fraction was tested for
siderophores on CAS agar plates supplemented with 75 v DP. As a nega-
tive control, empty buffer eluate from the column run was spotted onto a
PSA-CAS + 75 pm DP plate to detect any cross-contaminating CAS-reac-
tive agent during the separation of xanthoferrin (Fig. S11, see Supporting
Information). Further, we processed the samples with an Agilent
1100series HPLC system (Agilent, Santa Clara, CA, USA). The data were
recorded and analysed using chemstation software (Agilent 1100). We
compared the chromatogram of xanthoferrin with the chromatogram of
standard purified vibrioferrin (a kind gift from M. J. Fujita). The estimation
of siderophore production was performed as described previously (Amin
et al, 2009) with a few modifications. The xanthoferrin production by
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different Xcc strains was estimated by comparing the peak area at a par-
ticular retention time with standard curves generated from a known con-
centration of pure standard vibrioferrin.

Iron uptake assay

We performed the iron uptake assays using radiolabelled iron as described
previously (Ardon et al,, 1997; Velayudhan et al., 2000) with a few modifi-
cations. Primary cultures of different Xcc strains were grown to 1.0 X 10°
cells/mL in rich PS medium with the respective antibiotics (Table S2);
0.3% of inoculum was transferred to fresh PS medium containing 150 pm
DP and the antibiotic required to maintain cosmids, and grown to the late
stationary phase. Further bacterial cells were harvested and washed twice
in 50 mm sodium phosphate buffer (pH 7.4). Bacterial pellets were resus-
pended in 50 mm sodium phosphate buffer and subsequently diluted with
chelex-100 (Sigma, St. Louis, MO, USA)-treated PS to an ODgq of 1.0 and
incubated at 28°C for 5 min. The Fe>* uptake was initiated by the addi-
tion of 0.4 um of >>FeCl; (specific activity of 10.18 mCi/mg; American
Radiolabeled Chemicals, Inc., St. Louis, MO, USA). For the uptake assay of
the Fe3"—xanthoferrin complex, the uptake was initiated after combining
vibrioferrin (7.6 mm stock) and **FeCl; in a 1 : 1 ratio. Uptake was
stopped at different time points by layering onto di-butyl phthalate and
di-octyl phthalate (1 : 1) solution. Immediately, the cultures were centri-
fuged at 17968 g for 2 min; eventually, the pellets were resuspended in
100 pL of 1% (v/v) Triton X-100. The suspensions were transferred to
5 mL of scintillation cocktail and counted in the 3H channel of a scintilla-
tion counter (Perkin-Elmer, Waltham, MA, USA, Liquid Scintillation Ana-
lyzer, Tri-Carb 2910 TR, USA). As a control, iron uptake was performed in
the presence of carbonyl cyanide p-triflioromethoxy phenylhydrazone
(FCCP; 50 pm), a proton motive force uncoupler. There was no significant
increase in the incorporation of radiolabelled iron in the presence of FCCP,
indicating that iron uptake is an energy-dependent process (data not
shown).

Streptonigrin sensitivity assay

To assess intracellular iron content, we performed streptonigrin sensitivity
assay as described previously (Wilson et al, 1998) with a few modifica-
tions. Briefly, overnight-grown cultures of different Xcc strains were har-
vested by centrifugation at 3300 g for 5 min. Pellets were resuspended in
fresh PS medium at ODgog = 0.6; 2% of inoculum was transferred to 4 mL
of fresh PS medium with and without streptonigrin (Sigma-Aldrich) and
sodium citrate in six-well plates. The plates were incubated in a static
incubator at 28 °C. Absorbance at 600 nm was measured after 16 and
40 h of incubation. The percentage survival was calculated by comparing
the bacterial growth in streptonigrin relative to that in rich PS medium.
This assay was also performed on a PSA plate containing streptonigrin
and sodium citrate by spotting serial dilutions of cell-normalized bacterial
cultures.

Estimation of intracellular iron level

The intracellular iron content was estimated using atomic absorption spec-
trophotometry as described previously (Velayudhan et al, 2000) with a
few modifications. Different Xcc strains were grown to stationary phase
culture in rich PS, PS with 150 um FeSO, (Fe-replete) and PS with 100 pm
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DP (Fe-restricted) media. Cells were harvested by centrifugation, followed
by washing twice with phosphate-buffered saline (50 mm PBS, pH 7.4).
Pellets were lyophilized and their dry weights were determined. A further
equal amount of lyophilized cells was solubilized in 30% HNO3 at 80 °C
overnight and subsequently diluted 10-fold with sterile milliQ water. The
iron content was determined using ICP-OES (JY 2000 sequential ICP-OES
spectrometer, Jobin Yvon, Horiba, France).

GUS reporter assays

The GUS reporter strain was grown in rich PS medium with the required
antibiotics at 28 °C and 200 rpm overnight; 0.2% of primary inoculum
was transferred to rich PS, PS with 100 um FeSO, (Fe-replete), PS with
100 um DP (Fe-restricted) and PS with 100 pm DP + 100 pum FeSO4 (FeSO4
supplementation to Fe-restricted) media. The absorbance at 600 nm and
GUS expression were measured at regular time intervals. GUS expression
assays were performed as described previously (Jefferson et al, 1987)
with a few modifications. Briefly, cells were harvested from 1 mL of
culture and washed with sterile milliQ water. Pellets were resuspended
in 250 plL extraction buffer [50 mm sodium dihydrogen phosphate
(pH 7.0), 10 mm ethylenediaminetetraacetic acid (EDTA), 10 mm B-
mercaptoethanol, 0.1% Triton X-100 and 0.1% sodium lauryl sarcosine]
with added 1 mm MUG (4-methylumbelliferyl 3-p-glucuronide) and incu-
bated at 37 °C. After a definite time interval, reactions were terminated by
the addition of 675 uL of 0.2 m Na,CO3 into 75 pL of reaction mixture.
Fluorescence was measured with 4-methylumbelliferone (4-MU; Sigma) as
standard at an excitation wavelength of 365 nm and emission wavelength
of 455 nm. GUS activity was presented as nanomoles of 4-MU produced
per minute.

In planta GUS expression assay

The GUS reporter strain was grown to 1.0 X 10° cells/mL in the presence
or absence of 100 um DP or 100 pm FeSO,. Cells were harvested, washed
with sterile milliQ water and infiltrated into cabbage leaves (Indian Super
Hybrid variety) with and without 100 pm DP or 100 pm FeSO,. The leaves
were harvested at 0, 2, 4, 6 and 8 dpi and crushed in 1 mL of extraction
buffer [50 mm sodium dihydrogen phosphate (pH 7.0), 0.1% Triton X-100,
10 mm EDTA, 0.1% sodium lauryl sarcosine and 10 mm (3-mercaptoetha-
nol] without substrate. Subsequently, 250 pL of extraction buffer with
1 mm MUG substrate was added to the plant extract and incubated at
37°C. Reactions were stopped by the addition of 675 uL of 0.2 m Na,CO3
into 75 ulL of reaction mixture. Fluorescence was measured with 4-MU
(Sigma) as standard at an excitation wavelength of 365 nm and emission
wavelength of 455 nm. GUS activity was expressed as nanomoles of MU
produced per minute per square centimetre of leaf area.

Histochemical staining

Thirty-day-old cabbage leaves (Indian Super Hybrid variety) were infil-
trated with GUS reporter strains in the presence or absence of 100 pv DP
or 100 um FeSO,4. At 5 dpi, the leaves were stained with 1 mm X-Gluc in
GUS assay buffer [50 mm sodium dihydrogen phosphate (pH 7.0), 10 mm
EDTA, 0.1% sodium lauryl sarcosine, 0.1% Triton X-100 and 10 mm f3-
mercaptoethanol] to determine B-p-glucuronidase activity. A vacuum was
applied for 1 h to facilitate X-Gluc penetration into the leaves and then
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incubated at 37°C for 2 h. Subsequently, chlorophyll was removed from
the leaves by incubation in absolute alcohol for 72 h at 37°C, and then
observed under a compound microscope. The experiment was performed
with a minimum of five infiltrated leaves for each strain and repeated
three times.

Assay for Fe*" reductase activity

The Fe* reductase activity of Xcc strains was measured using ferrozine
(Sigma-Aldrich), a chromogenic Fe?* chelator, as described previously
(Deneer et al, 1995; Velayudhan et al, 2000; Worst et al, 1998) with
slight modifications. Briefly, 1 mm ferrozine and 100 um FeCl; were added
to different Xcc strains, grown to a density of 1.0 X 10° cells/mL and incu-
bated at 28 °C. Cell-free PS medium was incubated under the same condi-
tions as a blank; 1-mL aliquots were taken at each time interval and
centrifuged at 17968 g for 2 min. The absorbance of the magenta-
coloured Fe?*—ferrozine complex in the supernatant was measured at
562 nm.

Virulence assays on cabbage plants

Virulence assay was conducted by inoculation of Xcc strains onto 30-day-
old Indian cabbage (Indian Super Hybrid variety) using the scissor-clipping
method. In brief, different Xcc strains were grown to a density of 1.0 X
10° cells/mL in PS medium with the required antibiotics. Cells were pel-
leted down at 3300 g for 5 min and resuspended in sterile milliQ water.
Sterile scissors were dipped in bacterial cultures and cabbage leaves were
gently incised at the apex. The lesion length, number of colony-forming
units (CFU) and migration of bacteria inside host leaves were recorded. A
plant inoculated with sterile milliQ water was used as a control (Robinson
and Callow, 1986).

Exogenous iron supplementation and bacterial
growth assay in cabbage leaves

Exogenous iron supplementation and bacterial growth assays in detached
leaves were performed as described previously (Chatterjee and Sonti,
2002) with a few modifications. Leaves, together with the petiole, of 30-
day-old cabbage plants were cut with sterile scissors and dipped in 250-
mL beakers (four to six leaves per beaker) containing 100 mL of 1.0 ug/
mL of BAP with or without 50 um FeCl; (Standard Reagents, Hyderabad,
India) in sterile milliQ water. The addition of BAP, a first-generation syn-
thetic cytokinin, helped to maintain the detached cabbage leaves in a
fresh condition. In a control experiment, we added red-coloured safranin
dye to a beaker containing BAP to determine the conductance of water in
the leaves. After overnight incubation, the spread of red colour into the
leaves indicated water conductance (Fig. S5B). The leaves were clip inocu-
lated with cultures of different Xcc strains at a density of 1.0 X 107 cells/
mL. Bacterial growth was determined by the number of CFU obtained
after crushing the surface-sterilized 1-cm? leaf area surrounding the inocu-
lation site, followed by dilution plating.
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Fig. S1 Schematic presentation of the xss (Xanthomonas side-
rophore synthesis) gene cluster of Xanthomonas campestris pv.
campestris (Xcc) 8004, Xanthomonas oryzae pv. oryzae and
Vibrio parahaemolyticus.

Fig. S2 Genetic organization of the Xanthomonas campestris
pv. campestris (Xcc) 8004 xss (Xanthomonas siderophore syn-
thesis) cluster indicating the location of the deletions in the
knockout strains AxssA and AxsuA, and pSSP70 insertion in
the B-glucuronidase (GUS) reporter strain  Xcc 8004
Pxss::gusA.

Fig. S3 Relative quantification of the expression of down-
stream genes of the xss (Xanthomonas siderophore synthesis)
operon in AxssA and AxsuA mutants compared with the wild-
type Xanthomonas campestris pv. campestris (Xcc) 8004 strain
by real-time quantitative reverse transcription-polymerase chain
reaction (qRT-PCR).

Fig. S4 High-performance liquid chromatography (HPLC) chro-
matograms of purified xanthoferrin from different Xanthomonas
campestris pv. campestris (Xcc) strains.

Fig. S5 Purified vibrioferrin from Vibrio parahaemolyticus res-
cues the growth deficiency of the AxssA mutant under low-iron
conditions.

Fig. S6 Streptonigrin sensitivity assay to assess the intracellular
iron content among wild-type Xanthomonas campestris pv.
campestris (Xcc) 8004, AxssA, AxsuA, AxssAIpAP15 and

AxsuAllpAP15 strains grown in peptone—sucrose (PS) medium
and iron-replete conditions.

Fig. S7 The Xanthomonas campestris pv. campestris (Xcc)
8004 Pxss::gusA reporter strain exhibits wild-type Xcc 8004-like
phenotypes under low-iron conditions.

Fig. S8 Assay for bacterial migration inside cabbage leaves
and control experiment for conductance.

Fig. S9 Ferric reductase assay of wild-type Xanthomonas cam-
pestris pv. campestris (Xcc) 8004, AxssA and AxsuA strains.
Fig. S10 The growth of Xanthomonas campestris pv. campest-
ris (Xcc) 8004 (wild-type), AxssA and AxsuA strains in different
concentrations of 2,2’-dipyridyl.

Fig. S11 Column buffer control and active fraction of wild-type
Xanthomonas campestris pv. campestris (Xcc) xanthoferrin on
peptone—sucrose agar and chromeazurol S (PSA-CAS) plates
containing 75 pm 2,2’-dipyridyl.

Table S1 Homology of proteins encoded in the xss (Xanthomo-
nas siderophore synthesis; involved in siderophore biosynthesis,
putative export and uptake) gene cluster of Xanthomonas cam-
pestris pv. campestris (Xcc) with those of Vibrio parahaemolyti-
cus, and X. oryzae pv. oryzae (Xoo) KACC103331.

Table S2 List of strains and plasmids used in this study.

Table S3 Generation times of different Xanthomonas campest-
ris pv. campestris (Xcc) strains.

Table S4 List of the primers used in this study.
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