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Abstract

Mitochondrial genome sequences are widely used as molecular markers for phylogenetic studies of mosquito
species complexes, such as the Anopheles albitarsis complex. Except for a few studies that employed a limited
number of nuclear or mitochondrial loci to address the genetic structure and species status of Anopheles cruzii,
Anopheles bellator, and Anopheles homunculus, little is known about genetic markers that can be employed in
studies focusing on Kerteszia species. The complete mitochondrial genomes of seven specimens of An. bella-
tor, An. cruzii, An. homunculus, and Anopheles laneanus were sequenced using long-range polymerase chain
reaction and lllumina sequencing. The mitochondrial genomes varied from 15,446 to 15,738 bp in length and
contained 37 genes (13 protein-encoding genes, 2 rRNA genes [ 7125 rRNA and 16S rRNA] and 22 tRNA genes),
and the AT-rich control region, as all do other Anopheles mitochondrial genomes sequenced to date.

Specimens from four populations of An. cruzii showed differences in codon composition.
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Malaria is one of the most important vector-borne diseases of people
living in tropical and subtropical regions. Six species of the
Apicomplexa parasitic protozoans of the genus Plasmodium
(Sutherland et al. 2010) cause malaria in humans. These
Plasmodium species can be transmitted by approximately 41 domi-
nant Anopheles Meigen species or species complexes worldwide
(Sinka et al. 2012). In the neotropical region, nine Anopbheles species
have been associated with the dynamics of human malaria and with
transmission of malaria parasites among nonhuman primates
(Duarte et al. 2006, 2008; Yamasaki et al. 2011; Sinka et al. 2012).
Anopheles (Kerteszia) mosquitoes are widely distributed from
Mexico to southern Brazil (Zavortink 1973, Marrelli et al. 2007).
There are 12 species recognized (Collucci and Sallum 2003); some
of them are involved in the dynamics of malaria transmission
(Forattini 2002). The following six species of the subgenus Kerteszia
have been reported in Brazil: Anopbheles bellator Dyar & Knab,
Anopbheles cruzii Dyar & Knab, Anopheles homunculus Komp,
occurring along coastal and mountain areas of Serra do Mar in the
Atlantic Forest domain (Zavortink 1973, Sallum et al. 2009);
Anopheles laneanus Corréa & Cerqueira, found in areas of Serra da
Mantiqueira (Sallum et al. 2000); Anopheles bambusicolus Komp,

which was reported from inland areas of the Atlantic Forest
(Luz et al. 1987); and Anopbheles neivai Howard, Dyar & Knab,
related to the northern Amazon River basin (Hutchings et al. 2005).

Among Kerteszia species that occur in Brazil, An. cruzii, An. bel-
lator, and An. homunculus are associated with the transmission of
Plasmodium vivax (Zavortink 1973, Forattini 2002) in the
Southeastern region of Brazil. Recently, specimens of An. cruzii
from southeastern Atlantic Forest were found naturally infected
with Plasmodium falciparum (Laporta et al. 2015).

Chromosomal banding pattern of the ovarian polytene chromo-
somes suggest that there are three putative species under the name
An. cruzii, An. cruzii A, An. cruzii B, and An. cruzii C (Ramirez and
Dessen 1996, 2000). A series of four studies employing various
nuclear loci (Rona et al. 2009, 2010a,b, 2013) corroborated this
hypothesis. Unfortunately, it is not possible to correlate the differen-
ces reported by Ramirez and Dessen (1996, 2000) with those found
by Rona et al. (2009, 2010a,b, 2013). This indicates that further
studies will be necessary to test and corroborate the hypotheses of
An. cruzii may be a species complex. An. homunculus may be a spe-
cies complex in South America. Morphological differences in the
male genitalia, fourth-instar larva and pupa, and differences in the
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ITS2 region of the ribosomal gene suggest that An. homunculus may
be a species complex (Sallum et al. 2009). Additionally, that
Anopheles anoplus Komp is currently in synonymy with An. homun-
culus shows the need to address the taxonomic status of these two
species.

Mitochondrial and nuclear DNA sequences provided useful
markers for species identification (Bourke et al. 2013), inferring
phylogenetic relationships within the subfamily Anophelinae
(Sallum et al. 2002, Foster et al. 2013), investigating Anopbeles spe-
cies complex (Krzywinski et al. 2006, 2011; Moreno et al. 2010;
Logue et al. 2013), and Plasmodium parasites (Liu et al. 2010,
Taylor et al. 2013). However, questions regarding phylogenetic rela-
tionships, definitions of species complex, and species identification
remain poorly known or even unknown for the majority of the
groups of the Anophelinae. Consequently, it is important to have
other sources of DNA markers available to show genetic variation
and define the limits of species complexes and thus to incriminate
species as potential vectors of Plasmodium. Therefore, the mito-
chondrial genome sequences of An. bellator, An. cruzii, An. homun-
culus, and An. laneanus will provide a rich source of markers to
strengthen investigations on a group of mosquitoes that includes
species that are vectors of malarial parasites.

The objective of this study was to use next-generation sequenc-
ing for characterization of the mitochondrial genomes of An. bella-
tor, An. cruzii, An. homunculus, and An. laneanus, which will
represent a foundation for future studies of Kerteszia as well as other
Anophelinae. The mitochondrial genomes of seven newly deter-
mined sequences of four species of the subgenus Kerteszia were com-
pared with those of the Anopbheles albitarsis complex and Anopheles
darlingi Root reported to date and publicly available in GenBank.

Materials and Methods

Mosquito Sampling

In total, seven mosquitoes were employed in this study: four individ-
uals of An. cruzii and one of each species, An. bellator, An. homun-
culus, and An. laneanus. Individuals of An. cruzii are from distinct
coastal regions of the Atlantic Forest (Fig. 1; Table 1). The speci-
mens were adults, either offspring of field captured gravid females
or from larvae collected from the tanks of bromeliad phytotelmata.
Morphological characteristics of the male genitalia, fourth-instar
larvae, and pupae were utilized for species identification using the
key proposed by Forattini (2002). Adults were stored in 95% etha-
nol at —80°C until DNA extraction.

Genomic DNA Isolation

DNA was extracted from each specimen using the animal tissue
DNA extraction protocol provided by the QIAgen DNeasy
Blood and Tissue Kit (QIAgen Ltd, Crawley, UK). DNA was
eluted with 200pul Buffer AE (10mM Tris-Cl; 0.5mM
ethylenedimaminetetraacetic acid; pH 9.0) and stored at —80°C in
the entomological frozen collection of the Faculdade de Saude
Piblica, Universidade de Sao Paulo, Brazil.

Polymerase Chain Reaction Amplification of the Mitochondrial
Genome

The mitochondrial genome of each individual was amplified using
two sets of primers (Table 2; Fig. 2). Long-range polymerase chain
reaction (PCR) reactions performed using GoTaq Long PCR Master
Mix (Promega, WI) and the primers HPK16Saa and HPK16Sbb
both proposed by Hwang et al. (2011) amplified a DNA fragment of

approximately 15,300 bp. PCR amplification protocol consisted of
an initial denaturation step at 94°C for 2 min, 39 cycles of 94°C for
15s, 65°C for 20s, and 65°C for 15min and a final extension at
72°C for 10 min. PCR amplicons were purified using DNA Clean &
Concentrador (Zymo Research, CA) and quantified using the Qubit
2.0 fluorometer (LifeTechnologies, OR). The remaining portion of
the mitochondrial genome was amplified by PCR using Platinum
Taq DNA polymerase (Invitrogen, CA), with the primers 16Sa and
16Sb, to generate DNA fragment of approximately 650 bp. PCR
amplification proceeded under the following temperature regime:
95°C for 3 min, 10 cycles of 95°C for 30, 40°C for 1 min and 72°C
for 1 min, following 25 cycles of 95°C for 30, 50°C for 1 min, and
72°C for 1min and a final extension at 72°C for 7 min. The PCR
amplicons were purified by PEG precipitation (20% polyethylene
glycol 8,000/2.5 M NaCl).

Nextera DNA Sample Preparation and Sequencing

Next-generation sequencing and Sanger technologies were employed
to obtain mitochondrial DNA sequences of seven specimens of four
species of the subgenus Kerteszia. Barcoded libraries were con-
structed for long-range PCR products using Nextera XT DNA
Sample Preparation Kit (Illumina, IL) and sequenced on the Illumina
MiSeq platform with paired-end 250 bp chemistry. Sanger technol-
ogy (Sanger et al. 1997) was adopted to sequence the short PCR
amplicons of approximately 650 bp.

Mitochondrial Genome Assembly and Annotation

Sequences of the mitochondrial genomes were assembled and anno-
tated using the Mira v4 software, and visualized in Tablet
(Chevreux et al. 1999, Milne et al. 2013). Mitochondrial genes were
annotated using the MITOS web server (Bernt et al. 2013), and pro-
tein coding genes verified in the Wise2 v2.2 package using a
HMMER?2 model (Birney and Durbin 2000, Finn et al. 2011). The
boundaries of the rRNAs (16S and 12S) and the tRNAs were deter-
mined by sequence similarity to rRNAs and tRNAs of other
Anopheles species. Secondary structures of tRNAs were predicted
within tRNAscan-SE (Lowe and Eddy 1997). The circular map was
drawn using the MacVector v.14.0.3 software (MacVector, Inc.,
Cary, NC).

GC- and AT-Skews, Nucleotide and Amino Acid Composition, and
Relative Synonymous Codon Usage

DNA sequence alignments were performed with the MEGA 6.06
software program (Tamura et al. 2013) using the ClustalW algo-
rithm. The GC- and AT-skews (Perna and Kocher 1995) were
employed to address compositional asymmetries in DNA sequences
using the following formulas, GC-skew (G-C)/(G + C) and AT-skew
(A-T)/(A + T), which give a symmetrical metric from —1.0 to 1.0. As
such, a positive GC-skew indicates richness of G over C, whereas a
negative GC-skew shows richness of C over G.

To evaluate nucleotide and amino acid composition and poten-
tial codon usage (CU) bias (relative synonymous CU [RSCU]) in the
set of protein-encoding genes, we employed the MEGA 6.06 soft-
ware (Tamura et al. 2013). An RSCU value equal or close to 1.0
indicates no CU bias, whereas a value higher than 1.0 indicates that
a codon was used more frequently than expected. The opposite is
proposed for an RSCU value lower than 1.0. The invertebrate mito-
chondrial genetic code implemented in MEGA 6.06 (Tamura et al.
2013) was employed to translate the DNA sequences of the protein
coding genes into amino acid sequences.
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Fig. 1. Collection sites of species of Anopheles (Kerteszia) along coastal regions of the Atlantic Forest, Brazil. The specimens SP24_3_1 (An. bellator), ST16 (An.
cruzii), PEC2_7 (An. cruzii) and SP52_103 (An. laneanus) were collected in Sao Paulo state; BA22_32 (An. homunculus) and RS32_11_7 (An. cruzii) were collected

in Bahia and Rio Grande do Sul states, respectively.

Table 1. Collection sites, information, and their respective geographical coordinates by state/city in Brazil and GenBank accession numbers

of male adults sequenced for this study

Species Sample ID State/city Latitude Longitude GenBank

An. bellator SP24_3_1 Sao Paulo/Cananéia 25°10" S 47° 57'0" W KUS551287
An. cruzii PEC 2 7 Sao Paulo/Sao Paulo 23°24'5" S 46° 3524" W KUS551284
An. cruzii RJ0O3_2 Rio de Janeiro/Itatiaia 22°20'0" S 44° 35'0" W KUS55128S5
An. cruzii RS32_11_7 Rio Grande do Sul/Maquiné 29°35'22.4" S 50°15'45.5" W KUS551286
An. cruzii ST1e6 Sao Paulo/Cananéia 25°10" S 47° 57'0" W KUS551289
An. homunculus BA22_32 Bahia/Camacan 15° 14'5" S 39°29'45" W KU551283
An. laneanus SP52-103 Sao Paulo/Pindamonhangaba 22°45'50" S 45°30'87" W KU551288

Table 2. Sequences of the primers employed for amplification of mitochondrial genomes using both long-range and short-range PCR

approaches

Primer Primer sequences (5'-3’) References PCR length (bp)
HPK16Saa ATGCTACCTTTGCACRGTCAAGATACYGCGGC Hwang et al. (2001) ~15,300
HPK16Sbb CTTATCGAYAAAAAAGWTTGCGACCTCGATGTTG Hwang et al. (2001) ~15,300

16Sa CGCCTGTTTATCAAAAACAT Simon et al. (1994) ~650

16Sb CCGGTTGAACTCAGATCA Kambhampati and Smith (1995) ~650

Measurement of Selection by dN/dS Ratio

To address the degree to which two homologous coding sequences
differ with respect to nonsynonymous sites (dN), we employed the
average number of nucleotide differences between the sequences
per nonsynonymous site. The dS value indicates the degree to
which two homologous coding sequences differ at synonymous
sites. The KaKs_Calculator 2.0 (Wang et al. 2010) was utilized to
address the substitution ratio among homologous protein coding
genes applying the MYN model (modified Yang—Nielsen

algorithm) proposed by Zhang et al. (2006) for the evolutionary
analysis of protein coding sequences. Results were plotted for all
pairwise comparisons, and the dN/dS rate values were ranked into
three groups. The first group (dN/dS < 1) included nonsynonymous
mutations that were deleterious, i.e., mutations that were under
purifying selection. The second group contained nonsynonymous
mutations that were largely neutral, thus dN/dS=1. dN/dS>1,
indicating that positive selections were driving amino acid
substitutions.
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Fig. 2. Details of the long (black line) and short (gray line) regions amplified by PCR for either lllumina or Sanger sequencing, respectively. The arrows indicate

the primers used to amplify both long and short regions.

Nucleotide Diversity (z) Using Sliding Window Analyses

To estimate the nucleotide diversity (n) we employed sliding win-
dow approach in the DnaSP v.5.10.1 software (Librado and Rozas
2009). A 300-bp window with step size of 10 was utilized to calcu-
late the (r) value. The ClustalW algorithm implemented in MEGA
6.06 (Tamura et al. 2013) was employed to align the mitochondrial
DNA sequences; the latter were further contrasted using pairwise

comparisons.

Results

Features, Organization, and Nucleotide Content of the
Mitochondrial Genome

Using two PCR amplification strategies, we obtained the complete
mitochondrial genome of seven individuals of four species of the
subgenus Kerteszia of Anopheles (An. cruzii, An. bellator, An.
homunculus, and An. laneanus). The primer pair HPK16Saa and
HPK16Sbb (Table 2) amplified one region of ~15kb of the com-
plete mitochondrial genome by long-range PCR. A second primer
pair (16Sa and 16Sb) (Table 2) amplified a ~650 bp fragment. The
annotated mitochondrial genomes were deposited in GenBank with
accession numbers in Table 2.

The mitochondrial genomes of Kerteszia mosquitoes consisted of
circular DNA molecules and contained 13 protein-coding genes, 22
tRNA genes, 2 rRNA genes (12S YRNA and 16S rRNA), and an AT-
rich control region (Supp Tables S1-S7 [online only]; Fig. 3). The
complete mitochondrial genome of An. cruzii RS32_11_7 and An.
laneanus were 15,446 bp, whereas those of An. cruzii PEC_2_7, An.
cruzii ST16, An. cruzii RJ03_2, An. bellator, and An. homunculus
varied from 15,451 to 15,738 bp. Except for variation in the length
of the control region, the mitochondrial genes showed no length var-
iation. Genes were located on either the H or the L strand (Fig. 3)
and some open reading frames overlapped 1-9 nucleotides to adja-
cent genes (Supp Tables S1-S7 [online only]). The AT-rich control
region for Kerteszia species was located between the 125 YRNA and
tRNAIle genes (Fig. 3).

The mean nucleotide content of coding strand of the mitochon-
drial genome sequence of Kerteszia species consisted of 39.9% A,
12.6% C, 9.0% G, and 38.5% T (Supp Table S8 [online only]). The
length of the AT-rich region varied from 591bp in An. laneanus
SP52_103 (Supp Table S7 [online only]) to 885 bp in An. homuncu-
lus_BA22_32 (Supp Table S6 [online only]). The overall AT-content
of the mitochondrial genome sequence of Kerteszia species varied
from 78.18 to 78.56% (Supp Table S8 [online only]), and the mean

overall GC-skew of the H-strand was —0.166, whereas the AT-skew
was 0.017.

Protein-Coding Genes

The mitochondrial genome of Kerteszia species consisted of 13
intron-less protein-coding genes. The H-strand encoded the NAD?2,
COI, COIL, ATPS, ATP6, COIII, NAD3, NAD6, and CYTB genes,
whereas the L-strand encoded the NADS, NAD4, NAD4L, and
NAD1 genes. The start codons followed the ATN rule, except for
the COI gene (Supp Tables S1-S7 [online only]), which starts with
TCG. The start codons were identical for all sequences studied,
except for ATP8 and NADG genes (Supp Tables S1-S7 [online
only]). A complete stop codon (TAA) was observed in the ATP6,
ATPS, NAD1, NAD2, NAD3, NAD4, NAD4L, NADS, NADG6,
and CYTB genes, whereas COI, COII, COIII genes showed a par-
tial stop codon (T_). Taken together, the protein-coding genes
summed to 11,238 bp. The amino acids Leu, Ile, and Phe were the
most abundant (Supp Fig. S1 [online only]).

CU and RSCU

The values of CU are in Supp Table S9 (online only). Sequences of
the protein-coding genes of the mitochondrial genome of Kerteszia
species are composed of 3,736 codons. The majority of codons
ended with either A or T showed values of RSCU higher than 1.0
(Supp Fig. S2 [online only]), indicating that these codons are used
with a higher than expected frequency. Among the codons, AGG
was absent in all sequences of Kerteszia species, except in An. cruzii
RJ03_2. Specimens of An. cruzii showed no RSCU pattern.

Ribosomal and Transfer RNA Genes

All 22 tRNA genes were located on the H- and L-strand, and the
small (r77S) and large (r7nL) subunits of rRNA were located on the
L-strand. Predicted secondary structures of tRNAs are in the Supp
Fig. S3 (online only). All except for the two tRNASerl and
tRNAArg genes had their secondary structure predicted herein.
Similarly, we could not predict a secondary structure for the
tRNAPhe-coding gene of An. cruzii RJ03_2, RS32_11_7, ST16 and
for An. laneanus, and for the tRNATyr-coding gene of An. homun-
culus. The predicted secondary structure contained an acceptor
stem, a D-loop arm, an anticodon loop arm, a variable loop, and an
arm with a TYC loop. The predicted secondary structure of TYC
arm of tRNATrp showed two loops.
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Fig. 3. Graphic representation of the gene arrangement and gene order of the mitochondrial genome of four species of Anopheles (Kerteszia). All 13 protein-cod-
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letter abbreviation. The direction of transcription is indicated by arrows.

Noncoding Regions

The mitochondrial genomes of the Kerteszia species possessed either
small or no intergenic spacers. The longest intergenic spacer was the
AT-rich control region with a length that varied from 591 to 886 bp.

Measurement of Selection by dN/dS Ratio

Measurement of selection showed dN/dS values that ranged from
0.0 to 0.117 for the Kerteszia species under study. These values
showed that natural selection is suppressing protein changes in
Kerteszia species and that all mitochondrial protein-coding genes
are under negative selection pressure. The values of the dN/dS ratio
obtained for the COX1, COX2, COX3, CYTB, and NAD1 showed

that the negative selection pressure acting on these genes were
weaker than the negative selection pressure on NAD2, NAD6, and
ATP8 genes (Supp Fig. S4 [online only]).

Nucleotide Diversity ()

Nucleotide diversity () along the mitochondrial DNA sequences
showed the degree of polymorphism among individuals of distinct
species of Kerteszia. The m values ranged from 0.0025 to 0.1104
(Fig. 4), with the highest values observed for the AT-control region
and the lowest values for the rRNA-coding genes. Results of pair-
wise comparison among specimens of An. cruzii showed that
RS32_11_7 and ST16 had the lowest nucleotide diversity, with the

9102 ‘ST A2\ uo 19nb Aq /Blo'sfeulnolpiojxotawly/:dny wouy papeojumoq


Deleted Text: Non-coding regions. 
Deleted Text: bp 
Deleted Text:  
Deleted Text:  
Deleted Text: s
Deleted Text: r
Deleted Text: . 
Deleted Text: ,
http://jme.oxfordjournals.org/lookup/suppl/doi:10.1093/jme/tjw001/-/DC1
Deleted Text: ). 
Deleted Text: d
Deleted Text: ). 
http://jme.oxfordjournals.org/

Journal of Medical Entomology, 2015, Vol. 0, No. 0

6
0.12 4
E
2z
2 0,084
@
2
-l
h-1
B
2
g 0,04 -
0, -
0 5000 10000 15000
atpd cox? naddl CR
[ | - It | — 1

nad? cox1 cox2 atpf  nad? nads nad4 nadé cytb nad1 tRNA sRNA

Sliding window scale
(Window size 300 bp, step size 10 bp)

Fig. 4. Nucleotide diversity (r) estimated for the complete mitochondrial
genome of four species of Anopheles (Kerteszia). The (n) values were esti-
mated using a sliding window analysis employing the alignment of DNA
sequences of seven individuals of four Kerteszia species. The size of the slid-
ing window was 300 bp. The bars below the graphic represent the protein
coding genes, the ribosomal genes and control region (CR).

NADS gene as the most polymorphic region (Supp Fig. S5 [online
only]). In addition, PEC_2_7 showed the highest nucleotide diversity
when compared with individuals of other populations of An. cruzii
(Supp Fig. S5 [online only]).

Discussion

As in the majority of metazoans (Bernt et al. 2013, Osigus et al.
2013), the mitochondrial genomes of Kertezsia species contain 37
genes and an AT-rich control region. The gene order, boundaries,
and arrangements (Figs. 2 and 3) in Kerteszia species were mostly
consistent with the mitochondrial genomes of other Anopheles spe-
cies characterized to date (Beard et al. 1993; Krzywinski et al. 2006,
2011; Moreno et al. 2010). Presence of small intergenic regions,
genes encoded on both strands, and overlapped adjacent genes pro-
duced a compact mitochondrial genome in Kerteszia species as in
other Anopheles species (Krzywinski et al. 2006, 2011; Moreno
etal. 2010; Logue et al. 2013).

The mitochondrial genome of Kerteszia species has a clear strand
bias in the nucleotide composition as do other species of Anopheles
characterized to date. This is likely explained by an asymmetric pat-
tern of mutation that occurred during transcription and replication
processes, causing the strand bias (Francino and Ochman 1997).
The values of the AT-content found in Kerteszia species are more
similar to that reported for An. darlingi (Moreno et al. 2010) than
for species of the An. albitarsis complex (Krzywinski et al. 2011).
Consequently, the CU reflects the high AT-content, with a deficiency
of codons containing either C or G (Supp Table S9 [online only]).
Thus, the CU in protein-coding genes favored those ending with A
or T residues (Supp Fig. S2 [online only]) over those with C or G.

The GC- and AT-skew has been widely invoked to account for
compositional replication strand bias in protein-coding genes (Perna
and Kocher 1995). A negative value of the GC-skew shows an excess
of C over G on the leading strand, whereas a positive value indicates
richness of G over C. The excess of C over G in the leading strand
produces asymmetries (Wei et al. 2010). Results of the GC- and AT-
skew of the mitochondrial genome of species of the subgenus
Kerteszia showed that the value of the GC-skew was negative,
whereas the AT-skew was positive, showing an excess of A over T.

Similarly, negative GC-skews and positive AT-skews were reported
in the mitochondrial genomes of other metazoan species (Saccone
et al. 1999) reported to date.

The COI gene starts with the TCG codon that has been reported
for other Anopheles species (Beard et al. 1993; Mitchell et al. 1993;
Krzywinski et al. 2006, 2011; Moreno et al. 2010). Three protein-
encoding genes (COI, COII, and COIII) show a partial stop codon
(T_) and these are possibly completed via polyadenylation
(Beckenbach and Stewart 2009). CU values for An. darlingi, An.
funestus, An. gambiae, and An. quadrimaculatus (Moreno et al.
2010) are higher than those found for Kerteszia species The absence
of a pattern for RSCU among mitochondrial sequences of An. cruzii
can be explained because it is a species complex as hypothesized by
Ramirez and Dessen (1996, 2000) and Rona et al. (2009, 2010a,b,
2013) and so specimens of various populations can be subjected to
different evolutionary histories. However, this hypothesis needs to
be considered with caution, because the sample size is small and
does not represent all populations of An. cruzii.

Mitochondrial genomes of Kerteszia species do not show any
substantial differences from the genomes reported for other
Anopheles species relative to the number of rRNA and tRNA genes
(2 and 22, respectively) genes. Additionally, the gene arrangement is
identical to those of other species (Fig. 3) (Beard et al. 1993;
Krzywinski et al. 2006, 2011; Moreno et al. 2010), all protein-
encoding genes possess the same number of nonstop codons and the
AT-rich control region is highly polymorphic and responsible for
controlling replication of the mitochondrial genome (Saito et al.
2005). Furthermore, the mitochondrial genome of Kerteszia is sub-
ject to rapid evolution; however, the rate of changes is not homoge-
neous throughout the genome. This is shown by differences in the
values of dN/dS ratio among genes. Differing from other Anopheles,
in newly sequenced Kerteszia species, the value of the dN/dS ratio is
lower than 1, indicating that there is a purifying selection in prog-
ress. This value is higher than those obtained for species of the An.
albitarsis complex, whose dN/dS ratio values range from 0.0 to
0.057 (Krzywinski et al. 2011).

The length, gene composition, gene arrangement, and AT-con-
tent of the mitochondrial genomes of Kerteszia species studied are
similar to other species of the genus Anopheles reported to date.

Few differences were observed among individuals of An. cruzii
collected in four regions of the Atlantic Forest (Fig. 1). For instance,
specimen An. cruzii PEC_2_7 differed from the others by possessing
both ACG and UGG codons. Additionally, CUG codon was absent
in both RJ03_2 and PEC_2_7 specimens; however, it was present in
ST16 and RS_32_11_7. The AGG codon was found in all speci-
mens, except in An. cruzii RJ03_2. Furthermore, the NADG6 gene
protein-encoding genes of all four specimens of An. cruzii have iden-
tical ATT start codon, except PEC2_7, in which the start codon is
ATC. Whether these differences corroborate the presence of distinct
species all under the name A#n. cruzii is a question that needs singu-
lar investigation. Ideally future studies should include samples from
the same populations analyzed by Ramirez and Dessen (1996, 2000)
and Rona et al. (2009, 2010a,b, 2013).

Studies addressing the complete mitochondrial genome of
Anopheles species representing all subgenera will provide new
insights and likely new tools to investigate aspects of evolution
within this group of public health importance (Moreno et al. 2010).
Additionally, mitochondrial DNA seems to represent a useful source
of informative markers to verify hypotheses by Rona et al. (2009,
2010a,b, 2013) that An. cruzii is a cryptic species complex with
sympatric lineages in areas of the Atlantic Forest. Results presented
here fill a gap in representation of mitochondrial genomes of
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Kerteszia species, a subgenus that encompasses species, which are
vectors of Plasmodium in forest areas where bromeliad vegetation is
an important constituent of the landscape.
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Supplementary data are available at Journal of Medical Entomology online.
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