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Insecticide resistant Anopheles 
gambiae have enhanced longevity 
but reduced reproductive fitness 
and a longer first gonotrophic cycle
Joyce K. Osoro1,3, Maxwell G. Machani1, Eric Ochomo1, Christine Wanjala3, 
Elizabeth Omukunda2, Andrew K. Githeko4, Guiyun Yan5 & Yaw A. Afrane6*

Widespread insecticide resistance in African malaria vectors raises concerns over the potential 
to compromise malaria vector control interventions. Understanding the evolution of resistance 
mechanisms, and whether the selective disadvantages are large enough to be useful in resistance 
management or designing suitable control strategies is crucial. This study assessed whether 
insecticide resistance to pyrethroids has an effect on the gonotrophic cycle and reproductive potential 
of malaria vector Anopheles gambiae. Comparative tests were performed with pyrethroid-resistant 
and susceptible colonies of Anopheles gambiae colonized from the same geographical area, and the 
reference Kisumu strain was used as a control. Adult females aged 3 days old were given a blood 
meal and kept separately for individual egg-laying. The number of days taken to lay eggs post-blood-
feeding was recorded to determine the length of the gonotrophic cycle. To measure adult longevity 
and reproduction potential, newly emerged males and females of equal numbers were aspirated 
into a cage and females allowed to blood feed daily. The number of eggs laid and the surviving 
mosquitoes were recorded daily to determine fecundity, net reproduction rate, intrinsic growth rate 
and adult longevity. Overall, the resistant females had a significantly longer (1.8 days) gonotrophic 
cycle than susceptible females  (F2, 13 = 9. 836, P < 0.01). The proportion of resistant females that laid 
eggs was lower 31.30% (94/300) compared to 54% (162/300) in the susceptible colony and 65.7% 
(197/300) in the Kisumu strain. The mean number of eggs laid per female was significantly lower in 
the resistant colony (88.02 ± 20) compared to the susceptible colony (104.9 ± .28.8) and the Kisumu 
strain (97.6 ± 34.8). The adult longevity was significantly higher for resistant (39.7 ± 1.6 days) compared 
to susceptible (29.9 ± 1.7 days) and the Kisumu strain was (29.6 ± 1.1 days)  (F2,8 = 45.05, P < 0.0001). 
Resistant colony exhibited a lower fecundity (4.3 eggs/females/day) and net reproductive rate 
(2.6 offsprings/female/generation) compared to the susceptible colony (8.6 eggs/female/day; 4.7 
offsprings/female/generation respectively) and Kisumu strain (9.7 eggs/female/day; 4.1 offsprings/
female/generation respectively). The study suggests high fitness cost on reproductive parameters 
of pyrethroid-resistant mosquitoes particularly on the duration of gonotrophic cycle, fecundity and 
net reproductive rate. These fitness costs are likely associated with maintaining both target site and 
metabolic mechanisms of resistance to pyrethroids. Despite these costs, resistant mosquitoes had 
longer longevity. These results give insights to understanding the fitness cost of insecticide resistance 
and thus are critical when predicting the epidemiological impact of insecticide resistance.

Current efforts to control malaria rely heavily on insecticide-based interventions such as large-scale distribution 
of long-lasting insecticidal nets (LLINs) and indoor residual spraying (IRS)1. Pressure placed upon mosquitoes 
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by the rapid scaling-up of vector control interventions and the use of similar chemicals for agricultural activities 
have been reported to select for phenotypes with increased ability to survive the insecticides used, gradually 
impacting vector control  efforts2. A number of studies have demonstrated that the major insecticide resistance 
mechanisms involved include decreased sensitivity of the target proteins and increasing activity of detoxifying 
enzymes (metabolic resistance)3. Although these mechanisms confer a significant advantage to the bearers in 
the presence of insecticides, they have also been associated with a series of side effects in the life history traits of 
the insect  population4, which include their biting rate, fecundity and survivorship. However, the expression of 
these side effects associated with insecticide resistance in Anopheles gambiae is unclear.

The biting rate of a vector is dependent on the gonotrophic cycle, which is defined as the time interval between 
blood-feeding and  oviposition5,6 and is dependent on the search for a blood meal, blood-feeding and digestion, 
egg maturation and the availability of a suitable oviposition  site6. This, therefore, dictates the biting frequency of 
a vector impacting vectorial capacity and transmission dynamics of  malaria6,7. Survivorship and fecundity are 
important determinants of the population growth dynamics of  mosquitoes8,9. Adult survivorship is one of the 
fundamental factors of vectorial capacity, a change due to fitness cost could have a profound effect on the disease 
transmission risks and epidemiology of  malaria8. For instance, a mosquito needs to survive beyond the extrinsic 
incubation period of the Plasmodium parasites to be able to transmit malaria and a longer lifespan guarantees a 
potential of biting many  hosts7,9. Fecundity, a trait measured by the number of offspring an individual mosquito 
can produce, is a major fitness component since it determines the reproductive rate and intrinsic growth rate 
of a  population5,10. Reproductive rate is the average number of offspring produced by a female individual in her 
lifetime, whilst, intrinsic growth rate is defined as the number of progeny born to each female mosquito per unit 
 time5. Reproductive rate and intrinsic growth rate impact directly on the population of mosquitoes which is a 
major component of vectorial capacity of malaria transmission.

Studies have proven that insecticide resistance impacts the physiological processes of mosquito vectors. These 
biological processes include adult survivorship, fecundity, blood-feeding, male mating success, development of 
immature stages and also vector  competence11–16. Most of these studies were generally carried out under opti-
mal laboratory conditions and involved unrelated resistant and susceptible strains which often differ in many 
other genes as they originate differently. In addition, the use of reference susceptible strains singly, may not give 
a true comparison of fitness costs as this population has been maintained in the laboratory for decades and 
therefore may adapt to laboratory conditions. This study explored the fitness costs of insecticide resistance on 
the gonotrophic cycle, fecundity and adult survivorship under a semi-natural setting using established colonies 
of pyrethroid-resistant and susceptible An. gambiae with the same  origin17.

Materials and methods
Mosquito population used in the study. The population of mosquitoes used in this study consisted of a 
resistant colony of An. gambiae selected through exposure to deltamethrin insecticide (hereafter referred to as a 
resistant colony) and unselected susceptible colony of An. gambiae that was raised in the absence of insecticides 
over several generations (hereafter referred to as a susceptible colony). Both resistant and susceptible colonies 
originated from the same mother colony collected from Bungoma, western  Kenya17.

Resistant colony. The colony was resistant to WHO standard diagnostic dose of deltamethrin (0.05%) with a 
mortality of 23%. According to WHO, insecticide resistance is difined as ability of mosquitoes to survive expo-
sure to a standard dose of insecticide; this ability may be the result of physiological  adaptation18. The colony 
showed both metabolic resistance, through increased monooxygenases enzyme activity and kdr mutations with 
allele frequencies of 77% (L1014S) and 23% (L1014F)17 respectively (Supplementary Table S1). The 6th genera-
tion was used for this study.

Susceptible colony. This colony did not undergo selection at any generation but was monitored for resistance 
after every generation. This colony had lost phenotypic resistance to deltamethrin after 13 generations (Mortality 
rate 98%). Only Kdr mutation (L1014S) was detected as it was already fixed in the parent  population17. The 13th 
generation was used for this study. The generation difference between the resistant and susceptible colony was 
due to the delayed development in the selected resistant  colony17.

Kisumu reference laboratory strain. The Kisumu reference laboratory strain which has been colonized since 
 195419 and is free of any detectable insecticide resistance mechanism was used as a control susceptible strain in 
all bioassays.

These An. gambiae s.s mosquitoes that were used in this study were reared in the insectary at KEMRI/CGHR 
under standard conditions (25 ± 2 °C; 80% ± 4% relative humidity with a 12 h: 12 h light/dark cycle). Larvae 
were fed on tetramin baby fish food and brewer’s yeast daily and adults maintained on 10% sugar solution. The 
resistant and the susceptible colonies used were reared in three lineages as replicates.

Experimental design. Determination of the gonotrophic cycle of the experimental mosquitoes. The study 
was carried out in a semi-field environment dubbed MalariaSphere located at the Centre for Global Health 
Research, Kenya Medical Research Institute, Kisumu, Kenya. The MalariaSphere is an enclosed environment 
with all components of a natural Anopheles ecosystem. It is a modified greenhouse with screen walls which 
contains a local house, planted crops and having breeding sites for mosquitoes to simulate the natural ecosystem 
of the vector and exposed to ambient climate  conditions20. Usually such experiments are done under artificial 
insectary conditions which are very different from real field conditions. Newly emerged (1 day old) males and 
females from the resistant, susceptible and the Kisumu reference strain were put in separate cages to allow time 
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for mating. On the third-day post-emergency, the females were starved for 6 h before being allowed to feed on 
the arm of a human volunteer for 20 min. Blood-fed females were provided with 10% sucrose solution, to al-
low the maturation of eggs. After 24 h (1 day) post-blood-feeding, three hundred (300) fully blood-fed females 
from each of the colonies were transferred to individual oviposition cups and allowed to lay eggs. The eggs laid 
by each mosquito were counted and recorded and the number of days taken to lay eggs after blood-feeding was 
also recorded to determine the length of the gonotrophic cycle. The number of mosquitoes that laid eggs and the 
number of eggs laid were recorded to determine the daily egg-laying rate and the size of egg batches.

Adult longevity and fecundity of resistant and susceptible An. gambiae. One hundred (100) newly emerged (one 
day old) females and males from each of the resistant and susceptible colonies and the Kisumu reference strain 
were placed separately in 30 × 30 × 30 cm metal-framed cages covered with nylon netting. The cages were sus-
pended from the ceiling of the hut, 2 m above the ground with twine smeared with grease to prevent ants from 
interfering with the experiment. The hut used in this experiment was erected in an enclosed system and resem-
bled a typical African village house in size and design. Mosquitoes in each cage were fed on 10% sucrose solution 
through a cotton ball. Females in the cages were starved daily for 6 h thereafter allowed to feed on the arm of a 
human volunteer. An oviposition substrate consisting of a petri dish lined with a filter paper on wet cotton wool 
was provided for oviposition. The number of eggs laid were picked and counted under a dissecting microscope 
daily to determine fecundity. Dead male and female mosquitoes were recorded and removed from the cage 
daily. The experiment was done in three replicates and simultaneously for each of the resistant, susceptible and 
Kisumu strains.

Ethical statement. Ethical approval was obtained from the Kenya Medical Research Institute Scientific and 
Ethical Review Unit (SERU) under approval number SSC 3434. All experimental protocols were approved by 
the Instutional Ethics committee. Informed consent was obtained from the subject before the implementation of 
the study, and all experiments and methods carried out in accordance to the relevant guidelines and regulations 
of SERU.

Data analysis. The length of the first gonotrophic cycle was calculated as the average number of days taken 
for a mosquito to oviposit eggs after taking a blood meal for each colony. The proportion of mosquitoes that 
laid eggs was calculated as the number of mosquitoes that were able to lay eggs per colony divided by the total 
number of mosquitoes in the experiment per colony. The average age-specific survivorship for the females was 
calculated for each colony as the average number of days that the mosquitoes lived per colony. Fecundity was 
calculated as the average number of eggs laid per individual mosquito per day. The net reproductive rate  (R0) for 
each of the three colonies was calculated based on the daily survivorship and fecundity schedule.  R0 is defined as 
the average number of offspring a female individual in a population will produce in her lifetime and is calculated 
as R0 = ∑ (lxmx), where ∑ is the sum of, lx is the age-specific survivorship, and mx is the age-specific fecundity per 
mosquito. Intrinsic per-capita growth Rate (r), defined as the number of progeny born to each female mosquito 
per unit of time, was calculated as r = Ln (R0)/G where G = ∑lxmxx/ ∑lxmx, and x is mosquito  age5,21. Analysis of 
variance (ANOVA) was used to determine the effect of insecticide resistance on the gonotrophic cycle, fecundity, 
net reproductive rate and per-capita intrinsic growth rate of the resistant, susceptible and Kisumu strain mosqui-
toes. Tukey (HSD) was used to test the significance of the difference in the reproductive parameters among the 
resistant, susceptible and Kisumu strain An. gambiae.

Results
Duration of gonotrophic cycle. The average duration of the gonotrophic cycle measured from the time 
of blood-feeding to egg-laying for the resistant females was longer (6.1 ± 0.8 days) than the susceptible females 
(4.3 ± 1.1 days) and 3.7 ± 0.2 days for the Kisumu strain  (F2,13 = 9.836, P < 0.003). The average duration of the gono-
trophic cycle for the resistant females was significantly longer by 1.8 days than the susceptible colony  (F2, 13 = 9. 
836, P < 0.01; Table 1). Although the duration of the gonotrophic cycle for susceptible females was higher com-
pared to the Kisumu strain, this was not statistically significant  (F2, 13 = 9. 836, P = 0.570). The proportion of 
resistant females that successfully laid eggs was lower 31.30% (94/300) compared to 54% (162/300) susceptible 
colony and 65.7% (197/300) Kisumu strain. The number of resistant females that laid eggs was significantly lower 
than the susceptible females  (F2,11 = 0.461, P < 0.05). The average number of eggs laid by an individual mosquito 

Table 1.  Mean duration of gonotrophic cyle and fecundity of resistant and susceptible colonies of An.gambiae.  
The Gonotrophic cycle is the number of days from blood feeding to egg-laying. Fecundity is measured in the 
number of eggs laid per female. *Values representing the percentage of mosquitoes that laid eggs per colony, 
mean and standard deviations of gonotrophic cycle length in days and fecundity. The same superscript letters 
indicate no significant difference.

Colony/strain N No. laid (%)
Cycle length (days)*
Mean ± SD Fecundity* Mean ± SD

Resistant 300 94 (31.3) 6.1 ± 0.0.8a 88.02 ±  20a

Susceptible 300 161 (53.6) 4.3 ± 1.1b 104 ±  28b

Kisumu 300 197 (65.6) 3.7 ± 0.2b 97 ±  34a
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in the resistant colony was lower (88.02 ± 20) compared to the susceptible colony (104.9 ± 0.28.8) and the Kisumu 
strain (97.6 ± 34.8). The fecundity of the resistant colony was significantly lower than the susceptible colony by 
16 eggs per mosquito  (F2,449 = 6.786, P < 0.001). Although the number of eggs laid per individual mosquito in the 
Kisumu colony was higher than the resistant colony, this was not statistically significant (P = 0.64).

Survivorship and fecundity of resistant and susceptible Anopheles gambiae. The average lon-
gevity for the resistant colony was 39.7 ± 1.6 days while the susceptible colony was 29.9 ± 1.7 days and the Kisumu 
strain was 29.6 ± 1.1 days  (F2,8 = 45.05, P < 0.0001; Table 2). The average longevity recorded by the resistant colony 
was significantly longer (by 10 days) than the susceptible colony and Kisumu strain mosquitoes  (F2,8 = 45.05, 
P < 0.05). Resistant females survived slightly longer (85 days), with a median longevity of 43 days than the sus-
ceptible colony that lived for 67 days with a median longevity of 34 days and the Kisumu strain that survived for 
65 days having median longevity of 33 days (Fig. 1).

The average fecundity of the 3 replicates of resistant females placed in different cages was lower (4.3 eggs 
per female per day) than susceptible females (8.6 eggs per females per day) and Kisumu strain (9.7 eggs per 
female per day)  (F2, 9 = 38.16, P < 0.0004). The average fecundity for resistant females was significantly lower by 
4.3 eggs per day than the susceptible females  (F2, 9 = 38.16, P < 0.001; Table 2). The fecundity was slightly higher 
in the Kisumu reference strain than the susceptible colony, but the difference was not statistically significant 
 (F2, 9 = 38.16, P > 0.05).

Reproductive fitness of resistant and susceptible mosquitoes. The net reproductive rate calculated 
for resistant females was lower (2.6 offspring/female/generation) compared to susceptible females (4.7 offspring/
female/generation) and the Kisumu strain (4.1 offspring/female/generation, Table 2). Susceptible females exhib-
ited a twofold increase in net reproductive rate over the resistant females  (F2, 9 = 20.24, P < 0.002), indicating 

Table 2.  Comparison of adult longevity, fecundity, net reproductive rate and intrinsic growth rate among the 
resistant, susceptible and Kisumu colonies. Fecundity is measured in number of female progeny per female 
per day. R0—is the mean net replacement rate (number of offspring per female per generation). r—is intrinsic 
per-capita growth rate (number of offspring per female per day). *Mean and standard deviations of fecundity, 
net reproductive rate intrinsic per-capita growth rate and survival time. The same superscript letters indicate 
no significant difference.

Colony/strain

Mean ± SD

Longivity (days) R0 r Fecundity

Resistant 39.7 ± 1.6a 2.6 ± 0.3a 0.215 ± 0.007a 4.31 ± 0.9a

Susceptible 29.9 ± 1.7b 4.7 ± 0.6b 0. 285 ± 0.010b 8.6 ± 1.0b

Kisumu 29.6 ± 1.1b 4.1 ± 0.2b 0.241 ± 0.013b 9.7 ± 0.1b
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Figure 1.  Comparison of survivorship among the resistant, susceptible and Kisumu strain An. gambiae females.
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low reproduction for mosquitoes expressing physiological resistance. There was no significant difference in net 
reproductive rate between the susceptible colony and the Kisumu reference strain  (F2, 9 = 20.24, P > 0.05).

Similarly, resistant females exhibited a lower intrinsic growth rate (0.215 females /day) compared to suscepti-
ble females (0.285) and Kisumu strain (0.241). The intrinsic growth rate was significantly higher for susceptible 
females compared to resistant females  (F2, 9 = 41.98, P < 0.0002; Table 2) suggesting that susceptible females 
will have a major competitive advantage over mosquitoes carrying resistant genes in the absence of insecticide 
selective pressure.

Discussion
The emergence and spread of insecticide resistance in malaria vectors of sub-Saharan Africa raise concerns over 
the control of the  disease22. Despite the observed resistance, little is known about how insecticide resistance influ-
ences the biting frequency, survivorship and reproductive fitness of malaria vectors. Therefore, understanding 
the effects and mechanisms of insecticide resistance on vector adaptation capacities is crucial to the conserva-
tion of susceptibility and the development of more effective resistance management strategies. In this study, we 
evaluated reproductive fitness of two progenies of An. gambiae with the same origin but different insecticide 
resistance profiles when exposed to pyrethroid insecticides. Overall, results showed that the resistant mosquitoes 
have a fitness disadvantage on reproductive parameters in comparison to the susceptible strain, suggesting the 
possible accumulation of deleterious effects of insecticide resistance. However, the survivorship of the resistant 
mosquitoes was significantly longer compared to the susceptible mosquitoes.

The determination of the gonotrophic cycle, which is a measure of biting frequency is an important parameter 
in estimating the opportunities for acquisition and transmission of  parasites23. This study observed a longer first 
gonotrophic cycle in resistant females compared to their susceptible counterparts suggesting a possible lower 
human biting rate which could result in lower malaria transmission. These findings corroborate with Mebrahtu, 
et al.24 who observed a delay in the duration of laying eggs for resistant Aedes aegypti compared to the suscep-
tible females. The relatively longer gonotrophic period observed in the resistant females possibly could be due 
to a lower blood digestion rate that may result from the altered physiology of the female  mosquito25. Previous 
studies on Aedes aegypti have documented the functions of insulin-like peptides and ovary ecdysteroidogenic 
hormone released from brain neurosecretory cells in the activation of blood  digestion26. This implies that any 
changes that directly interfere with the central nervous system may slow or inhibit the release of the hormones 
required to stimulate the blood digestion process hence inhibiting the process of egg maturation. Although 
this study did not measure the blood meal size in the resistant and susceptible mosquitoes, some studies have 
observed a significant reduction of the relative amount of ingested blood in resistant mosquitoes compared to 
susceptible  counterparts16,24,27,28. The longer gonotrophic cycle observed in the resistant mosquitoes may suggest 
reduced biting frequencies and potentially less transmission of malaria parasites in nature, when compared to 
the susceptible counterparts. However, such mosquitoes with an elongated gonotrophic cycle may have multiple 
blood meals before laying eggs, which could increase the chances of picking up the malaria parasite and having a 
high potential for transmitting the  disease6,29–31. The tendency to take multiple blood meals to complete the egg 
maturation process has been observed in Anopheles pseudopunctipennis32 and Aedes albopictus 33.

The resistant mosquitoes were observed to live longer than susceptible females suggesting that these females 
could have a longer infective lifespan which may have implications for malaria transmission. The increase in 
longevity observed in the resistant colony could be a result of the extended larval  stage34, allowing for a greater 
accumulation of nutritional resources partially compensating for the losses associated with maintaining the 
resistance  mechanism35. Studies with the same colony of mosquitoes showed an extended larval development 
time of the resistant mosquitoes compared to the susceptible  ones34. This trait may be critical in promoting the 
maintenance of resistant individuals in the field, thereby hindering the effectiveness of insecticide resistance 
management actions. This finding agrees with previous reports of resistant An. funestus14 that had resistant 
alleles living longer compared to those with susceptible alleles. On the contrary, some studies have reported a 
shorter adult lifespan in resistant females such as pyrethroid-resistant An. coluzzii16 and Aedes aegypti with kdr 
 mutations27 which were associated with decreased longevity than their susceptible counterparts. In the field sce-
nario, longer survival of resistant mosquitoes will favour the completion of sporogonic cycle of malaria parasites, 
increased biting of people and potentially transmit disease more than susceptible mosquitoes.

A reduction in the number of egg-laying females was observed in the resistant colony. The number of eggs 
laid per individual resistant female was lower than in the susceptible colony implying reduced fecundity and egg-
laying ability. The variation in fecundity observed may suggest that the nutrients obtained during the blood meal 
were used for maintaining other processes linked to the survival of resistant females instead of egg production. 
These findings corroborate with Mebrahtu, et al.24 and Sy, et al.28 who observed a reduction in the number of eggs 
laid by insecticide-resistant strains of Ae. aegypti and An coluzzii respectively. The reduced ability of resistant 
mosquitoes to lay eggs could also be attributed to lower insemination rates in insecticide-resistant mosquitoes 
as reported in other  studies24, though this trait was not evaluated in this study. The long gonotrophic cycle would 
also make the resistant mosquitoes take blood meals less often which reduces the egg-laying frequency hence 
explaining the reduced fecundity of the resistant colony. Although the study reported reduced egg laying ability 
between the populations, the egg size and viability of the eggs laid was not evaluated, however, some studies have 
reported reduced viability of eggs laid by deltametrin resistant Aedes aegypti when compared to susceptible  ones36.

The resistant strain exhibited a twofold lower net reproductive rate (Ro), which corresponds to the num-
ber of females generated from each original female compared to the susceptible strain. Likewise, the intrinsic 
growth rate was lower in the resistant strain than that observed in the susceptible and Kisumu strain. The loss 
in the reproductive potential of resistant mosquitoes could be partly attributed to the high levels of resistance 
and the presence of metabolic resistance mediating the  process17. The findings on the reduced reproductive 
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fitness as a result of insecticide resistance agree with other  studies16,37 on An. funestus and Ae. Aegypti resistant 
to pyrethroids. In nature, the reduced reproductive fitness in mosquitoes carrying resistant genes could result 
in a decrease in their progeny limiting malaria transmission.

A limitation of this experiment was the generation difference between the resistant and susceptible popu-
lations arising due to delayed development in the selected resistant colony and the loss of resistance in the 
unselected population. If substantial laboratory acclimation occured then this study would be unable to detect 
it with these comparisons and difference in acclimation may explain part of the observed difference in longevity 
and reproductive fitness.

Conclusion
The study findings show high fitness costs on the reproductive parameters of pyrethroid-resistant mosquitoes 
particularly on the duration of gonotrophic cycle, fecundity, net reproductive rate and growth intrinsic rates. 
However, the increased longevity observed in resistant mosquitoes represents a serious threat for disease control, 
as increased longevity of pyrethroid resistant mosquitoes could lead to an increased level of malaria transmission 
in regions with high insecticide resistance. The fitness costs observed are likely associated with maintaining both 
target site and metabolic mechanisms of resistance to pyrethroids. This is critical to determining the extent to 
which insecticide resistance interacts with mosquito reproduction potential.

Data availability
The dataset supporting the conclusions of this article is included within the article.
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References
 1. WHO. World malaria report 2020: 20 years of global progress and challenges. (2020).
 2. Ranson, H. et al. Pyrethroid resistance in African anopheline mosquitoes: What are the implications for malaria control? Trends 

Parasitol 27. https:// doi. org/ 10. 1016/j. pt. 2010. 08. 004 (2011).
 3. Hemingway, J. & Ranson, H. Insecticide resistance in insect vectors of human disease. Annu. Rev. Entomol. 45, 371–391 (2000).
 4. Alout, H., Roche, B., Dabiré, R. K. & Cohuet, A. Consequences of insecticide resistance on malaria transmission. PLoS Pathog. 13, 

e1006499 (2017).
 5. Afrane, Y. A., Zhou, G., Lawson, B. W., Githeko, A. K. & Yan, G. Effects of microclimatic changes due to deforestation on the 

survivorship and reproductive fitness of anopheles gambiae in Western Kenya Highlands. . Am. J. Trop. Med. Hyg. 74, 772–778 
(2006).

 6. Lardeux, F. J., Tejerina, R. H., Quispe, V. & Chavez, T. K. A physiological time analysis of the duration of the gonotrophic cycle of 
Anopheles pseudopunctipennis and its implications for malaria transmission in Bolivia. Malar. J. 7, 1–17 (2008).

 7. Afrane, Y. A., Little, T. J., Lawson, B. W., Githeko, A. K. & Yan, G. Deforestation increases the vectorial capacity of anopheles 
gambiae giles to transmit Malaria in the Western Kenya Highlands. Emerg. Infect. Dis. 10, 1533–1538 (2008).

 8. Alout, H., Roche, B., Dabiré, R. K. & Cohuet, A. J. P. p. Consequences of insecticide resistance on malaria transmission. 13, 
e1006499 (2017).

 9. Vézilier, J., Nicot, A., Gandon, S. & Rivero, A. J. P. o. t. R. S. B. B. S. Plasmodium infection decreases fecundity and increases survival 
of mosquitoes. 279, 4033–4041 (2012).

 10. McCarroll, L., Hemingway, J. J. I. b. & biology, m. Can insecticide resistance status affect parasite transmission in mosquitoes? 32, 
1345 (2002).

 11. Platt, N. et al. Target-site resistance mutations (kdr and RDL), but not metabolic resistance, negatively impact male mating com-
petiveness in the malaria vector Anopheles gambiae. 115, 243–252 (2015).

 12. Nouage, L. et al. Influence of GST-and P450-based metabolic resistance to pyrethroids on blood feeding in the major African 
malaria vector Anopheles funestus. (2020).

 13. Rigby, L. M. et al. Identifying the fitness costs of a pyrethroid-resistant genotype in the major arboviral vector Aedes aegypti. 13, 1–12 
(2020).

 14. Tchouakui, M. et al. Fitness costs of the glutathione S-transferase epsilon 2 (L119F-GSTe2) mediated metabolic resistance to 
insecticides in the major African malaria vector Anopheles funestus. 9, 645 (2018).

 15. Kumar, S. et al. Diminished reproductive fitness associated with the deltamethrin resistance in an Indian strain of dengue vector 
mosquito. Aedes aegypti L. 26, 55–64 (2009).

 16. Nkahe, D. L. et al. Fitness cost of insecticide resistance on the life-traits of a Anopheles coluzzii population from the city of Yaoundé. 
Cameroon. 5, 171. https:// doi. org/ 10. 12688/ wellc omeop enres. 16039.2 (2020).

 17. Machani, M. G. et al. Phenotypic, genotypic and biochemical changes during pyrethroid resistance selection in Anopheles gambiae 
mosquitoes. Sci. Rep. 10, 19063. https:// doi. org/ 10. 1038/ s41598- 020- 75865-1 (2020).

 18. WHO. World Malaria Report 2016. Geneva: World Health Organization (2016).
 19. Shute, G. T. A method of maintaining colonies of east african strains of anopheles gambiae. Ann. Trop. Med. Parasitol. 50, 92–94. 

https:// doi. org/ 10. 1080/ 00034 983. 1956. 11685 743 (1956).
 20. Knols, B. G. et al. MalariaSphere: A greenhouse-enclosed simulation of a natural Anopheles gambiae (Diptera: Culicidae) ecosystem 

in western Kenya. Malar. J. 1, 19 (2002).
 21. Afrane, Y. A., Zhou, G., Lawson, B. W., Githeko, A. K. & 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. 77, 660–666 (2007).
 22. Ranson, H. & Lissenden, N. Insecticide resistance in African Anopheles mosquitoes: A worsening situation that needs urgent 

action to mantain malaria control. Parasites Vectors 32, 187–196 (2016).
 23. Klowden, M. J. & Briegel, H. Mosquito gonotrophic cycle and multiple feeding potential: Contrasts between Anopheles and Aedes 

(Diptera: Culicidae). J. Med. Entomol. 31, 618–622 (1994).
 24. Mebrahtu, Y. B., Norem, J. & Taylor, M. Inheritance of larval resistance to permethrin in Aedes aegypti and association with sex 

ratio distortion and life history variation. Am. J. Trop. Med. Hyg. 56, 456–465 (1997).
 25. Ma, Z., Gulia-Nuss, M., Zhang, X. & Brown, M. R. Effects of the botanical insecticide, Toosendanin, on blood digestion and egg 

production by female Aedes aegypti (Diptera: Culicidae): topical application and ingestion. J. Med. Entomol. 50, 112–121 (2013).
 26. Gulia-Nuss, M., Robertson, A. E., Brown, M. R. & Strand, M. R. Insulin-like peptides and the target of rapamycin pathway coor-

dinately regulate blood digestion and egg maturation in the mosquito Aedes aegypti. PLoS ONE 6, e20401 (2011).

Content courtesy of Springer Nature, terms of use apply. Rights reserved



7

Vol.:(0123456789)

Scientific Reports |         (2022) 12:8646  | https://doi.org/10.1038/s41598-022-12753-w

www.nature.com/scientificreports/

 27. Martins, A. J., Bellinato, D. F., Peixoto, A. A., Valle, D. & Lima, J. B. P. Effect of insecticide resistance on development, longevity 
and reproduction of field or laboratory selected Aedes aegypti populations. PLoS ONE 7, e31889 (2012).

 28. Sy, F. A., Faye, O., Diallo, M. & Dia, I. Effects of insecticide resistance on the reproductive potential of two sub-strains of the malaria 
vector Anopheles coluzzii. J. Vector Borne Dis. 56, 207–211. https:// doi. org/ 10. 4103/ 0972- 9062. 289401 (2019).

 29. de Oliveira, C. D., Tadei, W. P., Abdalla, F. C., Paolucci Pimenta, P. F. & Marinotti, O. Multiple blood meals in Anopheles darlingi 
(Diptera: Culicidae). J. Vector Ecol. 37, 351–358 (2012).

 30. Norris, L. C., Fornadel, C. M., Hung, W.-C., Pineda, F. J. & Norris, D. E. Frequency of multiple blood meals taken in a single 
gonotrophic cycle by Anopheles arabiensis mosquitoes in Macha, Zambia. Am. J. Trop. Med. Hyg. 83, 33 (2010).

 31. Oliver, S. V. & Brooke, B. D. The effect of multiple blood-feeding on the longevity and insecticide resistant phenotype in the major 
malaria vector Anopheles arabiensis (Diptera: Culicidae). Parasit. Vectors 7, 1–12 (2014).

 32. Lardeux, F., Loayza, P., Bouchité, B. & Chavez, T. Host choice and human blood index of Anopheles pseudopunctipennis in a 
village of the Andean valleys of Bolivia. Malar. J. 6, 1–14 (2007).

 33. Farjana, T. & Tuno, N. Multiple blood feeding and host-seeking behavior in Aedes aegypti and Aedes albopictus (Diptera: Culi-
cidae). J. Med. Entomol. 50, 838–846 (2013).

 34. Osoro, J. K. et al. Insecticide resistance exerts significant fitness costs in immature stages of Anopheles gambiae in western Kenya. 
Malar. J. 20, 1–7 (2021).

 35. Telang, A., Frame, L. & Brown, M. R. Larval feeding duration affects ecdysteroid levels and nutritional reserves regulating pupal 
commitment in the yellow fever mosquito Aedes aegypti (Diptera: Culicidae). J. Exp. Biol. 210, 854–864. https:// doi. org/ 10. 1242/ 
jeb. 02715 (2007).

 36. Belinato, T. A., Martins, A. J. & Valle, D. Fitness evaluation of two Brazilian Aedes aegypti field populations with distinct levels of 
resistance to the organophosphate temephos. Mem. Inst. Oswaldo Cruz 107, 916–922 (2012).

 37. Brito, L. P. et al. Assessing the effects of Aedes aegypti kdr mutations on pyrethroid resistance and its fitness cost. PLoS ONE 8, 
e60878 (2013).

Acknowledgements
The authors acknowledge the Entomology Laboratory at the Kenya Medical Research Institute, Kisumu for 
providing technical and laboratory space for the study. The permission to publish this study was granted by the 
director of Kenya Medical Research Institute.

Author contributions
J.O., M.M., E.O. and Y.A.A. conceived and designed the experiments, J.O. and M.M. participated in data collec-
tion, data analysis and drafted the manuscript. E.O., C.W., E.O., A.K., and Y.A.A. supervised data collection and 
contributed to manuscript writing. All authors have read and approved the final manuscript.

Funding
This study was supported by grants from the National Institute of Health (R01 A1123074, U19 AI129326, R01 
AI050243, D43 TW001505).

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 12753-w.

Correspondence and requests for materials should be addressed to Y.A.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

Content courtesy of Springer Nature, terms of use apply. Rights reserved



1.

2.

3.

4.

5.

6.

Terms and Conditions
 
Springer Nature journal content, brought to you courtesy of Springer Nature Customer Service Center GmbH (“Springer Nature”). 
Springer Nature supports a reasonable amount of sharing of  research papers by authors, subscribers and authorised users (“Users”), for small-
scale personal, non-commercial use provided that all copyright, trade and service marks and other proprietary notices are maintained. By
accessing, sharing, receiving or otherwise using the Springer Nature journal content you agree to these terms of use (“Terms”). For these
purposes, Springer Nature considers academic use (by researchers and students) to be non-commercial. 
These Terms are supplementary and will apply in addition to any applicable website terms and conditions, a relevant site licence or a personal
subscription. These Terms will prevail over any conflict or ambiguity with regards to the relevant terms, a site licence or a personal subscription
(to the extent of the conflict or ambiguity only). For Creative Commons-licensed articles, the terms of the Creative Commons license used will
apply. 
We collect and use personal data to provide access to the Springer Nature journal content. We may also use these personal data internally within
ResearchGate and Springer Nature and as agreed share it, in an anonymised way, for purposes of tracking, analysis and reporting. We will not
otherwise disclose your personal data outside the ResearchGate or the Springer Nature group of companies unless we have your permission as
detailed in the Privacy Policy. 
While Users may use the Springer Nature journal content for small scale, personal non-commercial use, it is important to note that Users may
not: 
 

use such content for the purpose of providing other users with access on a regular or large scale basis or as a means to circumvent access

control;

use such content where to do so would be considered a criminal or statutory offence in any jurisdiction, or gives rise to civil liability, or is

otherwise unlawful;

falsely or misleadingly imply or suggest endorsement, approval , sponsorship, or association unless explicitly agreed to by Springer Nature in

writing;

use bots or other automated methods to access the content or redirect messages

override any security feature or exclusionary protocol; or

share the content in order to create substitute for Springer Nature products or services or a systematic database of Springer Nature journal

content.
 
In line with the restriction against commercial use, Springer Nature does not permit the creation of a product or service that creates revenue,
royalties, rent or income from our content or its inclusion as part of a paid for service or for other commercial gain. Springer Nature journal
content cannot be used for inter-library loans and librarians may not upload Springer Nature journal content on a large scale into their, or any
other, institutional repository. 
These terms of use are reviewed regularly and may be amended at any time. Springer Nature is not obligated to publish any information or
content on this website and may remove it or features or functionality at our sole discretion, at any time with or without notice. Springer Nature
may revoke this licence to you at any time and remove access to any copies of the Springer Nature journal content which have been saved. 
To the fullest extent permitted by law, Springer Nature makes no warranties, representations or guarantees to Users, either express or implied
with respect to the Springer nature journal content and all parties disclaim and waive any implied warranties or warranties imposed by law,
including merchantability or fitness for any particular purpose. 
Please note that these rights do not automatically extend to content, data or other material published by Springer Nature that may be licensed
from third parties. 
If you would like to use or distribute our Springer Nature journal content to a wider audience or on a regular basis or in any other manner not
expressly permitted by these Terms, please contact Springer Nature at 
 

onlineservice@springernature.com
 

mailto:onlineservice@springernature.com

