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biofilm formation without a detectable influence on
exopolysaccharide production

Leonardo C.A. Souza'™?, Nelson A. Wulff', Patrice Gaurivaud’, Anelise G. Mariano’,
Andréa C.D. Virgilio', Jodo L. Azevedo? & Patricia B. Monteiro'

"Fundo de Defesa da Citricultura (Fundecitrus), 14807-040, C.P. 391, Araraquara, S&o Paulo, Brazil and 2Laboratério de Genética de Microorganismos,
Departamento de Genética, ESALQ-USP, 13418-900, Piracicaba, Séo Paulo, Brazil

Correspondence: Nelson A. Wulff, Fundo de
Defesa da Citricultura (Fundecitrus), 14807-
040, CP 391, Araraquara, Séo Paulo,

Brazil. Tel.: +55 16 33017025; fax:

+55 16 33017032; e-mail: nelsonwulff@
fundecitrus.com.br

Present addresses: Leonardo C.A. Souza
and Patricia B. Monteiro, Alellyx Applied
Genomics, Techno Park, Rd. Anhanguera, Km
104.13067-850, Campinas, Sao Paulo, Brazil.
Patrice Gaurivaud, Laboratoire de Biologie
Cellulaire et Moléculaire (LBCM), IBVM, INRA,
Bordeaux BP 81, 33883 Villenave d'Ornon
Cedex, France.

Received 12 September 2005; revised 19
January 2006; accepted 24 January 2006.
First Published online 24 February 2006.

doi:10.1111/).1574-6968.2006.00176.x
Editor: Mark Schembri

Keywords
biofilm; gum; knock-out; exopolysaccharide.

Introduction

Abstract

Xylella fastidiosa causes citrus variegated chlorosis (CVC), a destructive disease of
citrus. Xylella fastidiosa forms a biofilm inside plants and insect vectors. Biofilms
are complex structures involving X. fastidiosa cells and an extracellular matrix
which blocks water and nutrient transport in diseased plants. It is hypothesized
that the matrix might be composed of an extracellular polysaccharide (EPS), coded
by a cluster of nine genes closely related to the xanthan gum operon of
Xanthomonas campestris pv. campestris. To understand the role of X. fastidiosa
gum genes on biofilm formation and EPS biosynthesis, we produced gumB and
gumF mutants. Xylella fastidiosa mutants were obtained by insertional duplication
mutagenesis and recovered after triply cloning the cells. Xylella fastidiosa gumB and
gumF mutants exhibited normal cell characteristics; typical colony morphology
and EPS biosynthesis were not altered. It was of note that X. fastidiosa mutants
showed a reduced capacity to form biofilm when BCYE was used as the sustaining
medium, a difference not observed with PW medium. Unlike X. campestris pv.
campestris, the expression of the X. fastidiosa gumB or gumF genes was not
regulated by glucose.

a liquid medium, and produce a biofilm (Leite et al., 2002;

Xylella fastidiosa is a bacterium that colonizes the xylem of
various plant hosts, causing diseases such as citrus varie-
gated chlorosis (CVC) in citrus (Chang et al., 1993), and
Pierce’s disease on grapes (Hopkins, 1989). It is transmitted
via grafting and xylem-feeding insects. Inside plant vessels
and the insects’ foregut, X. fastidiosa cells organize them-
selves into complex structures and the result is a community
of cells embedded in an extracellular matrix (Tyson et al.,
1985), called a ‘biofilm’ Scanning electron microscopy
(SEM) analysis shows vessel occlusion by the cluster of X.
fastidiosa cells in several hosts (Tyson et al., 1985; Alves et al.,
2003). The cells adhere to glass slides, the glass walls of
culture tubes and plastic flasks during in vitro cultivation in
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Marques et al., 2002). It has been hypothesized that exopo-
lysaccharides (EPS) could be involved in the formation of X.
fastidiosa biofilm (Hopkins, 1989; Simpson ef al., 2000).
Xylella fastidiosa has a cluster of genes closely related to
the Xanthomonas campestris pv. campestris gum operon,
which is responsible for the synthesis of xanthan gum
(Simpson et al., 2000). Xanthan is a polymer of repeating
pentasaccharide units with the structure mannose-(B-1,4)-
glucuronic acid-(p-1,2)-mannose-(a-1,3)-cellobiose. The
gum operon is composed of 12 predicted open reading
frames, from gumB to gumM (lelpi et al., 1993; Katzen et al.,
1998; Vojnov et al., 1998). Nine genes were found in X.
fastidiosa: gumBCDEFHJKM (XF2370-XF2360) (Simpson
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et al., 2000; Silva et al., 2001). Comparing X. fastidiosa and
X. campestris pv. campestris gum gene clusters, there are
three missing genes in X. fastidiosa: guml, gumL and gumG
encoding, respectively, a B-1,4-mannosyl GDP-transferase, a
pyruvate transferase and an acetyl transferase (Silva et al.,
2001). That analysis suggest that X. fastidiosa synthesizes a
modified polysaccharide consisting of tetrasaccharide re-
peating units, which differs from the polypentamer struc-
ture of xanthan gum. The main difference is the lack of a
pyruvilated terminal mannose residue (Silva et al., 2001),
which may result in a less viscous EPS in X. fastidiosa
compared to X. campestris pv. campestris xanthan, as was
suggested elsewhere (Silva et al., 2001). This hypothesis is
supported by the fact that X. fastidiosa colonies are non-
mucoid (Weels et al, 1987), unlike X. campestris pv.
campestris mucoid colonies.

We have produced mutants in a X. fastidiosa gum gene
cluster to determine whether an inactivation of gumB or
gumkF genes would affect biofilm formation, EPS production
or cell aggregation patterns. We have chosen these two gum
genes for mutagenesis in X. fastidiosa since the gumB mutant
in X. campestris pv. campestris is unable to polymerize the
pentasaccharide into mature xanthan, and the production of
EPS is highly attenuated (Katzen et al., 1998; Vojnov et al.,
1998). Inactivation of the gumF gene in X. campestris pv.
campestris, impairing gum acetylation, has not affected gum
polymerization and showed no effect on EPS production
(Katzen et al., 1998).

Materials and methods

Bacterial strains and growth conditions

The Xylella fastidiosa J1al2 strain was isolated from infected
sweet orange trees (Monteiro et al., 2001) and cultivated in
both solid and liquid media on an orbital shaker (150 r.p.m.)
at 28 °C.

Defined and undefined media were used in this work to
evaluate the performance of the mutants tested: PW, BCYE,
XDM, and modifications of them, such as PWG and
BCYEG. Their formulations were: PW (0.4% w/v phytone
peptone, 0.1% w/v trypticase peptone, 7.35mM KH,PO,,
6.89mM K,HPO,, 1.62mM MgSO,, 0.001% w/v hemin
chloride, 0.002% phenol red, 0.6% w/v BSA, 0.4% w/v
glutamine, pH 6.8); BCYE (1% w/w yeast extract, 0.04% w/v
L-cysteine-HCl, 0.025% w/v ferric pyrophosphate, 30 mM
KOH, and 54.9mM ACES; pH 6.85); XDM, (5.88 mM
KH,PO,, 12.06mM K,HPO,, 1.62mM MgSO,, 0.002%
ferric pyrophosphate, 0.1% w/v phenol red, 1% glucose,
0.02 mg L™" p-biotin, 1.0 mg L™" nicotinic acid, 0.005 mg L™
vitamin B12, 35.0 mg L™ myo-inositol, 0.4 ugmL ™" L-serine,
0.4 ugmL " 1-methionine, 4.0 ugmL " 1-glutamine, and 1.0
Hg mL™! L-asparagine, pH 6.8) (Davis et al., 1980; Lemos
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et al., 2003). Glucose supplemented media (PWG, BCYEG
and XDM) were prepared by adding filter-sterilized glucose
to 1% (w/v).

Controls used during the assays came from X. fastidiosa
transformed with pBCK92 and an untransformed culture at
the same mutant cultivation stage.

Genetic manipulations

Plasmid constructions were based on pBCK92, a replicative
plasmid useful for generating X. fastidiosa mutants. The
generation mechanism involves an insertion duplication
mutagenesis (IDM) containing a 366bp fragment of the
oriC chromosomal region of X. fastidiosa, the aacA-aphD
gene coding for kanamycin resistance and a multicloning
site into a promoterless copy of the reporter cat (chloram-
phenicol acetyl transferase) gene (Gaurivaud et al., 2002).
gumB gene specific primers GBF (5'-GAGATCTGTCGAC
GATCTGGAG-3’) and GBR (5'-GAGATCTGCAGGATA
GATCTC-3'), and gumF gene specific primers GFF
(5-GAGATCTCCAGTACGAGGAGGGACATTAGC-3’) and
GFR (5'-GAGATCTCATTGTACCAATGACCATTG-3') were
designed based on a X. fastidiosa genome sequence for the
amplification of the 421bp (143-564nt) and 859bp
(28-886nt) internal regions of the 654bp gumB and
1092 bp gumF genes of the X. fastidiosa strain, respectively.
The Pstl site is underlined.

PCR products were digested with PstI and ligated with the
plasmid pBCK92. The correct orientation of the fragments
was confirmed by restriction analysis. The mutagenic plas-
mids were named pBCKgumB and pBCKgumF which con-
tained, respectively, the gumB and gumF gene fragments
(gumy) transcriptionally fused to the promoterless cat
reporter gene (Fig. 1a). The plasmid pBCK92 configuration
allows — after its integration into the target gene — an
indirect evaluation of the expression level of the mutated
gene through a chloramphenicol resistance assay.

Transformation of X. fastidiosa in the 5th passage in
axenic culture was done (Monteiro et al., 2001; Gaurivaud
et al, 2002), and for each transformation, five isolated
kanamycin resistant colonies were transferred to a PW-
broth medium containing 5 pugmL " kanamycin and incu-
bated at 28 °C, with agitation at 150r.p.m for oneweek.
Volumes of these cell suspensions (1/10) were transferred
every week to a fresh flask of PW broth. After six propaga-
tions, the DNA of these cell suspensions was extracted in
order to assess the plasmid integration. Clones showing
integration of the mutagenic plasmid, within the targeted
genes, yielded triple clones in solid media (Monteiro et al.,
2001; Gaurivaud et al., 2002).

Southern blotting analysis of the total DNA of trans-
formed X. fastidiosa J1al2 cells was carried out for the
detection of gumB and gumF gene disruption (Gaurivaud
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Fig. 1. (a) Representation of pBCKgum plasmid used for insertional duplication mutagenesis (IDM) in Xylella fastidiosa gum operon. Arrowed boxes
represent the direction of the genes in the mutagenic plasmid. (b, ¢) Southern blotting hybridization of DNA from the untransformed (WT) and
pBCKgumB-transformed Xylella fastidiosa J1a12 clone (AB) and pBCKgumF-transformed Xylella fastidiosa clone (AF), with (B) gumB, (C) gumF and (B,
C) oriC probes. (d, e) Representation of Sphl restriction fragments of the WT Xylella fastidiosa genome and (D) gumB and (E) gumfF genes duplicated by
IDM. Sizes in kbp. Abbreviations: PB, plasmid pBCKgumB; PF, plasmid pBCKgumF, gumf, gum gene truncated fragment; Kan', kanamycin resistance.

et al., 2002). All the DNA from the transformed clones was
digested with Sphl, and integration of the mutagenic plas-
mids into the target genes was determined using gumB,
gumF, cat and oriC probes.

Colony morphology and aggregation

Xylella fastidiosa colony morphology was evaluated using
stereomicroscopy. The formation of cell aggregation in the
X. fastidiosa culture was inspected both visually, after a
gentle homogenization of the culture, and by optical micro-
scopy of methylene blue stained cells. For the methylene blue
staining, a drop of exponentially growing culture of X.
fastidiosa was added to a glass slide. The drop was dried for
few minutes and the cells then heat fixed on the glass slide.
The fixed cells were stained in a solution of 15gL™"
methylene blue, 50 gL' phenol, and 10% ethanol for 5 min
and rinsed in distilled water. They were then observed under
an optical microscope.

EPS production assay

To evaluate the effect of the disruption of gum genes on the
production of total precipitable EPS in a chemically-defined
medium, we utilized a method described for Xanthomonas
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campestris pv. campestris. High density cell suspensions of X.
fastidiosa were obtained in XDM, (Lemos et al., 2003).
Supernatants were filter-sterilized (0.2 um) and total EPS
was precipitated as described elsewhere (Vojnov et al., 1998).
The experiments were replicated three times and the
amount of EPS produced was calculated as a average ratio
of the weighted precipitated extracellular material over X.
fastidiosa cell wet mass.

Biofilm formation assay

The biofilm formation assay was conducted following a
methodology described for Pseudomonas fluorescens and
Salmonella enteritidis (Kjaergaard et al., 2000). It was con-
ducted in two media for comparison: in PW, a rich
undefined medium, and in BCYE, also undefined but less
complex, with or without glucose supplementation. Biofilm
formation assays were done with cultures from the 24th to
40th passages in the culture medium. We present here the
results of assays completed after the 36th passage.

After 8 days of growth in PW broth, X. fastidiosa strains
were inoculated at same ODgo in each media (five tube
replicates for each treatment) and cultivated in glass culture
tubes at 28 °C, agitated at 100r.p.m. After 14 days of
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cultivation, the cells in suspension were removed and the
glass walls of the culture tubes were carefully rinsed with
water three times. The formation of biofilm by X. fastidiosa
cells was inspected by crystal violet staining (Kjaergaard
et al., 2000). The biofilm formed on the glass was stained
with 0.1% crystal violet for 1 min and the excess was care-
fully rinsed with water three times. The crystal violet was
removed from the biofilm using a 20:80 ethanol: acetone
solution wash (v/v) and the ODsgs5,,,,, was measured. The
assay was repeated three times.

Effect of glucose in the expression of the gum
operon

Cultures of the X. fastidiosa gumB and gumF mutants, as well
as cultures of either the untransformed wild-type (WT)
strain, or J1al2 transformed with plasmid pBCK92 (Gaur-
ivaud et al., 2002), both used as controls, were cultivated in
PW or PWG media supplemented with 0, 1, 2, 3, 4, and
5ugmL " of chloramphenicol. X. fastidiosa cell growth was
checked after 6 days of cultivation by ODggopny measure-
ment. The results were consistent in the three distinct
experiments.

Results and discussion

Xylella fastidiosa gumB and gumF mutants

Triple clones from the 6th passage cultures were evaluated in
the 14th passage of propagation by Southern blotting (Fig.
1b, c). Using the gumB probe, the 9.5 and 6.0 kbp fragments,
respectively, corresponding to the wild-type endogenous
gumB gene and the free pBCKgumB plasmid, were not
observed in the mutant clone (Fig. 1b). Instead, two
different restriction fragments of 12.3 kbp and 3.2 kbp (Fig.
1b), corresponding to the expected Sphl restriction pattern
of the pBCKgumB plasmid integrated into the gumB gene
(Fig. 1d), were observed. Southern hybridization using an
oriC probe confirmed that the integration of pBCKgumB
occurred in the gumB gene, since the 18kbp fragment,
corresponding to the endogenous oriC, remained intact
(Fig. 1b).

As shown in Fig. 1c, the 9.5kbp fragment containing
the gumF endogenous gene and the 6.5kbp plasmid
fragment were not detected in the gumF mutant, and
hybridization with the oriC probe showed that integration
of the mutagenic plasmid had not occurred in oriC. The
14.2 and 1.8kbp fragments in the Xylella fastidiosa gumF
clone were in accordance with the expected Sphl restriction
pattern for the integration of the plasmid in the endo-
genous gumF gene (Fig. le). The Southern blotting
analysis showing the disruption of both gumB and gumF
genes was confirmed with a cat probe hybridization (data
not shown).
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Disruption of gumB and gumF does not affect
colony morphology and growth

A direct observation of X. fastidiosa colonies grown in PW
solid medium using stereomicroscopy showed these char-
acteristics: circular, discrete, opalescent and nonmucoid
X. fastidiosa colony morphology, which was not affected by
the disruption of either the gumB or gumF genes (data not
shown). Mutations in the exopolysaccharide synthesis genes
did not always produce changes in colony morphology
(Denny, 1995). Mutations in the Xanthomonas campestris
pv. campestris gumD gene resulted in noticeable changes in
the colony mucoid phenotype (Chou et al., 1997).

The growth achieved by the X. fastidiosa gumB and gumF
mutant strains was comparable to the X. fastidiosa WT strain
in liquid media (Fig. 3). The results consolidate the conten-
tion that mutations in gumB and gumF genes do not
interfere with the growth of X. fastidiosa. In addition, X.
fastidiosa gumB and gumF mutated cells showed typical
aggregation behavior, forming clumps of aggregated cells in
liquid media, as is commonly observed in wild-type strain
cultures (data not shown).

The disruption of gumB and gumF does not alter
EPS production

The effect of the disruption of the gumB and gumF genes in
EPS biosynthesis was assayed in XDM, medium (Lemos
et al., 2003). XDM,, a chemically-defined medium, was
chosen because there are no polymers in its composition —
in contrast to PW or BCYE media — which would impair EPS
quantification. The amount of EPS produced by the
X. fastidiosa gum mutants is expressed as the relative
percentage compared to the WT parental strain (100%
=144+04g L' culture medium), as follows: gumB
0.99+£0.06 and gumF 1.13+£0. These data represent the
means of three replicates and their standard deviations. No
significant difference was observed for the amount of EPS
produced by X. fastidiosa gum mutant strains in comparison
to the wild-type, indicating that the disruption of gum genes
does not interfere with in vitro EPS synthesis by X. fastidiosa
under the conditions we employed. It should be emphasized
that the amount of EPS produced by the X. fastidiosa
cultures was much lower than that described for X. campes-
tris pv. campestris (Vojnov et al., 1998).

Disruption of gumB and gumF genes affects
Xylella fastidiosa biofilm formation

After 40 passages in an axenic culture, X. fastidiosa forms a
biofilm at the medium — air interface, reproducing the data
obtained after 24 passages (data not shown). We detected no
differences in biofilm formation for X. fastidiosa gum
mutants cultivated in PW-rich medium (irrespective of the
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Fig. 2. Comparison of biofilm formation by Xylella fastidiosa WT and
gum mutants after 7 days of incubation, measured as the amount of
crystal violet bound to biofilm, as a function of culture medium. Assay
conducted in quintuplicates with Xylella fastidiosa strains in the 36th
passage.

presence of glucose) in comparison to the X. fastidiosa wild-
type strain (Fig. 2). However, a striking difference was
observed when the strains were cultivated in BCYE medium
supplemented with glucose, in which the gum mutants
showed a reduced capacity to produce biofilm compared to
the wild-type (Fig. 2). This difference must be due to the
inability of the X. fastidiosa gumB and gumF mutants to
form or maintain the biofilm architecture on a less complex
medium (BCYE). It was observed that after periods of
growth longer than 2 weeks, a thin ring of adhered X.
fastidiosa cells of gum mutant clones was formed on the air/
BCYE medium interface, which was easily disturbed and
detachable from the glass through culture aging (data not
shown). We evaluated the formation of biofilm by X.
fastidiosa in PW and BCYE media with or without glucose
supplementation, since this sugar stimulates the growth of
X. fastidiosa (Lemos et al., 2003) and positively regulates the
X. campestris pv. campestris gum operon (Vojnov et al.,
2001). We avoided a possible quorum-sensing effect among
different strains by inoculating the same amount of cells, as
measured by their ODggo. This is important because like X.
campestris pv. campestris, X. fastidiosa has genes for quorum
sensing (Silva et al., 2001; Vojnov et al., 2001).

Adhesion and biofilm formation is a well-known strategy
used by bacteria as virulence factors and to gain easier access
to nutrients. The formation of X. fastidiosa biofilm inside
plant vessels and under in vitro conditions has already been
characterized (Leite et al., 2002; Marques et al., 2002), and it
has been noted as an important factor in the pathogenic
mechanism developed by this bacterium (Hopkins, 1989;
Simpson et al., 2000). Leite and colleagues (Leite et al., 2002)
demonstrated that microcolonies of X. fastidiosa can form
on artificial surfaces. These early stage colonies were not
found to be associated with visible EPS, although cell
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adhesion was observed, and that report supports the results
obtained in the present work. Our findings are also sup-
ported by recent results obtained with Pierce’s disease on
strains of X. fastidiosa growing in distinct media formula-
tions. The media had a profound effect on the behavior of
cells by affecting: (a) the number of cells in suspension, (b)
protein concentration, (c) biofilm formation, and (d) ag-
gregation (Leite et al., 2004).

Glucose has no effect on the expression of the
Xylella fastidiosa gum operon promoter

It is known that X. campestris pv. campestris metabolizes
28% of glucose into xantham gum (Pielken et al., 1988),
which is primarily produced in the late logarithmic and
stationary growth phases (Harding et al., 1987). The main
promoter located upstream of the X. campestris pv. campes-
tris gumB gene, which drives the expression of the gum
operon as a transcriptional unit, is strongly induced by
glucose and other sugars (Vojnov et al., 2001). In the X.
fastidiosa gumB mutant, the cat reporter gene is under
control of the gumB endogenous gene promoter, allowing
the use of chloramphenicol resistance to detect expression of
the main promoter of the X. fastidiosa gum operon. As
observed, the wild-type strain is highly susceptible to
chloramphenicol (Fig. 3), unlike the X. fastidiosa gumB and
gumF mutants and X. fastidiosa transformed with pBCK92
(control plasmid). Xylella fastidiosa gumB and gumF mu-
tants grew on media containing chloramphenicol, irrespec-
tive on the presence of glucose, and with different amounts
of antibiotic, indicating that glucose does not regulate
expression of the gum operon as was observed for X.
campestris pv. campestris (Fig. 3). The X. fastidiosa gumB
and gumF mutant strains, as well as the X. fastidiosa wild-
type, have the same growth capabilities when cultivated in
liquid medium without antibiotic selection (Fig. 3), and
they also have the same growth pattern in either PW or
BCYE solid media, despite the presence of glucose (data not
shown).

Even though there is homology at the DNA level between
X. fastidiosa and X. campestris pv. campestris, the character-
ization of X. fastidiosa gum mutants indicates remarkable
behavior differences between these two bacteria, which
certainly reflect the differences between the environments
they inhabit, and, consequently, the distinct regulatory
mechanisms for their gum operons. Xylella fastidiosa is
restricted to the xylem vessels and insect mouths, being
transmitted to plant hosts by xylem-feeding insects. Con-
versely, X. campestris pv. campestris mostly colonizes leaf
plant mesophyl, infecting plants through the hydathodes
(Hugouvieux et al., 1998), even though it also colonizes
xylem vessels and is able to survive outside a plants’ live
tissue.
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Fig. 3. Chloramphenicol resistance of Xylella fastidiosa WT and gum mutants as a function of glucose. The same amount of cells were inoculated into
PW(...A. .),PWG( ..A...),BCYE(— @ —)andBCYEG (— O —) and Xylella fastidiosa culture growth at different concentrations of chloramphenicol
was measured spectrophotometricaly (Agoonm)- Glucose was added at 1% (w/v).

Although we were not able to detect significant differences
in EPS production between the X. fastidiosa gum mutants and
the wild-type strain, X. fastidiosa gumB and gumF mutants
showed a reduced biofilm formation in BCYE medium and
then behaved like the wild-type in PW media. These results
indicate that the predicted ‘fastidian gum’ might be poorly
expressed and might not be the major component of the
matrix observed in X. fastidiosa cell clumps by SEM. Partial
evidence that X. fastidiosa produces low amounts of fastidian
gum has recently been published (Osiro et al., 2004), sup-
porting the contention that X. fastidiosa does not need high
amounts of EPS for adhesion and biofilm formation (Leite
et al., 2002) under low nutrient conditions, as was experi-
enced by X. fastidiosa inside xylem vessels.

The role of the fastidian gum in X. fastidiosa biofilms
remains uncertain and additional data are still needed for a
better understanding of its function and its involvement in
the pathogenicity of this fastidious bacterium. However, up
to now this is the first evidence on the effect of gum
mutation on biofilm formation dependent on media com-
position for X. fastidiosa.
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