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Abstract

The increase in malaria transmission in the Amazon region motivated vector control units of the Ministry
of Health of Ecuador and Peru to investigate Anopheles (Diptera: Culicidae) species present in transmission
hotspots. Mosquitoes were collected using prokopack aspirators and CDC light traps (Ecuador) and human
landing catch in Peru. In Ecuador, 84 Anopheles were captured from Pastaza, Morona Santiago, and Orellana
provinces and identified morphologically [An. (An.) apicimacula Dyar and Knab, An. (Nys.) near benarrochi, An.
(Nys.) near oswaldoi, An. (Nys.) near strodei, An. (An.) nimbus (Theobald, 1902), and An. (Nyssorhynchus) sp.].
In Peru, 1,150 Anopheles were collected in Andoas District. A subsample of 166 specimens was stored under
silica and identified as An. near oswaldoi, An. darlingi, and An. (An.) mattogrossensis Lutz and Neiva. COl bar-
code region sequences were obtained for 137 adults (107 from Peru, 30 from Ecuador) identified by ITS2 PCR-
RFLP as An. benarrochi Gabaldon, Cova Garcia, and Lopez and retained in the final analysis. Haplotypes from
the present study plus An. benarrochi B GenBank sequences grouped separately from Brazilian An. benarrochi
GenBank sequences by 44 mutation steps, indicating that the present study specimens were An. benarrochi
B. Our findings confirm the presence of An. benarrochi B in Ecuador and reported here for the first time from
the Amazonian provinces of Orellana and Morona Santiago. Furthermore, we confirm that the species col-
lected in Andoas District in the Datem del Maranon Province, Peru, is An. benarrochi B, and we observed that
itis highly anthropophilic. Overall, the known distribution of An. benarrochi B has been extended and includes
southern Colombia, much of Peru and eastern Ecuador.

Key words: malaria hotspot, Ecuador, Peru, anopheline identification

Malaria, caused by protozoan parasites of the genus Plasmodium
and transmitted by female mosquitoes of the genus Anopheles
(WHO 2018), is reemerging globally, including some parts of Latin
America (PAHO 2018). In Ecuador, the ~99% decrease in malaria
cases from 106,641 in 2001 to 558 in 2012 moved Ecuador into the
pre-elimination phase (Krisher et al. 2016), and the World Health
Organization recognized this progress by including Ecuador in the
E-2020 initiative with 20 other countries expected to reach the goal
of zero autochthonous or indigenous cases by 2020 (WHO 2018).
However, since 2015, case numbers have increased to 2,081 in

2019 (Ministerio de Salud Publica 2020) and the provinces with the
highest number of confirmed malaria cases (as of epidemiological
week 41) are Pastaza (582), Morona Santiago (717), and Orellana
(276; PAHO/WHO 2019). The most common species of malaria
parasite reported in Ecuador is Plasmodium vivax (87%), with the
remaining 13% attributed to Plasmodium falciparum (Ministerio de
Salud Publica 2019).

Malaria in Peru remains an important public health problem
(WHO 2018), and an estimated 90% of malaria transmission oc-
curs in the Department of Loreto in the Amazon region, mainly in

© The Author(s) 2021. Published by Oxford University Press on behalf of Entomological Society of America. 1234

All rights reserved. For permissions, please e-mail: journals.permissions@oup.com.


mailto:jan.conn@health.ny.gov?subject=

Journal of Medical Entomology, 2021, Vol. 58, No. 3

1235

riverine villages linked to occupations of agriculture, fishing, and
timber extraction (Parker et al. 2013, Rosas-Aguirre et al. 2016).
After the success of the global PAMAFRO (2006-2011) initiative
wherein incidence dropped to a low of 11,504 cases in 2011 (Soto-
Calle et al. 2017), malaria was considered to be under control.
Subsequently, cases began to increase and rose steadily through 2018
(Recht et al. 2017) to an estimated 45,443 (Ministerio de Salud del
Perti 2018). By early 2019, numbers had been halved to 22,070 cases
(Ministerio de Salud del Pert 2019, Rosas-Aguirre et al. 2020), at
least partly from adoption of the ambitious Plan Malaria Cero that
recommended an initial focus on control of high-risk malaria vil-
lages (Ministerio de Salud del Perti 2017). In Peru throughout 2018,
P. vivax predominated (79.2%), with P. falciparum responsible for
the remaining 20.8% (Rosas-Aguirre et al. 2020).

There are approximately 465 Anopheles species worldwide
and 41 that are considered dominant vectors (Sinka et al. 2012,
Harbach 2013), effectively transmitting to humans one or more of
the five species of Plasmodium. Currently, Anopbheles is subdivided
into eight subgenera: Anopheles is cosmopolitan; Cellia is present
in the Afrotropical, Australasian, and Oriental regions; Kerteszia,
Lophopodomyia, Stethomyia, and Nyssorbynchus are restricted to
the Neotropics (Foster et al. 2017). The latter subgenus, provisionally
elevated to genus status (Foster et al. 2013, 2017), includes most of
the species involved in Plasmodium transmission in the Neotropics.
Despite their importance as vectors, many Nyssorhynchus species re-
main relatively poorly characterized, especially in more remote areas
of the Amazon Basin (Lounibos and Conn 2000, Bourke et al. 2018).

In Ecuador, 30 Anophelinae species have been reported in the
Amazonian, Coastal, and Andean regions and malaria transmission
has been attributed to six of these: An. albimanus, An. aquasalis, An.
neivai, An. pseudopunctipennis, An. punctimula, and An. oswaldoi
(Pinault and Hunter 2011, 2012; Linton et al. 2013; Ramoén et al.
2019). In contrast, in Peru, 43 species of Anopheles have been iden-
tified throughout the country with four recognized as primary ma-
laria vectors: An. albimanus and An. pseudopunctipennis along the
Pacific coast (Sinka et al. 2012) and An. darlingi and An. benarrochi
in the Amazon region (Calderén et al. 1995, Aramburd Guarda et al.
1999, Flores-Mendoza et al. 2004). The focus of the present study,
Anopheles benarrochi, was originally described from Trujillo state,
Venezuela, and its distribution was thought to include Colombia,
Venezuela, Brazil, and Peru (Faran and Linthicum 1981, Rubio-Palis
2000). Ruiz et al. (2005) first described a new species from southern
Colombia that differed from An. benarrochi in morphology, genetics
(ITS2 rDNA region sequences from link-reared progeny) and beha-
vior (highly anthropophilic). They named it An. benarrochi B and
concluded that An. benarrochi is a species complex.

In practice, identification of anopheline females by morpho-
logical keys is the most commonly used strategy for entomological
field studies. Limitations of such keys, including for major charac-
ters such as leg banding and wing coloration, extensive overlapping
intra- and interspecific variation, and the existence of species com-
plexes, are well known and have been described elsewhere (Faran
and Linthicum 1981, Obando and Gironza 2009). The outcome is
that unless complementary molecular methods are used to confirm
initial identification, some specimens (even potential vectors) remain
misidentified, confounding efforts to curtail human-mosquito inter-
actions that lead to transmission. Molecular methods have helped
to identify several previously unrecognized species, some of which
are putative Plasmodium vectors (Matson et al. 2008, Linton et al.
2013, Arregui et al. 2015). Furthermore, the use of COI barcode
sequences is a valuable tool in molecular taxonomy for confirming
species identification (Ruiz-Lopez et al. 2013) and in the creation of

networks of haplotypes to provide a deeper understanding of intra-
specific haplotype relationships (Prussing et al. 2018).

In 2018, an increase in the number of malaria cases in the prov-
inces of Pastaza, Morona Santiago, and Orellana in Ecuador, as
well as in the neighboring district of Andoas, Peru, motivated the
Ministerio de Salud Publica (MSP) of Ecuador and the Health Unit
of Loreto Department in Peru, respectively, to collect and identify
the Anopheles species present in transmission hotspots in these prov-
inces. The objectives of this study were 1) to test the hypothesis that
the distribution of Anopheles benarrochi B includes Amazonian
Ecuador and Andoas District, Peru, and 2) to investigate the relation-
ship between An. benarrochi B and other reported An. benarrochi
using a combination of barcode sequences from the present study,
Barcode of Life Database (BOLD), and GenBank.

Materials and Methods
Study Areas

According to the epidemiological reports of the Ecuadorian Ministry
of Health and the Ministry of Health of Peru, the historical and ac-
tive areas of malaria transmission are concentrated in provinces lo-
cated in the Amazon region (Aramburd Guarda et al. 1999, Arregui
et al. 2015). These communities are remote, accessible by water, on
foot via community trails, or occasionally by light aircraft. Human
populations are scattered along river margins and most housing is
made of local material, with wooden walls and palm-thatch roofs
(Saavedra et al. 2019). Generally, people here live in conditions of
extreme poverty. Contact is limited mainly to government workers
or other personnel involved in providing healthcare that requires
considerable economic and logistical resources. Therefore, surveil-
lance of malaria vectors by national institutions is challenging; this
has made it difficult to identify local factors responsible for trans-
mission that could be targeted to reduce human-vector interactions.

Wachirpas and Lunchi are Amazonian communities in the prov-
inces of Morona Santiago and Orellana, respectively, in Ecuador
(Fig. 1; map sites 3, 4; Supp Table 1 [online only]). Wachirpas has
162 inhabitants and is located within the Evergreen Forest low-
land ecosystem of the Pastaza river (Ministerio del Ambiente 2013),
whereas Orellana has 3,038 inhabitants and is situated in the
Evergreen lowland forest of the Napo-Curaray river (Ministerio del
Ambiente 2013). The Ecuadorian field collection was carried out in
April 2018 for a week as part of entomological surveillance toward
strengthening activities of the National Network of Entomology
Laboratories, directed by the National Reference Center for Vectors
(CRNV) in Quito, Ecuador.

Santa Maria Manchari is a community in Andoas District in the
Datem del Maranon Province of Loreto Department. Andoas is lo-
cated approximately 362 km northwest of Iquitos on the Pastaza
river, near the Ecuadorian border (Fig. 1; map site 5; Supp Table 1
[online only]). Local vegetation surrounding the village is character-
istic of tropical rainforest (Need et al. 1993). Entomological surveys
were carried out between 5 and 7 July 2018 as part of the surveil-
lance activities by the Direcciéon Regional de Salud, Iquitos, Loreto, to
evaluate Anopheles susceptibility to insecticides in Andoas District.

Mosquito Collections

In Ecuador, adult female mosquitoes were collected for four nights
outside six houses in Wachirpas within a distance of ~20 m and
in Lunchi in two houses within ~250 m using a prokopack motor
vacuum aspirator (John W. Hock, Model 1419). Inside each house,
a prokopack was used with two collectors who rotated every hour
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Fig. 1. Localities where Anopheles benarrochi B has been molecularly identified with COl (see SuppTable S1 [online only] for location details). Map made with

DIVAGIS v7.5, base layer from Natural Earth (https:/www.naturalearthdata.com/).

to account for possible bias in capture capability and attractiveness
to mosquitoes, from 18:00 to 06:00. In addition, CDC light traps
were hung inside each house at 1.5 m above the ground from 18:00
to 06:00 h and were checked and emptied each morning. In Peru,
mosquitoes were collected using human landing catch (HLC) from
18:00 to 22:00 h and from 04:00 to 06:00 h, during peak anophe-
line activity reported in the area (Need et al. 1993). Mosquito sam-
pling was conducted by six collectors in three houses, two per house,
one person inside (indoors), and the other 1-2 m from the house
(outdoors).

All mosquitoes collected were individually stored in 1.5-ml
Eppendorf tubes with the cap punctured to prevent the accumula-
tion of water vapor and resultant fungal infection and DNA degra-
dation, then stored in sealed sleeves for transport to the laboratories
in Quito (Ecuador) and Iquitos (Peru). Samples were separated by
date, collection method, and location.

Anopheles Species Identification

Mosquitoes were identified with one of three morphological keys:
Faran and Linthicum (1981), Consoli and Lourenco-de-Oliveira
(1994), or Obando and Gironza (2009), and entered into the CRNV
database in Ecuador. Several mosquito samples with complete mor-
phological structures were deposited in the Reference Collection
of the National Vector Reference Center, Quito, and others were

stored in 70% ethanol. Genomic DNA extraction of unfed females
was conducted using DNeasy Blood & Tissue Kit (Qiagen, Hilden,
Germany). All samples were stored at —20°C until use.

For all samples from Ecuador and Peru, we followed methods
for species identification as in Conn et al. (2013) and Prussing et al.
(2019), starting with a PCR-RFLP assay of the ribosomal internal
transcribed spacer 2 (ITS2; Matson et al. 2008), followed by a bar-
code cytochrome oxidase ¢ subunit I (COI) PCR (Folmer et al. 1994,
Hebert et al. 2004) and Sanger sequencing in the forward direction
at the Wadsworth Center Applied Genomic Technologies Core (New
York State Department of Health). Sequences were cleaned, edited,
and checked for pseudogenes and stop codons with Geneious v9.1.4
(http://www.geneious.com; Kearse et al. 2012). COI sequences were
queried against the BOLD Identification System (Ratnasingham and
Hebert 2007) or GenBank (https://www.ncbi.nlm.nih.gov/genbank/)
for species identification. Anopheles benarrochi B COI sequences
from this study were aligned with MUSCLE (Edgar 2004) using
default settings in MEGA X (Kumar et al. 2018), with published
NCBI GenBank sequences for An. benarrochi B (Conn et al. 2013,
Orjuela et al. 2013, Prussing et al. 2019) and An. benarrochi (Foster
et al. 2013). Sequences were trimmed to the length of the shortest se-
quence, leaving a 598-bp region for comparison, and PopART v1.7
(Leigh and Bryant 2015), with epsilon set to 0, was utilized to create
a median-joining haplotype (Bandelt et al. 1999).


http://www.geneious.com
https://www.ncbi.nlm.nih.gov/genbank/
http://academic.oup.com/jme/article-lookup/doi/10.1093/jme/tjaa293#supplementary-data
https://www.naturalearthdata.com/

Journal of Medical Entomology, 2021, Vol. 58, No. 3

1237

30 22

@ This study: Ecuador

@ This study: Peru

@ GenBank: An. benarrochi B
O GenBank: An. benarrochi s..

20
19 | .
39
21
38
33 10 samples
1 sample

Fig. 2. Median-joining COI (598-bp) haplotype network (epsilon = 0) for members of the Anopheles benarrochi complex from the current study and GenBank
sequences (Supp Table 2 [online only]). Circles represent unique haplotypes and are colored based on species or sample origin (sequences from this study or
GenBank). The size of each circle is proportional to the number of individual sequences sharing the haplotype. Black nodes indicate theoretical missing haplo-

types, and hash marks represent mutation steps between haplotypes.

A bootstrap consensus neighbor-joining (NJ) tree was con-
structed using the Kimura 2-parameter model (NJ K-2P), with 1,000
bootstrap replicates, to examine the phylogenetic relationships
among the An. benarrochi complex haplotypes (7 = 39) in MEGA X
(Kumar et al. 2018). Sequences of Anopheles rangeli (GenBank ID
JF923725) and Anopbheles cruzii (GenBank ID JF923692) were used
as outgroups (Foster et al. 2013) to root the tree. Using these species
haplotype clusters, mean between group genetic distance measure-
ments (and SE) were calculated using the K-2P model and 1,000
bootstrap replicates (Kimura 1980, Kumar et al. 2018).

Ethics Statement

No permit or authorization is required for personnel from the
Ecuador National Reference Center to collect mosquito samples
in Ecuador. Nevertheless, the samples analyzed herein were col-
lected under a project called ‘Strengthening the National Network
of Entomology Laboratories’, funded by the Pan American Health
Organization (PAHO) in 2018. Likewise, the mosquito samples
from Andoas, Peru, were collected by members of the Unidad de
Entomologia, Laboratorio Referencial Regional de Salud Publica de
Loreto, Direccion Regional de Salud (DIRESA), Loreto, Peru; thus,
no permit was required.

Results

In Ecuador, a total of 84 Anopheles mosquitoes were collected,
of which 58 corresponded to the locality of Wachirpas and 26 to
Lunchi. These specimens were identified morphologically as An.
apicimacula, An. near benarrochi, An. near oswaldoi, An. near
strodei, An. nimbus, An. (Nyssorbynchus) sp.,and An. sp.,and further
molecular identifications were conducted to identify An. benarrochi
(Table 1). In Peru, a total of 1,150 Anopheles were collected during
night nights in the locality of Santa Maria in Andoas District. A sub-
sample of 166 specimens was stored under dry conditions for sub-
sequent morphological identification. Three species were identified:

An. near oswaldoi, An. darling, and An. mattogrossensis. Fourteen
specimens were selected randomly from the An. near oswaldoi group
to be sequenced.

COI barcode region sequences were obtained for 137 adults
identified by ITS2 PCR-RFLP as An. benarrochi retained in the
final analysis (7 = 30 adults collected in Ecuador, 2018; 7z = 107
adults collected in Peru, 2018). The median-joining haplotype net-
work (Fig. 2) detected 39 unique haplotypes: 15 included only
sequences from this study, 3 included sequences both from this
study and GenBank sequences identified as An. benarrochi B, 19
included only GenBank sequences of An. benarrochi B, and 2 in-
cluded only GenBank sequences identified as An. benarrochi (Supp
Table 2 [online only]). The haplotypes comprising samples from the
present study plus An. benarrochi B GenBank sequences grouped
separately from the An. benarrochi GenBank sequences (Fig. 2;
Supp Table 2 [online only]) by 44 mutation steps, indicating that the
samples from the present study were all An. benarrochi B. Unique
sequences of An. benarrochi B from this study were deposited in
GenBank: MT556439-MT556442, MK604185-MK604187, and
MT503203-MT503216 (Supp Table 2 [online only]).

A NJ K-2P tree and mean genetic distances corresponding to the
NJ K-2P tree clusters (Supp Fig. 1 [online only]; Supp Table 3 [on-
line only]) further supported the identification of sequences from
this study with previously reported An. benarrochi B, with a mean
8.81% genetic distance between the An. benarrochi complex haplo-
type clusters, yet an approximate 6% genetic distance between An.
rangeli and the An. benarrochi complex members.

Discussion

One of the advantages of networks is that they can suggest divisions
between species and are thus especially valuable for members of spe-
cies complexes that typically present little morphological differenti-
ation (Motoki et al. 2020). This study provides support for a high
number of mutational differences between the COI sequences of An.
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Table 1. Identities of anopheline specimens from Ecuador and Peru, 2018

Country Locality No. Trap Morph. Id. COI 1d.
Ecuador Wachirpas 10 CDC BA An. apicimacula —
5 CDC BA An. near benarrochi An. benarrochi B
1 CDC BA An. near oswaldoi An. benarrochi B
1 CDC BA An. near strodei An. benarrochi B
2 CDC An. nimbus —
25 CDC Anopheles sp. —
14 CDC BA Nyssorhynchus sp. —
Lunchi 23 CDC BA An. near benarrochi An. benarrochi B
2 CDC BA An. near oswaldoi —
1 CDC BA Nyssorhynchus sp. —
Peru Santa Maria 107 HLC An. near oswaldoi An. benarrochi B
40 HLC An. darlingi
19 HLC An. mattogrossensis

No., number of specimens; CDC, CDC light trap; CDC BA (prokopack Aspirator); HLC, human landing catch; Morph. Id., morphological identification; COI

Id, mtDNA COI sequence identification.

benarrochi (Suppl. Data [online only]; source is Acre state, Brazil;
Foster et al. 2013) and those of An. benarrochi B from GenBank plus
sequenced specimens from Ecuador and Peru (the current study). We
do not know whether the Brazilian GenBank An. benarrochi sequences
are An. benarrochi s.s. (Foster et al. 2013), but Bourke et al. (2018)
found clade-level differences between An. benarrochi from Acre and
Rondonia states in Brazil and An. benarrochi B using COI sequences
and concluded that there are other species in this complex.

Our findings support the hypothesis that the distribution of
An. benarrochi B includes Ecuador, reported here for the first time
from the Amazonian provinces of Orellana and Morona Santiago.
However, it should be emphasized that only An. benarrochi B was
identified from this region; the distribution of An. benarrochi s.s. is
hypothesized to be restricted to Venezuela and Brazil (Rubio-Palis
2000). Furthermore, we confirm that the species collected with
HLC in Andoas, Napo district, Alto Amazonas Province, Peru, is
An. benarrochi B, and we observed that it is highly anthropophilic.
Overall, the known distribution of An. benarrochi B has been ex-
tended and includes southern Colombia (Ruiz et al. 2005), much
of Peru (Conn et al. (2013), plus the present study) and eastern
(Amazonian) Ecuador.

As originally described, An. benarrochi is mainly zoophilic, cre-
puscular, and present in low densities (Rubio-Palis 2000, Ruiz et al.
200S5). Furthermore, in susceptibility trials, laboratory-reared F, An.
benarrochi from Costa Marques, Rondonia state, western Brazil,
which fed on P. vivax-infected human volunteers, developed oocysts
but not sporozoites (Klein et al. 1991). The conclusion was that An.
benarrochi in western Amazonian Brazil did not contribute to local
malaria transmission.

Despite these earlier conclusions, Anopheles benarrochi was in-
criminated in the transmission of P. vivax near Iquitos, Loreto de-
partment (Fernandez et al. 1996) and of P. vivax and P. falciparum in
Loreto and Ucayali departments, eastern Peru (Flores-Mendoza et al.
2004). Of considerable relevance is the extensive anopheline survey
conducted by Schoeler et al. (2003) along multiple river systems (in-
cluding the Pastaza River along which the community of Andoas is
located), in the Peruvian departments of Loreto and Ucayali. From
a total of 93 putative collection sites (82 of which yielded anophel-
ines), the most abundant species was An. benarrochi, which was pre-
sent in about 1/3 of the sites (7 = 32) and represented 70.7% of the
total number (60,585 specimens) of anophelines collected. Based on
our detection herein of abundant, anthropophilic An. benarrochi B in
Andoas, Peru, we hypothesize that this species is broadly distributed

in Peru. In Putumayo, Colombia, and in Madre de Dios, Peru, molecu-
larly confirmed specimens of An. benarrochi B were detected positive
for P. vivax (Orjuela et al. 2013, Conn et al. 2015).

A study in the Yasuni Biosphere Reserve and National Park up-
dated the list of mosquitoes of Ecuador to 179 species, of which
25 belong to the genus Anopbheles, including a new record of An.
nr. konderi belonging to the Oswaldoi Group (Linton et al. 2013).
Since then (2013), there have been no extensive collections in the
Ecuadorian Amazon. In 2018, the MSP through CRNV conducted
several interventions in Amazonian locations where malaria cases
were recorded (Ministerio de Salud Publica 2019), identifying An.
benarrochi with morphological keys in the communities of Wachirpas
and Lunchi. The confirmation of a subsample of these specimens as
An. benarrochi B further supports our hypothesis of the involvement
of this species in malaria transmission in Amazonian Ecuador.

Supplementary Data

Supplementary data are available at Journal of Medical Entomology online.

Supplementary Fig. 1. Neighbor-Joining Kimura 2-parameter model (N]J
K-2P) bootstrap consensus tree, with 1,000 bootstrap replicates, including
Anopheles benarrochi complex 39 haplotypes (as in Fig. 2) and outgroup
sequences of Anopheles rangeli and Anopheles cruzii. Only bootstrap values
> 70% are shown.
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