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Abstract

DNA barcode (mitochondrial COI) sequences are provided for species identification of
aphids from the Korean Peninsula. Most (98%) of the 154 species had distinct COI sequences
(average 0.05% intraspecific pairwise divergence) relative to the degree of sequence diver-
gence among species (average value 5.84%). For species in common with other regions, bar-
codes for Korean samples fell near or within known levels of variation. Based on these
results, we conclude that DNA barcodes can provide an effective tool for identifying aphid
species in such applications as pest management, monitoring and plant quarantine.
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Introduction

As international trade has expanded, quarantine and
plant protection activities require accurate and timely
identification of pests (Miller & Foottit 2009), especially
of small insects such as aphids. However, taxonomic keys
using morphological characteristics usually treat only
certain life stages or genders and are often difficult for
the nonexpert to use.

DNA barcoding is based on the use of a short stan-
dardized sequence to characterize species (Hajibabaei
et al. 2006). In animals, the selected region is a 650 base
pair fragment of the 5" end of mitochondrial cytochrome c
oxidase subunit I (COI) (Hebert et al. 2003). Currently,
‘DNA barcoding’ has been applied in pest monitoring
and quarantine (Armstrong & Ball 2005; Ratnasingham &
Hebert 2007), and its usefulness has been confirmed in
several hexapod orders: Coleoptera (Lobl & Leschen
2005), Diptera (Scheffer et al. 2006), Ephemeroptera (Ball
et al. 2005), Hemiptera (Foottit ef al. 2008), Hymenoptera
(Smith et al. 2008) and Lepidoptera (Hajibabaei et al.
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2006). Species identification is achieved by comparing the
sequence of an unknown sample to a reference database
through similarity methods such as BLAST (Altschul
et al. 1990). The reliability of identification depends on
the extent of taxonomical coverage of the group of inter-
est and an understanding of the degree of variation
within species.

Detecting exotic aphid pests is very important to pro-
tect domestic agricultural and/or horticultural crops in
the quarantine system because aphids inflict economic
damage on agriculture and horticulture by direct feeding
on plant phloem or by vectoring numerous plant diseases
(Blackman & Eastop 2000). Generally, aphids have been
identified using morphological characters. However, their
small size, polymorphism, environmentally induced vari-
ation and reduction in morphological characters can make
identification difficult (Miller & Foottit 2009). Foottit et al.
(2008) provided a survey of DNA barcode data for over
300 species in more than 130 genera. Other studies related
to DNA barcoding of aphids have been restricted to analy-
sis of single genera or treated only a few species (Valenzu-
ela et al. 2007; Coeur d’ Acier et al. 2008; Foottit et al.
2009a; Wang & Qiao 2009). Thus, reference barcodes are
currently available for <10% of the 4700 aphid species in
the world (Remaudiére & Remaudiere 1997).
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In this study, we present COI barcodes for 249 indi-
viduals of 154 species collected from the Korean Penin-
sula, and compare our results to sequence 334 aphid
species archived in GenBank.

Materials and methods

Taxon sampling

We analysed COI sequences from 249 individuals of 154
species belonging to 72 genera and 11 subfamilies
within Aphididae (Table S1). All aphid samples were
collected at several regions in the Korean Peninsula
from 2003 to 2009 and stored in 80% ethanol for slide
voucher specimens and 99% ethanol at —20 °C for
extracting genomic DNA. Identification of each aphid
was based on exterior morphology of slide-mounted
specimens, and all samples and voucher specimens
were preserved in the Insect Collection of the College of
Agriculture and Life Sciences (Seoul National Univer-
sity, Korea).

DNA extraction, amplification, sequencing and
alignment

Total genomic DNA extraction was performed using
DNeasy® Blood & Tissue Kit (QIAGEN Inc., Dusseldorf),
according to the manufacturer’s protocol. Samples for
extraction consisted of single or several individuals from
the same colony. The target 658-bp fragment of COI was
amplified by polymerase chain reaction (PCR) using
AccuPower® PCR PreMix (Bioneer Corp., Daejeon,
Korea) and universal primer pair, LCO1490 (5-GGT CAA
CAA ATC ATA AAG ATA TTG G-3) and HCO2198
(5-TAA ACT TCA GGG TGA CCA AAA AAT CA-3)
(Folmer et al. 1994). We used the following thermal cycle
parameters for 20 uL amplification reactions: initial dena-
turation for 5 min at 94 °C, followed by 34 cycles of 1 min
at94 °C,1 min at45.2 °C, and 1 min at 72 °C and a subse-
quent final extension at 72 °C for 5 min. PCR products
were tested by electrophoresis on an agar gel and, if a sin-
gle band was observed, were purified using a QIAquick®
PCR purification kit (QIAGEN Inc). PCR products were
directly sequenced in both directions by the automated
sequencer (ABI Prism 3730 XL DNA Analyzer) in the
NICEM (the National Instrumentation Center for Environ-
ment Management, Seoul National University, Republic
of Korea). Resulting chromatograms were evaluated for
miscalls and ambiguities and assembled into contigs in
SeqManTMPro (version 7.1.0, 2006; DN Astar™ Inc., Madi-
son, WI, USA). The sequences were individually checked
by eye, verified for protein coding frame-shifts to avoid
pseudogenes (Zhang & Hewitt 1996). Consensus files
were aligned using Clustal X 1.83 (Thompson et al. 1997).

All sequences are deposited in GenBank (accession
numbers given in Table S1).

Data analysis

Pairwise sequence divergences were calculated using a
Kimura 2-parameter (K2P) distance model (Kimura 1980)
and analysed at species, genus and family level. In addi-
tion, for 31 species for which published barcodes are
available (Valenzuela et al. 2007; Coeur d’ Acier et al.
2008; Foottit et al. 2008; Wang & Qiao 2009), we examined
the effect of introducing Korean samples on overall intra-
specific divergence in these species (Table S2).
Neighbour-joining (N]) analyses were conducted
independently for two data sets, Korean species data set
and combined data set, in MEGA 4.0 (Tamura et al. 2007).

Results and discussion

Species collected in the Korean Peninsula

One hundred and seventeen species were represented
by single individual, and the remaining 37 species char-
acterized by more than two samples. The neighbour-
joining tree for Korean samples is given in Fig. 2. Repli-
cated species form tight clusters, with average pairwise
genetic divergences among conspecific individuals
(Fig. 1, Table 1) of 0.05% (range 0.00-1.00%). Mean
pairwise divergence between specimens of congeneric
species was 5.84% (range. 0.00-14.04%); of the 1694
species pair comparisons, 1595 (94.15%) showed genetic
divergences more than 2%. Mean pairwise divergences
between specimens of different genera belong to same
subfamily was 8.86 (range 1.60-19.00%), and mean
pairwise divergence between specimens of different
subfamilies belong to Aphididae was 12.66 (range. 7.40—
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Fig. 1 Distribution of genetic divergences based on the Kim-
ura-2 parameter for cytochrome c oxidase subunit I sequences
according to taxonomic levels.
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Fig. 2 A neighbour-joining tree using 249 cytochrome c oxidase subunit I sequences from 154 Korean Aphididae species: A, Aphidinae; C,
Calaphidinae; Ch, Chaitophorinae; D, Drepanosiphinae; G, Greenideinae; H, Hormaphidinae; L, Lachninae; M, Mindarinae; Pe, Pemphi-

ginae; P, Pterocommatinae; T, Thelaxinae.

Table 1 Genetic divergences according to different taxonomic levels within the family Aphididae

Comparison Number of comparisons Average (%) Minimum (%) Maximum (%) SE

Within species 0.05 0.00 1.00 0.001
Within genus, between species 5.84 0.00 14.04 0.023
Within subfamily, between genera 8.86 1.60 19.00 0.017
Within family, between subfamilies 12.66 7.40 20.90 0.020

20.90%). This is similar to values previously reported for
aphids (Foottit et al. 2008, 2009b). Thus, in general,
species are clearly differentiated from each other. There
are, however, exceptions. Specimens identified as Aphis
hederae, Aphis fabae and Aphis newtoni cluster closely
together, and Megoura nigra is not clearly distinguished

from Megoura crassicauda.

Among genera represented by several species, the
species tend to group together: Macrosiphoniella species
(except M. sanborni), Aphis species (except A. crinosa and

© 2010 Blackwell Publishing Ltd

A. farinosa), Aulacorthum species (except A. magnoliae and
A. nipponicum), Cavariella species, Megoura species (with
inclusion of Indomegoura), Sitobion species, Uroleucon spe-
cies (with inclusion of Macarosiphoniella sanborni) and
Rhopalosiphum species (with the inclusion of Schizaphis
scirpi) each form a cluster. On the other hand, Acyrthosi-

phon and Macrosiphum species do not form cohesive

groups. At higher levels, the Lachninae and Chaitophori-
nae form single groups. Thus, barcodes seem to reflect
some higher level associations but are not adequate for
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Table 2 Comparison of regions of distribution and interspecific genetic divergences of the 24 species pairs of 33 species showing

exceptionally close similarity (<1% sequence divergence)

Species (No. of Region Species (No. of Region Pairwise distances (%)
COlI sequences) [REF] COlI sequences) [REF] Ave. (Min.—Max.)
Previously  Aphis varians (3) N [1] Aphis manitobensis (1) N [1] 0.61 (0.46-0.77)
reported  Aphorophora rubicumberlandi (1) ~ N [1] Amphorophora agathonica (1)~ N [1] 0.92 (0.92-0.92)
species Brachycaudus ballotae (1) W [3] Brachycaudus lamii (1) W [5] 0.16 (0.16-0.16)
pairs Brachycaudus lychnidis (3) W [5] Brachycaudus lychnicola (1) W [5] 0.33(0.33-0.33)
Brachycaudus lychnidis (3) W [5] Brachycaudus populi (1) W 5] 0.17 (0.17-0.17)
Brachycaudus lychnicola (1) W 5] Brachycaudus populi (1) W 5] 0.50 (0.50-0.50)
Brachycaudus prunicola (1) W [5] Brachycaudus tragopogonis (3) W [5] 0.23 (0.00-0.34)
Brachycaudus prunicola (1) W 5] Brachycaudus schwartzi (3) W 5] 0.00 (0.00-0.00)
Brachycaudus schwartzi (3) W [5] Brachycaudus tragopogonis (3) W [5] 0.23 (0.00-0.34)
Brachycaudus lateralis (5) W [5] Brachycaudus cardui (4) N,WI[1,5] 0.24 (0.00-0.70)
Ericaphis wakibae (8) N [1] Aulacorthum dorsatum (3) N[1] 0.10 (0.00-0.15)
Muyzocallis punctata (1) N [1] Myzocallis asclepiadis (2) N [1] 0.15 (0.15-0.15)
Uroleucon nigrotibium (4) N [1] Uroleucon eupatoricolens (1) N [1] 0.54 (0.46-0.61)
Newly Acyrthosiphon caraganae (1) N [1] Acyrthosiphon kondoi (1) E[7] 0.31(0.31-0.31)
observed  Aphis fabae (14) N,EI1,2,7] Aphis newtoni (1) E[7] 0.25 (0.17-0.33)
species Aphis fabae (14) N,EI[1,2,7] Aphid hederae (1) E[7] 0.08 (0.00-0.17)
pairs Aphis newtoni (1) E[7] Aphid hederae (1) E[7] 0.16 (0.16-0.16)
Aphis gossypii (103) N,E,Al1,3,4,71 Aphis clerodendri (1) E[7] 0.08 (0.00-0.71)
Aphis gossypii (103) N,E, A[l,3,4] Aphis sedi (1) E[7] 0.32 (0.24-0.95)
Aphis clerodendri (1) E[7] Aphis sedi (1) E[7] 0.23 (0.23-0.23)
Macrosihpum daphnidis (1) N [1] Macrosiphum hellebore (2) A [4] 0.31 (0.31-0.31)
Megoura litoralis (1) W [e] Megoura crassicauda (14) E[6,7] 0.18 (0.17-0.34)
Megoura viciae (1) W [6] Megoura crassicauda (14) El6,7] 0.18 (0.17-0.34)
Megoura viciae (1) W [6] Megoura litoralis (1) W [6] 0.00 (0.00-0.00)

Ave, Average; Min, Minimum; Max, Maximum; N, Nearctic region; W, Western Palearctic region, E, East Palearctic region; A, Austra-
lian, [1] Foottit et al. (2008), [2] Traugott & Symondson (2008), [3] Carletto et al. (2009), [4] Valenzuela et al. (2007), [5] Coeur d” Acier et al.
(2008), [6] Kim & Lee (2008) and [7] this study. COI, cytochrome ¢ oxidase subunit I.

reliable identification at these levels, especially when
taxon sampling is inadequate.

Combined world data set

The addition of the Korean material brings to number of
aphid species with published barcodes to 457 in 167 gen-
era (Fig. S1). Among these, 33 species diverge from their
nearest neighbour by <1% (13 added in this study,
Table 2) even though they are morphologically and bio-
logically well-delineated species (Coeur d’ Acier et al.
2008; Foottit et al. 2008; Kim & Lee 2008).

The majority of previously reported barcodes are for
North American material (Foottit ef al. 2008). We selected
22 species with COI sequences available from more than
one geographic region and examined the effect of adding
Korean samples on the previously reported intraspecific
divergence (Table 3). Maximum pairwise intraspecific
distances increased in eight species, Acyrthosiphon pisum,
Myzus persicae, Rhopalosiphum padi, Toxoptera citricidus,
Rhopalosiphum maidis, Hayhustia atriplicis, Aulacorthum
solani and Aphis farinosa with the addition of the Korean

samples. However, with the possible exception of Rh.
maidis, for which the maximum distance among samples
is 2.04%, these species remain distinct. The variation
within Rh. maidis is high compared to most other aphid
species and suggests that this species should be reas-
sessed to determine whether it is simply unusually vari-
able, or if there are cryptic taxa. In the other species, the
Korean samples fell within the known range of variation
for the species. In one species, A. spiraecola, the unusually
high maximum divergence value of 3.43% is because of a
single sequence from Australia (Valenzuela et al. 2007).
In contrast, the range of variation otherwise shown by
this species among numerous samples from a broad geo-
graphic range, including Australia, New Zealand,
Hawaii and across North America (Foottit et al. 2009a)
and from Korea, is quite narrow.

We have provided additional COI sequences for nine
species not previously replicated (Table 3). Of these,
only one species, Aphis oenotherae, had COI sequence
identical to that previously reported. The range of varia-
tion exhibited by these species is well within expected
limits.

© 2010 Blackwell Publishing Ltd
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Table 3 The intraspecific genetic divergences of species replicated in the combined data set for 31 species present in the Korean data set

Among other regions excluding

Among all regions Korea Between Korea and other regions
No. of
individuals
No. of Ave. (Min.(%)  No. of (Other region/
Species individuals (%) -Max.(%)) individuals Ave. (Min-Max.) Korea) Ave. (Min.-Max.)
Acyrthosiphon pisum 14 0.02 (0.00-0.17) 9 0.00  (0.00-0.00) 9/5 0.03  (0.00-0.17)
Aphis craccivora 9 0.17  (0.00-0.32) 8 0.17  (0.00-0.32) 8/1 0.16  (0.16-0.16)
Aphis fabae 14 0.13  (0.00-0.33) 13 0.13  (0.00-0.33) 13/1 0.09  (0.00-0.17)
Aphis farinosa 4 0.86 (024-148 3 0.65 (0.24-0.98) 3/1 1.07  (0.74-1.48)
Aphis glycines 24 0.00 (0.00-0.000 5 0.00  (0.00-0.00) 5/19 0.00  (0.00-0.00)
Aphis gossypii 103 0.08 (0.00-1.15) 93 0.07 (0.00-1.15)  93/10 0.12  (0.00-1.15)
Aphis nerii 4 0.31 (0.00-0.61) 3 0.41  (0.00-0.61) 3/1 0.20  (0.00-0.61)
Aphis spiraecola 51 0.18 (0.00-3.43) 50 0.18  (0.00-3.43) 50/1 0.09  (0.00-2.95)
Aulacorthum solani 10 0.24 (0.00-0.68) 7 0.05 (0.00-0.17) 7/3 042 (0.34-0.68)
Brachycaudus helichrysi 13 143  (0.00-2.67) 11 1.26  (0.00-2.67) 11/2 193  (1.65-2.05)
Brevicoryne brassicae 5 0.07 (0.00-0.17) 3 0.11  (0.00-0.17) 3/2 0.08  (0.00-0.17)
Hayhurstia atriplicis 4 0.15 (0.00-0.300 3 0.00  (0.00-0.00) 3/1 0.30  (0.30-0.30)
Illinoia liriodendri 4 049 (0.00-0.97) 3 0.65 (0.16-0.97) 3/1 0.32  (0.00-0.81)
Macrosiphum euphorbiae 6 0.58 (0.00-1.25) 5 0.69  (0.00-1.25) 5/1 0.37  (0.00-0.93)
Megoura lespedezae 4 0.00 (0.00-0.000 3 0.00  (0.00-0.00) 3/1 0.00  (0.00-0.00)
Megoura nigra 3 0.00 (0.00-0.000 2 0.00  (0.00-0.00) 2/1 0.00  (0.00-0.00)
Megoura brevipilosa 2 0.00 (0.00-0.00) 1 0.00  (0.00-0.00) 1/1 0.00  (0.00-0.00)
Muyzus persicae 14 0.04 (0.00-0.16) 12 0.00  (0.00-0.00) 12/2 0.16  (0.16-0.16)
Rhopalosiphum maidis 5 1.12  (0.31-2.04) 3 1.04 (0.62-1.25) 3/2 1.22  (0.31-2.04)
Rhopalosiphum padi 8 0.65 (0.00-1.55) 7 0.50  (0.00-1.39) 7/1 1.10  (0.15-1.55)
Rhopalosiphum rufiabdominale 3 020 (0.00-0.31) 2 0.31 (0.31-0.31) 2/1 0.16  (0.00-0.31)
Toxoptera citricidus 4 0.08 (0.00-0.16) 3 0.00  (0.00-0.00) 3/1 0.16  (0.16-0.16)
Aphis ichigo 2 048 (0.48-048) 1 - - 1/1 048  (0.48-0.48)
Aphis oenotherae 2 0.00 (0.00-0.00) 1 - - 1/1 0.00  (0.00-0.00)
Aphis rumicis 2 036 (0.36-0.36) 1 - - 1/1 0.36  (0.36-0.36)
Capitophorus elaeagni 3 011 (0.00-0.17) 1 - - 1/2 0.08  (0.00-0.17)
Hyperomyzus carduellinus 3 0.10 (0.00-0.16) 1 - - 1/2 0.16 (0.16-0.16)
Myzus varians 3 0.12 (0.00-0.17) 1 - - 1/2 0.17 (0.17-0.17)
Rhopalosiphum nymphaeae 2 0.00 (0.00-0.00) 1 - - 1/1 0.00  (0.00-0.00)
Shivaphis celti 2 046 (0.46-046) 1 - - 1/1 046  (0.46-0.46)
Sitobion avenae 3 1.35 (1.09-1.72) 1 - - 1/2 148 (1.25-1.72)

Ave., Average; Min., Minimum; Max., Maximum.

Conclusion

In this study, we added COI sequences for 124 aphid spe-
cies, most endemic to the Eastern Palearctic region. The
majority (92.34%) of the 457 species in the combined data
set were characterized by distinct COI sequences or clus-
ters of closely similar sequences. Our results confirm that
DNA barcodes are a highly effective identification tool
for species of the family Aphididae and thus provide
promise for applications in pest management and plant
quarantine.
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