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Abstract 
In insects, energy is a fundamental but inevitably limited resources, acquired from the diet 
and stored in the body, largely in the form of lipid, for later use. Insects must partition these 
resources between competing physiological processes, and this will be influenced by a range 
of life-history characteristics, and the environment in which they live. The overarching aim 
of this thesis, therefore, was to consider resource acquisition and its subsequent allocation 
to growth and reproduction by the blowfly Lucilia sericata, which is both a useful laboratory 
model species and of applied importance in both livestock husbandry and forensic science. 
Initially, larval L. sericata, were exposed to different levels of crowding to investigate the 
impacts of competition and reduced dietary intake on body size and on the lipid available to 
newly emerged adults (Chapter 3). Larvae reared in more crowded cultures had significantly 
lower lipid contents and lipid was shown to decline significantly over the course of pupation, 
leading to smaller adults with lower lipid contents at emergence. Larger females matured 
significantly greater numbers of eggs and significantly larger eggs, than smaller females. 
There was no relationship between adult size and longevity. Small females were shown to 
produce offspring capable of maturing into large adults in the following generation, if larvae 
were provided with abundant food. The results in this Chapter demonstrate the importance 
of phenotypic plasticity in body size as an adaptive response to crowding and reduced dietary 
intake. 
Subsequent work focused on adult L. sericata. In the experiments described in Chapter 4, 
females were fed diets differing in protein and carbohydrate (sucrose) content, and the 
allocation of lipid to reproduction was quantified. When flies were denied access to sucrose, 
stored lipid then continued to decrease until flies died, usually within four days of 
emergence.  Flies given access to sucrose were able to increase body lipid content, 
demonstrating that carbohydrate is essential for homeostasis and that it can be used to 
synthesise lipid. Nevertheless, female flies fed sucrose only were unable to synthesise egg 
yolk. Only flies provided with protein were able to mature eggs. The results demonstrate the 
importance of different dietary components for different elements of the life-history of L. 
sericata, namely survival and reproduction. 
This theme was extended in Chapter 5, which attempted to isolate the specific components 
that allow egg production in the protein diet. For this, L. sericata, were fed diets differing in 
protein formulation (freeze-dried lamb liver, whey powder and soya powder) or amino acid 
composition. Although female flies provided with one or three amino acids survived, they 
were unable to synthesise egg yolk. The results show that the mean lipid content and 
reproductive output varies significantly between different diets, but the key components 
found in liver that allow egg production could not be identified from this study.  
Life-history theory suggests that the trade-off between homeostasis, somatic allocation and 
reproductive allocation will change as insects age. To investigate this issue, in Chapter (6) 
an analysis of the number and size of eggs matured and the lipid and protein allocation in 
eggs over time was undertaken in a laboratory investigation. The data show that lipid 
invested in the ovary, and the number and size of eggs produced declined over time, 
particularly during the final period of adult life.  
Finally, in Chapter 7, the findings from the experimental studies are discussed together and 
the need for future investigations to explore the specific dietary factors that facilitate egg 
production and the relevance of these physiological processes to field populations, are 
highlighted.  
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- Chapter 1 - 

Nutrition and lipid metabolism in insects 

and the blowfly Lucilia sericata 
 
 

1.1.  Introduction 

Energy is an essential but inevitably finite resource in insects, obtained from their diet from 

the environment and stored in the insect body for subsequent use (Brown et al., 2004). 

Explaining how insects obtain, store and allocate this energy to somatic growth, 

reproduction or maintenance, it is of fundamental importance to understanding different 

patterns of insect life-history and behaviour (Thompson, 1973; Lease & Wolf, 2011). Life-

history decisions relating to how energy is partitioned, have consequences for every aspect 

of an insect’s growth and development, survival and reproduction, as well as for its 

responses to environmental factors such as ambient temperature (Bursell, 1960a,b; Lang, 

1963; Phelps, 1973; Bursell & Taylor, 1980). 

In general, insects store the chemical compounds that act as sources of energy in the 

fat body cells, in two forms: as glycogen and lipid triglycerides. The fat body therefore has 

a vital function in arthropods and is one of the most important of insect organs; it is 

considered to be a labile and dynamic tissue with various metabolic functions, one of the 

most significant of which is to store and liberate the compounds required for metabolism 

(Canavoso et al., 2001). Glucose is the primary immediate source of energy for activity and 

is derived primarily from glycogen stores in the body, although it can be synthesized from 

other metabolites such as amino acids, lactate and glycerol by gluconeogenesis. Glycogen 
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is synthesized from UDP-glucose obtained from dietary carbohydrates or amino acids. 

Lipid, in the form of triglycerides, is the critical longer-term energy store, supporting long-

distance flight in insects such as Orthoptera, Hemiptera, and Lepidoptera (Gäde, 1990; 

Candy et al., 1997; Zera et al., 1999), and egg production and development (Kawooya & 

Law, 1988; Lorenz & Anand, 2004). 

Many issues relating to the way energy is obtained, stored and allocated in insects 

remain poorly studied, and a better understanding of this aspect of insect physiology may 

contribute to a better understanding of the adaptability of insect species to environmental 

challenge.  Hence, the overall aim of the current study was to examine the patterns of 

resource accumulation, and allocation to survival or reproduction, with a particular focus on 

lipid, in the blowfly Lucilia sericata (Meigen) (Diptera: Calliphoridae). The blowfly, L. 

sericata is considered a valuable model for such research as it is easy to breed under 

laboratory conditions and it has been the subject of extensive previous research (Wall et al., 

2002; Muntzer et al., 2015). Also, it is a species of considerable economic significance in 

animal husbandry (Hall & Wall, 1995), forensic science (Grassberger & Reiter, 2001; Clark 

et al., 2006) and medical science (Chan et al., 2007; Cazander et al., 2013; Wilson et al., 

2016). 

 

1.2.  Lipid physiology in insects 

1.2.1. Fat body and haemolymph  

Lipids are complex macrobiomolecule hydrocarbons that are soluble in nonpolar 

solvents; they include fatty acids, waxes, sterols, monoglycerides, diglycerides, 

triglycerides, and phospholipids.  Lipids are essential compounds in insects, providing the 

resource to support cellular structures, reproduction, flight, embryogenesis and 

metamorphosis (Beenakkers et al., 1985; Arrese & Soulages, 2010). The volumes of lipid 
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required at each life-cycle stage, differ according to the species of arthropod, and are further 

influenced by multiple additional factors such as sex, developmental stage, diapause and 

external abiotic factors such as temperature (Beenakkers et al., 1985; Lease & Wolf, 2011). 

Generally, female insects accumulate greater amounts of lipid than males, particularly to 

support egg production (Beenakkers et al., 1985; Zhou et al., 1995), but this is not always 

the case, as will be discussed in section 1.3.4.  

The fat body is responsible for the synthesis of lipoprotein and is involved in lipid 

transport and the production of vitellin for egg maturation (Keeley, 1985), it also serves as 

the main point for intermediary metabolism and storage of carbohydrate, lipid and protein 

(Beenakkers et al., 1985). The fat body is involved in de novo synthesis and release of lipid 

for metabolism (Beenakkers et al., 1985). In some insects the fat body may exceed 30% of 

the total dry weight (Briegel, 1990; Kawooya & Law, 1988; Ziegler & Van Antwerpen, 

2006). For example, in female crickets, Gryllus bimaculatus (Orthoptera: Gryllidae), the fat 

body contains more than 60% of the bodily protein and lipid (Lorenz & Anand, 2004). In 

terms of their structure, the fat body cells are usually relatively large, it is usually one or two 

cells thick and suspended through connective tissues in the haemocoel of the insect (Roma 

et al., 2010). The organ is composed of a perivisceral layer and the peripheral layer; the 

perivisceral layer surrounds the gut and reproductive organs, while the peripheral layer is 

located underneath the integument (Fig. 1.1) (Dean et al., 1985; Chapman, 1998).  Fat body 

amino acid transporters can detect changes in energy levels, as precursors respond to demand 

by regulating energy expenditure (Hansen et al., 2005; Arrese & Soulages, 2010). The role 

of the haemolymph is primarily to transport nutrient substances such as lipid from absorption 

sites to the fat body (Beenakkers et al., 1985).  
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Fig. 1.1 Diagrammatic representation of a typical insect fat body, showing its distribution 

and location in an abdominal transverse section of a Lepidoptera caterpillar (adapted from 

Chapman, 1988). 
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1.2.2. Ingestion, digestion, absorption and storage 

 The accumulation of nutrition begins with ingestion. Many species of insects are 

thought to self-select a compatible balance of nutrients, by feeding preferentially on a 

specific dietary sources (Waldbauer & Friedman, 1991). For instance, larvae of 

Helicoverapa zea (Lepidoptera: Noctuidae) can self-select  favourable nutrients from natural 

diets (Waldbauer et al., 1984). According to House (1958), the requisite balance of nutrients 

at each of the life-cycle stages varies in different insect species. Some insects ingest 

relatively large fragments of their food, which are first broken down by the crushing and 

cutting action of the mouthparts, and in some species further degraded by the proventriculus 

(the narrow glandular first region of the stomach). In some insects, enzymatic digestion is 

digestion is facilitated by the saliva and secretions of the midgut and smaller molecules are 

absorbed largely through the gastric caeca of the mid-gut (Terra & Ferreira, 2012).  

As discussed above, energy reserves are stored in two main forms: as glycogen, a 

carbohydrate, or as lipid, including triglycerides (TAG) (Beenakkers et al., 1985; Clements, 

1992; Lorenz & Anand, 2004). There are also many other types of lipid within the insect 

body, including diacylglycerol (DAG), free fatty acids (FFAs) (Tsuchida & Wells, 1988) 

and monoacylglycerol (MAG) (Hoffman & Downer, 1976), but their contributions to energy 

storage are relatively small and they often serve specialist functions (Beenakkers et al., 

1985). These types of lipid are usually considered to be digestive products of TAG after 

hydrolysis in the midgut lumen and they are then absorbed through the midgut epithelium 

and after that used for the synthesis of FFAs and MAG (Tsuchida & Wells, 1988; Turunen 

& Crailsheim, 1996; Canavoso & Wells, 2000; Canavoso et al., 2004). The midgut has the 

primary function of absorption of dietary lipids which it liberates into the haemolymph 

(Tsuchida & Wells, 1988). TAG is usually the main lipid component and is stored in the fat 

body (Gilby, 1965; Wimer & Lumb, 1967; Bailey, 1975; Downer, 1985; Ziegler, 1991; 
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Turunen & Crailsheim, 1996; Canavoso et al., 2001). For example, Tsuchida & Wells (1988) 

found that in Manduca sexta (Lepidoptera: Sphingidae) more than 70% of TAG was present 

in the fat body. Lipid is then released from the enterocytes of the fat body, usually in the 

form of DAG and this is considered to be the major lipid exported in insects and liberated 

directly into haemolymph (Chino, 1985; Soulages & Wells, 1994).  

Many arthropods can synthesize lipid de novo from stored carbohydrates and convert 

it into glycogen (Beenakkers et al., 1985; Downer, 1985), with some exceptions among 

hymenopteran and dipteran parasitoid species (Visser & Ellers, 2008). However, most 

insects are unable to synthesise cholesterol de novo and because cholesterol is important for 

growth and reproduction (Clark & Bloch, 1959; Levinson, 1962) it must be acquired from 

the diet (Hobson, 1935; Levinson, 1962). 

 

1.2.3. Metabolism of lipid  

The metabolism of lipid has been particularly well studied in migratory locusts 

Locusta migratoria (Orthoptera: Acrididae) and this species is considered an important 

model as the underlying processes are likely to be conserved across species (Van der Horst, 

2003). During periods of general metabolic activity, two important forms of carbohydrate 

as glycogen and lipid as FFAs are present in the haemolymph (Beenakkers et al., 1985). 

When the locusts require additional large quantities of energy to allow long-distance flights, 

reproduction or metamorphosis, the additional energy required is drawn from stored 

reserves. For this the glandural lobes of the neuroendocrine gland located in the insect’s 

brain secrete Adipokinetic hormones (AKHs) to mobilize carbohydrate and lipid reserves 

and the action of secretion AKHs result in increasing lipid contents in haemolymph 

(Goldsworthy et al., 1972; Oudejans et al., 1990). Lipid transport in the haemolymph is 

achieved via lipophorins (Fig. 1.2) (Chino, 1985; Tsuchida & Wells, 1988). There are a 
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number of types of lipophorin, named according to their activity: high density lipoprotein 

(HDLp) and a low density lipoprotein (LDLp) (Beenakkers et al., 1985).  

Flight activity stimulates the mobilization of TAG in the fat body, resulting in 

elevated concentrations of sn-1,2-diacylglycerol (DAG) in the haemolymph. Then DAG 

associates with HDLp, which is converted into LDLp with high capacity to transport a large 

amount of DAG to be delivered to specific tissues, such as flight muscles (Fig.1.2) (Van der 

Horst et al., 2002; Van der Horst, 2003) and the ovaries in females (Kawooya & Law, 1988; 

Van Hoof et al., 2003). Embryogenesis requires transportation of the lipoprotein, 

vitellogenin, to the ovaries (Raikhel & Dhadialla, 1992). 

 

 

 

Fig. 1.2 Schematic overview of lipid mobilization during flight activity in locusts. AKHs: 

adipokinetic hormones; R: receptor; G: protein; HDLp: high-density lipophorin; LDLp: low-

density lipophorin; apoLp-III: apoliphorin III; FFA: free fatty acids. (Adapted from Van der 

Horst et al., 2002). 

 

Fat body 
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1.3. The functions of lipid in insect life-history 

1.3.1. The role of lipid in development 

As mentioned previously, resource accumulation is one of the major functions of the 

juvenile stages in holometabolous insects (Arrese et al., 2001). During the larval stage, the 

quantities of accumulated resource, particularly lipid, rise gradually, accompanied by an 

increase in the growth rate (Mirth & Riddiford, 2007). Fernando-Warnakulasuriya et al. 

(1988) showed that TAG in the fat body of the caterpillar stages of the moth M. sexta rose 

gradually, starting from a few milligrams at hatching up to 300 mg at the end of the larval 

life-cycle stage. The lipid stores were then depleted during pupal stage to support 

metamorphosis (Ziegler, 1991). During pupation, the fat body changes from a storing tissue 

to a mobilizing tissue for lipid (Tsuchida & Wells, 1988). A greater intake and storage of 

lipids and other dietary compounds in the juvenile stages may ultimately be linked to higher 

rates of development and to larger adult size (Mirth & Riddiford, 2007). Greater adult size 

may be associated with improved fecundity and longevity, for example in Drosophila 

(Lefranc & Bundgaard, 2000).  

Complete metamorphosis is a vital biological process in holometabolous insects and 

during the process of metamorphosis, energy stored during the larval stage is utilized for 

histolysis in the larval tissues and histogenesis in adult tissues (Odell, 1998). Growth, 

development and particularly metamorphosis are metabolically demanding (Lease & Wolf, 

2011). The generation of adult tissue has been tracked throughout metamorphosis in two 

species of blow fly, Lucilia cuprina and Phormia regina (Diptera: Calliphoridae) a strong 

correspondence between lipid use and metabolic activity has been demonstrated (D’Costa 

& Birt, 1966; Tate & Wimer, 1974). 
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1.3.2. Role of lipid in water retention and protection 

The cuticle of insects has a structural function, serving as an exoskeleton and also 

performing a protective layer as an environmental barrier, minimising water loss. This 

cuticle is muli-layered, and lipids are a critical component of the outer water-proof epicuticle 

layer (Vincent & Wegst, 2004). In addition, in some species cuticular lipids contribute to 

the absorption of water from humid environments (Beament, 1964). The catabolism of 

stored TAG provides water; which has the function of maintaining a balance of water and 

provisioning metabolic water. This explains why lipids are important in allowing insects to 

avoid drought when dehydration is among the main threats (Danks, 2000). 

Lipids in the cuticle may also help in protection from entomopathogens, which are 

microorganisms that cause disease among arthropods especially insects. The epicuticular 

lipid of an insect may help to reduce host vulnerability to fungal attack (Gillespie et al., 

2000) by preventing fungal growth (Kerwin, 1982). Cuticular fatty acids were shown to 

prevent conidial growth of Conidiobolud coronatus (Entomophthorales: Ancylistaceae) in 

the blowfly Calliphora vicina (Diptera: Calliphoridae) (Bogus & Scheller, 2002; Boguś et 

al., 2007). Lipids extracted from the cuticle of larvae of the silkworm Bombyx mori 

(Lepidoptera: Bombycidae) and the rice stem-borer, Chilo simplex (Lepidoptera: 

Crambidae) were shown to be able to prevent growth of the common soil fungus, Beauveria 

bassiana (Koidsumi, 1957). However, there are major differences between species in terms 

of the fatty acids present in the insect cuticle, and while some fatty acids are considered to 

be responsible for such anti-fungal effects, these are absent in other species (Gołębiowski et 

al., 2012). 
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1.3.3. Role of lipid in flight 

Flight is important in many species of insect, so that they can find and colonise 

suitable environments, avoid predators, and identify appropriate sites for oviposition and 

mating. The flight muscles are also utilised to generate metabolic heat in some insect species, 

allowing insects with a large body size to regulate thermoregulation and maintain a constant 

thoracic temperature, regardless of the ambient temperature (Heinrich, 1971). Studies have 

attempted to quantify the energetic cost of flight and the trade-off between the use of lipid 

in flight and other activities; for example, although the large amounts of lipid were 

accumulated in long-winged females crickets of Gryllus firmus (Orthoptera: Gryllidae), 

small numbers of eggs were produced (Zera & Larsen, 2001; Zhao & Zera, 2001). This was 

considered to be due to the use of lipid in flight activity rather than reproduction. Flightless 

morphs of G. firmus accumulated 50-25% less lipid but matured larger numbers of eggs 

(Zhao & Zera, 2001).  

Some insects have higher metabolic rates relative than others, because they are active 

fliers, e.g. blowflies, wasps and bees (Kammer & Heinrich, 1978). During flight, the flight 

muscles consume additional oxygen; indeed, as activity increases, consumption of oxygen 

doubles (Canavoso et al., 2001). The chief source of the required metabolic energy for flight 

is fatty acids, especially in the case of Orthoptera and Lepidoptera (Weis-Fogh, 1952; 

Gilbert & Schneiderman, 1961; Sacktor, 1974; Jutsum & Goldsworthy, 1976; Ziegler & 

Schulz, 1986; Candy et al., 1997), where it is mainly obtained from TAG in the fat body 

(Canavoso et al., 2001). However, in some species lipids play less of a role in flight activity. 

For example, it has been suggested that L. sericata utilizes carbohydrates as the primary 

source of energy during the first three hours of flight (Mathur & Yurkiewicz, 1969). It has 

elsewhere been reported that for female mosquitoes Aedes sollicitans (Diptera: Culicidae) 

and Aedes taeniorrhynchus (Diptera: Culicidae), carbohydrates are used for the first hour of 
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flight (Nayar & Van Handel, 1971). In a number of insects, carbohydrates have been shown 

to be metabolised during long-distance flight activity, particularly in Drosophila 

(Wigglesworth, 1949), Tabanus (Hocking, 1953) and Culex (Clements, 1955; Beenakkers, 

1969; Sacktor, 1970).  

 

1.3.4. Role of lipids in reproduction 

In vitellogenesis, females invest large quantities of lipid in the eggs (Gilbert, 1967; 

Martin, 1969; Dutkowski & Ziajka, 1972). Yolk lipids are derived from the body fat 

(Adiyodi & Nayar, 1967; Martin, 1969; Dutkowski & Ziajka, 1970; 1972; Ziegler, 1997). 

Lorenz & Anand (2004) showed that the decline in the fat body weight in the abdomen of 

female crickets G. bimaculatus was concurrent with the increase in ovary weight; it was 

inferred that this was because the energy reserves were transferred from fat body to the 

ovary, allowing substantive vitellogenic egg growth. Lipid has been shown to constitute 

approximately 40% of the dry weight of an egg in the moth M. sexta, and TAG represents 

more than half the amount of this lipid (Kawooya et al., 1988; Kawooya & Law, 1988). In 

the case of the American cockroach Periplaneta americana (Blattodea: Blattidae), for 

example, during embryogenesis, 75% of TAG is metabolised (Kinsella & Smyth, 1966). 

The levels of cholesterol have been shown to affect egg production in the fly C. vicina and 

egg viability in the diamondback moth Plutella xylostella (Lepidotera: Plutellidae) (Behmer 

& Grebenok, 1998; Monroe, 1959). In female L. sericata, large amounts of cholesterol were 

identified in eggs using a gas-chromatographic technique (Gołębiowski et al., 2012), 

suggesting cholesterol performs a vital function in egg production in this species. 

Lipid values are usually highest in egg producing female insects. For example, the 

lipid content in the ovary and haemolymph of female earwigs Labidura riparia (Dermapetra: 

Labiduridae) fluctuates, rising and falling synchronistically with cycles of yolk deposition 
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(Sayah, 2008). A similar finding has been noted in female mosquitoes Aedes aegypti 

(Diptera: Culicidae), in which the lipid accumulation of body fat increases prior to 

investment in oöcytes (Ziegler & Ibrahim, 2001). There is evidence that there are exceptions 

to this principle. In particular, since lipid is essential for flight, males might expend the same 

or greater energy than females and, lipid contents may be high in males, and in some insect 

species are higher than in females (Gilbert, 1967). This was shown in flesh flies, Sarcophaga 

bullata (Diptera: Sarcophgidae), where lipids are required for flight activity during mating 

competition, making them vital determinants of male reproductive success (Berrigan, 1991) 

Moreover, male silk moths, Hyalophora cecropia (Lepidoptera: Saturniidae), store more 

lipids than females as they fly long distances looking for virgin females (Gilbert, 1967). It 

was also found that the amount of total lipids in L. sericata was higher in males than females 

(Gołębiowski et al., 2012) and slightly higher in males in the blowfly C. vicina (Gilbert, 

1967). Conversely, the lipid value was similar in both males and females at emergence in 

the ladybird Adalia bipunctata (Coleptera: Coccinellidae) (Yasuda & Dixon, 2002), and in 

the fruit fly Anastrepha serpentina (Diptera: Tephritidae) (Jacome et al., 1995). Thus, it 

appears there is no common rule for the allocation of lipids between sexes, and lipid content 

stored by males and females varies between species. No differences in flight biochemistry 

were found between male and female Diptera (Yurkiewicz & Smyth, 1966; Dean, 2003). 

 

1.3.5. Role of lipid in overwinter survival and development 

Many insects that encounter periods of adverse temperature and humidity, typically 

overwinter, compensating for such climatic variations with a period of diapause. The 

definition of diapause is a period of reduced development at any life-cycle stage (e.g. larvae, 

pupae and adults) triggered by factors such as photoperiod; the key feature being that 

physiological change is triggered in advance of the adverse conditions – as such it can be 
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considered a “prospective dormancy” (Müller, 1970). Two chief environmental agents can 

serve to terminate diapause; photoperiod and, more commonly, a change in temperature 

(usually a period of cold followed by an increase) (Hodek & Hodková, 1988; Hodek, 2003; 

Tachibana & Numata, 2004). 

Successful pupation, for an overwintered generation, relies on the stored lipid 

reserves, which were accumulated during the feeding phase the previous year (Beenakkers 

et al., 1981). When energy reserves are adequate, pupation and metamorphosis are 

completed and the post-diapause stage resumes development successfully. Increased lipid 

accumulation, triggered by falling temperatures, is an important contributor to increasing 

cold tolerance in Drosophila suzukii (Diptera: Drosophilidae) (Enriquez & Colinet, 2019). 

Similarly, the longhorn beetle Psacothea hilaris (Coleoptera: Cerambycidae), gains weight 

substantially to be able to enter diapause successfully (Munyiri et al., 2004). In some species, 

additional weight gain for this purpose can exceed that required for entering the non-

diapause pupal phase. For example, the accumulated lipid reserves in larvae were found to 

be nearly double normal levels prior to entering diapause in the flesh fly Sarcophaga 

crassipalpis (Diptera: Sarcophagidae) (Adedokun & Denlinger, 1985). In fact, lipid reserves 

may contribute up to between 80% and 95% of total body weight prior to entering diapause 

(Hahn & Denlinger, 2011). Therefore, survival overwinter and the resumption of 

development are critically dependent on the accumulation of appropriate energy reserve to 

allow them to survive (Hahn & Denlinger, 2007); these energy reserves need to be used 

efficiently during the post-diapause periods of larval and pupal development (Beenakkers et 

al., 1981). The period immediately following diapause is often marked by high metabolic 

activity and the consumption of considerable energy reserves (Hahn & Denlinger, 2011). 

Overwinter, although there may be few changes in development or tissue 

differentiation in diapausing life-cycle stages (Jovanović-Galović et al., 2004), even below 
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developmental threshold temperatures, physiological processes may remain active, 

including lipid metabolism, sugar metabolism, energy metabolism and endocrine regulation 

(Fliszkiewicz et al., 2012; Enriquez & Colinet, 2019; Vu et al., 2019).   

It has been demonstrated that polyols and low-molecular-weight sugars are 

fundamental intermediate metabolites in different insect species in cold environments (Liu 

et al., 2020). These compounds were shown to accumulate and act as cryoprotectants at low 

temperature and prevent the freezing of tissues in three species of flies: Musca domestic 

(Diptera: Muscidae), P. regina and Aldrichina graham (Diptera: Calliphoridae) (Buei, 

1986). Although, several polyols have been shown to accumulate in different insects species, 

cryoprotection is particularly associated with higher glycerol contents (Fig 1.3) (Joanisse & 

Storey, 1996; Jena et al., 2013). For example,  it was observed that glycerol was accumulated 

at extremely high levels during overwintering in both Eurosta solidaginis (Diptera: 

Tephritidae) and Epiblema scudderiana (Lepidoptera: Tortricidae) (Storey & Storey, 1991). 

These sugars and polyols compounds have also been shown to provide a higher cold 

tolerance in Cydia pomonella (Lepidoptera: Tortricidae) (Khani et al., 2007). Desaturation 

of FFAs in membrane phospholipid and desaturation of TAG reduce the melting point, thus 

leading to increase fluidity and accessibility at low temperatures (Kostal & Simek, 1998; 

Van Dooremalen & Ellers, 2010; Rozsypal et al., 2014). In addition, the inhibition of 

metabolic pathways at low temperature may help to avoid damaging biochemical 

imbalances.   
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Fig. 1.3 The simple structure of polyol compound, which is called glycerol and 

considering as a backbone in lipids known as glycerides; a polyol contains more than two 

groups of carbon-hydrogen bonds. 
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1.4. Effects of temperature on lipid metabolism  

Insects are poikilotherms and, as such, most species have only limited ability to regulate 

their body temperatures. As a result, body temperature largely varies in line with ambient 

temperature. Therefore, temperature is the main environmental factor affecting 

physiological activities in insects, regulating growth rate, reproduction, locomotion, 

distribution and abundance (Wall et al., 1992). It also has a significant effect on fitness and 

general life history characteristics in insects (Gibert et al., 2001; Angilletta et al., 2002; 

Hoffmann et al., 2003). In general, all insects, when exposed to extremely high temperatures 

can die, due to the denaturation of proteins, or enzyme structure variations caused by 

dehydration (Chapman, 1998). In the majority of insects, the lethal temperature range is 

between 40°C and 50°C (Gullan & Cranston, 1994), although this range differs by taxon.  

Under less extreme temperatures, insects may also be affected in other ways. For 

example, the pupae of Cadra cautella and Plodia interpunctella (Lepidoptera: Pyralidae) 

die at 50°C; but at 45°C and 40°C, females and males of both species are able to survive but 

fail to mate or produce eggs (Arbogast, 1981). Saxena et al., (1992) conducted experiments 

on three species of stored grain beetle, subjecting them to conditions of 30°C, 40°C and 

45°C, and conversely that sterility increased with rising temperature. 

Although higher developmental temperatures, below the lethal range, and high 

relative humidity may increase development time and oviposition rate  (Cunnington, 1985; 

Yadav & Chaudhary, 1986; Zulfiqar et al., 2010), it reduces the longevity and the 

oviposition interval when measured in chronological time (Cunnington, 1985; Potting, 1996; 

Mbapila & Overholt, 1997; Getu, 2007). The relationship between higher temperature, 

increased metabolic rate and reduced development time is well established (Yadav & 

Chaudhary, 1986; Muegge & Lambdin, 1989; Levesque et al., 2002; Mbapila et al., 2002 



Nutrition and lipid metabolism in insects and Lucilia sericata 

17 
 

 

Srivastava & Omkar, 2003). Hence a physiological measure of time, in accumulated degree-

days or degree-hours (ADD/ADH), is often more meaningful.  

 
 

1 

1.5. The Calliphoridae 

The primary focus of this study, the blowfly, L. sericata, is placed within the order Diptera 

and the family Calliphoridae. There are over 1,000 species within this family. The 

Calliphoridae can be identified by the row of setae present on the meron, the absence of a 

prominent subscutellum, its hairy arista and the sharp curvature of the wing vein M 

(Marshall et al., 2011). The subfamily Lucilinae within Calliphoridae can be differentiated 

by its bright metallic thorax and abdomen, with colour dependent on species, variously 

green, blue or bronze (Stevens & Wall, 1996; Marshall et al., 2011). This subfamily includes 

one genus, Lucilia; L. sericata is characterized by the presence of an orange or yellow 

palpus, a pale basicosta (Marshall et al., 2011), a post sutural area with three acrostical setae, 

a central occipital area with inner vertical seta and a lower group of 2-5 setae (Malloch, 

1926) and a bare subcostal sclerite (Marshall et al., 2011). 

 

1.5.1. Medical and forensic importance of blowflies  

The larvae of most species of Lucilia are saprophages, meaning they feed on 

carcasses and proteinaceous waste. However, some species of Lucilia are also facultative 

ectoparasites, largely affecting domestic sheep, causing a condition called cutaneous ovine 

myiasis. Myiasis arises when dipterous larvae feed on the living tissues of a vertebrate host 

( Hall & Wall, 1995). Lucilia sericata is of importance in this respect in northern Europe 

while L. cuprina is of importance in Australasia and South Africa. The feeding activity of 

the larvae can lower productivity significantly, impacting animal welfare and, if untreated, 
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may be fatal leading to a loss of domestic livestock (Wall et al., 2002) and economic losses 

(Heath et al., 1987). 

Larval therapy is the therapeutic utilisation of blowfly maggots to treat chronic and 

non-healing wounds with living larvae. This therapeutic approach has been gaining 

increasing attention worldwide in recent years and is now available from the NHS in the UK 

and in the US (Bonn, 2000). However, the practice does not receive universal acceptance 

(Bunkis et al., 1985). One of the key consequences of larval therapy is wound debridement 

and this depends on the ability of the larvae to consume dead tissue. The utilisation of 

maggot debridement therapy (MDT) has great advantages, in terms of its safety, simplicity 

and low cost, along with its efficiency in healing chronic wounds, a shortened time to healing 

in ulcers, its ability to removing damaged or dead tissue; also, its efficacy in antibiotic-

resistant infections and its importance in reducing amputation risk (Sherman et al., 2013; 

Sun et al., 2014). Maggot therapy has been shown to be of value in patients suffering from 

chronic wounds, attributable to peripheral vascular disease and diabetes mellitus (Chan et 

al., 2007). The saliva of maggots of L. sericata has been shown to possess antimicrobial 

activity (Cazander et al., 2013; Pöppel et al., 2016). An effective larval application time of 

72 h has been demonstrated (Wilson et al., 2018). 

From a forensic point of view, knowledge of the biology of L. sericata can be of 

value in legal investigations by facilitating an understanding of the circumstances 

surrounding a crime. These species of blowfly are often the first to arrive at human cadavers 

(Smith, 1986; Higley & Haskell, 2001) and can consequently provide valuable data for 

estimating the minimum post-mortem interval (PMImin) (Carvalho et al., 2004; Niederegger 

& Spieß, 2012; Al-Shareef & Al-Qurashi, 2016). There are two possible ways to assess PMI 

using entomological data; the first is termed long PMI and involves anticipating the serial 

access and colonization of several species of insects on a carcass. The second is to determine 



Nutrition and lipid metabolism in insects and Lucilia sericata 

19 
 

 

the short PMI by using the estimated age of immature blowflies based on the length of larvae 

or their body weight to determine larval development time at an estimated ambient 

temperature (Catts & Goff, 1992; Day & Wallman, 2006). The development rate of 

immature blowflies is dependent on temperature, which can be affected by the surrounding 

temperature and heat produced as a result of the presence of many maggots (Slone & Gruner, 

2007; Higley & Haskell, 2001) Typically, the accumulated degree day/hour (ADD/ADH) 

model is used to estimate the thermal time that must have elapsed to complete the 

development observed and to allow PMI to be estimated (Ludwig, 1928; Oshaghi et al., 

2009). 

 

1.5.2 Biology of Lucilia sericata 

A gravid adult female lays batch of eggs on either a dead body, proteinaceous waste, 

a wound site, or on an area of sheep fleece near to skin contaminated by urine or faeces (Fig. 

1.4) (Cragg & Hobart, 1955). The eggs hatch into larvae, also known as maggots, and the 

larval instar is comprised of three stadia (LI, LII and LIII), during which the larvae feed off 

the host’s tissues (Wall, 1993). When fully grown and mature at the LIII stage, the larvae 

stop feeding, empty the gut and migrate away from their feeding site into the soil and bury 

themselves to a depth of 1 to 2 cm, where they pupate (Wall et al., 1992). Adult emergence 

from the pupal stage depends on environmental temperature, and generally takes around 5 

to 7 days at 25 °C (Wall et al., 1992). After emergence, adult females immediately seek out 

a protein meal to support egg production, and then, after mating, they locate an appropriate 

oviposition site (Wall et al., 1992) (Fig.1.4). 

In the temperate northern regions of the world, flies are active usually between May 

to September. During this time L. sericata populations can pass through three to four 

generations, before activity is restricted during winter (Davies, 1934). From the beginning 
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of winter onwards, in response to declining photoperiod and temperature acting on the adult 

female, the post-feeding larval stage, is extended as the maggots burrow themselves into the 

soil to a depth of 10 cm (Mellanby, 1938; Pitts & Wall, 2005) and enter diapause. During 

this period, development arrests (Cragg & Cole, 1952; Ring, 1967); entering diapause is 

accompanied by metabolic depression (Hahn & Denlinger, 2011). 

For L. sericata the lower critical temperature threshold for larval development is 9˚C 

and overwintered larvae, post-diapause, restart development in spring once the temperature 

passes this threshold, eventually reaching pupation (Wall et al., 1992).  Photoperiod is 

unlikely to play a significant role in the termination of diapause in Lucilia, because the larvae 

are underground (Ring, 1967). According to Davies (1934), in spring the top 1 cm of soil is 

full of larvae that have completed their period of post-diapause development prior to 

entering the pupal stage. Biotic factors, such as nematodes, fungi and predatory beetles affect 

the mortality rate of L. sericata during overwintering resulting in a 75-95% loss in field 

populations of immature stage L. sericata (Pitts & Wall, 2005). 
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Fig. 1.4 The life-cycle of blowfly L. sericata (adapted from Wall et al., 1993). 
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1.6. Aims 

The work described in this thesis had three main aims. The first, addressed in Chapter 3, was 

to estimate the variation in lipid accumulation and metabolism in immature stages of L. 

sericata, and to relate juvenile feeding success, at different crowding levels, to adult life-

history. It examined the hypothesis that larval crowding will result in small adults with lower 

reproductive output, mediated by different levels of lipid availability. The second aim, 

addressed initially in Chapter 4, was to investigate the lipid accumulation and the allocation 

of lipids to the ovary for egg production, in relation to different feeding regimes. This 

chapter aimed to examine the role of different components of the diet on survival and 

reproduction and considers the composition of lipid, protein and carbohydrate in individual 

eggs. This is considered in more detail in Chapter 5 by further isolation of different dietary 

components. The hypothesis addressed in Chapters 4 and 5 was that specific dietary 

components would be essential for vitellogenesis and reproduction. The final aim, addressed 

in Chapter 6, was to determine the effects of age on fecundity in terms of number and size 

of eggs and to examine whether the investment in eggs, in terms of lipid and protein changes 

with age. The effects of protein in the diet on survival rates was also considered. The 

hypothesis addressed in Chapter 6 was that female investment in reproduction would change 

with age as the probability of survival declines.
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- Chapter 2 - 

General materials and methods 

 
2.1. Introduction 

This chapter will describe the common techniques that were utilized throughout the studies 

described in this thesis: rearing L. sericata blowflies, body size and ovary measurement and 

quantification of the total lipid, protein and carbohydrate contents using spectrophotometric 

techniques.  

 

2.2. Rearing blowflies under laboratory conditions 

Larvae of the blowfly, L. sericata were obtained initially from a fishing tackle shop (Veale’s, 

Bristol, www.veals.co.uk). Subsequent generations were reared in a colony maintained at 

University of Bristol.  Pupae were placed into a plastic cup (284 ml) filled with sawdust. 

The cup was then transferred into a plastic mesh cage, 32 × 32 × 32 cm, (Bugdorm.com, 

Taiwan) in a cooled incubator at 25 ˚C, 60% relative humidity (R.H.), and subjected to a 

photoperiod of 17:7 L:D. The cage was supplied with granulated sucrose and water ad 

libitum, and chopped lamb liver as required, to allow vitellogenesis and oviposition. Water 

was provided in the form a water-filled plastic cup (284 ml), inverted onto a 90 mm diameter 

filter paper in a 90 mm dimeter Petri-dish lid. 

Once female flies had oviposited on the liver, the eggs were transferred into a 12.7 

cm diameter plastic dish filled with chopped lamb liver, and the dish was then placed on a 1 

cm depth of sawdust inside a larger plastic bowl (diameter 18 cm). This bowl was covered 

with nylon mesh to deter oviposition by escaped flies and covered by a damp paper towel to 

increase the humidity (Fig. 2.1). After three or four days, when the larvae stopped feeding 
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and prepared for their wandering stage, these steps were repeated in order to obtain 

overlapping generations. 

 

 

 

 

 

 

 

 

 

  

Fig. 2.1 Rearing media and equipment used for L. sericata, showing chopped liver in 

plastic bowls, onto which eggs and larvae were placed. 
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2.3. Body size and weight measurement of the female blowfly 

An index of body size for individual female flies reared under laboratory conditions was 

obtained using the posterior cross vein, dm-cu, which is located between the fourth and fifth 

longitudinal veins of the right wing (Fig. 2.2).  This was measured (mm) using an eyepiece 

graticule in a binocular microscope (Leica S6E, Germany).  This measurement has been 

used extensively in previous studies of variation in size between blowflies (Hayes et al., 

1998) and so allowed current studies to be compared with existing literature. Once the 

measurement had been taken, the female flies were either dissected immediately or were 

dried in an oven (HerathermTM and Thermo ScientificTM) at 70°C, and then weighed 24 h later 

to the nearest microgram using an ultrasensitive microbalance (Sartorius-CPA26P, 

Germany). 

  

Fig. 2.2 The wing veins of the blowfly, L. sericata, showing the points (X-Y) between 

which the measurement was taken to determine the size of the wing fray. This is the 

posterior cross vein dm-cu, between the fourth and fifth longitudinal veins (from Hayes 

et al., 1998). 
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2.4. Ovarian dissection 

When required, the abdomen of a female L. sericata was removed and placed on a 

microscope slide in small volume of Ringer’s Insect solution (0.9% saline) (OXOID, Fisher 

Scientific Ltd). The ovaries were then carefully removed using forceps and teased out under 

a dissection microscope (Fig. 2.3) (Leica S6E, Germany). The number of egg follicles, the 

volume of yolk and the egg follicle length was then measured to the nearest micrometre 

using a Lecia eyepiece graticule (Wall et al., 1991). The eggs and the remainder of the body 

were then carefully preserved for drying and subsequent lipid analysis. 

 

 

 

 

Fig. 2.3 The ovaries of a female L. sericata under a dissection microscope (photograph 

courtesy of Richard Wall). 
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2.5. Biochemical analysis 

2.5.1. Lipid estimation 

 Van Handel (1985) first used spectrophotometry, based on a microquantity 

colorimetric sulfphovanillan method (SPV), to estimate the total lipid content of mosquitoes. 

The essential principle involved in this method is that sulphuric acid reacts with unsaturated 

lipids to produce carbonium ions, while phosphoric acid reacts with vanillin to create an 

aromatic phosphate ester, and the activated carbonyl group of phosphor-vanillin reacts with 

the carbonium ions to produce a charged coloured complex the optical density of which is 

proportional to the lipid concentration and can be measured by resonance and light 

absorption at 525 nm. 

For lipid analysis of larvae, pupae or adults, samples were first dried in an oven at 

70 °C for 24 h and then weighed to the nearest microgram using an ultrasensitive 

microbalance (Sartorius-CPA26P, Germany).  Each weighed sample was then placed 

individually into a clean glass test tube (16 ×150 mm), then thoroughly crushed using a 3 

mm diameter glass rod.  While keeping the glass rod inside the test tube, 5 ml of chloroform-

methanol (1:1) was added. Then, after removing the glass rod, a further 5 ml of chloroform-

methanol (1:1) was added.  Next, 0.50 ml of supernatant was carefully transferred to a clean 

glass tube, using a 1000μl Pipette (StarLab, ErgoOne®, UK) and this tube was then placed 

in a dry bath (LSE single block digital, Corning Ltd., UK) at 100˚C, in a fume cupboard, to 

evaporate off the solvent. Once the solvent had evaporated, 0.2 ml of sulphuric acid was 

added, and the test tube placed again in the dry bath for around 10 min. The test tube was 

removed and left to cool for two min, after which 4.8 ml of vanillin/phosphoric acid regent 

was added.  The latter was prepared by dissolving 600 mg of vanillin (Sigma Aldrich Ltd., 

UK) in 100 ml hot water and 400 ml 85% phosphoric acid (Sigma Aldrich Ltd., UK), and it 
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was then stored in the dark. A vortex mixer (Bibby Scientific, UK) was then used to spin the 

sample thoroughly following which 1 ml of the solution was transferred into a 1 ml cuvette 

and read immediately in a spectrophotometer (WPA Biowave UV/Vis Spectrophotometer, 

Biochrom Ltd., UK) at 525 nm, using a vanillin/phosphoric acid only blank.  

Absolute lipid values were extrapolated from the spectrophotometer RFU (Relative 

Fluorescence Unit) reading using a standard curve.  A standard curve was obtained by using 

eight dilutions of analytical standard soybean oil solution (0.917 g/ml) (Sigma Aldrich, UK). 

These dilutions were 0.0, 12.5, 25, 50, 100, 200, 400, and 800 µl, diluted in methanol: 

chloroform (1:1), following the procedure described above. To draw the calibration curve 

(Fig. 2.4), all eight dilutions were analysed in triplicate, and the average of the three readings 

was used. The amount of lipid in eggs was calculated as described above but with quantities 

of chemicals scaled to reflect the small size of eggs; the calibration curve (Fig. 2.5), all five 

dilutions were analysed in triplicate, and the average of the three readings was used as well. 

All lipid measurements were then scaled for absolute fly size by dividing the lipid 

value by its wing vein length (Hayes, 1998). 
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Fig. 2.4 The mean absorbance of different concentrations of soybean oil suspended in 

methanol: chloroform, measured at 525 nm to give a standard curve, as used for the 

measurement of lipid in the bodies, and ovaries of female L. sericata. 
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Fig. 2.5 The mean absorbance of different concentrations of soybean oil suspended in 

methanol: chloroform, measured at 525 nm to give a standard curve, as used for the 

measurement of lipid in the eggs of L. sericata.  
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2.5.2. Protein estimation in eggs 

For protein analysis, the technique used was as described by Bradford (1976). Eggs 

were weighed to the nearest microgram using an ultrasensitive microbalance (Sartorius-

CPA26P, Germany). Individual eggs were then placed into clean glass test tubes (16 ×150 

ml), then thoroughly crushed using a 3mm diameter glass rod. Keeping the glass rod inside 

the test tube, 1 ml of aqueous lysis buffer solution was added. The lysis buffer was prepared 

by dissolving 110 mg of monopotassium phosphate (KH2PO4), 3.1 mg of 

dichlorodiphenyltrichloroethane (DDT) and 5.9 mg of ethylenediaminetetraacetic acid 

(EDTA) in 20 ml of distilled water and a dipotassium phosphate (K2HPO4) solution was 

then added gradually into the previous solution to reach a final aqueous lysis buffer solution 

with pH of 7.4. This dipotassium phosphate solution was prepared by dissolving 6270 mg 

of dipotassium phosphate (K2HPO4) in 600 ml distilled water. This aqueous lysis buffer 

solution was placed on crushed ice for up 7 h until required. After adding 1 ml of lysis buffer, 

1 ml of the Bradford Reagent was added and mixed thoroughly. A vortex mixer (Fisher 

Scientific, Bibby Scientific™, Stuart™) was used to spin the sample thoroughly, a blue 

colour appeared in the test tube. The final step was to transfer 1 ml of the solution in the test 

tube into a 1 ml cuvette; the samples were allowed to incubate at room temperature for five 

minutes, then the absorbance reading was taken from the spectrophotometer (WPA Biowave 

UV/Vis Spectrophotometer, Biochrom, UK) at 595 nm. The protein content was then read 

from a standard curve. 

The standard curve (Fig. 2.6) was obtained by using six dilutions of analytical protein 

standard (2 mg/ml) (Sigma Aldrich, UK). These dilutions were 0.0, 0.781, 1.562, 3.125, 6.25 

and 12.5 µl, diluted in aqueous lysis buffer solution, following the procedure described 

above. To draw the calibration curve, all six dilutions were used in triplicate, and the 

measurement used was taken from the average of the three readings.
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Fig. 2.6 The mean absorbance of different concentrations of standard protein (2 mg/ml) 

diluted in 1 ml of aqueous lysis buffer solution and 1ml of Bradford reagent measured at 

595 nm, to give a standard curve. 
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2.5.3. Carbohydrate estimation in eggs 

The technique of Van Handel (1965), as used in the tick I. ricinus (Ixodida: Ixodidae) 

by (Alasmari and Wall, 2020), was used here to quantify carbohydrate concentration in eggs. 

For carbohydrate extraction, individual eggs were crushed with 200 µl of solution of 2% 

sodium sulphate (Na2So4) (VWR International, Leicestershire, UK), and 1 ml of chloroform-

methanol (1:2) added. A vortex mixer was then used to spin each sample thoroughly 

following which 2 ml was transferred into a 2 ml Eppendorf tube and centrifuged for 15 min 

at 180 g and 4 °C. Next, 200 µl of supernatant from individual samples were moved into 

new tubes and put in a water bath at 90 °C for 40 s to allow the solvent to evaporate to 20 

µl. After that, 1 ml of anthrone reagent (Sigma Aldrich, UK) was added to each sample, then 

incubated for 15 min at a temperature of about 25°C, then followed by heating at 90°C for 

15 min and then cooled for 15 min at room temperature. The last step was to transfer 1 ml 

of the solution into a cuvette, then the absorbance reading was taken from the 

spectrophotometer set at 625 nm. The carbohydrate content was then read from a standard 

curve. 

The standard curve (Fig. 2.7) was obtained by using a range of dilutions of glucose 

(1 mg/ml) (Sigma Aldrich, UK). These dilutions were 0.0, 0.781, 1.562, 6.25, 12.5, 25, 50, 

100 and 200 µl, these different serial dilutions were treated as the samples, following the 

procedure described above. To draw the calibration curve, dilutions were triplicated and the 

average of the three readings was used. 
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Fig. 2.7 The mean absorbance of different concentrations of glucose (1 mg/ml) measured at 

595 nm, to give a standard curve. 
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- Chapter 3 - 

Effects of larval crowding on lipid 

accumulation, adult size and reproductive 

output 
 

Summary 

The evolution of holometabolous life-cycles in insects has resulted in a functional 
separation in resource use by larvae and adults, thereby reducing competition and 
allowing a specialisation of life history activity into feeding and growth and dispersal 
and reproduction. However, limitation in the former stage provides constraints on 
the latter through developmental phenotypic plasticity which affects the resultant 
body size achieved by adults.  Here larval Lucilia sericata, were exposed to different 
levels of crowding to investigate the impacts of competition and reduced dietary 
intake on body size and on the lipid available to newly emerged adults. Larvae reared 
in more crowded cultures had significantly lower lipid contents and lipid was shown 
to decline significantly over the course of pupation, leading to smaller adults with 
lower lipid contents at emergence. Larger females matured significantly greater 
numbers of eggs and significantly larger eggs, than smaller females. There was no 
relationship between adult size and longevity. The results demonstrate the 
importance of developmental experience on phenotypic plasticity in body size and 
its adaptive value as a response to crowding and reduced dietary intake. 

 

3.1. Introduction 

The evolution of holometabolous life-cycles in insects has resulted in a functional separation 

in resource use by larval and adult instars, thereby reducing competition and allowing a 

specialisation of life history activity into feeding and growth and dispersal and reproduction. 

Larvae must accumulate carbohydrates, lipids and protein for their own growth and survival 

but also store sufficient resources to allow metabolically expensive pupation and to allow 

the newly emerged adult to undertake flight and locate its initial food source (Boggs, 1997; 
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Boggs & Freeman, 2005). Insects respond to lower food quantity or quality through 

developmental plasticity which leads to slower growth rates (Atkinson & Sibly, 1997) and 

smaller adult body size (Berrigan & Charnov, 1994). Plasticity in body size allows 

individuals to survive food shortage in the development stages, caused by overcrowding and 

competition for resources (Reznik et al., 2018).  Plasticity, is particularly well studied in 

insects such as saprophagous blowflies (Diptera: Calliphoridae), since these species colonise 

ephemeral food sources, where high population densities can build up quickly leading to 

intense competition and reductions in growth rate and diminished body size (Ullyett, 1950; 

Smith & Wall, 1997; Ireland & Turner, 2006) resulting in lower fecundity in adults ( Kamal, 

1958; Saunders & Bee, 1995; Davies, 1999).  For instance, when larvae are reared in high 

density small adult blowflies, Calliphora vomitoria (Ditera: Calliphoridae) result, due to the 

lower dietary intake per individual compared to larvae reared at lower density (Ireland & 

Turner, 2006). The precise fitness costs of body size plasticity and its impacts on resource 

availability to individual insects, however, are not well understood.  

The aim of this chapter was to induce body size plasticity through crowding L. 

sericata larvae, and then to examine the consequences in terms of stored metabolic reserves 

available to the larvae, pupae and newly emerged adult females, quantified through the 

measurement of lipid, mortality and fecundity. 

 

3.2. Methods and materials 

3.2.1. Effects of larval crowding on lipid accumulation and use 

To examine the effects of crowding on the accumulation and use of lipid by the pre-

adult stages, adult L. sericata, were allowed to lay eggs on lamb liver. The eggs were 

collected using a paint brush and were counted and transferred onto a square plastic weigh 

boat (8 × 8 × 2 cm), containing approximately 25 g of lamb liver. This container was then 
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placed on a 1 cm depth of sawdust inside a plastic storage box (31.2 × 27.6 × 12.6 cm) and 

covered with mesh and a damp paper towel (Chapter 2). Four densities were used: 50, 100, 

150, and 200 eggs, while keeping the quantity of liver provided constant (25 g). Eggs were 

maintained at 25 °C, 60% humidity and a photoperiod of 17:7 h L:D. Larvae were reared 

through to pupation and eventual adult emergence. At various points during development 

larvae and pupae were harvested. Larvae and pupae were killed by immersion in boiling 

water for 30 s. These sampling points were: the final stage larva (L3) immediately before 

pupariation; the pupa immediately after pupariation; the mid- and late-stages of pupation. 

These were at days 5, 6, 8 and 10 after egg hatch, respectively. Adults were also harvested 

for analysis immediately following emergence. At each time point, six individuals were 

taken, selected at random. These time points were determined from the known day-degree 

requirements of the life-cycle stages, progress through which could be calculated given the 

constant temperature of 25 °C and the known developmental threshold temperature of 9 °C 

(Wall et al., 1992; Grassberger & Reiter, 2001; Al-Shareef & Al-Qurashi, 2016). Harvested 

larvae, pupae and adults were subjected to lipid extraction as described in Chapter 2. Two 

replicates of each larval density were used. 

 

3.2.2. Lipid use during pupation  

To consider the pattern of lipid use during pupation in more detail, groups of 200 

first stage larvae were placed on 50 g or 200 g of lamb liver, to result in batches of pupae of 

different size. When these larvae started to reach pupariation, sampling was initiated. First, 

pupae in the initial stages of pupariation were selected (recognised by the barrel-shape but 

and still pale-coloured body). Then pupae were then collected every 8 h over the first 24 h. 

After 24 hours, pupae were removed subsequently every 24 h until adult emergence. Six 

pupae were collected at each sample point and the trial was duplicated. 
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3.2.3. Effect of body size on lipid accumulation and egg production 

To compare the differences in reproductive output and lipid content between females 

of different size, pupae of L. sericata were divided into two groups: a group of small pupae 

where the average weight was 4.8 mg ± 0.88 (SD) and the average length was 5.8 mm ± 23 

(SD) and a group of large pupae with an average weight of 12.8 mg ± 0.98 (SD) and an 

average length of 8.1 mm ± 0.19 (SD). Approximately 100 large and 100 small pupae were 

placed in separate fly cages and adults allowed to emerge.  These were maintained under the 

standard laboratory conditions, as described in Chapter 2, and provided with ad lib. sucrose, 

water and lamb liver to enable egg production. At day seven after emergence, six female 

flies were removed from each cage, killed by chilling and then dissected, and the ovary/body 

subjected to lipid analysis; the number of eggs and their size also were measured (both as 

described in Chapter 2). This trial was duplicated. 

 

3.2.4. Long term effects of body size 

To consider the persistence of the effects of body size plasticity between generations, 

the pupae derived from a batch of overcrowded L. sericata larvae were placed in a standard 

fly cage and maintained as described (Chapter 2). These pupae were relatively small:  mean 

weight 4.9 mg ± 0.26 (SD) and mean length 5.9 mm ± 1.05 (SD). The mean wing vein length 

of the adult females that emerged was 1.09 mm ± 0.04 (SD). At 7-days-of age, when they 

would be expected to be gravid, flies were supplied with liver on which to lay eggs. These 

eggs were divided equally into two groups; one at high density with 200 eggs placed onto 

50 g of lamb liver and one at low density with 200 eggs on 500 g of lamb liver. Again, larvae 

were allowed to mature, pupate and emerge as adults; 25 female flies from the subsequent 

generation from each group, were then sampled and their wing vein length measured. This 

trial was duplicated. 
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3.2.5. Effects of body size on survival 

To consider the effects of body size on survival, a standard fly cage was 

provisioned with approximately 200 L. sericata pupae which were allowed to emerge as 

adults and maintained under the laboratory conditions described previously (Chapter 2). 

Each day, any dead female flies were removed from the cage, counted and their wing vein 

length was measured as an index of size. This was continued for 30 days after emergence. 

 

3.2.6. Data analysis 

Where required in adults, the amount of lipid (mg) was corrected for body size; for 

this the amount of lipid was divided by the length of vein cm-du (mm) to remove the effects 

of absolute variation in fly size (Hayes et al., 1998); this is described as the corrected lipid 

content. Differences between the amount of lipid (mg) present in larvae and pupae 

maintained at different levels of crowding were assessed by two-way ANOVA, with lipid 

as the dependent variable and larval densities and life-cycle stages as factors. Relationships 

between lipid content (mg) and body size (mm) across different crowding levels were 

assessed by linear regression as was the relationships between lipid content (mg) and body 

size (mm). The change in lipid content (mg) in the pupae with age (h) was also assessed 

using linear regression as was the relationships between the lipid contents of flies’ ovaries 

or their bodies minus their ovaries and body size at day 7. All lipid contents are expressed 

as means presented ± their standard deviation (SD).  The relationship between the number 

of eggs matured in an ovary and their lengths (mm) with body size (mm), were assessed by 

polynomial regression. The difference between the size of offspring reared from crowded or 

non-crowded larvae was assessed by one-way ANOVA. The mortality rate in female 

blowflies with age was examined by linear regression. All analyses were undertaken using 
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SPSS for Windows (IBM, Version 24) and all figures drawn using Excel (Microsoft Corp, 

USA). 

 

3.3. Results 

3.3.1. Effect of larval crowding on lipid accumulation  

Lipid contents were significantly different between the four levels of larval density 

(F3,326=1887.2, P<0.001) and the different development stages (F3,326=97.5, P<0.001). The 

mean lipid contents in the final larval stage were 3.48 mg (± 0.37), 1.44 mg (± 0. 21), 1.18 

mg (± 0.17) and 0.88 mg (± 0.08) across four levels of larval crowding (50, 100, 150 and 

200 larvae, respectively; Fig. 3.1). These lipid values increased slightly from the final larval 

stage to the first pupal stage across the four levels of larval crowding, reaching values of 

4.03 mg (± 0.27) at 50 larvae, 1.65 mg (± 0.14) at 100 larvae, 1.59 mg (± 0.12) at 150 larvae 

and 0.97 mg (± 0.09) at 200 larvae in the first pupal stage. Subsequently, lipid contents then 

declined in the mid- and late-stages of pupation in all of the four levels of larvae crowding 

eventually, at the end of pupation, reaching 2.69 mg (± 0.31) at 50 larvae, 0.97 mg (± 0.09) 

at 100 larvae, 0.69 mg (± 0.1) at 150 larvae and 0.65 mg (± 0.09) at 200 larvae (Fig. 3.1). 
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Fig. 3.1 The mean lipid content of L. sericata at four development stages (final larvae stage; 

first pupal stage; middle pupal stages; last pupal stages) at four levels of larval crowding 

(50, 100, 150 or 200 larvae per 25 g of liver).  
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3.3.2. Effects of crowding levels on lipid accumulation and body size in newly-emerged 

females 

The body size of adult female L. sericata differed significantly between different 

larval crowding levels (F3,44=156.4, P<0.001; Fig. 3.2A).  Similarly, the lipid content 

corrected for body size (mg/mm) of newly-emerged females L. sericata was also 

significantly different between the different larval crowding levels (F3,44=162.6, P<0.001; 

Fig. 3.2B). There was a significant relationship between adult body size and the lipid content 

(n= 48, F1,46=358.1, P<0.001; Fig. 3.3). 
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Fig. 3.2 A: The body size (mm) in newly-emerged female L. sericata; B: the lipid content 

corrected for body size (mg/mm) in newly-emerged females L. sericata, over four levels of 

larvae crowding (50, 100, 150 and 200 larvae per 25 g of liver). 
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Fig. 3.3 Lipid content (mg) of newly-emerged females L. sericata of different body size 

(mm) - where the length of wing vein dm-cu (mm) is used as an index of size and best fit 

linear regression line. 
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3.3.3. Lipid use during pupation 

Total lipid increased significantly during the first 24 h in the pupal stage in groups 

given both high and low food availability (F1,46= 13.5, P= 0.001, n=48 and F1,46=20.1, 

P<0.0001, n=48, respectively; Fig. 3.4A). After that, there were significant declines in lipid 

in the two groups during the pupal stage (high food availability F1,82= 31.9, P< 0.001, n=84; 

low food availability F1,70= 108.7, P< 0.001, n=72; Fig. 3.4B).  
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Fig. 3.4 Lipid content (mg) of pupae of L. sericata in relation to age (h). A: Lipid content 

(mg) during the first 24 h; where the start of pupation (1h) is defined by the presence of pale 

barrel-shaped pupae, light orange pupae (8h), orange pupae (16h), and light brown pupae 

(24h); B: lipid content (mg) in relation to age (h) from 48 h to 192 h at 25 °C. 
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3.3.4. Effects of body size on lipid accumulation and egg production at day 7 

In adult females at day 7, there was a significant positive relationship between lipid 

content in the body minus ovary and body size (F1,22=28.6, P<0.001, Fig. 3.5A). However, 

lipid content in the ovary of gravid flies did not increase significantly with body size 

(F1,22=0.44, P=0.52, Fig. 3.5B). For the number of eggs and its size, there were significant 

non-linear relationships between body size and the number of eggs matured (F2,21=23.2, 

P<0.0001, Fig. 3.6A) and their lengths (F2,21=15.8, P<0.0001, Fig. 3.6B). Under these 

conditions, an expected egg hatch of close to 100% has been reported previously (Wall et 

al., 1992). 
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Fig. 3.5 A: Lipid content (mg) of the bodies and B: the ovaries, of female L. sericata in 

relation to body size at day 7 after emergence, where an index of size is measured by the 

length (mm) of the cross vein dm-cu on the right wing of each female. 
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Fig. 3.6 A: The number of eggs and B: the size of the eggs (mm) matured in the ovaries of 

adult female L. sericata in relation to body size, where an index of size is given by the length 

(mm) of the cross vein dm-cu on the right wing of each female. 
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3.3.5. Long term effects of body size plasticity 

For eggs collected from a parental generation of small females and provided with 

high or low amounts of food for larval development, there was a significant difference in 

the size of adults that emerged in the next generation. Adults that emerged from the high 

food quantity regime were significantly larger than the adults that emerged from the low 

food quantity regime (F1,98=390.9, P<0.001, Fig. 3.7). 

 

 

 

 

  
Fig. 3.7 The body size of female adult, L. sericata, reared from a parental generation of small 

females and reared at either 200 eggs on 50 g of lamb liver or 200 eggs on 500 g of lamb 

liver.  
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3.3.6. Effects of body size on survival 

There was no significant change in the body size of female L. sericata that died over 

time after emergence (F1,70=0.03, P=0.88, Fig. 3.8). 

 

 

  

 

 

Fig. 3.8 The body size, measured as the length of wing vein dm-cu (mm), of female L. 

sericata that died each day following adult emergence over 30 days. 

  

0.8

0.9

1

1.1

1.2

1.3

1.4

5 10 15 20 25 30

Bo
dy

 s
iz

e 
(m

m
)

Age (day)



Effects of larval crowding on lipid accumulation, adult size and reproductive output 

52 
 

 

3.4. Discussion 

This study has estimated the variations in lipid concentrations at different developmental 

stages and attempted to relate this to juvenile feeding success, mediated by different larval 

crowding levels and competition. The data show that there was a significant difference in 

lipid content between the immature stages at different levels of larval crowding. Then at day 

7, when females would be ready to oviposit their first egg batch, there were no significant 

differences between the various body sizes in terms of the mean lipid content in the ovaries 

of gravid flies. However, the number of eggs and their lengths was significantly positively 

related to body size. The data show that body size has a substantial impact on fecundity and 

lipid accumulation in L. sericata, however, body size did not appear to be related to mortality 

rate.  

The influence of larval density on food availability and the nature and outcome of 

the resultant competition is considered to be one of the most of important ecological drivers 

affecting population dynamics. This work had demonstrated that lipid accumulation and 

body size vary depending on the levels of larval crowding, as this leads to a reduction in the 

quantity of nutrition for individuals in the immature stages and ultimately to the small body 

size observed in adult female L. sericata. This matches the results from a great many studies 

of blowflies, for example in C. vomitoria (Ireland & Turner, 2006). Previous observations 

have confirmed that the quality and quantity of food contributes to an optimum development 

rate in L. sericata under laboratory conditions (Rueda et al., 2010). The experiments 

reported here show that an increase in the level of larvae crowding was accompanied by a 

decline in lipid accumulation in the immature stages and that this had subsequent effects on 

the size and reproductive output of adult females. This finding appears consistent with the 

observations of (Lease & Wolf, 2011), who showed that lipids increase disproportionately 

with body size in many arthropod species. Similar observations have been made with the 
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species C. vomitoria and Chrysomya megacephala (Diptera: Calliphoridae) (Ireland & 

Turner, 2006; Li et al., 2014). However, in some circumstances, depending on the nature of 

the competition, large larvae may still develop despite very crowded conditions, due to the 

asymmetric outcome of competition and the increased mortality of the smaller larvae, as 

shown for S. bullata and Protophormia terraenovae (Diptera: Calliphoridae) (Rivers et al., 

2011). Although several studies have been conducted to examine the effect of overcrowding 

on body size in adults (Ireland & Turner, 2006; Stillwell et al., 2010; Tarone et al., 2011), 

no previous studies have examined how the crowding levels of larvae on size are mediated 

through the effects on lipid accumulation. 

The results of this study showed that lipid values generally increased between the 

last larval stage and the early stages of pupation stage at all four crowding levels; this 

increase was followed by a significant decrease in the rest of the pupal period. During these 

immature stages, a reduction in body size is usually accompanied by decreased development 

time ( Saunders & Bee, 1995; Niederegger et al., 2013). This was also noticed here, though 

not quantified. Typically, the larval developmental stage is an important time for the storage 

of the lipid component (Blanckenhorn et al., 2007; Arrese & Soulages, 2010). The increase 

in lipid content in the pre-pupal stages and during the first 24 h of pupal duration is 

considered to be because during this period lipid is being synthesised, stored and allocated 

in preparation for the start of metamorphosis. Subsequently the metabolically expensive 

process of metamorphosis is accompanied by a considerable decline in lipid values. The pre-

pupal stage is deemed to be a crucial time due to the nutrients and energy reserves that are 

stored during feeding in the larval stage (Blanckenhorn et al., 2007); this larval duration has 

a substantial impact on adults in terms of reproductive output (Boggs, 1981).  

Once L. sericata is ready to oviposit the first egg batch on Day 7, there were strong 

positive associations between the body size of female flies and both the number and length 
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of eggs, although there was no significant association between size and lipid content in the 

ovary. Larger individuals often have the highest number of ovarioles, resulting in the 

oviposition of both more and larger eggs, and this leads to a positive relationship between 

body size and both egg size and number (Fox & Czesak, 2000). This data is consistent with 

the observation of Yan et al. (2019) who showed that the number of eggs obtained from 

ovaries of the blowfly L. cuprina was significantly correlated with the flies’ weight. 

However, Kökdener et al. (2020) claimed that small adults often deposit normal-sized eggs, 

but in smaller numbers. With regard to lipid content at Day 7, gravid flies require sufficient 

lipid to form eggs and this content did not appear to be correlated with body size. It is 

interesting to consider that there may be less advantage to be gained in obtaining a large 

quantity of food in the adult stage, if poor nutrition in the larval stage has resulted in 

constraints imposed by small female body size. For instance, adult ladybird beetles 

Harmonia axyridis (Coleoptera: Coccinellidae) have lower fecundity when their larvae are 

provided with low nutritional environments, even if food availability is extremely high in 

adulthood (Dmitriew & Rowe, 2011). The results of this study are in agreement with many 

researchers who, in studies of Drosophila melanogaster (Diptera: Drosophilidae), confirmed 

that shortage of food caused by high larval crowding, ultimately leads to small body mass 

and lower fecundity (McGraw et al., 2007; Long et al., 2009; Morimoto et al., 2016; 2017). 

Correlations between lipid contents and fecundity have been demonstrated for a wide range 

of insect species (Ballard et al., 2008; Laparie et al., 2012). In a study of various species 

with necrophagous larvae, Kamal (1958) showed that overcrowding leads to extreme 

reductions in body size, and thus to subsequent low fecundity in adults. 

The body size of mothers, especially in arthropods, can determine egg size; likewise, 

variation in larval growth can result in considerable variation in adult body size (Fox & 

Czesak, 2000). However, this study showed that small L. sericata females, resulting from 
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small eggs, were able to produce offspring that could become large if those offspring were 

fed with a large quantity of food throughout the larvae feeding phase. Thus, the plasticity 

which affects one generation can be immediately reversed in the following generation. In 

contrast, Fox (1994) who investigated the seed beetle Callosobruchus maculatus 

(Coleoptera: Chrysomelidae), claimed that offspring that had a larger body size were 

produced by the females that also had a large body size; his conclusion was that there was a 

strong heritable component to body size in this beetle species. However, this is not supported 

by this or other study, which suggest that insect body size is a phenotypically highly plastic 

trait (Fox & Czesak, 2000). 

In summary, the results demonstrate that the amount of competition for food caused 

by different larval crowding levels affects body size and lipid accumulation. This change in 

body size has a significant influence on reproduction in terms of the number and size of eggs 

produced. In addition, lipid content decreased in the pupal stage because of the requirements 

of metamorphosis. Although the changes in body size influence both lipid content and 

fecundity, there was no significant difference in mortality rates in adult female L. sericata. 

In contrast a weak relationship between body size and longevity was detected in mosquitoes 

by Barreaux et al. (2018).
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- Chapter 4 - 

Nutritional requirements for reproduction 

and survival 
 

Summary 

Insects with access to finite energy resources must allocate these between 
maintenance and reproduction in a way that maximises fitness. This will be 
influenced by a range of life-history characteristics and the environment in which 
any particular insect species lives. Here female L. sericata, were fed diets differing 
in protein and carbohydrate (sucrose) content, and the allocation of lipid to 
reproduction was quantified using a spectrophotometric method of analysis. 
Immediately after adult emergence, total body lipid, scaled for differences in body 
size, showed an initial decline as it was utilised to meet the metabolic demands of 
cuticle deposition, muscle maturation and then flight. When flies were denied access 
to sucrose, stored lipid then continued to decrease until flies died, usually within four 
days of emergence.  However, flies given access to sucrose were able to increase 
body lipid content, demonstrating that carbohydrate is essential for homeostasis and 
that it can be used to synthesise lipid. Nevertheless, female flies fed sucrose only 
were unable to synthesise egg yolk. Only flies provided with protein were able to 
mature eggs. However, the rate of egg maturation and number and size of eggs 
matured were greater for female flies given liver compared to flies provided with 
pure whey protein powder. The results demonstrate the importance of different 
dietary components for different elements of the life-history of L. sericata, namely 
survival and reproduction. 
  
 

4.1. Introduction  

Insects must partition resources between competing physiological processes, including 

homeostasis, development (particularly ecdysis and metamorphosis), growth, reproduction 

and locomotion (particularly flight). The precise patterns seen in resource allocation are of 

interest in terms of understanding insect adaptive life-history responses to environmental 
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constraints and will be expected to maximise fitness, ultimately through greater reproductive 

success (Stearns, 1989). Resources must be derived from the dietary intake obtained from 

the environment, as juveniles, adults or both, and are stored in the body prior to use (Brown 

et al., 2004). In many insects, particularly holometabolous taxa, the juvenile stage is the 

primary period of resource accumulation, allowing it to meet both the requirements of 

growth, development and metamorphosis (Downer & Matthews, 1976; Lease & Wolf, 2011) 

but also to provide resource required by the newly emerged adult (Boggs, 1981; 2009; 

Muntzer et al., 2015).  

Reserves are stored in the body of most insects in two main forms: as carbohydrate, 

in the form of glycogen, and as lipid, including triglycerides (TAG) (Beenakkers et al., 1985; 

Clements, 1992; Lorenz & Anand, 2004). These storage products may have specific uses. 

Carbohydrate is utilized as a short-term energy supply for operations that require large 

quantities of energy, such as the pupal moult (Siegert, 1995), emergence from the puparium 

and flight immediately following pupal ecdysis (Mayer & Candy, 1969; Jutsum & 

Goldsworthy, 1976; Visser & Ellers, 2008).  Some insects also have the ability to oxidize 

the amino acid proline as metabolic fuel for flight (Teulier et al., 2016). In contrast, lipid 

provides a longer-term energy source for metamorphosis, embryogenesis, and reproduction 

(Troy et al., 1975; Kawooya & Law, 1988; Lorenz & Anand, 2004). Carbohydrates and lipid 

may be acquired from the diet, but many arthropods are also able to synthesize lipid de novo 

from carbohydrates (Beenakkers et al., 1985; Downer, 1985; Ziegler & Van Antwerpen, 

2006 Blanckenhorn et al., 2007). Variations in the rate of lipid accumulation in insects may 

be modulated by a range of environmental factors, particularly temperature (Muntzer et al., 

2015; Sinclair & Marshall, 2018). Changes in the rate of lipid accumulation may also be an 

important part of the physiological response to environmental challenge. For example, (as 

discussed in Chapter 1) increased lipid accumulation triggered by falling temperatures is an 
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important contributor to increasing cold tolerance in D.  suzukii (Enriquez & Colinet, 2019). 

Lipids also provide metabolic reserves to facilitate overwintering. Female insects may have 

a higher stored lipid reserves than males to facilitate egg production (Lease & Wolf, 2011), 

with higher lipid contents in both ovaries and haemolymph (Sayah, 2008). Protein is also an 

important dietary component in many insect species, particularly in relation to egg 

production (Wall et al., 2002), and the ratio of carbohydrate to protein in the diet may be 

important in determining reproductive output and lifespan, with lifespan being maximized 

at a high carbohydrate: protein ratio in other dipterans, including D. melanogaster (Lee et 

al., 2008; Jensen et al., 2015) and Queensland fruit flies (Fanson et al., 2009). 

Here lipid accumulation by female L. sericata was quantified and the allocation of 

lipid to egg production or stored in the body was examined in relation to different feeding 

regimes. The importance of protein for vitellogenesis in L. sericata has been demonstrated 

previously and a highly flexible physiological response to protein limitation has been 

highlighted (Wall et al., 2002). In this species, egg development has been shown to be a 

two-step process, in which females fed an inadequate level of protein initiate vitellogenesis 

in all proximal oocytes, but then subsequently selectively withdraw yolk to mature only a 

proportion of the available oocytes, the number of which is dependent on the amount of 

protein available. Similar findings have been reported in D. melanogaster (Lee et al., 2008). 

However, previous studies of L. sericata have focussed largely on the consequences of 

protein limitation alone. The aim of the present study was to expand on this and to gain a 

more complete picture of the consequences of resource accumulation and differential 

allocation in L. sericata, by determining the interaction and physiological consequences of 

both protein and carbohydrate availability. 
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4.2. Methods and materials 

4.2.1. Effects of diet on lipid accumulation and egg production 

To compare differences in lipid accumulation and reproductive output between 

female flies L. sericata in relation to different feeding regime, approximately 100 newly-

emerged flies of both sexes were placed into a 32 × 32 × 32 cm cage and subjected to one 

of six feeding regimes, all of which included water provided ad libitum.  These were: (Diet 

1) water only, (Diet 2) 25 g of whey protein powder (Gold standard Whey, Optimum 

Nutrition Ltd., UK), (Diet 3) soybean oil (Fisher Scientific Ltd., UK), (Diet 4) 25g of sucrose 

plus 25g of raw lamb liver, (Diet 5) 25g of sucrose plus 25g of whey protein powder and 

(Diet 6) 25 g of granulated sucrose only (Fig. 4.1). Each food type was placed onto a square 

plastic weigh boat (8 × 8 × 2 cm), except for the soybean oil, where, to prevent the flies 

becoming stuck in the oil, an approximately 10x10 cm square of cotton wool was dipped 

into the pure oil and then placed into a 90 mm dimeter Petri-dish lid.  For seven days after 

emergence, six female flies were removed from each cage each day, killed by chilling and 

then subjected to lipid analysis as described in Chapter 2. The study did not consider females 

older than seven days to minimise the risk that females were included that might have 

already oviposited or started yolk resorption in the absence of suitable oviposition sites 

(Wall et al., 1993). There were two replicates for each dietary treatment, giving twelve flies 

per day for data analysis.  

In a second trial, newly emerged flies were provided with the six feeding regimes 

described above, but each day six adult females were removed for analysis of reproductive 

development. For this, the abdomen of each female was removed and placed on a 

microscope slide in a small volume of Ringer’s Insect solution (0.9% saline) (OXOID, 

Fisher Scientific Ltd). The ovaries were then carefully removed by dissection using forceps 

and eggs teased out under a dissection microscope (Leica S6E, Germany). The degree of 
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oocyte maturation (yolk deposition) was assessed and, where yolk deposition was complete, 

the number of mature oocytes was counted. The average length of mature oocytes was 

measured to the nearest micrometre using a Leica eyepiece graticule. The ovaries plus 

oocytes and the remainder of the body were then dried separately for lipid analysis (as 

described in Chapter 2). As above, females were dissected daily for up to seven days after 

emergence. There were two replicates for each dietary treatment, giving twelve flies per day 

for data analysis. 

 

 

Fig. 4.1 Schematic of experimental design for different feeding regimes; (Diet 1) only water; 

(Diet 2) whey pure protein powder and water; (Diet 3) soybean oil and water; (Diet 4) raw 

lamb liver, granulated sucrose and water; (Diet 5) whey pure protein powder, granulated 

sucrose and water; (Diet 6) granulated sucrose and water, in addition depiction of the types 

of amino acids in both whey pure protein powder and raw lamb liver with their quantities.  
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4.2.2. Blowfly egg analysis 

To examine the variation between lipid, protein and carbohydrate in eggs under 

standard diet (raw lamb liver), populations of the blowfly L. sericata were reared under 

laboratory conditions (Chapter 2). They were given ad lib. access to Diet 4, and raw lamb 

liver supplied for 24h at day three after emergence, to allow egg maturation.  Under these 

conditions, females would be expected to mature eggs and be ready to oviposit at about 5 to 

6 days after emergence (Wall et al., 1992; Wall, 1993). Hence, at seven days after 

emergence, six female flies were removed and killed by chilling. These females were then 

placed on a microscope slide in a small volume of Ringer’s Insect solution (0.9% saline) 

(OXOID, Fisher Scientific Ltd) and dissected using forceps. Their ovaries were carefully 

removed and eggs teased out under a dissection microscope (Leica S6E, Germany); 30 eggs 

were taken from each of the six females dissected. Ten were used for lipid, ten for protein 

and ten for carbohydrate analysis. Each egg was weighed to the nearest microgram using an 

ultrasensitive microbalance (Sartorius-CPA26P, Germany) and then placed individually into 

a clean glass test tube (16 ×100 mm) prior to biochemical analysis, as descried in Chapter 

2. 

 
 
4.2.3. Data analysis 

For each female analysed, the amount of lipid recorded was divided by its wing vein 

length to remove the effects of absolute variation in fly size (Hayes et al., 1998). This is 

described as the corrected lipid content; corrected lipid values are expressed as µg/µm with 

all means presented ± their standard deviation (SD). The corrected lipid content of intact 

flies, their ovaries or their bodies minus their ovaries, when given different feeding regimes, 

were compared by one-way ANOVA followed by Tukey post-hoc multiple range tests 

following tests for normality and homogeneity of variances. The relationships between 
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corrected lipid content and age by day were characterised by linear regression plotted over 

a subset of the data (usually from day 2); non-linear regression was unable improve the fit 

significantly. Where significant changes in lipid content over time were detected, differences 

between dietary groups were examined by ANCOVA with age as the covariate. The mean 

number of eggs and their length was compared by one-way ANOVA followed by Tukey 

post-hoc multiple range tests (Tukey) following tests for normality homogeneity of 

variances. Where multiple eggs were taken from the same female for biochemical analysis, 

the mean value for these eggs for each individual was used in the statistical analysis to avoid 

issues associated with repeated measures and because within female variation is thought to 

be small relative to between female variation (Wall, 1993). All analyses were undertaken 

using SPSS for Windows (IBM, Version 24) and some figures prepared using Microsoft 

Excel. 

 

4.3. Results 

4.3.1. Effects of diet on total lipid accumulation  

For female flies given Diet 1, 2 or 3, corrected lipid values declined rapidly and by 

five days after emergence all had died (Fig. 4.2).  

Immediately after emergence, the mean corrected total lipid in the intact female flies 

was 0.89 µg/µm (± 0.36), 0.77 µg/µm (± 0.32), 0.92 µg/µm (± 0.23) in the groups provided 

with Diet 4, 6 and 5, respectively (Fig. 4.3). These initial corrected lipid values were not 

significantly different from each other (F2,33= 0.81, P= 0.46). Subsequently, after an initial 

decline between days 1 and 2 in two of the treatment groups, corrected lipid levels then 

increased significantly over time in all three groups (Diet 4 F1,70= 61.6, P= 0.001, Diet 6 

F1,70= 47.2, P= 0.001 and Diet 5 F1,70= 12.8, P= 0.001). 
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At day 7, the mean corrected lipid contents in the intact female flies were 1.40 µg/µm 

(± 0.35), 0.99 µg/µm (± 0.26) and 1.25 µg/µm (± 0.25) in these three groups, respectively. 

These values were significantly different from each other (F2,33= 6.28, P= 0.005), with the 

group provided with Diet 4 (lamb liver) having significantly higher lipid values at day 7 than 

the group provided with Diet 6 (sucrose only), although not significantly different from the 

group provided with Diet 5 (whey protein and sucrose). Overall, the accumulation of lipid 

in the intact female flies with age was not significantly different between Diet 4 and 5, 

although both were significantly greater than the group Diet 6 (F2,212= 72.7, P= 0.001, Table 

4.1). 
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Fig. 4.2 Total lipid content corrected for body size (µg/µm) of intact female L. sericata in 

relation to age (days). A: female flies given ad lib. access to Diet 1 (water only); B: female 

flies given ad lib. access to Diet 2 (whey protein powder and water); C: female flies given 

ad lib. access to Diet 3 (soybean oil and water). 
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Fig. 4.3 Total lipid content corrected for body size (µg/µm) of entire female L. sericata in 

relation to age (days). A: female flies given ad lib.  access to Diet 4 (liver, sucrose and 

water); B: female flies given ad lib. access to Diet 6 (sucrose and water); C: female flies 

given ad lib. access to Diet 5 (whey protein powder, sucrose and water). 
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4.3.2. Effects of diet on lipid allocation to reproduction  

In the ovaries of females given access to Diet 4 (lamb liver, sucrose and water), there 

was an initial significant decline in corrected lipid between day 1 and day 2 (F1,22=15.6, P= 

0.001); vitellogenesis was observed from day 3 and lipid values in the ovary increased 

significantly from day 2 to day 7 (F1,70=51.03, P= 0.001, Fig. 4.4A). At day 7, in females 

given Diet 4, the mean lipid content of the ovaries was 0.72 µg/µm (±0.26) and the ovaries 

of all females contained mature eggs with a mean number of 236.3 (±41.4) eggs. 

In females given Diet 6 (sucrose and water only), flies survived throughout the 

experiment and their ovaries showed a slight, but significant increase in corrected lipid from 

day 2 to day 7 (F1,70=22.1, P= 0.001), but none matured eggs (Fig. 4.4B).  

The corrected lipid content in the ovaries of the group that had access to Diet 5 (whey 

protein, sucrose and water) showed a significant decrease in lipid between day 1 and day 4 

(F1,46=36.7, P= 0.001); vitellogenesis was observed only from day 4 and corrected lipid 

values subsequently rose significantly from day 4 to day 7 (F1,46=40.8, P= 0.001, Fig. 4.4C). 

In these females at day 7, the mean corrected lipid content was 0.57 µg/µm (±0.23) and only 

8 of the 12 dissected females were gravid; the other four had not fully completed 

vitellogenesis.  However, once lipid deposition had started in females in the Diet 6 group 

and whey powder-fed group (Diet 5), comparison of the slopes of the regressions shows that 

the rate of accumulation was not significantly different from that in the Diet 4 group (t=0.69, 

P=0.5, Table 4.1), although the overall the amounts of lipid differed significantly between 

all three diet groups (F2,188=110.8, P= 0.001, Table 4.1).  Females that were gravid at day 7 

in the group Diet 5, matured batches of 227.5 (±7.5) eggs, which was not significantly 

different from the egg batch size of the females provided with Diet 4 (F1,22=0.53, P= 0.48).  

However, for those eggs that were mature the mean length at day 7 in Diet 5 group was 1.18 
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mm (±0.16) which was significantly smaller than the mean egg length of 1.35 mm (±0.45) 

recorded in the Diet 4 group (F1,22=12.22, P= 0.002).  
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Fig. 4.4 Lipid content corrected for size (µg/µm) of the ovaries of female L. sericata in 

relation to age (days). A: female flies given ad lib.  access to Diet 4 (liver, sucrose and 

water); B: female flies given ad lib. access to Diet 6 (sucrose and water); C: female flies 

given ad lib. access to Diet 5 (whey protein powder, sucrose and water).  
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4.3.3. Effects of diet on residual lipid  

In the residual body, after removal of the ovary, corrected lipid values declined 

initially in Diet 4 and 6. Lipid values then increased significantly over time in these two 

groups (Diet 4: F1,70= 20.1, P= 0.001, Fig. 4.5A; Diet 6: F1,70=38.2, P= 0.001, Fig. 4.5B). 

However, corrected lipid showed no significant consistent change in the Diet 5 (F1,70= 0.02, 

P= 0.88, Fig. 4.5C). 

By day 7, the mean corrected lipid content in the body was 0.68 µg/µm (± 0.20), 

0.78 µg/µm (± 0.20) and 0.67 µg/µm (± 0.08) in the females given Diet 4, 6 and 5, 

respectively. These values were not significantly different from each other (F2,33= 1.45, P= 

0.25, P> 0.05). Similarly, the rates of accumulation of lipid in the residual body with age 

were not significantly different in the females given Diet 4 and 6 (Table 4.1) but both were 

significantly higher than in females given Diet 5 (F2,212= 30.3, P= 0.001, P< 0.05). 
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Fig. 4.5 Lipid content corrected for body size (µg/µm) of the body of female L. sericata in 

relation to age (days). A: female flies given ad lib.  access to Diet 4 (liver, sucrose and 

water); B: female flies given ad lib. access to Diet 6 (sucrose and water); C: female flies 

given ad lib. access to Diet 5 (whey protein powder, sucrose and water). 

  

y = 0.0466x + 0.395
R² = 0.2228

0

0.5

1

1.5

2

2.5

0 1 2 3 4 5 6 7

Li
pi

d 
co

nt
en

t (
µg

/µ
m

)

Age (days)

A: Diet 4

y = 0.072x + 0.2748
R² = 0.3134

0

0.5

1

1.5

2

2.5

0 1 2 3 4 5 6 7

Li
pi

d 
co

nt
en

t (
µg

/µ
m

)

Age (days)

B: Diet 6

0

0.5

1

1.5

2

2.5

0 1 2 3 4 5 6 7

Li
pi

d 
co

nt
en

t (
µg

/µ
m

)

Age (days)

C: Diet 5



Nutritional requirements for reproduction and survival 

71 
 

 

Table 4.1. Regression coefficients:  intercept (a), slope (b), the standard error of the slope, 

r2 and significance value, describing the relationship between weight of lipid (µg/µm) of 

female L. sericata corrected for body size and age (days), when fed three different diets. The 

linear regressions describe relationships for the intact body, ovary only and residual body 

minus the ovaries. Overall differences in lipid accumulation with age as determined by 

ANCOVA are denoted by similar letters.  

 

 

  

 Treatment (diet) Regression coefficients r2 P ANCOV

A 
a b ±SE 

Intact 

body 

Diet 4: Liver, sucrose and 

water 

0.16 0.46 ±0.02 0.47 0.001 a 

 Diet 6: Sucrose and water 0.10 0.28 ±0.01 0.44 0.001 b 

 Diet 5: Whey protein 

powder, sucrose and water 

0.06 0.87 ±0.02 0.15 0.001 a 

Ovary 

only 

Diet 4: Liver, sucrose and 

water 

0.05 0.12 ±0.24 0.42 0.001 a 

 Diet 6: Sucrose and water 0.02 0.02 ±0.07 0.24 0.001 b 

 Diet 5: Whey protein 

powder, sucrose and water 

-0.36 0.14 ±0.16 0.47 0.001 c 

Body 

only  

Diet 4: Liver, sucrose and 

water 

0.05 0.39 ±0.01 0.22 0.001 a 

 Diet 6: Sucrose and water 0.08 0.26 ±0.02 0.35 0.001 a 

 Diet 5: Whey protein 

powder, sucrose and water 

    NS  
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4.3.4. Blowfly egg analysis 

For eggs produced by 7-day old females, the lipid composed between 30-40% (mean 

32% ±0.02) of the egg weight, for protein the percentage range was 12-14% 

(mean=13%±0.03) of the egg weight. For carbohydrate the range was 55%-62% 

(mean=59%±0.01) (Fig. 4.6) of the egg weight. The mean values do not add up to exactly 

100% because the three metabolites were measured in different eggs.  

 

 

Fig. 4.6 The mean (± SE) percentage of lipid, protein and carbohydrate in individual eggs 

of the blowfly L. sericata, extracted from six females who were 7-days old (n=10 per 

macronutrient).  
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4.4. Discussion 

This study has quantified the change in lipid content of female L. sericata following adult 

emergence. At day seven, there were significant differences in the mean total corrected lipid 

content between three dietary groups. While females with access to sucrose survived 

throughout the experiment and showed significantly increased lipid content, none of these 

females matured eggs. In the two treatments with access to protein (Diet 4: liver plus 

sucrose, Diet 5: whey powder plus sucrose), females matured eggs although the eggs were 

significantly smaller and not all females became gravid in the whey compared to liver-diet 

treatment.  

             Immediately after emergence, the corrected total lipid content was relatively high. 

Similar observations have been made with the parasitoid species, Macrocentrus grandii 

(Hymenoptera: Braconida) and Pseudacteon tricuspis (Diptera: Phoridae) which showed 

high lipid contents at emergence (Olson, 2000; Fadamiro et al., 2005). Generally, the lipid 

content showed an initial decline, probably because lipid is utilised rapidly to meet the 

metabolic demands of cuticle deposition and muscle maturation and then for flight (Jutsum 

& Goldsworthy, 1976; Canavoso et al., 2001). This decline in lipid is likely to vary between 

insect species depending on the energy reserves accumulated in the juvenile stage (Hahn, 

2005), the duration and type of metamorphosis and the activity of the newly emerged adult 

(Brown et al., 2004).  Female L. sericata are generally relatively inactive for at least 24 h 

after emergence and then show increasing levels of activity; after 24-48h adult female L. 

sericata begin to search for a protein meal to initiate vitellogenesis and then, after mating, 

the females locate an appropriate oviposition site (Wall et al., 1992). The decline in lipid 

values also suggests that any initial food ingested immediately after adult emergence takes 

at least 24 h to be metabolised into measurable reserves.  
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             Adult insects replenish their lipid reserves from dietary intake from the environment 

when available (Warburg & Yuval, 1996; Briegel et al., 2001;). Here, when flies were not 

given carbohydrate, lipid content decreased gradually, and flies died within four days. Even 

whey protein powder or vegetable oil alone were insufficient to sustain flies. Whey protein 

is derived from milk and is a mixture of beta-lactoglobulin, alpha lactalbumin, bovine serum 

albumin, and immunoglobins. However, flies given access to sucrose were able to increase 

the lipid content of the body. Clearly therefore carbohydrate is essential for homeostasis and 

carbohydrate can be used to synthesise lipid by L. sericata. Many arthropods have been 

shown to be able to synthesise lipid de novo from stored carbohydrates and convert it into 

glycogen (Beenakkers et al., 1985; Downer, 1985; Ziegler & Van Antwerpen, 2006; 

Blanckenhorn et al., 2007).  However, here, female flies fed sucrose only were unable to 

synthesise egg yolk. For instance, adult beetles, Paederus fuscipes (Coleoptera: 

Staphylinidae), that had access to a carbohydrate-rich diet could not produce eggs (Bong et 

al., 2014). Evidently, while carbohydrate is essential for survival, protein is essential for 

vitellogenesis in many insect species (Wall et al., 2002; Lorenz & Anand, 2004). 

             Lipid and protein are considered to be the main compounds required for 

development of the embryo (Beenakkers et al., 1981), for example in Culex 

quinquefasciatus (Diptera: Culicidae) (Van Handel, 1993). Lipid forms 30-40% of dry ovary 

weight in several insect species (Allais et al., 1964; Troy et al., 1975; Kawooya & Law, 

1988; Briegel, 1990; Ziegler & Van Antwerpen, 2006). The observation in this study that 

lipid made up 30-40% of the mass of an individual egg, whereas protein composed only 14-

12% is of particular note because protein is the limiting resource for egg development (Wall 

et al., 2002). The synthesis of vitellins by the fat body and transfer and accumulation in the 

oocyte is an essential initial stage in insect reproduction (Hagedorn & Kunkel, 1979; 

Postlethwait & Giorgi, 1985). Here, female flies that were given Diet 5 (whey protein 
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powder plus sucrose), were able to mature eggs, but initiated vitellogenesis later than those 

fed liver (Diet 4); only 4 of the twelve females dissected at day 7 had fully mature egg 

batches and those that did contained fewer, smaller eggs than those given liver (Diet 4). The 

data suggest that the lower protein availability in whey powder, compared to liver, resulted 

in a slower accumulation of the requisite concentrations of protein required to initiate 

vitellogenesis, as demonstrated previously (Wall et al., 2002).  Hence, protein is confirmed 

as the function-limiting metabolite in egg production in L. sericata, as demonstrated 

previously (Wall et al., 2002). However, it may also be that there are other important 

nutritional components in liver that are less abundant in whey protein powder, that are 

important for vitellogenesis in female, L. sericata (Rueda et al., 2010), such as the amino 

acids: aspartic acid, leucine, arginine, proline, phenylalanine, tyrosine, glycine, threonine, 

tryptophan, valine, Isolecine, methionine, cystine, tyrosine, histidine, glutamine, serine and 

alanine (Marconi et al., 1989). In experimental choice experiments, the flesh fly, S. 

crassipalpis was shown to self-select a nutrient intake that was highly carbohydrate-biased 

which maximized both lifespan and lifetime egg production, suggesting that flesh flies were 

able to balance their intake of various macronutrients to maximise fitness (Hawley et al., 

2016). Clearly, the dietary importance of carbohydrate and lipid cannot be overlooked, 

particularly because vitellogenesis requires substantial lipid accumulation (Galois, 1984). 

             In the body minus the ovaries in female, L. sericata, the results illustrate that lipid 

content increased significantly over time in flies fed on Diet 4 (liver plus sucrose) and Diet 

6 (sucrose only). The data suggest therefore that, in addition to egg development, lipid is 

accumulated in the fat body or in the haemolymph. In some arthropods, there is an increase 

in lipid in the midgut diverticula during vitellogenesis (Teshima & Kanazawa, 1983; Castille 

& Lawrence, 1989).  
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The lack of a significant increase in lipid in the residual bodies of females given Diet 

5 (whey powder plus sucrose) may initially appear anomalous, but this may have been 

associated with the delayed onset of vitellogenesis in these flies indicating that resources 

were being preferentially allocated to reproduction rather than accumulated in the body. As 

discussed above, this is likely to be due to the dietary inferiority of whey protein powder 

compared to liver for vitellogenesis. In Chapter 5, different diets, containing varying blends 

of amino acid, are used to investigate the importance of specific dietary components.  

In summary, the data shows that adult female L. sericata fed on diets without 

carbohydrate are unable to survive; those fed diets containing carbohydrate are able to 

survive and synthesise lipid but are unable to synthesise egg yolk. Vitellogenesis and yolk 

deposition in the oocyte is only possible when protein is present in the diet. However, the 

nature of the protein source available influences the ability to initiate vitellogenesis, the rate 

of yolk deposition and the number and size of eggs matured. The data suggest that females 

are able respond to resource availability with a high degree of flexibility, allocating resource 

between the ovary and residual body in response to dietary availability. In addition, 

biochemical analysis of nutritional components of eggs is used to measure resource 

allocation. 
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- Chapter 5 - 

Effects of dietary protein and amino acid 

composition on survival and reproduction 
 

Summary 

To attempt to isolate the specific components in the protein diet that allow egg 
production, female L. sericata, were fed diets differing in protein formulation (freeze-
dried lamb liver, whey powder and soya powder) or amino acid composition (Glutamine 
or a mixture of Leucine, Isoleucine and Valine). These amino acids were selected 
because of their abundance in liver. Although groups of female flies provided with one 
or three amino acids survived, these females were unable to synthesise egg yolk. The 
rate of egg maturation and number and size of eggs matured were greater for female flies 
given freeze-dried lamb liver compared to flies provided with whey or soya powder. The 
results show that the mean lipid content and reproductive output varies significantly 
between different diets, but the key components found in liver that allow egg production 
to be maximised are not identified in this study. 

 
  

5.1. Introduction  

Energy is a fundamental limited resource, acquired from the diet and stored in the body for 

later use. Insects must allocate these resources between competing physiological processes. 

The quality of these resources seriously impacts life history traits, such as development, 

fecundity and survival in most of insects in the wild (Davey, 1997; Adams, 1999), and it has 

important consequences on the mother and, thus, for egg production. The macronutrient 

balance in dietary intake of adults has an important impact on number of life history features, 

for example, egg production is maximized on diets that have higher protein to carbohydrate 

proportions, whereas lifespan is increased on diets that have high carbohydrate to protein 

percentage (Lee et al., 2008; Fanson and Taylor, 2012). Generally, lipid accumulation in 
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insects in the field may be due to variation in the quality and abundance of specific food 

sources in different seasons and locations (Ma et al., 2020). 

In Chapter 4, sucrose was shown to be essential for fly survival, but females fed 

carbohydrate alone were unable to synthesise egg yolk. Only flies provided with protein 

were able to mature eggs. However, the rate of egg maturation and number and size of eggs 

matured were greater for female flies given liver compared to flies provided with pure whey 

protein powder. The latter results suggested that the composition of the protein meal was 

important in the survival and reproduction L. sericata, Hence, the aim of this chapter was to 

examine in more detail the role of different types of protein and amino acids in lipid 

accumulation and egg production by female flies. 

 

5.2. Methods and materials 

5.2.1. Effect of diets on lipid accumulation 

To examine variation in lipid accumulation and reproductive output between female 

flies L.sericata in relation to diverse diets, pupae of this species were divided between 

standard rearing cages (32 × 32 × 32 cm), under standard laboratory conditions (Chapter 2), 

to give approximately 100 flies per cage. Once adults had emerged, each of the five cages 

was subjected to one of five feeding regimes. All cages were provided with water and 25 g 

of granulated sucrose provided ad libitum. In addition, Diet 1 included 25 g of freeze-dried 

lamb liver powder. For the preparation of the freeze-dried liver, small pieces of lamb liver 

were placed in a falcon tube (50 ml), frozen in liquid nitrogen and then the tubes were placed 

in a freeze dryer chamber (Labconco Chamber for FreeZone Freeze3 Dryer) with the 

lids open and left to dry for three days. After this the liver was ground to a powder. Diet 2 

included 25g of whey pure protein powder (MET-Rx®, UK). Diet 3 included 25 g of soya 
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pure protein powder (Pulsin, Vegan Protein, UK). Diet 4 included 25 g of an amino acid 

Glutamine (MET-Rx®, UK) and Diet 5 included 25 g of a mixture of three of the amino 

acids Leucine, Isoleucine and Valine (BCAA, Optimum Nutrition, UK) (Fig. 5.1). Each food 

type was placed onto a square plastic weigh boat (8 × 8 × 2 cm).  

Each day following emergence, six female flies were removed from each cage, killed 

by chilling and then subjected to lipid analysis as described (Chapter 2). The study did not 

consider females older than seven days to minimise the risk that females were included that 

might have already oviposited or started yolk resorption in the absence of suitable 

oviposition sites (Wall, 1993). There were two replicates for each dietary treatment, giving 

twelve flies per day for data analysis. 

In a second part of the trial, newly emerged flies were provided with the same five 

diets described above, but each day six adult females were removed for analysis of 

reproductive development. For this, female flies were killed by chilling and dissected by 

placing on a microscope slide in a small volume of Ringer’s Insect solution (0.9% saline) 

(OXOID, Fisher Scientific Ltd) and using forceps and teased out under a dissection 

microscope (Leica S6E, Germany). The ovary/ residual body was then subjected to lipid 

analysis as described in Chapter 2. The degree of oocyte maturation (yolk deposition) was 

assessed and, where yolk deposition was complete, the number of mature oocytes was 

counted. The average length of mature oocytes was measured to the nearest micrometre 

using a Leica eyepiece graticule. There were two replicates for each dietary treatment, giving 

twelve flies per day for data analysis. 

  



Effects of dietary protein and amino acid composition on survival and reproduction 

80 
 

 

 

 

 

 

Fig. 5.1 Schematic outlining the experimental design for five different feeding regimes 

provided to L. sericata; all had access to water and sucrose plus: (Diet 1) freeze-dried lamb 

liver; (Diet 2) whey pure protein powder; (Diet 3) soya pure protein powder; (diet 4) 

Glutamine acid powder; (Diet 5) a mixture of three kinds of amino acids (Leucine, 

Isoleucine and Valine) powder. In addition, the schematic shows the types of amino acids in 

freeze-dried lamb liver, whey pure protein powder and soya pure protein powder with their 

quantities.  
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5.2.2. Effects of diets on lipid and protein contents in eggs 

To compare the differences between lipid and protein contents in eggs in relation to 

different diets. Flies of both sexes were placed into a 32 × 32 × 32 cm cage and subjected to 

one of four feeding regimes, all of which included water and 25 g of granulated sucrose 

provided ad libitum. These were: Diets 1, 2 and 3 as described above and also one treatment 

was given 25 g of raw lamb liver chunks (Sainsbury’s Ltd., UK). Flies were reared under 

laboratory conditions, as described in Chapter 2. At day 7 after emergence, six female flies 

were removed and then dissected, 20 eggs were taken from each of the six females dissected 

and ten eggs were taken for lipid analysis and ten taken for protein analysis. The mean from 

the ten eggs from each female was used for analysis.  

 

5.2.3. Data analysis 

For each female analysed, the amount of lipid recorded was divided by the length of 

the cross-vein dm-cu, to remove the effects of variation in fly size (Hayes et al., 1998). This 

is described as the corrected lipid content; corrected lipid values are expressed as µg/µm 

with all means presented ± their standard deviation (SD) or standard error (SE). 

Initially, the corrected lipid content of the ovaries when given the five diets were 

analysed in a one-way ANOVA followed by Tukey post-hoc multiple range tests (Tukey) 

following tests for normality and homogeneity of variances.  Subsequently, because the 

effects of feeding regime divided into two clear groups, diets 1, 2 and 3, described as the 

protein group) and diets 4 and 5 (described as the amino acid group), these two groups were 

subjected to separate analyses. For each diet the relationships between lipid content in and 

age by day were assessed by linear or polynomial regression as appropriate, plotted usually 

from day 2 (as discussed in Chapter 4). Where significant changes in lipid content over time 

were detected, differences between dietary groups were examined by ANCOVA with age as 
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the covariate. The mean number of eggs and their length were compared using non-

parametric Mann-Whitney U-tests. The mean of both lipid and protein contents in eggs was 

examined by one-way ANOVA followed by Tukey post-hoc multiple range tests following 

tests for normality homogeneity of variances. All analyses were undertaken using SPSS for 

Windows (IBM, Version 24) and some figures prepared using Microsoft Excel. 

 

5.3. Results 

At day 7 after emergence, the mean lipid content of the ovaries of females at day 7 were: 

0.62 µg (±0.19), 0.34 µg (±0.14), 0.50 µg (±0.11), 0.037 µg (±0.01) and 0.013 µg (±0.01) 

in females given Diets 1, 2, 3, 4 and 5, respectively (as described above in Fig. 5.1). These 

values were significantly different from each other (F4,55= 64.44, P< 0.001, n=60). There 

were no significant differences between the group provided with Diet 4: the amino acid 

Glutamine and Diet 5: the mixture of three of the amino acids Leucine, Isoleucine and 

Valine. Whereas these two groups had significantly lower lipid values than the groups 

provided with Diet 1: freeze-dried liver (P<0.001), Diet 2: whey protein (P<0.001) and Diet 

3: soya protein (P<0.0001). 

 

5.3.1. Effects of protein group diets on total lipid accumulation 

Immediately after emergence, the mean corrected total lipid in the intact female flies 

was 1.20 µg/µm (± 0.19), 0.70 µg/µm (± 0.21) and 0.87 µg/µm (± 0.22) in the groups 

provided with diets 1, 2 and 3, respectively (Fig. 5.2). These initial corrected lipid contents 

were significantly different from each other (F2,33= 18.06, P<001), with the group provided 

with Diet 1: freeze-dried lamb liver powder, having lipid values significantly higher than 

the groups provided with Diet 2: whey pure protein powder or Diet 3: soya pure protein 

powder. Subsequently, after an initial decrease between day 1 and day 2 for all diets, total 
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lipid values increased significantly from day 2 to day 7 in all these three diet groups (diet 1: 

F1,70= 45.9, P< 0.05, n=72; diet 2: F1,70= 131.8, P< 0.05, n=72, and diet 3: F1,70= 54.9, P< 

0.05, n=72). 

At day 7, the mean lipid contents were 1.73 µg (± 0.38), 1.56 µg (± 0.30) and 1.39 

µg (± 0.27) in the groups provided with Diets 1, 2 and 3, respectively. Overall, these values 

were not significantly different from each other (F2,33= 3.29, P= 0.05, Fig. 5.2). Female flies 

fed on Diet 1: freeze-dried lamb liver powder having significantly higher lipid values at day 

7 than females in Diet 3 group (soya pure protein powder), but not significantly different 

from the group provided with Diet 2: whey pure protein powder. Overall, the accumulation 

of lipid with age differed significantly between all three diet groups (F2,212= 31.23, 

P<0.0001, Table 5.1); in addition, the amounts of lipid with age in the group fed Diet 1 was 

significantly greater than both groups that fed on Diet 2 and Diet 3.  
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Fig. 5.2 Total lipid content corrected for body size (µg/µm) of entire female L. sericata in 

relation to age (days); All were provided with ad lib. water and sucrose plus, A: female flies 

given Diet 1 (dried-freeze lamb liver powder); B: female flies given Diet 2 (whey protein 

powder) and C: female flies given Diet 3 (soya protein powder). 
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5.3.2. Effects of protein group diets on lipid in the ovaries 

In the ovaries, there was a significant increase in lipid contents from day 2 to day 7 

across different feeding regimes; in Diet 1 (F1,70=61.1, P<0.05, Fig. 5.3A, n=72); in Diet 2 

(F1,70=63.4, P<0.05, Fig. 5.3B, n=72) and in Diet 3 (F1,70=84.5, P<0.05, Fig. 5.3C, n=72). 

Vitellogenesis was observed from day 3 in all these three groups. 

The mean lipid content of the ovaries at day 7 was 0.62 µg (±0.19), 0.34 µg (±0.14) 

and 0.50 µg (±0.11) in females given Diets 1, 2 and 3, respectively. Overall, these values 

were significantly different from each other (F2,33= 10.21, P< 0.05, Fig. 5.3, n=36). The 

group provided with Diet 2 have lipid values significantly lower than the groups provided 

with Diet 1 and Diet 3. 

For females that were gravid at day 7, the number of eggs and their lengths were 

significantly different between the all three Diet groups (χ2 = 9.62, χ2 = 16.2, df=2, 𝐻𝐻1: 

P<0.05, n=36). In addition, for these gravid females that contained mature eggs the mean 

numbers matured were 271.92 (±55.4), 204.83 (±39.4) and 232.25 (±64.1) in groups fed 

Diets 1, 2 and 3, respectively (Fig. 5.4). For those eggs that were mature with the mean 

lengths were 1330 µm (±36.7), 1236.7 µm (±44.2) and 1313.3 µm (±47.7) in Diet groups 1, 

2 and 3, respectively (Fig. 5.4). Overall, the slopes of the regressions show that the rate of 

lipid accumulation were significantly different from each other between all three Diet groups 

(F2,212=38.5, P< 0.0001, Table 5.1); with lipid values in Diet 1 significantly higher than Diet 

2 or Diet 3. 
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Fig. 5.3 The lipid content corrected for body size (µg/µm) of female L. sericata in their 

ovary in relation to age (day); All were provided with ad lib. water and sucrose plus, A: 

female flies given Diet 1 (dried-freeze lamb liver powder); B: female flies given Diet 2 

(whey protein powder) and C: female flies given Diet 3 (soya protein powder). 
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Fig. 5.4 (A) The number of eggs and (B) the length of eggs (µm) in female L. sericata at 

day 7 in relation to different feeding regimes; Diet 1 (dried-freeze lamb liver powder), Diet 

2 (whey protein powder) and Diet 3 (soya protein powder).  
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5.3.3. Effects of protein group diets on residual lipid in the body 

In the residual body, after removal of the ovary, corrected lipid contents rose 

significantly over time in all three groups (Diet 1, F1,70= 7.22, P< 0.05, Fig. 5.5A, n=72; Diet 

2 F1,70= 102.1, P< 0.05, n=72, Fig. 5.5B; Diet 3 F1,70=19.3, P< 0.05, Fig. 5.5C, n=72). By 

day 7, the mean lipid content in the body was 1.10 µg (± 0.25), 1.22 µg (± 0.22) and 0.91 

µg (± 0.21) in the three groups, respectively. These contents were significantly different 

from each other (F2,33= 5.5, P< 0.05, n=36), with the group provided with Diet 2 having lipid 

values significantly higher than the group provided with Diet 3. Similarly, the rates of 

accumulation of lipid in the residual body with age were significantly different in the females 

across different feeding regimes (F2,212= 6.91, P= 0.001, Table 5.1), also the amount of lipid 

in the group fed Diet 1 was significantly greater than the groups fed Diets 2 or 3. 
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Fig. 5.5 The lipid content corrected for body size (µg/µm) of female L. sericata in their body 

in relation to age (day); All were provided with ad lib. water and sucrose plus, A: female 

flies given Diet 1 (dried-freeze lamb liver powder); B: female flies given Diet 2 (whey 

protein powder) and C: female flies given Diet 3 (soya protein powder). 
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Table 5.1. Regression coefficients:  intercept (a), slope (b), the standard error of the slope, 

r2 and significance value, describing the relationship between weight of lipid (µg/µm) of 

female L. sericata corrected for body size and age (days), when fed three different diets. The 

linear regressions describe relationships for the intact body, ovary only and residual body 

minus the ovaries. Overall differences in lipid accumulation with age, as determined by 

ANCOVA, are denoted by similar letters. 

  

 Treatment (diet) Regression coefficients r2 P ANCOV

A 
a b ±SE 

Intact 

body 

Diet 1: Freeze-dried lamb 

liver, sucrose and water 

0.90 0.15 ±0.02 0.40 0.001 a 

 Diet 2: Whey protein 

powder, Sucrose and water 

0.38 0.18 ±0.02 0.65 0.001 c 

 Diet 3: Soya protein 

powder, sucrose and water 

0.47 0.18 ±0.02 0.44 0.001 b 

Ovary 

only 

Diet 1: Freeze-dried lamb 

liver, sucrose and water 

-0.09 0.12 ±0.02 0.47 0.001 a 

 Diet 2: Whey protein 

powder, Sucrose and water 

-0.07 0.06 ±0.01 0.48 0.001 c 

 Diet 3: Soya protein 

powder, sucrose and water 

-0.14 0.11 ±0.01 0.55 0.001 b 

Body 

only  

Diet 1: Freeze-dried lamb 

liver, sucrose and water 

0.93 0.03 ±0.01 0.09 0.001 a 

 Diet 2: Whey protein 

powder, Sucrose and water 

0.45 0.12 ±0.01 0.59 0.001 b 

 Diet 3:  Soya protein 

powder, sucrose and water 

0.58 0.08 ±0.02 0.22 0.001 b 
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5.3.4. Effects of amino acid group diets on lipid accumulation 

Total lipid increased significantly in the group that was given Glutamine (Diet 4) 

from day 2 to day 7 (F2,69=27.01, P<0.0001, Fig. 5.6A, n=72). Whereas there were no 

significant differences between total lipid contents from day 2 to day 7 in the group that 

were given the mixture of three of amino acids, Leucine, Isoleucine and Valin (Diet 5) 

(F2,69=2.0, P=0.14, Fig. 5.6B, n=72). Although these female flies survived throughout the 

experiment, their ovaries showed significant decline in lipid content in groups fed Diet 4 

(F1,70=12.5, P<0.05, n=72) or Diet 5 from day 2 to day 7 (F1,70=29.5, P<0.05, n=72) (Fig. 

5.7) showing that these female flies could not mature eggs. 

In the body, minus the ovaries, the amount of lipid rose significantly from day 2 to 

day 7 in the group fed Diet 4 (F2,69= 24.2, P< 0.0001, Fig. 5.8A, n=72). By contrast, lipid 

content slightly declined but not significant from day 2 to day 7 in the group given Diet 5 

(F2,69= 1.51, P=0.23, Fig. 5.8B, n=72). 



Effects of dietary protein and amino acid composition on survival and reproduction 

92 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Fig. 5.6 The total lipid content corrected for body size (µg/µm) of entire female L. sericata 

in relation to age (day). All were provided with ad lib. water and sucrose plus, A: female 

flies given Diet 4 (the amino acid Glutamine); B: female flies given Diet 5 (the mixture of 

three of amino acids, Leucine, Isoleucine and Valin). 
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Fig. 5.7 The lipid content corrected for body size (µg/µm) of female L. sericata in their 

ovary in relation to age (day). All were provided with ad lib. water and sucrose plus, A: 

female flies given Diet 4 (the amino acid Glutamine); B: female flies given Diet 5 (the 

mixture of three of amino acids, Leucine, Isoleucine and Valin). 
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Fig. 5.8 The lipid content corrected for body size (µg/µm) of female L. sericata in their body 

in relation to age (day). All were provided with ad lib. water and sucrose plus, A: female 

flies given Diet 4 (the amino acid Glutamine); B: female flies given Diet 5 (the mixture of 

three of amino acids, Leucine, Isoleucine and Valin). 
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5.3.5. Effects of diets on lipid and protein contents of eggs 

In females that were gravid at day 7, the mean lipid contents in eggs were 7.98 µg 

(± 1.49), 8.24 µg (± 2.54), 10.79 µg (± 1.92), and 7.46 µg (± 1.24) in the groups provided 

with Diet 1, Diet 2, Diet 3 and raw lamb liver chunks, respectively. Overall, these values 

were significantly different from each other (F3,20= 3.82, P= 0.03, P< 0.05, Fig. 5.9A, n=60). 

The group provided with Diet 3 (soya protein powder) having significantly higher lipid 

values at day 7 than the group provided with raw lamb liver chunks, but not significantly 

different from both groups provided with Diets 2 or 1.  The mean protein values in eggs 

were 3.06 µg (± 0.39) in the group provided with Diet 1, 2.99 µg (± 0.58) in the group 

provided with Diet 2, 2.95 µg (± 0.32) in the group provided with Diet 3 and 2.95 µg (± 

0.33) in the group provided with raw lamb liver. Those values were not significant 

differences between each other (F3,20= 0.09, P= 0.96, Fig. 5.9B, n=60). 
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Fig. 5.9 The (A) lipid (µg) and (B) protein content (µg) of single eggs in female L. sericata 

at day 7 in relation to four different feeding regimes; Diet 1 (freeze-dried lamb liver powder), 

Diet 2 (whey pure protein powder), Diet 3 (soya pure protein powder) and raw lamb liver 

chunks.  
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5.4. Discussion 

This chapter has examined the role of diet on lipid allocation and reproduction in more detail, 

in terms of differing protein formulation and amino acids. In the ovaries of females at day 

7, the lipid values and both the number and size of eggs were significantly different between 

the groups fed protein (Diet 1, 2 and 3), with the highest increase in females provided with 

Diet 1 (freeze-dried lamb liver). In contrast the lipid content in the group fed amino acid 

(Diet 4 and 5) was significantly lower than the protein group and there was also no synthesis 

of egg yolk. The lipid content in eggs, was significantly different between females fed 

different diets, whereas no significant differences were observed in females fed protein-

group diets. 

Food quality and the macronutrient balance in dietary intake, may have a 

fundamental impact on development, fecundity and survival in most insects in the wild 

(Davey, 1997; Adams, 1999). For example, egg production was shown to be highest in 

Drosophila fed on diets that had higher protein to carbohydrate proportion, whereas lifespan 

was highest when fed on diets that had a high carbohydrate to protein percentages (Lee et 

al., 2008; Fanson & Taylor, 2012). Carbohydrate in the diet of L. sericata is particularly 

important for maintenance, as shown in Chapter 4, where flies given only sucrose, survived 

throughout the experiment but were not able to produce eggs.  

Studies in flies (Leitão-Gonçalves et al., 2017) and mice (Piper et al., 2017) have 

demonstrated that changes in the protein quality of the diet, especially the balance of amino 

acids, can have a significant impact on reproduction. Changing the ratio of amino acids in 

dietary protein can also influence reproduction and survival (Ma et al., 2020). The results of 

this chapter also showed that the ovary of females provided with pure whey protein had lipid 

values that were significantly lower than the groups provided with freeze-dried liver and 

soya protein. In addition, the number of eggs and their lengths were significantly different 
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between the three diet groups; with the highest number and largest eggs in females provided 

with freeze-dried lamb liver. Soya protein is isolated from soybean and is type of legume, 

which is naturally high in protein and low in fat and carbohydrate and is based on vegetable 

source and consists of 90% of protein (Petruccelli & Anon, 1995). Whey protein is derived 

from milk. Both have the same types of amino acids but in different quantities. Hence, 

reproductive output is evidently dependent on the nature of the specific protein provided.  

Clearly there are critical components within animal body tissues, that are essential to allow 

L. sericata to optimise reproduction.  

In was in an effort to identify what these components might be that flies were given 

diets composed of different types of amino acid. The choice of amino acids used was based 

on an analysis of their abundance in liver.  These included Glutamine (Diet 4) and Leucine, 

Isoleucine and Valine (Diet 5).  However, females given these diets were unable to 

synthesise egg yolk but did survive throughout the experiment. In an ideal scenario, 

experiments could examine the effects of combinations of different combinations and 

concentrations of amino acids more systematically, but this would be a substantive 

undertaking and was beyond the scope of this PhD. It was of interest that there was no 

difference in the reproductive output of females fed raw or freeze-dried lamb liver, 

indicating that the process of freeze-drying did not adversely affect the protein in liver that 

is important for reproduction. 

In conclusion, the chapter has further shown that nutritional requirements are 

complex and the nature of the food available has a significant impact on the ability of 

females to optimise egg production.
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- Chapter 6 - 

Effects of age on lipid accumulation and 

reproductive output 
 

Summary 

Life‐history theory predicts that organism trade‐off limited resources among life‐
history traits to maximize fitness. In particular, costs associated with reproduction 
are balanced against somatic maintenance, which can result in the optimal allocation 
of resources to reproduction changing across age as the survival probability changes. 
This trade-off is likely to be particularly marked in organisms that rely on ephemeral 
and patchy resources for reproduction. Here, changes in the allocation of resources 
to reproduction with age were considered in L. sericata. The lipid content of the 
residual body of individual females did not change over 40 days.  However, 
allocation to reproduction, measured as lipid content in the ovary, declined over time. 
This decline was associated with the production of fewer and smaller eggs, after an 
initial increase in younger ages. A decrease in lipid and increase in protein contents 
of individual eggs over time, although statistically significant, were relatively slight 
suggesting that the nutritional investment in individual eggs remained relatively 
constant. The survival rate was lower in females provided with protein (liver) for 
oocyte development suggesting that there is a survival cost associated with 
reproduction. 
 
 

6.1. Introduction 

Advancing age results in senescence which is generally considered to be a process of 

deterioration and progressive physiological degradation. Ageing is associated with the 

cumulative depletion of biological function, accompanied by increasing probability of 

mortality and decreasing fecundity (Kirkwood & Austad, 2000; Zajitschek et al., 2020). 

Detecting patterns of senescence-mediated mortality in the field is often difficult due to the 

existence of extrinsic risks leading to natural mortality even in young individuals; these risks 
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include starvation, infection, predation or adverse microclimate (Kirkwood & Austad, 

2000). However, patterns of senescence have been described in reference to a range of 

different taxa (Nussey et al., 2013; Zajitschek et al., 2020), despite clearly observed wide-

ranging disparities in ageing rate within and across populations ( Holand et al., 2016; 

Rodríguez‐Muñoz et al., 2019; Cayuela et al., 2020). 

Many studies have examined the impact of age on both reproduction and the 

probability of survival, however lifespan and ageing have been studied largely in 

populations of animals having a short generation time, such as the nematode Caenorhabditis 

elegans (Rhabditida: Rhabditidae), fruitfly Drosophila melanogaster (Diptera: 

Drosophilidae) and mice Mus musculus (Rodentia: Muridae) (Rose & Charlesworth, 1981; 

Partridge & Barton, 1993; Charlesworth & Hughes, 1996; Partridge & Mangel, 1999; 

Kirkwood & Austad, 2000; Hughes et al., 2002). 

Life‐history theory predicts that organisms trade-off limited resources among life‐

history traits to maximize fitness (Stearns, 1989). In particular, costs associated with 

reproduction are balanced against somatic maintenance and individuals are expected to 

optimize their age‐specific allocation between reproduction and survival (Bell, 1980; 

McNamara et al., 2009). In insects, egg production is metabolically demanding and, given 

a finite risk of mortality over time, the evolutionarily stable strategy for females will be to 

optimise the trade-off between the risk of death and the predictable availability of resource 

(Partridge & Harvey, 1988; Reznick, 1985). As a result, insects can allocate resources to 

maintenance and repair of somatic tissue, which can prolong lifespan, or to reproduction 

(Hanski et al., 2006).  

Such allocation may have a number of potential outcomes. It has been widely 

predicted that reproductive allocation should decline with age where adult females are 

subject to an elevated risk of mortality during the production of successive clutches of 



Effects of age on lipid accumulation and reproductive output 

101 
 

 

offspring (Kirkwood, 1977; Begon & Parker 1986; McNamara et al., 2009). Support for this 

prediction is found in a wide variety of insect species (Pöykkö & Mänttäri, 2012). Patterns 

of declining reproductive allocation might also be a direct consequence of somatic 

deterioration (Kirkwood & Austad, 2000; Zajitschek et al., 2020), and thus be considered 

reproductive senescence.  Alternatively, young individuals with high opportunity for future 

reproduction may allocate less to current reproduction to maximise future reproduction, and 

organisms may increase their investment in reproduction as they approach the end of their 

life (termed ‘terminal investment’) and have low prospects of future survival (Creighton et 

al., 2009). These various drivers of age-dependent allocation are not mutually exclusive and 

can combine to form an inverse U-shaped pattern of increase and then decline, as observed 

across multiple taxa (Monaghan et al. 2020).  

A wide variety of factors may influence these trade-offs, however, and as a result 

they may be difficult to quantify.  For example, the way insects allocate and partition 

resource can change flexibly with the changing requirements and challenges of age and 

resource availability; some newly emerged insects invest resources into flight before 

reproduction, because of the importance of seeking out resources (Boggs, 1981). In some 

cases, often where survival probability is low and unpredictable and resource availability is 

uncertain, an increase in reproductive output may be the optimum strategy. For example, an 

exponential increase in reproductive output with age was observed in the beetle 

Monochamus galloprovincialis (Coleoptera: Cerambycidae) (David et al. 2015) and it was 

suggested that there was no trade-off between energy allocated to dispersal and 

reproduction, due to short periods of flight. Resource availability can also affect the trade-

off between survival and reproduction, in some instances making it more pronounced, in 

others obscuring it. For example, in the parasitoid Venturia canescens (Hymenoptera: 

Ichneumonidae), resource restriction led to relatively more energy being allocated to flight 
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and egg production, with a consequent decline in adult longevity (Pelosse et al. 2011). No 

trade-off between dispersal and fecundity was seen in the Glanville butterfly Melitaea cinxia 

(Lepidoptera: Nymphalidae) that had access unlimited resources (Hanski et al., 2006).  

While insects may change their investment by altering the number of eggs in each 

clutch or individual egg size, less commonly considered is the possibility that females may 

alter the nutritional composition of each egg, an understanding of which may be important 

in defining reproductive allocation (Fox & Czesak, 2000; Pöykkö & Mänttäri, 2012).  For 

example, a decrease in allocation in eggs with age was noted for the solitary parasitic wasp 

Eupelmus vuilletti (Hymenoptera: Eupelmidae) both in terms of egg size but also in the 

sugar, protein, lipid and energy contents of each egg (Giron & Casas, 2003).  Lipids are a 

particularly important energy resource in insects (Van Handel, 1985) so the amount of lipid 

in each egg may influence embryonic development and the survival success of larvae prior 

to finding a feeding site after hatching. In E. vuilletti, lipid content in eggs decreased with 

maternal age to a stable lower value of about 0.24 μg per egg, suggesting that this may be 

the minimum required for successful embryonic development; however, it was suggested 

that protein was a better predictor of offspring fitness than lipid because it correlated most 

strongly with egg size (Giron & Casas, 2003). This indicates that measuring both lipid and 

protein in eggs can lead to a more comprehensive overview of age-dependent patterns of 

allocation, and consequences for offspring survival.  

Given that the optimum strategy for allocation to reproduction is likely to be 

influenced by the nature of limiting food or oviposition sites (Boggs, 1981; Rodríguez‐

Muñoz et al., 2019) any age-dependent change in reproductive allocation might be 

particularly pronounced in insects, such as L. sericata,  that rely on highly patchy and 

ephemeral resources either for oviposition or for specific nutritional resources required for 

reproduction, since the probability of finding suitable patches is low and this may favour 
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higher levels of early reproductive effort at the cost of future survival (Wall et al., 2002). 

The work described in this chapter, therefore, aimed to identify changes in allocation with 

age and the probability of declining survival in female L. sericata, by considering long-term 

patterns of lipid use in both the ovary and residual body. The work also aimed to determine 

the changes in the number and size of eggs matured over the life of an adult, and whether 

allocation in eggs, in terms of lipid and protein, varied; and whether availability of protein 

resource affects negatively the survival rate with advancing age as a cost of reproduction. 

 

6.2. Methods and materials 

6.2.1. Effects of age on lipid accumulation  

To examine the changes in lipid accumulation and reproductive output in females L. 

sericata with advancing age, twelve small cages (15 × 15 × 15 cm) were used, each 

containing ten newly-emerged L. sericata, five males and five females. All cages were 

supplied with water ad libitum and 25 g of granulated sucrose, which was placed onto a 

plastic weighboat. These cages were maintained under laboratory conductions as described 

previously (Chapter 2). Two days after emergence all cages were supplied with 25 g of lamb 

liver for 6 h to provide protein for egg maturation. Seven days after emergence, when female 

flies would be expected to be ready to lay the first egg batch, four adult females were 

removed from one cage and killed by chilling. For each killed female the abdomen was 

removed and placed on a microscope slide in a small volume of Ringer’s Insect solution 

(0.9% saline) (OXOID, Fisher Scientific Ltd). The ovaries were then carefully removed by 

dissection using forceps and eggs teased out under a dissection microscope (Leica S6E, 

Germany). The degree of oocyte maturation was assessed and, where yolk deposition was 

complete, the number of mature oocytes was counted. The average length of mature oocytes 

was measured to the nearest micrometre using a Leica eyepiece graticule. The ovaries plus 
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oocytes and the remainder of the body were then dried separately for lipid analysis, as 

described in Chapter 2. The remaining 11 cages were provided with lamb liver for 12 h and 

it was then removed to allow oviposition and as diet to ensure that they had sufficient protein 

to mature further batches of eggs.  In these cages the number of egg batches oviposited was 

counted and matched to the number of females in the cage to ensure that all females had 

oviposited. If all females had not oviposited, the liver was left in the cage for longer -but 

generally all females oviposited in the time available. Subsequently, four females were 

removed from a further cage and killed at days 10, 13, 17, 21, 25, 30, 35 and 40 and all flies 

were subjected to the same dissection procedure with the remaining flies reared and allowed 

to oviposit. A duration of forty days was selected as it represents the expected lifespan in a 

laboratory population of L. sericata (Wall, 1993) and in field cages (Prinkkilá & Hanski, 

1995). The entire experiment was repeated, giving eight flies per time point for data analysis. 

In a second experiment, all procedures were followed as described above but at days 

7, 10, 13, 17, 21, 25, 30, 35 and 40, four adult females were removed and killed by chilling 

and then subjected immediately to lipid analysis (as described in Chapter 2) without 

dissecting them. The entire trial was repeated, giving eight flies per time point for data 

analysis. 

 

6.2.2. Effects of age on lipid and protein contents in eggs 

As part of the experiments described above, to compare the differences between lipid 

and protein content in eggs in relation to the age of the females that oviposited them at each 

timepoint 12 eggs were taken from each of the four females dissected, six for lipid analysis 

and the other six for protein analysis. The mean of the six eggs from each female was used 
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for analysis to avoid confounding issue associated with repeated measures; hence there were 

4 data points for protein and 4 data points for lipid at each time-point. 

 

6.2.3. Effects of age and diet on survival 

To consider the effects of rates of mortality with age and to compare the survival 

rates between different groups of female L. sericata fed different diets. Two fly cages (32 x 

32 x 32 cm) were each provisioned with approximately 250 L. sericata pupae, which were 

allowed to emerge as adults and maintained under the laboratory conditions (as described in 

Chapter 2). These cages were both supplied with water, but one was provided with sucrose 

plus of 25 g of lamb liver as a protein resource and the other was supplied with sucrose only. 

Each day, any dead flies were removed from the cage and counted. This trial was continued 

until all flies were dead in both cages. 

 

6.2.4. Data analysis 

For each female, the amount of lipid recorded was divided by its wing vein length to 

remove the effects of absolute variation in fly size (Hayes et al., 1998). This is described as 

the corrected lipid content; corrected lipid values are expressed as mg/mm with all means 

presented ± their standard deviation (SD). The relationships between the corrected lipid 

contents of fly ovaries or their bodies minus their ovaries and over time and the lipid and 

protein contents of eggs over time, were assessed by polynomial regression, as were the 

relationship between the number of eggs matured in an ovary and their lengths (mm). The 

mortality rates in female blowflies in two different diet groups with age were examined 

visually with survivorship plots. The differences in the survivorship rates for two different 

treatments over time by days were examined by a nonparametric Kaplan-Meier survival 
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analysis. All analyses were undertaken using SPSS for Windows (IBM, Version 24) and all 

figures prepared using Microsoft Excel. 

 

6.3. Results 

6.3.1. Effects of age on lipid accumulation 

In intact female L. sericata the corrected total lipid content showed a slight but 

significant decline over 40 days (F2,69= 3.70, P= 0.03, Fig. 6.1A). There was no significant 

change in the lipid in the residual body after removal of the ovary over 40 days (F2,69= 0.61, 

P= 0.55, Fig. 6.1B). 
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Fig. 6.1 A: The lipid content corrected for body size (mg/mm) in whole female L. sericata; 

B: the lipid content corrected for body size (mg/mm) in the residual body of female L. 

sericata across female age (days).  
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In the ovaries of females, the corrected lipid contents showed a significant change 

over 40 days and a significant polynomial relationship (F2,69=22.25, P< 0.001; Fig. 6.2A) 

suggests that lipid levels initially rose slightly between days 7 and 21 and then declined from 

day 25 to day 40 (Fig. 6.2A). Again, polynomial regression suggests that the number of 

matured eggs counted in gravid flies showed a significant decline between the number of 

eggs over time (F2,69=19.53, P< 0.001; Fig. 6.2B) while in mature oocytes, egg length also 

decreased significantly over time (F2,69=13.51, P< 0.001) (Fig. 6.2C) over the last 10 to 15 

days of the study.
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Fig. 6.2 A: The lipid content of female L. sericata corrected for body size (mg/mm) in the 

ovary; B: the number of eggs matured; C: egg length (mm) across female age (days). 

y = -0.0009x2 + 0.0386x + 0.2129
R² = 0.392, P = 0.0001

0

0.2

0.4

0.6

0.8

1

1.2

0 5 10 15 20 25 30 35 40

Li
pi

d 
co

nt
en

t (
m

g/
m

m
)

Age (days)

A

y = -0.1769x2 + 6.0864x + 246.18
R² = 0.364, P = 0.0001

0

100

200

300

400

0 5 10 15 20 25 30 35 40

Tn
e 

nu
m

be
r o

f e
gg

s

Age (days)

B

y = -0.0003x2 + 0.0092x + 1.2744
R² = 0.308, P = 0.0001 

1

1.1

1.2

1.3

1.4

1.5

0 5 10 15 20 25 30 35 40

Th
e 

le
ng

th
 o

f e
gg

s 
(m

m
)

Age (days)

C



Effects of age on lipid accumulation and reproductive output 

110 
 

 

6.3.2. Effects of age on lipid and protein contents in eggs 

There was a significant decrease in lipid values between the egg batches over 40 

days (F2,33=3.40, P=0.046 (Fig. 6.3A). In contrast, protein concentrations increased 

significantly over this period (F2,33=3.72, P= 0.035; Fig. 6.3B). 

 

 

 
 
 
Fig. 6.3 The (A) lipid (µg) and (B) protein content (µg) of single eggs in female L. sericata 

across female age (days).  

y = -0.0029x2 + 0.063x + 8.0876
R² = 0.1707, P = 0.046

0

2

4

6

8

10

12

14

0 5 10 15 20 25 30 35 40

Li
pi

d 
co

nt
en

t (
µg

)

Age (days)

A

y = -0.0046x2 + 0.2387x + 2.9302
R² = 0.1833, P = 0.035

0

2

4

6

8

10

12

14

0 5 10 15 20 25 30 35 40

Pr
ot

ei
n 

co
nt

en
t (

µg
)

Age (days)

B



Effects of age on lipid accumulation and reproductive output 

111 
 

 

6.3.3 Effects of body size on survival 

The rate of mortality for female L. sericata was low in the first ten days, after which 

survival declined almost linearly. In the females that had access to water and sucrose only 

the last female died on day 34. In the females given sucrose plus lamb liver the last female 

died on day 27. There was a statistically significant difference in the survival distributions 

for two diet groups (χ2[1]= 29.02, P=0.001, Fig. 6.4). 

 

 

 

 

Fig. 6.4 The survivorship (%) of female flies, L. sericata, after emergence over time, for 

females given sucrose only or females given lamb liver plus sucrose. 
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6.4. Discussion 

This study examined the long-term patterns of lipid use in female flies, distinguishing 

resource accumulation in the intact female flies, in the ovary and the residual body. Although 

no significant changes were noted in lipid content in the residual body of female flies over 

40 days, there were significant declines in lipid in intact females and their ovaries, and in 

both number and size of eggs produced. 

The decline in lipid with age supports patterns seen in many insect species for 

example fruitflies Ceratitis capitata (Diptera: Tephritidae) (Nestel et al., 2005) and 

Anastrepha serpentine (Diptera: Tephritidae) (Jacome et al., 1995) where the total lipid 

content decreased significantly with advancing age. Female L.sericata survived throughout 

the experiment’s duration with consistent lipid content in their body. However, the energetic 

allocation to eggs, in the entire ovary after controlling for female size, declined, particularly 

over the latter half of the time period, indicating a decline in availability of resource with 

increasing age (Kirkwood & Shanley, 2005). 

Insects may deal with age-mediated resource limitation by reducing their allocation 

in reproduction through a reduction in the number of eggs, or they can reduce the quality of 

those eggs reducing size or the allocation of resource to each egg. This study investigated 

consequences of this declining allocation in terms of reproductive output and showed that it 

was associated with the production of fewer and smaller eggs. A decline in the number and 

size of eggs with increasing age has been reported in moth, Cleorodes lichenaria 

(Lepidoptera: Geometridae) and this was considered to reflect trade-offs between various 

competing life-history traits (Pöykkö & Mänttäri, 2012). Calliphorid blowflies are 

predominantly saprophages, with a small number of species such as L. sericata also acting 

as facultative ectoparasites (Wall et al., 1992). Given the ephemeral and patchy nature of 

the resource on which they depend both for the initiation of egg production and oviposition, 
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it might have been expected that relatively early high reproductive investment would be 

more pronounced than observed here (Wall et al., 2002). However, it is possible that the 

amount of flexibility in reproductive investment is subject to physiological constraint, 

dictated by ovariole number, and, although females are able to reduce the number and size 

of eggs in a batch when protein is limiting (Wall et al., 2002), when resources are plentiful, 

over the early stages of life, females simply mature the maximum numbers of eggs at every 

oviposition, with little flexibility for increase in either the maximum number or size of 

oocytes matured. Repeating the study under conditions of resource constraint might allow 

plasticity in age-dependent allocation decisions to be seen more readily. 

Here, the changes in lipid and protein contents of individual eggs over time, although 

statistically significant, were relatively slight and the fitted regressions explained only a 

small proportion of the variance; the high between age-group variance relative to the within 

age-group variance is anomalous and may be associated with the fact that measurement at 

the individual egg level is approaching the resolution of the biochemical method employed.  

A constant composition in levels of protein and lipid over time was recorded in C. lichenaria 

eggs (Pöykkö & Mänttäri, 2012). In the spider, Argiope radon (Araneae: Araneomorphae) 

the amount of protein in the eggs declined slightly, but not significantly, with maternal age 

(Ameri et al., 2019). A significant decrease in reproductive allocation in terms of egg size, 

lipid and protein contents in eggs with age was recorded in parasitic wasps E. vuilletti (Giron 

& Casas, 2003; Muller et al., 2017).  

In eggs, lipid contents decreased, whereas protein increased. This may be due to the 

fact that protein was made available continuously in the form of lamb liver, and this may 

represent a relatively artificial scenario. In L. sericata continued reproduction may not 

require the continuous ingestion of protein to ensure ongoing egg production (Wall, personal 

communication) in contrast to some other insect species where repeated protein ingestion is 
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essential (Jacome et al., 1995; Wheeler, 1996; Carey et al., 2002). However, the data support 

the existence of a general pattern within arthropods which suggest that changes in resource 

allocation to reproduction results in changes to the number and size of eggs rather than 

changes in resource content within eggs. 

In the data presented here, females provided with sucrose lived significantly longer 

than females provided with sucrose plus lamb liver as a protein resource for reproduction. 

This may indicate a relationship between survivorship and reproduction.  It would be 

expected that the allocation of energy in reproductive effort would generate a survival cost. 

Egg production is physiologically stressful and demands a major dissipation of energy (Roff, 

1992). High energy expenditure on reproduction is likely to result in a rise in mortality 

(Roitberg, 1989).  However, the study was not replicated and can only be taken as 

suggestive; there may be other explanations because, for example, nitrogen metabolism may 

result in the accumulation of toxic compounds such as pteridines. This was not tested here 

but would be a valuable subject for further study.  

In conclusion, here, we use both biochemical analysis of nutritional components of 

eggs and observed reproductive output to document age-dependent patterns of reproductive 

allocation in a facultatively parasitic insect which relies on ephemeral, patchy resources for 

survival. While the number and size of eggs shows the typical increase and then decline with 

female age as documented in many other taxa, the nutritional composition of the eggs only 

changes slightly – suggesting that females might maximise individual offspring survival. 
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- Chapter 7 - 

General Discussion 

 

Generally, energy is a crucial but inevitably limited resource for insects. Apart from the 

limited amount that is contributed through the egg to the embryo, all resources must be 

derived from the diet obtained from the environment, as juveniles, adults or both, and are 

stored in the body for later use (Brown et al., 2004). For both juveniles and adults, these 

resources must be partitioned between multiple competing physiological processes such as 

homeostasis, growth and development, metamorphosis, reproduction and locomotion, 

particularly flight, in the adult.  

In holometabolous insects, the juvenile stage has evolved to be the main period of 

resource accumulation to allow the requirements of growth, development and 

metamorphosis to be met (Downer & Matthews, 1976; Lease & Wolf, 2011) and then allow 

the newly emerged adult to undertake flight and locate its initial source of food (Boggs, 

1981, 1997, 2009; Boggs & Freeman, 2005). Thus, when the juvenile stage is exposed to 

any kind of ecological challenge, it can have consequences for the adult stage, whether 

morphological or physiological. For a better understanding of issues relating to the way 

energy is obtained, stored and allocated in insects and the adaptability of insects to 

ecological challenge the key aim of the research described in this thesis was to examine the 

accumulation and allocation of the primary form of stored energy, lipid, in the blowfly L. 

sericata.  
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One of the main ecological challenges for larvae, particularly for insects that feed on 

patchy and ephemeral resources, such as blowflies, is competition for resources. This leads 

to a range of strategies to overcome or cope with the consequences of competition, such a 

phenotypic plasticity associated with reductions in the growth rate and body size of 

individuals (Fox & Czesak, 2000). Body size and its plasticity is considered to be one of the 

most important life-history responses of an organism to crowded cultures (Davidowitz et al., 

2003). Plasticity, is particularly well studied in insects such as saprophagous blowflies, since 

these species colonise ephemeral food sources, where high population densities can build up 

quickly leading to intense competition and reductions in  both growth, survival rates and 

diminished body size (Ullyett, 1950; Smith & Wall, 1997; Ireland & Turner, 2006; Shiao & 

Yeh, 2008) resulting in lower fecundity in adults (Kamal, 1958; Saunders & Bee, 1995; 

Davies, 1999). Although analysis of survival and development rates were largely outside the 

scope of the study, it examined the consequences of larval density on lipid accumulation and 

reproduction in adults and the reversibility of plasticity in later generations under conditions 

of high-food availability. The data showed that there was a significant difference in lipid 

content between the immature stages reared at different crowding levels. The number of 

eggs and their lengths varied significantly according to adult female body size. Further 

observations demonstrated the reversibility of plasticity and that small mothers of L. sericata 

have the ability to produce large offspring, if their offspring are subsequently provided with 

sufficient food. Although body size has a substantial impact on fecundity and lipid 

accumulation in the female blowfly L. sericata, body size did appear to be related to the 

mortality risk. Similarly, in mosquitoes, only a weak relationship between body size and 

longevity has been demonstrated (Barreaux et al., 2018). In future studies, a more detailed 

consideration of rates of survival and development and their relationship with nutritional 

status would be useful. An understanding of the size variation within larval blowfly 
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populations, impacts of competition on development rate and the more rapid loss of smaller 

individuals under conditions of intense competition, could potentially alter the mean larval 

size recorded in forensic investigations, leading to inaccurate PMI estimation (Kökdener et 

al., 2020). Many important environmental factors may affect resource allocation patterns in 

larval L. sericata, such as humidity, water availability, temperature, photoperiod and the 

availability of food resources and these in turn may affect development rates, fecundity and 

survival (Chown et al., 2004). In future studies, a consideration of the complexity of these 

interacting factors on resource allocation should be considered. The advantage of controlled 

studies in the laboratory is that individual factors can be isolated for investigation, but 

ultimately studies of these factors in natural environments would be instructive.  

The subsequent work focussed on adult L. sericata because the aim was specifically 

to consider resource allocation in reproduction.  In Chapters 4 and 5, lipid accumulation by 

the female L. sericata was quantified and the allocation of lipid to egg production was 

examined in relation to different feeding regimes. The aim of these Chapters was to gain a 

more complete picture of resource accumulation and differential allocation in L. sericata, 

by determining the interaction and physiological consequences of diets differing in protein 

formulation or amino acid composition and carbohydrate availability. The results 

demonstrate that when flies were not given carbohydrate, lipid content gradually decreased 

and all flies died by day five. Even whey protein powder or vegetable oil alone were 

insufficient to sustain flies. Although flies given access to sucrose only were able to increase 

the lipid content of the body, those females were unable to synthesise egg yolk or produce 

eggs. The study therefore demonstrated that carbohydrate is essential for homeostasis and 

carbohydrate can be used to synthesise lipid by L. sericata., as in many arthropods that are 

able to synthesise lipid de novo from stored carbohydrates and convert it into glycogen 

(Beenakkers et al., 1985; Downer, 1985; Ziegler & Van Antwerpen, 2006; Blanckenhorn et 
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al., 2007). Evidently, while carbohydrate is essential for survival, protein is essential for 

vitellogenesis (Wall et al., 2002; Lorenz & Anand, 2004). 

The results showed that diets differing in protein formulation, especially in amino 

acid balance, can have substantially different consequences for reproduction. All the four 

groups of female flies that were given different formulation of protein powder (whey protein, 

soya protein powder, or freeze-dried lamb liver) or raw lamb liver were able to mature eggs. 

But at day 7, there were clear differences in terms of lipid accumulated in the residual body 

and the number of eggs that had completed vitellogenesis; females given whey protein 

powders had fewer and smaller eggs than those given either freeze-dried or raw liver. There 

were no significant differences between females given freeze-dried lamb liver or raw lamb 

in the lipid content, number or size of eggs. The data suggest that there are specific critical 

compounds in animal tissue that are required for vitellogenesis and that these are not simply 

replaced by other forms of protein in the diet (Rueda et al., 2010).  

In terms of allocation in eggs, the mean percentage of lipid in eggs was between 30-

40 % and the most abundant component was carbohydrate. It was interesting that protein 

consistently represented the lowest percentage component of eggs at 12 - 14 %. This was 

surprising given that, as the data presented here demonstrate, protein is the main limiting 

compound required for egg production (Wall et al., 2002). 

The key components found in liver that allow egg production to be maximised were 

not identified in this thesis. As discussed above, the data demonstrate the dietary inferiority 

of whey protein powder or soya protein powder compared to lamb liver for vitellogenesis. 

It was in attempt to isolate these that different combinations of amino acids were provided 

in the diet, based on the known amino acid profile of liver, but this was not effective; protein 

requirements are evidently more complex and there is considerable scope for future work in 
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this area. To address this issue more effectively in the future, the ideal approach would be 

to systematically create diets differing in specific amino acids (and their concentrations) to 

identify precisely what their roles are in reproduction. However, such an exhaustive 

approach was beyond the scope of this study.  

Egg production is considered as metabolically demanding and given a finite risk of 

mortality over time, the evolutionarily stable strategy for females will be to optimise the 

trade-off between the risk of death and the predictable availability of resource (Partridge & 

Harvey, 1988; Reznick, 1985). As a result, insects can allocate resources to homeostasis and 

somatic tissue, which can prolong lifespan, or reproduction (Hanski et al., 2006). A reduced 

maternal allocation of energy to eggs with advancing age is generally considered to be the 

most adaptive evolutionary strategy (Begon & Parker, 1986). Insects may deal with age-

mediated resource limitation by reducing their allocation in reproduction through a reduction 

in the number of eggs, or they can reduce the quality of those eggs reducing size or the 

allocation of resource to each egg as noticed in parasitic wasps E. vuilletti (Giron & Casas, 

2003; Muller et al., 2017). Here, the number and size of the eggs produced declined and 

lipid values within individual eggs decreased slightly, but significantly, with age.   

Of interest was that females given carbohydrate only, lived longer than females also 

provided with protein (Chapter 6). This particular study was unreplicated, so its conclusions 

must be considered somewhat tentative, but it would certainly be worth exploring in more 

detail in the future since the results suggest that females able to mature eggs have a shorted 

life expectancy and this may indicate significant costs of reproduction. In addition, it has 

been suggested that the way insects allocate and partition resource may flexible over life and 

respond to the changing requirements and challenges of age and resource availability; some 

newly emerged insects invest resources into flight before reproduction, because of the 

importance of seeking out resources (Boggs, 1981). Hence, there are a range of experimental 
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studies that might be undertaken in the future with L. sericata in which the resource 

availability was manipulated over the course of adult life to explore these issues.  

A concern in studies that sequentially remove females from a population for analysis, 

such as those described in Chapter 6, is that the underlying pattern of mortality and any bias 

this may cause, is not accounted for. For example, if females with lower lipid levels die more 

rapidly than females with higher lipid levels, then the residual population would increasingly 

represent only the well-fed portion of the population as the experiment progressed, resulting 

in an increasing bias in the data. On the other hand, this study found no relationship between 

size and mortality rate, so there is no reason to suspect such a depletion effect, but 

nevertheless future studies should consider the possibility of confounding due to this 

phenomenon. 

One further problem that studies of age-dependent reproductive allocation face when 

undertaken in the laboratory is that behaviour, life-history consequences and, particularly 

life expectancy, in laboratory conditions may be very different to that observed in the field. 

In a study of adult mortality and oviposition in populations of L. sericata in the field, 

mortality rates of around 2% per day-degree and mean life expectancy of 51.5 and 47.9 day-

degrees above a threshold of 11°C, were recorded, giving a life expectancy of only a few 

days at expected summer temperatures and a mean lifetime reproductive output of 159.6 and 

138.4 eggs per female, equating to less than one egg batch per female lifetime on average  

(Pitts & Wall, 2005). Similarly, a mean life expectancy in the field of 9 days was estimated 

at an ambient temperature of 26.5°C for the Old World Screwworm fly, Chrysomya bezziana 

(Diptera: Calliphoridae) (Spradbery & Vogt, 1993) and 7.5 - 9.9 days, with a corresponding 

mean lifetime reproductive output of 320 - 460 eggs per female, in the New World 

screwworm fly, Cochliomyia hominivorax (Diptera: Calliphoridae), equating to about 1.5 

egg batches per female per lifetime on average (Thomas & Chen, 1990).  Mean life 
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expectancy was estimated as 109 day-degrees for wild populations of L. cuprina (Vogt & 

Morton, 1991).  In contrast, L. sericata in the laboratory survive more than twice as long as 

flies in the field (Pitts & Wall, 2005). It was notable that the declines in egg number and egg 

size observed here (Chapter 6) largely predominated in the second half of the life of the 

laboratory-reared flies, outside the expected life-expectancy in the field. The differences 

between the field and laboratory populations highlight the caution required when 

extrapolating life-history parameters from artificial to natural habitats and the fact that costs 

associated with flight, and resource location may impose a significant resource burden 

resulting in physiological impacts. Future work could explore how these patterns might vary 

depending on female nutritional condition, and whether age-dependent allocation in 

laboratory flies is representative of that found in wild population which have lower survival 

and a less predictable food supply. 

In conclusion, this research has focused on the importance of lipid accumulation and 

its allocation between reproduction and survival in female blowfly L. sericata. The precise 

patterns seen in resource allocation contribute to both a better understanding of lipid 

metabolism in terms of the way lipids are obtained, stored and allocated, and an 

understanding of the adaptability of female L. sericata to environmental challenges such as 

crowded cultures, availability of limited food sources and advancing age. The data presented 

in this study may contribute to a range of aspects of entomological science such as ecology, 

behavioural ecology and life history theory, as well as forensic, biology, animal health and 

agriculture.
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survival in the blowfly, Lucilia sericata. 

  



Appendix 

142 
 

 

 



Appendix 

143 
 

 

  



Appendix 

144 
 

 

  



Appendix 

145 
 

 

 



Appendix 

146 
 

 

  



Appendix 

147 
 

 

  



Appendix 

148 
 

 

 



Appendix 

149 
 

 

Appendix II - Submission of Chapter 6: Age-dependent changes in reproductive allocation 
in a facultative ectoparasite, the blowfly Lucilia sericata (Diptera: Calliphoridae). 

 



Appendix 

150 
 

 

  



Appendix 

151 
 

 

  



Appendix 

152 
 

 

 

  



Appendix 

153 
 

 

 

  



Appendix 

154 
 

 

 

  



Appendix 

155 
 

 

 

  



Appendix 

156 
 

 

 

  



Appendix 

157 
 

 

 

  



Appendix 

158 
 

 

 

  



Appendix 

159 
 

 

 

  



Appendix 

160 
 

 

 

  



Appendix 

161 
 

 

 



Appendix 

162 
 

 

  



Appendix 

163 
 

 

 

  



Appendix 

164 
 

 

 

  



Appendix 

165 
 

 

 

  



Appendix 

166 
 

 

 

  



Appendix 

167 
 

 

 

 

  



Appendix 

168 
 

 

 


	Abstract
	Acknowledgments
	Author’s Declaration
	Table of Contents
	List of Figures
	List of Tables
	Abbreviations
	Publications and manuscripts submitted or in preparation
	- Chapter 1 -
	Nutrition and lipid metabolism in insects and the blowfly Lucilia sericata
	1.1.  Introduction
	1.2.  Lipid physiology in insects
	1.2.1. Fat body and haemolymph
	1.2.2. Ingestion, digestion, absorption and storage
	1.2.3. Metabolism of lipid

	1.3. The functions of lipid in insect life-history
	1.3.1. The role of lipid in development
	1.3.2. Role of lipid in water retention and protection
	1.3.3. Role of lipid in flight
	1.3.4. Role of lipids in reproduction
	1.3.5. Role of lipid in overwinter survival and development

	1.4. Effects of temperature on lipid metabolism
	1.5. The Calliphoridae
	1.5.1. Medical and forensic importance of blowflies
	1.5.2 Biology of Lucilia sericata

	1.6. Aims

	- Chapter 2 -
	General materials and methods
	2.1. Introduction
	2.2. Rearing blowflies under laboratory conditions
	2.3. Body size and weight measurement of the female blowfly
	2.4. Ovarian dissection
	2.5. Biochemical analysis
	2.5.1. Lipid estimation
	2.5.2. Protein estimation in eggs
	2.5.3. Carbohydrate estimation in eggs


	- Chapter 3 -
	Effects of larval crowding on lipid accumulation, adult size and reproductive output
	Summary
	3.1. Introduction
	3.2. Methods and materials
	3.2.1. Effects of larval crowding on lipid accumulation and use
	3.2.2. Lipid use during pupation
	3.2.3. Effect of body size on lipid accumulation and egg production
	3.2.4. Long term effects of body size
	3.2.5. Effects of body size on survival
	3.2.6. Data analysis

	3.3. Results
	3.3.1. Effect of larval crowding on lipid accumulation
	3.3.2. Effects of crowding levels on lipid accumulation and body size in newly-emerged females
	3.3.3. Lipid use during pupation
	3.3.4. Effects of body size on lipid accumulation and egg production at day 7
	3.3.5. Long term effects of body size plasticity
	3.3.6. Effects of body size on survival

	3.4. Discussion

	- Chapter 4 -
	Nutritional requirements for reproduction and survival
	Summary
	4.1. Introduction
	4.2. Methods and materials
	4.2.1. Effects of diet on lipid accumulation and egg production
	4.2.2. Blowfly egg analysis
	4.2.3. Data analysis

	4.3. Results
	4.3.1. Effects of diet on total lipid accumulation
	4.3.2. Effects of diet on lipid allocation to reproduction
	4.3.3. Effects of diet on residual lipid
	4.3.4. Blowfly egg analysis

	4.4. Discussion

	- Chapter 5 -
	Effects of dietary protein and amino acid composition on survival and reproduction
	Summary
	5.1. Introduction
	5.2. Methods and materials
	5.2.1. Effect of diets on lipid accumulation
	5.2.2. Effects of diets on lipid and protein contents in eggs
	5.2.3. Data analysis

	5.3. Results
	5.3.1. Effects of protein group diets on total lipid accumulation
	5.3.2. Effects of protein group diets on lipid in the ovaries
	5.3.3. Effects of protein group diets on residual lipid in the body
	5.3.4. Effects of amino acid group diets on lipid accumulation
	5.3.5. Effects of diets on lipid and protein contents of eggs

	5.4. Discussion

	- Chapter 6 -
	Effects of age on lipid accumulation and reproductive output
	Summary
	6.1. Introduction
	6.2. Methods and materials
	6.2.1. Effects of age on lipid accumulation
	6.2.2. Effects of age on lipid and protein contents in eggs
	6.2.3. Effects of age and diet on survival
	6.2.4. Data analysis

	6.3. Results
	6.3.1. Effects of age on lipid accumulation
	6.3.2. Effects of age on lipid and protein contents in eggs
	6.3.3 Effects of body size on survival

	6.4. Discussion

	- Chapter 7 -
	General Discussion
	References
	Appendix

