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Abstract This study relates multiple parameters that

are involved in the occurrence and control of malaria

in the Amazon. Ebbs and floods, black and white

waters, fishponds, and ‘‘repiquete’’ (Amazonian

waters phenomenon) influence the density of Anophe-

les darlingi Root, 1926. The adaptive processes,

genetic background, and resilience of Anopheles

vectors change in response to climate and environ-

mental changes. This study covers the diversity of

anophelines, which increases due to anthropic activ-

ities. Regarding strategies for vector control, the

following measures are important: (1) use mechanical

barriers inside houses (screens and impregnated

mosquito nets), (2) determine the level of anopheline

resistance to insecticides, and (3) determine the effect

of the physiological state of females on malaria

transmission effectiveness. Bioinsecticides were

found to be efficient in the control of immatures, and

there was no alteration of the associated fauna. Data on

genetic variability and vector populations demon-

strated greater polymorphism in intradomicile sub-

populations. Furthermore, knowledge on the structural

genome and transcriptome of A. darlingi, associated

with bio-ecology and evolution, may indicate an

adaptive strategy of this species to the Amazon biome.

There are anthropic activities and environmental and

climatic changes that favor increased vector density,

requiring specific control strategies to reduce popula-

tions of this species.

Keywords Amazon ecosystem � Anopheles
darlingi � Brazilian malaria � Genetic variability �
Vector control

Introduction

TheAmazonBasin is home to some 40%of theworld’s

remaining tropical forests and contains one of the

Earth’s richest assortments of biodiversity: thousands

of species of plants, over one million insect species,

more than 700 fish species, approximately 1,000 bird

species, and over 300 mammalian species (Ministério

do Meio Ambiente, 2010). The reduction of tropical

forest areas, especially in tropical rainforests, will
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probably result in the loss of many species (Scholze

et al., 2005). Climate change affects the Amazon

region, which in turn is expected to alter the global

climate and increase the risk of biodiversity loss

(WorldWide Fund,WWF, 2006). By 2050, along with

a projected surface temperature increase of 2�C, severe
species loss is predicted across central Brazil and

Mexico and in dry areas of Argentina, Bolivia, and

Chile (Siqueira & Peterson, 2003; Miles et al., 2004;

Thomas et al., 2004). The central-eastern Amazon is

predicted to undergo an irreversible process of ‘‘sav-

annization’’ (Nobre et al., 2004; United Nations

Framework Convention of Climate Change,

UNFCCC, 2007).

Human activities in the Amazon biome that favor

increased incidence of malaria are characterized by the

occupation of urban and peri-urban spaces in an

uncontrolled manner; the construction of hydroelectric

power plants, irrigation projects, and fishponds; the

exploitation of fossil fuels, minerals, and natural gas;

forest fires; deforestation; and road construction (Tadei

et al., 1988, 1998, 2002, 2010; Confaloniere et al.,

2014; Hahn et al., 2014). In addition to human

activities, global environmental changes, such as vari-

ations in temperature, humidity, and rainfall (Camp-

bell-Lendrum et al., 2015), can lead to the selection of

resilient mosquito species with genetic adaptations for

these new environmental conditions, thus enabling the

selection of insects resistant to synthetic insecticides

(Nkya et al., 2013; Glunt et al., 2014).

Malaria vectors and their adaptive processes,

genetic background, and resilience to environmental

change in the Amazon scenario are described in this

study. The aspects of malaria described here directly

compromise human health in the at-risk area (Betts

et al., 2008; Phillips et al., 2009; Tadei et al.,

2002, 2010). Covered here are aspects related to the

diversity and density of vector species associated with

the environment (black and white waters), resistance

to chemical insecticides used in control measures,

biological vector control, association of anophelines

with macroinvertebrates, data on the genetic variabil-

ity of vector populations, and knowledge of the

structural genome, according to the transcriptome of

Anopheles mosquitoes adapted to the Amazon biome.

Knowledge on the ecology and behavior of malaria

vectors in the Amazonian region is essential for

developing tools and strategies for controlling these

vectors and, consequently, promoting a reduction in

the number of cases of malaria. This knowledge allows

the available tools and evaluations of the impact of the

control measures used to be adjusted (Tadei et al.,

1988, 1998, 2002, 2007b, 2010; Tauil, 2002; Girod

et al., 2011; Hiwat & Bretas, 2011; Confaloniere et al.,

2014; Musset et al., 2014). This study correlates

multiple parameters involved in the occurrence and

control of malaria in the Brazilian Amazon, and it

covers ecological, behavioral, and genetic aspects of

the vector, in addition to anthropic and environmental

factors, that are important for understanding the role

and importance of A. darlingi in the transmission of

malaria in the Amazon Basin.

Amazon biome and malaria

Malaria occurs in humans worldwide and affects

approximately 219 million people, with approxi-

mately 660,000 deaths/year (WHO, 2014). In 2012,

over 3.4 billion people were at risk of contracting the

disease (WHO, 2015). The Americas had approxi-

mately 1.1 million cases of malaria in 2010 (with

333,528 cases in Brazil) but only 142,593 in 2014

(Ministério da Saúde, 2015, 2016). In this new

scenario of environmental change, public health

policy measures are insufficient for understanding

and addressing the effects of climate change on the

adequate control of malaria vectors (WHO, 2014).

Figure 1 outlines the relationships among environ-

mental change, anthropogenic activities, and the

dynamics of malaria transmission in the Amazon

ecosystem, a region where 99.8% of the malaria cases

in Brazil occur and where there is an average annual

temperature of 26.5�C and relative humidity of 88%

(Ab’Saber, 2002; Silva et al., 2013).

Predictive models of the incidence of malaria have

been developed, linking climate change to meteoro-

logical factors, parasite development rates, vectorial

capacity, geographic distributions, and levels of

economic, social and technological development.

However, these models lack adequate social, political,

and environmental contexts, making them ineffective

as preventive measures of effective control in response

to these environmental changes and vector behavior

(Caminade et al., 2014; Alimi et al., 2015; Burke et al.,

2015; Campbell-Lendrum et al., 2015).

The Amazon Basin is associated with factors

(Fig. 1) that favor malaria transmission and make
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the application of control measures difficult (Tadei

et al., 1988, 1998, 2002, 2007a, b, 2010; Tauil, 2002;

Confaloniere, 2005; Oliveira-Ferreira et al., 2010;

Girod et al., 2011; Musset et al., 2014). Accordingly, it

is important to consider the physiological state of

mosquito populations because nulliparous females

have no epidemiological significance. In the case of

malaria transmission, the physiological state becomes

relevant just after the first blood meal, when the host

becomes infected. It is also important to consider that

oniparous females are more likely to be infected with

plasmodia, depending onmultiple bloodmeals already

consumed, which may occur in infected people.

Laporta et al. (2013), using mathematical modeling

from studies conducted in the community of Park

Island of Cardoso, Atlantic Forest/São Paulo/Brazil,

suggested that increased biodiversity could help

prevent malaria outbreaks in tropical forests by

altering the availability and variety of other warm-

blooded hosts in the forest and competition among

insect vectors and nonvectors for various hosts.

However, regarding A. darlingi, the main vector of

malaria in the Amazon region (Girod et al., 2011),

factors other than increased diversity should be taken

into account, considering (for example) the diverse

microhabitats of ecosystems and the degree of human

occupation that changes the landscape and affects the

density of A. darlingi in altered locations. This

phenomenon can be observed in the city of Ari-

quemes, state of Rondônia, which was known in the

1980s and 1990s as the world capital of malaria, where

transmission is currently restricted to rural areas due to

environmental changes caused by the human activities

which eliminate the vector’s breeding sites (Tadei

et al., 1998; Ministério da Saúde, 2016). Considering

the dynamics of malaria transmission in the City of

Manaus, the incidence of disease in the peripheral area

of the city is also reduced due to the drastic changes

brought about by intense human occupation in these

areas, which has disrupted the A. darlingi breeding

sites (Ministério da Saúde, 2016).

Therefore, the relationship between biodiversity

and environmental integrity in the Amazon ecosystem

depends on several factors, particularly those related

to microenvironments and human intervention. It is

known that ecosystems that are more preserved favor a

lower diversity of the Anopheles mosquitoes impli-

cated in spreading malaria. Drastic anthropic actions

combined with marked changes in the landscape may

even cause the disappearance of the mosquito A.

darlingi in specific areas. However, if the former

conditions are restored, the species may again colonize

the area. Studies conducted in the Brazilian Amazon

since 1985 describe different situations and the

diversity of Amazonian environments with different

degrees of human action (see Table 1 in Tadei et al.,

1998 and Table 4 in Tadei & Thatcher, 2000). These

data demonstrate the complexity of the relationships

among the natural environment, human presence, and

malaria, indicating the importance of detailed studies

Fig. 1 Environmental

changes and anthropogenic

activities: factors that

influence the parameters

involved in the dynamics of

malaria transmission in the

Amazon ecosystem (based

upon 1Wolfarth et al., 2013;
2Tadei et al.,

1988, 1998, 2007a, b, 2010;
3Hahn et al., 2014)
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to substantiate specific conclusions about each

microecosystem and malaria transmission in the

Amazon (Tadei et al., 1998; Tadei & Thatcher, 2000).

Bio-ecological factors involved in malaria

transmission

In the wild, during reproductive processes, females of

Anopheles, among other mosquitoes, lay their eggs

directly on the surface of water or on damp substrates

in collections of water on the banks of rivers, streams,

and deep and clear waters, such as lakes, estuaries, or

large rivers (Forattini, 2002). In Amazon environ-

ments, the females also lay their eggs in flooded

forests—igapós: flooded forests of black waters, such

as the Negro River (Tadei et al., 1998, 2002,

2007b, 2010) and small water collections and rare

breeding sites (Hiwat & Bretas, 2011). Mosquito

breeding sites show certain biophysical characteris-

tics, such as microorganisms and different types of

decaying organic matter, that are needed for the

biological development of mosquitoes (Glare, 1998).

Tadei et al. (2010) emphasized the importance of the

occurrence of Oryza perennis (wild rice) Moench in

areas of flooded forest, where the immature forms of

Anopheles develop among the roots and leaves.

Anopheles darlingi, the most important species

involved in malaria transmission in the Amazon Basin

presents high behavioral variability (Hiwat & Bretas,

2011), genetic plasticity (Scarpassa & Conn, 2007;

Silva et al., 2010) and resilience, adapting very well to

environmental changes, particularly those caused by

anthropic activities. This vector is found in areas

where it did not occur previously and returns to areas

where it had already been controlled (Hiwat & Bretas,

2011), which demonstrates the great adaptability of

this species. Due to these characteristics, it is difficult

to evaluate the real impacts of environmental and

climate changes on the population density of this

vector. These associated factors make implementing

effective control measures a complex task, demon-

strating the need for specific strategies, such as the use

of integrated management (Oliveira-Ferreira et al.,

2010), to reduce the vector population and the number

of malaria cases (Tadei et al., 1988, 1998, 2002,

2007, 2010; Hiwat & Bretas, 2011).

The two great rivers of the Amazon (Solimões and

Negro) have heterogeneous ecosystems that provide

different breeding sites for Culicidae (Tadei et al.,

2010). Rio Solimões (white water) is geologically

younger (Lopes, 1992), with high primary production

of organic matter from carbon dioxide and minerals

(Rios-Villamizar et al., 2016; Wolfarth et al., 2013).

This environment, which includes floating macro-

phytes and phytoplankton, is conducive to the repro-

duction of Culicidae species of the genera Mansonia

Blanchard, 1901 and Coquilletidia Dyar, 1905, which

often show high densities and can make the environ-

ment unsuitable for human habitation (Lopes, 1992;

Tadei, 1996). In contrast, the geologically older Rio

Negro has acidic black water, is rich in dissolved

fulvic and humic compounds, and has low productiv-

ity and electrical conductivity (Walker, 1995). This

environment is conducive to the breeding of anophe-

lines, especially A. darlingi, in areas close to human

habitation (Tadei et al., 2010).

In the Amazon, the population density of A.

darlingi responds to the hydrological cycle (Tadei

et al., 2002, 2010; Girod et al., 2011; Hiwat & Bretas,

2011; Wolfarth et al., 2013; Musset et al., 2014). This

annual phenomenon influences the seasonality of

species, which leads to an increase in breeding sites

and intensifies human/vector contact and, hence,

malaria cases. Thus, the density of anophelines is

low at the beginning of the rainy season (November)

and increases in April–June, concurrent with gradual

increases in rainfall and river levels. At the beginning

of the rainy season, vector density and the ability to

transmit the malaria protozoan are low.

However, in the low-water period (July–October),

the density of anophelines decreases due to the

destabilization of the breeding sites, markedly reduc-

ing mosquito breeding. However, with extreme

changes in global climate conditions, changes in the

hydrological cycle of the Amazon region are also

observed, affecting the incidence of malaria cases.

This situation occurs due to abrupt increases in both

the river water levels and vector density, thus exposing

local populations to the malaria vector for a greater

period. Tadei et al. (2002, 2007a, b, 2010) and

Wolfarth et al. (2013) described this new aspect of

the Amazon on the basis of studies conducted in the

City of Coari and in other localities in the Amazon.

Thus, considering these major environmental

changes that occur annually in the Amazon and have

a direct relation to the hydrological cycle in the region,

it is of fundamental importance to study the annual

variation of the density of A. darlingi. It is also
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important to consider two aspects that are intrinsically

related to malaria control: (1) analyses of the physi-

ological state of A. darlingi populations in areas where

measures are implemented and (2) installations of

screens on doors and windows of homes and the use of

mosquito nets impregnated with insecticides over beds

and hammocks (Martins-Campos et al., 2012).

Considering the physiological state of A. darlingi

females is important for determining periods of

increased exposure to oniparous females, when there

is greater likelihood of transmission of Plasmodium.

In A. darlingi, these females are more common during

later hours; however, there are studies that show, in

more detail, the effects of continuous aerospatial

applications on oniparous females. Previous works

have shown that thermonebulization works by reduc-

ing the frequency of oniparous females. However,

more data are required to reach significant conclusions

regarding this important parameter of control in areas

of intense malaria transmission (Tadei et al., 2010;

Ministério da Saúde, 2015).

It is also relevant to consider the efficacy of control

measures related to the protection of the population

provided by the use of screens on doors and windows

of homes and insecticide-impregnated raffia curtains

used in miners huts, as a primary barrier, blocking the

entrance of the vector and reducing human/vector

contact (Figueiredo et al., 1998). The concomitant use

of insecticide-impregnated mosquito nets over beds

represents a second protective barrier to contact with

the vector (Martins-Campos et al., 2012), ensuring a

better quality of life for exposed populations in at-risk

areas (Santos et al., 1999).

Laporta et al. (2013) conducted studies involving

mathematical models of human activities, climate

change, and malaria relations both currently and in

2070. The authors predicted that there will be a

decrease in populations of A. darlingi favoring the

Albitarsis complex because of the drier climate and

increased anthropogenic activities by 2070. In con-

trast, Alimi et al. (2015), also using mathematical

modeling, investigated the distribution of A. darlingi

and Anopheles nuneztovariGalbadon, 1940 in relation

to climate change and deforestation between 2010 and

2070 in northern South America. The authors pre-

dicted interference by these factors in the distribution

of these two species but proposed new technologies

and reducing deforestation as a means of eradicating

malaria. For the complex ecosystem of the Amazon, it

is critical to consider local influences on each

microregion related to A. darlingi, human activities

and intensified current climatic influences because the

pulses of flows and ebbs interfere with the diversity

and density of anophelines in relation to behavioral

patterns in specific areas, thus changing the dynamics

of malaria transmission (Tadei et al., 1998, 2002,

2007b, 2010).

In 22 locations in the Amazon in a variety of

environments with and without anthropogenic activ-

ities, 11,895 anophelines were collected, including

5,784 A. darlingi, 3,308 A. nuneztovari and 1,904

Anopheles albitarsis Lynch: Arribálzaga, 1878 spec-

imens (see Table 1 in Tadei & Thatcher, 2000). Seven

of the 33 known species in the region were found to be

infected by Plasmodium using ELISA detection,

including A. albitarsis and A. nuneztovari, coadjuvant

species of A. darlingi in the transmission of the

disease. Malaria transmission in these areas is directly

associated with the presence of A. darlingi. In terms of

infection by Plasmodium falciparum Welch, 1897, A.

darlingi displayed the highest infectivity index, 1:193,

and for mixed infection [Plasmodium vivax (Grassi &

Feletti), 1890 and P. falciparum], an index of 19

positive suspensions. A. nuneztovari also showed a

high infectivity index, 1:150, and an index of 10

positive suspensions for mixed infection; in A.

albitarsis, these values were 1:136 and 6, respectively

(see Table 2 in Tadei et al., 1998). There is a need to

map areas where A. darlingi and species of the A.

albitarsis complex are found to identify endemic

areas. There is an intrinsic complexity between A.

darlingi and malaria transmission in many ecosystems

both in endemic and nonendemic areas, according to

the current literature (Tadei et al., 1998, 2010; Tadei &

Thatcher, 2000; Girod et al., 2011; Barros et al., 2012;

Araújo et al., 2014; Martins et al., 2015). Thus, there is

a need for detailed studies involving different ecosys-

tems in relation to A. darlingi and environmental

change.

Seventeen stations in the Amazon along the rivers

of the region were monitored monthly on the basis of

data from hydrological monitoring of the Amazon

Basin by the National Water Agency of Brazil (ANA),

Geological Services of Brazil (CPRM), and the

Amazon Protection System (SIPAM). The data from

this monitoring showed that the conditions of the

headwaters of the Amazon Basin differ markedly from

the central part of the basin. The behavior of water
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affects the environment and breeding conditions,

which influence the frequency of the occurrence of

Anopheles species in these regions. Data previously

obtained in the Amazon show that A. darlingi is the

most susceptible to climate change, water regime,

and anthropogenic activities, which favor or reduce

the number of breeding sites. Water rise or fall is

accompanied by a disruption of breeding sites,

reducing the food supply for the larvae and reducing

the population density of A. darlingi (Tadei et al.,

1991, 1998, 2002; Laporta et al., 2013). Anopheles

triannulatus Neiva & Pinto, 1922, sensu lato, A.

nuneztovari sensu lato, and the Albitarsis complex

have higher resilience, which is the capacity to

adapt to conditions of climate and environmental

changes (Tadei et al., 1991, 1983; Tadei &

Thatcher, 2000).

The phenomenon of the ‘‘repiquete’’ and its role

in malaria transmission

Variations in river water levels are constant in the

Amazon region, where many suitable basins for

mosquito breeding can be found. However, sudden

and irregular breaks in water level variation can

occur in periods of both flooding and receding,

regionally called ‘‘repiquete,’’ the duration of which

is variable. Wolfarth et al. (2013) defined ‘‘repi-

quete’’ as a variation in the water level of rivers, as

opposed to the general tendency of the hydrological

regime. It should be noted that ‘‘repiquete’’ can

occur during both high waters and receding river

levels, showing variation from year to year. These

authors emphasize that the duration of ‘‘repiquete’’

is extremely variable, from 9 to 56 days, and can be

classified as less than 30 days or more than 30 but

fewer than 60 days. These hydrological phenomena

may be associated with climate change processes,

the effects of which result in increased cases of

malaria at uncharacteristic times (Tadei et al., 1998,

2010). The distributions of A. darlingi and A.

albitarsis therefore fluctuate according to these

variations in river levels under natural conditions.

These results demonstrate significant positive corre-

lations between cases of malaria and temperature,

precipitation, and water levels (Barros & Honório,

2007). Similarly, Wolfarth et al. (2013) noted that

increases in water levels in recent years also reflect

the malaria transmission cycle.

A ‘‘repiquete’’ associated with an increased density

of A. darlingi was recorded in Lago de Coari in 2007,

when it was observed that the river level rose in

December/January, followed by a short ‘‘summer’’

with approximately 30 days of intense sunlight, where

the effect of a ‘‘repiquete’’ was observed. Conse-

quently, anophelines reproduced explosively and

communities were exposed to the vector at a high

density, resulting in an increase in malaria cases

around the Coari/Manaus gas pipeline (Tadei et al.,

2010).

Another study conducted by Wolfarth et al. (2013)

analyzed the water level using daily data to determine

the specific days of the occurrence of the ‘‘repiquete’’

phenomenon in four municipalities of Amazonas,

namely Codajás, Coari, Manacapuru, and Manaus

Cities. Also included were the epidemiological results

of malaria, which exhibited a heterogeneous distribu-

tion between these municipalities. There were varia-

tions in transmission over the years studied

(2003–2009), even in periods influenced by climatic

effects, such as El Niño in 2003, a severe drought in

2005 and La Niña in 2009. The city of Manacapuru

had the highest malaria transmission rate, and Coari

was second. There was an increase in cases of the

disease in the dry season, mainly starting in August,

with more concentrated records during droughts. The

highest rates of malaria cases appeared, on average,

1–1.5 months after the ‘‘repiquete.’’ The results

showed positive and significant correlations between

malaria cases and temperature, and precipitation and

water level.

Floods in malaria transmission

The Amazon biome is governed by a natural system of

water, with ebbs and flows that annually modify the

environment and determine the living conditions in

this region. In the central Amazon, the rains usually

begin in November, when the river waters begin to

rise, flooding forests, producing numerous breeding

sites and initiating a new cycle of malaria transmis-

sion. The waters rise gradually and high river water

levels (approximately 20 m) usually occur in June. In

May/June, rains are markedly reduced, causing the

onset of the dry season, which lasts until October. The

decrease in river waters begins in June/July and

extends until September, featuring the ebbing of the

rainy season. However, this natural water cycle is

184 Hydrobiologia (2017) 789:179–196
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currently undergoing extreme modifications, probably

resulting from environmental and climate changes

being recorded in the Amazon (Tadei et al.,

1998, 2002, 2010).

Floods in the Amazon biome have occurred more

extensively in recent years (Wolfarth et al., 2013).

According to estimates in the Amazon, 36 cities were

affected by floods in 2015. Of this total, 34 were in an

emergency situation, although the water levels had

started to fall, with Humaita (7�3002200S, 63�103800W)

and Boca do Acre, located in the confluence of the Rio

Acre and Rio Purus (950 km fromManaus, the capital

of Amazonas), still in a state of emergency in 2015,

according to the State Civil Defense.

According to Tadei et al. (2007a), Coari was

surprised by an unusual summer, which caused a

300–500% increase in the density of A. darlingi in the

region. The main lake in the city had higher water

levels than usual, with waters penetrating the forest

and forming a flooded forest, producing an ideal

environment for mosquito breeding.

Published data reveal that the increase in water

depth formed by floods favors the contact of A.

darlingi with the inhabitants because the breeding

sites are closer to the houses along the riverbanks,

forming microhabitats where the larvae develop,

thereby completing the transmission cycle of malaria

human/parasite/vector, as noted by Tadei et al.

(1998, 2002, 2007b, 2010).

Fish farming ponds and biological vector control

The Western Amazon region has natural characteris-

tics favorable for the development of fish farming:

clayey yellow latosol soil, annual rainfall approxi-

mately 2,400 mm, average temperature of 26.5�C,
88% relative humidity, and average daily sunshine of

5.4 h (Ab’Saber, 2002; Silva et al., 2013). With these

favorable conditions, along with government encour-

agement, there has been a 62% growth in the issuance

of licenses for fish farmers, with a current output of

15,000 tons/year, and the projection is 100,000 tons of

fish/year in about one decade (SEPROR, 2014).

Studies show that fishponds become breeding sites

of A. darlingi due to the black water, and marginal

vegetation added to the fish feed replenished daily,

promoting conditions for oviposition of Anopheles

females and larval development. Unlike the natural

conditions in the Amazon, fishponds are a permanent

breeding site of A. darlingi in the vicinity of Manaus.

This phenomenon occurs because water supply tanks

are not influenced by the pulse of flood and ebb tides,

keeping the vector breeding conditions at high levels

throughout the year. Likewise, climate changes do not

affect the stability of the tanks because they are a

closed system. Therefore, fishponds must be contin-

uously monitored to prevent the reproduction of the

vector and prevent the transmission of malaria (Tadei

et al., 2005, 2007a, b; Rodrigues et al., 2008, 2013).

Control measures in these environments are viable

and should be considered, and the primary functions of

the aquatic environment should be preserved. Bacte-

rial biological control is a measure that attempts to

eliminate pests and disease vectors through biotic

agents that are pathogenic, antagonistic, and/or lethal.

The use of bacterial entomopathogens, such as Bacil-

lus sphaericus Neide, 1904 (Bs) and Bacillus

thuringiensis israelensis Berliner, 1915 (Bti), is an

alternative to conventional control measures against

Anopheles larvae that considers the preservation of the

environment (De Barjac, 1990). Field tests conducted

in the central Amazon using Bti and Bs found greater

effectiveness in black water than white water due to

the presence of Chromobacterium violaceum (Schrö-

ter, 1872) releasing violacein into the water, which has

a photobiological action on bacteria (Rodrigues et al.,

2013). Studies on biological control in fishponds have

noted an abundance of A. darlingi, corresponding to

54% of larvae collected. Other species present in the

ponds were Anopheles braziliensis Chagas, 1907, A.

triannulatus, A. nuneztovari, and A. albitarsis, the last

with low abundance. The reduction in larval percent-

age indicated a rapid effect of Bs within 24 h after its

application (Tadei et al., 2007b; Rodrigues et al.,

2008).

Bacterial biological control was also evaluated for

possible effects on macroinvertebrates, which coexist

with mosquitoes. Associated aquatic insects play

important roles in nutrient cycling, as bioindicators,

and in the diet of several fishes in the regional

economy. An estimate of these insects was made in

four fishponds around Manaus, and a total of 12,495

specimens of aquatic insects were found, including

some important indicators of water quality. After

15 days of Bs application, approximately 100% of

aquatic insects recovered their preapplication abun-

dance levels (Sampaio et al., 2005). A regression

analysis of time intervals using the readings as
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independent variable against richness (jackknife order

1) (r2 = 0.04) and Shannon diversity (H0)
(r2 = 0.002) in a study carried out by Ferreira et al.

(2015) in fishponds indicated that these variables were

not affected by the application of Bs. Thus, the results

showed no effect of the larvicide on the general insects

present in fishponds.

Genetics of malaria vectors

Population genetics and functional genome

of Anopheles darlingi

Indicators of changes in vector behavior can be

observed in genetic studies that characterize and

map structures in the RNA, DNA, and chromosomes

of mosquito populations influenced by changes in the

Amazon biome.

The wide geographic distribution of A. darlingi,

especially in the Amazon, as well as significant

differences among populations based on studies of

polytene chromosomes (Tadei & Santos, 1982; Tadei

et al., 1982), isoenzymes (Steiner et al., 1982; Santos

et al., 1999), and behavior (Rosa-Freitas et al., 1992;

Charlwood, 1996) led to the hypothesis that A.

darlingi is a species complex. However, this hypoth-

esis was rejected byManguin et al. (1999) in a study of

samples from different parts of its distribution range

using morphology, isoenzymes, random amplified of

polymorphic DNA (RAPD), and internal spacing of

the internal transcribed spacer 2 (ITS2) gene. Later,

other studies based on the mitochondrial COI gene

(Mirabello & Conn, 2006) and DNA microsatellites

(Conn et al., 2006) found significant differences in

Central America and part of Colombia as well as in the

Amazon region.

Considering these controversies and the importance

of A. darlingi, Lima et al. (2010) constructed a

microsatellite DNA library and characterized 24

microsatellite polymorphic loci with a total of 184

alleles for a population in Coari (Amazonas, Brazil).

Most repeats for loci were dinucleotides (56.5%),

where TG/CA was the most common (42.8%). A total

of 270 alleles were obtained, of which 24 loci were

analyzed: 12 with regard to genetic variability in two

populations of the Amazon (Table 1), one from Coari

and the other from São Gabriel da Cachoeira, located

622.76 km away. Regarding the population of São

Gabriel da Cachoeira, the study examined 96 alleles,

with an average of seven alleles per locus and

significant deviation from Hardy–Weinberg equilib-

rium for three loci (Ada06, Ada23 and Ada27), due to

an excess of homozygotes, indicated by the inbreeding

coefficient (FIS) values of these loci (0.423, 0.434 and

0.527).

Linkage disequilibrium was not observed between

the loci for any of the populations studied. This species

showed high genetic variability in these populations

that revealed by the observed and expected heterozy-

gosities (HO = 0.650 and HE = 0.728), but it showed

low genetic differentiation (FST = 0.028) and high

genetic similarity (D = 0.0962) between populations.

The high rate of gene flow (Nm = 9.507) found

between populations of Coari and São Gabriel da

Cachoeira, measured by the number of migrant

individuals and based on FST values, indicated that

they could be considered a single panmictic popula-

tion, whose genetic distance showed no relationship to

the geographical distance between these populations.

The Coari locality is characterized by constantly

implemented environmental changes due to construc-

tion of the Petrobras (Brazilian Oil Company) pipe-

line. These changes have increased the mosquito

density and malaria cases in the region, leading to

intense use of synthetic insecticides to control malaria.

In contrast, the population of A. darlingi in São

Gabriel da Cachoeira, situated in the upper Rio Negro,

Amazonas State, has not suffered these environmental

changes, but malaria is present. Intensive use of

chemical insecticides has selected populations resis-

tant to these compounds, and the resistance phe-

nomenon has been observed in more than 50

Anopheles species (Hemingway & Ranson, 2000;

Dong, 2007).

Another example of the above phenomenon was

noted by Scarpassa & Conn (2007). Populations of A.

darlingi in Coari (AM) and Porto Velho (RO),

separated by a large geographical distance, showed

low genetic differentiation and large gene flow

(FST = 0.030 and 0.024, and Nm = 16.2 and 20.0,

respectively). These studies show the genetic plastic-

ity of populations of this mosquito, which ensures

survival conditions despite the imposed environmental

changes.

Recently, two studies obtained samples from pop-

ulations of A. darlingi collected in North, Southeast,

and Central-west Brazil, based on a morphological
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analysis of the wing (Motoki et al., 2012) and SNP

molecular markers (Emerson et al., 2015). No signif-

icant differences were found between these popula-

tions at the interspecific level.

The hematophagic behavior of A. darlingi occurs in

the intra-, peri-, and extradomicile areas, relevant

parameters in studies of Anopheles populations

because they show the patterns of malaria transmis-

sion mechanisms (Tadei et al., 1993, 1998). A study by

Silva et al. (2010) that used molecular markers

patterns of genetic variability to examine intra-, peri-

, and extradomicile hematophagic behavior in two

populations of A. darlingi of Coari and Manaus

(Amazonas) revealed high genetic variability in these

populations.

In the population of A. darlingi of Coari, the

percentages of polymorphic loci (P) and heterozygos-

ity (HE) values ranged from 77.63 to 84.86% and

0.2851 to 0.3069, respectively, with the highest

genetic variability detected in the intradomicile area

subpopulations and the lowest in the peridomicile

area. The population of A. darlingi of Manaus showed

genetic variability similar to that of Coari (P =

75–78.94% and HE = 0.2732–0.2741), where greater

genetic variability was also detected indoors (Table 2).

The Chi-square data (v2 = 695.89, df = 304, P\
0.001) and FST values (FST = 0.0775 ± 0.0072)

between Coari and Manaus were significant, indicating

microgeographic structuring due to a reduction in gene

flow (Silva et al., 2010).

These results can be interpreted as a response to

selection pressure from insecticides, with residual

product remaining on the walls of homes. These data

also showed that the intradomicile subpopulations had

the highest genetic variability in both Coari and

Manaus. The greater genetic variability observed in

these subpopulations of A. darlingi revealed greater

genetic plasticity, which may give this species greater

adaptability to environmental changes and/or malaria

control measures.

Studies of populations of A. darlingi in Vene-

zuela, for example, showed refractory malaria in

that country due to the marked exophilic behavior

of the species in restricted areas of geographical

distribution (Gabaldón, 1978; Rojas et al., 1992).

This behavior is considered the main cause of the

ineffectiveness of pesticides sprayed inside homes

in that country.

In the Amazon, as reported by Tadei et al.

(1993, 1998) and Akhavan et al. (1999), insecticides

are sprayed inside and outside homes to control the

mosquitoes that transmit malaria. The insecticides

sprayed outside disperse rapidly, whereas those

sprayed inside remain longer, impregnated in the

walls of homes. Thus, to exploit and adapt to these

altered environments, a population may need higher

genetic plasticity, which is conferred by high genetic

variability. Under these conditions, the population is

able to adjust its physiological activity in a way that

suits the habitat. Thus, genetic plasticity and/or

adaptation can facilitate the establishment and growth

of the population under new habitat conditions

(Dobzhansky, 1970; Orr, 2005).

The environmental changes and selection pressure

due to human activities have altered the interactions

among vectors, malaria parasites, and humans (Tadei

et al., 1998). However, A. darlingi lacks genetic and

evolutionary studies to assist in addressing unan-

swered basic questions about the vector–parasite and

its interactions with the human host.

Table 2 Estimate of genetic variability in populations of Anopheles darlingi in Coari and Manaus (AM), captured in the intra-, peri-,

and extradomicile areas, based on RAPD analysis

Population Mean number of samples

per loci

Percentage of polymorphic

locia
Mean heterozygosity

Observed Expectedb

Coari intradomicile 20 84.86 0.3012 0.3069

Coari peridomicile 20 79.60 0.2916 0.2960

Coari extradomicile 10 77.63 0.2634 0.2851

Manaus intradomicile 25 78.94 0.2695 0.2741

Manaus peridomicile 25 75.00 0.2683 0.2732

a Frequency of the most common allele, equal to or less than 0.95 (Ayala, 1982)
b Nei’s unbiased estimate (Nei,1978) (Silva et al., 2010)
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Several mosquito genomes have been published.

Anopheles gambiae Giles, 1902 (subfamily Anophe-

linae), the vector of malaria in Africa, has 278,

253,050 bp, according to Holt et al. (2002); Aedes

aegypti Linnaeus, 1762 (subfamily Culicinae), trans-

mitter of Dengue, Zika, and Chikungunya virus, has

~1.38 Gbp (Nene et al., 2007); and Culex quinquefas-

ciatus Say, 1823 (subfamily Culicinae), vector of

arbovirus, has 579,042,118 bp (http://cquinquefascia

tus.vectorbase.org/Culex_quinquefasciatus/Info/Index).

A. darlingi has a completely assembled genome (Mar-

inotti et al., 2013). The mean nuclear genome size is

173.92 (Mb), and the value for A. darlingi (female) was

estimated to be 2C = 0.41 pg or 1C = 200.49 Mbp

(Marinotti et al., 2013). The genome of this species has

5.5 billion nucleotides, or ‘‘letters’’ of DNA, but some of

those ‘‘letters’’ are not translated into proteins. In addi-

tion, there is no transcriptome analysis (RNAseq librar-

ies) for A. darlingi.

We performed a transcriptome analysis of pooled

larvae and emerged adults from Coari Municipality,

Amazonas State, Brazil (Rafael et al., 2008, 2010). In

this study, specimens of A. darlingi from Coari

revealed 568 unigenes that were homologous to ESTs

of A. gambiae, A. aegypti, C. quinquefasciatus, and

other organisms. The ESTs of A. darlingi aligned with

gene sequences of A. gambiae (61%, 349 unigenes), A.

aegypti (10%, 55 unigenes), C. quinquefasciatus (8%,

49 unigenes), and other organisms (11%, 55 unige-

nes). The sharing of ESTs with A. gambiae was

expected, considering that both species are of the same

genus, Anopheles (Rafael et al., 2008, 2010). This

work may assist in understanding the aspects corre-

lated with differential accumulation-specific gene

expression and may reveal molecular targets for novel

vector control and pathogen transmission blocking, in

addition to comparing the complete A. darlingi

genome to the complex A. gambiae genome.

However, the finding of shared sequences of A.

darlingi with A. aegypti and C. quinquefasciatus

suggests a more distant evolutionary relationship,

corroborating previous studies indicating that the time

of divergence between anophelines and culicids

occurred approximately 120 million years ago and

that the radiation of the species within the genus

Anopheles occurred approximately 79 million years

ago (Moreno et al., 2010).

Anopheles darlingi ESTs were used for in silico

mapping in A. gambiae to compare the locations of

these sequences in the genomes of the two species

(Bridi, 2009). The ESTs of A. darlingi and A. gambiae

showed regions of similarity in their genomes. Clus-

ters and singlets of A. darlingi were hybridized to

chromosomes of A. gambiae: X chromosome, 13

clusters; 2R arm, 64 clusters; 2L arm, 40 clusters; 3R

arm, 45 clusters; and 3L arm, 34 clusters; they

comprised 793 chromosomal regions. Both species

are vectors of malaria, with A. gambiae of the Old

World and A. darlingi of the New World, and they

share common aspects and habits, such as morphology

and biting behavior; the latter is characterized by a

preference for feeding on human blood (Tadei et al.,

1998, 2007b, 2010).

Despite the high population density of A. darlingi,

control measures with synthetic insecticides are not

effective in some endemic regions due to the heavy use

and cumulative effects of pesticides on this mosquito.

However, in recent decades, new alternatives involv-

ing molecular markers have contributed to the knowl-

edge of the biology of the genetic and evolutionary

mechanisms of mosquitoes. The GST family of

metabolic detoxification genes has been a good

indicator of mosquito resistance to deltamethrin

(Balkew et al., 2010). In our study, the GST gene

family of the transcriptome of A. darlingi was mapped

in silico to the left arm of polytene chromosome 3 of A.

gambiae, and the sigma class GST (KC890767) was

physically mapped to section 3A of the polytene X

chromosome of A. darlingi (Fig. 2).

These data suggest chromosomal rearrangement in

paracentric inversions, which has been extensively

documented in Anopheles species (Tadei & Santos,

1982; Tadei et al., 1982; Coluzzi et al., 2002; Michel

et al., 2005; Rafael et al., 2010). Additionally, they

provide an understanding of the polymorphism and

frequency of existing chromosomal inversions in A.

darlingi in different locations of the Amazon, where A.

darlingi transmits malaria.

The GST gene family obtained from cDNA

libraries of A. darlingi was used to characterize

quantitative gene expression by qRT-PCR in this

mosquito from Coari, Amazonas, subjected to bioas-

says with deltamethrin at different concentrations

(Naice, 2010). The authors performed bioassays with

deltamethrin at 0.025, 0.003125, and 0.0015625%,

which caused mortality in A. darlingi at levels of 46,

20, and 25%, respectively, compared with control

individuals. These researchers used cDNAs of these
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individuals amplified from the GST and GAPDH

genes and analyzed them using the comparative CT

(DDCT) method. A difference in GST gene expression

occurred in A. darlingi treated with 0.025 and

0.003125% deltamethrin, with gene expression found

to be 50 and 33% greater, respectively, at 1 h than at

8 h. These results showed that this gene is an excellent

marker of deltamethrin resistance compared with

GSTs of other Anopheles species, considering the

low mortality shown with deltamethrin, i.e., 8.75 and

46.25% at 1 and 8 h, respectively.

In addition, Azevedo-Junior et al. (2014) studied

the orthology relationship between sigma class GST

(KC890767) of the transcriptome of A. darlingi and

the GSTS1_1 gene by reciprocal best Blast hit with the

Blast2go program. The sigma class GST gene of A.

darlingi was analyzed due to the importance of this

gene in detoxification mechanisms because this

mosquito is under synthetic insecticide selection

pressure, similar to various mosquitoes of epidemio-

logic importance. The authors suggested that the

phylogenetic relationships among GST genes of

mosquitoes are of great importance for understanding

the functions of gene products in response to insec-

ticide selection pressure.

The sigma class GST (KC890767) of A. darlingi

was used for phylogenetic analyses to elucidate the

GST gene base composition of the most recent

common ancestor between GST genes of A. darlingi,

A. gambiae, A. aegypti, and C. quinquefasciatus

(Azevedo-Junior et al., 2014). These authors

constructed a phylogenetic tree of GST (KC890767)

of A. darlingi using the neighbor-joining program,

which analyzes sequences by comparing amino acid

residues 1 by 1 and uses mathematical calculations to

evaluate these residue mutation rates, generating

scores for each amino acid, then calculating and

organizing the sequence branch in the phylogenetic

tree. As a form of validation, the results of the analysis

were also evaluated by Blast obtained by the Blast2go

program. The phylogenetic analysis confirmed the

confidence levels on the tree nodes that separated the

sigma class GST (KC890767) of A. darlingi and GST

genes of other mosquito species, as shown in Fig. 3.

The authors suggested that the phylogeny of the

sigma class GST (KC890767) of A. darlingi is

Fig. 2 In situ hybridization mapping of the sigma class GST

(KC890767) gene to the polytene chromosomes of A. darlingi.

A Polytene X chromosome. The arrow indicates the location of

hybridization on Section 3A, B photomap indicating divisions

and sections of the polytene X chromosome of A. darlingi

(Rafael et al., 2010), and C full chromosome core. The arrow

indicates the location of hybridization. Bar 10 lm

Fig. 3 Comparison between the sigma class GST (KC890767)

of Anopheles darlingi and GST genes of Anopheles gambiae,

Aedes aegypti, Culex quinquefasciatus, and Phlebotomus

papatasi (Scopoli, 1786) (outgroup) by global alignment using

Clustal W and a phylogenetic tree constructed by neighbor

joining (Saitou & Nei, 1987). The bar indicates 2% amino acid

divergence (based on Azevedo-Junior et al., 2014)
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conserved in evolutionary terms, showing grouping of

the GST genes of A. gambiae, A. aegypti, and C.

quinquefasciatus (Azevedo-Junior et al., 2014) and

grouping of the sigma class GST (KC890767) of A.

darlingi and the GSTS1_1 gene of A. gambiae on the

same branch.

Conclusion

The Amazon biome is the largest forest on the planet

and is responsible for regulating various environmen-

tal components at the global level, but it is not immune

to climate change. Water movements and ‘‘repiquete’’

complemented by various human activities in this

biome have favored A. darlingi with regard to

increases in breeding sites, the proximity of this vector

to river communities, and the resilience of the species

to new environmental scenarios, thereby fostering

conditions for increases in malaria. The understanding

and mitigation of these environmental changes and

knowledge of the bio-ecology of vectors in these new

scenarios require sustainable public policies for the

development of the Amazon, together with permanent

means of integrated management of vectors aimed at

the control of endemic diseases.

The high density of A. darlingi contributes to the

increase in malaria in endemic areas, such as in the

cities of Coari and Manaus, where the intensive use of

chemical insecticides in the control of malaria vectors

in this region has been steady. Relatively little is still

known about the relation between genetic mechanisms

and the dynamics of malaria transmission of this

mosquito. Still, a study of genetic diversity (by RAPD)

in populations of A. darlingi in Coari revealed higher

polymorphism rates in intradomicile populations,

where mosquitoes enter homes for their blood meal.

This higher polymorphism can be an adaptive strategy

in response to selection pressure by the intensive use

of insecticides in these environments.

The similarity between the GST gene families of A.

darlingi and A. gambiae (by in silico hybridization)

was a useful tool for further biological and evolution-

ary trait studies. In A. darlingi we found an increased

level of sigma class GST gene expression by enhanced

detoxification effect of GST. The phylogenetic data

grouped the sigma class GST (KC890767) of A.

darlingi and the GSTS1_1 gene of A. gambiae on the

same branch, suggesting that the GST genes of the two

species evolved from a common GST gene and are

evolutionarily closer than GST gene of A. aegypti and

C. quinquefasciatus.

Understanding the population dynamics of the

functional genome of A. darlingi associated with

bio-ecology, global environmental change, human

activities, resistance to chemical insecticides, and

alternative control of vectors associated with the use of

immature forms with macroinvertebrates, among

other permanent public policies, is needed to achieve

a better quality of life for human populations in the

Amazon region.

Malaria control requires the understanding of

preventive measures by human populations exposed

to mosquitoes in endemic areas. Furthermore, it is

important that the actions implemented consider the

physiological state of the mosquito populations

because the greatest risk of exposure to the vector is

in later times. Thus, it is crucial that people are

protected at these times, which is provided by the use

of traditional technologies, such as mosquito nets, but

considering the new generation of mosquito nets

impregnated with insecticides. Therefore, awareness

of the people of this behavioral tool will be the main

focus for reducing the incidence of malaria, with

consequent decreased use of chemical insecticides in

control programs.
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1590/S0044-59672013000400014.

Siqueira, M. F. & A. T. Peterson, 2003. Consequences of global

climate change for geographic distributions of cerrado tree

species. Biota Neotropica. doi:10.1590/S1676-0603200

3000200005.

Steiner, W. W. M., S. K. Narang, J. B. Kitzmiller & D.

L. Swofford, 1982. Genetic divergence and evolution in

neotropical Anopheles (subgenus Nyssorhynchus). In

Steiner, W. W. M., W. J. K. Tabachnick, S. Rai & S.

K. Narang (eds), Recent Developments Genetics Insects

Disease Vectors. Stipes Publishing, Champaign: 523–551.
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Biologia de anofelinos amazônicos. VIII. Conhecimento
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