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ABSTRACT

Hybrid males resulting from crosses between closely related species of Drosophila are

sterile. The Fl hybrid sterility phenofype is mainly due to defects occurring during

speffn maturation. From this perspective, it is believed that genes controlling sperrn

maturation may be subjected to selective diversification between species but may also

experience selective constraints that are typical of developmental genes. We compared

the molecular evolutionary pattern of don juan (dj), always early (aly) and bag of

ntarbles (bam), thu'ee genes playing a role at different stages during the sperm

developmental pathway in Drosophila. Don juan is a late gene, expressed

postmeiotically duling spermiogenesis in elongated spermatids and also in mature

sperms; aly is a meiotic arrest gene regulating entrance into meiotic division and batn

gene regulates the progression through the early steps of the male and female germ

cell lineage. The complete coding region of these genes v/as sequenced in different

strains of Drosopltila melanogaster and D. simulans. Estimates of propor-tion of

nonsynonymous and synonymous intraspecific polymorphism and interspecific

divergence suggest that purifying selection constrains the accumulation of random

mutations in these genes. Selective constraints are stronger in regions that define

function such as the nuclear localization domains in aly and dj. Nucleotide

polymorphism and divergence were found to be within average values for

developmental genes in DrosopltilabuT Tajima's D and Fu and Li's test of neutrality

suggest some form of purifying selection or positive selection within D. melanogaster

populations. All the coding regions in bam, aly and d7 showed higher rate of

IX



interspecific than intraspecific nonsynonymous to synonymous substitutions. The sign

of positive selection driving divergence fì'om D. simulans is evident for the dj gene in

African populations and exon two of aly gene in both African and Non-African

populations. However, a significant result for aly might be biased by a high

transition/transversion ratio indicative of mutation bias.



1. INTRODUCTION

1.1 Spermatoqenesis in Drasopå¿'l¿

Spermatogenesis in Drosophila provides an excellent model system to study

genes controlling development at the molecular level. Spermatogenesis is initiated at

the apical tip of the testis in the germinal proliferation centre where the germ line stem

cells are surrounded by specialized somatic cells called the hub I. A pair of cyst

progenitor cells encloses each germline ,t"* 
""11. 

The division of a germ line stem cell

produces two daughters of which one stays as the stem cell (selÊrenewal cells) and the

other differentiates into a gonial cell (gonialblast). The gonial cell enters an

amplification stage consisting of a sedes of mitotic divisions, four in the case of D.

melanogaster, and results in a cyst of 16 prìmary spematocytes I. The primary

spennatocytes grow and genes with a role in spermatogenesis and genes with

functions in different tissues during the life cycle get transcribed. Gene expression

stops at the mature primary spematocyte stage. The primary spematocyte then

undergoes meiosis I and meiosis II resultingin64 haploid spermatids'. The last step

is spermatid differentiation (spermiogenesis) marked by a series of morphological

changes where remodeling of subcellular components take place in the form of growth

of the long flagellar axoneme, elongation of specialized mitochondlial dedvative for

motility, DNA condensation and nuclear shaping 2 (Figure I ).



There are three major steps that can be recognized during spermatogenesis in

Drosophila. with different genes controlling the pathway. The steps include the

mitotic divisions resulting in l6 mature primary spermatocytes, meiotic divisions and

spermatid differentiation 2, Mutations in different genes that play a role in the

regulation of these three stages (mitotic divisions, meiotic divisions and sperm

maturation) arrest spermatogenesis and causes male sterility.

Drosoph itra spermãtogenesis
StÊin Cèll
Þivisions

Grorvth ¿nd
Gene Expreeråon

tú â heE ÞlBrrr
âprrmdlEylFø

M'eioth Dlvislons

t'-:"'

{É# )
f,@
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Êt
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Sperrnatid
D¡f,ferenllatlc¡n

6.¡ Esfy

Figure 1. Spermatosenesis in Drusoplr¿'la (From Fuller. M.T 2)



1.2 Hvbrid male sterilitv

Male hybrids resulting from crosses between different Drosophila species are

sterile in accordance with Haldane's rule 3. Haldane's rule states "'When in the Fl

offspring of two different animal races one sex is absent, rare or sterile, that sex is the

heterozygous (heterogametic) sex" 4. In Drosophila, males are the heterogametic sex

(X and Y chromosome) and females are the homogametic sex (two X chromosome).

Sterility can be due to the faster evolution of genes in the X chromosome versus

autosomes (faster X hypothesis) s or due to faster evolution of genes with a male-

specific pattem of expression (faster males hypothesis) 6. Faster X hypothesis could be

explained by the accumulation of favourable recessive alleles which get fixed leading

to hybrid breakdown due to accumulation of disproportionate number of substitutions

s. In a recent study that tested for faster X evolution in Drosophila t, the rates of

sequence divergence for X-linked and autosomal loci were analyzed. It was found that

X-linked and autosomal loci evolve at the same rates. Moreover, it was also found that

the genes with sex-limited expression on the X clromosomes and autosomes evolve at

similar rates. Contrary to what is seen in Drosophila, genes encoding mammalian X-

linked sperïn proteins evolve fastel'than genes on the autosomes 8.

Sex related genes are genes involved in mating behavior, spermatogenesis,

fenilization and sex determination and they have been shown to evolve at a faster rate

than other genes e'r0. Particularly genes with a role in fertilization show faster rate of

evolution between species and signs of positive selection rl'12. It is possible that hybrid

male stedlity observed befween closely related species is at least parlially a



consequence of rapid divergence of sex related genes. Microscopy analysis of srx

different Fl hybrid genotypes resulting from crosses befween D. simulatts, D.

sechellia and D. mauritiana showed two distinct classes of spermatogenic defects

namely premeiotic and postmeiotic defects. Out of the six interspecific hybrid

genotypes, four showed defects that were postmeiotic ''. G"n" expression studies

show that genes expressed in late stages of sperm development are differentially

expressed in sterìle hybrids to. Th" differential expression is further shown to result

more from dowruegulation than upregulation of genes in the hybrids ì4.

1.3 Genes of Spermatoqenesis

Although several genes have been identified to play different roles during

sperrn development (Table 1), this study focuses on bag of marbles (bam), always

early (aly) and don,iuan (dj). These genes play a role among the major steps of the

spematogenesis pathway (Figure 2). Mutations in these genes affect progression of

spermatogenesis in male germ cell differentiation. bam regtslates the progression

through the early steps of both the male and female germ line cell lineage, aly is a

meiotic arest gene regulating entrance into meiotic divisions in males and dj is a late

expressed gene in spematogenesis exclusively expressed in males.



Gene Chromosome Accession Mutations/Tissue of
No expression

achi 2R(49413-81) 4E003822 Partially male sterile
Acp29AB 2L(29C1) 4E003621 Male accessory gland
aly 3L(6343) A8003476 GzlM transition, Recessive male

sterile, Recessive meiotic
bam 3R(96C7-8) 4E003751 Cystoblast cell division
bgcn 2R(6044) A8003462 Germ cell development
bob 82D3-8 AQ026432 Nebenkern formation
bol 3L(66F5-6) 48003553 Nebenkem, Primary

spermatocyte
cdc2 2L(31Dl1) 4E003628 GZIM transition of cell cycle
chic 2L(26A5-BZ) 4E003612 Nebenkem
comr 2R(5843) 4E003455 GzlM transition,Interacts with

aly
crl X(l4Fl) 48003502 Spermatid, meiotic cycle,

recessive
male sterile

dbf (32A1-2) N/A Spermatid, nebenkern
DnaJ-60 2R(60C1) 48003463 Spermatogenesis
ego N/A N/A Male germ-line stem cell

division
fbl 3L(7789-Cl) 48003591 Spermatid, Nebenkern,

Recessive male sterile
fzo 3R(94E6) AF,003742 Nebenkem, spermatid,

Recessive male sterile
gdl (71D3) N/A Testes
ifc 2L(2682) 4E003612 Nebenkem, spermatid,

spematocyte, Recessive male
sterile

lectin-2lCa 2L(2182) 48003588 Spermatogenesis
lectin-2lCb LL(T|EZ) 48003588 Spennatogenesis
lecTin-2ZC 2L(22C1) 48003584 Spermatogenesis
lectin-24A 2L(24C1) 4E003579 Spermatogenesis
lectin-Z4Db 2L(24D8) AF,003577 Spematogenesis
lectin-28C 2L(28D2) 48003619 Spermatogenesis
lectin-29Ca 2L(29C1) 4E003621 Spermatogenesis
lectin-3OA 2L(30A6-7) 4E003624 Spennatogenesis
Meics 3L(70C7) 48003536 Male meiosis
Msi 3L(75A2) 4E003523 Spermatid, spematocyte,

spematozoon
pelo 3L(30C5) 48003625 Nebenkem, spematocyte,

spermatid,
Recessive male sterile



Gene

Rb97D

Samuel

shk

Taf12L

tho

twe

vis
Spermiogenesis
Genes

Act5C
Ance

Bruce
cbx
chc
dhod
dj
dud

Ecr
junB

mlt
Mst9SCa

Mst9SCb

nkg

po

Chromosome

3R(e7Ds)

2L(32Cs-Dt)

(82C1-5)

2L(2sA3)

(8682-20)

2L(3sFl)

2R(A12-13)

Accession
No
AEO037s8

AE003630

N/A

48003575

N/A

4E0036s0

A8003822

48003435
4E003641

A8003686
AE003831
AE003500
A8003679
/'F.003673
N/A

A8003784
A8003772

N/A
A8003764

AE003764

N/A

48003619

x(sc7)
2t(3482)

3R(86A7-8)
2R(46813-Cl)
x(l3Fs-7)
3R(8sAs)
3R(8482)
(21-60)

2R(42A9-t3)
3R(eeD3)

(46F)
3R(98C3)

3R(98C3)

(6r-100)

2L(28Dr 1-E1)

Mutations/Tissue of
expression
Axoneme, Recessive male
sterile
Spermatogenesis

Spermatid, Nebenkern,
recessive male sterile
Meiosis, spermatid
differentiation

Spermatid, spermatozoon,
recessive male sterile
Primary spermatocyte cyst,
spermatocyte
Spermatogenesis

Actin filament
Spermatid nuclear
differentiation, male sterile
Sperm individualization
Sperm individualization
Spermatozoon
Spermatocytes, Spermatid
Sperm individualization
Spermatozoon, nebenkern,
recessive male sterile
Sperm individualization
Translational control in

' spermiogenesis
Sperm individualization
Translational control,
spermiogenesis
Translational control,
spermiogenesis
Nebenkern, Sperm
individualization
Sperm individualization

Table l. Spermatoqenesis and spermioqenesis genes of Dr¿s¿plr¡'lø. Ref:
http ://fl vbase.bio.indiana.edu/
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l.3a bae of marbles (bam)

bam reg:ulates cystoblast divisions during male and female gametogenesis. In

both male and female germline, stem cell divides to form a cyst of 16 inter connected

cystocytes in which gene transcription and translation occurs. In males, this results in

25-fold increase in size of the 16 primary spermatocytes. Mutations in bam cause

abnomal cysts that cannot develop into gametes as they fail to enter meiosis ls 
lFigure

2.8). bam mutant spematocytes are found to contain abnormal excessive number of

small cells and the testis look like a bag of marbles. bam is thought to act downstream

of other genes to offel male-specific or female specific functions as male and female

bam transcripts are the same 15. In females bam functions at tv/o steps in

differentiation where it specifies the germ line stem cell divisions to follow cystoblast

(equivalent to gonialblast in males) fate and also to cease mitotic division and initiate

meiotic division. In males batn is required only to cease mitotic division and begin

1
melotrc dlvrsron -.

Bam encodes a 442 amino acid protein with a weak similarity to Drosophila

ovarian tumor Otu, a gene required for germ cell differentiation. Mutations in ola gene

produce tumorous egg chambers. The C teminus of bam protein (positions 404-432)

matches the consensus for PEST (Proline, Glutamic acid, Serine, Threonine) domains

ts. PEST sequences are related to protein instability where the presence of these

sequences can lead to the degradation of the proteins containing them ró. Therefore the

presence of a PEST domain in bam protein suggests bam produces an unstable protein

product. A potential proteolytic cleavage site is found around positions 234-235 in

bant t5. Bam protein is localized to two different cellular compaúments. They are the



fusome (BamF) and the cytoplasm (BamC). Fusome is a germ cell specihc organelle

which has an elongated branched structure connecting the cells in the cystocyte. Bam

is required as a switch from stem cells to cystoblast in females and males thereby

promoting incomplete cytokinesis and activating fusome growth. After the foufih

cystocyte division, BamC is degraded which blocks fusome growth and the cystocyte

withdraws from the mitotic cycle 17.

The bam gene is 1454 base pairs long and includes three exons and two

introns.

,\'lC ': (234-235) "(401-432)

N

5' Exon 1 Intronl ExonZ lntron2

Clcavagc sitc PEST

Figure 2a. Diaqrammatic representation of áørz gene showing exons and introns

l.3b alwsvs earlv fulv)

Meiotic arrest genes are divided into aly class and can class based upon its

function. aly and cookie monster gene (contr) genes belong to aly class while the can

class genes include cannonball (can), nteiosis I arrest (mia) and spermatocyte arrest I

(ra) 18. The meiotic arrest genes are necessary for the GZIM transition of

spermatogenesis and thereby they control the transcription of genes required for

Exon 3 3'

9



meiosis and spermiogenesis 'e. Gene aly acts upstream of can, mia and sa fo

coordinate the onset of meiosis with spermatid differentiation. Gene aly regulates the

transcription of other genes such as twine and also two meiotic regulators cyclin B and

boule ts . Genes can, mia and sa are required for the accumulation of twine protein. In

mutants of can, mia and sa, spermatid differentiation is arrested and spermatogenesis

stops with the formation of mature primary spermatocytes 20. In mutants of aly,

spermatogenesis is also arrested at the mature primary spematocyte stage 'n 1Fig.r."

2.C). Gene aly acts as a global regulator and the wild type function of aly is required

for the accumulation of other proteins needed for entrance into meiosis and spermatid

differentiation 2 (Figure 3). Gene aly plays an impofiant role in modifying chromatin

structure and triggering spermatogenesis specific gene transcription'0. Th" aly protein

is synthesized in the cytoplasm and transpofted to the nucleus of primary

spematocytes. This translocation represents an impoftant control point (Figure 4). The

translocation to the nucleus is aided by two predicted nuclear localisation signals

(NLS) within oly ".The NLS of the aly protein is essential for its function because

mutations within NLS result in the accumulation of aly protein in the cytoplasm 18.

Nuclear localization of aly is also mutually dependent on the wild type function of

comr, an aly class meiotic anest g"ne '8. The comr protein is 68kDa in size and aly

interacts with comr during the transport to the nucleus through the nuclear pore

complex. The aly-comr complex interacts with the chromatin and controls its

confomation. Mutant versions of aly and contr remain in the cytoplasm and are

phenotypically similar in that they fail to transcribe other genes needed during

spematogenesis 18. Genes aly and cotnr aher the chromatin structure so that other

10



transcription factors can bind to the chromatin leading to transcriptional regulation in

the mature primary spematocytes r8. 
Gene aly has no similarìty to any DNA binding

domain or transcriptional activators even though it is essential for transcription of

other spermatogenesis gerres 't.

The aly gene is located on chromosome three of Drosophila. It is made up of

two exons and an intron with a length of L85 kb.

5' exon 1 intron

ATG

exon 2 3'

K-K-P-R R-R-G-W-Q-L-V-R-R-N-M-G-K-A-R-R-F

* Location of nuclear localization signals

Figure 2b. Diaqrammatic representation of ¿/y gene showinq exons and introns

1.3c. don iuan (di)

During spermatogenesis in Drosophila, The dj gene is exclusively expressed in

the male germ line. It encodes a basic lysine rich protein of 29kDa in size with

structural similarities to histone H1. The dj gene ploduct participates in the process

11



where the spermatids become individualized and differentiated into motile sperm

(figure 2.D). The carboxy terminal paft of the protein is marked by a special feature of

eight times direct repeated hexapeptide sequence (DPCKKK¡ 22. The high lysine rich

basic characteristic feature ofdj resembles other basic structural proteins such as

twine
protein

Figure 3. Model showine control of meiotic division and spermatid differentiation

by ø/y qene acting upstream of cøn. mr¿. s¿ and other genes. aly acls through can

mia and sa and controls spermatid differentiation genes. It also controls transcription

of twine mRNA thereby controlling the meiotic divisions. Can, mia and sa

individually or together control the translation or stabilization of twine protein.

t2



Primary
Spermatocyte

ffi IJ

Transport into
nucleus

Regulation of
chromatin structure

Figure 4. Mutuallv dependent alv class genes (ø/y and corrr) are transported from

the cytoplasm into the nucleus and regulates chromatin structure. It is required

for meiosis and spermiogenesis.

13



marnmalian cyclicins and calicin 23'24'2s. Except forthe basic lysine rich content, dj

does not show any sequence similarity to those proteins. Gene dj is expressed

postmeiotically during spermiogenesis in elongated spermatids and in mature sperrn.

Gene dj is transcribed in primary spermatocytes and the mRNA remains

translationally repressed until chromatin condensation occurs in spermatids.

Translation of dj mRNA first appears during ctn'omatin condensation in the nuclei of

spermatids and then along the flagellum in the mitochondrial derivatives '2'26.

Including dj, oTher spermiogenesis genes that are translationally repressed are the

Mst(3)CGP gene family 27'28, the dihydroorotate dehydrogenase (dhod) gene2e and

the janus B ÇanB) gene 30. 5' untranslated regions (5'UTRs) are responsible for the

translational repression in all these genes. In dj, the regulatory element is a

translational replession element named TRE which is located 60 nucleotides upstream

of the translational staft site in the 5'untranslated region ''. The dj protein is thought

to be involved in the maturation of elongated spermatids during spermiogenesis 22.

Gene dj has a dual function: it is found to be expressed in the sperm tail but sequence

compadsons suggest that it may play a role as a cll'omatin component22.It is a

nuclear-encoded mitochondrial protein 26 localized to the nucleus of sperm heads

during chromatin condensation and to the mitochondrial derivatives during spern

individualization. The dj protein has an internal mitochondrial localization site at the

N-terminus end of the protein next to a single predicted protein cleavage site that plays

a role in localization of the dj protein along the sperm flagellum tu- Si.r"" dj resembles

histone Hl protein in its basic nature it is thought to function as a DNA binding
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protein 22. Therefore dj could be a transition protein durìng the final phase of

chromatin condensation in spermatids 26.

* TIIE * mitochondrial localization site 'I NLS

Exon I Intron Exon 2

Figure 2c. Diaqrammatic representation of r/i qene showinq exons and introns

1.4. Developmental genes and sex-related genes

The coding region of developmental genes has been widely conseled during

the course of evolution. Developmental genes are genes that are involved in the body

pattern formation of adult Drosopltila. These genes are expressed at different levels in

different tissues and between stages of development. The differential expression is

caused by transcription factors interacting with genes and regulatory regions that are

also conseroed 32. Sex-related genes are those that are involved in mating behavior,

spermatogenesis, fertilization and sex determination. Sex-related genes are rapidly

evolving befween closely related species and there is a lack of selective constraints on

their evolutionary pattem e.

Spermatogenesis genes are sex-related genes controlling developmental

plocess. Comparing the nucleotide sequences of spermatogenesis genes in D.

ntelanogaster and D. sitrutlans that control the pathway at different stages from early

C

3t5'
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to late development of sperm will help understand the role of selection or neutrality

during sequence gene evolution. This pattern can be compared to other developmental

genes in different Drosophila species as developmental genes which are expressed at

different parts of the body are thought to be highly conserved due to its role in

development.

1.5. Sequence analvses of genes of spermatoqenesis in Drasopftilø

Studies of molecular evolution analyze nucleotide variation in a gene within

(Polymorphism) and between species (Divergence). Nucleotide changes can be

broadly classified as synonymous and non-synonymous. Synonymous changes are

nucleotide changes in the coding parl of the gene that do not result in a change in the

amino acìd sequence of the encoded protein. Non-Synonymous substitutions are

nucleotide changes that result in an amino acid change.

Under the hypothesis of neutral evolution, the ratio of non-synonymous to

synonymous changes within species is expected to be equal to the ratio of non-

synonymous to synonymous substitutions between species 3'. Wh"tt a mutation is

advantageous it gets selected and sweeps through a population. Thus the divelgence of

a species is increased when a parlicular mutation is selected and gets fixed in one

species and not in the other species. Non-synonymous substitution can modify the

protein structure and an increase in interspecific non synonymous over synonymous

substitutions is suggestive of adaptive evolution driven by positive selection. When a
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mutation is disadvantageous, it gets selected against within species 33. Non-

synonymous and synonymous substitutions vary largely from gene to gene. Genes

with a role in development show low rates of polymorphism and divergence.

Sex related genes show a higher rate of non-synonymous substitutions per non-

synonymous site (Ka) to synonymous substitutions per synonymous site (Ks) between

closely related species of Drosophila e. Bam, aly and dj are genes that affect the

spematogenesis pathway at different stages of development. Sequence comparisons

of these three genes are likely to show patterns of positive selection as these genes are

sex-related and also the selective constlaints due to their developmental role. Within

the sperm developmental pathway, evolutionary conselvation of early versus late

genes is expected.
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1.6 Obiectives and Aim

It is known that only male hybrids between closely related species of

Drosophila are viable and sterile and that genes with a role in reproduction show a

coÍrmon pattern of rapid evolution between species. Nothing is known about the

differentiation and interspecies divergence experienced by genes that control sperm

development in Drosophila. Some specific questions are:

1 . Are there differences in pattern of molecular evolution of genes that play a role

at early, mid and late stages of sperm development ?

2. What is the role of selection in shaping within species polymorphism and

interspecific divergence ?

3. How do genes of spermatogenesis compare to other developmental genes in

levels of polymorphism and divergence within D. rnelanogaster ?
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2. MATERIALS AND METHODS

2.1 Drosophílø stocks

Samples were collected from sixteen isofemale Drosophila melanogaster

strains from Winnipeg (Established by Dr. A. Civetta). Nine Drosophila melanogaster

strains from Zimbabwe (Africa) and five Drosophila simulans strains from California

were kindly provided by Dr. A.G. Clark (Cornell University). Flies were maintained

on standard commeal molasses agar media (Table 2) and transferred to new vials

every 74 days. This time interval produces a ne\ry generation of flies and the next

culture is started.

Ingredient Quantity

Cornmeal 65 g

Yeast 13 g

Agar 6.5 e

Cold water 170 mL

Boiling water 760 rrl,

Molasses 45.5 mL

99%ioPropionic acid 5 mL

10% Tegosept (50g methyl hydroxybenzoate per 500 ml 95% ethanol) 20 mL

Table 2: Cornmeal molasses aqar medium recipe

Mix commeal, yeast and agar in cold water. Add the

well. Then add molasses and mix well. Let the mix cool

Add tegosept and propionic acid.

mix to boiling water and stir

at room temperature to 60oC.
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2.2 DNA Extraction

Genomic DNA was extracted from each Drosophila strain using a standard

DNA extraction protocol. Briefly,5 to l0 flies were macerated in 100 pl of

homogenizing buffer (0.1 M TrisHcl, 0.1 M EDTA, 1% sodium dodecyl sulphate in

ddH20) placed on ice. The mixture was incubated at70oC for 30 minutes. Next, 14 ¡rl

of 8 M potassium acetate were added to the mixture and it was left on ice for 30

minutes followed by centrifugation at 4oC for 20 minutes at 14,000 rpm. The

supematant containing the DNA was tlansferred to a new microcentrifuge tube, 50 pl

of 100% isopropanol were added and incubated at room temperature for 10 minutes.

The tubes with the sample were spun for 10 minutes at room temperature (14,000 rpm)

and the supernatant was discarded leaving the DNA pellet intact. The DNA pellet was

washed two times with 40 ¡tl of 70% ethanol and air dried for 30 minutes. The DNA

was resuspended in 40 ¡-Ll of nuclease fi ee water (ddH20) and stored aI -20oC.

2.3 PCR amplification

. PCR amplifications v/ere canied out in a MJ Research PTC-200 Peltier

Thermal Cycler for the Drosophila genes batn, aly and dj. Primers were designed

using Primer 3 soffware (http://fiodo.r,vi.rnit.eclLr/cgi-bin/prirner3/primer3www.cgi).
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The entire coding region of the Drosophila bam, aly and dj gene was PCR

amplified using the following forward and reverse primer pairs which were designed

using the D. nzelanogaster GenBank sequence entry X56202 (bam) (Table 3a),

NT_037436 (aly) (Table 3b), NT_033777 (dj) (Table 3c).

5',

TTCTGGGACTCGACATGATATCGATACGTTAACAACAAAGAGTCÍGbÀ ----.ö-- -f:-b-,ã.j.ii:i-ç.,,i
CCTCTTTCTCCTGAATTCGCAGACAG CGTGGCGTCAGG CATTTCAAACGGTA AA AAG AACC
TGGCGATAAGG AJL{GATTTAúAAAGGC AJAüAJAÙ{TCGAGTGATTTGTGTGATTTAACTTAAGA
ATAATGCTTAATGCACGTGACGTGTGTCCTGAG GGCAACGACGACCAGCAGTTGGACCAC
AATTTTAAGCAGATG GAGGAGCATTTGG CCTTAATGGTGGAAGGCAATGA AúAACG AAGAT
CCGAGGAAAGCCACTTGTGAGTACGAGGATACGAACGAAGATGGTGCAACCTGCACATCG
G GCGTTT'TATCCGAAATCCAG GAGAACTTCGGTAGACTCC GGTTGTGTGACGTTACTGCAC
CACTCCTCGAATTCCACGGTTTGGATTG CTTGCAACAGATTCAAAAGCGCTCGCGCCATTT
TGCATTCGACGGTTCTCCGGCCAAGAAGTCGCGATCCGGAG GCGTGTTGGTCACCGGGCCA
AAGCAGAAGCAACTGCAGAAGGAAAATGTGTGGAACCGGAAGAGTAAAGGCTCTGCGTC
CGCGGATAATATTGAGAAACTGCCCATAACTATTGAGAAACTG CATATGATTGGTCTG CAC
GGCGATTG(ì-f'{,r.\{":1'C-f-l'C1'çGÅCT'..\1'.\ 1'C(lC'{.\ {l'..!'f- '1-l'(:,'\{l't']'''1,\'1",\.\.\.tÂGCl'('
{-.í.,f ,Â.!.(.I-.\ T,\C ,\,TI'Å(;CTTAGAGCACAACGCCGTGCTGCGTTTGATGAATCTGTTCA
GATCCCTGCATGATCACCTGACCGCCGATTTGGGCTTCTCGCGCCAAAACTCAATGCCCTC
GGACTATCTGTTCGATATGCCGGTGAAGAGCACGATGCCTAAGAGCTTGAATGTGCGCTAC
CAACTGCAGGTGCTGTGCACC Aú{AGTAGAGCGCTTCCTTGTCCAGCAGCGCCGCACCTTGG
AGGC GAATCGCCACTTCGATTTCGAGAAATACGACGAGTGTGACAAGTTGCTTAAGG GTTT
CGCATCCTATTTGGACAACTTCAAACTGCTTTTAAAGCC CAAAATG CG CAATCGAA,A'CGGA
AACTCGGGGAGCAATGCGGACAAGT{;I'Â.{GCT'('-'l'\(;.,{1"!"f{i(.d.t{,;(';\,.1C(l:{-l-tr'(i,{(ì(ll'
,iI*f(]( ..'.C{-;\ ,\(-'(; ,\'¡'I*[ I','\]"T.\'T T]',\('.TGTCCATACTCAGCGCATGGAGAGATTGCTA
ATTGGTCTGCG CGATTGGATCAAGGCTGCGCATCTCAGTGTGCACGTATTTAACTGGGAAA
TGGATCTGGAGCACCGCTACTCCGGGGCCATGACCGAAAGCCACAAGTCGTTGAACGAGC
GGGCCATCCTTTTGTCCGGTGCCGAGCTAAGGGCGGCCGAAGCGCGTGGAATCAGTGCGG
AGGATCTGTTCATCGCCCAGAGATACAAACTGGGAGGTCCGATCTATTGCGTTCTGGAGCA
GCATGAGTTCCTCTCCGCTCTGATCGCCAATCCAGAGACCTATTTCCCGCCCAGTGTTGTCG
CCATT-IGCG G GCCACAGAAGCTTGGCGCAGTGAGCATG GAGCAGCCGTCAGCGTCGGAGG
AGGAGTTTGAGGAGACCGAGGAAGTGCCATCATCGCCACCTCGTCACACCGGACGTGTAC
CTCG CTTCAG AAGCff.4Ë4ACTAATGCTGTGCACATCGATAAAAGAATGACAGC AJAATATG C
AATTTAAAAAAGCTACTCTTCTCATGGGAA GCAATAATTTCGTA AAGTA AACATATCTATA
c rG rAA c ArArA rrrciéö,ådiÀG, t'-G_é(iõÂÒîccef Arrrc rA rrc c rc AATAAG crrArAr
AAG CTTTTTAAAA ATATTTATCAAATCGATACAAACAAAATCA AU{ATG AAAACGATTTATT
ACCCCTGTTTTGAGATTGATAACAAATTTATATA¡.G TTTAACTGTGTTTACATTTATTTG G C
AAAACTACAAATGTGTTTGCTTTTCACTTTTATAAATCTG TATTTTACTTAAACTTTAGAAA
TAAGAAATCCTTTAGTGCCTGAATTTATTTTG CAACTACG TTTTATTTGTATGAGGAACTTA
CCAG TTTTTCTTATTTG CTTTGCATTTGTATTTTGAAAGTCAAATAAATATTTAC GATTTGTG
TTTGGACT 3'

Table 3a: PCR primers for the gene óørz. Translational staÍ codon and stop codon

are highlighted in yellow and green respectively. Introns are marked with bolded pink

font. Forward and reverse bant PCRprimers are highlighted in blue.
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5'
E TCGATAATTTCACAATCCAATCTGAGATCTGC
G A.A'G AAAACGAGTTTCTGGCAAATATAGGATTACTATCTACG ACAACGTAATATTTTCTCT
TTTCTATC AJAÁTATT AúAAATAGAACTATAACTGTGCTACCATCGGTAGAATGTCG CGTCAT
C AATTG AAG AJAÂCCCAGAAAGATGGTGGCGGCATG GC AUAJqACGATG AATTATTTATTAJAA
CGCCC AJAATTTCG CCCCGC GTATTAGGATTTCCGA AAAGCCAGAGATCCAGGGAAGAATT
A AACCAGGCGTG GCGTCCAAAAGGACTGAGAACTTTAC AJAú{GAAGCCGTCCAATATATCT
crAGArcrrrcccacþ-.Äç-F_AF,?ffi ccAGCAGGArcccrAcrc
CAATGACTTTATACTTGGCAAGAGGI"TCG'I"t'.q,'f{;(;(;J,,T,\{;,.\'IT'(](-:(]1"\(;ÅG,\'I'CCCT"[]-
,.{.TG'fC(]'T.-f"\,41'Ï-GI*f'{],dT"T(-:I'C]C'ilI'T,'\GATTGTACAATTTCCTGAAGTATCTCAGCTCTC
ACCGTTGGATTTGGTGTGAGTTCG CC
G CTACGATATGAAGCGCTTCATAGCGGAGTACTGTCCG CTCCTGCACTCTTGCTTCATGCC
CCGCAGAGGATGGCAATTGGTACGTCGGAATATGGGGAAGGCGCGTCGATTTTCGGCCGC
CTTCATCGAGCTGGAACGCGAAGAATTGGAGTGCCAGCGCCGCATTGTGCGCCAGTTGCA
GCAGCATAAGTTCAATCCCAAGGAGAACGTGGGCTACTTGGACCAGATACCCAAGCGTGT
GCCCCTGCCACTGGCCAAG GATGCCACGGTCAGCAGTTTTCTGCACGGAAACTCCTTTGAG
cccArccrcaarcB-,e-.ãé-.1i:i.f,C-Æii.,íffi icAGGACrACACCrArcrccrrccAr
TCAATAG AAACGACAATGCAGTCGTGCTCAGTCTTCCGGATTCACAGCTCTATTCCGACGA
GGAAACCGCGGCGGTTCCCTTGTCAATTATTATGCGCGGCAACAAATCGTCCTCGGII"TATT
TCGGAGAG CGCCAAGACCGAGAAGTTCGGAAACAAGAGGTACACCAAGGAACTTCTGGA
ATCAGTG CTAAGG GTTGGTAUA"{CTACAGGATGTCAAGCACAAGATCCTCATGGACTTGGC
CCGAATGAATGAGGATTTCGAGACATTCAAG GAGATTGGTTCTTCAAGTAGTCGTCG CGAT
GCCAAGGTCACACCTCAGCGTGAGAATCTCCAGCGTCGCTATTCGGCCAGCATGATAACGC
TGCACCGAGTGAACGCTGATATCCTTGAACCGCTGCGCATCCTGCACGACTACCTGGTCGA
GTATCAGAAGCAGGACGAGGAGGAGGAGTCCAAAAGAGGTCGTCCCGCCAGCGAAGTCT
ATCAGAAGTGTCGCATGCAGGCGGAACAGGACCTCAAGACTGCCGCGGATGAGAAATTCC
TGAAGATAGAATCGGATCGCACGCAGGAGTTCGTCCGCAACCTTCACACCATACTGTATCT
C AATGG AAAGCTGGGGCGCGAGAACAGCTCCCATTTGGAGACGATTATCGCTGATCTGGT
TACCCACATGGTGGACAACATCCAGCCATCGCTGGGCCGGA AATTAAAAGATGGCGTCGA
TTCCCTGGAGC CTCTGCGTCAG CAG GTG GTGCAA-A'TATTTA"A"{GACGTCAAAAAAC CAGA
GCGCTTCCAAATCACCCAGCAGGCTCCGATGCAAACCGAGGATGGTATCTACAACTTTGTG
GTCGAGGCACAGCCG GATACTCCCaCCffi aCACACTACCTACTGGCCCTTTGGAATACTG
AAATAAAGCCTCGCTCTTATTTATGGCTCAATTAGGAGGAGTGTCATGTGCATTGGGAGTT
TGCCGGCAGAGGAGCTTAACGAAGTTTCTTGTGGCTGCTACCTTGTAGAGCTCTTTTGGTA
CTTACG CGAAGGGGTAGTTGGGGGGGGGGGGTACGTGGTTCTAGGATTTATTTCAAGTTTC
CAGTG GCACG TTCCACAGGAAGTCAGCCGTAAAACAGTTGACAGATTGGCAACCAAATAA
GTAATG CGTATGTGAACGAAAACTTTAAGGGGG CACTC Aü{{{AÙ{GGATAATCACTG G G GA
ATGTTTG CTTTTTCTAAAGGGCCTGTAAATGTGTTACAACTTTGATGATAGAAAGTGTAGTT
TATTAAATACTTAAAAATGATTAAGAAAAACTCTTACTATAACTCTCTAAGTACTAATAAA
CCCTGCAAAAA GGAG GTATGGAAATTTTCTCTTTTTTTGAGGCTAAATTTTGTGCAGCAAT
GTTGCATCCCCACATAAATCAGCATTTACGAGTAAAGTGTTTTCTATTTTTT AATTACTACA
TGGATGCACTACGCTCGTAAATTGTGCGCGTGAGCCAGTTCCGCCGGGGAATTTGCCAACG
CCCATGTGGCCGCCATAAAGACATCATTAATATGCCTCCGGATGCACTGCGTCGCTCTGTC
CCCCGGGA 3'

Table 3b: PCR primers for the gene a/y. Translational staft codon and stop codon

are highlighted in yellow and green respectively. Intron is marked

font. alyl forward and alyl reverse primers are highlighted in red.

aly2 reverse primers are highlighted in blue. aly3 forward primer

aly3 reverse primer is in grey.

with bolded pink

aly2 forward and

is underlined and
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5'
CTTTG CAATTC GTTTTATTTATTTCTA G CAG TCAATTAAGTTCTTTTG GATC Wffi
WAAATTTCTCATTAGATTGATTTTGATCTGATGATCTGAGATAATAATGTC
AGTTAUA"{CTTGTATAGTTTTGG GGG CAGGTTAGATCTCAGATTCAGTTTAGATCCTGATTCC
ACAGAC A&\TAGTCTCCAGCTGTGGTTTTTTCA AJAATTCTTTGT Aü{{{CTTTTGGTACAAA
ATTTAJAú{qATTTTTCTCGAAATGTTTAAGAGAACCGCTTTAATTTTACGTCGGTG CTTTCAG
CCCACTTTTATACGGCCTCACCACATCAATGTCCTTGAGAACTTTAAGGAAGGT'A]'G(ì,.\(;I-
GA,.1.(lTCÀl'-AT'C(lC-l-CGl'l-,\(-l(-ì..\{11*rCl"f,tCT(i'tl';dA'l',\Cll'AC'l-l"C;\CAÁ( jCGA-l-G,\C:(l
.f]-C:CC,{;\I'C]AGGGGCAÁGCAü{{{TTTGTCGATGTCTCTATTCACGATCCGCAACACATTC

GTTCTG CACTCGTCAGTCCAATGCAACGAAAGTTCTTGCAAGACCTGGAGCAG CAACAGA
CTGTTAGGA GGATGAACI-IG AJqù{{CATG AúAJA"AÂTG

AATGCCGGAGGCTAGCTCTAGAAATCATCATGGCTGCTAJqAGGTGGCGACATC Aü{AJAJqú{G
CCTGCAAGGAACTGGCTG AJA.A' A"{GA AüAAGTGCAAGCAGATAG A'{CTG AJqJâ'AA CW
WGAAGACGAAGTGCGCGAAG fuq"{GACCCTTGC AüIAJA.q.G Aüd{GATCC
TTGC AUA,Aü{{GAAAGATCCCTGCA AJAAAGAAAGATCCTTGC AJdd{AG AJ{{GATCCTTG CAA
A AU{G AU{{GATCCCTGCAAAAAGAAAGATCCTTGCAA fuAAGA fu{GATCCGTGCAAAAAAA
AGGGTGGGGACCTAAúddd{G AAGTGC AAA"{Aü{TTGGCCGAJdd{GG AüAJA,{GTGC AüAJA,A,{A
CTGGCCAAúAJ{A-A'GAAJ{AJA-A.TGAAAAAGTTGCAGAfuAIA-AGTGCAJAJqü{AJAü{TGGCTCAGAA
GGAAAAATGC AAG AAAATG G CTAAAAAAGACAAATG CAAG AAAAAGffffi AGCTTTCGCG
GATTATTCAATGAAATACATACGTACCTGGTTTAATTCATTCAGCTCTGTTCAACGCG G CTT
TATCTAAAATATGGTTTTTTCATAATATACAATACGGCATTTTACCG AúA"{A,A.TTAGATTTTA
TTTATTTAAúd{Aüd{TAU{CAAGGGGGAAAACAGTTA AT G AGCW
ffi ealCaGTCCGTGGCAAGATTTCGTCGTTCATACGGACAGACTGATAGTCAGACGGTCA
TGTTTGTTAAGGAATCTATCTATATATATATATATAGATTTATATATCATATAAATAAA 3'

Table 3c: PCR primers for the gene r/i. Translational start codon and stop codon are

highlighted in yellow and green respectively. Intron is marked with bolded pink font.

djl forward and reverse primers are highlighted in grey. dj2 forward and reverse

primers are highlighted in pink.

PCR reactions for bam werc carried out in 200¡rl PCR tubes with 1.5¡rl of

50mM MgClz (3mM concentration), 0.6 pl of l0mM primers (each of forward and

reverse), 2.5 ¡tl of 10X buffer,0.6 prl of 10mM dNTPs,0.2 pl of Taq polymerase

(SU/¡rl), 2 pl of DNA sample and brought up to 25 pl with double distilled HzO.

Reactions were carried out for 30 cycles of I minute at 95oC for denaturalion, 2

minutes at 63oC for a¡urealing and 2 minutes at 72oC for extension. This was

followed by a final extension at 72oC for 3 minutes. For D.simulans, the PCR

23



conditions were the same as above except for MgCl2 concentration of 4mM and an

annealing temperature of 49oC for 3 minutes.

PCR reactions for aly were as described for bam. For D. melanogaster

samples, the reaction was carried out in two different thermocycling profiles using; (i)

alyl Forward and reverse primers, alyZ Forward and reverse primers (Table 3) with

95oC for 4 minutes, 95oC for 1 minute, 65oC for I minute (-|lcycle), 72oC for 7.5

minutes (14 cycles) followed by 36 cycles of 1 minute at 95oC for denaturation, 1

minute at 55oC for annealing and 1.5 minutes at 72oC for extension. This was

followed by a final extension at 72oC for 2 minutes. (ii) aly3Forward and reverse

primers (Table 3) with 95"C for 2 minutes, 95oC for 1 minute, 65oC for 1 minute,

extension at 72oC for 2 minutes (31 cycles) and a final extension of 72oC for 3

minutes. For D. simulans samples, the reaction was caried out in the following

thermocycling profile; 95oC for 2 minutes, 95oC for I minute, annealing at 65oC for

1 minute, extension at72oC for2 minutes (31 cycles) and a final extension of 72oC.

PCR reactions for dj were as described for bam except for a 4.5 mM MgCl2

concentration. Reactions were can'ied out using dj I for-ward & reverse dj2 forward &

reverse primers (table 3) for 30 cycles of I minute at 95oC for denaturation,2 minute

at 54oC for annealing and 2 minutes at 72oC for extension. This was followed by a

final extension at 72oC for 3 minutes. D.simulans samples were amplified using djl

forward & reverse, djT forward & reverse primers (table 3) with the same
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concentrations and conditions except for an annealing temperature of 53.9oC for 2

minutes (djl forward & reverse) and 51.5oC for 2 minutes (dj2 forward & reverse).

In order to confirm the presence of a single amplification product of bam, aly and dj,

the PCR reactions were subjected to electrophoresis at 120 volts inal%o agarose gel

containing 3.75 ¡tl of ethidium bromide.

2.4 PCR product cleanins and quantification

In order to remove primer dimers that can interfere with the sequencing

reaction, the PCR products were cleaned using the "Wizard SV Gel and PCR Clean-

Up System kit" by Promega (cat no: A9281, Madison, U.S.A). The quick protocol

provided by the kit was followed for cleaning the PCR products. An equal volume of

membrane binding solution was added to the PCR reaction. The prepared PCR product

was transfened to the SV mini column inserled into the collection tube and incubated

for I minute followed by centrifugation at 10,000 x g for 1 minute. The flowthrough

was discarded and the mini column was reinserted into the collection fube. 700 pl of

membrane wash solution was added and centrifuged at 10,000 x g for I minute. The

membrane was washed again with 500 ¡rl of membrane wash solution. Next, the mini

column was transfen'ed to a clean 1.5 ml microcentrifuge tube. The DNA was eluted

by adding 50 pl of nuclease free water to the column followed by one minute
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incubation and centrifuged at 10,000 x g for I minute. The cleaned DNA was stored at

-20 0c.

The amount of amplified PCR product to be added in the sequencing leaction

was quantified against a low mass ladder (Invitrogen) using the Quantity One

software, Biorad. Th¡ee pl of cleaned DNA \ryas run along with the low mass ladder in

a l%o agarose gel. Using the low mass DNA ladder of known concentrations, bam, aly

and dj PCR product concentrations in the cleaned reaction was estimated. Sequence

reaction requires 25 to 100 fmoles of double stranded DNA. Depending on the length

of the PCR product and the total amount of DNA in the cleaned reactions, the

concentration that has to be added for sequencing is determined by using infomation

in "Table for estimating the dsDNA concentration" (CEQ 2000 Dye Terminator Cycle

Sequencing with Quick Start Kit manual) as reference.

2.5 Sequencing reaction

Following quantification, sequencing reaction was canied out in a 20 ¡tl

volume. Two ptl of DCTS quick starl master mix (dNTP mix, ddNTP dye terminators

and polymerase enzyme), 1.2 prl sequencing buffer (Beckman Quick start kit product

no: 608120),1 ¡i forward or reverse primer (Table 4) and DNA aliquot according to

the quantification of different samples were added 30. St"rilir"d ddH20 was added to

bring up the reaction to a 20 pl volume. The reactions were carried out in the

thermocycler'.
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For bam (Table 4a) , aly (Table 4b) and dj (Table 4c) the reactions were carried out

using the following sequencing primers.

5',

GTTCTGGGACTCGACATGATATCGATACGTTAAC A-A'C AJqAGAGTCTGGACGCCATCATTCT
TCCTCTTTCTCCTGAATTCGCAGACAG CGTGGCGWAAAGAA C

CTGGCGATAAGGAAAGATTT AA AAGG C AA AAATCGAGTGATTTGTGTGATTTAACTTAAG
A-{TA{TGCTTAATGCACGTGACGTGTGTCCTGAGGGCAACGACGACCAGCAGTTGGACCA
CA{TTTTAAGCAGATGGAGGAGCATTTGGCCTTAATGGTGGAAGGCAÁTG AJAUAACGAAGA
TCCGAGG AJAAGCCACTTGTGAGTACGAGGATACG AACG AAGATGGTGCAACCTGCACATC
GGGCGTTTTATCCGAAATCCAG GAGAACTTCGGTAGA
CCACTCCTCGAATTCCA CGGTTTGGATTGCTTGC AACAGATTC AJ{AÂGCGCTCGCGCCATT
TTGCATTCGACGGTTCTCCGGCCAAGAAGTCGCGATCCGGAGGCGTGTTGGTCACCGGGCC
AAAG CAGAAGCAACTGCAGAAGGAAAATGTGTG GAACCGGA.AGAGTA"d{G G CTCTG CGT
CCGCG GATAATATTGAGAAACTGCCCATAACTATTGAG AÀ{CTGCATATGATTG GTCTGCA
CGGCGATTG(;1.G.tGT-('1"fC'-¡'(;(;.{(; r'\1' {1'CC ('AA'{-l'41'¡\-X'C:\(lÅT'\Al-,'låÂ,\'\(;(ll-(ì
{lTl'Al'Cl]';\AA(1,\,,t1',\G CTTAGAGCACAACGCCGTGCTGCGTTTGATGAATCTC'ffiffi
WCCTGACCGCCGATTTGGGCTTCTCGCGCCAAAACTCAATGCCCTCG
GACTATCTGTTCGATATGCCGGTGAAGAGCACGATGCCTAAGAGCTTGAATGTG CGCTACC
AACTGCAGGTGCTGTGclcc¡lWCAGCGCCGCACCTTGGA
GGCGAATCGCCACTTCGATTTCGACE-L1JNCçT*i;ß¡-EçIæg..íjJ-# GGGTTTC
GCATCCTATTTGGACAACTTCAAACTG CTTTTA fu{GCCC EAJAÁTGCGCAATCGAAACGGAA
ACTCGGGGAGCAATGCGGACAAGT{;'f ,\.r(;('"f(;'1-..{C..\'l.'i']'(;(..-\Å(;CÂA{t{.,\ C-1'C,\{;('1',\
-l-l'CCT'GCÂ,{(,ìG;t'l-T"l''l',\l'-t'.1.-!' 'l'l'.\(ì.'\(-; TCCATACTCAGCGCATGGAGAGATTGCT
AATTGGTCTGCG CGATTG G ATCAAG GCTGCGCATCTCAGTGTGCACGTATTTAACTGGGAA
ATGGATcTGGAGCACCGCTACTCCGGGGCCWGTTGAACGAG
CGGGCCATCCTTTTGTCCGGTGCCGAGCTAAGGGCGGCCGAAGCGCGTGGAATCAGTGCG
GAGGATCTGTTCATCGCCCAGAGATACAAACTGGGAGGTCCGATCTATTGCGTTCTGGAGC
AGCATGAGTTCCTCTCCGCTCTGATCGCCAATCCAGAGACCTATTTCCCGCCCAGTGTTGTC
GCCATTTGCGGGCCACAGAAGCTTGGCGCAGTGAGCATGGAGCAGCCGTCAGCGTCGGAG
GAGGAGTTTGAGGAGACCGAGGAAGTGCCATCATCGCCACCTCGTCACACCGGACGTGTA
CCTCGCTTCAGAAG CÍÄÄACTAATG CTGTG CACATCGATAJAJL{GAATGACAG CAAATATG
CAATTTAAAAAAGCTACTCTTC AAGTAAACATATCTAT
AGTGTAAGATATATTTGTCCAATAGTGCGGACTCCATATTTGTATTCGTGAATAAG CTTAT
ATAAGCTTTTT AAAAATATTTATCAAATCGATACAAACAAAATC AÙdd{TG AJAú{ACGATTTA
TTACCCCTGTTTTGAGATTGATAACAAATTTATATAAGTTTAACTGTGTTTACATTTATTTG
G C AA AACTACAAATGTGTTTG CTTTTCACTTTTATAAATCTGTATTTTACTTAAACTTTAGA
AATAAGA AATCCTTTAGTG CCTGAATTTATTTTG CAACTACGTTTTATTTGTATGAGGAACT
TACCAGTTTTTCTTATTTG CTTTGCATTTGTATTTTGAAAGTC AúAÁTAAATATTTACGATTTG
TGTTTGGACT 3'

Table 4a : Sequencing primers for the qene á¿rz. Translational start codon and stop

codon are highlighted in yellow and green respectively. Introns are marked with

bolded pink font. bam fotward primer (F2) and reverse primer (R2) are highlighted in

pink. bant forward primer (F3) and reverse primer (R3) are highlighted in violet. bam

for-ward primer (F4) and reverse primer (R4) are highlighted in dark yellow. bant

forward primer (F6) used in D. sintula¡rs strains is highlighted in grey.
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5',

ATTTCAGCATGTCAGTTGATCCACTATCAATCGATAATTTCACAATCCAATCW
WAGTTTCTGGC A,I{TATAGGATTACTATCTACGAC AACGTAATATTTTCTCT
TTTCTATCAJAÁTATTA AJ{{TAGAACTATAACTGTGCTACCATCG G TAGAATGTCG CGTCAT
CAATTGAAG AJA-A.CCCAG AJ{{GATG GTGGCGGCATG G CAAAACGATGAATTATTTAT:I Aúd{
CGCCC A{{TTTCGCCCCGCGTATTAGGATTTCCG AÙd{A GCCAGAGATCCAGGGAAGAATT
AAACCAGGC GTGGCGTCCA AJAAGGACTGAGAACTTTAC AAAGAAGCCGTCCAATATATCT
crAcArcrrrcccec"G_ä_ëË_ãËffi":Õ_ê.ãffË"d-ffi ã{i-ãaeccAccAccArcccrAcrc
CAATGACTTTATACTTGGCAAGAGGTTC'G1';\d-l-G(;G,1,\,1C,{'f'fC{ lCì]';TG,\Cr\'1"(lC(l-fT]'
A\(;-r(ì(]]:F'\ÅT1.GTTC'd.|.TC-tCC-'T-t.T;{GATTGTACAATTTCCTGAAGTATffi
WnGGTGTGAGTTCGTCGACTCCTTCCTGGACAAGCCGACCCTGACCATGGG
CTACGATATGAAGCGCTTCATAGCGGAGTACTGTCCGCTCCTGCACTCTTGCTTCATGCCCC
G CAGAG GATGGCAATTGGTACGTCGGAATATGGGGAAGG CG CG TCGATTTTCG GCCGCCT
TCATCGAGCTGGAACGCGAAGAATTGGAGTGCCAGCGCCGCATTGTGCGCCAGTTGCAGC
AGCATAAGTTCAATCCCAAGGAGAACGTG G GCTA CTTGGACCAGATACCCAAGCGTGTGC
CCCTGCCACTGGCCAAGGATGCCACGGTCAG CAGTTTTCTGCACG GAAACTCCTTTGAGG G
CATCGTCAATI:æ,WCAGGACTACACCTATCTGGTTCGATTC
AATAGAAACGACAATGCAGTCGTGCTCAGTCTTCCG GATTCACAG CTCTATTCCGACGAGG
AAACCG CGGCG GTTCCCTTGTCAATTATTATGCG CGG CAACAAATCGTCCTCGGTTATTTC
GGAGAG CGCCAAGACCGAGAAGTTCGG AüAÙ{CAAGAG GTACACCAAGGAACTTCTGGAAT
CAGTGCTAAGGGTTGGTAAACTACAGGATGTCAAGCACAAGATCCTCATGGACTTGGCCC
GAATGAATGAGGATTTCGAGACATTCAAGGAGATffiffi"WGATGC
CAAGGTCACACCTCAGCGTGAGAATCTCCAGCGTCGCTATTCGGCCAGCATGATAACGCTG
CACC GAGTGAACGCTGATATCCTTGAACCG CTGC GCATCCTG CACGACTACCTG GTCË-ffi,íWGGAGGAGTCC 

AÙq,dAGAG GTCGTCCCG CCAG CGAAGTCTAT
CAGAAGTGTCGCATGCAGGCGGAACAGGACCTCAAGACTGCCGCGGATGAGAAATTCCTG
AAGATAGAATCGGATCGCACGCAGGAGTTCGTCCGCAACCTTCACACCATACTGTATCTCA
ATGGAAAGCTGGGGCGCGAGAACAGCTCCCATTTGGAGACGATTATCGCTGATCTGGTTA
CCCACATGGTGGACAACATCCAGCCATCGCTGGGCCGGAAATTAAAAGATGGCGTCGATT
CCCTGGAGCCTCTGCGTCAGCAGGTGGTGC fu{\TATTTAAAGACGTCAAAAJdACCAGAGC
GCTTCCAAATCACCCAGCAGGCTCCGATGCAAACCGAGGATGGTATCTACAACTTTGTGGT
CG A GGCACAG CCG G ATACTC CCAG C[ffÆECECACTACCTACTGGCCCTTTGGAATACTGAA
ATAAA GCCTCGCTCTTATTTATGGCTCAATTAGGAG GAGTGTCATGTGCATTGGGAGTTTG
CCGGCAGAGGAGCTTAACG AGAGCTCTTTTGGTACTT
ACGCGAAGGGGTAGTTGGG GGGGGGGGGTACGTGGTTCTAG GATTTATTTCAAGTTTCCA
GTGGCACGTTCCAC 3'

Table 4b : Sequencing primers for the gene a/y. Translational staft codon and stop

codon are highlighted in yellow and green respectively. lntron is marked with bolded

pink font. aly forward (alyl. f2) and aly reverse (alyl.r?) sequencing primers are

highlighted in pink. aly forward (alyZ. fl) and aly reverse (aIyL. rl) sequencing

primers are highlighted in blue. aly forward (aly3. Nl f) and aly reverse (aly3. Nlr) are

highlighted in grey. aly reverse (aly2. N2r) is highlighted in teal.
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5' CTT'TGCAATTCGTTTTATTTATTTCTAGCAGTCAATTAAGTTCTTTT GG A'T C']",W
WßIAAATTTCTC ATTA GATTGATTTTGATCTG ATGATCTGAGATAATAATG
TCAGTTAúAACTTGTAÍ..d.É.'.ffi CTCAGATTCAGTTTAGATCCTGATT
CCACAGACAuÁ',{TAGTCTCCAGCTGTGGTTTTTTCAJqJAü{TTCTTTGTAfud{CTTTTGGTACAA
A{TTT A'{d{\TTTTTCTCG AAATGTTTAAGAGAACCGCTTTAATTTTACGTCG GTGCTTTCA
G CCCACTTTTATACGGCCTCACCACATCAATGTCCTTGAGAACTTTAAGGAAGGT',TTC (J Å {ì
T'GAACI'C,\'I'ÂTG-C(j1'(ìG1I'ÅC(1,,1(llT'G-l"l',\(l-fG'lT'..{AT'AC'I';\Cl'1'CÅCl.,tÅ(l(-l(ì.,11'G;\{l
C'1'1'CC Cj\.,{]'C A C GGGC AAGC AA AATTTGTCGATGTCTCTATTCACGATCCGCAACACATT
CGTTCTGCACTCGTCAGTCCAATG CAACG AJ{{GTTCTTGCAAGACCTG GAGCAGCAACAG
ACTGTTAGGA GGATGAACTTGAJAú{ACATGAJ{AJ{{T
GAATGCCGGAGGCTAGCTCTAG AAÁTCATCATGGCTGCT AIMGGTGGCGACATC AJAJA,{{{
GCCTGCAAGGAACTGGCTG A AAAAG AJ{AÙ{GTGCAAGCAGATAGAACTGA AAAAGWM
WGAAGACGAAGTGCGCG Au{G AJqAGACCCTTGC A AJqJAÙ{GAAAGATC
CTTGC AAAAA.G AJAÂGATCCCTGCA AJAÂAG AÄ{GATCC]TG C AJA,AüAJ{G AAAGATCCTTG CA
AAAAGAAAGATCCCTGCAAAAAGAAAGATCCTTGC AJAU{A,{G Aü{{GATCCGTGC A.AÄ{ AÁ
AAGGGTGGGGACCTAJAU{A AAG AAGTGC AJqJAJ{{{TTGGCCG Aü{AÂGGAAAAGTGC A{A.{A
ACTGGCCAAJAúAJAú{GAAü{AAATGAAAAAGTTGCAGAJAJAJ{{GTGCAJAü{AIAú\{TGGCTCAGA
AGG AJ^'trAüAÁTGCÀ{G A{AATGGCTAAú{AJqÙ{GACAAATGC A'AG AJ{A"A'AGffiECCTTTCCC
GGATTATTCAATG AAATACATACGTACCTG GTTTAATTCATTCAGCTCTGTTCAACG CGGCT
TTATCTAAAATATG GTTTTTTCATAATATACAATACGGCATTTTACCG AU{ AÙ{{TTAGATTTT
ATTTATTTAJAJqú{AAATAACAAGGGGGAAAACAGTTAATGAGCffi
ffiTaaTcAGTCCGTGGCAAGATTTCGTCGTTCATACGG ACAGACTGATAGTCAGACGGTC
ATGTTTGTTAAGGAATCTATCTATATATATATATATAGATTTATATATCATAT AU{AT AÙ{A 3'

Table 4c : Sequencinq primers for the gene di. Translational start codon and stop

codon are highlighted in yellow and green respectively. Intron is marked with bolded

pink font. dj1 forward and dji reverse primers are highlighted in grey. dj2 for-ward and

dj2 reverse primers are highlighted in pink. dj3 forward primer is highlighted in blue.

By the end of the thermal cycling program of the sequence reactions for bant,

aly and dj, 5 ptl of stop solution was prepared by using 0.4 ¡-rl of 0.5 M EDTA, 2 prl of

3 MNaOAc, 1.6 ¡-rl of sterilized ddHzO and 1.0 ¡rl of glycogen added last. Five prl of

stop solution is added to each of the sequence reaction mix. To precipitate the DNA,

60 pl of cold95% ethanol was added, mixed and centrjfuged at 14,000 rpm at 4oC for

1 5 minutes. The supernatant was removed and 100 pl of 70 o/o ethanol was added,

centrifuged at 14,000 rpm at 4oC for 5 minutes and the supernatant was removed

again and the pellet was washed twice with 70% ethanol. The DNA pellet was air

29



dried for 45 minutes. The pellet was resuspended in 40 pl of sample loading solution.

Samples were transferred to corresponding wells of the sample plate and covered with

one drop of mineral oil. Separation buffer was added into the buffer plate (CEQ

Beckman Coulter). The sample plate, buffer plate, gel cartridge and capillary array

were installed in the CEQ 2000XL DNA Analysis System. The sample plate was run

using the following system conditions; capillary temperature of 50oC, denature

temperature of 90oC for i20 seconds, injection time of 27 seconds aT 2.0 kV and

separation time of 85.0 minutes at 4.2 kV. Raw sample data is collected and converted

to the nucleotide base sequences by the CEQ system analysis software.

2.6 Sequence data analysis

The sequences obtained using different sequencing primers of each gene for

each strain were individually aligned to the D. melanogaster Genbank sequence. Each

alignment 
"¡/as 

manually inspected and mismatches due to sequence error were

eliminated by inspecting sequences obtained from at least a forward and reverse

sequencing primer from two independent PCR products. Four independent sequencing

reactions were performed for each template. A single sequence for each strain was

obtained as a consensus from these alignments. DNA sequences of all the strains were

multiple aligned using the Clustal X program version 1.82 (ftp:llftp-

igbnrc.r¡strasbg.frlpub/ClustalX/ ; 3s. Following the sequence alignment, the analyses

were performed using the programs DNAsp 4.0 (DNA Sequence Polymorphisms)

(http ://u'u,w. u b. es/cJ nasp/) 36 and MEGA2 (u,r,vrv. me gasoftware. n et) 37.
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3. RESULTS

Sequencing was camied out on the three genes bam, aly and dj. The gene bam

\ /as sequenced in twenty four strains of D. melanogaster (sixteen strains from

'Winnipeg, Norlh America and eight strains from Zimbabwe, Africa) and five strains

of D. simulans. The gene aly was sequenced in twenty four strains of D. melanogaster

(fifteen strains fi'om Winnipeg, North America and nine strains from Zimbabwe,

Africa) and six strains of D. simulans. The gene dj was sequenced in fwenty five

strains of D. melanogaster (sixteen strains from Winnipeg, North America and nine

strains from Zimbabwe, Africa) and five strains of D. simularzs. Analysis was canied

out on the bam gene for exons one (499 bp), two (372 bp) and three (473 bp), introns

one (66 bp) and two (67 bp). Analysis on aly gene includes the 5' upstream region (89

bp), exons one (275 bp), two (1336 bp) and an intron (69 bp). Analysis on d7 include

the 5' upstream region (70 bp), exon one (94bp), two (644 bp) and an intron (98 bp).

3.1a Polymorphic and fixed sites

Polymorphic and fixed sites were observed for all the three genes bam, aly and

dj for D. ruelanogaster and D. sitnulans strains in the 5' upstream (d7), coding and

intron regions (bam, aly and dj) (Tables 5, 6 and 7).

ln bam, 7 intraspecifìc polymorphisms were found within exon one of D.

melanogaster with three non-synonymous and four synonymous polymorphisms.

Introns one and two have one and two silent polymorphisms respectively. Exon two
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has two non-synonymous and seven synonymous intraspecific polymorphisms. Exon 3

has one non-synonymous and thlee synonymous polymorphisms (Table 5).

For bam in D. simulans, three non-synonymous and four synonymous

polymorphisms were detected in exon one. Exon one has a nine base pair inserlion and

a twelve base pair deletion in D. simulans. Introns one and two have zero

polymorphisms within D. simulans. Exon two has three non-synonymous and two

synonymous polymorphisms. Exon three has seven non-synonymous and ten

synonymous polymorphisms. A th¡ee base pair insenion polymorphism is found in

exon three of D. simulans (Table 5). When a closs species mega blast in the trace

archives of NCBI (llttp://www.ncbi.nlnl.nih.gov) was carried out with fhe Drosopltila

sittntlans bam gene that was sequenced in this study, it gave an average percentage

(%) identity of 97.73%. This confims that the bant gene in Drosophila simulans

isolated and sequenced was right.
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bam
Position

Strains
wpgl
wpg2
wpg3
wpg4
wpg5
wpg6
wpgT
wpg8
wpg9
Wpg10
Wpgl l
Wpg12
wpg'13
Wpg14
Wpgl5
Wpgl6
Zim35
Zim18
Zim22
Zim10
Zim32
ZimS
ZimT
Zim49

111111',t11122222222
1 233 44466 B 99 92223 3 3466 8233 3 7 I 89
9229 069 3 I 907 823 446 98 I 582 I 237 287
GTGCGCT TATAGAGGAGGTAGACGTACAACT

(.

223
990
894
TAT

02
91
cc

sim4 A cA GA c c c r c c A T T T c c c c r c c rA G T c c cA c c r r A A c c c A GA c r r c r c c A c r A c
sim6
sim3
simT
siml .Gc. .A.c A.

R/S RR R R RRS S R R R RR R RR RRRRRS RS s RRRS S RS S RRS RS S S S s S S S S RS S s S S RR
F/P F F FF FF F F F F F F F F FFPF FFP F F F F FP F F F F FPP F F F FF F F F FFF FPPPF FF F F

PP

33

333333333333
444445555556
134590123489
G TG

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

.A

I

344
711
812
(J(JA

4444444444
1233333444
s2467890',1 2

AGCGATAATA

444
444
345
TTG

4444444445
4455578880
6702663798
AGAGCATCGT

A.
^

.\.(.

GATGTATC

S

P

SSRSRSRSS
PPFFFPFFF
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bam 111i1111 11111111 11111111111111i111
Positions55sss55sssss66666677777777777BBBBBBBB99999990000't11111112zz222zzz2zzz2z2zzz333

3345555557888024789001113677990225668925778990124145668890012233334456666889223
Strains
wpgl
wpg2
wpg3
wpg4
wpgS
wpg6
wpgT
wpgB
wpg9
wpg'10
Wpg11
Wpg12
wpg'13
Wpg14
Wpg15
Wpg16
Zim35
Zim18
Zim22
Ziml0
Zim32
Zim5
ZimT
Zim49

48612357914s91630642926823234770328943451793463913551719178518s679046023s453028
TAACCTACAAGTGTCCGAGCCGTGACCCGATACTCATAGGCCTATAGACCACTCGGAGCTCCACAACGACTTTCTGGCT

-f

. T.

TG,

.t..

.T.

.T.

.T.

.T.

.T

.T

.T .

.T

.T.

.T

.T.
,T
.T.
.T.
.T.
.T.
,T
,T
. TA.
. TA

.(J

.G.

sim4 c c c c r c r c r GA c r r c cG T c r AGAA A c cAGA T c r cc r cc r r r c r cA G T Gc ccG T T A A T T T GGA T TGA cGc r c cA T AAAc r
sim6 .A .crA
sim3 .A .?..crA .A
simT T .?c? .A
siml c..c. c. T .A A. A. .c?c.cTA

R/S s s s s s s s s s s RRs s s s s RS RS s Rs RS s RRRRS s R RRS RRS s s s s s RRS s s RS s s RRRRRRRRS s s s s R RS s s RS Rs s RS
FIP F F F P F F F F F F F F F P P P P F F F F P F F P P P F PPP F F F F F F F F F F P F F F F F F P F F F P F F F F F F F F F F F P F PP F F F P F F F F F PP

PPPPPPP

34

T

T

T

T

A.
A.

AA

..4.
T

_
I

T

A

T.

(.

A

A



bam 11111i1i1111111
Position3 3 3 3 3 3 3 3 4 4 4 4 4 4 4

Strains
wpgl
wpg2
wpg3
wpg4
wpg5
wpg6
wpgT
wpg8
wpg9
Wpg10
Wpg11
Wpg12
Wpg13
Wpg14
Wpg15
Wpg16
Zim35
ZimlB
Zim22
Zim10
Zim32
ZimS
ZimT
Zim49

667777890001344
172348272462478
CG--_CCATTACAGG

sim4 c?cAccAcAcATcAT
sim6 . ?

sim3 .c..c. .-t .c?
simT .A. c..A .T .?
siml .c___.c.rr ?

R/S RSSSSRRSSSRSSSS
FIP F P F F F F F F F F P F F F F

PPPP P
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Table 5: Polymorphic sites in exon one, intron one, exon trvo, intron two and cxon three of the bantgeneinD. ntelanogaster
and D. sinrulans. Dots represent similarities between strains. R- replacement site, S-silent site, F-flrxed site, P- polymorphic
site. "-" indicates gaps. Only nucleotide positions where there are changes befween strains in the exons and introns of the
gene are shown.
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The aly gene of D. melanogaster shows five non-synonymous and stx

synonymous intraspecific polymorphisms in exon one. There is a six base pair deletion

in Zim30 strain in exon one. The intron has six silent polymorphisms and a two base

pair deletion in Zim30 and Zim35 strains. Exon two has fifteen non-synon)¡mous and

forly synonymous intraspecific polymorphisms (Table 6).

The sequences of aly in D. simulans show ten non-synonymous and one

synonymous polymorphisms in exon one. Intron one has four silent polymorphisms

within D. simulans. A two base pair deletion in all simulans strains and a two base pair

deletion in sim6 strain are found in the intron region of D. simulans. Exon two has six

non-synonymous and fifteen synonymous polymorphisms. A six base pair addition is

found in exon two of D. sinrulans (Table 6). When a cross species mega blast in the

trace archives of NCBI (http://unwv.ncbi.nlm.¡rih.eov) was carried out with the

Drosophila simulans aly gene that was sequenced in this study, it gave an average

percentage (%) identity of 96.26 %. This confirms that the aly gene in Drosophila

sítnulans isolated and sequenced was right.
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Table 6: Polymorphic sites in cxon onc, an intron and exon trvo of the aly geneinD. ntelanogaster andD. sintulatzs. Dots represent similarities
between strains, R- replacement site, S-silent site, F-fixed site, P- polymorphic site. "-" indicates gaps. Only nucleotide positions where there are

changes between strains in the exons and intron of the gene are shown.
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In the dj gene of D. melanogaster, one silent polymorphism was present in the

5' untranslated region. One non-synonymous and one synonymous intraspecific

polymorphisms were found in exon one. The intron has two silent polymorphisms and

exon two has two non-synonymous and three synonymous intraspecific

polymorphisms (Table 7).

D. simulans of dj has zer-o silent polymorphisms in the 5' untranslated region

which is located sixty nucleotides upstream of the translational start site. Zero non-

synonymous and zero synonymous polymorphisms were found in exon one. The

intron has four silent polymorphisms within D. simulans. Exon fwo has five non-

synonymous and twenty nine synonymous polymorphisms. Eighteen base pair

addition is found in exon two of sim4 strain. A three base pair deletion is found in all

the D. sitnulans strains (Table 7). When a cross species mega blast in the trace

archives of NCBI (http://www.ncbi.nlm.nih.gov) was carried out with The Drosophila

simulans dj gene that was sequenced in this study, it gave an average percentage (%)

identity of 97 .l I %. This confirms that the dj gene in Drosophila simulans isolated and

sequenced was right.
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Table 7: Polymorphic sites in 5', cxorr onc, an intron and exon trvo of the dj geneinD. melanogûster andD. sitnulans. Dots replesent similarities
between strains. R- replacement site, S-silent site, F-frxed site, P- polymorphic site. "-" indicates gaps. Only nucleotide positions where there are

changes between strains in the exons and intron of the gene al'e shown.
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3.1b Transitions (Ts) / Transversions (Tv)

Transition is the substitution of a purine base by another purine base or a

pyrimidine base by another pyrimidine. Transversion is the substitution of a purine

base by a pyrimidine or vice-versa. Transition / Transversion ratio (R) was calculated

for the D. melanogaster genes bam, aly and dj using Kimura 2- parameter pair-wise

comparison (Table 8). Assuming that transitions and transversions are equally likely,

R should equal 0.5.

øly

Table 8: Summary of Transition (Ts) and Transversion (Tv) polymorphisms for the D.

melanogaster" genes bam, aly and d.i. N/A values due to more changes at the same site.

Genes
(D. melanogaster)
bøm

Transitions / Transversions (R)

0.489
0.101

0.482
N/A
0.486
0.004
N/A

2.666
0.964

2.337
0.964
2.501

0.798
0.s23

0.1 04
0.523
0.925

dj

Coding
Non-Coding

Exon 1

Intron I
Exon 2

Intron 2

Exon 3

Coding
Non-Coding

Exon I
Intron
Exon 2

Coding
Non-Coding

Exon I
Intron
Exon 2
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Within the coding region of the three genes, aþ shows the highest R value (2.666) and

it is much greater than the non-coding region (0.964). There might be a higher

occutrence of transitions or a lower occurrence of transversions in the coding region of

aly. Synonymous and silent substirutions more often result in transitions than

transversions '8. The.efore, a high proportion of transitions might be indicative of

selection against non-synonymous substitutions.

3.2 Highly conserved gene regions

In the carboxy terminal part of the dj gene (exon two) where the nuclear

localization signal is present, there are no non-synonymous substitutions both within

and between species. The eight times direct repeated signal DPCKKK remains

consen¿ed both within and between species with zero non-synonymous

polymorphisms (Figure 5). There are ten synonymous polymorphisms in the nuclear

localization signals within D.simulans. Also, the mitochondrial localization signal,

IRPHHI in exon one of d7 shows the absence of non-synonymous substitutions both

within and between species. The absence of non-synonymous substitutions in these

localization signals suggests strong selective constraints due to its functional

importance. The 5' untranslated region of a¡ gene which has the translational

repression element (TRE), has one polymorphism within D. melanogaster and no

polymorphisms within D.sitrutlans. This lack of polymorphism shows that selective

constraints have kept the translational lepression sequence signal of dj free of

mutation accumulation.
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There are two nuclear localization regions in aly gene. The first region is

present in exon one with the amino acid pattern KKPR or KPRK. This region has zero

non-synonymous and zero synonymous substitutions both within and between species.

The second region of nuclear localization is present in exon two with the amino acid

pattern RRGWQLVRRNMGKARRF. This region has four synonymous intraspecif,rc

substitutions and zero non-synonymous substitutions.

_ Pi[ð]/Pi[sl

- 

Ka/Ks

'Figure 5i Graph showing the position of Nuclear l..ocalization Si-qnal in dj that

,.*äin, conseled in both within and between species. Pi(a)/Pi(s) indicates non-

synonymous over synonymous polymorphisms within species. K(a)/K(s) indicates

non-synonymous over synonymous substitution between species.
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3.3 Population subdivision

Two different populations (Afücan Zimbabwe and Non-Af¡ican Winnipeg) of

D. melanogaster were compared for genetic differentiation. The populations were

tested for signif,rcant genetic differentiation in order to know whether the analysis of

the populations could be pooled together. The test is a permutation based statistical

test which is applied using Ks where Ks is the weighted average of the average

number of nucleotide differences between sequences fi'om within locality Winnipeg

and Zimbab*e 'e. Ks* and Kst* takes account of the number of nucleotide differences

between different haplotypes (two or more liked sites) and weighting to large numbers

of differences between sequences are not given much imporlance. Ks* and Kst*

values for bam, aly and dj are significant between the African and non-african

populations (Table 9). Therefore the fwo populations cannot be pooled together for

within species polymorphic analysis.

Gene Sample Size

bam Nl : 8;N2:16

aly Nl :9;N2 :15

dj Nl :9;N2:16

Ks*

1.32579

2.50636

0.87793

Kst*

0.04800

0.0s 199

0.13429

P-value

0.0050**

0.00***

0.00*{'<*

Table 9: Genetic differentiation test for the African (Zimbabwe Nl) and Non-Afi'ican

(Winnipeg N2) populations of the genes bant, aly and dj. Ks* and Kst* are nucleotide

sequence-based statistics. Kst: l-(Ks/Kt) where Kt is the average number of

differences between sequences regardless of the localiry 3e.
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3.4 Within species sequence polvmorphism

Polymorphisms within species for the African, Non-African populations of D.

melanogaster and D. simulanr were calculated by comparing n þi) and 0 (theta)

values. n is the average number of differences between all pairs of sequences in a

sample of n sequences. 0 is the number of variable positions in a sample of n

sequences.

Genes Non-
African
(Winnipeg) (Winnipeg)

?lTotat 0 torut

bam 0.00169 0.00208

aly 0.00595 0.00590

dj 0.00247 0.00276

Non- African African
African (Zimbabwe) (Zimbabwe)

D.símuløns D.simulans

7[ Total 0 torut

0.00724 0.00802

0.00697 0.00820

0.01837 0.0t929

7[ Total

0.00398

0.01128

0.00133

0 To,ot

0.00425

0.01356

0.00168

Table l0: Polymorphisms in bant, aly and d7 of Non-Af ican, African and D. sitnuians

populations.

n and 0 values are calculated fi'om all the sites in the gene. From n and 0

values, it is observed that there is a higher level of polymorphism for bam and aly

gene in Afi'ican population compared to Non-African population. The level of

polymorphisrn is much higher in aly (African versus Non-african) compared fo bant

which is again higher than the average values of D. melanogaster genes (nro,ur --

0.00402,Ororar : 0.00403). D. simulans shows higher level of polymorphism in dj gene

when compared to other genes (Table l0).
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Theta values are calculated only for synonymous sites in the coding region for

the genes bam, aly, dj in orðer to compare to estimates from other genes. Data for

other genes were obtained from Andolfatto a0 
lFigure 6¡.
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Polymorphism in D. melanogaster; Winnipeg (Non-African)
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X-linked and Autosomal genes

Figure 6: Synonymous polymorphism in aly, dj and bam compared to other X-linked
and autosomal genes. Blue dots represent polymorphism represented by theta values in
other genes. Pink squares represent polymorphism represented by theta values in aly,
orange triangles show polymorphism in dj and green diamonds show polymorphism in
bam.
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3.5 Test of selection based on polymorphism data

Tajima's D test of neutrality and Fu and Li's test of neutrality were used on the

genes bam, aly and dj. Tajima's D test is based on the differences between the number

of segregating sites and the average number of nucleotide differences ot. Fu and Li use

the statistical properlies of the numbers of extemal and internal mutations and their

relationships to detect departures from neutrality o'.In the geneology of a random

sample of genes in a population, external mutations are ones that occurred in the

extemal branches and internal mutations are ones that occuned in the internal

branches. Internal branches are the older part of the geneology (blanches connecting

ancestors in a phylogenetic tree) while extemal branches are the younger part of the

geneology (branches connecting ancestors to present taxa). External mutations get

affected when there is selection while internal mutations stay neutral 42. Tajima's D

and Fu and Li are both based on the hypothesis that all substitutions at a locus are

neutral. Tajima's D and Fu and Li's tests were calculated in D. melanogaster

(Wiruripeg and Zimbabwe) and D. simulans populations for bam, aly and dj (Table

11). For Tajima's D even though there are no significant values for the genes batn, aly

and dj, the tests are mostly negative which shows an excess of rare or recent

mutations. An excess of rare polymorphisms (in low frequency) might be due to

purifying selection where most new mutations are eliminated to preserve the function

of the protein/DNA sequence or positive selection where new favorable mutations are

selected to fixation. Both processes lead to only very few recent mutations

contributing to population polymorphism.
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Tajima's D Fu and Li's D Fu and Li's F
bam Winnipeg

Zimbabwe
D.simulans

Winnipeg
Zimbabwe
D.simulans

Winnipeg
Zimbabwe
D.simulans

0.933 -0.70786 ns
1.000 0.00052 ns
1.000 -0.72278 ns

1.000 0.03535 ns
1.000 -0.86194 ns
1.000 -0.95426 ns

0.917 -0.72732 ns
0.694 -0.55157 ns
1.000 -0.35721 ns

-0.78628 ns

-0.09150 ns
-0.72278 ns

-0.53186 ns

-1.02343 ns

-0.92027 ns

-0.43915 ns
-0.72564 ns

-0.35721 ns

-0.87942 ns
-0.07779 ns
-0.77662 ns

-0.43104 ns
-1.10558 ns
-1.01423 ns

-0.40673 ns
-0.75852 ns
-0.38563 ns

11

8

5

aly

dj

l5
9
4

l0
4
5

Table 11: Tests of Neutrality for bam, aly and d7. Number of haplotypes denoted as h
and estimates of haplotype diversity as Hd. ns denotes non-significant values.
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3.6 Test of Selection using Polymorphism and Divereence

McDonald-Kreitman test (MK test) is used to test the relationship between

levels of polymorphism and divergence ar any given gene ". The test uses within

species number of polymorphism and interspecies divergence to test for the

occurrence of selection. The null hypothesis of MK test states that if both

polymoryhism and substitutions are neutral, the ratio of replacement to synonymous

polymorphism within a species should be the same as the ratio of replacement to

synonymous substitutions between two species. A neutrality index (N.I) can be

computed that indicates the extent to which the levels of amino acid variation within

species depart from the neutral model. N.I > 1 suggests maintenance of large

proportions of amino acid polymorphism within species due to balancing selection.

N.I < 1 suggests polymorphic replacements are transitory in the population and get

fixed between species due to their adaptive value. MK test was carried out for the

genes bam, aly and dj (Table l2).
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African African Non-African Non-African
(Zimbabwe) (Zimbabwe) (Winnipeg) (Winnipeg)

Divergence Polymorphism Divergence Polymorphism

bøm Non-synonymous 54 15 52 15

substitutions
Synonymous 28 16 28 12

substitutions
N.I:0.486 ns N.I:0.673 ns

aly Non-synonymous 40 35 40 23

substitutions
Synonymous 28 45 29 32

substirutions
N.I:0.544 ns N.I:0.521 ns

djNon-synonymous9789
substitutions
Synonymous 9 25 l0 28

substitutions
N.I:0.280
P value
0.04255*

N.I:0.402 ns

Table l2: McDonald Kreitman test for the genes bant, aly and dj. N.I indicates
Neutrality Index. ns indicates non-signihcance.

MK test shows significaht value for the Afìican þopulation of dj with a

neutrality index of 0.280 indicating that non-synonymous polymorphisms are

tlansitory in the population and get fixed between species by positive selection. bant

and aly also have a N.I values less than one but non-significant. Exons were also

analyzed separately for all the three genes to test for signs of selection acting on

parlicularregions of the gene. As a result, bam did not show any significant value for

exons one, two or thlee. Dj did not show any significant value for exon one and two
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but the N.I value was always less than one. In aly, the MK test turned significant for

exon fwo in both the African and Non-African populations with a N.I value less than

one (Table 13). This result suggests that in exon two non-synonymous polymorphisms

are transitory in the population and thus get fixed between species due to positive

selection.

aly African African Non-African Non-African
(Zimbabwe) (Zimbabwe) (Winnipeg) (Winnipeg)

Exon 2 Divergence Polymorphism Divergence Polymorphism

Non- 24 22 24 l0
synonymous
substitutions

Synonymous l8 40

substitutions
N.I:0.413
Pvalue:
0.02889*

19

N.I:0.293
Pvalue:
0.00868x*

27

Table 13: McDonald Kreitman test for exon two of aly. N.I indicates Neutrality Index
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Polymorphism and divergence were also calculated by comparing ratios of

non-synonymous substitutions (Pi(a) versus synonymous substitutions (Pi(s)) within

species þolymorphism) and non-synonymous substitutions (Ka) versus synonymous

substitutions (Ks) between species (divergence). When carried out for the three genes,

African and Non-African populations of bam and aly show a higher K(a)/K(s) than

Pi(a)/Pi(s). In dj, African population shows a higher K(a)/K(s) than Pi(a)/P(s)

suggesting positive selection whereas Non-African population shows a lower

K(a)/K(s) than Pi(a)/P(s) (Table 1a).

Polymorphism
Pi(a)

bam African 0.0010
Non-African 0.0009

øly African 0.0058
Non-African 0.0019

African 0.0000
Non-African 0.0013

Divergence
Pi(a)/Pi(s) K(a) K(s) K(a)/K(s)

0.1094 0.552
0.104r 0.s6s

0.1147 0.334
0.1041 0.314

0.1443 0.123
0.1s62 0.r08

Pi(s)
0.010s
0.0027

0.0324
0.0203

0.0017
0.0098

0.103
0.343

0.178
0.095

0.000
0.134

0.062s
0.0607

0.0404
0.0382

0.0194
0.0187

Table 14: Polymorphism and divergence showing ratios of Pi(a)/Pi(s) and K(a)/K(s)
for bam, aly and dj

59



Exons for all the three genes were analyzed separately to find the pattern of

evolution within genes. When analyzed for dj, KaÆ(s and Pi(a)/Pi(s) rate is higher in

exon one than exon two in Non-African populations. It shows that exon two is more

conseled than exon one. Ka/Ks is always higher than Pi(a)/Pi(s) in exon one and two

in both African and Non-Afücan populations suggesting positive selection (Table 15).

dj

Winnipeg
Wiruripeg

Zimbabwe
Zimbabwe

Exonl
Exon 2

Exon I
Exon 2

Pi(s)
0.0062
0.0105

0.0000
0.0020

Pi(a)
0.0070
0.0004

0.0000
0.0000

Pi(a)/Pi(s) Ks
t.t29 0.0251
0.046 0.1 805

0.000 0.0000
0.000 0.1111

Ka KalKs
0.0345 1.386
0.0164 0.080

0.0405 N/A
0.0r 64 0.08s

Table l5: Polymorphism and divergence showing ratios of Pi(a)/Pi(s) and K(a)/K(s)

for exon one and two of d7 gene.

aþ shows higher Pi(a)/Pi(s) and Ka/Ks rates in exon one than exon two in both

African and Non-African populations. It shows that exon two is more conserved than

exon one. Ka/Ks is always higher than Pi(a)/Pi(s) in exon one and two in both African

and Non-African populations suggesting positive selection (Table l6).
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aly

Wiruripeg
Winnipeg

Zimbabwe
Zimbabwe

Exonl
Exon 2

Exon i
Exon 2

Pi(s)
0.0360
0.00r 0

0.0271
0.0316

Pi(a)
0.0052
0.0010

0.0065
0.0040

Pi(a)/Pi(s) Ks
0.143 0.t943
0.060 0.0920

0.236 0.i781
0.126 0.0940

Ka Ka/Ks
0.0977 0.46s
0.02s8 0.268

0.0971 0.512
0.0216 0.280

Table 16: Polymorphism and divergence showing ratios of Pi(a)/Pi(s) and K(a)/K(s)

for exon one and ruo of aly gene.
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3.7 Codon usage bias

The MK test assumes that synonymous substitutions are neutral. However

synonymous mutations, which were assumed to be neutral are now shown to be

affected by codon usage bias. Effective number of codons (ENC) is a measure of

codon usage bias 43. ENC is calculated on a scale of 20 (If each amino acid is coded by

only one codon) to 61 (If there is equal and random usage of all synonymous codons).

Therefore values close to 20 depict a high codon usage bias and values close to 6l

depict a low codon usage bias. Genes with high codon usage bias in D. melanogaster

generally have G and C at silent positions. Therefore there will be a high G+C content

especially at the third position of the codon as changes in the third position are most

often synonymous. ENC, G+C content and G+C content at the third position v/ere

calculated for D. ntelanogast¿r genes bant, aly and dj (Table l7).

On analyzing the overall coding regions, bam and aly have low codon usage

bias (bam 52.771 &. 53.087; aly 53.134 &. 53.413) and high G+C content at the third

codon position. Exon two shows highel codon bias with higher G*C content at the

third codon position than other exons in both bam and aly. Also, G*C content is

higher in coding regions than non-coding regions in bam and aly. D7 shows higher

codon usage bias (dj 48. 198 &. 47.591) and lower G+C content than bam and aly. G+C

content in dj is low in coding regions than non-coding regions (Table l7).
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rvc c+c @n
åørz (Winnipeg) Exon 1 61

Intron I N/A
Exon 2 44.45
Intron 2 N/A
Exon 3 51.726
Total (coding) 52.771

bøm (Zimbabwe) Exon 1 61

Intron I N/A
Exon 2 46.277
Intron 2 N/A
Exon 3 5i.718
Total (coding) 53.087

øþ (Winnipeg) 5' N/A
Exon I 59.412
Intron N/A
Exon 2 50.822
Total (coding) 53.134

aly (Zimbabwe\ 5' N/A
Exon 1 60.771

Intron N/A
Exon 2 51.037
Total (coding) 53.413

dj (Winnipeg) 5' N/A
Exon 1 N/A
Intron N/A
Exon 2 49.540
Total (coding) 48.198

dj (Zimbabwe) 5' N/A
Exon I N/A
Intron N/A
Exon 2 49.439
Total (coding) 47.591

0.505
0.31 1

0.516
0.357
0.575
0.s33

0.505
0.309
0.513
0.357
0.576
0.532

0.334
0.453
0.385
0.529
0.s17

0.342
0.457
0.400
0.528
0.517

0.272
0.416
0.4s9
0.391
0.401

0.273
0_415

0.454
0392
0.39s

0.579
N/A
0.72t
N/A
0.645
0.643

0.579
N/A
0.718
N/A
0.647
0.643

N/A
0.s25
N/A
0.672
0.645

N/A
0.s37
N/A
0.668
0.645

N/A
0.469
N/A
0.477
0.474

N/A
0.467
N/A
0.481
0.477

Tabte 17: Codon usage bias, G+C content, G+C content at third position of the D.

melanogaster genes bam, aly and dj calculated by DNAsp software.
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3.8 Spermatoqenesis and Developmental genes

Under the hypothesis of neutral evolution, the ratio of replacement to

synonymous fixed differences between species [R/S(F)]should be the same as the ratio

of replacement to synonymous polymorphisms within species [R/S(P)]. On comparing

spetmatogenesis, sex-related and developmental genes, it can be noted that the ratio of

replacement to synonymous fixed differences befween species [R/S(F)] is lower than

replacement to synonymous polymorphisms within species IR/S(P)] in developmental

genes (Figure 7). Developmental genes, which are genes involved in body pattern

formation, are thought to be highly conserved across species. Sex-related genes, which

include sex determination genes, mating behavior, feftilization and spermatogenesis

genes are rapidly evolving between closely related species. Sex-related and

spermatogenesis genes have a higher ratio of [R/S(F)] between species versus tR/S(P)l

within species which suggests that polymorphisms get fixed between species due to

selection.
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n=6

Figure 7: Genes of spermatogenesis, sex related and development showing ratios of
replacement to synonymous substitutions between species R/S (F) versus within
species R/S (P). R denotes replacement ; S denotes synonymous. F denotes Fixed ; P
denotes polymorphism. Data for spermatogenesis ggrlgsr_ s_ex related genes and

developmental genes are taken from different citations 44'4s'46'47'48'4e

Spermatogenesis genes also include genes sequenced in this study (bant, aly and dj).

65



4. DISCUSSION

D. melanogaster and D. simulans are native of Africa and spread worldwide as

human commensals 10,000 years ago s0. Genetic variation is found to be lower in non-

african populations than African populations in both species ''. Thete are different

models proposed to explain the difference in genetic variation between Afiican and

Non-African populations. One possibility is that population bottlenecks that is

reductions in population size in Non-African population during colonization would

have occuned leading to decreased genetic variation. The other possibility would be

"local adaptation hypothesis", where a change in a habitat outside Africa would have

led to different adaptation for populations 52. While population bottleneck is expected

to affect the entire genome, local adaptation might differentially affect genes leading

to a non-uniform pattern of polymorphism. Studies on nucleotide variation between

Afi'ican and Non-African populations show a higher rate of n and 0 for many genes in

African populations than Non-African populations '3''0. Th"."fore D. melanogaster is

thought to have experienced founder effect during its dispersal from Africa. Therefore

African populations are more variable than Non-African populations. D. simulans on

the other hand has the same history of D. ntelanogaster but it has experienced less

severe founder effects and so it is more variable than D. melanogaster.

The levels of polymorphism within D. melanogaster were calculated for the

genes bam, aly and dj in Afiican and Non-African populations by comparing n (pi)

and 0 (theta) values from all the sites in the gene. As noted from table 10, Trrotal :
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0.01 128 ând 016s¡ : 0.01356 for aly gene in African populations are higher than non-

african populations (aly n7s¡u1: 0.00595 and Orotur : 0.00590) within D. melanogaster.

The total polymorphism in aly African population is much higher than the average

values observed for D. melanogaster genes (African and Non-African).

D. melanogaster genes have an average value of n¡oøl : 0.00402 &.0¡o¡n1 : 0.00403 38.

The level of polymorphism for bam D. melanogaster population is also higher in the

Afiican population than the Non-African population but is less than the average values

observed for D. ntelanogaster genes (African and Non-African).

Both bant and aly show the increased nucleotide variation expected in Afi'ican

population compared to Non-African population. However, dj does not show any

increased nucleotide difference between African and Non-African populations within

D. ntelanogaster. Morcover, v/hen ¡ and 0 values were calculated from all the sites in

the gene, it shows values that are less than the average values of D. melanogaster

genes (Afi'ican and Non-Afi'ican) (Table 10).

In order to fur1her compare the pattern of polymorphism, theta values were

calculated only for synonymous sites of coding regions for the genes bam, aly and dj.

The values were compared to data from many other genes 00. Fro- the graph (Figure

6), it is observed Íhaf aly has a higher rate of synonymous polymorphism in African

population than Non-African population. Gene aly in both African and Non-Afi-ican

population has values higher than other Drosophila genes (Figure 6). Gene bam also
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shows an increase in the rate of synonymous polymorphism in Afücan population than

Non-African population but not as high as aly. On the contrary, d7 shows a lower rate

of synonymous polymorphisms in African population than Non-African population of

D.melanogaster.

On the whole, bam and aly show higher total and synonymous polymorphism in

African than Non-Afücan populations. This result is expected if nucleotide variation is

depleted due to population bottleneck during the spread of D. melanogaster from

Africa.

The explanation for the decreased variation in African population of dj gene could be

due to the ch¡omosomal location 00. Th" chromosomal location of dj is 3R (third

chromosome right arrn). Cll'omosome inversions suppress crossing over when

heterozygous and thus reduce polymorphism levels in a population '5. Af.i.un

populations are more often found with autosomal inversions compared to Non-African

populations. Inversion frequencies could have changed recently in African population

where the nucleotide changes of chromosomes that are invefied will be less than the

standard chu'omosomes ss.

Within species polymorphism was further studied by calculating the Transition

/ Transversion (R) ratio in the three D. ntelanogaster genes bam, aly and dj. Under the

assumption of neutral evolution, transitions and transversions occul by random

mutation and the R value will be approximately 0-5 since the occurrence of transitions
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is expected to be half that of transversions. The R value is always higher in the coding

than the non-coding regions of all the three genes (bam coding 0.489; non-coding

0.101, aly coding2.666; non-coding 0.964 and dj coding 0.798; non-coding 0.523).

Transversions in the coding region are expected to result in non-synonymous

substitutions more often than transitions 38. Therefore, the reason for the higher

occurence of transitions than transversions in the coding regions could be due to some

level of selection against non-synonymous substitutions. Non-synonymous

substitutions will change the amino acid composition of a protein becoming

deleterious whereas synonymous substirutions do not affect the amino acid

composition.

When the R values of the coding regions of the three genes (Non-African) are

compared, only aly (2.666) shows a higher R ratio in the coding region than bam and

dj (0.489 and 0.798 respectively) whose values are closer to expectations under

neutrality.

In order to unfold the reason behind the high R value in aly, a more detailed

analysis of R within the coding region was canied out. aly hu. u ,i-itar R value in

exon two (aly 2.501) and exon one (aly 2.337). Therefore aþ seems to have an overall

mutation bias to either more transitions or less transversions. d7 shows a much higher

R value in exon rwo (dj 0.925) than exon one (0.104). The higher R value in exon two

than exon one is interesting, if such difference is the result of increase in transitions.

Exon two is expected to have less non-synonymous substitutions than exon one.
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Accordingly Pi(a)/Pi(s) rate is higher in exon one than exon two which shows that

exon two has lower non-synonymous polymorphisms than exon one within species.

Therefore the high R value is more likely due to increase in transitions reflecting

selection against non-synonymous substitutions in exon two.

Interestingly, nuclear localization signals are present in exon two of dj. There

is a recognizable nuclear localization signal in exon two of d7 (sites 412 fo 555). It

consists of an eight times direct repeat of hexapeptide sequence (DPCKKK). This

region remains highly conserued both within D. melanogaster and between species

showing absence of non-synonymous substitutions. This region is very much essential

for the localization of the dj protein into the nucleus and is therefore imporlant for the

function of the protein. The conseruation of exon two due to functional reasons such

as the presence of the nuclear localization signal is fuither supported by the fact that

when exons were analyzed separately in dj gene of Non-African population, both exon

one and two showed higher KalKs ratio than Pi(a)/Pi(s) ratio suggesting positive

selection (Table 15).

The general assumption that synonymous changes are free from selection does

not always hold. Codon bias affects synonymous substitutions and such bias might be

due to selection which improves the efficiency of protein synthesis by enhancing the

translational process s6' s7. The opposite of codon bias due to selection is mutational

bias which can also be responsible for the unequal usage of synonymous codons. In
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Drosophila, mutational bias is towards A+T substitutions t8. In Drosophíla, genes

with high codon bias have an increased G+C content at silent positions and most

parlicularly at the third position t8. A high G*C content shows the action of selection

pressure to overcome mutation bias towards A+T substitutions. G+C content is lower

in non-coding than coding regions in bam and aly which further shows the mutational

bias towards A+T in the non-coding regions.

The gene bam in D. melanoga.sler shows a low codon bias in the overall

coding legion and when exons are analyzed seperately (Table 17).

The gene aly in D. melanogaster also shows a low codon usage bias (ENC

Winnipeg 53.134, Zimbabwe 53.413) (Table 17) in the overall coding region. Exon

two shows a slightly higher codon usage bias and GfC content at third codon position.

The gene dj in D. melanogast¿r shows the highest codon usage bias (ENC

Winnipeg 48.198; Zimbabwe 47.591) of all three genes in the overall coding region.

This higher codon bias is associated with high G+C content at the third codon

position. It is imporlant to note that when dj is compared to the average ENC of D.

melanogaster genes, dj codon usage bias is within average values. Different reasons

might contdbute to the higher codon usage bias in dj than bam and aly: short genes in

tems of nucleotide sequence length are a smaller sample than Iong genes and this

small sample size can introduce bias in estimates s8. Th" length of dj (833 base pairs)

is relatively smaller Íhan aly (1680 base pairs) and bant (1470 base pairs). The effect
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of mutations to nonoptimal codons is relatively higher in smaller genes than longer

genes as a nonoptimal codon requires twice as long to incorporate an amino acid as

does an optimal codon t8. High codon bias in dj colld also be due to translational

effrciency, that is the preferential usage of certain codons that can base pair with the

most abundant tRNA's in the cell. The high codon bias on exon two of aly and dj

(Table 17) might be due to the functional impoftance of exon two as nuclear

localization signals are present in these exons. This is further supported by the low

rates of non-synonymous polymorphisms in exon two than exon one within species

(Table 16 and 15).

Statistical test of selection based on within species polymorphism data did not

show any significant value for all the three genes in any of the populations (Table 1l).

This can be due to small sample sizes 38. For example, Tajima's D test using I I and 6

alleles per locus at the Adh gene of D. melanogaster and D. simulans respectively,

gave non-significant results while a sample of 99 alleles from lhe Adh gene in D.

pse.udoobscura g:ve signif,rcant Tajima's D 38. Selection might be weak for Tajima's

and Fu and Li's test to detect. The values of Tajima's D and Fu and Li's test are

mostly negative for all the three genes bam, aly and dj which indicates an excess of

rare or recent mutations which could be due to some form of purifying selection where

deleterious mutations segregate at low fì'equency or positive selection where

advantageous alleles get fixed recently.
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Because MK test combines polymorphism and divergence information, it is

possible to test whether polymorphisms have been selected due to their adaptive value

and fixed between species. The null hypothesis of MK test states that if both

synonymous polymorphism and substitutions are neutral, the ratio of replacement to

synonymous polymorphism within a species should be the same as the ratio of

replacement to synonymous substitutions between two species. The MK test was non-

significant for batn and aly while results for d7 showed a significant deviation from

neutrality in African populations (Table 12). The deviation is in the direction of a

higher rate of non-synonymous to synonymous substitutions between species versus

within species suggesting that polymorphic replacements are transitory in the

population and get fixed between species due to their adaptive value.

Interestingly, exon two of aþ showed significant P values for both African

(0.02389) and Non-African (0.00868) populations (Table l3) suggesting that there is

an increased rate of replacement substitutions only between species but a low rate of

intraspecific replacement polynorphisms. Given the identification of bias in

transition/transversion ratio of substitutions within species for aly, ifis likely that the

proportion of synonymous changes within this gene do not reflect what would be

expected under random mutation.

Addressing the aims specifically, there appear to be differences in the pattern

of evolution of genes at early versus late stages of sperm developmenf. bant which is a

early spermatogenesis gene seems to be more conserved with lower within species
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polymorphisms and interspecies divergence. dj which is a spermiogenesis gene shows

higher rate of divergence and conservation of functionally imporlant sites in the gene.

Selection can modify the amount of genetic variation found in a population by

eliminating deleterious mutations þurifying selection) or fixing advantageous

mutations (positive selection). All three genes show some form of purifying selection

acting upon but dj inpartrcllar shows signs of positive selection in Afücan population

as dj being a laïe spermiogenesis gene plays an important role in spelm maturation.

Although the sample size is small, the rate of f,rxed replacements to polymorphisms is

higher for spermatogenesis genes analyzed in this sfudy than previously repofted rates

on other developmental genes.
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5. CONCLUSIONS

population when total polymorphism from all the sites in a gene and

polymorphism from theta values of synonymous sites were observed. This

pattern is consistent with bottleneck effects or local adaptation.

The level of polymorphism in aly is much higher than the average values

observed for D. melanogast¿r genes. ln bam the polymorphism is lower than

the average values of D. melanogaster genes.

Dj gene shows a lower rate of polymorphism in Afiican than non-african

populations which might be due to autosomal inversion polymorphisms.

Dj and aly have a higher R value in exon two than exon one suggesting mole

transitions reflecting selection against non-synonymous changes is much

stronger in exon two due to the presence of nuclear localization signals.

C terminal end of dj gene with the nuclear localization signals remains

selectively constrained with the absence of non-synonymous substitutions

within and between species. Mitochondrial localization signal in exon one has

no non-synonymous substitutions within and between species.
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Nuclear localization signals in aly has no non-synonymous substitutions and it

remains conserved both within and between species.

functional importance as nuclear localization signals are present.

mostly negative for bam, aly and dj indicating some form of purifying

selection or positive selection. McDonald Kreitman test for dj gene ìn African

population is significant. McDonald Kreitman test for exon two of aly gene in

both African and Non-African population is significant. It indicates adaptive

diversification between species due to positive selection.

showing conservation of exon two due to functional conservation.
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