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Abstract

Background: Grape phylloxera (Daktulosphaira vitifoliae) is one of the world’s most important viticultural pests.
However, the reproductive mode, genetic structure and host adaptation of phylloxera in various viticultural
environments remains unclear. We examined reproductive mode and genetic structure of phylloxera by analyzing
microsatellite makers across the samples from four vineyard-sites in California.

Result: The phylloxera populations in California are believed to have predominantly parthenogenetic reproduction.
Therefore, genetic diversity of phylloxera is expected to be limited. However, this study showed relatively high

levels of diversity in Napa and Yolo county populations with a large number of unique genotypes, average number
of alleles (2.1 to 2.9) and observed heterozygosities (0.330 to 0.388) per vineyard-sites. Reproduction diversity index

Reproductive mode

(G: N—unigue genotypes versus number of samples) ranged from 0.500 to 0.656 among vineyard-sites. Both
significant and non-significant Pse, (probability of sexual reproduction) were observed among different repeated
genotypes within each vineyard. Moreover, high variation of f5 was observed among different loci in each
vineyard-site. Genetic structure analysis (UPGMA) and various measures of population differentiations (Fsy, PCA, and
gene flow estimates) consistently separated AXR#1 (Vitis vinifera x V. rupestris—widely planted in California during
the 1960s and 1970s) associated populations from the populations associated with other different rootstocks.

Conclusion: Genetic diversity, G: N ratio, Py, and Fis consistently suggested the occurrence of both
parthenogenetic and sexual reproduction in California populations. This study clearly identified two major groups of
phylloxera obtained from various rootstocks, with one group exclusively associated with only AXR#1 rootstock,
defined as “biotype B”, and another group associated with vinifera-based rootstocks, known as “biotype A".
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Background

Grape phylloxera (Daktulosphaira vitifoliae) Fitch (Hem-
iptera: Phylloxeridae) is an economically important pest
that specializes in feeding on grapevine (Vitis spp.). It is an
aphid-like pest that forms pocket like galls on leaves and
hooked galls (nodosities) on the young root tips. This pest
has destroyed vineyards around the world for the past
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150 years and is regarded as one of the world’s most im-
portant viticultural pests [1].

Phylloxera are found throughout the Americas where
they appear to have coevolved with the endemic Vitis
spp [2], which have varying levels of tolerance or resist-
ance to it. The use of rootstocks, developed in Europe
from resistant North American grape species, has proven
to be an effective means of controlling phylloxera for
more than 100 years in Europe, California and around the
world as phylloxera spread. Although these resistant root-
stocks resist feeding on storage roots (tuberosities), they
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do allow varying degrees of feeding and nodosity develop-
ment on their feeder roots. Rootstocks with partial V.
vinifera parentage can allow damaging tuberosities to
develop. The hybrid rootstock AXR#1 (V. vinifera x V.
rupestris), which was widely planted in California during
the 1960s and 1970s, succumbed to an outbreak of
adapted phylloxera strains in the 1980s. Based on bio-
logical and behavioral characteristics these AXR#1 dam-
aging strains were previously defined as biotype B to
distinguish them from strains that could damage V. vinif-
era grapevines but not AXR#1, which were named biotype
A [3-5]. It is still unknown whether biotype B strains were
selected by the use of AXR#1 rootstock, whether they
were imported from other regions, or were derived from
existing strains.

The life cycle and mode of reproduction of phylloxera
from various viticultural environments in the world still
remains a subject of discussion and confusion [6]. Like
other Aphidoidea, phylloxera are thought to have a
holocyclic life cycle with alternating phases of sexual
and asexual reproduction [7]. These phases include par-
thenogenetic generations on the roots or leaves and the
possible occurrence of a sexual phase that may link the
asexual root and leaf forms. While the “classical” de-
scription of the life cycle is regarded as holocyclic or
cyclic parthenogenesis (alternating between asexual and
sexual life phases on the same host), anholocyclic (asex-
ual) reproduction and parthenogenetic lineages are pre-
dominantly reported for grape phylloxera in various
grape growing environment including Australia (north-
east and central Victoria) and parts of Europe [8-10].
However, holocyclic (sexual) reproduction was also in-
ferred in European vineyard [8,11]. In fact, the life cycle,
reproductive mode and population structure of phyllox-
era may vary depending on the genetic characteristics of
the insect, its Vitis hosts and environment conditions,
leading to strains that feed on roots, leaves, and in some
cases both grapevine tissues.

Phylloxera in California are present mainly on the root
system and are thought to be functionally parthenogen-
etic due to the rarity of leaf galls and the observation
that juvenile hibenants can overwinter on the root system
[7]. A molecular study with limited numbers of samples
also inferred that parthenogenesis is perhaps the primary
reproductive mode in California [12]. Whether sexual
reproduction occurs in California and the degree to which
it exists elsewhere is largely unclear, but needs to be inves-
tigated for a better understanding of the genetic diversity
and population structure of phylloxera, and so that
control measures can be developed. Information about the
reproductive characteristics and fine-scale population gen-
etic structure of phylloxera is important for understanding
the evolutionary potential for this pest to adapt to resist-
ant rootstocks, and how it colonizes and migrates among
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vineyards. This information might also shed light on the
origin and distribution of different strains among various
vineyards in a small-scale geography.

The use of molecular markers to examine the extent
of genetic variation in an agricultural system can provide
insights into pest population dynamics over time and
space. DNA-based molecular markers have been used to
evaluate the reproductive mode and genetic variation of
phylloxera in various viticultural areas in the world.
Forneck et al. [11] characterized European populations
using AFLPs and suggested that there were two inde-
pendent origins of phylloxera into European vineyards,
and that genetic structure was not associated with hosts.
Phylogenetic analyses of mtDNA sequences have shown
that two divergent grape phylloxera lineages were intro-
duced into global viticulture [13]. In addition, highly vari-
able microsatellite makers have been used to facilitate
the assessment of the reproductive mode, and to evaluate
genetic structure of various Australian and European pop-
ulations [8-10]. These studies suggested that reproduction
was predominantly asexual, that host associated asexual
lineages existed, and that populations can differ between
leaf and root forms. However, the precision with which
California phylloxera have been examined has lagged be-
hind these efforts. RAPD markers were mostly used to
examine the genetic diversity of California phylloxera [14],
and United States populations [15,16]. Later, a small num-
bers of California samples were evaluated with micro-
satellites markers [12]. However, relatively limited information
was obtained from the RAPD study and the small sample
size impacted conclusions from the latter study.

Microsatellite markers can provide a powerful system
for unraveling life history traits, particularly the occur-
rence of sexual reproduction [17,18]. This marker system
has been used effectively in life cycle studies of members
of the Aphididae family, resulting in relatively high levels
of resolution for determination of reproductive mode and
genetic relationships [19-22]. However, development of
microsatellite markers has proved difficult in grape phyl-
loxera [9]. Initially, only a few such markers were devel-
oped, but they proved useful for studying phylloxera
populations in Australia and Europe [8-10]. Additional
microsatellite markers were developed later in a separate
study, and were characterized using samples from Europe
and California [12]. In this study, we incorporated multilo-
cus microsatellite markers from these previous studies
[9,12] to analyze phylloxera populations recovered from
four different vineyard-sites within two adjacent counties,
Napa County (Oakville) and Yolo County (Woodland) in
California. The objectives of this study were: i) to under-
stand the reproductive mode of phylloxera in California
viticulture; and ii) to analyze genetic diversity, gene flow
and genetic population structure of this pest among vari-
ous vineyards in a small-scale geography.
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Results

Genotypes and reproduction

We analyzed 225 phylloxera samples from four fine-
scale populations obtained from four different vineyard
sites from QOakville of Napa and Woodland of Yolo coun-
ties in California (Table 1). In total 106 genotypes were
identified across the overall samples based on the combin-
ation of allelic data from eight microsatellite markers. Mul-
tilocus repeated genotypes (genotype observed more than
once in a population) were observed within each of the
study sites. The distribution of genotype classes among the
different sites are reported in Additional file 1: Table S1.
Reproduction diversity (G: N ratio) ranged from 0.500 to
0.656 among the populations (Table 2). The probability of
an independently produced repeated genotype in a popula-
tion by sexual reproduction (without clonal reproduction)
as determined by level of significances of Py, values from
MLGsim simulations is presented in Table 2. The signifi-
cant and non-significant Py, values among different re-
peated genotypes within each population suggested both
clonally and sexually reproduced repeated genotypes. How-
ever, the proportions of the sexually or asexually repro-
duced repeated genotypes varied from population to
population. A relatively larger proportion of clonally rep-
roduced repeated (significant Pg.,) genotype sets was
observed in UCD-OKV (10 out of 13) and Col-2 (4 out
of 7) populations than Col-1 (2 out of 6) and Woodland
(1 out of 5) populations. Sexually produced repeated
genotypes were relatively higher in Col-1 and in the
Woodland populations.

Hardy-Weinberg exact probability tests showed signifi-
cant deviation from expectations for the populations
from three sites (Col-1, Col-2, and UCD-OKYV) across
the tested loci (Table 2). However, locus-wise analysis
showed that some loci did not significantly deviate from
Hardy-Weinberg equilibrium (HWE) within these popula-
tions (Table 3). While the Woodland population did not
significantly deviate from Hardy-Weinberg equilibrium
(HWE) expectations across all loci, three loci showed
HWE deviation in this population (Table 3). The Fig value
across the overall loci was significant in the UCD-OKV
population. This value was low in Col-2. The negative Fg
across overall loci in Col-1 and Woodland populations in-
dicates that they had a higher portion of heterozygotes
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than the UCD-OKV and Col-2 populations (Table 2).
Locus-wise comparisons showed that there were high va-
riations among Fis values within each of the populations,
where the distributions of both positive and negative Fig
were observed at various loci (Table 3). In the clonal-
corrected dataset, six of the eight microsatellite loci
showed linkage disequilibrium when paired with each
other (P < 0.05).

Genetic diversity

The average number of alleles per locus per population
ranged from 2.1 (Col-1) to 2.9 (Woodland) (Table 2).
Locus-wise allelic diversity, observed and expected here-
rozgosities for each population are presented in Table 3.
Similar levels of genetic diversity were observed at each
of the populations. Observed hererozygosities across all
eight microsatellite loci among the populations ranged
from 0.388 (Col-1) to 0.330 (UCD-OKYV) (Table 2). Com-
paratively higher numbers of distinct alleles (at 3 loci)
were found within Col-1.

Genetic structure

Genotypic classes within the Col-1 site (planted with
AXR#1) were completely distinct and did not overlap
with the samples from other sites, including the adjacent
Col-2 site. The frequency of unique alleles was also rela-
tively high in Col-1 (at three loci). While a large number
of distinct genotypes were also found at each of the
other three study sites, several repeated genotype classes
were observed to overlap among these sites planted with
varieties of rootstocks. For example, four genotypes
(G35, G38, G62 and GY; highlighted with gray color in
Additional file 1:Table S1) were distributed among these
three sites, containing various types of rootstocks in-
cluding 5C, 1103P, 110R, and 101-14Mgt. The frequency
of sharing repeated genotypes; however, was higher be-
tween two Oakville populations (Col-2 and UCD-OKV)
than when Woodland was compared to these Oakville
populations.

Fgr values indicated very high differentiation and dis-
tinct genetic structure between Col-1 and each of the
populations from other sites (Fsy, 0.398 to 0.431). If the
Col-1 population was excluded, differentiation was low
in comparisons among the other three populations

Table 1 Sample information of grape phylloxera from four vineyard-sites in Napa (Oakville) and Yolo (Woodland)

counties, California

Population ID Sample locations Rootstock host' Number of individuals
Col-1 Collins-Block-1, Oakville, Napa AXR#1 52
Col-2 Collins-Block-2, Oakville, Napa 5C 63
UCD-OKV University of California Davis (UCD) Oakville Station, Napa 5C, 101-14Mgt and 1103P 78
Woodland Woodland, Yolo 110R and 101-14Mgt 32

', AXR#1 = V. vinifera x V. rupestris; 5C = V. berlandieri x V. riparia; 101-14Mgt = V. riparia x V. rupestris; 1103P = V. berlandieri x V. rupestris; 110R = V. berlandieri x

V. rupestris.
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Table 2 Genetic diversity parameters of grape phylloxera populations across four vineyard-sites in Napa (Oakville) and

Yolo (Woodland) counties, California

Population Number of Number G/N  Number of Number Number of Mean Mean Mean P (HWE) F

ID individuals of distinct repeated of significant non-significant alleles H, He multilocus ™M
genotypes genotypes  Pgey Poex

Col-1 52 30 0577 6 2 4 2.1 0388 0326 *** -0.190

Col-2 63 35 0555 7 4 3 28 0339 0357 *** 0.050

UCD-OKV 78 39 0500 13 10 3 28 0330 0398 *** 0.170

Woodland 32 21 0656 5 1 4 29 0375 0368 0.137 -0.020

G/N, Genotypic (reproduction) diversity index, Pse, Significantly clonal genotypes, Ho, Observed heterozygosity, Hg, Expected heterozygosity, P (HWE), Exact P
values for Hardy-Weinberg equilibrium test, Fis Multilocus™C, Fs averaged over loci (calculations without multicopy genotypes), ***, P < 0.001 (highly significant).

(Fst, 0.015 to 0.105). Two Oakville (Col-2 and UCD-OKYV)
populations had the lowest differentiation (Fsp, 0.015).
However, the differentiations were relatively higher between
each of the Col-2 and UCD-OKV populations and the
Woodland population (Table 4).

UPGMA clustering analysis further evaluated the ge-
netic relationship and structure of phylloxera samples
across the samples. Broadly two large groups were de-
tected: one group with samples from UCD-OKYV, Col-2
and Woodland; and the other from Col-1 (Figure 1).
While all samples from Col-1 were within the second
group, apparently three sub-clusters were observed
among the samples obtained from the other sites, where
samples from Col-2 and UCD-OKV were somewhat dis-
tributed among all three sub-clusters, but they were
found less often in the sub-cluster-1(Figure 1). A small
number of samples from Woodland were included in
sub-cluster-2 and 3, but most Woodland samples were
included in sub-cluster-1.

Finally, a PCA analysis evaluated the overall pattern of
variation among the populations with a graphical repre-
sentation. The PCA chart shows that the Col-1 appeared
in the middle-end of the right hand quadrant; clearly
separated from the other three populations that all ap-
peared in the left hand quadrant. Furthermore, genetic
structure was observed between Woodland and each of
the Col-2 and UCD-OKV population, where Col-2 and
USD OKYV clustered together on lower part of the left
hand quadrant, and Woodland appeared in the upper
part of left and quadrant (Figure 2).

Gene flow

Gene flow (m) among the populations was estimated to
determine if these values were consistent with measures
of population structure. Estimates and direction of gene
flow from BayesAss analysis are presented in Table 5.
BayesAss indicated that gene flow between Col-1 and
each of other three populations was undetectable from
those generated by uninformative data, which lack suffi-
cient variation to detect dispersal events with high confi-
dence. Analysis showed that m values less than 0.055 are
indistinguishable from those generated by uninformative

data [23]. However, gene flow among the other three
populations showed “measurable” dispersal rates given
our genotypic data. Generally, a similar level of gene flow
was found among these populations. However, a slightly
higher rate of dispersal was observed between Col-2 and
UCD-OKV Oakville populations from both directions,
and a relatively low rate of gene flow was observed be-
tween Woodland and each of the Oakville populations
(Table 5).

Discussion

Reproductive characteristics

Studies on the life cycle and reproductive mode of phyl-
loxera have been of considerable scientific interest and
importance for viticulture since its emergence as a key
viticultural pest about 150 years ago. However, the life
cycle and reproductive mode of phylloxera remains a
subject of discussion and confusion [6]. Phylloxera are
traditionally thought to have a holocyclic life cycle with
alternating sexual and asexual reproductive phases [7].
Given these reproductive characteristics, repeated geno-
types observed in our microsatellite analysis are, therefore,
as expected within each of the study sites. The repeated ge-
notypes could result from clonal reproduction; however,
other reproductive systems such as sexual reproduction
can lead to the occurrences of repeated genotypes in highly
subdivided populations [24]. MLGsim analysis suggested
both clonally and sexually reproduced repeated genotypes
within each of the populations. However, the relatively
large proportion of sexually produced (non-significant Pye,)
repeated genotypes, especially in the Woodland popula-
tion, might be attributed to the establishment of leaf gall
population on the Vitis hybrid rootstocks.

Asexual reproduction tends to decrease segregation of
alleles within loci and recombination between loci. Over
time, this leads to observed heterozygosities (Ho) differ-
ing from those expected under sexual outbreeding (Hg),
and deviations from HWE as described by Ivens et al
[25]. The significant deviations from HWE Col-1, Col-2,
and UCD-OKYV populations across all loci, and across some
of the loci in the Woodland population are, therefore,
most likely attributed from the asexual reproduction.
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Table 3 Genetic diversity estimates at eight microsatellite
loci across the grape phylloxera populations from four
vineyard-sites in Napa (Oakville) and Yolo (Woodland)
counties, California
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Table 4 Genetic differentiation (Fst) among the
populations of grape phylloxera from four vineyard-sites
in Napa (Oakville) and Yolo (Woodland) counties,
California

Population ID Locus N Na Ne Ho Hg Fis P (HWE)  Population ID Col-1 Col-2 UCD-OKV
Col-1 DVIT1 30 20 20 1000 0500 -1.000 * Col-2 0431
DVIT2 30 30 23 0633 0572 -0.108 0.136 UCD-OKV 0408 0015M
DVIT3 30 20 1.8 0633 0433 -0463 * Woodland 0.398 0.105 0.073
DVSSR4 30 30 16 0433 0365 -0.187 * NS, Non-significant genetic differentiations (P> 0.01).
DVSSR6 30 1.0 1.0 0000 0000 N/A -
DVSSR7 30 20 13 0233 0206 -0.132 1000 significant linkage disequilibrium among the pairs of six
DVSSR16 30 10 10 0000 0000 N/A - microsatellite loci across the overall populations might
DVSSR17 30 30 2.1 0167 0529 0685 * have resulted from the lack of recombination under
Col2 DVITT 35 50 26 0800 0619 -0292 * asexual reproduction. Nevertheless, high variation of Fig
DV 35 20 18 0343 0431 0205 * values (from positive to n.egatlve) among various loci in
each of the study populations and non-significant HWE
DVIT3 35 30 12 0171 0159 -0.080 1.000 . .. .
at the corresponding loci in these populations suggests
DVSSR4 35 30 24 0629 0579 -0085 1000 that sexual recombination events do occur on some
DVSSR6 35 20 1.1 0000 0108 1000 * points [26]. The appearance of a large number of unique
DVSSR7 35 20 1.1 0000 0056 1000 * genotypes in these populations also supports the exis-
DVSSR16 35 20 16 0457 0382 -0197 0402 tence of sexual reproduction [26,27] or establishment
DVSSRI7 35 30 21 0314 0524 0400 * populations from sexually reproduced 1nd1v%d1%als.
It has been reported that parthenogenesis is the do-
UCD-OKV DVIT 39 60 27 0718 0625 -0.149 * . . . . .
minant mode of reproduction for phylloxera in California,
OViT2 39 30 22 0385 0536 0283 * and that California populations are apparently only
DVIT3 39 20 1.1 0103 0097 -0054 1.00 anholocyclic, or largely asexually [1,3,7,9,12,15]. This as-
DVSSR4 39 30 29 0744 0651 -0.143 * sumption is most likely based on negative evidence such as
DVSSR6 39 30 14 0051 0308 0833 * unobserved males and the absence of leaf galls, which are
DVSSE? 30 10 10 0000 0000 N/A - assumed to be 1n1‘51ated by §exually RrOfiuced overwintering
eggs. However, microsatellite analysis in the present study
DVSSR16 39 20 19 0282 0467 03% * . . .
suggests that in addition to parthenogenesis, sexual recom-
DVSSR17 39 20 20 0359 0500 0282 * bination also occurred to a greater or lesser extent at
Woodland DVIT1 21 40 27 0714 0625 -0143 * each of the sites studied.
DVIT2 21 40 22 0524 0545 0040 1.000 It is assumed that phylloxera populations have a holo-
DVIT3 21 30 18 0571 0450 -0244 * cyclic life cycle (with sexual reproduction) in their native
DVEsRe 21 40 24 0571 0577 0010 0371 range, wbereas an anholocyclic one (corr{pletel)i partheno-
genetic) is thought to be more common in the introduced
DVSSR6 21 20 1.0 0048 0046 -0.024 1.00 . . .
range. [13]. However, evidence of sexual recombination
DVSSR7 21 10 10 0000 0000 N/A - - events along with predominant anholocyclic (asexual)
DVSSR16 21 20 12 0095 0172 0447 * reproduction was reported in various parts of Europe from
DVSSR17 21 30 21 0476 0516 0077 0530 molecular [8,11] as well as from a classical life cycle study

N, Number of samples; Na, Number of alleles; Ne, Number of effective alleles;
Ho, Observed heterozygosity; Hg, Expected heterozygosity, Fis, Fixation index;*,
P <0.05 (significant).

Negative Fis values across overall loci at Col-1 and the
Woodland populations are, therefore, due to pervasive
clonal reproduction relative to random mating. While
Fis was positive at Col-2 and UCD-OKV populations
across all loci, asexual reproduction was expectedly
suggested in these populations as documented by the
negative Fig at some of the loci (Table 3) as well from
the deviation of HWE across the overall loci. Finally,

[28]. Moreover, the occurrence of sexual reproduction,
along with predominant asexual reproduction, was not
dismissed in Australian vineyards, where few of the sexu-
ally generated and statistically expected genotypes were
found [9,10]. In fact, the life cycle of grape phylloxera is
not fixed and populations can adapt to specific habitat
conditions and grape species hosts, which may influence
their reproductive behavior [29]. While multiple introduc-
tions from various founders derived from sexually repro-
ducing populations may have had some influence on the
observed genetic diversity and measures of reproductive
characteristics within California phylloxera populations, it
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Figure 1 Genetic relationship among grape phylloxera samples from four vineyard- sites in Napa (Oakville) and Yolo (Woodland)
counties, California, as revealed by UPGMA clustering analysis. Clonal corrected data were used and the dendrogram was constructed by
computing distances between individual samples based on the DA distance [46]. Only bootstrap values >25% are shown
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Figure 2 Plot of the principal coordinate analysis (PCA) from
the covariance matrix with data standardization calculated
using GenAlIEx for the grape phylloxera populations from four
vineyard-sites in Napa (Oakville) and Yolo (Woodland)
counties, California.

is likely that sexual reproduction exists at some level in
established populations.

Genetic diversity within populations
Given the parthenogenetic life cycle of phylloxera in
California [7], limited genetic diversity is expected. How-
ever, moderately high levels of genetic diversity within
phylloxera populations were detected based on the aver-
age numbers of alleles and observed level of heterozy-
gosities in this study. The first study of phylloxera
genetic diversity in California was done using RAPD
markers and it found relatively high levels of polymorph-
ism given that few differences in phylloxera feeding be-
havior had been detected [14]. High levels of diversity
were also found when collections from other parts of the
United States were studied with RAPD markers [16]. Se-
quence variation of mitochondrial DNA detected vari-
able levels of genetic variation in native and agricultural
populations of phylloxera across the United States [13].
The likely cause of what was assumed to be high gen-
etic diversity in a parthenogenetic insect was multiple
introductions [3]. Davidson and Nougaret [7] in an early
study of California phylloxera considered that they had
been imported from the eastern United States. Downie
[13] analyzed mitochondrial genes to describe the origin
of California phylloxera and found the majority of sam-
pled haplotypes to be similar to strains collected from
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the eastern United States on V. vulpina (a species com-
mon in the southeastern and central United States). He
also found that the California strains were genetically
distinct from strains of European phylloxera.

New clonally based genetic diversity is expected if an
introduced genotype successfully adapts to a new environ-
ment. Increases or decreases in a population’s genetic di-
versity also depend on the rate of mutation and the fitness
of new genotypes in a population. Mutation can also be
neutral if mutated loci are not subject to selection pressure.
Phylloxera is considered to have been introduced into
California about 150 years ago, however, the mutation
rate of the grape phylloxera genome and its contribution
to population diversity in California vineyards is not clear
[30]. An undetected sexual phase of the life cycle may be a
key factor contributing to high genetic diversity within
population at different vineyard-sites. If the genotypes
were the result of recombination followed by expansion of
lineages by parthenogenesis, the majority of samples of
any one genotypic class should be found within the same
location and in the presence of related recombinant geno-
types [9], since phylloxera has limited capacity for dis-
persal given its small size, and the fact that the flying forms
of this insect do not feed [10]. The large numbers of distinct
genotypes with repeated genotype classes in every popula-
tion observed in our analysis in California vineyards are,
therefore, likely to have resulted from sexual reproduction
followed by expansion of lineages by parthenogenesis.

Genetic structure and gene flow

Microsatellite analysis presented here revealed a distinc-
tive genetic structure of the Col-1 population collected
from AXR#1 rootstock. While morphological traits that
distinguish biotype B from other strains have not been
detected, the genetic structure of the biotype B strains
observed in this study is consistent with the biological
and behavioral characteristics of these AXR#1 feeding
types. It is likely that the biotype B population found at
the Col-1 site was introduced or evolved in place, and
then developed into a genetically unique colony. Our re-
sults suggest that the Col-1 biotype B strains did not
give rise to the different strains found in the adjacent
vineyard Col-2, where AXR#1 was pulled out in the early
1990s and 5C was used to replant the vineyard. Rather,

Table 5 Rate of gene flow estimates (both direction), inferred from genetic assignment from BayesAss analysis, among
the grape phylloxera populations from four vineyard-sites in Napa (Oakville) and Yolo (Woodland) counties, California

Population ID Col-1 Col-2 UCD-OKV Woodland

Col-1 0.048 (0.000-0.201) 0.048 (0.000-0.197) 0.046 (0.000-0.199)
Col-2 0.049 (0.000-0.186) 0.061 (0.000-0.231) 0.068 (0.000-0.240)
UCD-OkV 0.052 (0.000-0.193) 0.070 (0.000-0.239) 0.076 (0.000-0.247)
Woodland 0.045 (0.000-0.177) 0.062 (0.000-0.236) 0.063 (0.000-0.220)

Numbers in parentheses represent 95% confidence intervals. The direction of gene flow is from the population in the left column of the table to the population

along the top row.
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Col-2 strains were imported on plant material or roots
from other vineyards or they also evolved in place. By
definition biotype B reproduces quickly and causes de-
cline of AXR#1 rootstock. It caused large-scale replanting
of California vineyards, which have been replaced with a
wide range of phylloxera resistant rootstocks. Type B
populations may be still survive in some vineyards and
may be slowly adapting to alternative rootstock hosts.

Host plants have been reported to be an important
factor influencing adaptation of races or demes in aphids
[31]. Corrie et al. [9] and Corrie and Hoffmann [10] re-
ported strong associations between asexual lineages and
host types in vineyards. Excised root bioassays [32] and
an aseptic dual culture system [33] demonstrated that
phylloxera can readily form host-adapted strains. Corrie,
et al. [34] also reported strong associations between a
grape host genotype and the asexual lineages. However,
sampling from various viticultural regions throughout
Europe did not find a host association [11]. In another
analysis, native grape phylloxera on two sympatric host
species did not cluster [35]. Host association lineages
were also not observed in China [36]. Thus, both host-
associated and non-host-associated populations of phyllox-
era could be established in various viticulture environments
depending on the biotype, selectively adaptive advantages
with favorable ecological or biological conditions or on
the time frame required for a strain to adapt to particu-
lar host in a particular viticultural environment.

Our study found host-associated genetic structure with
the biotype B phylloxera at the Col-1 site, but did not
show host associations among the other stains and root-
stock hosts including 5C, 1103P, 110R, and 101-14Mgt.
For example, when Col-1 data was excluded, much
lower levels of differentiation and similar levels of gene
flow were observed among the remaining sites contai-
ning the other rootstocks. Differentiation was also sig-
nificantly lower between the two closely located Oakville
sites (Col-2 and UCD-OKYV). The Woodland population
was, however, reasonably differentiated from two of the
Oakville (Col-2 and UCD-OKYV) populations in terms of
genetic differentiation and the level of gene flow. Given
phylloxera’s limited dispersal ability and the long distances
between the sites, the lower rates of gene flow and rela-
tively high differentiation between the Woodland and the
two Oakville populations were expected. Moreover, the
higher level of genetic differentiation between the two
Oakville populations (obtained from roots) and the
Woodland population (obtained from leaf galls) than
when the two Oakville populations were compared to
each other could have resulted from the different ge-
netic composition of phylloxera populations inhabiting
root and leaf galls, respectively. Differences of lineages
from root and leaf gall samples were observed in
Australian Vineyards [9].
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Conclusion

Our analysis suggested both parthenogenetic and sexual
reproductive modes in phylloxera exist in California.
Various measurements of population differentiations at
microsatellite loci clearly identified two major genetic
groups, with one group associated with AXR#1, and an-
other group associated with non-AXR#1 rootstock. While
host-associated genetic structure was not observed within
other strains and populations, a moderate differentiation
was observed among the populations based on spatial dis-
tance, or based on the population inhabiting grapevine
roots and leaves. While our results here provide some
insights into the genetic diversity, reproductive mode
and genetic structure of grape phylloxera in California,
it should be noted that our sampling is certainly not all
inclusive; broader population analysis from phylloxera’s
wide geographical distribution will be needed for further
resolution.

Methods

Sampling details

Four study sites were selected from vineyards in two
adjacent counties in California: Napa and Yolo. Samples
were collected from three sites at Napa [(1) Collins-
Block-1 (Oakville); (2) Collins-Block-2 (Oakville); (3) the
University of California Davis (UCD) Oakville station]
and one site at Yolo County (Woodland). Detailed sample
information and population IDs are presented in Table 1.
Phylloxera samples were randomly collected from these
study sites regardless of their association with any specific
rootstocks.

The Collins site is a 6 hectare vineyard in Oakville, Napa
County, CA that was originally planted with AXR#1 (V. vi-
nifera x V. rupestris) rootstock. The south end of the
Collins site (about a 2 hectare block; Col-1) was still
planted with the original AXR#1 at the time of sampling.
However, the adjoining 4 hectares of the Collins site (Col-
2) were replanted with the rootstock 5C (V. berlandieri x
V. riparia) after the AXR#1 failed to phylloxera. Samples
from the University of California, Davis Oakville Experi-
mental Station (UCD-OKYV) were collected from about a 1
hectare block planted with the rootstocks 5C, 1103P and
101-14Mgt. This site was also replanted over an AXR#1
block that failed to phylloxera. The Woodland samples
were collected from leaf galls that had formed at a root-
stock nursery block containing 110R and 101-14Mgt.

Infested roots were dug from three study sties in Napa
and placed in separate plastic bags along with some soil for
transport to the laboratory. Healthy, lignified roots 2-6 mm
in diameter were also cut from each vine. Plastic bags con-
taining infested and healthy roots were kept at room
temperature until enough eggs were produced for DNA
extraction. Samples from Woodland population were taken
from foliar phylloxera galls. Eggs were removed from
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multiple galls per sampled vine and they were pooled for
DNA isolation.

DNA extraction

Approximately 50-200 phylloxera eggs from each collec-
tion were transferred to microcentrifuge tubes with fitted
microgrinders (Radnoti Glass, Arcadia, CA) for DNA ex-
traction as described by [37]. DNA concentrations were
calculated from measurements at OD,¢, and adjusted to
10 ng/pl with molecular grade water.

PCR amplification and fragment analysis

Eight microsatellite markers from phylloxera were
employed in the present study. Five of these markers
(DVSSR4, DVSSR6, DVSSR7, DVSSR16, and DVSSR17)
were described in [12] and three (DVIT1, DVIT2,
DVIT3) were described in [9]. The forward primer of
each pair was labeled with a fluorescent dye (Applied
Biosystems, Foster City, CA). Each 20 ul PCR reaction
contained 1x reaction buffer, 1.5 mM MgCl,, 1U Tagq
polymerase (Applied Biosystems) 0.2 mM dNTP (Applied
Biosystems), 0.25 pM of the labeled primer, 0.25 pM of
the unlabeled primer and 20 ng DNA. A PTC-100 (M] Re-
search Inc., USA) was used to run the reactions with the
following program: 95°C for 5 min followed by a 40 cycles
of 95°C for 30 sec, 58°C for 30 sec and 72°C for 1 min,
and a final extension at 72°C for 10 min.

Then 1 pl of PCR product was added to 10 pl deion-
ized formamide and 0.15 pl of molecular size standard
(GENESCAN 500 ROX). The mixed PCR products were
then loaded on to an ABI PRISM 3100 Genetic Analyser
(Applied Biosystems) with 36-cm capillaries filled with
polymer POP-6 module. The data were analyzed by
GeneMap 4.0 (Applied Biosystems).

Genotyping and analysis of reproductive characteristics
Allelic data obtained from multilocus microsatellite
markers were combined and genotypes were identified.
Several sets of repeated genotypes were identified within
the population at each study site. The probability of ob-
serving n times a multilocus genotype in a population
and the likelihood of them having resulted from clonal
reproduction was tested using MLGsim software [38].
Based on the observed allele frequencies, P, values were
calculated for every set of repeated genotypes at each
population as suggested by Halkett et al. [24]. Using a
Monte Carlo simulation method, the MLGsim determines
the significance threshold for P, values, identifying re-
peated copy multilocus genotypes that did not occur by
chance from sexual reproduction (true clones). Calcula-
tions were done for each population, taking into account
sample size and allele frequencies. The significance level
was set to 0.05.
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To estimate reproduction diversity, a diversity index
was calculated for each population using the G: N ratio,
where G is the total number of unique genotypes found
across all samples and N is total number of samples. The
G:N ratio ranges from 0- all individuals share the same
genotype, in case of strict clonality to 1— all individuals
have distinct genotypes, under sexual reproduction [39].

Genetic diversity analysis

Under the very likely condition that repeated (clonal)
‘amplification’ is not equal over all genotypes, unwitting
inclusion of clonal copies in population genetic analyses
has the potential to mislead [17]. Therefore, to prevent
distorted estimates for heterozygosity and F-statistics
due to the presence of identical copies of clonal geno-
types in the populations tested, a clonal-corrected (a sin-
gle copy from each set of identical genotypes) data set
was built, and applied to the analyses.

GenAlEx Version 6.3 [40] was used to calculate number
of alleles, observed heterozygosity (Ho), Nei’s unbiased ex-
pected heterozygosity (Hg) [41] per microsatellite locus
per population. FSTAT Version 2.9.3.2 [42] was used to
calculate Wright’s inbreeding coefficient (Fis) [43] within
each population. Significance of the deviation of Fis from
zero within population was determined using the FSTAT
randomization test. Hardy—Weinberg equilibria over all
loci and populations were tested using GENEPOP web
version 4.0.10 [44]. A Markov chain (MC) algorithm was
used to estimate exact P-value of this test [45]. GENEPOP
were also used to test linkage disequilibrium between each
pair of microsatellite loci.

Analysis of genetic structure

GENEPOP web version 4.0.10 [44] was used to calculate
pairwise Fst as a basic matrix of population genetic struc-
ture and differentiation. A significance test of Fst was per-
formed using FSTAT ver. 2.9.3.2 [45], where the levels of
significance were adjusted for multiple tests according to
the Bonferroni corrections. To understand the genetic
structure of grape phylloxera, a UPGMA dendrogram was
also constructed based on Nei’s DA genetic distance [46]
between individual samples collected from four of the
study sites. Trees were constructed using the POPULA-
TION software package version 1.2.31 (Olivier Langella,
CNRS UPR9034, France http://bioinformatics.org/~tryphon/
populations) and graphically displayed with MEGA4 soft-
ware [47]. Confidence in specific clusters of the resulting
topology was estimated by bootstrap analysis with 1,000
replicates.

Finally, to evaluate the overall patterns of population
variation within a multivariate data set (multiple loci and
multiple samples), a principal coordinate analysis (PCA)
was performed using GenAlEx Version 6.3 [40] on a co-
variance matrix (with data standardization) of pair wise
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population PhiPT values. A PhiPT measure suppresses
intra-population variance and simply calculates population
differentiation based on the genotypic variance. PCA re-
duces the allele frequency information into a small number
of synthetic variables and provides a graphical representa-
tion of genetic distance.

Gene flow analysis

To obtain an estimate of the magnitude and direction of
contemporary gene flow among populations, a genetic
assignment method was used with BayesAss.ver.1.3 [23].
This package uses a fully Bayesian Markov chain Monte
Carlo (MCMC) resampling method to estimate the pos-
terior probability distribution of the proportion of mi-
grants from one population to another. The amount of
dispersal is estimated by m, where m is the proportion
of each population having immigrant ancestry and where
first-generation immigrants or offspring of two immi-
grant parents will be considered as having full immi-
grant ancestry and offspring of one immigrant and one
native parent will be considered as having half immi-
grant ancestry. It also calculates a confidence interval for
results that would be returned from uninformative data,
typically those that do not contain sufficient variation to
estimate dispersal with high confidence [23,48]. A run
with burn-in-period of 250,000 iterations was performed
and was followed by a run length of 500,000 MCMC
with a sampling frequency of 2000 generations, using
the default parameter setting in the BayesAss program.

Additional file

Additional file 1: Table S1. Distributions of multilocus genotypes of
grape phylloxera among the populations from four vineyard-sites in Napa
(Oakville) and Yolo (Woodland) counties, California.
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