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SUMMARY

Xanthomonas citri ssp. citri (Xcc) causes canker disease in citrus,

and biofilm formation is critical for the disease cycle. OprB (Outer

membrane protein B) has been shown previously to be more

abundant in Xcc biofilms compared with the planktonic state. In

this work, we showed that the loss of OprB in an oprB mutant

abolishes bacterial biofilm formation and adherence to the host,

and also compromises virulence and efficient epiphytic survival

of the bacteria. Moreover, the oprB mutant is impaired in bacte-

rial stress resistance. OprB belongs to a family of carbohydrate

transport proteins, and the uptake of glucose is decreased in the

mutant strain, indicating that OprB transports glucose. Loss of

OprB leads to increased production of xanthan exopolysacchar-

ide, and the carbohydrate intermediates of xanthan biosynthesis

are also elevated in the mutant. The xanthan produced by the

mutant has a higher viscosity and, unlike wild-type xanthan,

completely lacks pyruvylation. Overall, these results suggest that

Xcc reprogrammes its carbon metabolism when it senses a short-

age of glucose input. The participation of OprB in the process of

biofilm formation and virulence, as well as in metabolic changes

to redirect the carbon flux, is discussed. Our results demonstrate

the importance of environmental nutrient supply and glucose

uptake via OprB for Xcc virulence.

Keywords: biofilm, citrus canker, OprB, Xanthomonas citri

ssp. citri.

INTRODUCTION

Xanthomonas citri ssp. citri (Xcc) is the phytopathogen responsible

for citrus canker. The disease affects all citrus plants, causing sig-

nificant economic losses worldwide, directly as a result of defolia-

tion and premature fruit drop and thus yield, and also as a result

of quarantine restrictions that limit the movement of fresh fruit

(Graham et al., 2004). Xcc enters citrus tissue through stomata or

wounds and colonizes the apoplast. Translocation of effector pro-

teins into the plant cell then takes place, and host metabolism

reprogramming leads to cell hypertrophy and hyperplasia, which

results in the typical raised corky cankers in fruits, leaves and

stems (Brunings and Gabriel, 2003).

Xcc forms biofilm structures to complete the disease cycle

(Gottig et al., 2010; Zimaro et al., 2013) and many proteins are

involved in this process. Previously, in a comparative proteomic

study carried out on Xcc mature biofilm and planktonic cells,

major variations in the composition of outer membrane proteins

and receptor or transport proteins were revealed. Among the dif-

ferentially expressed proteins in biofilms compared with the

planktonic cells, several porins and TonB-dependent receptor pro-

teins were identified, suggesting that these proteins have specific

membrane-associated functions, including signalling and cellular

homeostasis (Zimaro et al., 2013). One of the proteins found to

be up-regulated in Xcc biofilms was OprB (Outer membrane pro-

tein B), a 41.3-kDa protein which is 31% identical and 48% simi-

lar to Pseudomonas aeruginosa OprB protein. This protein is

encoded by XAC2504 and was previously named RpfN (Moreira

et al., 2004, 2010; Zimaro et al., 2013, 2014), as a protein belong-

ing to the rpf (regulator of pathogenicity factors) regulon. In

Xanthomonas campestris pv. campestris, the rpf gene cluster con-

tains genes from rpfA to rpfI and is responsible for the synthesis,

detection and signal transduction of DSF (Diffusible Signal Factor)

which mediates quorum sensing (Tang et al., 1991). RpfC and

RpfG are the histidine kinase and its associated response regula-

tor, respectively, in the two-component regulatory system. This

system regulates the expression of the genes that code for RpfB

and RpfF, a long-chain fatty acid-coenzyme A (CoA) ligase and an

enoyl-CoA hydratase, respectively, and are involved in the synthe-

sis of DSF (Barber et al., 1997; Slater et al., 2000). Further, the rpf

cluster also regulates virulence activities, such as the production

of extracellular enzymes and the extracellular polysaccharide (EPS)

xanthan (Barber et al., 1997; Tang et al., 1991; Slater et al.,

2000). In Xcc, the rpf cluster is broadly conserved, although rpfH

and rpfI are absent (da Silva et al., 2002). Further analyses have

shown that Xcc deletion mutant strains in the three genes rpfF,

rpfC and rpfG, involved in DSF synthesis, detection and*Correspondence: Email: ottado@ibr-conicet.gov.ar
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transduction, are less virulent, secrete less proteases and show

decreased motility (Guo et al., 2012). With regard to XAC2504, no

regulation by the rpf regulon has been observed in either Xcc

(Guo et al., 2012) or X. campestris pv. campestris (An et al., 2013;

O’Connell et al., 2013). Nevertheless, this gene was initially mis-

named rpfN (Moreira et al., 2010) citing a report in which X. cam-

pestris pv. campestris rpfE mutants were studied (Dow et al.,

2000). In view of this, we renamed XAC2504 as oprB.

OprB homologues in Pseudomonas spp. and Burkholderia spp.

function in a similar manner to the specific carbohydrate porin. In

Pseudomonas putida, OprB is induced by growth on minimal

medium supplemented with glucose as the sole carbon source

(Saravolac et al., 1991) and repressed by succinate and other

organic acids (Shrivastava et al., 2011). Moreover, P. aeruginosa

mutants lacking oprB are deficient in the passage of glucose

across the outer membrane and also of other sugars, including

mannitol, fructose and glycerol. Thus, OprB is thought to function

as a porin for the transport of monosaccharides and small sugar

alcohols, playing a central role in carbohydrate uptake (Wylie and

Worobec, 1995). The structure of the OprB channel from P. putida

F1 has been solved; it forms a monomeric, 16-stranded, b-barrel

with seven loops and a constriction pore formed by two extracel-

lular loops (L2 and L3). This channel constriction holds the side

chains of two highly conserved arginine residues and a conserved

glutamate that interact with a bound glucose molecule (van den

Berg, 2012). Liposome swelling assays also showed a strong pref-

erence for OprB to transport monosaccharides over disaccharides,

with glucose being a preferred substrate (van den Berg, 2012).

The genus Xanthomonas is characterized by the production of

the EPS xanthan, which is widely used as a viscosifying, stabiliz-

ing, emulsifying or gelling agent (Sutherland, 1998). Xanthan is

synthesized from sugar nucleotide precursors. It consists of repeat-

ing pentasaccharide units with a b-1,4-linked D-glucose backbone

and trisaccharide side chains composed of mannose-(b-1,4)-glucu-

ronic acid-(b-1,2)-mannose attached to alternate glucose residues

in the backbone by a-1,3 linkages (Jansson et al., 1975). Man-

nose residues are acetylated and pyruvylated at specific sites

(Stankowski et al., 1993). Xanthan biosynthesis involves the

assembly of a pentasaccharide repeating unit attached to an inner

membrane polyprenol phosphate carrier via the sequential trans-

fer of monosaccharides from sugar nucleotides by glycosyltransfer-

ases, and the subsequent polymerization of the pentasaccharide

repeating units and secretion (Ielpi et al., 1993) (Fig. S1, see Sup-

porting Information).

In this work, the participation of oprB in Xcc biofilm formation

and bacterial virulence was analysed, together with its role as a

glucose transport protein. In addition, changes in EPS production

in response to impaired glucose uptake were evaluated and dis-

cussed with a view to gain further insight into the pathogenicity

process of this plant pathogen.

RESULTS

OprB is an outer membrane protein

OprB is predicted to be an outer membrane protein by PSORTb

3.0 (Yu et al., 2010) with a score of 9.92/10. To further confirm

that it is located in the bacterial outer membrane, an Xcc outer

membrane protein extract was obtained and proteins were sub-

mitted to mass spectrometry (MS) to determine the presence of

OprB in these membranes. A total of 44 proteins were identified,

most belonging to the bacterial outer membrane. Among the iden-

tified proteins, OprB was found from which three peptides were

identified observed in 46 peptide spectrum matches (Table 1).

These results corroborate the presence of OprB in the Xcc outer

membrane.

OprB is required for Xcc biofilm formation

To investigate the role of OprB in Xcc biofilm formation, a mutant

named XccDoprB was constructed by plasmid integration. For use

as a control, a complemented mutant strain was obtained by con-

jugating a replicative vector, pBBR1MCS-3, carrying a full-length

copy of oprB, into XccDoprB, generating XccDoprBc. Xcc,

XccDoprB and XccDoprBc were cultured statically in 24-well poly-

vinyl chloride (PVC) plates in XVM2 medium. After 7 days, Xcc

and XccDoprBc were able to form bacterial aggregates, whereas

the mutant was not (data not shown). After 7, 10 and 14 days of

growth, biofilms were collected and quantified by serial dilution.

The initial population was around 109 colony-forming units (cfu)/

mL for the three strains. However, after 14 days of culture, Xcc

and XccDoprBc reached cell densities of 8 3 1010 and 6 3 109

cfu/mL, respectively, whereas XccDoprB did not grow and the

population decreased to 3 3 107 cfu/mL (Fig. 1A). In addition, the

growth rates of the three strains in Nutrient Broth (NB), Silva–

Buddenhagen (SB) and XVM2 media under agitation were ana-

lysed. In the three media, XccDoprB grew less than the wild-type

strain and the complemented strain at the initial stages of growth,

but at the early stationary phase they achieved the same popula-

tion (Fig. S2, see Supporting Information).

To assess biofilm formation, the strains were grown statically

in borosilicate glass tubes in XVM2 medium for 7, 10 and 14

days. Staining of bacterial cells with crystal violet (CV) stain

showed that, under these conditions, Xcc and XccDoprBc pro-

duced biofilms of cells that adhered to the glass surface, forming

a thick ring at the air–liquid interface of the culture medium,

whereas the XccDoprB mutant was altered in its ability to form

such a structure and only formed a narrow ring of cells (Fig. 1B).

CV staining of Xcc and XccDoprBc strains was over three times

greater than that of the XccDoprB mutant (P< 0.05) at the time

points analysed (Fig. 1C). These results indicate that the loss of

OprB compromises the Xcc biofilm formation process.
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Differences in statically growing cells were also analysed by

confocal laser scanning microscopy using a green fluorescent

protein (GFP)-expressing XccDoprB mutant strain. A comple-

mented GFP-expressing XccDoprBc strain could not be con-

structed as it already bears a pBBR1MCS-3 plasmid. The

previously constructed GFP-expressing Xcc (Gottig et al., 2009)

and the GFP-expressing XccDoprB mutant were cultured in

static liquid XVM2 medium in 24-well PVC plates. After 7 days,

microscopic analysis showed the typical biofilm structure

formed by large cell cumuli in Xcc (Zimaro et al., 2014),

whereas XccDoprB showed no such structures. Bacterial biofilm

lengths were analysed by capturing serial images at 0.5-mm

intervals (z-stack) covering the entire well length. The results

revealed that Xcc formed the typical thick bacterial biofilm of

about 240 lm in depth (Zimaro et al., 2014), whereas the

mutant formed thinner biofilms of 50 lm (Fig. 1D).

Table 1 Identification of OprB (Outer membrane protein B) in Xanthomonas citri ssp. citri (Xcc) outer membranes.

Peptide sequence MH1 (Da) Protein Peptide spectrum match Protein group accession

IAPNLHYVINPDQFNEPTR 2238.13199 1 4 OprB (Q8PJM6)
NALIAGMR 845.46630 1 5 OprB (Q8PJM6)
YSDEAIENLR 1209.57512 1 37 OprB (Q8PJM6)

Fig. 1 Biofilm formation of Xanthomonas citri ssp. citri (Xcc), XccDoprB and XccDoprBc strains. (A) Population size of the biofilm fraction of bacteria incubated

statically at 288C. The results are the means of three independent experiments in which each strain was analysed five times. Error bars are standard deviations. The

data were statistically analysed using one-way analysis of variance (ANOVA) (P< 0.05). cfu, colony-forming units. (B) Representative photographs of biofilm

formation assay for Xcc, XccDoprB and XccDoprBc strains grown statically in borosilicate glass tubes during 10 days in XVM2 medium and stained with crystal violet

(CV). (C) Quantification of the CV retained by the adhered cells at the time points stated. CV stain was measured spectrophotometrically (absorbance at 590 nm).

Bars represent the means of the quantification of five tubes for each strain. The results are representative of three independent experiments. Error bars are standard

deviations. The data were statistically analysed using one-way ANOVA (P< 0.05). (D) Representative photographs of laser scanning confocal analysis of green

fluorescent protein (GFP)-expressing Xcc and XccDoprB strains cultured in static liquid XVM2 in 25-well PVC plates during 7 days (top), and serial images taken at

0.5-mm distances (z-stack) (bottom).
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The porin OprB is required for virulence, affecting

host tissue attachment, canker development and

epiphytic survival

We investigated the importance of OprB for the virulence of Xcc

on Citrus sinensis plants. Given the observed differences in bacte-

rial adherence to PVC and glass surfaces, we tested whether

XccDoprB shows impaired ability to adhere to the leaf surface,

using CV staining to measure bacterial attachment. Xcc and

XccDoprBc were able to adhere to the leaf tissue, as observed

previously for the wild-type strain (Zimaro et al., 2014), whereas

the XccDoprB mutant could not adhere, shown by the absence of

CV staining (Fig. 2A,B). These results indicate that OprB is

required for leaf surface attachment.

We then determined the ability of the XccDoprB mutant to

cause disease in citrus plants. The Xcc, XccDoprB and XccDoprBc

strains were pressure infiltrated into citrus leaves at a concentra-

tion of 107 cfu/mL. No differences in the onset or size of the

lesions, or in bacterial growth, were observed between the three

strains (data not shown). However, when the bacterial strains

were either infiltrated at a concentration of 105 cfu/mL, which

allows the observation of canker lesions, or spray inoculated,

resembling natural infection, the XccDoprB mutant strain showed

a significantly lower (P< 0.05) number of canker lesions formed,

with 50% fewer lesions than on leaves inoculated with Xcc wild-

type or complemented strains (Fig. 2C,D). To evaluate the role of

OprB in bacterial growth inside the host, the populations of Xcc,

XccDoprB and XccDoprBc infiltrated at a concentration of 105 cfu/

mL in citrus leaves were quantified (Fig. 2E). The results showed

that the number of XccDoprB bacteria recovered from the infected

leaves was significantly lower than that of the wild-type, whereas

no significant differences between the growth of XccDoprBc and

the wild-type bacteria were observed.

Moreover, the epiphytic survival of bacteria inoculated onto

citrus leaves by spraying was evaluated. By 7 days post-

inoculation (dpi), the population size of Xcc wild-type bacteria and

XccDoprBc had decreased about 10-fold (P< 0.05), whereas the

population size of the XccDoprB mutant was about 80 times

lower than the starting inoculum (P< 0.05) (Fig. 2F). By 21 dpi,

only 0.1% of the initial XccDoprB inoculum survived, compared

with 6% and 2% for the Xcc wild-type and the complemented

strains, respectively (P< 0.05) (Fig. 2F). Together, these results

suggest that OprB plays an important role in Xcc fitness.

OprB is required for bacterial growth in glucose and

sucrose, and for glucose uptake

Given that OprB has been implicated in carbon metabolism, spe-

cifically in carbohydrate transport in other bacteria, we investi-

gated whether the mutation in oprB in Xcc has an effect on the

growth of Xcc cells on different carbon sources. Xcc, XccDoprB

and XccDoprBc were grown in M9 minimal medium supple-

mented with 0.5% (w/v) glucose, fructose, sucrose or succinate as

the sole carbon source. In the presence of glucose or sucrose, the

cell densities of the wild-type and complemented strains showed

104 and 103 times greater increase, respectively, than that of the

mutant strain (P< 0.05) (Fig. 3A). There were no significant differ-

ences between the strains in their growth on either fructose or

succinate (Fig. 3A). These results suggest that OprB is required for

optimal growth on glucose and sucrose, but not for growth on

the organic acid succinate, probably acting as a carbohydrate-

selective porin.

The orthologous OprB protein in P. aeruginosa is described as

a carbohydrate transporter (Wylie and Worobec, 1995), with evi-

dence that it specifically transports glucose (van den Berg, 2012).

Therefore, we tested whether Xcc OprB has the capacity to trans-

port glucose by [14C]glucose uptake assays with Xcc wild-type,

XccDoprB and XccDoprBc grown in XVM2 medium. The rate of

glucose uptake by the XccDoprB mutant strain, which lacks OprB,

was about 60% lower than that by the wild-type when 1 lM

[14C]glucose was supplied exogenously (Fig. 3B). Kinetic analysis

with external glucose concentrations ranging from 0.1 to 4.0 mM

indicated maximal rates of glucose uptake of 32.3 and 29.7 mmol/

min for the wild-type Xcc and complemented strains, respectively,

whereas the maximal rate for the XccDoprB mutant was 17.5

mmol/min.

The lack of OprB enhances Xcc xanthan production,

increases its viscosity and modifies the pattern of

xanthan pyruvylation

XccDoprB mutant colonies were more mucoid than Xcc colonies

(data not shown); therefore, the production of xanthan was meas-

ured in Xcc, XccDoprB and XccDoprBc. The lack of oprB increased

EPS production over two-fold compared with the wild-type Xcc

(P< 0.05) in bacteria grown in XOL medium supplemented with

4% (w/v) glucose (Fig. 4A). Similarly, the mutant also produced

about twice as much EPS as wild-type Xcc when glucose was

replaced with sucrose or fructose. When succinate was used as

carbon source, no differences were observed in the amount of EPS

produced among strains. It is worth mentioning that supplementa-

tion of XOL with 4% succinate was lethal for Xcc strains; there-

fore, the assay was performed with 1% (Fig. 4A). Expression of

the sugar transferase gene gumD, which encodes the first enzyme

in the xanthan biosynthetic pathway, was over five times higher

in XccDoprB relative to the wild-type and complemented strains

(P< 0.05) (Fig. S3, see Supporting Information). Taking into

account the differences observed in Xcc and XccDoprB growth in

different culture media (Fig. S1), we measured the bacterial popu-

lation at different time points in XOL medium supplemented with

glucose. At every time point analysed, the population sizes of Xcc

and XccDoprBc were larger than that of XccDoprB (data not

shown) and, at 96 h, the time at which xanthan was quantified,
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the Xcc population was 1.2 3 1015 cfu/mL, whereas that of

XccDoprB was 3.2 3 1013 (Fig. 4B).

The viscosity of EPS can be related to the quality of the poly-

mer (i.e. longer chains) (Galvan et al., 2013). The XccDoprB

mutant showed an increase of 48% in EPS low shear rate viscosity

compared with Xcc (Fig. 4B), suggesting that some change in the

quality of xanthan is produced by Xcc cells that lack OprB. Sam-

ples of the xanthan EPS produced by the Xcc and XccDoprB

strains were acid hydrolysed and analysed by 1H-nuclear magnetic

resonance (NMR) spectroscopy. The spectral peaks representing

Fig. 2 Bacterial adherence, virulence and epiphytic survival of Xanthomonas citri ssp. citri (Xcc), XccDoprB and XccDoprBc in citrus leaves. (A) Representative

photograph of Xcc, XccDoprB and XccDoprBc adhered to the abaxial leaf surface and stained with crystal violet (CV). As a control, 10 mM MgCl2 was used.

(B) Quantitative measurement of the CV retained by Xcc, XccDoprB and XccDoprBc cells and the control. Bars represent the mean of the quantified CV stain from

eight stained leaf spots of each strain measured spectrophotometrically (absorbance at 590 nm). Error bars are standard deviations. The results are representative of

three independent experiments. (C) Representative photographs of Xcc, XccDoprB and XccDoprBc inoculated by pressure infiltration (top) or sprayed (bottom) on the

abaxial surface of citrus leaves. (D) Canker lesion quantification for the experiments performed as in (C), presented as cankers per square centimetre of leaf tissue. At

least six leaves were analysed in all cases and the experiment was repeated three times. Error bars are standard deviations. The data were statistically analysed using

one-way analysis of variance (ANOVA) (P< 0.05). (E) Bacterial growth of Xcc, XccDoprB and XccDoprBc in citrus leaves infiltrated as described in (C) at 105 colony-

forming units (cfu)/mL; values represent the means of three samples and error bars are standard deviations. (F) Xcc, XccDoprB and XccDoprBc were sprayed onto

citrus leaves and the population sizes of the bacteria that survived epiphytically at the stated time points were calculated as log cfu/cm2. Each data point is the mean

of four leaves assayed for each strain; the results are representative of three independent experiments. Error bars are standard deviations. The data were statistically

analysed using one-way ANOVA (P< 0.05).
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the glucose, mannose and glucuronic acid moieties of xanthan

were almost identical for xanthan extracted from the two strains

(Fig. 4C). The xanthan from wild-type Xcc also gave a distinct

peak for pyruvate, indicating that the Xcc xanthan has a similar

composition to that in X. campestris pv. campestris (Galvan et al.,

2013). However, almost no pyruvate was detected in the xanthan

from the mutant strain (Fig. 4C), showing that the loss of oprB

greatly impairs EPS pyruvylation.

Glucose uptake by OprB alters Xcc carbohydrate

metabolism

Xcc and XccDoprB were grown in similar conditions to those in

which differences in EPS production between strains were

observed, and samples were taken for metabolite analysis.

Trehalose-6-phosphate (Tre6P), UDP-glucose (UDPGlc) and

glucose-1-phosphate (Glc1P) were significantly increased (P<

0.05) in the XccDoprB mutant strain compared with Xcc (Fig. 5).

The other sugar phosphates or glycolytic and tricarboxylic acid cycle

intermediates analysed (ADP-glucose, galactose-1-phosphate,

glucose-1,6-biphosphate, phosphoenolpyruvate, pyruvate, fructose-

6-phosphate, mannose-6-phosphate, maltose-1-phosphate, glycer-

aldehyde-3-phosphate, succinate and 3-phosphoglycerate) showed

no significant differences between the two strains (data not

shown).

The outer membrane porin OprB is involved in

bacterial stress tolerance

Xcc, XccDoprB and XccDoprBc were grown in SB medium to a

population of 108 cfu/mL and incubated for 15 min with hydrogen

peroxide (H2O2) at final concentrations of 1–30 mM, and the per-

centage survival was calculated considering the population pres-

ent prior to the treatment; 60% of the Xcc population was able to

survive at 1 mM H2O2, whereas only 6% of the mutant strain sur-

vived. Moreover, Xcc tolerated 30 mM H2O2 concentration, at

which 4% survived, whereas XccDoprB showed no survival at

5 mM (Fig. 6A). The detergent tolerance was also assayed by incu-

bating the three strains with 0.01% sodium dodecylsulfate (SDS).

Xcc achieved 74% survival, but, for XccDOprB, only 29% survived

(Fig. 6B). The complemented XccDoprBc strain showed similar tol-

erance to wild-type Xcc to both treatments (Fig. 6).

DISCUSSION

Biofilm lifestyle gives pathogenic bacteria numerous advantages,

such as enhanced protection against environmental stresses and

increased bacterial resistance against host defence responses, as

well as antimicrobial tolerance. The first steps in Xcc pathogenesis

are adhesion to the host surface and entry into the host tissue.

Once inside the plant apoplast, bacterial aggregation increases

the bacterial cell density until a critical mass of bacterial cells is

reached at a specific location, enabling the bacteria to initiate and

sustain interactions with citrus cells. In addition, epiphytic survival,

and hence the possibility of dispersal to new niches, also depends

on the ability to aggregate and form biofilms (Gottig et al., 2010).

Several Xcc mutants impaired in biofilm formation, such as those

with affected EPS, lipopolysaccharide, flagellum or glucan biosyn-

thesis, as well as mutants in the adhesin FhaB and in the two-

component regulatory system ColR/ColS, show deficient pathoge-

nesis (Dunger et al., 2007; Gottig et al., 2009; Guo et al., 2010; Li

and Wang, 2011b, 2012; Malamud et al., 2011; Petrocelli et al.,

2012; Rigano et al., 2007; Yan and Wang, 2011; Yan et al., 2012).

Fig. 3 Analysis of Xanthomonas citri ssp. citri (Xcc), XccDoprB and XccDoprBc growth in different carbon sources and [14C]glucose uptake by the different Xcc

strains. (A) Growth of Xcc, XccDoprB and XccDoprBc in M9 medium containing 0.5% (w/v) glucose, fructose, sucrose and succinate at 24 h. Each bar represents the

mean of five independent experiments. Error bars are standard deviations. The data were statistically analysed using one-way analysis of variance (ANOVA)

(P< 0.05). cfu, colony-forming units. (B) Import of 1 lM glucose over 120 s by Xcc, XccDoprB and XccDoprBc. Each data point represents the mean of three

independent experiments. Error bars are standard deviations. The data were statistically analysed using one-way ANOVA (P< 0.05).
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Furthermore, the use of inhibitors of Xcc biofilm formation has

been shown to reduce the number of canker lesions when applied

directly on citrus leaf tissue (Li and Wang, 2014). Thus, these

examples confirm the importance of biofilm formation in bacterial

pathogenicity as a requirement for maximal virulence. A genome-

wide-scale analysis using transposon mutagenesis identified sev-

eral genes already known to be involved in the process of biofilm

formation, such as those mentioned above, as well as new ones

that need to be studied further (Li and Wang, 2011a). Likewise,

proteomic analysis of Xcc cells from biofilms and planktonic cul-

tures revealed a number of proteins that are important for biofilm

formation, including OprB (Zimaro et al., 2013). Another

Fig. 4 Xanthan quantification, viscosity and composition in Xanthomonas citri ssp. citri (Xcc) and derivative strains, and bacterial growth in XOL medium.

(A) Extracellular polysaccharide (EPS) present in the supernatant fraction of Xcc, XccDoprB and XccDoprBc cultured in XOL supplemented with glucose, fructose,

sucrose (4%) or succinate (1%) was precipitated and quantified. Each data point is the mean of the data obtained from three cultures of each strain; the results are

representative of three independent experiments. Error bars indicate the standard error. The data were statistically analysed using one-way analysis of variance

(ANOVA) (P< 0.05). (B) Growth of Xcc, XccDoprB and XccDoprBc cultured in XOL supplemented with 4% glucose for 96 h. Each bar represents the mean of three

independent experiments. Error bars are standard deviations. The data were statistically analyzed using one-way ANOVA (P< 0.05). cfu, colony-forming units.

(C) Low shear rate viscosity (LSRV) of xanthan obtained from Xcc and XccDoprB. Each bar represents the mean of three independent experiments. Error bars are

standard deviations. The data were statistically analysed using one-way ANOVA (P< 0.05). (D) 1H nuclear magnetic resonance (NMR) of purified xanthan obtained

from Xcc and XccDoprB. The identification of glucose (Glc), mannose (Man), glucuronic acid (GlcA) and pyruvic acid (Pyr) was performed using standard commercial

sugars. The peak marked as GlcA corresponds to the lactone form of the molecule obtained under our hydrolysis conditions. Man-GlcA corresponds to the hydrolysis-

resistant aldobiuronic acid D-GlcAp-b-(1-2)-D-Manp.
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proteomic study found that OprB is more abundant in wild-type

Xcc biofilms than in a TTSS mutant that is impaired in biofilm for-

mation (Zimaro et al., 2014), and expression of the oprB gene

was also enhanced in wild-type Xcc biofilms (Zimaro et al., 2013,

2014). The dependence of biofilm formation on OprB-type pro-

teins has also been demonstrated in Burkholderia pseudomallei

(Chan and Chua, 2005). In the light of these previous observa-

tions, we investigated the role of OprB in Xcc biofilm formation,

and thus its importance in bacterial virulence.

Our key findings can be summarized as follows: (i) oprB is

essential for biofilm formation, as the mutant is impaired in bacte-

rial aggregation and biofilm formation when it is statically grown;

(ii) oprB is required for bacterial adherence to host tissue, to

achieve the maximal number of canker lesions in inoculations

with low bacterial concentrations or when spray inoculated, and is

also important in epiphytic survival; (iii) OprB is a glucose trans-

porter; (iv) OprB is required for oxidative stress and detergent

resistance; and (v) OprB is involved in xanthan production and

influences its viscosity and sugar composition, probably by altering

the rate of glucose uptake, which has knock-on effects on intra-

cellular glucose metabolism and the production of precursors for

xanthan synthesis.

The lack of oprB has a deleterious effect on bacterial biofilm

formation, adherence to host tissue and epiphytic survival, all cru-

cial steps in pathogenesis. Considering the importance of sugar

uptake to complete the disease cycle, the shortage of glucose

uptake may indicate a status in which the bacteria cannot form

biofilm structures and must remain in a planktonic state to colo-

nize new niches (Gottig et al., 2010). In addition, the impairment

in glucose uptake of the oprB mutant renders the bacteria less vir-

ulent. This is consistent with the requirement for nutrient acquisi-

tion from the leaf to establish the infection, such that the mutant

showed reduced symptoms compared with the more virulent wild-

type Xcc. This effect has been observed previously in Xanthomo-

nas mutants with reduced ability to utilize carbohydrates

(Blanvillain et al., 2007; Lu et al., 2009). It is important to note

that differences in virulence were observed only with Xcc bacterial

concentrations lower than 107 cfu/mL. These results suggest that,

at low bacterial concentrations, as would usually be the case in

natural infections, the lack of glucose uptake and biofilm forma-

tion is detrimental for disease development. The oprB mutant also

showed increased sensitivity to H2O2 and the detergent SDS. H2O2

is the main component of the plant oxidative burst during plant–

pathogen interactions, and thus OprB may also be involved in

Fig. 5 Metabolite quantification in Xanthomonas citri ssp. citri (Xcc) and

XccDoprB. Picomoles of the stated metabolites per gram of fresh bacterial

weight (FW) were determined. Each data point is the mean of the data

obtained from four cultures of each strain. Error bars indicate the standard

error. The data were statistically analysed using one-way analysis of variance

(ANOVA) (P< 0.05). Glc1P, glucose-1-phosphate; Tre6P, trehalose-6-

phosphate; UDPGlc, UDP-glucose.

Fig. 6 Survival of Xanthomonas citri

ssp. citri (Xcc), XccDoprB and

XccDoprBc exposed to hydrogen

peroxide (H2O2) and sodium

dodecylsulfate (SDS). (A) Survival rate

of each strain in the presence of H2O2

at the concentrations stated. (B)

Survival rate of each strain in the

presence of 0.01% SDS. In (A) and

(B), each bar is the mean of three

independent experiments in which

each strain was evaluated in triplicate.

Error bars indicate the standard error.

The data were statistically analysed

using one-way analysis of variance

(ANOVA) (P< 0.05).
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adaptation to the plant intercellular space. However, and in view

of the infiltration assays, this may occur only at low bacterial con-

centrations. The lower resistance to SDS of the mutant may also

indicate that this porin may function as an efflux pump. Likewise,

and considering that SDS resistance is an assay used to evaluate

membrane stability, it may be suggested that this outer mem-

brane porin causes structural alterations of the membranes,

although this needs to be investigated further.

The homologous OprB protein from P. putida F1 (F1-OprB),

whose structure has been solved, shows a strong preference for

the transport of monosaccharides over disaccharides, with glucose

being a preferred substrate (van den Berg, 2012). Modelling of

the Xcc OprB on the P. putida (4GEY) protein structure (van den

Berg, 2012) suggested that it consists of a similar 16-stranded b-

barrel with seven extracellular loops (Fig. 7A). Moreover, the

regions that line the pore channel and that interact with the glu-

cose molecule in loops 2 and 3 are highly conserved, suggesting

that the Xcc OprB has a similarly high specificity for glucose

(Fig. 7B). Surface representations of both proteins suggest that

they have eyelets with similar architecture (Fig. 7C). In the case of

F1-OprB, a preference for monosaccharides was confirmed by lipo-

some swelling experiments, whereas very low transport activities

for disaccharides, such as sucrose and maltose, were detected.

Loss of OprB in XccDoprB diminished growth not only on glucose,

but also on sucrose. This might indicate that the Xcc OprB has

broader substrate specificity than F1-OprB. However, an alterna-

tive explanation is that growth on sucrose was dependent on

hydrolysis of sucrose to glucose and fructose by secreted inver-

tases, and subsequent uptake of glucose by glucose-specific OprB.

Glucose catabolism in Xanthomonas is predominantly per-

formed by the Entner–Doudoroff (ED) pathway, whereas a small

portion is routed into the oxidative pentose phosphate pathway

and even less by the Embden–Meyerof pathway (Schatschneider

et al., 2014). For xanthan biosynthesis, the main precursor is

UDPGlc synthesized from UTP and Glc1P by GalU (UTP-glucose-1-

phosphate uridylyltransferase) (Wei et al., 1996), and Glc1P is pro-

duced by phosphoglucomutase (XanA) from glucose-6-phosphate

(Glc6P). It is interesting to note that, in Xanthomonas oryzae pv.

oryzae, the loss of phosphogluconate dehydratase, the central

enzyme in the ED pathway that modulates intracellular Glc6P lev-

els, leads to an increase in xanthan production through the

change in glucose flux (Kim et al., 2010). Similarly, the increase in

xanthan production observed in XccDoprB may be a consequence

of the impairment in glucose uptake, which has the knock-on

effect of redistributing carbon flux towards xanthan production.

The lack of pyruvylation in the EPS obtained from XccDoprB may

be a result of the use of phosphoenolpyruvate for gluconeogene-

sis, rather than as a substrate for the enzyme GumL, which cataly-

ses the pyruvylation of the last mannose of the pentasaccharide

unit in xanthan polymers (Marzocca et al., 1991). We compared

the levels of metabolic intermediates in Xcc and XccDoprB and

observed higher amounts of UDPGlc and Glc1P in the mutant

strain. As these metabolites are involved in the first steps of xan-

than synthesis, the increase in their concentrations implies that

the flux of carbon into xanthan biosynthesis might be increased.

Bacteria must adapt to continuously changing environmental

conditions, and usually accumulate carbon and energy reserves to

survive periods in which nutrient supply from their environment is

temporarily limiting. In this regard, glycogen biosynthesis is a key

strategy for such metabolic storage (Wilson et al., 2010). This may

be the case when Xcc is grown in XOL medium supplemented

with high levels of glucose. By contrast, the impairment in glucose

uptake in the XccDoprB mutant would be expected to modify this

balance by diverting energy and carbon intermediates to the syn-

thesis of xanthan. Further, the larger amount of xanthan observed

in the mutant strain grown in glucose, but also in sucrose and

fructose, might be a result of this carbon redistribution. The

decrease in bacterial growth observed in XOL medium with high

levels of glucose, and also in other media with lower contents of

glucose in the initial growth phases, suggests that wild-type

Fig. 7 Modelling of OprB (Outer membrane protein B) structure. Schematic

representations of the crystal structures of Pseudomonas putida F1 OprB-1 (in

purple) and the modelled Xanthomonas citri ssp. citri (Xcc) OprB (in magenta)

viewed from the side (A) and from the extracellular environment (B). Loops 2

(L2) and 3 (L3) are indicated. (C) Pore architecture of F1 OprB-1 (left) and Xcc

OprB (right). The structural models were obtained with PyMOL.
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cultures bearing OprB shoe a better performance with regard to

glucose uptake. The major production of EPS observed with glu-

cose, sucrose and fructose, but not with succinate, indicates that

the lack of OprB modifies carbohydrate metabolism when sugars

are the carbon source, but not with the organic acid succinate, a

medium in which XccDoprB mutant growth is similar to that of

Xcc. In support of these changes in bacterial carbohydrate metab-

olism, the Tre6P content was also increased in the mutant strain.

It has been reported that, in several bacteria, such as Xanthomo-

nas, glycogen can be converted into trehalose, and that this is a

reversible process (Ruhal et al., 2013). Therefore, the differences

observed in Tre6P may also be explained by the metabolic reprog-

ramming of the OprB-lacking strain. Therefore, and taking into

account the increase in xanthan and Tre6P in the mutant strain,

we may hypothesize that the shortage of glucose triggers a

reprogramming of carbon metabolism that results in an increased

yield of xanthan, which is also modified by a lack of pyruvylation.

Overall, these results point to a shift in carbon flux caused by a

lack of OprB, which, in turn, influences xanthan production and

biofilm formation, although this needs to be investigated further.

Although we may expect to observe less xanthan produced by a

strain impaired in glucose uptake, the contrary was the case. This

may be attributed to the fact that the lack of biofilm formation in

the mutant strain probably triggers a deregulation of xanthan pro-

duction, given that gumD expression is also increased in the

mutant strain in order to compensate for the lack of the aggrega-

tive state. This has been observed previously in another Xcc

mutant strain which was unable to form a biofilm, but showed

increased xanthan production, as well as XanA and GalU overex-

pression, compared with Xcc wild-type (Zimaro et al., 2014), and

also in an Xcc adhesin deletion mutant (Gottig et al., 2009).

In summary, we have characterized a glucose import protein

that is involved in Xcc virulence on citrus, probably by the impair-

ment of nutrient acquisition in the interaction with the host plant

tissue. It also plays a role in biofilm formation and EPS production,

most probably as a result of modulation of the carbon flux in the

bacterial cell. Our results shed light on the linkage between the

environmental nutrient availability encountered by a plant patho-

gen and the physiological responses of the bacterium to colonize

the host.

EXPERIMENTAL PROCEDURES

Bacterial strains, culture conditions and media

Xcc, XccDoprB and XccDoprBc strains were grown at 288C in NB (3 g/L

beef extract and 5 g/L peptone), SB (5 g/L sucrose, 5 g/L yeast extract,

5 g/L peptone and 1 g/L glutamic acid, pH 7.0), XVM2 medium [20 mM

NaCl, 10 mM (NH4)2SO4, 1 mM CaCl2, 0.01 mM FeSO4, 5 mM MgSO4,

0.16 mM KH2PO4, 0.32 mM K2HPO4, 10 mM fructose, 10 mM sucrose and

0.03% casein acid hydrolysate (casaminoacids), pH 6.7], M9 medium

(25 mM KH2PO4, 50 mM Na2HPO4, 10 mM NaCl, 18.6 mM NH4Cl, 1 mM

MgCl2, 0.2 mM CaCl2, pH 7) or XOL medium [4 mM K2HPO4, 1.5 mM

KH2PO4, 7.6 mM (NH4)2SO4, 66 mM FeSO4, 5 mM MnCl2, 0.5 mM MgCl2,

1.25 g/L tryptone, 1.25 g/L yeast extract and 4% (w/v) glucose]. Unless

indicated otherwise, the strains were grown with constant agitation at

200 rpm on a rotating shaker. Antibiotics were used at the following final

concentrations: ampicillin (Ap), 25 mg/mL; kanamycin (Km), 40 mg/mL;

tetracycline (Tc), 15 mg/mL. The wild-type Xcc strain used in this work is

named Xcc99-1330 and was kindly provided by Blanca I. Canteros (INTA

Bella Vista, Argentina). The XccDoprB mutant was obtained by plasmid

integration; the mid-portion of oprB was amplified by polymerase chain

reaction (PCR) using the following primers: oprB Up, 50-CGCGGATCCC

AACTCGGCCTGCGGCAACC-30; oprB Down, 50-CCCAAGCTTATGAAAT

GGTCCTCGATCGC-30. The restriction sites for BamHI and HindIII, respec-

tively, are shown in italic type. Amplified products were cloned in the sui-

cide vector pK19mobGII (Katzen et al., 1999) previously digested with the

same enzymes. Escherichia coli S17-1 cells transformed with this vector

were conjugated to Xcc and selected for Km resistance to obtain the

XccDoprB mutant, as described in Sgro et al. (2012). The XccDoprBc com-

plemented strain was constructed by cloning the oprB gene in the replica-

tive plasmid pBBR1MCS-3 (Kovach et al., 1995) under the control of the

lacZ promoter. This region was amplified from Xcc genomic DNA by PCR

using the following primers: oprBc Up, 50-CGCGGTACCGATGATCGAC

GGCGGCCGCAA-30; oprBc Down, 50-TCCCCCGGGTCACAGATTCCAGTCG

ATCC-30. It was cloned into pBBR1MCS-3 previously digested with the

restriction enzymes KpnI and SmaI (italic type). The resulting plasmid was

electroporated into the XccDoprB strain and the complemented mutant

strain was selected by growth on Tc-containing medium.

Preparation of Xcc outer cell membrane proteins

Xcc was grown to an optical density of 0.8 in XVM2 4% glucose. Bacteria

were centrifuged at 5000 g for 10 min at 48C and the pellet was washed

twice with phosphate-buffered saline (PBS). Cells were suspended in PBS,

0.1 mM phenylmethylsulfonylfluoride (PMSF) and 1 mM dithiothreitol

(DTT), disrupted by sonication and centrifuged at 5000 g for 10 min at

48C to remove unbroken cells and cellular debris. The supernatant was

incubated with 2.2% sodium sarcosinate (final concentration) and cell

envelopes were recovered by ultracentrifugation at 100 000 g for 45 min

at 48C. The pellet was resuspended in 100 mL of 20 mM tris(hydroxymethy-

l)aminomethane (Tris)-HCl (pH 8), 1 mM ethylenediaminetetraacetic acid

(EDTA) and 1% SDS; 10 mM DTT was added and incubated at 568C for 45

min. Freshly prepared 20 mM iodoacetamide was added and further incu-

bated in the dark for 45 min. Final precipitation was performed by adding

16% trichloroacetic acid (TCA) for 16 h at 48C. After centrifugation at 15

000 g for 10 min at 48C, the pellet was washed twice with cold acetone

and air dried.

MS protein identification

Protein digestion and MS analysis were performed at the Proteomics Core

Facility CEQUIBIEM at the University of Buenos Aires/CONICET (National

Research Council) as follows. The outer membrane protein pellet was

resuspended in 50 mM ammonium bicarbonate buffer to achieve a concen-

tration of 20 mg/mL, and digestion was performed with trypsin. After appli-

cation to a ZipTip C18 pipette tip (Merck Millipore, Darmstadt, Germany)

to remove salts, the sample was lyophilized and resuspended in 0.1%
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formic acid. The sample was analysed by nano-liquid chromatography-tan-

dem mass spectrometry (nano-LC-MS/MS) in a Thermo Scientific Q Exac-

tive Mass Spectrometer, (Waltham, Massachusetts, USA) ionized by

electrospray with EASY-SPRAY. The data-dependent MS2 method was

used to fragment the top 12 peaks in each cycle. Data analysis was per-

formed using Proteme Discoverer 1.4 (Thermo Scientific).

Biofilm assays

For in vitro biofilm assays, bacteria were grown in SB at 288C with shak-

ing until the culture reached the exponential growth phase, and then

diluted 1 : 10 in fresh XVM2 medium containing appropriate antibiotics.

Three millilitres of a diluted bacterial suspension were placed in borosili-

cate glass tubes and incubated statically for 14 days at 288C. The popula-

tion size was estimated by recovering the bacteria present in the biofilm

fraction by centrifugation and plating adequate dilutions on SB plates. The

quantification of biofilm formation was performed as described previously

(O’Toole and Kolter, 1998). The culture medium was poured out and the

tubes were washed three times with distilled water to remove non-

adherent cells. The cells that remained attached to the tube walls were

incubated at 608C for 10 min and stained with 0.1% CV for 30 min at

room temperature. Excess CV was removed by washing under running tap

water. Then, the CV stain was solubilized by the addition of 1.5 mL of

ethanol–acetone (80 : 20, v/v) to each tube and quantified by measuring

the absorbance at 590 nm (Newman et al., 2004).

Confocal analysis of biofilm architecture

An Xcc strain expressing GFP (Gottig et al., 2009) was used to analyse

biofilm architecture. The GFP-expressing XccDoprB strain was obtained by

transforming this strain with plasmid pBBR1MCS-5EGFP (Zimaro et al.,

2014). GFP-expressing Xcc and XccDoprB were statically grown in 12-well

PVC plates as described above, and biofilm development was analysed

after 7 days by confocal laser scanning microscopy (Nikon Eclipse TE-

2000-E2, Tokyo, Japan).

Plant material, adhesion assays and inoculations

Citrus sinensis cv. Valencia plants were grown in a growth chamber with

incandescent light at 28 �C with a photoperiod of 16 h. Adhesion capacity

to leaf surfaces was measured as described previously (Gottig et al.,

2009). Cells from overnight cultures of the different strains in XVM2

medium were collected by centrifugation, washed and resuspended in

fresh XVM2 to give suspensions with an optical density at 600 nm

(OD600) of 0.1. Then, 20 lL of each bacterial suspension were incubated

for 6 h at 288C in a humidified chamber on the abaxial leaf face. Bacterial

adhesion was measured by CV staining, with the CV stain being extracted

from the bacterial drops by the addition of 95% ethanol and mixing by

pipetting up and down with a micropipette. The extracted CV stain was

measured spectrophotometrically as described above. For plant inocula-

tion, bacteria were cultured in SB broth to an OD600 of 1, harvested by

centrifugation and resuspended in 10 mM MgCl2 at 105, 107 or 109 cfu/

mL. Two methods of infection were used: (i) infiltration of bacterial sus-

pensions at 105 and 107 cfu/mL with a needleless syringe; and (ii) spraying

bacterial suspensions (109 cfu/mL) onto the surface of citrus leaves. Dis-

ease symptoms were evaluated every 2 days and canker lesions were

counted from six citrus leaves inoculated with the different strains. Leaf

area was measured from digitized images using Adobe Photoshop soft-

ware (San Jose, California, USA).

Quantification of epiphytic growth

Epiphytic fitness was evaluated as described previously (Dunger et al.,

2007). Briefly, cells from overnight cultures of the different strains in SB

medium were collected by centrifugation, washed and resuspended in

10 mM phosphate buffer (pH 7.0) at a concentration of 109 cfu/mL, as

described above. The bacterial suspensions were sprayed onto leaves until

both leaf surfaces were uniformly wet. Four different leaves inoculated

with each strain were taken at different days post-inoculation, cut into

pieces with a sterile razor blade and transferred to borosilicate glass tubes

with 10 mL of 10 mM potassium phosphate buffer (pH 7.0). Tubes were

placed in a Branson model #5510 (Danbury, Connecticut, USA) sonicating

water bath for 10 min. Subsequently, each tube was vortexed for 5 s, and

serial dilutions were plated on SB plates containing appropriate antibiot-

ics. Colonies were counted after incubation at 288C for 2 days. The leaf

area was quantified by the Image-Pro Program and the bacterial density

was expressed as cfu/cm2 of the inoculated leaves. As a control, in planta

growth assays were performed by grinding leaf discs from the inoculated

leaf in 200 mL of 10 mM MgCl2, diluted and plated to determine cfu/cm2.

We did not recover bacteria from inside of the leaf in the samples.

[14C]Glucose uptake experiments

Pellets of Xcc, XccDoprB and XccDoprBc strains grown overnight in XVM2

medium were resuspended in fresh XVM2 and adjusted to an OD600 of 1.

[14C]Glucose (specific activity, 9.25–13.3 GBq/mmol; Perkin-Elmer, Wal-

tham, Massachusetts, USA) was added to a final concentration of 0.5 lM.

The concentration-dependent initial glucose transport was determined

with [14C]glucose concentrations ranging from 0.1 to 4 lM. In all cases,

samples of 0.2 mL were collected on cellulose nitrate filters at 30, 60, 90

and 120 s, washed twice with water, dried and the radioactivity was

determined by liquid scintillation counting.

Quantification of xanthan production, viscosity

measurements and xanthan composition

The quantification of xanthan production was performed as described pre-

viously (Becker et al., 1998; Dunger et al., 2007). Briefly, bacterial strains

were cultured to the stationary growth phase at 288C in 50 mL of XOL liq-

uid medium supplemented with 4% (w/v) glucose or sucrose in 250-mL

flasks, using an orbital shaker rotating at 200 rpm. The cells were

removed by centrifugation, the supernatant fluids were supplemented

with KCl at 1% (w/v) final concentration and 2 vol of ethanol were added.

The precipitated crude EPS was collected, washed with ethanol, dried and

weighed. Low shear rate viscosity measurements of 0.45% xanthan solu-

tions in synthetic tap water (16.2 mM NaCl, 0.95 mM CaCl2) were per-

formed using a Brookfield viscometer (Middleboro, Massachusetts, USA)

(RVTD II), as described by Galvan et al. (2013). For analyses of xanthan

composition, EPS isolated from culture supernatants was hydrolysed in 2

M trifluoroacetic acid at 120 �C for 90 min. The chemical composition of

the hydrolysed samples (glucose, mannose, glucuronate and pyruvate)

was determined by 1H NMR, with NMR spectra being collected at 298 K
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on a Bruker AvanceVR 600-MHz spectrometer (Billerica, Massachusetts,

USA) equipped with a triple-resonance cryoprobe.

Quantification of bacterial metabolites

Xcc and XccDoprB bacterial strains were cultured in XOL medium at 288C

for 96 h. Cells from 3 mL of bacterial culture were collected by centrifuga-

tion, the supernatant was discarded and the mass of the cells was deter-

mined by weighing. Cells were washed twice with 15 mM NaCl, before

the addition of 300 mL of ice-cold CHCl3/CH3OH (3 : 7, v/v) and thorough

mixing. Samples were sonicated in ice and incubated at 2208C for 2 h

with repeated agitation. Water (300 mL) was added to each sample, fol-

lowed by thorough mixing and centrifugation at 420 g for 5 min to sepa-

rate the phases. The upper aqueous phase was transferred to a new tube

and the lower chloroform phase was re-extracted with 300 mL of water.

The two aqueous phases were combined and evaporated to dryness using

a centrifugal vacuum dryer. Metabolites were measured by high-

performance anion-exchange LC-MS/MS, as described previously (Lunn

et al., 2006).

Survival on H2O2 exposure

Survival experiments on exposure to H2O2 were performed by subculture

of overnight cultures of the different strains into fresh SB medium at 2%

inoculum. After 24 h of growth, aliquots of the cultures were diluted and

plated on SB-agar plates to quantify the number of cfu/mL. H2O2 was

then added to the cultures at final concentrations of 1–30 mM. After 15

min of exposure to the oxidant, samples were removed, washed once

with fresh medium, serially diluted and plated on SB-agar plates to quan-

tify the number of cfu/mL. The percentage survival was calculated as the

number of cfu/mL after treatment divided by the number of cfu/mL prior

to treatment 3 100.

Survival on exposure to SDS

Survival experiments on exposure to SDS were analysed by subculture of

24-h cultures into fresh SB medium at 2% inoculum, with and without the

addition of SDS to a final concentration of 0.01%. These cultures were

grown for 24 h with shaking at 288C and the number of cfu/mL was quan-

tified by plating an adequate bacterial dilution on SB plates. The percent-

age survival was calculated as the number of cfu/mL in the presence of

SDS treatment divided by the number of cfu/mL in the absence of SDS

treatment 3 100.
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version of this article at the publisher’s website:

Fig. S1 Representative scheme of the biosynthesis of xanthan.

The components of the lipid-linked intermediates are
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represented as follows: Glc, glucose; Man, mannose; GlcA, glu-

curonic acid; Ac, acetyl group; Pyr, pyruvyl group. (Adapted

from Katzen et al., 1999.)

Fig. S2 Analysis of Xanthomonas citri ssp. citri (Xcc), XccDoprB

and XccDoprBc growth in different media. Growth curves of

Xcc, XccDoprB and XccDoprBc in Nutrient Broth (NB) (A),

Silva–Buddenhagen (SB) (B) and XVM2 (C) media. At the times

stated, bacteria were diluted and plated, and the number of

colony-forming units (cfu)/mL was calculated. Each point repre-

sents the mean of three independent experiments. Error bars

are standard deviations. The data were statistically analysed

using one-way analysis of variance (ANOVA) (P< 0.05).

Fig. S3 Relative expression of gumD in Xanthomonas citri ssp.

citri (Xcc), XccDoprB and XccDoprBc. Reverse transcription-

quantitative polymerase chain reaction (RT-qPCR) assay to deter-

mine gumD expression of the different strains relative to Xcc.

Total RNA was extracted and cDNA was synthesized using M-

MLV reverse transcriptase (RT) (Promega, Fitchburg, Wisconsin,

USA) and the oligonucleotide dN6. The oligonucleotides used to

analyse the expression of gumD have been described elsewhere

(Zimaro et al., 2014) and, as a reference gene, a fragment of

16S was amplified in the same reaction conditions. The values

are the mean of three independent experiments. The results were

analysed using one-way analysis of variance (ANOVA) (P< 0.05).
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