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Abstract

The plant-pathogenic bacterium Xylella fastidiosa is a major threat to
agriculture and the environment worldwide. Recent devastating outbreaks in
Europe highlight the potential of this pathogen to cause emergent diseases.
X. fastidiosa subsp. multiplex ESVL and IVIA5901 strains that belong to
sequence type 6 were isolated from almond orchards within the outbreak
area in Alicante province (Spain). Both strains share more than 99% of the
chromosomal sequences (average nucleotide identity), but the ESVL strain
harbors two plasmids (pXF64-Hb_ESVL and pUCLA-ESVL). Here, viru-
lence phenotypes and genome content were compared between both strains,
using three strains from the United States as a reference for the phenotypic
analyses. Experiments in microfluidic chambers, used as a simulation of
xylem vessels, showed that twitching motility was absent in the IVIA5901
strain, whereas the ESVL strain had reduced twitching motility. In general,
both Spanish strains had less biofilm formation, less cell aggregation,

and lower virulence in tobacco compared with U.S. reference strains.
Genome analysis of the two plasmids from ESVL revealed 51 unique coding
sequences that were absent in the chromosome of IVIA5901. Comparison of
the chromosomes of both strains showed some unique coding sequences and
single-nucleotide polymorphisms in each strain, with potential deleterious
mutations. Genomic differences found in genes previously associated with
adhesion and motility might explain the differences in the phenotypic traits
studied. Although additional studies are necessary to infer the potential role
of X. fastidiosa plasmids, our results indicate that the presence of plasmids
should be considered in the study of the mechanisms of pathogenicity and
adaptation in X. fastidiosa to new environments.

Keywords: almond leaf scorch, biofilm, Prunus dulcis, quarantine, viru-
lence, xylem

Xylella fastidiosa is a gram-negative, xylem-limited bacterium
native to the Americas that is transmitted exclusively in nature by
xylem fluid-feeding insects (Almeida et al. 2019; Sicard et al. 2018).
Currently, the X. fastidiosa host range exceeds 600 plant species
(Delbianco et al. 2022). The bacterium causes a variety of diseases
in crops of high economic importance, including grapevine (Pierce’s
disease), citrus (citrus variegated chlorosis), almond (almond leaf
scorch), olive (olive quick decline syndrome), and oaks (oak leaf
scorch), with a huge economic impact on agriculture, public gar-
dens, and the environment (Saponari et al. 2017). X. fastidiosa is
a genetically diverse species made up of basically three subspecies
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and multiple genetic lineages grouped as sequence types (STs)
(Denancé et al. 2019; Marcelletti and Scortichini 2016). Although
each ST may have a different host range, there is some overlap, with
some STs infecting several important host crops (Delbianco et al.
2022; Nunney et al. 2019; Sicard et al. 2018).

In Europe, where X. fastidiosa has been categorized as a quaran-
tine pathogen since 1989, the bacterium was not detected in nature
until 2013, when an outbreak of X. fastidiosa on olive trees was
reported in the Salento region of Italy (Saponari et al. 2017). The un-
precedented massive mortality of olive trees in that area heightened
concerns on the risk of X. fastidiosa spreading across Europe. As a
result, mandatory surveys of EU member states were conducted, re-
vealing that the bacterium was also established in agricultural fields
and natural environments in the Balearic Islands and Alicante, Spain
(Moralejo et al. 2020); Tuscany, Italy (Saponari et al. 2019); Corsica
and the Provence-Alpes-Cote d’Azur region, France (EFSA PLH
et al. 2019); and Vila Nova de Gaia, Portugal (EFSA PLH et al.
2019).

The adaptability of this bacterium to colonize new hosts and
environments has been associated with its ability to acquire new
genetic information (Potnis et al. 2019), which has been proposed
as one of the causes of the emergence of new diseases caused by
this plant pathogen (Vanhove et al. 2019). The presence of mo-
bile genetic elements in X. fastidiosa strains that are an important
source of diversity, such as plasmids, prophages, insertion sequence
elements, and transposons, suggests active horizontal gene transfer
(Monteiro-Vitorello et al. 2005), which, together with its natural
competence ability, plays an important role in the genetic diversity
of X. fastidiosa strains (Kandel et al. 2017).

Plasmids have a dominant role in the horizontal transfer of ge-
netic information among bacteria, allowing DNA transfer between
genera, phyla, and even major domains (Sgrensen et al. 2005). Sev-
eral studies have shown that some plasmids may confer adaptative
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traits, the acquisition of virulence genes, or the capacity to take
new genes from the environment through the conjugative type IV
secretion system (Burbank and Van Horn 2017; Sengupta and
Austin 2011; Sgrensen et al. 2005; Vivian et al. 2001). Several
studies have revealed the presence of native plasmids in strains of
X. fastidiosa isolated from different plant species, including almond,
grape, oak, peach, plum, oleander, and mulberry (Chen et al. 2005;
Colnaghi Simionato et al. 2007; Guilhabert et al. 2006; Hendson
et al. 2001; Pooler et al. 1997; Simpson et al. 2000; Stenger et al.
2010), and their sequences have been compared to assess variability
(Pierry et al. 2020). However, little is known concerning the influ-
ence of those plasmids in specific phenotypic traits related to the
colonization and pathogenicity of X. fastidiosa plasmid-harboring
strains.

In X. fastidiosa-induced diseases, symptoms are associated with
the ability of the bacterium to form aggregates that occlude xylem
vessels producing water and nutrient stresses (Hopkins 1989). It
is known that bacterial aggregation and biofilm development are
crucial for the establishment of pathogenic bacteria in host plants
(Bogino et al. 2013). Biofilm formation, cell aggregation, and at-
tachment of cells in the xylem vessels are mediated by type I and
IV pili in X. fastidiosa (De La Fuente et al. 2007b, 2008; Li et al.
2007). The presence of type IV pili, which is responsible for twitch-
ing motility, might also contribute to X. fastidiosa spread through
xylem vessels and colonization of different parts of the host plant
(Meng et al. 2005). Although both types of pili are important in the
X. fastidiosa life cycle, the process of pathogenesis is complex, and
other factors could also be involved (Bogino et al. 2013; Koide et al.
2004). Some structures present on the cell surface, such as nonfim-
brial and hemagglutinin adhesins, play a key role during surface
attachment, biofilm formation, and cell aggregation, as well as in
the virulence of X. fastidiosa (Bogino et al. 2013; Feil et al. 2007,
Guilhabert and Kirkpatrick 2005; Li et al. 2007). Several studies
identified other molecular components playing a role in disease de-
velopment. These include the major outer membrane protein (Chen
et al. 2017), regulatory proteins involved in the detection of ox-
idative stress (Wang et al. 2017), cell-cell signaling mediated by
a fatty acid diffusible signaling factor (Newman et al. 2004), the
response regulator GacA of some pathogenicity genes involved in
sensing environmental signals (Shi et al. 2007), and the putative
acyl-coenzyme A synthase (Hao et al. 2017).

In this study, we characterized the phenotypic traits potentially
associated with infection and disease development of two strains
of X. fastidiosa subsp. multiplex belonging to ST6, named ESVL
and IVIA5901. Both strains were isolated in 2017 from almond
trees showing almond leaf scorch symptoms from orchards lo-
cated in the Spanish outbreak occurring at the Guadalest Valley
in Alicante province (Valencian Community). In this area, only X.
fastidiosa subsp. multiplex ST6 has been identified so far (Marco-
Noales et al. 2021). Currently, the X. fastidiosa demarcated area
in this region covers an extension of more than 136,200 hectares.
This outbreak represents one of the largest eradication campaigns
ever carried out in Europe, with around 12,500 orchards and over
1,100 hectares and 90,000 trees already destroyed as of November
2021 (DOGV 2021). Initial genome analysis of both Spanish X.
fastidiosa strains indicated that the strains share more than 99% of
the chromosomal sequences (average nucleotide identity), but the
most notorious difference between these strains was the presence
of two plasmids detected only in the ESVL strain (Giampetruzzi
et al. 2019). We evaluated in vitro fundamental traits related to
colonization and virulence of X. fastidiosa, including biofilm for-
mation, cell aggregation, and cell motility, as well as virulence
in the model plant tobacco, using as comparison three reference
strains from the United States. Finally, we performed comparative
genomic analyses of the complete circularized sequences of the
two Spanish strains to identify differences in plasmid or chromoso-
mal content that could be correlated with the observed phenotypic
differences.

Materials and Methods

Bacterial strains and culture conditions

Two X. fastidiosa subsp. multiplex strains were used in the study,
isolated from almond trees (IVIA5901 and ESVL) from the
Guadalest Valley in Spain and known to differ in plasmid content
(i.e., plasmids pXF64-Hb_ESVL of 59,678 bp and pUCLA-ESVL
of 1,289 bp were present in ESVL only) (Giampetruzzi et al.
2019). Additionally, two strains of X. fastidiosa subsp. multiplex
isolated from blueberry in Georgia and Florida (AlmaEm3 and
BBOS-1, respectively) and one X. fastidiosa subsp. fastidiosa strain
from grapevines in California (TemeculaLl ), a variant of Temeculal
(Potnis et al. 2019), used in similar studies (Kandel et al. 2018;
Wei et al. 2021) were used as reference strains for purposes of
comparison with the Spanish strains (Table 1).

All strains were cultured from glycerol stocks on PD2 broth
(Davis 1980) or modified PW agar (Davis et al. 1981) plates at
28°C in the dark. After 6 to 8 days, cells were re-streaked onto new
plates and cultured for 5 days before using them in each experiment.
Stocks of X. fastidiosa cultures were stored in PD3 broth plus 50%
glycerol at —80°C. PD3 broth and agar (Davis et al. 1981) were
used in all the experiments, except for the twitching experiments,
in which PW agar without bovine serum albumin (BSA) was used
(Galvani et al. 2007).

Growth, biofilm, and planktonic quantification and cell-to-cell
aggregation assessment

Biofilm and planktonic growth for each strain was estimated by
measuring the ODgqp of cells grown in PD3 medium in polystyrene
96-well microplates (COSTAR, Kennebunk, ME, U.S.A.). At time
0, microplate wells were inoculated with 200 ul of a cell suspension
on PD3 (ODgpp = 0.08). The microplates were then incubated at
28°C with shaking (200 rpm) for 7 days. Wells filled with noninoc-
ulated PD3 served as controls. ODgyy was measured daily using a
Cytation 3 Image Reader spectrophotometer (BioTek Instruments,
Winooski, VT, U.S.A.). Each measurement was corrected by sub-
tracting values from control noninoculated wells; growth curves
of the different strains were obtained by assessing accumulated
growth over time. The standardized area under the growth progress
curve (SAUGPC) was calculated using the trapezoidal integration
method standardized by duration of the experiment in days (Simko
and Piepho 2011). Ten wells (replications) per strain were included
on each of the two microplates used per experiment, with a total of
four independent experiments conducted.

In addition, at the end the experiment, total growth, planktonic
growth, and biofilm formation were quantified using the crystal
violet assay, as described previously (Zaini et al. 2009), with some
modifications. Briefly, 150 ul of the cell suspension in each well
was transferred onto a new plate to measure the planktonic growth.
To determine biofilm formation, the original plate was rinsed with
Milli-Q water, stained with 0.1% crystal violet at room temperature
for 20 min, and rinsed again three times to remove all the unbound
crystal violet, followed by the addition of 95% ethanol and agitation
for 5 min. Planktonic growth and biofilm formation were measured
by ODggo as described above. Ten wells (replications) per strain
were included in two microplates per experiment, with a total of
three independent experiments conducted.

Biofilm development was also assessed at the air-liquid interface
of glass tubes to evaluate cells’ auto-aggregation (Cruz et al. 2012;
Li et al. 2007). For this assessment, glass tubes containing 3 ml of
PD3 medium were inoculated with cell suspensions of each strain
adjusted to ODggop = 0.1. Glass tubes were incubated at 28°C with
agitation (200 rpm) for 8 days. Three replications for each strain
were included in each experiment, with a total of four independent
experiments performed. Cells from glass tubes were used to de-
termine the settling rate, as a measure of cell-to-cell aggregation,
as described before (Kandel et al. 2017), with some modifica-
tions. To do so, cell suspensions were homogenized in glass tubes
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by vortexing, and 1 ml was transferred onto a polystyrene spec-
trophotometer cuvette (Labbox Labware, Barcelona, Spain). ODggg
was measured using a UV-Vis 2450 spectrophotometer (Shimadzu
Scientific Instruments, Columbia, MD, U.S.A.) at times 0 and
60 min. The settling rate was calculated when cells visually settled
in the cuvettes (0 to 60 min postinoculation) using the follow-
ing formula: {settling rate = [In(ODg(T0)) — In(ODgno(T60))1/
time}.

Growth and bacterial cell attachment in microfluidic chambers

To study the growth patterns and cell adhesion of ESVL and
IVIA5901 strains, microfluidics chambers were used as an artificial
model simulating xylem vessels. A TemeculaL strain was used for
comparative purposes. The process of device fabrication was per-
formed as previously described (De La Fuente et al. 2007a, 2008;
Meng et al. 2005). Briefly, each microfluidic chamber consisted of
two parallel microchannels (80 um wide, 50 um deep, and 3.7 cm
long) on a polydimethylsiloxane surface bonded to a cover glass
and a supporting glass microscope slide. Each microchannel had
two inlets for the introduction of liquid media and bacterial sus-
pension and an outlet for the collection of fluid flow. Before the
introduction of bacterial cells, each connecting tube and microflu-
idic channel was flushed with two 5-ml plastic syringes (Hamil-
ton Company, Reno, NV, U.S.A.) filled with PD3 broth medium.
Cell suspensions (ODggp = 0.08) in PD3 broth for each strain
were introduced into the microfluidic chamber with another pair
of 1-ml plastic syringes (Becton Dickinson & Company, Franklin
Lakes, NJ, U.S.A.). The flow of nutrient media and cell suspension
was controlled with two programmable syringe pumps (Pico Plus;
Harvard Apparatus, Holliston, MA, U.S.A.). First, the flow rate of
media was maintained at 1 ul min~! for 1 h to stabilize the sys-
tem; after that, the cell suspension was introduced at a flow rate of
1 wl min~'. Once enough cells were attached to the glass substrate
inside the microchannel, the flow rate was adjusted to 0.25 ul min~!.
Time-lapse images were acquired every 30 s for a period between
10 and 14 days.

Adhesion force was assessed using microfluidic chambers as de-
scribe before (De La Fuente et al. 2007b). When enough cells were
attached to the glass surface, media flow was maintained at 0.1 to 1
ul min~! for 60 min to remove nonattached cells. After that, media
flow was sequentially increased from 2 to 10 min~! for the first
minute and increased in steps of 10 ul min~! every minute until
a flow of 160 ul min~! was reached. For these experiments, time-
lapse images were acquired every 5 s for 16 min, and the number
of attached cells in each frame was counted. The adhesion force
of IVIA5901, ESVL, and TemeculaL strains was assessed by cal-
culating the fraction of cells that detached from the glass substrate
as a function of the total force required to remove them (De La
Fuente et al. 2007b). The experiments were repeated at least four
times for each strain. In each microfluidic chamber, the ESVL strain
was used in one of the channels and compared with IVIA5901 or
Temeculal.. Microfluidic chambers, in both types of experiment,
were monitored under a 40x objective on a Nikon Eclipse Ti in-
verted microscope (Nikon, Melville, NY, U.S.A.), using Nomarski
differential interference contrast optics and phase contrast. Time-
lapse images were acquired using a Nikon DS-Q1 digital camera
controlled by NIS-Elements Advanced Research 3.01 (Nikon), and

TABLE 1. Characteristics of Xylella fastidiosa strains used in this study

the NIS-Elements imaging software version 3.0 was used to count
the number of cells and combine the time-lapse images.

Quantification of twitching motility on agar plates and microfluidic
chambers

Colonies from each strain were picked with a loop and gently
spotted onto the surface of PW agar without BSA. Plates were in-
cubated at 28°C for 5 days, and the peripheral fringe width of the
colonies was observed after 2 and 5 days under 10x magnifica-
tion using a Nikon DS-Q1 digital camera connected to a Nikon
Eclipse Ti inverted microscope (Meng et al. 2005). The edge mor-
phology of each colony was determined in six colonies per strain,
and fringe width was measured three times per colony using the
software Image—J2/Fiji (Rueden et al. 2017). Three independent
experiments were performed.

Additionally, the twitching speed of ESVL and TemeculaL strains
was assessed in microfluidic chambers as previously described
(Cruz et al. 2012; Meng et al. 2005), with some modifications.
The cell motility speed of ESVL cells was compared with that of
the TemeculaL strain, which has been described to show high cell
motility (De La Fuente et al. 2007a). The IVIA5901 strain was not
included due to the lack of motility observed in previous microflu-
idic experiments. When twitching was observed, time-lapse images
were acquired every 30 s for 2 or 3 h, and tracking of bacterial cell
positions was quantified using the software Image—J2/Fiji (Rueden
et al. 2017). Cell speed was calculated by measuring the upstream
movement of cells frame by frame over time. Five measurements
per strain and experiment were collected, and three independent
experiments were performed.

Transmission electron microscopy

To determine the presence of type I and type IV pili, we used
transmission electron microscopy (TEM) following a previously de-
scribed protocol by Kandel et al. (2017), with some modifications.
Cell suspensions from ESVL and IVIA 5901 strains were obtained
by scrapping bacterial cells from the peripheral fringe of 4-day-old
colonies grown on PD2 agar plates that were resuspended in 200 ul
of sterile water. The TemeculaL strain was used for comparative
purposes. Ten microliters of the cell suspension was deposited on
300-mesh carbon-coated copper grids (Electron Microscopy Sci-
ences, Hatfield, PA, U.S.A.). The cells were allowed to settle for
10 min, and then the leftover liquid was blotted out carefully with
a filter paper. After that, the grid was negatively stained with 10 ul
of phosphotungstic acid for 2 min and observed with a TEM JEM-
1400 (Jeol, Tokyo, Japan) at the electron microscopy facilities of
the Central Research Support Services of the University of Cérdoba
(UCO-SCALI, Spain). The lengths of 99 cells, 33 pili type I, and 66
pili type IV were measured using the open source analysis software
Image—J2/Fiji (Rueden et al. 2017).

Virulence assessment

The virulence of the five strains was evaluated using tobacco
(Nicotiana tabacum) cultivars Petite Havana SR1 and Xanthi, as
previously described (De La Fuente et al. 2013). Three-week-old
seedlings were transplanted into 11.5-cm square pots with Sunshine
Mix #8 substrate (Sun Gro Horticulture Canada Ltd., Vancouver,
Canada). Plants were grown in a greenhouse at 20 to 25°C with nat-

Subspecies/strain Host plant Place of isolation (year) Sequence type Reference
subsp. multiplex
IVIA5901 Prunus dulcis Bolulla, Alicante, Spain (2017) 6 (Giampetruzzi et al. 2019)
ESVL Prunus dulcis Benimantell, Alicante, Spain (2017) 6 (Giampetruzzi et al. 2019)
BB08-1 Vaccinium sp. Putnam, Palatka, Florida, U.S.A. (2008) 43 (Oliver et al. 2014; O’Leary et al. 2022)
AlmaEm3 Vaccinium sp. Alma, Bacon, Georgia, U.S.A. (2011) 42 (Oliver et al. 2014; O’Leary et al. 2022)
subsp. fastidiosa
TemeculalL Vitis vinifera Temecula, Riverside, California, U.S.A. (1998) 1 (Kandel et al. 2018; Potnis et al. 2019)
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ural sunlight for 5 months, watered regularly, and fertilized every 6
weeks with Osmocote (outdoor and indoor smart-release plant food;
The Scotts Company, Marysville, OH, U.S.A.). Tobacco plants were
inoculated at the five-to-six true-leaf stage (3 weeks after transplant-
ing). The upper part of the plant was cut, leaving only the lowest
two or three true leaves. For inoculation, 20 pl of a cell suspension
in succinate-citrate-phosphate buffer (PBS) at an initial ODgyy =
0.8 concentration was inoculated at the leaf petiole (two leaves per
plant). It was then pricked several times with a sterile entomolog-
ical needle until the cell suspension was absorbed by the plant. A
second inoculation was performed 1 week later, following the same
procedure. Nine plants were inoculated for each of the AlmaEm3,
BBO08-1, ESVL, IVIA5901, and TemeculaL strains. Control plants
were inoculated using the same procedure but using PBS instead
of a cell suspension. Plants were evaluated periodically for the ap-
pearance of disease symptoms (yellowing, leaf curling, and leaf
scorch symptoms). After the first visible symptoms appeared, the
disease incidence and severity were estimated by the percentage
of leaves showing disease symptoms at weekly intervals. Data on
symptom severity were plotted over time to obtain disease sever-
ity progress curves that were used to calculate the area under the
disease severity progress curves standardized by the duration of
disease development in days (SAUDPC) (Simko and Piepho 2011).
Two independent experiments were conducted.

Comparative genome analysis

The completed circularized genome of the ESVL strain was ob-
tained by following a similar approach as previously described
(Arias-Giraldo et al. 2020). An Oxford Nanopore technology se-
quencing library was prepared using the transposase-based rapid
sequencing kit following the manufacturer’s recommendations and
generated in-house using an R9.4 flow cell with the MinION de-
vice. The ESVL strain library was multiplexed equimolarly in the
same flow cell with the other 11 X. fastidiosa strains. The multi-
plexed library was sequenced in a standard run protocol of 48 h.
The preprocessing of the raw data generated by MinION, which in-
cludes the filtering and trimming steps, was performed with Filtlong
v0.2.0 (https://github.com/rrwick/Filtlong) and Porechop v0.2.3
(https://github.com/rrwick/Porechop), removing adapters and reads
shorter than 2 kb. A draft assembly was obtained using Flye v2.7.1
(Kolmogorov et al. 2019) that was then polished in two rounds with
the [llumina short reads obtained in a previous study (Giampetruzzi
et al. 2019) using the POLCA tool (Zimin and Salzberg 2020).
The bacterial chromosome was reoriented using a Circlator v1.5.5
bioinformatic tool (Hunt et al. 2015), setting the dnaA gene as
the starting point. The complete circularized genome of the ESVL
strain has been deposited in the GenBank genome database under
accession number CP099516.

The complete circularized genome of IVIA5901 was re-
trieved from the NCBI GenBank database (assembly accession
GCA_004023395.2) (Arias-Giraldo et al. 2020). For functional an-
notation and classification using subsystems, polished assemblies
were submitted to the RAST (Rapid Annotation using Subsystem
Technology) server (Aziz et al. 2008; Brettin et al. 2015) and com-
pared and visualized using the SEED viewer (Overbeek et al. 2014).
To evaluate the similarities of the genomes and the nucleotide se-
quence homology of the predicted coding DNA sequences (CDSs)
between the two close Spanish strains, all-versus-all bidirectional
BLAST hits were calculated using the RAST server platform. Pro-
tein encoding sequences with 100% identity were discarded in
order to find out the unique CDSs of each strain. Genome align-
ment and single-nucleotide polymorphism (SNP) positions in the
chromosomes for both strains were computed using the progres-
sive MAUVE algorithm v2.4.0 (Darling et al. 2004) with default
parameters.

Additionally, an approach similar to that of D’Attoma et al.
(2020) was used to perform a comparison of gene sequences and
amino acid sequence variation for (i) the CDSs that showed SNPs

after MAUVE analysis and (ii) genes identified in previous stud-
ies potentially related to adhesion and aggregation functions and
twitching motility (pilAl, pilB, pilM, pilN, pilQ, pilO, pilT, pilY1,
recA, comA, and comF). The comparison was made between se-
quences of ESVL and IVIA5901 strains, in addition to each of them
being compared with the genome of the reference strain Temec-
ulal (NC_004556.1) retrieved from the GenBank database. Amino
acid sequence variations were compared using an EMBOSS Nee-
dle pairwise sequence alignment tool and a dot-plot tool (EMBOSS
Dotmatcher) (Madeira et al. 2019). The impact of each amino acid
variation on the biological function of the studied proteins was pre-
dicted using the PROVEAN (Protein Variation Effect Analyzer;
JCVI, La Jolla, CA, U.S.A.) web server (Choi and Chan 2015),
with a default cutoff value of —2.5. Amino acid variations with a
PROVEAN score equal to or below this threshold were considered
deleterious and potentially having an influence on the biological
function of that protein, whereas if the value was higher than the
threshold, it was classified as neutral.

Statistical analyses

X. fastidiosa strain parameters (i.e., growth rate, biofilm forma-
tion, settling rate, twitching motility, and virulence) were analyzed
using standard analysis of variance (ANOVA) with a randomized
complete block design in which blocks represented the experiment
runs and the strain was the main factor. For the virulence tests,
the SAUDPC was analyzed using a factorial design, with X. fas-
tidiosa strain and tobacco cultivar being the two main factors. In
all cases, ANOVA assumptions were evaluated by testing for nor-
mality and homoscedasticity using the Shapiro-Wilk test, Bartlett’s
test, and normal g-q plots. If those assumptions were violated, the
Box-Cox transformation was applied to the data (Sakia 1992). Post
hoc Tukey’s honestly significant difference test at P < 0.05 was
used for pairwise means comparison among main factor levels. In
addition, a paired ¢ test with Bonferroni correction was performed
to compare the SAUDPC values between the two Spanish strains.

All statistical tests and analyses were perform using R software
version 3.6.2 (R Core Team 2020) using R packages “agricolae”
v. 1.3-3 (de Mendiburu 2020) and “MASS” v. 7.3-51.4 (Venables
and Ripley 2013). All the experiments were repeated at least two
times.

Results

Growth, biofilm formation, cell-cell aggregation, and adhesion force

In general, the bacterial growth of all strains reached a stationary
phase after ~144 h of incubation (Fig. 1A). Total growth, estimated
by the SAUGPC, was significantly the highest (P < 0.05) for the
IVIA5901 (0.054 £ 0.004) and AlmaEm3 (0.055 £ 0.004) strains,
intermediate (P < 0.05) for TemeculaL (0.043 £ 0.003), and lowest
(P < 0.05) for ESVL (0.027 4 0.002) and BB08-1 (0.029 £ 0.005)
(Fig. 1B). When comparing the two Spanish strains, the SAUGPC
was significantly higher (P < 0.05) for IVIA5901 than for ESVL
(Fig. 1B).

The biofilm formation and planktonic growth of X. fastidiosa
strains were determined at the end of the experiment by measur-
ing ODggp (Figure 1C and D). The biofilm formation was high-
est (P < 0.05) for the BBO8-1 (0.322 £ 0.024) and AlmaEm3
(0.281 + 0.022) strains and intermediate (P < 0.05) for Temec-
ulaL (0.169 £ 0.010), and the smallest biofilm formation (P <
0.05) was observed for IVIA5901 (0.051 £+ 0.005) and ESVL
(0.042 £ 0.004) (Fig. 1B). Planktonic growth was highest (P <
0.05) for TemeculalL and IVIA5901 and intermediate (P < 0.05)
for ESVL, and the smallest growth (P < 0.05) occurred for BB08-1
and AlmaEm3 (Fig. 1D). When compared with the three reference
strains used here, the Spanish IVIA5901 and ESVL strains showed
the lowest values (P < 0.05) for biofilm formation (Fig. 1C) and
reached the highest (IVIA5901) and intermediate (ESVL) levels
of planktonic growth (Fig. 1D) or highest (IVIA5901) and low-
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est (ESVL) levels of total growth as measured by the SAUGPC
(Fig. 1B).

Formation of biofilm on glass tubes showed differences among
the five X. fastidiosa strains included in the study. The IVIA5901
and ESVL strains exhibited a reduced ring of biofilm in the wa-
ter/air interface compared with that formed by the reference strains
Temeculal, AlmaEm3, and BB08-1 (Fig. 2A). In addition, whereas
bacterial aggregates were observed at the bottom of the tubes for the
AlmaEm3, BB08-1, and TemeculaL strains, IVIA5901 and ESVL
showed a turbid growth, indicating that both strains were impaired
in their ability to form aggregates in PD3 liquid culture and that
they grow mainly in the planktonic phase. In accordance with these
results, cell settling rates, as a measure of cell-cell aggregation
(reduction of ODggo/min), were much lower (P < 0.05) for the
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IVIA5901 (0.0004 £ 0.0002) and ESVL (0.0002 £ 0.0001) strains
as compared with those reached by the BB08-1 (0.0054 £ 0.0018),
AlmaEm3 (0.0050 % 0.0016), and Temeculal (0.0047 £ 0.0008)
strains, which showed a cell aggregation capacity at least 16 times
higher than that of both Spanish strains (Fig. 2B).

Cell aggregation was also assessed under flow conditions for
the Temeculal, IVIA5901, and ESVL strains using microfluidic
chambers (Fig. 3A). TemeculalL showed a higher aggregation than
the Spanish strains, with large aggregates of cells being formed at
4 days postinoculation (dpi), which occupied a major part of the
surface of the channel at 8 dpi. For the ESVL strain, cells were
attached to each other, forming lace-like masses after 1 and 4 dpi,
with small cell aggregates observed in several sections of the mi-
crochannel at 4 dpi (Fig. 3A). Some aggregates increased in size,
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Fig. 1. Phenotypic characterization of bacterial growth in vitro. A, Growth curves; B, standardized area under growth progress curves (SAUGPC); C, biofilm
formation; and D, planktonic growth for Xylella fastidiosa strains grown at 28°C in 96-well plates for 7 days. Each point in panel A and bar in panels B, C, and D
represents the mean value of three independent experiments under the same conditions. Vertical lines represent the standard error of the mean. Bars with different
letters indicate significant differences (P < 0.05) according to a post-hoc protected Tukey’s honestly significant difference test.
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but aggregates were not longer than 20 um. In contrast, although
some small aggregates could also be observed for the IVIA5901
strain at 4 dpi, the number and size of the aggregates were smaller
compared with those of ESVL (Fig. 3A).

Finally, adhesion force, which refers to the amount of force
necessary for cell detachment from surfaces, was determined
for the two Spanish strains and TemeculaL using microfluidic
chambers (Fig. 3B and C; Supplementary Video S1). Detachment
of cells was observed when the flow rate was higher than 40, 30,
and 20 w1 min~! for the ESVL, IVIA5901, and TemeculaL strains,
respectively (Fig. 3B). At a higher flow rate, the number of attached
cells decreased rapidly, showing a linear trend with the increase
in the flow rate, with a rate of detachment significantly (P < 0.05)
lower for ESVL (—0.64 + 0.03 to 0.70 &+ 0.03), followed by
IVIA5901 (—0.81 £ 0.07). The reference strain TemeculaL. had the
highest (P < 0.05) rate of detachment (—1.15 %+ 0.06) (Fig. 3B).
The average adhesion force was estimated at 396.77 £ 12.77 pN
for ESVL, which was significantly (P < 0.05) higher than those
observed for IVIA5901 (272.76 + 22.61 pN) and TemeculalL
(219.67 £ 8.44 pN) (Fig. 3C), indicating a higher attachment
capacity for the ESVL strain.

Twitching motility

In general, at 1 to 3 dpi, individual cells of ESVL showed a mini-
mal ability to move against the flow of liquid medium, whereas
no movement against the flow was observed for cells of the
IVIA5901 (Supplementary Video S2) strain. However, when com-
pared with Temeculal, only a few cells of ESVL could move
against the flow, whereas most of the cells of the TemeculaL strain
showed this ability. The twitching speed motility of ESVL was
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Fig. 2. Adhesion phenotypes in vitro. A, Biofilm formation by Xylella fastidiosa
strains studied on glass surfaces grown at 28°C for 8 days. B, Settling rates of X.
fastidiosa strains as a measure of cell-to-cell aggregation. Each bar represents
the mean value of four independent experiments under the same conditions.
Vertical lines represent the standard error of the mean. Bars with different letters
indicate significant differences (P < 0.05) according to a post-hoc protected
Tukey’s honestly significant difference test.

quantified, and it was significantly (P < 0.05) lower at 0.33 +
0.02 wm min~' compared with 0.41 £ 0.01 wm min~! for Temec-
ulaL cells (Supplementary Video S3).

To determine twitching motility in more detail, the fringe width
of bacterial colonies growing on PW agar without BSA was mea-
sured. Colonies were designated as twitch positive when a fringe
was observed on the colony. A peripheral fringe was detected for
all studied strains, except for IVIA5901, which showed no visible
peripheral fringe within the 5 days of incubation (Fig. 4A). For
the four remaining strains, the peripheral fringe varied among them
and depending on the observation time (Fig. 4B). The AlmaEm3,
BBO08-1, and TemeculaL strains showed a peripheral fringe at 2 and
5 days, whereas for ESVL, it was observed only after 2 days, not
being observed at 5 days of incubation (Fig. 4B), probably due to
overgrowth of the bacterial colony. This behavior was consistently
observed for all replicated experiments. At 2 days of incubation,
the peripheral fringe width ranged from 8.23 £+ 1.67 to 18.99 +
2.17 um for the BB08-1 and ESVL strains, respectively (Fig. 4B),
whereas at 5 days of incubation, the length of the peripheral fringe
was estimated at 17.51 &= 1.42 to 18.29 & 1.71 um for the AlmaEm3
and BBO08-1 strains, respectively (Fig. 4B). Temeculal showed the
widest peripheral fringe (P < 0.05), at 31.04 &= 2.07 and 83.28 +
4.47 um after 2 and 5 days of incubation, respectively (Fig. 4B).

Presence of pili in ESVL and IVIA5901 cells by TEM imaging

TEM imaging allowed for the observation of type I and IV pili
in the cells of both Spanish strains (ESVL and IVIA5901) and in
the control strain TemeculalL (Fig. 5). Abundant short type I pili
were detected in all strains, with a similar length (P > 0.05) among
them, estimated at 0.44 4 0.02 and 0.44 + 0.03 um in the ESVL and
IVIAS5901 strains, respectively, whereas for TemeculaL, the type I
pili length was 0.42 &+ 0.03 wm (Supplementary Fig. S1A). Simi-
larly, the length of type IV pili showed no significant (P > 0.05)
differences among strains, estimated at 3.48 £ 0.54 and 3.45 &
0.65 um in the ESVL and IVIA5901 strains, respectively, whereas
for TemeculaL, the type I pili length was 4.44 + 1.33 um (Supple-
mentary Fig. S1B). Cell length varied among strains (P < 0.05),
estimated at 1.26 £ 0.07 um for IVIA5901 and 1.59 + 0.07 um
for ESVL, and it was highest for Temeculal, with a cell length of
1.87 £ 0.06 um (Supplementary Fig. S1C).

Virulence assessment

The AlmaEm3, BB08-1, ESVL, IVIA5901, and Temeculal
strains were able to infect and induce disease symptoms in both
tobacco cultivars used: Petite Havana SR1 and Xanthi. The first
symptoms were observed within 100 to 110 days after inocula-
tion in plants inoculated with the AlmaEm3 and TemeculaL strains,
whereas plants inoculated with ESVL and IVIA5901 showed their
first symptoms 1 or 2 weeks later. Symptoms consisted of yellowing,
leaf curling, and leaf scorch.

Overall, disease severity on the two tobacco cultivars progressed
following a linear trend over time (Fig. 6A and B). The disease out-
come estimated by the SAUDPC was mainly influenced by the strain
(P < 0.05), with a nonsignificant effect (P > 0.05) of the tobacco
cultivar or the interaction between both factors. Irrespective of the
tobacco cultivar, the SAUDPC was significantly higher (P < 0.05)
for the Temeculal. and AlmaEm3 strains, reaching, respectively,
values of 39.71 £ 4.29 and 32.01 £ 5.45 for Petite Havana SR1 and
40.94 £ 4.74 and 30.17 £ 5.71 for Xanthi compared with the other
three strains, which showed no significant differences (P > 0.05)
among them. However, the BB08-1 and ESVL strains did not dif-
fer significantly from AlmaEm3 or IVIA5901 (Fig. 6C). For these
strains, the SAUDPC ranged from 7.09 4+ 2.11 for IVIA5901 to
18.13 £ 3.44 for BB08-1 on Petite Havana SR1 and from 10.31 &
1.81 for IVIA5901 to 18.10 £ 4.11 for ESVL on Xanthi (Fig. 6C).
For both cultivars, the Spanish strains ESVL and IVIA5901 reached
a significantly lower (P < 0.05) disease development compared
with TemeculalL and AlmaEm3 (only strain IVIA5901), but it was
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similar to that reached by the BBO8-1 strain (Fig. 6C). Moreover,
no significant differences (P > 0.55) were observed between the
SAUDPC values of the two Spanish strains when compared by a
paired test.

Comparative genome analysis

The RAST server annotation process identified a total of 2,857
CDSs for the IVIA5901 strain and 2,929 CDSs for the ESVL strain.
The genomic features of both strains are summarized in Table 2. In
ESVL, the pUCLA-ESVL plasmid only contains one CDS for a
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replication protein (849 bp). The plasmid pXF64-Hb_ESVL con-
tains 59 CDSs, including nine plasmid conjugative transfer proteins
(Tra-H, I, M, N, O, Q, T, U, and W), two conjugative transfer
proteins (TrbB and TrbN), two plasmid conjugative transfer DNA
primases, four chromosome (plasmid) partitioning proteins (ParA
[three copies] and ParB), two transcriptional regulators, two flagel-
lar hook-length control proteins (FliK), two helicases, one twitching
motility protein (PilT), one MobD protein, one MobA protein, one
DNA topoisomerase, one mobile element protein, one transposase
(OrfB), one predicted kinase, one DNA primase (DnaG), one in-
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Fig. 3. Phenotypic characterization in microfluidic chambers. A, Time-lapse micrographs showing the formation of cell aggregates in microfluidic chambers for
Xylella fastidiosa strains ESVL (upper panels), IVIA5901 (middle panels), and TemeculaL (lower panels). Images in each column were captured at 1, 4, and 8 days
postinoculation (left to right). Scale bar is shown in the bottom left image. B, Percentage of cell surface attachment measured inside microfluidic chambers with
increasing medium flow rate. C, Adhesion force, measured in piconewtons (pN), of cells of X. fastidiosa strains ESVL, IVIA5901, and TemeculaL.. Each point or
bar represents the mean value of four independent experiments under the same conditions. Vertical lines represent the standard error of the mean. Bars with different
letters indicate significant differences (P < 0.05) according to a post-hoc protected Tukey’s honestly significant difference test.
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tegral membrane protein, one outer membrane lipoprotein-sorting
protein, one single-stranded DNA-binding protein, one permease
component of a branched-chain amino acid ABC-type transport
system, one synthase or enzyme-like protein precursor, and 23
hypothetical proteins (Fig. 7B; Supplementary Table S1).

The MAUVE genome alignment of both Spanish strains revealed
a good synteny and identified four locally collinear blocks that are
different homology regions in each strain (Fig. 7A). A small rear-
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rangement of a region of 9,050 bp (from the 631,461 to 640,511
bp position in IVIA5901 and from the 954,252 to 963,302 bp posi-
tion in ESVL) was found. In this chromosomal region, we found a
cluster of CDSs related to phages (Fig. 7A).

A total of 2,672 CDSs were shared between both strains;
however, some differences were found. A total of 85 unique
CDSs were identified in the chromosome of the IVIA5901
strain, of which 78 were hypothetical proteins and seven were
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Fig. 4. Twitching motility assessment. A, Colony morphology (scale bar, 100 um) and B, measurements of colony fringe widths of Xylella fastidiosa strains on the
surface of modified PW without bovine serum albumin agar, after 2 (left panel) and 5 (right panel) days of incubation at 28°C. Each bar represents the mean value of
three independent experiments under the same conditions. Vertical lines represent the standard error of the mean. In each panel, bars with different letters indicate
significant differences (P < 0.05) according to a post-hoc protected Tukey’s honestly significant difference test.

TABLE 2. Genomic features of the completed circularized genome of Xylella fastidiosa subsp. multiplex IVIA5901 and ESVL strains

X. fastidiosa subsp. multiplex IVIA5901

X. fastidiosa subsp. multiplex ESVL

Features Chromosome Chromosome  Plasmid pXF64-Hb_ESVL  Plasmid pUCLA-ESVL
Genome size (bp) 2,559,117 2,552,692 59,660 1,289
GC content (%) 52 52
Contigs 1, circular 1, circular 1, circular 1, circular
Total features 3,021 3,022 63 1
Coding DNA sequences (CDSs) 2,857 2,869 59 1
RNAs 54 54
Repeated regions 101 90 4

Prophages 9 9

Subsystems 227 228

CDSs in subsystems 864 836

CDSs with assigned function (no hypothetical) 1,780 1,794 36 1
Potential missing genes 8 7

Vol. 113, No. 6, 2023 967



a glutamine-fructose-6-phosphate aminotransferase, a DsbA-like
thioredoxin domain, a glycosyl transferase, an LSU ribosomal pro-
tein (L36p), a RelB/StbD replicon stabilization protein (antitoxin
to RelE/StbE), an mRNA interferase RelE protein, and a dipep-
tidyl aminopeptidases/acylaminoacyl-peptidase (Fig. 7B; Supple-
mentary Table S2). On the other hand, 85 unique CDSs were found
in the ESVL strain chromosome, of which 76 were hypothetical
proteins, three were DNA helicase phage-associated, one was a
phage-related protein, one was an alpha-2-macroglobulin, one was
a large exoprotein involved in heme utilization or adhesion, one was
a hemagglutinin-like secreted protein, one was a polygalacturonase
(EC 3.2.1.15), and one was a PE_PGRS (wag22) (Fig. 7B; Supple-
mentary Table S3). Of the 59 CDSs present in the pXF64-Hb_ESVL
plasmid annotated by the RAST server, 50 have been identified as
unique to the ESVL strain (Fig. 7B; Supplementary Table S3), and
the remaining nine have shown some degree of similarity to CDSs
in the chromosome of the IVIA5901 strain, including the protein
PilT, related to twitching motility (Fig. 7B; Supplementary Table
S4). The only CDS of pUCLA-ESVL was not found in IVIA5901.

Finally, a total of 376 SNPs were identified in the chromo-
some when comparing the genomes of both Spanish strains. Of
these SNPs, 321 are in CDSs encoding for proteins, and the re-
maining features are prophages, repeated sequences, or RNA or
are detected in noncoding regions. Interestingly, almost 96% of
these CDSs are phage-related or hypothetical proteins (Supple-
mentary Table S5). The rest of the CDSs with SNPs include six
encoding proteins predictably involved in bacterial adhesion or
in other traits involved in pathogenicity: a phosphoserine phos-
phatase, a hemolysin-type calcium-binding protein, a mobile ele-
ment protein, two large exoproteins involved in heme utilization
and/or adhesion of the IVIA5901 strain (fig|2371.581.peg.1315,
fig|2371.581.peg.2413), and an autotransporter adhesin (Supple-
mentary Table S5) that showed either a punctual mutation or was
fragmented or divided into several proteins in the ESVL strain.
However, none of these amino acid variants was predicted to be
potentially deleterious by PROVEAN tool (Supplementary Table
S6).

When comparing the CDSs that showed variant SNPs between
both Spanish strains with those of the reference genome of the
Temeculal strain, we observed that the homologous pspA gene
in the Temeculal genome contains a frameshift (PD_1732 and

Fig. 5. Transmission electron micrographs of negatively stained cells of Xylella
fastidiosa strains ESVL, IVIA5901, and TemeculaL. Black arrows indicate type
IV pili, and white arrows indicate type I pili. Scale bar, 1 pm.
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PD_0988). The other CDSs, with the exception of the phospho-
serine phosphatase, had percentages of identity ranging from 64.8
to 84.1%, similarity (32.3 to 86.1%), and gaps (2.4 to 32.2%) ac-
cording to pairwise global alignments, showing a different length,
with a large number of SNPs and deletions and insertions of dif-
ferent amino acids, which in some cases resulted in a truncated
organization or were divided into several proteins.

Finally, PROVEAN comparison analysis of selected adhesion-,
aggregation-, and twitching-related genes (pilAl, pilB, pilM, pilN,
pilQ, pilO, pilT, pilY1, recA, comA, and comF) revealed no amino
acid differences between the ESVL and IVIA5901 strains. However,
three SNPs were predicted to be deleterious for the pilB, pilY],
and comF genes in both Spanish strains when compared with the
Temeculal strain (Supplementary Table S6).

Discussion

In this study, we characterized traits related to the colonization
and virulence of two X. fastidiosa strains (ESVL and IVIA5901) iso-
lated from almond trees growing in the outbreak area of Guadalest
Valley in the province of Alicante, Spain. Both strains were isolated
in the same year, from the same plant species host, and from regions
in Spain less than 16 km apart. Despite the high genetic similarity
between the two Spanish strains (99% average nucleotide identity),
important phenotypic (Table 3) and genomic differences were found
when comparing both circularized genomes and the CDSs present
in the two plasmids (Table 2; Supplementary Tables S1 to S6). The
presence of two plasmids in the ESVL strain (pXF64-Hb_ESVL and
pUCLA-ESVL) provided 51 unique CDSs. In addition, the genome
analysis revealed the presence of unique CDSs and SNPs on both
chromosomes that could affect adhesion, motility, cell wall degra-
dation, the toxin-antitoxin system, and the development of outer
membrane proteins, which might explain the differences found here
in phenotypic traits (Table 3) associated with virulence.

The role of plasmids in the X. fastidiosa life cycle is still
poorly understood, even though plasmids may contribute to vir-
ulence, epidemiology, and adaptation to new hosts and environ-
ments (Sengupta and Austin 2011). To date, 61 plasmids have been
described in 38 X. fastidiosa strains from different geographical
origins and host plants (Pierry et al. 2020), but no studies have
determined the role of those plasmids in X. fastidiosa virulence.
The large plasmid found in the ESVL strain (pXF64-Hb_ESVL)
had a highly similarity (96.6% nucleotide identity) to the plasmid
pXF64_HB found in X. fastidiosa subsp. pauca strain Hib4 (ST70)
isolated from hibiscus. Both of those plasmids also share more than
80% nucleotide identity and over 57 to 71% length coverage with
plasmids belonging to the genera Xanthomonas, Paraburkholde-
ria, and Burkholderia (Pierry et al. 2020). On the other hand, the
small plasmid (pUCLA-ESVL) was classified as nonmobilizable,
showing high identity to three plasmids (pUCLA from the UCLA
strain, pXF686 from the ATCC 35868 strain, and pXFPD1.3 from
the Temeculal strain) identified in strains of X. fastidiosa subsp.
fastidiosa (Pooler et al. 1997; Simpson et al. 2000) isolated from
grapevines. Previous research demonstrated experimentally that the
presence of atype IV secretion system, encoded by tra and trb genes,
similar to those present in the large plasmid of the ESVL strain, is
responsible for the transfer of plasmids via conjugation (Burbank
and Van Horn 2017). Transfer of plasmids can occur among sub-
species and strains (Burbank and Van Horn 2017; Giampetruzzi
et al. 2016; Hendson et al. 2001; Rogers and Stenger 2012). More-
over, it has been suggested that interspecies genetic exchange with
other bacteria can occur (Burbank and Van Horn 2017; Denancé
et al. 2019; Stenger et al. 2010), which may increase the possibility
of acquiring beneficial new genetic material for the adaptation of
X. fastidiosa to different host plants or environments.

Compared with the reference strains, ESVL and IVIA5901
showed less capacity for cell aggregation and biofilm formation. De-
tected mutations affected three proteins: an autotransporter adhesin,



a large exoprotein, and a hemolysin (Supplementary Table S6) with
a high level of similarity to sequences encoding for afimbrial ad-
hesins in the Temeculal strain (Chen and De La Fuente 2020; Parker
et al. 2016; Wang et al. 2012; Zhang et al. 2015). These proteins
have been described as playing a main role in the process of biofilm
formation and cell-to-cell aggregation in X. fastidiosa (Guilhabert
and Kirkpatrick 2005; Killiny and Almeida 2009). Indeed, the CDSs
for the three large exoproteins involved in heme utilization from the
IVIAS901 strain showed a high similarity to those of Temeculal
(HxfA and HxfB). In contrast, the CDSs for the same protein in the
ESVL strain showed a truncated organization, which generated two
CDSs annotated as PE_PGRS (wag22) and a hemagglutinin with
a high similarity to fragments of the ixfB gene. The presence of
nucleotide frameshifts in large hemagglutinin proteins (hxf genes)

were also reported in the X. fastidiosa subsp. pauca ‘De Donno’
strain, which is highly virulent in olive trees. It was suggested that
the mutation of those genes might be related to the severe symp-
toms observed in different olive cultivars in Italy (Saponari et al.
2018). Indeed, prtA, rpfC, and HxfA-HxfB mutants of the Temeculal
strain showed lower aggregation, biofilm, and cell attachment than
their wild types in susceptible grapevines (Gouran et al. 2016;
Guilhabert and Kirkpatrick 2005; Newman et al. 2004). These phe-
notypes facilitate a higher number of cells colonizing the entire host
plant (de Souza et al. 2020; Roper et al. 2019). Thus, the high num-
ber of planktonic cells observed in the IVIA5901 and ESVL strains
could be an important virulence factor in almond trees, from which
they were isolated. It could be speculated that a lower ability to
form biofilm may be related to a lower colonization of mouthparts
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Fig. 6. Disease severity progress curves of symptom development in tobacco plants A, ‘Petite Havana SR1’ and B, ‘Xanthi.” C, Standardized area under the disease
severity progress curve (SAUDPC). Plants were inoculated with Xylella fastidiosa strains AlmaEm3, BB08-1, ESVL, IVIA5901, and TemeculaL and grown in the
greenhouse at 20 to 25°C. Disease severity was estimated by the percentage of leaves showing symptoms per plant. Each point or bar represents the mean value of
two independent experiments under the same conditions. Vertical lines represent the standard error of the mean. For SAUDPC values, bar groups for each strain with
different letters indicate significant differences (P < 0.05) according to a post-hoc protected Tukey’s honestly significant difference test.
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of the insect vectors, resulting in a lower transmission. However,
due to the lack of a latent period in X. fastidiosa insect vectors
(Purcell 1979), colonization of insect foregut by X. fastidiosa is not
an essential factor for transmissibility (Chatterjee et al. 2008).
Fimbrial proteins are also involved in the processes of biofilm for-
mation, cell adhesion, and aggregation (De La Fuente et al. 2007b;
Feil et al. 2007). Specifically, type IV pili has been described as
playing an important role in adhesion to surfaces, early stages of
biofilm development, and the formation of macrocolonies (Caserta
et al. 2010). Several studies (Cursino et al. 2011; Li et al. 2007;
Meng et al. 2005) using mutants defective in type IV pili have
shown lower ability to form biofilm, which was also related to a
twitching-defective phenotype. Low ability to form biofilm and cell
aggregation by Spanish strains may be due not only to the SNPs
or truncated proteins found in afimbrial adhesin proteins but also
likely to a possible loss of function of type IV pili in both strains.
Interestingly, a deleterious amino acid variation in pilB and pilY1
was found in both Spanish strains when compared with the refer-

ence strain, Temeculal, which could also explain the phenotype
observed. A similar growth behavior to that observed in the Span-
ish strains when growing in microfluidic chambers was observed
in a pilB mutant of the Temeculal strain, which showed smaller
aggregates and lace-like structures occupying the entire channel as
compared with its wild type (De La Fuente et al. 2008). All these
hypotheses will have to be further tested by functional analysis in
the Spanish strains.

Interestingly, adhesion force values obtained for the Spanish
strains were higher than those described for the Temecula 1 strain,
suggesting that the Spanish strains have a higher surface attachment
capacity. This high surface attachment capacity has been associated
with two pilB and pilY ] mutants of the Temeculal strain (Cruz et al.
2014; De La Fuente et al. 2007b). It has been suggested that several
adhesins are involved in a sequential complex process for biofilm
formation and cell-to-cell aggregation (Feil et al. 2007), but also,
as demonstrated by Parker et al. (2016), different expression levels
for afimbrial and fimbrial genes, which are associated with attach-
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TABLE 3. Summary of phenotypic traits of the Xylella fastidiosa strains used in this study

b

Strains
Trait Figure/video® Alma-Em3 BB08-1 ESVL IVIA5901 Temeculal
Total growth 1A-B +++ + + +++ ++
Biofilm formation 1C2A +++ +++ + + ++
Planktonic growth 1D/2A + + ++ +++ +++
Settling rate 2B +++ +++ + + T+
Adhesion force (microfluidic chamber) 3B-C (SV1) np® np +++ + +
Twitching speed (microfluidic chamber) SV 2-3 np np ++ - +++
Twitching after 2 days 4B + + ++ - +++
Twitching after 5 days 4B + + - - 4+
Type I pili (SEM) 5/SF1 np np Present Present Present
Type IV pili (SEM) 5/SF1 np np Present Present Present
Cell length (SEM) 5/SF1 np np ++ + +++
Tobacco virulence 6 +++ ++ ++ + +++

2 Figure or video in which each trait is shown in this current manuscript. SV, supplementary video; and SF, supplementary figure.
b Phenotype level: —, absent; +, low; ++, moderate; and +++, high in relation to the maximum levels reached in each experiment.

¢ np: not performed.

ment, biofilm formation, and motility, occur over time. Thus, the
phenotype found in the Spanish strains is probably due to changes
in several CDSs and possibly not due to a change in a few single
CDSs.

The Spanish IVIA5901 strain did not show twitching motility,
although it produces type IV pili. A possible explanation is that these
pili are nonfunctional. A similar result was found by Cursino et al.
(2011) that showed that a pilL2 mutant lacking twitching motility
presented reduced virulence and biofilm formation compared with
the wild-type strain, but it also had a fully developed type IV pili.

By contrast, the ESVL strain was able to move against the flow
in the microfluidic chamber and showed twitching motility. This re-
sult resembles the observations described for a pilY] mutant of the
Temecula strain (Li et al. 2007) that had reduced, but not completely
absent, twitching motility. We speculate that the potentially delete-
rious amino acid variation found in the pilY] gene of the Spanish
strains could be related to their phenotype, as this gene also affects
twitching motility but to a lesser extent than other genes that are
required for the formation of type IV pili (i.e., pilO, pilR, fimT, and
pilX) (Lietal. 2007). Interestingly, areduced or nontwitching ability
has been associated with a lower capacity for homologous recom-
bination (Kandel et al. 2017), which is also related to a low ability
to form biofilm or aggregate cells, depending on the strain studied.
In a recent work testing natural competence in a large collection
of X. fastidiosa strains, the two Spanish strains included in this
study, ESVL and IVIA5901, were not naturally competent (Ranlin
et al. 2021). The annotation given by RAST revealed the presence
in the plasmid pXF64-Hb_ESVL of strain ESVL of a pilT homolog
gene related to twitching motility. We speculate that the presence
of this extra copy might be fixing the lack of motility found in the
IVIAS901 strain because it is the only difference found between
these two strains that is annotated as a CDS related to motility.

In addition to the important differences found in traits and CDSs
directly related to cell adhesion and motility and the unique CDS
found in the plasmid pXF64-Hb_ESVL, our results also showed
the presence of some unique CDSs in both the chromosome and the
large plasmid that may be relevant for some virulence-related traits.
For example, two CDSs found in the chromosome of the IVIA5901
strain (peg.2284 and peg.2285; Supplementary Table S2) have a
high similarity to two genes involved in the toxin-antitoxin sys-
tem RelE/StbE (PD1183 and PD1184). The function of a similar
toxin-antitoxin system (DinJ/RelE) in the control of the bacterial
population during plant colonization was previously demonstrated
(Burbank and Stenger 2017).

Although previous studies described the presence and genomic
characterization of plasmids in some X. fastidiosa strains, there is a
lack of interpretation of the potential role of those plasmids in pro-
cesses related to virulence. Our results suggested that the phenotypic

differences found between both Spanish strains might be caused by
the presence of the two plasmids in the ESVL strain, in addition to
the chromosomal differences found. In the Spanish outbreak area
of Alicante, where these strains were isolated, three type of strains
harboring different plasmid content coexist (i.e., strains with plas-
mids pXF64-Hb_ESVL and pUCLA-ESVL, strains with plasmid
pUCLA-ESVL only, and strains with no plasmids; Velasco-Amo
etal. 2019). The differences in virulence in almond, host range, and
geographical distribution within the demarcated area of Alicante
of these three types of strains deserves further studies to infer the
potential role of those plasmids in the adaptation of X. fastidiosa
to new environments and host plants. Some future studies could
include plasmid curation and/or the reconstruction of plasmid se-
quences in mobilizable plasmids on the basis of their gene sequences
to analyze their potential role in virulence.
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