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Abstract 

Microbial symbionts of insects have been demonstrated to play an important role in the 

nutrition and protection of the host; these include aphids and tsetse.  Studies often use 

antibiotics to eliminate the symbionts but the deleterious impact of using these 

antibiotics is not commonly addressed.  The impact of chlortetracycline treatment on 

Aedes aegypti and Drosophila melanogaster was investigated by assessing life-span, 

fecundity, development time, survival, nutrition and metabolism.  The impact on 

microbial numbers and diversity was also determined. 

With Drosophila, treatment with 50 µg ml-1 and above showed a significant extension in 

development time and life-span, reduction in fecundity and change in nutritional content. 

Microbial numbers were significantly reduced at 50 µg ml-1 and above. Culturable 

techniques and 454 pyrosequencing, demonstrated that the microbial diversity of 

Drosophila was predominantly Acetobacter. Bacterial elimination through egg 

dechorionation yielded some similar results to chlortetracycline treatment.  However, 

fecundity and life-span was not significantly affected.  Microarray analysis established a 

significant reduction in the abundance of transcripts associated with immunity, 

particularly antimicrobial peptides. 

With Aedes aegypti, treatment significantly reduced the survival and also affected the 

life-span and nutrition of the insect.  Microbial numbers of mosquito larvae were reduced 

at 30 and 100 µg ml-1. Colonies grew on plates supplemented with 50 µg ml-1 of 

chlortetracycline, indicating that the larvae bore chlortetracycline-resistant bacteria.  454 

pyrosequencing demonstrated a change in diversity of bacteria found in mosquitoes +/- 

chlortetracycline, switching from Elizabethkingia meningoseptica to Raoultella sp with 

chlortetracycline. 

It is concluded that chlortetracycline significantly impacts the performance of the 2 

insects through bacterial depletion, changes to bacterial diversity and toxicity. 

Nevertheless, different responses were observed with Aedes aegypti and Drosophila 

melanogaster. Moreover, experiments with Drosophila using egg dechorionation, 

emphasised the toxic impact of using antibiotics to eliminate microbes in the insect host.   
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Chapter 1: Introduction 

The role of commensal and mutualistic bacteria have recently become appreciated within 

the scientific community with growing interest in the role of bacteria in humans, with 

models such as mice and Drosophila melanogaster being used (Moran, 2006).  This 

interest has also become widespread within the insect community with research on ants, 

aphids and disease vectors such as Anopheles gambiae (Moran, 2006; Dong et al., 2009).  

Why has there been an increase in interest in bacteria found within these organisms?   In 

this chapter I will outline why the relationship between bacteria and the host are 

important to the host performance in vertebrates but mainly in insect hosts. 

1.1 Commensal bacteria in vertebrate hosts 

The main interest in commensal bacteria in humans is to determine their role in human 

health and disease.  The two groups of bacteria that are dominant in the human gut are 

the Bacteroidetes and Firmicutes (Turnbaugh et al., 2006) and the estimated number of 

bacterial cells within the host outnumbers the cells of the host (Savage,  1977).   

The major question is how do bacteria play a role in protecting the host against immune 

disorders and pathogens?  Several experiments have suggested that the bacteria protect 

the host from allergies and from these results the Hygiene Hypothesis was made.  Where 

it was hypothesised that the presence of bacteria during childhood could educate the 

immune system and prevent the development of an over-active immune system which 

could lead to illnesses such as asthma and hay fever (Lui and Murphy, 2003).  It has also 

been suggested that in children, the exposure to bacterial endotoxins could reduce the 

chance of developing asthma (Lui and Murphy, 2003; Lui, 2002).  Further experiments 

with bacteria have also highlighted the role bacteria can play in the prevention of 

intestinal diseases (Table 1.1). 
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Table: 1.1. Bacteria found to promote health and protection against intestinal diseases. 

Bacteria Name Role in disease 
protection 

How does the bacterium protect? Animal  Key 
reference(s) 

Bifidobacterium 
longum 

Protection against 
Enterohaemorrhagic 
E.coli 

Production of acetate. Mice Fukuda et 
al., 2011 

Bifidobacterium 
bifidum 

Improves intestinal 
integrity and protects 
against enterocolitis 

Reduces inflammation, regulates 
the main components of the 
mucous layer and improves 
intestinal integrity. 

Rat Khailova et 
al., 2009 

Bifidobacterium 
Infantis 

Enhances intestinal 
epithelial cell barrier 
function 

Peptide bioactive factors from this 
bacterium retains biological 
function, normalizes gut 
permeability and improves the 
disease colitis.  Changes in MAPK 
and tight junction proteins.  

Mice Ewaschuk et 
al., 2008 

Lactobacillus 
acidiphilus  

Inhibits murine 
Citrobacter 
rodentum colitis 

LƴŎǊŜŀǎŜ ¢DCʲΣ L[-10 and decrease 
in TNF-ʰΣ L[-6 and IL-12. 
S-layer Protein A of L.plantarum 
NCFM regulates immature 
dendritic cells and T Cell function. 

Mice, 
human 

Chen et al., 
2005 
Konstantino
v et al., 2008 

Lactobacillus 
rhamnosus 

Suppressed barrier 
impairment (Caco-2 
cells) and recovered 
colon length (in mice 
with colitis) 

IL-8 secretion in Caco-2 cells. In 
mice, increased Zolula occludens-1 
and myosin light chain kinase. 

Mice 
and 
human 
cells 

Miyauchi et 
al., 2009 

Lactobacillus 
reuteri 

Inhibits colitis, 
through anti-
inflammatory activity 

Increased NGF levels, inhibits NF-
ɼō ǘǊŀƴǎƭƻŎŀǘƛƻƴ ǘƻ ǘƘŜ ƴǳŎƭŜǳǎ. 

Human 
cells 

Ma et al., 
2004 

Lactobacillus 
fermentum 

Anti-inflammatory 
effects in Colitis-
induced rats 

5ŜŎǊŜŀǎŜ ƛƴ ¢bCʰΣ ŎƻƭƻƴƛŎ 
myeloperoxidase activity, 
cyclooxygenase 2 expression and 
an induction of NO (Nitric oxide) 
synthase and increase in SCFA 
(Short-chain fatty acids). 

Rats Peran et al., 
2007 

Bacillus 
polyfermenticus 

Increase in survival 
and decrease in 
disease severity of 
colitis in mice 

Decrease in chemokine ligand, 
Intercellular adhesion molecule 
ŀƴŘ ¢bCʰΦ  !ƴ ƛƴŎǊŜŀǎŜ ƻŦ L[-10 and 
suppression of apoptosis and 
promoted cell proliferation by PI3K 
and Akt pathway. 

Mice Im et al., 
2009 

Lactobacillus 
casei 

Inhibits E.coli isolated 
ŦǊƻƳ /ǊƻƘƴΩǎ ŘƛǎŜŀǎŜ 
from invading 
intestinal epithelial 
cells. 

Inhibits the interaction of 
adherent-invasive E.coli with 
intestinal epithelial cells. 

Human 
cells 

Ingrassia et 
al.,2005 

Bifidobacterium 
lactis 

Improved abdominal 
girth and 
gastrointestinal 
transit with decrease 
in IBS symptoms 

Not available. Human Agrawal et 
al., 2008 

Bacteroides 
fragilis 

Protects from colitis 
induced by 
helicobacter 
hepaticus 

Activity of polysaccharide A (PSA). Mice Mazmanian 
et al., 2008 
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Faecalibacterium 
prausnitzii 

A decrease in this 
bacterium led to a 
higher risk of post-
operative 
reoccurrence of ileal 
CrohnΩǎ disease.  

Decrease in IL-12, IFN-ʴ ŀƴŘ L[-10.  
Blocks NF-ˁ. ŀŎǘƛǾŀǘƛƻƴ ŀƴŘ L[-8 
production. 

Human 
cells 
and 
mice 

Sokol et al., 
2008 

 

Symbiotic bacteria have been suggested to play an important role in preventing 

pathogens establishing within the host by competing with bacteria that can cause disease 

(Guarner and Malagelada, 2003) (Table: 1.1).   The species, Bacteroides fragilis has been 

shown by Mazmanian et al (2008) to protect animals from colitis induced by Helicobacter 

hepaticus (an opportunistic pathogen) through the expression of Polysaccharide A (PSA).  

Furthermore, a recent paper in 2011 demonstrated that Bifidobacteria protect the human 

gut against the shiga toxin (produced by Escherichia coli) by the production of acetic acid, 

which has been suggested to improve intestinal defence (Fukuda et al., 2011).  Gut 

bacteria have been shown to aid digestion by degrading nutrients such as fibre (Hooper, 

2009; Savage, 1986). One example is the bacterium Bacteroides thetaiotaomicron, this 

bacterium has a large number of genes associated with polysaccharide utilisation 

compared with other micro-organisms found within the human gut, suggesting that this 

bacterium aids plant carbohydrate digestion (Hooper et al., 2009; Xu et al., 2003).  Gut 

symbionts are well adapted at utilising the nutrients within the gut, however, pathogenic 

bacteria tend not to be as efficient as symbiotic bacteria and therefore invade host tissue 

to obtain nutrients (Hooper et al., 2009; Stecher et al., 2005; Stecher et al., 2007).  

The balance between the two dominant groups of bacteria in the human gut, play a key 

role in disease (Ley et al., 2005).  In the Western World obesity is fast becoming an 

epidemic in areas including North America and the United Kingdom (Seidell, 2000).  

Research into the cause and differences between obese and lean individuals using mice as 

the model organism have demonstrated the role of gut bacteria in obesity (Turnbaugh et 

al., 2006).  A study using obese mice showed that the population of Bacteroidetes was 

reduced and the Firmicutes was increased (Ley et al., 2005).  Firmicutes have the ability to 

breakdown complex polysaccharides intractable to human digestive enzymes and make 

this available as an energy source for the host (Ley et al., 2005).  If there are excessive 

amounts of this group of bacteria, more energy is made available which could potentially 

be stored as fat.  Furthermore, in one particular study Firmicutes were transferred to lean 
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mice and a weight gain was observed (Ley et al., 2005, Turnbaugh et al., 2006).  This 

research does suggest that the gut bacteria play a role in obesity but this may not be the 

major cause of obesity.  Obese individuals may have a different gut microbiota due to the 

diet consumed such as a high fat diet and/or may have a higher population of Firmicutes 

to deal with the influx of such large amounts of certain nutrients (Ley et al., 2005).  What 

this study shows is the importance of gut bacteria, therefore what effects would happen 

if they were eliminated?  One obvious effect would be the loss in ability to gain calories 

from indigestible food, this may be detrimental to individuals experiencing famine but not 

necessarily those that have food aplenty. Furthermore, the balance of the bacterial 

populations of Firmicutes and Bacteroidetes is not only involved in obesity but has been 

shown to be involved in the autoimmune condition CrohnΩs disease (Sokol et al., 2008). A 

decrease in the population of Firmicutes has been shown to be associated with 

individuals who have CrohnΩs disease (Sokol et al., 2008). 

1.2 Role of bacterial symbionts in insects 

1.2.1 Role of bacteria in insect nutrition and insect performance 

Many publications have concentrated on the importance of the microbes of insects on 

the impact of immunity and protection, but how do these bacteria promote insect 

performance and nutrition?  In this section I will discuss several examples of experiments 

which have shown the importance of bacteria in the performance of a wide range of 

insects. 

Two of the most famous examples of symbiosis are the aphid-Buchnera aphidicola and 

the tsetse-Wigglesworthia glossinidia interactions.  Aphids contain the obligate symbiont 

Buchnera aphidicola which is found within specialised cells in the aphid known as 

bacteriocytes (Buchner, 1965).  If this particular symbiont is eliminated from the aphid, 

the aphids have a reduction in fecundity and are significantly smaller in size (Houk and 

Griffiths, 1980; Mittler, 1971; Sasaki et al., 1991).  Dietary experiments have shown that 

the Buchnera provide the aphid host with essential amino acids (Douglas, 1998; Sasaki et 

al., 1991).  In tsetse flies, the elimination of the Wigglesworthia glossinidia through the 

treatment with antibiotics affected the performance of the tsetse fly by reducing the 

fecundity (Nogge, 1976.)  This deleterious impact on the fecundity could be reversed by 
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supplementing the diet with Vitamin B, suggesting that this symbiont provides the insect 

host with this vitamin (Nogge and Gerresheim, 1982).   Studies of the genome of the 

insect host and bacteria also demonstrate that the symbiont provides the host with 

essential nutrients (Akman et al., 2002; Snyder et al., 2010).  

 

Several papers have been published regarding the role of the gut microbiota in the locust, 

Schistocerca gregaria.  One publication by Charnley et al (1985) did demonstrate that 

although the elimination of bacteria in the locust does not have a major impact on the 

nutrition of the insect, bacteria-free insects did have a higher lipid and lower 

carbohydrate concentration in the hemolymph compared with control insects.  

 

In Western Flower Thrips, the bacterium Erwinia is obtained through feeding.  The 

production of aposymbiotic insects had a different performance compared with control 

insects (De Vries et al., 2004).  In control insects, the time to maturity was significantly 

shorter and had higher oviposition rates compared with aposymbiotic insects (De Vries et 

al., 2004).  An elimination of the gut microbiota of Tenebrio molitor also led to an impact 

on the performance of the insect where bacteria-free larvae experienced a reduction in 

mass and premature pupation of more than half of the larvae (Genta et al., 2006).  

Furthermore, a diet effect was also observed; a combined effect of the presence of 

antibiotic (ampicillin) and saligenin (the aglycone of the plant glucoside salicin) led to 

even greater reduction in larval mass, premature pupation and even mortality (Genta et 

al., 2006).  This combination effect of the antibiotic and saligenin does suggest that the 

gut microbes aid the digestion of secondary plant productions within this host-symbiosis 

system (Genta et al., 2006).    

 

In termites (Reticulitermes flavipes), synthesis of uric acid occurs via purine-nucleoside 

phosphorylase and xanthine dehydrogenase (Potrikus and Breznak, 1981).   However, 

these insects lack uricase, the uric acid degrading enzyme (Potrikus and Breznak, 1981).  

Symbiotic bacteria have been shown to recycle the uric acid nitrogen which has been 

suggested to be important in nitrogen conservation in oligonitrotrophic insects which 

feed on food with a limited amount of nitrogen (Potrikus and Breznak, 1981).  As 

demonstrated with vertebrates, acetate production by symbiotic bacteria also played a 
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role in termite guts but by providing an oxidizable energy source (Breznak and Switzer, 

1986).  

1.2.2 Bacterial symbionts and insect immunity and protection 

The major benefit of the presence of microbes in humans is the protection against 

pathogens and the education of the immune system (Section: 1.1).  Here I will describe 

how this has also been observed in insects and the changes that occur when the microbes 

are removed. 

In aphids, facultative bacterial symbionts have been demonstrated to protect their host 

from the development of the parasitoid, Aphidius ervi (Oliver et al., 2003).  It was initially 

thought that the facultative symbionts conferred resistance to the parasitoid ovipositing 

in the aphid; however experiments showed that the symbionts caused high mortality of 

the parasitoid larvae (Oliver et al., 2003).  This result also suggests that the facultative 

symbionts protect the host from mortality to ensure the spread and persistence of the 

symbiont within populations (Oliver et al., 2003).   

The European Beewolf hunting wasps have a symbiotic relationship with the bacterium 

Streptomyces (Kaltenpoth et al., 2005).  This bacterium has been shown in experiments 

conducted by Kaltenpoth et al (2005) to enhance larval survival and protect the cocoons 

from fungal infections. 

One of the most famous endosymbiont is the Wolbachia species of bacteria which infects 

20% of insects (Klasson et al., 2009; Welchman et al., 2009).  This bacterium is famous for 

being a parasitic organism that manipulates the reproduction of the insect host to 

promote transmission (Welchman et al., 2009).  Wolbachia infections in Drosophila are 

maternally transmitted (mother to offspring) (Werren, 1997; Hoffman et al., 1990).   

Infected females that mate with uninfected males produce offspring; however, 

uninfected females that mate with infected males produce non-ǾƛŀōƭŜ ŜƎƎǎ όhΩbŜƛƭ ŀƴŘ 

Karr, 1990; Yen and Barr, 1971; Werren, 1997; Hoffman et al., 1986).  This process is 

known as cytoplasmic incompatability and drives the infection quickly through the insect 

popuƭŀǘƛƻƴ όhΩbŜƛƭ ŀƴŘ YŀǊǊΣ мффлΤ ¸Ŝƴ ŀƴŘ .ŀǊǊΣ мфтмΤ ²ŜǊǊŜƴΣ мффтΤ IƻŦŦƳŀƴ et al., 

1986; Turelli and Hoffman, 1991).   Interestingly, this bacterium has been shown to 

protect Drosophila from RNA viruses (Drosophila C virus, Cricket paralysis virus, Nora virus 
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and Flock house virus), with Wolbachia infected flies having greater survival when 

infected with RNA viruses compared with flies without Wolbachia (Hedges et al., 2008; 

Teixiera., 2008).   

In Aedes aegypti substantial progress has been made to infect the mosquito with 

Wolbachia, a bacterium not found naturally in Aedes aegypti.  Aedes aegypti mosquitoes 

have been infected experimentally with Wolbachia, resulting in infected mosquitoes 

having a shorter life-span when compared with uninfected individuals (McMeniman et al., 

2009).  This introduction of the virulent form of Wolbachia into the mosquito population 

could prove successful as cytoplasmic incompatability will ensure spread within the 

population and the life-span shortening will prevent the maturation of the dengue virus in 

the mosquito vector, preventing spread to humans (McMeniman et al., 2009).  

Furthermore, Wolbachia infection has the potential to inhibit replication of the dengue 

virus through the stimulation of the immune system of the insect (Bian et al., 2010). 

Not only have introduced bacteria proven to provide a strategy for controlling pathogen 

transmission but the endogenous gut microbes within Aedes aegypti has been proven to 

have effects on the dengue virus (Xi et al., 2008).  Experiments using aseptic and control 

mosquitoes demonstrated two-times greater viral titre in aseptic mosquitoes in 

comparison with control mosquitoes (Xi et al., 2008).  The process of reducing the viral 

titre was via the stimulation of the insect immune system rather than a direct effect on 

the virus (Xi et al., 2008). 

In the malaria vector Anopheles, studies have also emphasized the role of gut bacteria 

with pathogen transmission.  Dong et al (2009) revealed that the gut microbes had an 

anti-plasmodium effect by stimulating the insect immune system and that the removal of 

the bacteria resulted in an increase in parasite numbers within the insect.  Specifically, 

gram negative bacteria inhibit the sporogonic-stage of the development of Plasmodium 

falciparum and reduce oocyst densities (Pumpuni et al., 1993; Pumpuni et al., 1996; 

Gonzalez-Ceron et al., 2003). 
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1.3 Impact of tetracycline on microbes in insects  

Antibiotics are commonly used to eliminate endosymbionts and symbionts found in 

insects to determine the impact of these bacteria on the insect host (Table: 1.2).  

However, many have not considered the deleterious effects of using such antibiotics on 

the insect performance, therefore creating a result which is the impact of the antibiotic 

and not the result of the depletion of bacteria. 

One antibiotic which has commonly been used to eliminate the symbionts is tetracycline 

with varying concentrations and in a wide range of insects (Table: 1.2).  Tetracycline 

(Figure: 1.1) kills bacteria by inhibiting protein synthesis (Chopra and Roberts, 2001; Speer 

et al., 1992; Goldman et al., 1983).  Specifically, it prevents the attachment of aminoacyl-

tRNA to the ribosomal acceptor site (Chopra and Roberts, 2001).  This antibiotic targets 

both Gram-positive and Gram-negative bacteria (Chopra and Roberts, 2001).  

Mitochondrial ribosomes are very similar to those found in bacteria (Alberts et al., 2002, 

p769-828). Therefore, at high dosage tetracycline may target the mitochondrial 

ribosomes found in animal cells.  

  

    Chlortetracycline                        Tetracycline 

Figure: 1.1.  Structure of chlortetracycline and tetracycline.  The difference between the 

2 molecules is the extra Cl group found on chlortetracycline.  Image taken from Chopra 

and Roberts (2002). 

This antibiotic is commonly used to eliminate the bacterium, Wolbachia from several 

insects including Aedes albopictus, Drosophila melanogaster and Drosophila simulans and 

is commonly used as a repressor molecule for expression systems used in insects as a 

method of controlling the insect population (Table: 1.2).  Furthermore, only a small 

number of papers have identified the impacts of tetracycline on the insect performance.  

Thompson and Sikorowski (1984) investigated the effects of tetracycline hydrochloride on 
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the performance of Heliothis virescens larvae.  During this study tetracycline 

hydrochloride reduced the larval weight, fatty acid and glycogen content of the insect 

with increasing antibiotic treatment of 0.05-0.4 mg per 100 g of diet (Thompson and 

Sikorowski, 1984).  The protein content of the insects showed a linear decrease with 

increasing antibiotic concentration (Thompson and Sikorowski, 1984).  Larval feeding was 

also found to be lower at 3 hours of feeding with increasing concentration of 

chlortetracycline, but there was no difference after 24 hours (Thompson and Sikorowski, 

1984). 

Table: 1.2. Studies conducted using tetracycline, chlortetracycline and tetracycline 

hydrochloride with different species of insects. 

Insect Name Antibiotic Concentration Reference 

Aedes albopictus Tetracycline 0.33 mg ml
-1 

Kambhampati et al., 1993 

Aedes aegypti Tetracycline/Chlortetracycline 30 µg ml
-1 

Phuc et al.,2007  

Drosophila simulans Tetracycline hydrochloride 
Tetracycline 

0.250 mg ml
-1
 

0.3 mg ml
-1
 

hΩbŜƛƭ ŀƴŘ YŀǊǊΣ м990 
Ballard and Melvin, 2007  

Drosophila 
melanogaster 
 

Tetracycline 250 µg ml
-1 

 
0.1-20 µg ml

-1
 

Mair et al., 2005 
 
Thomas et al., 2000 

Thermobia domestica Tetracycline 100-1000 µg ml
-1
 Treves and Martin, 1994 

Sitophilus oryzae Tetracycline 1 mg per g of flour Heddi et al., 1999 

Ostrinia scapulalis Tetracycline 0.06-600 mg kg
-1 

and 2.4 mg ml
-1
 

Kageyama et al., 2003 

Anticarsia gemmatalis Tetracycline 32.25-75.27 µg ml
-1
 Visôtto et al., 2009 

Cadra cautella Tetracycline 400 µg ml
-1
 Sasaki et al., 2002 

Ephestia keuhniella Tetracycline 400 µg ml
-1
 Sasaki et al., 2002 

Glossina morsitans 
morsitans  

Tetracycline 25 µg ml
-1
 Dale and Welburn, 2001 

Ostrinia furnacalis Tetracycline hydrochloride 0.6 mg g
-1
 Kageyama et al., 1998 

Myzus persicae Chlortetracycline 10-1000 µg ml
-1
 Douglas, 1988 

Acyrthosiphon pisum Chlortetracycline 50 µg ml
-1
 Prosser and Douglas, 1991 

Sitophilus oryzae Chlortetracycline 100-500 µg ml
-1
 Baker and Lum, 1973 

1.4 Antibiotic resistance 

The widespread use of chlortetracycline has meant that tetracycline resistant bacteria are 

readily found in the environment and within animals (Kümmerer et al., 2004).  This 

resistance in bacteria is mainly due to the over-use of this antibiotic to treat illnesses in 

humans and livestock, where these antibiotics are released non-metabolised in sewage 

and subsequently found in aquatic environments (Kümmerer et al., 2004).  Antibiotics are 

also widely used to treat fruit, bee-keeping and fish farming, therefore it is not surprising 

that the residues of antibiotics are readily found in waste especially sewage waste with 
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E.coli being most resistant to the antibiotic, tetracycline (Kümmerer et al., 2004; 

Reinthaler et al., 2003).     Furthermore, an experiment conducted by Nygaard et al (1992) 

has demonstrated that the addition of oxytetracycline to sediments tripled the number of 

bacteria found to be resistant to the antibiotic.  This provides evidence that the addition 

of these antibiotics into the environment results in the development of antibiotic 

resistance.  

Tetracycline resistance can be developed using three different methods (Figure: 1.2): 1) 

preventing access of tetracycline to the ribosome thus preventing attachment and protein 

synthesis inhibition 2) altering the ribosome structure preventing tetracycline binding and 

3) producing tetracycline-inactivating enzymes (Speer et al., 1992; Salyers et al., 1990).  

 

Figure: 1.2. The impact of tetracycline on tetracycline-sensitive cells and mechanisms of 

resistance.  A) The binding of tetracycline to the ribosome preventing protein synthesis. 

B) A resistance method, a cytoplasmic protein pumping tetracycline out of the cell, 

preventing the accumulation of high concentrations of tetracycline within the cell.  C) 

The presence of a cytoplasmic protein that has the ability to protect the ribosome from 

tetracycline binding. D) An enzyme is produced by the bacterium which has the ability 

to modify and inactivate tetracycline. (Speer et al., 1992; Salyers et al., 1990). Image 

taken from Speer et al (1992) and Salyers et al (1990). 
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1.5 RIDL® sterile insect technique ς Controlling insect pests 

One technique used to control insect pests is the RIDL® technique, which uses 

tetracycline to control the genetic expression system.  Here I will describe the technique 

and the insects used with the technique. 

The traditional sterile insect technique (SIT) controls insect pests through the sterilisation 

of males by ionizing radiation resulting in chromosomal fragmentation (Horn and 

Wimmer, 2003).  This ionization can have a negative impact on sperm viability (Horn and 

Wimmer, 2003; Mayer et al., 1998).  SIT is effective with insects that mate synchronously 

and in isolated locations without immigration of untreated insects, e.g. the island of 

Zanzibar where the tsetse fly was eradicated in 1997 (Vreysen et al., 2000).  There can be 

problems with SIT.  The first is that the irradiated males suffer a general malaise and do 

not mate readily with the wild females (Horn and Wimmer, 2003).  The second is that if 

the sexing of the insects is inefficient, females are released potentially increasing the pest 

load in the environment.   

RIDL® sterile insect technique (Release of insects with dominant lethal gene) can improve 

SIT in two ways: to eliminate females from the release population if the tetracycline-

repressible expression system is female-specific and secondly, sterilise male insects if the 

tetracycline-repressible expression system is specific to early development resulting in 

the death of progeny (Alphey, 2002).  Therefore, when tetracycline is removed from the 

diets, female insects die and only males remain (Alphey, 2002). RIDL® males that are 

released into the wild, mate with wild females and produce offspring that die during 

development (Phuc et al., 2007; Alphey, 2002; Thomas et al., 2000). 

The RIDL® technique is used with insects including Mediterranean fruit fly and Aedes 

aegypti (Gong et al., 2005; Phuc et al., 2007).  Aedes aegypti is the vector for Dengue 

fever, a major disease burden with 2.5 billion people at risk worldwide. 

(http://www.who.int/mediacentre/factsheets/fs117/en/). The only control methods 

currently available are; the removal of oviposition sites and the use of insecticides 

(fenitrothion, malathion, deltamethrin, tetramethrin, permethrin (used in thermal 

fogging) (Paeporn et al., 2004) and DDT (dichlorodiphenyltrichloroethane) (Inwang et al., 

1967).  However, the unrestricted use of these insecticides has enabled the mosquito to 
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develop resistance (Gilkes et al., 1956; Porter et al., 1961; Sautet et al., 1958; Inwang et 

al., 1967; Paeporn et al., 2004).  Therefore, with no vaccines and emerging resistance to 

insecticides, Aedes aegypti appears to be good candidate for the use of the RIDL® 

technique. 

An example of the RIDL® system with Aedes aegypti is LA513, a late-acting dominant 

lethal genetic system which causes the death of both male and female mosquitoes at L4-

pupal stage (Phuc et al., 2007, Figure: 1.3).  Released LA513A males into the wild mate 

with wild females and any offspring produced will die at L4-pupae stage.  The release of 

enough males over a long enough period of time will result in population reduction. The 

expression system of tTAV is tetracycline repressible; therefore the RIDL insects are 

reared in water supplemented with tetracycline. Oxitec Ltd currently rear LA513A in 

water supplemented with 30 µg ml-1 of chlortetracycline to suppress the expression of 

tTav (Figure: 1.3).   

a)  

(b)                                                                       (c)     

Figure: 1.3. (a) The structure of the LA513 gene inserted into Aedes aegypti.  LA513 uses a non-

autonomous piggyBac-based transposon system to integrate the RIDL system.  Transgenic mosquitoes 

are identified by red fluorescence (DsRed2) expression driven by Actin5C which gives an all over spotty 

red fluorescence (c).  tTAV is a tetracycline-repressible transcriptional activator that binds to tetO. In 

LA513A in the absence of tetracycline small amounts of tTAV expressed from the minimal hsp70 

promoter bind to the tetO sites and enhance expression of more tTAV, this forms a positive feedback 

loop that produces large amounts of tTAV that builds up and eventually damages the cell.  In the 

presence of tetracycline, the tTAV binds to tetracycline making it unable to bind to tetO, this prevents the 

positive feedback loop and the build-up of tTAV.  Aedes aegypti larvae reared with no tetracycline under 

normal light (b) and the same larvae (c) viewed using the filters for red fluorescence (excitation 510-550, 

emission 590LP), both larvae show the expression of DsRed (Phuc et al., 2007). 
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An example of RIDL® female-specific lethality is OX3604, a repressible female specific 

flightless phenotype (Fu et al., 2010, Figure: 1.4,).  This concept was based on the female-

specific indirect flight muscle Actin4, in which the promoter for this gene was used to sex-

specifically control the expression of tTAV (Fu et al., 2010). The expression of tTAV in the 

absence of tetracycline resulted in a flightless phenotype in female mosquitoes (Fu et al., 

2010). 

 

Figure: 1.4. Structure of the insertion of OX3604 into Aedes aegypti.  Transgenic mosquitoes are 

identified by red fluorescence (DsRed2) expression driven by HR5IE1.  tTAV is a tetracycline-

repressible transcriptional activator which is used as the effector molecule (Fu et al., 2010). In 

the absence of tetracycline tTAV is expressed from the AeAct4 promoter, binds to the tetO sites 

(found within tRE) and enhance expression of more tTAV (Fu et al., 2010). In the presence of 

tetracycline, the tTAV binds to tetracycline making it unable to bind to tetO, this prevents the 

positive feedback loop and the build-up of tTAV (Phuc et al., 2007; Fu et al., 2010).  Image taken 

from Fu et al (2010). 

The potential problem with RIDL® is the possibility that the tetracycline (30-100 µg ml-1) 

used to repress the lethal genes might also eliminate symbiotic bacteria, resulting in 

reduced insect vigour (and hence mating success) and increased susceptibility to 

pathogens in the field.   

1.6 Bacteria in Drosophila melanogaster and Aedes aegypti and the role in 

insect performance  

The RIDL® technique was first developed using Drosophila melanogaster (Thomas et al., 

2000) and is used for controlling one major pest, Aedes aegypti (Phuc et al., 2007).  

Therefore, I will discuss the bacterial diversity in Drosophila melanogaster and Aedes 

aegypti and the implications of removing bacteria on the insect host. 
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1.6.1 Bacterial diversity in Drosophila melanogaster  

One particular investigation into the diversity of bacteria in natural populations of 

Drosophila melanogaster detected members of the phyla Proteobacteria, Bacteroidetes 

and Firmicutes (Corby-Harris et al., 2007).  In laboratory Drosophila (strain Oregon-R), Ren 

et al (2007) discovered both cultured bacteria and non-culturable bacteria (Table: 1.3).  

The bacteria found within lab strains of Drosophila melanogaster were predominantly 

Lactobacillus and Acetobacter (Ren et al., 2007).   

Acetobacter are well adapted in sugar and ethanol rich environments (Crotti et al., 2010).  

This genus of bacteria has been found within Drosophila and on the exterior of the fly 

showing the ability to withstand different conditions (Ren et al., 2007) (Table 1.3).  

Lactobacillus is lactic acid producing bacterium which was also found on the interior and 

exterior of the fly by Ren et al (2007).  Both of these bacterial species were again 

identified by Corby-Harris et al (2007).   

Table 1.3: Bacterial species identified in Drosophila melanogaster (Ren et al., 2007) 

Area of fly Cultured Species Identified by PCR 

Fly Surface Acetobacter aceti Lactobacillus homohiochii 

 Acetobacter tropicalis Acetobacter aceti 

 Acetobacter pasteurianus Lactobacillus fructivorans 

 Lactobacillus plantarum  

Fly Interior Acetobacter pasteurianus Acetobacter tropicalis 

 Lactobacillus sp MR-2 Lactobacillus brevis 

 Acetobacter aceti Lactobacillus plantarum 

 Lactobacillus plantarum Acetobacter pasteurianus 

 Clidosporium sphaerospermum Acetobacter aceti 

1.6.2 Role of commensal bacteria in Drosophila melanogaster 

The two main methods of eliminating bacteria from Drosophila are:  egg 

dechorionation/washing eggs with alcohol and rearing the insects in a sterile 

environment and the second method is to treat the insects with antibiotics. 

As a model organism for humans, there is increasing interest in the interactions between 

Drosophila melanogaster and its resident microbiota, which have been found to enhance 
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life-span (Brummel et al., 2004) (Table: 1.4).   In the experiment conducted by Brummel et 

al (2004), three different antibiotics (ampicillin, tetracycline and rifamycin) were 

administered to the flies to remove the bacteria (Brummel et al., 2004).   The presence of 

bacteria in Drosophila melanogaster enhanced life-span during the first week of adult life 

but could have the potential to reduce life-span later in adulthood (Brummel et al., 2004) 

(Table: 1.4).  An early study conducted by Bakula (1969) identified how Drosophila 

melanogaster become infected with the bacterial symbionts and how the elimination of 

this infection route affects the performance of the fly.   In this study, it was demonstrated 

that Drosophila melanogaster gain the symbionts through the larvae consuming the egg 

chorion which contains the bacteria (Bakula, 1969).  Axenic flies were created by washing 

the eggs with WhiteΩs solution (1.8 mM HgCl2, 0.1 M NaCl in 0.05 N HCl solution) to 

surface sterilise the eggs, the resulting flies had an extended development time compared 

with control flies (Bakula, 1969) (Table 1.4).  Recent experiments have further 

demonstrated the role of microbes in Drosophila melanogaster, the removal of the 

symbionts through antibiotic treatment abolished mating preference (Sharon et al., 2010) 

(Table: 1.4).  Reintroduction of these bacterial symbionts through injection preserved 

mating preferences in the flies (Sharon et al., 2010).   

 

Table: 1.4.  The impacts of bacterial depletion in Drosophila melanogaster  

Performance Parameter Result Reference 

Development time Extension  Bakula, 1969 

Life-span Reduction 

No effect 

Brummel et al., 2004 

Ren et al., 2007 

Immune response Decrease in Anti-microbial 

peptides (AMPs) 

Ren et al., 2007 

Mating  Abolishes mating preferences Sharon et al., 2010 

 

One major factor that is involved in the establishment of bacteria is the diet consumed by 

the organism. As nutrition plays an important role in survival, reproduction and fitness of 

Drosophila melanogaster, this would also suggest a link between the diet, bacteria and 

performance of organisms.  Therefore, bacteria could actually promote the performance 

of insects on suboptimal diets and a different response could also be observed with 

axenic flies reared on different diets. 
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Studies have been conducted which have highlighted the effects of nutrition on 

Drosophila melanogaster.  Calorie restriction has been shown to increase life-span, 

reduce reproduction and increase fat content (Piper et al., 2005).  This supports the 

theory that at times of plenty Drosophila investment of energy into reproduction is 

prioritised and during periods of low food availability, energy is invested into preservation 

and survival (Shanley and Kirkwood, 2000; Piper et al., 2005).  However, one paper 

suggested that the protein: carbohydrate ratio within the diet played an important role in 

extending life-span of Drosophila melanogaster rather than the dilution of diets (calorie 

restriction) (Lee et al., 2008).   A high protein diet with low carbohydrate content reduced 

life-span, suggesting that protein at high levels can be toxic and a diet consisting of 1:2 

and 1:1.6 protein-to-carbohydrate ratio was shown to optimize egg laying rate and life-

span, respectively (Lee et al., 2008).   This result was also supported by a paper published 

in 2009 by Ja et al where it was suggested that providing water with the diet abolishes the 

life-span extension with dietary restricted media.  

1.6.3 Bacterial diversity in mosquitoes 

Investigations into the bacterial diversity of mosquitoes have mainly focused on the 

mosquito, Anopheles gambiae to identify the potential use of commensal bacteria in 

controlling the vector of malaria.  Bacteria identified in Anopheles gambiae included; 

Enterobacter asburiae, Microbacterium sp., Sphingomonas sp., Serratia sp. and 

Chryseobacterium meningosepticum (Dong et al., 2009).  Another paper where bacterial 

species were identified in Aedes triseriatus, Culex pipiens and Psorophora columbiae 

discovered there was a huge increase in bacterial numbers in the midgut between larval 

and pupal stage and also in adults after blood-feeding (Demaio et al., 1996). The most 

common bacterial species identified were Serratia marcescens, Klebsiella ozanae, 

Enterobacter agglomerans and Pseudomonas aeruginosa (Demaio et al., 1996). 

Little is known about the importance of the bacterial species present in Aedes aegypti and 

their role in insect performance.  One paper had described how female Aedes aegypti 

preferred to oviposit in water that had bacteria present and that these micro-organisms 

produced oviposition-stimulating kairomones (Ponnusamy et al., 2008). An early paper 

also supported this, with egg hatching being greater in water with bacteria when 

compared with sterile water (Rozeboom, 1934).   
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Within Aedes aegypti, the bacterial diversity has been identified in gut diverticulum 

through 16S rRNA gene analysis, this included Bacillus cereus, Bacillus subtilis and Serratia 

sp (Gusmão et al., 2007).  The Serratia species identified by Gusmão et al (2007) had been 

suggested to play an important role in the metabolism of sugars; therefore it would be 

interesting to discover if bacterial depletion reduces the ability of the mosquito to 

metabolise sugars.   Culture-dependent and culture-independent techniques identified 

the genera Asaia, Bacillus, Enterobacter, Klebsiella and Serratia to be dominant in the 

mid-gut of Aedes aegypti (Gusmão et al., 2010).  The number of CFUs (colony forming 

units) increased from 210 colonies to 2.3 x 107 after 67 hours of being blood-fed (Gusmão 

et al., 2010) indicating the role of these bacteria in metabolism of a blood-meal.   

1.6.4 Role of commensal bacteria in Aedes aegypti 

As with Drosophila melanogaster few experiments have been conducted with Aedes 

aegypti and the cost of removing commensal bacteria from the host.  Lang et al (1972) 

conducted experiments which showed no alteration in growth rates, survival and protein 

content but did observe a change in life-span, lipid and weight.   Research in this area has 

mainly concentrated on the role of bacteria in dengue virus transmission which is 

described in Section: 1.2.2.   

1.7 Thesis Objectives 

To determine the deleterious impact of using chlortetracycline to deplete bacteria and 

during the RIDL® technique, 2 insect systems were assessed; Drosophila melanogaster 

and Aedes aegypti. Drosophila melanogaster was chosen as an ideal system due to the 

low cost, low bacterial diversity and the ability to use egg dechorionation as an 

alternative method to deplete bacteria.  RIDL® is used with Aedes aegypti and was chosen 

to address the impact of chlortetracycline on an insect system which is used for RIDL®.  

Lastly, to gain a greater understanding of the creation of transgenic insects, a female-

specific marker for Aedes aegypti was proposed to provide a method of genetically sexing 

the insects during mass-rearing.   

The three major objectives were:  

1. The impact of chlortetracycline on Drosophila melanogaster and Aedes aegypti 

(Chapter 3 and 5). 
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2. The impact of the depletion of bacteria via egg dechorionation on Drosophila 

melanogaster (Chapter 3 and 4). 

3. The production of a female-specific marker in Aedes aegypti for sex sorting during 

mass rearing (Appendix: 7.6). 
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Chapter 2: Material and Methods 

2.1 Materials 

Unless otherwise stated, chemicals and reagents were supplied by the following 

companies: Sigma Aldrich® U.K and U.S.A (organic compounds, enzymatic assay kits); Bio-

Rad Laboratories (qRT-PCR reagents and protein quantification assay); Fisher (organic 

ŎƻƳǇƻǳƴŘǎύΤ LƴǾƛǘǊƻƎŜƴϰ όt/w ǊŜŀƎŜƴǘǎύΦ 

2.2 Insect Culture and maintenance 

2.2.1 Drosophila melanogaster rearing and maintenance 

Five strains of Drosophila melanogaster were used:  Oregon-RS (Bloomington Stock 

Centre; Dec 2007), Oregon-RC (Bloomington Stock Centre; Dec 2007), Oregon-RP2 

(Bloomington Stock Centre; Dec 2007), Isogenic (provided by Sean Sweeney, University of 

York, UK; Dec 2007) and Canton-S (provided by Mariana Wolfner Laboratory Department 

of Molecular Biology and Genetics, Cornell University, Ithaca NY; September 2009).   

Drosophila were transferred to fresh diet at least once a week and reared at 25 °C, with a 

12 hour light/dark cycle. 

In preliminary experiments, the performance of the strains was investigated on 5 

different diets: Semi-defined medium; Cormeal, dextrose and yeast medium; General 

media; Ren et al (2007) medium; University of York medium (Table: 2.1).  Of these, the 

University of York diet yielded the most reliable performance, therefore stock flies and 

experiments were conducted using this diet.  The glucose to yeast ratio in the University 

of York diet was 2:1.   

For all experiments the diet was autoclaved and upon cooling to 50 °C, mixed with 

antifungal agents (Nipagin M and CBZ) and chlortetracycline at 0-500 µg ml-1 final 

concentration, prior to transfer to autoclaved vials. 
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Table: 2.1: Components of Drosophila diets 

*Stock solutions of Carbendazim (CBZ) and Nipagin M were made up of 200 mg l
-1
 and 100 g l

-1 
respectively, 

27.57 ml of CBZ and 7.35 ml of Nipagin M were added to 1 litre of medium.  

                                                         Weight (g) per litre 

Ingredients Semi-
defined 
(flystocks
.bio.india
na.edu/) 

Cornmeal, 
dextrose and 
yeast medium 
(flystocks.bio.
indiana.edu/) 
 

General 
medium 
(Ashburner 
et al., 
2005) 

Ren et al 
(2007)  
medium 

University 
of York 
medium 

Cornell 
(High 
nutrient) 
medium 

Low 
nutrient 
medium 

Cornmeal 
(Tesco 
Supermarket) 

 90.9 97.14 50    

Sucrose 30       

Dextrose  147.4 85.71 105    

Glucose 
(Fisher 
Scientific,  
Sigma) 

60    92 80 20 

Yeast 
(Genesee 
Scientific, 
Sigma) 

80  17.14   26 46 80 20 

Yeast Extract 
ς yeast cell 
contents 
(Oxoid) 

20       

Peptone 20       

Agar (No.3) 
(Genesee 
Scientific) 

10 5 10.28 7.5 13.79 10.685 10.685 

Magnesium 
sulphate 

0.5       

Calcium 
Chloride 

0.5    0.46   

Ferrous 
sulphate 

    0.46   

Manganous 
chloride 

    0.46   

Sodium 
chloride 

    0.46   

Potassium 
sodium 
tartrate 

    7.35   

Tegosept    8.5    

Nipagin M * 10 ml 16.23 ml 28.6 ml  7.35 ml   

CBZ *     27.57   

Benzyl 
benzoate in 
ethanol 

 22.73      

Propionic acid 6 ml   1.9 ml  3.42 ml 3.42 ml 

Phosphoric 
acid 

     0.34 ml 0.34 ml 
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2.2.2 Aedes aegypti rearing and maintenance 

Asian Aedes aegypti (isolated from Kuala Lumpar, Malaysia in 1975) eggs were hatched 

under a vacuum for 20-60 minutes in distilled water and reared at 28 °C with 60-80% 

humidity.  Larvae were fed with TetraMin tropical fish food (Aquatics Warehouse, UK).  

Emerging pupae were picked daily using a 3ml plastic Pasteur pipette (Scientific Lab 

Supplies) into a small sized weigh boat (7 ml; Fisher Scientific, UK) and placed into a cage 

(15cm x 15 cm x 15 cm) (Talking Plastics Fabs, UK).  Adult mosquitoes were fed on 

defibrinated horse blood (TCS Biosciences, UK) in Hemotek® membrane feeding system 

(Discovery Workshop, UK) for egg laying and fed daily with 10% sugar (Tate and Lyle, UK) 

water plus 14 U ml -1 Penicillin and 14 µg ml -1 streptomycin and filtered through 0.22 µM 

bottle top filters (Corning Inc, U.S.A and VWR, UK). 

2.3 Insect Performance Experiments  

2.3.1 Performance of Drosophila melanogaster Oregon-RS 

Adult females of Drosophila were allowed to oviposit on the University of York medium 

(Table: 2.1) over 24 hours.  The eggs were collected and transferred to the test diets 

under sterile conditions using a fine paintbrush.  The experiment comprised of 10 

replicate vials with 10 eggs on 0, 1, 10, 50, 100, 300, 500 µg ml-1 of chlortetracycline 

supplemented diet.   

The time to the emergence of pupae and flies were recorded.  Once the flies had 

emerged, they were collected, sexed,  placed in liquid nitrogen and stored at -80 °C prior 

to subsequent analysis. 

In a supplementary experiment, the performance was assayed on diets with different 

agar concentrations ranging from 0.9% to 2.5%.  The time to the emergence of pupae and 

flies were recorded. 
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2.3.2 Performance of Drosophila melanogaster Canton-S 

2.3.2.1 Development time and survival experiment with chlortetracycline and 

dechorionation on the high and low nutrient diets. 

Adult female Drosophila were allowed to oviposit over 24 hours.  The eggs were collected 

and transferred to the test diets under sterile conditions using a fine paintbrush.  The 

experiment comprised of 12 replicate vials with 10 eggs with 0, 1, 10, 50, 100, 300, 500 µg 

ml-1 of chlortetracycline on the low and high nutrient diet (Table: 2.1).  One extra 

ǘǊŜŀǘƳŜƴǘ άŘŜŎƘƻǊƛƻƴŀǘƛƻƴέ ǿŀǎ ŎƻƴŘǳŎǘŜŘ ŀƭƻƴƎǎƛŘŜ ǘƘŜ ŎƘƭƻǊǘŜǘǊŀŎȅŎƭƛƴŜ ǘǊŜŀǘƳŜƴǘǎΦ  

Egg dechorionation was conducted by washing in sterile water twice, treating with 10% 

bleach for 5 minutes and rinsing with sterile water 3 times.  The time to the emergence of 

pupae and flies were recorded.   

2.3.2.2 Performance experiments with chlortetracycline and dechorionation on the York 

diet 

Experiments were conducted using glass vials with lids or Falcon tubes, both methods of 

rearing created consistent results.  Adult females were allowed to oviposit on the York 

diet over 24 hours.  The eggs were collected and transferred to treatments under sterile 

ŎƻƴŘƛǘƛƻƴǎΦ  ¢ƘŜ ŜȄǇŜǊƛƳŜƴǘ ŎƻƳǇǊƛǎŜŘ ƻŦ мр Ǝƭŀǎǎ Ǿƛŀƭǎ ǿƛǘƘ мл άǳƴǘǊŜŀǘŜŘέ ŜƎƎǎ ƻƴ ǘƘŜ 

diet with 0, 50, 300 µg ml-1ƻŦ ŎƘƭƻǊǘŜǘǊŀŎȅŎƭƛƴŜ ŀƴŘ мр Ǝƭŀǎǎ Ǿƛŀƭǎ ǿƛǘƘ мл άǘǊŜŀǘŜŘέ ŜƎƎǎ 

on the diet with 0, 50, 300 µg ml-1 of chlortetracycline.  The treated eggs were 

dechorionated by washing in sterile water twice, treating with 10% bleach for 5 minutes 

and rinsing with sterile water 3 times.   

The development and emergence of pupae and flies were recorded.  Once the flies had 

emerged they were transferred to fresh diet and allowed to mate for 48-72 hours before 

being sexed.  After mating, male flies were used to determine life-span and females were 

used for bacterial counts and quantification of fecundity. 

Ten mated males were placed individually into the same treatment as for rearing (see 

above).  Fresh diet was provided every 3/4 days and every vial was monitored daily until 

the fly died. 
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Ten mated females were randomly selected for fecundity experiments, individual females 

were placed individually in tubes (Corning Inc), with each diet within the lid to allow for 

egg laying and feeding (Figure: 2.1).  Tubes were placed upside down, lids with fresh diet 

were replaced and eggs were counted daily for 7 days. 

a.                                                                                 b. 

        

Figure 2.1: Diagram of the fecundity experiment: a) a female in the Falcon tube and b) 

eggs laid on the food in the lid of the tube. 

In a supplementary experiment, egg hatching rates were assayed on diets with 0, 50, 

300µg ml-1 of chlortetracycline.  A further egg hatching experiment was conducted with 

dechorionated and control eggs where the diet was supplemented for both treatments 

with amaranth dye (300 µg ml-1) to aid the identification of dechorionated eggs which had 

hatched. 

2.3.3 Performance experiments on Aedes aegypti 

Cages of male and female mosquitoes were blood fed and eggs were collected four days 

later.  Approximately 500 eggs were hatched in a vacuum for one hour in 300 ml at 0, 0.1, 

0.5, 1.0, 10, 30, 100 µg ml-1 of chlortetracycline hydrochloride (BioGene, UK) water.  

Hatched eggs were left overnight.  The following day, 7 replicates of 300 larvae were 

transferred into 500 ml plastic pots (Scientific and Medical Products Ltd, UK) with 150 ml 

of each concentration of chlortetracycline, fed according to Table: 2.2 and maintained at 

28 °C with 80% humidity.  The time to pupation and the number of male and female 

pupae were recorded.  Pupae were transferred to small plastic cages (15cm x 15 cm x 15 
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cm) (Talking Plastics Fabs, UK) and each day the number of emerged adults were 

recorded, collected and stored at -80 °C or used for life-span studies as below. 

Five replicates of 30 male and female pupae were placed separately into cages (Scientific 

and Medical Products Ltd, UK).  The mosquitoes were fed with 0.2 µm filtered 10% sugar 

(Tate and Lyle, UK) supplemented with 0, 0.1, 0.5, 1.0, 10, 30, 100 µg ml-1 of 

chlortetracycline.  Life-span was monitored and fed daily for 50 days.   

The effects of chlortetracycline treatment on Mexican Aedes aegypti (Laura Harrington, 

Cornell University, Ithaca, NY) was tested as above, except that 6 replicates of 150 larvae 

were used and life-span was monitored on 6 replicates of 20 male and female mosquitoes 

until all were dead, Tetramin Fish Food was obtained from Walmart and sugar from 

Wegman, Ithaca, NY.  Mexican Aedes aegypti originated from the Tapachula area (14° 

прΩbΣ фнϲ мрΩ²) and had been in the colony since 2006, the strain was augmented yearly 

with wild mosquitoes from the collection site.   

The response of transgenic Asian Aedes aegypti to 0-30 µg ml-1 of chlortetracycline was 

also tested as above except that 6 replicates of 150 larvae were conducted and life-span 

was monitored on 6 replicates of 20 male and female mosquitoes until all were dead and 

fed with 10% sugar water only. 

Table: 2.2. Feeding regime for Asian and Mexican Aedes aegypti fed on tropical fish 

food (Tetramin) (Determined by Irka Bargielowski). 

Day Food (µg) 
per larva 

1 30 

2 - 

3 40 

4 80 

5 160 

6 320 

7 320 

8 320 
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2.4 Microbial Culture  

2.4.1 Culturing microbes in Drosophila melanogaster 

To determine the effect of chlortetracycline on culturable bacteria from Oregon-RS, three 

larvae grown on each concentration of chlortetracycline (0-500 µg ml-1) were sampled, 

surface sterilised with 70% ethanol and homogenised in 0.5 ml of 1X sterile phosphate 

buffer saline solution (pH 7.4).  A sample of the homogenate (0.1 ml) was plated onto 

nutrient agar (Oxoid ς 28 g l-1) and plates were incubated for 7 days at 37 °C when the 

number of colonies was recorded. 

To check for culturable bacteria in Canton-S culture medium derived from dechorionated 

eggs (Section 2.3.2.2), food was sampled on Day 14 (after most of adults had emerged) 

and plated onto nutrient agar plates.  These plates were grown at 25 °C for 7 days and 

growth was monitored on Day 1, 3 and 7.  Bacterial counts on females were conducted on 

7-10 day old flies.  Five female flies were randomly selected from each treatment and 

individually homogenised in 250 µl of sterile 1X phosphate buffer saline solution (pH 7.4) 

using a small pestle until pieces of tissue were no longer visible (Ren et al., 2007).  

Samples (100 µl) of the homogenate at X 1, X 1/10, X 1/100 and X1/1000 dilutions were 

plated onto nutrient agar plates (Oxoid ς 28gl-1) with +/- 50 µg ml-1 chlortetracycline 

(shown to eliminate chlortetracycline sensitive E.coli cells) using sterile techniques.  The 

homogenate from flies derived from dechorionated eggs were not diluted. 

2.4.2 Culturing microbes in Aedes aegypti 

To determine whether the treatment of mosquitoes with 0 to 100 µg ml-1  of 

chlortetracycline had an effect on the culturable bacteria found in mosquitoes,  mosquito 

larvae were grown on each concentration of chlortetracycline (0-100 µg ml-1) and 

sampled on Day 7.  Three larvae were then surface sterilised with 70% ethanol, 

homogenised in 0.5 ml of sterile 1X phosphate buffer saline solution (pH 7.4) and 0.1 ml 

of the homogenate was plated nutrient agar (Oxoid ς 28 g l-1) plates with and without 50 

µg ml-1 chlortetracycline for the identification of chlortetracycline resistant bacteria.  The 

agar plates were incubated for 7 days at 28 ± 1 °C (temperature used for Aedes aegypti 

culture) and the number of colonies was recorded. 
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Five (Asian) and six (Mexican) colonies from each plate were picked at random to 

inoculate 5 ml nutrient broth and placed in a shaking incubator at 28 ± 1 °C overnight.  

DNA was extracted from 1 ml samples in Section 2.8.1. 

2.5 Nutrition Assays 

2.5.1 Wing length and area measurements 

Due to experimental constraints the weight of the insect could not be measured in some 

experiments therefore, the size of the insects was estimated from wing length 

(mosquitoes) or area (Drosophila).  Drosophila wing area was chosen as a suitable 

measure of size according to Shingleton et al., 2005 and wing length (from wing notch to 

tip, Nasci 1990) was measured as a measure of size for mosquitoes (Figure: 2.3). Wings of 

mosquitoes and Drosophila were removed using scissors and forceps and placed onto a 

glass slide.  The wings were either digitally scanned (Canon LiDE 200 colour image 

scanner) or photographed using the Olympus SZX9 stereomicroscope.  Wing length and 

wing area was measured using ImageJ (http://rsbweb.nih.gov/ij/) or using a leaf-area 

measurement machine (LI-COR Portable area meter model: LI-3000A) (Figure: 2.2).   

 

 

Figure: 2.2. a) Mosquito wing length from wing notch to wing tip excluding hairs and b) 

Drosophila wing area measurements indicated with the dashed lines. 

 

 

 

http://rsbweb.nih.gov/ij/
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1a)       1b) 

 

2a)       2b) 

 

 

Figure 2.3: 1) Wing length and weight measurements were made with 20 males (a) and 

females (b) Aedes aegypti.  The linear regression of the weight and wing length was 

calculated.  Regression significantly departed from zero in males (F1, 18 = 4.965, p<0.05) 

and females (F1, 17 = 31.912, p<0.001). These results suggest that wing length is a 

suitable measure of size. 2) Wing area measurements were made with 20 male (a) and 

female (b) Drosophila. The linear regression of the weight and wing area was measured.  

Regression significantly departed from zero in males (F1, 18 = 17.408, p<0.01) and 

females (F1,16 = 8.448, p<0.05). 

2.5.2 Tissue Preparation 

Individual Drosophila and mosquitoes were homogenised in 80 µl and 60 µl of extraction 

buffer, respectively in Tris-EDTA buffer (10mM Tris, 1 mM EDTA, pH 8.0, with 0.1% (v/v) 

Triton-X-100 (Dionne et al., 2006).  Samples were centrifuged for one minute at 17,949 g 

and 4°C and the supernatant was removed and placed in new tube.  Samples were kept 

on ice while assays were conducted to prevent degradation of nutrients. 
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For Drosophila Oregon-RS sample flies were homogenised in 200 µl of Lysis Buffer (150 

mM NaCl, 20 mM Tris (pH 8.0), 2 mM EDTA, 0.5% nonylphenoxypolyethoxylethanol (NP-

40) and protease inhibitors ς Roche tablets (Cat no: 1 836 153 1 tablet/10 ml) and 

incubated on ice for 15 minutes.  Samples were then centrifuged at 4 °C at 17,949 rpm for 

10 minutes and the supernatant was placed in a new tube and analysed immediately. 

2.5.3 Protein Assays  

Two assays were used, Pierce for Oregon-RS and Bio-Rad for Canton-S.   

For the Bio-Rad assay, samples were diluted 1 in 5 in TE buffer.  Five micro-litres of the 

sample and Bovine Albumin Serum standards were placed into a 96 well plate.  A Bio-Rad 

(Bio-Rad Laboratories, USA) protein assay was conducted by adding 25 µl of reagent A 

and 200 µl of reagent B (samples were mixed by pipetting) and allowed to incubate for 15 

minutes at room temperature.  The absorbance was measured at 750 nm on a Bio-Rad 

xMarkTM microplate spectrophotometer with 0-2.4 µg BSA (Bovine Serum Albumin). 

For the Pierce Assay, samples were diluted in Lysis buffer. Twenty-five micro-litres of the 

sample and Bovine Albumin Serum standards were placed into a 96 well plate. A Pierce 

BCA (Thermo Scientific) protein assay was conducted by adding 200 µl of BCA reagent 

(made from Reagent A and B at a 50:1 ratio) to each sample/standard and mixed by 

pipetting.  The plate was incubated for 30 minutes at 37 °C and the absorbance measured 

at 544 nm on a BMG Labtech POLARstar OPTIMA spectrophotometer.  

2.5.4 Assay for Glucose, Glycogen and Trehalose  

Five micro-litres of the samples and standards were placed into the wells of a 96 well 

plate.  The glucose assay was conducted by adding 150 µl of enzyme cocktail containing 

500 units of glucose oxidase and 100 units of peroxidase (39.2 ml of Milli-Q water to the 

enzyme tablet and 800 µl of o-Dianisidine reconstituted in 1 ml of Milli-Q water) to each 

well and mixed by pipetting.  The plate was then incubated for 30 minutes at 37 °C.  The 

reaction was terminated by adding 150 µl sulphuric acid (6 M).  The absorbance was 

measured at 544 nm on an xMarkTM microplate spectrophotometer.  
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To assay glycogen and trehalose, samples were pre-treated with amyloglucosidase and 

trehalase respectively.  For glycogen assays, 5 µl of 2 U ml-1 of amyloglucosidase in 10 mM 

acetate buffer was added to each sample and to one of 2 glycogen standard curves. The 

plate was incubated for 1 hour (Aedes aegypti) and overnight (advised for Drosophila 

samples) at 37 °C.   Glucose quantity was then measured using the method described 

above.   

For the trehalose assay, 2 µl of 0.2M sodium citrate and 1 mM of EDTA was added to the 

samples and 1 of 2 trehalose standards.  The plate was incubated at 37 °C for 10 minutes, 

this was followed by the addition of 2.5 µl of trehalase (3.7 U/ml) (converts trehalose to 

glucose) to the samples and 1 of 2 standards. The plate was then incubated for 60 

minutes at 37 °C and the glucose quantity then measured using the method described 

above.  

For both the glycogen and trehalose assays, the quantity of trehalose and glycogen was 

calculated by subtracting the value gained from the glucose assay from the value gained 

from the trehalose/glycogen assay. 

2.5.5 Assay for glycerol and triglyceride Assay  

The glycerol and triglyceride assay were conducted using Sigma Triglyceride Assay Kit.  

This kit quantifies glycerol by the addition of 1.25 U ml-1 of glycerol kinase (converts 

glycerol to glycerol-1-phosphate), 2.5 U ml-1 of glycerol phosphate oxidase (converts 

glycerol-1-phosphate to hydrogen peroxide and dihydroxyacetone phosphate) and 2.5 U 

ml-1 of peroxidase (converts hydrogen peroxide, 4-aminoantipyrine and sodium N-ethyl-

N-[3-sulfopropyl]m-anisidine to Quinoneimine dye).  The triglyceride reagent converts 

triglycerides to glycerol and fatty acids by using 250 U ml-1 of lipoprotein lipase.  

Fifteen micro-litres of the samples and 15 µl of the glycerol standards (0-6.25 ug) were 

placed into a 96 well plate.  The assay was conducted by adding 200 µl of pre-warmed 

glycerol reagent (resuspended in 40 ml Milli-Q water) to each well and mixed by 

pipetting.  The plate was then incubated for 10 minutes at 37 °C.  The absorbance was 

measured at 540 nm using a xMarkTM microplate spectrophotometer.  
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Following the glycerol assay, the triglyceride was quantified.  Fifty micro-litres of pre-

warmed triglyceride reagent (reconstituted in 10 ml of Milli-Q water) was added to the 

plate after the glycerol was quantified and incubated for 10 minutes at 37 °C.  The 

absorbance was measured at 540 nm using an xMarkTM microplate spectrophotometer.    

The triglyceride content was calculated by subtracting the value for free glycerol (first 

reading) from the final absorbance.   

2.5.6 Total Lipid Content 

Total lipid content was measured by drying individual insects (Drosophila and Mexican 

Aedes aegypti) or groups of 20 (Asian Aedes aegypti at Oxitec Ltd to weigh accurately) in 

eppendorf tubes to a constant weight at 50 °C for 48 hours.  After determination of dry 

weight of insect on a microbalance (Drosophila and Mexican Aedes aegypti; Mettler MT5 

microbalance and Asian Aedes aegypti; Mettler Toledo AG104 balance), 1 ml (5 ml for 

Asian Aedes aegypti) of 2:1 methanol/chloroform mix was added to each tube and 

incubated at room temperature for 24 hours.  The methanol/chloroform mix was then 

removed and left in the fume hood for 24 hours to allow the evaporation of the 

methanol/chloroform mix.  The insects were then re-weighed and the change in weight of 

the dried insects after methanol/chloroform treatment was calculated to produce the 

total lipid content per insect (Cockbain, 1962). 

2.6 Respirometry 

The O2 consumption and CO2 production of male and female flies of 7-10 day old 

Drosophila Canton-S was determined by stopped-flow respirometry, with 5 flies per 

replicate.  Flies were transferred to a 5 ml syringe and allowed to acclimate for 30 

minutes prior to analysis.  All experiments were conducted in dim light (0.02 µE m-2 s-1) to 

minimise movement, and the time of experiment was scored.  The input to the 

respirometer was room air with water vapour and CO2 removed by two silica columns and 

one ascarite column respectively. To initiate each experiment, the air in the syringe was 

replaced by 3.2 ml of dried CO2 free air, with airflow at 57 ml min-1.  The CO2 and O2 

content of the syringe was determined at 30 minutes by injecting 3 ml of the syringe 

volume into Sable Systems SS3 Gas Analyzer Sub-sampler with an FCA-10A CO2 analyzer 
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and FC-10 O2 Analyzer (Sable systems, Nevada, USA) respectively.  CO2 and O2 content 

was calibrated with 50 ppm CO2 gas and 20.9% O2 gas. 

CO2 and O2 content were analysed using the Sable System data acquisition software 

(Expedata, Sable Systems, Nevada, USA). 

2.7 Drosophila Gut Dissections 

Adult flies were surface sterilised with three washes in 1 ml 10% sodium hypochlorite, 

followed by three rinses with sterile water.  Drosophila guts were dissected in sterile 

wƛƴƎŜǊΩs solution (3 mM CaCl2, 182 mM KCl, 46 mM NaCl and Tris 10 mM, pH 7.2) using 

sterilised forceps and scissors. 

2.8 16S rRNA Gene Analysis 

2.8.1 DNA extraction 

Bacteria colonies were cultured from the insects (Section 2.4). 

Three different methods were used to extract DNA.  For bacterial colonies obtained from 

Oregon-RS and for Oregon-RS larvae, DNA was extracted by using a modified method 

from Short Protocols in Molecular Biology 4th Edition.  This involved precipitating the DNA 

in one volume of isopropanol, washing the DNA pellet in 500 µl of 70% ethanol and re-

suspending the dried pellet in 100 µl of sterile water (Ausebel, 1999 page 2-12).   

 

For bacterial colonies obtained from Canton-S and for Canton-S adults (Section: 2.3.2.2), 

DNA was extracted using a modified method from Cenis et al (1993).  This involved a pre-

incubation step in 180 µl enzymatic lysis buffer (20 mM Tris-Cl, 2 mM sodium EDTA, 1.2% 

Trition-X-100 and 20 mg lysozyme per ml) at 37 °C for 45 minutes.  Followed by, bead-

beating with 0.1 mm cell disruption beads (50% volume) using a DisrupterGenie (Scientific 

Industries, Inc).  The samples were incubated for a further 45 minutes at 37 °C.  One 

hundred microlitres of Extraction Buffer (200 mM Tris-HCl, pH 8.5, 250 mM NaCl, 25 mM 

EDTA, 0.5% [W/V] SDS) and 25 µl of proteinase K (20 mg ml-1) was added to each sample.  

The samples were mixed and incubated at 55 °C for 1 hour, followed by the addition of 

150 µl of 3M NaOAc, pH 5.2.  The samples were transferred to -20 °C for 10 minutes and 

centrifuged for 5 minutes at 17,949 g.  The supernatant was transferred to a new tube 
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and 1 volume of 100% freezing isopropanol was added.  The samples were incubated at 

room temperature for 30 minutes, followed by centrifugation at 17,949 g for 30 minutes.  

The supernatant was removed and the pellet was washed in 500 µl of ice cold 70% 

ethanol. The DNA samples were then vortexed, centrifuged at 17,949 g at room 

temperature and the supernatant was discarded.  The dried DNA pellet was re-suspended 

in 100 µl of sterile water.  

 

For liquid microbial cultures obtained from Asian Aedes aegypti, DNA was extracted by 

using Nucleospin® Tissue kit (Clontech) and cultures from Mexican Aedes aegypti DNA 

were extracted by the same method for Canton-S (Cenis et al., 1993).   

2.8.2 PCR Amplification 

¢ƘŜ ōŀŎǘŜǊƛŀ ǿŜǊŜ ƛŘŜƴǘƛŦƛŜŘ ōȅ мс{ Ǌwb! ƎŜƴŜ t/w ǳǎƛƴƎ ƎŜƴŜǊŀƭ ǇǊƛƳŜǊǎ мс{!м όрΩ ς 

AGA-GTT-TGA-TCM-TGG-CTC-AG-оΩύ ŀƴŘ мс{.м όрΩ ς TAC-GGY-TAC-CTT-GTT-ACG-ACT-T-

оΩύ ŦǊƻƳ Cǳƪŀǘǎǳ ŀƴŘ bƛƪƻƘ ό1998).  PCR amplification was performed in 25 µl of a sterile 

mix containing 1X Taq polymerase buffer, 0.24 mM of each deoxynucleoside 

triphosphate, 2 mM MgCl2, 0.32 µM of each primer, 1 µL of template DNA/colony sample 

and 0.025 U of Platinum Taq.  The PCR mixtures were incubated for 5 minutes at 94 °C, 

followed by one cycle of 1 minute at 55 °C, 72 °C for 2 minutes and 25-30 cycles of 1 

minute at 94 °C, 1 minute at 55 °C and 2 minutes at 72 °C with a final incubation of 8 

minutes at 72 °C.  Negative controls with no DNA addition and a positive control 

(Ochrobactrum anthropi DNA/control fly DNA) were also prepared. 

To certify amplicon size (1.5 kb), a 3 µl aliquot of the PCR product was run on either a 

1.5% agarose gel stained with Sybr Safe (Invitrogen) (Drosophila and Mexican Aedes 

aegypti) or 0.8% gel stained with ethidium bromide (Asian Aedes aegypti) and visualized 

using UV. PCR samples were purified using QIAquick PCR purification kit (Qiagen, 

Valencia, California, USA and Qiagen, Crawley, West Sussex, UK) following the manual 

instructions.  PCR products were then sequenced with 16SA1 and 16SB1 primers using 

Macrogen (Oregon-RS), GATC Biotech, Germany (Asian Aedes aegypti) and with 16SA1 

only at Cornell Life Sciences Core Laboratory Centre, Biotechnology, Cornell University, 

Ithaca, NY (Canton-S and Mexican Aedes aegypti). 
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Sequences were then trimmed using Sequencher 4.10.1 and blasted using NCBI 

nucleotide BLAST tool to identify the closest match for each sequence.  This analysis was 

conducted between November 2010 and February 2011.  

2.8.3 Wolbachia identification in Drosophila melanogaster using PCR 

Wolbachia was identified by 16S rRNA gene PCR using universal primers wsp умCΥ рΩ ¢DD 

TCC AAT AAG TGA TGA AGA AAC and wsp сфмwΥ рΩ !!! !!¢ ¢!! !/D /¢! /¢/ /! ŦǊƻƳ 

Zhou et al (1998).  PCR amplification was performed in 20 µl mix containing 1X Taq 

polymerase buffer, 0.40 mM of each deoxynucleoside triphosphate, 2.5 mM MgCl2, 0.32 

µM of each primer, 1 µL template DNA and 0.02 U Platinum Taq.  Negative controls with 

no DNA addition and a positive control (Isogenic strain) were also prepared.  The PCR 

mixtures were incubated for 1 minute at 95 °C, followed by 30 cycles of 1 minute at 95 °C, 

1 minute at 54 °C and 1 minute at 72 °C with a final incubation of 5 minutes at 72 °C. To 

certify amplicon size (590-632 bp), a 8 µl aliquot of the PCR product was run on a 1.5% 

agarose gel stained with Sybr Safe (Invitrogen)   

2.9 454 pyrosequencing 

2.9.1 Sample Preparation and DNA Extraction 

Fifty guts were dissected from the Drosophila (Canton-S, male and female).  For DNA 

extraction the guts were placed in 180 µl enzymatic lysis buffer (20 mM Tris-Cl, 2 mM 

sodium EDTA, 1.2% Trition-X-100 and 20 mg lysozyme per ml). Twenty male adult Aedes 

aegypti treated with 30 µg ml -1 of chlortetracycline, non-chlortetracycline treated male 

adults, non-chlortetracycline treated female adults and non-chlortetracycline treated 

larvae were also placed in 180 µl enzymatic lysis buffer.  The samples were homogenised 

with a pestle and mortar, and incubated at 37 °C for 45 minutes.  Then, 0.1 mm cell 

disruption beads (50% volume) were added to the samples and bead-beating was 

conducted using a DisrupterGenie (Scientific Industries, Inc).  DNA extraction was 

continued using the DNeasy® Blood and Tissue Kit (Qiagen, Valencia, California, USA) 

following the protocol for Gram-Positive DNA and eluted in 30 µL of buffer EB. 
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2.9.2 Amplification of Variable Region 2 (V2) of bacterial 16S rRNA gene (assisted by 

Adam Wong) 

PCR amplification of the Variable Region 2 (V2) of bacterial 16S rRNA gene was conducted 

ǳǎƛƴƎ ǘƘŜ ǇǊƛƳŜǊǎ нтC όрΩ ς AGA-GTT-TGA-TCM-TGG-CTC-AG-оΩύ ŀƴŘ ооуw όрΩ ς TGC-TGC-

CTC-CCG-TAG-GAG-T-оΩύ ǿƛǘƘ ŀ ǎŀƳǇƭŜ-specific 27F primer with a specific multiplex 

ƛŘŜƴǘƛŦƛŜǊ όaL5ύ ǎŜǉǳŜƴŎŜΦ  !ƭƭ нтC ŀƴŘ ооуw ǇǊƛƳŜǊǎ ǿŜǊŜ ƳƻŘƛŦƛŜŘ ǿƛǘƘ рΩ-Adaptor A and 

рΩ-Adaptor B sequences, respectively for the pyrosequencing (Roche).  PCR amplification 

was conducted in triplicate on six DNA samples containing 1X Taq polymerase buffer, 0.24 

mM of each deoxynucleoside triphosphate, 2 mM MgCl2, 8 pM each primer, 1 µL 

template DNA and 0.6 U Platinum® Taq DNA polymerase.  The 25 µl PCR mixtures were 

incubated for 10 minutes at 94 °C, followed by 25 cycles of 1 minute at 94 °C, 1 minute at 

58 °C and 1 minute at 72 °C with a final incubation of 8 minutes at 72 °C.   PCR reactions 

(22.5 µl) were purified using Agencourt Ampure® SPRI kit and quantified using the Quant-

ƛ¢ϰ tƛŎƻDǊŜŜƴϯ ƪƛǘΦ  9ŀŎƘ ǊŜŀŎǘƛƻƴ ǿŀǎ ŘƛƭǳǘŜŘ ǘƻ м Ȅ мл9 molecules µl -1.  Equal volumes of 

the three reaction products per sample were mixed together and diluted to 1 x 107 

ƳƻƭŜŎǳƭŜǎ ŦƻǊ ŜƳǳƭǎƛƻƴ t/w ŀǘ ƻƴŜ ŎƻǇȅ ǇŜǊ ōŜŀŘ ǳǎƛƴƎ ƻƴƭȅ ά!έ ōŜŀŘǎ ŦƻǊ ǳƴƛŘƛǊŜŎǘƛƻƴŀƭ 

sequencing.  Beads were subjected to one full plate of the 454 GS-FLX pyrosequencing 

instrument using standard Titanium chemistry (Cornell Life Sciences Core Laboratory 

Centre, Biotechnology, Cornell University, Ithaca, NY).  

2.9.3 Analysis of 454 sequences 

Sequences were checked for quality using Genome Sequencer FLX System Software 

Manual, version 2.3 and clustered at 97% or more identity using Pyrotagger 

(http://pyrotagger.jgi-psf.org/release/; Kunin and Hugenholtz, 2010) (assisted by Adam 

Wong).  Sequences were identified using the NCBI nucleotide Basic Local Alignment 

Search tool (http://blast.ncbi.nlm.nih.gov/Blast.cgi) to identify the closest match for each 

sequence.  This analysis was conducted in December 2010.    

 

 

 

http://pyrotagger.jgi-psf.org/release/
http://blast.ncbi.nlm.nih.gov/Blast.cgi
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2.10 Microarray analysis 

A microarray analysis of Drosophila melanogaster was conducted to gain a global 

overview of the effect of diet and bacteria depleted conditions (flies derived from 

dechorionated eggs) on gene expression.  

2.10.1 Insect rearing 

Drosophila Canton S was reared on the Cornell diet (Table: 2.1).  Flies were transferred 

into egg-laying cages with 1% grape juice agar overnight.  On Day 1, 200 control 

(untreated) and 200 dechorionated eggs (Section: 2.3.2.1) were transferred onto 

autoclaved diets: low nutrient (20 gl-1 of glucose and yeast) and Cornell (High nutrient) 

(80 gl-1 of glucose and yeast).  Both diets were autoclaved at 121°C for 20 minutes.  

Emerged adults were collected and placed onto fresh diet for 3/4 days before being flash 

frozen with liquid nitrogen and stored at -80 °C.   

2.10.2 RNA Extraction and Sample Preparation (Method from John Ramsey) 

RNA extraction was conducted on 10 male flies per replicate, 3 replicates per treatment.  

Flies were placed into chilled tubes on dry ice with 2 metal beads per tube and ground at 

1600 strokes/min, for 95 seconds (2000 Geno/Grinder).  Five hundred micro-litres of 

Trizol® (Invitrogen) was added to each tube and homogenised with a needle and 1 ml 

syringe.  The mix was then centifuged at 10,000 g for 10 minutes.  The supernatant was 

transferred to a new tube and 50 µl of bromochloropropane was added to the sample, 

the sample was mixed by invertion and left for 5 minutes at room temperature.  The 

samples were centrifuged for 10 minutes at 10,000 g at 4 °C, the upper aqueous layer was 

transferred to a new tube and 100 ˃ l of ethanol was added to the sample.  The sample 

was then added to a cartridge (Ambion, Ribopureϰ Kit), centrifuged for 30 seconds at 

10,000 g and the eluent discarded.  The cartridge was washed with 500 ˃ƭ wash buffer 

(Ambion, Ribopureϰ Kit), centrifuged for 30 seconds at 10,000 g and the eluent 

discarded. The centrifugation step was repeated and the remaining eluent was discarded. 

The RNA was eluted in 50 ˃l RNase-free water was added to the cartridge, left for 2 

minutes at room temperature and centrifuged for 1 minute at 10,000 g. The quantity of 

RNA was measured using a Nanodrop and stored at -80 °C. 
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2.10.3 Microarray 

The microarray used was a Drosophila Single Channel Gene Expression Microarray 

(Agilent, California, USA) with a format of 4 x 44k and 44,000 60-mer drosophila probes.  

RNA sample quality and integrity was evaluated using an Agilent Bioanalyzer. The RNA 

sample was amplified and labelled with Cy3 Amino Allyl MessageAmpϰ II aRNA 

Amplification Kit (Ambion/Applied Biosystems) according to instructions, hybridised to 

the 4 x 44k microarray and washed according to manufacturers protocols. The microarray 

was scanned by an Axon 4000B scanner; fluorescent signals were obtained using Agilent 

Feature Extraction software (Cornell Life Sciences Core Laboratory Centre, Biotechnology, 

Cornell University, Ithaca, NY).   

2.10.4 Microarray Analysis 

The data were analysed by Limma (analysis with John Ramsey) and GeneSpring®.   

For the analysis using Limma, the raw data files were imported into R 2.10.1 (cran-r-

project.org/) and analysed with BioConductor (www.bioconductor.com) package Limma. 

The median foreground probe intensities were calculated without background 

subtraction, as recommended by Zahurak et al (2007).  The values were then log2 

transformed and normalised using the vsn (Variance Stabilization and Normalization) 

package in R (R2.10.1, cran-r-project.org/).  Variance Stabilization and Normalization 

method is based on the fact that variance of the microarray depends on the signal 

intensity  

Normalisation using the vsn method of analysis is based on three assumptions: 1) The 

variance of the measurements on a probe depends on the mean intensity 2) The 

relationship of measurements between samples is by an affine-linear transformation and 

3) The variance-stabilised intensities per spot are normally distributed (Huber et al., 

2002).  This method is used to preprocess microarray intensity data by an affine 

transformation of each column, followed by a variance-stabilising transformation of the 

whole data (Huber, 2006; Huber, 2010).  The method is summarised by the equation; > e2 

<-vsn(e1) where e1 is the raw intensity measurements and e2 is the calibrated and 

generalised log-transformed data (Huber, 2006). The generalised log-transformed data is 
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a function similar to natural logarithm for large values (large compared to the background 

noise) but is less steep (has a smaller slope) for smaller values (Huber et al., 2003; Huber, 

2006; Huber, 2010).  The difference between the transformed values is the generalised 1 

log-ratio (Huber, 2006; Huber, 2010).  These generalised 1 log-ratios are shrinkage 

estimators of the natural logarithm of the fold change where shrinkage estimators at low 

intensities are smaller than or equal to to the naive log-ratios and become equal at large 

intensities (Huber, 2006; Huber, 2010).  Therefore, they are not affected by the variance 

divergence of the naive log-ratios at the lower intensity which allows the value to 

maintain a significant result when the data are negative or close to zero (Huber, 2006; 

Huber, 2010). This method removes the intensity dependence of the variance (Huber et 

al., 2003). 

For the analysis using GeneSpring® GX Software Version 11 (Agilent), the raw data files 

were imported into GeneSpring® and the data was normalised using Quantile 

Normalisation (reduces variance between arrays).  Quantile normalisation is performed 

by sorting the expression values of each sample into ascending order and placed next to 

each other.  The mean of the sorted order across all samples is taken; therefore each row 

in the matrix has equal variance to the previous mean.  The modified matrix which has 

been obtained is then re-arranged to have the same ordering as the input matrix (Details 

obtained via email contact with Agilent Technologies). 

Differential Expression analysis was performed with both methods at the 0.05 level.   

A comparison of the two methods of analyses (GeneSpring® and Limma) were conducted 

by comparing the number of genes where the expression was significantly changed 

(p<0.05) to determine which analysis was the most conservative.  With the exception of 

the comparison of low nutrient diet dechorionation v high nutrient diet dechorionation 

(Figure: 2.4d), GeneSpring® was shown to be the most conservative with similar number 

of genes as with Limma for the High nutrient diet comparison (Figure: 2.4b) and lower 

genes with the low nutrient (Figure: 2.4a) and control comparison (Figure: 2.4c).  

The gene ontology of each sequences was gained through the use of Blast2GO 

(blast2go.org) and searches using NCBI (http://www.ncbi.nlm.nih.gov/), panther 
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(www.pantherdb.org/), DGI TC Annotator (http://compbio.dfci.harvard.edu) and FlyBase 

(www.flybase.org). 

 a)  Low nutrient diet: Dechorionation V Control                b)   High nutrient diet: Dechorionation V Control 

   

c)  Low nutrient diet control V High nutrient      d) Low nutrient diet dechorionation V High nutrient        

     diet control               diet dechorionation 

  

Figure 2.4:  Comparison of the two different methods of analysis, GeneSpring® and 

Limma with the number of genes where expression is significantly altered; a) low 

nutrient diet: dechorionation V control b) high nutrient diet: dechorionation V control c) 

low nutrient diet control V high nutrient diet control d) low nutrient diet 

dechorionation V high nutrient diet dechorionation. Overlapping numbers represented 

the number of genes shared by both methods; numbers within each circle represents 

the number of genes found to have a significantly altered expression.  The Venn 

diagram was created using an online source produced by Oliveros (2007). 

http://www.pantherdb.org/
http://www.flybase.org/
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2.10.5 Quantitative RT-PCR 

Quantitative RT-PCR (qRT-PCR) was conducted to confirm the results gained from the 

microarray data. 

The samples used for the microarray were treated with DNase (Ambion) to remove 

contaminating DNA from the samples by the addition of 1X DNase I buffer and 1 µl 

rDNase I. The samples were incubated for 30 minutes at 37 °C and the reaction was 

terminated by the addition of 5 µl of inactivation reagent. The samples were then 

centrifuged for 1.5 minutes at 10,000g. 

The cDNA was created by adding 200 ng of random primers (Fisher), 200 ng RNA, 10 

pmole dNTPs and made up in sterile distilled water.  The mixture was heated to 65 °C for 

5 minutes and chilled on ice.  1 X First-Strand Buffer and 0.01M Dithiothreitol were added 

and gently mixed and incubated at 25 °C for 2 minutes. Two hundred units of 

SuperScriptϰ II RT (Invitrogen) was added and mixed by pipetting.  The sample was then 

incubated at 25 °C for 10 minutes, followed by incubation at 42 °C for 50 minutes and 

heat inactivated for 15 minutes at 70 °C.  The cDNA was stored at -20 °C.   

 Table: 2.3. Primers (designed using Primer-BLAST, NCBI) used for quantifying Diptericin, 

Diptericin B, Fat Body Protein 1, CG31148. Defensin and Phosophoenolpyruvate 

carboxykinase by qRT-PCR with the housekeeping gene RPL32 and Zwischenferment 

gene with no fold change expression across treatments in the microarray analysis. 

 

 The qRT-PCR reactions were performed in 96 well plates using 2 l˃ cDNA and 19 ˃l 

master mix, consisting of 1X Power Sybr Green PCR Master mix (Applied Biosystems) and 

Gene name Forward ǎŜǉǳŜƴŎŜ όрΩ-оΩύ wŜǾŜǊǎŜ ǎŜǉǳŜƴŎŜ όрΩ-оΩύ 

DiptericinB TTGGACTGGCTTGTGCCTTCTCG TTGGGAGCATATGCCAGTGGTTCA 

Fat Body Protein 1 GCTGCAGGCCATTAATCCATCCGT TGCCAGTCAGATTCATGCCCATCG 

CG31148 AGCTTGGGATGGACGCCACA TGGTCGAGTGCGGTTCATCATTTT 

Defensin GAAGCGAGCCACATGCGACCT AAACGCAGACGGCCTTGTCGT 

Phosophoenolpyruvate 
carboxykinase 

GCCAAAAACCCTTTCACGCGCA TCCCCCATTGAATGCGTTTCGAGT 

Diptericin GCAGTTCACCATTGCCGTCGC GCAGTTCACCATTGCCGTCGC 

Zwischenferment (control) GCAGTTCACCATTGCCGTCGC ACCGCCGCCTCCCTGAAGAT 

Ribosomal protein L32 
(Housekeeping gene) 

AGATCGTGAAGAAGCGCACCAAG CACCAGGAACTTCTTGAATCCGG 
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2.5 pM of the forward and reverse primers (Table 2.3).  Two negative controls were also 

prepared, the reagent only negative controls which contained sterile distilled water with 

no DNA sample and No RT (Reverse transcriptase) control. The qRT-PCR reactions were 

carried out in a CFX96 Real time system on a C1000 thermal cycler (BioRad) with the 

following thermal profile: 2 minutes at 50 °C, 10 minutes at 95 °C followed by 40 cycles of 

15 seconds at 95 °C and 1 minute at 60 °C. To ensure primer specificity to each gene, a 

melt curve was run for each plate from 65-95 °C with an increment of 0.5°C (Figure: 2.5). 

 

Figure: 2.5. An example of a melt-curve analysis with the primer pairs of 

Zwischenferment (control) with cDNA from replicate 1 of the control flies reared on a 

low nutrient diet. 

The expression level of each gene (Table: 2.2)  was determined by the comparative CT 

value method where the CT value obtained for each gene was normalized to the CT 

values obtained for the housekeeping gene RPL32.  

2.11 Statistical Analysis 

Statistical analyses were conducted using SPSS Inc 16.0 and 17.0 (Dytham, 2003 p66-

199.).  Significance was tested at 95% and above confidence level.  The statistical test was 

selected depending on the data type and distribution. 
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For normally distributed and continuous data with 2 or more sample groups; an analysis 

of variance (ANOVA) was conducted.  For data with a non-normal distribution and 

discontinuous data; a Mann-Whitney U test, a Kruskal-Wallis test and a Scheirer-Ray-Hare 

test was selected according to the number of groups and factors.  Catagorical data was 

analysed using a Chi2 analysis.  

Table: Summary table of statistical tests used in this thesis (Dytham, 2003). 

Samples/Groups Factors Data type Statistical test 

2 1 Catagorical Chi2 test 

Discontinuous Mann-Whitney U test 

Continuous t-test, one-way 
ANOVA 

>2 1 Catagorical Chi2 test 

Discontinuous Kruskal-Wallis test 

Continuous One-way ANOVA  

2+ >1 Discontinuous Scheirer-Ray-Hare test 

Continuous Two-way ANOVA, 
Multi-way ANOVA and 
Analysis of covariance 
(ANCOVA) 
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Chapter 3:  Bacteria and performance of Drosophila melanogaster 

3.1 Introduction 

There is growing interest in the importance of gut microbes in animals and how the 

depletion of these microbes affects the health and performance of the animal.  Several 

scientists have investigated the implications of antibiotics on the gut microbiota; in mice 

antibiotics have been shown to alter the diversity of bacteria found within the gut 

(Antonopoulos et al., 2009).   In control mice the microbes were Firmicutes and 

Bacteroidetes but with antibiotic treatment the gut microbiota was predominantly 

Proteobacteria (Antonopoulos et al., 2009).   

Drosophila melanogaster has been used for decades as one of the most useful model 

organisms when researching human diseases, and now there has been an increase in the 

use of Drosophila melanogaster to enable scientists to gain more insight into the role of 

gut bacteria.  Sharon et al (2010) has shown that commensal bacteria play an important 

role in the mating preferences in Drosophila melanogaster and that diet also determines 

the species diversity in the insects.   In this study it was shown that on a cornmeal-

molasses-yeast diet, the insects have a more diverse population of bacteria in the gut 

compared with the insects on starch diet where only Lactobacillus plantarum was 

identified. 

The importance of symbiotic bacteria to the host has also been demonstrated by several 

other authors (Ren, et al., 2007; Brummel, et al., 2004; Bakula, 1969) with Drosophila 

melanogaster (Chapter 1).  Nevertheless, these studies have been inconsistent and in 

some cases not repeatable due to differences in conditions such as; the  diet, the 

methods used to produce bacteria-free flies (use of antibiotic treatment and egg 

dechorionation) and how bacteria-free flies were characterised (culturable (Bakula, 1969)  

and 16S rRNA gene analysis (Ren, et al., 2007).  Certain authors have used high 

concentrations of antibiotics to deplete the bacteria however they have not considered 

the implication of using such a high dose on the insect performance an example is a study 

by Mair et al (2005) and Fry and Rand (2002) both of  which used 250 µg ml -1 of 

tetracycline. 
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Most papers investigating the importance of Drosophila melanogaster symbionts in the 

host performance concentrate on life-span with only Bakula (1969) measuring 

development time.  One particular aspect which has not been investigated is the role of 

Drosophila symbionts in host nutrition.  Therefore, in this chapter I determine the impact 

of chlortetracycline on two wild-type lab strains: Oregon-RS and Canton-S by treating the 

Drosophila melanogaster with a range of chlortetracycline concentrations (0-рлл ˃Ǝ Ƴƭ-1).  

Survival and development to pupae/adulthood, lifespan, the nutrition and respiration of 

the flies were measured.  The effect of the treatment with chlortetracycline on the 

bacterial content within larvae and adults was also investigated by culturable bacterial 

counts and 454 pyrosequencing to compare the bacterial diversity with chlortetracycline 

and non-chlortetracycline treated adult flies.  Further experiments using Canton-S with 

bacteria depleted flies (derived from egg dechorionation) were also used as a comparison 

with chlortetracycline treated flies, and to determine whether the depletion of bacteria 

or toxicity of the chlortetracycline was responsible for the changes in performance.  

Finally, survival studies with Drosophila melanogaster (Canton-S) using a high nutrient 

(Cornell diet) and low nutrient diet will establish whether different responses are 

observed with different diets when the bacteria are depleted in flies via treatment with 

chlortetracycline and egg dechorionation.  
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3.2 Oregon-RS survival and development 

3.2.1 Oregon-RS survival and sex-ratio 

Initial experiments using the lab strain, Oregon-RS were used to test whether 

chlortetracycline treatment had a significant impact on Drosophila melanogaster. 

Oregon-RS eggs were transferred to the York diet containing different concentrations of 

chlortetracycline up to 500 µg ml-1.  The mean number of individuals that survived to 

pupation varied from 5.1-7.2 out of 10 and did not vary significantly with treatment 

(Kruskal-Wallis: H6 = 5.973, p>0.05) (Figure: 3.1).  Pupal mortality was also low such that 

4.9-6.8 survived to adulthood, again with no significant difference between treatments 

(Kruskal-Wallis: H6 = 6.039, p>0.05) (Figure: 3.1).   At the lower concentrations of 

chlortetracycline (0-10 µg ml-1) the flies had a tendency to stick to the diet upon 

emergence, these were still alive when the numbers were recorded.  The diet appeared 

to be more liquid than diets with a higher concentration of chlortetracycline (100 µg ml-1 

ŀƴŘ ŀōƻǾŜύΦ  ¢ƘŜ άǎǘƛŎƪƛƴƎέ ǘƻ ǘƘŜ ŘƛŜǘǎ ŎƻǳƭŘ Ǉƻǎǎƛōƭȅ ōŜ ŘǳŜ ǘƻ ǘƘŜ ƎǊƻǿǘƘ ƻŦ ōŀŎǘŜǊƛŀ ƻƴ 

the diets as this was not observed with the diets containing 100 µg ml-1 and higher of 

chlortetracycline.  Therefore, the addition of antibiotics could actually prevent this 

process from occurring and the survival data could have been different if the flies that 

ǿŜǊŜ άǎǘǳŎƪέ ƻƴ ǘƘŜ ŦƻƻŘ ƘŀŘ ƴƻǘ ōŜŜƴ ǊŜƳƻǾŜŘ ƻƴ ǘƘŜ Řŀȅ ƻŦ ǘƘŜƛǊ ŜƳŜǊƎŜƴŎŜΦ 

 

Figure: 3.1. Mean percent survival to pupae and adulthood of the 10 vials (10 eggs per 

vial) of each treatment of 0-500 µg ml-1 chlortetracycline (Methods Chapter, Section: 

2.3.1, page 39). 
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The ratio of males and females was also analysed to determine whether chlortetracycline 

had an impact on the number of males and females in the population. The sex ratio did 

not vary significantly with increasing concentration of chlortetracycline.  At 0 µg ml-1, the 

ratio was 26:31 and for 500 µg ml-1 the ratio was 26:37 (males to females) (Table: 3.1).  

The concentration of chlortetracycline where there was quite a variation was at 1, 10 and 

50 µg ml-1 where at 50 µg ml-1 there was double the number of females compared to 

male flies.  Using a goodness of fit chi-square statistical test, the sex ratio was analysed to 

determine whether there is a significant effect on the sex ratio of Drosophila by antibiotic 

treatment.  This analysis revealed no significant difference between the ratios of males 

ŀƴŘ ŦŜƳŀƭŜǎ όʋ2
6
 = 8.321, p>0.05) between the different treatments.   

Table: 3.1. Sex ratio of Drosophila treated with 0-500 µg ml-1 chlortetracycline, number 

of replicates = 10 (Methods Chapter, Section: 2.3.1, page 39).  

Concentration of chlortetracycline 
(µg ml

-1
) 

Sex ratio Males:Females (% males) 
 

0 26:31 (45.6%) 

1 27:41(39.7%) 

10 16:30 (34.8%) 

50 18:38 (32.1%) 

100 28:28 (50%) 

300 29:29 (50%) 

500 26:37 (41.3%) 
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3.2.2 Development time to pupae and adulthood 

Development time measurements were also included in this experiment to determine 

whether the removal of the bacteria altered the development time. The development 

time of Oregon-RS to pupation (p<0.001, Table 3.2) and adulthood (p<0.001, Table: 3.2) 

varied significantly with chlortetracycline concentration.  At 0 µg ml-1 of chlortetracycline, 

larvae started to develop into pupae by day 7.  As the concentration of antibiotic 

increased, pupae formation was delayed in 2 steps; firstly, the median development to 

pupae was extended by one day at 1-10 µg ml-1 of chlortetracycline and by 2 days at 50-

500 µg ml-1 of chlortetracycline. This delay in development was also observed in the 

emergence of adults, median development to adulthood was extended from 11 days to 

12 days at 1-10 µg ml-1 and 13 days at 50-500 µg ml-1. 

Table: 3.2. The effect of chlortetracycline on the development time of Drosophila 

melanogaster (Oregon-RS) of 10 vials (10 eggs per vial) of each treatment of 0-500 µg 

ml-1 chlortetracycline (Methods Chapter, Section: 2.3.1, page 39).   

  
Median development time (Days) 

 

Concentration of chlortetracycline µg ml
-1
 to pupae to adulthood 

0 7 11 

1 8 12 

10 8 12 

50 9 13 

100 9 13 

300 9 13 

500 9 13 

                   KW: H6 = 253, p<0.001           KW: H6 = 226, p<0.001 
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3.2.3 Behaviour of larvae on chlortetracycline 

Oregon-RS larvae behaved differently on diet with high a concentration of 

chlortetracycline (100-500 µg ml-1) compared with the larvae reared on the diet with 0-50 

µg ml-1 of chlortetracycline.  Larvae on low concentrations of chlortetracycline were able 

to burrow into the food, but at higher concentrations the larvae had a tendency to 

remain on the surface.  One possible explanation to this observation is that the bacteria 

that grow on the diets with low concentrations of chlortetracycline are softening the diet 

and therefore the larvae have the ability to tunnel through the diet.  At higher 

concentrations of chlortetracycline there is little or no bacterial growth and therefore the 

diet remains solid and harder for the larvae to tunnel into the food.  Another possible 

explanation for this observation could be that the larvae treated with high concentrations 

of chlortetracycline are less vigorous and are not able to penetrate the food as much as 

the larvae treated with 0-50 µg ml-1 of chlortetracycline. 

To test whether the extension of development time was due to a direct effect of 

chlortetracycline rather than a deleterious consequence of feeding on the surface, control 

Oregon-RS was reared on a diet with 0.9-2.5% agar.  This experiment showed that there 

was a significant difference in the median development time (p<0.001. Table: 3.3).  The 

concentration where a difference was observed was at 2% agar where the median 

development time was shortened from 11 days to 9 days, suggesting that this result could 

be an artefact rather than a real result as the reduction in development time was not 

observed at concentrations of agar higher than 2% and no difference was observed 

between the other concentrations (Table: 3.3).   Larvae were also observed to persist on 

the top of the diet at 1.5% and at percentages greater than 1.5%, larvae were found 

within the cracks in the food.  At 0.9-1%, larvae were able to penetrate the food and were 

not observed on the top of the diet. 
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Table:  3.3. The effect of agar percentage in the diet on the development time of control  

Drosophila melanogaster (Oregon-RS) of 10 vials (10 eggs per vial) of each treatment of 

0.9-2.5% agar (Methods Chapter; Section: 2.3.1, page 39).  All data are median. 

Percent agar Median development time adulthood (Days) 

0.9 11 

1 11 

1.25 11 

1.5 11 

2 9 

2.5 11 

KW: H5 = 46.08, p<0.001   

 

3.3 Effects of Chlortetracycline on Oregon-RS size and nutrition  

As described in the introduction, experiments have been conducted with flies which 

included measurements for life-span and survival.  The change in the nutrition of the flies 

has not been considered, therefore in this section I will describe the changes which occur 

with flies treated with chlortetracycline.  

3.3.1 Effects of chlortetracycline on Oregon-RS wing area 

Size of the flies was assessed using wing area which had previously been shown by 

Shingleton et al (2005) and in Chapter 2 to be positively correlated with weight.  The wing 

area was used as a measure of size; wing area was compared between flies treated with 

0-500 µg ml-1.   A 2-way ANOVA was conducted to test whether chlortetracycline affected 

the wing area. There was no significant difference observed between the different 

concentrations of chlortetracycline (F6, 43 = 1.889, p>0.05) (Figure: 3.2). The graph (Figure 

3.2) shows that the wing area did not vary dramatically between the different treatments 

(in males; mean value of 1.368 mm2 at 0 µg ml-1 and 1.357 mm2 at 500 µg ml-1 and in 

females; 1.8 mm2 at 0 µg ml-1 and 1.55 mm2 at 500 µg ml-1).  Female flies have a greater 

wing area than males as they were much larger than the male flies (F1, 43 = 85.988, 

p<0.001). However, there was no significant difference in the effect of chlortetracycline in 

male and female flies (F6, 43  = 0.926, p>0.05). 
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Figure: 3.2. Average wing area of male and female flies treated with 0-500 µg ml-1 of 

chlortetracycline, number of replicates per treatment = 5 (Methods Chapter; Section: 

2.5.1, page 44).   

3.3.2 Effects of chlortetracycline on Oregon-RS protein content 

The average protein content of the flies varied from 157 to 248 µg.  The average protein 

content of female flies was 243.3 µg of protein at 0 µg ml-1, this reduced to 202.2 µg at 

500 µg ml-1 (Figure: 3.3). In male flies the protein content varied from 157 to 190 µg.  

An analysis of covariance (ANCOVA) was conducted to take into account the size of the fly 

using the wing area as a covariate (F1, 54 = 0.110, p>0.05).  This analysis showed that 

protein content varied significantly with chlortetracycline treatment (F6, 54 = 6.598, 

p<0.001) and between sexes (F1, 54 = 46.601, p<0.001).  Yet, the test showed that there 

was a significant difference in response of male and female flies (F6, 54 = 3.534, p<0.01).  

As the statistical test suggested; the response of male and female flies differed, a one-

way ANOVA was conducted separately for the 2 sexes.  This analysis showed wing area 

did not differ in male (F1, 26 = 2.304, p>0.05) and female flies (F1, 27 = 0.238, p>0.05).     

Furthermore, the protein content varied significantly with chlortetracycline treatment in 

females (F1, 27 = 5.524, p<0.01) but not in males (F1, 26 = 2.312, p>0.05). 
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Figure 3.3: The protein content of flies treated with 0-500 µg ml-1 chlortetracycline, 

number of replicates per treatment = 5 (Methods Chapter; Section: 2.5.3, page 46).   

3.3.3 Effects of chlortetracycline on Oregon-RS lipid content 

Lipid content was the second nutrient to be quantified in chlortetracycline treated flies.  

As the dry weight of the flies was measured to calculate the lipid content of the flies, the 

lipid content was normalised to the dry weight of the fly.   

An ANOVA was conducted to determine whether there was a significant impact of 

chlortetracycline treatment on the lipid content of flies.   Chlortetracycline had a 

significant impact on the lipid content of the flies (F6, 54 = 15.086, p<0.001).  This response 

to chlortetracycline treatment was observed in both males and females (F6, 54 = 1.979, 

p>0.05).  However, there was a significant difference in lipid content between sexes, 

generally greater in males than in females (F1, 54 = 27.222, p<0.001).  In females the lipid 

ŎƻƴǘŜƴǘ όǇŜǊ ƳƎ ƻŦ ŘǊȅ ǿŜƛƎƘǘύ ƛƴŎǊŜŀǎŜǎ ŦǊƻƳ лΦолн ƳƎ ŀǘ л ˃Ǝ Ƴƭ-1 to 0.371 mg at 100 

˃Ǝ Ƴƭ-1 όCƛƎǳǊŜ оΦпύΦ Lƴ ƳŀƭŜǎ ǘƘŜ ƭƛǇƛŘ ŎƻƴǘŜƴǘ ƛƴŎǊŜŀǎŜǎ ŦǊƻƳ лΦнфп ƳƎ ŀǘ л ˃Ǝ Ƴƭ-1 to 

лΦпос ƳƎ ŀǘ млл ˃Ǝ Ƴƭ-1 (Figure: 3.4). 

LSD (Least significant difference) post-hoc statistical test showed that the lipid content of 

the female flies treated with no chlortetracycline was significantly different from the flies 

ǘǊŜŀǘŜŘ ǿƛǘƘ млл ˃Ǝ Ƴƭ-1. The lipid content of females ǇŜŀƪ ŀǘ млл ˃Ǝ Ƴƭ-1 of 

chlortetracycline.  This result suggests that it could be an artefact, as the same trend was 

not observed at the concentrations of 300-рлл ˃Ǝ Ƴƭ-1.  In males, post-hoc tests suggest 

ǘƘŀǘ л ˃Ǝ Ƴƭ-1 was significantly different from 1, 50-рлл ˃Ǝ Ƴƭ-1 of chlortetracycline. 
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Figure: 3.4: The lipid content of female and male flies treated with 0-500 µg ml-1 of 

chlortetracycline, number of replicates per treatment = 5 (Methods Chapter; Section: 

2.5.6, page 48).   

Analysis of dry weight of the flies showed that the weight of the chlortetracycline treated 

flies was significantly affected by chlortetracycline treatment (F6, 54 = 9.5, p<0.001). There 

was a significant difference between male and female flies (F1, 54 = 224.738, p<0.001).  

The response to chlortetracycline differed in male and female flies (F6, 54 = 2.661, p<0.05).  

LSD post-ƘƻŎ ǎǘŀǘƛǎǘƛŎŀƭ ǘŜǎǘ ǎƘƻǿŜŘ ǘƘŀǘ ǘƘŜ ǿŜƛƎƘǘ ǿŀǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ ŀǘ млл ˃Ǝ 

ml-1 of chlortetracycline in both male and female flies (Figure: 3.5). 

  

Figure: 3.5: The average dry weight of male and female flies treated with 0- 500 µg ml-1 

of chlortetracycline, number of replicates per treatment = 5 (Methods Chapter; Section: 

2.5.6, page 48).   
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 3.4 Canton-S survival, development, lifespan and fecundity 

Experiments with chlortetracycline were repeated with Canton-S, to demonstrate that 

the observations made in Oregon-RS can also be observed in another wild-type laboratory 

strain.  Furthermore, another method was used to deplete bacteria in the flies via egg 

dechorionation.  A 2X2 factorial experiment was conducted with control flies and flies 

derived from dechorionated eggs treated with 0, 50 and 300 µg ml-1 of chlortetracycline. 

3.4.1 Survival to pupae and adulthood 

The average survival of the strain Canton-S to pupae and adulthood varied from 39-76%.  

The survival to pupae and adulthood was not significantly affected by chlortetracycline or 

by egg dechorionation (Table: 3.4) (p>0.05), yet it does appear that chlortetracycline and 

dechorionation does improve the survival of Canton-S but not when flies derived from 

dechorionated eggs are treated with chlortetracycline.  In control flies the survival was 

39-47%, this increased to 57-76% with flies derived from dechorionated eggs without 

chlortetracycline and control flies treated with chlortetracycline. In flies derived from 

dechorionation and treated with chlortetracycline the survival was similar to the control 

flies, which could suggest that the dechorionation and chlortetracycline treatment had a 

deleterious effect on survival, however chlortetracycline treatment and dechorionation 

alone improved survival. 

Table: 3.4: Survival to pupae and adulthood of control flies and flies derived from 

dechorionation treated with 0-300 µg ml-1 of chlortetracycline and Scheirer-Ray-Hare 

statistical analysis, number of replicates = 15 (Methods Chapter; Section: 2.3.2.2, page 

40).   

 Concentration of  
chlortetracycline (µg ml

-1
) 

  

Mean survival (%) n=15 

Pupae 
  

Adult 
  

Control Dechorionation Control Dechorionation 

0 47 ± 7 62 ± 4 39 ± 7 57 ± 5 

50 71 ± 4 38 ± 6 66 ± 4 35 ± 6 

300 76 ± 4 47 ± 5 71 ± 4 47 ± 5 

Scheirer-Ray-Hare Test 
Chlortetracycline 
Dechorionation 
Chlortetracycline* Dechorionation 
 

 
F6, 84 = 0.728, p>0.05 
F1, 84 = 0.738, p>0.05 
F1, 84 = 2.025, p>0.05 
 

 
F6, 84 = 0.366, p>0.05 
F1, 84 = 1.541, p>0.05 
F1, 84 = 2.530, p>0.05 
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3.4.2 Development time to pupae and adulthood 

The development time to pupation of the strain Canton-S varied significantly with 

chlortetracycline concentration (p<0.05) (Table: 3.5).  At 0 µg ml-1 chlortetracycline, larvae 

started to develop into pupae by day 7.  Pupae formation was delayed by one day at 50 

and 300 µg ml-1 of chlortetracycline. Egg dechorionation also caused a significant effect 

on development time with an extension of one day (p<0.01, Table: 3.5). This experiment 

was repeated and an extension of development was again observed with treated 

Drosophila.  Furthermore, the result supports the data obtained with Oregon-RS.  It does 

suggest that the extension in development is due to the removal of bacteria and not a 

toxicity issue.   

Table: 3.5: Median development time (Days) of control flies and flies derived from 

dechorionation treated with 0-300 µg ml-1 of chlortetracycline and Scheirer-Ray-Hare 

statistical analysis, number of replicates = 15 (Methods Chapter; Section: 2.3.2.2, page 

40). 

 

 

 

 

 

 

 

 Concentration of chlortetracycline 
(µg ml

-1
) 

  

Median development time (Days) n=15 

Pupae 
  

Adult 
  

Control Dechorionation Control Dechorionation 

0 7 8 11 12 

50 8 8 12 12 

300 8 8 12 12 

Scheirer-Ray-Hare Test 
Chlortetracycline 
Dechorionation 
Chlortetracycline* Dechorionation 
 

F6, 501 = 9.54, p<0.05 
F1, 501 = 64.65, p<0.001 
F2, 501 = 4.64, p>0.05 
 

F6, 469 = 9.54, p<0.05 
F1, 469 = 64.65, p<0.05 
F2,469 = 4.64, p>0.05 
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3.4.3 Life-span of male Canton-S  

To gain an overall understanding about how chlortetracycline treatment and egg 

dechorionation affect Canton-S, lifespan and fecundity experiments were conducted. 

The life-span of male flies varied significantly with chlortetracycline concentration 

(p<0.001), but no significant difference was observed between control and with egg 

dechorionation (p>0.05) and there was no significant difference in response of 

dechorionated and control flies to chlortetracycline treatment (p>0.05) (Table: 3.6).  LSD 

post-hoc tests showed that control male flies on no chlortetracycline had a significantly 

lower life-span (41 days) compared with 60-64 days of control flies treated with 

chlortetracycline (Table: 3.6).  Flies derived from dechorionated eggs and no treatment 

with chlortetracycline had an average life-span of 52 days; however, chlortetracycline 

treatment appears to extend life-span further to 59 and 64 days at 50 and 300 µg ml-1, 

respectively. 

Table: 3.6: Average (mean) male life-span of control flies and flies derived from 

dechorionated eggs treated with 0-300 µg ml-1 of chlortetracycline, number of 

replicates = 10 (Methods Chapter; Section: 2.3.2.2, page 40).   

 

 

 

 

 

 

 

 

 

 

 

 
 
 Average adult life-span (Days) n=10 

Concentration of chlortetracycline (µg 
ml

-1
) Control Dechorionation 

0 41 ± 5.273 (8) 52 ± 3.271 (10) 

50 64 ± 2.805 (10) 59 ± 3.437 (10) 

300 60 ± 5.842 (10) 64 ± 2.389 (9) 

ANOVA 
Dechorionation 
Chlortetracycline 
Chlortetracycline* Dechorionation 

 
 

F1,51 = 1.055, p>0.05 
F2,51 = 9.419, p<0.001 
F2,51 = 1.894, p>0.05 
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3.4.4 Fecundity of Canton-S 

Female flies were used to assess the fecundity of chlortetracycline treated flies and flies 

derived from dechorionated eggs.  A Scheirer-Ray-Hare test was conducted to determine 

whether there was a significant effect on the fecundity of control flies and flies derived 

from dechorionated eggs treated with chlortetracycline.  Chlortetracycline treatment was 

ǎƘƻǿƴ ǘƻ ƘŀǾŜ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ŜŦŦŜŎǘ όǇҖлΦлрΣ ¢ŀōƭŜΥ оΦтύ ƻƴ ŜƎƎ ƭŀȅƛƴƎΣ ǿƛǘƘ ǘƘŜ ƳŜŘƛŀƴ ŜƎƎ 

laying capacity being 113 eggs for the control flies and 49.5 and 72 eggs for 50 and 300 µg 

ml-1, respectively.  Dechorionation had no significant effect on fecundity (p>0.05, Table: 

3.7).  Flies derived from dechorionated eggs without chlortetracycline treatment were 

shown to have no significant difference compared with controls (112 and 117, 

respectively) (Table: 3.7).  The response to chlortetracycline of control flies and flies 

derived from dechorionated eggs was not significantly different (p>0.05, Table: 3.7).  Flies 

derived from dechorionated eggs treated with 50 and 300 µg ml-1 chlortetracycline 

showed an egg laying capacity of 68 and 104 eggs, respectively.   

This result suggests that bacteria depletion does not have an effect on the fecundity of 

Drosophila, but the presence of chlortetracycline reduces fecundity.  This may be due to 2 

reasons; 1) the toxicity of chlortetracycline causes a reduction in the reproduction 

capacity 2) the females are deterred from ovipositing on the diet containing the 

antibiotic.  

Table: 3.7. Median number of eggs laid over 7 days of control flies and flies derived 

from dechorionated eggs treated with 0-300 µg ml-1 of chlortetracycline and Scheirer-

Ray-Hare statistical analysis, number of replicates = 10 (Methods Chapter; Section: 

2.3.2.2, page 41). 

  

Median number of eggs laid 
over 7 days (n=10) 
  

Concentration of chlortetracycline (µg ml
-1
) Control Dechorionated 

0 113 117 

50 49.5 68 

300 72 104 

Scheirer-Ray-Hare Test 
Chlortetracycline  
Dechorionation 
Chlortetracycline* Dechorionation 

 
F2,53 = 3.69, p<0.05 
F1,53 = 0.36, p>0.05 
F2,53 = 0.35, p>0.05 

 



74 

 

3.4.5 Egg Hatching Experiment 

Bacteria depleted flies where the eggs were dechorionated have been observed to have 

an extended development time to pupae and adulthood when compared with control 

flies.  Johnston and Crickmore (2010) reported that axenic (bacteria-free) Manduca sexta 

showed a delayed development; they suggested that the treatment rather than the 

removal of bacteria had caused the extension.  From this suggestion, egg hatching was 

monitored to determine whether the dechorionation caused the eggs to hatch later than 

controls.  Bacteria depletion did not appear to cause a delay in egg hatching (MWU: Z1 =    

-1.463, p>0.05), with the median egg hatching time 19 hours after treatment (Table: 3.8). 

Table: 3.8. Median egg hatching time (Hours) of control and dechorionated eggs, 

number of replicates = 10 (Methods Chapter; Section: 2.3.2.2, page 41). 

Treatment  Median egg hatching time (Hours) 

Control 19  

Dechorionated 19 

 
Egg hatching was also measured to determine whether a delayed egg hatching is 

responsible for a delay in development time to pupae and adulthood when treated with 

chlortetracycline.  Eggs were transferred to the control diets and diets with 50 and 300 µg 

ml-1 of chlortetracycline.   Number of eggs hatched was counted at the beginning and end 

of each day.  Chlortetracycline treatment appears not to have an effect on the egg 

hatching (H2 = 0.820, p>0.05), with the median time to hatch of 19 hours after transfer to 

chlortetracycline or non-chlortetracycline diet (Table: 3.9).  A Kruskal-Wallis test was 

conducted on the data which was shown to have a distribution which was significantly 

different from normal (p<0.001).   

Table: 3.9. Median egg hatching time (Hours) of eggs transferred to diet supplemented 

with chlortetracycline, number of replicates = 10 (Methods Chapter; Section: 2.3.2.2, 

page 41). 

Concentration of chlortetracycline (µg ml-1) Median egg hatching time (Hours) 

0 19 

50 19 

300 19 

Both of these experiments suggest that the delay development time occurs at the larval 

stage. 
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3.5 Effects of Chlortetracycline on Canton-S size and nutrition  

3.5.1 Effect of chlortetracycline on Canton-S wing area 

The size of the flies was inferred from the wing area of the flies and used for nutritional 

analysis. The wing area of male flies was not significantly affected by either 

chlortetracycline treatment or by egg dechorionation (p>0.05, Table: 3.10). The average 

wing area of female flies was significantly reduced with chlortetracycline treatment and 

the treatment with chlortetracycline and egg dechorionation with the exception of 

dechorionation with treatment of 50 µg ml-1 of chlortetracycline diet (Table: 3.10). 

Table: 3.10. The wing area  of male and female control flies and flies derived from 

dechorionated eggs (Dechorionation) treated with chlortetracycline (0-300 µg ml-1) and 

ANOVA statistical analysis, number of replicates = 5 (Methods Chapter; Section: 2.5.1, 

page 44). 

 

 

 

 

 

 

 

 

 

Chlortetracycline concentration 
(µg ml

-1
) 

Wing area (mm
3
) 

Mean ± s.e. (n=5, except 
 
*n=3) 

Males Females 

Control Dechorionation Control  Dechorionation 

0 1.36 ± 0.04 1.36 ± 0.01   1.84 ± 0.02 1.80 ± 0.01
 

50 1.38 ± 0.01 1.41 ±  0.02   1.75 ± 0.01 1.84 ± 0.02 

300 1.39 ±0.03 1.39 ± 0.004*   1.77 ± 0.01 1.78 ± 0.02*  

ANOVA 
Dechorionation 
Chlortetracycline 
Chlortetracycline*Dechorionation 

 
F1,22= 0.218, p>0.05 
F2,22 = 0.988, p>0.05 
F2,22 = 0.244, p>0.05 

 
F2,22 =  3.750, p>0.05 
F2,22 = 4.107, p<0.05 
F2,22 = 10.637, 0.001<p<0.01 
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3.5.2 Effect of chlortetracycline on Canton-S triglyceride content 

The triglyceride content of the Drosophila melanogaster was quantified in order to 

determine whether bacterial depletion through chlortetracycline treatment and 

dechorionation affected the lipid nutrition of the insect.   Wing area was used as a 

covariate in this analysis to take into account the size differences between samples.  The 

triglyceride content of male flies was not significantly affected by egg dechorionation, 

however treatment with chlortetracycline did.   In males the triglyceride content 

decreases from 13.9 ҡƎ ŀǘ л ˃Ǝ Ƴƭ-1 to 12.2 and 11.5 ҡƎ ŀǘ рл ŀƴŘ олл ˃Ǝ Ƴƭ-1 of 

chlortetracycline, respectively (Table: 3.11).  Flies derived from dechorionated eggs and 

ǊŜŀǊŜŘ ƻƴ рл ˃Ǝ Ƴƭ-1 of chlortetracycline actually had a greater triglyceride content (17.2 

µg) compared with control flies (13.9 µg), this result was supported by the significant 

interaction between chlortetracycline and egg dechorionation (p<0.001). In females the 

same pattern was observed, there was no significant effect of egg dechorionation but 

there was a significant reduction in triglyceride content in the presence of 

chlortetracycline (p<0.05). In females, the triglyceride decreases from 23.5 µg aǘ л ˃Ǝ Ƴƭ-1 

to 17.3 and 21.2  ҡƎ ŀǘ рл ŀƴŘ олл ˃Ǝ Ƴƭ-1 respectively (Table: 3.11).  The same pattern 

was observed in flies derived from dechorionated eggs treated with chlortetracycline 

(p>0.05).  

Table: 3.11 Triglyceride content of control flies and flies derived from dechorionated 

eggs treated with 0-300 µg ml-1 of chlortetracycline and ANCOVA statistical analysis, 

number of replicates = 5 (Methods Chapter; Section: 2.5.5, page 47). 

Chlortetracycline concentration 
(µg ml

-1
) 

Triglyceride content (µg) per fly 
Mean ± s.e. (n=5, except 

 
*n=3) 

Males Females 

Control Dechorionation Control  Dechorionation 

0 13.9 ± 0.5 12.0 ± 0.5   23.5 ± 0.6 21.1 ± 1.0
 

50 12.2 ± 1.1 17.2 ± 0.5   17.3 ± 1.2 17.7 ± 2.5 

300 11.5 ± 0.5 10.4 ± 1.3*   21.2 ± 1.2 15.8 ± 0.7*  

ANCOVA 
Wing area covariate 
Dechorionation 
Chlortetracycline 
Chlortetracycline*Dechorionation 

 
F1,21= 2.498, p>0.05 
F1,21 = 0.349, p>0.05 
F2,21 = 20.799, p<0.001 
F2,21 = 12.830, p<0.001 

 
F1,22 =  0.206, p>0.05 
F1,22 = 0.521, p>0.05 
F2,22 = 6.294, 0.05>p>0.01 
F2,22 = 1.603, p>0.05 



77 

 

3.5.3 Effect of chlortetracycline on Canton-S protein content 

In male flies there was a significant effect of egg dechorionation on the protein content of 

the flies but chlortetracycline treatment alone had no significant effect on the protein 

content (p>0.05) (Table: 3.12). The protein content was significantly reduced in flies with 

egg dechorionation and treatment with chlortetracycline (decreases from 102.8 ҡƎ ƛƴ л ˃Ǝ 

ml-1 control to 78.2 µg) όǇҖлΦлрύ.  In female flies dechorionation has no significant effect 

on the protein content, nevertheless chlortetracycline treatment did;  protein content 

decreases from 165.6 ҡƎ ŀǘ л ˃Ǝ Ƴƭ-1 to 126.6 and 141.5  ҡƎ ŀǘ рл ŀƴŘ олл ˃Ǝ Ƴƭ-1, 

respectively (Table: 3.12).  The same pattern was also observed with flies derived from 

dechorionated eggs and exposed to chlortetracycline (138.7 and 121.2 µg at 50 and 300 

˃Ǝ Ƴƭ-1, respectively) which is supported by the non significant result for the interaction 

between egg dechorionation and chlortetracycline.  This result observed in the female 

flies suggests that the chlortetracycline could be altering protein metabolism/synthesis 

and not as a result of depleting the bacteria as there was no significant difference with 

egg dechorionation alone.  However, this was not observed in male flies.  The only 

significant reduction was observed in flies with egg dechorionation and treated with 

chlortetracycline, suggesting that there is an interaction between chlortetracycline and 

egg dechorionation. 

Table: 3.12: The protein content of control flies and flies derived from dechorionated 

eggs treated with 0-300 µg ml-1 of chlortetracycline and ANCOVA statistical analysis, 

number of replicates = 5 (Methods Chapter; Section: 2.5.3, page 46). 

 

Chlortetracycline concentration 
(µg ml

-1
) 

Protein content (µg) per fly 
Mean ± s.e. (n=5, except 

 
*n=3) 

Males Females 

Control Dechorionation Control  Dechorionation 

0 102.8 ± 7.3 106.9 ± 4.0   165.6 ± 8.3 152.8 ± 4.6
 

50 108.7 ± 8.6 87.7 ± 5.2   126.6 ± 10.3 138.7 ± 2.5 

300 104.3 ± 6.8 78.2 ± 6.5*   141.5 ± 8.1 121.2 ± 4.8*  

ANCOVA 
Wing area covariate 
Dechorionation 
Chlortetracycline 
Chlortetracycline*Dechorionation 

 
F1,21 = 2.230, p>0.05 
F1,21 = 7.763, p<0.05 
F2,21 = 2.644, p>0.05 
F2,21 Ґ оΦофпΣ ǇҖлΦлр 

 
F1,22 =  0.147, p>0.05 
F1,22 = 0.582, p>0.05 
F2,22 = 5.939, 0.01>p>0.001 
F2,22 = 1.583, p>0.05 
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3.5.4 Effect of chlortetracycline on Canton-S glucose content 

The carbohydrate content of the flies were quantified, the carbohydrate sources that 

were analysed were glucose, trehalose and glycogen.  On average, the glucose content of 

the flies ranged from 4-12 µg (Table: 3.13).  The glucose content of male and female flies 

was approximately 60% greater in flies reared with egg dechorionation excluding the flies 

also reared with 300 µg ml-1.  Chlortetracycline also promoted the quantity of free 

glucose; still there was only approximately a 40% increase. This result suggests that in the 

presence of bacteria, free glucose levels are depressed, chlortetracycline does not 

eliminate all of the bacteria and therefore the effect is less pronounced.  The flies with 

dechorionation and reared on 300 µg ml-1 of chlortetracycline did have a lower quantity 

of glucose, but this could be the result of a build-up effect of a high concentration of 

chlortetracycline on a fly with an already depleted gut microbiota.  

Table: 3.13. The glucose content of control flies and flies derived from dechorionated 

eggs treated with 0-300 µg ml-1 of chlortetracycline and ANCOVA statistical analysis, 

number of replicates = 5 (Methods Chapter; Section: 2.5.4, page 46). 

 

 

 

 

 

  

Chlortetracycline concentration 
(µg ml

-1
) 

Glucose content (µg) per fly 
Mean ± s.e. (n=5, except 

 
*n=3 # n=4) 

Males Females 

Control Dechorionation Control  Dechorionation 

0 4.9 ± 0.4 8.3 ± 0.6   7.9 ± 0.5 12.3 ± 0.8#
 

50 5.1 ± 0.3 8.6 ± 0.6   8.1 ± 0.4 13.5 ± 1.3 

300 6.7 ± 0.3 5.0 ± 0.5 *   10.7 ± 1.1 4.9 ± 0.3*  

ANCOVA 
Wing area covariate 
Dechorionation 
Chlortetracycline 
Chlortetracycline*Dechorionation 

 
F1,21 = 0.249, p>0.05 
F1,21 = 18.441, p<0.001 
F2,21 = 1.943, p>0.05 
F2,21 = 15.727, p<0.001 

 
F1,20 =  5.830, p<0.05 
F1,20 = 1.279, p>0.05 
F2,20 = 5.363, p<0.05 
F2,20 = 36.873, p<0.001 



79 

 

3.5.5 Effect of chlortetracycline on Canton-S trehalose content 

On average the trehalose content of the flies ranged from 4-14 µg (Table: 3.14).  In male 

flies chlortetracycline treatment appeared to increase the trehalose content of the flies 

by approximately 30 percent.  Again, this supports the theory suggested for the glucose 

data that the bacteria utilise the sugar and therefore deplete levels within the fly.  

However, the same pattern was not observed with egg dechorionation, a reduction was 

actually observed at 0 and 50 µg ml-1 of chlortetracycline.  In female flies the same 

pattern was observed as with male flies.  An increase in free trehalose for the 

chlortetracycline treated flies was demonstrated, this increase was substantial with up to 

a 3 fold change. In female flies with egg dechorionation, an increase was also observed 

and at a similar quantity as the treatment with 300 µg ml-1 (a concentration of antibiotic 

which depletes most of the bacteria). 

Table: 3.14. The trehalose content of control flies and flies derived from dechorionated 

eggs treated with 0-300 µg ml-1 of chlortetracycline and ANCOVA statistical analysis, 

number of replicates = 5 (Methods Chapter; Section: 2.5.4, page 47). 

 

 

 

 

 

 

Chlortetracycline concentration 
(µg ml

-1
) 

Trehalose content (µg) per fly 
Mean ± s.e. (n=5, except 

 
*n=3 # n=4) 

Males Females 

Control Dechorionation Control  Dechorionation 

0 5.5 ± 0.4 4.1 ± 0.7   4.3 ± 0.4 12.1 ± 2.0#
 

50 6.3 ± 0.6 2.0 ± 1.4   7.8 ± 1.3 11.3 ± 1.2 

300 7.2 ± 1.0 6.1 ± 0.7*   11.8 ± 0.8 14.1 ± 1.3*  

ANCOVA 
Wing area covariate 
Dechorionation 
Chlortetracycline 
Chlortetracycline*Dechorionation 

 
F1,21= 0.401, p>0.05 
F1,21 = 9.035, p<0.01 
F2,21 = 3.766, p<0.05 
F2,21 = 2.096, p>0.05 

 
F1,20 =  1.324, p>0.05 
F1,20 = 22.962, p<0.001 
F2,20 = 4.332, p<0.05 
F2,20 = 1.692, p>0.05 
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3.5.6 Effect of chlortetracycline on Canton-S glycogen content 

The final carbohydrate that was quantified was glycogen.  On average the glycogen 

content of the flies was 4-22 µg (Table: 3.15).  In male flies there was no distinct trend, 

there was no significant difference between flies with and without egg dechorionation.  

However, there was a significant difference in glycogen levels of chlortetracycline treated 

flies at 300 µg ml-1 where a 30% increase was observed. The flies without egg 

dechorionation had a greater quantity of glycogen levels compared to the control flies, 

but this was not significant (p>0.05). At 50 µg ml-1 of chlortetracycline with 

dechorionation, the glycogen levels were approximately 50% greater.  This result was 

supported by the statistical significance of the interaction between egg dechorionation 

and chlortetracycline.  In female flies, a more distinct trend was observed where female 

flies on high concentrations of chlortetracycline (300 µg ml-1) and with egg 

dechorionation had a significantly greater quantity of glycogen. A 20-300% increase was 

observed in females treated with chlortetracycline and reared without egg 

dechorionation.  Female flies reared without egg dechorionation and in the presence of 

chlortetracycline had a much greater quantity of glycogen compared with control with 

chlortetracycline; therefore a significant interaction between egg dechorionation and 

chlortetracycline was observed.   

Table: 3.15. The glycogen content of control flies and flies derived from dechorionated 

eggs treated with 0-300 µg ml-1 of chlortetracycline and ANCOVA statistical analysis, 

number of replicates = 5 (Methods Chapter; Section: 2.5.4, page 47). 

Chlortetracycline concentration 
(µg ml

-1
) 

Glycogen content (µg) per fly 
Mean ± s.e. (n=5, except 

 
*n=3 # n=4) 

Males Females 

Control Dechorionation Control  Dechorionation 

0 5.5 ± 0.7 7.0 ± 0.3   7.0 ± 0.3 8.6 ± 1.1*
 

50 4.1 ± 0.3 8.6 ± 1.0 #   6.7 ± 1.1 10.1 ± 0.5# 

300 7.3 ± 1.0 6.9 ± 0.4*   10.2 ± 1.1 22.2 ± 3.9*  

ANOVA 
Wing area covariate 
Dechorionation 
Chlortetracycline 
Chlortetracycline*Dechorionation 

 
F1,20 = 0.205, p>0.05 
F1,20 = 2.603, p>0.05 
F2,20 = 8.274, p<0.01 
F2,20 = 4.113, p<0.05 

 
F1,18 =  0.230, p>0.05 
F1,18 = 14.501, p<0.01 
F2,18 = 10.074, p<0.01 
F2,18 = 5.256, p<0.05 
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3.6 Respirometry analysis with chlortetracycline treatment and egg 

dechorionation reared on the York diet 

Respirometry analysis was conducted with male and female Canton-S reared on the York 

diet, the 2-factor experiment involved; chlorteracycline and dechorionation.  The 

respirometry analysis involved the quantification of oxygen consumption, carbon dioxide 

production and from these values the repiratory quotient (RQ) value (CO2/O2) was 

calculated. 

In male flies the mean oxygen consumption varied from 0.054-0.089 µl per minute with 

the control flies consuming the greatest oxygen volume per minute (Figure: 3.6a). Carbon 

dioxide production varied from 0.08-0.10 µl per minute, again with control flies producing 

the greatest volume (Figure: 3.6a).  The respiratory quotient varied from 1.16-1.77, with 

the greatest RQ value with flies derived from dechorionated eggs treated with 300 µg ml-1 

chlortetracycline (Figure: 3.7a).    

In female flies the oxygen consumption was greater than with male flies which would be 

expcted as female flies were greater in size. As with male flies the greatest oxygen 

consumption was observed with control flies, the oxygen consumption across all 

treatments varied from 0.11-0.18 µl per minute (Figure: 3.6b). Carbon dioxide production 

varied from 0.10-0.16 µl per minute, again with control flies producing the greatest 

volume (Figure: 3.6b).  The respiratory quotient for females, varied from 0.90-1.21 with 

the greatest RQ value with flies derived from dechorionated eggs treated with 50 µg ml-1 

chlortetracycline (Figure: 3.7b). 

Analysis of covariance was conducted with oxygen consumption, carbon dioxide 

production and RQ values with the wing area as the covariate.   

Statistical analysis of the oxygen consumption for male and female flies showed that wing 

area did not differ significantly between the treatments  (F1, 65 = 0.118, p>0.05).  

Chlortetracycline (F6, 65 = 2.219, p>0.05) did not have a significant effect on the oxygen 

consumption but dechorionation did (F1, 65 = 3.894, p=0.05).  Sex did have a significant 

effect on the oxygen consumption values (F1, 65 = 4.240, p<0.05) with females consuming 

more oxygen than male flies.  The interactions of dechorionation*chlortetracycline 

treatment also had a significant effect on the oxygen consumption (F2, 65 = 3.724, p<0.05) 
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with dechorionation and treatment with 50 µg ml-1 chlortetracycline of male flies having a 

greater consumption compared with control flies treated with 50 µg ml-1 

chlortetracycline.   The interactions of sex*chlortetracycline, sex*dechorionation, 

sex*dechorionation*chlortetracycline did not have a significant value (Figure: 3.6). 

The graphs in Figure: 3.6 suggests that oxygen consumption was significantly decreased 

with chlortetracycline treatment in comparison to control flies, therefore a separate 

analysis was conducted with the values gained for chlortetracycline treated and control 

flies only.  An analysis of covariance demonstrate that wing area was not significantly 

different (F1, 40 = 0.442, p>0.05).  Chlortetracycline treatment significantly impacted 

oxygen consumption (F2, 40 = 9.157, p<0.01).  The same observation was made in male and 

female flies (F2, 40 = 1.054, p>0.05), yet there was a significant difference in oxygen 

consumption between the 2 sexes (F1, 40 = 6.370, p<0.05). 

Analysis of carbon dioxide production of male and female flies, showed that wing area did 

not differ significantly between the treatments  (F1, 66 = 2.219, p>0.05).  Chlortetracycline 

(F6, 66 = 1.040, p>0.05) and dechorionation (F1, 66 = 0.816, p>0.05) did not have a significant 

effect on the carbon dioxide production.  Sex also did not have a significant effect on the 

carbon dioxide production values (F1, 66 = 0.097, p>0.05).  As with oxygen consumption the 

interactions of dechorionation*chlortetracycline treatment did also have a significant 

effect on the carbon dioxide production (F2, 66 = 4.244, p<0.05) with dechorionation and 

treatment with 50 µg ml-1 chlortetracycline of female flies having a greater consumption 

than control flies treated with 50 µg ml-1 chlortetracycline.   The interactions of 

sex*chlortetracycline, sex*dechorionation, sex*dechorionation*chlortetracycline did not 

have a significant value (Figure: 3.6). 

Again the graphs in Figure: 3.6 suggests that carbon dioxide production was significantly 

decreased with chlortetracycline treatment in comparison to control flies.  Once again a 

separate analysis was conducted with the values gained for chlortetracycline treated and 

control flies only.  ANCOVA statistical analysis demonstrated that wing area was not 

significantly different (F1, 41 = 1.404, p>0.05).  Chlortetracycline treatment significantly 

impacted carbon dioxide production (F2, 41 = 5.125, p<0.05).  The same observation was 

observed in male and female flies (F2, 41 = 1.269, p>0.05) and there was no significant 

difference between the 2 sexes (F1, 41 = 0.021, p>0.05). 
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For the RQ data for male and female flies, wing area was not significantly different 

between the different treatments (F1, 64 = 1.483, p>0.05).  Chlortetracycline (F6, 64 = 1.208, 

p>0.05) and dechorionation (F1, 64 = 2.239, p>0.05) both did not have a significant effect 

on the RQ values.  However, sex did have a significant effect on the RQ values (F1, 64 = 

4.587, p<0.05) with females having a lower RQ value than male flies.  The interactions of 

dechorionation*sex, dechorionation*chlortetracycline, sex*chlortetracycline and 

sex*dechorionation*chlortetracycline all had significant values exceeding the critical 

value of 0.05 (Figure: 3.7).  
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Variable O2 Consumption CO2 Production 

Wing Area F1, 65 = 0.118, p>0.05 F1, 66 = 2.219, p>0.05 

Chlortetracycline F2, 65 = 2.219, p>0.05 F2, 66 = 1.040, p>0.05 

Dechorionation F1, 65 = 3.894, p=0.05 F1, 66 = 0.816, p>0.05 

Sex F1, 65 = 4.240, p<0.05 F1, 66 = 0.097, p>0.05 

Dechorionation*Chlortetracycline F2, 65 = 3.724, p<0.05 F2, 66 = 4.244, p<0.05 

Sex*Chlortetracycline F2, 65 = 0.347, p>0.05 F2, 66 = 0.139, p>0.05 

Sex*Dechorionation F1, 65 = 0.490, p>0.05 F1, 66 = 0.032, p>0.05 

Sex*Dechorionation*Chlortetracycline F2, 65 = 0.286, p>0.05 F2, 66 = 1.364, p>0.05 

Figure: 3.6. O2 consumption and CO2 production of male (a) and female (b) flies treated 

with chlortetracycline and dechorionation with ANCOVA analysis.  Number of replicates 

= Control male flies: 10 0tet, 8 50tet, 11 300tet; Male flies derived from dechorionated 

eggs: 6 0tet, 7 50tet, 3 300tet; Control female flies: 5 0tet, 3 50tet, 9 300tet; Female flies 

derived from dechorionated eggs: 5 0tet, 4 50tet, 3 300tet. Methods Chapter; Section: 

2.6, page 48. 

a 

b 
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Figure: 3.7. RQ values of male (a) and female (b) flies treated with chlortetracycline and 

dechorionation with ANOVA analysis and ANOVA statistical analysis.  Number of 

replicates = Control male flies: 10 0tet, 8 50tet, 11 300tet; Male flies derived from 

dechorionated eggs: 6 0tet, 7 50tet, 3 300tet; Control female flies: 5 0tet, 3 50tet, 9 

300tet; Female flies derived from dechorionated eggs: 5 0tet, 4 50tet, 3 300tet. 

Methods Chapter; Section: 2.6, page 48. 

a 

b 

  Wing Area          F 1 , 64 
  
= 1.483, p> 0.05   

Dechorionation         F 1, 64 
  
= 2.239 , p>0.05   

Chlortetracycline         F 2 , 64 
  
=  1.208 , p>0.05   

Sex            F 1 , 64 
  
= 4.587, p< 0.05   

Dechorionation *Sex       F 1 , 64 
  
= 0.012 , p>0.05   

Dechorionation*Chlortetracycline     F 2 , 64 
  
= 1.281 , p>0.05   

Sex* Chlortetracycline       F 2 , 64 
  
= 0.529 , p>0.05   

Dechorionation*Sex*Chlortetracycline   F 2 , 64 
  
= 1.259 , p>0.05   
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3.7 The impacts of chlortetracycline and egg dechorionation on Canton-S 

reared on a high and low nutrient diet 

The survival to pupae with flies reared on the high nutrient diet supplemented with 0-500 

µg ml-1 of chlortetracycline ranged from 84-72%, with the survival to pupae not 

significantly affected by the treatment with chlortetracycline (Kruskal-Wallis: H6 = 5.854, 

p>0.05) (Figure: 3.8).   However, the survival to adulthood with flies reared on the high 

nutrient diet supplemented with 0-500 µg ml-1 ranged from 7-57%.  The lowest survival 

was at the high concentrations of chlortetracycline of 300-500 µg ml-1 with a survival of 7-

8%.  This result suggests that the mortality occurred at the pupal stage as the survival to 

pupae was 85-86% at 300-500 µg ml-1 compared to 7-8% survival to adulthood.  

Therefore, 78-79% mortality had occurred at the pupal stage. This difference with 

chlortetracycline treatment on the survival to adulthood was shown to be significantly 

different (Kruskal-Wallis: H6 = 38.204, p<0.001). 

 

Figure: 3.8. Percent survival from egg of Canton-S reared on the high nutrient diet 

supplemented with 0-500 µg ml-1 of chlortetracycline, number of replicates = 12 with 10 

eggs per replicate (Methods Chapter; Section: 2.3.2.1, page 40). 

A different response was observed with flies reared on the low nutrient diet compared 

with those on the high nutrient diet.  The survival of the flies to pupae on a diet 

supplemented with 0-500 µg ml-1 of chlortetracycline varied from 83% to 55%, with a 

significantly lower survival at 100 and 300 µg ml-1 of chlortetracycline of 55% and 56%, 

respectively compared with 75% with control flies (Kruskal-Wallis: H6 = 16.138, p<0.05) 

(Figure: 3.9).  The survival to adulthood ranged from 51-81%, a greater survival compared 
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with the high nutrient diet but still with a significantly lower survival at 100-500 µg ml-1 

chlortetracycline of 48-52% compared with control flies with a 71% survival (Kruskal-

Wallis: H6 = 23.043, p<0.01). 

 

Figure: 3.9. Percent survival from egg of Canton-S reared on the low nutrient diet 

supplemented with 0-500 µg ml-1 of chlortetracycline, number of replicates = 12 with 10 

eggs per replicate (Methods Chapter; Section: 2.3.2.1, page 40). 

 

Alongside the experiment with chlortetracycline treatment, bacteria depletion was also 

conducted via egg dechorionation.  The survival to pupae and adulthood of these flies 

was compared with control flies on the high and low nutrient diets.  The survival to pupae 

of control flies reared on the high nutrient diet was higher than flies derived from 

dechorionated eggs of 84% and 69% respectively, yet this difference was not significant 

(Mann Whitney U: Z1 = -1.267, p>0.05).  The survival to adulthood was lower for both 

treatments, with a 57% and 39% survival for control and dechorionation respectively.  

Again, there was no significant difference between the two treatments (Mann Whitney U: 

Z1 = -1.334, p>0.05) was observed (Figure: 3.10).   
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Figure: 3.10. The percent survival of control and flies derived from egg dechorionation 

on the high nutrient diet, number of replicates = 12 with 10 eggs per replicate (Methods 

Chapter; Section: 2.3.2.1, page 40). 

Flies reared on the low nutrient diet had a lower survival to pupae compared with the 

high nutrient diet but did have a higher survival to adulthood.  The survival to pupae of 

control flies and with dechorionation was 75% and 64% respectively, this difference was 

found not to be significantly different (Mann Whitney U: Z1 = -1.445, p>0.05) (Figure: 

3.11).  The survival of the flies to adulthood was 71% for control flies and 66% with 

dechorionation.  Again, statistical analysis showed that there was no significant difference 

between the survival of control flies and with egg dechorionation (Mann Whitney U: Z1 = -

0.874, p>0.05) (Figure: 3.11). 

 

Figure: 3.11. The percent survival of control and flies derived from egg dechorionation 

on the low nutrient diet, number of replicates = 12 with 10 eggs per replicate (Methods 

Chapter; Section: 2.3.2.1, page 40). 
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3.8 Impact of chlortetracycline on Drosophila microbiota  

3.8.1 Impact of chlortetracycline on Drosophila microbiota (Oregon-RS) 

Antibiotic treatment was shown to have an effect on the development of Drosophila. To 

determine whether this was in fact due to the removal of bacteria in the flies, larvae were 

sampled from each treatment and plated onto nutrient agar plates. 

This experiment showed a clear difference in bacterial content in the larvae treated with 

50-500 µg ml-1 chlortetracycline. Even though there were still bacteria present on these 

plates they were present at a lower number (Table: 3.16). Larvae treated at lower 

concentration of chlortetracycline had a greater number of bacteria present across the 

entire agar plate with the number of colony forming units ml-1 of homogenate ranging 

from 26 to 1632 όʋ26 =6393.36, p<0.05)( Table: 3.16). 

Table: 3.16. The Colony Forming Units (CFUs) of the culturable bacteria found in 3rd 

instar larvae reared on 0-500 µg ml-1 chlortetracycline with Chi2 analysis (Methods 

Chapter; Section: 2.4.1, page 43). 

Concentration of chlortetracycline (µg ml
-1
)  Number of colony forming units per 3

rd
 instar 

larva (1-2 replicates per treatment).  
   

0  490 

1  26; 424 

10  1632 

50  0; 8 

100  1; 4 

300  3; 4 

500  0; 11 

ʋ2
6 =6393.36, p<0.05 

To determine the culturable species of bacteria present in Oregon-RS, 16S rRNA gene 

sequence analysis was conducted on 10 sampled colonies.  BLAST analysis showed that 

there were several sequences matching the sequence of the 16S rRNA gene of four main 

bacterial species.  These species were Lactobacillus plantarum, Lactobacillus pentosus, 

Acetobacter pasteurianus and Acetobacter pomorum (Table: 3.17).   
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Table: 3.17. The bacterial identification of colonies sampled from Oregon-RS (with 

number of sequences and the % sequence identity) (Methods Chapter; Section: 2.8.2, 

page 49). 

Species Name NCBI Accession Number 

Lactobacillus plantarum strain HDRS1 16S ribosomal RNA gene, partial 
sequence (99%) 
(5 forward sequences) 
Lactobacillus plantarum 16S rRNA gene, clone 6C4 (98-99%) 
(5 reverse sequences) 

DQ141558.2 
 
 
AM157432.1 

Lactobacillus plantarum strain ZDY128 16S ribosomal RNA gene, partial 
sequence (99%)/  Lactobacillus pentosus gene for 16S rRNA, partial sequence, 
strain: NRIC 1837 (99%) (1 sequence) 

EU559599.1/AB362758.1 

Acetobacter pasteurianus gene for 16S ribosomal RNA, complete sequence, 
strain: SKU1108 (96-99%)  
(4 forward/reverse sequences)  
Acetobacter pomorum strain EW816 16S ribosomal RNA gene, partial 
sequence (96-99%) (3 forward/reverse sequences) 

AB499842.1 
 
 
EU096229.1 
 

3.8.2 Identification of Wolbachia in Oregon-R and Canton-S 

Tetracycline is often used to remove Wolbachia in laboratory-reared Drosophila (Fry and 

Rand, 2002).  To identify whether this bacterium was present in the 2 strains of 

Drosophila (Oregon-RS and Canton S), a diagnostic PCR was conducted. 

The results suggest Oregon-RS and Canton-S stains do not have Wolbachia, this is shown 

by the absence of a band at ~600 base pairs (Figure: 3.12).  The Isogenic (ISO) strain was 

known to be infected with Wolbachia and was used as a positive control. 

 

Figure: 3.12. Wolbachia detection using PCR, water was used as a negative control and 

ISO (Isogenic) line as the positive control (band at ~600 bp).    Size detection using 1kb 

plus DNA ladder (Invitrogen). 100ng of DNA added (Methods Chapter; Section: 2.8.3, 

page 51). 

http://www.ncbi.nlm.nih.gov/nucleotide/194442161?report=genbank&log$=nucltop&blast_rank=1&RID=KNT933U901N
http://www.ncbi.nlm.nih.gov/nucleotide/82617073?report=genbank&log$=nucltop&blast_rank=1&RID=KNU4DNDU01N
http://www.ncbi.nlm.nih.gov/nucleotide/157907490?report=genbank&log$=nucltop&blast_rank=2&RID=KP058KAD014
http://www.ncbi.nlm.nih.gov/nucleotide/260590582?report=genbank&log$=nucltop&blast_rank=1&RID=KNVRTHKJ014
http://www.ncbi.nlm.nih.gov/nucleotide/158726392?report=genbank&log$=nucltop&blast_rank=1&RID=KNVM3FT001S























































































































































































































































































































































