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Abstract

The ability of an insect to tolerate cold temperatures is different at both popula-

tion and species level. To increase their chilling tolerance D. melanogaster adopt

various methods like accumulation of carbohydrate cryoprotectants, membrane re-

modeling etc as a part of both evolutionary change and RCH. And due to chill

injury flies’ attractiveness can go down. Thus here we did two experiments first to

check the effect of cold shock on the attractiveness of female D. melanogaster and

second to quantify the levels of cryoprotectants. The first experiment was a mate

choice experiment to see a difference in female D. melanogaster attractiveness after

cold shock in selected (for cold shock) and control population. In this, we got the

positive result that indeed post cold shock female’s attractiveness goes down and

females from selected populations are much better at recovering from cold shock

than the females of control populations. The second experiment was Accumulation

of Cryoprotectants which was done to quantify the levels of different cryoprotec-

tants; namely Glucose, Glycogen and Trehalose; in D. melanogaster. BRB flies

were given 4 types of treatments which were RCH, RCH with cold shock, Cold

shock, no shock and were flash frozen at several time points 0, 4, 8, 12, 24, 36, 48, 60

hours post treatments. We were successfully able to quantify the levels of glucose

in D. melanogaster males but we did not see any statistically significant difference

between the glucose levels of D. melanogaster post treatments. We still have to

quantify levels of glycogen and trehalose.





Chapter 1

Introduction

As I quoted earlier ”It is not the strongest of the species that survives, nor the most

intelligent, but the one most responsive to change”, every organism on this planet

has to encounter environmental stress of all kinds and if it wishes to continue;

it has to learn to deal with different environmental stress. Stress is defined as

an environmental condition which has detrimental effects on the performance of

organism, leading to impaired Darwinian fitness [27], [28] or an ”environmental

factor causing a change in a biological system, which is potentially injurious”. [29]

Low temperature is one of the major environmental stress that is faced by al-

most all organisms especially by the organisms which are smaller in size (thus

have a large surface area to volume ratio) and are ectotherms or poikilotherms,

insects are a perfect example of these types of organisms. Colonization by insects

throughout the globe would not have been possible without them evolving vari-

ous mechanisms, adapting different kinds of techniques to deal with cold stress.

As D. melanogaster in itself is very cosmopolitan species, it can be found from

tropics to temperate; desert to amazons (basically, all across the earth), therefore

it must have developed some mechanisms; adopted some techniques to counter

the negative effects associated with cold stress. And since every action has an

equal and opposite reaction those techniques and mechanisms have an effect on

its physiology; behavior and life history traits. [31], [30], [32]

1



Chapter 1 Introduction 2

Moreover, insect responses to low temperature can be broadly categorized into

two groups: freeze-tolerant and freeze-intolerant. Freeze-tolerant insects respond

to low-temperatures by allowing their body tissues to freeze, and damage is typ-

ically mitigated in this mechanism by limiting ice formation to the extra-cellular

spaces. They accomplish this by increasing the amount of intra-cellular solutes and

promoting ice formation in the extra-cellular spaces, which limits damage to mem-

branes. Freeze intolerant insects suffer damage from cold at temperatures above

the point at which body tissues freeze. These organisms prevent damage from

low-temperature by increasing the concentrations of polyols in the hemolymph

and repair the damage from low-temperature by the production of heat shock

proteins. [33]

D. melanogaster is among the freeze-intolerant insects, it relies on various phys-

iological and biochemical adaptations to survive low temperature exposure [36],

[37], [38], [39], [40], [41], [42]. These include the accumulation of glycerol and

trehalose, and other low molecular weight polyols and sugars; the synthesis of an-

tifreeze proteins and ice-nucleating agents. In addition, there are several changes in

membrane composition and increased production of molecular chaperone proteins

which help in cold stress tolerance [43]. Also, a short exposure to a mild cold stress

is sufficient to increase cold tolerance in many insects including D. melanogaster.

This phenomenon, termed rapid cold hardening (RCH) expands the thermal in-

terval that can be exploited by the insect [34]. The RCH response increases the

cold tolerance of insects by protecting against non-freezing, cold-shock injury, it

increases the cold tolerance of the adults at the organismal level [35]. Thus, I did

an experiment to quantify different levels of various metabolites (glucose, glyco-

gen and trehalose) in D. melanogaster after exposing them to different treatments

(RCH, cold shock, RCH with cold shock, NO shock). Another experiment was a

mate choice experiment done to check the differences between the attractiveness

of females from selected (for cold shock) and control population post cold shock.



Chapter 2

Experimental System

2.1 Model System

I have used Drosophila melanogaster as the model system for my master’s thesis

work. Due to their short life-cycle and ease of handling and manipulation of their

ecology in the laboratory, D. melanogaster have become popular for studies of

life-history evolution [1].

The fruit flies are holometabolous insects that undergo complete metamorphosis.

They have an adult life span of typically 35−40 days [1]. The D. melanogaster life

cycle consists of 4 stages: egg, larva, pupa and adult. Eggs hatch into 1st instar

larvae around 18 − 24 days after they are laid. The larvae molt into 2nd instar

larvae after a day, and into 3rd instar larvae after another day. They remain at

this stage for 2 − 3 days, until they pupate. Pupal stage lasts for about 4-5 days

after which flies eclose as adults. The flies attain sexual maturity after about 6−8

hours post-eclosion [1].

All populations of flies used in this thesis have been reared in standard laboratory

conditions of 25◦C, 55% relative humidity and 12h : 12h light-dark cycle.

3
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Figure 2.1: Life cycle of D. melanogaster

2.2 Experimental Population

For my thesis, I have used the following populations of D. melanogaster all of

which are reared in banana jaggery food.

2.2.1 BRB

BRB is a large outbred population of D. melanogaster that was established from

19 iso-female lines. The iso-female lines were founded by 19 females caught in

the wild from Blue Ridge, USA. The populations are maintained in cages on a

14-day discrete generation cycle. There are five replicate populations (BRB 1− 5)

comprising 2500 adults per generation for every replicate [2].

Figure 2.2: Derivation of BRB [44]
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2.2.2 Cold Shock Resistance Lines (FSB and FCB)

FSB and FCB were derived from BRB populations. FSB is the selected popula-

tion for cold shock whereas FCB is the control population. The populations are

maintained in cages on a 13-day discrete generation cycle. There are five replicate

populations (FSB 1− 5 and FCB 1− 5) comprising 1400 adults per generation for

every replicate. FSB populations are exposed to -5◦C for 1 hour every generation

on 12th day post egg collection and FCB are kept at 25◦C.

Figure 2.3: Derivation of FSB and FCB populations

Figure 2.4: Maintainence of FSB and FCB populations [44]
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2.3 Standardization

Fitness related-traits may be heavily affected by non-genetic parental effects.

Therefore, for conducting experiments, flies are generated from parental flies that

have been maintained under similar conditions for one generation. This process is

called standardization [3]. Eggs are collected from stock populations at a density

of 70 eggs per vial. On 12th day, flies are transferred to cages. For generating

experimental flies, eggs are collected from these standardized flies.



EXPERIMENTS

Mate Choice Experiment

Accumulation of Cryoprotectants
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Chapter 3

Mate Choice Experiment

3.1 Introduction

This experiment was done to see the effect cold shock have on the attractiveness

of females in D. melanogaster. Cold shock directly affects the attractiveness of D.

melanogaster as it changes CHC profile, behavioral cues, survivorship, fecundity

etc. CHC function as a pheromonal system that is involved in sexual communi-

cation in fruit flies [4]; [5]; [6]; [7]; [8]; [9]; [10]. Their expression is plastic, and

individuals can rapidly alter CHC composition in relation to their social context

in D. melanogaster [11]. CHC profile of Drosophila can change due to many rea-

sons like dietary changes [12]; [13], Aging [14], Stressful Environment [15] etc. At

such a low temperature, D. melanogaster adults loose their mobility and feeding

capacity, exhibit a knockdown which is also called a chill coma. A number of

studies have reported the evolution of survivorship in response to selection for

temperature shock resistance [16]

3.2 Hypothesis

The attractiveness of females and their ability to acquire mates is dependent on

many factors like body size, CHC profile, behavioral cues, survivorship, fecundity

etc. The fitness of females is heavily dependent on their attractiveness. Cold

Shock is known to affect almost all of the above factors, therefore, FSB females

must have evolved to counter the negative effects of cold shock.

9



3.3 Experimental Setup

Egg collection was done from the BRB population and the standardized popula-

tions of FSB and FCB. Virgin males and females were collected on 8th, 9th and

10th day from BRB and FSB; FCB populations respectively. Females were of the

following kinds whereas the male used was a common BRB male. The male was

sperm depleted on 11th day by keeping each male with 3 virgin females for 12 to

13 hours and were given 2 − 3 hours of a refractive time period before taking the

courtship observations. The females were colored (pink and green) for easy iden-

tification of male choice. Reverse coloration was done to eliminate any biases that

might occur due to coloring. On the 12th day females were cold shocked and were

given 4 hours of recovery time period before taking the courtship observations [16].

Figure 3.1: 3.1a Kinds of Females 3.1b Combinations

Courtship observations were taken. Each vial contained two females of different

kind along with a BRB male and was observed for 30 minutes for every 30 second.

Above four combinations were observed.

Figure 3.2: Experimental Design
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Accumulation of Cryoprotectants

4.1 Introduction

In insects, it is well known that overwintering individuals accumulate low-molecular-

mass cryoprotectants, such as glycerol, sorbitol, inositol, or trehalose, which pro-

vide colligative depression of freezing and supercooling points and also stabilise the

native state of proteins or membranes to prevent denaturation as a consequence

of low temperature [17]; [18]; [19]. Cryoprotectant is a substance used to protect

biological tissue from freezing damage, insects accumulate these in their bodies to

minimize freezing damage when exposed to low temperatures. Insects most often

use sugars or polyols as cryoprotectants. Cryoprotective molecules including glyc-

erol, sugars such as glucose and trehalose, and amino acids such as proline have

been implicated in maintaining cell function at low temperatures [20].

RCH is an example of phenotypic plasticity which takes place on a shorter time

scale and is well-documented across numerous insect taxa including D. melanogaster

[22]; [21]. When pre-exposed to a non-lethal low temperature, insects are better

able to survive a subsequent cold event that would otherwise be lethal. While

acclimation may take weeks or months to increase low temperature survival, RCH

has been shown to enhance thermal tolerance in as little as 30 min [22].

Cryoprotectants which are being quantified in this experiment are Trehalose [24],

Glycogen [24], Glucose [23].

11



4.2 Hypothesis

Since RCH is sufficient to increase cold tolerance and to expand the thermal in-

terval that can be exploited by the insect, therefore, D. melanogaster exposed to

RCH before cold shock must have higher cryoprotectants levels than those exposed

directly to cold shock.

4.3 Experimental Setup

Egg collection was done from BRB population. On the 12th day eclosed flies were

divided into 4 groups and flipped into empty vials. These 4 groups were given

4 different treatments namely No Shock; Cold Shock; RCH and RCH with Cold

Shock.

In the No Shock treatment flies were kept at 25◦C for 3 hours in empty vials. In

the Cold Shock treatment, first flies were kept at 25◦C for 2 hours then they were

transferred to −5◦C for 1 hour. In the RCH treatment flies were kept at 0◦C for 2

hours. And in RCH with Cold Shock, flies were first kept at 0◦C for 2 hours and

then at −5◦C for 1 hour.

After the treatments flies were transferred to food vials and were flash frozen with

liquid nitrogen at different time points and were stored at −80◦C. The time points

are 0, 4, 8, 12, 24, 36, 48, 60, 72, 84 hours post treatments.

Figure 4.1: Experimental Design



4.4 Cryoprotectants Profiling

All the procedure used are enzymatic based assays. I quantified the cryoprotec-

tants of the flies frozen at given 8 time points 0, 4, 8, 12, 24, 36, 48, 60 hours post

treatments with three replicates of each time point. So there were in total 96

samples of which cryoprotectants were to be quantified.

4.4.1 Preparing the samples

For making the samples only the male adult D. melanogaster were used by the

following steps [25].

• Collect 5 male adult flies from the earlier stored flies.

• Transfer adult flies to a 1.5 ml microfuge tube.

• Rapidly homogenize animals in (1 X )PBS, a motor can be used to facilitate

homogenization. Frozen samples should be kept on dry ice until addition of

PBS. If samples are not kept cold, glycogen and trehalose will be enzymat-

ically degraded into free glucose by endogenous enzymes and skew the final

analysis.

• Heat supernatant for 10 minutes at 70◦C, then centrifuge for 3 minutes at

17, 000 rpm in a refrigerated tabletop centrifuge that has been prechilled to

4◦C.

• Pipette the resulting supernatant into a new 1.5 ml microfuge tube. At

this time, the heat-inactivated sample can be frozen and stored at −80◦C,

if desired.

4.4.2 Preparing Standard Solutions

Before starting the enzymatic assays of Glucose, Glycogen and Trehalose, stan-

dard solutions of all three should be prepared as the following [25].

Dilute 16µl of 1 mg/ml glucose/glycogen/trehalose with 84µl PBS (1X) (100 fi-

nal volume) for 0.16 mg/ml standard. Do four 2-fold serial dilutions into PBS (50µl

0.16 mg/ml + 50µl PBS for 0.08 mg/ml standard, etc.) to generate 0.01, 0.02, 0.04, 0.08



and 0.16 mg/ml glucose standards. These assays are linear from 0.01 to 0.16 mg/ml

glucose/glycogen/trehalose. All stock solutions can be stored at −20◦C or 4◦C.

4.4.3 Glucose Enzymatic Assay

For quantifying the amount of glucose in flies I used GO kit (Amplex Red Glu-

cose/Glucose Oxidase Assay Kit; Catalog number: A22189). The steps for con-

ducting the assay are given in kit’s manual and can be found in Apendix B.

4.4.4 Glycogen Enzymatic Assay

Most carbohydrate in the fly is stored in the form of glycogen, which provides a

large and accessible energy source during times of fasting and intense activity [25].

To determine the glycogen content, first it must be broken down into glucose by

enzymatic degradation and then the total amount of glucose can be measured by

using the GO kit. Then subtracting the free glucose amount from the total glucose

amount gives the Glycogen content. In this experiment Amyloglucosidase enzyme

was used to break glycogen into glucose. The procedure is as follows [25].

• Set up glucose and glycogen standards.

• Add 30µl of each glycogen standard (including PBS blank) to the top row

of a clear-bottom 96 well plate. Similarly, add 30µl of each glucose standard

in the next row down.

• Dilute heat-treated fly samples for glycogen measurements 1 : 5 in PBS (the

required dilution may range from 1 : 5 to 1 : 20 depending on experimen-

tal conditions) and load 30µl into each well. Samples should be loaded in

duplicate rows such that one row will be used to measure glycogen + glu-

cose (treated with amyloglucosidase) and the adjacent row will be used to

measure glucose alone (no amyloglucosidase).

• Prepare the working solution(GO kit’s working solution) for your glycogen

measurements by adding 1µl amyloglucosidase (Sigma A1602; 25 mg) per 1

ml of working solution.



• Using a pipette, add 100µl of working solution + amyloglucosidase to the

glycogen standards and the first row of each set of duplicate samples. Then

add 100µl of working solution alone (without amyloglucosidase) to the glu-

cose standards and the remaining samples.

• Seal the wells with parafilm to prevent evaporation and incubate the plate

at 37◦C for 30 to 60 minutes.

• Measure absorbance at 540 nm using a plate reader.

• Free glucose concentration in each sample is calculated based on the glucose

standard curve. For glycogen measurements, first subtract the absorbance

measured for free glucose in the untreated samples from the absorbance of

the samples that have been digested with amyloglucosidase. The glycogen

content in each sample is then calculated based on the glycogen standard

curve. This method is linear from 0.01to0.16 mg/ml glycogen.

This protocol is under standardization.

4.4.5 Trehalose Enzymatic assay

To determine the trehalose content, first it must be broken down into glucose by

enzymatic degradation and then the total amount of glucose can be measured by

using the GO kit. Then subtracting the free glucose amount from the total glucose

amount gives the Trehalose content. In this experiment Trehalase enzyme can be

used to break trehalose into glucose [25].

The procedure for trehalose still needs to be standardized.





Chapter 5

Results and Discussion

5.1 Mate Choice Experiment

In this experiment, the attractiveness of females in D. melanogaster responded to

selection(Figure 5.1). I found a significant effect of selection. Flies from FCB and

FSB flies from neither-shocked treatment (FSB NS vs FCB NS) had an equal level

of attractiveness and there was no significant difference between them. There was

also no significant difference between the FSB cold shocked female and not shocked

female(FSB NS vs FSB CS). Cold shock significantly reduced the attractiveness of

females in the case of FCB populations, there was a significant difference in their

attractiveness in the both shocked treatment(FSB CS vs FCB CS) and in the one

shocked treatment(FCB NS vs FCB CS) (Figure 5.1). From all these results we

can conclude that females from FSB populations were significantly more attrac-

tive than that of the FCB populations post cold shock indicating that the FSB

populations had evolved a greater rate of recovery.

Figure 5.1: Statistical Analysis (t test)
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Figure 5.2: Graphs showing mating frequency and courtship frequency of
different combinations



Figure 5.3: Graphs showing mating frequency and courtship frequency of
different combinations



5.2 Accumulation of Cryoprotectants

5.2.1 Glucose Assay

In this experiment, I quantified glucose for above prepared samples. But after

statistical analysis, no significant difference was seen in the amount of glucose in

flies post different treatments. However, a trend was seen in glucose values of the

different treatments(Figure 5.6).

Figure 5.4: Absorbance Values

Figure 5.5: Concentration Values



Figure 5.6: Glucose Standard Curve

Figure 5.7: Graph showing Glucose Concentrations post treatments



5.2.2 Glycogen Assay

This assay is in the middle of standardization.

5.2.3 Trehalose Assay

This assay still needs to be standardized.
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Appendix A

Banana Jaggery Food

Composition of 1 of regular Banana-Jaggery Food is given below.

Figure A.1: Composition of Banana Jaggery food (1L)
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Appendix B

Glucose Assay (Kit’s Procedure)

The following procedure has been taken from [26].

B.1 Preparing the Stock Solutions

B.1.1 Prepare a 10 mM stock solution of Amplex Red

reagent

Allow one vial of Amplex Red reagent (Component A, blue cap) and DMSO

(Component B, green cap) to warm to room temperature. Just prior to use,

dissolve the contents of the vial of Amplex Red reagent in 60µL of DMSO. Each

vial of Amplex Red reagent is sufficient for approximately 100 assays, with a final

reaction volume of 100µL per assay.

B.1.2 Prepare 1X Reaction Buffer

Add 4 mL of 5X Reaction Buffer (Component C, white cap) to 16 mL of deion-

ized water (dH2O). This 20 mL volume of 1X Reaction Buffer is sufficient for

approximately 100 assays of 100µL each with a 10 mL excess for making stock

solutions.
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B.1.3 Prepare a 10 U/mL stock solution of horseradish

peroxidase (HRP)

Dissolve the contents of the vial of HRP (Component D, yellow cap) in 1 mL of

1X Reaction Buffer. After the assay, any remaining unused solution should be

divided into single-use aliquots and stored frozen at 20◦C.

B.1.4 Prepare a 100 U/mL glucose oxidase stock solution

Dissolve the contents of the vial of glucose oxidase (Component E, orange cap)

in 1.0 mL of 1X Reaction Buffer. This stock solution should be stored frozen at

20◦C.

B.1.5 Prepare a 400 mM (72 mg/mL) glucose stock solu-

tion

Weigh out a portion of glucose (Component F, black cap), and dissolve it in the

appropriate amount of 1X Reaction Buffer.

B.1.6 Prepare a 20 mM H2 O2 working solution

Dilute the 3% H2 O2 stock solution (Component G, red cap) into the appropriate

volume of 1X Reaction Buffer. The actual concentration of H2 O2 is indicated on

the label. For instance, a 20 mM H2 O2 working solution can be prepared from a

3.0% (0.88 M) H2 O2 stock solution by diluting 22.7µL of 3.0% H2 O2 into 977µL

of 1X Reaction Buffer.



B.2 Assay Protocol

B.2.1 Prepare a glucose standard curve

Dilute the appropriate amount of the 400 mM glucose stock solution into 1X

Reaction Buffer to produce glucose concentrations of 0 to 200µM, each in a volume

of 50µL. Be sure to include a no-glucose control.

B.2.2 Dilute the glucose-containing samples in 1X Reac-

tion Buffer

A volume of 50µL will be used for each reaction. A variable dilution will be

required depending on the total glucose present in the sample. In the first trial

the samples should be serially diluted to determine the optimal amount of sample

for the assay.

B.2.3 Load the samples

Pipet 50µL of the standard curve samples, controls, and experimental samples

into individual wells of a microplate.

B.2.4 Working Solution

Prepare a working solution of 100µM Amplex Red reagent, 0.2 U/mL HRP and 2

U/mL glucose oxidase Mix the following:

• 50µL of 10 mM Amplex Red reagent stock solution.

• 100µL of 10 U/mL HRP stock solution.

• 100µL of 100 U/mL glucose oxidase stock solution.

• 4.75 mL of 1X Reaction Buffer



B.2.5 Begin the reactions

Add 50µL of the (Amplex Red reagent/HRP/glucose oxidase) working solution to

each microplate well containing the standards, controls, and samples.

B.2.6 Incubate the reactions

Incubate at room temperature for 30 minutes, protected from light. Because the

assay is continuous (not terminated), absorbance may be measured at multiple

time points to follow the kinetics of the reactions.

B.2.7 Measure the absorbance

Use a microplate reader equipped for excitation in the range of 530560 nm and

fluorescence emission detection at 590 nm, or for absorbance at 560 nm.

B.2.8 Correct for background absorbance

For each point, subtract the value derived from the no-glucose control.



”What if I fall?”

Oh, but my Darling

What if you fly?

-Erin Hanson
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