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ABSTRACT 

 

Effects of larval nutrition and temperature on adult life-history 

traits in Drosophila melanogaster (Diptera: Drosophilidae) 

 

 Kyeong Woon Min 

Major in Entomology, 

Department of Agricultural Biotechnology, 

Seoul National University 

 

 

During their lifetime, organisms have to pass through different life stages 

that are closely linked to each other. Environmental conditions experienced during 

a certain life stage have been reported to play a significant role in influencing the 

phenotype of an organism at subsequent stages, a phenomenon widely known as 

the carry-over effect. Temperature and nutrition are the two most influential 

environmental factors that operate in concert to shape lifespan, fecundity, and other 

life-history traits directly linked to Darwinian fitness in insects and other 

ectothermic organisms. Whilst the majority of studies in insects have focused on 

the impacts of temperature and nutrition on life-history traits within a single life 

stage, there is relatively little research on how these two environmental factors 

experienced during the larval stage can have long-lasting consequences for the 
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phenotypes of traits that are directly related to fitness in adults. 

The main objective of this thesis was to determine whether and how the 

variations in the temperature and nutrition of the larval environment are carried over 

to influence the pattern of adult survival, lifespan, and early-life reproductive 

outcome in a key model insect, Drosophila melanogaster Meigen (Diptera: 

Drosophilidae). If any carry-over effects of these larval conditions were detected, I 

further explored whether these effects can be modulated by the adult environments 

through testing the significant interactions between the larval and adult 

environments. The aspect of nutrition that was focused on in this study was the 

balance between two macronutrients, protein and carbohydrate, which is considered 

to be the most decisive dietary determinant of fitness in insects and other organisms. 

The carry-over effects of larval temperature and nutrition were separately 

investigated in Experiment 1 and 2, respectively.  

In Experiment 1, D. melanogaster were subjected to one of nine treatments 

representing full combinations of the same three larval and three adult temperatures 

(18, 23, or 28℃). More than 75% of flies successfully reached their adult stage at 

all three larval temperatures. Fly larvae reared at colder temperatures grew more 

slowly but reached the adult stage at a larger size than those reared at higher 

temperatures, thus conforming to the temperature-size rule. Flies survived for 

longer and produced fewer eggs when they were exposed to lower temperatures 

during the adulthood. In addition to this direct effect of the adult temperature, the 
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cold temperature experienced during the larval stage had significant carry-over 

effects on both adult survival and early-life fecundity. Lifespan was slightly 

prolonged for flies raised at 18℃ and this effect of larval temperature was most 

pronounced when the adult temperature was 18℃. Flies raised under a cold larval 

environment (18℃) produced significantly fewer eggs throughout the experimental 

period (days 0-10) than those raised under warmer environments (23 and 28℃). 

Despite the presence of such carry-over effect, early-life egg production was more 

strongly affected by the adult temperature than by the larval temperature.  

Similar to Experiment 1, D. melanogaster were assigned to one of sixteen 

treatments representing full combinations of the same four larval and four adult 

diets with differing protein:carbohydrate ratio (P:C = 1:8, 1:2, 2:1, or 8:1) in 

Experiment 2. Fly larvae raised at the lowest P:C ratio of 1:8 suffered high larval 

mortality, delayed development, and reduced body size at maturity than those raised 

at higher P:C ratios. The increase in the P:C ratio of the larval diet led fly larvae to 

develop faster and grow larger. The consumption of high P:C ratio during the adult 

stage increased egg production but decreased survival, as it has been documented 

from previous studies. The P:C ratio of the larval diets also exhibited significant 

carry-over effects on adult survivorship and egg fecundity. Flies raised at the 

protein-biased P:C ratio of 8:1 lived slightly longer than those raised at the others 

when the adult P:C ratio was 1:8 but no such effect was observed at other adult P:C 

diets. The number of eggs produced by D. melanogaster during the first five days 
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of the adult stage (days 0-5) was predominantly influenced by the carry-over effects 

of larval diet, showing that flies raised at low P:C ratio produced significantly fewer 

eggs than those raised at higher P:C ratios regardless of the P:C ratio of the adult 

diet. However, this strong impact of larval diet shown over days 0-5 started to 

diminish dramatically after day 5 post-eclosion. Over second five days of the adult 

stage (days 5-10), egg production was analyzed to be determined almost exclusively 

by the P:C ratio of the adult diet instead. The main diet which contributed most to 

egg production thus shifted from larval to adult diets in D. melanogaster.  

In summary, this study provided evidence that the thermal and nutritional 

conditions of the larval environment had profound consequences for fitness-related 

traits during the early adulthood in D. melanogaster. It was also revealed that there 

were fundamental differences between the temperature and the macronutrient 

balance encountered during the larval stage in terms of the nature, magnitude, and 

persistency of their carry-over effects to adult fitness. For example, the carry-over 

effects of larval temperature on early-life fecundity were found to be weak and 

long-lasting, whereas those of larval nutrition to be strong and ephemeral. To the 

best of my knowledge, this is the first study that has directly compared the carry-

over effects of these two most important environmental determinants of fitness. The 

results reported in this work highlight the importance of incorporating the effects 

of environmental conditions experienced early in life into the analysis on 

organismal fitness and also have implications for predicting the responses of insects 
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to changes in thermal and nutritional environments driven by climate warming.  
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INTRODUCTION 

 

The “Darwinian fitness” is a relative measure of reproductive success of 

an organism in passing its genes to the gene pool of the next generation and is 

practically determined by measuring how many offspring surviving to reproductive 

age are produced by an individual over its lifetime (i.e., lifetime reproductive 

success). Life-history traits are those traits that define the life table of an organism 

and include longevity, the number and size of offspring, growth rate, age at first 

reproduction, fecundity, etc (Stearns, 1992; Roff, 2002). There is a general 

consensus among evolutionary biologists that life-history traits are directly linked 

to fitness and thus are the major components of fitness.  

The life-history phenotype of an organism is the combined outcome of 

various biotic and abiotic environmental conditions encountered by an organism in 

the past, the present, or even the future. Temperature and nutrition have long been 

regarded as the two most prominent environmental determinants of fitness and life-

history traits in nearly all organisms, especially in those ectothermic animals that 

rely on external heat source for regulating body temperature (Kingsolver and Huey, 

2008; Simpson and Raubenheimer, 2012). The profound impacts of environmental 

temperature on fitness and various life-history traits are well established in insects 

and other ectotherms (Angilletta, 2009; Clarke, 2017). For example, there are ample 
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studies documenting that a moderate increase in environmental temperature is 

associated with accelerated juvenile growth, reduced body size at maturity, 

increased reproductive outcome, and shortened lifespan in insects (David et al., 

1983; Atkinson, 1994; Nunney and Cheung, 1997; Hoffmann, 2010). Whilst the 

temperature-dependence of fitness and life-history traits can be generally explained 

based on the principles of thermodynamics, the way how nutrition exerts its 

influence over fitness constitutes more complex features because nutrition in itself 

is characterized by both quantitative and qualitative dimensions and also includes 

multiple interacting subcomponents (Simpson and Raubenheimer, 2012).  

Evidence collected over the two past decades has suggested that the 

balance between two macronutrients, protein and carbohydrate, is the most decisive 

dietary determinant of fitness and life-history traits in diverse organisms spanning 

slime molds to primates (reviewed in Simpson and Raubenheimer, 2012; Simpson 

et al., 2015). For example, the duration of larval or nymphal stage was prolonged 

in insects when consuming diets with low protein and high carbohydrate content 

(Lee et al., 2002, 2003; Raubenheimer and Simpson, 2003). However, the most 

well-known example of how the macronutrient balance affects life-history traits 

comes from the a study conducted by Lee et al. (2008) who recorded lifespan and 

the number of eggs produced from 1008 female Drosophila melanogaster allocated 

to one of 28 semi-synthetic diets differing in protein and carbohydrate content. Lee 

et al. (2008) found that lifespan and reproduction were significantly affected by 
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dietary protein:carbohydrate (P:C) balance but not by caloric density. Lee et al. 

(2008) further showed that the P:C ratio had opposing effects on lifespan and egg 

production rate, with the peak for lifespan being identified at the low P:C ratio of 

1:16 and that for egg production rate at the high P:C ratio of 1:2. Such substantial 

divergence in the optimal P:C ratio between lifespan and reproduction has been 

replicated from other D. melanogaster (Reddiex et al., 2013; Jensen et al., 2015; 

Lee, 2015; Semaniuk et al., 2018), Bactrocera fruit flies (Fanson et al., 2009; 

Fanson and Taylor, 2012), crickets (Maklakov et al., 2008; Harrison et al., 2014), 

and even rodents (Solon-Biet et al., 2014, 2015), indicating that there is no single 

P:C ratio that maximizes lifespan and reproduction simultaneously.  

Whilst the majority of studies in insects have focused on how temperature 

and nutrition influence the expression of fitness and its related traits within a single 

life stage (larvae or adult), it is becoming increasingly evident that the influence of 

the environmental conditions are not restricted to a life stage at which they are 

imposed but can have far-reaching consequences into subsequent stages 

(Beckerman et al., 2002; Taborsky, 2006; Boggs, 2009). The long-term fitness 

consequences of the conditions experienced during development have been 

documented from diverse organisms, including birds, mammals, and humans 

(Lindström, 1999; Lummaa and Clutton-Brock, 2002; Gluckman and Hanson, 

2004). For example, in humans, low birth weight has been reported to be associated 

with an increased risk of developing impaired glucose tolerance and higher 
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mortality from cardiovascular disease (Barker et al., 1989; Leger et al., 1997). 

Various forms of both adaptive or non-adaptive carry-over effects caused by larval 

or nymphal environmental condition on adult fitness traits, such as lifespan, and 

reproductive characteristics, have been also reported from a wide range of insects 

(Barrett et al., 2009; Dmitriew and Rowe, 2011; May et al., 2015; Duxbury and 

Chapman, 2019). One of the most widely studied aspects of carry-over effects in 

insects is the role of the nutritional quality of diet consumed during the larval stage 

on adult survival and lifespan (Zwaan et al., 1991; Tu and Tatar, 2003; May et al., 

2015; Stefana et al., 2017; Davies et al., 2018; Grangeteau et al., 2018). For example, 

Tu and Tatar (2003) reported that deprivation of yeast during the third larval 

stadium in D. melanogaster resulted in a fly phenotype with reduced fecundity 

without any significant changes in lifespan. More recently, Runagall-McNaull et al. 

(2015) reported that severe restriction of protein or yeast during larval stage was 

associated with shortened adult lifespan in a neriid fly, Telostylinus angusticollis, 

but Stefana et al. (2017) showed the opposite pattern in D. melanogaster. Such 

contradictory results reflect the complexity and context-dependent nature of these 

carry-over effects. 

Despite being connected to each other via metabolism and energy 

requirement, temperature and macronutrient balance operate under a fundamentally 

different mechanisms (Mair et al., 2003; Mirth and Shingleton, 2012). For example, 

in insects, the rate of larval development has been shown to be delayed when both 
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the P:C ratio of the diet and temperature are low, but body size at adult emergence 

has been shown to be reduced when the P:C is high and when temperature high 

(Lee et al., 2002; 2003; 2015). There are several studies that compared the impacts 

of temperature and nutrition on multiple fitness-related traits within a single life 

stage in insects (Lee and Roh, 2010; Kutz et al., 2019), but I am not aware of any 

study which directly compared the nature and magnitude of the carry-over effects 

between these two environmental factors experienced during the larval stage in any 

insect.  

In this study, I explored how the environmental temperature and 

macronutrient balance of the diet encountered during the larval stage would be 

carried over to influence adult life-history traits in a model organism, Drosophila 

melanogaster. The specific adult life-history traits I focused on in this research were 

survival and the number of eggs produced by female D. melanogaster during the 

early adulthood. In this study, the carry-over effects of larval temperature and 

nutrition were studied by conducting two separate experiments: Experiment 1 for 

temperature and Experiment 2 for nutrition. Both experiments employed a full 

factorial design where flies were subjected to treatments representing a full 

combination of all larval and adult environmental conditions. The experimental 

temperatures used in Experiment 1 are within the permissive range temperatures 

likely to be experienced by D. melanogaster in nature throughout their larval and 

adult stages (Hoffmann, 2010). The dietary P:C ratio used in Experiment 2 are 
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selected based on those used in the previous studies documenting the nutrient-

mediated effects on lifespan and reproductive outcome in D. melanogaster (Lee et 

al., 2008; Lee, 2015; Jensen et al., 2015). Besides identifying the occurrence of the 

carry-over effects, I further investigated whether the nature and magnitude of these 

larval effects on adult survival and early-life fecundity would depend on the 

environmental condition encountered during the adult stage through testing the 

significance of the interaction between the larval and adult conditions.  

In this study, I tested the following hypotheses. First, since body size is 

positively associated with fecundity in insects (Honěk, 1993), I predicted that adult 

flies that were raised under those larval conditions producing smaller adult body 

size (low protein diet, hot ambient temperature) would produce fewer eggs than 

those raised under larval conditions allowing larger body size. Second, I expected 

that the carry-over effects of larval nutrition on adult egg production would 

diminish rapidly as adult feeding becomes more important for providing nutrients 

for producing eggs. This expectation was based on the premise that the income 

breeders like D. melanogaster are exclusively reliant on nutrients acquired during 

their adult stage. Third, it was anticipated that the negative effects of adverse larval 

conditions carried over to adult performance would be buffered if these poorly-

raised adults were exposed to more favorable adult conditions or be exacerbated if 

they were exposed to stressful adult conditions. Last, since the mechanisms by 

which temperature and nutrition operate differ, the carry-over effects of larval 
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temperature and nutrition are expected to differ in their nature, magnitude, and 

persistency. 
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MATERIALS AND METHODS  

 

1. Experimental flies and husbandry 

A large, outbred laboratory population of wild-type Canton-S strain D. 

melanogaster was used in this study The laboratory stock population was derived 

from the Bloomington Stock Center (Indiana University, Indiana, USA) and had 

been maintained for several years on standard culturing medium (90.6 g dextrose, 

68 g dry yeast, 42.8 g cornmeal, 6.5 g agar, 4.5 mL propionic acid and 1 g Nipagin 

in 1 L distilled water; henceforth, standard diet) at 25℃ and 70% relative humidity 

(RH) under a 12 h:12 h light:dark cycle. To remove any undesired effects of parental 

and grandparental conditions on offspring phenotype, all experimental flies were 

raised at a consistent density of ca. 200-250 larvae in 150-mL bottles for three 

consecutive generations prior to the start of this experiment. The protocol for 

achieving this consistent larval density across rearing bottles is described in Clancy 

and Kennington (2001). 
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2.  Experimental design  

In this study, two separate experiments were performed to investigate how 

the temperature and the macronutrient balance of the diet experienced during the 

larval development can be carried over to influence the performance of the key adult 

life-history traits in D. melanogaster, lifespan and reproduction. The carry-over 

effects of larval temperature and nutrition were investigated in Experiment 1 and 2, 

respectively. In Experiment 1, D. melanogaster larvae were raised on the standard 

diet (see above) until adult eclosion at one of three larval temperatures (18, 23, or 

28℃). Upon eclosion, adult flies arising from each larval temperature were 

randomly divided into three adult temperatures (18, 23, or 28℃), thus yielding a 

total of nine treatments representing full combinations of three larval and three adult 

temperatures. Similarly, in Experiment 2, D. melanogaster larvae were raised at 23 

℃ on one of four larval diets (chemically define diets, see below) with differing 

protein:carbohydrate (P:C) ratio (1:8, 1:2, 2:1, or 8:1). Newly eclosed adult flies 

raised from each larval diet were then assigned to one of four adult diets with 

differing P:C ratios (1:8, 1:2, 2:1, or 8:1). This resulted in a total of sixteen 

treatments representing full combinations of four larval and four adult diets in 

Experiment 2. The full factorial experimental setup employed in this study allowed 

me to examine not only the presence of the carry-over effect of larval environmental 

condition (temperature or diet) on adult fitness traits but also its interaction with the 

adult condition experienced later in life. The interactions between the larval and 
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adult conditions can be taken as evidence that the carry-over effect of larval 

condition depends on the adult condition. The schematic summary of the 

experimental designs employed in Experiment 1 and 2 is outlined in Fig. 1 and 2, 

respectively.  

All experiments were conducted in incubators (Vison Scientific Co., Ltd, 

Daejeon, Republic of Korea) set at 70% RH and a 12 h:12 h light:dark cycle. To 

control for any confounding effects of location within incubators, the position of 

fly vials in incubators was rotated more than four times a day. 
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Figure 1. Schematic representation of the 3 × 3 full factorial design of Experiment 1. 
(A) D. melanogaster larvae were raised at one of three larval temperatures (18, 23, or 28℃) 

until adult eclosion. Larval traits were measured at this step. (B) Upon eclosion, adults were 

randomly divided into three adult temperatures (18, 23, or 28℃), resulting in a total of nine 

treatments representing a full combination of three larval and three adult temperatures. 

Adult traits were measured at this step. The standard diet was used in all treatments. 
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Figure 2. Schematic representation of the 4 × 4 full factorial design of Experiment 2. 

(A) D. melanogaster larvae were raised at one of four larval diets with differing P:C ratio 

(P:C = 1:8, 1:2, 2:1, or 8:1) until adult eclosion. Larval traits were measured at this step. 

(B) Upon eclosion, adults were randomly divided into four adult diets with differing P:C 

ratio (P:C = 1:8, 1:2, 2:1, or 8:1), resulting in a total of sixteen treatments representing a 

full combination of four larval and four adult diets. Adult traits were measured at this step. 

The experimental temperature was set at 23℃ in all treatment. 
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3.  Experimental diet  

Following the protocol described in Lee et al. (2013), four chemically 

defined diets that varied in P:C ratio (1:8, 1:2, 2:1, and 8:1) were prepared for 

executing Experiment 2. The summed concentration of protein and carbohydrate in 

all four diets was fixed to 120 g L-1. Sodium caseinate (Sigma C8654) and sucrose 

(Sigma S9378) were used as the source of protein and carbohydrate, respectively. 

All diets used in this experiment comprised the same concentrations of dietary 

lipids (0.3 g L-1 cholesterol, 4 g L-1 lecithin), salt mixtures (0.71 g L-1 KH2PO4, 3.73 

g L-1 K2HPO4, 0.62 g L-1 MgSO4, 1 g L-1 NaHCO3), nucleic acids (0.57 g L-1 uridine, 

0.64 g L-1 inosine), vitamin mixtures (0.002 g L-1 thiamine, 0.01 g L-1 riboflavin, 

0.012 g L-1 nicotinic acid, 0.0167 g L-1 calcium pantothenate, 0.0025 g L-1 

pyridoxine, 0.0002 g L-1 biotin, 0.003 g L-1 folic acid), preservatives (1 g L-1 

Nipagin, 0.3% propionic acid), and solidifying agent (20 g L-1 agar). 
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4.  Experimental protocol 

In both experiments, larval and adult life-history traits were assayed 

following identical procedures, as described below. 

 

4.1 Larval traits 

To obtain freshly laid eggs, approximately 1,000 newly eclosed male and 

female adults were released into a plastic egg laying cage (21 cm × 41 cm × 21 

cm) where they were left to lay eggs for 4 h on molasses-agar plates (10% 

molassess fixed in 4% agar in 9-cm diameter Petri dishes) seeded with live yeast 

paste. Eggs laid on this oviposition substrate were washed with 1 × phosphate-

buffered saline (PBS) and collected by filtering the resulting egg-suspension 

through a nylon filter (~ 70 µm). Using fine brush, I transferred these collected 

eggs to a strip of overhead projector (OHP) film (8 mm × 24 mm) which had a 

square grid (3 mm × 3 mm) printed on its surface. These transferred eggs were 

carefully placed inside each square grid and subsequently photographed using a 

high-resolution DSLR camera (Canon EOS 600D; Canon Inc., Tokyo, Japan) 

mounted with a macro lens (Canon EF 100mm f/2.8 USM; Canon Inc., Tokyo, 

Japan). Each film strip loaded with eggs was then transferred to a 20-mL fly vial 

containing 7 mL of the experimental diet (standard diet in Experiment 1 and 

chemically defined diet in Experiment 2). The exact number of eggs allocated to 

each vial was counted from the photographed images of the eggs. Through this 
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method, I was able to distribute similar number of eggs (ca. 50 eggs per vial) across 

replicate vials.  

Vials seeded with eggs were randomly divided into either three larval 

temperature treatments (Experiment 1; 40 vials for each) or four larval diet 

treatments (Experiment 2, 50 vials for each). Larvae hatched from these seeded 

eggs were allowed to develop under their assigned larval conditions until adult 

eclosion. Larval traits (egg-to-adult viability, pre-adult development time, lipid-free 

body mass, and lipid content at eclosion) were recorded from flies emerged from 

ten replicate vials per treatment. From each of these replicate vials, newly eclosed 

adults were collected at 3 h intervals and the time of their emergence was recorded. 

Collected flies were frozen to death at -20℃, pooled across replicate vials, and 

sexed by inspecting the sexcomb. Only female flies were sorted out and randomly 

divided into 12 cohorts of five flies for each larval treatment. Cohorts were then 

dried at 65℃ for three days before they were weighed to the nearest 1 µg using a 

BM-22 analytical balance (A & D Co. Ltd., Tokyo, Japan). The dry mass of 

individual flies was estimated as the dry mass of each cohort divided by five. Lipid 

in dried carcasses was extracted by soaking each cohort in 10 mL of diethyl ether 

for 24 h. Lipid-extracted samples were redried and reweighed. The difference in 

mass before and after the lipid-extraction was taken as the measure of lipid content 

for each cohort. The lipid content of individual flies was estimated by dividing the 

lipid content of each cohort by five. Egg-to-adult viability was calculated as the 
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percentage of eggs that successfully eclosed to adults in each vial. Pre-adult 

development time was determined as the time taken from eggs to adult eclosion for 

individual flies. 

 

4.2 Adult traits 

Adult life-history traits were recorded from flies emerged from those 

remaining replicate vials that were not used for assaying larval traits in each 

treatment. To measure lifespan, newly eclosed adult flies raised as larvae at one of 

three larval temperatures (Experiment 1) or on one of four larval diets (Experiment 

2) were collected within 24 h and housed in 150-mL fly bottles containing 20 mL 

of standard diet (ca. 100-150 flies per bottle) where they were left to mate for 48 h 

at 23℃. Mated males and females were separated under light CO2 anesthesia and 

only female flies were grouped into cohorts of ca. 30 individuals. Cohorts of female 

flies were transferred into 20-mL fly vials containing 6 mL of the experimental diet 

(standard diet in Experiment 1; chemically defined diet in Experiment 2) and 

maintained at their respective experimental temperature (either 18, 23, or 28℃ in 

Experiment 1; 23℃ in Experiment 2). For each larval × adult treatment, there were 

four replicate vials, resulting in a total of ca. 100-120 flies. Deaths were scored daily 

and surviving flies were transferred to fresh vials every other day until no flies 

remained alive. To eliminate any adverse effects of dehydration on lifespan, the 

foam plugs of the fly vials were regularly moistened with distilled water during this 
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lifespan assay (Ja et al., 2009).  

Early-life fecundity was determined by counting the number of eggs 

produced by triads of one female and two male flies housed in 20-mL fly vials 

containing 4 mL of the experiment diet described above. Flies that had emerged 

from the sam larval treatment were collected within 4 h upon adult eclosion, sexed, 

and randomly grouped as triads. Fly triads were then randomly divided into three 

or four adult treatments, with 15-20 replicate triads per larval × adult treatment. Fly 

triads were transferred into fresh vials every day and the number of eggs produced 

by each triad was counted daily for ten consecutive days. Females that did not 

produce eggs or died during this experimental period were eliminated from the 

analysis. 

 

 

 

 

 

 

 

 

 

 



18 

 

5.  Data analysis 

All analyses were conducted using SAS v 9.12 statistical software (SAS 

Institute Inc., Cary, NC, USA). The effect of larval treatment (temperature or diet) 

on larval life-history traits, such as egg-to-adult viability, pre-adult development 

time, lean body mass at ecolosion, and teneral lipid content was analyzed using the 

general linear model (PROC GLM in SAS). The data for egg-to-adult viability was 

angular transformed prior to the analysis. Cox proportional hazards regression 

(PROC PHREG) was used to analyze the separate and interactive effects of larval 

and adult treatments (temperature or diet) on survivorship. The separate and 

interactive effects of larval and adult treatments on the total number of egg 

production over days 0-5, 5-10, and 0-10 were analyzed using the general linear 

model. (PROC GLM). In these analyses, the amount of total variation in response 

variable (e.g., egg production) explained by a given factor (larval or adult 

temperature) was estimated by calculating omega squared (ω2) in PROC GLM. The 

longitudinal pattern of daily egg production repeatedly measured from the same 

triads over the ten consecutive days (days 0-10) was analyzed using the generalized 

linear mixed model (PROC GLIMMIX), with the log link function and Poisson 

distribution. In this model, larval and adult treatment and age were the fixed effects. 

To account for the temporal pseudoreplication arising from taking repeated counts 

for the same triads over days 0-10, the identity of fly triads was designated as the 

random effect. Non-parametric LOWESS (locally weighted scatterplot smoothing 
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using PROC LOWESS) with the smoothing parameter of 0.4 was applied to 

illustrate the pattern of daily egg production across days 0-10 for each treatment. 
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RESULTS 

 

1.  Experiment 1: Carry-over effects of larval temperature 

 

1.1. Larval traits 

Egg-to-adult viability was maintained high (75.7-77.2%) and was not 

significantly affected by the temperature experienced during the larval stage (larval 

temperature: F2,26 = 0.1, P = 0.904; Fig. 3A). Pre-adult development time was 

significantly affected by larval temperature (F2, 1184 = 34698.1, P < 0.001), with fly 

larvae exposed to the highest temperature of 28℃ exhibiting the shortest 

development time (186.1 h) and those exposed to the lowest temperature of 18℃ 

the longest (393.3 h) (Fig. 3B). The lean body mass of newly eclosed female flies 

was significantly affected by larval temperature (F2,33 = 7.65, P = 0.002). Female 

larvae raised at 18℃ developed into adults with heavier lean body mass than those 

raised at higher temperatures (Fig. 3C). The effect of larval temperature on lipid 

content recorded at adult eclosion was also significant (F2,33 = 9.22, P < 0.001), 

showing the highest lipid content at 28℃ and the lowest at 23℃ (Fig. 3D).
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Figure 3. Effect of larval temperature on larval life-history traits: (A) egg-to-adult viability, 

(B) development time, (C) lean body mass, and (D) lipid content in D. melanogaster. Lean 

body mass and lipid content were measured from females only. The values are mean ± 1 

standard error of the mean (SE). 
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1.2. Adult traits 

 

1.2.1 Survivorship and lifespan 

Survivorship was most significantly affected by the temperature 

experienced by female flies during their adult stage (adult temperature: χ2 = 614.01, 

df = 2, P < 0.001). The extent to which survivorship declined with advancing age 

was the most rapid when the temperature of the adult environment was 28℃ and 

gradually slowed as the adult temperature decreased (Fig. 4). In accordance with 

this survivorship pattern, the median lifespan was the shortest at adult temperature 

28℃ and the longest at 18℃ (Fig. 5). The temperature experienced during the larval 

stage had a relatively small but significant carry-over effect on adult survivorship 

(larval temperature: χ2 = 8.273, df = 2, P < 0.016). Regardless of adult temperature, 

adult flies raised at the lowest larval temperature of 18℃ exhibited higher 

survivorship (Fig. 4) and consequently longer lifespan (Fig. 5) than those raised at 

higher larval temperatures. Although the interaction between larval and adult 

temperature was not significant for survivorship (χ2 = 7. 24, df = 4, P = 0.124), this 

lifespan-extending effect of low larval temperature was more pronounced when the 

adult temperature was 18℃ than when it was 23 and 28℃ and this pattern of 

survivorship is clearly reflected in that of median lifespan described in Fig. 5. At 

the adult temperature of 18℃, the median lifespan of flies raised as larvae at 18℃ 
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(121 days) was ca. 15 days longer than that of those raised at 28℃ (104.5 days) 

(Fig. 5). 
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Figure 4. Effect of larval and adult temperature on survivorship for female D. melanogaster. 

Survivorship curves for D. melanogaster exposed to the adult temperature 18, 23, and 28℃ 

are presented in the panel (A), (B), and (C), respectively. In each panel, survivorship curves 

for the larval temperature 18, 23, and 28℃ are represented as blue, orange, and red lines, 

respectively. 
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Figure 5. Effect of larval and adult temperature on median lifespan for female D. 

melanogaster. Different symbols were used to represent three larval temperatures: 18 (black 

circle), 23 (grey square), and 28℃ (white triangle). 
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1.2.2 Early-life egg production 

The total number of eggs produced by female adult flies over the first 10 

days since adult eclosion (days 0-10, henceforth) increased significantly as the 

temperature of the adult environment increased from 18 to 28℃ (Fig. 6). It was 

revealed that the adult temperature accounted for ca. 50% of the total variation in 

egg production over days 0-10 (Table 1). In addition to this strong adult temperature 

effect, the temperature experienced by flies during their larval stage also had a small 

but significant carry-over effect on egg production over days 0-10, explaining 5% 

of its total variation (Table 1). As clearly described in Fig. 6, female flies raised at 

the lowest larval temperature of 18℃ produced consistently fewer eggs over days 

0-10 compared to those raised at 23 and 28℃ regardless of the adult temperature. 

Post-hoc tests revealed that the cumulative egg production over days 0-10 was not 

significantly different between flies raised at 23 and 28℃ (Tukey HSD test: P > 

0.05). The magnitude of this negative carry-over effect of low larval temperature 

on fecundity tended to decrease with decreasing adult temperature, but the 

interaction between the temperatures of larval and adult environment was not 

significant (explaining < 1% of the total variation; Table 1).  

To further investigate whether the relative contribution of larval and adult 

temperature to egg production during early adulthood would change with adult age, 

I conducted an equivalent analysis on the pattern of the total number of eggs 

produced by the same flies over the first (days 0-5; Fig. 7A) and the second half 
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(days 5-10; Fig. 7B) of the egg counting period, separately. The results of this 

analyses indicated that the overall pattern of the cumulative egg production over 

these two five-day periods (days 0-5 and 5-10) was qualitatively similar to that 

described over days 0-10 (Table 2), suggesting that the relative contributions of 

larval and adult thermal conditions to fecundity are robust and long-lasting .  

The number of eggs produced per day (daily egg production) is plotted 

across days 0-10 for female flies assigned to one of nine larval × adult temperature 

treatments in Fig. 8. This figure clearly shows that this measure of daily fecundity 

was significantly higher for flies exposed to higher adult temperatures (adult 

temperature effect in Table 3) and lower for those raised at the lowest larval 

temperature of 18℃ (larval temperature effect in Table 3). Daily egg production 

changed significantly with age (age effect in Table 3) and this age-associated 

change in daily egg production differed depending the temperature of the larval and 

adult environment, as indicated by significant interactions between the age and the 

main factors (larval and adult temperature) (Table 3). When female flies were 

exposed to 23 and 28℃ at their adult stage, for example, daily egg production 

increased rapidly over days 0-3 up to 30-45 eggs before it levelled off over the 

remaining days (Fig. 8). In marked contrast, when female flies were exposed to the 

lowest adult temperature of 18℃, daily egg production remained low (20 eggs per 

day) and increased with age slowly. 
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Table 1. Summary of the results of general linear model (GLM) examining the 

effects of larval and adult temperature on the total number of eggs produced by D. 

melanogaster over days 0-10 post-eclosion. 

 

Source DF MS F P ω2 

Larval temperature 2 395.30 12.62 <.001 0.049 

Adult temperature 2 3760.46 120.01 <.001 0.502 

Larval temperature × Adult temperature 4 62.84 2.01 0.097 0.009 

Error 148 31.34   
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Table 2. Summary of the results of general linear model (GLM) examining the 

effects of larval and adult temperature on the total number of eggs produced by D. 

melanogaster over days 0-5 and days 5-10 post-eclosion. 
 

 Source DF MS F P ω2 
 

Days 0 - 5 Larval temperature 2 632.78 14.37 <.001 0.062 

Adult temperature 2 4910.10 111.53 <.001 0.512 

Larval temperature × Adult temperature 4 62.23 1.41 0.232 0.004 

Error 148 41.664  
 

 

 

 

 

Days 5 - 10 Larval temperature 2 351.24 8.43 <.001 0.042 

Adult temperature 2 2720.52 65.30 <.001 0.363 

Larval temperature × Adult temperature 4 117.88 2.83 0.027 0.021 

Error 148 38.422    
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Table 3. Summary of the results of generalized linear mixed model (GLIMMIX) 

examining the effects of larval and adult temperature and fly age on the repeated 

measure of daily egg production by D. melanogaster across days 0-10 post-eclosion. 
 

Source Num. DF Den DF F P 

Larval temperature 2 1404 60.81 <.001 

Adult temperature 2 1404 227.51 <.001 

Larval temperature × Adult temperature 4 1404 1.55 0.184 

Age 1 1404 414.52 <.001 

Age × Larval temperature 2 1404 129.82 <.001 

Age × Adult temperature 2 1404 111.97 <.001 

Age × Larval temperature × Adult temperature  4 1404 7.72 <.001 
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Figure 6. Effect of larval and adult temperature on the total number of eggs produced by 

female D. melanogaster over days 0-10 post-eclosion. Different symbols were used to 

represent three larval temperatures: 18 (black circle), 23 (grey square), and 28℃ (white 

triangle). The values are mean ± 1 standard error of the mean (SE). 
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Figure 7. Effect of larval and adult temperature on the total number of eggs produced by 

female D. melanogaster over (A) days 0-5 and (B) days 5-10 post-eclosion. Different 

symbols were used to represent three larval temperatures: 18 (black circle), 23 (grey square), 

and 28℃ (white triangle). The values are mean ± 1 standard error of the mean (SE). 
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Figure 8. Effect of larval and adult temperature on daily egg production (the number of 

eggs produced per day) over days 0-10 post-eclosion for female D. melanogaster. The 

longitudinal patterns of daily egg production for D. melanogaster exposed to the adult 

temperature 18, 23, and 28℃ are presented in the panel (A), (B), and (C), respectively. In 

each panel, daily egg production for D. melanogaster exposed to the larval temperature 18, 

23, and 28℃ are represented as blue, orange, and red lines, respectively. 
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2.  Experiment 2: Carry-over effects of larval nutrition 

 

2.1. Larval traits 

The P:C ratio of the diet consumed by flies during their larval stage (larval 

diet, henceforth) had a significant effect on egg-to-adult viability (F3,34 = 7.36, P < 

0.001). Flies raised at the lowest dietary P:C ratio of 1:8 exhibited a substantially 

reduced egg-to-adult viability (43.0%) compared to those raised at higher P:C ratios 

(76.5-82.3%) (Fig. 9A). Post-hoc test revealed that egg-to-adult viability was not 

statistically different among flies raised at three high P:C ratios (Tukey HSD test: 

P > 0.05). Pre-adult development time was also significantly influenced by larval 

diet (F3,1261 = 1079.72, P < 0.001). Fly larvae raised at the most protein-biased P:C 

ratio of 8:1 took the shortest time to reach the adult stage, but displayed a significant 

delay in development as the dietary P:C ratio of larval diet decreased (Fig. 9B). For 

female flies, the lean body mass at adult eclosion was significantly affected by the 

P:C ratio of the diet (F3,44 = 26.2, P < 0.001), exhibiting a gradual increase as a 

function of increasing dietary P:C ratio (Fig. 9C). Lipid content was also 

significantly different among flies raised at different P:C ratios (F3,44 = 17.74, P < 

0.001). Female flies raised at lower P:C ratios (1:8 and 1:2) were shown to store 

more lipids than those raised at higher P:C ratios (2:1 and 8:1). Lipid content 

decreased as the P:C ratio rose from 1:2 to 8:1 (Fig. 9D). 
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Figure 9. Effect of larval diet on larval life-history traits: (A) egg-to-adult viability, (B) 

development time, (C) lean body mass, and (D) lipid content in D. melanogaster. Lean 

body mass and lipid content were measured from females only. The values are mean ± 1 

standard error of the mean (SE). 
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2.2. Adult traits 

 

2.2.1 Survivorship and lifespan 

The P:C ratio of the diet consumed by female flies during their adult stage 

(adult diet, henceforth) had a strong effect on survivorship (χ2 = 576.39, df = 3, P < 

0.001). The extent to which survivorship declined with age was the fastest at the 

highest adult P:C ratio of 8:1 and slowed as the P:C ratio decreased from 8:1 to 1:8 

(Fig. 10). Accordingly, the median lifespan was the shortest at the adult P:C ratio 

of 8:1 and the longest at the adult P:C ratio of 1:8 (Fig. 11). The P:C ratio of the 

diet on which larvae were raised or larval diet also had a small but still significant 

carry-over effect on adult survivorship and lifespan (χ2 = 22.86, df = 3, P < 0.001). 

However, as indicated by a significant interaction between larval and adult diet (χ2 

= 26.20, df = 9, P = 0.002), the effect of the P:C ratio of the larval diet on adult 

survivorship varied depending on the P:C ratio of the adult diet. When the P:C ratio 

of the adult diet was 1:8, flies raised at the highest larval P:C ratio of 8:1 survived 

for longer than those raised at the other ratios (χ2 = 9.32, df = 3, P < 0.001; Fig. 10 

and 11). On the contrary, there was no significant carry-over effect of larval diet on 

adult survivorship and lifespan when the P:C ratio of the adult diets was 1;2, 2:1, 

and 8:1 (P:C 1:2: Wald χ2 = 1.97, df = 3, P = 0.578; P:C 2:1: Wald χ2 = 0.97, df = 3, 

P = 0.804; P:C 8:1: Wald χ2 = 7.11, df = 3, P = 0.068). 
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Figure 10. Effect of larval and adult diet on survivorship for female D. melanogaster. 

Survivorship curves for D. melanogaster fed on the adult diet P:C 1:8, 1:2, 2:1 and 8:1 are 

presented in the panel (A), (B), (C), and (D), respectively. In each panel, survivorship 

curves for the larval diet P:C 1:8, 1:2, 2:1 and 8:1 are represented as blue, green, orange, 

and red lines, respectively. 
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Figure 11. Effect of larval and adult diet on median lifespan for female D. melanogaster. 

Different symbols were used to represent four larval diets: P:C 1:8 (black circle), 1:2 (dark 

grey square), 2:1 (light grey triangle), and 8:1 (white diamond). The values are mean ± 1 

standard error of the mean (SE). 
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2.2.2 Early-life egg production 

The number of eggs produced by female adult flies over days 0-10 was 

significantly affected by the P:C ratio of both larval and adult diets (Table 4). The 

proportion of total variation in this measure of early-life fecundity explained by 

larval and adult diets was 11.7% and 48.2%, respectively. This indicates that the 

adult diet had more than four times stronger effects on egg production over days 0-

10 than did the larval diet. The number of eggs produced over days 0-10 increased 

as the P:C ratio of the adult diet increased from 1:8 to 2:1 and then leveled off or 

slightly decreased when the P:C ratio was higher than 2:1 (Fig. 12). Flies raised as 

larvae at the most carbohydrate-biased P:C ratio of 1:8 produced significantly fewer 

eggs over days 0-10 than those raised at the higher P:C ratios (1:2, 2:1, and 8:1). 

This negative carry-over effect of low P:C ratio of the larval diet was consistent 

regardless of the P:C ratio of the adult diets, as indicated by a non-significant 

interaction between larval and adult diet (explaining < 1% of the total variation; 

Table 4).  

Similar to Experiment 1, the pattern of the total number of eggs produced 

over the first (days 0-5; Fig. 13A) and the second half (days 5-10; Fig. 13B) of the 

whole egg count period was analyzed separately to investigate whether the relative 

contribution of larval and adult diets would change with age. The analysis on the 

number of eggs produced over the first and the second five-day periods showed that 

fecundity recorded during each period was significantly influenced by both larval 
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and adult diets and by the interaction between the two (Table 5). As it is clearly 

indicated in Fig. 13A, the P:C ratio of the larval diet had a very strong carry-over 

effect on egg production over days 0-5, explaining ca, 45.8% of its total variation. 

However, this strong carry-over effect of larval diet observed over days 0-5 

diminished rapidly after days 4-6 (Fig. 13B) to such an extent that larval diet 

explained only 1.9% of the total variation in egg production over days 5-10. The 

effect of adult diet on egg production exhibited an opposite pattern. The total 

variation in egg production explained by adult diet was 6.6% over days 0-5, but 

drastically increased up to 67.4% over days 5-10 (Table 5). Unlike the impacts of 

larval and adult temperatures, the way in which the egg production summed over 

these two five-day periods (days 0-5 and 5-10) was related to larval and adult diet 

was qualitatively different from one another (Fig. 13). 

The number of eggs produced per day (daily egg production) is plotted 

across days 0-10 for female flies assigned to one of sixteen larval × adult diet 

treatments in Fig. 14. It is clearly shown that daily egg production changed 

significantly with age (age effect in Table 6) and this age-related change in daily 

egg production was dependent on both larval and adult diet, as indicated by 

significant two-way and three-way interactions between age and the diets (Table 6). 

When the P:C ratio of the adult diet was either 1:8 or 1:2, the daily egg production 

of flies raised as larvae at three high P:C ratios peaked during the days 2-4 whereas 

that of those raised at the lowest P:C ratio of 1:8 was maintained low through the 
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experimental period (Fig. 14). After day 5, daily egg production converged to a low 

level at these low adult P:C ratios. This early peaking pattern over days 2-4 was less 

apparent for those flies raised at high P:C ratios if the P:C ratio of the adult diet was 

2:1 or 8:1. Daily egg production tended to increase gradually with age when the 

P:C ratio of the adult diet was high (8:1), but suppressed throughout the early adult 

stage when the P:C ratio of the adult was 1:8 (Fig. 14). 
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Table 4. Summary of the results of general linear model (GLM) examining the 

effects of larval and adult nutrition on the total number of eggs produced by D. 

melanogaster over days 0-10 post-eclosion. 
 

Source DF MS F P ω2 

Larval diet 3 48119.95 30.31 <.001 0.117 

Adult diet 3 193595.70 121.93 <.001 0.482 

Larval diet × Adult diet 9 1947.14 1.23 0.279 0.003 

Error 275 15.88   
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Table 5. Summary of the results of general linear model (GLM) examining the 

effects of larval and adult nutrition on the total number of eggs produced by D. 

melanogaster over days 0-5 and days 5-10 post-eclosion. 
 

 Source DF MS F P ω2 
 

Days 0 - 5 Larval diet 3 47555.12 103.25 <.001 0.458 

Adult diet 3 7243.17 15.73 <.001 0.066 

Larval diet × Adult diet 9 1484.24 3.22 0.001 0.030 

Error 275 18.42    

 

Days 5 - 10 Larval diet 3 5177.14 7.22 <.001 0.019 

Adult diet 3 162415.30 226.40 <.001 0.674 

Larval diet × Adult diet 9 1238.82 1.73 0.083 0.007 

Error 275 28.70    
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Table 6. Summary of the results of generalized linear mixed model (GLIMMIX) 

examining the effects of larval and adult nutrition and fly age on the repeated 

measure of daily egg production by D. melanogaster across days 0-10 post-eclosion. 
 

Source Num. DF Den DF F P 

Larval diet 3 2603 81.04 <.001 

Adult diet 3 2603 29.09 <.001 

Larval diet × Adult diet 9 2603 2.38 0.011 

Age 1 2603 70.66 <.001 

Age × Larval diet 3 2603 56.63 <.001 

Age × Adult diet 3 2603 171.43 <.001 

Age × Larval diet × Adult diet  9 2603 3.17 0.001 
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Figure 12. Effect of larval and adult diet on the total number of eggs produced by female 

D. melanogaster over days 0-10 post-eclosion. Different symbols were used to represent 

four larval diets: P:C 1:8 (black circle), 1:2 (dark grey square), 2:1 (light grey triangle), and 

8:1 (white diamond). The values are mean ± 1 standard error of the mean (SE). 

 

 

 

 

 



46 

 

 

 

Figure 13. Effect of larval and adult diet on the total number of eggs produced by female 

D. melanogaster over (A) days 0-5 and (B) days 5-10 post-eclosion. Different symbols 

were used to represent four larval diets: P:C 1:8 (black circle), 1:2 (dark grey square), 2:1 

(light grey triangle), and 8:1 (white diamond). The values are mean ± 1 standard error of 

the mean (SE). 
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Figure 14. Effect of larval and adult diet on daily egg production (the number of eggs 

produced per day) over days 0-10 post-eclosion for female D. melanogaster. The 

longitudinal patterns of daily egg production for D. melanogaster fed on the adult diet P:C 

1:8, 1:2, 2:1 and 8:1 are presented in the panel (A), (B), (C), and (D), respectively. In each 

panel, daily egg production for D. melanogaster fed on the larval diet P:C 1:8, 1:2, 2:1 and 

8:1 are represented as blue, green, orange, and red lines, respectively. 
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DISCUSSION 

 

Most organisms have several different life-history stages that are closely 

linked to each other and the quality of the environment conditions encountered early 

in life has been reported to have far-reaching consequences for the fitness of 

organisms and its components at subsequent stages (Pechenik et al., 1998; 

Lindström, 1999; West-Eberhard, 2003; Saastamoinen et al., 2010; Auer, 2010). 

The major objective of this thesis was to investigate how the variation in the quality 

of two most important environmental factors, temperature and nutrition, 

experienced during the larval stage can be carried over to influence survival, 

lifespan, and early-life reproductive outcome at the adult stage in D. melanogaster.  

The present data showed that fly larvae raised at the lowest P:C ratio of 1:8 

suffered substantially increased larval mortality, delayed development, and reduced 

body mass compared to those raised at higher P:C ratios. Such negative impacts of 

low P:C ratio on larval performance found here are consistent with the results 

reported from previous studies (Rodrigues et al., 2015; Gray et al., 2018; Lee and 

Jang, 2018) and are likely to be driven by protein shortage combined with 

carbohydrate excess (Raubenheimer et al., 2005). It was also found that D. 

melanogaster reared at colder temperatures grew more slowly but attained a larger 

size at maturity than those raised at warmer temperatures, thereby following the 
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general pattern of life-history response of ectotherms to low developmental 

temperature widely known as temperature-size rule (Angilletta and Dunham, 2003; 

Kingsolver and Huey, 2008).  

The current study clearly demonstrated that the lifespan of female D. 

melanogaster was maximized when the P:C ratio of the adult diet was the lowest 

(1:8) and shortened gradually as the P:C ratio increased. This association between 

adult survival and the P:C ratio of the adult diet is well established and has been 

reported from a number of organisms, including D. melanogaster (Lee et al., 2008; 

Reddiex et al., 2013; Jensen et al., 2015; Bruce et al., 2013; Lee 2015; Semaniuk et 

al., 2018; Jang and Lee, 2018), Bactrocera fruit flies (Fanson et al., 2009; Fanson 

and Taylor, 2012), crickets (Maklakov et al., 2008; Harrison et al., 2014), ants 

(Dussutour and Simpson, 2009; 2012), and even rodents (Solon-Biet et al., 2014). 

Although the exact mechanism still remains elusive, the negative impact of high 

dietary P:C ratio on survival and lifespan is likely to be driven by toxic effects of 

nitrogenous waste products, increased mitochondrial generation of reactive oxygen 

species, and altered nutrient signaling pathways (Sanz et al., 2004; Kapahi et al., 

2004; Mirzaei et al., 2014; Le Couteur et al., 2016; Simpson et al., 2017).  

Consistent with the long-standing pattern of temperature-dependence of 

lifespan previously described (Loeb and Northrop, 1916; Miquel et al., 1976; 

Zwaan et al., 1992; Nunney and Cheung, 1997; Bochdanovits and de Jong, 2003), 

the present data showed that lifespan was the shortest at the highest adult 
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temperature of 28oC and gradually extended as the temperature to which adult flies 

were exposed decreased from 28 to 21oC. Given that metabolism is strongly 

dictated by environmental temperature in ectotherms, such lifespan-extending 

effects of cool environmental temperature in ectotherms have been primarily 

ascribed to slowed biological reaction rates (the rate of living theory) or to reduced 

production of reactive oxygen species causing molecular damages (Sestini et al., 

1991; Conti, 2008; Keil et al., 2015). In addition to these thermodynamic causes, 

Carvalho et al. (2017) have recently suggested that this thermal effects on survival 

and lifespan are controlled by a molecular pathway (the 4E-BP growth pathway) 

that is known to be implicated in lifespan extension by dietary restriction, thus 

raising an intriguing possibility that the mechanism underlying the effects of 

temperature and nutrition are partially shared. 

The effects of the temperature experienced during larval development on 

adult survival lifespan have been previously reported from D. melanogaster and 

other insects (Burcombe and Hollingsworth, 1970; Lints and Lints, 1971; 

Economos and Lints, 1986; Zwaan et al., 1991; Christiansen-Jucht et al., 2014; 

Ezeakacha and Yee, 2019), with the majority of the results of these study reporting 

that adult survival are inversely related to the temperature of larval environment. In 

line with these previous results, the lifespan of adult flies was extended in flies 

raised at the lowest larval temperature of 18oC compared to those raised at warmer 

temperatures (23 and 28oC) although this carry-over effect was by no means strong 
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enough to override the direct impact of adult temperature. It is important to note 

that this life-extending effect of cool larval temperature was most pronounced when 

the adult temperature was the lowest (18oC), indicating that this small but still 

significant carry-over effect of larval temperature on adult survival is modulated by 

adult temperature in D. melanogaster. Since body size is generally positively 

correlated with lifespan in this species (Partridge and Farquhar, 1981), it is possible 

that the increased survival and lifespan of flies developed at cold temperature may 

be explained by their larger body size, but this does not explain why this carry-over 

effect was more pronounced at 18oC than at the others. Although it needs to 

experimentally be verified in future, an alternative possibility to be taken into 

account is that the experience of being exposed to cold environments throughout 

their entire larval stage might have led flies to develop into an adult phenotype 

metabolically acclimated to the past environment in which the rates of biological 

reactions including aging are slow.  

Several previous studies have investigated how the nutritional quality of 

the diet consumed during the larval stage can influence adult lifespan and survival 

in insects, but the results were to large extent mixed (Zwaan et al., 1991; Tu and 

Tater, 2003; Zajitschek et al., 2009; Joy et al., 2010; Runagall-McNaull et al., 2015; 

May et al., 2015; Duxbury and Chapman, 2019). Further adding to these existing 

literatures, here I report that flies raised at the highest P:C ratio of 8:1 during their 

larval stage exhibited improved adult survival and extended lifespan compared to 
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those raised at lower ratios and that this life-extending effect of the low P:C ratio of 

the larval diet was only evident when flies were fed on an adult diet with the lowest 

P:C ratio of 1:8. The mechanism explaining why the ingestion of protein-rich diet 

during the larval stage extended adult lifespan remains enigmatic. One likely 

possibility is that different P:C ratio of the diet consumed during the larval stage 

might have caused long-term alternations in nutrient signaling pathways associated 

with lifespan in D. melanogaster (Pasco and Léopold, 2012). It is also possible that 

a long-term intake of extreme carbohydrate-deficient diet (P:C = 8:1) during the 

larval stage might have led flies to develop into a metabolically thrifty phenotype 

which is programmed to utilize carbohydrate and converting it into lipids more 

efficiently. When exposed to high carbohydrate environment later in early, these 

thrifty phenotypes with increased propensity to store energy may accumulate 

substantially high level of lipids in the body, which would in turn lead them to live 

longer given that lipid content is positively correlated with lifespan and in D. 

melanogaster (Hansen et al., 2013). Whatever the mechanism, the results from this 

study suggest that the dietary P:C ratio of the larval versus adult diet had opposing 

effects on adult survival and lifespan, unlike the larval and adult temperatures which 

showed the same direction of their effects. This is in line with the results reported 

from Runagall-McNaull et al. (2015) who showed that, while protein restriction 

during the adult stage extends lifespan, the same restriction imposed during the 

larval stage actually shortens lifespan in the neriid fly, Telostylinus angusticollis. 
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Numerous studies have reported that the early-life egg production in female 

D. melanogaster increases as the temperature of the adult environment rises (David 

et al., 1983; Huey et al., 1995; Hoffmann 2010) and as the P:C ratio of the diet 

consumed during the adult stage increases (Lee et al., 2008: Jensen et al., 2015; 

Jang and Lee, 2018). This well-established pattern of temperature- and nutrient-

dependence of female egg production was further validated by this work. In 

addition to the effects of the adult, the present study provided strong empirical 

evidence for the occurrence of significant carry-over effects of the thermal and 

nutritional environments of larval D. melanogaster on adult reproductive outcome. 

With regards to the impact of larval temperature on adult fecundity, I found that 

adult flies reared under cool larval environment (18oC) produced significantly 

fewer eggs over the first ten days of their adulthood compared to those developed 

under warmer environments (23 and 28oC). Given the well-established positive 

relationship between body size and fecundity in insect, the result that larger adults 

raised at 18oC produced fewer eggs was somewhat unexpected. It is important to 

note that this negative effect of low larval temperature on adult egg production 

persisted throughout the experimental period (days 0-10). Hodin and Riddiford 

(2000) have previously reported that the number of ovarioles, which is the 

functional unit of oogenesis, in the ovary of adult flies were highly sensitive to the 

temperature of larval development in D. melanogaster. Their results showed that 

female adults reared as larvae at 18℃ had significantly fewer ovarioles per ovary 



54 

 

than those raised at 25 or 30℃. If the number of ovarioles per ovary is fixed at adult 

eclosion and does not change in response to adult environments, it is reasonable to 

anticipate that flies with fewer ovarioles will produce fewer eggs than those with 

more and that this difference in egg production will remain throughout their adult 

stage.  

The most dramatic result of the present study was the way how the effects 

of the macronutrient balance of the larval diet on egg production changed over time 

during the early stage of adulthood in D. melanogaster. Over the first five days 

post-eclosion (days 0-5), I found that flies reared on a diet with restricted protein 

content produced significantly fewer eggs than those reared on diets with higher 

protein content. This response to the low protein level in the larval diet is consistent 

with the results of Tu and Tater (2003) and is likely to be associated with fewer 

ovariole number expected for flies reared under protein limited diets as previously 

described by Hodin and Riddiford (2000) and Rodriguez et al. (2015). During this 

first five-day period (days 0-5), the relative contribution of adult diet to egg 

production was revealed to be much smaller than that of larval diet. Strikingly, 

however, this strong carry-over effect of the larval P:C ratio on egg production 

began to wane after day 5 or 6 post-eclosion and almost disappeared during the next 

five-day periods (days 5-10). Further analysis revealed that most of the variation in 

egg production during the days 5-10 was explained by the P:C ratio of the adult, 

indicating that the diet which contributed to egg production most had shifted from 



55 

 

larval to adult diet in D. melanogaster. The fact that an income breeding insect like 

D. melanogaster relies heavily on nutrients acquired during the larval stage to 

support egg production was surprising. A possible mechanistic explanation for this 

role of larval nutrition during the early stage of adulthood has been addressed by 

Aguila et al. (2013) who found that more than half of the nutrients invested into 

ovaries in 2-day-old adult D. melanogaster were derived from those stored in the 

larval fat cells through programmed cell death. 

This study clearly demonstrated that the thermal and nutritional conditions 

experienced during the larval stage have significant consequences for adult traits, 

especially the early-life reproductive outcome in D. melanogaster. These carry-over 

effects of larval temperature and nutrition were extensively compared in the current 

study and the results of this study lead me to conclude that there was a major 

difference between these two carry-over effects with respect to the way how they 

influenced the pattern of egg production over the first ten days of adulthood. For 

example, it was found that the carry-over effect of larval temperature on egg 

production was persistent or long-lasting while that of larval nutrition was 

ephemeral and restricted only during the first few days after adult emergence. While 

the relative contributions of larval and adult temperature to early-life egg 

production remained unchanged over days 0-10 post-eclosion, there was a drastic 

shift in the relative importance of the impacts of larval and adult nutrition on egg 

production depending on the age of flies.  
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Ectotherms, particularly insects, are faced with challenges posed by 

anthropogenic changes in thermal and nutritional environments, with climate 

warming and its associated alterations in nutrient availability in the environment 

being the most imminent environmental threat (Deutsch et al. 2008; Paaijmans et 

al. 2013; Snell-Rood et al., 2015; Rosenblatt and Schmitz 2016; Smith and Myers 

2018). Until recently, most studies investigating the effects of such environmental 

challenges on fitness and life-history traits in insects have been carried without 

taking into account those effects carried over from their previous developmental 

stages. The present study clearly suggests that the environmental conditions 

experienced during the larval stage have significant repercussions on the fitness of 

D. melanogaster and I believe this finding will have valuable implications for 

improving our predictive understanding of the responses of insects and other 

ectotherms to environmental changes.  

In the current study, the effects of temperature and nutrition were 

investigated independent of each other. However, in reality, these factors are tightly 

linked to each other via metabolism and energy requirement and thus interact in a 

complicated manner (Cross et al., 2015; Clissold and Simpson, 2015). The next 

obvious question to be pursued is whether the carry-over effect of these two 

environmental factors will interact. The investigation of this interaction between 

the thermal and nutritional carry-over effects will require a more sophisticated 

experimental setup, but will certainly advance our knowledge of the integrated role 

https://link.springer.com/article/10.1007%2Fs00442-017-3959-4#CR13
https://link.springer.com/article/10.1007%2Fs00442-017-3959-4#CR10
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played by these two environmental factors in shaping the fitness and life-history 

traits of insects. 
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ABSTRACT IN KOREAN 

 

초파리의 유충기 영양과 온도조건이 성충기의 

주요 생활사 형질에 미치는 영향에 관한 연구 

 

 

민  경  운 

 

초 록 

 
 

곤충을 포함한 많은 생명체들은 서로 긴밀하게 연결되어 있는 여러 발

달 단계를 순차적으로 거치며 성장한다. 특정 발달 단계에서 곤충이 경험한 

환경 조건은 해당 단계에서 뿐 아니라, 이후 이어지는 단계에서 발현되는 곤

충의 표현형에도 유의미한 영향을 미치는 것으로 알려져 있으며, 이를 ‘이월

효과(移越效果; carry-over effect)’라 한다. 온도와 영양은 생물의 적응도

(fitness)와 이를 결정하는 생활사 형질(life-history trait)에 가장 큰 영향을 

미치는 환경 인자로 알려져 있다. 온도와 영양 조건이 곤충의 생활사 형질에 

미치는 영향에 관한 기존의 연구는 주로 곤충의 발달 단계 중 특정 단계에 국

한되어 수행되었다. 하지만 유충기 온도와 영양 조건이 성충의 적응도와 생활

사 형질에 미치는 장기적인 영향에 관한 연구는 상대적으로 부족한 실정이다.      

본 논문의 주요 목적은 생리생태학의 주요 모델곤충인 노랑초파리

(Drosophila melanogaster)를 이용하여, 유충 시기 초파리가 경험한 온도와 

영양 조건이 성충기의 생존 및 수명 그리고 성충 초기 산란력(early-life egg 
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production)에 미치는 영향을 규명하는 것이다. 만약 유충 시기 환경조건이 

성충 수명과 생식력으로 이월되었음을 확인하였을 경우, 유충기와 성충기 환

경 간의 통계적으로 유의한 교호작용을 검정함으로써, 이러한 이월효과가 과

연 성충기 동안 노출된 환경에 의해 영향 받는지를 확인하였다. 본 연구에서

는 곤충을 포함한 많은 생명체들의 적응도를 결정하는 가장 중요한 영양적 인

자로 알려진 단백질과 탄수화물 간의 균형을 영양적 변인으로 사용하였다. 본 

논문은 실험 1과 2로 구성되었으며, 각각 유충기 온도와 영양균형의 이월효과

를 규명하는 일련의 실험이 수행되었다.  

실험 1의 경우, 초파리들은 세 가지 유충온도(18, 23, 28℃)와 이와 동

일한 세 가지 성충온도가 조합된 총 아홉 가지 실험조건 중 하나에 임의 배정

되었다. 모든 유충 온도조건에서 초파리들은 75% 이상의 유충 생존율을 보였

다. 낮은 온도에서 성장한 유충은 높은 온도에서 자란 유충에 비해 더 느리게 

자랐지만 성충 우화시 몸 크기는 더 커졌으며, 이는 곤충과 다른 외온동물

(ectotherm)에서 일반적으로 관찰되는 온도-크기 법칙(temperature-size 

rule)에 부합되는 결과이다. 성충 시기에 낮은 주변온도에 노출된 초파리일수

록, 수명은 연장되었으나 산란은 감소하는 경향을 보였다. 유충 시기에 경험

한 온도 조건은 성충의 수명과 생식능력에 통계적으로 유의한 이월효과를 가

지는 것으로 나타났다. 가장 낮은 온도인 18℃에서 성장한 초파리들의 경우 

수명이 약간 증가하는 양상이 관찰되었으며, 이러한 효과는 성충시기의 온도

가 18℃일 때 가장 뚜렷하게 나타났다. 성충 우화 이후 총 10일(0-10일) 동

안 관찰한 바에 따르면, 가장 낮은 온도환경(18℃)에서 성장한 초파리들이 이 

보다 높은 온도(23, 28℃)에서 성장한 개체들에 비해 생식력이 낮은 것으로 

확인되었으며, 이러한 이월효과는 실험기간 동안 지속적으로 관찰되었다. 초

파리의 생식력은 유충 시기 경험 온도 보다는 성충 시기 온도에 의해 더 큰 

영향을 받는 것으로 분석되었다. 

실험 2의 경우, 초파리는 단백질과 탄수화물의 비율이 다른 네 가지 유

충 먹이(P:C = 1:8, 1:2, 2:1, 8:1)와 이와 동일한 네 가지 성충 먹이가 조합된 
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열여섯 가지 실험조건 중 하나에 임의 배정되었다. 유충기에 단백질 대 탄수

화물 비율이 1:8인 먹이를 먹고 성장한 초파리들은 다른 먹이에서 자란 개체

들에 비해 높은 유충사망률을 보였음은 물론, 성장이 지연되었으며 우화시 몸 

크기 또한 감소되었다. 유충 먹이의 단백질 대 탄수화물 비율 증가는 초파리 

유충의 성장을 촉진시켰으며, 체중도 증가시키는 효과를 보였다. 단백질 대 

탄수화물의 비율이 높은 먹이를 섭취한 성충은 더 많은 알을 생산했지만 수명

은 감소하는 것으로 나타났는데, 이는 기존의 연구들과 일치하는 결과이다. 

유충기 섭취한 먹이 또한 성충의 수명과 알 생산량에 통계적으로 유의한 이월

효과를 보이는 것으로 나타냈다. 성충기간 중, 단백질 대 탄수화물 비율이 

1:8인 먹이를 제공 받았을 경우, 유충 기간 동안 고단백 먹이(8:1)를 섭취하

고 성장한 초파리들은 다른 영양 조건에서 성장한 개체들에 비해 약간 더 오

래 사는 것으로 나타났다. 하지만 다른 성충 먹이를 제공 받았을 경우 이러한 

이월효과는 관찰되지 않았다. 초파리가 성충으로 우화한 이후 첫 5일(0-5일)

동안 산란한 알의 수는 단백질 대 탄수화물의 비율이 낮은 유충먹이(1:8)에서 

성장한 개체들에서 타 조건에 비해 두드러지게 감소하는 것으로 나타났다. 하

지만 0-5일 동안 보였던 유충먹이의 강한 이월효과는 우화 5일 이후 급격하

게 사라지는 것을 확인할 수 있었다. 성충 우화 후 5-10일 동안 생산된 알의 

수는 성충먹이의 단백질 대 탄수화물 비율에 의해 매우 큰 영향을 받는 것으

로 분석되었다.  

본 연구 결과, 초파리가 유충기에 경험한 온도와 영양 조건은 성충의 

생존과 수명 그리고 초기 생식력에 유의미한 이월효과를 갖는 것으로 확인되

었다. 또한 유충 시기의 온도환경과 음식물의 단백질 대 탄수화물 균형이 성

충의 적응도 형질에 미치는 이월효과 간에는 그 영향의 성격과 강도 그리고 

지속성에 근본적인 차이가 있음을 확인할 수 있었다. 가령 예를 들면, 유충 

온도의 이월효과는 비록 그 강도는 약했지만 성충기 동안 지속되는 양상을 보

인데 반해, 유충 영양의 이월효과는 일시적으로 강하게 발현되었지만, 급속하

게 사라지는 단기적인 성격을 띠는 것으로 확인되었다. 본 논문은 온도와 영
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양의 이월효과를 직접적으로 비교한 최초의 연구이다. 본 연구의 결과는 향후 

곤충이 어떻게 기후변화로부터 야기되는 온도와 영양 환경의 변화에 진화적으

로 반응하는지를 예측하는데 있어 중요한 기초자료를 제공한다.  

 

주요어 : 이월효과, 적응도, 발달, 온도환경, 거대영양소, 노랑초파리 
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