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Abstract. Sixteen isoline colonies of Anopheles paraliae were established from wild-caught
females collected from cow-baited traps at 4 locations in Thailand. They showed 3 types of
X (Xy, Xy, X3) and 5 types of Y (Yy, Y5, Y3, Yy, Y5) chromosomes based on the number and
amount of major block(s) of heterochromatin present in the heterochromatic arm, and were
designated as Forms A (Xs, Y;), B (X}, X;, X5, Yy), C (X5, Y3), D (X, X5, X35, Yy) and E (X3, Y5).
Form A was found in Songkhla Province, Form B was obtained in Ratchaburi, Nakhon Si
Thammarat and Songkhla Provinces, Form C was acquired in Chanthaburi Province, Form D
was recovered in Ratchaburi and Songkhla Provinces, and Form E was encountered in
Ratchaburi Province. Hybridization experiments among the 7 isoline colonies, which
represented the 5 karyotypic forms of An. paraliae, revealed genetic compatibility in providing
viable progenies and synaptic salivary gland polytene chromosomes through Fs;-generations,
and thus suggest the conspecific nature of these karyotypic forms. These results were
supported by the very low intraspecific sequence divergence (mean genetic distance =
0.000-0.002) of the nucleotide sequences in ribosomal DNA (ITS2) and mitochondrial DNA
(COI and COII) of the 5 forms.

INTRODUCTION

Anopheles paraliae Sandosham belongs to
the Hyrcanus Group of the Myzorhynchus
Series, of the subgenus Anopheles, and is
distributed widely along coastal regions of
southern Thailand, Malaysia (Malaysian
peninsular, Sabah and Sarawak), Brunei and
Vietnam (Reid, 1968; Harrison & Scanlon,
1975; Rattanarithikul et al., 2006). Originally,
An. paraliae was considered a subspecies
of Anopheles lesteri Baisas & Hu, but was
elevated to species status by Harrison et al.

(1991). Regarding 8 species members
(Anopheles argyropus Swellengrebel,
Anopheles crawfordi Reid, Anopheles
nigerrimus Giles, Anopheles nitidus
Harrison, Scanlon and Reid, An. paraliae,
Anopheles peditaeniatus Leicester,
Anopheles pursati Laveran, and Anopheles
sinensis Wiedemann) of the Thai Hyrcanus
Group; An. nigerrimus, An. peditaeniatus
and An. sinensis are considered as suspected
vectors of Plasmodium vivax in Thailand
(Baker et al., 1987; Harbach et al., 1987,
Gingrich et al., 1990; Frances et al., 1996;
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Rattanarithikul et al., 1996), while An.
sinensis has been incriminated as natural
vector of P. vivax in China and Korea
(Mourya et al., 1989; Liu, 1990; Chai, 1999;
Ree et al., 2001; Whang et al., 2002), and
Wuchereria bancrofti and Brugia malayi
in China (Sasa, 1976), and An. peditaeniatus
as a secondary vector of Japanese
encephalitis virus in China and India (Zhang,
1990; Kanojia et al., 2003). In addition, An.
nigerrimus was incriminated recently as a
potentially natural vector of Wuchereria
bancrofti in Phang Nga Province, southern
Thailand (Division of Filariasis, 1998). As for
An. paraliae, although it has never been
incriminated as a natural and/or suspected
vector of any human-diseases, it and other
seven species members are considered
economic pests of cattle because of their
vicious biting-behavior and their ability to
transmit cervid filariae of the genus Setaria
(Reid et al., 1962; Reid, 1968; Harrison &
Scanlon, 1975).

Regarding metaphase karyotypes,
extensive investigations have been
performed on 6 species of the Hyrcanus
Group. The results demonstrated that these
anopheline species exhibited genetic
diversity at the chromosomal level, resulting
in marked karyotypic variations via a
gradual increase in the extra block(s) of
heterochromatin on X and Y chromosomes.
These findings were An. sinensis Forms A
(X, Y) and B (X, Y5), An. nigerrimus Forms
A (X, YD and B (X, Ys), An. crawfordi Forms
A (Xl’ Xz, Yl) and B (Xl) X2, Yz), An.
argyropus Forms A (X, X5, Y;) and B (X}, X,
Y,), An. peditaeniatus Forms A (X5, Y,), B
(Xl, X27 XS’ Y2)7 C (X37 YS)’ D (Xl) XZ, XSa Y4)’ E
(Xl, Xz, XS,Y5) and F (Xz, Xg, YG), and 2 types
of X (Xj, Xy) and 1 type of Y chromosomes in
An. nitidus (Baimai et al., 1993; Choochote,
2011; Saeung et al., 2012). The marked
genetic variation at the chromosomal level
of each species, potentially results in the
existence of a species complex and
complicates identification of potential vector
species within the complex [sibling species
and/or subspecies members (cytological
races)], because of nearly identical
morphology or minimal morphological
distinction (Subbarao, 1998). As seen from
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the information above, there is obviously a
lack of cytogenetic evidence for An. paraliae,
that indicates the genetic proximity among
karyotypic variants within the taxon. Thus,
we report the metaphase karyotypes of An.
paraliae and determine the role of karytoypic
variants in generating post-mating barriers.
This was done by hybridization experiments
among karyotypic forms verified by DNA
sequence analyses of second internal
transcribed spacer (ITS2) of ribosomal DNA
(rDNA), cytochrome ¢ oxidase subunit I (COI)
and cytochrome ¢ oxidase subunit II (COII)
of mitochondrial DNA (mtDNA).

MATERIALS AND METHODS

Field collections and establishment of
isoline colonies

Samples of fully engorged females of An.
paraliae were collected from cow-baited
traps in 4 provinces of Thailand (Fig. 1, Table
1). A total of 16 isolines were established
and maintained in our insectary at Chiang
Mai University using the techniques
described by Choochote et al. (1983) and
they were used for studies on metaphase
karyotype, hybridization experiments and
molecular analysis.

Metaphase karyotype preparation
Metaphase chromosomes were prepared
from 10 samples of the early fourth-instar
larval brains of F;- and/or Fyo-progenies of
each isoline, using techniques previously
described by Saeung et al. (2007).
Identification of karyotypic forms followed
the standard cytotaxonomic systems of
Baimai et al. (1993).

Hybridization experiment

Seven isolines of An. paraliae were
arbitrarily selected from the 16 laboratory-
raised colonies representing the 5 karyotypic
forms, i.e., Forms A (Sk3A), B (Ns1B, Rt4B),
C (Chl1C), D (Rt7D, Rt8D) and E (Rt5E)
(Table 1). They were used for hybridization
experiments to determine post-mating
reproductive isolation employing the
techniques of Saeung et al. (2007). The
salivary gland polytene chromosomes of



F;-hybrids from these crosses were
examined using the techniques described
by Kanda (1979).

DNA extraction and amplification

An individual F; adult female from each
isoline of An. paraliae (ChlC, Rt1D, Rt2D,
Rt3D, Rt4B, Rt5E, Rt6D, Rt7D, Rt8D, RtOE,
Rt10D, Ns1B, Sk1B, Sk2D, Sk3A, Sk4D) was
used for DNA extraction and amplification.
Molecular analysis of 3 specific genomic loci
[second internal transcribed spacer (ITS2)
of ribosomal DNA (rDNA), cytochrome ¢
oxidase subunit I (COI) and cytochrome ¢
oxidase subunit II (COII) of mitochondrial
DNA (mtDNA)] was performed to determine
intraspecific sequence variation. Genomic
DNA was extracted using the DNeasy® Blood
and Tissue Kit (QIAGEN). The primers used
for PCR amplification and sequencing were
those reported by Saeung et al. (2007).
Amplifications were performed in a total

of 20 nl volumes containing 0.5 U Ex Taq
(Takara), 1X Ex Taq buffer, 2 mM of MgCl,,
0.2mM of each ANTP, 0.25 nM of each primer,
and 1 pl of the extracted DNA. For ITS2, the
conditions for amplification consisted of
initial denaturation at 94°C for 1 min, 30
cycles at 94°C for 30 sec, 55°C for 30 sec,
and 72°C for 1 min, and a final extension at
72°C for 5 min. The amplification profile of
COI and COII comprised initial denaturation
at 94°C for 1 min, 30 cycles at 94°C for 30 sec,
50°C for 30 sec, and 72°C for 1 min, and a
final extension at 72°C for 5 min. The
amplified products were subjected to
electrophoresis in a 1.5% agarose gel and
stained with ethidium bromide. Finally, the
PCR products were purified using the
QIAquick® PCR Purification Kit (QIAGEN)
and their sequences directly determined
using the BigDye® Terminator Cycle
Sequencing Kit and 3130 genetic analyzer
(Applied Biosystems). The sequence data
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Figure 1. Map of Thailand showing 4 provinces where samples
of Anopheles paraliae were collected and the numbers of isolines
of the 5 karyotypic forms (A-E) were detected
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of this paper have been deposited in the
DDBJ/EMBL/GenBank nucleotide sequence
database under accession numbers
AB733475-AB733522. The ITS2, COI and
COII sequenced obtained from this study
were also compared with sequences
available in GenBank (Table 1) using the
Basic Local Alignment Search Tool (BLAST)
available at (http://blast.ncbi.nlm.nih.gov/
Blast.cgi).

Sequencing alignment and phylogenetic
analysis

Sequences of ITS2, COI and COII were
aligned using the CLUSTAL W multiple
alignment programme (Thompson et al.,
1994) and edited manually in BioEdit version
7.0.5.3 (Hall, 1999). Gap sites were excluded
from the following analysis. Genetic
distances were estimated with the Kimura
two-parameter method (Kimura 1980).
Construction of neighbour-joining trees
(Saitou & Nei, 1987) and the bootstrap test
with 1,000 replications were conducted with
the MEGA version 4.0 programme (Tamura
et al., 2007).

RESULTS

Metaphase karyotype

Cytogenetic observation of F;- and/or Fs-
progenies of the 16 isolines which were
represented in 4 locations across 3 regions
(western, eastern, southern) in Thailand,
demonstrated that An. paraliae has the
typical chromosome number of 2n=6,
consisting of two pairs of autosomes
(submetacentric and metacentric) and one
pair of heteromorphic sex chromosomes
(XX in females and XY in males). Based on
the number and amount of major block(s)
of the heterochromatin present in the
heterochromatic arm of the sex chromo-
somes, 3 types of X (X;, Xy, X3) and 5 types
of Y (Y}, Yy, Y3, Yy, Y5) chromosomes were
obtained in this investigation (Fig. 2 and 3).
The X; chromosome has a small metacentric
shape with one arm euchromatic, and the
opposite one totally heterochromatic. The X,
chromosome is different from the X;
chromosome in having an extra block of
heterochromatin in the heterochromatic arm,
making it a long arm of submetacentric

X3

X3 X3

Figure 2. Metaphase karyotypic forms of An. paraliae. (a) Form A (Xs;, Y,),
(b) Form B (Xy, Y5), (¢) Form B (X, Y5), (d) Form B (X3, Y5), () Form B (X,
X5), (f) Form C (X3, Y3), (g) Form D (X;, Y,), (h) Form D (X, Y,), (i) Form D
(X3, Yy), (§) Form D (X,, X3), (k) Form E (X3, Y5), 1) Form E (X5, X3)
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Figure 3. Diagrams of representative metaphase karyotypes of Forms A, B, C, D and E

of An. paraliae

configuration. The X3 chromosome has a
large submetracentric shape that was slightly
different from the X, chromosome in having
an extrablock of heterochromatin at the distal
end of the long heterochromatic arm. A good
comparison of the size and shape between
X5 and X3 chromosomes can be seen in
heterozygous females (Fig. 2j). Similar to
the situation in the X chromosome, the Y
chromosome also exhibited extensive
variation in size and shape, due to differing
amounts and distribution of heterochromatic
block. Thus the Y; chromosome is a small
telocentric figure, which probably represents
the simple or ancestral form of the Y
chromosome (Fig. 2a). The Y, chromosome
has a small subtelocentric or acrocentric
shape that slightly differs from the Y;
chromosome which has a very small portion
of the short arm present (Fig. 2b-d).
Chromosome Ys has a large subtelocentric
shape that obviously differs from the Y,
chromosome in having an extra block of
heterochromatin at the distal end of the long
heterochromatic arm (Fig. 2f). The Y,
chromosome is clearly submetacentric, with
the short arm approximately 1/3 the length of
the long arm. It appears to have derived from

the Y3 chromosome by means of adding an
extrablock of heterochromatin onto the short
arm, and transferring it to a submetacentric
configuration (Fig. 2g-i). Chromosome Y5 has
a medium metacentric configuration, which
is slightly shorter than that in the Y,
chromosome. It could have arisen from the
ancestral Y; chromosome simply through
addition of 2 extra blocks of heterochromatin
onto the opposite short arm (Fig. 2k). Hence,
5 karyotypic forms were recognized based
on unique characteristics of the X and Y
chromosomes and they were designated as
Forms A (X3) Yl)) B (Xb XZ) X37 YZ)v C (XS) Y3))
D (Xl, Xz, X37 Y4) and E (X3, Y5) These
karyotypic forms were detected in different
locations as shown in Fig. 1 and Table 1.

Hybridization experiment

Details of hatchability, pupation, emergence
and adult sex ratio of parental, reciprocal and
F-hybrid experiments among the 7 isolines
of An. paraliae representing Forms A-E are
shown in Table 2. All crosses gave viable
progenies through the Fs;-generations. No
evidence of genetic incompatibility and/or
post-mating reproductive isolation was
observed among these crosses. The salivary
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gland polytene chromosomes of the hybrid
larvae from all crosses showed complete
synapsis without inversion loops in all
chromosome arms (Fig. 4).

DNA sequences and phylogenetic analysis
DNA sequences of the ITS2, COI and COII of
the 16 isolines of An. paraliae Forms A-E
were analysed. They all showed the same
lengths for ITS2 (448 bp), COI (658 bp) and
COII (685 bp) sequences. All 5 karyotypic
forms showed completely identical ITS2
sequences. Neighbour-joining (NJ) trees were
constructed in order to determine genetic
relationships among the 5 karyotypic forms
(Fig. 5). The 16 isolines were monophyletic
with high support in NJ tree (bootstrap values
100%). Obviously, the mean genetic distance
within and between the 5 karyotypic forms
exhibited no significant difference (0.000-
0.002) in these DNA regions. However, the
trees for ITS2, COI and COII of these isolines
(Forms A-E) were clearly different from the
3 species of the Hyrcanus Group, i.e., An.
peditaeniatus, Anopheles pullus Yamada
and An. sinensis, with strongly supported
bootstrap values (100%) (Fig. 5).

DISCUSSION

Investigations on metaphase karyotypes of
the 16 An. paraliae isolines from 4 locations
in 3 regions (western, eastern, southern)
across Thailand indicated that typical
metaphase karyotypes (2n=6) consist of
two pairs of autosomes (submetacentric and
metacentric) and one pair of heteromorphic
sex chromosomes. These metaphase
karyotypes can be distinguished on the basis
of size, shape, amount and distribution of
constitutive heterochromatin, similar to
those of 6 species (An. argyropus, An.
crawfordi, An. nigerrimus, An. nitidus, An.
peditaeniatus and An. sinensis) of the
Hyrcanus Group previously reported (Baimai
et al., 1993; Choochote, 2011; Saeung et al.,
2012). The 5 distinct karyotypic variants:
Forms A (XS, Yl), B (Xb XZ) XS; YZ): C (XS, YS),
D (Xl’ Xz, Xg, Y4) and E (X37 Y5), of An.
paraliae are due to additional extra block(s)
of heterochromatin on sex chromosomes
(X, Y), which means this study is keeping with
Baimai’s hypothesis that is an important
mechanism in the speciation process of
Oriental anophelines (Baimai, 1998). It also

Figure 4. Complete synapsis in all arms of salivary gland polytene chromosomes of F;-hybrids of An.
paraliae. (a) Sk3A female x Ns1B male; (b) Sk3A female x Rt4B male; (¢) Sk3A female x Ch1C male;
(d) Sk3A female x Rt7D male; (e); SKk3A female x Rt8D male; (f) Sk3A female x Rt5E male
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Figure 5. Neighbour-joining (NJ) trees inferred from sequences of 3 loci (a) ITS2, (b) COI and (c) COII
of the 16 isolines of An. paraliae compared with An. peditaeniatus, An. pullus and An. sinensis.
Numbers on branches are bootstrap values (%) after 1,000 replications. Bootstrap values under 50%
not shown. Branch lengths are proportional to genetic distance (scale bar)

could be used effectively as a primary genetic
marker for further recognitions of sibling
species and/or subspecies members within
the taxon Anopheles.

Hybridization experiments using isoline
colonies of Anopheles mosquitoes together
with data of cytology and molecular analysis
to determine post-mating barriers have
been proven so far as robust systematic
procedures for clarifying sibling species and
subspecies members within the taxon
Anopheles species (Kanda et al., 1981;
Baimai et al., 1987; Subbarao, 1998; Junkum
et al., 2005). The markedly distinct charac-
teristics of X (Xj, Xy, X3) and Y (Y, Yy, Yy,
Y,, and Y5) chromosomes among the 5
karyotypic forms of An. paraliae warrant
intensive determination of post-mating
barriers. Accordingly, hybridization
experiments were carried out among the 5
karyotypic forms, relating to their
comparative DNA sequences of ITS2, COIL,
and COIl in order to determine the degree of
genetic proximity. The results of no post-
mating reproductive isolation by yielding
viable progenies through Fs-generations and
synaptic salivary gland polytene
chromosomes indicate a conspecific nature,
comprising 5 cytological races within this
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taxon. The very low intra-specific sequence
divergence (mean genetic distance = 0.000-
0.002) of the nucleotide sequences of the
ribosomal DNA (ITS2) and mitochondrial
DNA (COI and COII) of the 5 karyotypic forms
were strong supportive evidence. Similar
results have been reported in Anopheles
vagus Forms A and B (Choochote et al.,
2002), An. pullus Forms A and B (=Anopheles
yatsushiroensis) (Park et al., 2003), An.
sinensis Forms A and B (Choochote et al.,
1998; Min et al., 2002; Park et al., 2008),
Anopheles aconitus Forms B and C (Junkum
et al., 2005), Anopheles barbirostris species
Al (Forms A, B and C) and species A2 (Forms
A and B) (Saeung et al., 2007; Suwannamit et
al., 2009), Anopheles campestris-like Forms
B, E, and F (Thongsahuan et al., 2009), and
An. peditaeniatus Forms A, B, C, D, Eand F
(Choochote, 2011; Saeung et al., 2012).
Additionally, this is the first report of crossing
experiments and molecular investigations
of An. paraliae using karyotypic markers.
In an investigation now in progress we will
use additional isolines to elucidate the
population-genetic structure of karyotypic
forms of An. paraliae in Thailand and/or
neighbouring countries.
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