
Heredity 60 (1988) 173—181

The Genetical Society of Great Britain Received 22 April 1987

Breeding structure of a colonising
species: Aedes albopictus (Skuse) in the
United States
William C. Black lV*
James A. Ferrari*,
Karamjit S. Rai* and
Dan Sprengert

* Department of Biological Sciences,
University of Notre Dame, Notre Dame, IN 46556,
U.S.A.
t Harris County Mosquito Control District, Houston,
TX 77054, U.S.A.

Allelic and genotypic frequencies were monitored at seven enzymatic loci in newly established Aedes albopictus (Skuse)
populations in the United States. Populations were sampled within the cities of New Orleans, Louisiana, Houston,
Texas, three counties surrounding Houston, Memphis, Tennessee, Jacksonville, Florida, and Evansville and
Indianapolis, Indiana. Unique alleles and relatively high levels of heterozygosity were detected in New Orleans,
Houston, surrounding counties and Indianapolis suggesting relatively large and independent introductions in these
cities. No unique alleles and low heterozygosities were detected in Memphis, Evansville and Jacksonville suggesting
that a population bottleneck may have accompanied the founding of these populations. The bottleneck may have
resulted from a small number of founding individuals or may have been generated through repeated control efforts.
Genetic distance estimates indicated that Houston, New Orleans and Indianapolis were genetically similar. Evansville
and Memphis were also found to be similar. Significant differentiation of allele frequencies existed among and within
cities. Variance in allele frequencies among all samples was partitioned into the variance among cities and among
locations within cities. Most of the variance was attributable to local differentiation. The most parsimonious
explanation of this result is that much genetic drift accempanied the establishment of local populations in cities and
that there has been little subsequent gene flow. Analysis of genotypic frequencies detected a slight but consistent excess
of homozygotes suggesting inbreeding.

INTRODUCTION

A colonising species is defined as one which has
historically demonstrated the capacity to extend
its range into new types of habitats or previously
unoccupied territory (Baker and Stebbins, 1965;
Parsons, 1983). Colonisation of new habitats is
considered fundamental in many models of speci-
ation (Dobzhansky, 1970; Lewontin, 1974; Mayr,
1963; Wright, 1978) and as such the genetics and
ecology of colonising species have been studied
extensively (Baker and Stebbins, 1965; Parsons,
1983 for review). Several studies have been made
on the population biology and genetics of recently
colonised species. However because colonisations
usually involve few individuals, the event may go
undetected for many years with the result that
formal studies are usually conducted long after
colonisation (e.g. Anolis grahami in Bermuda in
1909 (Taylor and Gorman, 1975), Musca autum-
nalis in Nova Scotia in 1952 (Bryant et a!., 1981),
Oryctolagus cuniculus in Australia in 1788 (Fenner,
1965)). There are few if any studies of the popula-

tion biology of a species in the process of coloni-
sation.

The recent introduction of the medically sig-
nificant mosquito, Aedes albopictus (Skuse), into
the United States provides a rare opportunity to
study the population genetics of a species in the
process of colonising a new continent. Historically,
Ae. albopictus has been a remarkably successful
colonising species. It is thought to have originated
in southeast Asia (Smith, 1956) and spread as far
west as Madagascar and east through the
Indomalayan and Oriental regions, China and
Japan (Ho et a!., 1973; Huang, 1972; Knight and
Stone, 1977). It became established in Hawaii
between 1830 and 1896 (Hardy, 1960; Joyce, 1961)
and within the past 20 years has colonised the
Solomon and Santa Cruz Islands in the South
Pacific (Belkin, 1962; Elliott, 1980; Pashley and
Pashley, 1983). An adult female was recovered
from a light trap in Memphis, Tennessee in June,
1983 (Reiter and Darsie, 1984). Populations were
found throughout Harris County, Texas in August,
1985 (Sprenger and Wuithiranyagool, 1986).
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During the summer of 1986 the species was found
to be widely distributed in the United States as far
west as San Antonio, Texas, east to Jacksonville,
Florida and north throughout the midwest from
Kansas City to Indianapolis, Indiana.

Allozyme analysis of populations throughout
the world range of Ae. albopictus suggest that U.S.
populations originated in northern Japan (Black
and Rai, unpublished). Presumably Ae. albopictus
was introduced into the United State in commercial
shipments (possibly of tyres). Ae. albopictus larvae
and pupae were found in tyres shipped to Los
Angeles from Vietnam (Eads, 1972). In the U.S. it
has been most commonly found in tyre yards,
although we have collected it from a variety of
containers (e.g., refrigerators, stoves and cans) dis-
carded along roadways. The species has been col-
lected from tree holes in several locations (M.
Sinsko, personal communication). Mosquitoes
collected throughout the U.S. are freeze tolerant
and capable of diapause under laboratory condi-
tions suggesting that the mosquito may become
permanently established in the United States
(Hawley et a!., 1987).

To study the population genetics of Ae. albopic-
tus in the initial stages of colonisation, adults and
eggs were collected from a number of cities during
the summer and fall of 1986. Numerous collections
were made within the cities of Houston and New
Orleans to determine the initial degree of genetic
isolation among local populations. By analysing
the amount of genetic differentiation within and
among cities we sought to describe the kinds of
changes in breeding structure that accompany
colonisation.

METHODS

Adult mosquitoes were collected at single locations
in Memphis and Evansville, four locations in New
Orleans, and three counties surrounding Houston
(fig. 1). At each location adults were captured with
aspirators and transferred to a cage containing
cotton soaked with water and honey to minimise
mortality. Collections were returned live to the
local laboratory facilities and frozen in liquid
nitrogen. Upon returning to Notre Dame, mos-
quitoes were transferred to a —70°C freezer to await
electrophoresis. Eggs were shipped to Notre Dame
from Houston, Jacksonville and Indianapolis.
They were reared to adults in our insectary and
frozen for electrophoresis.

Allozymes were resolved at 7 loci using starch
and vertical polyacrylamide gel electrophoresis

(Black and Krafsur, 1984). Mosquitoes were
ground in 25 p.1 of grinding buffer (Black and
Krafsur, 1985a) for acrylamide gels and 15 p.l of
grinding buffer for starch gels. PGI (Phospho.
glucoisomerase) and ACON (Aconitase) were
resolved on polyacrylamide gels using System A
of Black and Krafsur (1985a). EST (Esterase) was
resolved with System B. PGM (Phospho-
glucomutase) was resolved on starch gels using the
TEMM system described by Yong et a!. (1982).
HAD (Hydroxyl Acid Dehydrogenase), MDH
(Malic acid dehydrogenase) and IDH (Isocitrate
dehydrogenase) were resolved with the Tris-citrate
system of Ayala et a!. (1972).

Genestats (Black and Krafsur, 1985b) and
BIOSYS (Swoflord and Selander, 1982) were used
to analyse the data. Weir and Cockerham's (1984)
chi-square test for random mating was employed.
Wright's (1978) analysis of allele frequencies in
subdivided population was used to partition vari-
ance among all samples into the variance among
cities and among locations within cities. Within
city variance was estimated among sites within
Houston (5 sites) and New Orleans (4 sites).

RESULTS

Allele frequencies in Ae. albopictus populations
from nine locations in the United States are listed
in table 1. Frequencies among mosquitoes in New
Orleans and Houston are weighted means among
collection sites. Tables 2 and 3 list allele fre-
quencies at locations in New Orleans and Houston
respectively. Heterozygosities at the 7 lOci were
approximately equal among mosquitoes in
Houston and surrounding counties, New Orleans
and Indianapolis. Heterozygosity was reduced in
Jacksonville, Memphis and Evansville.

Nei's unbiased genetic distances (1978) were
calculated among populations in the various cities
(table 4). In New Orleans, Houston and
Indianapolis the same alleles were found to be
most common at each locus. The genetic distance
between Houston and New Orleans was small as
was the distance between Indianapolis and
Houston. Memphis and Evansville were geneti-
cally similar but strongly differentiated from all
other populations. The frequency of alleles at the
HAD locus in Memphis and Evansville were in
inverse proportions to those found in all other
cities. The same was true of alleles at the IDH
locus in Jacksonville. Allele E occured with high
frequency at the ACON locus in the Jacksonville
population but was only found in low frequency
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Figure 1 A. Cities in which Ae. albopictus was collected for this study. B. Collection locations in Houston, Texas and surrounding
counties. 1 = North, 2 = North Central, 3 =Central 1, 4 = Central 2, 5 = South. C. Collection sites in New Orleans, Louisiana.

= North site 1, 2 = North site 2, 3 =Central, 4 = Algiers.

in two other populations in Texas. The Jacksonville
population was not genetically similar to any other
in the study.

Eight alleles were detected which were unique
to specific locations in Texas, New Orleans and
Indianapolis. Two alleles were found only in New
Orleans, five alleles were found only in Houston
and surrounding counties and a single unique
allele was found in Indianapolis. Two alleles were
unique to Chambers County and one to Galveston

County. IDH allele D was found in high frequency
at site 2 in Houston close to other sampling sites.
There were no alleles unique to either the
Memphis, Evansville or Jacksonville populations.

Pairwise contingency chi-square tests indicated
that allele frequencies were significantly different
among all cities (analyses not shown). Table 5 lists
the results of contingency chi-square analysis to
test for homogeneity of allele frequencies among
locations within cities. Populations within both
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Table 1 Allele frequencies and sample sizes (N) at nine locations in the United States

New Jackson- Evans- Indiana-
Orleans Houston Chambers Galveston Liberty Memphis ville yule p01115

LA TX Co.TX Co.TX Co.TX TN FL IN IN

PGM
N 89 165 40 29 11 46 16 40 38

A 0.006* 0000 0000 0000 0000 0000 0000 0000 0000
B 0158 0255 0137 0103 0045 0011 0000 0262 0421
C 0617 0697 0851 0673 0819 0989 0937 0•738 0474
D 0219 0048 0000 0207 0136 0000 0063 0000 0105
E 0000 0000 0.012* 0000 0000 0000 0000 0000 0000
F 0000 0000 0000 0.017* 0000 0000 0000 0000 0000

PGI
N 84 165 40 31 11 46 16 40 38

C 0946 0991 0913 1000 0864 1000 1000 0862 0882
D 0.054 0009 0087 0000 0136 0000 0000 0138 0118

ACON
N 70 164 38 30 11 46 16 39 33

A 0000 0.003* 0000 0000 0000 0000 0000 0000 0000
B 0000 0000 0.039* 0000 0000 0000 0000 0000 0016
C 0•793 0854 0882 0883 0909 0957 0625 0859 0848
D 0207 0082 0026 0117 0•091 0043 0000 0141 0136
E 0000 0061 0053 0000 0000 0000 0375 0000 0000

EST
N 73 119 38 30 10 46 16 40 36

A 0021 0093 0026 0067 0000 0000 0000 0000 0096
B 0199 0210 0237 0233 0050 0000 0000 0000 0292
C 0657 0487 0592 0633 0850 1000 1000 1000 0292
D 0123 0151 0145 0050 0100 0000 0000 0000 0306
E 0000 0059 0000 0017 0000 0000 0000 0000 0014

HAD
N 67 129 35 29 10 42 16 40 35

A 0008 0000 0014 0034 0000 0000 0000 0000 0•000
B 0650 0589 0815 0587 0800 0167 0500 0-325 0672
C 0-313 0353 0-100 0310 0-150 0833 0-500 0675 0314
D 0.007* 0000 0000 0-000 0000 0-000 0-000 0000 0-000
E 0022 0058 0071 0-069 0050 0-000 0-000 0000 0000
F 0-000 0000 0000 0000 0000 0000 0000 0000 0.014*

MDH
N 92 165 37 32 11 46 16 40 35

B 0-000 0006 0-081 0063 0045 0-000 0-000 0-000 0129

C 1000 0988 0-878 0890 0864 1000 1-000 1000 0871

E 0-000 0006 0041 0047 0091 0-000 0000 0-000 0-000

IDH
N 80 160 36 32 11 43 15 40 35

B 0-262 0-390 0375 0-156 0273 0-360 0781 0-350 0-543
C 0-738 0-585 0625 0-844 0-727 0-640 0-219 0650 0457
D 0-000 0.025* 0-000 0000 0-000 0-000 0-000 0-000 0-000

HetJ 0-306 0-332 0-321 0-328 0-292 0-122 0211 0-255 0-428

SE. 0-079 0095 0-058 0081 0-030 0069 0089 0-074 0076

* This is the only location at which this allele was found.
t Average expected genic heterozygosity and standard error among these 7 loci.
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Table 2 Allele frequencies and sample sizes (N) at four locations in New Orleans

New Orleans and Houston were significantly
differentiated. The variance in allele frequencies
among all locations was partitioned into the vari-
ance among cities and locations within cities. Table
6 shows that 77 per cent of the total variance among
all sampling locations was attributable to differ-

ences among locations within cities. The variance
of allele frequencies at nearby locations was 4 times
as great as the variation among cities.

Observed genotypic frequencies in adults col-
lected in the field and Fl adults from field-collected
eggs were compared with those expected under

Region of
Locus North Site

New Orleans
1 North Site 2 Central Algiers

PGM
N 32 21 17 19

B 0016t 0000 0000 0000
C 0188 0000 0206 0237
D 0531 0738 0559 0684
E 0266 0262 0235 0079

PGt
N 21 25 17 21

C 0952 0980 0824 1000
D 0048 0020 0176 0000

ACON
N 11 23 17 19

C 0773 0717 0794 0•895
D 0227 0283 0206 0105

EST
N 18 21 17 17

A 0028 0000 0059 0•000
B 0694 0048 0059 0000
C 0167 081O 0676 0971
D 0111 0143 0206 0029

HAD
N 22 19 10 16

B 0.023* 0000 0000 0000
C 0523 0842 0750 0531
D 0409 0105 0250 0469
E 0000 0026t 0000 0'OOO

F 0045 0026 0000 0000

MDH
N 29 24 17 22

C 1000 1000 1000 1000

IDH
N 24 23 15 18

B 0208 0326 0•333 0194
C 0792 0674 0667 0806

Het4 0354 0274 0372 0224
S.E. 0089 0069 0074 0083

* This is the only location in New Orleans at which this allele was found.
t This is the only location at which this allele was found.
1 Average expected genic heterozygosity and standard error among these 7 loci.
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Table 3 Allele frequencies and sample sizes (N) at five locations in Houston

random mating. We found 9 of 81 tests to show
significant deviations from expectations. This was
only slightly more than expected with a type I error
rate of 5 per cent (0.05 x 81 =4 significant observa-

tions). Values were homogeneously distributed
among samples and loci. All significant values were
attributable to an excess of homozygotes suggest-
ing a slight inbreeding effect.

Region of Houston
Locus North North Central Central 1 Central 2 South

PGM
N 28 39 46 40 12

C 0-357 0231 0185 0-287 0250
D 0625 0654 0772 0688 0750
E 0-018 0115 0043 0025 0000

PGI
N 28 40 47 40 10

C 1000 0987 1-000 0975 1000
D 0000 0012 0000 0025 0000

ACON
N 27 40 47 40 10

A 0000 0000 0-000 0000 0050t
C 0-722 0875 0926 0850 0800
D 0204 0-037 0-011 0125 0100
E 0074 0087 0064 0025 0050

EST
N 24 20 39 28 8

A 0063 0-100 0090 0161 0-000
B 0250 0325 0103 0232 0125
C 0-438 0375 0603 0429 0-688
D 0-250 0-125 0064 0179 0188
E 0.000 0-075 0-141 0000 0000

HAD
N 15 40 25 40 9

C 0800 0-712 0520 0-387 0778
D 0200 0287 0-460 0450 0l67
F 0.000 0-000 0020 0-162 0056

MDH
N 28 40 47 40 10

B 0000 0-012 0011 0000 0.000
C 1-000 0-987 0-989 0975 1000
E 0-000 0-000 0-000 0.025* 0-000

IDH
N 26 40 45 40 9

B 0596 0487 0144 0-462 0278
C 0404 04l2 0856 0.537 0722
D 0000 OlOOt 0000 0000 0.000

Het.t 0-349 0364 0277 0380 0296
S.E. 0-099 0106 0-092 0101 0078

*This is the only location in Houston at which this allele was found.
t This is the only location at which this allele was found.
t Average expected genic heterozygosity and standard error among these 7 loci.
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Table 4 Nei's unbiased genetic distances among United States populations

New Orleans Houston Memphis Jacksonville Evansville

New Orleans, LA
Houston, TX
Memphis, TN
Jacksonville, FL
Evansville, IN
Indianapolis, IN

—
0046
0107
0133
0074
0070

—
0097
0099
0070
0032

—
0068
0015
0167

—
0070
0151

—
0117

Houston Chambers Galveston Liberty

Houston, TX
Chambers Co.
Galveston Co.
Liberty Co.

0046
0046
0026
0036

—
0026
0032
0041

—
0026
0005

—
0013

Table 5 Chi-square contingency test for homogeneity of allele
frequencies among populations in New Orleans and
Houston

Locus
New
df

Orleans
x2

Houston
df x2

PGM 9 17.45* 8 16.47*
PGT 3 13.65** 4 391
ACON 3 405 12 39.33***
EST 9 87.79*** 16 37.25**
HAD 12 2033 8 42.47***
MDH — — 8 809
IDH 3 332 8 66.31***

Total 39 14660*** 64 21383***

* P 0.05 ** Prt001, P0•001.

DISCUSSION

The relatively high levels of genetic variation and
the existence of unique alleles in Houston, New
Orleans and Indianapolis suggest large and pos-
sibly independent introductions in these cities. The
high heterozygosity in the Indianapolis popula-
tion, approximately 1000 km north of Houston and
New Orleans, indicates that there may have been
a large inland introduction. The small genetic dis-
tance between Evansville and Memphis (approx
400 km apart) suggests inland transport or migra-
tion of populations.

Low heterozygosities, an absence of unique
alleles and high frequencies of alleles less common
in the general population were found in Memphis,
Evansville, and Jacksonville. These results are con-
sistent with the hypothesis that a substantial popu-
lation bottleneck occurred during or after the
founding of populations in these cities. The bottle-
neck may have resulted from a small number of
founding individuals or may have been generated
through repeated attempts at control. Because of
the intensive control efforts mounted in all cities
it is impossible to determine when such bottlenecks
might have occured. For example, Ae. albopictus
had been found and eliminated at three locations
in western Memphis before we sampled the popu-
lation.

We found significant differentiation of allele
frequencies within and among cities. Most of the
variance in allele frequencies was attributable to
local differentiation. The most parsimonious
explanation of this result is that much genetic drift
accompanied the establishment of local popula-
tions in New Orleans and Houston and local gene
flow was sufficiently restricted to maintain
differentiation. Alternatively, populations in cities
may have been panmictic but local selection pres-
sures led to microdifferentiation. Because there
was less variance among cities than among sites
within cities this explanation further requires that
a similar range of microhabitats exist in both cities.

Table 6 The variance in allele frequencies among all locations partitioned into the
variance among cities and among locations within cities. Variance components
are combined among loci

Source Variance % Total Variance

Locations within cities 0212 766%
Among cities 0065 234%

Among all locations 0277
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While this is possible it seems far less likely than
the model of genetic drift.

The existence of genetic drift indicates that
local populations were founded by few parents.
Tyres present a sparse oviposition resource. A few
gravid females may have located and oviposited
in a group of discarded tyres. The offspring, failing
to locate other oviposition sites or other mates,
might have mated with siblings and oviposited in
the same tyres. Inbreeding developed as sibling
matings continued.

This model would account for the inbreeding
observed in some populations as well as the large
numbers of alleles unique to single locations within
cities. Alleles which were in low frequency in the
overall population would increase in local sub-
populations. Other studies of local breeding struc-
ture in mosquitoes suggest that this model may
apply generally to container breeding mosquitoes.
Local breeding structure studies on a tree hole
mosquito, Ae. triseriatus (Say) (Matthews and
Craig, 1980; Matthews, 1983) indicated local pan-
mixia but homozygote excesses indicative of
inbreeding. A similar study of the sympatric tree
hole mosquito, Ae. hendersoni (Cockerell)
(Matthews and Munstermann, 1983) demonstrated
significant local differentiation of subpopulations.

This initial survey of a species in the early stages
of colonisation suggests that drift may initially play
an important role in differentiating populations.
However, no local breeding structure studies have
been made of Ae. albopictus populations in its
native habitat. It is therefore unknown whether the
breeding structure of Ae. albopictus in the United
States is a consequence of recent colonisation or
a characteristic of container breeding species.
Future surveys will indicate whether populations
both within and among cities remain differentiated.
It seems possible, given the rapid spread already
exhibited by Ae. albopictus, that populations may
become panmictic within a short time.
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