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Xylella fastidiosa, the causal agent of several scorch diseases, is associated with leaf scorch symptoms in
Chitalpa tashkentensis, a common ornamental landscape plant used throughout the southwestern United States.
For a number of years, many chitalpa trees in southern New Mexico and Arizona exhibited leaf scorch
symptoms, and the results from a regional survey show that chitalpa trees from New Mexico, Arizona, and
California are frequently infected with X. fastidiosa. Phylogenetic analysis of multiple loci was used to compare
the X. fastidiosa infecting chitalpa strains from New Mexico, Arizona, and trees imported into New Mexico
nurseries with previously reported X. fastidiosa strains. Loci analyzed included the 16S ribosome, 16S-23S
ribosomal intergenic spacer region, gyrase-B, simple sequence repeat sequences, X. fastidiosa-specific se-
quences, and the virulence-associated protein (VapD). This analysis indicates that the X. fastidiosa isolates
associated with infected chitalpa trees in the Southwest are a highly related group that is distinct from the four
previously defined taxons X. fastidiosa subsp. fastidiosa (piercei), X. fastidiosa subsp. multiplex, X. fastidiosa subsp.
sandyi, and X. fastidiosa subsp. pauca. Therefore, the classification proposed for this new subspecies is X.

fastidiosa subsp. tashke.

Xylella fastidiosa is a gram-negative bacterium that multi-
plies within the xylem and causes serious disease problems in
many diverse plant species. X. fastidiosa is considered a “new
world” pathogen and is mainly found within North, Central,
and South America (30). In many native plant species this
bacterium exists as an apparently benign endophyte, while in
other instances proliferation of X. fastidiosa within the xylem
leads to disease typified by symptoms, including leaf scorch,
chlorosis, stunting, branch dieback, inedible fruit, and eventu-
ally the death of the plant (4, 15). X. fastidiosa is transmitted
by xylem-feeding insect vectors such as sharpshooters, leathop-
pers, and spittle bugs (35). Diseases caused by X. fastidiosa
include Pierce’s disease in grapes (7), citrus variegated chlo-
rosis (CVC) (6), coffee leaf scorch (18), pecan leaf scorch (36),
phony peach (41), plum leaf scald (32), and almond leaf scorch
(25). X. fastidiosa has also been shown to be the causative agent
of diseases found in landscape plants such as oleander leaf
scorch (31), mulberry leaf scorch (14), and oak leaf scorch (3).
In addition to the examples above proven through the com-
pletion of Koch’s postulates, X. fastidiosa is known to be asso-
ciated with leaf scorch type diseases in several other ornamen-
tal landscape species including crape myrtle, olive, day lily, and
southern magnolia (12).

Chitalpa (Chitalpa tashkentensis Elias and Wisura) is an or-
namental landscape plant that was developed for arid land-
scapes such as California, Arizona, Texas, and New Mexico.
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Chitalpa, originally bred in Russia and introduced into the
United States in 1977, is an intergenic hybrid between desert
willow (Chilopsis linearis Cav.) and Catalpa bignonioides Walt.
(28). In the past, chitalpa trees across the Southwest were
observed to display leaf scorch symptoms of unknown origin.
X. fastidiosa was detected in many chitalpa trees that displayed
leaf scorch symptoms in southern New Mexico (34). The first
known occurrence of Pierce’s disease in New Mexico was re-
ported in 2007, and the strains of X. fastidiosa found in infected
New Mexico grapes were very similar to those present in chi-
talpa trees from the same area (33). The common use of
chitalpa as a landscape plant in the Southwest coupled with the
recent discovery that it can harbor X. fastidiosa strains similar
to those associated with Pierce’s disease in New Mexico
prompted a survey of chitalpa trees across the Southwest. The
results of this survey show that chitalpa trees from New Mexico
and Arizona are frequently infected with X. fastidiosa. Chitalpa
plants imported into New Mexico nurseries from California
were also found to contain similar strains of X. fastidiosa. A
multilocus phylogenetic analysis was performed to further
characterize these strains of X. fastidiosa. This analysis re-
vealed that the X. fastidiosa isolates infecting chitalpa plants in
New Mexico, Arizona, and imported into nurseries from Cal-
ifornia are highly related to each other and are distinct from
the previously described subspecies fastidiosa (38).

MATERIALS AND METHODS

Collection of chitalpa samples. Chitalpa trees exhibiting leaf scorch type
symptoms from southern New Mexico, Arizona, and commercial nurseries in
southern New Mexico were sampled during the summer and fall of 2006 and
summer of 2007. Samples consisted of branches, stems, and leaves. The samples
were placed in individual plastic bags and stored at 4°C.
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ELISA of symptomatic chitalpa plants. The presence of X. fastidiosa was first
detected by enzyme-linked immunosorbent assay (ELISA). Two different meth-
ods were utilized for this assay. First, 0.5- to 1.0-g samples of leaf petioles and the
midveins were placed in plastic samples bags with 3 to 5 ml of extraction buffer
3 (Agdia, Inc., Elkhart, IN) and crushed with a hammer at room temperature.
Second, the sap was extracted from chitalpa branches by using a pressure cham-
ber (Soilmoisture Equipment, Santa Barbara, CA). Sap was obtained between 20
and 40 bars of pressure. Crushed samples and extracted sap were then loaded
into strips coated with X. fastidiosa-specific antibodies (X. fastidiosa PathoScreen
kit; AgDia) and processed according to the manufacturer’s instructions (Agdia).
The results were analyzed by using a plate reader (Bio-Tek KC4, v.3.1) at 620
nm. All test plates included at least three negative controls, and samples were
considered positive at greater than two times the average negative control.

Bacterial plating from chitalpa leaf tissue. Leaves were surface sterilized by
submerging in 70% ethanol for 2 min, followed by submerging the leaf in 30%
bleach (1.5% sodium hypochlorite) for 2 min. The leaves were rinsed in sterile
distilled water twice. Leaf sections from three separate leaves, consisting of
mainly the petiole and main veins, were finely chopped on sterile filter paper and
placed in an Eppendorf tube with 600 pl of sterile succinate-citrate-phosphate
buffer. Leaf pieces were ground for 30 s with a homogenizer (43; http://nature
.berkeley.edu/classes/es196/projects/2006final/zintzun%20.pdf). Then, 10 pl of
this extract was added to 90 pl of sterile succinate-citrate-phosphate buffer and
plated on XFD2 medium (1). The plates were incubated at 28°C and monitored
for colony development for 6 weeks.

PCR detection of X. fastidiosa with total DNA, xylem fluid, and bacterial
colonies. Total DNA isolated from chitalpa plants or expressed xylem fluid
obtained from the pressure chamber (see the ELISA methods described above)
and bacterial colonies was used for PCR analysis. Total DNA was extracted from
chitalpa plant samples by using the Qiagen Plant DNAeasy kit (Qiagen, Inc.,
Valencia, CA). The 272-1 and 272-2 external and internal primers for nested
PCR were utilized to determine the presence of X. fastidiosa as previously
described by Pooler et al. (29). Ten additional primer sets were also utilized for
amplification, and the resulting products were sequenced; these included the 16S
ribosome (V6 forward, 5'- AACGCGAAGAACCTTAC) and (23 reverse, 5'-G
TGCCAAGGCATCCACC-3"), 16S-23S ribosomal internal transcribed spacer
(ITS; 1493 forward, 5'-AGTCGTAACAAGGTAGCCGT-3") and (23 reverse,
5'-GTGCCAAGGCATCCACC-3") (19), gyrase subunit B (gyrase-B; forward
[5-AAGCGCCTCCGTGAGTTATC-3'] and reverse [5'-CCTTCACGCATAT
CATCACC-3']), simple sequence repeat sequences ASSR12 (forward [5'-TGC
TCATTGTGGCGAAGG-3'] and reverse [5'-CGCAACGTGCATTCATCG-
3']), OSSR (forward [5'-TAGGAATCGTGTTCAAACTG-3'] and reverse [5'-
TTACTATCGGCAGCAGAC-3']), and GSSR12 (forward [5'-TTACGCTGAT
TGGCTGCATTG-3'] and reverse [5'-GTCAAACACTGCCTATAGAGCG-
3']) (20) sequences specific to X. fastidiosa such as FY0076 (forward [5'-CGGG
TCGTTCCTATCAACTT-3'] and reverse [5'-CCCTTCAACGATTCGGTCT
A-3']) (http://cropdisease.ars.usda.gov), HL (forward [5'-AAGGCAATAAACG
CGCACTA-3'] and reverse [5'-GGTTTTGCTGACTGGCAACA-3']) (10), and
RST (rst31 [5'-GCGTTAATTTTCGAAGTGATTCGATT-3'] and rst33 [5'-CA
CCATTCGTATCCCGGTG-3']) (24) and virulence-associated genes such as
virulence-associated protein D (VapD) (forward [5'-CCATGGATCGCTGCCT
AATCG-3'] and reverse [5'-GGATCCCTAATCATCAGGATTTGG-3']). The
components for the PCR included 1X PCR buffer (100 mM Tris-HCI, 500 mM
KClI [pH 8.3]), 1.5 mM MgCl,, 0.2 mM deoxynucleoside triphosphates, 0.1 ng of
each primer, and 2 U of Tag polymerase. Templates consisted of 1 pl of the total
chitalpa DNA, 1 pl of 1:100 dilution of xylem fluid, or a small portion of the
bacterial colony for whole-cell PCR. The reaction conditions were as follows: an
initial denaturation step of 95°C for 2 min; 30 cycles of 95°C for 45 s, 55°C for
45 s, and 72°C for 2 min; with a final elongation step of 72°C for 5 min. The
products were resolved on 1% agarose gels, stained with ethidium bromide, and
visualized under UV light with a Kodak Image 2000R Station (Eastman Kodak
Company, Rochester, NY).

DNA sequencing and sequence analysis. The PCR products were either gel
purified using Qiaex (Qiagen) or treated with ExoSaplt according to the man-
ufacturer’s instructions (USB, Cleveland, OH) and directly sequenced using a
BigDye Terminator version 3.1 kit (ABI, Foster City, CA). Sequencing reactions
were purified by using Performa DTR gel filtration cartridges (Edge BioSystem,
Gaithersburg, MD) and run on an ABI 3100 automated sequencer (NMSU-
LiCor facility). The sequences were analyzed by using the sequence scanner
software (Bio-Rad, Hercules, CA). Sequence similarities were searched by using
the BLAST at the National Center for Biotechnology Information website (2).
Multiple sequence alignments were generated by using Geneious Pro v4.0.4 (8).
Maximum-likelihood trees were generated by using PAUP 4.0 and bootstrapped
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TABLE 1. GenBank accession numbers for the X. fastidiosa
sequences obtained during this study

X. fastidiosa GenBank

. Locus .

isolate accession no.
NMO02 16S ribosome FJ755926
AZ03 16S ribosome FJ755927
AZ04 16S ribosome FJ755928
CA01 16S ribosome FJ755929
NMO1 16S-23S ITS EU714194
NMO02 16S-23S ITS EU714192
NMO05 16S-23S ITS EU714193
NM grape 1 16S-23S ITS EU714195
AZ01 16S-23S ITS EU714188
AZ03 16S-23S ITS EU714189
AZ04 16S-23S ITS EU714187
CA01 16S-23S ITS EU714190
CAQ2 16S-23S ITS EU714191
NMO1 Gyrase-B EU714196
NMO02 Gyrase-B EU714197
AZ03 Gyrase-B EU714198
AZ04 Gyrase-B EU714199
NMO1 RST (RNA pol Sigma-70) EU714203
NMO02 RST (RNA pol Sigma-70) EU714204
AZ01 RST (RNA pol Sigma-70) EU714200
AZ03 RST (RNA pol Sigma-70) EU714201
AZ04 RST (RNA pol Sigma-70) EU714202
NMO1 HL (hypothetical protein) EU714205
NMO02 HL (hypothetical protein) EU714206
AZ03 HL (hypothetical protein) EU714207
AZ04 HL (hypothetical protein) EU714208
NM grape 1 HL (hypothetical protein) EU714209
NMO1 ASSR (hypothetical protein) EU714219
NMO02 ASSR (hypothetical protein) EU714220
AZ03 ASSR (hypothetical protein) EU714221
AZ04 ASSR (hypothetical protein) EU714222
NMO1 GSSR (noncoding) EU714210
NMO02 GSSR (noncoding) EU714211
AZ03 GSSR (noncoding) EU714212
AZ04 GSSR (noncoding) EU714213
NM grape 1 GSSR (noncoding) EU714214
NMO1 OSSR (exopolyphosphatase) EU714225
NMO02 OSSR (exopolyphosphatase) EU714226
AZ03 OSSR (exopolyphosphatase) EU714223
AZ04 OSSR (exopolyphosphatase) EU714224
NMO1 272 (hypothetical protein) EF109036.1
NMO02 272 (hypothetical protein) EF109937.1
AZ03 272 (hypothetical protein) EU714227
AZ04 272 (hypothetical protein) EU714228
NMO1 FY0076 (phage primase) EU714215
NMO02 FY0076 (phage primase) EU714216
AZ03 FY0076 (phage primase) EU714217
AZ04 FY0076 (phage primase) EU714218
NMO1 VapD EU714229
NMO02 VapD EU714230
AZ04 VapD EU714231
AZ05 VapD EU714232

1,000 times (40). Sequences obtained during the present study were deposited in
GenBank (Table 1).

Pathogenicity studies. PCR-positive X. fastidiosa bacterial colonies from the
NMO02 and NM grape 1 samples were grown in liquid XFD2 medium at 28°C with
shaking for 3 weeks. The bacteria were centrifuged to obtain a pellet, and the
pellet was resuspended in succinate-citrate buffer (10° bacterial cells/ml). The
resuspended bacterial cells (~200 pl) were injected into the stems of Nicotiana
benthamiana plants by using a 28-gauge needle. Control plants consisted of
plants that were inoculated with the citrate-succinate buffer in a similar fashion
and plants that were not inoculated. Two months later, the plants were evaluated
for symptoms, and the leaves above the inoculation site were tested for X. fastidiosa
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by PCR with the 272-1 and 272-2 primers. Leaves from above the inoculation site
were also used for plating bacterial colonies (as described above).

RESULTS

Identification of X. fastidiosa in C. tashkentensis by ELISA
and PCR. Many chitalpa plants exhibiting classic symptoms of
leaf scorch were observed in New Mexico and Arizona during
2006, 2007, and 2008. The common characteristics associated
with this leaf scorch were leaf chlorosis, leaf necrosis, defolia-
tion, and branch dieback (Fig. 1). The leaves first displayed
chlorosis followed by necrosis in ringlike patterns beginning at
the leaf tip (Fig. 1A). Leaf tip and marginal necrosis was also
a common symptom on these trees (Fig. 1B). Samples from
symptomatic chitalpa plants were collected from southern New
Mexico and southern Arizona and analyzed for the presence of
X. fastidiosa. Samples were also collected from three nurs-
eries in southern New Mexico that had directly imported
chitalpa plants from California. ELISA analysis of chitalpa
samples collected from New Mexico, Arizona, and nurseries
identified 36 of 67 independent plants as positive for X.
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FIG. 1. C. tashkentensis in Southern New Mexico exhibiting leaf scorch symptoms. (A and B) Leaf chlorosis and necrosis from symptomatic
chitalpa trees. (C) Flowers of the chitalpa tree. (D) Symptomatic chitalpa tree exhibiting branch dieback.

fastidiosa (Table 2). Four chitalpa samples were borderline
by ELISA analysis, while the remaining 25 samples were
negative for X. fastidiosa.

Total DNA or xylem fluid isolated from the chitalpa samples
was also analyzed for X. fastidiosa by PCR amplification. PCR
analysis of the chitalpa samples using previously described
nested primers (29) specific for X. fastidiosa produced the
expected 450-bp amplicon for 33 of the 62 samples tested by
PCR (Table 2). The ELISA and PCR data were in agreement
for all samples except three: LVC1, LVC2, and CA1 (Table 2).
The LVC2 and CA1 chitalpa samples were found to be nega-
tive for X. fastidiosa by ELISA analysis but were positive when
tested by PCR. This discrepancy is likely due to the difference
in sensitivity between ELISA and PCR techniques for detect-
ing X. fastidiosa. PCR is much more sensitive and detects dead
or alive cells. The chitalpa sample LVC1 was positive for X.
fastidiosa by ELISA, while the PCR amplification for the
pathogen was negative. The presence of the X. fastidiosa varied
spatially within the plants (data not shown), and this spatial
variation may account for this discrepancy.
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TABLE 2. Data from Southwest chitalpa samples”

Assay result

Chitalpa sample . Seq.uenc.e Bacterial
identification ELISA PCR acteria
colony
New Mexico
FG1 + + +
FG4 + No test Not plated
MAL1 NMO1 + + +
WOl + + +
WOla + + -
WOI1b + No test Not plated
WO2a + + -
WO2b + No test Not plated
PB1 NMO02 + + +
CBH NMO03 + + +
CB624 NMO04 + + -
CB418 - - -
CH33 + + -
MA2 NMO5 + + +
MA3 + + +
A% + No test Not plated
MAG6 NMO06 + + -
HD3 NMO07 + + -
BM1 - - -
BM2 - - -
SW1 NMO08 + +
SW5 NMO09 + + -
MO1 NM10 + + -
FG2 NM11 + + -
FG3 NM12 + + -
W02 NM13 + + +
LVC1 + - -
LvC2 - + -
CV1 + No test Not plated
Cv2 Borderline - Not plated
CV3 - - Not plated
HD3 + + -
Arizona
SV1 AZ01 + + -
SV2 AZ02 + + -
SV3 AZ03 + +
Sv4 AZ04 + + -
SV5 AZ05 + +
SV6 AZ06 + +
SV7 AZ07 + + -
SV8 - - Not plated
SV9 - - Not plated
SV10 - - Not plated
SVi1 AZ11 + + -
TU1 - - Not plated
TU2 - - Not plated
TU3 - - Not plated
TU4 - - Not plated
TUS - - Not plated
TU6 + + +
TU7 - - Not plated
TUS8 - - Not plated
TU9 - Not plated
TU10 - - Not plated
TU11 - - Not plated
TU12 - - Not plated
TU13 - - Not plated
TU14 - - Not plated
Nursery samples
701 CA1l - Not plated
699 - - Not plated
700 - - Not plated
702 - - Not plated
703 - - Not plated
81 CA2 Borderline + Not plated
639 CA3 - + +
79 + + Not plated
80 Borderline - Not plated
59 - - Not plated
63 - + Not plated

“ The PCR result was determined to be positive or negative by the presence of
a product at the correct size on an agarose gel. The bacterial colony column
refers to samples that yielded X. fastidiosa colonies when cultured.
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Culturing of X. fastidiosa from infected chitalpa plants. X.
fastidiosa was cultured from infected chitalpa trees as previously
described (43). Twenty days after plating on XFD2 medium (1),
small white colonies were visible. Colonies were obtained from 11
of the symptomatic chitalpa trees (Table 2). These colonies were
confirmed to be X. fastidiosa by direct sequencing of amplicons
produced from whole-cell PCR with the nested PCR primers
performed as described above (data not shown).

Pathogenicity studies of X. fastidiosa colonies in N. benthami-
ana. PCR positive X. fastidiosa bacterial colonies from NM02
and NM grape were grown in XFD2 liquid media and needle
inoculated into the stems of N. benthamiana plants. Control
plants consisted of noninjected N. benthamiana and N.
benthamiana plants injected with succinate-citrate buffer. At 2
months after inoculation the plants were evaluated for symp-
toms. Five of the fourteen plants inoculated with NM02 X
fastidiosa isolate were dead. Of the remaining nine plants,
eight exhibited symptoms such as chlorosis and necrosis of the
leaves. One plant was asymptomatic. The plants inoculated
with the NM grape X. fastidiosa resulted with one plant dead
and five of the remaining six plants exhibited chlorotic symp-
toms on the leaves. The leaves above the inoculation site were
tested for the presence of X. fastidiosa by PCR with the nested
272-1 and 272-2 primers. Six of the eight living symptomatic
plants inoculated with NMO02 were positive for X. fastidiosa by
PCR. Five plants inoculated with the NM grape isolate were
PCR positive. None of the control plants died or exhibited
symptoms associated with X. fastidiosa. The control plants
were also negative for X. fastidiosa by PCR. Bacterial plating
from the plants resulted in bacterial colonies that were PCR
positive for X. fastidiosa from the plants inoculated with the
NM grape isolate. No bacterial colonies resulted from plating
the NM02-inoculated plant samples.

Phylogenetic analysis of X. fastidiosa 16S ribosome including
the 16S-23S ITS. The 1,200-bp fragment amplified from the
16S ribosome including 16S-23S rRNA ITS region from the
New Mexico, Arizona, and California X. fastidiosa samples
were analyzed by sequence analysis. BLAST analysis of the 16S
ribosome showed that these sequences are 99% similar to
several strains of X. fastidiosa. BLAST analysis of the ITS
regions showed that the New Mexico, Arizona, and California
sequences are 99% similar to citrus CVC-9a5c (AE003849.1),
the almond-Dixon (AF073251.1), and the oleander-OLS
(AF073213.1) and 98% similar to the grape Temecula-1
(AE009442.1).

Previous work by Schaad et al. (38) and Schuenzel et al. (39)
proposed that all X. fastidiosa strains can be subdivided into
four main subspecies which include fastidiosa (pierci), sandyi,
multiplex, and pauca based upon their ITS similarities, DNA
relatedness, growth, serology, and multiple locus sequence
analysis. Multiple sequence alignments were constructed using
the 16S ribosome and ITS consensus sequences from repre-
sentative members of four subspecies fastidiosa (piercei), san-
dyi, multiplex, and pauca (obtained directly from the Schaad
et al. [38] or GenBank). A phylogenetic tree was generated
from this alignment by using the maximum-likelihood method,
which was bootstrapped 1,000 times and includes Xanthomo-
nas campestris as the outgroup (Fig. 2). This 16S ribosome and
ITS-based tree indicates that all of the chitalpa X. fastidiosa
(California, Arizona, and New Mexico) sequences are more
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FIG. 2. Phylogram of the 16S ribosome and ITS region. Included in this phylogenetic tree are the isolates from chitalpa obtained from New Mexico,
Arizona, and California. The sequences for the subgroups pierci, multiplex, and pauca were taken from Schaad et al. (38), and the sequences obtained
from GenBank are noted with the GenBank accession numbers. The maximum-likelihood method using PAUP 4.0 was utilized to make the tree. The
tree was bootstrapped 1,000 times, and bootstrapping consensus percentages are shown on the tree with Xanthomonas as the outgroup.

closely related to each other than any other described X. fas-
tidiosa strain. All of these sequences cluster together on a
single well-supported branch that is separate from the other
distinct subspecies branches. Based on this analysis of the 16S
ribosome and ITS sequences, the X. fastidiosa chitalpa group is
equally related to the multiplex and pauca genotypes and less
related to the pierci and sandyi groups.

Similar phylogenetic trees were also obtained using alterna-
tive methods such as discrete character parsimony algorithm
(version 3.67), along with nearest-neighbor methods, including
Hasegawa-Kishino-Yano, Tamuri-Nei, and Jukes-Cantor (data
not shown).

Multilocus phylogenetic analysis. Analysis of the 16S ribo-
some and ITS region suggested that the chitalpa from the New
Mexico and Arizona groups are highly related to each other
and distinct from any other previously described strains of X.
fastidiosa. To increase the resolution of the phylogenetic anal-
ysis nine additional loci were examined for the New Mexico
and Arizona groups. These loci include gyrase-B; the simple
sequence repeat sequences ASSR (codes for a conserved hy-
pothetical protein), OSSR (exopolyphosphatase), and GSSR
(noncoding region) (20); sequences specific to X. fastidiosa,
including FY0076 (this includes the coding region for a phage-
related protein) (http://cropdisease.ars.usda.gov), HL (hypo-
thetical protein) (10), and RST (sigma-70 factor) (24); and the
virulence-associated D (VapD) gene. The corresponding se-
quences for X. fastidiosa strains from CVC 9aSc, Temecula-1,
Almond (Dixon), and Oleander (Ann-1) were obtained from
GenBank. These loci were analyzed individually and then
linked together into one concatameric sequence. Since se-
quences for all of these loci do not exist for other related
species this analysis was performed with the four fully se-
quenced X. fastidiosa strains (CVC 9a5c, Temecula-1, Olean-

der, and Almond) without an outgroup. The tree generated
from alignment of these concatameric sequences affirms the
results obtained from 16S ribosome and ITS-based analysis
further, indicating that the New Mexico and Arizona isolates
are more closely related to each other than to other reported
X. fastidiosa isolates (Fig. 3). Also similar to the 16S ribosome
and ITS results, the concatemer-based results indicate that the
X. fastidiosa isolates from chitalpa (New Mexico and Arizona
isolates) cluster into a unique clade that is separate from those
containing other recognized subspecies. Interestingly, the total
concatameric sequences from the chitalpa strains are most
similar to the CVC 9a5c isolate on this tree (Fig. 3).

VapD. Virulence-associated proteins are utilized by a wide
range of pathogenic bacteria. In particular, VapD is found in
Dichelobacter, Haemophilus, and Helicobacter (16, 22). The X.
fastidiosa CVC 9a5c strain was found to contain a VapD gene
on pXF51 (22). The VapD protein from CVC 9a5c is similar to
a VapD found in Riemerella anatipestifer and Actinobacillus
actinomycetemcomitans (5). The function of this protein is un-
known, although microarray analysis with the CVC 9a5c strain
indicates that it may be turned on during heat stress (27). In
silico analysis of sequenced X. fastidiosa strains identified a
putative chromosomal vapD gene in the oleander strain (Ann-
1). However, none of the other X. fastidiosa strains with com-
plete sequences available contain an apparent homologue, nor
have any other vapD sequences been reported for other X.
fastidiosa isolates. Analysis of the putative chromosomal vapD
gene within the Ann-1 genome has a contiguous open reading
frame of 103 amino acids that are 98% identical to the CVC
9a5c VapD amino acid sequence. However, there is a signifi-
cant gap within the N-terminal coding sequence compared to
the CVC 9a5c vapD gene. The open reading frame begins with
14 amino acids that differ from the CVC 9a5c VapD by only
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FIG. 3. Concatameric phylogram. Sequences from eight different
loci were linked for each X. fastidiosa isolate. These concatamers were
used to make nucleotide alignments and phylogenetic trees using
Geneious Pro v4.0.4. The maximum-likelihood method using PAUP
4.0 was utilized to make the tree. The tree was bootstrapped 1,000
times, and bootstrapping consensus percentages are shown on the tree.
The concatamers included OSSR, ASSR, GSSR, gyrase-B, 272-1
(nested), RST, HL, and FY0076 sequences that were separated by four
N's to keep spatial alignment. Isolates included the New Mexico and
Arizona isolates, as well as the four completely sequenced strains of X.
fastidiosa CVC 9a5c (GenBank accession AE003849.1), Temecula-1
(AE009442.1), Oleander (Ann-1) (AAMO03000039.1), and almond
(Dixon) (AAAL02000003.1).

one amino acid. This is then followed by a gap of 31 nucleo-
tides that causes a frameshift within the coding sequence. The
coding sequence for the 103-amino-acid ORF follows this gap
and is thus out of frame with the sequences coding for the
apparent N-terminal amino acids of the VapD protein. Thus, it
is not clear whether the vapD-related sequence in the Ann-1
strain represents a real gene. It is possible that the Ann-1 strain
contains a nonfunctional vapD gene that was acquired through
horizontal exchange and has since become inactivated through
a frame shifting deletion in the N-terminal coding region. Al-
ternatively, the Ann-1 strain may be utilizing a truncated ver-
sion of VapD where the N-terminal 14 amino acids are by-
passed. The following analysis involving the putative oleander
Ann-1 vapD was performed with the second contiguous open
reading frame. The vapD from oleander (Ann-1) and CVC
9a5c X. fastidiosa share a nucleotide identity of 93% and share
98% identity at the amino acid level.

VapD PCR products were amplified from the New Mexico
and Arizona isolates using primers designed from the CVC
9aSc vapD sequence. Sequencing of the amplicons showed that
they contained one contiguous open reading frame coding for
VapD-related protein sequences. The vapD sequences from
the New Mexico and Arizona strains did not contain the frame-
shifting deletion observed in the Ann-1 genomic vapD se-
quence. BLAST analysis indicates that the vapD sequences
from the New Mexico isolates are 96% identical to vapD from
CVC 9a5c and 94% identical to the partial vapD from the

APPL. ENVIRON. MICROBIOL.

0 Dichelobacter vapD

O Heliobactor vapD

O XF oleander vapD

100 o XF AZ04 vap

82.2 O XF AZ05 vap

———————®XF CVC vapD

85.4

—o XF NM02 vap
74.1

——o0 XF NMO1 vap

FIG. 4. Protein VapD phylogram. VapD translated sequences from
the New Mexico and Arizona X. fastidiosa isolates were aligned with
the VapD protein sequences from CVC 9a5c (GenBank accession no.
NP_061707) and Oleander (Ann-1) (GenBank accession no. YP_
001209) strains obtained from GenBank (www.ncbi.nlm.nih.giv).
VapD from Helicobacter pylori (GenBank accession no. NP_207759)
and Dichelobacter (GenBank accession no. YP_001209) were also in-
cluded in the alignment, and Dichelobacter was used as the outgroup
for the phylogenetic tree. The Jukes-Cantor neighbor-joining method
was used, and results were bootstrapped 1,000 times. Initial protein
alignments were completed by using the Global Alignment method
with a Blossum62 as the cost matrix.

Oleander (Ann-1) strain, while the Arizona vapD PCR prod-
ucts are 94% identical to the CVC 9a5c and 91% identical to the
partial Oleander (Ann-1) vapD at the nucleotide level. BLAST
analysis of the deduced amino acid sequences for the NM VapD
protein indicate that they share 99% identity to the CVC 9a5c
VapD and 97% identity to the partial oleander (Ann-1) VapD.
The Arizona VapD protein products share 86% identity with the
CVC 9a5c VapD and 84% identity with the partial oleander
(Ann-1) VapD protein. The deduced VapD amino acid se-
quences from the New Mexico and Arizona isolates were com-
pared to those from the CVC 9a5c and Oleander (Ann-1) strains
and VapD sequences from Dichelobacter (GenBank accession no.
YP_001209) and Helicobacter (GenBank accession no. NP_
207759), with the Dichelobacter VapD sequence serving as the
outgroup. This alignment compared the entire VapD protein
sequence including the gap at the N-terminal end of the oleander
(Ann-1) VapD. Interestingly, the New Mexico VapD proteins
cluster together and are most closely related to the VapD from
the CVC 9a5c strain, whereas the Arizona VapD protein se-
quences cluster together on a separate branch (Fig. 4).

DISCUSSION

Environmental pressures placed on chitalpa trees, such as
limited water and high temperatures, have previously been
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proposed to be the cause of the leaf scorch symptoms. How-
ever, the symptoms observed on these chitalpa trees—chloro-
sis, leaf necrosis, defoliation, and branch dieback—were rem-
iniscent of symptoms described for plants infected with X.
fastidiosa. Samples from chitalpa trees in New Mexico, Ari-
zona, and imported into nurseries were collected and tested
positive for the presence of X. fastidiosa by ELISA and PCR
assays. Although the link between X. fastidiosa and leaf scorch
symptoms is unclear, it should be noted that most of the newly
imported trees exhibited mild leaf scorch symptoms. Interest-
ingly, the mild symptoms in these trees correlated with lower
ELISA readings compared to some of the severely symptom-
atic trees sampled in the field. The data indicate that X. fas-
tidiosa-infested chitalpa are widely distributed across the
southwestern United States, being present at every location
sampled, and that similar X. fastidiosa strains are also present
in nursery stock being distributed across the southwestern
United States.

The pathogenicity study indicated that cultures of the X.
fastidiosa strain associated with chitalpa and the Pierce’s dis-
ease outbreak in New Mexico are pathogenic in N. benthami-
ana. In a previous study, Nicotiana tabacum was shown to be a
suitable host for X. fastidiosa assays, in particular with Pierce’s
disease strains and almond leaf scorch disease strains (9).
Pathogenicity testing was performed on the New Mexico
strains of X. fastidiosa by inoculation of liquid cultures of
chitalpa or New Mexico-Pierce’s disease strains into a different
species of tobacco, N. benthamiana. Plants inoculated with
these strains developed symptoms consistent with X. fastidiosa
infection. Interestingly, further examination of chitalpa trees
and the X. fastidiosa cultures showed that they contained both
X. fastidiosa and an endophytic Methylobacterium sp. that ap-
parently cocultured with X. fastidiosa (data not shown). An
interaction between Methylobacterium and X. fastidiosa was
first observed in citrus plants infected with CVC (17). Since our
pathogenicity studies were conducted with mixed cultures we
are unable to directly establish that the chitalpa strains of X.
fastidiosa are pathogenic. However, inoculation of pure Methylo-
bacterium cultures into N. benthamiana resulted in no symp-
toms observed with the plants (data not shown). Therefore, the
observed disease cannot be attributed to the cocultured Methylo-
bacterium. Although the pathogenicity study indicates that this
particular X. fastidiosa strain is likely pathogenic in tobacco, we
have not yet completed Koch’s postulates. The origin of X.
fastidiosa in the southwest chitalpa trees is unknown. The ob-
servation that chitalpa across the Southwest are colonized by
similar strains of X. fastidiosa, which are distinct from those
previously reported, suggests that X. fastidiosa was introduced
into chitalpa prior to the trees being distributed across the
Southwest. This could have occurred through one of the par-
ents that was used to make the chitalpa hybrid or from an area
where chitalpa are produced and distributed. Limited testing
for X. fastidiosa in local desert willow and catalpa trees resulted
in only one catalpa tree that was positive for X. fastidiosa, while
no desert willow trees tested positive for X. fastidiosa (data not
shown). The association of this new X. fastidiosa strain with the
first outbreak of Pierce’s disease in New Mexico indicates that
the frequently infected chitalpa trees may be a reservoir for
this disease. Although stable populations of known insects
known to vector Pierce’s disease have never been observed in
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New Mexico, the presence of known X. fastidiosa vector pop-
ulations in neighboring states suggests that appropriate vectors
may exist, at least transiently or in low numbers, in this area.
Bluegreen sharpshooters were caught in traps near nurseries in
central New Mexico, and bluegreen and smoke-tree sharp-
shooters were also trapped in southwestern New Mexico, sug-
gesting that these insects enter New Mexico at least occasion-
ally (N. Goldberg and C. Sutherland, unpublished data). Also,
there are native sharpshooters present in New Mexico. These
sharpshooters are not specifically noted as vectors for X. fas-
tidiosa transmission, but they are xylem feeders and are poten-
tially capable of vectoring X. fastidiosa.

Phylogenetic analysis of 10 different loci of the X. fastidiosa
isolates from the southwest chitalpa samples revealed that
these X. fastidiosa isolates are more genetically related to each
other than to other previously described strains of X. fastidiosa
(Fig. 2, 3, and 4). Analysis of the 16S-23S ribosomal ITS region
resulted in five distinct clusters corresponding to the four pre-
viously established subspecies (pierci, pauca, sandyi, and mul-
tiplex) and a new separate fifth cluster containing all of the
chitalpa isolates (Fig. 2). Previous work classifying X. fastidiosa
subspecies suggested that the I'TS sequence can fully differen-
tiate strains into their specific subspecies (38, 39). These strains
clustered as previously reported with the chitalpa and NM
grape X. fastidiosa isolates clustering on a separate unique
branch. Based on this analysis, the chitalpa isolates appear to
be a separate unique subspecies.

Multiple locus analysis was utilized to further evaluate phy-
logenetic relationships between different isolates and strains of
X. fastidiosa. Multilocus approaches used by a number of other
groups included RAPD [random(ly) amplified polymorphic
DNA] analysis, simple sequence repeats, and single nucleotide
polymorphism analysis (11, 13, 20, 23, 37, 42). Concatameric
analysis of sequences from multiple loci is often utilized to
obtain a more robust and comprehensive view of phylogenetic
relationships and was used to identify sandyi as a separate
subspecies of X. fastidiosa (21, 26, 39, 42). Sequences from
multiple loci, including gyrase-B, simple sequence repeats, and
specific X. fastidiosa genes, were linked together into one con-
catameric sequence for phylogenetic analysis. Comparison of
the concatameric sequences with the four completely se-
quenced strains of X. fastidiosa (CVC 9a5c, Temecula-1, Ole-
ander [Ann-1], and Almond [Dixon]) further indicated that the
New Mexico and Arizona isolates are most similar to each
other and then to the CVC 9a5c strain. This analysis supports
that the New Mexico and Arizona strains compose a new
subgroup that is independent from the previously described
fastidiosa (piercei), sandyi, multiplex, and pauca subspecies.

In addition to looking at genomic elements common to all
characterized X. fastidiosa isolates, genes that may have had
the opportunity for easy horizontal transfer, including the
vapD gene were also considered. This gene has only been
described in the X. fastidiosa strain CVC 9a5c strain, where it
is hypothesized to have transferred into CVC 9a5c by phage
mediated horizontal transfer (22). The New Mexico and Ari-
zona isolates were found to contain vapD sequences and the
New Mexico vapD sequences were most closely related to the
CVC 9a5cvapD (Fig. 4). The presence of vapD sequences and
their similarity to CVC 9a5Sc independently suggests the relat-
edness of the New Mexico isolates to the CVC strain, as im-
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plied by the analysis of other loci (Fig. 3). However, until
further elucidation of the presence of other vapD sequences in
X. fastidiosa strains occurs, this analysis is limited.

The phylogenetic analysis reported here indicates that these

isolates comprise a unique subspecies that is different than the
four previously defined. We suggest calling this subspecies X.
fastidiosa subsp. tashke due to its discovery in and wide asso-
ciation with C. tashkentensis.
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