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Abstract

Background
. In Laos, the malaria burden remains high despite a signi�cant reduction of cases during the last decade.
In the context of the disease elimination by 2030, a nationwide entomological survey was conducted to
better understand the distribution, abundance and behavior of major malaria vectors (Anopheles spp.) in
the country.

Methods
. Mosquito collections were implemented in ten villages from ten provinces during the rainy and dry
seasons of 2014 and 2015 by using human landing catch (HLC) and cow bait collection (CBC) methods.
After morphological identi�cation in the �eld, molecular identi�cation of the sibling species of Anopheles
mosquitoes from the Funestus, Leucosphyrus, and Maculatus groups were determined using PCR
speci�c alleles. A screening of Plasmodium falciparum and P. vivax infections in in the vectors was
carried out by quantitative PCR assays.

Results.
A total of 14,146 adult mosquitoes representing 25 different Anopheles species were collected and
morphologically identi�ed. Molecular identi�cation revealed the presence of 13 sibling species within the
main primary vector groups including An. maculatus s.s., An. rampae, An. sawadwongporni, An.
pseudowillmori, An. dravidicus, An. willmori, An. minimus s.s., An. aconitus, An. pampanai, An. harrisoni,
An. dirus s.s., An. baimaii, An. nemophilous. An. maculatus and An. minimus were predominant during
both the dry and rainy seasons, but showed highly zoophilic preferences (Zoophilic index of 98% and
95%, respectively). Overall, solely 22% of the total malaria vectors were collected between 10:00 PM and
5:00 AM indoors when people are sleeping. Twenty-seven percent of primary and secondary vectors were
collected outdoors before 10:00 PM or after 5:00 AM, times when people are usually awake and outdoors.
Only two specimens were positive for P. falciparum, one Anopheles aconitus from Phongsaly and one An.
minimus from Vientiane Province

Conclusions.
The results indicate that people living in rural areas in Laos are constantly exposed to malaria vectors
throughout the year and speci�cally outdoors. The use of LLINs/IRS remains important but innovative
tools and new strategies are needed to address locally, the early and outdoor malaria transmission. Lack
of expertise in general entomological methods may further exacerbate the situation.
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Introduction
Malaria is the deadliest vector-borne disease worldwide with an estimated 228 million cases, and 405,000
deaths in 2018, mostly in the African Region (93%), followed by the South-East Asia Region (3.4%) (WHO
2019). Despite a continued decline of malaria cases (by 74%) and deaths (by 94%) in the last decade in
the Greater Mekong Subregion (GMS), malaria remains a major public health problem impacting on the
health and lives of a large proportion of people particularly in remote areas and concentrated along
international borders (Hii et al., 2018; Cui et al., 2018, WHO2019). In Laos, malaria transmission is
heterogeneous, with more intense transmission in forested areas particularly in the southern part of the
country (Kounnavong et al. 2017) where more than 207,000 cases were reported in 2018. The country has
implemented a nation-wide malaria control program since 1992, and the current strategies emphasize the
promotion of long-lasting insecticide treated bed nets (LLINs), early diagnosis by microscopic
examination and rapid diagnostic tests, and prompt treatment with artemisinin-based combination
therapy (ACT). Even if the burden of malaria remains high, there have been a large decrease in the
number of cases during the past decades and thanks to these encouraging results, the Laos Ministry of
Health has plans the elimination of the diseases by 2030 (MoH 2016). The regional strategy for malaria
elimination aims at eliminating malaria foci in all GMS countries, maintaining a malaria-free status, and
preventing reintroduction. The strategy also includes urgent action to eliminate Plasmodium falciparum
malaria by 2025 to contain the spread of multi-drug resistance in the GMS and in the southern part of
Laos, speci�cally (Iwagami et al., 2018; WHO 2019, Cui et al., 2018).

In the context of elimination, entomological aspects of malaria transmission are crucial in order to devise,
and implement effective, scalable and locally-adapted vector control interventions (WHO 2017). The
disease control efforts globally in Laos and in the GMS have depended largely on the use of pyrethroid-
based insecticide-treated nets and indoor residual spraying strategy (i.e. IRS and LLINs). These
interventions have greatly contributed to signi�cantly reduce the burden of malaria in the GMS where the
disease elimination is a priority (WHO 2019). The e�cacy of any vector control interventions is strongly
in�uenced by the ecology and behavior of malaria vectors (WHO 2019, Killeen et al., 2014). To guide the
choice of control strategy to apply in the �eld, it is highly desirable to have recent data on i) the vector
composition, diversity and abundance including sibling species and ii) the spatial and temporal
distribution patterns of potential vectors and iii) presence/absence of any resistance to public health
insecticides. A previous study was implemented at the same locations presented later in this paper, on the
susceptibility of Anopheles species, including malaria vectors (An. dirus, An. maculatus, and An.
minimus) and our results showed that pyrethroid resistance in the main malaria vectors is absent in Laos
(Marcombe et al., 2017). There are still some knowledge gaps however, in the understanding of malaria
vectors bionomic in the region, as well as in their role in Plasmodium spp. transmission. In Laos, 170
mosquito taxa have been o�cially reported, of which 42 Anopheles species and Anopheles dirus, An.
maculatus and, An. minimus are considered as the major malaria vectors (Motoki et al., 2019; Pholsena
et al., 1992; Meek et al., 1995; Toma et al., 2002; Vythilingam et al., 2005; Jorgensen et al., 2010; Hii and
Rueda 2013; Suwonkerd et al., 2013). Other potential vectors such as An. aconitus, An. barbirostris, An.
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nivipes and, An. philippinensis are present (Motoki et al., 2019) but little is known about their vectorial
capacity and competence for Plasmodium transmission.

The present study was conducted in the framework of a nation-wide entomology surveillance (MALVEC
project, 2013–2016) aiming at �lling knowledge gaps in malaria vector bionomic and insecticide
resistance in Laos. The objective of this paper is to describe the distribution, seasonal abundance and,
biting behavior of malaria vectors throughout a North-South transect in ten provinces of the country to
guide policy making for vector control and malaria elimination.

Material And Methods

Study areas and mosquito collections
Entomology surveys were implemented in ten villages from ten provinces in Laos where malaria
transmission is known to occur (Table 1 and Fig. 1, Marcombe et al., 2017). Mosquito collections were
conducted during both the rainy (June to October) and dry (January to May) seasons in 2014 and 2015.
Human landing catch (HLC) and cow bait collection (CBC) were used to catch both zoophilic and
anthropophilic mosquitoes. Mosquitoes were collected by volunteers recruited in each village from 18:00
to 06:00 during four consecutive nights. In each village, four households were used for HLC (inside and
outside). Villages were divided into four zones from a central axis to select at random one house per
quadrant. The four houses were located at least thirty meters from each other. In each of the selected four
houses, a village inhabitant collected mosquitoes inside the house and another outside the house. A
rotation of collectors between the houses was implemented and coordinated by the supervisors to
mitigate potential collector bias. Using glass tubes, collectors caught mosquitoes from their exposed
legs. Animal bait collections were carried out by placing a 25 m long and 1.5 m height cotton mosquito
net around it (cow or buffalo). The net was suspended 30 cm above the ground level to allow mosquitoes
to access the animal. The catch site used for CBC was at least 100 m away from any HLC catch site to
avoid potential interference between the two methods. Adult mosquitoes landing on the net were
collected by one collector for 15 minutes each hour between 18:00 and 06:00. For both HLC and CBC,
mosquitoes were collected and stored individually in glass tubes and were provided with 10% sugar
solution until morphological identi�cation. The number of mosquitoes collected every hour was recorded
by the supervisors.
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Table 1
Mosquito collection sites in Laos (Marcombe et al. 2017)

Site number Province District Village Latitude Longitude

S1 Phongsaly Bountai Boulykao 21.33778 102.08247

S2 Bokeo Paktha Hadsa 19.92268 100.58148

S3 Luang Prabang Pakseng Sopjak 20.13477 102.55834

S4 Luang Prabang Chomphet Na 19.96715 102.11792

S5 Vientiane Pro. Feuang Na-ang 18.55996 101.97389

S6 Borlikhamxay Khamkeut Phameung 18.11425 104.80229

S7 Khammouane Gnommalath Koutphadang 17.63663 105.17795

S8 Savannakhet Nong Sadi 16.43901 106.50284

S9 Saravane Toomlarn Katao 15.95187 106.35285

S10 Sekong Lamam Lavynoy 15.27291 106.69748

S11 Attapeu Sanamxay Hadoudomxay 14.45668 106.36727

Morphological identi�cation

The next morning following collections, mosquitoes from both HLC and CBC were morphologically
identi�ed to genus (Aedes, Anopheles, Armigeres and Culex) and to species or group/complex in �eld
laboratory, using microscopes and appropriate identi�cation keys for Southeast Asian Anopheline
(Rattanarithikul et al., 2006). Identi�cation was carried out on site by quali�ed entomologists from the
Institut Pasteur du Laos (IPL) and the Center for Malariology, Parasitology, and Epidemiology (CMPE).
After identi�cation, mosquitoes of the same species were stored in RNAlater® or in silica gel in labeled
1.5 ml tube and stored at -20ºC. Mosquitoes were then brought back to the Entomology laboratory of IPL
in Vientiane for subsequent laboratory analysis.

Sibling species identi�cation, Allele speci�c-PCR

All �eld caught Anopheles female mosquitoes belonging to primary vectors (An. minimus and An. dirus
complexes and An. maculatus group) were cut in two parts to separate the head and thorax from the
abdomen. Head and thorax were subjected to DNA extraction using a commercial extraction kit
(Nucleospin virus, MACHERY-NAGEL GmbH & Co. KG) according to the manufacturer’s instruction. DNA
was used for molecular detection of sibling species within the Dirus complex, Maculatus group, and
Minimus complex assemblages by using an allele-speci�c multiplex assay (AS-PCR) examining the ITS-2
region of the DNA (Walton et al., 1999; Garros et al., 2004; Walton et al., 2007). The following
modi�cations were added in the protocols: the ampli�cation was carried out in a 25 μL reaction mixture
containing 1 unit of T�DNA polymerase (Invitrogen), 200 μM of dNTPs, 2 mM of MgCl2, 400 nM of each
primer, and 4 μL of DNA template at working concentration. For the Minimus complex, after an initial
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denaturation step at 94° C for two min, 40 cycles were programmed as follows: 94° C for 30 s, 45° C for
30 s, 72° C for 40 s, and a �nal extension step at 72° C for �ve min. For the Maculatus group, after an
initial denaturation step at 94° C for 5 min, 35 cycles were programmed as follows: 94° C for one min, 55°
C for 30 s, 72° C for 30 s, and a �nal extension step at 72° C for 10 min. For the Dirus complex, after an
initial denaturation step at 94° C for 5 min, 35 cycles were programmed as follows: 94° C for 15 s, 55° C
for 15 s, 72° C for 30 s, and a �nal extension step at 72° C for 10 min. The PCR products were subjected
to electrophoresis on 2% agarose gel with ethidium bromide at 100V for 30 min and bands were
visualized by UV transillumination.

Plasmodium detection, qPCR assays

DNA extracts of 3 mosquito specimens were pooled and the screening of P. falciparum and P. vivax, and
P. knowlesi was performed with a MiniOpticon real time PCR system (Bio-rad, CFX Manager 3.0 software).
For the screening of Plasmodium species, the sequences of the primers were provided by NCGM Japan
and were as follows: forward primer (TGGAGTGGATGGTGTTTTAGA) and reverse primer
(AAATGAGTTATTGGGGTGCAA). Reactions were conducted using 9.5 μL of SYBR Green Super Mix (Bio-
rad), 0.25 μL of each primer F and R and 2 μL of DNA template for a total reaction volume of 20 μL. The
thermocycling protocol was 95° C for 3 min followed by 40 ampli�cation cycles at 95° C for 10 s, 60° C
for 30 s and dissociation. Positive pools were con�rmed with the melt curve analysis. Positive controls
were provided by NCGM from arti�cial infected mosquito with P. falciparum and P. vivax. These infected
mosquitoes were extracted in the same condition as the samples used in this study. All positive samples
were con�rmed for Plasmodium species by sequencing (NCGM, Japan).

Data analysis

The human biting rates and the cow biting rates were calculated as follows:

1) HBR = No. mosquitoes collected on human volunteers / No. of human-nights,

2) CBR = No. mosquitoes collected on cow bait / No. of cow-nights,

The human biting rates indoors and outdoors were calculated as follows:

3) HBR Indoors = No. mosquitoes collected on human volunteers indoors / No. of human-nights indoors,

4) HBR Outdoors = No. mosquitoes collected on human volunteer outdoors / No. of human-nights
outdoors.

The anthropophilic and zoophilic indices were calculated as follows:

5) Anthropophilic Index (AI) = HBR / (HBR+CBR)

6) Zoophilic Index (ZI) = CBR / (HBR+CBR)
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The endophagic and exophagic indices were calculated as follows:

7) Endophagic Index (EnI) = HBR Indoors / (HBR Indoors + HBR Outdoors)

8) Exophagic Index (ExI) = HBR Outdoors / (HBR Indoors + HBR Outdoors).

Results

Anopheles diversity, abundance and host-seeking
preference
Table 1 shows the abundance of Anopheles mosquitoes collected according to the host (cow or human).
A total of 14,146 adult mosquitoes representing 25 different Anopheles species were collected and
morphologically identi�ed in the �eld. Overall, only �ve species (i.e. An. minimus s.l., An. nivipes s.l. An.
maculatus s.l., An. vagus, and An. aconitus) accounted for 75% of the total number of mosquitoes
collected. Four of them are considered as either primary or secondary malaria vectors in Laos. Among the
primary vectors, An. minimus was the most abundant species collected on both cows and humans (n = 
1,875 and 882, respectively, 19.4% of the total) followed by An. maculatus (n = 1,658 and 221,
respectively, 13.3%). The other primary vector Anopheles dirus s.l. constituted only 0.3% (n = 43) of the
total number of mosquitoes collected (n = 33 on human and n = 10 on cows). Anopheles maculatus s.l.
and An. minimus s.l. were found in all provinces whereas An. dirus was only found in six provinces.
(Supplementary Table S1). The most abundant secondary malaria vector species was An. nivipes which
constituted 19.1% of all mosquitoes collected in nine provinces. The other secondary vectors, An.
aconitus, An. philippinensis and An. barbirostris represented 10.6%, 4.8% and 1.9%, respectively.
Anopheles vagus, considered as a non-malaria vector in Laos, represented more than 12% of the total
mosquitoes collected. The highest number of Anopheles collected was in Vientiane province (n = 3,883
and 27% of the total). In the southern Laos, the province with the highest Anopheles abundance was
Attapeu, bordering Cambodia, with 1,971 mosquitoes collected, hence representing 14% of the total. In the
northern Laos, Phongsaly province, bordering China and Vietnam, exhibited a high density of Anopheles
mosquitoes (n = 1,800, 13% of the total, Supplementary Table S1). About 78% of mosquitoes (n = 11,155)
were collected on cows, whereas 21% were caught on humans (n = 2,991). All species, except for An.
dirus, were found biting on both baits showing that the two methods, HLC and CBC, gave similar results
with regards to malaria vectors composition.
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Table 1
Abundance and diversity of morphologically identi�ed Anopheles mosquitoes collected in Laos in 2014

and 2015.
Anopheline taxa CBC HLC Total

N % N % N %

An. minimus s.l.* 1,865 13.2 882 6.2 2747 19.4

An. nivipes s.l.** 2,207 15.6 501 3.5 2708 19.1

An. maculatus s.l.* 1,658 11.7 221 1.6 1879 13.3

An. vagus 1,688 11.9 61 0.4 1749 12.4

An. aconitus** 1,286 9.1 210 1.5 1496 10.6

An. kochi 912 6.4 289 2.0 1201 8.5

An. hyrcanus s.l. 400 2.8 372 2.6 772 5.5

An. philippinensis** 484 3.4 198 1.4 682 4.8

An. umbrosus 246 1.7 32 0.2 278 2.0

An. barbirostris s.l.** 174 1.2 93 0.7 267 1.9

An. tessellatus s.l. 117 0.8 42 0.3 159 1.1

An. jamesii 25 0.2 25 0.2 50 0.4

An. dirus s.l.* 10 0.1 33 0.2 43 0.3

An. splendidus 22 0.2 11 0.1 33 0.2

An. jeyporiensis 24 0.2 1 0.003 25 0.2

An. argyropus 20 0.1 0 0 20 0.1

An. pseudojamesi 6 0.04 13 0.1 19 0.1

An. pallidus 7 0.05 0 0 7 0.05

An. crawfordi 0 0 4 0.03 4 0.03

An. varuna 1 0.007 1 0.007 2 0.01

An. aitkenii 1 0.007 0 0 1 0.007

An. barbumbrosus 1 0.007 0 0 1 0.007

An. karwari 1 0.007 0 0 1 0.007

*Primary vector, **Secondary vector. Note: A primary vector is a species of Anopheles mainly
responsible for transmitting malaria in any particular circumstance. A secondary vector is thought to
play a lesser role in transmission than the principal vector; capable of maintaining malaria
transmission at a reduced level or at particular period of the year.
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Anopheline taxa CBC HLC Total

N % N % N %

An. sinensis 0 0 1 0.007 1 0.007

An. sawadwongporni 0 0 1 0.007 1 0.007

Total 11,155 78.9 2,991 21.1 14,146 100

*Primary vector, **Secondary vector. Note: A primary vector is a species of Anopheles mainly
responsible for transmitting malaria in any particular circumstance. A secondary vector is thought to
play a lesser role in transmission than the principal vector; capable of maintaining malaria
transmission at a reduced level or at particular period of the year.

Sibling Species Identi�cation
A total of 4,247 Anopheles mosquitoes belonging to the Maculatus, Funestus and Leucosphyrus groups
collected in the �eld, were identi�ed in the laboratory using conventional PCR or sequencing methods
(Fig. 2). A total of 1,387 Anopheles mosquitoes belonging to the Maculatus group were identi�ed
(Supplementary Table S3) and the sibling species detected were An. maculatus sensus stricto (s.s.) (n = 
454), An. rampae (n = 458), An. sawadwongporni (n = 198), An. pseudowillmori (n = 91), An. dravidicus (n 
= 105) and, An. willmori (n = 52). In addition, 29 specimens could not be identi�ed probably due to
problems occurring during DNA extraction or transport between the �eld and the laboratory. A total of
2,825 Anopheles mosquitoes belonging to the Funestus group were also identi�ed (Supplementary Table
S3). Adult females of An. aconitus are morphologically very similar to An. minimus and sometimes
di�cult to distinguish under microscope. To avoid any misidenti�cation, the An. aconitus collected were
also identi�ed with molecular tools. PCR identi�cations showed that 959 samples were An. minimus s.s.
(sp. A), 1539 were An. aconitus, 151 were An. pampanai, 30 were An. harrisoni, 32 were negatives and,
150 were misidenti�ed in the �eld as belonging to the Funestus group. A total of 35 Anopheles
mosquitoes belonging to the Leucosphyrus group were identi�ed (Supplementary Table S3) and PCR
identi�cations showed that 40 samples were An. dirus s.s. (sp. A), 4 were An. baimaii, 1 was An.
nemophilous and 6 were misidenti�ed in the �eld as belonging to this group.

The proportions of primary and secondary vectors collected per province (from north to south) are shown
in Fig. 3. Primary and secondary vectors were found in all ten provinces, but secondary vectors were
slightly more abundant than primary vectors (n = 5,083 vs. n = 4,669). Vientiane province had the highest
number of primary (n = 981) and secondary vectors (n = 2,241) compared to the other provinces, followed
by Attapeu and Sekong (n = 1,299, and 1,255 specimens, respectively). In Phongsaly province, more than
99% of the mosquitoes collected were primary vectors. Relatively high proportions of primary vectors
were also collected in the southern provinces of Saravane, Khammouane, Bokeo and Attapeu provinces.
In Luang Prabang, Vientiane, Borlikhamxay and Sekong, secondary vectors were more abundant.
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Host Preference And Biting Behavior
The Fig. 5 shows the host biting preference of the primary and secondary malaria vectors as measured
by the CBR (A) and HBR (B). Data from dry and rainy seasons of 2014 and 2015 were pooled. For all
species, including malaria vectors, CBRs were much higher than HBRS (i.e. from 3.5 to 72 fold higher
according to the species). The highest CBRs were reported for An. nivipes s.l., An. maculatus s.l. and An.
minimus s.l. (CBR = 30.44, 22.48 and 22.63, respectively), whereas the lowest CBRs were observed for An.
dirus s.l. (CBR = 0.14). The HBRs varied between 0.04 (An. dirus s.l.) and 1.18 (An. minimus s.l.).

Overall, Anopheles dirus was the most anthropophilic mosquito species collected with a zoophilic index
(ZI) of 75% (Fig. 6). The two other primary vectors, Anopheles maculatus s.l. and An. minimus s.l. showed
higher zoophilic indices (ZI = 98% and 95%, respectively). All secondary vectors were mostly zoophilic (> 
95%).

Among mosquitoes collected on humans, 41% were collected indoors and 59% outdoors (n = 1,232 and
1,759, respectively). The primary vectors An. maculatus s.l. and An. minimus s.l. were more active
outdoors with exophagic indexes of 70.2% and 71.5% (Fig. 7), respectively (HBR of 0.3 and 1.18, and CBR
of 22.5 and 22.6, respectively). Anopheles dirus s.l. and An. nivipes s.l. were collected almost equally
outdoors and indoors (51.5% and 52%, respectively; HBR of 0.04 and 0.67, and CBR of 0.14 and 30.4,
respectively). The most endophagic species were the secondary vectors An. barbirostris and An.
philippinensis with endophagic indexes of 74% and 59%, respectively (HBR of 0.12 and 0.27 and CBR of
2.4 and 6.7, respectively).

The human biting rates indoors varied from 0.04 to 0.7 and the HBRs outdoors from 0.05 to 1.66 (Fig. 8).
The HBRs of An. minimus s.l. were the highest both indoors and outdoors (HBR = 0.7 and 1.66,
respectively) followed by An. nivipes s.l. (HBR = 0.65 and 0.7, respectively). On the other hand, An. dirus
s.l. had the lowest HBRs for both indoors and outdoors (HBRI = 0.04 and HBRO = 0.05). The indoor and
outdoor HBR of An. maculatus s.l. was 0.17 and 0.42, respectively.

Hourly Biting Time
Primary and secondary vectors had different peak of activities during the night depending on whether
they were collected on human or cow bait (Fig. 9). The primary vectors were biting humans throughout
the night, with the highest abundance in the early evening and reaching a peak between 10:00 and 11:00
PM (Fig. 9). The secondary vectors biting humans were more active before midnight and their activity
then decreased until 6 AM. The activity pattern of primary and secondary vectors biting cows were similar
with a high abundance before midnight (> 500 mosquitoes collected per hour) following by a decreased
activity until 6:00 AM (Fig. 9).

The numbers of mosquitoes collected hourly on humans, both inside and outside houses, are shown in
Fig. 10. Primary and secondary vectors were active indoors and outdoors throughout the night. More
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speci�cally, 22% of the malaria vectors (both primary and secondary) were collected indoors between
10:00 PM and 5:00 AM when the people were supposedly sleeping inside under a bed net. Twenty-seven
percent of primary and secondary vectors were collected outdoors between 6:00 PM and 10:00 PM, when
people are still active outside. The Supplementary Table S2 shows the biting time of the vectors in
details.

Plasmodium infection

A total of 4,192 mosquitoes from the Maculatus, Minimus and Dirus groups and complexes, secondary
vectors and possible vectors were screened for Plasmodium sp. detection. Among them only one
Anopheles aconitus from Phongsaly province and one An. minimus from Vientiane province were positive
for P. falciparum (sporozoite rate of 0.04% [2/4,192], Supplementary Table S4). These results were
con�rmed by sequencing. Unfortunately, we were unable to determine if these specimens were collected
on animal or human and, indoors or outdoors because the mosquitoes were pooled in the �eld for the
conduct of insecticide resistance bioassays (Marcombe et al., 2017).

Discussion
This nationwide entomological survey documents the bionomics of malaria vectors in ten sites of Laos
where malaria elimination is planned for 2030. This is the largest entomological study implemented in
the country since the pioneer work of the MALVECASIA project in the 2000’s (Obsomer et al., 2007;
VanBortel et al.,2008). Our data are timely and of great importance to guide decision making in vector
control in the country. Indeed, accurate information on vector composition, bionomic and distribution
(both spatial and temporal), are keys to design and implement scalable and locally adapted vector
control interventions.

Results showed a great diversity of Anopheles species in the study areas with 25 different
species/complexes morphologically identi�ed (Supplementary Table 1). All the Anopheles complex
species collected were already described in Laos (Pholsena et al., 1992; Meek et al., 1995; Kobayashi et
al., 1997; Toma et al., 2003; Wythilingam et al., 2003; Motoki et al., 2019) but thirteen Anopheles sp. from
three different groups (i.e. Funestus, Leucosphyrus and, Maculatus) could be identi�ed for the �rst time
for some species, using molecular tools. These �ndings provide additional information to the checklist of
the 42 Anopheles species of Laos recently updated by Motoki et al. (2019). Moreover, this provides us
important data on the relative proportions of primary versus secondary vectors within the three groups
mentioned above. For example, the three primary vector species, identi�ed by qPCR, An. dirus s.s., An.
maculatus s.s. and, An. minimus s.s. represented 89, 36 and, 33 percent of the total mosquitoes of the
Dirus and Minimus complexes and Maculatus group, respectively. In the Maculatus group, An. rampae
represented 34 percent of the total but this zoophilic species is not a malaria vector (Sinka et al., 2011). In
contrast, within the same group An. sawadwongporni represented 14 percent of the total and is
considered as a very e�cient vector in Thailand (Marasri et al., 2017). Within the Minimus complex, An.
aconitus accounted for 57 percent of the total and represented more than 10 percent of the total number
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of the mosquitoes collected. This species is highly zoophilic and exophagic (Junkum et al., 2007; Gould
et al., 1967), and Manh et al. (2010) showed it was to some extent, responsible to maintain transmission
in rural communities, and deforested areas in north-central Vietnam. The abundance of other secondary
malaria vectors was relatively high, such as An. nivipes (19% of all Anopheles sp. collected), An.
philippinensis (4.8%) and, to a lesser extent An. barbirostris (1.9%). All these species are mostly zoophilic
but they can also bite humans. Several studies implemented in Laos (Kobayashi et al., 1997, 2000; Toma
et al., 2002) showed that An. philippinensis and An. nivipes are able to bite both human and animals and
the authors suspected them to be responsible for malaria transmission in paddy �eld areas in
Khammouane province. Indeed, both of these species were previously found infected by P. falciparum or
P. vivax in Laos and in other GMS countries (Harbach et al., 1987; Toma et al., 2002; Rattanarithikul et al.,
2006). Clearly more work has to be done to determine the behavior and ecology of secondary vectors and
their role in transmission.

The abundance and diversity of the Anopheles mosquitoes showed a seasonal trend. As expected, there
were more Anopheles mosquitoes collected during the rainy season (68%) than during the dry season
(32%) and the number of mosquitoes collected varied signi�cantly according to the location. For
example, more than 3,500 Anopheles mosquitoes were collected in Vientiane province alone, against only
150 specimens in Savannakhet, but overall, these results showed that people in rural Lao villages are
constantly exposed to malaria vector mosquitoes throughout the year. Furthermore, the study on the
mosquito biting preference showed that even if they are highly zoophilic, primary and secondary vectors
are biting humans constantly during the night, both indoors and outdoors. Previous studies showed that
there was a direct link between close proximity between human and cattle, biting rates and malaria
prevalence (i.e. zoopotentiation; Donnelly et al., 2015; Bouma and Rowland 1995). In most of our study
sites, cattle and livestock were largely present around the houses from dusk to dawn and the same
species were found biting both human and cows but in higher proportion on this latter. Every day before
sunset, the cattle owners of the villages bring back their animals to their yard and sometimes under their
traditional wooden houses or in a dedicated place in the village, thus increasing the risk for villagers living
near these animals to being bitten outdoors. Almost thirty percent of primary and secondary vectors were
collected outdoors before 10:00PM or after 5:00AM when people are still outside. This shows the
importance of personal protection and other outdoor related control measures, such as zooprophylaxis, to
tackle malaria transmission in these remote areas. In the systematic review of Donnelly et al. (2015), the
authors pointed out that zooprophylaxis may be part of Integrated Vector Management (IVM) in areas
where the dominant vectors are highly zoophilic and the livestock are kept away from human sleeping
quarters. However, their results also showed that when vector preference is opportunist, varied or
unknown, there are no evidence to support the use of zooprophylaxis and zoopotentiation could even be
increased. In Laos, research regarding this method is clearly needed to validate its usefulness within the
large diversity of environments, vectors characteristics and socio-economic factors.

In total, sixty-three percent of the vector were collected outdoors which is in adequacy with the results of
Chaumeau et al. (2018) who estimated that sixty-�ve percent of the potential infective bites are not
prevented by mosquito bed nets because of outdoor and early biters. Twenty-two percent of the malaria
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vectors were collected in the villages indoors between 10:00 PM and 5:00 AM when the people are
sleeping. Although this represent a relatively low percentage, it highlights the crucial need to provide
household with bed nets to protect people during this speci�c period of the night. Kobayashi et al. (2004)
already con�rmed in the 2000’s, the e�cacy of treated bed nets in highly endemic areas of Laos and
since the country-wide distribution programs, implemented by the Ministry of Health, of �rst ITNs and
then LLINs, malaria prevalence has dramatically decreased (WHO 2016). Vector control with the use of
pyrethroid insecticides in Laos is currently possible as the primary and secondary vectors are still mostly
susceptible (Marcombe et al., 2017). However, continuous monitoring and the use of different insecticide
family is recommended as resistance is likely to evolve in some parts of the country using high amount
of insecticides for pest control. In a recent study, Souris et al. (2017) highlighted the space-time
distribution of the environmental risk of Anopheles presence, potential insecticide emergence, insecticide
resistance, and risk of exposure to these threats for the human population in Laos. Their results showed
that the probability of insecticide resistance in malaria vectors is greater in the southern part of the
country, speci�cally in Champasak and Attapeu provinces, bordering Cambodia, Thailand and Vietnam. In
these areas, malaria incidence is among the highest and the resurgence have been attributed to large-
scale population movements (both within Lao and across national borders) as well as forest-related
economic activities (Khounnavong et al., 2017).

Malaria transmission in the Mekong region is currently concentrated in forested and rural areas and
along national borders from where the disease is likely to spread to other areas due to the movement of
population groups (WHO 2019, Kounnavong et al., 2017; Inthavong et al., 2017). A part of the
transmission is taking place outdoors in the villages as previously mentioned, but the remaining
transmission occurs outside of the villages, especially in the forest. In Laos, signi�cant correlations
between working and sleeping habits in the forest and malaria incidence were reported (Inthavong et al.,
2017; Phommasone et al., 2016). In forested areas, An. dirus is thought to be the dominant malaria vector
of the southern parts of the country (Sidavong et al., 2004; Toma et al., 2002; Vythilingam et al., 2003;
Kobayashi et al., 2004). However, very few specimens were collected in our study (n = 43) and this could
be explained by its speci�c breeding sites usually being located in forested areas nearby the villages
(Souris et al., 2017, Hii et al., 2013). Mosquito collections conducted in forested areas of the Lao-Thailand
border at the same period of time, showed that An. dirus was the predominant species biting humans
(Marasri et al., 2017). This study showed that during the rainy season, human biting rates of An. dirus
(HBR = 0.91) were more than thirty times higher than within village locations (HBR = 0.03). We highly
recommend to conduct mosquito collections in the southern forested and remote areas of Laos to better
understand the role of An. dirus in malaria residual transmission among people working in plantations
and forest camps.

Our study on malaria parasites infections in the mosquitoes collected could not give us valid indications
on the malaria transmission intensity and patterns in our study sites. Indeed, more than 4,000
mosquitoes were tested for Plasmodium incidence and only two specimens were positives; one
Anopheles aconitus specimen from Phongsaly province and one An. minimus specimen from Vientiane
Province were positive with P. falciparum, with a mean sporozoite rate of 0.04%. This con�rmed the
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recent work of Sumarnrote et al. (2018) where no infected mosquitoes could be found in the Kanchanburi
province in Thailand during a malaria outbreak. This also con�rms previous studies implemented in the
early 2000’s in Laos, when malaria transmission was even higher than nowadays (WHO 2016, Toma et
al., 2002; Kobayachi et al., 2004; Vythilingam et al., 2003), sporozoite rates in mosquitoes were very low.
These results can be explained by i) the low number of night collections conducted during the dry and
rainy seasons hence limiting the chance to catch Plasmodium-positive mosquitoes in low transmission
settings and ii) by the strong zoophagic preferences of both primary and secondary malaria vectors
hence limiting the human–vector exposure.

Currently, research on alternative strategy for vector control is nonexistent in Laos. It is imperative to
determine joint research priority axis in Laos and in the GMS with regards to additional vector control
tools (VCTs) that could complement insecticide-treated nets (ITNs) and indoor residual spraying (IRS) to
achieve malaria elimination (Williams et al., 2018). VCTs should take into account the dynamics of the
transmission, as well as the ecology of malaria vectors in local settings. For example, veterinary
approaches such as the use of insecticide-treated mosquito nets fenced around cattle (Maia et al., 2012)
or the use of endectocides by injection in livestock (Chaccour et al., 2016) may be interesting strategies to
target the zoophilic and exophagic zoophagic malaria vectors (e.g. An. maculatus, An. minimus and An.
sawadwongporni). The use of mosquito-proofed housing could be useful to protect people from
endophagic mosquitoes such as Anopheles dirus, An. nivipes, An. barbirostris, and An. Philippinensis.
Inthavong et al. (2017) clearly showed that households in villages with high malaria incidence were
signi�cantly more likely to have an open space on the house surface compared to villages with low
incidence.

Conclusions
Malaria transmission is most likely occurring outside the villages, especially in remote, hilly-forested
areas, farms, logging camps, etc. where conventional malaria vector control tools are ine�cient. In the
context of malaria elimination in Laos, it is a priority to investigate its magnitude by combining
entomological, epidemiological, and social surveys. It is also important to provide the most vulnerable
population such as migrant and mobile populations (MMPs) with more effective tools for personal
protection. Our entomological survey also emphasizes the need to continue the distribution of LLINs to
prevent people from the substantial part of indoor biting occurring at night and to search for more
innovative tools to tackle malaria transmission occurring outdoor.
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Acronyms
AI Anthropophilic Index

AM Ante Meridiem (before noon)

AS-PCR: Allele-Speci�c Polymerase Chain Reaction
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CBC Cow Bait Collections

CBR Cow Biting Rate

CMPE Centre de Malariologie, Parasitologie et Entomologie du Laos

DNA: Deoxyribonucleic acid

dNTP: Deoxynucleoside triphosphates

EnI: Endophagic Index

ExI: Exophagic Index

GMS: Greater Mekong Subregion

HBR: Human Biting Rate

HLC: Human Landing Catch

IPL: Institut Pasteur du Laos

ITS-2: Internal transcribed spacer 2

Lao PDR: Lao People's Democratic Republic

LLIN: Long-Lasting Insecticide-impregnated mosquito bed Nets

MALVEC:

MMP: Mobile and migrant populations

NCGM: National Center for Global Health and Medicine

PCR: Polymerase chain reaction

qPCR: quantitative Polymerase chain reaction

WHO: World Health Organization

ZI: Zoophilic Index

References
1. World Health Organization.2019. World malaria report 2019. Geneva: World Health Organization;

2019. Licence: CC BY-NC-SA 3.0 IGO.



Page 17/30

2. Hii J, Vythilingam I, Roca-Feltrer A. 2018. Human and simian malaria in the Greater Mekong
Subregion and challenges for elimination. In Towards Malaria Elimination–A Leap Forward (pp. 95–
127). IntechOpen.

3. Cui L, Cao Y, Kaewkungwal J, Khamsiriwatchara A, Lawpoolsri S, Soe TN, Kyaw MP, Sattabongkot J.
2018. Malaria elimination in the Greater Mekong Subregion: challenges and prospects. Towards
malaria elimination: a leap forward. New York: IntechOpen, pp. 179–200.

4. World Health Organization. 2017. Global vector control response 2017–2030. Geneva: World Health
Organization; 2017. Licence: CC BY-NC-SA 3.0 IGO.

5. Kounnavong S, Gopinath D, Hongvanthong B, Khamkong C, Sichanthongthip O. Malaria elimination
in Lao PDR: the challenges associated with population mobility. Infectious diseases of poverty.
2017;6(1):81.

�. Ministry of Health
National Strategic Plan for Malaria Control and Elimination 2016–2020
Ministry of Health. 2016. National Strategic Plan for Malaria Control and Elimination 2016–2020.
https://www2.malariafreemekong.org/wp-content/uploads/2019/03/Laos_Malaria-NSP.pdf.

7. Iwagami M, Nakatsu M, Khattignavong P, Soundala P, Keomalaphet S, Lorpachan L, Xangsayalath P,
Matsumoto-Takahashi E, Pommelet V, Hongvanthong B, Brey PT. Heterogeneous distribution of k13
mutations in Plasmodium falciparum in Laos. Malar J. 2018;17(1):483.

�. Killeen GF. Characterizing, controlling and eliminating residual malaria transmission. Malar J.
2014;13(1):330.

9. Motoki MT, Vongphayloth K, Rueda LM, Miot EF, Hiscox A, Hertz JC, Brey PT. New records and
updated checklist of mosquitoes (Diptera: Culicidae) from Lao People's Democratic Republic, with
special emphasis on adult and larval surveillance in Khammuane Province. Journal of Vector
Ecology. 2019;44(1):76–88.

10. Pholsena K. The malaria situation and antimalaria program in Laos. Southeast Asian J Trop Med
Public Health. 1992;23:39–42.

11. Meek SR. Vector control in some countries of Southeast Asia: comparing the vectors and the
strategies. Annals of Tropical Medicine Parasitology. 1995;89(2):135–47.

12. Toma T, Miyagi I, Okazawa T, Kobayashi J, Saita S, Tuzuki A, Keomanila H, Nambanya S, Phompida
S, Uza M, Takakura M. Entomological surveys on malaria in Khammouane Province, Lao PDR, in
1999 and 2000. Southeast Asian J Trop Med Public Health. 2002;33(3):532–46.

13. Vythilingam I, Sidavong B, Chan ST, Phonemixay T, Vanisaveth V, Sisoulad P, Phetsouvanh R, Hakim
SL, Phompida S. Epidemiology of malaria in Attapeu Province, Lao PDR in relation to entomological
parameters. Trans R Soc Trop Med Hyg. 2005;99(11):833–9.

14. Jorgensen P, Nambanya S, Gopinath D, Hongvanthong B, Luangphengsouk K, Bell D, Phompida S,
Phetsouvanh R. High heterogeneity in Plasmodium falciparum risk illustrates the need for detailed
mapping to guide resource allocation: a new malaria risk map of the Lao People's Democratic
Republic. Malaria Journal. 2010;9(1):59.



Page 18/30

15. Hii J, Rueda LM. Malaria vectors in the Greater Mekong Subregion: overview of malaria vectors and
remaining challenges. Southeast Asian J Trop Med Public Health. 2013;44:73–165.

1�. Suwonkerd W, Ritthison W, Ngo CT, Tainchum K, Bangs MJ, Chareonviriyaphap T. 2013. Vector
biology and malaria transmission in Southeast Asia. In Anopheles mosquitoes-New insights into
malaria vectors. IntechOpen.

17. Obsomer V, Defourny P, Coosemans M. The Anopheles dirus complex: spatial distribution and
environmental drivers. Malaria Journal. 2007;6(1):26.

1�. Van Bortel W, Trung HD, Sochantha T, Socheat D, Sumrandee C, Baimai V, Keokenchanh K, Samlane P,
Roelants P, Denis L, Verhaeghen K. The insecticide resistance status of malaria vectors in the
Mekong region. Malaria Journal. 2008;7(1):102.

19. Marcombe S, Bobichon J, Somphong B, Phommavan N, Maithaviphet S, Nambanya S, … Brey PT.
(2017). Insecticide resistance status of malaria vectors in Lao PDR. PloS one, 12(4).

20. Rattanarithikul R, Harrison BA, Panthusiri P, Peyton EL, Coleman RE. Illustrated keys to the
mosquitoes of Thailand III. Genera Aedeomyia, Ficalbia, Mimomyia, Hodgesia, Coquillettidia,
Mansonia, and Uranotaenia. Southeast Asian J Trop Med Public Health. 2006;37(S1):1.

21. Walton C, Handley JM, Kuvangkadilok C, Collins FH, Harbach RE, Baimai V, Butlin RK. Identi�cation
of �ve species of the Anopheles dirus complex from Thailand, using allele-speci�c polymerase chain
reaction. Med Vet Entomol. 1999;13(1):24–32.

22. Walton C, Somboon P, O’Loughlin SM, Zhang S, Harbach RE, Linton YM, Chen B, Nolan K, Duong S,
Fong MY, Vythilingam I. Genetic diversity and molecular identi�cation of mosquito species in the
Anopheles maculatus group using the ITS2 region of rDNA. Infection Genetics Evolution.
2007;7(1):93–102.

23. Garros C, Koekemoer LL, Coetzee M, Coosemans M, Manguin S. A single multiplex assay to identify
major malaria vectors within the African Anopheles funestus and the Oriental An. minimus groups.
Am J Trop Med Hyg. 2004;70(6):583–90.

24. Kobayashi J, Nambanya S, Miyagi I, Vanachone B, Manivong K, Koubouchan T, Amano H, Nozaki H,
Inthakone S, Sato Y. Collection of anopheline mosquitos in three villages endemic for malaria in
Khammouane, Lao PDR. Southeast Asian journal of tropical medicine public health. 1997;28:615–
20.

25. Vythilingam I, Phetsouvanh R, Keokenchanh K, Yengmala V, Vanisaveth V, Phompida S, Hakim SL.
The prevalence of Anopheles (Diptera: Culicidae) mosquitoes in Sekong Province, Lao PDR in
relation to malaria transmission. Tropical Med Int Health. 2003;8(6):525–35.

2�. Sinka ME, Bangs MJ, Manguin S, Chareonviriyaphap T, Patil AP, Temperley WH, Gething PW, Elyazar
IR, Kabaria CW, Harbach RE, Hay SI. The dominant Anopheles vectors of human malaria in the Asia-
Paci�c region: occurrence data, distribution maps and bionomic précis. Parasites vectors.
2011;4(1):89.

27. Marasri N, Overgaard HJ, Sumarnrote A, Thanispong K, Corbel V, Chareonviriyaphap T. Abundance
and distribution of Anopheles mosquitoes in a malaria endemic area along the Thai-Lao border.



Page 19/30

Journal of Vector Ecology. 2017;42(2):325–34.

2�. Junkum A, Pitasawat B, Tuetan B, Saeung A, Rattanachanpichai E, Jariyapan N, Komalamisra N,
Mogi M, Chaithong U, Choochote W. Seasonal abundance and biting activity of Anopheles aconitus
(Diptera: Culicidae) in Chiang Mai, northern Thailand. Southeast Asian journal of tropical medicine
public health. 2007;38(1):215.

29. Gould DJ, Esah S, Pranith U. 1967. Relation of Anopheles aconitus to malaria transmission in the
central plain of Thailand. Transactions of the Royal Society of Tropical Medicine and Hygiene, 61(3).

30. Do Manh C, Beebe NW, Le Quang T, Lein CT, Van Nguyen D, Xuan TN, Le Ngoc A, Cooper RD. Vectors
and malaria transmission in deforested, rural communities in north-central Vietnam. Malar J.
2010;9(1):259.

31. Kobayashi J, Somboon P, Keomanila H, Inthavongsa S, Nambanya S, Inthakone S, Sato Y, Miyagi I.
Malaria prevalence and a brief entomological survey in a village surrounded by rice �elds in
Khammouan province, Lao PDR. Tropical Med Int Health. 2000;5(1):17–21.

32. Harbach RE, Gingrich BJ, Pang LW. Some entomological observations on malaria transmission in a
remote village in northwestern Thailand. Journal of American Mosquito Control Association.
1987;3:296–301.

33. Bouma M, Rowland M. Failure of passive zooprophylaxis: cattle ownership in Pakistan is associated
with a higher prevalence of malaria. Trans R Soc Trop Med Hyg. 1995;89(4):351–3.

34. Donnelly B, Berrang-Ford L, Ross NA, Michel P. A systematic, realist review of zooprophylaxis for
malaria control. Malar J. 2015;14(1):313.

35. Kobayashi J, Phompida S, Toma T, Looareensuwan S, Toma H, Miyagi I. The effectiveness of
impregnated bed net in malaria control in Laos. Acta Trop. 2004;89(3):299–308.

3�. Inthavong N, Nonaka D, Kounnavong S, Iwagami M, Phommala S, Kobayashi J, Hongvanthong B,
Pongvongsa T, Brey PT, Kano S. Individual and household factors associated with incidences of
village malaria in Xepon district, Savannakhet province, Lao PDR. Tropical medicine health.
2017;45(1):36.

37. Phommasone K, Adhikari B, Henriques G, Pongvongsa T, Phongmany P, Von Seidlein L, White NJ,
Day NP, Dondorp AM, Newton PN, Imwong M. Asymptomatic plasmodium infections in 18 villages of
southern Savannakhet Province, Lao PDR (Laos). Malar J. 2016;15(1):296.

3�. Sidavong B, Vythilingam I, Phetsouvanh R, Chan ST, Phonemixay T, Hakim SL, Phompida S. Malaria
transmission by Anopheles dirus in Attapeu province, Lao PDR. Southeast Asian journal of tropical
medicine public health. 2004;35:309–15.

39. Souris M, Marcombe S, Laforet J, Brey PT, Corbel V, Overgaard HJ. 2017. Modeling spatial variation
in risk of presence and insecticide resistance for malaria vectors in Laos. PloS one, 12(5).

40. Sumarnrote A, Corbel V, Marasri N, Overgaard HJ, Thanispong K, Fustec B, Charoenviriyaphap T.
2018. Plasmodium infections in Anopheles mosquitoes in Ubon Ratchathani province, Northeastern
Thailand during a malaria outbreak. Journal of the American Mosquito Control Association,
34(1):11–17, 2018.



Page 20/30

41. Williams YA, Tusting LS, Hocini S, Graves PM, Killeen GF, Kleinschmidt I, Okumu FO, Feachem RG,
Tatarsky A, Gosling RD. 2018. Expanding the vector control toolbox for malaria elimination: a
systematic review of the evidence. In Advances in parasitology (Vol. 99, pp. 345–379).

42. Maia MF, Abonuusum A, Lorenz LM, Clausen PH, Bauer B, Garms R, Kruppa T. 2012. The effect of
deltamethrin-treated net fencing around cattle enclosures on outdoor-biting mosquitoes in Kumasi,
Ghana. PLoS One, 7(9).

43. Chaccour C, Killeen GF. Mind the gap: residual malaria transmission, veterinary endectocides and
livestock as targets for malaria vector control. Malar J. 2016;15(1):24.

Figures



Page 21/30

Figure 1

Location of the collection sites in Laos. (Marcombe et al., 2017)

Figure 2

Number of Sibling species of Anopheles mosquitoes belonging to the Maculatus, Funestus and
Leucosphyrus groups determined by PCR and sequencing methods.
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Figure 3

Total number of primary and secondary malaria vectors collected in Laos, in 2014 and 2015 (132 nights
of collection). Species were identi�ed by morphological methods.
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Figure 4

Abundance of Anopheles spp. mosquitoes collected in Laos according to season in 2014 and 2015 (132
nights of collection).
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Figure 5

Host biting preference of primary and secondary vectors in Laos in 2014 and 2015. Cow biting rates
(CBR) and Human biting rates (HBR).
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Figure 6

Zoophilic index of the Anopheles sp. collected in Laos in 2014 and 2015. ZI calculated as: CBR / (CBR +
HBR).
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Figure 7

Exophagic index of the Anopheles sp. collected in Laos in 2014 and 2015. Exophagic index calculated as:
HBRoutdoors / (HBRoutdoors + HBRindoors).
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Figure 8

Outdoors and Indoors biting rates of the Anopheles mosquitoes collected in Laos in 2014 and 2015.
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Figure 9

Biting times on human (A) and on animal (B) of the malaria vectors collected between 6:00 PM and 6:00
AM in Laos in 2014 and 2015 (132 nights of collection).
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Figure 10

Biting times of the malaria vectors on humans indoors (A) and outdoors (B) in Laos during 2014 and
2015 collections. The blue area represents the hours when people are potentially protected by LLINS and
the red area the hours when people are not protected outside.
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