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Abstract 

 

Background 

The environmental conditions experienced by parents are increasingly recognized to 

impact the success of offspring. Little is known on the presence of such parental effects 

in Anopheles. If present, parental effects could influence mosquito breeding programmes, 

some malaria control measures and have epidemiological and evolutionary consequences. 

Methods  

The presence of parental effects on offspring emergence time, size, survival, blood meal 

size and fecundity in laboratory reared An. stephensi were tested.  

Results 

Parental rearing conditions did not influence the time taken for offspring to emerge, or 

their size or survival as adults. However, parental effects were influential in determining 

the fecundity of daughters. Counter-intuitively, daughters of parents reared in low food 

conditions produced larger egg clutches than daughters of parents reared in high food 

conditions. Offspring reared in low food conditions took larger blood meals if their 

parents had also experienced a low food environment.  

Conclusion 

So far as we are aware, this is the first evidence of parental effects on progeny in 

Anopheles.   
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Background  

 

The reproductive success of an individual is dependent on genetic background, 

environmental conditions, and interactions between these. One factor which is 

increasingly recognized to have a profound impact on individual success is the 

environmental conditions experienced by their parents [1-4] Parental effects have been 

demonstrated in a wide range of taxa [e.g. 5-18]. Some of these effects arise from 

environmental constraints where, for instance, nutrient deprivation in mothers results in 

less well-provisioned and hence smaller offspring. Parental effects can also be adaptive if 

parents can perceive cues in their environment and adjust per offspring investment so as 

to optimize offspring fitness. For instance, in the freshwater crustacean Daphnia, mothers 

kept in poor conditions alter offspring size, survival, fecundity or resistance to parasites 

[e.g. 16, 19, 20]. Here, mothers in poor environments increase per offspring investment in 

the few offspring they can produce.  Thus, there are various routes by which maternal 

effects can affect important offspring traits such as development time, survival and 

fecundity.  

 

Anopheline mosquitoes (Diptera: Culicidae) are medically important vectors, responsible 

for the transmission of many diseases including malaria, filariasis and several arboviral 

diseases. The distribution of Anopheles mosquitoes is an important factor in determining 

the prevalence of Plasmodium infections and is influenced by the presence of suitable 

blood-meal hosts and oviposition sites. Female preference studies indicate that fecund 

mosquitoes choose oviposition sites based on many factors including the 
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presence/absence of conspecific instars (which may indicate high food levels), food 

sources, moisture content and the presence/absence of potential predators [e.g. 21-25]. 

Such behaviour indicates that female mosquitoes have the ability to alter their offspring 

fitness through behaviour and raises the question of whether Anopheles parents may also 

alter investment in their offspring in response to their own condition, or the 

environmental conditions their offspring might experience.  

 

Despite the hope for large scale rearing and release of sterile males and genetically 

modified mosquitoes for malaria control, little is known about the effect of Anopheles 

larval parental rearing experience on offspring success. Yet, central to the success of any 

breeding and release strategy is the production of large numbers of laboratory-reared 

mosquitoes, and the fitness of released mosquitoes [26, 27].  Moreover, many larval 

control programmes are aimed at actively degrading larval habitats, with unknown effects 

on the fitness of survivors and their progeny. 

 

To begin the study of non-behavioural parental effects on Anopheles life-history, a 

laboratory study was conducted where Anopheles larvae experienced either the same or 

different rearing conditions to that experienced by their parents (high or low food 

availability). After varying the parental environment, the offspring fitness components of 

emergence time, size, survival, blood meal size and fecundity were measured. As genetic 

and phenotypic variance is often greater in stressful environments, particular attention is 

paid to parental effects in offspring reared in low food environments[5, 28, 29].  This 

study shows that parental rearing conditions can influence offspring life history. 
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Methods  

 

Experimental design 

Mosquitoes originated from a longstanding laboratory stock of An. stephensi and were 

reared under standard laboratory conditions at 27±2 °C, 70% humidity and in a 12:12 

light: dark cycle. Eggs were hatched in three plastic trays (25cm x 25cm) filled with 1.5L 

of distilled water. Two days after hatching, larvae from the three trays were mixed and 

200 transferred to 30 ml vials containing 5 mls of distilled water, where they were reared 

individually (Figure 1a).  Half of these larvae were then randomly allocated to the low 

food treatment group (1mg of Tetrafin® food per day) and half to the high food treatment 

group (10 mg of Tetrafin® food per day). When individuals pupated, their vial was 

covered with fine nylon gauze until emergence. Food levels were determined from an 

earlier pilot study and include the range where 100% emergence occurred.  The position 

of the vials within the insectary was fully randomized at this and all subsequent stages. 

 

On emergence, the mosquitoes were pooled into three mesh cages (30 x 30 x 30 cm) per 

treatments groups and provided with 10% glucose solution ad libitum (Figure 1b). 

Approximately one week after emergence, one anaesthetized mouse was placed on each 

cage from which the mosquitoes were allowed to feed for 20 minutes. One day later 

bowls of water were introduced into the cage for oviposition.  

 



Grech, K., Maung, L.A., & Read, A.F. 2007. The effect of parental rearing conditions on offspring life 

history in Anopheles stephensi. Malaria Journal 6:130. 

These eggs were then pooled and hatched in six plastic trays for each treatment and 400 

individual larvae (200 from each parental treatment group) transferred to a standard vials 

as above (Figure 1c). The larvae were allocated to either the high or low food treatment 

groups (as above) and monitored daily for pupation. When individuals pupated, they were 

transferred to a vial that was covered with fine nylon gauze and maintained without food 

for survival analysis (Figure 1d). On death, mosquitoes were transferred to a 1 ml tube 

and refrigerated until the end of the experiment. At the end of the experiment the wings 

of each mosquito were dissected and measured from the distal to dorsal points using 

microscopy. 

 

This experiment was repeated eight weeks later. In the repeat experiment, offspring were 

separated into two groups for either survival analysis as in the previous experiment, or for 

fecundity analysis after a blood meal (Figure 1d and e). Fecundity analysis involved 

transferring both male and female offspring into mating cages (30 x 30 x 30 cm), with 

four mating cages per offspring group. Five days after emergence, anaesthetized mice 

were placed on each of the 16 mating cages and the mosquitoes allowed feed for 20 

minutes.  These mice had all been infected 14 days before the feed with Plasmodium 

chabaudi, as the original intention was to determine whether vectorial capacity was 

affected by parental environmental conditions. However, most unexpectedly on the day 

of the blood-meal, neither asexual nor sexual parasites were present in any of the mice 

and on dissection of the female mosquitoes after egg-laying, no transmission had 

occurred. As all infected mice were parasite negative on the day of the feed and were 

randomly assigned treatment groups which were replicated, any treatment effect should 
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be unrelated to any effect of infection. Immediately after the feed, each female mosquito 

was transferred to a clean vial covered with fine nylon gauze for three days to allow all 

haematin (a by-product of decomposition of haemoglobin) to be excreted (Figure 1e), 

from which blood meal size was estimated [30]. Excreted haematin collected in the 

bottom of the vial was dissolved in 1 ml of 1% LiC03 solution. The absorbance of the 

resulting mixture was read at 387nm in a spectrophotometer using LiC03 solution as a 

blank and compared with a standard curve made with porcine serum haematin (Sigma 

Aldrich). Solutions that were within the error range of the LiC03 blanks (absorbance < 

0.01) were eliminated from the analysis and classified as non-feeders. After the 3-day 

haematin collection period, mosquitoes were moved to new 30ml tubes containing 3mls 

of water to allow oviposition (Figure 1f).  

 

 

Trait definition  

The fitness components of emergence time, survival, adult size, blood meal size and 

fecundity were measured. Both emergence time and survival were measured as the 

number of days required for either a) the larvae to emerge as an adult, post hatching, or b) 

taken to die post emergence. As an indicator of size, the length of one wing per mosquito 

from the distal to dorsal points using microscopy was measured. Haematin mass was used 

as an indicator of blood meal size, while fecundity was determined by counting the 

number of eggs laid over the three days following the blood meal. 
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Statistical analysis  

The life history traits of emergence time and survival were analysed using Proportional 

Hazards (JMP in 5.1). Adult size, blood meal size and fecundity were analysed using 

General Linear Models. The explanatory variables were parental food (two levels), 

offspring food (two levels), gender (two levels) and where relevant, experimental block 

(two levels). For all models, a maximal model including all two and three-way 

interactions was fitted first. Models were then minimized by removing non-significant 

terms beginning with the highest-level interaction. In no cases were any of the three-way 

block*parent*offspring condition interactions significant and these are therefore not 

reported. Significant block*parent or block*offspring interactions did occur, but as they 

only reflected differences in magnitude between blocks, they are not reported.  For the 

blood meal analysis as well as the fecundity analysis, the average blood meal size per 

replicate cage and the average number of eggs per replicate cage were used as response 

variables (n=16), with average adult size as a covariate. This is a conservative approach 

to deal with the issue of pseudoreplication of treatments arising from mosquitoes fed on 

the same mouse. The statistical significance of the main effect of mouse and of the 

interactions between mouse and the covariates (adult size and blood meal size) was also 

tested. For both of the response variables of blood meal size and fecundity, the main 

effect of mouse and the interactions were non-significant. 
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Results 

 

Sample sizes 

In experiment 1, two hundred larvae were split into either a high food group or low food 

group, to form the parental generation. Once adults, these parents were mated within 

groups (three per treatment) and 400 eggs from the parental high food generation and 400 

eggs from the parental low food generation were used for the offspring experiments. Of 

these, complete records of the emergence time, survival, gender and size were noted for 

460 mosquitoes which were included in the analysis. In the repeat experiment, 120 larvae 

formed the parental generation, from which, 400 eggs from the parental high food 

generation and 400 eggs from the parental low food generation were used for the 

offspring analysis. Of these, emergence time was noted for 478 mosquitoes, with 140 of 

used in the survival trial and 287 used for blood meal and fecundity analysis. Altogether, 

149 females were included the fecundity trials in which 19,844 eggs were counted. 

 

Time taken to emerge 

The time taken for larvae to emerge as adults post-hatching was determined by offspring 

food conditions and to a lesser degree by offspring gender (Figure 2a, Table 1-1). Larvae 

reared in high food conditions emerged from pupation up to four days earlier than larvae 

reared in low food conditions and males emerged on average, one day before females. 

The food levels experienced by the parental generation did not influence emergence time 

and this lack of parental influence was constant across offspring food levels (Figure 2a, 

Table 1-1). 
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Size 

Offspring larval food level was also the main factor influencing the size of offspring once 

they reached adulthood (Fig 2b, Table 1-2). Larvae emerging from high food conditions 

were on average 16% larger than those emerging from low food conditions. Gender was 

also an important determinant of offspring size, with females being 7% larger than males 

(Figure 2b, table 1-2). The larval food levels of the parental generation did not influence 

offspring adult size (Figure 2b, Table 1-2).  

 

Survival  

The food level experienced by the offspring was again the only factor found to be 

influencing adult survival (Figure 2c, Table 1-3a).  As expected, offspring reared in high 

food conditions survived for longer than offspring reared in low food conditions. Survival 

did not differ between the males and the females and was unaffected by parental rearing 

conditions (Figure 2c, Table 1-3a). Larger offspring survived for longer than smaller 

offspring (�
2
 = 148, df =1, p=<0.0001), but offspring food level was still a major 

determinant of survival even when controlling for offspring size (Figure 2c, Table 1-3c).   

 

Blood feeding 

Nineteen out of the 149 females that were given access to a blood meal were classified as 

non feeders. No effect of parental food level, offspring food level or an interaction 

between the two influenced female propensity to fed (parent: �
2 

= 2.8, df =1, p=0.09; 

offspring: �
2 
= 2.7, df =1, p=0.1; parent*offspring: �

2 
= 2.5, df =1, p=0.1, respectively). 
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Of the 130 females that did feed, only the level of food they themselves experienced as 

larvae influenced the size of the blood meal they took as adults (Figure 3a, Table 1-4a). 

Daughters reared in high food conditions took 25% larger blood meals than the daughters 

reared at low food conditions. Controlling for adult size, it was again found that blood-

meal size was influenced only by the food level experience of the offspring (Figure 3a, 

table 1-4b). However, genetic and phenotypic variance is often greater in stressful 

environments [5, 28, 29].  Indeed, parental effects were apparent when the offspring 

reared on low food only were considered: blood meal size was influenced by the larval 

food level of parents, even when controlled for adult size, with the offspring of parents 

reared in low food conditions taking larger blood meals (parent: F1, 6=27.4, p=0.002, 

parent controlled for size: F1, 5=138.3, p<0.0001, respectively). 

 

Egg number  

Parental effects influenced offspring fecundity. Offspring of parents reared in low food 

conditions produced more eggs than the offspring from parents reared in high food 

conditions (Figure 3b, Table 1-5a). Parental food level influenced offspring egg number, 

even when controlling for offspring size (Figure 3b, Table 1-5b). Considering the 

offspring reared on low food only, the fecundity of low food daughters was influenced by 

the larval food level of their parents, even when controlled for adult size (F1, 6=13.6, 

p=0.01, F1, 5=12.3, p=0.017, respectively). 
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Blood meal size and egg number were positively correlated, with larger blood meal sizes 

resulting in increased egg production (F1, 14=34.1, p<0.0001). The number of eggs 

produced for a given blood meal size was influenced by offspring as well as parental 

larval food level (Figure 3b, Table 1-5c). Parental effects influenced the fecundity of 

daughters reared at low food conditions but not of daughters reared at high food (F1, 

5=16.1, p=0.01, F1, 5=4.5, p=0.09, respectively).  For the same size blood meal, the 

daughters reared at low food conditions were 20% more fecund if their parents had also 

been reared at low food levels.   

 

Discussion 

 

This study sought to establish the potential for parental effects to influence offspring 

reproduction in Anopheles. It was found that parental environment had variable effects on 

mosquito life history traits. Parental effects did not influence the time taken for offspring 

to emerge, offspring size or survival. These traits were influenced by current offspring 

food levels only. However, there was a parental effect on blood meal size, but only in 

offspring reared in the low food environment. Daughters raised in the low food 

environment took larger blood meals if their parents had also experienced low food than 

if their parents had experienced high food. It is tempting to think that the enlarged blood 

meals were to compensate for poor maternal provisioning and resource acquisition during 

larval development. 
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Parental effects were also influential in determining the fecundity of their daughters. 

Daughters from parents reared in low food conditions produced more eggs than daughters 

from parents reared in high food.  This increased fecundity may arise to compensate for 

expected decreased longevity in low food environments. Although studies showing 

condition-mediated life history shifts affecting clutch size are limited, shifts to earlier 

reproduction due to parasite and predator mediated effects have been previously observed 

in invertebrates [31, 32]. For the female mosquitoes in this study, a reduced adult lifespan 

of even a few days could dramatically decrease total lifetime fecundity. In an 

environment where numerous bouts of reproduction are not probable, the optimal strategy 

may be to shift resources into few larger reproductive efforts [33]. If this explanation is 

correct, there must be costs of increased fecundity, possibly in terms of survival in benign 

environments or in terms of offspring quality.   

 

Does the potential for adaptive parental provisioning exist in this system? For this to be 

the case (i) ecologically-relevant environmental variation would need to affect offspring 

fitness, (ii) parents would need be able to predict their offspring’s environment through 

reliable cues, and (iii) parents would be able to adaptively adjust the phenotype of their 

offspring to the anticipated environment [15]. Evidence for environmental variation 

influencing mosquito fitness is abundant. Temperature, humidity, parasitism, sugar 

feeding and plant extracts have all been found to influence fecundity [e.g. 34-38].  The 

potential for prediction and life history adjustment are less clear. Oviposition preference 

indicates that mothers can assess the environment their larval offspring will inhabit. 

However, the frequently ephemeral oviposition sites of Anopheles may make it difficult 
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for a female mosquito to predict the environment that her offspring will inhabit. With 

little direct evidence either way; there is much potential for work on adaptive parental 

effects in Anopheles.    

 

The parental effects reported here may be relevant to control strategies against vector-

borne diseases. The deliberate ecological manipulation of larval habitats is a mainstay of 

vector control against malaria [e.g. 39, 40-44].  Moreover, the large scale releases of 

captive raised genetically-modified or sterile Anopheles are being proposed as possible 

future malaria control strategies [e.g. 45, 46-50]. Where maximal fecundity is an 

aspiration of mass rearing programmes, our finding that fecundity is influenced by 

parental condition argues for further work to optimize the offspring and parent rearing 

conditions. Furthermore, if the fecundity effects arise because of adaptive life history 

provisioning, then there must be fitness costs to larger clutches (otherwise, it would be 

hard to explain why only the offspring of parents raised in poor conditions respond to 

poor conditions by increasing fecundity). It may be that maximizing fecundity in 

mosquito captive rearing programmes would be sub-optimal. In the rearing and release of 

hatchery salmon, for example, it has been suggested that selection for increased fecundity 

has resulted in decreased egg size, which was linked to decreased survival [51].  By its 

nature, captive breeding selects for quantity over quality. It may be that large-scale 

rearing in benign environments may lead to their maladaptation to wild conditions. These 

considerations, together with the data reported here, point to the need for more work on 

parental effects in malaria vectors. Obvious next steps include the analyses of wild caught 

mosquitoes, of other Anopheles species, and of other feeding regimes.  



Grech, K., Maung, L.A., & Read, A.F. 2007. The effect of parental rearing conditions on offspring life 

history in Anopheles stephensi. Malaria Journal 6:130. 

 

Authors’ contributions 

KG designed and analysed the experiments described here and wrote manuscript. LM 

conducted experiment 1, assisted in the planning of both experiments and the initial 

analysis. AR assisted in the planning of the experiments, the writing of the manuscript 

and obtained the funding. All authors read and approved the final manuscript. 

 

Acknowledgements 

We thank E. Cunningham, H. Ferguson, A. Graham, T. Little and S. Mitchell for 

discussions and useful comments on the manuscript; A. Sans Sebastian for technical 

assistance; and the Wellcome Trust for funding.  The MS was finished while AR was at 

the Wissenschaftskolleg zu Berlin. 

 

 

 

 

 

 

 

 

 

 

 



Grech, K., Maung, L.A., & Read, A.F. 2007. The effect of parental rearing conditions on offspring life 

history in Anopheles stephensi. Malaria Journal 6:130. 

 

References 
 

1. Bernardo J: Maternal effects in animal ecology. Am Zool 1996, 36:83-105. 

2. Kirkpatrick M, Lande R: The evolution of maternal characters. Evolution 1989, 

43:485-503. 

3. Mousseau TA, Fox CW: The adaptive significance of maternal effects. Trends 

Ecol Evol 1998, 13:403-407. 

4. Wolf JB, Brodie ED, Cheverud JM, Moore AJ, Wade MJ: Evolutionary 

consequences of indirect genetic effects. Trends Ecol Evol 1998, 13:64-69. 

5. Andersen DH, Pertoldi C, Scali V, Loeschcke V: Heat stress and age induced 

maternal effects on wing size and shape in parthenogenetic Drosophila 

mercatorum. J Evolution Biol 2005, 18:884-892. 

6. Rotem K, Agrawal AA, Kott L: Parental effects in Pieris rapae in response to 

variation in food quality: adaptive plasticity across generations? Ecol 

Entomol 2003, 28:211-218. 

7. Jones TM, Widemo F: Survival and reproduction when food is scarce: 

implications for a lekking Hawaiian Drosophila. Ecol Entomol 2005, 30:397-

405. 

8. Badyaev AV: Maternal inheritance and rapid evolution of sexual size 

dimorphism: Passive effects or active strategies? Am Nat 2005, 166:S17-S30. 

9. Bateson P, Barker D, Clutton-Brock T, Deb D, D'Udine B, Foley RA, Gluckman 

P, Godfrey K, Kirkwood T, Lahr MM et al: Developmental plasticity and 

human health. Nature 2004, 430:419-421. 

10. Benton TG, Plaistow SJ, Beckerman AP, Lapsley CT, Littlejohns S: Changes in 

maternal investment in eggs can affect population dynamics. Proc R  Soc B-

Biol Sci 2005, 272:1351-1356. 

11. Fox CW, Czesak ME, Wallin WG: Complex genetic architecture of population 

differences in adult lifespan of a beetle: nonadditive inheritance, gender 

differences, body size and a large maternal effect. J of Evolution Biol 2004, 

17:1007-1017. 

12. Gilchrist GW, Huey RB: Parental and developmental temperature effects on 

the thermal dependence of fitness in Drosophila melanogaster. Evolution 2001, 

55:209-214. 

13. Laurila A, Karttunen S, Merila J: Adaptive phenotypic plasticity and genetics 

of larval life histories in two Rana temporaria populations. Evolution 2002, 

56:617-627. 

14. Marshall DJ, Cook CN, Emlet RB: Offspring size effects mediate competitive 

interactions in a colonial marine invertebrate. Ecology 2006, 87:214-225. 

15. Moret Y: Trans-generational immune priming: specific enhancement of the 

antimicrobial immune response in the mealworm beetle, Tenebrio molitor. 

Proc R Soc B-Biol Sci 2006, 273:1399-1405. 

16. Pieters BJ, Liess M: Maternal nutritional state determines the sensitivity of 

Daphnia magna offspring to short-term Fenvalerate exposure. Aquat Toxicol 

2006, 76:268-277. 



Grech, K., Maung, L.A., & Read, A.F. 2007. The effect of parental rearing conditions on offspring life 

history in Anopheles stephensi. Malaria Journal 6:130. 

17. Reinhold K: Maternal effects and the evolution of behavioral and 

morphological characters: A literature review indicates the importance of 
extended maternal care. J Hered 2002, 93:400-405. 

18. Sadd BM, Kleinlogel Y, Schmid-Hempel R, Schmid-Hempel P: Trans-

generational immune priming in a social insect. Biol Lett 2005, 

DOI:10.1098/rsbl.2005.0369. 

19. Lynch ME, R.: Resource availability, maternal effects, and longevity. Exp 

Gerontol 1983, 18:147-165. 

20. Mitchell SE, Read AF: Poor maternal environment enhances offspring disease 

resistance in an invertebrate. Proc R Soc B-Biol Sci 2005, 272:2601-2607. 

21. Bond JG, Arredondo-Jimenez JI, Rodriguez MH, Quiroz-Martinez H, Williams T: 

Oviposition habitat selection for a predator refuge and food source in a 

mosquito. Ecol Entomol 2005, 30:255-263. 

22. Huang J, Walker ED, Giroux PY, Vulule J, Miller JR: Ovipositional site 

selection by Anopheles gambiae: influences of substrate moisture and texture. 

Med Vet Entomol 2005, 19:442-450. 

23. Kiflawi M, Blaustein L, Mangel M: Oviposition habitat selection by the 

mosquito Culiseta longiareolata in response to risk of predation and 

conspecific larval density. Ecol Entomol 2003, 28:168-173. 

24. Mokany A, Shine R: Oviposition site selection by mosquitoes is affected by 

cues from conspecific larvae and anuran tadpoles. Austral Ecol 2003, 28:33-

37. 

25. Pates H, Curtis C: Mosquito behavior and vector control. Annu Rev Entomol 

2005, 50:53-70. 

26. Andreasen MH, Curtis CF: Optimal life stage for radiation sterilization of 

Anopheles males and their fitness for release. Med Vet Entomol 2005, 19:238-

244. 

27. Ferguson HM, John B, Ng'habi K, Knols BGJ: Redressing the sex imbalance in 

knowledge of vector biology. Trends Ecol Evol 2005, 20:202-209. 

28. Danks HV: Key themes in the study of seasonal adaptations in insects II. Life-

cycle patterns. Appl Entomol Zool 2006, 41:1-13. 

29. Hoffmann AA, Merila J: Heritable variation and evolution under favourable 

and unfavourable conditions. Trends Ecol Evol 1999, 14:96-101. 

30. Briegel H: Determination of uric acid and hematin in a single sample of 

excreta from blood fed insects. Experientia 1980, 36:1428-1428. 

31. Chadwick W, Little TJ: A parasite-mediated life-history shift in Daphnia 

magna. Proc R Soc B-Biol Sci 2005, 272:505-509. 

32. Wedekind C: Induced hatching to avoid infectious egg disease in whitefish. 

Curr Biol 2002, 12:69-71. 

33. Stearns SC: The evolutionary significance of phenotypic plasticity. Bioscience 

1989, 39:436-445. 

34. Afrane YA, Zhou GF, Lawson BW, Githeko AK, Yan GY: Effects of 

microclimatic changes caused by deforestation on the survivorship and 

reproductive fitness of Anopheles gambiae in Western Kenya highlands. Am J 

Trop Med Hyg 2006, 74:772-778. 



Grech, K., Maung, L.A., & Read, A.F. 2007. The effect of parental rearing conditions on offspring life 

history in Anopheles stephensi. Malaria Journal 6:130. 

35. Jahan N, Hurd H: The effects of infection with Plasmodium yoelii nigeriensis 

on the reproductive fitness of Anopheles stephensi. Ann Trop Med Parasit 

1997, 91:365-369. 

36. Jeyabalan D, Arul N, Thangamathi P: Studies on effects of Pelargonium citrosa 

leaf extracts on malarial vector, Anopheles stephensi liston. Bioresource 

Technol 2003, 89:185-189. 

37. Mostowy WM, Foster WA: Antagonistic effects of energy status on meal size 

and egg-batch size of Aedes aegypti (Diptera : Culicidae). J Vector Ecol 2004, 

29:84-93. 

38. Tripathi AK, Prajapati V, Ahmad A, Aggarwal KK, Khanuja SPS: Piperitenone 

oxide as toxic, repellent, and reproduction retardant toward malarial vector 

Anopheles stephensi (Diptera : Anophelinae). J Med Entomol 2004, 41:691-

698. 

39. Ault SK: Environmental management - a reemerging vector control strategy. 

American Journal of Tropical Medicine and Hygiene 1994, 50:35-49. 

40. Bond JG, Rojas JC, Arredondo-Jimenez JI, Quiroz-Martinez H, Valle J, Williams 

T: Population control of the malaria vector Anopheles pseudopunctipennis by 

habitat manipulation. Proceedings of the Royal Society of London Series B-

Biological Sciences 2004, 271:2161-2169. 

41. Utzinger J, Tozan Y, Singer BH: Efficacy and cost-effectiveness of 

environmental management for malaria control. Tropical Medicine & 

International Health 2001, 6:677-687. 

42. Gu WD, Novak RJ: Habitat-based modeling of impacts of mosquito larval 

interventions on entomological inoculation rates, incidence, and prevalence 

of malaria. Am J Trop Med Hyg 2005, 73:546-552. 

43. Keiser J, Singer BH, Utzinger J: Reducing the burden of malaria in different 

eco-epidemiological settings with environmental management: a systematic 

review. Lancet Infect Dis 2005, 5:695-708. 

44. Grieco JP, Vogtsberger RC, Achee NL, Vanzie E, Andre RG, Roberts DR, 

Rejmankova E: Evaluation of habitat management strategies for the reduction 

of malaria vectors in northern Belize. J Vector Ecol 2005, 30:235-243. 

45. Benedict MQ, Robinson AS: The first releases of transgenic mosquitoes: an 

argument for the sterile insect technique. Trends Parasitol 2003, 19:349-355. 

46. Helinski MEH, Parker AG, Knols BGJ: Radiation-induced sterility for pupal 

and adult stages of the malaria mosquito Anopheles arabiensis. Malaria J 

2006, 5. 

47. Ito J, Ghosh A, Moreira LA, Wimmer EA, Jacobs-Lorena M: Transgenic 

anopheline mosquitoes impaired in transmission of a malaria parasite. Nature 

2002, 417:452-455. 

48. James AA: Engineering mosquito resistance to malaria parasites: the avian 

malaria model. Insect Biochem Molec 2002, 32:1317-1323. 

49. Moreira LA, Ghosh AK, Abraham EG, Jacobs-Lorena M: Genetic 

transformation of mosquitoes: a quest for malaria control. Int J Parasitol 

2002, 32:1599-1605. 

50. Phillips RS: Current status of malaria and potential for control. Clin 

Microbiol Rev 2001, 14:208-226. 



Grech, K., Maung, L.A., & Read, A.F. 2007. The effect of parental rearing conditions on offspring life 

history in Anopheles stephensi. Malaria Journal 6:130. 

51. Heath DD, Heath JW, Bryden CA, Johnson RM, Fox CW: Rapid evolution of 

egg size in captive salmon. Science 2003, 299:1738-1740. 

 



Grech, K., Maung, L.A., & Read, A.F. 2007. The effect of parental rearing conditions on offspring life 

history in Anopheles stephensi. Malaria Journal 6:130. 

 

 

Figure legends  

Figure 1  

 The experimental set up. (a) In experiments 1 and 2, a total of 320 larvae were separated 

into the parental treatments of high and low food, with individual larvae placed in a 

standard 30 ml vial containing 5 mls of distilled water. (b) After emergence, adult parents 

were transferred to a mating cage and kept in good conditions. (c) Eggs from within 

treatment matings were split into high and low food. (d) In experiment 1, post emergence, 

the offspring were starved and their survival determined. In experiment 2, half of each 

offspring treatment was starved, while the other half was transferred to one of four 

mating cages for a blood meal. (e) After the blood meal individual females were 

transferred to standard vials for haematin collection. (f) After haematin collection 

individual females were transferred to standard vials for egg laying.  

 

Figure 2 

2a: Summary graphs showing the main effect of i) Offspring food (low and high) ii) 

Gender (male and female)  iii) Parental food (low and high) and the iv) interaction 

between parent and offspring on emergence time. Emergence time was measured as the 

number of days taken post hatching to emerge as an adult. In total the emergence time of 

938 mosquitoes was recorded. For this and all following analysis, ‘experimental block’ 

interactions were fitted. Each graph including those below, represents the least square 
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means and the associated standard error. Note that in some cases the dashed line is 

obscured by the solid line in the interaction graphs.  

 

2b: Summary graphs showing the main effect of i) Offspring food ii) Gender  iii) Parental 

food and the iv) interaction between parent and offspring on adult size. Adult size was 

determined from the wing length of each mosquito. In total the wing length of 747 

mosquitoes was recorded. 

 

2c: Summary graphs showing the main effect of i) Offspring food ii) Gender iii) Parental 

food, and the iv) interaction between parent and offspring on adult survival. Adult 

survival was determined as the number of days the mosquito remained alive, post 

hatching in the absence of water or glucose. In total the wing length of 747 mosquitoes 

was recorded. 

 

Figure 3 

3a: Summary graphs showing the main effects of i) Offspring food and ii) Parental food, 

as well as iii) the interaction between parent and offspring and iv) the interaction between 

parent and offspring on blood meal size, controlling for adult size. Haematin 

concentration was used as an indicator or blood meal size. For each treatment 10-15 

female mosquitoes fed on 4 replicate mice. The plotted points are therefore the average 

blood meal size of each mosquito per mouse (n=16) and the associated standard error. 
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3b: Summary graphs showing the main effects of i) Offspring food and ii) Parental food, 

as well as iii) the interaction between parent and offspring and iv) the interaction between 

parent and offspring on fecundity, controlling for blood meal size. Fecundity was 

determined by counting the number of eggs laid over the 3 days following a blood meal. 

For each treatment 10-15 female mosquitoes fed on 4 replicate mice. The plotted points 

are therefore the average total number of eggs laid per mosquito per mouse (n=16) and 

the associated standard error. 
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Tables 

 
Table 1. The effects of parent food level, offspring food level and an interaction between 

them on the fitness components of emergence time, adult size, survival, blood meal size 

and fecundity. * = < 0.05, ** = <0.01, *** = < 0.001, **** = <0.0001 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fitness Effects Test Statistic p Significance 

 component     

1 Emergence     

 time Parental food �
2
 
 
=      2.7 0.09  

 (days) Offspring food �
2 
=   699.7 <0.0001 *** 

  Gender �
2 
=     41.4 <0.0001 *** 

  Parental*Offspring �
2  

=      1.2 0.21  

2 Size     

 (wing length) Parental food F1,593=  1.2 0.27  

  Offspring food F1,594=2567 <0.0001 *** 

  Gender F1,594=900 <0.0001 *** 

  Parental*Offspring F1,592=  0.7 0.39  

3a Survival     

 (days) Parental food �
2  

=      1.1 0.30  

  Offspring food �
2  

=    96.7 <0.0001 *** 

  Gender �
2  

=      1.9 0.17  

  Parental*Offspring �
2  

=      1.1 0.30  

      

3b controlling Parental food �
2  

=      0.8 0.38  

 for offspring Offspring food �
2  

=    62.9 <0.0001 *** 

 adult size Gender �
2  

=      1.6 0.20  

  Parental*Offspring �
2  

=      1.6 0.20  

4a Blood meal     

 size Parental food F1,13=   3.29 0.09  

 (haematin) Offspring food F1,14=   7.3 0.017 * 

  Parental*Offspring F1,12=   0.8 0.39  

      

4b controlling Parental food F1,12=   3.1 0.1  

 for offspring Offspring food F1,13=   6.9 0.02 * 

 adult size Parental*Offspring F1,11=   0.9 0.35  

5a Fecundity     

 (egg number) Parental food F1,14=   6.7 0.02 * 

  Offspring food F1,13=   3.2 0.096  

  Parental*Offspring F1,12=   2.5 0.13  

      

5b controlling Parental food F1,13=   5.9 0.03 * 

 for offspring Offspring food F1,12=   3.0 0.1  

 adult size Parental*Offspring F1,11=   2.4 0.14  

      

5c controlling Parental food F1,11= 16.7 0.0018 ** 

 for daughters Offspring food F1,11=   8.0 0.016 * 

 

blood meal 

size Parental*Offspring F1,11=   5.6 0.037 * 
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