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Exopolysaccharides (EPS) synthesized by plant-pathogenic 
bacteria are generally essential for virulence. The role of 
EPS produced by the vector-transmitted bacterium Xylella 
fastidiosa was investigated by knocking out two genes impli-
cated in the EPS biosynthesis, gumD and gumH. Mutant 
strains were affected in growth characteristics in vitro, in-
cluding adhesion to surfaces and biofilm formation. In 
addition, different assays were used to demonstrate that 
the mutant strains produced significantly less EPS com-
pared with the wild type. Furthermore, gas chromatog-
raphy–mass spectrometry showed that both mutant strains 
did not produce oligosaccharides. Biologically, the mutants 
were deficient in movement within plants, resulting in an 
avirulent phenotype. Additionally, mutant strains were 
affected in transmission by insects: they were very poorly 
transmitted by and retained within vectors. The gene ex-
pression profile indicated upregulation of genes implicated 
in cell-to-cell signaling and adhesins while downregulation 
in genes was required for within-plant movement in EPS-
deficient strains. These results suggest an essential role for 
EPS in X. fastidiosa interactions with both plants and 
insects. 

Bacteria produce polysaccharides in their natural habitat or 
when cultured in vitro; polysaccharides may also be directly 
associated with the virulence of pathogens. Extracellular poly-
saccharides (EPS), which are secreted and may be loosely 
associated with cells as a capsule or released in the environ-
ment as slime, have various functions, including essential roles 
in biofilm formation and maintenance (Denny 1995). EPS is a 
major component of the extracellular polymeric substances 
surrounding cells in biofilms, which also include proteins, nu-
cleic acids, and lipids. These components form a matrix re-
sponsible for biofilm stability (Flemming and Wingender 
2010). Therefore, EPS is important for the development of bio-
films and, in the case of pathogens where biofilm formation is 

important for the progression of infections, mutants deficient 
in EPS production are generally avirulent (Guo et al. 2010; 
Katzen et al. 1998). 

In the case of plant-associated bacteria, biofilm formation 
has been shown to be essential for the development of mutual-
istic, commensal, and pathogenic host–microbe interactions 
(Danhorn and Fuqua 2007). EPS production, specifically, has 
been shown to be involved in successful colonization of epi-
phytic and vascular plant pathogens such as Erwinia amylo-
vora (Koczan et al. 2009); in the case of epiphytes, EPS also 
prevents biofilm desiccation, thus increasing the fitness of bac-
terial populations (Rigano et al. 2007). Although it is difficult 
to determine whether EPS itself is responsible for virulence, 
because its absence may have pleiotropic effects, it is tightly 
connected to disease in vascular plant pathogens. Various vas-
cular pathogens, such as Erwinia, Xanthomonas, and Clavi-
bacter spp., produce EPS while colonizing plants, which leads 
to clogging of xylem vessels. 

Xylella fastidiosa is a xylem-limited plant-pathogenic bacte-
rium transmitted by xylem sap-feeding leafhopper vectors 
(Severin 1949). Cells inoculated into host plants by insect vec-
tors develop into biofilms that eventually occlude sap flow 
through the plant, leading to water stress symptoms (Fry and 
Milholland 1990; Newman et al. 2003). Biofilms are also 
established within the mouthparts of insect vectors (Almeida 
and Purcell 2006). In both environments, it has been suggested 
that EPS secreted into vessels or the mouthparts of vectors 
allow for the development of biofilms (Almeida and Purcell 
2006; Chatterjee et al. 2008). That contention is supported by 
the fact that X. fastidiosa has an operon with high homology to 
the Xanthomonas campestris gum operon (Simpson et al. 
2000). Although various studies have indirectly analyzed 
Xylella fastidiosa gum genes and their expression patterns, lit-
tle evidence exists on the role of the gum operon and the puta-
tive EPS it specifies. Souza and associates (2006) constructed 
two gum mutants using an isolate of X. fastidiosa subsp. pauca 
that causes disease in citrus, and found that biofilm formation 
was affected but the mutations had no effect on EPS produc-
tion. Evidence that EPS is associated with X. fastidiosa subsp. 
fastidiosa infections of plants was obtained immunologically, 
with antibodies generated against a modified xanthan gum pol-
ymer expected to be similar to EPS of X. fastidiosa based on 
gum operon homology (Roper et al. 2007). More recently, evi-
dence that EPS production is controlled by intracellular signal-
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ing was obtained (Chatterjee et al. 2010). Thus, although EPS 
is expected to be essential for plant and insect colonization in 
X. fastidiosa, there are no studies directly demonstrating that 
to be the case. 

The gum operon in Xanthomonas campestris encodes the 
enzymes involved in biosynthesis of xanthan gum, a polysac-
charide required for plant pathogenicity (Katzen et al. 1998; 
Vojnov et al. 2001) and also widely used in the food industry 
(Garcia-Ochoa et al. 2000). This operon has 12 genes in X. 
campestris; compared with X. campestris gum operon, Xylella 
fastidiosa lacks three genes, which are all involved in the addi-
tion and modification of the last mannose residue to the repeat-
ing oligosaccharide subunit in the polymer (Fig. 1) (da Silva et 
al. 2001; Katzen et al. 1998). Therefore, xanthan is a polymer 
composed of pentasaccharide units, whereas the EPS of X. fas-
tidiosa is predicted to be composed of tetrasaccharide repeat-
ing units (da Silva et al. 2001; Katzen et al. 1998). In addition 
to the synthesis pathway and oligosaccharide composition, se-
cretion of both polymers is also predicted to be similar. 
Briefly, after the oligosaccharides are assembled on a poly-
prenol phosphate carrier in the inner membrane and repeat 
units polymerized, they are likely secreted through polysac-
charide-specific transport systems (da Silva et al. 2001; Ielpi et 
al. 1993; Katzen et al. 1998). The role of Gum proteins in xan-
than synthesis has been well characterized (Katzen et al. 
1998). Among those proteins, GumD initiates synthesis of the 
pentasaccharide by catalyzing the transfer of glucosyl-1-phos-
pate to the polyprenol phosphate carrier anchored in the inner 
membrane; a gumD mutant did not produce any xanthan. 
GumH, which is also a glycosyltransferase, adds the third 
monomer in the chain (mannose); a gumH mutant produced an 
oligosaccharide but it was not polymerized. 

Because of their role in Xanthomonas campestris EPS for-
mation, GumD and GumH represent good candidates to deter-
mine the role of EPS production in Xylella fastidiosa. It can be 
predicted, assuming functional similarity of gum genes between 
these two bacteria, that a gumD mutant would not produce any 
EPS in X. fastidiosa while a gumH mutant would produce EPS 
lacking acetyl-D-mannose and D-glucuronic acid (glucan) 
residues. Mutants of both genes in X. fastidiosa were gener-
ated to test their role in EPS production, biofilm formation, 
plant virulence, and vector transmission. Results indicate that 
GumD and GumH are functionally similar to their Xanthomo-
nas campestris homologs, and that EPS production affects all 
phenotypic aspects of the biology of Xylella fastidiosa tested 
here. 

RESULTS 

Disruption of gumD and gumH affects  
cell growth, colony morphology, and aggregation. 

The gumD and gumH genes of X. fastidiosa subsp. Fastidiosa 
isolate Temecula were disrupted (Fig. 1). In vitro tests showed 
that the wild-type strain reached higher densities in both media 
tested (periwinkle wilt medium [PW; Hill and Purcell 1995] 
and X. fastidiosa medium [XFM-pectin; Killiny and Almieda 
2009a]) than either mutant, despite the fact that these media 
differ greatly in their chemical constituents (Fig. 2A). The gum 
mutants had similar growth regardless of media. Because opti-
cal density (OD) is a proxy for cell numbers, EPS may affect 
light absorbance, and clumping may be more common in mu-
tants, it is possible that OD measurements are not ideal to 
robustly estimate cell numbers. On solid PWG medium (Hill 
and Purcell 1995), single colonies of the wild type were mor-

 

Fig. 1. A, Genetic map of the Xylella fastidiosa gum operon; plasmids and targeted genes for disruption are indicated. B, Repeating units in gum polymer 
expected from gumD and gumH mutants compared with the wild type, as added to the polyprenol. C, Putative exopolysaccharide structure expected for the 
gumH mutant compared with the wild type; gumD not shown because no additional residues are expected to be added to polyprenol. 
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phologically typical, with minor satellites colonies (at approxi-
mately 10 days); whereas, in both gumD and gumH mutants, 
the colonies had a “flat” morphology and satellite colonies 
were not observed (Fig. 2B). Bacterial lawns grown on solid 
XFM-pectin and PWG were also compared (Fig. 2C and D). 
The wild type had a glossy and uniform appearance on XFM-
pectin compared with PWG, whereas the gumD and gumH 
mutants had a uniform but not glossy appearance in both me-
dia. These observations indicate that EPS is responsible for the 
glossy appearance of X. fastidiosa colonies in vitro. Attempts 
to complement both mutants were unsuccessful, because nei-
ther mutant survived electroporation with complementing plas-
mids or in control electroporation experiments with empty 
vectors or without any vectors. 

Mutants are deficient in biofilm formation. 
In static biofilm experiments, the gumD and gumH mutants 

were similar to each other and showed reduced surface adhe-
sion compared with the wild type (Fig. 2E). The ratio of plank-
tonic to attached cells in the dynamic biofilm assay indicated 
that the number of planktonic cells was similar among all 
treatments but, again, gumD and gumH mutants had reduced 
attachment to surfaces (Fig. 2F). 

GumD and GumH are required for EPS production. 
EPS was detected using the glucan-specific stain Alcian blue 

8GX (Chatterjee et al. 2010); results showed that the wild type 
produced more EPS (heavily stained) compared with both mu-
tants (Fig. 3A). We also used a quantitative immunological 
assay, based on antibodies previously shown to react with X. 

fastidiosa gum, to estimate EPS production. Results showed 
that the gumD and gumH mutants produced significantly less 
EPS than the wild type (Fig. 3B), as observed with the Alcian 
blue 8GX stain assay. Differences between the mutants and the 
wild type were significant (P < 0.001), as were the tested treat-
ments (washed versus unwashed cells only for the wild type, P < 
0.001), and the interaction between strains and wash treatment 
(P < 0.001). However, no significant difference between the 
two mutants was observed. 

Various X. fastidiosa cell surface proteins have been shown to 
affect cell adhesion. To test the role of EPS in cell-to-cell adhe-
sion, cells grown in PWG medium were suspended and the 
turbidity of suspensions estimated over time. Both gumD and 
gumH mutants precipitated out of solution within 10 min, 
whereas it took the wild type three times as long (Fig. 3C). 
Similar results were obtained when cells in the suspension were 
allowed to settle in vials, eventually precipitating (Fig. 3D). Our 
interpretation is that the absence of EPS results in additional 
cell-to-cell binding by exposed surface adhesins, resulting in the 
formation and eventual precipitation of large cell aggregates. 

gumD and gumH mutants  
do not produce oligosaccharide polymers. 

One of the objectives of this study was to determine the 
sugar composition for the EPS extracted from X. fastidiosa 
wild-type and gum mutant strains. PW medium was used as a 
negative control. The only sugars identified in the media were 
fructose, mannose, and glucose, in addition to the disaccha-
rides sucrose and trehalose (Fig. 4). EPS from the wild type 
was dominated by the presence of cellobiose (β-1-4 glucose 

Fig. 2. Growth of Xylella fastidiosa mutant strains is affected in both liquid and solid media. A, Growth curve for various strains in periwinkle wilt medium 
(Hill andn Purcell 1995) (PW) and (X. fastidiosa medium [Killiny and Almeida 1009a] (XFM)-pectin  liquid media (XFMp). B, Strains grown on PWG
plates (Hill and Purcell 1995) for 10 days; colonies of gumD and gumH mutants had no satellite colonies compared with the wild type. C and D, Bacterial 
lawns on PWG and XFM-pectin media, respectively. Mutants had a sandy or dry appearance, compared with the glossiness of the wild type. E, Static biofilm 
formation on polystyrene surface (no shaking). F, Populations of planktonic versus glass-attached cells grown in vitro under shaking conditions (dynamic 
biofilm). Different letters indicate statistically different treatments. 
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disaccharides) and oligosaccharides; the wide oligosaccharide 
peak represents the EPS polymer, which is predicted to have 
variable size. As expected, we did not find any specific carbo-
hydrate produced by the gumD mutant. The gumH mutant pro-
duced only the disaccharide cellobiose, as was predicted based 
on its function in Xanthomonas campestris (Katzen et al. 
1998). The lack of GumH probably resulted in the absence of 
linkage between the D-glucuronic acid and acetyl ester man-
nose residues, suggesting that polymerization occurs after the 
addition of these molecules. The results show that neither mu-
tant produced EPS, explaining why they were phenotypically 
similar in all our bioassays. 

gumD and gumH mutants are not pathogenic  
to grapevines and are deficient in vector transmission. 

In order to test the pathogenicity of gumD and gumH mu-
tants, we mechanically inoculated grapevines with the wild 
type and the two mutants. Results showed that the mutants are 
avirulent and do not develop any symptoms compared with the 
wild type (Fig. 5A). To study the bacterial colonization and 
movement within plants, 16 weeks after inoculation, Xylella 
fastidiosa populations were estimated from the inoculation site 
and 50 cm above it by culturing cells from leaf petioles. In all, 
12 individual plants were inoculated per treatment, and the 
number of X. fastidiosa positive plants was 12, 4, and 5 for the 
wild type, gumD, and gumH, respectively. No significant dif-
ferences were found between the two points for the wild type. 
Both mutants were recovered from these sites but less fre-
quently and with orders of magnitude lower populations (Fig. 
5B). Furthermore, a significantly lower number of cells was 

detected 50 cm above the inoculation site. Therefore, although 
the mutants were avirulent, they sustained very low popula-
tions that had limited movement within plants. 

The transmissibility of the mutants was also tested with an 
efficient insect vector using two approaches: plant-to-plant 
transmission and an artificial diet system that delivers cells to 
insects directly. Results show that both mutants were poorly 
transmitted by vectors (Fig. 5C and D) and that they may not 
be retained over time (Fig. 5E). Plant-to-plant transmission 
resulted in no transmission of either mutant. Because these re-
sults could be a consequence of low X. fastidiosa populations 
in source plants, the artificial diet system was necessary to 
appropriately address questions associated with vector coloni-
zation. Both mutants were transmitted to plants when cells 
were delivered to vectors through an artificial diet, albeit inef-
ficiently (Fig. 5D). This protocol enables the testing of 
mutants that are affected in colonization and movement within 
the plants. Finally, because gum mutants were deficient in 
plant colonization, the in vitro system was also used to deter-
mine inoculation efficiency into diets over time, after cells 
were acquired by vectors through the artificial feeding system. 
Inoculation of the wild type into artificial diets remained con-
stant from 12 to 96 h post acquisition (Fig. 5E). Although 
inoculation of both gum mutant strains had similar efficiency 
immediately after acquisition, as was observed for inoculation 
into plants (Fig. 5D), no inoculation events were observed 72 
and 96 h after acquisition. These results indicate that, over 
time, either gum mutants are lost from the foregut of vectors 
(i.e., not able to colonize) or the remaining cells were too 
strongly adhered to the cuticle, making detachment difficult. 

Fig. 3. Production of exopolysaccharide (EPS) and cell aggregation are affected in gum mutants. A, Pictures of the glucan-specific dye Alcian blue 8GX 
staining of cell lawns printed on nitrocellulose membrane. B, Quantification of EPS production; black and white columns indicate unwashed and washed
cells, respectively; different letters indicate statistically different treatments. C, Sedimentation rate of cells suspended in buffer over time (static conditions).
D, Photographs of static cell suspensions after 15 min without agitation. 
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Gene expression is impacted in gum mutants. 
Although EPS is a cell structural component, its absence is 

expected to affect the phenotype of X. fastidiosa, and gene 
expression patterns may be informative in describing such 
changes. Three groups of genes were assayed via quantitative  
reverse-transcription polymerase chain reaction (qRT-PCR): i) 

those involved in movement (type IV pili) and adhesion (fim-
brial and afimbrial adhesins), ii) those involved in polysaccha-
ride production and degradation, and iii) cell-to-cell signal 
production and transduction (Fig. 6). Genes implicated in bac-
terial movement within the plant (pil genes) were downregu-
lated in the mutants, which matches the phenotype of the gum 

 

Fig. 4. Chromatograms representative of the carbohydrate contents in the exopolysaccharide (EPS) of Xylella fastidiosa strains. The gumH mutant was 
enriched for cellobiose, as expected, based on the predicted polymerization steps; the wild type had low concentrations of cellobiose, probably because 
polymerization was completed and oligosaccharides were produced (right side of chromatogram). Oligosaccharides were not observed for either mutant, 
which would explain the fact that both had the same phenotype in all bioassays performed, indicating no secretion of EPS in either case.  

Fig. 5. gum Mutants are avirulent to plants and deficient in vector transmission. A, Symptom development in Xylella fastidiosa mechanically inoculated 
grapevines. B, Bacterial populations at the point of inoculation (POI) and 50 cm above that site 16 weeks after inoculation; average populations were deter-
mined using only positive plants. C, Vector transmission efficiency of strains from plant to plant. D, Vector transmission efficiency using an artificial diet 
system for acquisition (pathogen delivery to vectors) followed by inoculation into healthy grapevines. E, Retention of X. fastidiosa cells in insects; acquisi-
tion was done with artificial diet systems, followed by various periods on an alternative host, and later (over time) inoculation into artificial diet systems. Ex-
periments measured the proportion of individuals inoculating cells into artificial diet systems; therefore, it is a composite estimation of retention within vectors
and inoculation frequencies. 
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mutants in plants. Although the in vitro biofilm assays showed 
that the mutants were deficient in biofilm formation, we found 
that genes implicated in attachment and biofilm formation 
were upregulated (fim, hxf, and XadA). A chitinase (chiA) but 
not a polygalacturonase (pglA) or endoglucanase (engxcA) had 
its transcription slightly affected in the mutants. Expression of 
other genes in the gum operon were not affected, suggesting 
that gum production is not controlled by its presence on the 
cell surface. Most of the genes involved in the cell-to-cell sig-
naling system were upregulated in relation to the wild type. It 
is possible that EPS is involved in signal retention near the cell 
surface or facilitates signal binding to sensors; thus, its ab-
sence could result in overexpression of genes in this system. 

DISCUSSION 

Production of EPS is an important feature of many plant-
pathogenic bacteria, including vascular pathogens. Although 
genomic information has indicated that X. fastidiosa should pro-
duce EPS that is structurally similar to xanthan due to the high 
homology of its gum operon with that of Xanthomonas cam-
pestris (da Silva et al. 2001), the role of EPS and gum genes had 
not been demonstrated for Xylella fastidiosa. Souza and associ-
ates (2006) generated X. fastidiosa subsp. pauca gum mutants 
(gumB and gumF) but they did not find a detectable effect on 
EPS production, although in vitro biofilm formation was af-
fected. EPS production has been demonstrated to be environ-
ment dependent, when it was showed to be produced at higher 
quantities in biofilms compared with planktonic cells, and that 
copper increased the amount of EPS in media (Rodrigues et al. 
2008). Production of EPS was also shown to occur in vitro and 
in planta using an immunological approach (Roper et al. 2007). 
Altogether, these studies indicate that EPS is produced by X. fas-
tidiosa, and that it has a role in biofilms in vitro. However, its 
role in plant virulence and insect transmission remained to be 
determined, as did the role of the gum operon in EPS produc-
tion. We show that gumD and gumH are required for EPS pro-
duction and plant and insect colonization. 

The roles of gumD and gumH in EPS production appear to 
be similar in X. fastidiosa and Xanthomonas campestris. 
GumD (UMP-glucoseltransferase) in implicated in the first 
step of production of the EPS while GumH (GDP-mannosyl-
transferase) in responsible for adding a unit of mannose to the 
second glucose residue (da Silva et al. 2001; Katzen et al. 
1998). Both mutants did not produce detectable EPS. These 
results strongly suggest that the sugar branches are important 
for polymerization. The biological characterization of the two 
mutants shows that they are phenotypically similar, supporting 
biochemical observations. These results corroborate inferences 
based on sequence data (da Silva et al. 2001) and the experi-
mental characterization of gumH (Alves et al. 2011; Muniz et 
al. 2004). Thus, it was not surprising that both mutants were 
phenotypically identical for all assays we performed. All data 
obtained support the requirement of the gumD and gumH in 
EPS production. The expectation for the two independent mu-
tants, that no EPS would be produced, was also supported by 
the experiments performed, assisting in the interpretation of 
the functional role of gumD and gumH in the absence of 
assays with complemented mutants. 

The lack of detectable influence of gum genes in EPS pro-
duction previously observed (Souza et al. 2006) may have 
been a consequence of experimental conditions used in that 
study. Rodrigues and associates (2008) showed that EPS pro-
duction increased in the presence of an antimicrobial com-
pound. Biofilm formation has also been shown to be promoted 
in the presence of copper (Fogaca et al. 2010). Two solid me-
dia were used here and, although no direct quantification of 

EPS was performed, colonies were visually more mucoid in 
one medium than another, indicating that EPS regulation is 
environment-dependent. As previously reported, some EPS 
was found to be tightly bound to cells (Roper et al. 2007) and 
gum mutants were impacted in biofilm formation (Souza et al. 
2006). However, colorimetric assays may not be ideal to study 
biofilm formation in this context, because cells may form mi-
crocolonies in the absence of EPS, and polysaccharides allow 
for dyes to be retained in the biofilm. Direct estimates of live 
cells showed that the number of planktonic X. fastidiosa in 
media was similar for the wild type and both gum mutants 
while the number of attached cells was lower. These results 
support the contention that EPS is important for X. fastidiosa 
biofilm formation and maturation. Although not directly ad-
dressed in this study, EPS may also be important for natural 
competency in X. fastidiosa (Kung and Almeida 2011), because 
cell surface structure is expected to be modified in the absence 
of polysaccharides. Plant colonization by gum mutants was se-
verely affected. In addition to inciting no observable symp-
toms, gum mutants were recovered less than half as often as 
the wild type for the point of inoculation or 50 cm above that 
site. When recovered, bacterial populations were two to three 
orders of magnitude lower. These mutants were clearly affected 
in multiplication and movement within plants. Limited 
movement within plants is expected, even for mutants that are 
deficient in movement, due to naturally disrupted pit mem-
branes in grapevines (Perez-Donoso et al. 2010). However, the 
role of EPS itself in pathogenicity is less clear. Disease symp-
toms caused by X. fastidiosa infections are thought to be the 
result of water stress due to limited xylem sap flow, a conse-
quence of large cell populations producing EPS eventually 
clogging vessels (Chatterjee et al. 2008; Newman et al. 2003). 

Fig. 6. Gene expression in gumD (black columns) and gumH (white col-
umns) mutants is modified in relation to the wild type. A, Movement- and 
attachment-related genes. B, Genes associated with exopolysaccharide
degradation and production. C, Genes involved in inter- and intracellular 
signaling. Value of 1 indicates no difference in relation to the wild type. 
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It is not clear if large populations result in clogging, if EPS 
produced during colonization reduces water flow, or if both act 
together to clog the xylem. The gum mutants never reached 
populations high enough to cause disease in grape and the 
importance of EPS itself in pathogenicity is not clear. This 
point was also brought up by Denny (1995), who suggested 
that gum mutants may be pleiotropic. 

Three different experimental designs were used to test the 
role of EPS in vector transmission of X. fastidiosa; all led to 
the conclusion that EPS is required for dispersal of this patho-
gen. No transmission occurred with plant-to-plant transmission 
tests; this was not surprising, given that efficiency is correlated 
with bacterial populations in plants and gum mutants reached 
populations within plants at the minimum threshold for detect-
able transmission (Hill and Purcell 1997). When insects 
acquired X. fastidiosa from suspensions through an artificial 
diet, both mutants were transmitted to healthy plants, albeit at 
low efficiencies. When inoculation was performed into artifi-
cial diets instead of plants, similar results were obtained. 
These tests show that initial adhesion of gum mutants to vec-
tors was diminished but still possible. However, colonization 
appeared to be impacted, because the proportion of individuals 
transmitting gum mutants decreased over time, with no detect-
able inoculation of cells into artificial diets 3 days after acqui-
sition. It is possible, albeit improbable, that gum mutants suc-
cessfully colonized the foregut for extended periods of time 
without being inoculated into diets. Finally, it is also possible 
that the few detectable transmission events were the result of 
nonspecific retention of cells in the foregut of vectors shortly 
after acquisition from artificial diets. Altogether, we conclude 
that EPS is important but not essential for cell adhesion to vec-
tors; on the other hand, it appears to be essential for biofilm 
formation and maturation. Scanning electron microscopy of X. 
fastidiosa colonizing the cuticle of vectors indicates that EPS 
is important for vector colonization (Almeida and Purcell 
2006). Finally, in natural conditions, it is possible that gum 
mutants are not capable of attaching to vectors; the artificial 
diet protocol delivers large populations of very sticky cells to 
insects (Killiny and Almeida 2009b), which probably does not 
happen with acquisition from infected plants. 

Although EPS is not expected to directly regulate gene ex-
pression, the transcription of different gene categories was 
affected in the gum mutants. Most of transcriptional changes 
may be explained by the four- to fivefold overexpression of 
rpfF in the mutants. RpfF is involved in the synthesis of a cell-
to-cell signaling molecule (DSF) (Newman et al. 2004); accu-
mulation of DSF in the environment is expected, among other 
things, to result in upregulation of fimbrial and afimbrial adhe-
sins (fim, Hxf, and XadA genes) and downregulation of move-
ment-associated pili (pil genes, part of type IV pilus system). 
The chitinase chiA was also previously shown to be under DSF 
regulation (Killiny et al. 2010). The gum genes, a polygalac-
turonase, and an endoglucanase were not differentially ex-
pressed in the mutants, while other regulatory genes were only 
slightly upregulated. As mentioned earlier, lack of EPS may 
affect unrelated aspects of cell physiology. In this case, it ap-
pears that upregulation of rpfF is responsible for most changes 
in the transcriptional profile. It is possible that EPS serves as a 
DSF “accumulator” in the environment, so that this fatty acid 
would not diffuse so easily away from colonies. Lack of EPS 
may result in overproduction of DSF by cells if a minimum 
concentration of DSF in the environment is expected by the rpf 
regulatory system. EPS has been shown to be a major compo-
nent in the extra polymeric matrix that mediates adhesion and 
keeps extracellular enzymes close to cells, in addition to com-
munication between cells in biofilms (Flemming and Wingender 
2010; Flemming et al. 2007). 

We showed that disruption of two genes in the gum operon 
impacts EPS production in X. fastidiosa, as predicted based on 
sequence homology with Xanthomonas campestris, in which 
the gum operon well is characterized. EPS production in 
Xylella fastidiosa is necessary for biofilm formation, plant 
virulence, and insect transmission. Unsuccessful attempts to 
complement both mutants precluded a complete characteriza-
tion of gumD and gumH. However, the extensive biological 
assays performed, which corroborated predictions based on 
sequence homology, support their functional role in EPS pro-
duction. Because of the essential role of EPS in the biology of 
X. fastidiosa, efforts to disrupt its production may result in 
alternative disease control strategies. 

MATERIALS AND METHODS 

Bacterial strains. 
X. fastidiosa subsp. fastidiosa Temecula (van Sluys et al. 

2003) was used as a wild type to generate the gumD and gumH 
knockout mutants, as described below. The strains were grown 
on the following media: PD3 (Davis et al. 1981), PWG (Hill 
and Purcell 1995), and XFM and XFM-pectin (Killiny and 
Almeida 2009b). Kanamycin at 10 μg/ml was added to the 
media for growing the knockout mutants. 

Construction of mutants and complementation attempts. 
Two genes in the X. fastidiosa gum operon, gumD and 

gumH, were disrupted by in vitro transposon mutagenesis of 
the X. fastidiosa gum operon cosmid, subcloning, and allelic 
exchange into the chromosome (Fig. 1). The genomic library 
of X. fastidiosa Temecula was constructed in the vector 
pCPP47 and the library was screened with gum-specific pri-
mers to identify the gum-positive clone. The cosmid was muta-
genized in vitro with the Tn5 transposon using the EZ::TN 
<KAN-2> insertion kit (Epicentre Technologies, Madison, WI, 
U.SA.) following the manufacturer’s directions to disrupt the 
genes with a kanamycin cassette. The mutant clones were PCR 
screened for insertion into gumD (PD1394) and gumH 
(PD1391) using the primers gumD-p1 (5′-CTGCCGCTGATC 
TAATACTT-3′) and gumD-P2 (5′-CTGATTGAGTGTGCCAA 
AG-3′) for gumD, and gumH-P1 (5′-GGAGGATGTGGTCTT 
CAATA-3′) and gumH-P2 (5′-GACTGTGACGGACTACAAT 
GA-3′) for gumH. The transposon insertion was verified by 
PCR and sequencing. The same primers were used to amplify 
inactivated gumD and gumH, respectively, and amplicons were 
cloned into the SmaI site of the pUC129 vector. The inacti-
vated gumD and gumH plasmids were transformed into elec-
trocompetent X. fastidiosa cells, and transformants were 
selected on PD3 medium supplemented with kanamycin at 10 
μg/ml. Marker exchange and the disruption of gumD and 
gumH on the chromosomes of mutants were confirmed by 
PCR and Southern blot (data not shown). 

We unsuccessfully attempted to complement the gumD and 
GumH mutants, following the protocol described by Matsumoto 
and associates (2012). Briefly, gumD or gumH were amplified 
using the abovementioned primers and inserted into pCR-
BluntII-TOPO to generate pLBT-gumD and pLBT-gumH, re-
spectively. The inserts with gumD or gumH were excised with 
SpeI and XbaI and, then, inserted into the XbaI site in plasmid 
pBBR1MCS-5 (Kovach et al. 1995). The resulting plasmids 
were electroporated into gumD and gumH mutants, respec-
tively, and transformants were selected on PD3 medium sup-
plemented with gentamicin at 10 μg/ml. gumD and gumH 
mutants were also electroporated by themselves to determine 
whether the cells could grow after electroporation. In all cases, 
cells of the mutant strains were not viable following electro-
poration; therefore, transformation was unsuccessful. 
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EPS production and quantification. 
X. fastidiosa EPS production was quantified with specific 

protein-A double-antibody sandwich enzyme-linked immuno-
sorbent assay (ELISA) and polyclonal antibodies against a 
modified xanthan gum polymer, which reacts with X. fastidi-
osa cells in vitro and in plants (Roper et al. 2007) (provided by 
Bruce Kirkpatrick, University of California, Davis). We also 
used the glucan-specific dye, Alcian blue 8GX (Sigma-Aldrich, 
St. Louis), to stain nitrocellulose membrane prints of X. fas-
tidiosa colonies grown on PWG (Chatterjee et al. 2010). 

Biofilm formation assays. 
To study the static biofilm formation, X. fastidiosa cells 

were harvested from PWG plates and resuspended in liquid 
PW. Suspensions were adjusted to 106 cells/ml (OD at 600 nm 
[OD600] of approximately 0.1) and aliquots were loaded into 
12-well polystyrene culture plates. Plates were incubated for 2 
days at 28°C without shaking. After incubation, we discarded 
the medium and planktonic and loosely attached cells were 
removed from the wells by washing plates with double-dis-
tilled water. Attached cells were stained the with 1% crystal 
violet for 10 min at room temperature. Excess of crystal violet 
was removed and wells were washed with double-distilled 
water. Crystal violet bound to the attached cells was solu-
bilized with 1 ml of 90% ethanol and quantified by measuring 
the absorbance at 570 nm (Chatterjee et al. 2008). We per-
formed five biological replicates. Colony growth under shak-
ing conditions were also used to study biofilm formation. We 
calculated the total number of attached and planktonic cells 
grown in liquid PW medium (Chatterjee et al. 2008; Killiny 
and Almeida 2009a). Briefly, 12 tubes of 3 ml of PW medium 
for each strain were inoculated with X. fastidiosa cells with an 
initial OD600 of 0.05. After 10 days of incubation at 28°C and 
shaking at 200 rpm, we estimated the number of live cells 
attached to walls and in the supernatant by dilution plating. 

Bacterial in vitro growth features. 
Growth curves were obtained for all strains grown in liquid 

PW and XFM-pectin media. We inoculated the media with X. 
fastidiosa cells collected from PWG plates 10 days after plat-
ing and adjusted the OD600 to 0.05. Cultures were incubated at 
28°C at 200 rpm for up to 10 days. Daily samples from five 
independent replicates were taken for each strain–medium 
combination and vortexed, and the vial’s OD600 was measured. 
We also investigated colony development and morphology 
using solid media (PWG and XFM-pectin) by placing 20-μl 
drops of suspensions, which were allowed to form stripes or 
spread evenly, with a glass rod so that individual colonies 
could be observed. Microscopy was performed with an epi-
fluorescence stereomicroscope at the University of California–
Berkeley Biological Imaging Facility. 

Sedimentation assay. 
Sedimentation speed was studied by collecting cells from 

PWG plates and suspending them in sterile distilled water to 
an OD600 of 0.4. After vortexing, the tube’s cell density was 
measured every 5 min at OD600 for 35 min. 

Chromatography. 
Strains were grown in 100 ml of PW medium with or with-

out kanamycin for 10 days at 28°C and 160 rpm. The superna-
tant was collected by centrifugation followed by filtration with 
0.22-μm filters. The EPS were precipitated using ice-cold 
Ethanol and pellets resuspended in 1 ml of MilliQ water. EPS 
derivatization was performed as described by Gullberg and 
associates (2004), with minor modifications. Briefly, 100-μl 
aliquots of the media, gumD mutant, and wild type extract, or 

10 μl of gumH mutant extract, were dried under nitrogen 
stream. We used 10 μl of gumH mutant extract because this 
mutant produced a huge amount of cellobiose and we needed 
to avoid the detector saturation. The dried gum was mixed 
with 30 μl of methoxyamine hydrochloride solution in pyri-
dine (2%) and allowed to react for 17 h at room temperature. 
After methoximation, silylation reactions were induced by 
adding 80 μl of N-methyl-(N-trimethylsilyl) trifluoracetamide 
for 2 h at room temperature and 0.5 μl of derivatized sample 
was injected into the gas chromatograph–mass spectrometer 
(GC-MS) running in the full scan mode. 

Derivatized samples were analyzed using the Clarus 500 
GC-MS system (Perkin Elmer, Waltham, MA, U.S.A.) fitted 
with an HP-5MS column (cross-linked 5% Ph Me siloxane, 50 
m by 0.22 mm by 0.025-μm film thickness). The flow rate for 
the helium carrier gas was 0.7 ml/min. The following GC tem-
perature program was used: hold at 70°C for 5 min, then in-
crease to 180°C at a rate of 10°C/min, hold for 2 min, increase 
further to 220°C at 10°C/min, hold for 2 min, increase to 
300°C at 10°C/min, and finally hold for 15 min. The injector 
and the detector temperatures were 250 and 180°C, respec-
tively. 

GC-MS chromatograms were analyzed using TurboMass 
software (version 5.4.2; Perkin Elmer). Peak identifications 
were achieved using the National Institute of Standards and 
Technology (Gaithersburg, MD, U.S.A.) and Wiley 9th edition 
(John Wiley and Sons, Inc., Hoboken, NJ U.S.A.) mass spectra 
database libraries. 

Virulence to plants. 
Strains were inoculated (approximately 109 CFU/ml) into 

grapevine (Vitis vinifera ‘Cabernet Sauvignon’) with 00 ento-
mological pins by pricking (five times) a green stem tissue 
through a 20-μl suspension drop of the suspensions placed on 
the tissue (Hill and Purcell 1995). One site per plant was in-
oculated; each strain was inoculated into 12 plants. Symptoms 
were first evaluated 12 weeks after inoculation following the 
scale described by Guilhabert and Kirkpatrick (2005). We also 
estimated X. fastidiosa populations and its movement within 
the plants at 16 weeks post inoculation by culturing cells from 
the petiole of leaves immediately above inoculation site and 50 
cm above the inoculation site (Hill and Purcell 1995). 

Vector transmission. 
We collected adults of blue green sharpshooter leafhoppers, 

Graphocephala atropunctata (Signoret) (Hemiptera: Cicadelli-
dae), on riparian vegetation at the Russian river in Guerneville, 
CA. Insects were kept on sweet basil (Ocimum basilicum) and 
nymphs were transferred to healthy basil plants as needed. We 
used the second-generation adults to perform the transmission 
tests. General protocols for experiments were are previously 
published (Killiny and Almeida 2009b). Briefly, source grape 
plants were mechanically inoculated with either the wild type 
(Temecula) or one of the two mutants (gumD and gum H). After 
3 months, X. fastidiosa cells were cultivated from inoculated 
plants to confirm infection status; we also used immunocap-
ture PCR to confirm the results (Shapland et al. 2006). Two 
adult G. atropunctata were caged on each infected source plant 
for a 4-day pathogen acquisition access period. The insects 
were then transferred to healthy grape seedlings for a 4-day 
inoculation access period. Ten replicates were performed for 
each strain. Plants were maintained in the greenhouse for 3 
months, after which X. fastidiosa cells were cultivated from 
leaf petioles to estimate the transmission rate. 

We also used an artificial diet system to deliver transmissi-
ble cells to insect vectors (Killiny et al. 2012); this protocol is 
ideal for mutant strains that are poor plant colonizers, because 
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bacterial populations within plants are correlated to acquisition 
and subsequent inoculation efficiency (Hill and Purcell 1997). 
Cells grown on XFM-pectin medium were suspended in a diet 
solution and made available to insects between two stretched 
layers of parafilm. After a 6-h acquisition access period at 
room temperature, insects were transferred to healthy plants 
for a 4-day inoculation access period. We performed 25 repli-
cates for each treatment. The transmission rates were estimated 
as described above. 

Despite the advantages of this protocol, it is still possible 
that some successful inoculation events are not detected if the 
mutant strain is not capable of multiplying or moving within 
its host plant. Therefore, we also performed a follow-up ex-
periment in which insects were allowed to inoculate into an 
artificial diet instead of plants. After a 6-h acquisition access 
period, leafhoppers were transferred to sweet basil for up to 96 
h; at different time points, insects were removed from basil 
and transferred to X. fastidiosa-free artificial diets for a 5-h 
inoculation access period. The feeding period on basil allowed 
for cells to colonize vectors. The experimental design per-
mitted combined inference on patterns of vector colonization 
and inoculation over time for the two mutants in relation to the 
wild type. Twenty-five replicates were performed (five treat-
ments, 12 to 96 h); cells were detected in diet using PCR 
(Rashed et al. 2011). 

Gene expression quantification. 
qRT-PCR was used to estimate the expression level of a dif-

ferent group of genes in the wild type and gumD and gumH 
mutants. Those included genes implicated in cell-to-cell sig-
naling, carbohydrate degradation, cell movement, fimbrial and 
afimbrial adhesion, and EPS synthesis. RNA isolation, cDNA 
synthesis, and qPCR were performed as previously described 
(Chatterjee et al. 2008). Three biological replicates were used 
for each sample and three runs were performed for each repli-
cate. The 16S rRNA gene was used as an internal control for 
normalization among samples. 

Statistical analyses. 
For ELISA quantification of EPS, static and dynamic bio-

film formation, bacterial movement within plant, and bacterial 
growth curves, we used analysis of variance followed by a post 
hoc test (Tukey’s test, α = 0.05). For the insect transmission 
tests, we used a one to three contingency-table analysis followed 
by pairwise comparisons using Fisher’s exact test (α = 0.05) 
with Bonferroni’s correction to count multiple comparisons. 
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