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Abstract
This study investigated the population genetics, demographic history and pathway of
invasion of the Russian wheat aphid (RWA) from its native range in Central Asia,
the Middle East and Europe to South Africa and the Americas. We screened microsatellite markers, mitochondrial DNA and endosymbiont genes in 504 RWA clones from
nineteen populations worldwide. Following pathway analyses of microsatellite and
endosymbiont data, we postulate that Turkey and Syria were the most likely sources
of invasion to Kenya and South Africa, respectively. Furthermore, we found that one
clone transferred between South Africa and the Americas was most likely responsible
for the New World invasion. Finally, endosymbiont DNA was found to be a highresolution population genetic marker, extremely useful for studies of invasion over a
relatively short evolutionary history time frame. This study has provided valuable
insights into the factors that may have facilitated the recent global invasion by this
damaging pest.
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Introduction
Biological invasion is regarded as a worldwide environmental problem (Everett 2000; Levine 2000; Mooney &
Cleland 2001; Liebhold & Tobin 2008). Concomitant
with increasing human population densities, increasing
human movement has facilitated the entry of a variety
of plants and animals into new ecosystems beyond their
native ranges (Kolar & Lodge 2001). Most invasive species have the ability to respond quickly and to adapt to
new and/or challenging environmental conditions, and
the genetic diversity of the colonizing population can
positively or negatively influence invasion success
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(Kolbe et al. 2004; Lindholm et al. 2005; Dlugosch &
Parker 2008; Rollins et al. 2009). Comparative studies
that examine the genetic diversity of a species in both
its introduced and native range allow inferences to be
made on the pathway and source of an introduction
(Rollins et al. 2009; Boissin et al. 2012). Importantly, we
can elucidate the occurrence of single vs. multiple introductions providing critical information on the mechanisms by which invasive species are introduced and
spread, enabling pre-emptive action to prevent future
incursions into new ranges.
In this study, we have used multiple molecular
approaches to examine the global pattern of invasion
of the Russian wheat aphid (RWA), Diuraphis noxia
Kurdjumov, one of the world’s most invasive cereal
(wheat and barley) crop pests (Smith et al. 2004; Burd
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et al. 2006; Jyoti et al. 2006). RWAs gained recognition
as an emerging global pest during the 1970s and 1980s
as a result of their rapid spread through major grain
producing areas in Europe, Africa and the Americas
(Kovalev et al. 1991; Stary 1999; Smith et al. 2004). RWA
invasion success has likely been influenced by the presence of compatible host plants worldwide, their high
degree of phenotypic plasticity and their capacity for
rapid population growth due to parthenogenetic reproduction (Clua et al. 2004; Burd et al. 2006; Shufran &
Payton 2009). RWAs exhibit both cyclical (holocyclic)
and obligate (anholocyclic) parthenogenesis depending
on environmental conditions (in particular minimum
winter temperature). Native populations are generally,
but not exclusively holocyclic (Dolatti et al. 2005), while
invasive populations are primarily anholocyclic.
Some comparative studies across the native and introduced range of RWAs have been undertaken, but they
have not clearly resolved the pattern or pathway of
worldwide invasion (Puterka et al. 1992; Stary 1999; Liu
et al. 2010), primarily due to the limited polymorphism
of the markers. This is a common problem in pathway
analysis: maternally inherited markers are ideal for
tracking lineages, but there is often insufficient genetic
variability in mitochondrial genes. Microsatellite markers similarly have limited resolving power in species
exhibiting obligate parthenogenesis, like invasive populations of RWA. A solution to this problem is the targeting of fast-evolving regions of DNA in the aphid
endosymbiont, Buchnera aphidicola (Russell et al. 2013).
B. aphidicola has an obligatory mutualistic association
with its host and is responsible for biosynthesizing up
to 90% of the aphid’s essential amino acids (Douglas
2006). Endosymbiont genome evolution has been shown
to reflect the aphid host genome, but at an accelerated
rate due to the rapid generation time of the bacteriocyte
relative to its host (Clark et al. 1999; Peccoud et al. 2009;
Burke & Moran 2011).
Many questions remain concerning the worldwide
invasion genetics of RWA; however, our goal was to
test three hypotheses. First, although the native range
of RWAs extends from southern Russia, through the
Middle East to central Asia (Kovalev et al. 1991), we
propose that the Middle East is the likely source of
invasive African populations because of their comparatively close geographical proximity. Second, we posit
that South Africa has played a bridgehead role in facilitating dispersal of RWAs to the New World because
the date of first detection in South Africa was 2 years
earlier than in the Americas. Furthermore, we speculate
that a single invasion scenario resulted in the establishment of RWAs in the New World because both South
African and US populations exhibit limited genetic variation (Shufran & Payton 2009; Swanevelder et al. 2010).
© 2014 John Wiley & Sons Ltd

Third, we aim to test the utility of combined analysis of
host DNA plus endosymbiont DNA vs. host DNA alone
to track extremely recent insect invasions.

Material and methods
Aphid sampling
Russian wheat aphids were sampled from wheat, rye
and barley crops and native grasses from nineteen populations worldwide (Table 1 & Appendix S1, Supporting Information). In this context, a population is a
sample taken at a particular location. In total, 504 parthenogenetic, wingless female aphids were collected
and preserved in 100% ethanol until DNA extraction.

DNA extraction and amplification
Total genomic DNA was extracted from single adult
aphid using a salting-out method (Sunnucks & Hales
1996). All RWAs were screened for 10 microsatellite
loci, including nine loci developed from RWAs (Zhang
et al. 2012), and one cross-species locus, Sa4Σ, developed from Sitobion aphids (Simon et al. 1999). Microsatellite loci were amplified in a total volume of 10 lL and
PCR cycling conditions followed Zhang et al. (2012).
Electrophoresis of the amplification products was conducted in a capillary sequencer ABI373091 (Applied
Biosystems), with an internal size ladder (500 LIZ).
Allele sizes were analysed using GENEMAPPER (version
3.0; Applied Biosystems) and allele designation was
confirmed following visual examination.
Two mitochondrial DNA fragments were sequenced:
partial cytochrome oxidase I (CO1) and a continuous
fragment centred on NADH dehydrogenase subunit 6
(ND6), including partial NADH subunit 4 L, two tRNA
genes, total ND6, and partial cytochrome B. The 436 bp
CO1 gene was amplified using the primers C1-J-1718
and C1-N-2191 (Simon et al. 1994), and the ND6 fragment (837 bp) was amplified using the primers N4LJ9648 and CB-N10608 (Simon et al. 2006). The PCR
protocol and cycling conditions followed Zhang et al.
(2012, 2014).
Three endosymbiont genes from the Buchnera aphidicola genomes of RWA were sequenced: two from plasmids, TrpEG pseudogene (Wernegreen & Moran 2000)
and LeuBC, as well as one from genomic DNA, ddlB
pseudogene. The PCR cycling parameters were as follows: initial denaturation 3 min at 94 °C; 30 cycles of
30 s at 94 °C, 30 s at 53 °C (LeuBC) or 55 °C (ddlB and
TrpEG), 3 min at 72 °C and the final elongation of
10 min at 72 °C. The PCR products were visualized by
electrophoresis in a 1.5% agarose gel and purified using
an ABgene Ultra PCR Clean-Up Kit (Thermo Scientific)
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Table 1 Indices of genetic diversity for the 17 sites with a sample size (N) greater than four
Region

Population

N

MLGs

#within

#among

GGD

Ho

Na

Ar

Hs

Fis

Central Asia

Cele (CHN)
Qapqia (CHN)
Yumin (CHN)
Mori (CHN)
Haba (CHN)
Wuqia (CHN)
Tajikistan
Turkey
Iran
Syria2001
Syria2011
Ethiopia
Kenya
SA2000
SA2011
Mexico
US
Chile
Argentina

52
53
31
42
50
52
30
49
18
10
30
17
12
13
20
6
8
5
4

41
51
30
42
48
52
25
26
12
10
7
17
1
4
1
1
2
1
1

9
2
1
0
2
0
4
6
3
0
2
0
1
4
1
1
1
1
1

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
1
1
1

0.79
0.96
0.97
1.00
0.96
1.00
0.83
0.53
0.67
1.00
0.23
1.00
0.08
0.31
0.05
0.17
0.25
0.20
0.25

0.43
0.65
0.67
0.64
0.69
0.71
0.70
0.73
0.75
0.73
0.64
0.76
1.00
0.62
1.00
1.00
0.69
1.00
1.00

3.9
9.8
8.2
9.4
11.1
8.1
5.9
6.6
5.6
4.5
3.1
7.4
1.8
2.1
1.8
1.8
1.9
1.8
1.8

2.07
3.77
3.90
3.73
4.04
3.93
3.59
3.52
3.23
3.48
2.03
4.23
1.80
2.40
1.80
1.80
1.85
1.80
1.80

0.34
0.65
0.68
0.64
0.69
0.71
0.70
0.65
0.67
0.65
0.49
0.69
—
0.45
—
—
0.43
—
—

0.413*
0.01
0.07
0.04
0.098*
0.17*
0.151*
0.08
0.177*
0.06
0.533*
0.13
—
0.794*
—
—
0.882*
—
—

Middle East

East Africa
South Africa
Americas

CHN, China; MLGs, number of multilocus genotypes; #within, number of MLGs shared within a population; # among, number of
MLGs shared among populations; GGD, index of global genotypic diversity (MLGs/N); Ho, observed heterozygosity; Hs, gene diversity; Na, numbers of alleles; Ar, allelic richness; Fis, the inbreeding index.
Asterisks indicate significance after Bonferroni correction at 0.05 level, - indicates no genetic diversity and grey shading highlights
putative invasive populations.

according to the manufacturer’s directions, before being
sequenced on a 3730xl DNA Analyser (Applied Biosystems). The three genes concatenated gave 3258 bps of
edited sequence.

Genetic diversity
Microsatellite data were examined using MICRO-CHECKER
v2.2.3 (Van Oosterhout et al. 2004) for any evidence of
large allele dropout or scoring errors. Each individual
RWA was classified according to multilocus genotype
(MLG) in GENCLONE v2.0 (Arnaud-Haond & Belkhir
2007). Gross genotypic diversity (GGD) was calculated
as G/N, with G equal to the number of MLGs, and N
equal to the sample size (Llewellyn et al. 2003). To
reduce the influence of clonal copies produced through
asexual reproduction on Hardy–Weinberg equilibrium
(HWE), allele frequency and genetic differentiation estimates, the data set was pruned to include only one
copy of each MLG and then genetic diversity estimates
were calculated using FSTAT v2.9.3. (Goudet 2001).
Observed and expected heterozygosity (Ho & He),
number of alleles (Na), allelic richness (Ar), and the
f estimator of Fis and significance values (Weir & Cockerham 1984) were calculated. GENEPOP v4.0 was used to
calculate allele frequencies, HWE and linkage disequilibrium tests (Raymond & Rousset 1995; Rousset 2008),

and significance was assessed following Bonferroni correction (Rice 1989).
Mitochondrial and endosymbiont DNA sequences
were aligned and edited using BIOEDIT v7.0.0 (Hall 1999)
and MEGA5 (Tamura et al. 2011). DNASP v5 was used to
calculate the number and frequencies of haplotypes
(Librado & Rozas 2009), and phylogeographical networks were inferred using TCS (Clement et al. 2000)
and NETWORK 4.6 (Bandelt et al. 1999). To infer deviations
from neutrality and to detect demographic changes or
selection (Fu & Li 1993), Tajima’s D (Tajima 1989) and
Fu’s Fs (Fu 1997) were calculated from the mitochondrial DNA data using ARLEQUIN v3.5.1.2 (Excoffier et al.
2005).

Genetic differentiation
Pairwise FST estimates were calculated from the microsatellite data using Arlequin, and exact G tests of allelic
differentiation were calculated using GENEPOP. Three
clustering methods were used to identify population
structure. First, using STRUCTURE v2.1 (Pritchard et al.
2000), an admixture model was implemented assuming
independent allelic frequencies, with 100 000 iterations
of Markov chain Monte Carlo after a 20 000 burn-in
period. Ten independent runs of each K (inferred clusters) from 1 to 20 were evaluated. The most likely K
© 2014 John Wiley & Sons Ltd
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value was determined using the Evanno method (Evanno et al. 2005), and then DISTRUCT v1.1 (Rosenberg 2004)
was used to display the bar plot. Second, the threedimensional spatial distribution of genetic variation for
each individual was examined using factorial correspondence analysis (FCA) implemented in GENETIX v4.05
(Belkhir et al. 1996-2004). Finally, to confirm population
clusters and to differentiate the variation component
between populations, an analysis of molecular variance
(AMOVA) was conducted in Arlequin.
We also measured the relatedness of each population
based on microsatellite allele shared distance using POPULATION v1.2.31 (http://bioinformatics.org/~tryphon/
populations/#ancre_telechargement). The neighbourjoining tree was calculated based on Cavalli–Sforza’s
chord distance (Dc) from 10 microsatellite loci, and 1000
bootstrap replications were performed to test the
robustness of the nodes.
To test the hypothesis of RWA expansion from South
Africa to the Americas or vice versa, we examined gene
flow among three groups (the Middle East, the Americas, and South Africa) using DIYABC v1.0.4 (Cornuet et al.
2008). Two evolutionary scenarios of simultaneous
expansion from the Middle East (Pop 1, including Iran,
Syria, and Turkey) to the Americas (Pop 2, including
USA, Chile, Argentina and Mexico) and South Africa
(Pop 3) and four scenarios of stepwise expansion
(including potential admixture events) were evaluated
based on the microsatellite data. The scenarios are provided in Appendix S2 (Supporting Information), and
the prior distributions of model parameters are provided in Appendix S3 (Supporting Information). We
used a generalized stepwise model (GSM) with a
gamma distribution for the mutation rate bounded
between 5 9 10 4 and 5 9 10 3. Default values were
used for all other parameters. We performed 106 simulations using prior parameters for each scenario. The
posterior probability of each scenario was assessed
using a polychotomous weighted logistic regression,
and 1% (60 000) of simulated data sets closest to the
observed data were retained. Confidence in choice of
the most likely scenario was estimated by calculating
the type I error. The best scenario of the posterior predictive distribution of the model was chosen based on
the observed statistics and simulated values that were
used for model selection.

Results
Genetic diversity of native and invasive populations
From a total of 504 RWAs screened for 10 microsatellite
loci, 370 MLGs were detected across the nineteen populations. High genetic diversity was found in Asian,
© 2014 John Wiley & Sons Ltd

Middle Eastern and Ethiopian samples, with the highest
MLG diversity found in Asia, Ethiopia and Syria
(GGD = 1.00), the highest allelic richness in Ethiopia
(4.23) and the highest number of alleles (11.1) and gene
diversity (0.71) in northwestern China. Low genetic
diversity was found in all the putative introduced populations (Table 1). Only one MLG (MLGAM) was shared
among sites and was detected at all four sites in the
Americas. A second MLG was detected in the USA, but
this MLG only differed from MLGAM by one repeat in
one allele. Although none of the MLGs present in Asia,
the Middle East and Africa were identical to MLGAM,
one MLG in Turkey was different to MLGAM by two
alleles at one locus and one MLG in South Africa differed from MLGAM by only one repeat in one allele. No
common MLG was shared among the Syrian RWA from
2001 and 2011. Ten MLGs were identified from a sample of 10 individuals in 2001, while seven MLGs were
found from 30 individuals in 2011. Four MLGs in South
Africa sampled in 2000 had reduced to one MLG in
2011.
Hardy–Weinberg equilibrium tests involving 190
pairwise comparisons (locus by population) revealed
some significant departures; however, no consistent pattern was detected for any population or locus. Both deficit and excess observed heterozygosity were found in
native populations, while in the putative invasive populations, only excess observed heterozygosity was evident. No linkage disequilibrium was observed for any
pair of loci after Bonferroni correction (P < 0.0002).
Concatenated, 1272 bp of mitochondrial DNA was
obtained from 155 individuals from nineteen populations worldwide, approximately 10 individuals for each
sampled population. Haplotype diversity (Hd) was
0.24. Thirteen haplotypes were identified, with one
common haplotype found at all sites shared by 135
individuals. The frequency of the common haplotype
was 87.1%, and 12 rare haplotypes were found at low
frequencies (0.6–4.5%). The rare haplotypes all existed
in native populations, while invasive populations
shared the common haplotype (Appendix S4, Supporting Information). The highest nucleotide diversity was
found in the China (0.48), while the lowest nucleotide
diversity (0) was found in all putative introduced
populations.
The concatenated sequences of three endosymbiont
genes of B. aphidicola showed 108 polymorphic sites
resulting in 76 haplotypes among worldwide RWA
populations. Of the 76 haplotypes, 51 were identified
from native populations, while 28 haplotypes were
found in introduced populations. Three haplotypes
were shared between native and invasive populations.
Ethiopian samples failed to amplify for all three endosymbiont genes. The 108 polymorphic sites included 43
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to the same cluster. The Middle East populations presented a strong pattern of mixed ancestry. When further
increasing k to 7 (Ln posterior probability = 14 426),
Tajikistan became distinct from Wuqia, and the cluster
of Kenya and Syria (sampled in 2011) became isolated
from the entire invasive population cluster (Fig. 1B).

variable sites differing by a single base pair and 65
parsimony informative sites. Haplotype diversity (Hd)
was 0.89, and nucleotide diversity (Pi) was 0.002.

Genetic differentiation and structure
Population genetic differentiation was analysed using
pairwise FST. The majority of pairwise FST comparisons
between sites from Asia, the Middle East and Ethiopia
were significant (64 out of 66), with FST values ranging
from 0.008 to 0.427 (Appendix S5, Supporting Information). Among introduced populations, FST values were
around zero and not significant.
An AMOVA analysis was conducted and separated sites
into seven groups. The proportion of variance among
groups (15.91%) was much larger than that found
among sites within groups (4.79%), and the fixation
index (Fct = 0.159) was significant, indicating extremely
restricted gene flow among these groups (Appendix S6,
Supporting Information). FCA depicted a similar pattern (Appendix S7, Supporting Information). Accounting for 35% of the variation, the FCA revealed distinct
clusters corresponding to geographical isolation in the
native range (Middle East and Central Asia) and introduced populations.
The STRUCTURE analysis revealed the presence of clear
population clusters (Fig. 1). K = 2 gave the lowest log
likelihood (Ln posterior probability = 18 140), with
one cluster of native populations from Central Asia and
a second cluster of invasive populations from South
Africa and the New World. When we adopted k = 5
(Ln posterior probability = 14 919.3), three clusters
from Central Asia, one from the Middle East and one
including all introduced populations were separated
(Fig. 1A). Ethiopian populations were more closely
related to the Central Asian populations than to the
Middle Eastern populations. Tajikistan (Central Asia) is
geographically the closest site to Wuqia (northwestern
China) and the STRUCTURE analysis assigned these sites

Demographic expansion in native populations
The TCS network revealed a star-like pattern for the
mtDNA data centred on the widely distributed Hap1,
providing evidence of rapid demographic expansion
(Appendix S4, Supporting Information). The pairwise
mismatch distribution was unimodal, with a strong
peak evident at zero, which steeply declined from zero
to one base pair. The goodness-of-fit tests were not significant [P(SSD) = 0.56 and P(Harpending’s RI) = 0.61],
and evidence for highly significant population expansion was detected in the R2 statistic (R2 = 0.08609,
P < 0.0001), Tajima’s D (D = 2.296, P < 0.0001) and
Fu’s Fs (Fs = 17.662, P < 0.0001).
A similar star-like pattern was discovered in native
populations from the endosymbiont DNA network
(Fig. 2). Analysis of the mismatch distribution for the
three concatenated endosymbiont genes showed
observed values fitting well with the expected simulation, and the goodness-of-fit tests were not significant
[P(SSD) = 0.737 and P(Harpending’s RI) = 0.833]. When
separately analysing only the protein-coding gene of
the plamid, LeuBC, a clear pattern of radiation from
one common haplotype to the others, was evident, indicating rapid demographic expansion (Appendix S8,
Supporting Information). The R2 statistic was also
highly significant (R2 = 0.0845, P < 0.0001).

Phylogenetic analysis of worldwide populations
The neighbour-joining tree based on genetic distance
(Dc) revealed two clusters with the introduced
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Fig. 1 Structure clusters of RWA worldwide. (A) k = 5; (B) k = 7. Each individual is shown as a vertical bar representing ancestry.
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populations in one group isolated from the 12 native
populations plus the North African sites of Ethiopia
and Kenya (Fig. 3).
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The endosymbiont haplotype network revealed two
distinct clusters separated by a 21-bp insertion in the
plasmid psuedogene trpEG (Fig. 2). This insertion

1946 B . Z H A N G E T A L .
other scenarios. When we compared the two sets of
prior distributions, we found that the mutation model
and prior distribution of set 2 led to higher estimates of
demographic parameters than set 1, as well as the highest posterior probability among scenarios. Meanwhile,
summary statistics from all competing scenarios displayed highly significant outlying values. A good fit
was found between the scenario and posterior combination for prior set 1 (Appendix S9, Supporting Information) and the observed and simulated summary
statistics (Appendix S10, Supporting Information).
Based on these models and prior distributions, the
observed data most closely align with one invasion
event from the native range into South Africa, and subsequently, the New World (Fig. 4).

appears to be a slipped-strand mispairing during DNA
replication, as the inserted sequence was identical to
the 21 bps located either side of the insertion. Haplotypes containing the insertion were found in all individuals in the invasive range except for Kenya. The Middle
Eastern sites of Turkey, Iran and Syria and one Asian
site (Tajikistan) contained haplotypes with and without
the insertion, while all the Chinese populations did not
have this insertion.
Chinese haplotypes were central to all of the native
populations (Fig. 2). Two haplotypes connected the
introduced and native branches of the network. One of
the haplotypes was shared between Syria and Kenya,
and the other was detected in Tajikistan, Iran, South
Africa and Mexico. Most of the haplotypes from the
invasive clade (USA, Argentina and Chile) were tip
haplotypes.
Results from DIYABC analysis showed that the stepwise expansion of RWAs from the Middle East to South
Africa and then the Americas was supported by the
highest logistic regression estimate of the posterior
probability for scenario 3 with 0.649 (model probability:
scenario 1, 0.000; scenario 2, 0.000; scenario 4, 0.350; scenario 5, 0.001; scenario 6, 0.000). The confidence intervals [0.613, 0.684] did not overlap with any other
competing scenarios. Confidence in choice of the
selected scenario (type I error) was 0.55, which was estimated as the proportion of times scenario 3 did not
possess the highest posterior probability compared with

France
(1989)

United States
(1986)

Discussion
In this study, we have used multiple molecular
approaches to test three hypotheses relating to the
source and pathway of invasions of RWAs worldwide
and the utility of endosymbiont markers in invasion
genetics. This involved characterizing the levels and
patterns of genetic diversity within and among native
and introduced RWA populations using data from four
genomes (nuclear and mitochondrial RWA, genomic
and plasmid endosymbiont). Previous studies that have
aimed to characterize the invasion history of RWAs
have failed to identify sufficient genetic variation to

Hungary
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Tajikistan

China

Iran

Mexico
(1980)
Ethiopia
(1972)
Kenya
(1995)

Chile
(1988)
Argentina
(1992)

South Africa
(1978)

Fig. 4 Putative invasion routes of Russian wheat aphid throughout the world. The grey indicates countries where the RWA has been
reported, and the circle indicates the native range. The black dots indicate the sample sites. The dark grey highlighted countries in
the Middle East point to the source of invasive clones. The solid arrows show the independent invasion pathways from the Middle
East to Africa, and the dashed arrows indicate the possible native range extending to Ethiopia and Hungary. The year of first detection is given for selected countries.
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discriminate between introduced populations (Shufran
et al. 2007; Shufran & Payton 2009). We have taken
advantage of an effective source of genetic variation,
that of intracellular symbiotic bacteria, to identify independent historical invasion events of the RWA. By analysing these invasive lineages together with populations
throughout the endemic range of this species, we have
provided valuable insights into the recent global invasion of this pest species.

Putative sources of worldwide RWA invasion
When the endosymbiont network and microsatellite
population data are considered in tandem, putative
pathways of RWA invasion from the native range to
the introduced areas can be postulated (Fig. 4). First,
both microsatellite and endosymbiont DNA data support an invasion scenario from Syria to Kenya. Despite
Kenya being geographically close to Ethiopia, the one
RWA genotype identified from Kenya was not related
to Ethiopian RWAs, but instead most closely resembled
genotypes identified from Syria. We postulate that a
single introduction of RWA to Kenya occurred and may
have resulted from accidental transportation of contaminated material (e.g. commercial wheat or products or
germplasm breeding exchange). Second, South Africa
and the Americas were colonized by the same RWA
clone (MLGAM), most likely originating from Turkey.
From this evidence, we conclude that only one invasion
event resulted in the colonization of South Africa and
the New World, the likely result of a single, accidental
introduction.

South Africa as a bridgehead to the New World
invasion
We detected only a limited number of MLGs across all
populations from South Africa and the Americas, all of
which can be traced back to a single clone that was
shared between South Africa and Mexico. The analysis
also favours RWA colonization of South Africa before
the Americas rather than vice versa. The dates of first
detection also suggest that South Africa was colonized
first, followed by Mexico 2 years later (Liu et al. 2010).
From this evidence, we might conclude that only one
invasion event from the native range resulted in the colonization of South Africa and the New World.
Our conclusion of a single introduction of RWAs into
the USA supports previous mitochondrial DNA studies
(Shufran et al. 2007), but is different from a recent study
using AFLP markers (Liu et al. 2010). This may be
explained by the greater diversity of RWA biotypes
examined by Liu et al. (2010); however, there was no
evidence for multiple introductions in the endosymbi© 2014 John Wiley & Sons Ltd

ont sequences from these same clones (Swanevelder
et al. 2010). While our data suggest that Africa and the
Americas have been colonized by a single, highly successful clone, we cannot discount that other clones may
have been introduced but failed to establish or that our
sampling failed to reveal other low frequency clones.

Native population genetic structure
Our results indicate that populations of RWAs in the
Middle East and Central Asia possess similar levels of
mitochondrial genetic diversity to populations from
western China (Zhang et al. 2012). The high microsatellite genetic diversity in western China samples and the
central position of Qapqia in the endosymbiont network
point to this area being ancestral. Qapqia is located in
the Yili Valley, a west-facing valley bordered by the
Tianshan Mountain range and opening to Kazakhstan.
It is likely that Qapqia forms part of the centre of origin
of RWAs, which has been reported to include Kazakhstan (Kovalev et al. 1991; Stary 1999). The microsatellite
data also showed significant partitioning of genetic variation among native populations according to geographical region, and the high genetic diversity and high
number of unique MLGs within and among native populations are consistent with RWAs exhibiting predominantly holocyclic reproduction within its native range.
If northwestern China forms part of the centre of origin of RWAs, it makes sense to question whether RWA
has invaded other provinces of China in the east, where
host plants are also abundant. Indeed, RWAs have not
been found in the neighbouring Gansu Province (Zhang
et al. 1999a). Why have RWA failed to establish in other
wheat growing areas of China? European populations
in Ukraine and Hungary are believed to be part of the
native range of RWAs (Stary 1999; Zhang et al. 1999b),
and in our study, the one sample from Hungary shows
a genetic signature similar to other native populations.
Yet, the sample from France shows the signature of an
introduced population. It may be that sexual RWA populations require a mountainous habitat and that only
asexual lineages can survive in lower elevations – as
long as freezing temperatures are not so common that
asexual lineages are prevented from surviving. The frequency of freezing winter temperatures could then
explain the lack of RWA spread eastward in both China
and the USA despite the widespread availability of host
plants. Indeed, reversion to sexuality has been observed
in mountainous regions of both North and South America (Kiriac et al. 1990; Clua et al. 2004).
The microsatellite results also suggest that the native
range of RWAs may include Ethiopia, which contradicts
current thinking that the RWA was introduced into
Ethiopia in 1972 (Zhang et al. 1999b). The high allelic
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richness and gene diversity of microsatellites in Ethiopia indicate a more historical association compared
with other African countries included in this study
(Kenya and South Africa). However, as the mtDNA
data were monomorphic and the three endosymbiont
genes could not be amplified despite exhaustive efforts,
it is also possible that these results may indicate a
scenario of multiple introductions or that genetic drift is
having a strong effect. Interestingly, Ethiopia is the centre of origin of barley diversification worldwide (Badr
et al. 2000), and barley is a favoured host plant of RWA
(Stary 1999; Zhang et al. 1999a). More sampling is
required before further conclusions can be drawn.

Utility of endosymbiont markers in invasion genetics
Neutral microsatellite and mitochondrial DNA markers
are generally targeted in invasion genetics studies, and
in general, they have provided an adequate level of resolution. However, in the case of a very recent invasion,
such as the RWA invasion of the Americas or where a
species reproduces asexually, traditional markers have
proven to be inadequate (Shufran et al. 2007; Shufran &
Payton 2009). In this study, fast-evolving Buchnera genes
were used to examine RWA global invasion during the
last 30 years, that is, population genetic changes over
an extremely short time frame. Microsatellite markers
provided limited resolution, while mitochondrial genes
failed completely to detect variation throughout the
invasive range. The fast mutation rate of evolution of
RWA endosymbionts (Wernegreen & Moran 2000)
enabled a high level of sensitivity for analysis of recent
global invasion by this damaging pest species. Our
results confirm that a tight relationship between the
bacterial symbiont and insect host exists, and rapid evolution of the endosymbiont at the population level of
the species. The use of endosymbiont markers in aphid
invasion genetics has proven to be a novel and valuable
approach. Furthermore, it is becoming clear that endosymbionts are much more common in insects than previously thought (Kikuchi 2009; Oliver & Moran 2009). As
such, endosymbiont sequence analysis should be
applied to population genetic studies in insects more
broadly.

Aphids: model organisms for invasion genetics studies
We believe that aphids in general, and RWA specifically, are ideal models for the study of invasion ecology and genetics. In particular, aphids are particularly
suited to explore the relative contribution of phenotypic plasticity vs. adaptation in invasion success. It
has been argued that biological invasion is mediated
by two mutually exclusive strategies: by having a

general purpose genotype or through rapid adaptation
(Parker et al. 2003). Aphids demonstrate remarkable
phenotypic plasticity in response to environmental
change. Hence, one could argue that aphids are successful invaders because of a general purpose genotype
and can colonize a wide range of environments as a
result of phenotypic or developmental plasticity (Baker
1974). Clonal reproduction is also thought to facilitate
successful invasion, proliferation and spread by eliminating the need to find mates at low densities (Simon
et al. 1999).
But RWA has also succeeded as a biological invader
because of its capacity for rapid adaptation. Where host
plant resistance has been widely deployed against
RWA in South Africa and the USA, resistance-breaking
biotypes have arisen quickly in both locations (Smith
et al. 2004; Burd et al. 2006; Jyoti et al. 2006). These new
biotypes are indistinguishable from the original populations using the genetic methods employed in this study.
It has been hypothesized that rapid evolution of RWA
salivary proteins may be responsible for the adaptation
to these resistant lines (Cui et al. 2012). With genomics
resources now available for many aphid species, the
opportunity now exists to examine in more detail the
relative contribution of plasticity vs. adaptation in
underpinning aphid invasion success.
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