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Abstract Emerald ash borer (EAB), Agrilus plani-

pennis Fairmaire (Coleoptera: Buprestidae), is an

invasive pest of North American ash (Fraxinus spp.)

trees first discovered outside of its native range of

northeastern Asia in 2002. EAB spread from its initial

zone of discovery in the Detroit, Michigan and

Windsor, Ontario metropolitan areas, in large part,

from inadvertent human-assisted movement of

infested ash materials. EAB infestations are now

known in 15 US states and two Canadian provinces.

The primary goal of this study was to use molecular

markers to characterize the population genetic

structure of EAB in its native and introduced range.

This information may provide valuable insights on the

geographic origin, potential host range, invasion

potential, and additional biological control agents

for ongoing management efforts of this destructive

wood-boring beetle. EAB were collected from 17

localities in its native Asian range and from 7

localities in North America, and population structure

analyzed using mtDNA gene sequences, AFLP fin-

gerprints, and alleles at 2 microsatellite loci. Analysis

of mtDNA cytochrome oxidase subunit I gene (COI;

439 bp) sequences revealed all North American

individuals carry a common mtDNA haplotype also

found in China and South Korea. Additional mtDNA

haplotypes observed in China and South Korea

differed from the common haplotype by 1–2 nucle-

otide substitutions and a single individual from Japan

differed by 21 nucleotide changes (4.8%). Analysis

using AFLP fingerprints (108 loci) indicated Asian

populations were more highly variable, yet had less

overall population structure, than the North American

populations. North American populations appear most

closely related to populations in our sample from the

Chinese provinces of Hebei and Tianjin City. Further,

population assignment tests assigned 88% of the

individual beetles from North America to either Hebei

or Tianjin City.
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Introduction

The United States and Canada are currently battling

infestations of emerald ash borer (EAB), Agrilus

planipennis Fairmaire (Coleoptera: Buprestidae), a

destructive Asian pest of ash (Fraxinus spp.) trees.

EAB is native to areas of northeastern Asia and was

first detected in North America in 2002, initially

being found in southeastern Michigan (Detroit area),

and adjacent southeastern Ontario (Windsor area)

(Haack et al. 2002). It is suspected that EAB was

introduced to North America in the early to mid-

1990s (Siegert et al. 2010). As of August 2010, the

North American range of EAB includes 15 US states

and the provinces of Ontario and Quebec, Canada

(USDA-APHIS 2010).

EAB is native to northeastern Asia including

portions of China, Japan, Korea, Mongolia, Taiwan,

and the Russian Far East (Chinese Academy of

Science, Institute of Zoology 1986; Haack et al.

2002; Xu 2003; Yu 1992; Baranchikov et al. 2008).

In China, EAB has been reported from Heilongjiang,

Jilin, Lianoning, Shandong, and Hebei provinces and

Inner Mongolia (Yu 1992; Hou 1993). Liu et al.

(2003) conducted exploratory surveys of EAB and its

natural enemies in China in Heilongjiang, Jilin,

Lianoning, Hebei, and Shandong Provinces and the

provincial-level city of Tianjin. They found limited

and patchy occurrences of EAB attacking ash trees in

all but Shandong Province; in subsequent years, EAB

was collected at a site in Beijing (Bauer, unpublished

data). Similarly, Wei et al. (2004) conducted field

surveys for EAB in China and found limited distri-

bution mainly in areas of Harbin, Mudanjiang,

Hejiang, and Yichun in Heilongjiang Province;

Changchun, Jilin, Jiaohe, and Dunhua in Jilin Prov-

ince; Shenyang, Dandong and Benxi in Liaoning

Province; Qinhuangdao and Tangshan in Hebei

Province; and Tianjin. In South Korea and the

Russian Far East, limited EAB damage has been

recorded since the 1970s (Wei et al. 2004; Baranchikov

et al. 2008).

In North America, EAB has killed tens of millions

of ash trees in at least 15 states and in the Canadian

provinces of Ontario and Quebec. Infestations are

widespread throughout much of Michigan, Ohio, and

Indiana. More recent infestations are known in Illinois,

Wisconsin, Minnesota, Missouri, Iowa, Kentucky,

West Virginia, Virginia, Maryland, Pennsylvania,

New York, and Tennessee (Cooperative Emerald

Ash Borer Project 2010). Larvae of EAB infest all

species of North American ash so far encountered,

including black ash (F. nigra), blue ash (F. quadran-

gulata), green ash (F. pennsylvanica), white ash

(F. americana), and pumpkin ash (F. profunda)

(Bauer, unpublished results). Thus far, EAB’s North

American hosts appear limited to trees in the genus

Fraxinus (McCullough et al. 2008). EAB larvae

damage ash trees by feeding beneath the outer bark,

on phloem and outer sapwood (Anulewicz et al. 2008).

EAB individuals develop from egg to adult in 1 or

2 years depending on the age of the infestation and ash

tree health (Cappaert et al. 2005). Adult emergence

usually begins in May or June, with adults creating

characteristic D-shaped exit holes in the bark upon

emergence. Larval galleries can effectively girdle the

trees, resulting in the cessation of water and nutrient

flow, causing large ash trees to die within 3–4 years of

the initial EAB infestation and saplings to die within a

year (Poland and McCullough 2006).

EAB is one of several invasive insect species

introduced into North America, including the Argen-

tine ant (Linepithema humile Mayr) (see Tsutsui et al.

2001), the red imported fire ant, Solenopsis invicta

Buren, (Ross et al. 2007; Shoemaker et al. 2006), and

the gypsy moth, Lymantria dispar (L.), (Reineke

et al. 1999; Elkinton and Liebhold 1990). Molecular

markers are widely used to study invasive species,

with applications ranging from assessing genetic

variation (Roderick 1996; Sakai et al. 2001), to

reconstructing invasion history (Elderkin et al. 2004),

identifying population origin (population assignment

tests) and the number of introductions (Grapputo

et al. 2005), and developing control strategies

(Szalanski and Owens 2003; Conord et al. 2006; Kim

et al. 2006; Fu et al. 2010). Understanding the

geographic origin, population biology and genetic

variation of an invasive species can provide impor-

tant information on suitable habitat, potential loca-

tion(s) of effective biological control agents, or

predict the effectiveness of a control agent (Allendorf

and Lundquist 2003; Sakai et al. 2001; Kambhampati

and Rai 1991; Lee 2002; Scheffer and Grissell 2003).

Additionally, characterization of population genetic

structure within an invasive species provides bench-

mark data for comparison with similar data from

other invasive species. Population assignment tests

allow the estimation of the probability that a
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particular individual originated from each of a

number of possible source populations, and have

been applied broadly to estimate the origin of

invasive species (Bonizzoni et al. 2001; Genton

et al. 2005; Tsutsui et al. 2001; Kim et al. 2006),

confirm the population structure of native and/or

invasive populations (Elderkin et al. 2004; Paupy

et al. 2004), and to assess population structure to

design eradication strategies (Abdelkrim et al. 2005).

Mitochondrial DNA (mtDNA) sequencing and

DNA fingerprinting using amplified fragment length

polymorphisms (AFLPs) are used both alone and in

tandem to characterize the population genetic struc-

ture of invasive species and to carry out population

assignment tests. For example, Cognato et al. (2005)

employed DNA sequences of the widely used mtDNA

cytochrome oxidase subunit I (COI) gene to determine

the geographic origin of the red turpentine beetle,

Dendroctonus valens LeConte, that was introduced

from North America into China. AFLPs provide data

from a high number of polymorphic loci throughout

the whole genome of an individual without prior

genetic knowledge of the organism (Vos et al. 1995).

This allows for rapid detection of polymorphisms in a

population that is not possible with gene or DNA

fragment sequencing (Mueller and Wolfenbarger

1999). AFLPs have been used successfully to deter-

mine the genetic structure of invasive zebra mussels,

Dreissena polymorpha (Pallas), in their introduced

range (Elderkin et al. 2004), and to identify the

geographic origins of gypsy moth (Reineke et al.

1999) and the coffee berry borer, Hypothenemus

hampei (Ferrari) (Benavides et al. 2005).

Salvato et al. (2002) used AFLP and mtDNA to

assess population genetic variation and structure in two

sibling species of the winter pine processionary moth

(Thaumetopoea pityocampa and Th. wilkinsoni).

Strong genetic differentiation between the two species

as well as geographic structuring within Th. pityocam-

pa was detected with both markers. AFLP and mtDNA

markers were also successfully used to assess phylo-

geographical patterns of the wooly adelgid, Adelges

cooleyi, in western North America (Ahern et al. 2009).

Grapputo et al. (2005) used both AFLP and mtDNA

markers to determine the geographic origin and

population structure of the Colorado potato beetle

(CPB), Leptinotarsa decemlineata (Say), in its native

North American range and introduced range in Europe.

CPB populations in Europe had only a portion of the

AFLP variability observed in North America, and the

authors observed a single mtDNA haplotype in CBP in

Europe, suggesting that the introduced European CPB

populations went through a genetic bottleneck.

In the present study, we utilized mtDNA and AFLP

markers in tandem to characterize genetic variation

and population genetic structure of EAB in both its

native Asian range and introduced North American

range. We also obtained population genetic data for

EAB populations using two polymorphic microsatel-

lite loci. The AFLP data were used in population

assignment tests to estimate the geographic location

of the source EAB population(s) that gave rise to

North America’s EAB infestation. We expected to

find a reduction of genetic diversity in the introduced

North American EAB populations, assuming that the

North American EAB were the result of a single

introduction. We also tested for isolation by geo-

graphic distance in the introduced EAB populations to

determine if the introduced insects dispersed via

natural movement over time (Taylor et al. 2010,

Siegert et al. 2010), or if human-assisted movement of

EAB resulted in genetically similar populations

existing in widely separated geographic locales.

Methods

Insect collection and population samples

The EAB used in this study were collected in

2003–2008 as larvae and adults from naturally

infested ash trees. During that time period, EAB

was distributed primarily in a core infestation area in

the states of Michigan, Ohio, Indiana, and Illinois,

with outlier infestations in other surrounding states.

Specimens were collected from introduced popula-

tions in Illinois, Indiana, and Michigan, USA, and

Ontario, Canada, as well as from native populations

in China, Japan, and South Korea (Table 1; Fig. 1).

Sampling locations in Asia were selected based on

sample availability and on the distribution of known

and newly discovered populations (Liu et al. 2003;

Wei et al. 2004). A network of collaborators from

government agencies and academic institutions was

established to assist in insect collections. EAB were

field collected as larvae or adults preserved in 70%

EtOH, shipped to the Bauer laboratory’s quarantine
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facility at Michigan State University, where they

were transferred to 90% ethanol, and stored at -20�C

until analyzed. Some Michigan EAB samples were

reared to adulthood from infested ash logs (Bray

2009).

EAB were obtained from 17 localities throughout

the insect’s native Asian range [China (12), South

Korea (4), and Japan (1)], and from 7 localities in

North America [Michigan (4 localities: Lansing,

Livonia, Moran, and Plymouth), Illinois (1: Peru),

Indiana (1: Shipshewana), and Ontario, Canada (1:

Windsor)] (Table 1; Fig. 1). For the 17 localities in

Asia, 8 distinct geographic populations were defined

based on geographic proximity (country or province).

Table 1 Emerald ash borer populations sampled in this study

Asia Number of individuals analyzed

Country Province/Prefecture Locality Latitude Longitude Map

IDa
mtDNA

(n)

AFLP

(n)

Microsat

(n)

China Beijing Chaoyang 39� 5405000 N 116� 2303000 E 10 2 2

China Tianjin City Dagang 38� 5601300 N 117� 3100800 E 1 23 17 8

China Tianjin City Hangu 39� 1405600 N 117� 4702100 E 2 1 1

China Hebei Tangshan 39� 360 N 118� 100 E 9 11 14 19

China Hebei Tangshan (Zhen

Zhuang-Zi Village)

39� 2900100 N 118� 1301100 E 9 4 6

China Liaoning Shenyang 41� 4604100 N 123� 2503500 E 3 4 2 8

China Liaoning Shenyang (Yushutun) 41� 4602200 N 123� 2601200 E 4 9 6

China Liaoning Benxi 41� 1303900 N 124� 2905800 E 5 2 7 5

China Jilin Changchun City 43� 4604000 N 125� 2700700 E 6 4 6 6

China Jilin Jiutai 44� 0900900 N 125� 4905800 E 7 20 15 15

China Jilin Jilin City 43� 4307100 N 126� 4103600 E 8

China Heilongjiang Harbin 45� 450 N 126� 380 E 11 4 5

South Korea Chungchongnam-do Daejeon 36� 1005000 N 127� 1405400 E 13 5 4 1

South Korea Gyeonggi-do Suwon 37� 160 N 127� 10 E 14 1 1

South Korea Gyeongsangbuk-do Sangju 36� 440 N 128� 170 E 15

South Korea Gangwon-do Inje 38� 040 N 128� 100 E 16 5 2

South Korea Gangwon-do Samcheok 37� 27.00 N 129� 09.540 E 17 1

Japan Miyagi Shiroishi City 38.141� N 140.443� E 12 1 2

Asia Sub-Total 94 90 65

North America Number of individuals analyzed

Country State/Province County Locality Latitude Longitude Map IDa mtDNA (n) AFLP (n) Microsat (n)

Canada Ontario Essex Windsor 42� 1603200 N 82� 5702000 W 1 25 23 16

USA Illinois LaSalle Peru 41� 2000400 N 89� 703900 W 2 2 13 13

USA Indiana LaGrange Shipshewana 41� 4003700 N 85� 3404800 W 3 16 15 17

USA Michigan Ingham Lansing 42� 4202100 N 84� 3303500 W 4 30 22 31

USA Michigan Mackinac Moran 46� 0204600 N 84� 5003500 W 5 11 21 21

USA Michigan Wayne Livonia 42� 2400400 N 83� 2201600 W 6 22 19 20

USA Michigan Wayne Plymouth 42� 2201100 N 83� 3502600 W 7 13 13 13

NA-Sub-Total 119 126 131

Total 213 216 196

Number of EAB individuals analyzed for each genetic test is presented for mtDNA, AFLP, and microsatellite analysis
a Map ID numbers shown in Fig. 1a for Asia and Fig. 1b for North America
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These eight populations that were used for the

analyses are: (1) South Korea, (2) Japan, (3) Beijing,

(4) Tianjin City, (5) Hebei, (6) Liaoning, (7) Jilin,

and (8) Heilongjiang. This set of eight populations is

referred to as ‘‘Asia8’’. A subset of these populations

(Tianjin City, Hebei, Liaoning, and Jilin) was defined

as ‘‘Asia4’’ and was used for some analyses, exclud-

ing the remaining four Asian localities due to the

small sample sizes (Beijing: n = 2 individuals,

Heilongjiang: n = 5, South Korea: n = 7, and Japan:

n = 2).

DNA isolation

EAB total genomic DNA was extracted from larval

tissue (after removal of the digestive tract to avoid

Fig. 1 Geographic

locations from which

emerald ash borer

specimens were collected

for this study. a Asia.

Province or provincial level

cities (with collection

locations in parentheses) are

as follows: CHINA: Tianjin

City (1-Dagang, 2- Hangu);

Liaoning (3, 4- Shenyang,

5- Benxi); Jilin

(6-Changchun City,

7- Jiutai, 8- Jilin City);

Hebei (9-Tangshan);

Beijing (10-Chaoyang);

Heilongjiang (11–Harbin);

JAPAN: Miyagi (12-

Shirioshi City); SOUTH

KOREA: Chungchongnam-

do (13- Daejeon);

Gyeonggi-do (14- Suwon);

Gyeongsangbuk-do

(15- Sangju); Gangwon-do

(16- Inge, 17- Samcheok);

b North America. State or

Province (with collection

locations in parentheses) are

as follows: CANADA:

Ontario (1-Windsor); USA:

Illinois (2-Peru); Indiana

(3-Shipshewana); Michigan

(4-Lansing, 5- Moran,

6-Livonia, 7-Plymouth)

Emerald ash borer genetics 2873

123



potential contamination from gut contents) or from

adult femur muscle tissue using a QIAamp DNA

Mini Kit (QIAGEN cat. no. 51304) as described by

the manufacturer with the following modifications.

For larval tissue, two abdominal segments were

homogenized in 20 lL protease K and 180 lL

QIAGEN ATL buffer. If an adult hind-leg was used,

the femur was removed from the thorax and cut in

half perpendicularly with a sterile razor blade to

expose tissue and then combined with protease K and

QIAGEN ATL buffer. Tissue homogenates were

incubated overnight at 56�C on a rocking platform.

DNA was then eluted, and purified DNA samples

were stored at -20�C. Quantification of DNA was

carried out using a Nanodrop system (Thermo

Scientific, Wilmington, DE).

Mitochondrial DNA gene sequences

A partial sequence (approx. 450 bp) of the COI gene

was amplified from EAB individuals using the

primers C1-J-1751 (50-GGA TCA CCT GAT ATA

GCA TTC CC- 30) and C1-N-2191 (50-CCC GGT

AAA ATT AAA ATA TAA ACT TC- 30) described

by Simon et al. (1994). PCR was carried out in a total

reaction volume of 25 lL, which contained 9.3 lL

ddH20, 2 lL 10X Taq polymerase buffer (Invitrogen),

1.6 lL 50 mM MgCl2 (Invitrogen), 0.4 lL Taq DNA

polymerase (Invitrogen 5 units/lL), 2 lL of 10 mM

each deoxynucleotide triphosphates (dATP, dTTP,

dCTP, and dGTP), 1.5 lL of 10 lM oligonucleotide

forward and reverse primer, and 2.7 lL sample DNA.

Reactions were carried out on a PE9700 Thermal

Cycler with the following cycling protocol: 5 min at

95�C, 35 cycles of 120 s at 94�C, 90 s at 52�C, and

120 s at 72�C, followed by a final extension for 7 min

at 72�C. PCR products were purified using QIAGEN

MinElute PCR Purification Kits (cat no. 28004) to

remove unincorporated primers and nucleotides.

Purified PCR product (5 lL) was combined with

4 lL ddH20 and 3 lL of 10 lM primer for forward

and reverse sequencing at the Michigan State Uni-

versity (MSU) Genomics Technology Support Facil-

ity. Alignment of obtained sequences was performed

using SeqEd Ver 1.0.3 (Applied Biosystems).

Mitochondrial COI haplotype relationships were

analyzed by statistical parsimony using the program

TCS (vers. 1.21; http://darwin.uvigo.es/software/

tcs.html; Clement et al. 2000). This analysis allows

for the possibility that the ancestral population is

observed in the sample set. Haplotype relationships

from TCS were displayed as a network. Haplotype

diversity (h) was also determined using the TCS

program.

Amplified fragment length polymorphism (AFLP)

The AFLP plant mapping protocol (Applied Biosys-

tems Part #402083) was used to generate fragments

for fingerprinting EAB individuals. Pre-selective

amplifications were carried out using an MseI com-

plementary primer (MseI adaptor with the recognition

site and 30C) and an EcoRI complementary primer

(EcoRI adaptor with recognition site and 30A). Four

primer pair combinations used for selective amplifi-

cation were run on each EAB sample (Primer Pair I:

EcoRI-AGG/MseI-CTT, Primer Pair II: EcoRI-ACT/

MseI-CAG, Primer Pair III: EcoRI-ACT/MseI-CTT,

Primer Pair IV: EcoRI-AGG/MseI-CAG. Selective

amplifications were carried out in a PE9700 thermal

cycler with the following program: one cycle of 94�C

for 2 min; 10 cycles of 94�C for 20 s, 66�C for 30 s,

72�C for 2 min decreasing by one degree at the

second step of each cycle; 20 cycles of 94�C for 20 s,

56�C for 30 s, and 72�C for 2 min; with a final

extension step of 60�C for 30 min. Electrophoretic

separation of DNA fragments generated by selective

amplification was carried out on an Applied Biosys-

tems ABI PRISM� 3100 Genetic Analyzer at the

MSU Genomics Technology Support Facility.

Electropherograms were examined using Gene-

Scan 3.1 software (Applied Biosystems) for scoring

fragments. Fragments were scored only in the size

range for each primer pair in which amplification was

consistent across all samples scored. Size range bins

were established by manual examination of all

electropherograms and fragments (peaks) coded man-

ually as present (1) or absent (0) for each individual

locus. Loci were scored as present if peak height was

greater than 50 reflectance units.

AFLP allele frequencies, percent polymorphic loci,

expected heterozygosities, Nei’s population genetic

distance (D), and Fst were estimated using AFLP-

SURV (Vekemans et al. 2002). For allele frequency

determinations, the Bayesian method of analysis was

used with a non-uniform prior distribution of allele

frequencies (assuming Hardy–Weinberg equilibrium).

The equations of Lynch and Milligan (1994) were
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used to estimate the proportion of polymorphic loci

(PLP) and expected heterozygosities (Hj) for each

population. Lower overall values of polymorphism

and expected heterozygosities are expected in North

American EAB if they are the result of a single or

several small introductions from the same geographic

source. Fst, was calculated with 500 permutations to

determine differentiation among populations at the

1% level (Lynch and Milligan 1994). A high value of

overall Fst (Wright 1951; Conner and Hartl 2004) is

generally considered to indicate strong differentiation

among populations. Neighbor-joining dendrograms

showing relationships of EAB pairwise population

genetic distances were constructed in Phylip (Felsen-

stein 2005) using Nei’s D.

Analysis of molecular variance (AMOVA) for

AFLP data was carried out using GenAlEx 6.1

(http://www.anu.edu.au/BoZo/GenAlEx/; Peakall and

Smouse 2006). This analysis allowed the partitioning

of molecular genetic variation among and within

populations. GenAlEx also provided an additional

estimate of pairwise population genetic differentia-

tion (Upt) for all Asian and North American EAB

populations. Significance of pairwise Upt values was

determined via 999 permutations of each data set.

Mantel tests were carried out in GenAlEx to test for

isolation-by-distance in both the Asian and North

American EAB populations. Geographic distances for

pooled samples were taken from the geographic

center of the pooled localities.

Population assignment tests were carried out using

AFLPOP version 1.1 (http://www2.bio.ulaval.ca/louis

bernatchez/downloads.htm; Duchesne and Bernatchez

2002) to estimate from which of several putative EAB

source populations in Asia each North American EAB

individual was derived. Analyses were carried out

using both the four Asia4 populations and the eight

Asia8 populations as possible source populations

using 100 log likelihood difference to allocate geno-

types and 500 artificial genotypes generated to esti-

mate P values for individual log likelihoods. Only

individuals with data available from all four AFLP

primer pairs were used in the AFLPOP analyses

(AFLPOP does not accommodate missing data).

Microsatellite data

Allelic variation was assessed for EAB at two micro-

satellite loci (C–C5 and C–C8) developed for EAB by

Dr. Jennifer Cory and laboratory personnel at Simon

Fraser University (unpublished). The primer sequences

used for PCR amplification of alleles at locus C-C5

(trinucleotide repeat (ACC)9) were 50-TCGATGCAA

CAAAGACCTC-30 (forward) and 50-GTGCTTTTAG

GTTTTGCTGTG-30 (reverse), while at locus C–C8

(mixed repeat (ACC)6(AAT)2) the primers were 50-CG

TCGATTAACTTTTAGTTCAG-30 (forward) and 50-CC

AGAAGATGCTGTAGTTGAAG-30 (reverse). PCR

conditions were essentially as described for mtDNA

amplifications.

Microsatellite allele data were analyzed using the

program MSA (Microsatellite Analyzer, vers. 4.05;

http://i122server.vu-wien.ac.at/; Dieringer and Sch-

lotterer 2003) to determine allele frequencies and

observed and expected heterozygosities. Population

structure of EAB within North America and within

Asia was estimated from microsatellite data by

AMOVA using ARLEQUIN 3.0 (Excoffier et al.

2005). The significance level of Ust in pairwise

population comparisons was a = 0.05.

Results

Analysis of mtDNA COI variation

DNA sequencing of a 439 bp fragment of the COI

gene was carried out for 94 EAB individuals from the

8 Asian populations and 119 EAB individuals from

the 7 North American populations in this study

(Table 1). A single common mitochondrial haplotype

(H1) was found in all 119 North American EAB

individuals, as well as in 84 of the 94 Asian EAB

individuals (GenBank Accession #AY864194)

(Table 2). Eight other haplotypes (H2–H9) were

observed in other Asian EAB populations, with six

of these haplotypes (H2–H7) differing from the

common haplotype by a single nucleotide base pair

change, one haplotype by two base pairs (H8), and

the final haplotype (H9), obtained from the EAB

individual from Shirioshi City, Japan, differing from

the common haplotype by 21 base pair changes

(Table 2). A total of 29 nucleotide changes occurred

at 25 nucleotide sites along the 439 bp sequence.

Substitutions at third codon positions accounted for

all of the differences between the haplotypes except

for a single first codon position change at nucleotide

position 305 (in GenBank Accession #AY864194).
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All nucleotide changes were synonymous and thus

had no impact on the inferred amino acid sequence of

the COI protein.

Statistical parsimony analysis of the EAB mtDNA

sequence data yielded two groups in the resulting

network (Fig. 2). The haplotype (H9) from the single

individual from Shirioshi City, Japan differed from

the common haplotype by 4.8% and separated into its

own group in the analysis. The remaining haplotypes

formed the second group. All EAB specimens from

North America and the majority from China had the

common haplotype, H1. Three other haplotypes were

observed in China; two haplotypes from single

individuals in Benxi (Liaoning), H2 and H3, and a

third haplotype from two individuals in Shenyang

(Liaoning), H4. The common haplotype, H1, was

observed in South Korea along with five other

haplotypes, H4-H8. Haplotypes H4, H5, and H8 were

each observed in single individuals from Daejeon,

while H6 and H7 were each observed in single

individuals from Inge.

Analysis of AFLP variation

AFLP profiles were obtained from 90 EAB individ-

uals from 8 defined populations in Asia, and 126

individuals from 7 defined populations in North

America (Table 1). Using 4 selective primer pair

combinations, data were obtained from 108 polymor-

phic AFLP loci. Overall, AFLP polymorphism was

higher in Asia than in North America; Asian EAB

had 86.1% polymorphic loci (PLP) while North

American EAB had 63.9% PLP (Table 3). Within

Asia, PLP ranged from 65.7% in Beijing (n = 2) and

South Korea (n = 6), to a high of 88.9% in Tianjin

City (n = 17). Within North America, PLP ranged

from 71.3% in Indiana to 90.7% in Illinois. A similar

trend was observed in expected heterozygosity (Hj)

(Table 3). Within Asia, Hj ranged from a low of

0.229 in South Korea to a high of 0.369 in Japan, with

an overall Hj in Asia of 0.268. On the other hand, in

North America, Hj ranged from 0.174 in Livonia, MI

to 0.281 in Ontario, with an overall Hj of 0.228.

Conversely, population genetic differentiation, as

judged by FST and UPT, appeared to be higher in

North America than in Asia (Table 4). While FST for

the Asia8 populations was 0.150, this dropped to

0.018 when only the Asia4 populations were included

in the analysis. On the other hand, in North America,T
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the seven defined populations had an overall FST of

0.094. Estimation of UPT yielded similar results

(Table 4), with overall UPT = 0.071 for Asia8, which

dropped to 0.031 in the Asia4 sample. In North

America, however, overall UPT was 0.119.

Analysis of molecular variance (AMOVA) was

used to partition AFLP variation within and among

EAB populations from both the native (Asia) and

introduced (North America) ranges (Table 5). In Asia

(considering all eight populations; Asia8), 7% of the

total variation was among populations, while 93% of

the total variation was within populations. When only

the Asia4 populations were considered, among pop-

ulation variation fell to 3%, while within population

variation rose to 97%. On the other hand, in North

America (7 populations), 12% of the total variation

was among populations, while 88% of the total

variation was within populations.

Analysis of pairwise population differentiation

was carried out using AFLP data by estimation of

UPT values between all pairs of populations in Asia

and North America (Table 6). Consistent with the

overall UPT values obtained, all pairwise comparisons

between North American EAB populations (overall

UPT = 0.119) were significant. On the other hand,

several pairwise comparisons between Asian popula-

tions (overall UPT = 0.071 for Asia8) were not

significant, and two UPT values (Tianjin-Liaoning;

Jilin-Liaoning) were not significant amongst the

Asia4 populations (overall UPT = 0.031) that were

included in the analysis.

Analysis of pairwise population differentiation

was also carried out by neighbor-joining (NJ) anal-

ysis of pairwise genetic distances (Nei’s D) between

all Asian and North American populations (Fig. 3).

The North American EAB populations formed a

cohesive derived cluster within the NJ tree [with the

exception of the inclusion of Beijing (n = 2)], with

the Illinois and Canada populations appearing as

basal taxa in the North American group. Among the

Asian populations, the Hebei population appeared as

the most derived taxon and thus appeared as sister to

the North American EAB populations.

Population assignment tests were performed to

determine the most likely geographic origin of North

American individuals using both the Asia8 and the

Asia4 populations as putative sources. Overall, 88%

of the North American EAB individuals (91/103)

were assigned to either Hebei province (55 individ-

uals) or Tianjin City province (36 individuals)

(Table 7). None of the North American individuals

were assigned to Beijing or Heilongjiang province,

South Korea or Japan. Identical results were obtained

in the population assignment tests regardless of

whether the analysis was done using the Asia8

populations or only the Asia4 populations as putative

source populations.

Analysis of microsatellite variation

Allele frequency data were obtained at two polymor-

phic microsatellite loci for individuals from four

Chinese EAB populations (Asia4) and the seven

North American EAB populations (Table 8). Four

alleles were observed at locus C5 (141, 144, 150,

Fig. 2 Haplotype network for EAB individuals collected in

Asia and North America based on partial sequences (439 bp) of

the mitochondrial cytochrome oxidase I gene (COI). Circles

are drawn roughly proportional to the frequency of occurrence

of each of the nine COI mtDNA haplotypes from EAB, and are

color coded by geographic origin of EAB individuals carrying

that haplotype (Red—China; Blue—South Korea; Orange—

Japan; White—North America). The common haplotype (H1)

was observed in 84 of the 94 Asian EAB in the sample, with

each of the other haplotypes observed once, except for H4,

which was observed three times. All North American EAB in

the sample (n = 119) had the common haplotype. Numbers on

the lines between haplotypes represent positions of nucleotide

substitutions between a given haplotype and the common

haplotype (H1; GenBank AY864194). The Japanese haplotype,

H9, differed from H1 by 21 nucleotide substitutions
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153) in the Asia4 sample, while only three of these

alleles were present in the North American EAB

(allele 141 was absent). Similarly, at locus C8, three

alleles were present in the Chinese populations (225,

231, 234) while only alleles 225 and 231 were

observed in North American EAB individuals. When

Table 3 Descriptive statistics for 8 Asian and 7 North American EAB populations based on AFLP-SURV analysis using 108 AFLP

loci

Population na PLP Hj (± SE)

(% polymorphic

loci)

(Expected

heterozygosity)

Var (Hj) VarI (Hj)b VarL (Hj)c

Asia

China

Beijing 2 (2) 65.7 0.243 ± 0.016 2.46 9 10-4 4.53 9 10-4 -2.07 9 10-4

Tianjin city 18 (17) 88.9 0.302 ± 0.014 1.99 9 10-4 0.65 9 10-4 1.34 9 10-4

Hebei 20 (19) 84.3 0.282 ± 0.015 2.10 9 10-4 0.68 9 10-4 1.42 9 10-4

Liaoning 15 (14) 80.6 0.255 ± 0.015 2.27 9 10-4 0.91 9 10-4 1.36 9 10-4

Jilin 21 (19) 79.6 0.235 ± 0.015 2.26 9 10-4 0.76 9 10-4 1.50 9 10-4

Heilongjiang 5 (4) 88.0 0.345 ± 0.015 2.10 9 10-4 2.35 9 10-4 -0.24 9 10-4

South Korea 7 (6) 65.7 0.229 ± 0.016 2.68 9 10-4 1.67 9 10-4 1.00 9 10-4

Asia8 90 (84) 86.1 0.268 ± 0.014 1.92 9 10-4 0.18 9 10-4 1.74 9 10-4

Asia4 74 (70) 85.2 0.257 ± 0.016 2.10 9 10-4 0.23 9 10-4 1.88 9 10-4

North America

Michigan

Livonia 19 (18) 75.9 0.174 ± 0.015 2.34 9 10-4 0.82 9 10-4 1.52 9 10-4

Plymouth 13 (11) 74.1 0.218 ± 0.016 2.63 9 10-4 1.14 9 10-4 1.49 9 10-4

Lansing 22 (19) 75.9 0.212 ± 0.017 2.76 9 10-4 0.77 9 10-4 1.99 9 10-4

Moran 21 (20) 77.8 0.204 ± 0.016 2.68 9 10-4 0.73 9 10-4 1.95 9 10-4

Indiana 15 (15) 71.3 0.206 ± 0.017 2.88 9 10-4 0.90 9 10-4 1.98 9 10-4

Illinois 13 (12) 90.7 0.264 ± 0.014 1.83 9 10-4 1.12 9 10-4 0.71 9 10-4

Ontario 23 (21) 88.9 0.281 ± 0.015 2.23 9 10-4 0.67 9 10-4 1.57 9 10-4

North America (total) 124 (120) 63.9 0.228 ± 0.016 2.70 9 10-4 0.15 9 10-4 2.55 9 10-4

a Total number of individuals; in parentheses, number used for parameter estimation
b Component of variance attributable to sampling individuals
c Component of variance attributable to sampling loci

Table 4 Population differentiation within and between Asian and North American emerald ash borer populations using

AFLP-SURV and GenAlEx based on 108 AFLP loci

Comparison FST
a UPT

b

Within Asia and North America (combined; 15 pops) 0.1587 (P = 0.001) 0.130 (P = 0.010)

Within Asia8 (8 populations) 0.1502 (P = 0.001) 0.071 (P = 0.070)

Within Asia4 (4 populations) 0.0176 (P = 0.001) 0.031 (P = 0.020)

Within North America (7 populations) 0.0940 (P = 0.001) 0.119 (P = 0.001)

Asia8 (pooled) versus North America (pooled) 0.0815 (P = 0.001) 0.077 (P = 0.001)

Asia4 (pooled) versus North America (pooled) 0.0774 (P = 0.001) 0.079 (P = 0.001)

a Estimated in AFLP-SURV; based on Lynch and Milligan 1994; significance based on 999 permutations of individuals among

populations
b Estimated in GenAlEx; significance based on 999 permutations of individuals among populations
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Table 5 AFLP AMOVA for Asian and North American EAB populations

Group Source of variation df Sum of squares Estimated variation Percent of variance (%)

Asia8 Among populations 7 212.395 1.286 7

Within populations 82 1,378.638 16.813 93

Total 89 1,591.033 18.099 100

Asia4a Among populations 3 77.711 0.517 3

Within populations 70 1147.424 16.392 97

Total 73 1,225.135 16.909 100

N. America Among populations 6 265.459 1.753 12

Within populations 119 1,538.906 16.813 88

Total 125 1,804.365 18.099 100

a Includes only Tianjin City, Hebei, Liaoning, and Jilin

Table 6 Pairwise population UPT values based on AFLP data

Tianjin Hebei Liaoning Jilin Beijing Heilongjiang South Korea

a. Within Asia

Tianjin City (n = 18) –

Hebei (n = 20) 0.032* –

Liaoning (n = 15) 0.007 0.028* –

Jilin (n = 21) 0.055* 0.047* 0.000 –

Beijing (n = 2) 0.038 0.028 0.050 0.093 –

Heilongjiang (n = 5) 0.098* 0.162* 0.133* 0.146* 0.177 –

South Korea (n = 7) 0.045 0.087* 0.000 0.007 0.061 0.129* –

Livonia Plymouth Ontario Lansing Moran Indiana Illinois

b. Within North America

Livonia (n = 19) –

Plymouth (n = 13) 0.198* –

Ontario (n = 23) 0.082* 0.116* –

Lansing (n = 22) 0.129* 0.064* 0.061* –

Moran (n = 21) 0.096* 0.170* 0.041* 0.090* –

Indiana (n = 15) 0.158* 0.193* 0.114* 0.093* 0.130* –

Illinois (n = 13) 0.244* 0.182* 0.069* 0.173* 0.136* 0.255* –

Tianjin Hebei Liaoning Jilin Beijing Heilongjiang South Korea

c. Between Asia and North America

Livonia 0.160* 0.178* 0.193* 0.220* 0.228* 0.357* 0.284*

Plymouth 0.171* 0.165* 0.206* 0.212* 0.218* 0.262* 0.214*

Ontario 0.040* 0.043* 0.045* 0.069* 0.000 0.153* 0.083*

Lansing 0.131* 0.120* 0.156* 0.158* 0.153* 0.214* 0.169*

Moran 0.101* 0.097* 0.134* 0.157* 0.090* 0.265* 0.188*

Indiana 0.160* 0.163* 0.226* 0.239* 0.381* 0.344* 0.320*

Illinois 0.046* 0.034* 0.054* 0.095* 0.042* 0.209* 0.128*

UPT values are shown below the diagonal in (a) and (b). Significant UPT values (P \ 0.05), based on 999 permutations, are indicated

with (*)
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two individuals from South Korea were genotyped, a

fifth allele at locus C5 (147) and a fourth allele at

locus C4 (228) were observed (data not shown).

Although not statistically significant (a = 0.05 level),

observed heterozygosities were less than expected at

loci C5 and C8 in both the Asia4 and the North

American EAB samples (Table 8).

Differentiation between all pairs of populations

was tested based on estimates of FST. No significant

differences were observed in all pairwise population

comparisons based on the microsatellite data. How-

ever, when the seven North American populations

were pooled and considered as a single metapopula-

tion, significant FST values were observed between

North American EAB and Hebei (FST = 0.0412),

Liaoning (FST = 0.0639) and Jilin (FST = 0.2390),

while the Tianjin City population was not signifi-

cantly differentiated (FST = 0.0084) from the North

American EAB metapopulation.

Discussion

The North American EAB populations examined in

this study were most likely the result of a single

introduction of EAB from China, probably the region

of Hebei province and Tianjin City. If there were

multiple introductions, the EAB likely came from the

same or highly similar source populations. All three

genetic marker types showed a decrease in genetic

diversity in the North American EAB metapopula-

tion, as would be expected given a population derived

from a portion of a larger source population. In

addition, our data indicate the North American EAB

populations are more highly structured genetically

Fig. 3 Neighbor-joining analysis of EAB AFLP data set based

on pairwise Nei’s D values for all populations in the native

range in Asia and introduced range in North America. Scale
bar represents a Nei’s D of 0.1

Table 7 Assignment of EAB individuals in the introduced North American range to putative source populations in the Asian native

range

North American

population (n)

Putative Asian source population*

Hebei (18) Tianjin (15) Liaoning (12) Jilin (14) Beijing (2) Heilongjiang (3) South Korea (4)

Plymouth (8) 7 1 0 0 0 0 0

Livonia (18) 10 7 1 0 0 0 0

Lansing (13) 9 4 0 0 0 0 0

Moran (18) 8 6 0 4 0 0 0

Indiana (15) 8 7 0 0 0 0 0

Illinois (12) 7 2 2 1 0 0 0

Ontario (19) 6 9 2 2 0 0 0

TOTAL (103) 55 36 5 7 0 0 0

* Number of individuals from an introduced population that were assigned to a putative source population in Asia based on analysis

of AFLP genotypes using AFLPOP
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than the Asian source EAB populations. This may

reflect the fact that our dataset captured the early

stages of the North American EAB infestation and its

subsequent human-assisted spread over relatively

long distances in North America.

Genetic structure of EAB populations in Asia

and North America

Low genetic diversity in North American EAB

All three genetic marker types employed in this study

(mtDNA sequences, AFLP fingerprints, and microsat-

ellites), showed decreased genetic diversity in the

North American EAB populations compared to the

Asian EAB populations. For example, none of

the mitochondrial DNA diversity observed in Asia

was detected in the introduced North American EAB

populations. All North American EAB individuals

surveyed from the seven North American populations

(n = 119) carried the same mtDNA haplotype (H1),

while eight haplotypes, in addition to H1, were found

in Asian EAB populations (Fig. 2). Further, a survey of

an additional 111 EAB individuals from North Amer-

ican populations in Michigan, Ohio, Pennsylvania,

West Virginia and Maryland indicated that they also all

carried haplotype H1 (Bray 2009).

A reduction in genetic diversity in the North

American EAB populations compared to the Asian

EAB populations was also indicated by the AFLP

data. Based on the AFLP data, the North American

EAB populations had significantly lower expected

heterozygosity (Hj) than the Asia8 populations

(Table 3; t-test: t = 2.51, 13 df, P = 0.026). A

similar result was obtained when the North American

EAB populations were compared with the Asia4

populations, although the difference was significant

only at the a = 0.1 level (t-test: t = 2.1, 9 df,

P = 0.065). We also observed a lower percentage of

polymorphic AFLP loci (63.9 vs. 85.2%; Table 3) in

the North American EAB populations compared with

the Asia4 populations, but this difference was not

statistically significant (t-test: t = 1, 9 df, P = 0.34).

Finally, analysis of genetic variation in Asian and

North American EAB populations revealed reduced

genetic diversity in the North American EAB popula-

tions. We detected unique alleles in Asian EAB

populations at both loci examined (C5 and C8). Allele

141 was present in all of the Asia4 populations at

frequencies ranging from 0.050 (Tianjin City) to 0.231

(Liaoning), while this allele was not observed in any of

Table 8 Allele frequencies for Asian and North America EAB populations at two microsatellite loci

Population Locus C5 Allele frequencies Locus C8 Allele frequencies

n HO HE 141 144 147 150 153 HO HE 225 228 231 234

Tianjin City 8 0.375 0.642 0.063 0.250 0.000 0.563 0.125 0.286 0.527 0.429 0.000 0.571 0.000

Hebei 19 0.579 0.633 0.105 0.237 0.000 0.553 0.105 0.471 0.513 0.471 0.000 0.529 0.000

Liaoning 13 0.692 0.742 0.231 0.269 0.000 0.385 0.115 0.364 0.589 0.545 0.000 0.364 0.091

Jilin 21 0.429 0.410 0.071 0.095 0.000 0.762 0.071 0.250 0.365 0.781 0.000 0.188 0.031

Asiaa 65 0.547 0.607 0.109 0.203 0.008 0.578 0.102 0.370 0.526 0.565 0.009 0.398 0.028

Livonia 20 0.650 0.676 0.000 0.400 0.000 0.325 0.275 0.471 0.428 0.294 0.000 0.706 0.000

Canada 16 0.615 0.665 0.000 0.462 0.000 0.308 0.231 0.267 0.515 0.533 0.000 0.467 0.000

Lansing 31 0.333 0.332 0.000 0.183 0.000 0.800 0.017 0.429 0.382 0.250 0.000 0.750 0.000

Moran 21 0.200 0.349 0.000 0.800 0.000 0.100 0.100 0.526 0.398 0.263 0.000 0.737 0.000

Plymouth 13 0.462 0.662 0.000 0.385 0.000 0.192 0.423 0.615 0.517 0.538 0.000 0.462 0.000

Indiana 17 0.625 0.506 0.000 0.625 0.000 0.031 0.344 0.250 0.387 0.250 0.000 0.750 0.000

Illinois 13 0.308 0.446 0.000 0.115 0.000 0.154 0.731 0.455 0.506 0.591 0.000 0.409 0.000

North America 131 0.440 0.656 0.000 0.416 0.000 0.332 0.252 0.429 0.461 0.357 0.000 0.643 0.000

Total 196 0.476 0.669 0.037 0.344 0.003 0.415 0.201 0.410 0.502 0.422 0.003 0.566 0.009

a Includes two individuals from Beijing and two individuals from South Korea
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the North American EAB individuals assayed

(n = 131). In addition, one of the two individuals

examined from South Korea carried allele 147, which

was not observed in any other individuals in the sample

(Asia or North America). A similar situation was

observed at locus C8. Allele 234 was found in two

Asian populations (Jilin, 0.031; Liaoning, 0.091), yet

this allele was not observed in North America. Also, a

unique allele (allele 228) was observed in one of the

two individuals examined from South Korea.

High population differentiation in North American

EAB

On the other hand, population differentiation, as

estimated by UPT and Fst, and AMOVA, appears to

be more pronounced in the North American EAB

populations than in the Asian EAB populations (except

on the basis of the mtDNA data, where no structure

whatsoever is observed in the North American EAB

populations). On the basis of UPT analysis of AFLP data

(Table 4), the seven North American populations

(overall UPT = 0.119) are more highly structured than

either the Asia4 (overall UPT = 0.031) or Asia8

populations (overall UPT = 0.071). On the other hand,

analyses based on Fst show that, while the North

American populations (overall Fst = 0.0940) are more

highly structured than Asia4 (overall Fst = 0.0176), the

Asia8 populations (overall Fst = 0.1502) are more

structured than those in North America. The reason for

the discrepancy between the UPT and Fst analyses is not

clear, although the F-based statistics for the North

American populations must be interpreted with cau-

tion, as these recently arrived populations violate the

assumption of mutation/drift equilibrium.

AMOVA based on AFLP data also supports the

hypothesis that there is more population differentiation

in North American than Asian EAB populations. In the

North American EAB populations, 12% of the molec-

ular variation occurs among populations, with 88% of

the molecular variation occurring within populations.

This contrasts with 7% of the molecular variation

occurring among the Asia8 populations (93% within),

and only 3% among the Asia4 populations (97%

within).

This higher degree of population differentiation in

the North American compared to the Asian EAB

populations could be the result of the mode of spread

of the genetically less diverse introduced EAB

population within North America. If new peripheral

populations result from sampling the original invading

population, and if different subsets of the standing

genetic variation are used as the sources of these new

peripheral isolates, we would expect to see a pattern

with less genetic diversity that becomes more highly

structured. If the primary mode of spread in North

America has been human-mediated transport of

infested host material over long distances, the new

founding populations would have no opportunities for

contact (and hence gene flow) between themselves and

the original source population or the other peripheral

isolate populations.

One possible weakness of our analysis is that the

lack of availability of Asian specimens led us in some

cases to pool individuals across sites (Table 1). Thus,

the Asia4 ‘‘populations’’ used in the analyses actually

represent groupings of ‘‘collection sites’’, which may

themselves represent independent populations. This

potentially could have led to high within-population

variation, and therefore lower between-population

variation, in Asia, potentially resulting in a mislead-

ingly low estimate of population differentiation.

While this is a valid concern, some of our data

indicate that this may not be a problem in our present

analyses. The observed variances in the expected

heterozygosity values are of similar magnitude in the

Asia4 populations (after pooling) compared to the North

American populations (Table 3). In addition, the pro-

portion of that variance that is attributable to sampling

individuals (as opposed to loci) is similar across the

populations (Table 3). This suggests that pooling indi-

viduals across sites has not led to increases in within

population variation, and thus an artificially low estimate

of overall population differentiation in Asia. Nonethe-

less, our results should be interpreted with caution.

Where did the North American EAB come from?

Did North American EAB come from China?

One of our major objectives in carrying out this study

was to estimate the geographic origin(s) of the North

American EAB populations. Our best estimate, given

the complete set of analyses of the mtDNA, AFLP and

microsatellite data, is that the North American EAB

infestation originated in the Tianjin City/Hebei region

of China. Several lines of reasoning support this

conclusion.
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First, none of the mtDNA diversity observed in

China and South Korea (haplotypes H2-H8) is

represented in North American EAB. In Liaoning

province, 27% of the individuals (4/15) carried

uncommon mtDNA haplotypes, while in South

Korea, 45% of the individuals (5/11) carried uncom-

mon haplotypes. The fact that we did not observe

these uncommon haplotypes in the North American

EAB does not necessarily mean that the North

American EAB were not derived from Liaoning or

South Korea. However, it appears more likely that

North American EAB originated from areas where

these rarer mtDNA haplotypes were not detected.

Second, in pairwise population comparisons based

on AFLP data, populations of EAB from Beijing,

Hebei, and Tianjin City were less differentiated

genetically from the North American EAB (treated as

a single population of 126 individuals) than were the

populations in Liaoning, Jilin, Heilongjiang and

South Korea (data not shown). The microsatellite

allele frequency data corroborate the AFLP data; the

unique alleles found in the South Korean populations

(C5, allele 147; C8, allele 228) were not found in any

of the North American EAB examined, nor was the

rare allele (C8; allele 234) found in the Jilin and

Liaoning populations (Table 8).

Third, population-derivation estimates support the

hypothesis that North American EAB originated in the

Tianjin City/Hebei region of China. The vast majority

of the North American individuals (88%) were

assigned to either the Tianjin City or Hebei popula-

tion, with only 12% of the individuals hypothesized as

being derived from Liaoning or Jilin, and none from

Beijing, Heilongjiang, South Korea or Japan.

Despite these three lines of reasoning, our data do

not allow us to draw definitive conclusions about the

origins of the North American EAB populations.

While China, notably the region of Hebei province

and Tianjian City, is the presumed source of the

North American EAB infestation, it is possible that

the beetles originated elsewhere in China or in some

other Asian country within its native range. Due to

small sample sizes from some field sites, some of our

results do not have strong statistical support. As

mentioned above, one of the major impediments

encountered in carrying out this study was difficulty

obtaining EAB specimens from Asian localities,

which prevented us from establishing a well-sampled,

representative set of putative source populations.

Were there multiple introductions?

Another objective of our study was to determine

whether the current EAB infestation in North America

is the result of a single introduction, or more than one

introduction. EAB was first detected in North Amer-

ica in 2002, and was initially found in southeastern

Michigan and adjacent Canada near Windsor, Ontario

(Haack et al. 2002). Based on dendrochronological

reconstruction, Siegert et al. (2007) postulated that

EAB was introduced in the early to mid-1990s into

Wayne County (Detroit), MI. Since its initial collec-

tion in 2002, EAB has been discovered over a wide

area including 15 US states (Illinois, Iowa, Indiana,

Kentucky, Maryland, Michigan, Minnesota, Missouri,

New York, Ohio, Pennsylvania, Tennessee, Virginia,

West Virginia, and Wisconsin) and 2 Canadian

provinces (Ontario and Quebec) as of July 2010

(Cooperative Emerald Ash Borer Project 2010).

Some of our preliminary analyses (Bray et al.

2008) indicated that EAB found in Windsor, Ontario

might represent an introduction that was separate

from the original EAB introduction in neighboring

Michigan. However, based on more detailed analyses

of our results, none of the genetic markers used

distinguished the Ontario EAB population as genet-

ically distinct from the US EAB populations. The

COI sequences of 25 individual EAB from Ontario

each carried the common haplotype (H1; Fig. 2), as

did all of the other North American EAB individuals

examined. Population derivation estimates (Table 7)

and analyses of pairwise population genetic distances

based on the AFLP fingerprints (Table 6; Fig. 3) did

not distinguish the Ontario population from the other

North American EAB populations. Likewise, the

microsatellite allele frequencies of the Ontario EAB

population (Table 8) were not different from those

obtained from the other North American EAB

populations. Based on these findings, we invoke the

most parsimonious explanation of a single EAB

introduction from Asia into North America.

Conclusions and future research

Asian EAB

The main conclusions drawn from this study are based

on the analysis of a set of Asian EAB populations
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from northeastern China, South Korea and Japan.

Unfortunately, sufficient numbers of EAB individuals

were not available from Beijing, Heilongjiang, South

Korea and Japan to allow for more robust estimation

of population genetic parameters for these popula-

tions. In addition, EAB is known to be present in the

Russian Far East, the Korean Peninsula, Mongolia,

and China’s Inner Mongolia and Shandong provinces

(Hou 1993; Chinese Academy of Science, Institute of

Zoology 1986). It would be useful to incorporate

samples from these other areas of Asia and provinces

of China into future studies.

Jendek (1994) synonymized several Agrilus ‘‘spe-

cies/subspecies’’ under the single name A. planipennis

based on consideration of morphological characters.

The results of our present study suggest that Jendek

should not have synonymized the Japanese A. marco-

poli ulmi with EAB. The mtDNA haplotype from the

single adult EAB collected in Japan, caught from ash

foliage by a local collector (P. Schaefer, personal

communication), differed from all the other EAB by

4.8%. Confirmation of host tree is necessary when

collecting Agrilus spp. in Asia (Akiyama and

Ohmomo 1997). It will be of interest to use molecular

markers in combination with morphology to charac-

terize additional EAB individuals from Japan.

Biocontrol

When EAB was discovered in Michigan in 2002,

virtually no literature was available on its distribution,

host range, and population dynamics in Asia. This

study was initiated, in part, to obtain information on the

range of EAB in Asia for the purpose of developing a

biological control program in the US for management

of EAB (Bauer et al. 2004, 2005). Surveys for EAB

natural enemies by researchers involved in foreign

exploration in northeastern Asia provided many of the

specimens used in this study, confirming EAB as the

host of several EAB parasitoids. During the course of

this work, three EAB parasitoid species native to China

were found (Bauer et al. 2008; Zhang et al. 2005; Liu

et al. 2003, 2007), and release of these Chinese

parasitoid species as EAB biocontrol agents started in

Michigan in 2007 (Federal Register 2007), and

expanded to Ohio and Indiana in 2008, and Maryland

and Illinois in 2009 (Bauer et al. in press). As EAB

continues to expand its introduced North American

range, foreign exploration continues in order to

provide additional information on the native range of

EAB to identify potential sources of different species

and populations of EAB natural enemies.

This study genetically characterizes the invasion

of the non-native insect pest, EAB, into North

America. The human-assisted spread of EAB appears

to have resulted in fragmented populations with high

genetic structure since its introduction about 20 years

ago. Given this population genetics framework, it

should be possible to characterize the stages of the

invasion as EAB continues its spread unaided by

humans and its likely eventual population crash with

the decline of North American ash populations.
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