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Anopheles stephensi Mosquitoes as
Vectors of Plasmodium vivax and
falciparum, Horn of Africa
Appendix
Aquatic habitat characterization
A total of (n = 85) potential larval habitats were surveyed in 5 days (May 2019) in Awash
Sebat Kilo town (Appendix Figure 1) using a standardized check list/questionnaire (22 question
sets) to capture important characteristics. Immatures were collected throughout the day. Altitude,
latitude, longitude, sun light exposure, water turbidity, substrate type, presence of vegetation,
predators, and competitors were recorded for each site. The Anopheles larvae were separated
from culicine larvae and classified as early- (1st, 2nd) or late-instars (3rd and 4th) stage and
larval density was recorded by instars. The Anopheles larvae/pupae were transported to Adama
malaria center with jars and transferred to larval tray for rearing to adult using the same filtered
water from the breeding site. Detailed outcome of the aquatic habitat survey can be obtained
using this link (https://datadryad.org/stash/dataset/doi:10.5061/dryad.gf1vhhmnt; Table 1).
Aquatic habitat characterization) with number of larvae/pupae collected in each of the 10 dips
(https://doi.org/10.5061/dryad.gxd2547hr; Table 2_Larvae pupae density).

Adult mosquitoes resting, biting and host preference behavior
Resting, feeding and host preference behavior of An. stephensi was assessed using 5
entomological sampling techniques: i) Centers for Disease Control (CDC) light trap, ii) human
landing catches (HLC), iii) pyrethrum spray sheet collection (PSC), iv) aspiration from animal
shelters, and v) cattle baited traps. The CDC light traps (Model 512; John W. Hock Company,
Gainesville, FL, USA) were set 1 m above the ground on a wall or roof, both indoors and

Page 1 of 7

outdoors on 15 randomly selected households for two nights that makes a total of 60 traps in 30
nights. Indoor traps were hung at the foot edge of the person who slept under an untreated bed
net (1). Other occupants in the houses were left to use LLINs provided by the control program as
part of the routine malaria control. The traps were switched on at 6:00PM and off at 6:00AM the
next morning in each sampling night. PSC were conducted from 6:00 AM to 2:00 AM on five
randomly selected households’ per-day and 20 households were included in each round of
sampling, thus a total of 60 households were sampled in three rounds. The HLC were conducted
in nine selected households both in and outdoors that was repeated the next day. Locally trained
entomology technicians were employed to collect female Anopheles by standard mouth aspirator
from 6:00 PM to 6:00 AM from both indoors and outdoors. Two collectors were assigned at a time
for each house (one outdoors and one indoors) in shifts of 6 hours (the first shift being 6:00PM –
12:00PM and the second from 12:00 PM to 6:00 AM). Collectors in the same shift changed with
each other between outdoors and indoors every hour after recording their findings on the
checklist to avoid bias due to individual variation in attraction and competence. In addition to
this, animal sheds were inspected using HC and cattle bait trap (2) were conducted for collecting
mosquitos biting and resting in animal shelters. Mosquitoes resting in animal shelters and cattle
bait traps were collected using standard mouth aspirator for 30 minutes in each, from 5:30 AM to
6:00 AM. All collected Anopheles mosquitoes were counted and sorted out morphologically to
species level (3,4) and by their abdominal stage into unfed, freshly fed, half-gravid or gravid (5),
except those collected by HLC. In animal shelter with high number of mosquito collection was
repeated the next morning.
Of the five methods used for mosquito collection in the 2 monthly studies of 6 days each
and therefore 12 days in total, Anopheles were caught only by the three methods: CDC light
traps, aspiration from animal shelter (hand collection), and human landing catches. This makes it
an average of 2.5 female Anopheles caught per trap per night. Detailed survey results for
different adult catch methods is provided using this link
(https://datadryad.org/stash/dataset/doi:10.5061/dryad.gf1vhhmnt; Table 3_Adult mosquitoes
surveillance).
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Optimization of feeding efficiency of adult An. stephensi raised from wild
collected larvae/pupae
Optimum starvation time for the An. stephensi raised from wild collected larvae and
pupae was assessed in three different experiments with 2, 3, 4 or 5 hours before feeding
evaluated in each experiment (Appendix Table 1).
Appendix Table 1. Feeding optimization for Anopheles stephensi raised from wild collected larvae/pupae
Code of Experiment
Starvation hour prior feeding
Number of fed mosquitoes
Feeding efficiency, % of blood fed
E01–01
5
58
39.2
E01–02
4
68
45.9
E01–03
3
85
53.8
E01–04
2
86
50.3
E02–01
5
24
36.4
E02–02
4
31
42.5
E02–03
3
29
44.6
E02–04
2
17
28.3
E03–01
5
33
36.2
E03–02
4
46
48.9
E03–03
3
44
51.6
E03–04
2
35
35.0

Molecular detection of parasites and blood meal sources and targeted
sequencing of morphologically identified An. stephensi mosquitoes
Plasmodium infection status of individual wild-caught morphologically-confirmed adult
An. stephensi mosquitoes was assessed using nested polymerase chain reaction (nPCR) targeting
the small 18S subunit (6) using genomic DNA extracted from homogenate of mosquito’s headthorax and abdomen separately (7), indicating sporozoite and oocyst-stage infections,
respectively. Multiplex PCR that targets the mitochondrial cytochrome b gene and produces
species-specific fragments of varying sizes was used to assess blood meal sources of individual
mosquitoes (8). For confirmation of morphologically identified An. stephensi, DNA was
extracted from whole mosquito bodies using the DNeasy Blood and Tissue kit (Qiagen, UK).
PCR was performed for each individual mosquito, targeting the nuclear internal transcribed
spacer 2 region (ITS2) and the mitochondrial cytochrome oxidase subunit 1 gene (COI) (9).
Following PCR clean-up (Source BioScience Plc, Nottingham, UK), chain termination
sequencing was performed to generate unambiguous consensus sequences for each sample
(Supplemental notes). Sequences were assembled manually in BioEdit v7.2.5 (10) to create
unambiguous consensus sequences for each sample. Consensus sequence alignments per gene
were generated in ClustalW and used to perform nucleotide BLAST (NCBI) database queries
(11). An. stephensi ITS2 and COI sequences, from across the vector’s geographic range, were
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downloaded from GenBank for phylogenetic analysis in MEGA X (12). Additional outgroup
ITS2 sequences were retrieved for An. maculatus, An. maculipalpis, An. sawadwongporni and
An. willmori. Alternate maximum-likelihood (ML) phylogenies were constructed using the
Jukes-Cantor (ITS2; final tree lnL = −916.913) or Tamura-Nei (COI; final tree lnL = −732.248)
models, following appropriate nucleotide substitution model selection in MEGA X. Bootstrap
support for clade topologies was estimated following the generation of 1,000 pseudoreplicate
datasets. As indicated in Appendix Figure 2. An. stephensi from Ethiopia are more related with
those from Pakistan and Djibouti.
Sporozoite quantification
Sporozoites were quantified on day 12 post feeding in salivary glands of mosquitoes that
remained from the batch where high oocysts were detected during midgut dissection on day 7
post feeding and categorized into four (with a grade from 1–4) following protocol reported
before (14). Table 4_Sporozoite quantification, following this link
(https://datadryad.org/stash/dataset/doi:10.5061/dryad.gf1vhhmnt) depicts the detail results for
each An. arabiensis and An. stephensi dissected (rows) with representative pictures in Appendix
Figure 3, panels A, B.
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Appendix Figure 1. Anopheles. stephensi larval habitats. Images are of waterbodies that were infested
with developmental stages of An. stephensi, namely water reservoirs made of bricks or cemented tanks
(A – B), metal (C and D), barrels (E – F), plastic (G), or fiber (H). The median volume of the aquatic
containers was 4m3 (interquartile range, 1.0–15.6) and ranged from 0.06 m3 to 360 m3. The majority of
the containers were uncovered and were in use for household (32) and construction purposes (34). The
material from which the different types of reservoirs were made of included cement (n = 45), plastic (n =
9), fiber (n = 14) and steel (n = 17).

Appendix Figure 2. Maximum-likelihood phylogenies of ITS2 (left) and COI (right). Maximum-likelihood
topologies were constructed using representative reference sequences with published geographic data
downloaded from GenBank. Within the Ethiopian population, due to the presence of a hyper-variable
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microsatellite region, ITS2 sequences (A) were trimmed to create a consensus alignment of 289 bp; one
polymorphic site separated samples into two genotypes (indicated with filled asterisk together with the
previously reported genotype, MH650999, Carter, et al. (13) in unfilled asterisk). COI sequences (B) were
assembled into a consensus alignment of 687 bp; a total of four variable sites were identified,
corresponding to four haplotypes (indicated with filled asterisk together with the previously reported
genotype, MH651000, Carter, et al. (13), unfilled asterisk). Nucleotide sequences for ITS2 and COI were
deposited in GenBank under the following accession numbers: Ethiopia Genotype1, MN826065; Ethiopia
Genotype2, MN826066; Ethiopia Haplotype1, MN826067; Ethiopia Haplotype2, MN826068; Ethiopia
Haplotype3, MN826069; and Ethiopia Haplotype4, MN826070. Scale bars indicate nucleotide
substitutions per site.
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