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Abstract

In order to characterize the genetic relationship of the geographic populations of Sitobion avenae (Hemiptera: Aphididae)
in China, a 588 bp region of the mitochondrial cytochrome oxidase subunit I (mtDNA-COI) gene was sequenced and
analyzed among the different geographic populations. 269 individuals were collected from 17 localities in different wheat-
growing areas in China that covered most of the range reported for this species. Within the sequence among these
geographic populations, 15 polymorphic sites defined 16 distinct haplotypes, ranging in sequence divergence from 0.2%
(one nucleotide) to 1.7% (10 nucleotides). Of the 15 variable sites, 12 were transitional substitutions, 2 were transversional
substitutions and 1 was transitional and transversional substitution. Phylogenetic analysis showed that all haplotypes
were highly interconnected with each other, in absence of phylogeographic structing. Each of 8 haplotypes was found
only at one locality, and the other haplotypes were the widespread distributed in the different localities. The higher
genetic diversity was found in the northern China populations than that in the southern China populations. The low
genetic differentiation (F5;=-0.06945-0.69857) and high migration rate (Nm=0.21575-infinite) of Chinese populations suggest
that dispersal over long distance is a major factor in the demography of S. avenae.
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vector of numerous devastating plant viruses (Dixon

INTRODUCTION

The grain aphid, Sitobion avenae (Fabricius) (Hemiptera:
Aphididae), is an important insect pest in wheat. It
probably originated in Europe, but now is widespread
and occurs throughout the Mediterranean area, and in
India, Nepal, China, Africa, and America (van Emden
and Harrington 2007). S. avenae causes direct damage
to crops by removing photo assimilates and acts as a
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1973; van Emden and Harrington 2007). In addition,
the winged aphids have great capabilities of long dis-
tance migration and dispersal (Dong et al. 1987). The
trait of migration over long distance of grain aphid,
Barley yellow dwarf virus (BYDV) vector, would cause
the virus disease epidemic in the large area, and increas-
ing the threat to wheat production (Liu ez al. 2004).
Understanding the genetic aspects of geographic
variation and population structure of an insect pest can
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provide important biological information for deploying
aphid-resistant cultivars, and developing chemicals al-
terative control strategies. Previous studies have shown
weak differentiation in genetic structure of S. avenae
population on a regional scale in Britain, France,
Denmark, Romania, and Chile (Llewellyn et al. 2003,
2004; Papura et al. 2003; Figueroa et al. 2005; Jensen
et al. 2008). The genetic differentiation of partial popu-
lations of S. avenae in China has been reported,
however, such studies are limited to a small number of
populations and regions (Li ef al. 2001; Cai and Zhao
2004; Guo et al. 2005).

Genetic markers, in particular the sequences of mi-
tochondrial genome, have proven to be very informa-
tive in the genetic structures and gene flow (Barrette
et al. 1994; Bae et al. 2001; Cardenas et al. 2009; Liu
et al. 2009; Xu et al. 2009). Because of its traits, for
example, maternal inheritance, absence of intermolecular
genetic recombination, a fast evolutionary rate relative
to that of the nuclear DNA, the availability of efficient
PCR primers (Simon et al. 1994; Hebert et al. 2004),
and a wealth of comparative data (Barrette et al. 1994),
mtDNA have been extensively used for studying popu-
lation structures, phylogeography, and phylogenetic
relationships at various taxonomic levels (Xu ef al.
2009). Sequences encoding mitochondrial cytochrome
oxidase subunit I (mtDNA-COI) are shown to be ap-
propriate for intraspecific analysis due to the high de-
gree of polymorphism observed (Hu ez al. 2008).

In this study, partial sequences of mtDNA-COI gene
of S. avenae, collected from 17 localities of major
wheat-growing areas in China, were sequenced. The
sequence data were used to determine the extent and
character of the genetic variation of S. avenae popula-
tions in China.

MATERIALS AND METHODS

Sample collection

Samples of S. avenae geographical populations were
collected from the winter wheat plant (7riticum aestivum
L.) at 17 locations of major wheat-growing areas in
China in 2009 (Table 1). Wingless aphids were sampled
from different wheat plants, separated by more than 2 m
in wheat field to minimize the risk of collecting the same

clone, and stored at -20°C in 1.5 mL Eppendorf tubes
filled with 100% ethanol prior to molecular analysis.

DNA extraction, amplification and sequence

Total DNA was extracted from a single individual by
the Wizard® Genomic DNA Purification Kit (Promega,
Madison, WI, USA) following the protocol described
by manufacturer. Approximately 700 bp fragment of
the mitochondrial COI gene was amplified using the
primers LepF (5-ATTCAACCAATCATAAAGATAT
TGG-3") and LepR (5-TAAACTTCTGGATGTCC
AAAAAATCA-3") (Hebert et al. 2004). Each PCR re-
action was performed using a final volume of 25 pL,
containing 12.5 pL 2xTaq PCR Master Mix (Biomed
Biotech, Beijing, China), 2 pL 10 pmol L™ of each primer,
and 2 pL DNA template. The thermocycling profile
consisted of initial denaturation at 94°C 1 min, followed
by 6 cycles of 1 min denaturation at 94°C, 1 min and
30 s annealing at 45°C, and 1 min and 15 s extension at
72°C, then followed by 36 cycles of 1 min at 94°C, 1
min and 30 s at 51°C, and 1 min and 15 s at 72°C, with
a final step of 5 min extension at 72°C, and cooling to
4°C before the PCR products were removed from the
thermocyler. PCR products were checked by electro-
phoresis on 1.5% agarose gel in TBE buffer. Amplified
products were sequenced at Beijing Sunbiotech
Company. Nucleotide sequences of mtDNA-COI gene
were aligned using ClustalW (Thompson ef al. 1994)
and manually examined. Sequences were deposited in
GenBank accession nos. GU138683-GU138698.

Data analyses

The aligned DNA sequences were compared and the
variation was analysed by MEGA 4.0 (Tamura et al.
2007). For mtDNA data, the standard diversity indices,
such as the number of haplotypes and polymorphic
sites, haplotype diversity (h) and nucleotide diversity
() were calculated for all sample sites with DnaSP 4.0
(Rozas et al. 2003).

The phylogenetic relationship of haplotypes was de-
termined by Neighbor-joining (NJ) analysis (Saitou and
Nei 1987), and the parsimony analysis based on the
matrix of Kimura-2-parameters distances was performed
using MEGA 4.0 (Tamura et al. 2007). Greenbug,
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Schizaphis graminum was used as an outgroup in the
study. To obtain the intraspecific phylogenies among
haplotypes, the parsimony-based analysis was imple-
mented in TCS 1.21 (Clement ef al. 2000), which was
used to construct a minimum spanning network of
haplotypes. Because the number of samples from each
population was different, the frequencies of haplotypes
were not be taken into account.

Population structure analysis was conducted among
S. avenae samples, genetic distance and migration rate
between pairs of populations, as well as a hierarchical
analysis of molecular variance (AMOVA) were estimated
from mtDNA sequences in the Arlequin 3.11 program
package (Excoffier ef al. 2005), by calculating pairwise
genetic distance (F,) values and testing their signifi-
cance with 1000 bootstraps. Similarly, the distances
between DNA sequences were calculated by Kimura-
2-parameters method (Kimura 1980). Pairwise F g val-
ues were used to estimate per-generation migration rate,
Nm (the product of the effective population size Ne
and migration rate, m), based upon the equilibrium
relationship: £ =1/(2Nm+1).

RESULTS

MtDNA-COI gene sequence analysis

Sequence of mtDNA-COI gene analysis of the 269 in-
dividuals of S. avenae, collected from 17 localities from
wheat-growing areas in China, yielded 16 haplotypes
(designated by HI1-H16; Table 1). These haplotypes
revealed 15 polymorphic sites, of which 11 were T/C
transitions, one G/A transitions, one A/C transversion,
one T/A transversion, and one transition and transver-
sion (Table 2). These sequences were heavily biased
toward A and T nucleotides, as expected from previous
studies in aphid samples (Simon ef al. 1994; von Dohlen
et al. 2002). The four nucleotide acids in the sequence
on averages were 41.2% T, 13.8% C, 35.4% A, and
9.6% G.

Haplotype divergence

Pairwise distance comparisons among S. avenae
haplotypes ranged from 0.2% (one nucleotide) to 1.7%

Table 1 Collection sites, number of individuals per sampling site (n) and summary statistics of genetic variability for S. avenae in China

Nucleotide

H16 haplotype diversity (h+SD) diversity (n+SD)

Haplotype

No. of

H15

H10 HI11 HI12 H13 H14

Haplotypes
H9

H3 H4 HS H6 H7 H8

H2

No.
H1

Code

Locality

0.00755+0.00123
0.00694+0.00116

0.867+0.048
0.787+0.059
0.792+0.065
0.860+0.048
0.675+0.093
0.721+0.088
0.514+0.069
0.641+0.097
0.629+0.086

6
5
6
6

15
17
22
17
22
2

HLA

Hebei Langfang

HS

Hebei Shijiazhuang
Shandong Taian

0.00738+0.00079
0.00814+0.00092
0.00589+0.00116

STA
SB

HL

Shanxi Taiyuan

0.00758+0.00098
0.00612+0.00082
0.00597+0.00070
0.00586+0.00088
0.00653+0.00098
0.00580+0.00074
0.00875+0.00071
0.00641+0.00158
0.00802+0.00122
0.00340+0.00087
0.00794+0.00067
0.00276+0.00106

5
]

12
3

10

Shaanxi Baoji
Henan Luoyang

©2011,

0.618+0.106
0.647+0.069
0.692+0.065
0.533+0.126
0.714+0.123
0.500+0.128
0.667+0.075
0.325+0.125

2
3
3
4
3
3
3
3
2
3
2

13

AH
Y
N
H
HZ
QX
XS
N
H

Henan Zhoukou
Henan Dengzhou
Anhui Hefei
Jiangsu Yancheng
Jiangsu Nanjing
Hubei Danjiangkou
Hubei Zaoyang
Qinghai Xining
Xinjiang Shihezi
Sichuan Jiangyou
Yunnan Honghe

CAAS. All rights reserved. Published by Elsevier Ltd.
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(10 nucleotides). The largest sequence divergence was
found when haplotype H8 was compared with H3 or

H15 (Table 3).
Eight of the 16 haplotypes were unique in their own

Table 2 Variable position of 16 haplotypes of mtDNA-COI gene sequence for S. avenae

Nucleotide position beginning from 5" end

Haplotype
97 139 190 199 211 227 230 271 346 367 415 422 469 506 560

H1 T T T T T C T C A G T C C T T
H2 C - . - - - ¢ T T A - = T . C
H3 C - C C C T C - C A - - i - C
H4 C = . - s . C T T A C - T = C
HS C - = - - - C T T A - - - - C
H6 C - - - = - C T A : - - - -
H7 - ) . - - - C T T A - = = . G
HS - - - : i - - - - - C i - - -
HO - - - - - - = - - A - - - i )
H10 C - - . . - - T T A C - - - C
H1l o - - - - . - T - : - - - - .
H12 C - - ) - T C T T A C - - - C
H13 C - - C C T C - T A - = - ) C
H14 C - - - - T C T T A - - T . c
HI15 o - - C C T C - C A . A - - C
H16 = A - - - - C - C A = : T C C
-, nucleotide is the same to the nucleotide of H1.
Table 3 Pairswise comparison of nucleotide sequence of the mitochondrial mtDNA-COI gene of S. avenae"

H1 H2 H3 H4 HS5 H6 H7 H8 H9 H10 H11 H12 H13 H14 H15 H16
H1 0.012 0.015 0.014 0.010 0.007 0.009 0.002 0.002 0.010 0.003 0.014 0.014 0.014 0.015 0.012
H2 i 0.012 0.002 0.002 0.005 0.003 0.014 0.010 0.005 0.009 0.005 0.009 0.002 0.012 0.009
H3 9 7 0.014 0.010 0.010 0.012 0.017 0.014 0.014 0.015 0.010 0.003 0.010 0.003 0.014
H4 8 1 8 0.003  0.007 0.005 0.012 0.012 0.003 0.010 0.003 0.010 0.003 0.014 0.010
H5 6 1 6 2 0.003 0.002 0.012 0.009 0.003 0.007 0.003 0.007 0.003 0.010 0.010
H6 4 3 6 4 2 0.005 0.009 0.005 0.007 0.007 0.007 0.007 0.007 0.010 0.010
H7 5 2 7 3 1 3 0.010 0.007 0.005 0.009 0.005 0.009 0.005 0.012 0.009
H8 1 8 10 7 7 5 6 0.003 0.009 0.005 0.012 0.015 0.015 0.017 0.014
H9 1 6 8 7 5 3 4 2 0.009 0.005 0.012 0.012 0.012 0.014 0.010
H10 6 3 8 2 2 4 3 5 5 0.007 0.003 0.010 0.007 0.014 0.014
H11 2 5 9 6 4 4 5 3 3 4 0.010 0.014 0.010 0.015 0.015
H12 8 3 6 2 2 4 3 7 7 2 6 0.007 0.003 0.010 0.014
HI13 8 B} 2 6 4 4 5 9 7 6 8 4 0.007 0.003 0.014
H14 8 1 6 2 2 4 3 9 7 4 6 2 4 0.01 0.010
H15 9 7 2 8 6 6 7 10 8 8 9 6 2 6 0.014
H16 7 5 8 6 6 6 5 8 6 8 9 8 6 8

) Mean distance and absolute distance are given above and below the diagonal, respectively.

population, 4 (H4, H6, H9, and H11) were found at 2-4
localities, indicating that most of haplotypes are locally
restricted (Table 1). However, haplotypes H1, H2, H3,
and H5 were shared by 8-14 populations, respectively
(Table 1). Collectively, the distribution can be charac-
terized by the co-existence of main locally restricted
and minor widely distributed haplotypes.

Phylogenetic and network analyses

Phylogenetic relationships among haplotypes in the
study and the documented sequences of S. avenae are

depicted in Fig. 1. Most of haplotypes were weakly
associated (less than 50% bootstrap support) or unre-
solved possibly due to small nucleotide acid difference
among them (Table 2). Haplotypes (H3, H13, and H15)
and documented S. avenae clones (EU701907 and
GU667465) obtained marginal support as a group (Fig.
1). But there was no evidence for strong geographical
clustering in the trees.

To further illustrate the genetic relationships among
S. avenae haplotypes, a minimum spanning network,
which visualizes a possible evolutionary pathway among
closely related haplotypes, was obtained (Fig. 2), but

©2011, CAAS. All rights reserved. Published by Elsevier Ltd.
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99 | GU978940
GU978931

r Ho6
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59— H8
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83 1 GUG667465
AY531391

0.01

Fig. 1 NIJ phylogenetic tree of mtDNA-COI gene sequences of
S. avenae (bootstrap values of 1000 replicates are indicated above
the branche). GU667465, GU978931, GU978940, and EU701907
are accession numbers of previously sequenced S. avenae individuals,
respectively. Schizaphis graminum (AY531391), which also belongs
to the subfamily Aphidinae together with S. avenae, was utilized as
an outgroup.

the network analysis provided very limited information.
All haplotypes were highly interconnected with each
other, it seemed that no haplotype or haplotype group
had diverged.

Population genetic structure

Table 1 shows that the nucleotide diversity (7) and the
haplotype diversity (h) within each population ranged
from 0.00276 to 0.00875 and from 0.325 to 0.867,
respectively. Samples from YH possessed the lowest
nucleotide diversity (0.00276+0.00106) and haplotype
diversity (0.325+0.125), while samples from STA and
HLA had the highest nucleotide diversity (0.008140.00092)
and haplotype diversity (0.867+0.048), respectively. The
results showed that the genetic diversity of S. avenae
in northern areas was higher than that in southern areas,
and haplotype diversity of most of localities in the north
were higher than 0.700.

Data from AMOVA molecular detection proved that
there was 18.91% genetic variation in inter-populations
(Table 4), which illustrated that genetic differentiation
of S. avenae was mainly occurred among the groups

Fig. 2 Minimum spanning network of the 16 mitochondrial
haplotypes of the S. avenae. Each bar indicates one nucleotide
difference from the neighbouring haplotype and small empty circle
indicates the haplotype was not found in this study.

of inter-population. Genetic distance (Fy,) and per-
generation migration rate (Nm) between pairs of 17
populations are shown in Table 5. Pairwise genetic
distance (F) among 136 pairs of populations
ranged from -0.06945 to 0.69857. Among them, 66
showed statistically no significant genetic differentia-
tion (P>0.05), suggesting that approximately 50% pairs
of populations form one genetic group (Table 5). These
results reveal the lack of genetic structure in S. avenae
among the sampled areas, and agree with the network
analysis.

In addition, gene flow among the 17 localities was
estimated by Nm, which is the expected number of
migrants exchanged among populations in each
generation. According to the Nm values between pairs
of populations (Table 5), YH with other 16 populations,
XS with other 13 populations (except HLA, HS and
SB), and SB with HZ, were all less than 1, while other
pairwise Nm values were greater than 1. These results

Table 4 Analysis of molecular variance (AMOVA) of S. avenae
populations

Source of variation df Variance components  Percentage (%) P

Inter-populations 16 0.45167* 18.91 <0.001
Within populations 252 1.93629* 81.09 <0.001
Total 268 2.38795

*, level of significance at P<0.001.

©2011, CAAS. All rights reserved. Published by Elsevier Ltd.
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Table 5 The F; value and gene flow among 17 geographic populations of Sirobion avena"

YH

0.57977
0.56071

QX
47.73006

HD
4.34578

AH
2.80190

HDE
5.00985

HZH
3.70751

HL
5.57124

SB
inf
20.04390
2.37581

STA
12.12764

HS

HLA

Location
HLA
HS

1.55916
1.24137

1.87778
1.34737
0.89794
0.93373

1.90356
1.94041

124.32774 35.57301

2.7474
3.96111

3.17261
4.51900
12.09030
13.44604

10.20394

inf

inf

2.92756

3.99657

7.72342

5.75735
30.73411
17.80535

5.05838

7.22761

8.56357

-0.04722

0.51606
0.50874

2.91227
4.08506
0.94398

inf

11.96014
9.38890

15.08416

11.58621
1.13014

89.16142

inf
inf

inf
1.54918

inf

0.04671 0.05517

ST

inf
2.49624

100.03382

inf
1.82083

inf
1.72274

2.26595

0.03960 0.06470 -0.04180

-0.00828

STA
SB
HL

1.14290 0.87864 2.39317 0.49524

31.49543

1.18205
34.07654

1.32613

0.18077*
-0.04622

0.17386"

-0.03698

0.02434
0.08995°

0.49052

3.43775

0.77205
0.51916
0.53522
0.45775

inf
inf
inf
inf

inf
24.92830
102.83536
37.25005
22.24417
17.94297
12.60092

inf
3.50411

inf

inf

0.22495°

0.08236

0.40118

1.46762
1.63993
1.36601
1.41201
1.28897
10.38805

inf inf inf

inf

-0.00398
-0.02468
0.00558

0.27380°
0.24400°
0.30672°
0.29726°
0.30434°

0.11884 0.07991 0.01601 0.02731
-0.02670

0.09075

HZH
HDE
AH

0.36231
0.34231

5.16747
3.16335
3.11600
2.90446

-0.05110 inf | inf inf
-0.06147

-0.04716
-0.05169

-0.00516
0.04137

0.06080

inf
inf

inf

-0.04585
-0.02934
-0.03871
0.08822

0.03208
0.03971

0.11120
0.09962

0.15143*
0.13614*
0.15397*
0.10318*

0.39164
0.34680

0.50465
0.46877
0.97231

in
inf

10.47948

29.41908

-0.03869
0.13827*

-0.04776
-0.06436
0.13649*
0.01325°
-0.03359
0.52206*
0.26795*

0.01446

0.01563

-0.00290
-0.02562
-0.03461
0.39306"
0.12698"
0.50478"

0.03585

0.05056
-0.02086
0.00497

-0.03956
0.34874"
0.10905*
0.49567*

0.11208* 0.04013

0.14588*
0.20488*

Y
IN

0.46480

0.14687*
0.02711

0.12487
0.01966°
-0.04565
0.49060°
0.25411°

0.21544*
0.36268°
0.16688*
0.17282°
0.34626°
0.50239°

0.00401

HD
HZ

QX

0.33050
0.40573

2.66660

0.43794
0.85126

0.03817

0.02198*
-0.05192
0.49769*

0.26151°

0.00484

0.01386
-0.04059

0.20802°
0.01037

0.21028*
0.24282*

2.20954

0.04554  0.01671

-0.02698
0.51612°
0.27949*
0.59041°

-0.06945
0.48299*
0.23365*
0.57983*

-0.00918
0.27066*
0.28713*

0.21575
0.39254

0.69759
0.41751°*

0.37002*
0.18453*
0.55204*

0.53308*
0.15790°
0.60205"

0.33960"
0.04592

0.35767*
0.14653*
0.49210°

XS
Sy

0.56020°

0.69857*

0.51824*

0.56076*

0.59369°

0.55483°

0.47138*

0.46306"

YH

) The data above the diagonal are Nm; the data below the diagonal are F.

*, level of significance at P<0.05; inf, infinite.

suggest that the extensive gene flow occur among
S. avenae populations in China.

DISCUSSION

Generally aphids have low mtDNA divergence. Diver-
gence of only 0.4% was found in a study using the
mtDNA-COI gene, cited as evidence against the hy-
pothesis that there were host races in the pea aphid,
Acyrthosiphon pisum (Boulding 1998). In this study,
the maximum mtDNA sequence divergence in S. avenae
was 1.7%. S. miscanthi (Takahashi) and S. avenae dif-
fer by only 1.5% sequence divergence in the mtDNA-
COI gene (Sunnucks and Hales 1996). Thus, the mag-
nitude of sequence divergence in S. avenae is compa-
rable with that revealed in similar studies.

Phylogenetic tree (NJ) and the minimum spanning
network of the 16 haplotypes suggested that most
haplotypes were weakly associated (less than 50% boot-
strap support) or unresolved. A similar result is also
reported for other insect pests (Li ez al. 2006; Hu et al.
2008). These results indicate a closely phylogenetic
relationship among S. avenae haplotypes. Further,
haplotypes H1, H2, H3 and H5 were shared by 8-14
populations, respectively (Table 1). Based on the geo-
graphic distances, the occurrence of identical haplotypes
over such a wide areas is noteworthy.

In this study, the results showed that the genetic
diversity of S. avenae was higher in northern areas
than that in southern areas, and haplotype diversity was
higher than 0.700 in most of the northern localities,
which deduced that S. avenae in northern sampled ar-
eas were immigration from different distance of south-
ern area, because the aphid is unable to survive through
the winter in north of China, but could overwinter in
the south and migrate into the north in spring. S. avenae
individuals with different haplotypes immigrate, repro-
duce through parthenogenesis and then damage to host
plants during the wheat growing season, which increase
the genetic diversity of northern populations.

The sampling sites covered a wide range of major
wheat-growing areas (17 localities). For example, the
straight line distance between JZ and QX is approxi-
mately 1690 km. However, all populations, except from
YH, SJ, XS, and SB, hardly showed any differences in
genetic distance (F;) and per-generation migration rate

© 2011, CAAS. All rights reserved. Published by Elsevier Ltd.
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(Nm). Generally, if Nm<1, local populations will de-
velop differentiattion; if Nm>1, there will be little dif-
ferentiation among populations (Wright 1951). Accord-
ing to the Nm values, the pairs of YH with other 16
populations, XS with other 13 populations (except HLA,
HS and SB), and SB with HZ were all less than 1, while
other pairwise comparisons of Nm values were greater
than 1. These results suggest that gene flow among
S. avenae populations in China may prevent natural
population from genetically diverging by genetic drift.
The long distance migration of the grain aphid may en-
hance gene flow, which is consistent with the previous
studies (Close and Tomlinsion 1975; Dong et al. 1987
Luo ef al. 1988; Yang 1990; Simon et al. 1999; Li et al.
2001; Cai and Zhao 2004; Llewellyn et al. 2004; Guo
et al. 2005). Such genetic structure is a typical trait of
migratory insect.

S. avenae is a migratory pest insect, which is widely
distributed throughout the wheat growing regions of
China. We analyze partial sequences of the mtDNA-
COI gene of S. avenae to determine the extent and na-
ture of their genetic variation in China. The results
present evidence to support the previous studies of the
migration capability, and provide an important theoreti-
cal basis for deployment of aphid-resistant wheat in
different wheat-growing regions.
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