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Abstract.

Anopheles triannulatus s.1. is a species complex, however in Colombia its taxonomic status is unclear. This

study was conducted to understand the level of genetic differentiation or population structure of specimens of An.
triannulatus s.1. from northwestern and southeastern Colombia. Cytochrome oxidase subunit I (COI) and internal
transcribed spacer (ITS2) sequence analyses suggested high genetic differentiation between the NW and SE populations.
A TCS network and Bayesian inference analysis based on 814 bp of COI showed two main groups: group I included
samples from the NW and group II samples from the SE. Two main ITS2-polymerase chain reaction-restriction fragment
length polymorphism (PCR-RFLP) patterns were found. Pattern I is present in both the NW and SE, and pattern II is
found in the SE specimens. To further elucidate the taxonomic status of An. triannulatus s.1. in Colombia and how these
COI lineages are related to the Triannulatus Complex species, the evaluation of immature stages, male genitalia, and
additional mitochondrial and nuclear markers will be needed.

INTRODUCTION

Anopheles triannulatus s.1. Neiva and Pinto (1922) of the
Oswaldoi subgroup is widely distributed in Central America
and east of the Andes in South America,! and in 2005 it was
also reported from Trinidad.? This species complex is consid-
ered alocal or secondary vector in Brazil,* an important vector
in Loreto Department, Peru®; it was implicated as the possible
vector during a malaria epidemic in Venezuela,” and sam-
ples from San Carlos, Cojedes were discovered with natural
Plasmodium oocysts.®

The first evidence for the existence of a species complex
within An. triannulatus s.]. came from the observation of mor-
phologic variations of male genitalia, eggs, and larvae.” Based
on morphology, allozyme, and random amplified polymorphic
DNA, three species were proposed: Anopheles triannulatus s.s.,
Anopheles halophylus, and Anopheles triannulatus C.1*'* In
Latin America, several population studies have been con-
ducted using various markers in an attempt to establish the
taxonomic status of An. triannulatus s.1.; for example, iso-
zymes separated four Brazilian An. triannulatus populations
into two groups, with Macapa-Amapa state in one group and
Janauri Lake Manaus-Amazonas state, Ji-Parana-Rondonia
state and Aripuana-Mato Grosso state in the other; the esti-
mated low gene flow probably influenced the sub-population
structure.'” Cytochrome oxidase subunit I (COI) gene
sequence analyses of specimens of An. triannulatus from north-
east of the Amazon river, central and southern Brazil showed
five groups with a significant signal of population expansion,
suggesting that these populations were not at equilibrium.'?
Additional analyses of partial fragments of both timeless and
cpr genes of specimens of the Triannulatus Complex to assess
their genetic variability and divergence showed partial separa-
tion between An. halophylus and An. triannulatus C with time-
less, whereas cpr sequences showed a clear separation among
the three species of this complex.'* In Colombia, a study
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reported polymerase chain reaction-restriction fragment length
polymorphism (PCR-RFLP) patterns for the internal tran-
scribed spacer (ITS2) in seven species collected in a locality in
the northwestern (NW) region of the country; among them,
An. triannulatus s.1. presented a distinctive pattern'® that was
congruent with An. triannulatus s.1. specimens from other NW
localities.'® These results suggested that the PCR-RFLP-ITS2
assay could be used to differentiate An. triannulatus s.1. speci-
mens from the other Anopheles species included in the test,
especially among those in the Oswaldoi Group.

Considering that An. triannulatus s.1. constitutes a complex
of species that may differ in their ability to transmit Plasmo-
dium spp., and in Colombia this species is widely distributed
displaying anthropophilic and zoophilic behavior,!” % the
aim of this study was to assess the genetic variability of An.
triannulatus s.]. specimens from the NW and SE regions.
Mitochondrial DNA (mtDNA) COI sequences were used to
address the following questions: 1) What is the level of
genetic differentiation or population structure among An.
triannulatus s.]. populations from NW and SE Colombia?
2) Is there more than one An. triannulatus COI lineage in
these two regions? 3) What is the phylogenetic relatedness
between An. triannulatus s.. lineages from Colombia and
Brazil? Additionally, in this study the nuclear ITS2 marker
was used to confirm the taxonomic classification of the An.
triannulatus s.1. specimens and to determine whether this
marker supported the COI results.

MATERIALS AND METHODS

Mosquito collection and processing. Adult female An.
triannulatus s.1. were collected from January 2009 to March
2011 in six localities, three in NW Colombia: El Bagre-BAG
(07°35'39'N, 74°49'42"W) and San Pedro de Uraba-SPU
(8°16'60"N, 76°22'60"W) in Antioquia, and Puerto Libertador-
PLT (07°43'36"N, 75°51'16"W) in Cordoba Department. Fur-
thermore, in this study were included previously collected and
identified specimens of An. triannulatus s.1. from Santa Rosa
de Lima-SRL, Bolivar Department and Zaragoza-ZAR,
Antioquia Department.'®!'? The three localities in the SE were:
Leticia-LET (4°12'54"S, 69°5558'W), Puerto Narifio-PNA
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(3°46'24"S, 70°22'55"W), and Tarapaca-TAR (2°53'44"S,
69°4529"W) in Amazonas Department (Figure 1). Specimens
were collected using human landing catches under a protocol,
along with informed consent forms, approved by the Bioethics
Committee for Human Research (Sede de Investigacion
Universitaria-SIU) of University of Antioquia. In SPU and
PLT some specimens were also collected resting on animals
such as dogs or cattle. Anopheles triannulatus s.. mosquitoes
were identified based on morphological features.>' For each
specimen, a photographic record was obtained, and one hind
leg and two wings were removed and fixed on a glass slide
with Euparal mountant and conserved as entomological sup-
port of the Anopheles species collection of the Molecular
Microbiology Group, University of Antioquia. The DNA was
extracted from individual mosquito abdomens using a salt
precipitation protocol.**

ITS2 analyses. All specimens used in subsequent analyses
were confirmed as An. triannulatus s.1. by a PCR-RFLP-ITS2
assay.'>!® Furthermore, an in silico Alul restriction enzyme
analysis using NEBcutter software®> was performed using
10 ITS2 sequences obtained in this work representative of
NW and SE specimens, three from Meta-MET Department
available in GenBank (accession nos. HM022422, HM022423,
and HM022426) and one sequence from Brazil (accession no.
AF462377).* This procedure allowed PCR-RFLP-ITS2 pat-
tern prediction and comparison with laboratory results. The
PCR-RFLP-ITS2 band sizes were calculated with FragSize
1.0.3 software.”> Twenty ITS2 PCR products that included
the two RFLP patterns obtained were cloned into CloneJET

PCR Cloning kit (Fermentas, St. Leon, Germany) or pPGEM-T
easy vector plasmid (Promega, Madison, WI) and used to
transform Escherichia coli strain DH5a, following the manu-
facturer’s instructions. To evaluate intra-individual ITS2 vari-
ability, three to five clones from each specimen were
sequenced and the obtained sequences were edited with
Geneious 5.2 software.?® All consensuses of the forward and
reverse sequences were aligned with the MUSCLE algo-
rithm?’ in Geneious. The ITS2 was annotated for each indi-
vidual sequence/clone following parameters available in the
ITS2 database® and the guanine-cytosine content evaluated
in Geneious.

MtDNA COI amplification and scheme to rule out
co-amplification of numts. For the COI analysis, a 1,300 bp
fragment was amplified using primers UEA3 and UEA10.%°
The PCR was performed in a 25-uL reaction volume using
4 uLL of DNA and PCR conditions and cycles as previously
described.®® The PCR products were purified using the
QIAquick PCR Purification Kit (QIAGEN, Diisseldorf,
Germany) or ExoSAP-IT (USB Corporation, Cleveland, OH).
All fragments were sequenced in both directions. Sequences
were visually edited and the consensuses of the forward and
reverse sequences were aligned with MUSCLE in Geneious®®
and imported into programs for sequence analyses. After
editing, sequences were again visually reviewed to check for
base calls and confirm variations in nucleotide positions.
To rule out for the presence of numts, a MegaBLAST was
performed with each sequence to search for identity to
sequences available in the databases. The PCR products and

Ficure 1. Distribution of collection localities for Anopheles triannulatus s.1. NW region: El Bagre-BAG, Zaragoza-ZAR, and San Pedro de
Uraba-SPU in Antioquia Department, Puerto Libertador-PLT in Cérdoba, and Santa Rosa de Lima-SRL in Bolivar. SE region: Leticia-LET,
Tarapaca-TAR and Puerto Nariio-PNA in Amazonas Department. The Cytochrome oxidase subunit I (COI) sequences from Meta-MET

Department obtained in GenBank were included in the analyses.



912 ROSERO AND OTHERS

chromatograms were carefully observed to detect the poten-
tial presences of ghost bands or ambiguities, respectively.
Finally, translation of nucleotides to amino acids was carried
out to detect stop codons. >~

MtDNA COI phylogenetic analysis. Phylogenetic related-
ness and haplotype network analyses were performed in
two ways. One used the 814-bp sequences obtained, located at
positions 1,900-2,714 on the Anopheles darlingi mitochondrial
genome RefSeq GQ918272,** to understand the phylogenetic
relationships with three An. triannulatus s.s. COI sequences
from Meta Department®™ available in GenBank (accession
nos. HM022387, HM022388, and HM022389) and one An.
triannulatus s.1. sequence from Mato Grosso, Salobra, Brazil®®
(accession no. AF417702). A second analysis was performed
to include 50 shorter An. triannulatus s.l. COI sequences from
Brazil available in GenBank (accession no. GU445849-
GU445898). A 337 bp overlapping region located at positions
2,377-2,714 on the An. darlingi mitochondrial genome
RefSeq GQY18272,** was used to analyze the phylogenetic
relationships of the Colombian and Brazilian COI sequences.
Anopheles albimanus (FJ015203) and Anopheles nuneztovari
s.l. (Naranjo and others, unpublished data) COI sequences
were included as outgroups. A statistical parsimony-based
analysis that calculates the maximum number of mutational
connections between pairs of COI sequences with a 95% par-
simony criterion was conducted in TCS 1.21 software.?” This
method accepts the existence of ancestral haplotypes, which
according to the coalescence theory would be the most fre-
quent in a population.®® To resolve some ambiguous loops in
the networks resulting from 814 and 337 bp sequences, several
recommendations were followed.*® For example, if one hap-
lotype was connected to various geographically separated
groups, the haplotype was assigned to the group showing the
highest frequency of sequences from the same locality. This
is because a singleton is more likely to be connected to hap-
lotypes from the same population than to haplotypes from dif-
ferent ones.” Additionally, a median-joining haplotype network
run in Network version 4.6.1.0°**° and a neighbor-net net-
work in SplitsTree4 version 4.10*'** were estimated. The net-
works were compared with the Bayesian inference (BI) analysis*
performed with the COI sequences and also with the con-
catenated (COI + ITS2) dataset using the Geneious software
and for both datasets the model of molecular evolution of
Hasegawa-Kishino-Yano, 85 (HKY85) was run using Model-
test 0.1.1 software.** For the BI analysis the Markov Chain
Monte Carlo algorithm was allowed to run for 20,000,000 gen-
erations with a sampling every 1,000 generations after a burn-in
of 5,000,000 generations (50,000 trees).

Indices of genetic variation and population structure. Intra-
population (intra-localities) and interpopulation (inter-localities)
genetic diversity was estimated in DnaSP 5.0* and Arlequin
3.11 software,* taking into account the two possible mito-
chondrial lineages defined by the previous COI and con-
catenated (COI + ITS2) BI analyses and COI haplotype
network. The three An. triannulatus s.s. sequences from MET
were excluded because the small sample size would not pro-
duce reliable results. The following estimates of variability
were calculated: number of mtDNA haplotypes, nucleotide
diversity (r), haplotype diversity (%), and number of polymor-
phic sites (S). The number of migrants per generation (Nm)
among localities and the level of genetic differentiation
between the NW and SE lineages measured by the fixation

index Fg7*’ were calculated in Arlequin and the significance
was estimated by permutation tests (10,000 replicates). Ana-
lysis of molecular variance (AMOVA) was used to examine
variation within, between and among collection sites for each
possible lineage. The statistical significance for AMOVA was
evaluated using > 10,000 permutations. Uncorrected pair-
wise genetic distances were calculated between and within
COI lineages in MEGA software version 5.0.**

Neutrality tests and parameters of population expansion.
To measure deviations from the null hypothesis of constant
population size and random mating, neutrality tests of COI
sequences were conducted in DnaSP and Arlequin software.
Fu’s F; values* and Tajima’s D*° were estimated by compar-
ing the differences between the number of segregating sites
and the average number of nucleotide differences. Fu and Li’s
D and F statistics®® were used to compare estimates of 0 based
on mutations in internal and external branches of a geneal-
ogy. Fu’s F, values* were used to assess haplotype structure
on the basis of haplotype frequency distribution. Mismatch
distribution, a frequency distribution of the observed number
of pairwise sequence differences, was used to differentiate
between a smooth unimodal distribution and a ragged or mul-
timodal distribution.’>>®> The shape of the distribution is
highly informative and helps to determine whether a popula-
tion is in expansion or equilibrium. The raggedness statistic
(r) to quantify the smoothness of the mismatch distribution>*
was calculated in DnaSP. To evaluate the signal of population
expansion, three parameters were calculated, t (expansion
age), 0p and 0, (before and after expansion, respectively) with
Arlequin. Time since the population expansion was estimated
from ¢ = 1/2 p, where 1 (tau) is the date of the growth or
decline measured in units of mutational time (t =2 pz; ¢ is the
time in generations and p is the mutation rate per site
[sequence size] and per generation).”

RESULTS

ITS2 analyses. Specimens identified as An. triannulatus s.1.
was confirmed as such by PCR-RFLP-ITS2. From the ITS2
products cloned from five specimens from LET, six from
PNA, one from TAR, four from PLT, three from SPU, and
one from BAG, three to five clones were obtained per speci-
men (Table 1). In silico RFLP-ITS2 analysis showed three
patterns. Patterns I and II were observed in sequences
obtained in this work (accession nos. JX852283-JX852320)
and pattern III corresponded to ITS2 sequences downloaded
from GenBank of An. triannulatus s.s. from MET (Figure 2A).
When performing the PCR-RFLP-ITS2 in the laboratory the
in silico results were confirmed (Figure 2B and C). Pattern I is
the same as previously described for An. triannulatus s.1. from
NW Colombia,'>!® with three bands (226, 180, and 156 bp),
and was present in both the NW and SE regions (Figure 2,
Table 1). Pattern II of 198, 180, and 155 bp, was found in
specimens of the three SE localities (Figure 2, Table 1), how-
ever, one specimen from TAR showed a pattern of 218, 177,
and 155 bp that, when compared with the larger NW
sequences, reveled several deletions and one nucleotide inser-
tion (Table 1). In general, the small differences in ITS2 pat-
terns are caused by the presence of indels of distinct lengths
and substitutions. Specifically, a deletion of 24 bp present in the
sequences with pattern II is the main cause of its differentiation
from pattern I (Table 1). In addition, the pattern I sequences
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TaBLE 1
ITS2 PCR-RFLP pattern allocation and sequence features for Anopheles triannulatus s.1. from northwestern and southeastern Colombia

RFLP pattern
Department locality I Specimens/no. cloned/ I Specimens/no. cloned/ Specimen code-clone substitution,
(abbreviation) sequences obtained sequences obtained deletion, or insertion (base position)
Antioquia
El Bagre (BAG) 81/1/5 NA
San Pedro de Uraba (SPU) 30/3/9 NA Substitutions: SPU726-3: G/A (286), SPU708-3: G/A (286)
Cordoba
Puerto Libertador (PLT) 71/4/13 NA Substitutions: PLT3657-1: A/G (203, 286), PL3756-5: T/C (57),
PLT3687-5: C/T (159)
Total northwestern 182/8/27 NA TGTGCGATAGTCCACACACGCACA (306-329)*
Amazonas
Leticia (LET) 9/1/5 2/4/15 Substitutions: LET26-2: G/A (32), C/T (161), LET62-5: G/A (83),
LETI13-5: T/C (285)
Puerto Narino (PNA) 2/1/4 63/5/20 Substitutions: PNA15-2: A/G (136), PNA122-3: G/A (402), PNA156-4:
C/T (192), PNA 122-1: A/G (372), PNA39-1: T/C (213), PNA20-4:
A/T (130), PNA20-1: T/C (285)
Tarapac (TAR) 10/1/3 91/0/0 Substitutions: TAR337: A/G (154), TAR337-1: C/T (275), Insertion: C (346).
Deletions: T (37), GAC (241-243), TTGGA (278-282), GAGA (414-417)
Total southeastern 21/3/12 226/9/35 Deletion in ITS2 sequences showing pattern II:

GTGCGATAGTCCACACACGCACA (306-329)

*Sequence present in all specimens with pattern I and not observed in those with pattern II.
ITS2 = internal transcribed spacer; PCR-RFLP = polymerase chain reaction-restriction fragment length polymorphism; NA = does not apply.

were similar to the only ITS2 sequence reported in GenBank similar to previously reports (58.2%) for the specimens from
for An. triannulatus s.. specimens from Rondonia State, Rondonia State.* There was heterogeneity in ITS2 sizes
Brazil.** The ITS2 GC contents varied from 57.4% in pattern among specimens. The analysis in the ITS2 database® showed
I sequences to 57.8% in those of pattern II; these values are that the ITS2 lengths were 434 bp with pattern I, 405 bp with
A
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FiGURe 2. Polymerase chain reaction-restriction fragment length polymorphism-internal transcribed spacer (PCR-RFLP-ITS2) patterns
corresponding to Anopheles triannulatus s.l. from Colombia. (A) Scheme representing in silico PCR-RFLP-ITS2 patterns. Lanes: 1-3 Pattern I
(226, 180, and 156 bp), 4-6 Pattern II (198, 180, and 155 bp), 7-9 Pattern III (198, 180, and 126 bp). (B and C) 2% agarose gel showing ITS2-PCR-
RFLP patterns obtained from An. triannulatus s.l. specimens from NW and SE Colombia. (B) Lanes: 1-15 Pattern 1. (C) Lanes: 1-7 Pattern II.
MW = Molecular weight; PC = Positive control-An. triannulatus s.1. ITS2 clone; NC = RFLP negative control.
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pattern II, and 422 bp for the TAR specimens. Intra-individual
variations were detected in An. triannulatus s.l. clones from
SPU (2), PLT (3), LET (4), and PNA (8) and were mainly
caused by substitutions, whereas insertions and deletions were
observed at the interpopulation level (Table 1).

Genetic diversity and numts analysis. An 814 bp COI
sequence was analyzed for 286 An. triannulatus s.. speci-
mens from NW and SE localities yielding 141 haplotypes
(acesssion nos. JX852142-JX852282) (Table 2). No insertion/
deletion events were observed. The adenine and thymine con-
tent (A + T) was 71.2%, similar to other Neotropical anophe-
lines such as An. nuneztovari s.l. (70.2%)® and An. albimanus
(69.2%)*" and (70.0%).”’ For the diversity measurements, COI
sequences from ZAR and BAG were analyzed together
because these sites are only 11 km apart and the Nm estimate
detected infinite migrants between them. Mutations were all
transitions or transversions, resulting in 115 synonymous
changes and four amino acid changes. There were 135 poly-
morphic sites. The 4 and n values were very similar for all
NW and SE populations, / values were high and ranged from
0.972 to 0.976, and = values were 0.0513 and 0.0518, in the
NW and SE, respectively. Intra-population diversity varied

WTAR
W sPU

111

e g

in the different localities but was higher in SPU and TAR
(Table 2). The methodology implemented to rule out the
co-amplification of numts showed no double peaks in the
chromatograms and no ghost bands in the electrophoresis gels.
The MegaBLAST showed > 96% identity of the sequences
with those of An. triannulatus s.s. from Meta (GenBank
accession nos. HM022387, HM022388, and HMO022389),
and no stop codons were detected during the translation of
each sequence into protein with the 814 bp corresponding to
271 amino acids of the COI protein.

Phylogenetic analysis. The two networks, based on 814 bp
(Figure 3) and on 337 bp (not shown), were star shaped with
many singletons at the tips. These tip alleles are considered
to be more recently derived and geographically restricted
suggesting a demographic expansion.**® No shared haplo-
types between the two regions/clades were observed in these
networks (Figure 3).

The TCS, Network, and SplitsTree4 networks and Bayesian
performed with the 814 bp COI sequences showed four equiv-
alent separate clades (Figure 3 and Supplemental file). Clade
I included most NW haplotypes, clade II contained SE haplo-
types and one An. triannulatus s.1. sequence from Mato Grosso,
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FiGure 3. Parsimony-based haplotype network of 141 Cytochrome oxidase subunit I (COI) haplotypes (814 bp) representing 286 Anopheles
triannulatus s.1. specimens from NW and SE Colombia. Each circle represents a haplotype and the color and letters depict the origin, and numbers
the frequency of each haplotype. The smallest circles denote unique haplotypes. Each black circle represents one mutational step. Roman numbers
represent the region or location: I. NW, I1. SE, III. TAR-SE (TAR337, TAR338, and TAR349) and SPU-NW haplotype (SPU718) and IV. MET

(MG40-3 and MGMV05-6).
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Salobra, Brazil (the only one available in GenBank with the
appropriate size to allow comparison with sequences from
this work), although separated from the SE sequences by
10 mutational steps; clade III contained three TAR (SE)
and one SPU (NW) haplotypes and clade IV included the
three An. triannulatus s.s. haplotypes from MET (Figure 3).
Haplotypes within each clade differed by one or more muta-
tional steps. The most frequent and ancestral haplotype
detected in the NW clade contained 14 sequences, 10 from PLT,
and two each from BAG and SPU. Of the eight sequences
obtained from SRL specimens, six formed a single haplo-
type (F6) (Figure 3) and two constituted single haplotypes.
For the SE clade the most ancestral haplotype was detected
in LET (N = 8). There were also multiple haplotypes
from PNA (N = 3) and TAR (N = 2) (Figure 3). In the
BI analyses based on the 814 bp COI sequences, the same
four groups that corresponded to clades I-IV of the TCS net-
work were detected; however, the polytomies present did not
allow the resolution of intra-group phylogenetic relationships
(data not shown). Results of the concatenated (COI + ITS2)
Bayesian analysis showed two monophyletic groups, both
with fairly modest levels of support (0.60 and 0.53 for NW

ROSERO AND OTHERS

and SE lineages, respectively) (Figure 4). The MET and TAR
sequences that correspond to Clades III and IV of the network
(Figure 3) grouped together with the SE sequences. As in the
previous results, the concatenated BI analysis also indicated
the presence of two distinct An. triannulatus lineages.

In the alignment of the 814 bp COI sequences of this study
with the 475 bp COI sequences from Brazil,"® a 337 bp over-
lapping region was obtained. The haplotype network built with
these sequences showed all haplotypes connected in two clades
because with the shorter sequences several haplotypes col-
lapsed together. Clade I included two major subclades,
one contained mainly sequences from SE and the other
sequences from Brazil, and within this, the three TAR (SE),
one SPU (NW) haplotype, and the three MET-Colombian
haplotypes were included. Clade II contained exclusively
NW haplotypes (not shown). However, the BI analysis with
the 337 bp sequences lacked resolution and unlike the TCS
network, only one group was detected containing all haplo-
types mixed together (not shown).

Population genetic differentiation and neutrality tests. The
Fgr values greater than 0.739 between the NW and SE pop-
ulations indicated high genetic differentiation and subdivision
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FIGURE 5. Mismatch distribution of Anopheles triannulatus Cytochrome oxidase subunit I (COI) sequences. (A) NW COI sequences. (B) SE

COI sequences (r = 0.023; P = 0.08).

into two groups. The highest Fgr value was observed between
PNA and BAG/ZAR (0.791) and the lowest, between PNA
and LET (0.005). The N,, values were higher among pop-
ulations within each lineage, co to 28.8 in NW and oo to 86.2
in SE, and lower when comparing the two lineages (0.18),
indicating high gene flow within NW and SE populations but
restricted between the two regions. The AMOVA based on
COI haplotype frequencies revealed 73.5% of the total vari-
ance was among populations and 25.9% within populations.
The COI uncorrected pairwise genetic distances between lin-
eages ranged from 2.3% to 3.3%. The within lineage distances
were < 1.5% for the NW and < 2% for the SE.

The t estimates and the current and historical population
parameters 6 implied a historical expansion episode for all
populations. There were t-values greater than zero and a
high difference between the initial and final effective popu-
lation sizes found, with 60 = 0.000 and 61 = 17.446 for the
NW lineage and 60 = 0.068 and 61 = 99999.000 for the SE
lineage. The t estimates for the NW and SE lineages were
in the range of 2.373-7.740, suggesting population expansion.>*®
Expansions were estimated to have started 36,827 y.a. for the
NW and 13,591 y.a. for the SE lineage. These expansions
likely occurred during the late Pleistocene Epoch.®*~%* Sig-
nificant negative values for Fu’s F; and Tajima’s D neutrality
tests were found for all populations implying population
expansion or genetic hitchhiking,* and a departure from neu-
tral equilibrium. Mismatch distribution analysis for the NW
and SE lineages showed a bimodal distribution (Figure 5),
that suggests that the populations may have undergone a
bottleneck or colonization events as previously found for
An. nuneztovari s.l. subclade 11-B.>

DISCUSSION

This study was conducted to understand the level of genetic
differentiation or population structure of specimens An.
triannulatus s.1. from NW and SE Colombia. The two main
PCR-RFLP-ITS2 patterns found for An. triannulatus s.1. spec-
imens were not able to precisely differentiate lineages; how-
ever, they are still useful to discriminate An. triannulatus s.1.
from other anopheline species. In this work, pattern I was

found in the NW and SE specimens, but pattern II was only
found in those from SE; however, this pattern does not seem
to be exclusive to this region because in previous work with
An. triannulatus s.1. from NW Colombia a similar pattern has
been observed (Correa M, personal communication). The dif-
ferent patterns are the result of insertions, deletions, or sub-
stitutions in the sequences that do not affect the Alul
recognition site, therefore, conserving the three band pattern
typically observed for An. triannulatus s.1.>'°

By PCR-RFLP-ITS2 or COI analysis, it was not possible to
determine whether An. triannulatus s.1. from NW and SE
were An. triannulatus s.s., An. halophylus, or An. triannulatus
C. However, the COI and COI + ITS2 based BI analyses,
haplotype network, and population genetic differentiation
analyses indicated a substantial genetic division in two line-
ages that coincide with their geographical locations. Various
criteria for the identification of lineages have been pro-
posed,®* among these, monophyly is a criterion for species
delimitation under the general lineage concept of monophy-
letic groups with distinct evolutionary lineages.*** Thus,
results of this work suggest the presence of two basal lineages
without gene flow between them, supporting the division
between NW and SE populations. These results are impor-
tant because lineage identification is a necessary precursor to
species discovery.®® It is possible that An. triannulatus s.l.
populations from NW and SE Colombia are undergoing spe-
ciation, as has been demonstrated for the Anopheles gambiae
Complex molecular forms M and S.°° In addition, the values
of intra-population diversity detected (h: 0.972-0.976), indi-
cated that An. triannulatus s.1. populations from the NW and
SE Colombia have high genetic diversity. Similar values have
been found for other Neotropical anopheline species com-
plex in the Brazilian Amazonian, for example for Anopheles
marajoara lineage 1 (h: 0.828), lincage 2 (h: 0.780),%7 and
An. nuneztovari sl. (h: 0.9560).°° High variability in the
sequences may also indicate co-amplification of numts.®® In
DNA barcoding studies, numts co-amplification have been
reported in 11 taxa of insects leading to misidentification
and an overestimation of species.”® Few studies on anophe-
lines from South America have determined the presence/
absence of pseudogenes or their influence on the genetic



918 ROSERO AND OTHERS

diversity estimates.’”® In this study, the analysis conducted
to detect numts showed that the high variability detected is
caused by genetic differences and not the result of numts
co-amplification.**

Mitochondrial DNA shows ample signatures of genomic
events such as gene flow, migration, bottlenecks, and specia-
tion.”® In this study, the high level of differentiation and lack
of shared mitochondrial haplotypes between An. triannulatus
s.. NW and SE populations indicated an absence of, or very
little gene flow between them. However, despite the clear
restrictions to gene flow, there was insufficient evidence to
define these two groups as distinct species or to relate them
to one of the three described species in the Triannulatus Com-
plex (An. triannulatus s.s., An. halophylus or An. triannulatus
C). The substantial genetic variation between NW and SE line-
ages (73.5%) was higher than the one found for the two pro-
posed An. marajoara lineages (61.9%),% results that also
support the existence of two An. triannulatus s.. lineages in
the studied regions. In addition, Fg; values between both
populations (0.74) supported the genetic separation of
two An. triannulatus lineages and indicated that they are genet-
ically distinct. Lower Fgy values (0.47-0.63), based on COI
sequences of Anopheles scanloni Sallum and Peyton, 2005
suggested high levels of differentiation that separated
four mtDNA lineages.”" Similarly, Fgr values (0.68-0.79)
between species C and D of the Anopheles dirus complex
suggested a very different population history for the species.”
Therefore, the Fg7 values for the NW and SE An. triannulatus
lineages may also suggest separate evolutionary histories. Sim-
ilarly, results of the uncorrected pairwise genetic analysis
supported the presence of two lineages in these Colombian
regions. A 3% value is used as the speciation threshold,”
however, a lower threshold was set to separate all of the
Annulipes Complex species.”* It is argued that the 3% assess-
ment would minimizing false positives, but it may also gener-
ate false negatives, and that intraspecific variation is well
constrained in the 2-3% range,75 values that are comparable
to the ones found for the NW and SE lineages.

Results of the neutrality tests, mismatch distribution,
parameters of population expansion, and the star-like net-
work showed that NW and SE lineages and populations within
each lineage were not in equilibrium, most likely as a result of
a population expansion. Similarly, a significant signal of popu-
lation expansion was found for An. triannulatus populations
collected northeast of the Amazon River, central and south
Brazil.”® Fu’s Fs values in this study were also higher than
those reported for An. darlingi populations of south, central
and northeastern Brazil® and for An. nuneztovari s.. clade
I and subclade II-C of South America.’® In addition, a signal
of population expansion was found with the t estimate and the
value was higher (2.373-7.740) than the ones for An. darlingi
in the Brazilian Amazonia (1.091-5.628).°° The estimated time
of divergence for the An. triannulatus populations suggested
that lineage diversification occurred very recently, during
the Pleistocene Epoch. Similar divergence times have been
found for other Neotropical anophelines such as An.
albimanus,>*>"7° An. darling,77 and An. nuneztovari s1°78
and it had been suggested that climatic changes may be a
common force driving Neotropical speciation.

The differentiation detected in An. triannulatus s.. pop-
ulations from Colombia may have several explanations. First,
the genetic variation observed in COI sequences between the

An. triannulatus lineages may be influenced by allopatric dis-
tribution (potential isolation by distance), or possible repro-
ductive isolation.”” Furthermore, different lineages/species of
the Triannulatus Complex may be present in these regions of
Colombia. Geographic barriers have been shown to contrib-
ute to the genetic structure of other Latin American anoph-
elines, for example, the Amazon River is a substantial barrier
to gene flow among An. triannulatus"® and An. darlingi pop-
ulations of the Brazilian Amazon.”” Geography is widely
recognized as a key factor for speciation,® it is possible that
the Andean mountains that separate the NW and SE An.
triannulatus populations are acting as a barrier to gene flow
and contributing to the genetic structure detected.

Furthermore, given the wide geographic distribution of An.
triannulatus s.1. in Colombia, it will be important to expand
the collections to cover localities between the two regions
evaluated to search for the connections between the NW and
SE lineages. As demonstrated in species phylogenetic analy-
sis, a wide range of sampling can help to address the role of
geography in speciation®; it is also necessary to carry out
work with immature stages and male genitalia to identify
whether different species of this complex are present in
Colombia and compare mtDNA and nuclear DNA data to
further assess its population structure.
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