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Abstract 

Background:  Plasmodium knowlesi has become a major public health concern in Sabah, Malaysian Borneo, where it 
is now the only cause of indigenous malaria. The importance of P. knowlesi has spurred on a series of studies on this 
parasite, as well as on the biology and ecology of its principal vector, Anopheles balabacensis. However, there remain 
critical knowledge gaps on the biology of An. balabacensis, such as life history data and life table parameters. To fill 
these gaps, we conducted a life table study of An. balabacensis in the laboratory. Characterising vector life cycles and 
survival rates can inform more accurate estimations of the serial interval, the time between two linked cases, which is 
crucial to understanding and monitoring potentially changing transmission patterns.

Methods:  Individuals of An. balabacensis were collected in the field in Ranau district, Sabah to establish a labora-
tory colony. Induced mating was used, and the life history parameters of the progeny were recorded. The age-stage, 
two-sex life table approach was used in the analysis. The culture conditions in the laboratory were 9 h light:15 h dark, 
mean temperature 25.7 °C ± 0.05 and relative humidity 75.8% ± 0.31.

Results:  The eggs hatched within 2 days, and the larval stage lasted for 10.5 days in total, with duration of instar 
stages I, II, III and IV of 2.3, 3.7, 2.3, 2.2 days, respectively. The maximum total fecundity was 729 for one particular 
female, while the maximum female age-specific mean fecundity (mx) was 142 at age 59 days. The gross reproduc-
tive rate or number of offspring per individual was about 102. On average, each female laid 1.81 ± 0.19 (range 1–7) 
batches of eggs, with 63% of the females producing only one batch; only one female laid six batches, while one other 
laid seven. Each batch comprised 159 ± 17.1 eggs (range 5–224) and the female ratio of offspring was 0.28 ± 0.06. The 
intrinsic rate of increase, finite rate of increase, net reproductive rate, mean generation time and doubling time were, 
respectively, 0.12 ± 0.01 day−1, 1.12 ± 0.01 day−1, 46.2 ± 14.97, 33.02 ± 1.85 and 5.97 days.

Conclusions:  Both the net reproductive rate and intrinsic rate of increase of An. balabacensis are lower than those of 
other species in published studies. Our results can be used to improve models of P. knowlesi transmission and to set a 
baseline for assessing the impacts of environmental change on malaria dynamics. Furthermore, incorporating these 
population parameters of An. balabacensis into spatial and temporal models on the transmission of P. knowlesi would 
provide better insight and increase the accuracy of epidemiological forecasting.
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Background
In Southeast Asia, at least five species of simian malaria 
parasites, namely Plasmodium coatneyi, Plasmodium 
inui, Plasmodium fieldi, Plasmodium cynomolgi and 
Plasmodium knowlesi, have been reported [1, 2], and 
especially from the primary reservoir, the long-tailed 
macaque (Macaca fascicularis). Among these species, P. 
knowlesi was the first to be recorded infecting humans 
naturally, in 1965 [3]. In 2004, a large focus of naturally 
acquired P. knowlesi infections in humans was reported 
in Kapit, Sarawak [4]. P. knowlesi is currently the preva-
lent cause of clinical malaria in Sabah, Malaysian Bor-
neo, where it has become a major public health concern 
[5, 6]. Another species, P. cynomolgi, first described by 
Mayer in 1907 from Macaca fascicularis (then known 
as Macaca cynomolgus) imported from Java, had only 
been reported previously to infect humans accidentally 
[7]. However, cases of natural infection have now been 
reported in peninsular Malaysia [8], northern Sabah [9], 
and Kapit district in Sarawak, Malaysian Borneo [10]. 
The possibility of P. cynomolgi becoming more important 
in the future cannot be underestimated.

In Sabah state, P. knowlesi has now been acknowledged 
as the most important malaria species, as it is presently 
the only cause of indigenous malaria there. The increase 
in the proportion of P. knowlesi among indigenous 
malaria cases, rising from 80% in 2015 to 88% in 2016, 
and then again to 98% in 2017 of all malaria admissions 
in the state, is alarming [11]. Furthermore, the propor-
tion of P. knowlesi of all malaria cases in Sabah increased 
yearly from 2014 to 2018, i.e. 0.66 (2584/3925), 0.71 
(1640/2323), 0.69 (1600/2318), 0.88 (3614/4114) and 0.89 
(4131/4630) in each respective year [12]. In 2020, there 
were zero cases of human malaria in Malaysia for the 
third consecutive year, but there were 2607 cases of P. 
knowlesi [13]. The male gender was found to be associ-
ated with increased risk of symptomatic P. knowlesi infec-
tion [14]. However, a study on the serological exposure of 
a large number of subjects in endemic areas showed that, 
at the community level, patterns of infection and expo-
sure differ markedly with respect to the demographic 
of reported cases, with higher levels of exposure among 
women and children [15].

The importance of P. knowlesi has spurred on a series 
of studies on this parasite, as well as on the biology and 
ecology of its principal vector, Anopheles balabacensis 
[16–18]. Recent studies in Sabah, where land use changes 
have occurred such as the opening up of forested areas 
for commercial plantations, and logging, have indicated a 

clear link between land use change and P. knowlesi inci-
dence in the region [19, 20]. These results strongly con-
firm that an epidemiological change is taking place, as 
previously observed [21]. However, it remains unknown 
whether this is due solely to increased zoonotic spillover 
or to changes in transmission patterns resulting in non-
zoonotic P. knowlesi transmission [22].

Recent research on An. balabacensis has shown it to 
be exophagic, with its major biting time between 6 and 
9  p.m., and that it has the potential to infect humans 
in the peridomestic environment. It is the dominant 
Anopheles species in all habitats, and especially the forest 
edge, and it prefers to bite humans rather than monkeys 
if given the choice [17, 18, 23, 24]. Its parity rate varies 
between 58 and 65%, and its vectorial capacity is 3.9. The 
gametocytes of P. knowlesi take 10  days to develop into 
transmission stage sporozoites in the female mosqui-
toes, and those surviving the 10 days have a further life 
expectancy of 6–8 days [18]. As An. balabacensis is found 
in greater numbers in forest edge habitat compared to 
human settlements, exposure to this mosquito and its 
associated zoonoses may be greater for people entering 
the former habitat [25]. Furthermore, at a community 
level, the highest probability of human P. knowlesi expo-
sure is in areas close to both secondary forest and houses, 
which indicates the importance of ecotones with respect 
to exposure to this parasite [15].

There have been few life table studies on Anopheles 
[26–30]. Furthermore, for An. balabacensis, there remain 
critical knowledge gaps regarding its life cycle. Charac-
terising vector life cycles and survival rates can critically 
inform more accurate estimations of the serial interval, 
the time between two linked cases [31]. This is crucial 
to understanding and monitoring potentially changing 
transmission patterns.

We conducted a laboratory study on the demographic 
parameters of An. balabacensis. Life table data can pro-
vide critical information to understand the growth of this 
vector population in the field. Additionally, these data 
can inform mathematical models of P. knowlesi transmis-
sion and provides essential parameters to evaluate the 
likelihood of two human P. knowlesi cases being linked 
based on the time of reporting.

Methods
Establishing and maintaining the colony of An. 
balabacensis
Female Anopheles balabacensis were captured from the 
field in Ranau district, Sabah, using the human landing 
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catch method after ascertaining that the participants had 
taken prophylactic measures (ethical approval MOH-
NMRR-12-786-13,048). The mosquitoes were placed into 
individual plastic vials (2 cm diameter × 5 cm long, lined 
with wet tissue paper on the bottom) and taken to the 
laboratory. The specimens were then transferred to plas-
tic containers (adult container; 8.5 cm diameter × 12 cm 
high, lined with wet paper towels at the bottom, with the 
top covered with a piece of wet cloth) and kept overnight 
in the insectary.

The next day, 25 individuals were isolated randomly to 
start a colony. The mosquitoes were transferred individu-
ally to polystyrene cups filled with 70 mL mineral water 
that were then covered with a piece of mosquito net. The 
cups were checked daily to see if the females had laid 
any eggs. Eggs were transferred to a hatching cup (9 cm 
diameter × 5 cm high) filled with 150 mL mineral water. 
The cups were placed under a table lamp (25  W) until 
the eggs hatched. The identity of the parent (F0) was con-
firmed by morphological characters using published keys 
[32] and by mitochondrial DNA analysis using a poly-
merase chain reaction assay [23].

The larvae were collected in groups of 30. Each group 
of larvae was kept in a hatching cup and fed twice daily 
(morning and evening). Larvae at stages I and II were 
fed with 10  mg and 20  mg crushed fish pellets, respec-
tively, and those at stages III and IV were fed with 30 mg 
and 40 mg crushed fish pellets, respectively. The rearing 
water was changed every day. The pupae were transferred 
to pupa containers (4  cm diameter × 5.5  cm high, filled 
with 70  mL mineral water) within an adult container 
until the adults emerged. When the adults emerged, 
groups of 30 were transferred to a new adult container 
containing a tube of 10% sugar solution that was replaced 
every 5 days. The age and sex of each adult An. balaba-
censis was recorded.

Induced mating of An. balabacensis
As the mosquitoes did not mate naturally under the labo-
ratory conditions, induced mating [33] was carried out, 
using randomly selected individuals of both sexes aged 
6  days old. First, the male was anaesthetized by expos-
ing it to ether for 15  s. Then, after removing the legs 
and wings, it was pinned through one side of the thorax 
using a 15-mm micro pin attached to a wooden stick. The 
female was also anaesthetized by exposing it to ether for 
40 s. When the male had recovered, it was brought close 
to the anaesthetized female for copulation. Induced mat-
ing was considered successful if the female could be lifted 
up for more than 2  min with the male still attached to 
her. Each male was used for one mating only. The mated 
female was allowed to feed on one of our exposed arms, 
then transferred to an oviposition cup and monitored 

daily for oviposition. The female was blood-fed every 
3–4  days. The eggs laid in the cup were counted and 
recorded for each female.

Each batch of eggs of a female was transferred to a 
hatching cup and placed under a table lamp until hatch-
ing. The number of eggs that hatched was recorded, 
and 30 larvae from each batch were collected randomly 
and reared to the next generation in a plastic container 
filled with 150  mL mineral water. The number of adult 
males and females obtained from each batch of eggs was 
recorded.

The culture room conditions were 9 h light:15 h dark, 
25.7  °C ± 0.05 mean temperature and 75.8% ± 0.31 rela-
tive humidity. The plastic container conditions were 
24.9 °C ± 0.04 mean temperature and 100.0% ± 0.00 rela-
tive humidity.

Hatching rate of An. balabacensis eggs
The eggs laid by six randomly chosen females were used 
for the study. A total of 27 groups, each comprising 20 
eggs, were randomly selected. Each group of eggs was 
placed in a hatching cup, kept under a table lamp for 
3 days, and the number of larvae hatching from the eggs 
recorded.

Survival rate of An. balabacensis larvae
Five females were randomly chosen and their first-instar 
larvae used for the study. A total of 19 groups, each com-
prising 20 larvae, were randomly selected and reared 
until the adult stage. Observations were made daily and 
the number of larvae surviving or moulting into the next 
stage was recorded.

Longevity of An. balabacensis adults
A total of 270 adult An. balabacensis (sex ratio 1:1) were 
randomly selected for the study in groups of 10. Five 
males and five females that emerged on the same day 
were kept in an adult container until all the adults had 
died. A 10% sugar solution, replaced every 5  days, was 
available in the container as food. Observations were car-
ried out daily to record the number of adults that were 
still alive.

Data analysis
The raw life history data for An. balabacensis were ana-
lysed using the age-stage, two-sex life table approach 
of Chi [34] and Huang and Chi [35]. TWOSEX-
MSChart  2020 software (http://140.120.197.173/Ecol-
ogy/prod02.htm) was used to calculate each parameter, 
using the following formulae:

	(i)	 Sxj =
nxj
n01

 which is the age-stage–specific survival 
rate i.e. the probability of an individual of age x and 
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stage  j  surviving to age  xj  and stage  j; n01 = daily 
newborns

	(ii)	 fxj, the age-stage-specific fecundity or the daily 
number of eggs laid by an individual of age x  and 
stage j;

	(iii)	 mx, the age-specific fecundity and
	(iv)	 lx =

∑m
j=1 Sxj which is the age-specific survival rate 

or the probability that a newly oviposited egg will 
survive to age x.

In addition, the following population parameters 
were generated for each population from the pro-
gram. The  gross reproductive rate (GRR) was calcu-
lated as  GRR = ∑mx. The net reproductive rate (R0) is 
defined as the average number of offspring a female 
individual produces in her lifetime, and is calculated 
by R0 =

∑
∞

x=0 lxmx . The intrinsic rate of increase (r), 
defined as the number of progeny born to each female 
mosquito per unit of time, was estimated from the Euler-
Lotka equation 

∑
∞

x=0 e
−r(X+1)lxmx . The finite rate of 

increase (λ) was obtained as er. The mean generation time 
(T) was estimated from the formula  T = (lnR0)/r, and 
defined as the time required for a population to increase 
to R0-fold its population size at the stable stage of distri-
bution. The TWOSEX-MS Chart program also provided 
estimated values of the means, SEs and variances of the 
population parameters using the bootstrap method with 
100,000 repetitions. Microsoft Excel (version 16) was 
used to create graphs.

Results
Survivorship, development and longevity
The eggs hatched within 2  days, and the total develop-
ment time from egg to final larval stage lasted 12.5 days, 
with instar duration for stages I, II, III and IV lasting 2.3, 

Table 1  Duration (mean ± 95% SE) and survival rate of each 
developmental stage (n = 188) of Anopheles balabacensis reared 
in the laboratory

Stage Duration (days) Survival rate

Egg 2.00 ± 0.00 1.0

First instar 2.32 ± 0.05 0.98

Second instar 3.69 ± 0.06 0.98

Third instar 2.32 ± 0.05 0.97

Fourth instar 2.19 ± 0.03 0.99

Egg and larval stages 12.39 ± 0.12 —

Pupa 2.19 ± 0.04 0.98

Female adult longevity 41.72 ± 1.04 (11–54, n = 53)

Male adult longevity 42.44 ± 2.02 (4–62, n = 55)

Fig. 1  Survival rate (Sxj) of Anopheles balabacensis reared in the laboratory, where Sxj is the probability that a newly laid egg will survive to age x and 
stage j. L Larval stage
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3.7, 2.3, 2.2 days, respectively (Table 1). Under the labo-
ratory conditions, the survival of the immature stages 
was high, ranging from 0.96 to 1. The pupal stage lasted 
for about 2 days. Both females and males lived for about 
42  days under the laboratory conditions, although the 
males had a greater range of longevity (4–62  days). 
Figure   1 shows the plotted age-stage, two-sex life 
table data on An. balabacensis development and stage 
differentiation. 

Fecundity
The adult pre-oviposition period was about 16  days, 
while the total pre-oviposition period [i.e. the time 
interval from the birth of a female individual (from the 
egg stage) to its first oviposition] was 31 days (Table 2). 

The oviposition days or the mean number of days that 
a female laid eggs was only about 2 days. The age of the 
youngest adult recorded for the first oviposition was 20 
days, while the oldest female at oviposition was 69 days 
old. The maximum total fecundity was 729 eggs, for one 
particular female, while the maximum female age-spe-
cific mean fecundity (mx) was 142 eggs at age 59 days, 
which includes the duration of the pre-adult stage of 
16  days. The GRR (offspring per individual) was about 
102. On average, each female laid 1.81 ± 0.19 (range 1–7) 
batches of eggs; 63% of the females in the study laid one 
batch only, while only one female laid six batches, and 
only one female laid seven batches. Each batch com-
prised 159 ± 17.1 eggs (5–526). As the egg batches were 
laid at discrete time intervals, the peaks (six in total) of 
female fecundity (fij) could be observed (Fig. 2). 

Mortality rates and life expectancy
The stage-specific mortality rates (or the probability that 
a newborn will die at stage j) are 0% (egg), 2.5% (stage I 
larva), 1.7% (stage II larva), 3.3% (stage III larva), 0.8% 
(stage IV larva), 1.7% (pupa), 55.8% (female) and 54.2% 
(male). The daily survival rate at the adult stage ranged 
from 0.008 to 0.44 for females and 0.008–0.46 for males, 
with the rates decreasing with age.

The life expectancy for each age-stage interval (Fig. 3), 
used to predict the lifespan of the population, is based 
on the age-stage survival rate. The life expectancy (eij), 
which is the time that an individual of age i and stage j is 

Table 2  Reproduction parameters of Anopheles balabacensis 
reared in the laboratory (mean ± SE)

a Period between the emergence of an adult female and her first oviposition
b Time interval from birth to the beginning of oviposition
c Parameter used to describe fecundity which indicates the number of days on 
which eggs were laid

Reproduction parameters

Adult pre-oviposition perioda (days) 15.55 ± 0.63

Total pre-oviposition periodb (days) 30.52 ± 0.63

Oviposition daysc (days) 1.94 ± 0.43

Female ratio of offspring 0.28 ± 0.06

Gross reproductive rate (no. of offspring per individual) 102.29 ± 63.60

Fig. 2  Age-specific survival rate (lx), age-stage fecundity of females (fij), age-specific fecundity of the cohort (mx) and age-specific maternity (lxmx) of 
Anopheles balabacensis  reared in the laboratory
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expected to live, appears to be almost the same for female 
and male adults, as indicated by their longevity (Table 1).

Life table analysis
The intrinsic rate of increase (r) and the finite rate of 
increase (λ) are, respectively, 0.12  day−1 and 1.12  day−1, 
while the net reproductive rate (R0), the mean genera-
tion time and the doubling time are 46.2, 33  days and 
6 days, respectively (Table 3). The reproductive value of 

female adults starts on day 15 (Table 3) and ends on day 
69 (Fig. 4). 

Discussion
We present here, to the best of our knowledge, the first 
life table data on An. balabacensis, the main vector of 
P. knowlesi in Sabah. The values of r, λ, R0 and T were, 
respectively, 0.12 day−1, 1.12 day−1, 46.2 and 33 days.

Under the laboratory conditions used here, together 
with an adequate supply of food and water of good qual-
ity, the survival rates of the immatures were, as expected, 
high. For example, the hatching rate and the survival rate 
of the larvae at stages I-IV were 0.96 or more. However, 
it is unlikely that such high rates occur in the field, as 
female mosquitoes usually lay eggs in temporary water 
pools in tyre imprints or animal footprints, which may 
have limited nutrients and dry out before the adults 
emerge. The total duration of adult emergence from the 
egg stage was about 14.5  days in the laboratory, which 
may be shorter than that under field conditions. For 
example, the first-instar larvae of Anopheles albimanus 
in habitats in forested areas took more than 20  days to 
develop into adults [30]. Data on An. balabacensis can 
be integrated with meteorological and land cover change 
data to assess impacts of deforestation on the population 
dynamics of this vector.

A range of values of both R0 and r have been reported 
in the literature for Anopheles spp. [26-28, 30, 36] 

Fig. 3  Age-stage-specific life expectancy (exj; the survival probability of an individual of age x and stage j) of Anopheles balabacensis reared in the 
laboratory

Table 3  Population parameters (mean ± SE) of Anopheles 
balabacensis reared in the laboratory

The means and SEs were estimated using the jackknife method with 100,000 
repetitions embedded in the software
a Average number of offspring a female produces in her lifetime
b Number of progeny born to each female mosquito per unit of time
c Rate of increase per individual per unit time
d Physiological maximum potential reproductive output of a female over her 
lifetime

Net reproductive ratea (R0) 46.21 ± 14.97

Intrinsic rate of increaseb (r) 0.12 ± 0.01

Finite rate of increasec (λ) 1.12 ± 0.01

Mean generation time (T; days) 33.02 ± 1.85

Fecundityd 163.91 ± 39.09

Doubling time 5.97

The lowest age (days) of reproductive value of female 
adults

15
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(Table  4). Anopheles albimanus and Anopheles vestiti-
pennis have the highest reported R0 (ca. 300), while An. 
balabacensis has the lowest (46), which is less than half 
of that of An. gambiae (105). For An. arabiensis, R0 was 
higher in the dry season (70) than in the rainy season 
(54), and lower under simulated spring conditions (51) 
compared to summer conditions (80). The value of r is 
lowest for An. balabacensis (0.12  day−1) and highest for 
An. albimanus (0.32 day−1), followed by that for A. gam-
biae (0.29 day−1). The generation time is shortest for An. 
gambiae (5.4  days), and when coupled with its high R0 
(105), might indicate potentially high population growth 
in this species. All these species show characteristics of 
r-strategists, in that the adults have relatively high r and 

R0 but a short generation time, while the immature stages 
grow rapidly and have high mortality.

Both R0 and r are good indicators of population growth, 
and in insects are affected by environmental variables 
such as temperature, shade, amount of available food, 
type of food, and intraspecific competition due to crowd-
ing, etc. For example, a study conducted in houses within 
deforested sites showed that the larval-to-adult survi-
vorship of An. arabiensis increased to 65–82% [29], and 
the larval-to-adult development time was shortened by 
8–9 days [30]. Similarly the R0 and r values of An. arabi-
ensis in deforested areas were 2.7–3.6 and 1.4–1.5 times 
more than those in forested areas [30]. However, in the 
present study, where the food supply was adequate, water 
quality good and the temperature constant, the values 

Fig. 4  Reproductive value (vxj; the contribution of an individual of age x and stage j to future population growth) of Anopheles balabacensis reared 
in the laboratory

Table 4  Comparison of life table parameters of Anopheles species

Species Net reproductive
rate (R0)

Instantaneous rate 
of increase (r; day−1)

Generation 
time (T)

Rearing conditions References

Anopheles balabacensis 46.20 ± 14.97 0.12 ± 0.01 33.0 Laboratory Present study

Anopheles arabiensis 70.13 ± 5.44 0.17 ± 0.01 25.0 House in a lowland deforested area; dry season [30]

54.29 ± 3.79 0.16 ± 0.01 25.0 House in a lowland deforested area; rainy season

An. arabiensis 50.60 0.09 43.6 Laboratory; reared at 23.2 °C (spring temperature) [27]

79.55 0.17 25.7 Laboratory; reared at 26.4 °C (summer temperature)

Anopheles gambiae 104.90 ± 28.00 0.29 ± 0.01 5.4 Laboratory; susceptible strain, 13th generation [36]

Anopheles albimanus 309.20 0.32 18.0 Laboratory [26]

297.00 NA NA Laboratory [28]

Anopheles vestitipennis 302.00 NA NA Laboratory [28]
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of r, λ, R0 and T, which were respectively 0.12  day−1, 
1.12 day−1, 46.2 and 33 days, seem to indicate good pop-
ulation growth. We do not have data from the field, but 
nevertheless would expect lower values there. Future 
studies could also assess the impacts of microclimatic 
conditions of different habitat types.

The age-stage, two-sex life table approach was chosen 
for this analysis of An. balabacensis as it considers the 
age-stage structure of a population, and thus keeps track 
of the overlap between stages, as depicted in the graph 
in which sxj is plotted (Fig. 1). Variations in the duration 
of immature development are also reflected in the sur-
vival and fecundity curves. Many previously published 
works on the life table of insects were conducted using 
female data only [30, 37]. The two-sex approach takes 
into consideration the important contribution of males 
to population growth, as the sex ratio and mating oppor-
tunities affect this population parameter. This approach 
also eliminates the possibility of erroneous lx curves, as 
observed in analyses where only female age-specific data 
were considered [35]. An age-stage, two-sex life table 
can provide more complete and accurate information 
on changes in stage structure during population growth. 
Understanding stage structure is important in modelling 
because survival rates of immatures vary with stage.

The data generated from the age-stage, two-sex life 
table analysis could be used to quantitatively simulate the 
effects of variable reproduction rates (e.g. due to various 
environmental conditions) on the population size and 
stage structure of An. balabacensis, and to evaluate an 
action threshold of the vector for control measures used 
to reduce the population size in computer modelling. 
Epidemiological modelling of simian malaria requires 
good estimates of population parameters such as Sxj, 
mx, fxj, lx, R0, and r. Life tables can provide comprehen-
sive information on the growth rate of a population, and 
can be an important tool in evaluating and comparing 
population fitness under differing conditions when using 
modelling.

A Ross–MacDonald-type model has been published 
that compares the plausibility of transmission scenarios 
with variable rates of human–vector–human transmis-
sion [38]. The model appears to mainly explore how the 
spatial distribution of hosts and vectors affects the trans-
mission of the disease, and includes very little informa-
tion on the biology of the vector (e.g. life cycle, R0, r, etc.). 
As noted by the authors [38], this may have been due to 
scarce reliable data on vector abundance and behaviour 
available for the model, which are required to estimate 
vectorial capacity. This information is particularly critical 
when assessing the probability of non-zoonotic transmis-
sion of P. knowlesi; better estimates of mosquito survival 
rates enable assessment of the time scale and likelihood 

of the parasite developing in a mosquito and being trans-
mitted to produce a secondary case.

Conclusions
Life table parameters of An. balabacensis are reported 
here, to the best of our knowledge, for the first time. 
These estimates of mosquito survival rates enable assess-
ment of the duration and likelihood of the parasite’s 
development in a mosquito and its transmission to give 
rise to a secondary case. They can provide comprehen-
sive information on the growth rate of a population and 
can be important tools in evaluating and comparing 
population fitness under differing conditions when using 
modelling. Incorporating the population parameters of 
An. balabacensis into spatial and temporal models on the 
transmission of P. knowlesi would provide better insight 
and increase the accuracy of epidemiological forecasting.

Acknowledgments
We wish to thank Universiti Malaysia for the research facility which enabled 
us to conduct the laboratory work in the Insectary located at the Faculty 
of Medicine and Health Sciences, The research was financed a UMS grant 
(GSP 001) awarded to THC and a Sir Henry Dale Fellowship awarded to KMF 
jointly funded by the Wellcome Trust and the Royal Society (Grant Number 
221963/Z/20/Z).

Author contributions
THC and BOM designed the experiment, BOM carried out the experiment, THC 
analysed the data and wrote the manuscript, with contributions from BOM 
and KF. All authors read and approved the final manuscript.

Declarations

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Pathology and Microbiology, Faculty of Medicine and Health 
Sciences, Universiti Malaysia Sabah, Sabah, Malaysia. 2 School of Biodiversity, 
One Health and Veterinary Medicine, University of Glasgow, Glasgow, UK. 
3 Saw Swee Hock School of Public Health, National University of Singapore, 
Singapore, Singapore. 

Received: 19 August 2022   Accepted: 7 October 2022

References
	1.	 Akter R, Vythilingam I, Khaw LT, Qvist R, Lim YA-L, Sitam FT, et al. Simian 

malaria in wild macaques: first report from Hulu Selangor district, Selan-
gor Malaysia. Malaria J. 2015;14:386.

	2.	 Lee KS, Divis PC, Zakaria SK, Matusop A, Julin RA, Conway DJ, et al. Plas-
modium knowlesi: reservoir hosts and tracking the emergence in humans 
and macaques. PLoS Pathog. 2011;7:e1002015.

	3.	 Chin W, Contacos PG, Coatney GR, Kimball HR. A naturally acquired 
quotidian-type malaria in man transferable to monkeys. Science. 
1965;149:865–865.

	4.	 Singh B, Sung LK, Matusop A, Radhakrishnan A, Shamsul SSG, Cox-Singh 
J, et al. A large focus of naturally acquired Plasmodium knowlesi infections 
in human beings. Lancet. 2004;363:1017–24.

	5.	 Barber BE, William T, Jikal M, Jilip J, Dhararaj P, Menon J, et al. Plasmodium 
knowlesi Malaria in children. Emerg Infect Dis. 2011;17:814–20.



Page 9 of 9Chua et al. Parasites & Vectors          (2022) 15:442 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	6.	 William T, Rahman HA, Jelip J, Ibrahim MY, Menon J, Grigg MJ, et al. 
Increasing incidence of Plasmodium knowlesi malaria following control 
of P. falciparum and P. vivax Malaria in Sabah Malaysia. PLoS Negl Trop Dis. 
2013;7:e2026.

	7.	 Coatney GR, Collins WE, Warren M, Contacos PG: The primate malarias. 
National Institute of Allergy and Infectious Diseases (U.S.); National Center 
for Infectious Diseases (U.S.), Division of Parasitic Diseases. 1971. https://​
stacks.​cdc.​gov/​view/​cdc/​6538.

	8.	 Ta TH, Hisam S, Lanza M, Jiram AI, Ismail N, Rubio JM. First case of a natu-
rally acquired human infection with Plasmodium cynomolgi. Malar J. 2014. 
https://​doi.​org/​10.​1186/​1475-​2875-​13-​68.

	9.	 Grignard L, Shah S, Chua TH, William T, Drakeley CJ, Fornace KM. Natural 
human infections with Plasmodium cynomolgi and other malaria species 
in an elimination setting in Sabah Malaysia. J Infect Dis. 2019;220:1946–9.

	10.	 Law YH. Rare human outbreak of monkey malaria detected in Malaysia. 
Nature News. 2018. https://​doi.​org/​10.​1038/​d41586-​018-​04121-4.

	11.	 Cooper DJ, Rajahram GS, William T, Jelip J, Mohammad R, Benedict J, et al. 
Plasmodium knowlesi malaria in Sabah, Malaysia, 2015–2017: ongoing 
increase in incidence despite near-elimination of the human-only Plas-
modium species. Clin Infect Dis. 2019. https://​doi.​org/​10.​1093/​cid/​ciz237.

	12.	 Rundi, C. Ministry of health malaysia: knowlesi malaria: malaysia’s experi-
ence in vector control. 2019. https://​endma​laria.​org/​sites/​defau​lt/​files/5_​
Chris​tina%​20Run​di.​pdf

	13.	 WHO: World malaria report 2021. Geneva: World Health Organization; 
2021. Licence: CC BY-NC-SA 3.0 IGO.

	14.	 Grigg MJ, Cox J, William T, Jelip J, Fornace KM, Brock PM, et al. Individual-
level factors associated with the risk of acquiring human Plasmodium 
knowlesi malaria in Malaysia: a case-control study. Lancet Planet Health. 
2017;1:e97–104. https://​doi.​org/​10.​1016/​S2542-​5196(17)​30031-1.

	15.	 Fornace KM, Alexander N, Abidin TR, Brock PM, Chua TH, Vythilingam I, 
et al. Local human movement patterns and land use impact exposure to 
zoonotic malaria in Malaysian Borneo. Elife. 2019;8:e47602.

	16.	 Brown R, Hing CT, Fornace K, Ferguson HM. Evaluation of resting traps 
to examine the behaviour and ecology of mosquito vectors in an area 
of rapidly changing land use in Sabah, Malaysian Borneo. Parasit Vectors. 
2018;11:346.

	17.	 Chua TH, Manin BO, Vythilingam I, Fornace K, Drakeley CJ. Effect of 
different habitat types on abundance and biting times of Anopheles bala-
bacensis Baisas (Diptera: Culicidae) in Kudat district of Sabah, Malaysia. 
Parasit Vectors. 2019;12:364.

	18.	 Wong ML, Chua TH, Leong CS, Khaw LT, Fornace K, Wan-Sulaiman WY, 
et al. Seasonal and spatial dynamics of the primary vector of Plasmodium 
knowlesi within a major transmission focus in Sabah, Malaysia. PLoS Negl 
Trop Dis. 2015;9:e0004135.

	19.	 Fornace KM, Abidin TR, Alexander N, Brock P, Grigg MJ, Murphy A, 
et al. Association between landscape factors and spatial patterns of 
Plasmodium knowlesi infections in Sabah. Malaysia Emerg Infect Dis. 
2016;22:201–8.

	20.	 Davidson G, Chua TH, Cook A, Speldewinde P, Weinstein P. Defining the 
ecological and evolutionary drivers of Plasmodium knowlesi transmission 
within a multi-scale framework. Malar J. 2019;18:66.

	21.	 William T, Jelip J, Menon J, Anderios F, Mohammad R, Awang Mohammad 
TA, et al. Changing epidemiology of malaria in Sabah, Malaysia: increasing 
incidence of Plasmodium knowlesi. Malar J. 2014;13:390.

	22.	 Ruiz Cuenca P, Key S, Lindblade KA, Vythilingam I, Drakeley C, Fornace K. 
Is there evidence of sustained human-mosquito-human transmission of 
the zoonotic malaria Plasmodium knowlesi? A systematic literature review. 
Malar J. 2022;21:89.

	23.	 Manin BO, Ferguson HM, Vythilingam I, Fornace K, William T, Torr SJ, 
et al. Investigating the contribution of peri-domestic transmission 
to risk of zoonotic malaria infection in humans. PLoS Negl Trop Dis. 
2016;10:e0005064.

	24.	 Brant HL, Ewers RM, Vythilingam I, Drakeley C, Benedick S, Mumford JD, 
et al. Vertical stratification of adult mosquitoes (Diptera: Culicidae) within 
a tropical rainforest in Sabah, Malaysia. Malar J. 2016. https://​doi.​org/​10.​
1186/​s12936-​016-​1416-1.

	25.	 Hawkes FM, Manin BO, Cooper A, Daim S, Homathevi R, Jelip J, et al. 
Vector compositions change across forested to deforested ecotones in 
emerging areas of zoonotic malaria transmission in Malaysia. Sci Rep. 
2019;9:13312.

	26.	 Mahmood F. Life-table attributes of Anopheles albimanus (Wiedemann) 
under controlled laboratory conditions. J Vector Ecol: J Soc Vector Ecol. 
1997;22:103–8.

	27.	 Maharaj R. Life table characteristics of Anopheles arabiensis (Diptera: 
Culicidae) under simulated seasonal conditions. J Med Entomol. 
2003;40:737–42.

	28.	 Grieco JP, Achee NL, Briceno I, King R, Andre R, Roberts D, et al. Compari-
son of life table attributes from newly established colonies of Anopheles 
albimanus and Anopheles vestitipennis in northern Belize. J Vector Ecol: J 
Soc Vector Ecol. 2003;28:200–7.

	29.	 Afrane YA, Zhou G, Lawson BW, Githeko AK, Yan G. Effects of microcli-
matic changes caused by deforestation on the survivorship and repro-
ductive fitness of Anopheles gambiae in western Kenya highlands. Am J 
Trop Med Hyg. 2006;74:772–8.

	30.	 Afrane YA, Zhou G, Lawson BW, Githeko AK, Yan G. Life-table analysis of 
Anopheles arabiensis in western Kenya highlands: effects of land covers 
on larval and adult survivorship. Am J Trop Med Hyg. 2007;77:660–6.

	31.	 Huber JH, Johnston GL, Greenhouse B, Smith DL, Perkins TA. Quantitative, 
model-based estimates of variability in the generation and serial intervals 
of Plasmodium falciparum malaria. Malar J. 2016;15:490.

	32.	 Sallum M, Peyton E, Harrison B, Wilkerson R. Revision of the Leucosphyrus 
group of Anopheles (Cellia) (Diptera, Culicidae). Revista Brasileira Entomo-
logia. 2005;49:01–152.

	33.	 Baker R, Drench W, Kitzmiller J. Induced copulation in Anopheles mosqui-
toes. Mosq News. 1962;22:16–7.

	34.	 Chi H. Life-table analysis incorporating both sexes and variable develop-
ment rates among individuals. Environ Entomol. 1988;17:26–34.

	35.	 Huang Y-B, Chi H. Life tables of Bactrocera cucurbitae (Diptera: Tephriti-
dae): with an invalidation of the jackknife technique. J Appl Entomol. 
2013;137:327–39.

	36.	 Osoro JK, Machani MG, Ochomo E, Wanjala C, Omukunda E, Githeko AK, 
et al. Insecticide resistant Anopheles gambiae have enhanced longevity 
but reduced reproductive fitness and a longer first gonotrophic cycle. Sci 
Rep. 2022;12:8646.

	37.	 Chua TH. Demographic parameters of Bactrocera sp. (Malaysian B) (Dip-
tera: Tephritidae) in the laboratory. J Plant Prot Trop. 1991;8:139–44.

	38.	 Brock PM, Fornace KM, Parmiter M, Cox J, Drakeley CJ, Ferguson HM, et al. 
Plasmodium knowlesi transmission: integrating quantitative approaches 
from epidemiology and ecology to understand malaria as a zoonosis. 
Parasitology. 2016;143:389–400.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://stacks.cdc.gov/view/cdc/6538
https://stacks.cdc.gov/view/cdc/6538
https://doi.org/10.1186/1475-2875-13-68
https://doi.org/10.1038/d41586-018-04121-4
https://doi.org/10.1093/cid/ciz237
https://endmalaria.org/sites/default/files/5_Christina%20Rundi.pdf
https://endmalaria.org/sites/default/files/5_Christina%20Rundi.pdf
https://doi.org/10.1016/S2542-5196(17)30031-1
https://doi.org/10.1186/s12936-016-1416-1
https://doi.org/10.1186/s12936-016-1416-1

	Life table analysis of Anopheles balabacensis, the primary vector of Plasmodium knowlesi in Sabah, Malaysia
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Establishing and maintaining the colony of An. balabacensis
	Induced mating of An. balabacensis
	Hatching rate of An. balabacensis eggs
	Survival rate of An. balabacensis larvae
	Longevity of An. balabacensis adults
	Data analysis

	Results
	Survivorship, development and longevity
	Fecundity
	Mortality rates and life expectancy
	Life table analysis

	Discussion
	Conclusions
	Acknowledgments
	References




