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Abstract

Identification of blood sources for maximum production of Anopheles mosquitoes is an
important consideration for colony maintenance which involves mass rearing. High feeding
rates, eggs production, hatching rates, larval, pupal, and adult survivorship are essential
parameters to consider when selecting a blood host for mass production of An. gambiae.
Here, we investigated the feeding success, reproduction performance and survivorship

of An. gambiae when fed on blood from five different hosts: cow, goat, sheep, pig, and
chicken compared to human blood. There was significant variations in feeding success
(Fs s = 35.34, p<.001), egg laying (F ; ,, =12.57 p<.001), number of eggs laid (F; ,, =34.23
p<.001), egg hatchability (F ; ,,, = 37.63, p<.001), pupation time (F ;. = 5.532763,
p=0.0029) and pupation rates (F ., = 8.26, p<.001). Feeding success was highest in
human blood meal (Mean= 125.25 + 3.86), followed by pig blood meal (Mean= 123 + 7.93),
with no statistically significant difference between the two. The highest proportion of
females that laid eggs were those fed on human blood (Mean = 36.50 + 2.08) followed by
those fed on chicken blood meals (Mean = 27.50 + 5.44) and then pig blood meal (Mean
= 26.25 + 2.87). The mean number of eggs laid per mosquito was highest among those
fed on human blood meal (111.65 + 5.74) followed by those fed on pig blood meal (100.46
+ 6.36). The most favorable outcomes were observed with human blood for hatchability
(88.35 + 5.61%), pig blood for pupation percentage (Mean = 83.50 + 4.79), and goat
blood for pupation time (9.79 + 0.41 days). Larval survival rates did not significantly differ
among blood meal sources (F , ,, = 0.13, p=0.985). Nonetheless, the highest survival rate
was observed with pig blood meal (Mean = 0.57 + 0.11). Survival rates of adult F, varied
significantly across blood meals (F  ,,, =133.19, p<.001), with human blood meal show-
ing the highest survival rate (Mean = 0.73 + 0.04). However, pig blood meal (56 days)
demonstrated the longest survival period, close to human blood meal (57 days). This
study revealed pig blood as an excellent alternative to human blood meal for the mass
production of An. gambiae.
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Background

The primary vector responsible for malaria transmission in sub-Saharan Africa, Anopheles
gambiae, relies majorly on blood for the development of eggs for reproduction purposes [1].
The quality and type of bloodmeal host remain a significant factor in determining fecundity
and reproduction success [2]. Proper knowledge of the influence of different host bloodmeal
sources on reproductive outcomes of Anopheles gambiae is crucial in optimizing the Anoph-
eles mass rearing programs, particularly for malaria control initiatives. Strategic selection of
blood source for mass rearing enhances fecundity and improves the efficiency in production
and maintenance of vector control programs in a mass rearing environment. The research
areas that require mass rearing of mosquitoes include genetic manipulations, biological and
physiological characterization, vector taxonomy and ecology, exploring novel bioactive agents,
insecticides, and repellents against mosquitoes [3]. Additionally, the mass release of geneti-
cally modified mosquitoes is proposed as a preventive measure to halt the spread of the para-
site as stated in the first supporting element [4]. Vector control approaches exploiting genetic
modification have a huge demand for mass rearing of mosquitoes and are often faced with
the challenge of sustainable non-human blood meal sources to sustain egg production [4]. A
similar challenge is faced by research insectaries producing large numbers of mosquitoes for
different experiments given their importance as disease vectors of numerous pathogens and
parasites which include filariae, arboviruses and protozoans that cause human diseases [5].

Novel tools such as next generation vector control strategies, is one of the broad areas
still under investigation that require mass rearing to meet the demands of the huge numbers
needed for experimentation. In the advent of innovations aimed at curbing mosquito popu-
lations and mitigating pathogen transmission, various techniques have emerged such as the
evolvement of new intervention strategies like spatial repellents and attractive sugar baits/
attractive targeted sugar baits (ASB/ATSB) which require mass numbers of mosquitoes for
testing their efficacy. With the assessment of novel prequalified formulations and chemistries
such as Interceptor G2, Olyset plus and Permanent 3.0 for insecticide treated nets and indoor
residual spraying products like broflanilide, several evaluations on these products demand
enormous supply of laboratory reared mosquitoes for preliminary bio-efficacy testing [6]. The
next generation vector control strategies such as Clustered regulatory interspaced short palin-
dromic repeats (CRISPR) and the CRISPR associated gene Cas9 are the most current frontiers
in precise insect genome mediated editing systems [7]. Other methods include precision-
guided sterile insect technique [8], Gamma-Radiated Sterile Insect Technology [9], Dominant
lethal gene [10], Female-Specific RIDL (fsRIDL) [11], symbionts for blocking malaria patho-
gen transmission, and Incompatible Insect Technology [12]. Successful genetic engineering
of self-limiting OX513A strain of Ae. aegypti in Brazil [13,14] and field trial of genetically
modified Anopheles stephensi in Djibouti both require mass production of mosquitoes to meet
release demands [15]. Each of these cutting-edge strategies for vector control necessitates the
extensive production of mosquitoes within an insectary before releasing genetically modified
individuals or eggs into wild populations.

To establish high production of Anopheles mosquitoes that are sufficiently fit for their
intended use to support these genome-based control approaches, blood meal sources that
results in high number of eggs and high hatching rates is an essential factor [16]. When rearing
mosquitoes, one challenge is determining the optimal source of blood [4] that result in suc-
cessful mass production and subsequent supply of mosquitoes for downstream experiments
and colony maintenance [17]. Anautogenous female mosquitoes must take a blood meal for
protein to complete oogenesis, which is characterized by the development of the ovarian tissues
resulting in the development of eggs [18]. Anopheles mosquitoes are likely to feed on humans
and a range of animals including cattle, horses, goats, sheep, pigs, dogs, cats, rabbits, chicken
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and ducks [19]. Prior studies have indicated the significant impact of blood meal sources on
feeding success, fecundity, hatchability, and pupation time for Anopheles arabiensis and An.
gambiae sensu stricto [4,20]. In contrast, Mamai found no significant effects of host blood meal
sources on egg production in mass rearing, particularly when comparing pig and cow blood
sources [3]. Several studies have highlighted that Anopheles mosquitoes tend to achieve feeding
success and varied reproductive outcomes when provided with blood from diverse sources. For
instance, Gunathilaka et al [21] demonstrated that the choice of blood meal source signifi-
cantly influences feeding rates and reproductive parameters in laboratory conditions for Aedes
aegypti. Similar effects were observed in Aedes and Anopheles species, with different blood meal
sources impacting feeding rates, adult survival, fecundity, hatching rates, and mosquito lon-
gevity [17]. However, most studies focus on parameters like blood meal quantity or preference,
and often lack a comprehensive analysis involving multiple blood sources. Thus, this study

was designed to assess the impact of six host blood sources (human, cow, goat, sheep, pig, and
chicken) on the feeding success, reproductive performance, and survivorship of An. gambiae
mosquitoes, with the aim of informing mass rearing and production practices.

Materials and Methods
Mosquito test population used and rearing conditions

The study was carried out at Kenya Medical Research Institute, Centre for Global Health
Research insectaries in Kisumu, western Kenya in 2022. Laboratory test population of An.
gambiae s.s. Kisumu strain was used. Rearing conditions in the insectary were maintained at
28°C + 5 and humidity of 80% + 10 being controlled by an electric heater and humidifier. The
adult mosquitoes were reared in 60x60x60 cm cages and were provided with 10% sugar solu-
tion that was soaked in cotton wool and placed on the cages. A photoperiod of light and dark
cycles (12:12) was maintained.

Blood-meal collection and preservation

The selection of host blood for this study was based on the availability of animal hosts in

the study area in western Kenya and blood meal source studies that have reported mosqui-
toes feeding on multiple hosts [22,23]. The blood samples (Table in S1 Table) were collected
from local abattoirs around the study area in Kisumu city located at an altitude of 0.091702
and a latitude 34.767956. Each host blood was collected in well-labeled sterile 50ml Falcon
tubes containing 15mg of EDTA to attain a concentration of 0.3g/dm’ to prevent collected
blood from clotting [24]. The collected blood was placed in a cool box and transported to the
KEMRI laboratories for blood feeding. Screened human blood samples that were not infec-
tious but unsuitable for transfusion (surplus in demand, underweight and quality issues due to
storage) were collected from the local blood bank. Blood was stored at 4°C until ready for use
for a period of 14 days.

Blood preparation and membrane feeding (Hemotek)

Three days old female An. gambiae s.s. mosquitoes starved for 12 hours were transferred to
well labeled paper cups for blood feeding using hand-held aspirator. Blood meal was removed
from the refrigerator 30 minutes prior and about 3ml was added to the Hemotek blood
Membrane feeder machine (PS-6 System, Discovery Workshops, Accrington, UK) and fas-
tened with a parafilm. Mosquitoes were allowed to feed for 30 minutes, followed by a 1-hour
resting period to reduce stress, mortality and enhance physical recovery before being sorted
into feeding status. Blood feeding per host blood meal was done in four replicates of 140 mos-
quitoes each. The feeding success defined as the mean number of mosquitoes that ingested
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blood meal, was assessed by examining the engorgement of the abdomens and categorized as
either fully fed, half fed or unfed. Only the fully fed mosquitoes were maintained on 10% sugar
solution soaked in cotton pads for egg laying in the adult insectary and further experimenta-
tion(Figure in S1 Fig).

Fecundity

Three days after blood feeding during the first gonotrophic phase [25], a group of 200 gravid
mosquitoes were selected from each blood meal. In four replicates of 50 mosquitoes each,
every mosquito was individually provided with oviposition cups lined with moist filter papers
to lay eggs separately. The gravid mosquitoes were allowed to oviposit on the lined substrates.
The eggs laid on the filter papers were carefully removed from each oviposition cups using the
forceps. The eggs were counted under a dissecting microscope (Olympus CX21FS1) to estab-
lish fecundity. Fecundity determines the reproduction rate of an organism and is character-
ized by the number of progenies an individual mosquito can produce.

Hatchability

The eggs were incubated for 24 hours to enhance optimal hatchability (the proportion of eggs
able to survive through embryonic development to give forth larvae). Each batch of eggs was
counted separately and placed in individual trays containing spring water. The trays were
lined with filter papers to confine the floating eggs and prevent desiccation. The larvae (L,)
were allowed to hatch from the eggs after 24 hours. The hatched larvae (L,) were counted and
placed in larval trays to determine hatchability. The hatchability of the eggs was established by
counting the neonate larvae that emerged from the batch of eggs from each mosquito.

Larval/pupal survivorship

For each blood meal host, a total of 2800 larvae (L,) in four replicates of 700 were monitored
for survivorship (the proportion of larvae alive at a given period after emergence to pupation

or death), pupation time (the mean number of days taken by each larvae to pupate from the
start of larval cohort to the end in each blood meal), and pupation rate (the proportion of larvae
that successfully pupated in each blood meal).The larvae were kept in standard larval trays of
20x10x8cm with a water depth of 4 cm each accommodating 100 larvae. The larvae were main-
tained with insectary food, Tetramin (Tetramin Tropical Flakes-Spectrum Brands, Inc, Melle,
Germany) provided daily in the morning and in the evening at the rate of 0.003 g/mosquito
larva. Rearing water was changed after every two days, trays cleaned, and sun dried. The larval
survivorship was monitored by recording mortality and pupae development. The subsequent
pupae development was monitored by picking daily the developed pupae using a Pasteur pipette.

Adult survivorship

The collected pupae were transferred to the adult insectary and placed in the rearing cages
measuring 30 cm x 30 cm. Pupae were allowed to emerge into adult mosquitoes and were
provided with 10% sucrose solution soaked in cotton pads placed on top of the cages. Upon
emergence, 200 female and male adult mosquitoes in 2 replicates of 100 mosquitoes each from
every bloodmeal were monitored for adult survival rate (the proportion of adult mosquitoes
alive at a given period after emergence to death). The sex ratio and evaluation of subsequent
generations were not monitored hence further research is needed to establish this gap in
knowledge. Monitoring for survivorship was from the day of emergence (day 0) to the last day
the mosquitoes from each blood meal died. The adults were counted daily to establish alive
from the dead ones and the results were scored until the last one in each blood meal cage died.
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Data analysis

The differences in feeding success, fecundity, females that laid egg, egg hatchability, pupation
rate and time, larval, pupal and adult survival rates were analyzed using one way Analysis of
Variance (ANOVA). A t-test was performed to compare the statistical significance of variance
between the blood hosts and a post hoc (Bonferroni adjustment) done to compare each blood
host with human blood host. Feeding success was calculated as the number of mosquitoes
that successfully fed (fully fed) divided by the total number of mosquitoes that were exposed
to feed multiplied by 100 in each blood type. Fecundity was calculated as the total number of
eggs laid by each mosquito in each bloodmeal divided by the total number of eggs laid in a
single bloodmeal. Females that laid eggs was determined by finding the mean of the females
that laid in each blood host. Hatchability was calculated as the number of larvae that hatched
per individual mosquito divided by the number of eggs per individual mosquito multiplied
by 100 in each blood host. The effect of bloodmeal on survival of An. gambiae s.s. larvae
and adults were calculated using Kaplan-Meier survival analysis and curves plotted in excel.
Statistical analysis was done using Version 14 of statistical program Stata, StataCorp, College
Station, Texas.

Kaplan Meier survival rates.

P. :”j;dj
] nj

Where: P.= Estimated survival probability or rate of alive mosquitoes at the initial time.
d, = Number of mosquitoes that died in the same bloodmeal group at the initial time.
n. = Number of mosquitoes in each bloodmeal monitored for survivorship at initial time.

Survival distribution S(t).
dj
L

Where: IT = Cumulative survival product of mosquitoes that survived up to time all the moni-
tored mosquitoes in each bloodmeal died.

tj = Ordered time that at least mosquitoes from each bloodmeal died.

d. = Number of mosquitoes that died in the same bloodmeal group at the initial time.

t = Survival time of mosquitoes in each bloodmeal until dead.

Ethics approval and consent to participate

The study approval was provided by the Kenya Medical Research Institute/ Scientific and
Ethics Review Unit (KEMRI/SERU 3434). There were no human subjects that were used to
acquire human blood therefore no consent was sought. The human blood used in this study
was obtained from local blood bank. The blood was not infectious but unsuitable for transfu-
sion. All animals blood were collected from the local slaughter houses therefore no animals
were directly involved in this work.

Results
Feeding success

A total of 3360 female mosquitoes fed on the six different host blood sources (human, cow,
goat, pig, chicken, and sheep) in four replicates of 140 mosquitoes for each host. Comparison
between human blood and other bloodmeals showed a significant difference in the mean
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feeding success (F; = 35.34, p<.001; Table 1). Of the host bloodmeals that were investigated,
human bloodmeal had the highest mean in feeding success 125.25 (n=501) though with no
significant difference with pig bloodmeal (¢ (6) =0.453, p = 0.666), while goat bloodmeal 63.75

(n=255) had the lowest feeding success.

Fecundity based on bloodmeal source

A total of 39233 eggs were laid during the entire study from different host bloodmeals. The
mean number of females that laid eggs successfully varied significantly between different
bloodmeals (F, , =12.57, p<.001). Human bloodmeal had the highest mean of females that
laid eggs (mean 36.50). However, chicken bloodmeal (mean = 27.50, P=0.021) did not show
any significant difference with human bloodmeal (t (6) =3.0869, p=0.0214; Table 1. The mean
number of eggs laid per mosquito in each bloodmeal was significantly different across differ-
ent bloodmeals (FE,18 =34.23, p<.001). Human bloodmeal (mean = 111.65) had the highest
mean number of eggs laid across the bloodmeal sources. However, there was no statistical dif-
ference between human bloodmeal and pig bloodmeals (¢ (6) = 2.6101, p = 0.04011; Table 1).

Hatchability, pupation time and pupation rate

Eggs laid from 20 female mosquitoes from each bloodmeal was monitored for hatching rate
across the bloodmeal source. There was a significant difference in hatchability (F, | |, = 37.63,
p<.001) between host bloodmeal sources. Eggs derived from human bloodmeal (88.35%) had
the highest hatchability compared to the other bloodmeals investigated. However, there was
no significant difference between human and pig bloodmeal ¢ (38) = 0.52857, p = 0.60017;
Table 2. The pupation time (F,  =5.53, p<.001) also significantly varied across bloodmeal
sources. The larvae from mosquitoes fed on sheep blood exhibited the longest pupation time
(11.39 days), while those fed on goat blood recorded the shortest pupation time (9.79 days).
Pupation rate (F,  =8.26, p<.001) likewise varied significantly across the bloodmeals with pig
bloodmeal recording the highest (83.50%), and this did not exhibit any significant difference
from the pupation rate observed with human bloodmeal (¢ (6) -0.1574, p =0.8800); Table 2).

Larval survivorship

There was no notable variance in the average survival rate of larvae resulting from the differ-

ent bloodmeal sources examined (F,, = 0.13, p=0.985); Table 3). However, a slightly higher

592

Table 1. The average feeding success, the proportion of the female mosquitoes that successfully laid eggs and mean fecundity (number of eggs laid per mosquito
in each host blood) of An. gambiae after blood feeding on each bloodmeal host.

Host (blood Feeding success Females that laid egg Fecundity (eggs laid)
meal) Mean (n) Post hoc Mean + SD Post hoc Mean + SE Post Hoc
p=0.010 P=0.010 P=0.010
Sheep 105.00 (420) * 0.024 23.25+ 2.62 <.001 50.03 £ 7.99 <.001
Goat 63.75 (255) <.001 16.00 + 4.08 <.001 45.63 + 2.81 <.001
Cow 84.50 (338) <.001 21.50 £4.93 <.001 52.28 £ 11.14 <.001
Chicken 108.00 (432) <.001 27.50 £ 5.44* 0.021471 63.10 + 17.14 0.00171
Pig 123.25(493) ® 0.666 26.25 +2.87 0.001173 100.46 + 6.36* 0.040114
Human 125.25 (501) - 36.50 = 2.08 o 111.65 + 5.74 o

Post hoc p=0.010 (Bonferroni adjustment), only one gonotrophic cycle was monitored in this experiment,

a = no significant difference with human bloodmeal;

ok

= Comparator.

https://doi.org/10.1371/journal.pone.0307789.t001
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Table 2. Comparisons of the hatching rate, pupation time, and pupation rate of An. gambiae across different bloodmeals in contrast to the human bloodmeal.

Host (blood type) Hatching rates (%) Post hoc P=0.010 Pupation time (Days) Post hoc (P=0.010) Pupation rate (%) Post hoc P=0.010
(Mean + SD)
Sheep 71.2 >.001 11.39 £ 0.4 >.001 71.5+5.8 0.010
Goat 64.5 >.001 9.79+ 0.4 0.094° 67.5+ 4.8 0.003
Cow 79 >.001 10.89 = 0.8 0.244* 77 £ 2.2 0.003
Chicken 81.3 >.001 10.19 £ 0.5 0.649* 72.8 4.4 0.001
Pig 87.6 0.600* 10.62 £0.3 0.240° 83.5+ 4.8 0.880°
Human 88.4 il 10.33 £0.4 ol 83+ 4.2 ek
Post hoc p=0.010 (Bonferroni adjustment), a = no significant difference with human bloodmeal; *** = Comparator.
https://doi.org/10.1371/journal.pone.0307789.t002
Table 3. Comparison of larval and adult mean survival rates of An. gambiae s.s. across different bloodmeals in relation to human bloodmeal.
Host blood meal Larval survivorship Adult survivorship
mean SR (SE) t-test p=value Median SR (SE) Mean SR (SE) t-test p=value Median SR (SE) Mean days.
Sheep 0.53 £ 0.01* 0.889431 0.67 £ 0.43 0.57 £ 0.05 0.020335 0.67 £ 0.36 23
Goat 0.46 + 0.10* 0.534335 0.53+ 0.41 0.64 + 0.05* 0.176861 0.86 + 0.37 22
Cow 0.52+ 0.10*° 0.836625 0.72 £ 0.42 0.48 £ 0.06* 0.001364 0.52 + 0.42 19
Chicken 0.54 £ 0.11* 0.930866 0.80 £ 0.42 0.66 £ 0.05* 0.26783 0.75+ 0.35 24
Pig 0.57+0.11* 0.918919 0.84 + 0.45 0.67 £ 0.04* 0.281971 0.77+0.32 28*
Human 0.55+ 0.11 ok 0.83 £ 0.45 0.73 £ 0.04 ok 0.92 + 0.34 28°

SR = survival rate

a = no significant difference with human bloodmeal; ***= Comparator.

https://doi.org/10.1371/journal.pone.0307789.t003

survival rate was evident for pig bloodmeal (mean = 0.57) in comparison to human blood-
meal (mean = 0.55) as well as all the other bloodmeal sources; Table 3.

Adult survivorship

Overall, the average survival rates of first filial generation (F ) adults, whose F (parent) fed on
different bloodmeals varied significantly across different bloodmeal sources (F,,,, =133.19,
p<.001); Table 3. Human bloodmeal had the highest mean survival rate (0.73) compared with
the rest of the bloodmeals; however, this did not show a significant difference with pig blood
t(113) =1.0810, p=0.2819, chicken blood t (104) = 1.1140, p=0.2678) and goat blood t (102)
=1.3598, p=0.1768; Table 3. At median survival rate, adults resulting from goat bloodmeal
(0.86; Table 3) had the highest mean of adults surviving. However, in terms of longevity, pig
bloodmeal (56 days) demonstrated the longest survival period, closely rivaling that of human

bloodmeal (57 days) (Fig 1) with equal mean survival days (28); Table 3.

Discussion

Our results indicated that bloodmeal derived from pig performed just as well as bloodmeal
derived from humans across the indicators evaluated. In addition, no significant statistical
difference was observed between bloodmeals derived from pig and humans, depicting it

as a possible alternative to human bloodmeal for mass rearing of An. gambiae mosquitoes.
Mosquitoes fed on pig bloodmeals had comparable results to those that fed on humans which
suggests that pigs are as good a host as humans for this vector species and may be an excellent
blood source for mass rearing of mosquitoes. Similarities in biochemical and physiological
factors in human and pig blood such as immunological responses, amino acid levels and RBCs

PLOS ONE | https://doi.org/10.1371/journal.pone.0307789 March 10, 2025

7/13



https://doi.org/10.1371/journal.pone.0307789.t002
https://doi.org/10.1371/journal.pone.0307789.t003

PLOS ONE

Host blood meal sources on the reproductive outcomes in anopheles gambiae

Survival rates

1.2

0.8

0.6

0.4

0.2

0

—&—sheep
—@— goat
=== COW
chicken
—&—pig
—®—human

S

0 2 4 6 81012141618202224262830323436384042 4446485052 54565860

Time (Days)

Fig 1. Adult survival rates and longevity of An. gambiae s.s. F1 on different host blood meals.

https://doi.org/10.1371/journal.pone.0307789.g001

components denote that the two hosts can perform comparable biological functions in Anoph-
eles mosquitoes mass production. [26]. The pig red blood cells (RBCs) have a diameter of 4-8
pm and the RBCs for humans has a diameter of 6-8 pm showing a similar RBCs average size
in both blood host which may enable them to function equally in oxygen carrying capacity
[27]. The relatively similar RBC count for human (5.7 - 6.9 million/pL) and pig (4.2 - 6.2
million/ L) could mean that pig bloodmeal can supplement similar quantity advantage of
nutrients as from human [27]. The overlying tendency in hemoglobin levels between human
blood (12 - 18 g/100ml) and pig blood (6 — 18 g/100ml) may suggest an equivalent yield of
necessary nutrients for vitellogenesis and egg production in Anopheles mosquitoes [27].
Hemoglobin, a very crucial blood component, provides critical irons and protein require-
ments for the mosquito’s reproductive process such as signaling pathways for vitellogene-

sis, where vitellin binds to 30 or more heme molecules and facilitate embryo development
[28-30]. Our results displayed no significant difference between the two bloodmeals which
postulate equal support in egg production for bloodmeals from humans and pigs. The minor
difference in isotonicity (NaCl concentration) between pig (0.85%) and human (0.9%) blood
infers an almost equal osmotic pressure in both bloodmeals [27] which will maintain essential
biochemical functions efficiently [2]. The similar total RBCs volumes in pig (56-95ml/kg) and
humans (65-75mg/kg) suggest that Anopheles mosquitoes can extract comparable amounts
of nutrients from either source [26]. The quantities of amino acid in pigs and humans blood
are much more similar [31]. Isoleucine (3.0g aa/100g aa) in both human and pig blood while
phenylalamine (3.9 and 4.0g aa/100 aa) in human and pig respectively are important in energy
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production, oogenesis and egg laying, blood digestion, and tissue repair [32,33]. Comparing
the immune system function of pigs and humans, the closely undistinguishable immunologi-
cal response are over 80% which include the immune proteins such as complement proteins,
cytokines, and antibodies [34,35]. This provides a similar immunological environment and
responses in pig bloodmeal as of human bloodmeal. Both pigs and human blood present
complexity in blood antigen diversity with complex blood group systems [36]. However, it is
confirmed that pig blood contain blood group antigens A-O(H) system that slackly resemble
the human ABO blood group system, with a DNA homology with human ABO murine genes,
permitting for being classified to the A,B, and O groups in human [37]. Pig blood biochemical
and physiological properties are much more like human which can permit xenotransfusion
[26] further supporting the study findings. In addition, in many countries, pigs are domesti-
cally kept as a source of pork and therefore their blood is widely available and may be cheap to
find in local abattoirs where animal rights, welfare, and policies are regulated and adhered to.
As with human blood, standard precautions must be taken into consideration when handling
pig blood meal before feeding and during disposal after every feeding session.

With the rising interest in genetically modified mosquitoes for vector control, there is
a growing demand for improved rearing practices for mass production. Therefore, blood
feeding of reared mosquitoes forms the basis of a successful mass production of mosquitoes.
Human blood meal performed best as was expected, given An. gambiae s.s. anthropophilic
tendencies [38]. The precise reason why pig and human blood were superior to other meal
types were not investigated and remains unknown to this study. However, Mamai et al [3]
attributes this variation to the differences in hematological properties across the animal
kingdom. Identifying a nutrient-rich blood meal for vitellogenesis is crucial to maximize
egg production, leading to an increased overall output to meet substantial demands for mass
rearing production [3]. Although the proportion of females that laid eggs and fecundity
remained highest in mosquitoes fed on human blood meal, pig blood meal produced statisti-
cally comparable outcomes. This denotes that pig blood meal can equally supplement required
nutritional values as human blood meal for egg production. Similar scenarios were noted [39]
when Glossina morsitans fed on pig blood meal and [40], Aedes albopictus fed on swine blood
meal compared to other blood meal sources. Of the blood meal hosts evaluated in this study,
chicken blood meal performance was best in females that were able to lay eggs and pupation
time. This performance may be attributed to the physiology and biochemistry of its oval and
nucleated erythrocytes with a shorter lifespan of 35 days only, in supporting the tested param-
eters [41]. Overall, the sheep and cow blood meals exhibited poor results in all the parameters
investigated from the rest of the blood meal hosts. Our results showing poor performance of
sheep blood meal are consistent with [4] and [17] outcomes when Anopheles and Aedes mos-
quitoes displayed very low fecundity and hatching rates after being fed on sheep blood meal.
Though a few studies found cow blood meal to be the best in rearing of Anopheles mosqui-
toes, pig blood meal was not evaluated [42]. The poorest performed blood meal was from the
goat with very low feeding success, fewest number of eggs laid and females that laid eggs, low
hatching and pupation rates, shortest larval and adult survivorship. However, the goat blood
meal performed best in pupation time resulting in the shortest time to complete the life cycle
for mass production. From our understanding, goat blood meals have not been evaluated
broadly in blood feeding of Anopheles. Our evaluation majorly focused on fitness outcomes:
feeding success, fecundity, hatchability and larval and adult survivorship. Other fitness char-
acterization factors such as body size and mating success were not evaluated, and this was a
limitation to this study.

These results are important for adoption in mass rearing and production with benefits; (i)
avert the consequences that come with direct live feeding on animals such as ethical concerns
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and animal rights. (ii) It’s satisfying that An. gambiae can reproduce successfully with equal
quality output by utilizing an alternative blood meal through artificial membrane from other
blood sources other than human host. An. gambiae mosquitoes require repetitive blood meals
to enable egg formation [43]. However, this was not the case in this study since mosquitoes
were allowed to take only a single blood meal. This was a limitation on the outcome as we do
not know how the results from repetitive feeding per blood meal type would present on all the
measured parameters, and this calls for more investigation regarding repetitive blood feeding.

Conclusion

Results from this study demonstrate the potential of pig blood being an alternative blood
source in the mass production for An. gambiae. Blood feeding, fecundity and adult survivor-
ship outcomes were similar between pig and human blood meals. The documented bio-
chemical and physiological similarities between human and pig blood - such as red blood cell
count, red blood cell size, isotonicity, hematocrit, hemoglobin levels, immunological response
and amino acid composition denote that these blood hosts perform comparable biological
functions. This implies that Anopheles mosquitoes feeding on pig blood obtain similar amount
of nutrients and oxygen carrying capacity as they would from human blood. The overlapping
level of hemoglobin in pig and human blood signifies that mosquitoes can obtain sufficient
nutrients to support crucial reproductive processes. Furthermore, the quantity resemblance in
some amino acid such as isoleucine and phenylalamine which are responsible regulation of in
egg laying behavior, oogenesis, blood digestion, and tissue repair. With over 80% similarity

in immune system function, pig and human blood present mosquitoes to a closely undistin-
guishable immunological response. Moreover, antigenic similarities between these two blood
hosts, the pig A-O(H) blood group system, and the human ABO blood system, further under-
lines the insignificance in the results from both hosts. However, pig bloodmeals have not been
largely investigated on mass rearing and production hence more research is required.

Supporting information
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