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ABSTRACT

Lin, H., Islam, M. S., Rosa, J. C. C.-L., Civerolo, E. L., and Groves, R. L.
2015. Population structure of Xylella fastidiosa associated with
almond leaf scorch disease in the San Joaquin Valley of California.
Phytopathology 105:825-832.

Xylella fastidiosa causes disease in many commercial crops, including
almond leaf scorch (ALS) disease in susceptible almond (Prunus dulcis). In
this study, genetic diversity and population structure of X. fastidiosa associated
with ALS disease were evaluated. Isolates obtained from two almond orchards
in Fresno and Kern County in the San Joaquin Valley of California were

analyzed for two successive years. Multilocus simple-sequence repeat (SSR)
analysis revealed two major genetic clusters that were associated with two host
cultivars, ‘Sonora’ and ‘Nonpareil’, respectively, regardless of the year of study
or location of the orchard. These relationships suggest that host cultivar
selection and adaptation are major driving forces shaping ALS X. fastidiosa
population structure in the San Joaquin Valley. This finding will provide
insight into understanding pathogen adaptation and host selection in the
context of ALS disease dynamics.

Additional keywords: annual variation.

Almond leaf scorch (ALS) disease (9,15,36,49) in susceptible
almond (Prunus dulcis (Mill.) D. A. Webb) is caused by Xylella
fastidiosa (61), a xylem-limited, fastidious bacterium. Several
subspecies (i.e., subsp. fastidiosa, multiplex, and pauca) (16,53,54),
have been suggested or proposed based on the distinct genetic and
phylogenetic clades (40,45,54,56,62) of X. fastidiosa associated
with diseases of a wide range of agricultural, horticultural, and
landscape plants throughout the Americas (23,39,53,54). Important
diseases of fruit trees and vine crops include ALS (36), Pierce’s
disease (PD) of grape (14), oleander leaf scorch (OLS) (44), citrus
variegated chlorosis (CVC) (27), phony peach and plum leaf scald
(13), coffee leaf scorch (CLS) (2,11), pear leaf scorch (28,56), and
pecan bacterial leaf scorch (34,50). Pathogenic strainsofX. fastidiosa
subsp. multiplex have been associated with leaf scorch or dieback
symptoms in some olive trees in California (26). X. fastidiosa strains
have recently been detected in almond and olive trees and oleander
plants, exhibiting leaf scorch symptoms in Apulia, Italy (32,51). In
addition, X. fastidiosa strains closely related to X. fastidiosa subsp.
pauca were identified in olive trees associated with a quick decline
syndrome and with diseased oleander in Apulia, Italy (5).
California produces 82%of the almond nuts globally, and the San

Joaquin Valley (SJV) of California is a major almond-producing
region. ALS is a difficult plant disease to manage effectively.
X. fastidiosa has been present in the SJV (36,43,49) and has
threatened both grape and almond production for many years. ALS
disease has reemerged as a potential threat to the almond industry in
the SJV (3,8,9,19).

X. fastidiosa strains associated with ALS disease are spread
within and among almond orchards by sharpshooter leafhoppers or
spittlebugs while they feed in the xylem. The disease develops slowly
over several years, infecting more trees with each succeeding
year (58). After a few years following infection, affected trees
become unproductive and may die.
Genetic and pathogenic variations of phytopathogenic bacteria

significantly affect disease epidemiology. Limited variation in
genetic diversity and structure among crop cultivars may impose
strong selection on X. fastidiosa strains. On the other hand, large
genetic variations in pathogen populations can lead to breakdown
of host resistance. Crop resistance durability depends upon the
variability and adaptability of pathogen populations as they interact
with host plant resistance genes. Therefore, information about the
genetic diversity and genetic population structure of X. fastidiosa
responsible for ALS disease in the SJV is important to help develop
effective disease management strategies.
Groves et al. (19) analyzed the spatial distributions and spread of

X. fastidiosa strains associated with ALS disease in the SJV and
detected the variation of disease incidence among different host
cultivars. Chen et al. (8) characterizedX. fastidiosa strains associated
with ALS disease in the SJVand reported two distinct genotypes in
the same infected almond orchard, although it was not clear whether
these two distract genotypes were associated with particular host
cultivars. Although these studies provided some background infor-
mation about the distribution ofALS disease-associatedX. fastidiosa
strains in the SJV, information regarding the spatial and temporal
variations in genetic diversity and population structure in the context
of disease epidemiology is lacking.
Simple-sequence repeat (SSR) markers, also known as variable-

number tandem repeat (VNTR) or microsatellite markers, are ef-
fective tools for tracking spatial and temporal variation in genetic
diversity and population differentiation. This marker system possesses
adequate discrimination power for distinguishing and clustering
bacterial populations that have evolved over a short time scale. SSR
makers have been successfully used to evaluate genetic diversity
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and population structure of various plant-pathogenic bacteria such
as in ‘Candidatus Liberibacter’ spp. (21,30) and Xanthomonas citri
(59), including Xylella fastidiosa-associated diseases in various
agricultural and horticultural crops such as PD in grape (10,29,31),
CVC in citrus, and CLS (2,11).
An SSR marker system containing 34 loci was previously

developed from the genome sequences of four different strains of
X. fastidiosa which cause PD, CVC, ALS, and OLS diseases,
respectively (29). Ten of these markers successfully genotyped
X. fastidiosa strains that cause ALS disease and were used in the
present study to analyze the seasonal and annual variation in
genetic diversity and genetic population structure of this bac-
terium in two almond orchards in the SJVof California: orchard A
in Fresno County and orchard B in Kern County. Isolates obtained
from these almond orchards were analyzed over multiple growing
seasons.
The objectives of this study were to track the spread of virulent

X. fastidiosa strains among different host cultivars throughout the
almond production season within a year and between successive
years. Such information is critical for the development of effective
disease management strategies.

MATERIALS AND METHODS

Study site and sample collections. The study almond
orchards, orchard A and orchard B, were located in the central
(Fresno County) and southern (Kern County) portions of the SJV,

respectively. These two almond orchards are separated by
approximately 250 km. Orchard A was planted in 1988 and
consisted of alternating, four-row blocks of different almond
cultivars: ‘Nonpareil’ (50%), ‘Sonora’ (25%), and ‘Carmel’ (25%).
Orchard B orchard was planted between 1995 and 1996 and was
arranged as alternating four-row blocks ofNonpareil (50%), Sonora
(25%), and ‘Fritz’ (25%).
Only Sonora was X. fastidiosa infected in orchard A; however,

two cultivars, including Sonora and Nonpareil, were affected with
ALS symptoms in orchard B. Symptomatic almond shoots were
collected from Sonora at both experimental orchards. Nonpareil
shoots were collected in orchard B. Samples were collected
throughout the almond growing seasons (May to October) in 2004
(monthly) and 2005 (bimonthly) from each of the experimental
sites. Each sample was collected from and represented for an
individual symptomatic tree.

X. fastidiosa isolation. Symptomatic shoots were initially
surface sterilized by quick immersion in 85% ethanol followed by
flaming. A 3- to 5-cm shoot piece was inserted into a tube
containing 20 µl of sterilized water. The tube was then centrifuged
to extract X. fastidiosa-containing sap. Sap extracts were then
streaked on periwinkle wilt (PW) agar medium and incubated at
28�C for 15 to 20 days (13). Isolated colonies were verified by
polymerase chain reaction (PCR) using primers RST31 andRST33,
specific for X. fastidiosa (35). Isolated X. fastidiosa colonies were
archived in PW broth with 30% glycerol and stored at _80�C. In
total, 146 isolates were collected and represented two experimental

TABLE 1. Genetic diversity of Xylella fastidiosa strains associated with almond leaf scorch (ALS) disease on a monthly or bimonthly basis throughout two
successive almond growing seasons in 2004 and 2005 in the San Joaquin Valley (SJV) of Californiaa

Collection ID Year Month Orchard Cultivar N Ncc Na Ne Hs

Sonora 2004
4mMs 2004 May Orchard A Sonora 4 3 1.3 1.2 0.133
4mJs 2004 June Orchard A Sonora 5 4 1.4 1.3 0.138
4mJLs 2004 July Orchard A Sonora 5 4 1.5 1.3 0.175
4mAs 2004 August Orchard A Sonora 5 5 2.7 2.2 0.496
4mSs 2004 September Orchard A Sonora 5 4 1.4 1.3 0.138
4mOs 2004 October Orchard A Sonora 5 4 1.4 1.3 0.138
Total … … … … 29 24 1.6 1.4 0.203

Sonora 2005
5mMs 2005 May Orchard A Sonora 5 4 1.6 1.5 0.213
5mJLs 2005 July Orchard A Sonora 9 5 1.5 1.3 0.152
5mOs 2005 October Orchard A Sonora 14 5 1.6 1.4 0.192
Total … … … … 28 14 1.6 1.4 0.186

Sonora 2004
4rMs 2004 May Orchard B Sonora 3 3 2.1 2.0 0.422
4rJs 2004 June Orchard B Sonora 4 4 2.4 2.2 0.475
4rJLs 2004 July Orchard B Sonora 3 3 2.3 2.2 0.489
4rAs 2004 August Orchard B Sonora 4 3 1.2 1.2 0.067
4rSs 2004 September Orchard B Sonora 4 4 2.4 2.2 0.500
4rOs 2004 October Orchard B Sonora 4 4 2.5 2.3 0.525
Total … … … … 22 21 2.2 2.0 0.413

Nonpareil 2004
4rMnp 2004 May Orchard B Nonpareil 3 2 1.6 1.6 0.300
4rJnp 2004 June Orchard B Nonpareil 3 2 1.4 1.4 0.200
4rJLnp 2004 July Orchard B Nonpareil 4 2 1.4 1.4 0.200
4rAnp 2004 August Orchard B Nonpareil 3 3 1.5 1.4 0.200
4rSnp 2004 September Orchard B Nonpareil 4 4 2.0 1.9 0.288
4rOnp 2004 October Orchard B Nonpareil 4 4 1.6 1.4 0.213
Total … … … … 21 17 1.6 1.5 0.233

Sonora 2005
5rMs 2005 May Orchard B Sonora 5 4 2.5 2.2 0.463
5rJLs 2005 July Orchard B Sonora 6 4 2.3 2.0 0.475
5rOs 2005 October Orchard B Sonora 8 5 2.7 2.3 0.528
Total … … … … … … 2.5 2.2 0.489

Nonpareil 2005
5rMnp 2005 May Orchard B Nonpareil 6 6 1.7 1.5 0.239
5rJLnp 2005 July Orchard B Nonpareil 11 4 1.5 1.4 0.188
5rOnp 2005 October Orchard B Nonpareil 10 6 1.9 1.5 0.244
Total … … … … 27 16 1.7 1.5 0.224

a Isolates were obtained from two almond orchards in the SJV (orchard A and orchard B) containing two almond cultivars (Sonora and Nonpareil). N = number of
isolates, Ncc = number of isolates in clone-corrected data set, Na = number of alleles, Ne = number of effective alleles, and Hs = haploid genetic diversity.
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site–year combinations. Among them, 57 samples were collected
from orchard A (29 isolates in 2004 and 28 isolates in 2005) and 89
samples were from orchard B (43 isolates in 2004 and 46 isolates in
2005). Specific information regarding the samples and strains
isolated is presented in Table 1.

PCR. Ten SSR markers (ASSR9, ASSR12, CSSR7, CSSR10,
CSSR12, GSSR4, GSSR20, OSSR12, OSSR17, and OSSR19) (29)
that showed clear amplification and polymorphism across the ALS-
associated X. fastidiosa strains were used in the present study. The
forward primer for each of the SSR primer pairs was labeled with
a fluorescent dye: FAM, NED, VIC, or PET. PCRwas performed in
a 20-µl reactionmix containing 2 µl of 10× reaction buffer (Applied
Biosystems [ABI], Foster City, CA), 1.0mMMgCl2, 0.2mMdNTP,
0.25 U of Taq polymerase, 2.5 pmol each of SSR primers, and 2 µl
of diluted DNA sample. PCR was performed in the following
conditions: initial denaturation at 95�C for 6 min; followed by 35
cycles of 95�C for 30 s, 58�C for 30 s, and 72�C for 1 min; with
a final extension step of 72�C for 7 min. The amplified products
were verified by agarose gel electrophoresis. For fragment analysis,
2 µl of each PCR product labeled with different fluorescent dyewas
pooled. From this 8 µl of pooled product, 2.5 µl was mixed with
0.25 µl of GeneScan-500 Liz molecular size standard (ABI catalog
number 4322682A) and 7.25 µl of Hi-Di Formamide (ABI catalog
number 4311320). Themixture of PCRproducts fromdifferent SSR

was then loaded onto an Applied Biosystems 3100 Genetic
Analyzer with the 36-cm 16-capillary array filled by polymer
POP-4 module for analysis. Data acquisition and fragment size
determinations were carried out by GeneMapper software (v4.0;
Applied Biosystems).

Data analysis. The allelic data obtained from 10 SSR markers
were combined and multilocus haplotypes were identified for all
of the samples collected. A clone-corrected data set (excluding
repeated haplotypes) for each of the collections (monthly and
bimonthly) for two consecutive years was built and used for genetic
diversity and genetic structure analyses.
GenAlEx version 6.3 (41) was used to calculate the average

number of alleles (Na), average number of effective alleles (Ne),
and haploid genetic diversity (Hs) across the all loci for each
collection.
The association of alleles between each pair of SSR loci (linkage

disequilibrium [LD]) for the clone-corrected data across the all
collections was tested using a Fisher exact test implemented in
GENEPOPweb version 4.0.10 (46), with the default parameters for
burn-in period (n= 1,000), number of batches (n= 100), and number
of iterations per batch (n = 1,000). In addition, we measured the
index of association (IA) (4) and an alternative index, �rd (less biased
to the number of loci) (1), to assess the multilocus genotypic LD
within the populations obtained from orchard A (Sonora), and

TABLE 2. Distribution of Xylella fastidiosa haplotypes associated with almond leaf scorch disease (ALS) on a monthly or bimonthly basis throughout the almond
growing seasons for the two successive years (2004 and 2005) in the San Joaquin Valley (SJV)a

Year 2004 (orchard A)
Year 2005
(orchard A) Year 2004 (orchard B) Year 2005 (orchard B)

Genotype May June July Aug Sept Oct May July Oct May June July Aug Sep Oct May July Oct

1 … … … … … … … … … … … … … … 1-NP 1-NP 2-NP 1-NP
2 … … … … … … … … … … … … … … … … 1-NP …
3 … … … … … … … … … … … … … … … 1-NP … …
4 … … … … … … … … … … … … … … 1-NP … 1-S …
5 … … … … … … … … … … … … … … … … 1-S …
6 … … … … … … … … … … … … … 1-NP … … 3-NP 1-NP; 2-S
7 … … … … … … … … … … … … … … … … … 1-NP
8 … … … … … … … … … 2-NP 2-NP 3-NP; 1-S 1-NP 1-NP 1-NP … … …
9 … … … … … … … … … … … … … … … 1-NP … …
10 … … … … … … … … … … … … … … 1-NP … 5-NP 5-NP
11 … … … … … … … … … … … … … … … … … 1-NP
12 … … … … … … … … … … … … … … … … … 1-NP
13 … … … … … … … … … 1-NP … … … … … … … …
14 … … … … … … … … … 1-S;1-NP 1-NP 1-NP … … … … …
15 … … … 1-S … … … … … … … … … … … … … …
16 … … … … … … … … … … … … … 1-NP … … … …
17 … … … … … … … … … … … … … 1-S 1-S 2-S … 2-S
18 … … … … … … … … … … … … … … … … … 1-S
19 … … … … … … … … … … … … … … 1-S … … …
20 … … … … … … … … … … … … 1-NP … … … … …
21 … … … … … … … … … 1-S … 1-S … 1-S 1-S 1-S … 2-S
22 … … … … … … … … … … 1-S … … … … … … …
23 … … … 1-S … … … … … 1-S 1-S … … 1-S … … … …
24 … … … … … … … … … … … … … … … 1-NP … …
25 … … … … … … … … … … … … … … … 1-NP … …
26 … … … 1-S … … … … … … … … … … … … … …
27 … … … … … … … … … … … … … … … … 1-S …
28 … … … … … … … 1-S 1-S … … … 2-S … … … … …
29 2-S 2-S 2-S … 2-S 2-S 2-S 4-S 6-S … … … … … … … … …
30 1-S 1-S 1-S … 1-S 1-S 1-S … 2-S … … … 1-S … … … … …
31 1-S 1-S 1-S 1-S 1-S 1-S … 2-S 2-S … … … … … … … … …
32 … … … … … … 1-S … … … … … … … … … … …
33 … … … 1-S … … … … … 1-S 1-S 1-S … 1-S 1-S 1-S 3-S …
34 … 1-S … … 1-S 1-S 1-S 1-S 3-S … … … 1-S … … … … 1-S
35 … … 1-S … … … … … … … … … … … … … … …
36 … … … … … … … … … … … … … … … 1-S … …
37 … … … … … … … … … … … … … … … 1-S … …
38 … … … … … … … 1-S … … … … … … … … … …
39 … … … … … … … … … … … … … 1-NP … … … …

a Isolates were obtained from two almond orchards in the SJV (orchard A and orchard B) containing two almond cultivars (Sonora and Nonpareil). S = Sonora and
NP = Nonpareil; number indicates the number of isolates.
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orchard B (Sonora and Nonpareil). This analysis was performed in
the Poppr package in R environment (24). Both of these values
significantly different from 0 signifies disequilibrium, which was
tested by 999 permutations.
The seasonal and annual genetic variations in the genetic

structure of X. fastidiosa populations were evaluated using various
approaches. First, we performed an unweighted pair group method
with arithmetic means (UPGMA) clustering analysis based on DA
genetic distance (37). The trees were constructed by computing
genetic distances between individual isolates using POPULATION
software packageversion1.2.31 (http://bioinformatics.org/;tryphon/
populations/) and graphically displayed with MEGA 4 software (57).
Second, a principal coordinate analysis (PCoA) was performed to
visualize spatial genetic variation of the sampled isolates obtained
from two almond orchards. Here, genetic distances, calculated from
the SSR allele data, were plotted as PCoA using GenAlEx (41).
Finally, the genetic structure of X. fastidiosa populations was
analyzed with a Bayesian clustering algorithm using STRUCTURE
2.3.1 (42), where an individual isolate can be assigned to a specified
number of clusters (K). We set 20 independent runs of K = 1 to 10

without prior information of the origin (season, year, location, or
host) of the samples. A burn-in period of 25,000 iterations was used
for each run followed by a run length of 50,000Markov chainMonte
Carlo iterations, and a linkage model (using the map distance
between SSR loci based on their position in X. fastidiosa genome)
with correlated allele frequencies. The model was run with 20
independent simulations for each K. The number of clusters that
best represented the observed data was determined by maximiz-
ing the estimated ln likelihood of the data for different values
of K and the DK index, which is based on the rate of change in
the ln likelihood of the data between successive K (n = 1 to 20)
(17). The optimal probabilities for all individuals were estimated
from 20 replicate runs at the inferred number of clusterswith permu-
tation analysis using CLUMPP 1.1.2 (22), and the output of genetic
clustering was visualized using software DISTRUCT 1.1 (48).

RESULTS

The genetic diversity parameters (i.e., the Na, Ne, and Hs) across
the all SSR loci for the isolates obtained from two different almond

Fig. 1. Unweighted pair group method with arithmetic means (UPGMA) dendrogram across the Xylella fastidiosa isolates obtained from two almond orchards in
the San Joaquin Valley of California (orchard A and orchard B) containing two almond cultivars (Sonora and Nonpareil). Isolates were obtained on a monthly or
bimonthly basis throughout the almond growing seasons for the two successive years: 2004 (monthly) and 2005 (bimonthly).
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orchards in the two production years (2004 and 2005) are
summarized in Table 1. No seasonal or annual variation was
observed in genetic diversity among the isolates at each of the study
orchards. However, host-associated comparison of X. fastidiosa
between two different host plant cultivars within the same orchard
(orchard B) showed that genetic diversity was relatively higher in
the collections from Sonora than that associated with Nonpareil
(Table 1). However, the level of genetic diversity of X. fastidiosa
associated with the same cultivar (Sonora) was different between
the two almond orchards studied.
By combining allelic data across 10 SSR loci, 39 haplotypeswere

identified in a total of 146 X. fastidiosa isolates. The distribution of
haplotypes across the sampling seasons and years at each of the
study orchards is presented in Table 2. No haplotypes were strictly
associated with any particular season or year within each of the
study orchards. That is, overlapping of several identical haplotypes
of X. fastidiosa was observed throughout the almond growing
seasons at each orchard for the two consecutive years. However,
host-associated haplotypes were linked between the populations
obtained from the two host cultivars. Although the overlapping of
haplotypeswas observed for theX. fastidiosa strains associatedwith

Sonora from the two different orchards, no single haplotype
overlapped between Sonora and Nonpareil obtained from the two
different orchards (orchard A and orchard B, respectively). Even
within orchard B itself, the overlapping of identical haplotypes
between Nonpareil and Sonora was minimal.
Two approaches were used to infer the presence of genotypic

LD among the isolates. First, the strength of allelic association
was verified by testing LD among SSR loci, where significant
disequilibrium (P £ 0.01) was observed between the majority of
the locus pairs (31 out of a total 45 pairs across 10 SSR loci) for the
overall population (Supplementary Table S1). Second, multilocus
genotypic disequilibrium was tested by the IA, where IA and �rd was
significantly different from 0 (P £ 0.01) within the population at
each orchard or host cultivar (i.e., orchard A: IA = 2.719, �rd = 0.344;
and orchard B: Sonora, IA = 3.060, �rd = 0.0345, and Nonpareil, IA =
0.588, �rd = 0.070) (Supplementary Fig. S1).
UPGMA, PCoA, and STRUCTURE analyses identified two

major genetic groups or clusters (cluster I and cluster II) (Figs. 1, 2,
and 3, respectively). No seasonal or annual variations in genetic
structure were observed among the isolates obtained from two
different orchards; even haplotypes from different seasons and

Fig. 2. Principal coordinate analysis (PCoA) plot across the Xylella fastidiosa isolates obtained from two almond orchards in the San Joaquin Valley of California
(orchard A and orchard B) containing two almond cultivars (Sonora and Nonpareil). Isolates were obtained on a monthly or bimonthly basis throughout the almond
growing seasons for the two successive years: 2004 (monthly) and 2005 (bimonthly). In the PCoA plot, As, Bs, and Bnp indicate orchard A-Sonora, orchard
B-Sonora, and orchard B-Nonpareil, respectively. Numbers 4 and 5 indicate sampling years 2004 and 2005, respectively.

Fig. 3. Individual assignments (using STRUCTURE) of the Xylella fastidiosa isolates obtained from two almond orchards in the San Joaquin Valley of California
(orchard A and orchard B) containing two almond cultivars (Sonora and Nonpareil). There were two clusters (K): cluster I (yellow) and cluster II (blue). Black lines
within the squares distinguish the group of isolates. Isolates were obtained on a monthly or bimonthly basis throughout the almond growing seasons for the two
successive years: 2004 (monthly) and 2005 (bimonthly).
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years overlapped in subclusters within each major cluster. Two
major genetic groups or clusters, however, weremostly linked to the
two almond cultivars Sonora (cluster 1) and Nonpareil (cluster 2)
(Figs. 1, 2, and 3). Only a small number of isolates obtained from
Sonora in orchard B (randomly throughout the seasons) and a very
few isolates from orchard A (August 2004 only) were included in
cluster 2 (Nonpareil dominant group).

DISCUSSION

Genetic analysis of X. fastidiosa strains associated with ALS
disease in this study did not show any seasonal or annual variation
in genetic diversity across the strains in two successive years
(2004, monthly; 2005, bimonthly) or from the two geographically
distant experimental orchards. Rather, genetic diversity was
partitioned mainly based on the host associations. Although
spatial analysis showed that the genetic diversity of X. fastidiosa
strains is different within a cultivar (e.g., Sonora) between two
different almond orchards (separated by approximately 250 km),
comparisons between two cultivars within the same orchard (e.g.,
orchard B) demonstrates that genetic diversity of X. fastidiosa
strains is largely associated with host plants, where allelic and
haploid diversity of X. fastidiosa within Sonora was more diverse
than in Nonpareil.
X. fastidiosa has been reported to be able to colonize a number

of host plants (6,33,56). Within the SJV, ALS disease is widely
distributed in almond production areas and is also associated with
large areas of adjoining permanent pasture or irrigated alfalfa
forage crops around the affected areas (61). Pathogen diversity in
a particular almond production area may occur based on the
capabilities of exploiting multiple reservoir species. X. fastidiosa
strains are transmitted by insects including sharpshooter leaf-
hoppers (Hemiptera: Cicadellidae) and spittlebugs (Hemiptera:
Cercopidae) (43). The different level of genetic diversity for the
same cultivar (Sonora) between two separate almond orchards
may have been influenced by the respective population dynamics
and degree of activeness of the insect vectors at each of the
study areas. However, there is no evidence of vector specificity
for X. fastidiosa, although transmission efficiency may vary
among sap feeders (8,18,25,47). The differential genetic diver-
sity between Sonora and Nonpareil within the same orchard
(orchard B) were most likely influenced by the host plant
selection pressure. This is not unexpected because pathogenic
variants of X. fastidiosa have been often described as plant host
specific (23).
The bacterium has long been present in the SJV (36,49) and has

annually threatened grape and almond production for many years.
Partitioned genetic diversity between two almond cultivars in this
study suggests host differential selection pressure has affected
X. fastidiosa populations, resulting in its adaptation and leading to
host-associated genetic diversity and disease incidence in almond
orchards in the SJV. The variation of genetic diversity based on host
plants, and especially the higher level of genetic diversity associated
with Sonora at orchard B in our analysis, agrees with the host-
associated disease incidence (pathogenic diversity) observed in the
SJValmond orchards previously described (19).
The distribution of the 39 haplotypes among the146 isolates from

two different almond orchards in this study did not reveal any
seasonal or annual variation (Table 2). This could likely be
attributed to the high rate of clonal reproduction rather than
recombination or random point mutation, especially for the short
time scale. A multigene phylogenetic analysis indicates that,
historically,X. fastidiosa has been a clonal organism (54). Also, this
bacterium appears to have low ratios of recombination to point
mutation on a per-allele basis and a per-nucleotide basis compared
with other bacteria (52). Moreover, an analysis of rapidly evolving
genes suggests that X. fastidiosa is largely clonal (38). The results
from this study are consistentwith these hypotheses. The strength of

allelic associationwas verified by significant LD between the greater
number of SSR locus pairs across the overall isolates. Moreover, the
IA and �rd as the measure of multilocus genotypic equilibrium clearly
suggest significant clonal reproduction within the population obtained
from each different orchard or host cultivar.
Although there is a lack of seasonal or annual variation in the

distributions of X. fastidiosa haplotypes (mostly likely due to the
higher rate of clonality), haplotypes were notably linked via host
association(Sonora and Nonpareil). Population genetic analyses
using various approches (UPGMA, PCoA, and STRUCTURE)
consistently identified two major genetic clusters, where genetic
structure was not associated with any particular season or year but
two distinct clusters were consistently associated with the two host
cultivars. Cluster I was associated with Sonora and cluster II was
most often associated with Nonpareil (Figs. 1, 2, and 3). When
comparing the molecular genetics of X. fastidiosa strains cultured
fromvarious plants, Hendson et al. (20) found thatmostALS strains
formed two distinct groups (clusters) based on random amplified
polymorphism DNA PCR and contour-clamped homogeneous
electric field (CHEF) gel electrophoresis. Until now, however, little
information has been generated to describe the genetic structure of
X. fastidiosa associated with ALS disease in multiple affected trees
in select orchards of California’s SJV. Using single nucleotide
polymorphism analysis of the 16S ribosomal RNA gene, Chen et al.
(8) reported that two distinct haplotypes (G-type and A-type) of
X. fastidiosa were associated with ALS disease-affected almond
trees in similar locations. Two types ofX. fastidiosa associated with
ALS disease in the SJV were further substantiated by restriction
fragment length polymorphism analysis of an RST31-RST33 locus,
and a unique bacterial colony morphology was further associated
with the A-type X. fastidiosa strains (8).
The overall results of our analyses of X. fastidiosa from two

different host cultivars clearly suggest that genetic adaptation of
X. fastidiosa occurred through the selection pressure exerted by host
plants, or even cultivars, where one group (cluster I) was associated
with Sonora and another group (cluster II) with Nonpareil in two
studied almond orchards or even within the same almond pro-
duction sites.
Although the two genetic groups observed in the present study

were mainly distributed between two cultivars (Sonora and
Nonpareil), the overlapping of a small number of haplotypes
between these two host plants within the same orchard (orchard B)
was also observed from the distribution of repeated haplotype
classes, as well as from the UPGMA dendrogram, PcoA plot, and
STRUCTURE assignment. This could most likely be due to the
dispersal of this bacterium among adjacent host plants by the
frequent movement of insect vectors. Moreover, the occurrence of
cluster II (Nonpareil dominant strain) within Sonora isolates in
orchardA inAugust 2004mayhave resulted fromdispersal of fewer
strains from the adjacent Nonpareil host plants or other sources.
However, the nonoccurrence of strains of this genetic group at
orchardA in the latermonths and year suggest thatNonpareil strains
appear to be less successful in adaptation than Sonora. Host-
associated genetic adaptation is clearly observed in X. fastidiosa
species based on the degree of pathogenicity on selected plants
(7,12,20).
Two distinct genetic structures largely associated with two

different almond cultivars (Sonora and Nonpareil) were identified
among X. fastidiosa populations associated with ALS disease.
These findings may provide information to better understand the
genetic diversity and the evolutionary potential of X. fastidiosa
populations in California.
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