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ABSTRACT. Anopheles nuneztovari sensu lato consists of cryptic
species and genetic lineages, one of which is an important human
malaria vector in the northern part of South America. Population
structure and evolutionary genetics studies may help in the definition
and delimitation of the species and lineages within this species
complex, which is relevant information for organizations involved
in malaria control efforts. In this study, 10 new microsatellite
markers were isolated from 2 repeat-enriched genomic libraries of
A. nuneztovari s.l. and were characterized in 37-48 mosquitoes of
this species. All loci were highly polymorphic and encompassed 5-25
alleles per locus. The observed () and expected (H ) heterozygosities
ranged from 0.354 to 0.866 and from 0.613 to 0.932, respectively.
Six of the 10 new loci showed significant deviations from the Hardy-
Weinberg equilibrium, and no linkage disequilibrium was detected.
The loci described in this study were more polymorphic than the 18
previously characterized loci and appear to be promising markers
for use in investigating the fine-scale population genetic structure
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and the boundaries of the cryptic species and lineages within the 4.
nuneztovari complex.

Key words: Malaria vector; Microsatellite markers; Genetic diversity;
Population genetics; Speciation

INTRODUCTION

Anopheles nuneztovari sensu lato (order Diptera, family Culicidae) has a large geo-
graphic distribution in northern South America. Currently, A. nuneztovari s.l. comprises a spe-
cies complex with 3 cryptic species: Anopheles nuneztovari sensu stricto, Anopheles goeldii,
and Anopheles dunhami (Scarpassa et al., 1996, 1999; Foster et al., 2013). 4. nuneztovari
sensu stricto, which is geographically distributed in Colombia and Venezuela, is predominant-
ly anthropophagic and has proven to be an efficient human malaria vector (Gabaldon, 1981).
A. goeldii, which is geographically distributed in the Amazon Basin comprising the Brazilian
Amazon and Suriname, has been found to be infected with 3 Plasmodium species in 5 states
of the Brazilian Amazon region (de Arruda et al., 1986; Tadei et al., 1998; Pdovoa et al., 2001;
Galardo et al., 2007). Although the status of A. goeldii as a malaria vector has not yet been
clarified in the Brazilian Amazon region because it is predominantly zoophagic, it is likely to
be a local malaria vector or a secondary vector (which can contribute to malaria transmission,
but cannot sustain it without the presence of a primary vector). 4. dunhami is morphologically
and genetically closely related to 4. nuneztovari s.s. and A. goeldii (Lounibos et al., 1998;
Trindade and Scarpassa, 2002) and has a large area of overlap with A. goeldii (Scarpassa and
Conn, 2011). However, A. dunhami has not been found to be infected with the malaria para-
site. Along with the presence of three cryptic species in this complex, previous studies have
also shown the existence of genetic lineages within 4. nuneztovari s.1. in the Brazilian Amazon
region (Mirabello and Conn, 2008; Scarpassa and Conn, 2011), suggesting an intriguing evo-
lutionary history for this species complex. Thus, studies based on highly polymorphic markers
with a faster evolutionary rate, such as microsatellites, may provide a better understanding
of the genetic structure of A. nuneztovari s.l. Furthermore, the definition and delimitation of
these cryptic species and lineages could illuminate the manner in which A. nuneztovari s.l.
contributes to the distinct patterns of malaria transmission that are found in South America.
A previous study (Cardoza et al., 2011) isolated and characterized 18 microsatellite loci in A.
nuneztovari s.l., which have served as powerful markers that have allowed the investigation of
the fine-scale population structure and evolutionary genetics of this species complex.

In the present study, we isolated 10 new microsatellite markers from 2 repeat-en-
riched genomic libraries of 4. nuneztovari s.l. from Manaus (State of Amazonas, Brazil) and
Nova Mazagio (State of Amapa, Brazil) and characterized these loci in 37-48 specimens from
Manaus, Brazil.

MATERIAL AND METHODS

Two microsatellite-enriched libraries were constructed from 2 pools of 4. nuneztovari
s.l. (each containing 8 specimens) that were collected in either Manaus (03°06'S, 60°01'W;
State of Amazonas, Brazil) and Nova Mazagdo (00°07'S, 51°17'W; State of Amapa, Brazil).
Genomic DNA was extracted from fourth instar larvae of A. nuneztovari s.l. using the phenol-
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chloroform method (Sambrook and Russell, 2001). The genomic DNA samples (5 pg) ex-
tracted from each pool were digested separately with Rsal, and the resulting DNA fragments
were linked to Rsa21 and Rsa25 adapters. Pre-amplified ligated DNA was obtained by PCR
using Rsa21 primers and purified with the QIAquick PCR Purification Kit (Qiagen, German-
town, MD, USA). DNA fragments containing putative markers were selected by hybridization
with (CT), and (GT), repeats and biotin-linked probes and recovered with streptavidin-linked
particles (Streptavidin MagneSphere Paramagnetic Particles; Promega, Madison, WI, USA).
Selected fragments were linked to the pGEM-T easy vector (Promega), which was used to
transform Escherichia coli XL1-blue competent cells, which were plated on X-Gal/IPTG
Luria-Bertani (LB) agar and ampicillin (100 mg/mL) and allowed to grow overnight at 37°C.
Single white colonies were transferred onto microplates with HM/FM medium containing
ampicillin (100 mg/mL) and allowed to grow overnight. After the overnight growth period,
192 clones were selected and bi-directionally sequenced on an automated ABI PRISM 3130
Genetic Analyzer (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA) using
T7 and SP6 primers, and the resulting sequences were assembled and edited using the Seq-
Man software (DNAStar Inc., Madison, WI, USA). Restriction sites were removed using the
Microsat software (Risterucci et al., 2005) and microsatellite motifs were identified using the
Simple Sequence Repeat Identification Tool (SSRIT), which is available online (Temnykh et
al., 2001). Fifty-eight primer pairs were designed using the Primer Select software (DNAStar
Inc.). For this purpose, we considered dinucleotides and trinucleotides with 5 or more repeats,
as well as tetranucleotides and 4 or more repeats, and pentanucleotides with 3 or more repeats.

Of the 58 primer pairs designed, 28 successfully amplified their respective products.
Of these successful primers, 18 loci were previously validated and characterized by Cardoza
et al. (2011). The other 10 primer pairs were validated and characterized in the present study;
9 of these loci (4nul9 to Anu27) were from the Manaus library and 1 (4nu28) was from the
Nova Mazagdo library (Table 1). The level of polymorphism was estimated using 37-48 speci-
mens of A. nuneztovari s.I. sampled from Manaus, Brazil. The microsatellite fragments were
amplified by polymerase chain reaction (PCR) in a final volume of 10 pL reaction solution
containing 10-20 ng (1.0 pL) DNA template, 1.0 pL 10X buffer, 2.1 uL 1 mM dNTPs, 0.3
uL 50 mM MgCl,, 0.4 uL. 4 mM M13-tailed forward primer (Schuelke, 2000), 0.4 uL. 4 mM
M13-labeled primer (FAM, HEX, and TAMRA), 0.8 pL. 4 mM reverse primer, 0.2 pL 5 U/
pL Platinum Taq DNA Polymerase (Invitrogen Inc., Carlsbad, CA, USA), and 3.8 pL sterile
water to complete the total volume. PCR was carried out in 2 steps: the first step consisted of
denaturation (68°C for 2 min, 95°C for 30 s) followed by 30 cycles of 35 s at 92°C, 35 s at the
primer-specific annealing temperature (Table 1), and 35 s at 72°C. The second step consisted
of 15 cycles of 30 s at 92°C, 35 s at 53°C, 35 s at 72°C, which were followed by a final exten-
sion at 72°C for 30 min. PCR products were visualized on an automated ABI 3130 x1 Genetic
Analyzer (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA), and allele
sizes were scored using GeneScan 500 ROX dye (Applied Biosystems) and analyzed with the
GeneMapper software (version 4.0; Applied Biosystems).

After genotyping, the dataset was checked with the Micro-Checker program (version
2.2.3) (Van Oosterhout et al., 2004) to detect potential errors that might have occurred at each
locus during the genotyping, such as null alleles, stuttering, and large allele dropouts. Next,
the genetic diversity measures were calculated. The heterozygosities (observed and expected)
and the Hardy-Weinberg equilibrium (HWE) were estimated using the MSTOOLS (version
3) (Park, 2001) and GENEPOP (Rousset, 2008) programs, respectively. The descriptive sta-
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tistics, number of alleles per locus, linkage disequilibrium (LD), inbreeding coefficient (£,
and allele size range were inferred using the FSTAT program (version 2.9.3) (Goudet, 2002).

RESULTS AND DISCUSSION

Of the 10 microsatellite loci characterized in this study, 2 were trinucleotides and
8 were dinucleotides (Table 1), and all were highly polymorphic. The number of alleles per
locus ranged from 5 (locus Anu20) to 25 (locus Anu27) (Table 1), with a mean of 12.4. The ob-
served heterozygosity (H) ranged from 0.354 (locus Anu21) to 0.866 (locus Anu24), whereas
the expected heterozygosity (#,) ranged from 0.613 (locus Anu25) to 0.932 (locus Anu27).

After Bonferroni correction, 6 of the 10 loci showed significant deviation from the
HWE, suggesting a heterozygote deficit; consequently, the F; values were positive, ranging
from 0.062 (locus Anu24) to 0.496 (locus Anu21), which indicated inbreeding. No significant
LD was detected among the loci after Bonferroni correction. The significant deviation from
the HWE suggests the presence of null alleles in most of the loci and may reflect accumulation
of different mutations in primer-flanking regions, which would prevent PCR amplification of
one or more alleles and result in significant heterozygote deficits. In the case of locus Anu24
with its 21 alleles, deviation from HWE (P < 0.0001) may have occurred due to the very low
expected values for genotypic classes, which would have increased the chi-square values, thus
causing disequilibrium. This hypothesis is supported by the low F values (0.062) for locus
Anu24. However, for the other loci in disequilibrium we cannot completely rule out the pos-
sibility that such deviations may be a result of population subdivision (the Wahlund effect)
in the sample from Manaus. This hypothesis arose from analyses of the COI gene (Scarpassa
and Conn, 2011), which revealed 2 sympatric well-supported clades in samples from Manaus,
suggesting 2 sympatric genetic lineages or species.

The novel A. nuneztovari s.l. microsatellite loci set described in this study is a marker
set that will be highly useful in investigations of the population structure and evolutionary ge-
netics of this neotropical malaria vector, and thus, will support the production of information
that is of vital importance for malaria control efforts in areas where A. nuneztovari s.l. occur.
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