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Multilocus electrophoresis analysis has been used to study the genetic structure of 18 populations of
Aedes albopictus newly introduced to Italy, in comparison with two populations in the United States,
four in Japan, and four in Indonesia. Allozyme analysis revealed that 15 out of the 18 studied loci
were polymorphic among the 28 populations. No signi®cant deviations from Hardy±Weinberg
equilibrium were found at polymorphic loci. High genetic a�nity was observed between the Italian
populations and those from the United States and Japan. The analysis of variance in allele frequencies
showed that variance among subpopulations accounted for most of the total variance, suggesting that
isolation of the Italian populations is not related to distance. Analysis of linkage disequilibrium using
Ohta's method shows that the variance in the frequency of allele combinations could be explained
by the action of the genetic drift which accompanies the establishment of new populations. The
colonization process of Ae. albopictus in Italy is following a trend similar to that previously observed
in the U.S.A., probably because both infestations derive from several successive introductions, each
with large numbers of individuals.
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Introduction

Aedes albopictus (Skuse, 1894) is considered one of the
main vectors of dengue and can also play an important
role in the transmission of a number of human arbo-
viruses (Mitchell, 1995). The species was ®rst described
from specimens collected in Calcutta (Skuse, 1894), is
included in the scutellaris group, subgenus Stegomya,
and gives its name to a subgroup of 12 species mainly
exploiting tree holes in the forests of south-east Asia.
Although tropical forests are considered to be its
original habitat, the species has developed the capacity
to exploit arti®cial environments with a level of adap-
tation similar to that of Ae. aegypti. Unlike Ae. aegypti,
Ae. albopictus is capable of colonizing temperate areas
permanently, by overwintering in the egg stage through
a diapausing embryo mechanism induced by a short
photoperiod experienced by the female (Hawley et al.,
1989). The capability to colonize used tyres is at the

basis of the recent rapid establishment in new geograph-
ical areas (Reiter, 1998). In the 1980s Ae. albopictus was
introduced into the United States where it progressively
expanded and colonized some 24 States (Knudsen,
1995). Established populations have been detected in
Brazil (eight States), the Caribbean (Santo Domingo,
Dominican Republic), Mexico (three States),
Guatemala, Honduras, El Salvador, Nigeria and the
Fiji Islands. The species has been detected and probably
eradicated in other areas such as Bolivia, Barbados,
Cuba, New Zealand, Australia and South Africa
(Knudsen, 1995).
In Europe, the ®rst detection dates back to 1979 in

Albania (Adhami & Murati, 1987). In Italy the species
was ®rst found in Genoa in September 1990 (Sabatini
et al., 1990). From then on, its spread, mainly exploiting
the national trade in used tyres, was very rapid and
mosquito populations are now established in many
regions. The e�ectiveness of e�orts to stop the spread of
the species has been hampered by the lack of regulations
concerning storage and transportation of used tyres.
We report a genetic study of the Italian populations of*Correspondence. E-mail: urbanelli@axrma.uniroma1.it
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Ae. albopictus sampled 4±6 years after the species was
®rst found in Italy. The aims of this research are to
study the geographical origins of the Italian popula-
tions, to genetically characterize the structure of the
populations, and to understand the reasons for the
successful establishment of this species. Comparison
with other colonization processes in di�erent geograph-
ical areas will increase the genetic and ecological
knowledge of this vector, and help us to understand
the role of the colonization event in modelling popula-
tion structure, and thereby to improve control strategies.

Materials and methods

Mosquito samples

Aedes albopictus populations from 18 Italian localities
were sampled over the 3-year period 1994±96 (Fig. 1).
The collection mainly focused on larvae or adults, and
when required ovitraps were used. Adults were imme-
diately placed in insulated containers with dry ice and
then transported to the laboratory, where they were
stored in liquid nitrogen until examination. We also
studied two samples of colonizing populations from the
United States, Bradenton (19) and Lake Charles (20),
and eight native populations: four from Japan, Choral-
cuji (21), Okinawa (22), Tanegashima (23) and Tnamaji

(24), and four from Indonesia, Bali (25), Ujung Pandang
I (26), Ujung Pandang II (27) and Toili (28).

Electrophoresis analysis

Multilocus electrophoresis was carried out on single
individuals. Homogenates were absorbed into 3 ´ 5 mm
pieces of chromatography paper (Whatman 3 MM) and
placed on 10% starch gel trays. Standard horizontal
electrophoresis was carried out at 7±8 V/cm for 4±6 h
at 5°C. We could analyse up to 15 enzyme systems for
each mosquito, encoded by 19 putative loci (Table 1).
Isozymes were numbered in order of decreasing mobility
from the most anodal; allozymes were named numer-
ically, according to their mobility relative to the most
common allele (� 100) in the sampled population.

Statistical analysis

We used the GENEPOPGENEPOP (version 3.1) software (Raymond
& Rousset, 1995) to analyse population structure.
Heterozygote de®cits or excesses were tested using an
exact test procedure (Rousset & Raymond, 1995). As
measures of genetic variability, the number of alleles per
locus, the percentage of polymorphic loci and the
unbiased heterozygosity were calculated using the pro-
gram BIOSYSBIOSYS-1 (Swo�ord & Selander, 1981). Unbiased
estimates of F-statistics were calculated with FSTATFSTAT

(Goudet, 1995) according to the formulae given in Weir
& Cockerham (1984). Standard deviations for single-
locus estimates were calculated by jackkni®ng over
populations, and the 95% con®dence limits of multi-
locus estimates were established using a bootstrap
procedure over loci (Weir, 1990). Genotypic associa-
tions between each pair of loci were tested for each
population by a probability test as described by Ray-
mond & Rousset (1995), and over the whole data set by
Ohta's variance analysis (Ohta, 1982) using the LINKDOSLINKDOS

program (Garnier-Gere & Dillmann, 1992). Genetic
distance values between populations were estimated
from allele frequencies using formulae by Rogers (1972),
modi®ed by Wright (1978). For genetic relationships
between populations a multidimensional scaling ordi-
nation (Guttman, 1968) was carried out with the SYSTATSYSTAT

program (Wilkinson & Leland, 1989) from Rogers's
values, DT; this index was chosen because it is a metric
coe�cient satisfying the triangle inequality.

Isolation by distance was analysed as described by
Rousset (1997), computing the relationship between
pairwise estimates of FST/(1 ) FST) and logarithms of
geographical distance. A possible positive relationship
was tested with a Mantel test, using the Spearman rank
correlation coe�cient as a statistic (as available in
GENEPOPGENEPOP version 3.1). Geographical distances between

Fig. 1 Collection localities of the Italian populations of
Aedes albopictus genetically analysed and their reference codes.
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samples were de®ned the shortest measurements on
the map.

Results

Population structure of Italian populations

A total of 699 mosquitoes were analysed for 19 loci. In
some cases, genotypes were not recorded for technical
reasons. Overall, a total of 7140 genotypes were available
for statistical analysis. Allozyme analysis revealed that
14 enzyme loci (G-3-pdh, Ldh, Hbdh, Mdh-1, Mdhp-1,
Idh-1, 6-Pgdh, Aat-1, Hk-1, Adk-1, Acph, Aco-1, Gpi and
Pgm) out of the 19 studied were polymorphic among the
tested populations. The highest levels of polymorphism
were observed at Hbdh, Acph and Pgm. The remaining
®ve loci (Mdh-2, Idh-2, Sod-1, Mdhp-2 and Aco-2) were
found to be monomorphic in all samples. Data concern-
ing frequencies and FIS estimates of the most polymor-
phic loci are available upon request. Most of the
populations were in Hardy±Weinberg equilibrium. Some
samples were collected from several sites that were only a
few metres apart and small observed heterozygote
de®cits may be an indication of a Wahlund e�ect. All
polymorphic loci contributed signi®cantly (P < 0.001)
to the di�erentiation over all the populations. Another
feature of the allele frequency data is the presence of rare
alleles such as G-3pdh112 found in population no. 10,

Hbdh116 in population no. 15, Idh93 in population no. 9
and Hk9, in population no. 12.
Table 2 reports the values of genetic variability found

in the studied samples. The most variable populations
were Rezzato (7), Montebelluna (1), Maragnole (5) and
Bancole (10) with He� 0.221, 0.219, 0.210 and 0.202,
respectively. The least variable populations were Lonato
(9) and Portogruaro (2) with He� 0.134 and 0.144,
respectively. These di�erences could be caused by
genetic drift and/or inbreeding phenomena probably
associated with di�erences in population size. The
di�erentiation among Italian populations at various
geographical scales was calculated by the variance in
allele frequencies among subpopulations within prov-
inces (populations not more than 20 km apart) and
provinces within regions. The variances at greater
distances were very low and not signi®cantly greater
than zero (Table 3). We used a method deduced from
the theory of isolation by distance (Rousset, 1997),
involving the regression of FST/(1 ) FST) estimates for
pairs of populations on the logarithm of distance
between the populations. High di�erentiation was again
observed at short distances, but the trend of increasing
di�erentiation with distance was not signi®cant (Mantel
test, P� 0.17).
The analysis of genotypic associations between pairs

of loci in each sample revealed six nonrandom
associations in 91 locus-pair comparisons. The tests

Table 1 Loci studied, migration, bu�er systems used and staining references

Enzymes EC Loci Migration
Bu�er
system* V/cm

Time,
h Staining references

Glycerol-3-phosphate dehydrogenase 1.1.1.8 G-3-pdh + 2 8 5 Ayala et al. (1972)
Lactate dehydrogenase 1.1.1.28 Ldh + 1 8 4.5 Brewer & Sing (1970)
Hydroxybutyrate dehydrogenase 1.1.1.30 Hbdh + 1 7 4.5 Shaw & Prasad (1970)
Malate dehydrogenase 1.1.1.37 Mdh-1 + 2 8 3.5 Shaw & Prasad (1970)

Mdh-2 ) 3.5 Shaw & Prasad (1970)
Malate dehydrogenase (NADP+) 1.1.1.40 Mdhp-1 + 1 7 4.5 Ayala et al. (1972)

Mdhp-2 + 4.5 Ayala et al. (1972)
Isocitrate dehydrogenase 1.1.1.42 Idh-1 + 4 7 4 Shaw & Prasad (1970)

Idh-2 + 4 Shaw & Prasad (1970)
6-Phosphogluconate dehydrogenase 1.1.1.44 6-Pgdh + 2 8 5 Shaw & Prasad (1970)
Superoxide dismutase 1.15.1.1 Sod-1 + 4 8 5 Ayala et al. (1972)
Aspartate aminotransferase 2.6.1.1 Aat-1 + 3 7 4.5 Selander et al. (1971)
Hexokinase 2.7.1.1 Hk-1 + 2, 4 7 4 Shaw & Prasad (1970)
Adenylate kinase 2.7.4.3 Adk-1 + 4 7 4 Ayala et al. (1972)
Acid phosphatase 3.1.3.2 Acph + 2 7 6 Menken (1982), modi®ed
Aconitase 4.2.1.3 Aco-1 + 4 7 4 Selander et al. (1971)

Aco-2 ) 7 4 Selander et al. (1971)
Glucose-6-phosphate isomerase 5.3.1.9 Gpi + 1, 2 8 3.5 Selander et al. (1971)
Phosphoglucomutase 5.4.2.2 Pgm + 1 7 4.5 Brewer & Sing (1970)

*Bu�er systems used: 1, tris/versene/maleate (Brewer & Sing, 1970); 2, phosphate/citrate (Harris, 1966); 3, discontinuous tris/citrate
(Poulik, 1957); 4, continuous tris/citrate (Selander et al., 1971).
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for linkage disequilibrium were signi®cant at
P < 0.001 for, Pgm±Hbdh, Pgm±Idh-1, Pgi±6Pgdh,
Hbdh±6Pgdh, 6Pgdh±Acph, and Idh-1±Aco-1. We fol-
lowed Ohta's (1982) analysis, which decomposes the
gametic associations observed in the whole data set
(DIT) into four indices, to discriminate the within
population component (DIS and D¢IS) from that
between populations (DST and D¢ST). For all pairs of
loci, DIS < DST and D¢IS > D¢ST, indicating that
genetic drift rather than selection is responsible for
the nonrandom genotypic association found among
Italian populations.

Analysis of geographical origin

Allozyme analysis conducted on Indonesian and Japa-
nese samples (native populations) and American sam-
ples (populations of recent introduction) revealed that
15 enzyme loci out of the 19 studied were polymorphic
among the tested populations. The remaining four loci
(Idh-2, Sod-1, Mdhp-2 and Aco-2) were found to be
monomorphic in all samples. The only di�erence from
the Italian populations is that Mdh-2 is polymorphic.
Table 2 shows the genetic variability values for the
studied populations. The values of heterozygosity (He)

Table 2 Values of genetic variability in populations of Aedes albopictus. A, mean number of alleles per locus; P95 and P99,
proportion of polymorphic loci, at the 95% and 99% criteria; He, expected average genetic heterozygosity per locus; SE,
standard error among 15 loci

Population code A P95 P99 He SE

ITALY
1 Montebelluna (TV) 1.9 0.67 0.67 0.219 (0.05)
2 Portogruaro (VE) 1.5 0.33 0.33 0.141 (0.06)
3 Breganze (VI) 1.9 0.67 0.67 0.231 (0.05)
4 Marano Vicentino (VI) 1.7 0.33 0.60 0.159 (0.06)
5 Maragnole (VI) 1.9 0.60 0.73 0.210 (0.05)
6 Albignasego (PD) 1.8 0.47 0.53 0.188 (0.06)
7 Rezzato (BS) 2.1 0.60 0.67 0.221 (0.06)
8 Desenzano (BS) 1.7 0.53 0.53 0.189 (0.06)
9 Lonato (BS) 1.7 0.33 0.53 0.134 (0.05)
10 Bancole (MN) 2.2 0.60 0.80 0.202 (0.05)
11 S. Giovanni in Persiceto (BO) 1.8 0.33 0.60 0.167 (0.06)
12 Calderara di Reno (BO) 1.7 0.47 0.53 0.152 (0.05)
13 Formigine (MO) 1.9 0.60 0.73 0.160 (0.04)
14 Gorzano d.M. (MO) 1.7 0.53 0.60 0.194 (0.05)
15 Cesena (FO) 1.8 0.60 0.60 0.171 (0.05)
16 Savignano sul Rubicone (FO) 1.9 0.47 0.67 0.182 (0.05)
17 Genova (GE) 1.9 0.53 0.60 0.164 (0.05)
18 Bientina (PI) 1.9 0.53 0.60 0.176 (0.05)
Mean 1.8 0.51 0.61 0.181 (0.05)

UNITED STATES
19 Bradenton (Florida) 1.7 0.40 0.60 0.128 (0.05)
20 Lake Charles (Louisiana) 1.7 0.47 0.60 0.156 (0.05)
Mean 1.7 0.43 0.60 0.142 (0.05)

JAPAN
21 Choralcuji (Japan) 2.1 0.53 0.87 0.177 (0.05)
22 Okinawa (Japan) 1.9 0.47 0.73 0.168 (0.04)
23 Tanegashima (Japan) 2.1 0.80 0.80 0.198 (0.04)
24 Tnmaji (Japan) 2.1 0.53 0.73 0.167 (0.04)
Mean 1.8 0.58 0.78 0.177 (0.04)

INDONESIA
25 Bali (Indonesia) 2.2 0.73 0.87 0.188 (0.04)
26 Ujung Pandang (Sulawesi I Indonesia) 2.3 0.73 0.87 0.330 (0.05)
27 Ujung Pandang (Sulawesi II Indonesia) 2.3 0.80 0.80 0.311 (0.05)
28 Toili (Sulawesi Indonesia) 2.1 0.67 0.87 0.152 (0.03)
Mean 2.2 0.73 0.85 0.245 (0.04)
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in the temperate native populations are not signi®cantly
higher than those of the Italian ones.
Genetic relationships among the populations studied

are illustrated by multidimensional scaling ordination
(Fig. 2). Italian populations cluster together with
American and Japanese ones, whereas samples from
Indonesia are widely apart. There is a great separation
between one pair of Indonesian populations, 28 and 25,

and the other, 27 and 26. This pattern re¯ects the genetic
heterogeneity in allele frequencies observed at four loci,
G-3-pdh, Idh-1, Acph and Pgm, in these native popula-
tions. A similar variation was also found by Black et al.
(1988) at loci G-3-pdh, Idh-1 and Pgm in Malaysian and
Bornean populations. The high genetic di�erentiation
among these samples suggests a geographical isolation
among islands throughout Indonesia. Further research
is needed to understand if the di�erent allele frequencies
are maintained by low migration among populations or/
and by the action of selective pressures.

Discussion

The used tyre trade with the United States has been
identi®ed as one of the factors responsible for the
introduction of Ae. albopictus into Italy (Dalla Pozza
et al., 1994). The high genetic a�nity between the
United States populations and the Italian populations
support this hypothesis. Aedes albopictus must have
been introduced into Italy by a large number of founder
individuals, as demonstrated by the genetic variability
values of Italian populations being similar to those of

Fig. 2 Plot of the ®rst two dimensions of a multidimensional scaling ordination (Guttman, 1968), based on modi®ed Rogers'
distance (DT; Rogers, 1972; Wright, 1978), showing genetic relationships among Italian, American, Japanese and Indonesian
samples of Aedes albopictus.

Table 3 Hierarchical F-statistics for Aedes albopictus. FIS,
subpopulations within provinces; FIP, provinces within
regions

FIS FIP

F over all loci 0.1101 0.0026

Jackkni®ng over populations
Average 0.1131 0.0031
SD 0.0150 0.0128

Bootstrapping across loci
Upper 0.1350 0.0234
Lower 0.0852 )0.0192
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Japanese populations. Data on the international trade in
used tyres reported by Reiter (1998) showed that Italy
imported 44 687 used tyres from United States during
1989±94; 48 032 from Japan during 1988±95; 1550 from
Taiwan during 1989±94. The newly introduced popula-
tions show a genetic structure quite similar to native
Japanese populations, have been able to colonize new
localities, increase their population sizes and compete
with autocthonous species such as Culex pipiens (Celli
et al., 1994). Although it is not possible to ascertain how
many localities were colonized directly from abroad,
following its arrival, the species spread, expanding the
colonized area and increasing its population size. As a
result, only 5 years after its ®rst detection (although the
species was probably introduced undetected before
1990) Ae. albopictus had rapidly expanded throughout
northern and central Italy.

The colonizations of Ae. albopictus into Italy have
followed a trend similar to those in the U.S. (Black
et al., 1988), with large and repeated introductions. Its
success is related to its biological and ecological char-
acteristics, conferring adaptation to urban environments
with temperate climates. In addition, however, the
genetic characteristics of the colonizing groups seem to
have played an important role in this success. The
greater the size of the original colonizing group the
higher is the probability that a population will become
successfully established (McCauley, 1989).

In spite of the remarkable genetic homogeneity
observed at a larger geographical scale, a high genetic
di�erentiation was found among Italian populations,
even those geographically close (only 10±20 km apart),
suggesting the existence of local genetic drift. Analysis
of linkage disequilibrium also suggested genetic drift,
which can arise from a patchy distribution of the local
populations, along with low dispersal and perhaps
local founder events. For Ae. albopictus about 200 m
is the maximum range of adult displacement from the
breeding site during its life time (Hawley, 1988). This
information is critical for future control. Severe
restriction of gene exchange through habitat fragmen-
tation could turn out to be a good strategy to control
the expansion of this mosquito. Only continuous cam-
paigns at source focused on reduction of the number
of breeding localities, by creating barriers, could lead
to a future loss of genetic variation, reducing the
organism's chances of further local expansion, and
increasing our control capacity. Future research will
evaluate how di�erent control measures (strong or
weak, larvicides or adulticides, with or without source
reduction activity) may in¯uence the evolution and
expansion of new breeding populations, with the aim
of planning a more e�cient control programme.
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