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Abstract 

Host age variation is a striking source of heterogeneity that can shape the evolution and 

transmission dynamic of pathogens. Compared to vertebrate systems, our understanding of the 

impact of host age on invertebrate-pathogen interactions remains limited. We examined the 

influence of mosquito age on key life-history traits driving human malaria transmission. 

Females of Anopheles coluzzii, a major malaria vector, belonging to three age classes (4, 8, and 

12 day-old), were experimentally infected with Plasmodium falciparum field isolates. Our 

findings revealed reduced competence in 12-day-old mosquitoes, characterized by lower 

oocyst/sporozoite rates and intensities compared to younger mosquitoes. Despite shorter 

median longevities in older age classes, infected 12-day-old mosquitoes exhibited improved 

survival, suggesting that the infection might act as a fountain of youth for older mosquitoes 

specifically. The timing of sporozoite appearance in the salivary glands remained consistent 

across mosquito age classes, with an extrinsic incubation period of approximately 13 days. 

Integrating these results into an epidemiological model revealed a lower vectorial capacity for 

older mosquitoes compared to younger ones, albeit still substantial due to extended longevity 

in the presence of infection. Considering age heterogeneity provides valuable insights for 
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ecological and epidemiological studies, informing targeted control strategies to mitigate 

pathogen transmission. 

 

Introduction 

Hosts and parasites are engaged in ongoing coevolutionary interactions, which generates 

selection for resistant hosts and infectious parasites. Studies have shown that infection traits, 

such as infectivity, virulence, resistance and tolerance are genetically determined and their 

expression can depend on interactions between host and parasite genotypes [1–5]. However, 

the influence of parasite environment on infections traits is less well understood [6–8].  

Age variation among hosts within a population is one of the most significant sources of 

heterogeneity, with profound implications for the expression and evolution of infection traits 

[9,10]. For instance, in human populations, age plays a critical role in determining host 

susceptibility and parasite virulence [11], particularly with pathogens causing prolonged and 

persistent symptoms or newly emerging pathogens [12]. In comparison to our understanding of 

age-specific patterns of infection in vertebrates, our understanding of the impact of host age on 

invertebrate-parasite interactions remains limited. 

The relationship between host age and the outcome of infection in invertebrates is 

complex, with contrasting findings observed across various studies, organisms, and specific 

phenotypic traits. Despite the paucity of data available, recent research indicates that 

invertebrate hosts, unlike vertebrates, generally exhibit decreased susceptibility and infection-

induced mortality with age [13]. Yet, the widespread occurrence of immunosenescence across 

the tree of life, including in insects [14], suggests the opposite; that is, a decline in immune 

function, and hence in parasite resistance with age [15,16]. In insects, studies have revealed that 

immunosenescence can manifest as excessive, overly-reactive and less specific immune 

responses, without any notable improvement in survival [17–19]. Furthermore, different 

components of the insect immune response (enzymatic versus cellular) can display distinct age-

specific patterns [16]. 

Examining the impact of age on infection traits requires host organisms with age classes 

sharing the same habitat, consuming identical food resources and exhibiting overlapping 

generations, hence causing substantial age variation in their natural populations. Adult 

mosquitoes fulfill these criteria and are particularly appropriate to address the effects of host 

age on infection traits. Mosquitoes reach a definitive body size following emergence (i.e. no 

size variation with aging in adults), all age classes share the same terrestrial and aerial 

environment and feed on blood (for egg production) and plant-derived sugars (for energy and 
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maintenance). With a rather short gonotrophic cycle, which can be as fast as 48h between two 

egg-lays, mosquito females are recurrently looking for a blood meal during which they can 

transmit pathogens responsible for devastating diseases, such as malaria, dengue fever or Zika 

[20].  

In mosquitoes, as in most organisms, aging and the number of feeding episodes are 

inherently positively correlated, and both feeding- and age-related mechanisms can affect 

pathogen transmission. Firstly, the age structure of the mosquito population is a key determinant 

of the intensity of pathogen transmission [21–24]. Owing to the process of senescence, younger 

mosquitoes exhibit higher survival rates compared with older mosquitoes [25] and are therefore 

more likely to endure the relatively long extrinsic incubation period of pathogens (i.e., the EIP, 

the time required to replicate and disseminate to the mosquito salivary glands after the ingestion 

of an infected bloodmeal). Although the EIP can vary widely in response to genetic and 

environmental factors, it typically ranges from 7 to 14 days for pathogens like Plasmodium, 

dengue and Zika [26–32]. This duration encompasses a considerable portion of a mosquito 

expected lifespan [33,34]. Secondly, mounting evidence points to the occurrence of 

immunosenescence in mosquitoes, characterized by declining levels of melanization [35–37] 

and circulating hemocytes [38,39] as individuals get older. These age-related declines are 

expected to coincide with increased infection levels in older mosquitoes [38], although 

conflicting observations have also been reported [39]. Thirdly, previous blood-feeding can 

effectively trigger innate immune responses and/or accelerate digestion of the infective blood 

meals in mosquitoes, resulting in decreased susceptibility to infection [40–43]. In natural 

conditions, where older mosquitoes have experienced a greater number of feeding episodes, it 

suggests a reduction in infection levels as mosquitoes age. Together these observations 

highlight the intricate interplay between mosquito aging, successive feeding cycles, and 

pathogen transmission. 

Recent theoretical works emphasize the need to better understand and characterize the 

contribution of vector age structure to the heterogeneous transmission and virulence of vector-

borne pathogens [23,44–46]. In order to gain insight on this matter, we examined whether key 

life-history traits that drive human malaria transmission vary with mosquito age. Vector 

competence for pathogens (i.e. a combined estimate of parasite infectivity and vector 

susceptibility), vector survival and the pathogen’s extrinsic incubation period (EIP) are three 

important components of vectorial capacity, a classic measure of the transmission potential of 

a vector-borne pathogen. The effect of vector age on each of these three traits was assessed 

using an epidemiologically-relevant vector-pathogen system consisting of the parasite 
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Plasmodium falciparum, which causes the most severe form of human malaria, and the 

mosquito Anopheles coluzzii, a major vector of P. falciparum in Africa. Females of Anopheles 

coluzzii belonging to different age classes were infected with sympatric field isolates of 

Plasmodium falciparum using direct membrane feeding assays. Through a series of 

experiments, the effects of mosquito age on (i) mosquito competence, (ii) mosquito survival, 

(iii) and the parasite’s EIP were examined. These results were then combined into an 

epidemiological model to predict the contribution of mosquito age variation to overall malaria 

transmission. 

 

Materials and Methods 

Mosquitoes  

Laboratory-reared An. coluzzii were obtained from an outbred colony established in 2008 and 

that have since been repeatedly replenished with wild-caught mosquito females collected in 

Soumousso, (11°23'14"N, 4°24'42"W), 40 km from Bobo Dioulasso, south-western Burkina 

Faso (West Africa), and identified by SINE PCR [47]. Mosquitoes were held in 30 cm × 30 cm 

× 30 cm mesh-covered cages and reared under standard insectary conditions (12:12 LD, 27 ± 

2°C, 70 ± 5% relative humidity). Females were maintained on rabbit blood by direct feeding 

(protocol approved by the national committee of Burkina Faso; IRB registration #00004738 

and FWA 00007038), and adult males and females fed with a 5% glucose solution. Larvae were 

reared at a density of about 300 first instar larvae in 700 ml of water in plastic trays and were 

fed with Tetramin Baby Fish Food (Tetrawerke, Melle, Germany). 

 

Parasite field isolates and mosquito experimental infection 

Anopheles coluzzii females belonging to distinct age classes (see details below in each 

experiments) were fed with blood drawn from naturally P. falciparum gametocyte-infected 

patients recruited among 5–12-year-old school children in villages surrounding Bobo-

Dioulasso, Burkina Faso, using Direct Membrane Feeding Assays (DMFA) as previously 

described [48–50]. Briefly, thick blood smears were taken from each volunteer, air-dried, 

giemsa-stained, and examined by microscopy for the presence of P. falciparum. Asexual 

trophozoite parasite stages were counted against 200 leucocytes, while infectious gametocytes 

stages were counted against 1000 leukocytes. Children with asexual parasitemia of > 1,000 

parasites per microliter (estimated based on an average of 8000 leucocytes/ml) were treated in 

accordance with national guidelines. Asymptomatic P. falciparum gametocyte-positive 

children were recruited for the study. Gametocytic blood was collected by venipuncture in 
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heparinized tubes. DMFA was performed with serum replacement as previously described [50]. 

Venous heparinized blood samples were centrifuged at 1300 g for 3 minutes. The natural 

plasma was then removed and the RBC pellet mixed with serum from a non-immune European 

AB blood donor. Mosquitoes held in 500 ml paper cups at a density of 80 per cup were allowed 

to feed on this blood for one hour. Non-fed or partially fed females were removed and discarded, 

while the remaining fully-engorged mosquitoes were kept in a biosafety room under the same 

standard conditions (12:12 LD, 27 ± 2°C, 70 ± 5% relative humidity). 

 

Experiment 1: Effects of age on mosquito competence 

Three batches of about 1000 eggs each were collected from the An. coluzzii outbred colony at 

4 days interval to generate three age classes of 4 days difference in the progeny (Figure 1). 

Resulting nymphs were collected over 2 successive days and placed in one of three emergence 

cages (30 x 30 x 30 cm) corresponding to each of the three age classes. Males were removed 

from the emergence cages after a period of 4 days, such that females in each age class were 

exposed to males for 3-4 days, thus ensuring an equivalent insemination rate among the three 

age classes. In order to respect natural mosquito gonotrophic cycles, mosquito females were 

blood-fed on rabbit every 4 days and oviposition cups were placed in the cages (Figure 1). From 

emergence to infection, mosquitoes also had ad libitum access to a 5% glucose solution. On the 

day of infection, mosquitoes were thus either (i) 3-4 day-old (received only one infectious blood 

meal), 7-8 day-old (received one blood meal on a rabbit and one infectious blood meal) and 11-

12 days-old (received two blood meals on a rabbit and one infectious blood meal). Hereafter, 

these three age classes are named 4; 8 and 12 day-old respectively. Experimental infections 

were performed using a total of four parasite isolates over two distinct replicates (replicate 1: 

isolates A with gametocytemia of 40 gam µl-1 of blood and B, 32 gam µl-1; replicate 2: isolates 

C 80 gam µl-1  and D 40 gam µl-1). At day 8 post-infectious blood meal (dpibm), 50 mosquitoes 

from each age class and isolate (50 mosquitoes * 3 age groups * 4 parasite isolates) were 

dissected to count the number of developing oocysts in the midgut of infected females. At 14 

dpibm, 50 mosquito head/thoraces from each age class and isolate (50 mosquitoes * 3 groups * 

4 parasite isolates) were stored at -20 °C for further qRT-PCR (see below) to detect the presence 

of sporozoites. Four traits characterizing vector competence for P. falciparum were measured: 

(i) oocyst prevalence, expressed as the proportion of mosquitoes exposed to the infectious blood 

meal and harboring at least one oocyst in their midgut at 8 dpibm, (ii) oocyst intensity, expressed 

as the mean number of developing oocysts in the guts of infected females at 8 dpibm, (iii) 

sporozoites prevalence, expressed as the proportion of mosquitoes exposed to the infectious 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 22, 2023. ; https://doi.org/10.1101/2023.09.21.558787doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.21.558787
http://creativecommons.org/licenses/by-nc-nd/4.0/


6 
 

blood meal and having disseminated sporozoites in their head/thoraces at 14 dpibm, and (iv) 

sporozoites intensity, expressed as the estimated number of sporozoites. This number was 

computed by using the following transformation: 10-((Ct-40)/3.3). This transformation considers 

the maximum number of amplification cycles (Ct) used in the qRT-PCR process, ensuring that 

the probability of detecting sporozoites becomes zero at higher amplification cycles (Ct=40). 

The coefficient 3.3 is derived from the negative slope observed in the linear relationship 

between the number of amplification cycles and the logarithm of the sporozoite density[51]. 

Figure 1: schematic representation of the design used in experiments 1 and 2. Mosquitoes 

belonging to one of three-age class (red: old, blue: middle age, and black: young mosquitoes) 

were challenged with one of 4 parasite isolates 12 days following the emergence of the old 

mosquito batch. There was a four days difference among the 3 age classes. When mosquitoes 

received the infectious blood-meal on day 12 (purple font), the old batch was 12 day-old, the 

middle age batch 8 day-old and the young batch 4 day-old. On day 20, corresponding to 8 days 

post infectious blood meal, mosquitoes were dissected to count the number of developing 

oocyst in their midgut. On day 26, corresponding to 14 days post infectious blood meal, the 

presence of parasite in mosquito head/thorax was assessed using qRT-PCR. On day 12 

(infectious blood-meal), 12 day-old mosquitoes were not only older than 8 and 4 day-old 

mosquitoes, they also received more bloodmeals from rabbits (green font). The old batch 

received a total of three blood meals, middle age 2 bloodmeals and young a single infectious 

bloodmeal. 

 

Experiment 2: Effects of age and infection on mosquito survival 

This experiment was conducted to explore possible age-mediated effect of infection on 

mosquito survival. Following the same procedure as described above, An. coluzzii mosquitoes 

belonging to one of three age classes (4, 8 or 12 day-old) were fed with either a gametocyte-

positive (infected) or gametocyte-negative (control) blood. The same wild parasite isolates as 

in the first experiment (i.e. isolates A to D) were used. Uninfected control mosquitoes were 

provided with gametocytic blood that had been subjected to heat treatment to kill gametocytes. 

Half of the venous blood drawn from each carrier was heated at 45°C for 20 minutes. This heat 

treatment eliminates the gametocytes and has no impact on the survival and fecundity of female 

mosquitoes [52]. Since the nutritive quality of blood can significantly vary among individuals, 

particularly between infected and uninfected individuals, this procedure allows experiments to 
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avoid potential confounding effects arising from different blood sources on the performance of 

infected and control mosquitoes. A total of 295 blood-fed control and 362 blood-fed parasite-

exposed mosquitoes were obtained and were distributed in 500 ml paper cups (4 parasite 

isolates * 3 age classes * 2 infection status * 2 paper cups to avoid cup effect = 48 paper cups 

of ~15 mosquitoes (range 4 to 18) each). Mosquito survival was recorded daily and dead 

mosquitoes from the infectious blood group were individually stored at -20°C for further PCR 

to assess their infection status [53]. Following PCR on the carcass of these dead individuals, 

three infection status were obtained: (i) uninfected control mosquitoes fed on heat-treated 

blood, (ii) exposed-infected mosquitoes fed on gametocyte-positive blood and (iii) exposed-

uninfected mosquitoes fed on gametocyte-positive blood but in which the parasite failed to 

establish. 

 

Experiment 3: Effects of mosquito age on the parasite’s Extrinsic Incubation Period (EIP) 

To assess the EIP, the 4-day-old and 12-day-old age classes only were specifically selected for 

this experiment, given the need for a substantial mosquito population and daily dissections to 

detect the presence of the parasite. Experimental infections of 4-day-old and 12-day-old 

mosquitoes were performed using a total of three parasite isolates over two distinct replicates 

(replicate 1: isolates E with 64 gametocytes/µl and F with 72 gametocytes/µl of blood; replicate 

2: isolate G with 80 gametocytes/µl). Mosquitoes were kept at 27 °C and 75 % relative 

humidity, and the extrinsic incubation period of P. falciparum was examined through 

microscopic observation of mosquito gut and salivary glands from 8 to 16 dpibm. First, at 6 

dpibm, between 30 and 32 mosquitoes of each age class and infected with isolate E or F were 

dissected to verify the success of infection and confirm the competence results obtained as part 

of experiment 1. Second, from 8 to 16 dpibm, 10 to 20 mosquito females (median=13) from 

each age class and each of the three isolates were dissected daily (N total=624). The presence 

and number of oocysts in mosquito guts and the presence of sporozoites in the salivary glands 

were assessed microscopically. Oocyst rupture in mosquito midgut and sporozoite invasion of 

salivary glands is highly asynchronous: while some oocysts are intact and keep developing 

within a given mosquito gut, others have already ruptured and released their sporozoites 

[54,55]. To estimate EIP, three metrics were derived from the microscopic observations: 

(i) the proportion of infected mosquitoes with ruptured oocysts at 8-14 dpibm. This is the 

number of mosquitoes with at least one ruptured oocyst in their midguts out of the total 

number of infected mosquitoes (i.e. harboring either intact and/or ruptured oocysts);  
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(ii) the fraction of ruptured oocysts at 8-14 dpibm. This is, for each infected mosquito, the 

number of ruptured oocysts out of the total number of oocysts (intact + ruptured); 

(iii) the proportion of oocyst-infected mosquitoes with sporozoites in their salivary glands at 8-

14 dpibm. This is the number of oocyst-infected mosquitoes harboring sporozoites in their 

salivary glands out of the total number of infected mosquitoes (i.e. harboring either intact 

and/or ruptured oocysts).  

 

qPCR detection of Plasmodium falciparum  

The detection and quantification of parasite’s DNA in mosquitoes dissected at 14 dpibm 

(experiment 1) was performed by real-time PCR using standard procedures [56]. The 

mitochondrial gene that codes for the cytochrome C Oxidase (Cox1) was targeted. The 

sequences of the primers used were: qPCR-PfF 5'-TTACATCAGGAATGTTATTGC-3 'and 

qPCR-PfR 5'-ATATTGGATCTCCTGCAAAT-3'. Sample reaction occurred in a total volume 

of 10 μl containing 1 μl of DNA (~ 40 ng/μl); 4.6μL of water; 2μl of 1x HOT Pol Eva Green 

qPCR Mix Plus ROX and 1.2μl of each primer at 5μM. The amplification began with an 

activation step at a temperature of 95 °C for 15 min and 40 cycles of denaturation at 95 °C to 

15 s, annealing / extension at 58 °C for 30 s. 

 

Statistics  

Experiment 1. The effect of mosquito age class (three levels: 4-, 8- or 12-day-old) on oocyst 

and sporozoite prevalence was examined using a binomial Generalized Linear Mixed Model 

(GLMM, glmmTMB package [57]). Oocyst and sporozoite intensity were analysed using a 

zero-truncated negative binomial GLMM and a gaussian GLMM, respectively (glmmTMB 

package). In these GLMMs, age class was set as a fixed effect and parasite isolates (A to D) as 

a random effect. Experiment 2. The effect of mosquito age class and infection status (three 

levels: uninfected control, exposed-infected and exposed-uninfected) on mosquito survival was 

explored using a mixed effect Cox’s proportional hazard regression models (coxme package 

[58]). Mosquito age, infection status and their interaction were considered as fixed effects 

whereas cup identity and parasite isolate were considered as random effects. Experiment 3. 

Binomial GLMMs were used to test the effect of age class (two levels: 4 or 12 day-old), dpibm 

and the interaction on (i) the proportion of infected mosquitoes with ruptured oocysts, (ii) the 

fraction of ruptured oocysts, and (iii) the proportion of oocyst-infected mosquitoes with 

sporozoites in their salivary glands. In these GLMMs, age class and dpibm were set as a fixed 

effects and parasite isolates (F to H) as a random effect. the "Anova" function from the "car" 
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library version 3.1-1 [59] was used to estimate the significance of terms. When age was 

significant, multiple pairwise post-hoc tests were performed to compare age classes using the 

"emmeans" library [60]. 

 

Modeling the consequence of mosquito age variation on malaria transmission 

Based on the age-structured model for the human-mosquito transmission proposed and 

analyzed in [46], the vectorial capacity (𝑉𝐶(𝑎)) of a mosquito aged 𝑎 is given by : 

𝑉𝐶(𝑎) = 𝐵 × 𝑀 × 𝐶𝑐𝑜𝑚𝑝(𝑎) × 𝐿𝑜𝑛𝑔(𝑎) × 𝑒[−𝐸𝐼𝑃(𝑎) 𝐿𝑜𝑛𝑔(𝑎)⁄ ], 

where 𝐵 is the mosquito biting rate, 𝑀 is the mosquito to human ratio, and 𝐿𝑜𝑛𝑔(𝑎), 𝐸𝐼𝑃(𝑎) and 

𝐶𝑐𝑜𝑚𝑝(𝑎) are longevity, extrinsic incubation period, and competence of a mosquito of age 𝑎 

respectively. Mosquito competence (𝐶𝑐𝑜𝑚𝑝(𝑎)) encompasses other quantitative traits expressed 

during the basic steps of the parasite infection events which are, the infection probability (aka 

prevalence) (𝑃𝑖𝑛𝑓(𝑎)), the number of developing oocysts (𝑁𝑜𝑜𝑐𝑦𝑠𝑡𝑠(𝑎)) (aka intensity), and the 

conversion probability from oocysts to sporozoites (𝑃𝑜𝑜𝑐𝑦𝑠𝑡→𝑠𝑝𝑜(𝑎)) of a mosquito of age (𝑎). 

Consequently, we have 𝐶𝑐𝑜𝑚𝑝(𝑎) = 𝑃𝑖𝑛𝑓(𝑎) × 𝑁𝑜𝑜𝑐𝑦𝑠𝑡𝑠(𝑎) × 𝑃𝑜𝑜𝑐𝑦𝑠𝑡→𝑠𝑝𝑜(𝑎). We simulated the 

expected vectorial capacity 𝑉𝐶(𝑎) for mosquitoes belonging to age class 4-day-old vs. 12-day-

old. We explored the parameter space through a Latin hypercube sampling with 10,000 

replicates for which all parameters were randomly chosen within their confidence interval based 

on the data measurements obtained experimentally here. See parameter values in Table S1. 

 

Results 

Experiment 1: Effects of age on mosquito competence 

Twelve-day-old mosquitoes showed a lower likelihood of harboring oocysts at 8 dpibm 

compared to both 8-day-old and 4-day-old mosquitoes (46.7 ± 7% vs 60 ± 7% and 61 ± 7% in 

8 day-old and 4 day old, respectively; LRT X2
2 = 10.6, P=0.005, Figure 1A). Additionally, the 

number of oocysts in the mosquito midgut (± se) was significantly influenced by mosquito age 

(LRT X2
2 = 8.8, P=0.01), with 4-day-old mosquitoes having a higher oocyst count compared to 

12-day-old mosquitoes (4, 8 and 12 day-old mosquitoes carried on average 4.57 ± 0.32 oocysts, 

3.66 ± 0.26 and 3.3 ± 0.38, respectively, Figure 1B). A similar trend was observed at 14 dpibm, 

where 12-day-old mosquitoes exhibited both reduced sporozoite prevalence (54.5 ± 7% vs 74 

± 5% and 73 ± 5%, LRT X2
2 = 30, P<0.0001, Figure 1C) and intensity (LRT X2

2 = 49.8, 

P<0.0001, Figure 1D). Detailed results on infection prevalence and intensity for each parasite 

isolate (A to D) are given in Figure S1. 
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Figure 2: Effects of mosquito age on competence for Plasmodium falciparum. (A) Oocyst 

prevalence, expressed as the proportion of mosquitoes exposed to an infectious blood meal and 

harboring at least one oocyst in their midgut at 8 dpibm. (B) Oocyst intensity, expressed as the 

number of developing oocysts in the guts of infected females at 8 dpibm. (C) Sporozoites 

prevalence, expressed as the proportion of mosquitoes exposed to an infectious blood meal 

harboring disseminated sporozoites in their head/thoraces at 14 dpibm. (D) Sporozoites 

intensity, expressed as the estimated number of sporozoites. The y-axis in this panel is on a 

log10 scale. Two experimental replicates were performed each with two distinct wild parasite 

isolates. n = number of dissected mosquitoes (about 50 for each of the four parasite isolate). 

Different letters denote statistically significant differences based on multiple pair-wise post-hoc 

tests.  

 

Experiment 2: Effects of age and infection on mosquito survival 

The survival of infected and uninfected mosquitoes belonging to the three age classes was 

monitored daily. Overall, mosquito age significantly influenced mosquito survivorship (LRT 
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X2
2 = 48, P < 0.0001, Figure 3). Twelve day-old mosquitoes had a median longevity of 18 days 

and died at a faster rate than both 8 (median longevity of 21 days) and 4 day-old mosquitoes 

(median longevity 23 days). All three pairwise post-hoc comparisons were significant (12 vs 8 

day-old: z = 4, P < 0.001; 12 vs 4 day-old: z = 7, P< 0.001, 8 vs 4-day-old: z = 3, P = 0.005). 

There was no significant main effect of mosquito infection status on overall survival (LRT X2
2 

= 0.39, P = 0.82). However, the impact of infection on survival varied across the three age 

classes, as indicated by a significant interaction between infection status and age class (LRT 

X2
4 = 15.8, P = 0.003). Specifically, while no effect of infection status on the survival of 4- or 

8-day-old mosquitoes was observed, 12-day-old infected mosquitoes had a significantly longer 

lifespan compared to their uninfected counterparts of the same age (z = 2.7, P = 0.007, Figure 

3; Figure S2). P. falciparum infection in 12-day-old mosquitoes extended the median survival 

by 2 days compared to uninfected controls and by 8 days in exposed-uninfected individuals. 

 

 
Figure 3: Effects of mosquito age and infection status on survival. Survival was recorded daily from 

day 1 post infectious bloodmeal until the death of all mosquitoes from a total of 48 paper cups containing 

circa 15 mosquitoes each. The sample size of uninfected control, exposed-infected and exposed-

uninfected mosquitoes were 76, 99, 26 (4-day-old); 108, 101, 16 (8-day-old); and 111, 87, 33 (12-day-

Uninfected control 

Exposed-infected 

Exposed-uninfected 
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old) respectively. N total = 657. Solid, dashed and dotted lines show uninfected control, exposed-

uninfected and exposed-infected mosquitoes, respectively. 

Experiment 3: Effects of age on the parasite’s Extrinsic Incubation Period (EIP) 

The development of P. falciparum was monitored in two age classes (4 and 12 day-old at the 

time of infection) over a period of 8 to 16 dpibm using three different parasite isolates (E, F, 

and G). Microscopic examination of oocysts at 6 dpibm confirmed that old mosquitoes 

exhibited lower competence for P. falciparum compared to their young counterparts, as 

indicated by both lower oocyst prevalence and intensity (Figure S3). By 15 dpibm, all 

mosquitoes exposed to the G isolate had died. Therefore, the subsequent analysis focused on 

the period between 8 to 14 dpibm for all three isolates. The results for each isolate separately 

until 17 dpibm are detailed in Figure S4. Uninfected mosquitoes (n=39 individuals from isolate 

H, n=41 from isolate I, and n=106 from isolate J), from which no estimates of EIP could be 

derived, were excluded from the analysis. 

None of the infected mosquitoes exhibited ruptured oocysts at 8 dpibm and the first 

observations occurred at 9 dpibm for both age class. As expected, there was a highly significant 

positive relationship between time post-bloodmeal and the proportion of mosquitoes showing 

ruptured oocysts (LRT X2
1 = 95, P < 0.0001, Figure 4A). The timing of rupturing was similar 

between the two age classes (no dpibm by mosquito age interaction: LRT X2
1 = 0.2, P = 0.66, 

Figure 4A). Using this metric, the estimated EIP50 from the binomial models were 11.90 days 

for 12-day-old mosquitoes and 12 days for 4-day-old mosquitoes.  

The fraction of ruptured oocysts in infected mosquitoes tended to be higher in 12-day-

old compared to 4-day-old mosquitoes, although this was not statistically significant (12-day-

olds: 160 ruptured oocysts out of 787 oocysts counted (20%) between 8 and 16 dpibm, 4-day-

olds: 177 / 1 219 (14.5%) over the same period, LRT X2
1 = 1.3, P = 0.26, Figure 4B). This trend 

seemed to be driven by the density of oocysts rather than the age of the mosquitoes: older 

mosquitoes exhibited lower oocyst densities compared to younger mosquitoes (Figure S5A), 

and a negative association was observed between oocyst density and the proportion of ruptured 

oocysts (Figure S5B). 

Finally, the proportion of infected mosquitoes with disseminated sporozoites in their 

salivary glands, the most epidemiologically-relevant metric, did not vary between the two age 

classes (LRT X2
1 = 0.03, P = 0.87, Figure 4C). The proportion of sporozoite-infested salivary 

glands increased with dpibm similarly for both age class (i.e. no significant dpibm by age 

interaction, LRT X2
1 = 0.2, P = 0.65). Using this metric, the estimated EIP50 from the binomial 

models were 13.04 days for 12-day-old mosquitoes and 13.10 for 4-day-old mosquitoes. 
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The estimated time for sporozoites to migrate and invade mosquito salivary glands 

following the egress from the oocysts was 27.36 hours for 12-day-old mosquitoes (i.e., the 

difference between the observed sporozoite presence in salivary glands (Fig. 4C) and the time 

it takes for oocyst rupturing (Fig. 4A): 13.04 – 11.90 days). For 4-day-old mosquitoes, this time 

was 26.4 hours (13.10 –12 days). 

 

 

 

Figure 4: Effects of mosquito age on the parasite extrinsic incubation period. A) Proportion 

of infected mosquitoes with ruptured oocysts (± 95% CI) from 8 to 14 dpibm, expressed as the 

number of mosquitoes with at least one ruptured oocyst out of the total number of infected 

mosquitoes (i.e. harboring either intact and/or ruptured oocysts) for two age classes (4-day-old 

in black and 12-day-old mosquitoes in red). B) Fraction of ruptured oocysts (± 95% CI), 

expressed as the number of ruptured oocysts out of the total number of oocysts (intact + 

ruptured). C) Proportion of infected mosquitoes with sporozoites in their salivary glands (± 

95% CI), expressed as the number of oocyst-infected mosquitoes harboring sporozoites in their 

salivary glands out of the total number of infected mosquitoes. The lines represent best-fit 

logistic regression curves for each age class. Three parasite isolates (E, F, G) were used over 

two experimental replicates. A) to C): Sample size = 21 to 31 mosquito /day/age class 

(median=27.5). In panels A) and C) the sample sizes indicate total mosquito numbers while in 

in panel C) total oocyst number.  

Modeling the consequence of mosquito age variation on malaria transmission 
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To investigate the epidemiological impact of mosquito age on vectorial capacity, we built a 

mathematical model based on the experimental values of mosquito competence, survival and 

the parasite EIP obtained in this study for mosquitoes belonging to age class 4-day-old vs 12-

day-old. Mosquito competence encompassed the oocyst prevalence, intensity and the 

conversion probability from oocysts to sporozoites (𝑃𝑜𝑜𝑐𝑦𝑠𝑡→𝑠𝑝𝑜(𝑎)) of a mosquito of age (𝑎). 

This parameter (𝑃𝑜𝑜𝑐𝑦𝑠𝑡→𝑠𝑝𝑜) turned out to be a nonlinear decreasing function with respect to 

the number of developing oocysts (𝑁𝑜𝑜𝑐𝑦𝑠𝑡𝑠) (Figure S5), and we therefore considered 

𝑃𝑜𝑜𝑐𝑦𝑠𝑡→𝑠𝑝𝑜 =
1

1+𝑘𝑚×𝑁𝑜𝑜𝑐𝑦𝑠𝑡𝑠
,  where 𝑘𝑚 is the fitted parameter. 

Overall, the mean (± se) vectorial capacity of the young 4-day-old mosquitoes was 107.75 

± 0.84, significantly exceeding that of the 12-day-old counterparts, which had a 𝑉𝐶 of 76.69 ± 

0.42 (Figure 5, scenario 1, LRT X2
1 = 1203, P <0.001). To assess the epidemiological 

consequences of the positive effect of infection on the survival of 12-day-old mosquitoes (figure 

3), we explored two other scenarios for which the survival values observed in infected 12-day-

old was replaced by that of either 12-day-old controls (scenario 2), or exposed-uninfected 12-

day-old (scenario 3). The average 𝑉𝐶 of 12-day-old mosquitoes stood at 59.90 ± 0.38 for 

scenario 2 and 41.79 ± 0.09 for scenario 3. Therefore, the positive impact of infection on the 

survival of 12-day-old mosquitoes amplified their 𝑉𝐶 by 28% and 84% in comparison to 

scenarios 2 and 3, respectively.  
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Figure 5: Effects of mosquito age on vectorial capacity. Scenario 1: predicted age-dependent 

model of vectorial capacity based on the survival, competence, and EIP data from this study. 

Scenario 2: same as scenario 1 except that the survival values of infected 12-day-old mosquitoes 

were replaced by that of 12-day-old uninfected controls. Scenario 3: same as scenario 1 except 

that the survival values of infected 12-day-old mosquitoes were replaced by that of 12-day-old 

exposed-uninfected individuals. 

 

Discussion 

The findings presented in this study reveal age-related variations in key parameters influencing 

the transmission potential of P. falciparum, the causative agent of the most severe form of 

human malaria. Firstly, 12-day-old females displayed both increased qualitative and 

quantitative resistance, characterized by reduced parasite prevalence and intensity, respectively 

compared to younger females. Older mosquitoes therefore appear to be less competent hosts 

for this malaria parasite. Secondly, despite the accelerated mortality rate observed in older 

mosquitoes indicative of overall senescence, there was an age-mediated effect of infection with 

improved survival specifically among the infected 12-day-old mosquitoes. Thirdly, regardless 

of mosquito age, the median EIP remained consistent with a 13-day duration. Integrating these 

findings into an epidemiological model revealed that while the vectorial capacity of older 

mosquitoes was lower than that of younger ones, it remains substantial due to the extended 

longevity of old individuals in the presence of infection. Examining host-parasite interactions 

typically involves experimental infections of hosts of the same age, often young individuals, to 

monitor parasite development while minimizing loss of individuals over time. While this 

approach helps to minimize the confounding effects of host age, our findings strongly 

emphasize that the outcomes achieved with this practice cannot be extrapolated to the entire 

population. 

The results of the first experiment contradict the immunosenescence hypothesis, which 

posits that the ability of insects to clear infections should diminish as they age [14–16]. Rather, 

the higher potential for parasite establishment and development observed in younger 

mosquitoes compared to the 12-day-old cohort highlights a declining vector competence with 

increasing mosquito age. These findings are consistent with previous studies that have explored 

the influence of mosquito age on their competence for Plasmodium parasites. Terzian et al. [61] 

similarly observed an age-related increase in resistance to P. gallinaceum in Ae. aegypti. Okech 

et al. [62] found no discernible effect of age on the prevalence of P. falciparum infections in 

An. gambiae; however, the extremely low mosquito infection rates (circa 5%) and intensity 
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(circa one oocyst) across all age groups may have limited their statistical power. More recently, 

Pigeault et al.[39] provided evidence that, despite a decline in haemocyte numbers as the 

mosquito Culex pipiens ages, older individuals displayed significantly greater resistance to P. 

relictum infection compared to their younger counterparts. 

The association between host age and competence is more ambivalent when considering 

insect vectors of pathogens other than Plasmodium. While tsetse flies, Ae. aegypti, and Cu. 

tritaeniorhynchus infected with a trypanosome, a filarial nematode, and a West Nile virus, 

respectively, demonstrated reduced competence in older cohorts [63–65], an inverse effect was 

observed in Ae. albopictus and Ae. aegypti infected with Zika and Sindbis virus, respectively 

[66,67]. Moreover, no age effect on infection with an entomopathogenic fungus was observed 

in An. gambiae [68], and the impact of Cu. quinquefasciatus age on West Nile virus infection 

varied depending on virus dose, mosquito strain, and temperature [69]. The proximate 

mechanisms underpinning age-related variations in competence remain unresolved and can 

vary among the different biological systems, but changes in molecular and physiological 

environment of the midgut such as microbiota composition could be involved [63].  

Studies have shown that a non-infectious blood meal preceding the infectious blood meal 

offset the effect of age on competence [39,61,65]. The authors proposed that older females may 

experience depleted energy reserves after an extended period without blood feeding, and an 

additional blood meal could replenish the necessary nutrients for parasite development. In 

contrast, other studies indicated that prior blood-feeding can not only stimulate the mosquito 

immune system [40–42] but also accelerate the digestion of the infectious blood meal, leaving 

less time for the parasite to undergo zygotes to ookinetes to oocysts transitions [43]. In our 

study, 12-, 8-, and 4-day-old females at the time of infection received 2, 1, or no prior 

bloodmeals respectively. Blood-feeding induces the proliferation of bacterial populations 

within the mosquito midgut, which can directly and/or indirectly (through immune system 

stimulation), mitigate Plasmodium infection [70]. Thus, we postulate that the increased 

resistance of older mosquitoes to infection can be attributed to the presence of a more mature 

immune system, abundant microbiota and/or an accelerated digestion of the infectious blood 

meal due to the previous feeding episodes. Other mechanisms may also be involved and could 

deserve considerations as part of future experiments. For example, the possibility that the size 

of the infectious bloodmeals taken by older mosquitoes were smaller than that of younger 

females, thereby reducing the number of ingested gametocytes cannot be excluded (although 

an inverse pattern was in fact observed in tsetse flies and Ae. aegypti, where older individuals 
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ingested on average larger meals [63,71]). Furthermore, it is possible that the longer pre-

infection period in older females could have selected for the most robust individuals. 

Mosquito age significantly influenced mosquito survivorship, with older mosquitoes 

having shorter median longevities compared to younger age classes. This observation aligns 

with previous studies highlighting the existence of senescence in mosquitoes [25,72]. In 

addition, upon further analysis of these survival data in a separate article developing an age-

structured epidemiological model, it was revealed that the mortality rate within each age class 

displayed non-constancy, increasing with age in a manner that resembles a Gompertz function 

[23]. This provides additional evidence supporting the notion that mosquitoes do undergo 

senescence.  

Importantly, the influence of infection on survival varied across the age classes. While no 

effect of infection on the survival of 4- or 8-day-old mosquitoes was observed, infected 12-day-

old mosquitoes exhibited a significantly longer lifespan compared to their uninfected 

counterparts of the same age. This suggests that the presence of the parasite may modulate the 

aging process and alter survival dynamics in older infected mosquitoes specifically. The impact 

of malaria infection on mosquito survival remains equivocal and appears to be contingent upon 

various factors, including the natural vs. artificial nature of the host-parasite combination [73], 

mosquito species [74] and strains [75,76], parasite lineages [52,74,77] and environmental 

conditions [52,78–81]. Our study contributes an additional factor to this list by demonstrating 

that the impact of infection on mosquito survival can also be age-dependent. To our knowledge, 

this is the first evidence of a positive effect of infection by the human malaria parasite P. 

falciparum on the survival of its vector mosquitoes. The fact that this effect is age-dependent 

and only observed in older mosquitoes probably explains why this was not evidenced in earlier 

studies. Our results therefore shed light on a fountain of youth effect of infection for old 

mosquitoes that partially restores their vectorial capacity and may have significant effect on 

malaria transmission.       

Presently, the mechanistic explanations for the extended lifespan observed in infected old 

individuals are lacking. Previous research has revealed that parasites can extend the lifespan of 

their hosts, including mosquitoes, by disrupting the trade-off between fecundity and longevity 

[76,82–84]. For example, Vézilier et al. [76] reported an increased mosquito longevity 

concomitant to a decreased fecundity in individuals infected with the avian malaria P. relictum.  

The simultaneous examination of both survival and fecundity in infected mosquitoes belonging 

to various age classes will be required to elucidate this possibility. In addition to the fecundity-

longevity trade-off, research indicates that Plasmodium infection in mosquitoes may induce 
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increased food intake, leading to elevated energy input [85–87]. This heightened energy 

acquisition may not only facilitates parasite development but also contributes to better mosquito 

conditions, potentially resulting in an extended lifespan. This could be particularly true given 

that there appears to be a non-competitive relationship regarding resource utilization between 

the mosquito and its parasite [88,89]. Consequently, we anticipate that infected older 

mosquitoes would exhibit a greater propensity for food uptake compared to their younger 

infected counterparts. In a recent study, we found that An. gambiae exposed to wild isolates of 

P. falciparum in Burkina Faso but which remained uninfected exhibited reduced mosquito 

survival compared to successfully infected mosquitoes, although a non-exposed mosquito 

control group was not included in this study [90]. Here, we provide confirmation that resisting 

parasite infection can impose a survival cost on mosquitoes and that the extent of this cost can 

be age-dependent. 

 The sporogony represents the longest replicative process in the life cycle of malaria 

parasites. Given the considerable duration of this period relative to the average lifespan of the 

vector, we hypothesized that P. falciparum might possess the ability to plastically accelerate its 

developmental rate when its transmission potential is jeopardized by the advanced age of its 

mosquito vector. Similar condition-dependent developmental strategies have been documented 

in various parasite species [91], including blood-stage malaria parasites [92]. Contrary to 

expectations, our results revealed no significant variation in the timing of sporozoite appearance 

between 12 day-old and 4 day-old mosquitoes. Our observations align with a previous study 

that has also reported a lack of age-dependent difference in the EIP of the Zika virus in Ae. 

aegypti [93]. This emphasizes the consistency of EIP in the context of mosquito age and further 

suggest that the beneficial effects of lengthy EIPs must be under strong selective pressures 

[94,95]. That being said, recent studies have demonstrated that providing one or more non-

infectious blood meals after the initial infectious meal significantly shorten the EIP [29,31,96–

98]. It is common practice in laboratory studies on mosquito-Plasmodium interactions to 

maintain specimens on a sugar solution alone to prevent the decrease in sample size associated 

with each blood-feeding episode (non-fed individuals being excluded). Therefore, it would be 

interesting to test whether the EIP could vary with mosquito age when their gonotrophic cycles 

are respected following infection. Since the EIP is highly temperature-sensitive, it would also 

be intriguing to investigate whether the parasite could influence the thermal preference of older 

infected mosquitoes in a way that shorten the EIP.  

In the context of the ongoing global malaria elimination efforts, there is a need to enhance 

our understanding of the parasite and vector components that influence transmission intensity. 
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The age at which a mosquito acquires the parasite is expected to have a significant impact on 

its contribution to transmission. Older mosquitoes are less likely to transmit pathogens because 

they are less likely to survive during and after the EIP. Moreover, we found that the vectorial 

competence of old mosquitoes is reduced, providing additional evidence for their poor vectorial 

capacity. However, the observed parasite-induced extended lifespan in older mosquitoes tends 

to complicate this notion. Our modeling approach indicates that the capacity of older 

mosquitoes, while admittedly lower than that of younger mosquitoes, remains significant. The 

laboratory setting in which our experiments were conducted likely provided optimal survival 

conditions, raising concerns about the ecological relevance of the findings. It is crucial to 

investigate whether the observed extended survival of older infected mosquitoes holds true in 

natural field conditions, where various hazards may limit their lifespan. Furthermore, previous 

studies have demonstrated that mosquitoes carrying sporozoites may exhibit an elevated biting 

rate, which can contribute to higher feeding-mortality in natural environments.  

The results of this study collectively emphasize the importance of considering mosquito 

age variation when examining disease transmission dynamics and open up a new perspective 

on the evolution of within-vector virulence. Ageing leads to physiological differences among 

mosquitoes, which in turn can exert selective pressures on their parasites. This selection process 

may eventually result in parasite adaptations that are specific to the most commonly 

encountered host age or in the differential expression of parasite traits depending on the age of 

the host in which they reside. To transfer our findings to natural settings, it will be crucial to 

enhance the accuracy of existing tools for classifying the age of wild mosquitoes [99]. 

 

Reference list 

 1. Thompson JN, Burdon JJ. 1992 Gene-for-gene coevolution between plants and parasites. Nature 
360, 121–125. (doi:10.1038/360121a0) 

2. Lazzaro BP, Sceurman BK, Clark AG. 2004 Genetic Basis of Natural Variation in D. melanogaster 
Antibacterial Immunity. Science 303, 1873–1876. (doi:10.1126/science.1092447) 

3. Carius HJ, Little TJ, Ebert D. 2001 Genetic variation in a host-parasite association: potential for 
coevolution and frequency-dependent selection. Evolution 55, 1136–1145. (doi:10.1111/j.0014-
3820.2001.tb00633.x) 

4. Koskella B, Brockhurst MA. 2014 Bacteria–phage coevolution as a driver of ecological and 
evolutionary processes in microbial communities. FEMS Microbiol. Rev. 38, 916–931. 
(doi:10.1111/1574-6976.12072) 

5. Decaestecker E, Gaba S, Raeymaekers JAM, Stoks R, Van Kerckhoven L, Ebert D, De Meester L. 
2007 Host–parasite ‘Red Queen’ dynamics archived in pond sediment. Nature 450, 870–873. 
(doi:10.1038/nature06291) 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 22, 2023. ; https://doi.org/10.1101/2023.09.21.558787doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.21.558787
http://creativecommons.org/licenses/by-nc-nd/4.0/


20 
 

6. Wolinska J, King KC. 2009 Environment can alter selection in host–parasite interactions. Trends 
Parasitol. 25, 236–244. (doi:10.1016/j.pt.2009.02.004) 

7. Duneau D, Ebert D. 2012 Host sexual dimorphism and parasite adaptation. PLoS Biol. 10, 
e1001271. (doi:10.1371/journal.pbio.1001271) 

8. Fleming-Davies AE, Williams PD, Dhondt AA, Dobson AP, Hochachka WM, Leon AE, Ley DH, Osnas 
EE, Hawley DM. 2018 Incomplete host immunity favors the evolution of virulence in an emergent 
pathogen. Science 359, 1030–1033. (doi:10.1126/science.aao2140) 

9. Hamley JID, Koella JC. 2021 Parasite evolution in an age-structured population. J. Theor. Biol. 
527, 110732. (doi:10.1016/j.jtbi.2021.110732) 

10. Iritani R, Visher E, Boots M. 2019 The evolution of stage‐specific virulence: Differential selection 
of parasites in juveniles. Evol. Lett. 3, 162–172. (doi:10.1002/evl3.105) 

11. Glynn JR, Moss PAH. 2020 Systematic analysis of infectious disease outcomes by age shows 
lowest severity in school-age children. Sci. Data 7, 329. (doi:10.1038/s41597-020-00668-y) 

12. Sorci G, Faivre B. 2022 Age-dependent virulence of human pathogens. PLOS Pathog. 18, 
e1010866. (doi:10.1371/journal.ppat.1010866) 

13. Ben-Ami F. 2019 Host age effects in invertebrates: epidemiological, ecological, and evolutionary 
implications. Trends Parasitol. 35, 466–480. (doi:10.1016/j.pt.2019.03.008) 

14. Shanley DP, Aw D, Manley NR, Palmer DB. 2009 An evolutionary perspective on the mechanisms 
of immunosenescence. Trends Immunol. 30, 374–381. (doi:10.1016/j.it.2009.05.001) 

15. Robb T, Forbes MR. 2006 Age-dependent induction of immunity and subsequent survival costs in 
males and females of a temperate damselfly. BMC Ecol. 6, 15. (doi:10.1186/1472-6785-6-15) 

16. Jehan C, Sabarly C, Rigaud T, Moret Y. 2022 Senescence of the immune defences and 
reproductive trade-offs in females of the mealworm beetle, Tenebrio molitor. Sci. Rep. 12, 
19747. (doi:10.1038/s41598-022-24334-y) 

17. Shit B, Prakash A, Sarkar S, Vale PF, Khan I. 2022 Ageing leads to reduced specificity of 
antimicrobial peptide responses in Drosophila melanogaster. Proc. R. Soc. B Biol. Sci. 289, 
20221642. (doi:10.1098/rspb.2022.1642) 

18. Khan I, Prakash A, Agashe D. 2016 Immunosenescence and the ability to survive bacterial 
infection in the red flour beetle Tribolium castaneum. J. Anim. Ecol. 85, 291–301. 
(doi:10.1111/1365-2656.12433) 

19. Khan I, Agashe D, Rolff J. 2017 Early-life inflammation, immune response and ageing. Proc. R. 
Soc. B Biol. Sci. 284, 20170125. (doi:10.1098/rspb.2017.0125) 

20. World Health Organization. 2014 A global brief on vector-borne diseases.  

21. Smith DL, McKenzie FE. 2004 Statics and dynamics of malaria infection in Anopheles mosquitoes. 
Malar. J. 3, 13. 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 22, 2023. ; https://doi.org/10.1101/2023.09.21.558787doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.21.558787
http://creativecommons.org/licenses/by-nc-nd/4.0/


21 
 

22. Chitnis N, Hyman JM, Cushing JM. 2008 Determining Important Parameters in the Spread of 
Malaria Through the Sensitivity Analysis of a Mathematical Model. Bull. Math. Biol. 70, 1272–
1296. (doi:10.1007/s11538-008-9299-0) 

23. Richard Q. 2023 Epidemiological impacts of age structures on human malaria transmission. 
Work. Prog.  

24. Bellan SE. 2010 The Importance of Age Dependent Mortality and the Extrinsic Incubation Period 
in Models of Mosquito-Borne Disease Transmission and Control. PLoS ONE 5, e10165. 
(doi:10.1371/journal.pone.0010165) 

25. Styer LM, Carey JR, Wang JL, Scott TW. 2007 Mosquitoes do senesce: Departure from the 
paradigm of constant mortality. Am. J. Trop. Med. Hyg. 76. (doi:10.4269/ajtmh.2007.76.111) 

26. Hugo LE et al. 2019 Vector competence of Australian Aedes aegypti and Aedes albopictus for an 
epidemic strain of Zika virus. PLoS Negl. Trop. Dis. 13, e0007281. 
(doi:10.1371/journal.pntd.0007281) 

27. Ohm JR, Baldini F, Barreaux P, Lefevre T, Lynch PA, Suh E, Whitehead SA, Thomas MB. 2018 
Rethinking the extrinsic incubation period of malaria parasites. Parasit. Vectors. 
(doi:10.1186/s13071-018-2761-4) 

28. Chouin-Carneiro T, Vega-Rua A, Vazeille M, Yebakima A, Girod R, Goindin D, Dupont-Rouzeyrol 
M, Lourenço-de-Oliveira R, Failloux A-B. 2016 Differential Susceptibilities of Aedes aegypti and 
Aedes albopictus from the Americas to Zika Virus. PLoS Negl. Trop. Dis. 10, e0004543. 
(doi:10.1371/journal.pntd.0004543) 

29. Brackney DE, LaReau JC, Smith RC. 2021 Frequency matters: How successive feeding episodes by 
blood-feeding insect vectors influences disease transmission. PLOS Pathog. 17, e1009590. 
(doi:10.1371/journal.ppat.1009590) 

30. Armstrong PM et al. 2019 Successive blood meals enhance virus dissemination within 
mosquitoes and increase transmission potential. Nat. Microbiol. 5, 239–247. 
(doi:10.1038/s41564-019-0619-y) 

31. Shaw WR et al. 2020 Multiple blood feeding in mosquitoes shortens the Plasmodium falciparum 
incubation period and increases malaria transmission potential. PLOS Pathog. 16, e1009131. 
(doi:10.1371/journal.ppat.1009131) 

32. Shaw WR, Marcenac P, Catteruccia F. 2022 Plasmodium development in Anopheles: a tale of 
shared resources. Trends Parasitol. 38, 124–135. (doi:10.1016/j.pt.2021.08.009) 

33. Matthews J, Bethel A, Osei G. 2020 An overview of malarial Anopheles mosquito survival 
estimates in relation to methodology. Parasit. Vectors 13, 233. (doi:10.1186/s13071-020-04092-
4) 

34. Lambert B, North A, Godfray HCJ. 2022 A Meta-analysis of Longevity Estimates of Mosquito 
Vectors of Disease. (doi:10.1101/2022.05.30.494059) 

35. Christensen BM, LaFond MM, Christensen LA. 1986 Defense Reactions of Mosquitoes to Filarial 
Worms: Effect of Host Age on the Immune Response to Dirofilaria immitis Microfilariae. J. 
Parasitol. 72, 212. (doi:10.2307/3281593) 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 22, 2023. ; https://doi.org/10.1101/2023.09.21.558787doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.21.558787
http://creativecommons.org/licenses/by-nc-nd/4.0/


22 
 

36. Chun J, Riehle M, Paskewitz SM. 1995 Effect of Mosquito Age and Reproductive Status on 
Melanization of Sephadex Beads in Plasmodium-Refractory and -Susceptible Strains of 
Anopheles gambiae. J. Invertebr. Pathol. 66, 11–17. (doi:10.1006/jipa.1995.1054) 

37. Li J, Tracy JW, Christensen BM. 1992 Relationship of hemolymph phenol oxidase and mosquito 
age in Aedes aegypti. J. Invertebr. Pathol. 60, 188–191. (doi:10.1016/0022-2011(92)90095-L) 

38. Hillyer JF, Schmidt SL, Fuchs JF, Boyle JP, Christensen BM. 2005 Age-associated mortality in 
immune challenged mosquitoes (Aedes aegypti) correlates with a decrease in haemocyte 
numbers: Age-associated mortality in Aedes aegypti. Cell. Microbiol. 7, 39–51. 
(doi:10.1111/j.1462-5822.2004.00430.x) 

39. Pigeault R, Nicot A, Gandon S, Rivero A. 2015 Mosquito age and avian malaria infection. Malar. J. 
14, 383. (doi:10.1186/s12936-015-0912-z) 

40. Upton LM, Povelones M, Christophides GK. 2015 Anopheles gambiae blood feeding initiates an 
anticipatory defense response to Plasmodium berghei. J. Innate Immun. 7, 74–86. 
(doi:10.1159/000365331) 

41. Bryant WB, Michel K. 2013 Blood feeding induces hemocyte proliferation and activation in the 
African malaria mosquito, Anopheles gambiae Giles. J. Exp. Biol. , jeb.094573. 
(doi:10.1242/jeb.094573) 

42. Reynolds RA, Kwon H, Smith RC. 2020 20-Hydroxyecdysone Primes Innate Immune Responses 
That Limit Bacterial and Malarial Parasite Survival in Anopheles gambiae. mSphere 5, e00983-19. 
(doi:10.1128/mSphere.00983-19) 

43. Vaughan JA, Noden BH, Beier JC. 1994 Prior Blood Feeding Effects on Susceptibility of Anopheles 
gambiae (Diptera: Culicidae) to Infection with Cultured Plasmodium falciparum (Haemosporida: 
Plasmodiidae). J. Med. Entomol. 31, 445–449. (doi:10.1093/jmedent/31.3.445) 

44. Rock KS, Wood DA, Keeling MJ. 2015 Age- and bite-structured models for vector-borne diseases. 
Epidemics 12, 20–29. (doi:10.1016/j.epidem.2015.02.006) 

45. Iacovidou MA, Barreaux P, Spencer SEF, Thomas MB, Gorsich EE, Rock KS. 2022 Omitting age-
dependent mosquito mortality in malaria models underestimates the effectiveness of 
insecticide-treated nets. PLOS Comput. Biol. 18, e1009540. (doi:10.1371/journal.pcbi.1009540) 

46. Richard Q, Choisy M, Lefèvre T, Djidjou-Demasse R. 2022 Human-vector malaria transmission 
model structured by age, time since infection and waning immunity. Nonlinear Anal. Real World 
Appl. 63, 103393. (doi:10.1016/j.nonrwa.2021.103393) 

47. Santolamazza F, Mancini E, Simard F, Qi Y, Tu Z, della Torre A. 2008 Insertion polymorphisms of 
SINE200 retrotransposons within speciation islands of Anopheles gambiae molecular forms. 
Malar. J. 7, 163. (doi:10.1186/1475-2875-7-163) 

48. Guissou E et al. 2020 Effect of irradiation on the survival and susceptibility of female Anopheles 
arabiensis to natural isolates of Plasmodium falciparum. Parasit. Vectors 13. 
(doi:10.1186/s13071-020-04135-w) 

49. Hien DF et al. 2016 Plant-mediated effects on mosquito capacity to transmit human malaria. 
PLoS Pathog. 12, e1005773. (doi:10.5061/dryad.9s690.Funding) 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 22, 2023. ; https://doi.org/10.1101/2023.09.21.558787doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.21.558787
http://creativecommons.org/licenses/by-nc-nd/4.0/


23 
 

50. Ouédraogo AL et al. 2013 A protocol for membrane feeding assays to determine the 
infectiousness of {{}$\$textless{}}i{{}$\$textgreater{}}P . 
falciparum{{}$\$textless{}}/i{{}$\$textgreater{}} naturally infected individuals to 
{{}$\$textless{}}i{{}$\$textgreater{}}Anopheles gambiae. Malar. World J. 4, 17–20. 

51. Svec D, Tichopad A, Novosadova V, Pfaffl MW, Kubista M. 2015 How good is a PCR efficiency 
estimate: Recommendations for precise and robust qPCR efficiency assessments. Biomol. Detect. 
Quantif. 3, 9–16. (doi:10.1016/j.bdq.2015.01.005) 

52. Sangare I, Michalakis Y, Yameogo B, Dabire R, Morlais I, Cohuet A. 2013 Studying fitness cost of 
{<}i{>}Plasmodium falciparum{<}/i{>} infection in malaria vectors: validation of an appropriate 
negative control. Malar J 12, 2. 

53. Morassin B, Fabre R, Berry A, Magnaval JF. 2002 One year’s experience with the polymerase 
chain reaction as a routine method for the diagnosis of imported malaria. Am. J. Trop. Med. Hyg. 
66, 503–508. (doi:10.4269/ajtmh.2002.66.503) 

54. Guissou E et al. 2021 A non-destructive sugar-feeding assay for parasite detection and estimating 
the extrinsic incubation period of Plasmodium falciparum in individual mosquito vectors. Sci. 
Rep. 11, 9344. (doi:10.1038/s41598-021-88659-w) 

55. Guissou E et al. 2020 Effect of irradiation on the survival and susceptibility of female Anopheles 
arabiensis to natural isolates of Plasmodium falciparum. Parasit. Vectors 13, 266. 
(doi:10.1186/s13071-020-04135-w) 

56. Boissière A, Gimonneau G, Tchioffo MT, Abate L, Bayibeki A, Awono-Ambéné PH, Nsango SE, 
Morlais I. 2013 Application of a qPCR assay in the investigation of susceptibility to malaria 
infection of the M and S molecular forms of {\textless}i{\textgreater}An. gambiae 
s.s.{\textless}/i{\textgreater} in Cameroon. PLoS ONE 8. (doi:10.1371/journal.pone.0054820) 

57. Brooks M E, Kristensen K, Benthem K J ,van, Magnusson A, Berg C W, Nielsen A, Skaug H J, 
Mächler M, Bolker B M. 2017 glmmTMB Balances Speed and Flexibility Among Packages for Zero-
inflated Generalized Linear Mixed Modeling. R J. 9, 378. (doi:10.32614/RJ-2017-066) 

58. Therneau TM. 2022 coxme: Mixed Effects Cox Models. See https://CRAN.R-
project.org/package=coxme. 

59. Fox J, Weisberg S. 2019 An R Companion to Applied Regression. Third edit. Thousand Oaks CA: 
Sage. See https://socialsciences.mcmaster.ca/jfox/Books/Companion/. 

60. Lenth RV. 2023 emmeans: Estimated Marginal Means, aka Least-Squares Means. R Package 
Version 184-1. See https://CRAN.R-project.org/package=emmeans. 

61. Terzian LA, Stahler N, Irreverre F. 1956 The effects of aging, and the modifications of these 
effects, on the immunity of mosquitoes to malarial infection. J. Immunol. Baltim. Md 1950 76, 
308–313. 

62. Okech BA, Gouagna LC, Kabiru EW, Beier JC, Yan G, Githure JI. 2004 Influence of age and 
previous diet of Anopheles gambiae on the infectivity of natural Plasmodium falciparum 
gametocytes from human volunteers. J. Insect Sci. Online 4, 33. (doi:10.1093/jis/4.1.33) 

63. Walshe DP, Lehane MJ, Haines LR. 2011 Post Eclosion Age Predicts the Prevalence of Midgut 
Trypanosome Infections in Glossina. PLoS ONE 6, e26984. (doi:10.1371/journal.pone.0026984) 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 22, 2023. ; https://doi.org/10.1101/2023.09.21.558787doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.21.558787
http://creativecommons.org/licenses/by-nc-nd/4.0/


24 
 

64. Baqar S, Hayes CG, Ahmed T. 1980 The effect of larval rearing conditions and adult age on the 
susceptibility of Culex tritaeniorhynchus to infection with West Nile virus. Mosq. News 40. 

65. Ariani CV, Juneja P, Smith S, Tinsley MC, Jiggins FM. 2015 Vector competence of Aedes aegypti 
mosquitoes for filarial nematodes is affected by age and nutrient limitation. Exp. Gerontol. 61, 
47–53. (doi:10.1016/j.exger.2014.11.001) 

66. Knecht H, Richards S, Balanay J, White A. 2018 Impact of Mosquito Age and Insecticide Exposure 
on Susceptibility of Aedes albopictus (Diptera: Culicidae) to Infection with Zika Virus. Pathogens 
7, 67. (doi:10.3390/pathogens7030067) 

67. Hodoameda P, Addae L, Clem RJ. 2022 Investigation of Biological Factors Contributing to 
Individual Variation in Viral Titer after Oral Infection of Aedes aegypti Mosquitoes by Sindbis 
Virus. Viruses 14, 131. (doi:10.3390/v14010131) 

68. Mnyone LL, Kirby MJ, Mpingwa MW, Lwetoijera DW, Knols BGJ, Takken W, Koenraadt CJM, 
Russell TL. 2011 Infection of Anopheles gambiae mosquitoes with entomopathogenic fungi: 
effect of host age and blood-feeding status. Parasitol. Res. 108, 317–322. (doi:10.1007/s00436-
010-2064-y) 

69. Richards SL, Lord CC, Pesko K, Tabachnick WJ. 2009 Environmental and biological factors 
influencing Culex pipiens quinquefasciatus Say (Diptera: Culicidae) vector competence for Saint 
Louis encephalitis virus. Am. J. Trop. Med. Hyg. 81, 264–272. 

70. Pumpuni CB, Demaio J, Kent M, Davis JR, Beier JC. 1996 Bacterial Population Dynamics in Three 
Anopheline Species: The Impact on Plasmodium Sporogonic Development. Am. J. Trop. Med. 
Hyg. 54, 214–218. (doi:10.4269/ajtmh.1996.54.214) 

71. De Xue R, Edman JD, Scott TW. 1995 Age and Body Size Effects on Blood Meal Size and Multiple 
Blood Feeding by Aedes aegypti (Diptera: Culicidae). J. Med. Entomol. 32, 471–474. 
(doi:10.1093/jmedent/32.4.471) 

72. Dawes EJ, Churcher TS, Zhuang S, Sinden RE, Basáñez M-G. 2009 Anopheles mortality is both 
age- and Plasmodium-density dependent: implications for malaria transmission. Malar. J. 8, 228. 
(doi:10.1186/1475-2875-8-228) 

73. Ferguson HM, Read AF. 2002 Why is the effect of malaria parasites on mosquito survival still 
unresolved? Trends Parasitol. 18, 256–261. (doi:10.1016/S1471-4922(02)02281-X) 

74. Gutiérrez-López R, Martínez-de La Puente J, Gangoso L, Soriguer R, Figuerola J. 2020 Plasmodium 
transmission differs between mosquito species and parasite lineages. Parasitology 147, 441–447. 
(doi:10.1017/S0031182020000062) 

75. Alout H, Dabiré RK, Djogbénou LS, Abate L, Corbel V, Chandre F, Cohuet A. 2016 Interactive cost 
of Plasmodium infection and insecticide resistance in the malaria vector Anopheles gambiae. Sci. 
Rep. 6, 29755. (doi:10.1038/srep29755) 

76. Vézilier J, Nicot A, Gandon S, Rivero A. 2012 Plasmodium infection decreases fecundity and 
increases survival of mosquitoes. Proc. R. Soc. B Biol. Sci. 279, 4033–4041. 
(doi:10.1098/rspb.2012.1394) 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 22, 2023. ; https://doi.org/10.1101/2023.09.21.558787doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.21.558787
http://creativecommons.org/licenses/by-nc-nd/4.0/


25 
 

77. Ferguson HM, Read AF. 2002 Genetic and environmental determinants of malaria parasite 
virulence in mosquitoes. Proc. R. Soc. Lond. B Biol. Sci. 269, 1217–1224. 
(doi:10.1098/rspb.2002.2023) 

78. Aboagye-Antwi F, Guindo A, Traoré AS, Hurd H, Coulibaly M, Traoré S, Tripet F. 2010 Hydric 
stress-dependent effects of Plasmodium falciparum infection on the survival of wild-caught 
Anopheles gambiae female mosquitoes. Malar. J. 9, 243. (doi:10.1186/1475-2875-9-243) 

79. Lalubin F, Delédevant A, Glaizot O, Christe P. 2014 Natural malaria infection reduces starvation 
resistance of nutritionally stressed mosquitoes. J. Anim. Ecol. 83, 850–857. (doi:10.1111/1365-
2656.12190) 

80. Roux O, Vantaux A, Roche B, Yameogo KB, Dabiré KR, Diabaté A, Simard F, Lefèvre T. 2015 
Evidence for carry-over effects of predator exposure on pathogen transmission potential. Proc. 
R. Soc. B Biol. Sci. 282, 20152430. (doi:10.1098/rspb.2015.2430) 

81. Alout H, Yameogo B, Djogbénou LS, Chandre F, Dabiré RK, Corbel V, Cohuet A. 2014 Interplay 
between Plasmodium infection and resistance to insecticides in vector mosquitoes. J. Infect. Dis. 
210, 1464–1470. (doi:10.1093/infdis/jiu276) 

82. Hurd H. 2001 Host fecundity reduction: a strategy for damage limitation? Trends Parasitol. 17, 
363–368. (doi:10.1016/S1471-4922(01)01927-4) 

83. Hurd H, Warr E, Polwart A. 2001 A parasite that increases host lifespan. Proc. R. Soc. Lond. B Biol. 
Sci. 268, 1749–1753. (doi:10.1098/rspb.2001.1729) 

84. Janoušková E, Berec L. 2020 Fecundity-Longevity Trade-Off, Vertical Transmission, and Evolution 
of Virulence in Sterilizing Pathogens. Am. Nat. 195, 95–106. (doi:10.1086/706182) 

85. Rivero A, Ferguson HM. 2003 The energetic budget of Anopheles stephensi infected with 
Plasmodium chabaudi : is energy depletion a mechanism for virulence? Proc. R. Soc. Lond. B Biol. 
Sci. 270, 1365–1371. (doi:10.1098/rspb.2003.2389) 

86. Nyasembe VO, Teal PEA, Sawa P, Tumlinson JH, Borgemeister C, Torto B. 2014 Plasmodium 
falciparum Infection Increases Anopheles gambiae Attraction to Nectar Sources and Sugar 
Uptake. Curr. Biol. 24, 217–221. (doi:10.1016/j.cub.2013.12.022) 

87. Zhao YO, Kurscheid S, Zhang Y, Liu L, Zhang L, Loeliger K, Fikrig E. 2012 Enhanced Survival of 
Plasmodium-Infected Mosquitoes during Starvation. PLoS ONE 7, e40556. 
(doi:10.1371/journal.pone.0040556) 

88. Costa G et al. 2018 Non-competitive resource exploitation within mosquito shapes within-host 
malaria infectivity and virulence. Nat. Commun. 9, 3474. (doi:10.1038/s41467-018-05893-z) 

89. Werling K et al. 2019 Steroid Hormone Function Controls Non-competitive Plasmodium 
Development in Anopheles. Cell 177, 315-325.e14. (doi:10.1016/j.cell.2019.02.036) 

90. Guissou E, Da DF, Hien DFDS, Yameogo KB, Yerbanga SR, Ouédraogo GA, Dabiré KR, Lefèvre T, 
Cohuet A. 2023 Intervention reducing malaria parasite load in vector mosquitoes: No impact on 
Plasmodium falciparum extrinsic incubation period and the survival of Anopheles gambiae. PLOS 
Pathog. 19, e1011084. (doi:10.1371/journal.ppat.1011084) 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 22, 2023. ; https://doi.org/10.1101/2023.09.21.558787doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.21.558787
http://creativecommons.org/licenses/by-nc-nd/4.0/


26 
 

91. Poulin R. 2007 Evolutionary ecology of parasites. 2nd ed. Princeton, N.J: Princeton University 
Press.  

92. Mideo N, Reece SE. 2012 Plasticity in parasite phenotypes: evolutionary and ecological 
implications for disease. Future Microbiol. 7, 17–24. (doi:10.2217/fmb.11.134) 

93. Mayton EH, Tramonte AR, Wearing HJ, Christofferson RC, Christofferson RC. 2020 Age-structured 
vectorial capacity reveals timing, not magnitude of within-mosquito dynamics is critical for 
arbovirus fitness assessment. Parasit. Vectors 13. (doi:10.1186/s13071-020-04181-4) 

94. Koella JC. 1999 An evolutionary view of the interactions between anopheline mosquitoes and 
malaria parasites. Microbes Infect. 1, 303–308. (doi:10.1016/S1286-4579(99)80026-4) 

95. Cohuet A, Harris C, Robert V, Fontenille D. 2010 Evolutionary forces on Anopheles: what makes a 
malaria vector? Trends Parasitol. 26, 130–136. (doi:10.1016/j.pt.2009.12.001) 

96. Kwon H, Simões ML, Reynolds RA, Dimopoulos G, Smith RC. 2021 Additional Feeding Reveals 
Differences in Immune Recognition and Growth of Plasmodium Parasites in the Mosquito Host. 
mSphere 6, e00136-21. (doi:10.1128/mSphere.00136-21) 

97. Pathak AK, Shiau JC, De Freitas CRS, Kyle DE. 2022 Blood meals from ‘dead-end’ vertebrate hosts 
enhance transmission potential of malaria-infected mosquitoes. 
(doi:10.1101/2022.12.24.521872) 

98. Habtewold T, Sharma AA, Wyer CAS, Masters EKG, Windbichler N, Christophides GK. 2021 
Plasmodium oocysts respond with dormancy to crowding and nutritional stress. Sci. Rep. 11, 
3090. (doi:10.1038/s41598-021-81574-0) 

99. Johnson BJ, Hugo LE, Churcher TS, Ong OTW, Devine GJ. 2020 Mosquito Age Grading and Vector-
Control Programmes. Trends Parasitol. 36, 39–51. (doi:10.1016/j.pt.2019.10.011) 

 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 22, 2023. ; https://doi.org/10.1101/2023.09.21.558787doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.21.558787
http://creativecommons.org/licenses/by-nc-nd/4.0/

