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Surface adhesion strategies are widely employed by bacterial
pathogens during establishment and systemic spread in their
host. A variety of cell-surface appendages such as pili, fimbriae,
and afimbrial adhesins are involved in these processes. The phy-
topathogen Xylella fastidiosa employs several of these structures
for efficient colonization of its insect and plant hosts. Among
the adhesins encoded in the X. fastidiosa genome, three afim-
brial adhesins, XadA1, Hsf/XadA2, and XadA3, are predicted
to be trimeric autotransporters with a C-terminal YadA-anchor
membrane domain. We analyzed the individual contributions of
XadA1l,XadA2,and XadA3 to various cellular behaviors both in
vitro and in vivo. Using isogenic X. fastidiosa mutants, we found
that cell-cell aggregation and biofilm formation were severely
impaired in the absence of XadA3. No significant reduction of
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cell-surface attachment was found with any mutant under flow
conditions. Acquisition by insect vectors and transmission to
grapevines were reduced in the XadA3 deletion mutant. While
the XadA3 mutant was hypervirulent in grapevines, XadA1l or
XadA2 deletion mutants conferred lower disease severity than
the wild-type strain. This insight of the importance of these ad-
hesive proteins and their individual contributions to different
aspects of X. fastidiosa biology should guide new approaches to
reduce pathogen transmission and disease development.

Keywords: afimbrial adhesin, biofilm, phytopathogen, Pierce’s dis-
ease, YadA-anchor domain

Xylella fastidiosa is the causal agent of several important dis-
eases such as Pierce’s disease of grapevine (PD), citrus varie-
gated chlorosis, and olive quick decline syndrome in the United
States, Brazil, and Italy (Sicard et al. 2018). This bacterium
colonizes the xylem vessels of plants and the cuticular lining
of the foregut of xylem—sap feeding insects that serve as obli-
gate vectors, eventually forming persistent biofilm structures on
these surfaces (Chatterjee et al. 2008; Rapicavoli et al. 2018).
The biofilm structures are important for efficient retention and
transmission by insect vectors and are crucial for successful X.
fastidiosa plant colonization and virulence (Chatterjee et al.
2008; Killiny and Almeida 2014; Roper et al. 2019). Neverthe-
less, systemic spread through the xylem vessel network, which
is associated with symptom progression in grapevines, requires
dispersal of X. fastidiosa cells from biofilms as well as active
motility via twitching and degradation of pit membranes by
bacterial exoenzymes (Guilhabert and Kirkpatrick 2005; Meng
et al. 2005; Nascimento et al. 2016; Newman et al. 2004; Roper
et al. 2007). Accordingly, some X. fastidiosa mutants, such as
rpfF (Newman et al. 2004), hxfA and hxfB (Guilhabert and
Kirkpatrick 2005), and prtA (Gouran et al. 2016), defective in
cell-cell aggregation, surface attachment, or biofilm maturation,
display enhanced systemic colonization and a hypervirulent phe-
notype in susceptible plant hosts. In contrast, X. fastidiosa mu-
tants compromised in exopolysaccharides (EPS) production and
in biofilm formation present reduced virulence in grapevines.
These EPS mutants present very low cell populations within
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plants and reduced colonization compared with the wild-type
strain (Killiny et al. 2013).

Bacterial cell-cell aggregation and attachment to plant tis-
sues are mediated by cell surface—associated molecules, such
as adhesins and exopolysaccharides (Danhorn and Fuqua 2007;
Mhedbi-Hajri et al. 2011; Zaini et al. 2016). X. fastidiosa pos-
sesses several types of adhesins, including fimbrial adhesins of
the short (type I) and long (type IV) pili (Li et al. 2007) and
afimbrial adhesins, among them, the hemagglutinin-like pro-
teins HXfA and HxfB (Guilhabert and Kirkpatrick 2005; Voegel
et al. 2010), the autotransporter adhesin XatA (Matsumoto et al.
2012), and the Xanthomonas adhesin A-like orthologs XadAl
and XadA2 (previously called Hsf) (Caserta et al. 2010; Feil
et al. 2007). X. fastidiosa mutants defective in the type-1V pilus
adhesin are deficient in attachment to surfaces and thereby show
reduced twitching motility (Li et al. 2007). On the other hand,
mutants defective in the adhesin of type I pili do not aggregate on
glass surfaces (Feil et al. 2007). HxfA and HxfB mediate cell-cell
aggregation (Guilhabert and Kirkpatrick 2005) as well as adhe-
sion to insect foregut surfaces (Killiny and Almeida 2009b).

The XadA proteins are predicted to belong to the family of
trimeric autotransporter adhesins (TAA) (Caserta et al. 2010;
Mhedbi-Hajri et al. 2011). TAAs within gram-negative bacteria
comprise a family of cell-surface proteins that form homotrimers
presenting a similar head-stalk-anchor architecture. The pro-
totypical TAA is Yersinia adhesin A (YadA), in both Yersinia
enterocolitica and Yersinia pseudotuberculosis, which mediates
adhesion to the extracellular matrix components of eukaryotic
host cells and is essential for the resistance of these pathogens to
serum-induced bacterial lysis (Miihlenkamp et al. 2015). A com-
mon feature of the TAA monomers is a C-terminal YadA-anchor
domain that trimerizes, thus producing a -barrel structure serv-
ing as a transmembrane channel through which the passenger
domain is externalized. The passenger domain typically folds
as a coiled-coil stalk that projects the globular head away from
the bacterial outer membrane (Fan et al. 2016; Hartmann et al.
2012; Meuskens et al. 2019).

While XadAl is detected throughout the process of in vitro
biofilm development in X. fastidiosa citrus variegated chlorosis
strain 9a5c, XadA2 is detected primarily at later stages of biofilm
formation (Caserta et al. 2010). A XadA1 mutant exhibited re-
duced initial attachment to glass surfaces, compared with the
wild-type strain, and was less virulent to grapevines (Feil et al.
2007). XadA2 has been shown to be involved in X. fastidiosa
adhesion to and transmission by vectors; while XadA2 has an
affinity for plant and insect polysaccharides, it was not demon-
strated to influence cell aggregation in vitro (Esteves et al. 2020).
Transcription of xadA I and xadA?2 is upregulated in early stages
of biofilm formation (de Souza et al. 2005) as well as in bacte-
ria recovered from symptomatic periwinkle plants (de Souza
et al. 2003). XadAl is enriched in outer membrane vesicles
(OMV5s) produced by strain Temeculal pathogenic to grapevine
(Feitosa-Junior et al. 2019; Ionescu et al. 2014; Nascimento et al.
2016), apparently contributing to adherence of OMVs to sur-
faces. The X. fastidiosa genome encodes a third TAA protein,
XadA3, which is strongly bound to the cell membrane (Smolka
et al. 2003) and also detected in OMV-enriched fractions ob-
tained from both strains 9a5c and Temeculal (Feitosa-Junior
et al. 2019).

Despite efforts to better understand the roles of various ad-
hesins in X. fastidiosa, there are limited insights as to the relative
individual contributions of XadA1l, XadA2, and XadA3 to cell-
cell aggregation, biofilm formation, cell-surface interactions, in-
sect transmission, and virulence to plants. As these three XadA
proteins belong to the TAA family, we hypothesized they would
contribute equally to these various phenotypes, regardless of
being differentially expressed during biofilm formation or being
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found to be associated to OMVs. To address this question, we in-
vestigated these phenotypes in single knockout mutants of strain
Temeculal. We find that the X. fastidiosa TAAs contribute more
to cell-cell aggregation and biofilm formation than to surface at-
tachment when assayed under flow conditions mimicking their
habitat in plants and insects. We also show that, while deletion of
xadAl or xadA?2 attenuates X. fastidiosa virulence in grapevine,
xadA3 deletion elicits a hypervirulent phenotype and signifi-
cantly reduces insect transmission.

RESULTS

XadAl, XadA2, and XadA3 are TAAs.

A typical C-terminal YadA-like anchor membrane domain
(Pfam PF03895) was identified in XadA1 (PD0731) and XadA2
(PD0744) as well as in XadA3 (PD0824) protein sequences
of X. fastidiosa Temeculal, with Pfam E values of 8 x 1078,
4 x 1071, and 4 x 10~'8, respectively. TAA head and stalk
Pfam domains, termed YadA-head (PF05658) and YadA-stalk
(PF05662), respectively, were also identified in all three XadA
proteins (Fig. 1A), even if their relative positions and numbers
vary among them. The monomers of the three Temeculal TAAs
were computationally modeled using Phyre2 software (Kelley
et al. 2015), which uses homology detection methods to predict
the three-dimensional structure. The predicted models for the
three XadA proteins (Fig. 1B) reveal the YadA-anchor trans-
membrane domain and a coiled stalk typical of TAA family
members, with confidence >90% and coverage of 80, 22, and
40% of the protein sequence of XadAl, XadA2, and XadA3,
respectively. Altogether, analyses of the domain architecture of
XadAl, XadA2, and XadA3 as well as predictions of their tridi-
mensional structure strongly support conjectures that these pro-
teins are TAA family members.

The sequence lengths predicted for the three Temeculal TAA
proteins differ substantially (997, 2,504, and 1,315 amino acids
(aa) for XadAl, XadA2, and XadA3, respectively). The size
discrepancies are mostly due to differences in the length of
the segment encompassing the YadA-stalk and YadA-head do-
mains (Fig. 1A). Phylogenetic analysis of the YadA-anchor
domain reveals that the XadA2 and XadA3 YadA-anchor do-
main sequences group in a separate branch from XadAl and
distinct from the prototypical YadA-anchor domain from Y.
enterocolitica and Y. pseudotuberculosis (Fig. 1C). It is note-
worthy that orthologs of the three Temeculal XadAs were found
in the vast majority of complete or high-quality draft genomes
of X. fastidiosa publicly available (Uceda-Campos et al. 2022).
Despite variations in their sequence lengths among the many se-
quenced X. fastidiosa strains (815 to 1,004 aa for XadAl, 1,389
to 3,396 aa for XadA2, 940 to 1,440 aa for XadA3), the orthologs
of each XadA are relatively highly conserved and have overall
amino acid sequence similarities higher than 70% (not shown).

While a typical signal peptide was not clearly identified in
the N terminal of either XadA1 or XadA3 (SignalP likelihood =
0.1905 and 0.0088, respectively), such a sequence was predicted
with high confidence in XadA2 (SignalP likelihood = 0.8679).
Notwithstanding, all three XadA proteins were predicted to be
secreted by nonclassical pathways (SecP score = 0.93 to 0.96).
In silico analysis using the pSortB tool suggested that the sub-
cellular localization of XadA1 was both extracellular and in the
outer membrane, while XadA?2 and XadA3 were predicted to be
located exclusively in the outer membrane. The outer membrane
as the subcellular location for the various XadAs is supported
by experimental evidence that shows that XadA1, XadA2, and
XadA3 are, respectively, enriched in the outer membrane pro-
tein fraction (Ionescu et al. 2014; Nascimento et al. 2016), in the
cell surface (Caserta et al. 2010), and strongly bound to the cell
membrane (Smolka et al. 2003).



XadA mutants differ in cell-cell aggregation,
biofilm formation and metility phenotypes.

The functional properties of the three XadA proteins
were evaluated by assessing various phenotypes exhibited by
AxadAl, AxadA2,and AxadA3 deletion mutants compared with
the parental wild-type strain (WT). To quantify cell-cell aggre-
gation, equivalent concentrations of culture suspensions were
monitored for precipitation of cell aggregates (autoaggregation)
as a function of incubation time. Cells of the AxadA3 mutant
were found to sediment much more slowly than that of WT cells,
indicative of reduced cell-cell aggregation (Fig. 2A and B). In
contrast, cells of the AxadAl and AxadA2 mutants clumped
together and sedimented slightly faster than the WT strain, sug-
gesting enhanced autoaggregation properties (Fig. 2B).

All three XadA mutants, most notably AxadA2 and AxadA3,
exhibited less biofilm formation on both glass and plastic sur-
faces after growth in periwinkle wilt medium (Davis et al. 1981)
containing 0.5% glucose without bovine serum albumin (PWG)
for 14 days (Fig. 2C and D). Unlike WT, none of the three mu-
tant strains formed a robust biofilm on the sides of broth culture
flasks within 7 days of growth (Supplementary Fig. S1). While
each of the three AxadA mutants eventually formed at least a
small biofilm at the liquid-air interface after longer incubation
times (> 14 days), these biofilms were less abundant than that of
the WT strain and a much larger fraction of the AxadA mutant
cells remained planktonic in the cultures (Supplementary Fig.
S1).

We assayed surface adhesion using microfluidic chambers that
mimic the flow conditions from xylem vessels (about 5 mm/s)
and insect mouthparts (about 500 mm/s). Tracking of individual
cells under increasing flow speeds revealed that the three xadA
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deletion mutants retained their ability to bind and resist detach-
ment due to liquid flow forces similarly to WT. Only small reduc-
tions in the proportion of cells that adhered at the highest flow
rates were observed, particularly for AxadA2 (Supplementary
Fig. S2A). The lack of contribution of XadA3 to surface attach-
ment was further confirmed in studies in which we incubated the
WT strain with anti-XadA3 serum. No difference in the attach-
ment of cells exposed to pre-immune serum and anti-XadA3
antibodies was observed (Supplementary Fig. S2B), indicat-
ing that blocking XadA3 does not alter cell-to-surface adhesion
significantly.

Twitching motility can be detected as peripheral fringes that
form around colonies on agar plates. All three AxadA mutants
as well as the WT strain exhibited twitching motility activity
and it was found to be more pronounced in colonies on PIM6
medium (Fig. 3) than on PWG (not shown). It is noteworthy that
both AxadA2 and AxadA3 formed much wider colony fringes
on PIM6 medium than did either the WT or the AxadA I mutant,
suggesting that their active movement across the agar surface
was less hindered by adhesion.

XadA3 deletion impairs insect transmission and
elicits hypervirulent phenotype in grapevine.

The role of the XadA proteins in the combined processes of in-
sect bacterial acquisition and efficiency of transmission to plants
was assessed using an artificial diet system under controlled
conditions in vitro (Killiny and Almeida 2009a). Transmission
of mutants AxadAl and AxadA2 were reduced on average by
32 and 43%, respectively, when compared with the WT strain
(Fig. 4A). Remarkably, insect transmission of the AxadA3 mu-
tant was nearly completely abolished (Fig. 4A).
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Fig. 1. Trimeric autotransporter adhesins (TAA) of Xylella fastidiosa. A, Pfam domains identified in XadA1, XadA2, and XadA3 from the Temeculal strain.
The C-terminal YadA-anchor membrane domain is indicated in red. The blue and green blocks indicate YadA-head and YadA-stalk Pfam domains, respectively.
An amino acid scale is shown below the XadA domain architecture schemes. The black block in XadA2 indicates signal peptide. The gene IDs for each XadA are
from the Temeculal original genome annotation. B, Structure prediction of TAA monomers modelled by Phyre2 software. Images are rainbow-colored from N
(blue) to C (red) terminus. Regions of YadA-anchor, YadA-stalk, and YadA-head are noted. C, The maximum likelihood phylogenetic tree built from alignment
of the YadA-anchor domain sequences of XadAl, XadA2, and XadA3 (written in blue) and YadA-anchor domains from proteins of the indicated bacterial
species. Bootstrap confidence values at the branches were based on 1,000 replications. A branch length of 0.2 substitution per site is given to phylogenetic

distances.
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In addition to their interaction with the insect vectors, disease
development in the plant host was also monitored after inoc-
ulation with the AxadA mutants. The contribution of XadAs
to X. fastidiosa virulence was evaluated by comparison of the
severity of PD symptoms as a function of time after inoculation
with WT or each of the three xadA deletion mutants into the
base of susceptible grapevines. Plants inoculated with AxadAl
and AxadA2 mutants showed about twofold fewer symptomatic
leaves than that in plants inoculated with the WT strain at all sam-
pling periods. On the other hand, plants inoculated with AxadA3
showed increased disease severity (about 2.5-fold more symp-
tomatic leaves) at all sampling periods compared with the WT
strain (Supplementary Fig. S3). Assessment of area under dis-
ease progress curves (AUDPC) for the various strains revealed
that disease severity conferred by the AxadA3 mutant was sig-
nificantly higher than that of the WT strain (Fig. 4B).

Cell aggregation assay

Biofilm formation assay

Wl
s N’ \ S
Blank WT AxadA1 AxadA2 AxadA3

Deletion of xadA genes cause small but
highly relevant changes in gene expression profiles.

To determine if the deletion of a given xadA locus would in-
terfere with other cellular processes besides the putative primary
function of TAA-mediated adhesion, we compared the gene ex-
pression profiles of the three AxadA mutants and WT (strain
Temeculal) cultivated in PWG broth for 7 days by RNA-seq.
The fragments per kilobase per million reads (FPKM) and tran-
scripts per million reads (TPM) values for each gene in each
biological replicate of each strain are listed in Supplementary
Tables S1 and S2. TPM averages revealed that about 93% of
the expressed transcripts (TPM > 0) recovered from the AxadA
mutants and the WT strain (totaling 1,944 genes) were similar
(Fig. 5A). As expected, transcripts corresponding to the deleted
gene were absent in the respective AxadA mutant (Fig. 5B). Im-
portantly, the TPM counts observed for xadAl transcripts were
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Fig. 2. Cell aggregation and biofilm formation by Xylella fastidiosa AxadA mutant strains. A, Cell-cell aggregation phenotype of X. fastidiosa wild type (WT)
and mutant strains after incubation for 24 h in a periwinkle wilt medium (Davis et al. 1981) containing 0.5% glucose without bovine serum albumin (PWG)
broth. B, Percentage of X. fastidiosa cells remaining in suspension in still cultures as a function of time after growth in PWG broth. The arrow indicates 24 h
after the start of the assay. Shown is the mean = standard deviation (SD) of three biological replicates with three technical triplicates each. C, Biofilm formed by
WT and mutant strains grown in PWG broth for 14 days in glass tubes and then stained with 0.1% crystal violet. D, Biofilm formed by WT and mutant strains
grown in PWG broth in glass tubes or 96-well plastic plates for 14 days and assessed by crystal violet staining. Shown is the mean & SD of three biological
replicates with three technical triplicates each, normalized for that of the WT strain. Values significantly (P < 0.01 in a homoscedastic ¢ test) different from

WT are noted with an asterisk.

Fig. 3. Twitching motility of wild type (WT) and AxadA mutants. Images show colonies of WT and AxadA mutants grown on PIM6 medium. Colonies were
observed after incubation for 7 days at 28°C. Scale bar = 200 pm.
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13.9- and 24.7-fold higher in AxadA2 and AxadA3 mutants, re-
spectively, compared with the WT strain. Similarly, the xadA3
TPM counts were 25.6-fold higher in the AxadA2 mutant than
that in the WT strain. Conversely, xadA2 and xadA3 transcript
abundance in the AxadAl mutant did not differ from that in
the WT strain (Fig. 5B). It thus appears that the loss of xadA2 or
xadA3 causes a corresponding increase in expression of the other
gene encoding a TAA adhesin, which could not be observed for
the loss of xadAl.

Only a few other genes were identified as differentially ex-
pressed (P < 0.05) in the AxadA mutants (Fig. 5C) according to a
conservative analysis of the transcriptome sequences. Only three
genes were upregulated in the AxadAl mutant compared with
the WT, while 23 genes were upregulated and three were down-
regulated in the AxadA2 mutant, and 27 were upregulated and
four were downregulated in the AxadA3 mutant compared with
the WT strain (Supplementary Tables S3, S4, and S5). The li-
pase/esterases LesA (PD1703) and LesB (PD1702) were among
the few genes that were upregulated in all three AxadA mu-
tants relative to WT. Other upregulated transcripts in one or both
AxadA2 and AxadA3 included those encoding ribosomal pro-
teins, outer membrane protein W (PD1807), cell wall-associated
hydrolase (PD1517), and fimbrillin FimA (PD0062). The tran-
script for the secreted protease PrtA (PD0956) was upregulated
in both AxadA 1 and AxadA3.

DISCUSSION

The three genes encoding typical TAAs, named XadAl,
XadA2, and XadA3, are highly conserved among the X.
fastidiosa genomes (Uceda-Campos et al. 2022). These pro-
teins are membrane-associated and are located at the cell surface
(Caserta et al. 2010; Feitosa-Junior et al. 2019; Ionescu et al.
2014; Nascimento et al. 2016; Smolka et al. 2003), as predicted
by in-silico analyses. Both XadA1 and XadA2 had previously
been shown to be involved in biofilm formation (Caserta et al.
2010; Feil et al. 2007), and XadA2 was shown to be involved
in vector transmission and binding to host polysaccharides
(Esteves et al. 2020). Here, we show that XadA3 strongly con-
tributes to both cell-cell aggregation and to biofilm formation on
both glass and plastic surfaces. This finding supports the previ-
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ous observation that XadA3 transcript abundance was reduced
in the biofilm-deficient X. fastidiosa prtA mutant (Gouran et al.
2016). Our results also confirm a distinct role for both XadAl
and XadA?2 in biofilm formation but not in cell-cell aggregation,
since their abolishment did not reduce the sedimentation of cell
suspensions. Moreover, given that the adhesion of all AxadA
mutants to surfaces under flow conditions was not appreciably
impaired, the reduced biofilm formation observed, most appar-
ent in AxadA3, is likely due to its deficiency in cell-cell aggre-
gation and not in attachment of cells to the artificial surfaces
tested. Further support for this assumption is provided by the
demonstration of the preferential localization of XadA3 on the
cell surface when in contact with other cells but not at the cell
poles. Other X. fastidiosa proteins also exhibit localized distribu-
tion within the cell. For example, the adhesive chaperone-usher
pili (type I pili) that confer strong surface attachment under flow
conditions (De La Fuente et al. 2007) is located at the cell poles.
It remains unclear what processes might mediate the apparent
localization of XadA3 to points of contact with other cells.
Additional evidence for the role of XadA3 in cell-cell ag-
gregation is suggested by the observation that its transcript is
upregulated in AxadA2, whose cells clump faster in suspen-
sion than either AxadA3 or the WT strain. Curiously, AxadAl
cells also aggregated faster than WT cells, yet neither xadA3
nor other adhesins transcripts were upregulated in this mutant.
Thus, we speculate that XadA1 has a suppressive effect on cell-
cell adhesion. We cannot ignore the fact that, although AxadA3
exhibits both reduced cell-cell aggregation and biofilm forma-
tion under our experimental conditions, both xadAl and xadA2
transcripts are upregulated in this mutant. Elevated expression
of both adhesins could at least partially compensate for the ab-
sence of XadA3, but, as we have shown here, AxadA3 is greatly
impaired in biofilm formation. It should be noted that, although
glass surfaces are routinely employed in studies of surface at-
tachment and biofilm formation (Chen and De La Fuente 2020;
De La Fuente et al. 2007; Ionescu et al. 2014; Lorite et al.
2013; Meng et al. 2005), they might not mimic the surfaces
in plants and insects to which X. fastidiosa interacts. It remains
to be explored if the various XadA proteins differ in their bind-
ing affinity to the chemically distinct surfaces in insects and
plant tissues. Such differences might be expected and could

5

0

0

mnnl

AxadA1 AxadA2 AxadA3 Control

Fig. 4. Insect transmissibility and virulence of Xylella fastidiosa AxadA mutants in grapevine. A, Transmission efficiency by insect vectors, shown as the
percentage of the 24 plants exposed to Graphocephala atropunctata that had fed on the various X. fastidiosa strains shown on the abscissa that subsequently
harbored detectable cells of the pathogen. Values significantly different from wild type (WT) are noted with an asterisk (P < 0.01 in a homoscedastic ¢ test). B,
Virulence of WT and xadA mutants in grapevines. Shown is the area under the disease progress curve (AUDPC) calculated from the number of symptomatic
leaves from each of 12 replicate plants for each strain that showed symptoms of Pierce’s disease when assessed at various times after inoculation. The disease
progress curve is shown in Supplementary Figure S3. The vertical bars indicate the standard error of the mean. Values different from WT are noted with an

asterisk (P < 0.06 in a homoscedastic 7 test).
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explain the apparent differential roles XadA proteins play on
cell adhesion to glass surfaces. In support of such a conjecture,
XadA2 was recently shown to have an important role in the
binding to and biofilm formation of X. fastidiosa subsp. pauca
on insect vector surfaces (Esteves et al. 2020). Further eluci-
dation of a selective role of the XadAs in various disease pro-
cesses would facilitate strategies focused on disruption of pro-
cesses such as transmission of the pathogen to achieve disease
control.

Surprisingly, the XadA deletion mutants differed in their ac-
tive motility by twitching. Elimination of XadA1 had little effect
on twitching motility, apparently since it, at least in part, is se-
creted as a component of OMVs (Caserta et al. 2010; Ionescu
et al. 2014) and appears to have a little positive role in cell-cell
contact. The enhanced motility of AxadA2 and AxadA3 sug-
gests that these adhesins inhibit twitching, perhaps because of
their primary role of facilitating cell-cell contact. It seems likely
that twitching would be less successful when cells are linked
together. Movement mediated by retraction of the type IV pili
would need to be coordinated, in such a scenario, for linked
cells to move. AxadA2 and AxadA3 mutants, by being more in-
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dependent of each other in colonies, due to the absence of these
adhesins, might thus be less-impaired in their exploration of their
local environment by twitching.

The localized distribution of XadA3 on the cell surface might
explain why the AxadA3 mutant was not efficiently transmit-
ted to new plants with the same efficiency as the wild-type
strain. Acquisition of and retention of cells by the insect vec-
tor is an important first step in the transmission process (Killiny
and Almeida 2009b). Since cells align polarly in the foregut
of vectors (Almeida and Purcell 2006; Newman et al. 2004),
the lack of one of the lateral adhesins important for binding
of pathogen cells to each other might make them more prone
to being displaced and eliminated by the rapid xylem sap flow
during insect feeding (Ranieri et al. 2020). Conversely, the re-
duced ability to form biofilms within the plant would facili-
tate the spreading of the bacteria and colonization of the host,
thus increasing the virulence of the pathogen (Lindow et al.
2014). Indeed, the AxadA3 mutant incited significantly higher
numbers of symptomatic leaves than the WT strain, suggest-
ing that it moved more readily within the plant. The roles of
TAAs in X. fastidiosa biology are thus complex, with apparently
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Fig. 5. Gene expression profiles of xadA mutants. Gene expression profiles of the three AxadA mutants and wild type (WT) Temeculal strain cultivated in
periwinkle wilt medium (Davis et al. 1981) containing 0.5% glucose without bovine serum albumin (PWG) broth for 7 days were assessed by RNA-seq. A,
Venn diagram of expressed genes in the WT and AxadA mutant strains. B, Effect of each individual xadA gene deletion on expression of the xadA transcripts
based on transcripts per million reads (TPM). C, Heatmap of differentially expressed genes in AxadA mutants. Expression ratios were calculated between
each AxadA mutant and the WT. Genes significantly (P < 0.05) up- and downregulated in AxadA mutants are represented in red and blue, respectively. Genes

considered not differentially expressed are colored gray.
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conflicting roles in insect acquisition and retention and in plant
virulence (Fig. 6). The relatively large number of adhesins in
X. fastidiosa might enable more nuanced regulation of the ad-
hesiveness of cells in different biological contexts. Further ex-
ploration of the expression of these adhesins and the properties
of cells recovered directly from plants and insects should prove
illuminating.

Analysis of the gene expression profiles of the various AxadA
mutants provided insights that help explain the phenotypes as-
sociated to the loss of a particular XadA protein. Although the
absence of a given XadA resulted in somewhat different effects
on cell aggregation, biofilm formation, and motility, the expres-
sion of lesA and lesB was increased in all cases. Lipase/esterase
LesA has been identified as a secreted X. fastidiosa virulence
factor associated with its OMVs and linked to the symptoms of
leaf scorching and chlorosis (Nascimento et al. 2016). AxadA3,
having the highest differential expression of LesA of the AxadA
mutants, also produced higher leaf-scorch symptoms on inocu-
lated plants. It is possible that some of the differences in viru-
lence observed in the AxadA mutants might be due to secondary
effects of genes whose expression is linked to features of the
cell envelope. Considering that other afimbrial and fimbrial ad-
hesin mutants have been shown to be deficient in biofilm forma-
tion (Feil et al. 2007; Guilhabert and Kirkpatrick 2005; Li et al.
2007), a phenotype shared to some degree with the AxadA mu-
tants examined here, it becomes evident that no single adhesin is
sufficient for biofilm development and, instead, that several are
necessary for X. fastidiosa to produce a robust surface-attached
biofilm. This is relevant because biofilm formation is a key pro-
cess in X. fastidiosa colonization of plant hosts and insect vectors
(Chatterjee et al. 2008; Killiny and Almeida 2009b; Rapicavoli
etal. 2018; Sicard et al. 2018). Understanding the importance of
adhesive proteins and their individual contributions to different
aspects of X. fastidiosa biology can guide new approaches to
block vector transmission (Labroussaa et al. 2016; Killiny et al.
2012) and control disease development.
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Fig. 6. A model for trimeric autotransporters adhesins roles in Xylella
fastidiosa. XadAl, XadA2, and XadA3 are depicted as icons in different
colors and sizes in the surface of a X. fastidiosa cell and in the surface of
outer membrane vesicles (OMYV). Short and long pili are generally located at
one pole of a X. fastidiosa cell as represented in the scheme. Increase (arrows)
or reduction (bar-headed lines) effects in the various cellular behaviors of
X. fastidiosa both in vitro and in vivo for the distinct XadA are indicated
using the same color of XadA icons. The different lengths of the arrows
reflect the relative contribution of the particular adhesin to the process being
depicted. Created with BioRender.

MATERIALS AND METHODS

Bacterial strains.

The bacterial strains and plasmids used in this work are listed
in Supplementary Table S6. WT strain X. fastidiosa Temeculal
was used in all experiments. AxadAl (PD0731) (Ionescu et al.
2014), AxadA2 (PD0744), and AxadA3 (PD0824) mutants were
constructed by transforming the WT strain with constructs de-
rived from pFXFkan (de Souza et al. 2013). To generate pFXF1
(xadAl::kanR) (Ionescu et al. 2014), pFXF2 (xadA2::kanR), and
pFXF3 (xadA3::kanR), regions (900 to 1,000-bp) flanking the
target locus were amplified from the Temeculal genome using
primers listed in Supplementary Table S7 and were cloned in
pFXFkan flanking the kanamycin-resistance gene. The suicide
vector constructs were transformed in WT utilizing its natural
competence (Kung and Almeida 2011). Transformed cells were
plated on PW (periwinkle wilt medium) (Davis et al. 1981) with
1% Gelrite (Merck, Darmstadt, Germany) supplemented with
kanamycin. After 2 to 3 weeks of incubation at 28°C, kanamycin-
resistant colonies were verified for the deletion of xadA 1, xadA2,
or xadA3, using the primers listed in Supplementary Table S7.
Gene deletion was confirmed by sequencing the PCR product
amplified from genomic DNA purified from the selected mutant
strains. Loss of the respective XadA protein in each deletion mu-
tant was further confirmed with anti-XadAl, anti-XadA2, and
anti-XadA3 polyclonal antibodies (Supplementary Fig. S4).

X. fastidiosa culture conditions.

X. fastidiosa strains were routinely cultured in PWG medium
(Davis et al. 1981) for 7 to 21 days at 28°C in a rotary shaker
(100 to 170 rpm) or in PW with 1% Gelrite (Merck, Darmstadt,
Germany) for 7 to 21 days at 28°C. Strains were cultured on agar
plates of PWG or PIM6 medium (Ionescu et al. 2014) for 7 days
at 28°C for observation of twitching motility on the peripheries
of the colonies, using a dissecting microscope.

Biofilm formation.

Biofilm formation was assessed in both 96-well plates and
glass tubes as previously described (Fogaca et al. 2010; Zaini
et al. 2009). Seven-day-old bacterial cultures with optical densi-
ties at 600 nm (ODgoonm) adjusted to 0.05 and 2 ml of bacterial
suspensions were transferred to glass tubes and were incubated
for 14 days at 28°C in a rotary shaker (170 rpm). Planktonic
cells and medium were discarded, and the remaining biofilm
was carefully rinsed twice with distilled water and was stained
for 20 min with 2.5 ml of 0.1% aqueous crystal violet solution.
Tubes were rinsed twice; biofilm was dispersed with 2 ml of 1%
sodium dodecy] sulfate (SDS) and the absorbance at 595 nm was
determined. For assays in 96-well plates, 150 w1 of bacterial cul-
ture (ODgoonm = 0.05) was transferred to wells and the plate was
incubated for 14 days at 28°C in a rotary shaker (170 rpm). Af-
ter staining with aqueous crystal violet as above, absorbance at
595 nm was determined with a SpectraMax Paradigm (Molecu-
lar Devices, San Jose, CA, U.S.A.).

Cell-cell aggregation.

Cell-cell aggregation was accessed in agglutination assays
as described before (Guilhabert and Kirkpatrick 2005). Briefly,
bacterial suspensions in PWG were adjusted to ODgyonm = 2.0,
2 ml was transferred to 15-ml tubes, and was maintained
without shaking at room temperature. After various incuba-
tion times, 1ml was withdrawn from the upper half of the
tube and the ODggonm Was evaluated. Statistical significance be-
tween samples was determined at P < 0.01 in a homoscedastic
1 test.
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Cell-surface attachment in microfluidic chambers.

Polydimethylsiloxane-borosilicate glass chambers containing
observation channels of 50 x 100 wm were built, as described
by Meng et al. (2005), using a spin-coated photoresist wafer
mold purchased from the McGill University Advanced Nano
Design Applications Facility. Cell-surface attachment assays
were performed as previously described (De La Fuente et al.
2007) with modifications. The chamber was filled with a flow of
PWG prior to injection of 200 11 of a cell suspension (107 cells
per milliliter). Unbound cells were removed by slowly passing
medium (3 mm/s) through the chamber, resulting in approxi-
mately 50 cells remaining in an observation field. After 15 min
under the initial flow condition, the remaining bound cells were
photographed and were tracked individually during subsequent
5-min steps in which flow speed was increased incrementally
from 3 to 700 mm/s, which are biologically relevant speeds
yet potentially below maximum speeds estimated within insects
(Ranieri et al. 2020). At the end of each flow interval, cells were
photographed and counted. In assays to verify the effect of anti-
XadA3 on attachment, cells were incubated for 30 min with anti-
Xad3 serum (1:100), pre-immune serum (1:100), or phosphate
buffered saline, before injection into the chamber. Statistical sig-
nificance between samples and control was determined at P <
0.02 in a homoscedastic ¢ test.

Immunodetection of XadA proteins.

For immunoblotting, bacterial cell pellets were lysed by
sonication in cold lysis buffer (50 mM Tris [pH 8.0], 10%
glycerol containing Roche complete protease inhibitor [Merck,
Darmstadt, Germany]), 10 g of total protein were separated by
10% SDS-polyacrylamide gel electrophoresis (Laemmli 1970)
and were electro-blotted onto nitrocellulose membrane (Kurien
and Scofield 2003). Membranes were probed for 16 h at 8°C with
anti-XadA1 (1:10,000), anti-XadA2 (1:400), and anti-XadA3
(1:2,000) antisera diluted in TBST (200 mM Tris-HCI [pH 7.4],
150 mM NaCl, 0.1% Tween 20) with 5% nonfat powdered milk.
Membranes were washed six times for 5 min each with TBST
at 22°C and were incubated with IRDye800CW anti-rabbit
immunoglobulin G secondary antibody (Li-Cor, Lincoln, NE,
U.S.A)) at 1:15,000 for 1 h at 22°C. After several washes
with TBST, images were captured in an Odyssey infrared
imaging system (Li-Cor). Polyclonal antibodies anti-XadAl
and anti-XadA2 were obtained in rabbits (Caserta et al. 2010).
Anti-XadA3 was obtained in rabbits by injection of purified
recombinant protein corresponding to a 451-aa fragment of the
N-terminal portion of XadA3. The recombinant protein (about
46 kDa) with a His-tag on its C terminal was obtained by cloning
the N-terminal sequence of xadA3 (XF1981) encoded in the
X. fastidiosa 9a5c genome (Simpson et al. 2000) in Novagen
pET28a and expression in Escherichia coli BL21-Gold (DE3)
(Agilent Technologies, Santa Clara, CA. U.S.A.).

Plant inoculation and insect transmission.

Vitis vinifera Cabernet Sauvignon seedlings were grown in a
greenhouse to a height of 50 cm and were mechanically inocu-
lated with the WT and mutant strains of X. fastidiosa, using deli-
cate perforations at the base of a petiole after adding a drop (5 i)
of bacterial cell suspension (108 cells per milliliter) as described
(Baccari and Lindow 2011). The number of symptomatic leaves
(exhibiting loss of chlorophyll and death of the leaf margins) was
counted weekly, starting at 7 weeks after inoculation (Ionescu
et al. 2013). AUDPC was calculated (Simko and Piepho 2011)
from the number of symptomatic leaves of each plant. For insect
transmission assays, 30 to 40 insects (Hemiptera, Cicadellidae,
Graphocephala atropunctata, blue-green sharpshooter) were
fed on an artificial diet device with a given bacterial strain for
3 days, as before (Baccari et al. 2014; Labroussaa et al. 2016;
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Killiny and Almeida 2009a). The insects were then transferred
to an uninfected plant for an inoculation access period of 7 days.
After this inoculation period, these plants were kept in a green-
house for atleast 8 weeks. Presence of X. fastidiosa in grapevines
was determined by culturing of petiole macerates in PW plates
and diagnostic PCR. Twenty-four plants were exposed to vectors
for each X. fastidiosa strain in each of two biological replicates.
Statistical significance between samples was determined at
P < 0.05 in a homoscedastic 7 test.

Transcriptome analysis.

Total RNA was isolated from 50 ml of X. fastidiosa cultures
(WT, AxadAl, AxadA2, and AxadA3) using Trizol reagent and
Pure Link RNA mini kit (Thermo Fisher Scientific, Waltham,
MA, U.S.A.). RNA samples (15 png) were further purified with
Illustra RNASpin Mini RNA isolation Kit (GE Healthcare Life
Sciences, Marlborough, MA, U.S.A.) for removal of residual ge-
nomic DNA. Ribosomal RNA (rRNA) was removed from RNA
samples (5 pg) with Ribo-Zero rRNA removal kit (Illumina, San
Diego, CA, U.S.A.), and RNA was immediately used for prepa-
ration of RNA-seq libraries, using the Illumina TruSeq RNA
sample preparation kit v2 (Illumina). The libraries were paired-
end sequenced with a MiSeq-Illumina platform using the MiSeq
Reagent kit v2 (500-cycle format). When required, the concen-
tration of RNA samples was evaluated as the absorbance at 260,
280, and 230 nm on a NanoDrop ND-2000 Spectrophotometer
(Thermo Fisher Scientific) or with Quant-iT RiboGreen RNA
assay kit (Thermo Fisher Scientific). RNA integrity (RIN > 7.5)
and rRNA depletion efficiency were verified by electrophoresis
on a 2100 Bioanalyzer (Agilent Technologies). FASTQ files of
Illumina paired-end reads (2 x 250 bp) were processed on CLC
Genomics Workbench version 6.5 (Qiagen, Hilden, Germany)
for quality-filtering (quality score > 30) and adapters removal.
Contaminant rRNA sequences in some of the complementary
DNA libraries were removed using riboPicker (Schmieder et al.
2011). Filtered reads were mapped on the Temeculal genome
(Van Sluys et al. 2003), which was reannotated using the In-
tegrated Microbial Genomes and Microbiomes (IMG/M) data
management system (Chen et al. 2019) and FPKM (Mortazavi
et al. 2008) values for each transcript were exported from
the CLC Genomics Workbench. TPM values were obtained
through the conversion from FPKM values using the equation
TPM; = 10° x (FPKM; + YFPKM;), as described by Zhao et al.
(2020). Genes differentially expressed between a mutant strain
(AxadAl, AxadA2, AxadA3) and the WT were identified us-
ing the DESeq2 R package (Love et al. 2014), using RNA-seq
data from two biological replicates. Genes presenting log, fold
change with an adjusted P value < 0.05 were assigned as differ-
entially expressed. Heatmap and Venn diagrams were generated,
respectively, with seaborn and Venn Python libraries using plot-
ting library matplotlib (Python-Core-Team 2015).

Analyses of protein sequences.

Protein domain analysis was performed using Pfam release
33.1 (El-Gebali et al. 2019). Subcellular localization of pro-
teins was predicted with SignalP v5.0 (Armenteros et al. 2019),
SecretomeP v2.0 (Bendtsen et al. 2005), and PSORTD v3.0 (Yu
et al. 2010) servers. Protein structure three-dimensional models
were obtained with Phyre2 Protein Homology/analogY Recog-
nition Engine v2.0 (Kelley et al. 2015). YadA-anchor domains
of selected bacterial species were used to construct a maximum
likelihood—based tree, using 1Q-Tree v1.6 software (Nguyen
et al. 2015).

Availability of sequence data.
Transcriptome sequencing (RNA-seq) data reported in this
work have been deposited in the National Center for Bio-



technology Information Short Read Archive database under Bio-
Project accession number PRINA667756. Reannotation of X.
fastidiosa Temeculal genome (Van Sluys et al. 2003) is avail-
able at IMG/M (Chen et al. 2019) under taxon ID 2514752010.
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