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Abstract

Repeat sequences of approximately 100 base pairs in length were found in the rDNA ITS2 region
of Anopheles barbirostris van der Wulp (Diptera: Culicidae) species Al, A2, A3, A4, and An.
campestris-like in the An. barbirostris complex. Variation in the number of repeats was observed
among the five sibling species. Specifically, 10 repeats were observed in Al, eight in A2, A4, and
campestris-like, and three in A3. Based on similarities in the sequences of the repeats, related
repeats were classified into nine groups. Although A2, A4, and the campestris-like species had
the same number of repeats, the 1TS2 region of the three species contained different groups of
repeats. Excluding the repeat sequences facilitated good alignment of the ITS2 region in the five
sibling species. Phylogenetic analyses of the 95 isolines were compared with results obtained
from mitochondrial genes (COI and COII). The results revealed marked differences among the
five sibling species, particularly regarding the 1TS2 region of A3, which was more distinct from
the other four species than COIl and COIl. Repeat sequences in the ITS2 region of other
Anopheles species retrieved from GenBank also were analyzed. New repeat sequences were
found in An. beklemishevi Stegnii and Kabanova, An. crucians Wiedemann and An. funestus
Giles, suggesting that the occurrence of repeat sequences in the ITS2 region are not rare in
anopheline mosquitoes.
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Introduction

Anopheles (Anopheles) barbirostris van der
Wulp and An. campestris Reid (Diptera:
Culicidae) both belong to the Barbirostris
subgroup of the Myzorhynchus series, and are
natural vectors of both malaria, due to
Plasmodium vivax Grassi and Feletti
(Haemosporida: Plasmodidae), and filariasis,
caused by periodic Brugia malayi Brug
(Spirurida: Onchocercidae) in Malaysia and
Indonesia (Reid 1968; Atomosoedjono et al.
1976; Kirnowardoyo 1985). In addition, these
mosquitoes are also suspected vectors of
malaria and/or filariasis in Thailand (lyengar
1953; Griffith 1955), where they may be
natural vectors of P. vivax in the
Aranyaprathet district of Sa Kaeo province
(Limrat et al. 2001; Apiwathnasorn et al.
2002). Sattabongkot et al. (2004) also
considered that these vectors play an
important role in increasing P. vivax
infections in Thailand. In addition, the
overlapped adult morphology between An.
barbirostris and An. campestris has led to
problems in species identification, particularly
when using damaged scales of wild-caught
females in the field (Harrison and Scanlon
1975). Recently, at least five species members
of the An. barbirostris complex, namely An.
barbirostris species Al, A2, A3, A4, and An.
campestris-like, have been discovered in
Thailand using cytogenetic and molecular
markers and crossing experiments (Saeung et
al. 2007, 2008; Suwannamit et al. 2009;
Thongsahuan et al. 2009).

The high interspecific divergence and low
degree of intraspecific divergence associated
with the internal transcribed spacer 2 (ITS2)
region of ribosomal DNA (rDNA) has been
applied widely to distinguish between closely
related Anopheles species, e.g., Maculipennis
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group (Porter and Collins 1991; Cornel et al.
1996; Proft et al. 1999) and the An.
culicifacies complex (Goswami et al. 2005).
In previous molecular analyses of the five
species in the An. barbirostris complex, ITS2
assays were capable of distinguishing between
closely related species (Saeung et al. 2007,
2008; Suwannamit et al. 2009; Thongsahuan
et al. 2009). However, unlike most Anopheles
species, in which the 1TS2 region ranges from
200 to 600 base pairs (bp) (Wilkerson et al.
2004), the ITS2 region of the five species of
the An. barbirostris complex is not only
longer than 900 bp, but it also varies between
these species. The primary objective of this
study was to characterize the extra length and
size variation of ITS2 in the An. barbirostris
complex resulting from repeat sequences.
Existence of the repeat sequences made it
difficult to align the 1TS2 sequences of the
five species. However, by excluding the
repeat sequences, clear alignment of the ITS2
region could be obtained. Based on these
sequence alignments, phylogenetic analyses of
the five species were conducted and compared
with phylogenies that were estimated using
the mitochondrial cytochrome ¢ oxidase
subunits 1 and Il (COI and COIl). Anopheles
fluminensis also included three repeats (125
bp each) in the ITS2 region (Brelsfoard et al.
2006), suggesting that other Anopheles
species may also have repeat sequences in this
region. Therefore, another objective of this
study was to interpret the present findings
within the context of repeat sequences in the
ITS2 region of other anopheline mosquitoes
deposited in GenBank.

Materials and Methods
The ITS2, COI, and COIl sequences of 95

isolines of An. barbirostris species Al (n =
39), A2 (n=15), A3 (n=3), A4 (n=3), and
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An. campestris-like (n = 35) were obtained
from the GenBank database (Supplementary
Table). The repeat sequences of the ITS2
region were aligned using the MARNA web
server, based on the primary sequence and
secondary structure as a default setting
(Siebert and Backofen 2005; www.bioinf.uni-
freiburg.de/Software/MARNA/index.html).
Phylogenetic trees were estimated from the
repeat sequence data using the neighbor
joining (NJ) and bootstrapping algorithms
implemented in the MEGA software package
version 4 (Tamura et al. 2007). Genetic
distances were estimated by the Jukes-Cantor
model with pairwise deletion of gaps.

Phylogenetic trees of all 95 isolines of the An.
barbirostris complex were generated based on
ITS2, COI, and COIl sequences using
distance, maximum likelihood (ML), and
maximum parsimony (MP) methods. To
analyze the 1TS2 region, the repeat sequences
were removed and the remaining sequences
were aligned by Clustal W (Thompson et al.
1994). Combined COI and COIIl sequences
were aligned using the sequences of An.
gambiae Giles (NC_002084) and An. pullus
Yamada (AY444349 and AY444350) as
outgroups. The phylogenetic trees of ITS2
were left unrooted, because an outgroup with
an easily aligned ITS2 region was not
available and gaps were excluded from the

An. bari

arbirostris A1 T T

whrosa A2 T T
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An. compestris-tke —— _—
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dirostris A3 e—( ] ] e

Figure 1. ITS2 characteristics of five sibling species in the Anopheles
barbirostris complex. Each repeat unit is represented by a rectangle,
and the designated name of each repeat is shown above the
rectangle. Colors of the repeats correspond with the groups shown
in Figure 3; white-colored repeats did not cluster with any of these
groups. Despite belonging to different species, the repeats shown
with an asterisk (Al-10, A2-8, and ca-8) clustered with high
associated bootstrap values. The ITS2 region, except for the repeat
sequences, is shown by the bold line. The 5.8 and 28S rRNA genes
flanking the ITS2 region are shown by a thin line. Dots indicate gaps.
High quality figures are available online.
(.
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alignments. For the distance analyses, the NJ
algorithm was used, as described above,
except for gap treatment. For ML, the best-fit
models for the ITS2 and COI+COII sequences
were selected using the hierarchical likelihood
ratio test implemented in Modeltest 3.06
(Posada and Crandall 1998). The models
selected were HKY+I for ITS2 and GTR+I+I"
for COI+COIl. The ML trees for the selected
models were generated by PhyML 3.0
(Guindon and Gascuel 2003). For the MP
analysis, the trees were generated using the
default heuristic search option in PAUP* 4.0
b10, with ten random-addition sequence
replicates  (Swofford 1998). Bootstrap
analyses for the 1000 replicate datasets were
performed for each tree to assess the statistical
support for the nodes. Dot plot analyses were
conducted to scan the ITS2 sequences of
Anopheles species in GenBank for repeat
sequences using the BioEdit program (Hall
1999). However, since short repeats were
difficult to identify on plots, only repeat
sequences longer than 30 bp were detected.

Results

Repeat sequences in the ITS2 region of the
five species in the An. barbirostris complex

Comparisons of ITS2 sequence alignments
revealed that all five sibling species in the An.
barbirostris complex contained sequences
repeated tandemly, with each repeat sequence
~ 100 bp long. An. barbirostris species Al
had ten repeats; A2, A4, and An. campestris-
like had eight; and A3 had three (Figure 1).
The sequences flanking the repeats in the five
species were conserved, suggesting that the
repeats were located at the same position.
Since substitutions and indels had occurred
among the repeat sequences, the relationships
among the repeats were examined. First, the
ITS2 sequences representing each of the five
species (Al, AB331555; A2, AB331551; A3,
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al-1 GGGTGTGACTTCTGC-CCGTT--GTGCTGC--CC-GTAGCT--A-CGT--TTGGC-CAGTATTG-GCTATT--CCTCT---GGCTAT-GA-CGT-GGT-CC--AGTCG-GGACG-GGGTC-CAT-C-C~
al-5 GGGTGTGTCAACTGC-CCGTT--GCGCTGC--CC-GTAGCT--A-CGT--TTGGC-CAGTATTG-GCTATT--CCTCT---GGCTAC-GA-CGT-GGT-TC--AGTCG-GGACG-TTGGC-CAC-C~-C~
al-8 GGGTGTGTCTACTGC-CCGTT--GCGCTGC--CC-GTAGCT--A-CGT--TTGGC-CAGTATTG-GCTATT--CCTCT---GGCTAC-GA-CGT-GGT-TC--AGTCG-GGACG-TGGGC-CAC-C-C~
al-4 GGGTGT-TCAGCGGT-CTGCTGGGCGCTGC~-CC~-GTAGCT--A-CGT--TTGGC-CAGTATTG-GCTATT--CCTCT---GGCTAC-GA-CGT-GGT-TCCCAG-TA-GGACG-AGGTC-CAC-C-C~
al-7 GGGTGTGTCAGCGGT-CTGCTGGGCGCTGC--CC~GTAGCT--A-CGT--TTGGC-CAGTATTG-GCTATT--CCTCT---GGCTAC-GA-CGT-GGT-TCCCAG-TA-GGACG-AGGTC-CAC-C-C~
al-3 GGGTGTGTCAACGGA-CTGCTGGGCGCTGC--CC~-GTAGCT--A-TGT--TTGGC-CAGTATTG-GCTATT--CCTCT---GGCTGC-GA-CGT-GGT-TCCCAG-TA-GGACG-GGGGC-CAT-C-C—
a4-1 GGGTGTG-CAACGGA-CTGCTGGGCGCTGC--CCTGTAGCA--T-GGAACTTGGC-TTGTCATGAGCTGTT--CCGCACAATGCTACGGTGCGT-GGT-TCCCAG-TA-GGACG-GGGTTACAC-C-C—
a4-3 GGGTGTG-CAACGGC-CTGCTGEGCGCTGC--CCTGTAGCA--T-GGAACTTGGC-TTGTCATGAGCTGTT--CCGCACAATGCTACGGTGCGT-GGT-TCCCAG-TA-GGACG-GGGTTACAC-C-C~
A4-5 GGGTGTG-CAACGGC-CTGCTGEGCGCTGC--CCTGTAGCA--T-GGAACTTGGC-TTGTCATGAGCTGTT--CCGCACAATGCTACGGTGCGT-GGT-TCCCAG-TA-GGACG-GGGTTACAC-C-C~
a4-7 GGGTGTG-CAACGGC-CTGCTGGGCGCTGC--CCTGTAGCA--T-GGAACTTGGC-TTGTCATGAGCTGTT--CCGCACAATGCTACGGTGCGT-GGT-TCCCAG-TA-GGACG-GGGTTACAC-C-C~
ca-1 G-CAACGGT-CTGCTGGGCGCTGC--CC! GCA--T-GGATCT-GGC-CATTCGTGAGCTGAT--CCGCACAATGCTACGETGTGT-GGT-TCCCGG-TG-GGACG-GGGTTACAC-C-C~
ca-3 GGGTGTG-CAACGGT-CTGCTGGGCGCTGC--CCTGTAGCA--T-GGATC-TGGC-CATTCGTGAGCAGAT--CCGCACAATGCTACGGTGTGT-GGT-TCCCGG-TG-GGACG-GGGTTACAC-C-C~
ca-5 GGGTGTG-CAACGGT-CTGCTGGGCGCTGC--CCTGTAGCA--T-GGATCT-GGC-CATTCGTGAGCTGAT--CCGCACAATGCTACGGTGTGT-GGT-TCCCTG-TG-GGACG-GGGTTACAC-C-C~
ca-7 GGGTGTG-CAACGGA-CTGCTGGGCGCTGC-—~CCTGTAGCA--T-GGATCT-GGC-CATTCGTGAGCTGAT--CCGCACAATGCTACGGTGTGT-GGT-TCCCGG-TA-GGACG-GGG-TACAT-C-C—
a2-1 GGGTGTGTCAACGGA-CTGCTG--TGCTGC--CC-GTGGCG--A-AGG--TTGGC-CATACTTGAGCCTTT--CCG-A---TGCTGC-GA-CGT-GGT--CC-AG-TG-GGACG-GGGTC-CAT-C-C—
A2-4 GGGTGTGTCAACGGA-CTGCTG--TGCTGC--CC-GTGGCG--A-AGA--TTGGC-CATACTTGAGCCTTT--CCG-A---TGCTGC-GA-CGT-GGT--CC-AG-TG-GGACG-GGGTC-CAC-C-C~
A2-6 TGGTGTGTCAACGGA-CTGCTG--TGCTGC--CC-GTGGCG--A-AGA--TTGGC-CATACTTGAGCCTTT--CCG-A---TGCTGC-GA-CGT-GGT--CC-AG-TG-G-ACG-GGGTC-CAC-C-A—
a3-1 GAGTGTGTCAACGGA-CTGCTCGGETGCTGC--CC-GT——————————————~ GGC---GAAA---GCC -GCG-GT T C-AG-TG-GGACG-GAGTC-CAT-T-C-
al-2 GGGTGTGTCAAAGGT-TTGCTG--TGCCGC~--CC-GCAGCC~--C-GGA--ATGGT-GCGTC. ‘CACT--TCGGA TTGC-GG-C-TCGGA-C-C-GG-TA-AGCTG-GAGGCACAT-C-C-
al-6 GGGTGGGTCAAAGGT-TTGCTG--TGCCGC--CC-GCAGCC--C-GGA--ATGGT-GCGTC. ‘CACT--TCGGA TTGC-GG-C-TCGGA-C-C-GG-TA-AGCTG-GAGGCCCAT-C-T-
al-9 GGGTGTGTCAATGGT-TTGCTG--TGCCGC--CC~-GCAGCC--C-GGA--ATGGT-GCGTCA-GTGCCACT--TCGGA--—-GTTGC-GG-C-TCGGA-C-C-AG-TA-AGCTG-GGGGC-CAC-C-C~

A2-5 GGGTGTGTCAACGGT-TTGCTGTGTTCTGC--CC-GTGGTGGTA-GGA--TTGGC-CAGTCATGAGCCAGT--CCGAA-~-—-GCCGC-GA-CGT-GGG-CC—-AG-TA-AGTCG-GGGGC-CAT-C-C—
az2-7 GGGTGTGTCAATGGT-TTGCTGTGTTCTGC--CC-GTGGTGTTA-AGA--TTGGC-CAGTCATGAGCCAGT--CCGAA--—-GCCGC-GA-CGT-GGG-CC—-AG-CA-AGCTG-GGGGC-CAT-C-C—
a4-2 GGGTGTGTCTGCTGTCCCGTT--GTGCTGC--CC-GTAGAA--A-AGA--TTGGC-CATACATGAGCCATT-TCTGGA-———— CTAC-GA-CGT-AGT-GC--AG-CG-GGTGG-TGGGC-CAT-C-C—
A4-4 GGGTGTGTCTGCTGTCCCGTT--GTGCTGC--CC~-GTAGAA--A-AGA--TTGGC-CATAC. CATT-TC TAC-GA-CGT-AGT-GC--AG-CG-GGTGG-TGGGC-CAT-C-C—
A4-6 GGGTGTGTCTGCTGTCCCGTT--GTGCTGC--CC-GTAGAA--A-AGA--TTGGC-CATAC.

CATT-TC' TAC-GA-CGT-AGT-GC--AG-CG-GGTGG-TGGGC-CAT-C-C-

24-8 GGGTGTGTCTGCTGTCCCGTT--GTGCTGC--CC-GTAGAA--A-AGA--TTGGC-CAGTCATGAGCCATT-TCTGGA-———— CTAC-GA-CGT-AGT-GC--AG-CG-GGTGG-TGGGC-CAT-C-C-
ca-2 GGGTGETTCTGCTGC-CCGCT--GTGCTGC--CC~-GTAGCT--T-AGA--TTGGC-CAGTCATGAGCCAGT--CAGC----GGCTGC-GA-CGT-GGT-GC--AGTCG-GGACG-TGGTC-CAT-C-C~
ca-4 GGGTGGTTCTGCTGC-CCGCT--GTGCTGC--CC~-GTAGCT--T-AGA--TTGGC-CAGTCATGAGCCAGT--CAGC----GGCTGC-GA-CGT-GGT-GC--AGTCG-GGACG-TGGTC-CAT-C-C~
ca-6 GGGTGETTCTGCTGC-CCGCT--GTGCTGC--CC~-GTAGCT--T-AGA--TTGGC-CAGTCATGAGCCAGT--CAGC----GGCTGC-GA-CGT-GGA-GC--AGTTG-GGACG-TGGAC-CAT-C-C~
a2-3 GGGTGCGTCAACGGT-CAGTTG--TGCTAG--CC-GTGGCA--A-CGT--GTGGC-CAGTCATGAGCCATG--CCG-AG---GCTGC-GT--GTTGG—-G-C-AACAG-GACCG-GAGGC-CAT-C-C—
a3-3 TGGTGTGTCGTC----CAGTTC--AGTTGT————— GT-GC————- TGC-CCGT! A-TCGC-GT- TCA TC: AGT-GGCT! TG-GAA GCATACTCC
a2-2 GGGTGTGTCGCCGT-C-TAGT--GTGCTTC--CC-ATGGAG--ATTGA--TTCGCGCCTTTG-GEGTGGGA--TTAGC----TGCCGT-GG-TGC-GGT-TC--AC-AG-GGACG-GAGGC-CAC-C-C~
A3-2 GGGTGCGTTGTCGT-CCAGCT--TTGCTGTGGCC-ATGGAGTGGTAGATGCATG--CTTTCG-G-GT-GTGCTCTARAC--TGCCGTGGTGC AGT A TCGGAC! -CAC-C-C-
21-10 GGGTGTGTTGTCAT-CGTGCT--GTGCTGC--CC AGC-CTCGGC--CTTCG-G-GCTGTGGTCTTGC---TGACGC-GG-TGT-AGT--C~--GG-TACTGGTG-GGGAC-CAT-C-C~

ca-8 GGATACGTGTCCAT-CGTGCT--GTGCTGG--CC-GTGGGGCA--AGA-TTCGGT-CCATTG-G-GCTGTGGTCTTGC---TGACGC-GG-TGT-AGTGTC--AG-TGCTGTTG-GGGGC-TAT-C-C~

aA2-8 GGGTGTGTTGTCAT-CGTGCC--GTGCTGC~-CC-GCGGGGCGA--GC-TTCGGT-CCTTCG-GGGCCGTTGTCTTGC - --TGACGC-GG-TGT-GGT--C~-GG-TGCTGATGGTGGAC-CAC-C~-T~

FE R TS PO SO & S ok O S s S R MR & L ¢ £ 0 PO Fotttt ot tte e PP _fo_ofe_o H_o fo_ Tttt Tt

Figure 2. Alignment of the 37 repeat sequences from the ITS2 region of each of the five sibling species in the Anopheles

barbirostris complex using the MARNA web server. Dashes indicate indels. Corresponding 1 indicate positions at which

nucleotides were conserved in more than 50% of the repeats. High quality figures are available online.
.
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AB362232; A4, AB373939; An. campestris-
like, AB331563) were selected according to
frequency of occurrence in each species. In
this way, the 37 repeat sequences extracted
from the ITS2 sequences of the five species
were named; Al-1 to A1-10 (10 repeats), A2-
1 to A2-8 (8 repeats), A3-1 to A3-3 (3
repeats), A4-1 to A4-8 (8 repeats) in the An.
barbirostris species, and ca-1 to ca-8 (8
repeats) in the campestris-like species (Figure
1). The repeats were composed of inverted
sequences, suggesting that they either formed
secondary structures by themselves or in
conjunction with other repeats. Most of the
repeats had conserved sequences at both ends;
GGGTG at the 5.8S rRNA-end and
CA(C/T)CC at the 28S rRNA-end.

Alignments based on primary sequence and
secondary structure were performed (Figure
2), and an NJ tree was constructed based on
the alignments (Figure 3). In order to examine
the structural characteristics of the repeats in
each species, sequences separated by genetic
distances of less than 0.1 were classified as

the same group. Nine groups were formed,
and seven repeats remained ungrouped
(Figure 3). The groups of repeats were
correlated with species. The three ungrouped
repeats, Al1-10, A2-8, and ca-8, however,
were clustered in the NJ tree with a high
bootstrap value. These repeats were located
closest to the 28S rRNA. Species A4 and
campestris-like had eight similar repeat
sequences consisting of tandem units that
comprised one repeat from groups 3 and 8,
and one from groups 4 and 9, respectively.
The NJ tree demonstrated that group 3 and 8
were the most closely related to groups 4 and
9, respectively. However, the campestris-like
species had ca-8, which was not found among
any of the groups in the A4 and campestris-
like species. A2 also included eight repeats,
which had a different structure from those of
the A4 and campestris-like species. Al had 10
repeats belonging to groups 1, 2, and 6. A3
had three repeats, two of which were short in
length; A3-1 and A3-3 were only 74 bp and
81 bp long, respectively, while the other 35
repeats were 95-112 bp in length. The three
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repeats of A3 had diverged considerably from
one another, and did not belong to any group.
In the NJ tree, A3-1 was placed closely to
group 5, which included A2-1. In addition,
A3-2 and A3-3 were grouped closest to A2-2
and A2-3, respectively, indicating that the
array of the three repeats, A3-1, A3-2, and
A3-3 was distantly related to A2-1, A2-2, and
A2-3.

Phylogenetic relationship between the five
sibling species of the An. barbirostris
complex

Phylogenetic trees of the 95 isolines were
generated based on the alignment of ITS2
sequences (Figure 4A). Each species was
clustered in all of the trees and very little
intraspecific variation was observed. A3 was
placed separately from the other four species.
Phylogenetic trees also were constructed
based on the combined sequences of the
mitochondrial COl and COIIl genes (Figure
4B). With the exception of the Al isoline
(APbB27) in the ML analysis, all species were
separated. However, the relationships between
A2, A4, and campestris-like were not clearly
estimated. Marked differences between the
trees of the two regions were observed. First,
A3 was placed more closely to the other four
species in the trees of the mitochondrial genes
than in those of ITS2. Second, A2 was related
closely to Al in ITS2, but clustered with A4
and campestris-like in the mitochondrial
genes.

Repeats in the
Anopheles species
ITS2 sequences of more than 120 Anopheles
species deposited in GenBank were surveyed
for the presence of repeat sequences by dot
plot analyses. Consequently, An. funestus
Giles (AF062512), An. beklemishevi Stegnii
and Kabanova (AY593958), and An. crucians
complex (species A, AY?245553; species B,

ITS2 region of other

Otsuka
s N
Al-l
group 1
group 2
group 3
group 4
9s5|Al-2
‘WF—L/\I 6 group 6

91 l.~\l«~l

——{“‘ s - group 7

Ad2
88) Ad-4 group 8
100 Ad-6
- A4-8
% ?\«4-4 l group 9
B ca-b
!7 A2-3
A3-3
60/ A2-
” A3-2

Al-10
Pumm— 2] ca-8
2]
b \E A28

Figure 3. Neighbor-joining tree, constructed using data from the 37
repeat sequences of the ITS2 region in each of the five sibling species
in the Anopheles barbirostris complex. Numbers above branches
indicate the bootstrap value (> 50%). Groups were formed based on
pairwise genetic distances of less than 0.1 between repeats, with
some exceptions. Although the distance between Al-1 and Al-5 was
0.109, Al-I was grouped with Al-5 and Al-8 because this inclusion
was supported by a high bootstrap value. The distances between the
three repeats (ca-l, ca-5, and ca-7) in group 4 and those in group 3
were less than 0.I. However, these two groups were grouped
separately based on high bootstrap values. Groups are indicated by
color bars to the right of the tree. The colors correspond to those
used for the groups of repeats in Figure |. High quality figures are
available online.

A J/

AY386963) were found to have repeats. An.
funestus and An. beklemishevi had two
repeats. An. crucians species B had three
types of repeats with different sequence
patterns. The number of repeats in each type
was two, five, and three, respectively. The two
repeats found in An. crucians species A had
sequence similarities to the type found in An.
crucians species B (Figure 5). These repeat
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Figure 4. N]J trees of the 95 isolines of the five sibling species in the
Anopheles barbirostris complex based on analysis of (A) the ITS2
region, with the repeat sequences excluded, and (B) combined
sequences of COIl and COIl. Values at tree nodes indicate the level
of support estimated by bootstrap replicates for distance, ML and MP
methods, respectively, with dashes indicating a lack of support for
the analysis. Colors indicate the isolines obtained in each species.

An. fluminensis

An. funestus 1

An. 1
An. crucians B

An, crucians A
bt 78S RNA

Figure 5. Schematic diagram of the ITS2 region in Anopheles
fluminensis (DQ328638), Anopheles funestus (AF062512), Anopheles
beklemishevi (AY593958), and Anopheles crucians B (AY386963) and A
(AY245553). Repeats are shown by rectangles, with different shading
patterns indicating no sequence similarity. The ITS2 region, excluding
the repeat sequences, is shown by a bold line. The 5.8 and 28S rRNA
genes flanking the ITS2 are shown by a thin line. Dots indicate gaps.
High quality figures are available online.

High quality figures are available online.
N J

sequences found in the ITS2 region of
Anopheles species were 40-200 bp in length,
and no sequence similarity was observed
between species except for repeats found in
the same species complex. Blast searches in
GenBank did not reveal any DNA sequences
having significant homology with the repeats.
Apart from the repeat sequences in the An.
barbirostris complex, secondary structures
and inverted terminal sequences were not
detected in the repeat sequences.

Discussion

At 938 to 1729 bp, the ITS2 region of the five
species in the An. barbirostris complex is
extremely large. Sequence comparisons
indicated that the unusual length of ITS2 was
due primarily to sequences repeated tandemly.
Considerable variation was observed in the
number and formation of the repeat regions in
the five sibling species of the An. barbirostris
complex. The repeats could be classified into
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groups based on the observed variation in the
sequences between species. With the
exception of An. barbirostris A3, the other
four species had repeats from the same group,
implying that concerted evolution occurred
between repeats of the ITS2 region in each
species. ITS2 is part of the rDNA cistron,
which is also repeated tandemly and
undergoes concerted evolution (Brown et al.
1972; Arnheim et al. 1980; Tautz et al. 1987;
Porter and Collins 1991). Thus, the repeat
sequences in ITS2 are subjected to concerted
evolution, at the level of being repeats
themselves and as tandem repeats of rDNA. In
concerted evolution, sequences of repetitive
elements are homogenized, which has
occurred in rDNA. However, the repeats in
the ITS2 region of An. barbirostris could be
classified into groups based on sequence
differences. In addition, several repeat
sequences belonging to different groups were
arrayed in turn. For example, the ITS2 region
of An. barbirostris species A4 consisted of
four tandemly arrayed units consisting of a
repeat from group 3 and one from group 8. It
appears that concerted evolution occurs as a
unit of two repeats in An. barbirostris species
A2, A4, and An. campestris-like, and as one
of three repeats in An. barbirostris species Al.
Furthermore, some repeats of an ITS2 region
do not appear subjected to concerted
evolution. The three repeat sequences of An.
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barbirostris species A3 (i.e. A3-1, A3-2, and
A3-3) were highly divergent, while Al-10,
A2-8, and ca-8, all of which belong to
different species, were related more closely
than other groups of repeats in the same
species. Molecular mechanisms, such as
unequal crossing over, gene conversion, and
transition have been proposed to explain the
concerted evolution in rDNA (Smith 1976;
Dover 1982, 2002; Eickbush and Eickbush
2007). Indeed, it is possible that different
mechanisms operate on concerted evolution of
repeats at these levels, i.e., at the level of the
repeat itself and at the general level of the
rDNA.

In the ITS2 region of Anopheles species,
simple tandem repeats (2-5 bp in length) are
observed frequently (Fritz et al. 1994; Cornel
et al. 1996; Xu and Qu 1997; Jariyapan et al.
2005; Li and Wilkerson 2007). Variations in
the type and number of simple repeats have
been used to distinguish between species of
the An. dirus complex (Xu and Qu 1997) and
An. albitarsis complex (Li and Wilkerson
2007), as well as populations of An.
nuneztovari Gabaldon (Fritz et al. 1994).
These simple repeats are thought to arise
partly due to slipped-strand mispairing
(Levinson and Gutman 1987). In this study, it
is shown that longer repeat sequences (> 30
bp) are included in the five sibling species of
the An. barbirostris complex, and also in
another four Anopheles species. These
findings indicate that although the generation
mechanism is unknown, the occurrence of
repeats in ITS2 is not rare in Anopheles
mosquitoes. For example, variation was
observed in the number of repeats between the
species A and B of An. crucians complex, and
the other species of An. crucians complex
were found to have no repeats in the 1TS2
region (Wilkerson et al. 2004). Similarly,
repeat sequences in the ITS2 region were

Otsuka

found in An. funestus and An. beklemishevi,
though several closely related species in the
same group had no repeats in the region
(Garros et al. 2004; Kampen 2005). While
some long ITS2 sequences from Anopheles
species have been deposited in the GenBank
database, they do not contain repeat
sequences. If the repeat sequences in the ITS2
region accumulated mutations, then repeat
detection would prove difficult. It is thus
possible that long |ITS2 regions, that
apparently lack repeat sequences, may have
contained repeats previously, and the
accumulated mutations resulted in some of
these sequences becoming relics. Indeed, the
three repeats in An. barbirostris species A3
are so divergent that finding any similarities
between them is difficult without comparing
them against the other four species in the An.
barbirostris complex. The core secondary
structure of ITS2 is conserved in a wide
variety of eukaryotic taxa (Schultz et al.
2005). However, no such conservation of
secondary structure has been observed in
Anopheles mosquitoes to date. This may be
one reason why the ITS2 region in some
Anopheles species contains repeat sequences,
which explains the observed size variation in
related species.

Exclusion of the repeat sequences from the
ITS2 region of the five species of An.
barbirostris  complex facilitated good
alignment. The resulting phylogenetic trees
showed that A3 was highly distinct from the
other four sibling species, which implies that
A3 may not be related to the other four
species as proposed by Paredes-Esquivel et al.
(2009). However, A3 had three repeat
sequences that were homologous to the
sequences found in the ITS2 region of another
member of the An. barbirostris complex. In
addition, the repeats in all five sibling species
were inserted at the same position, implying
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that the ITS2 region of these species had a
common origin. Furthermore, phylogenetic
analysis of the mitochondrial COI and COIl
sequence data placed Al almost equally
between A3 and the other species, indicating a
lack of support for the separation of A3 from
the other species obtained in the 1TS2 region
data. Although the phylogenetic status of A3
remains unclear, future analyses of sequence
data in other species of the Barbirostris
subgroup will further understanding of the
taxonomic position of A3 in this species
complex.
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. . . Supplementary table. A list of isolines used in this study with
Molecular BIOIOgy and Evolution 24(8) 1596- their GenBank accession numbers and localities in Thailand.

1599. e B i e :
An._barbirostris A1_[ACB1 AB331555 * | AB331574 | AB331593 |Chiang Mai

An. barbirostris A1 |ACB2 AB331556 | AB331575 AB331594 [Chiang Mai
An. barbirostris A1 |ACB3 AB331557 | AB331576 AB331595 [Chiang Mai
Tautz D, Tautz C, Webb D, Dover GA. 1987. A barbirostris Al [ACAT | AB362229 | AB362235 | AB362241 [Chiang Mai
E I . d . f d An. barbirostris A1 |ACA6 AB362230 | AB362236 AB362242 |Chiang Mai
An. barbirostris A1 |ACAS8 AB362231 AB362237 AB362243 |Chiang Mai
VO Utlonary Ivergence 0 promOterS an An. barbirostris A1 [ACB10 AB435957 AB435996 AB436035 |Chiang Mai
1 1 An. barbirosiris A1 |ATKB1 AB433939 | AB433998 AB436037 |Tak
Spacers In the rDNA famlly Of four An. barbirostris A1 _[ATKB2 AB433960 | AB435999 AB436038 |Tak
- - - - An. barbirostris A1 |ATKB3 AB435961 AB436000 AB436039 |Tak
Drosophila species. Implications for - barbinoris AU JATAAL | AB435962 | AB#36001 | AB436040 [Tk
- . . _— An. barbirostris A1 [AUbAT7 | AB435964 | AB436003 AB436042 |Ubon Ratchathani
molecular coevolution in mu|t|gene families. i barbirosiris AT |AUB2 | AB331558 | AB331577 | AB33159 [Ubon Ratchathani
An. barbirostris A1 |AUB6 AB331559 | AB331578 AB331597 |Ubon Ratchathani

Journa| Of MOlGCUlar B|0|0gy 195(3) 525_ An._barbirostris Al_|[AUBIO | AB331560 | AB331579 | AB331598 |Ubon Ratchathani

An_barbirostris Al_[AUBI AB331561 | AB331580 | AB331599 |Ubon Ratchathani
542 An. barbirostris A1 _[AUbBI9 | AB435965 | AB436004 AB436043 |Ubon Ratchathan:
. An._barbirostris A1_[AUbC4 AB435966 | AB436005 AB436044 |Ubon Ratchathan
An. barbirostris Al |AUBCI6 | AB435967 | AB436006 | AB436045 |Ubon Ratchathani
An. barbirostris Al [AKcAll AB435969 | AB436008 AB436047 |Kanchanaburi

L. . An_barbirostris A1_|AKeB6 | AB435970 | AB436009 | AB436048 |Kanc i
Thompson JD’ H|gg|n3 DG’ Gibson TJ. 1994. ,:n :.,»:{,..|,r,\ AT AKeBT | AB43S97T_| AB336010_| ABY36049_|Kanchanabur
An_barbirostris Al_|AKeBS | AB433972 | ABA36011 | AB436030 i
- ; A An_barbirostris A1 |ARbB2 | AB435973 | AB436012_| AB436051 |Ratchaburi
CLUSTAL W: Improving the SenSItIVIty of An_barbirostris A1_|APbBA__| AB435978 | AB436017 | AB436056 |Phetchaburi
. . . An_barbirostris Al_|APbB20 | AB433979 | AB436018 | AB436057 |Phetchaburi
progressive multiple sequence alignment A s [ osa | Seia [ e e
. . e . An_barbirostris Al_|APbB27 | AB435981 | AB436020 | AB436039 |Phetchaburi
through Sequence W9|ght|ng, p05|t|on-speC|f|C An._barbirostris A1_|APbB36 | AB435982 | AB436021 | AB436060 |Phetchaburi
) . i . An_barbirostris Al_|[APCI8 | AB331362 | AB33I581 | AB331600 |Phetchaburi
An_barbirostris A1_|ACpB7 | AB435987 | AB436026 | AB436065 |Chumphon
gap penaltles and WEIght matrlx ChOICE' An._barbirostris A1_[ACpB8 AB435988 | AB436027 | AB436066 |Chumphon
P P . [An_barbirostris A [ANsDI__|_AB433989 | AB436028 | AB436067 |Nakhon Si 1
Nucleic Acids Research 22(22): 4673-4680. i barhinsiris AL [HTgA2 | AB435990 | AB436029 | AB436068 [Trang
An_barbirostris A1 [HTgBT | AB435991 | AB436030 | AB436069 |Trang

An._barbirostris A1_|ATgAS AB435992 | AB436031 AB436070 |Trang
An._barbirostris A1_|ATgB6 AB435993 | AB436032 | AB436071 |Trang

i i Cin_barbirostris A1 |[ATgA13 | AB435994 | AB436033 | AB436072 |Trang

Thongsahuan S’ Balmal V’ OtSUka Y’ Saeung (An_barbirostris Al |[ATeB14_| AB435995 | AB436034 | AB436073 |Trang
i i An_barbirostris A2_|ALpAL | AB435058 | AB433997 | AB436036 |Lampang
A, Tuetun B, Ja”yapan N, Suwannamit S, An_barbirostris A2 |AUGAS | _AB435963 | AB436002 | AB436041 [Udon Thani

. . [n_barbirostris A2 |AUBBI__|_AB435968 | AB436007 | AB436046 |Ubon Raichathani

Somboon P, Jltpakdl A, Takaoka H, An_barbirosiris A2 |ARBAT | _AB435974 | AB436013 | AB436052 |Ratchaburi
. .. An_barbirostris A2 |ARbA3 | AB435975 | AB436014 | AB436053 |Ratchaburi
Choochote W. 2009. Karyotyp|c variation and An_barbirosiris A2_|ARbBA__| _AB435976_| AB436015 | AB436054 Fl:ldmhuri
AAn_barbirosiris A2 |ARDAS | AB435977 | AB436016 | AB436055 |Raichaburi
1 1 1 1 An_barbirostris A2 [APA13 [ AB331551 * | AB331570 | AB331589 |Phetchaburi
geographlc distribution of Anopheles An_barbirostris A2_|APAI4__| AB331552 | AB331571 | AB331590_|Phetchaburi
P H ; . P ; An._barbirosiris A2_|APATS | AB331553 | AB331572 | AB331391 |Phetchaburi
campestris-like (Diptera: Culicidae) in i arbiosiris A3 JAPOBT | ABA35983 | AB43602 | AB436061 [Pheichabur
An_barbirostris A2_|APA33 | AB331554 | AB331573 | AB331592 [Phetchaburi

Thailand. Memorias do Instituto Oswaldo Cin_barbirosiris A2 |APDAIS | ABA33984 | ABA6023 | AB436062 [Phetchaburi

An._barbirostris A2 [ACtA23 AB435985 | AB436024 | AB436063 |Ch

Cruz 104(4) 558-566. (A barbirosiris A2 |ACIB24_| AB433986 | AB436025 | AB436064_|Chanthaburi

An._barbirostris A3 [AKA2 AB362232 * | AB362238 | AB362244 |Kanchanaburi

An._barbirostris A3 [AKA3 AB362233 | AB362239 | AB362245 |Kanchanaburi

An_barbirostris A3_|AKAS | AB362234 | AB362240 | AB362246_|Kanchanaburi

. . . n_barbirostris AY [ACA9 | AB373939 * | AB373942 | AB373945 |Chiang Mai
Wilkerson RC, Reinert JF, Li C. 2004. An_barbirostris A3 |[ACA13 | AB373940 | AB373943 | AB373946 [Chiang Mai
. . . An_barbirostris A4 |ACAIS | AB373941 | AB373944 | AB373947 |Chiang Mai
Ribosomal DNA ITS2 sequences differentiate A campesiris-like [HICB9 | AB331363 * | AB331582 | AB331601 |Chiang Mai
) A . An_campestris-Tike_[HCBI0 | AB331563 | AB331583 | AB331602_[Chiang Mai
A campestris-like [HCBI3 | AB331565 | AB331584 | AB331603 |Chiang Mai

SIX'SPECIES IN the AnOphEles crucians Complex n_campestris-like [HCE6 | AB331366 | AB331585 | AB331604 |Chiang Mai
. . - - : An_campestris-like_[IICE7 | _AB331567 | AB331586_| AB331605_[Chiang Mai
(Dlptera. CU||C|dae). Journal of Medical An. campesiris-Tike |HCES AB331568 | AB331587 | AB331606 |Chiang Mai
. An. campestris-like [HCE16 AB331569 | AB331588 | AB331607 |Chiang Mai

Ent0m0|Ogy 41(3) 392-401. An_campestris-like |[HCmEI2 | AB436074 | AB436102 | AB436130_|Chiang Mai
An._campestris-like |[HCmET4 | AB436075 | AB436103 | AB436131 |Chiang Mai

An. campestris-like |[HCmEIS | AB436076 | AB436104 | AB436132 [Chiang Mai
An._campestris-like |HCmBI8 | AB436077 | AB436105 | AB436133 |Chiang Mai

1 An. ¢ estris-like |[HCmB20 AB436078 AB436106 AB436134 [Chiang Mai
XuJN, Qu FY. 1997. Ribosomal DNA i Tk BT T ADOMT T AT T DOty T e

An._campestris-like Kamphaeng Phet

. . An_campestris-like |HKpEIl | AB436080 | AB436108 | AB436136 |Kamphaeng Phet
difference between species A and D of the i campesiris ke JAAVFY | ABT3608T | AB136109 | ABA36137 [Phra Nakhon S Avuilhays
. . An._campestris-like [AAYF6 AB436082 AB436110 AB436138 [Phra Nakhon Si Ayutthaya
Anopheles dirus complex of mosquitoes from A campestriv-like |[AAYET | AB436083 | ABA36111 | AB436139_|Phra Nakhon Si Ayutihaya
An._campestris-like |AUdF3 AB436084 | AB436112 | AB436140 |Udon Thani
1 1 1 An._campestris-like [AUdF4 AB436085 | AB436113 | AB436141 [Udon Thani
China. Medical and VEterlnary EntomOIOQy An_campestris-like_|AUdFS | AB436086 | AB436114 | AB436142 |Udon Thani
11 2 . 134 138 An._campestris-like [AKKF| AB436087 | AB436115 | AB436143 |Khon Kaen
( ) - . An_campestris-like |AKKE4 | AB436088 | AB436116 | ABA436144 |Khon Kaen

An. campesiris-like |[AKKES AB436089 | AB436117 | AB436145 |Khon Kaen
An._campestris-like [AMsE3 AB436090 | AB436118 | AB436146 |Maha Sarakham
An. campestris-like [AMsE4 AB436091 AB436119 | AB436147 |Maha Sarakham
An. campestris-like |AMsES AB436092 | AB436120 AB436148 |Maha Sarakham
An._campestris-like [AMKE| AB436093 | AB436121 | AB436149 |Mukdah
An._campestris-like |ACIF] AB436094 | AB436122 | AB436150 |Chaiyaphum
An._campestris-like [HSKF1 AB436095 | AB436123 [ AB436151 |Sa Kaco
An._campestris-like [HSKE2 AB436096 | AB436124 | AB436152 |Sa Kaco

An. campestris-like |HSKE3 AB436097 | AB436125 | AB436155 |Sa Kaco
An._campestris-like [HCIE2 AB436098 | AB436126 | AB436154 |Ch b
An._campestris-like |[HCIF4 AB436099 | AB436127 | AB436155 |Chanthaburi

An. campestris-like |APKF1 AB436100 | AB436128 | AB436156 [f’rul)(mp Khiri Khan
An.campestris-like |ACpE6 AB436101 | AB436129 | AB436157 [Chumphon

* The accession numbers marked with an asterisk were used as
the representative sequences to analyze the relationship of repeat
sequences. T All isolines were collected in Thailand.
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