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Abstract The genetic structure of ten grape phylloxera
populations, sampled in summer of 2006 and 2007 from
four d is t inc t v i t i cu l tu ra l a reas in Aust r ia ,
Daktulosphaira vitifoliae (Fitch) (Homoptera:
Phylloxeridae) was analyzed using six SSR markers
(Dvit1-Dvit6). Leaf-feeding populations were chosen
from similar ecological habitats, where susceptible root-
stock hosts have overtaken scions in abandoned
vineyards and produce grape phylloxera populations.
To study population structures and test for dominating
genotypes, population genetic measures were per-
formed. The genetic diversity detected within the entire
set of 315 genotypes was high, with 223 distinct
multilocus genotypes (MLGs). Excess of heterozygotes
and significant deviations from Hardy-Weinberg equi-
librium in some populations indicated that the major
reproduction mode in these populations is asexual but,
sexual reproduction also confirmed by the sign. Psex

values. The genetic diversity within populations was
higher than between populations, although only three
overlapping genotypes could be found. MLGs were
rare, indicating that no candidate for superclones were
detected in the leaf-feeding populations studied.
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Introduction

Grape phylloxera Daktulosphaira vitifoliae (Fitch) is an
important, highly destructive insect pest on susceptible or
partially resistant grape varieties where it may feed on
roots and leaves (Forneck and Huber 2009). The aphid is
native to North America, was introduced to Europe about
1855 and into Austria in 1867 and led to a widespread
destruction of vineyards of all European grapevine vari-
eties (Vitis vinifera L.). Galls (nodosities) are induced in
the meristematic zone of the root tip and deformed root
tissue (tuberosity) is formed on lignified root parts. In
association with soil borne saprophytes and other abiotic
stresses, nodosities and tuberosities lead to severe yield
losses and eventual death of the plant (Powell et al.
2013). Modern viticulture relies on grafting V. vinifera
varieties on partially resistant rootstocks mainly bred
from V. berlandieri Planch. V. riparia Michx.
V. rupestris Scheele which allow limited reproduction
of phylloxera on roots. However reports indicate the
appearance of aggressive biotypes that overcome the
partial resistance if environmental stresses affect the
grapevine host (Powell et al. 2013). Phylloxera feed on
commercial vineyards on partially resistant rootstocks
(mainly root-feeding). Populations can also build in aban-
doned vineyards in which rootstocks overtake the
V. vinifera scions (root- and leaf feeding) supporting
leaf-feeding populations (e.g., Kocsis and Bari 2013).
These perennial habitats foster large Blong-living^ popu-
lations to develop on roots and leaves. From there phyl-
loxera lineages and populations have been observed to
infest nearby commercial vineyards (Müller 2010).

Eur J Plant Pathol (2015) 142:441–448
DOI 10.1007/s10658-015-0624-9

A. Forneck (*) :U. C. M. Anhalt :R. Mammerler :
M. Griesser
Department of Crop Sciences, Division of Viticulture and
Pomology, University of Natural Resources and Applied Life
Sciences, Konrad Lorenz Str. 24, 3430 Tulln, Austria
e-mail: astrid.forneck@boku.ac.at



European gallicole phylloxera populations show high
genotypic variability (Forneck et al. 2000, 2001;
Vorwerk and Forneck 2007) however parthenogenesis
has been proposed to be the major reproductive mode of
these phylloxera (Vorwerk and Forneck 2006). Recent
studies of radicole (root-feeding) phylloxera popula-
tions in California indicate that both asexual and sexual
reproduction occurs (Lund 2013). A population can be
temporarily and spatially studied with microsatellite
markers (Corrie et al. 2002; Vorwerk and Forneck
2006; Islam et al. 2013; Riaz et al. 2014). These markers
also allow the assessment of the genetic structure of
populations and interpretation of biological processes
such as reproduction mode, migration of clones and
abundance of common clonal lineages (Sunnucks et al.
1997; Downie et al. 2000; Forneck et al. 2001). Such
studies are needed for a better understanding of the
genetic diversity and fine scale population structure of
phylloxera, so that the evolutionary potential to adapt to
resistant V. vinifera (leaves) and resistant rootstock
(roots) can be elucidated.

High abundance aphid clones, so called superclones,
have been shown to occur spatially and temporarily and
selection must force a population to limit its genetic
potential and count on single genotypes. Such geno-
types are thought to be Bgeneral-purpose genotypes^
(Lynch 1984) which show Bbroad ecological tolerance
resulting from interclonal selection in temporally vari-
able environments^ (Vorburger et al. 2003). The reasons
for their population success are still unknown, neither
host adaptation (Fenton et al. 1998), nor insecticide
resistance or agronomical practices (Vorburger et al.
2003) could yet explain their dominance. Two radicole
Australian phylloxera genotypes G1 and G4 have been
termed superclones (Powell et al. 2013) exhibiting
broader geographical distribution and higher virulence
levels (Herbert et al. 2006).

In the presented study of the fine scale genetic pop-
ulation structure was studied searching for the occur-
rence of phylloxera dominant genotypes in leaf galling
habitats to provide data to further the understanding of
the population structure of clonal insect pests.

The objectives of this study were: (1) to analyze
the reproduction mode of ten leaf feeding phylloxera
populations, (2) to understand the genetic structure
within and among populations in different Austrian
wine regions, and (3) to search for dominating dis-
tinct multilocus genotypes (MGLs) within the
population.

Material and methods

Phylloxera populations

Leaves with third-generation leaf galling D. vitifoliae
were collected in 2007 and 2008 from abandoned
vineyards andwild growing rootstocks climbing on native
hedges at ten locations throughout major Austrian viticul-
ture regions (AU1, AU2: Eisenstadt, AU3: Krems, AU4:
Wien-Hackenberg, AU5: Gols, AU6: Bernhardtal, AU7:
Watzelsdorf, AU8: Großriedental, AU9: Klöch, AU10:
Rechnitz) (Fig. 1). Sampling was conducted in a hierar-
chical manner: three leaf-galled shoots (1–2 m long) were
randomly chosen - one from the center and two from the
periphery of each location. Four to five leaves were
randomly chosen from each shoot and two to three single
leaf-feeding adults were obtained by dissecting the galls.
Single individual adults were used for genotyping.

Genotyping of phylloxera individuals obtained
in populations

Single adults obtained from leaf galls were used for DNA
extraction and genotyping with six SSR markers. Sam-
pling of leaf-galled shoots was performed hierarchically
as previously described (Vorwerk and Forneck 2006).
Total genomic DNA was extracted from a single adult
using a column-based DNA extraction kit (QIAGEN,
Hilden, Germany) as described earlier (Vorwerk and
Forneck 2006). Subsequent PCR reactions were per-
formed in 10 μl reaction volumes containing: 800 nM
of each primer, 200μMdNTPs each (Fermentas, St. Leon
Rot, Germany), 1× PCR Buffer 1,5 mM MgCl2, 0,25U
Taq DNA Polymerase (Invitrogen, Karlsruhe, Germany)
and approximately 5 ng of template DNA. PCR primers
for amplification of the lociDvit1,Dvit2,Dvit3, Dvit4 and
Dvit5 (Corrie et al. 2002), and Dvit6 (Vorwerk and
Forneck 2006) were applied. Amplified alleles were sep-
arated in a 6 % polyacrylamid gel, and visualized with an
automated LI-COR 4300 DNA analyzer (Licor Biosci-
ences GmbH, Bad Homburg, Germany).

Data analysis

Population genetic analysis

Genetic data for all six loci were combined and geno-
types assigned to each sample. Genotypes bearing miss-
ing data were eliminated from calculations. To prevent
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distortions of estimates for heterozygosity and F-statis-
tics a single copy of each multilocus genotype was
applied in the data analysis for F-statistics, estimates
for heterozygosity, Hardy-Weinberg (HW) exact tests
and linkage disequilibrium according to Sunnucks
et al. (1997). Allele frequencies, mean number of alleles
per locus, observed heterozygosity (Hobs) and unbiased
estimates of heterozygosity expected under Hardy-
Weinberg assumptions (HE) (Nei 1978) were processed
using GENEPOP v. 3.4 implemented on the web (http://
wbiomed.curtin.edu.au/genepop/; Raymond and
Rousset 1995). This program was also employed to
test data sets for Hardy-Weinberg equilibrium (HWE)
and linkage disequilibrium (LD). Exact P-values for
these tests were calculated using the Markov chain
method (Guo and Thompson 1992). FSTAT 2.9.3
(Goudet 1995) was employed, carrying out F-statistics
for all population pairs and confidence intervals based
on bootstrap re-sampling were estimated according to
Weir and Cockerham (1984). Clonal diversity within
populations was calculated for each population as k=
G/N, where G is the number of different multilocus
genotypes present in the sample and N is the sample
size. Psex values were calculated with the program
MLGsim2.0 (http://www.rug.nl/research/theoretical-
biology/downloads) for every multicopy genotype in
each population as suggested by Halkett et al. (2005).
Thresholds for Psex values were estimated for each

population from Monte Carlo simulations. Significant
Psex values indicate that multicopy genotypes are
statistically overrepresented in a population and
therefore a product of clonal amplification. Population
pairwise FST values were calculated using FSTAT 2.9.3

(Goudet 1995). FST measures were transformed into
FST / (1- FST) and a permuted correlation was computed
against the natural logarithm (Ln) of distances between
the sampling sites in kilometers, using the program ISOL-

DE (GENEPOP v. 3.4, http://wbiomed.curtin.edu.au/
genepop/; Raymond and Rousset, 1995). The observed
Spearman rank - correlation coefficient was compared
under the null hypotheses that the two variables are
independent. The distribution of alleles and genotypes
across all populations was tested using GENEPOP v. 3.4
unbiased tests of population pairwise differentiation
(Fishers exact test).

Results

Genotypic diversity and population assignment

Three hundred and fifteen grape phylloxera samples from
10 fine scale populations obtained from leaf galling hab-
itats were analyzed from four viticultural regions. In total
226 distinct genotypes were identified within all popula-
tions tested based on the combination of allelic data from

Fig. 1 Sampling sites of Phylloxera leaf populations for perfor-
mance and genotyping studies. Sampling was conducted in spring
of 2007 and 2008 in Weinviertel (Watzelsdorf. Bernhardthal).
Wachau (Krems). Wagram (Großriedenthal). Wien (Wien
Hackenberg). Neusiedlersee (Gols). Neusiedlersee Hügelland
(Eisenstadt. Großhöflein). Südburgenland (Rechnitz).

Südoststeiermark (Klöch). Performance studies were conducted
with populations from Bernhardthal. Gols. Krems. Wien and
adapted single founder lineages established from Eisenstadt and
Eisenstadt Großhöflein. Underlined locations represent field pop-
ulations used in this study
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six SSR markers. The average number of alleles per locus
in the populations ranged from 2 to 3. No significant null
alleles (>0.005 frequency) were found in the SSR data
(data not shown). Across all loci and populations the
expected heterozygosity (He) was lower than the observed
heterozygosity (Hobs) which ranged from 0.4484 (AU6)
to 0.7012 (AU8) within the populations. Test of HW
Equilibrium showed the presence of excess of heterozy-
gosity (FIS<0) in several loci in each population (Table 1).

Multilocus repeated genotypes were observed in each
population (Table 1) indicating reproduction diversity
(G:N ratio) ranging from 0.333 to 0.9667. HW exact
probability tests showed significant deviations in four
out of ten populations (Table 1) and mostly negative FIS
values (in nine out of ten populations) indicating higher
portions of heterozygotes and suggesting primarily asex-
ual reproduction. There were frequent deviations from
HWE in the direction of heterozygote excess, a common
property of microsatellite data sets from obligate
parthenogens proposed to diversify by mutation (Simon
et al. 1999). Locus-wise comparisons showed high vari-
ation within the populations (data not shown) where the
distribution of both positive and negative FIS were ob-
served at various loci. The probability of independently
produced repeated genotype by sexual reproduction was
determined by numbers of significances of Psex values in

MLG simulations (Table 2). The numbers of clonal and
sexually produced MLGs suggest both sexual and asex-
ually produced genotypes in all populations studied.

Three overlapping genotypes could be found
throughout the entire set of genotypic classes in three
of the ten population (AU7, AU8 and AU10).

FST values showed differentiation in differing levels
among the phylloxera habitats and regions studied. The
indices ranged from 0.0150 to 0.3817 signifying differ-
ent levels of shared genetic diversity (a values of 0
implies panmixis, 1 implies two populations do not
share any genetic diversity). The population pairwise
FST comparision showed that some do and some do not
differ significantly in allele frequencies (Table 2).

Upon closer inspection of allele frequencies no asso-
ciation among geographic location or other potential
environmenal parameters responsible for divergent se-
lection in populations were found (data not shown),
furthermore there was more genetic variation within
the populations than between populations.

Discussion

As an introduced pest phylloxera has invaded most
viticultural regions worldwide from its native range on

Table 1 Genetic diversity parameters of grape phylloxera populations across ten leaf-feeding habitats in Austria (AU1-AU10)

Population ID AU1 AU2 AU3 AU4 AU5 AU6 AU7 AU8 AU9 AU10

Individuals/Pop 28 33 24 43 37 30 30 30 30 30

Distinct genotypes 22 29 15 30 31 16 20 11 29 10

G/N 0.7857 0.8788 0.6250 0.6977 0.8378 0.5333 0.6667 0.3667 0.9667 0.3333

Repeated Genotypes 4 5 7 6 7 7 2 4 1 3

Significant Psex 3 4 6 6 5 6 2 4 1 3

Mean no of alleles 3.5000 3.6667 2.0000 3.1667 3.1667 2.0000 3.1667 2.8333 3.5000 3.1667

Mean HE 0.5053 0.5011 0.3600 0.5321 0.4854 0.3548 0.4707 0.5456 0.5181 0.5119

Mean Hobs 0.5181 0.5537 0.4984 0.5817 0.5223 0.4484 0.5517 0.7012 0.5174 0.6333

p (HWE) 0.2643 0.7136 0.0009 0.1296 0.4084 0.0019 0.1286 0.0065 0.6586 0.0095

FIS per locus
-MCG:

Dvit1 −0.5717 0.0667 0.2604 0.0593 −0.1520 −0.4286 −0.0574 −0.2903 −0.0608 −0.2656
Dvit2 0.5116 −0.6471 −1.0000 −0.2287 −0.1024 −0.2381 −0.1250 −0.7778 −0.0318 −1.0000
Dvit3 NA NA NA NA NA NA −0.0556 NA NA NA

Dvit4 −0.0667 0.0947 −0.7333 −0.3023 0.2954 NA −0.1963 −0.2987 −0.0072 −0.2857
Dvit5 0.3593 −0.1688 −0.3270 0.2615 −0.2319 0.1613 −0.2766 0.1496 0.0571 0.1910

Dvit6 −0.2611 −0.0557 NA −0.2852 −0.1812 −0.5000 −0.2697 −0.4727 0.0431 0.0000

FIS multilocus-MCG −0.0186 −0.1078 −0.3905 −0.0917 −0.0467 −0.2809 −0.1776 −0.2984 0.0011 −0.2425
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wild Vitis species in North America. In its native habitat
phylloxera mostly feeds on leaves and reproduces
through cyclical parthenogenesis (Lund 2013). Invasion
of phylloxera occurred through human mediated spread
of infested plant materials and occurred from multiple
origins (Downie 2002) into European vineyards. Within
the last decades the insect has invaded a new niche to
feed on susceptible leaves of rootstocks (from aban-
doned vineyards where rootstock shoots overtake
scions). Here phylloxera finds similar conditions as in
the native habitat, being able to feed and reproduce both
on leaves and roots. Previous studies of leaf-feeding
populations in Europe showed high genotypic diversity
(Forneck et al. 2000, 2001; Vorwerk and Forneck 2006,
2007) although reproduction was primarily asexual and
clonal. Invasive insects tend to transition to obligate or
functional parthenogenesis (Caron et al. 2014). An in-
vasion that produces clones may be characterized by a
number of fixed clones or a complex reproduction
scheme of cyclical parthenogenesis and recurrent gen-
eration of new clones (Caron et al. 2014). Natural selec-
tion will act quickly on large clonal populations in
which pre-adapted genotypes will be favored and new
phenotypes may evolve through mutation and develop
to superclones. Vineyards provide an excellent habitat
for the invasion and evolution of root-feeding
superclones, especially in newly planted vineyards with
identical rootstocks and optimal root growing condi-
tions. Two radicole genotypes, G1 and G4, have been
singled out as ‘superclones’ (Umina et al. 2007) in
Australia with broader geographic distribution and high
virulence levels. The potential of leaf-feeding niches to
host phylloxera superclone candidate was studied

because of the important implications for genotypes
and phenotype diversity in phylloxera and their ability
to adapt to environments and consequently for control
strategies.

Limited gene flow among populations

This present study showed very limited, extremely low
gene flow among populations within a 200 km range
and confirmed an earlier study of leaf-feeding popula-
tions over a larger geographical distribution (Vorwerk
and Forneck 2006). Continuous gene flow would pre-
vent populations from diverging. As a result of isolation
and the subsequent limitation of gene exchange, popu-
lations will diverge by genetic drift or by selection or
adaptation to its local niche. Gene flow supports intro-
duction of new genes into new niches (vineyards) dis-
tant form the original site of mutation to introduce new
genes, which displace old less adapted ones. In clonal
populations gene flow may occur in which each clone
has several mutations that differentiate from pre-existing
clones. Taking into account that multiple genes may
flow together in clones, a genotypic flow (of clonal
lineages) may occur between populations. Leaf-
feeding habitats studied are isolated by various factors
and thus promote genetic diversification and evolution
of new clonal lineages as shown in the previous studies.
The migration of phylloxera depends on the phylloxera
phenotype, host plants available and environmental con-
ditions (Powell et al. 2013). Phylloxera migrates
through wind dispersal as first instars or winged
sexuapare over several kms and requires host plants
(Vitis spp.) to bridge migration of active insects.

Table 2 Genetic differentiation FST among the populations of grape phylloxera from 10 leaf-feedig habitats in Austria (AU1-AU10)

Pop.ID AU1 AU2 AU3 AU4 AU5 AU6 AU7 AU8 AU9 AU10

AU1 4.0 km 93.0 km 42.3 km 32.8 km 89.7 km 102.8 km 82.2 km 125.3 km 59.0 km

AU2 0.0478* 95.6 km 43.4 km 29.8 km 92.0 km 104.3 km 86.3 km 125.9 km 58.9 km

AU3 0.2346 0.2505 64.7 km 115.4 km 17.8 km 47.3 km 26.4 km 183.4 km 137.9 km

AU4 0.1000 0.1090 0.4211 53.0 km 55.1 km 61.6 km 47.3 km 163.5 km 100.6 km

AU5 0.0152** 0.0247* 0.2697 0.1059 107.8 km 112.6 km 100.3 km 144.7 km 74.6 km

AU6 0.1387 0.2822 0.6173 0.2980 0.2264 30.3 km 9.6 km 191.0 km 140.1 km

AU7 0.0480* 0.0688 0.2760 0.1670 0.0957 0.1858 25.9 km 215.0 km 158.6 km

AU8 0.0721 0.1252 0.2990 0.1251 0.1183 0.2402 0.1108 190.5 km 136.9 km

AU9 0.0651 0.0888 0.2708 0.1063 0.0802 0.2341 0.0651 0.1034 70.1 km

AU10 0.0747 0.1082 0.4006 0.0514* 0.0877 0.2185 0.1368 0.0506 0.0892

**p<0.05, **p<0.001
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Dispersal of phylloxera may occur through human
transportation over broader geographic ranges.

Our results show, that genotypic flow of dominant
MLGs do rarely occur isolating the habitat and evolving
high level diversity clonal populations. If superclones
could evolve in this habitats it may be more likely for
them to invade adjacent vineyards where they may feed
on partially resistant leaves and initiate new populations.
These incidents have been observed in recent years
(Müller 2010; Koennecke et al. 2011; Vidart et al.
2013) however genotypic studies are still underway.

Reproduction mode of leaf-feeding populations

Our results confirm earlier results showing that the
predominat reproduction mode of introduced phyllox-
era populations is predominately asexual (Vorwerk
and Forneck 2006, 2007; Islam et al. 2013; Sun
et al. 2009; Lund 2013) according to genetic param-
eters suggested by Halkett et al. (2005). Because the
genetic diversity within populations is remarkably
high for asexually reproducing phylloxera previous
work assumed that either rare sexual events occur(ed)
before or after the introduction of phylloxera in the
1850s. Recent work (Lund 2013) provided the first
evidence that phylloxera leaf feeding populations
from American native habitats are mainly sexually
reproducing. It may be likely that a high proportion
of allelic diversity was introduced by invasive single
founders from multiple origins over a large time
period since 1850s and have evolved clonally since
then. However, sexual reproduction cannot be exclud-
ed. Sexual morphs exist and can be frequently ob-
served migrating in root-feeding populations. All leaf-
feeding populations studied also had minor feeding
on the feeder roots where first instars overwinter as
hibernating morphs.

Why not superclones?

We provided evidence that within 10 Austrian and six
European leaf-feeding populations no dominating
MLGs were found to be suitable candidate for
superclones. Given the genetic structure and ecological
habitats of these populations the chances of finding
them are in retrospect rather unlikely. Superclones of
phylloxera in Europe would have first evolved original-
ly shortly after invading their new habitat of the 19th

Century habitat, own-rooted cultivars of V. vinifera ssp.

The successful phenotype would have been adapted to
root-feeding, a new Vitis species and parthenogenesis.
Assuming that such an adaptation had occurred and
superclones arose, they would have spread and eventu-
ally destroyed their habitat. By the gradual introduction
of partially resistant rootstocks, new genes were re-
quired promoting further evolution of clonal lineages,
leading to more aggressive strains capable of out-
competing the first invaders.

Vinifera adapted clonal lineages (e.g., G1, G4; bio-
type A, B) with vinifera parentage are rarely found in
Europe where the majority of viticulture uses resistant
rootstocks. Such cases could be found in both root- and
leaf-feeding habitats, which have undergone massive
selection pressure for new invading phylloxera.
Vineyards where phylloxera have adapted on partially
resistant rootstocks, as preported previously, where they
have invaded un-infested vineyards, or when new root-
stocks have been planted in phylloxerated soils. Inva-
sion of leaf-feeding commercial vineyards may select
for superclone candidates which would have to adapt to
the new host species. High variability in host adaptation
between and within populations has been demonstrated
in earlier studies (Corrie et al. 2002; Granett and Kocsis
2000; Granett et al. 2001; Forneck et al. 2000; Ritter
et al. 2007) in American, European and Australian re-
gions. Studies are underway to elucidate where habitats
promote phylloxera superclones.

Population genetic parameters in phylloxera
populations

We studied the population genetic parameters suggested
by Halkett et al. (2005) and Arnaud‐Haond et al. (2007)
and followed the suggestions made by the authors. We
are aware of potential errors arising by interpreting the
data by neglecting the fact that phylloxera populations
are non host alternating, the aphid is sessile and the
natural migration distance is very low; parameters indi-
cating clonality may be underestimated.

Isolation of populations will be the rule due to the
biology of the insect and the host habitat structure in
Europe. Sampling of phylloxera leaf-feeding popula-
tions may lead to additional errors, since insects will
hatch and form clusters in closest meristematic leaves,
which growth is affected by environmental conditions
and canopy management (in the case of commercial
vineyards).
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Conclusion

The ten leaf-feeding phylloxera populations studied in
Austrian viticultural regions did not have superclone
candidates. Introduced phylloxera do have the potential
to form such superclones since they reproduce asexual-
ly, have extremely reduced genotypic flow, consist of
many diverge clonal lineages and have very high popu-
lation sizes. The populations are bridged between sea-
sons by few overwintering asexual morphs that repre-
sent the successful host adapted clonal lineages that
found or sustain the existing fittest clonal lineage. Such
superclones will challenge viticulture and vineyard
management strategies that promote the evolution of
phylloxera superclones need to be carefully observed.

Conflict of interest The authors declare that they have no con-
flict of interest.
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