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Abstract- There is increase in the susceptibility for diseases for adult if as a fetus (juvenile) it is exposed to altered 
nutritional conditions. This in turn affects the life history of adult. Drosophila is widely used as a model in dietary 
manipulation experiments to understand the basic physiological processes. Fly system is known to self-prioritize 
macronutrient level according to its physiological requirements. Here, we demonstrated that impact of feeding high protein 
diet during pre-adult growth phase on development time and adult physiology of the organism. Depending on the type of 
nutrient i.e. protein or carbohydrate rich diet, adult flies exhibited no change in the adult body size though larval duration 
was affected. But there was change in physiology of the organism.  Lipid and water per unit dry weight were affected by the 
diet manipulation during the pre-adult stages. Taken together, these data demonstrates that diet change does not always 
affect phenotype as fly system exhibits high adaptive plasticity but may affect the physiology of the organism. 
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I. INTRODUCTION 
 
Studies on animal models have revealed the 
significance of various macronutrient and 
micronutrients on foetal development (Godfry and 
Barker 2000; Elmens et al 2007; Mennitti et al 2015). 
Foetal nutrition plays a central role in affecting the 
probability of diseases during adult life (Godfry and 
Barker 2000; Harding 2001). For example, low 
protein diet among rat mother induces hypertension 
and cardiac dysfunctioning in the progeny at adult 
stages (Elmens et al 2007).  
Drosophila melanogaster is increasingly being 
exploited as a cost-effective alternative model for 
better understanding of human diseases (Bier and 
Bodmer 2004; Dionne and Schneider 2008; Morrisa 
et al 2012) due to overwhelming homolgy between 
the two systems. For example, Drosophila insulin 
receptor gets activated by human insulin indicating 
the homology in two systems (Rubin and Lewis 
2000). Drosophila has distinct pre-adult and adult 
phases. Since the growth is restricted to the three 
larval stages, the quality of diet during larval stages 
influences many adult traits (Lee et al 2008; Skorupa 
et al 2008; Vigne and Frelin 2010).  
In nature, protein and carbohydrates are temporally 
and spatially regulated and act as major nutrient for 
Drosophila (Mattson 1980, Markow et al 1999). It is 
known in Drosophila if self-regulation of nutrients is 
allowed, it would maintain a constant ratio of sugars 
and protein indicating the self-prioritization of 
macronutrients by its system (Lee et al 2008; Fanson 
et al 2012). Diet manipulation experiments are easily 
implemented on Drosophila as they are 
ovoviviparous. Artificial selection experiments on 
diet manipulations like feeding of Drosophila larvae 
on different proportion of proteins and sugars have 
known to affect the duration of development and 
metabolic pool of major energy reserves in the 
populations (Matzkin et al 2011). Many of  

 
contemporary studies on diet manipulation either on 
larvae or adult on the basis of specific macromolecule 
have demonstrated change in the physiology 
(Musselman et al 2011; Kristensen et al 2011; 
Morrisa et al 2012; Rovenko et al 2013). There is 
ambiguity with respect to role of dietary protein 
during the larval phase on the adult physiology. 
Kristensen et al (2011) reported an increase in body 
size while Morrisa et al (2012) reported reduction in 
the body size. In this study, we attempt to ascertain 
the effect of high protein diet (HPD) during larval 
growth on the adult physiology as high protein diet is 
prescribed for weight reduction in obese humans. 
 
II. MATERIALS AND METHODS 
 
Experimental populations 
Outbred populations of Drosophila melanogaster 
were reared under Standard laboratory conditions 
(24°C temperature, 24:0 L:D, 70% ± 5% R.H) in 
environmental chamber (Power Scientific Inc., USA). 
They were maintained on 21 days of discrete egg to 
egg generation cycle. The adult flies were maintained 
in breeding cages and provided with standard media 
(see below) in plates. Media plates were replaced 
with fresh plates every alternate day till day 18 (from 
the day of egg collection). On 18th day post egg 
collection, yeast acetic acid supplement was provided 
along with fresh food for 3 days. Eggs for starting the 
next generation were collected on a fresh 
uncontaminated media plate and despensed into 40 
replicate vials per population at a density of 50-60 
eggs per vial with ~ 6 mL media. 
Diet composition 
Standard media (SM) consisted of banana jaggery 
media. For media preparation, 12.5g of agar-agar was 
dissolved in 750mL of pre-heated luke-warm water. 
Fine paste of 205g of banana, 36g of yeast, 35g of 
jaggery and 25g of barley ground in 180mL water 
was added to the agar solution. The paste sticking to 
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the inner wall of the jar was washed clean using 
additional 250mL water and added. The media was 
brought to boil on low flame with continuous stirring. 
Water bath was used to cool down the media to 37°C 
temperature. 2.4g of Methyl paraben (Thermo 
Fischer) dissolved in 45mL of ethanol was added to 
the media before being poured into plates or vials.  
Protein rich diet was prepared using 3:2:: 70% 
Casein: SM (without agar-agar and yeast). For 
100mL of HPD, 42g of casein protein (SRL) was 
mixed in 60mL water and 40mL of SM (without 
agar-agar and yeast) was added to it. 
 
Experimental Design 
Three replicate populations of Drosophila 
melanogaster were used for this assay. Drosophila 
melanogaster undergoes two larval molts followed by 
metamorphosis. Growth occurs only during the larval 
duration as adults are post mitotic. Environmental 
conditions experienced during larval life has direct 
impact on various life history traits (Stearns 1999, 
Roff 2002).  After egg collection larvae were raised 
on two different diets i. e. SM as control diet which 
was carbohydrates rich diet and HPD –High Protein 
Diet (Casein diet) under SLC. Larvae once attained 
early third instar stage were observed at 2hrs interval 
to ascertain the end of larval duration. On observation 
of red eye spots, vigil checks were carried out at 4hrs 
interval. All adults that had emerged duirng the 
preceeding 4hrs window were collected and sorted 
gender-wise on light CO2 anaesthesia and were 
transferred to clean dry holding vials. Post sorting, all 
flies were killed by over etherizing and on a 
microbalance (CM11 Citizen) in 5 batches of 10 same 
sex flies per population. This is referred to as ‘Fresh 
weight’ 
 
Water content and Lipid content estimation 
After recording the fresh weights, samples were dried 
in pre-heated oven at 70°C for 36hrs. For an interval 
of an hour samples were cooled to room temperature 
and weighed again to obtain dry weights. This weight 
is termed as Dry weight. Post recording of dry 
weights samples were transferred to pre-labelled 
microcentrifuge tubes containing 1.3mL of GR grade 
diethyl ether (Merck) and were rocked on gel rocker 
at 2000 rpm for 36hrs with ether change at 12hrs 
intervals.  Post 36hrs, samples were washed with 
diethyl ether to remove all lipids adhering to the 
surface and allowed to dry at room temperature for 
one hour and weighed again. Water content was 
calculated by subtraction of dry weight from fresh 
weight. While the Lipid content was calculated by 
subtracting lipid free dry weight from dry weight. Per 
fly values for each of the traits were obtained by 
dividing the values by 10. Water content per unit dry 
weight and Lipid content per unit dry weight were 
calculated by dividing estimated water content and 
lipid content by dry weight of an average adult. 
Statistical Analysis 

All the statistical analyses were performed using 
SPSS version 16. In all the experiments, Univariate 
analysis under General linear model was done with 
diet/treatment as fixed factors. Mean values of each 
of the replicate populations were used as units of 
analysis, hence only main effects and their 
interactions were tested (Prasad et al 2000, 2001). 
 
III. RESULTS 
 
Effect of larval diet on development time: 
There was significant main effect of diet on egg to 
adult development time (F 1, 2 = 110.27, p = 0.009; 
Figure 1A). Flies raised on SM took 228.22hrs while 
those fed on HPD took 261.59hrs. HPD treatment 
flies took 33.37hrs more compared to SM treatment. 
The delay in the development seems to be due to the 
prolonged larval phase as there was significant main 
effect of diet on larval duration (F 1, 2 = 105.35, p = 
0.009; Figure 1B). Pupal duration was marginally 
significant (F 1, 2 = 14.026, p = 0.06; Figure 1C). 
Larvae on SM diet took 138.33hrs while those on 
HPD took 155.89hrs. There was an increase of 
17.55hrs in larval duration of flies fed on HPD. SM 
fed flies had pupal duration of 89.95hrs as against 
105.70hrs in HPD. There was an increase in pupal 
duration by 15.74hrs in HPD condition.  
 

 
1A 

 
1B 
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Figure 1 Effect of larval diet on average (± s.e.m) development 
time. A. Total egg to adult development time. B. Larval 

development time.  C. Pupal duration. 
 
Effect of larval diet on adult body size:  
There was a non-significant main effect of diet on 
adult body size (F1, 2 = 1.313, p = 0.371; Figure 2A). 
SM fed adults weighed 28.105µg more than HPD fed 
adults. There was significant effect of gender on adult 
body size (F1, 2 = 1876.1, p = 0.001; Figure 2A). 
Females had 494.41µg higher wet weight than males. 
There was no interaction between diet  gender (F1, 2 
= 2.904, p = 0.2304).  
 
There was non-significant main effect of diet on dry 
weight of adult flies (F 1, 2 = 7.89, p = 0.106; Figure 
2B).  SM fed adults were heavier by 22.92µg than 
HPD fed adults. There was significant effect of 
gender on the dry weight of adults (F1, 2 = 341.62, p = 
0.002; Figure 2B). Females were heavier by 136.40 
µg than males. There was no interaction between diet 
 gender (F 1, 2 = 0.211, p = 0.69; Figure 2B). 
 

 
2A 

 
2B 

Figure 2 Effect of larval diet on average (± s.e.m) adult weight. 
A. Average wet weight per fly. B. Average dry weight per fly. 

 
Effect of larval diet on lipid and water reserves: 
There was a non-significant main effect of diet on the 
average lipid content per adult (F1, 2 = 0.301, p = 
0.638; Figure 3A). There was only a difference of 
1.01 µg in lipid content per fly among diet treatment. 
Lipid content per unit dry weight was 0.16 units in 
SM and 0.14 units in HPD fed flies. There was 
significant main effect of gender on lipid content per 
fly (F 1, 2 = 18.65, p = 0.05; Figure 3A) unlike lipid 
content per unit dry weight (F 1, 2 = 13.58, p = 0.06; 
Figure 3B). Male had lower lipid content (44.8 µg) 
than females (54.17 µg). There were no interactions 
between diet  gender (F1, 2 = 13.75, p = 0.06) for 
lipid content per fly unlike lipid content per unit dry 
weight (F 1, 2 = 38.11, p = 0.02). However, there was 
significant main effect of diet on lipid content per 
unit dry weight of adults (F1, 2 = 37.34, p = 0.026; 
Figure 3B).  
 
There was a non-significant main effect of diet on 
water content per fly (F1, 2 = 8.54, p = 0.1; Figure 
3C). However, there was main effect of water content 
per unit dry weight (F1, 2 = 75.01, p = 0.01; Figure 
3D). SM fed flies had 832.56 µg of water content and 
HPD fed flies had 781.53 µg. There was almost no 
difference (0.301 units) in water content per unit dry 
weight. There was significant main effect of gender 
on water content per fly (F 1, 2 = 3080.7, p = 0.001; 
Figure 3B)   unlike water content per unit dry weight 
(F 1, 2 = 4.14, p = 0.17; Figure 3D). Water content per 
adult was 628.04 µg in males and 986.04 µg in 
females. Water content per unit dry weight was 2.38 
units in males and 2.46 units in females. There were 
no interactions between diet  gender for water 
content per fly (F 1, 2 = 5.19, p = 0.15; Figure 3B) and 
water content per unit dry weight (F 1, 2 = 4.62, p = 
0.16; Figure 3D). 
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Figure 3 Effect of larval diet on average (± s.e.m) lipid content. 
A. Lipid content per fly. B. Lipid content per unit dry weight. 

C. Water content per fly. D. Water content per unit dry weight. 
 
IV. DISCUSSION 
  
The fetal origin hypothesis proposes manipulation of 
nutrition environment and endocrine events during 
early  development period leads to adaptation that 
have long term effects on the body structure and 
physiology. These developmental adaptations further 
pre-dispose the individual to various diseases thus 
affecting its life history (Barker 1995; Godfrey and 
Barker 2000).  In this study we found impact of 
nutrition i. e. diet manipulation during larval life on 
adult physiology (in terms of redistribution of 
resources per unit body wt.) though not on body size 
of the organism. It has been previously reported that 
diet composition affects the metabolism and various 
life history traits of Drosophila melanogaster. Thus, 
nutrition acts as the key determinant of life history 
traits in Drosophila melanogaster as they are post 
mitotic as adults (Tatar et al 2001; Skorupa et al 
2008, May et al 2015).  
 
In this present study, there was significant increase in 
development time as HPD (composed of Casein 
majorly) in comparison to SM is very harsh diet. We 
observed increase in larval duration exclusively, 
which is the major contributor to increase in the total 
development time (Matzkin et al 2011). Process of 
metamorphosis is unaffected as pupal duration was 
similar (though marginally significant) irrespective of 
diet or nutrition medium. In nature, Drosophila is 
known to exhibit high level of adaptive plasticity as it 
occupies ephemeral habitat. Our study further 
supports this, as it is only during the larval – growth 
phase that the environmental factors (here diet) act 
and affect the time duration as a plastic response. 
There was no significant difference in the adult body 
size in the two diet conditions. Perhaps the plastic 
response of Drosophila under adverse environmental 
conditions which led to increase in larval duration in 
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HPD condition resulted in the attainment of similar 
body size in both the feeding conditions.  
Recently it has been shown that feeding high protein 
diet to adult Drosophila melanogaster results in 
weight loss and induces catabolic process which 
further disrupts the metabolic homeostasis in the 
organism affecting its physiology (Morrisa et al 
2012). Our experimental diet is composed of 70% 
casein protein which is a very high amount of protein 
and though it did not  affect the body size but reduced 
the per unit dry weight distribution of lipid and water 
content thus suggesting it has effect on the 
physiology of the organism. Metabolization of 
proteins is indeed a complex process than 
carbohydrate utilization (Thompson et al 2003). 
Adults fed on HPD during larval life had lower 
access to easily available energy resource i. e 
carbohydrates thus they are storing lower amount of 
lipid per unit dry weight. Water which is otherwise 
considered as matrix is acting as a source of nutrient 
in Drosophila and is well regulated in presence of 
yeast and sugars (Lee et al 2008, Fanson et al 2012). 
It was found that water content per unit dry weight is 
lower in adults when raised on HPD as larvae though 
total water content was not different among two 
treatments. Though males were smaller than females 
but lipid and water content per unit dry weight were 
evenly distributed among themselves. 
 
In this present study, Casein used is quite harsh and 
dry diet. Though these flies had maintained similar 
level of water content but their distribution of water 
content per unit dry weight had been reduced. This 
further implies that not only yeast but casein which is 
also used as protein source in many of nutritional 
studies in Drosophila system (Kristensen et al 2011, 
Sisodia and Singh 2012) is affecting the water 
balance. 
 
In humans, it has been reported that cow-milk (casein 
rich food) is not recommended for infant as it 
increases the risk of development of allergy to milk 
proteins and susceptibility to type 1-diabetes (Leung 
and Sauve 2003). Likewise in our study, we found 
out the casein protein during juvenile period affect 
the physiology by redistribution of lipid and water 
content per unit dry weight. Thus, emphasizing onto 
the significance of diet during juvenile period on 
adults. 
 
CONCLUSION 
 
The novel aspect of the present study is that there is a 
profound effect of diet manipulation during the larval 
stages. It altered the physiology that leads to delay in 
development time (perhaps a compensatory 
mechanism) so as to attain the species specific adult 
sizes. This study clearly indicates the importance of 
diet/ nutrition during juvenile period on adult 
physiology. 
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