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ABSTRACT. Anopheles darlingi is the most important malaria vector 
in Central and South America. After a dramatic reduction of malaria 
cases in the whole Brazilian territory, with the lowest abundance being 
attained by 1970, the disease resurged in the Amazon region, where it 
is now a great public health concern. Consequently, better knowledge 
about vector species became urgent. We examined the genetic diversity 
and population structure of A. darlingi, sampled in four localities in 
the State of Rondônia, Brazil, using 139 amplified fragment length 
polymorphism marker loci. In each locality, samples were collected in 
two environments: a peri-domicile one (in the balconies of houses) and 
an extra-domicile environment (about 15 m from the house). Estimates 
of expected heterozygosity, Shannon diversity index and percentage 
of polymorphic loci showed medium to high values, with the samples 
from the areas closer to Porto Velho exhibiting the smallest values. 
There was evidence of small population differences, evaluated by 
Fst, genetic distance and analysis of molecular variance. Comparison 
between peri- and extra-domicile samples showed greater values of 
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Fst and genetic distance than between pairs of localities, indicating 
influence of environmental conditions on the genetics of populations.

Key words: Malaria vector; Anopheles darlingi; AFLP; Amazon region;
Genetic variability; Population differences

INTRODUCTION

Anopheles darlingi is the most important malaria vector and the most anthropophilic 
and endophagous species in Central and South America (Conn et al., 2001), especially in the 
Amazon region, because of its high degree of anthropophilism and susceptibility to infection 
with different kinds of Plasmodium (Magris et al., 2007). The species has a discontinuous dis-
tribution in South America, from Colombia to northeastern Argentina (Manguin et al., 1999).

Anopheles darlingi exhibits great variation in its hematophagic activity (Gama et al., 
2009), which may be a consequence of multiple factors, such as the use of insecticides (Conn 
et al., 2006), differences in temperature, amount of rainfall, genetic variability, and habits of 
local inhabitants (Charlwood and Hayes, 1978; Rozendaal, 1990).

Differences in body size (Charlwood, 1996), behavior, isoenzymes, and chromosomal 
patterns, found in different populations of the species, have created some uncertainty about 
its taxonomy (Rosa-Freitas et al., 1992), but biochemical and molecular studies support the 
hypothesis that A. darlingi is a single species (Rosa-Freitas et al., 1992; Manguin et al., 1999).

In the recent history of malaria in the Amazon region, a drastic reduction in the num-
ber of cases was achieved by a campaign started in the 1940s, which included the diagnosis 
and treatment of ill people, and the control of transmission. The last program was mainly 
based on the elimination of mosquitoes, spraying insecticides in the inner walls of houses. In 
1945, DDT was introduced in the country and was used inside the houses. The success of the 
transmission control was explained by the endophily and endophagy of A. darlingi. Now there 
is evidence of a change in this pattern: the transmission occurs mainly in the peri-domicile. For 
instance, Gil et al. (2007) reported the risk of malaria infection indoors and outdoors as being 
2 and 10/infecting bites per year per inhabitant, respectively. 

As a result of the campaign, the number of cases was drastically reduced, and by 1970 the 
lowest recorded levels of malaria cases were achieved in the whole country. However, in the fol-
lowing years, the number of malaria cases began to rise, particularly in the Amazon region, where 
it attained very high levels. In the last decade, the number of cases in the Amazon represented 
more than 99% of the Brazilian total number. An examination of the number of cases by year from 
1990 to 2009 indicates 2005 as a peak year, with 606,067 cases in the Amazon region. The State 
of Rondônia has had not only a high number of cases, but also one of the highest proportions as 
compared to the population number. In 2009, the number of confirmed cases of the disease was 
41,362, corresponding to 2.91% of the state’s population (Ministério da Saúde, 2009).

Gil et al. (2007) reported high A. darlingi population density in a neighborhood of Porto 
Velho, a high incidence of malaria cases occurring at the peak of rainfall and sporadic peaks dur-
ing the dry season. The region is marked by environmental changes caused by man, with houses 
built without the necessary precautions to avoid artificial breeding sites for mosquitoes. These facts 
contribute to the maintenance of high levels of malaria incidence in the region (Gil et al., 2007).

A series of studies in the last decades were conducted in order to clarify the genetic vari-
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ability and structure in populations of A. darlingi in Central and South America (Rosa-Freitas et al., 
1992; Mendes-dos-Santos et al., 1999; Manguin et al., 1999; Malafronte et al., 1999; Santos et al., 
1999; Conn et al., 2006; Scarpassa and Conn, 2007; Mirabello et al., 2008). In general, the studies 
revealed medium to high levels of genetic variability and low or moderate population structure.

The aims of the present study were to estimate genetic variability and population dif-
ferences in the population of A. darlingi in the region of Porto Velho (RO), and to identify 
possible differences between samples collected in the peri-domicile and extra-domicile envi-
ronments at four different sites.

MATERIAL AND METHODS

Mosquito collection

Mosquitoes were collected in December 2005 from four sites in the State of Rondônia, 
three rural areas near Porto Velho: Mato Grosso (8°49’9”S and 63°56’15”W), Nova Esperança 
(8°42’90”S and 63°53’13”W), São João (8°44’40”S and 63°56’40”W), and Paraíso das Acacias 
(8°48’35”S and 63°41’44”W). The first three are rural areas close to Porto Velho, the capital of 
the State of Rondônia, and the last one is a small village in Candeias do Jamari city, located 20 
km from Porto Velho. Candeias do Jamari had, in 2008, one of the highest incidences of malaria 
in Brazil: 4385 cases in 17,547 inhabitants, or approximately 25% (SIVEP-malária; FNS, 2010). 
In the same year, Porto Velho had the highest number of cases in Brazil, 22,271 or 7.2% of the 
total of cases in the country (SIVEP-malária; FNS, 2010). In all these places, the presence of 
Anopheles, with the prevalence of A. darlingi, was reported (Gama et al., 2009).

As can be seen in Figure 1, São João is on the left side of the Madeira River, while Por-
to Velho is on the right bank. Nova Esperança and Mato Grosso are situated north and south of 
Porto Velho. Finally, on the right side of the square in Figure 1, we can see Candeias do Jamari.

Figure 1. Mosquito collection points near Porto Velho, RO, Brazil.
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Captures were made by human landing, performed according to Gama et al. (2009) by 
trained technicians, at dusk (from 18:00 to 21:00 h) in the peri-domicile environment (on the bal-
cony of houses) and extra-domicile environment (about 15 m from the house), in each of the sites 
previously mentioned, totaling eight mosquito samples, corresponding to four collection points, 
each one with two environments. The specimens were identified in the entomology laboratory of 
LACEN-RO according to Consoli and Oliveira (1994) and Forattini, (2002). The specimens iden-
tified were maintained in 95% ethanol for preservation and subsequent DNA extraction. 

DNA extraction

DNA was extracted from mosquitoes’ head, thorax and legs using the DNeasy® Tissue 
kit, following the DNeasy Tissue Handbook (Qiagen, CA, USA). 

AFLP reactions

Amplified fragment length polymorphism (AFLP) assays were performed using a 
modified protocol of Vos et al. (1995). DNA was digested with two pairs of restriction en�fiedprotocolofVosetal.(1995).DNAwasdigestedwithtwopairsofrestrictionen�ed protocol of Vos et al. (1995). DNA was digested with two pairs of restriction en-
donucleases, EcoRI/MseI, and ApaI/TaqI (Janssen et al., 1996). Adaptors (Table 1) were 
ligated by T4-DNA ligase on both ends of genomic fragments, and a preamplification was 
performed with AFLP primers for EcoRI/MseI adaptors (EcoRI+G/MseI+T) and ApaI/
TaqI adaptors (ApaI+G/TaqI+G). Preamplification polymerase chain reaction (PCR) was 
conducted for 20 cycles for 60 s at 94°C, 60 s at 56°C, and 1 min at 72°C; the primers 
for preamplification had one selective nucleotide. Subsequently, a selective amplifica-
tion was performed using two primer combinations with three selective nucleotides for 
each enzyme pair (EcoRI+GCA/MseI+TAC, EcoRI+GCA/MseI+TTG and ApaI+GCA/
TaqI+GAC, ApaI+GAC/TaqI+GCA). The conditions of selective amplification PCR were: 
1 cycle at 94°C for 30 s, 65°C for 30 s, and 72°C for 1 min; 11 cycles at 94°C for 30 s, 
65°C for 30 s, and 72°C for 1 min, with decreasing temperature in the second step by 
0.7°C for each cycle, and 23 cycles at 94°C for 30 s, 56°C for 30 s, and 72°C for 1 min, 
followed by 1 cycle at 72°C for 15 min. Amplification products were then separated on a 
6% denaturing polyacrylamide gel, and the fragments were detected by silver staining and 
scored as discrete character states (presence or absence). 

  Adaptors Primers

EcoRI/MseI EcoRI 5ꞌ�CTCGTAGACTGCGTACC�3ꞌ 5ꞌ�GACTGCGTACCAATTC�3ꞌ
  5ꞌ�AATTGGTACGCAGTCTAC�3ꞌ
 MseI 5ꞌ�GACGATGAGTCCTGAG�3ꞌ 5ꞌ�GATGAGTCCTGAGTAA�3ꞌ
  3ꞌ�TACTCAGGACTCAT�5ꞌ
ApaI/TaqI  ApaI 5ꞌ�TCGTAGACTGCGTACAGGCC�3ꞌ 5ꞌ-GACTGCGTACAGGCCC-3ꞌ
  5ꞌ�TGTACGCAGTCTAC�3ꞌ
 TaqI 5ꞌ�GACGATGAGTCCTGAC�3ꞌ 5ꞌ-CGATGAGTCCTGACCGA-3ꞌ
  5ꞌ�CGGTCAGGACTCAT�3ꞌ

Table 1. Adaptors and primers for amplified fragment length polymorphism reactions.

Data analysis

Genetic variation of the A. darlingi population was studied by the calculation 
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of expected heterozygosity (He), the percentage of polymorphic loci (%PL), molecular 
analysis of variance (AMOVA), Shannon’s information index (Lewontin, 1972), Nei’s 
genetic identity and distance (Magris et al., 2007), migration rates and F-statistics (Fst).

Estimation of He, performed according to Lynch and Milligan (1994), and the %PL 
were evaluated using the GENALEX software, version 6 (Peakall and Smouse, 2006). 
AMOVA was performed by the procedure of Excoffier et al. (1992) to quantify the propor-
tion of the total genetic variance that is associated with differences between populations 
and the proportion of genetic variance that is attributable to individual differences within 
populations, also using the GENALEX software, version 6 (Peakall and Smouse, 2006).

Nei’s gene diversity, Shannon’s information index, and Nei’s genetic identity and ge-
netic distance were calculated with the Popgene software, version 1.31 (Yeh et al., 1999). Fst 
statistics were estimated using the Arlequin software, version 3.0 (Excoffier et al., 2005). Mul-
tilocus similarities among individuals were assessed using distance matrices. These matrices 
were then subjected to principal coordinate analysis using GENALEX, based on an algorithm 
published by Orlocci (1978).

RESULTS 

The combination of two pairs of primers and two pairs of restriction enzymes revealed 
139 polymorphic loci. The total sample included 422 individuals, 122 from the locality of São 
João, 155 from Candeias do Jamari, 81 from Mato Grosso, and 64 from Nova Esperança. In 
order to better understand the distribution of genetic diversity, two approaches were adopted 
in the data analysis: to group the data according to the four locations and to consider, in each 
location, the peri-domicile and extra-domicile environments.

Genetic diversity

Different measures of genetic diversity estimated with AFLP markers, considering 
the four localities, are seen in Table 2. The He values across the four samples varied between 
0.285 (Mato Grosso) and 0.392 (São João). Shannon’s information index varied between 
0.416 (Mato Grosso) and 0.572 (São João), and the %PL ranged from 69.06% in Mato Grosso 
to 94.96% in São João. 

 São João Candeias do Jamari Mato Grosso Nova Esperança

Sample size 122 155 81 64
He 0.392 (0.009) 0.354 (0.013)   0.285 (0.017) 0.330 (0.015)
I 0.572 (0.012) 0.517 (0.018)   0.416 (0.024) 0.479 (0.022)
%PL        94.96        86.33     69.06       78.42

Table 2. Genetic diversity in the population of Anopheles darlingi in four areas in the State of Rondônia. 

He = expected heterozygosity; I = Shannon’s information index; %PL = percentage of polymorphic loci.

The results of the peri-domicile and extra-domicile samples within each site are shown 
in Table 3. The three measures of intra-population genetic diversity have slightly higher values 
in the peri-domicile than in the extra-domicile, and the differences between localities show the 
same pattern as seen in Table 2.
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Population structure

Analysis of data from the four populations are shown in Figure 2, with 7% of the 
variance being explained by differences between groups, and the remaining 93%, by within-
population variation. The pairwise Fst estimates were significant (P < 0.05), but small, with 
values ranging from 0.008 to 0.014 (Table 4).

 Peri-domicile Extra-domicile

São João
   Sample size 61 61
   He 0.391 (0.010) 0.355 (0.012)
   I 0.568 (0.014) 0.521 (0.017)
   %PL 92.81 88.49
Candeias do Jamari 
   Sample size 77 78
   He 0.339 (0.014) 0.325 (0.014)
   I 0.493 (0.020) 0.477 (0.020)
   %PL 81.29 80.58
Mato Grosso 
   Sample size 40 41
   He 0.287 (0.017) 0.280 (0.017)
   I 0.417 (0.024) 0.410 (0.024)
   %PL 69.06 68.35
Nova Esperança
   Sample size 32 32
   He 0.308 (0.015) 0.294 (0.016)
   I 0.453 (0.022) 0.428 (0.024)
   %PL 71.22 76.98

Table 3. Genetic diversity in the population of Anopheles darlingi in four areas in the State of Rondônia, each 
one with two environments.

He = expected heterozygosity = 2 * p * q.  I = Shannon’s information index = -1* (p *Ln (p) + q * Ln(q)). In each 
case, the values of He and I are means of all 139 loci, with their standard errors.

Figure 2. Results of analysis of molecular variance (AMOVA) of data from the population of Anopheles darlingi 
in four localities in the region of Porto Velho, State of Rondônia. Pops = populations.
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The estimates of genetic distance (Table 5), all significant at P < 0.05, varied from 
0.042, between the localities of São João and Candeias do Jamari, to 0.142 between the locali-
ties of Mato Grosso and Nova Esperança. Similar results were found for peri-domicile and 
extra-domicile comparisons for each site, with Fst values ranging from 0.013 to 0.031 (Table 6) 
in the localities of Candeias do Jamari and Nova Esperança, respectively (P < 0.05). The great-
est genetic distance between different environments was attributed to the location of Nova 
Esperança with a value of 0.087 (Table 6) and the smallest genetic distance was attributed to 
the location of Mato Grosso with an estimated value of 0.007 (Table 6).

 1 2 3 4

1 0.000 0.050 0.050 0.050
2 0.008 0.000 0.050 0.050
3 0.011 0.010 0.000 0.050
4 0.013 0.011 0.014 0.000

Table 4. Fst values (under diagonal) for Anopheles darlingi mosquitoes collected in the three localities in Porto 
Velho (RO) and Candeias do Jamari (RO), with significance levels above diagonal.

1 = São João, 2 = Candeias do Jamari, 3 = Mato Grosso, 4 = Nova Esperança.

Population São João Candeias do Jamari Mato Grosso Nova Esperança

São João 0.000   
Candeias 0.042 0.000  
Mato Grosso 0.051 0.057 0.000 
Nova Esperança 0.088 0.112 0.142 0.000

Table 5. Pairwise population matrix of Nei’s genetic distance for Anopheles darlingi mosquitoes collected in 
three localities in Porto Velho (RO) and Candeias do Jamari (RO).

Intra-domicile x peri-domicile Fst (P < 0.05) GD

São João 0.019 0.040
Candeias do Jamari 0.013 0.061
Mato Grosso 0.025 0.007
Nova Esperança 0.031 0.087

Table 6. Fst and Nei’s genetic distance (GD) values between Anopheles darlingi samples collected in peri-domicile 
and extra-domicile environments, in three localities in Porto Velho (RO) and in Candeias do Jamari (RO).

DISCUSSION

Donnelly et al. (2002), reviewing the accumulated body of information on population 
structure of malaria vectors, concluded that there is evidence of a shallow population structure 
and a weak effect of distance on population differentiation. The reasons for these facts are, 
among others, the high population numbers and the high mobility of these insects, A. darlingi 
not being an exception. The same researchers pointed out some important attributes of the 
species of malaria vectors, including their adaptations to exploit different man-made environ-
ments and a good dispersal and colonizing ability (Donnelly et al., 2002).

The genetic variability demonstrated in this study is comparable to that observed in 
the majority of other studies of A. darlingi in South America: the values found by Pinedo-
Cancino et al. (2006) for He ranged from 0.270 to 0.320 for populations near the city of Iqui-
tos in Peru. González et al. (2007) found average values of 0.374 and 0.309 with RAPD and 
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AFLP markers, respectively. Santos et al. (1999) found values ranging from 0.290 to 0.375 
for populations of different states of Brazil. However, these values are low when compared 
with results obtained with codominant DNA markers such as microsatellites (Santos et al., 
1999), and high when compared with values obtained with isozyme markers by Manguin et al. 
(1999). In Table 2 and Figure 1, we can observe that at the two sites close to the urban area of 
Porto Velho (Mato Grosso and Nova Esperança), the three measures of genetic diversity, He, 
Shannon’s information index and %PL, are smaller than in the other two, São João and Can-
deias do Jamari, which are both closer to the forest. A possible explanation for these findings is 
the existence of a malaria control program in Porto Velho, which includes the use of chemical 
insecticides when necessary. The populations of Nova Esperança and Mato Grosso must have 
been frequently exposed to these malaria control actions, which may be less efficient in São 
João and Candeias do Jamari, where mosquito breeding sites must be very common.

The Shannon diversity index, more frequently used in ecological studies than in popu-
lation genetics, has good properties to evaluate genetic diversity within populations, according 
to Lewontin (1972). When calculated on the basis of gene frequencies of biallelic loci, the 
minimum value is 0 and the maximum is 1. In the present study (see Table 3), the Shannon 
index values are in the range of 0.410-0.568. The values are consistently higher in the extra-
domicile than in the peri-domicile. This fact is not easily explained, but we should recall that 
mosquitoes are exposed to insecticides in the peri-domicile, but not in the extra-domicile. 

The results of AMOVA (Figure 2) showed, as expected, that most of the genetic vari-
ability found in these populations is due to differences between individuals within populations 
(93%), while 7% is due to differences between populations. González et al. (2007) give esti-
mates of within population variation of 92%, using RAPD markers, and 77% with AFLP, in 
populations of A. darlingi in Colombia. It must be noted that the sampled populations are not 
only much more distant than ours, but they are separated by mountains. The estimates of Fst 
are rather small, but the values of pairwise population distance are not so small, particularly 
the distance between the population of Nova Esperança and the other ones.

When all data of the peri-domicile are considered together and compared with the 
data from the extra-domicile, the values of Fst and genetic distance are greater than the ones 
between pairs of localities, probably because environmental differences have a more impor-
tant influence on the genetic composition of populations than the mere geographic distance. 
This fact deserves further attention because, as mentioned in other studies, there is evidence of 
changes in Anopheles darlingi behavior, mainly in its endophily and biting activity. 
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