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ABSTRACT

Genes encoding the starch-degrading enzyme, alpha-
amylase, are found in all major groups of animals, plants and
microbes. In this thesis, amylase-coding sequences have been
chosen as a model system to investigate the patterns of
molecular evolution in an enzyme-coding gene. Previous
phylogenetic comparisons of amylase-coding sequences have
shown high levels of primary sequence conservation over long
evolutionary periods. The studies described here have
concentrated on the evolution of these genes within the genus
Drosophila. I have studied patterns of genetic variation
within populations of a single species, Drosophila
melanogaster, using two techniques: (i) allozyme variation
and (ii) restriction fragment length polymorphisms (RFLPs).
In order to get more precise information on the intraspecific
patterns of variation, I have also isolated and partially
sequenced the amylase genes from a wildtype strain of D.
melanogaster. This sequence was compared to the Kknown
sequences which have already been described for laboratory
strains. The work was extended to interspecific comparisons
by studying amylase sequences from species that were closely-

related to D. melanogaster (in this case D. erecta), and also

a distantly-related species (D. virilis). This involved the
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isolation and sequencing of the amylase gene from a D.
virilis genomic 1library. The results revealed several
interesting patterns in the evolution of: (i) the primary
gene sequences (e.g., gene ccnversion and codon bias), (ii)
gene structure (e.g., changes in intron frequency and
location) and (iii) gene organization (e.g., variation in the
number of gene copies). These results, concerning hoth short-
term and long-term patterns of molecular evolution within the
genus Drosophila, are discussed in the context of what is
currently known about patterns of molecular evolution in
general, and about the molecular evolution of amylases in

particular.



RESUME

Les génes qui codent pour l'alpha-amylase, l'enzyme
responsable de la dégradation de l'amidon, se retrouvent dans
plusieurs groupes d'animaux, de plantes, et de microbes. Dans
cette thése, les séquences codant l'amylase ont servies de
modéle dans l'examen des patterns de l'évolution moléculaire
d'un géne codant pour une enzyme.. Les comparaisons
phylogénéticques antérieures entre des séquences codant pour
l'amylase ont révélé une conservation marquée des sequences
primaires pendant des longues périodes au cours de
1'évolution. Les recherches décrites dans le présent ouvrage
ont porté essentiellement sur l'évolution de ces génes a
1'intérieur du genus Drosophila. Nous avons examiné la
variation génétique & l'intérieur de diverses populations

appartenant & une espéce unique, Drosophila melanogaster.

Pour arriver a cette fin, deux technigues ont eté utilisées:
(1) la variation des allozymes et (ii) le polymorphisme des
fragments de restriction (RFLP). Afin d'obtenir des donneées
plus précises au sujet des patterns de variation a
l'intérieur d'une espéce, le géne de l'amylase d‘'une souche
sauvage de D. melanogaster fut isolé et sequence
partiellement. De plus, cette derniére sequence a ¢teé
comparée a des séquences connues de souches de laboratoire.

La portée de cette analyse a été élargie en incluant des
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comparaisons entre espeéces; des séquences d'amylase
appartenant a des espéces qui sont étroitement apparentées
avec D. melanogaster (dans ce cas, D._erecta) ont éteé
examinées, ainsi que des séquences appartenant a une espéce

qui est relativement peu apparentée (D. virilis). A cette

fin, on a isolé et séquencé le géne pour l'amylase qu'on a
obtenu d'une librairie génomique de D. virilis. Les résultats
obtenus ont reévélé plusieurs patterns intéressants dans
l'eévolution de: (i) les séquences primaires des génes (e.q.
la conversion du géne et le choix de codon); (ii) 1la
structure du géne (e.g., changement dans les fréquences des
introns et dans leur localisation); et (iii) l'organisation
du géne (e.g., la variation du nombre de copies du géne). Les
résultats obtenus, concernant les patterns & court et & long
terme de l'évolution moléculaire du genus Drosophila, sont
discutés en fonction des connaissances actuelles des patterns
généraux de l'évolution moléculaire et plus précisement, de

ce qui est connu de l'évolution moléculaire des amylases.
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CHAPTER 1

LITERATURE REVIEW

Introduction:

Alpha-amylase genes are expressed within all the major
groups of prokaryotic and eukaryotic organisms. Discovered
by Leuchs (1831) and originally called "diastase", alpha-
amylase was defined by Kuhn (1925) as a carbohydrate-
degrading protein which yields saccharide products with the
alpha configuration. The enzyme is an endoamylase. It does
not require free ends of amylose chains for activity, but
rather is capable of hydrolysing internal alpha-1l,4-glucoside
bonds. Alpha amylase (alpha~1,4-glucan, 4-glucanohydrolase;
EC 3.2.1.1) is ubiquitous among higher animals which, to one
extent or another, process exogenous starch and/or glycogen
as part of their diets (for a detailed review see Lowenstein
1987).

The early discovery of the amylase enzyme with a major

role in the digestive process, coupled with the relative ease



with which the amylase can be purified and assayed, led to
its use in the original studies of enzyme kinetics as
recorded Hy Henri (1902) and Michaelis and Pechstein (1914).
The ready availability of specimens with amylase activity has
prompted extensive analyses in a wide variety of organisms:
for example, bacteria (Robyt and Ackefman 1973), plants (Dube
and Nordin 1961; Stein et al. 1960; Thoma et al. 1970), small
mammals (Berk et al. 1963; Kaplan et al. 1973; Malaciniski
and Rutter 1969; Nielson 1969; Nielson and Sick 1975),
cattle, horses, swine (Hasselholt et al. 1966), primates
(Duane et al. 1971; 1972), and humans (Karn et al. 1975).
The comparison of amylase amino acid sequences from
animal, plant and bacterial origin identified two highly
conserved regions (Toda et al. 1982; Meisler and Gumucio
1986). The fact that these sequences are conserved in
amylases of animals, plants and bacteria, and are located at
comparable positions within all of -these proteins, Iis
strongly suggestive of a role in catalysis or substrate
binding. It is somewhat surprising that the sequences of the
mammalian active sites are more similar to the bacterial

sequence than to the plant and fungal sequences (Table 1.1).



Table 1.1. Amino acid sequences of two highly conserved
portions of the amylase protein in different organisms (from

Meisler and Gumucioc 1986).

- —— - —— D S S — — S — — — ) S W ) ——— — T —— T Sy ————————

Source Sequence Residues homology

-——u—————.-—————_——.nu-—-———————.-—n———————.---—————————.-————-——————_

Conserved sequence I

1. Mouse pancreas VDAVINH 110-116 7/7
2. Mouse parotid VDAVINH 1l10-116 7/7
3. Rat Pancreas VDAVINH 105-111 7/7
4. Porcine pancreas V DAV INH 95-102 7/7
5. Human pancreas VDAVINH 110-116 777
6. Human parotid VDAVINH 110-11s6 7/7
7. B.subtilis VDAVINH 137-143 777
8. Barley ADIVINH 111-117 5/7
9. Aspergillus ADVVANH 116-122 5/7
Conserved sequence IXI
1. Mouse pancreas GFRLDAAKHM 205-214 10/10
2. Mouse parotid GFRLDASKHM 208-217 9/10
3. Rat pancreas GFRLDAAKHM 200-209 10/10
4. Porcine pancreas G FRIDASKHM 193-202 8/10
5. Human pancreas GFRLDASKHM 208-217 10/10
6. Human parotid GFRIDASKHM 208-217 l0/10
7. B.subtilis GFRFDAAKHTI 213-222 B/10
8. Barley DGALDWGPHM 138-147 4/10
9. Aspergillus GLRIDTVEKHYVY 202-211 5/10

A=Alanine; D=Aspartic Acid; F=Phenylalanine; G=Glycine;
H=histidine

I=Isoleucine; K=Lysine; L=Leucine; M=Methionine; N=Asparagine:
P=Proline; R=Arginine; S=Serine; T=Threonine; V=vValine:
W=Tryptophan; Y=Tyrosine

* Homology is with relation to mouse pancreatic amylase.



These conserved sequences suggest that bacterial,
plant and mammalian amylases are direct descendants of a
common progenitor molecule whose active site has been
retained during the course of evolution, and the similarities
of the molecular weight of essentially all amylases that have
been studied (Karn and Malacinski 1978) is consistent with
this idea. The alternative explanation would involve evolu-
tionary convergence of different ancestral sequences to
acquire these short conserved elements. Recent molecular
analyses provide strong evidence in favor of the monophyletic
origin of all amylases; an example of such evidence is the
cross-hybridization of the mouse amylase cDNA with the
amylase gene of Drosophila {(Levy et al. 1986; Gemmill et al.
1986; Benkel et al., 1987). The widespread distribution of
amylase in unicellular and multicellular organisms provides
evidence that the ability to digest exogenous carbohydrates

has been important throughout evolution.

PROKARYOTIC ALPHA-AMYLASES

Previous comparisons of alpha-amylase amino acid
sequences (Nakajima et al. 1986; Rogers 1985) recognized four
conserved regions positioned at similar intervals along the
length of each protein,two of which are shown above (Table

1.1). It has been suggested that at least three of these are



involved in substrate binding or contribute components of the
active site. Long et al. (1987) compared amino acid sequences
from different organisms with their Streptomycete sequence,
While little overall similarity could be detected between the
streptomycete (Streptomyces limosus) enzyme and alpha-
amylases derived from Bacillus subtilis (Yang et al. 1983),
Aspergillus oryzae (Toda et al. 1983), B.amyloliquefaciens
(Takkinem et al. 1983) and barley (Rogers and Milliman 1983),
substantial similarity of the streptomycete sequence was
observed to the alpha-amylases of Mus musculus (mouse
pPancreatic alpha-amylase, Hagenbuechle et al. 1980) and
Drosophila melanogaster (Boer and Hickey 1986).

Why the Streptomyces limosus enzyme should show a high
degree of amino acid sequence identity to alpha amylases of
mammalian and invertebrate origin, while the remaining alpha-
amylases differ much more extensively, is not clear. The
identity observed between the streptomycete enzyme and the
alpha-amylase of D.melanogaster extends more or less
throughout the sequence, and it woull seem unlikely, given
the divergence of the other sequences, that functional
constraints alone (e.g., residues at the catalytic site) are
responsible for this degree of extensive segquence
conservation. Long et al. (1987) suggested a common ancestry
for streptomycete, mammalian and invertebrate alpha-amylases

and separate evolutionary origins for the differing alpha-



amylases. In other words, they propose that the
streptomycete, mammalian and invertebrate alpha-amylases may
have originated from a common and more recent evolutionary
branch peoint than this group and the Bacillus amylases. This
argument implies that amylase genes had already duplicated
and bequn to diverge in their sequences before the divergence
of prokaryotes and eukaryotes. As will be discussed below,
there are also examples of much more recent duplications in

amylase genes.

AMYLASE EVOLUTION IN THE VERTEBRATES

Pancreatic amylase is ubiquitous among vertebrate
species, salivary amylase is of more limited distribution
occurring chiefly among mammalian groups, and is therefore
thought to be of more recent evolutionary origin (Meisler and
Gumucio, 1986). Differences in antigenicity and in tryptic
peptide maps provided the first indication that salivary and
pancreatic amylases are actually encoded by distinct genes.
Mammalian pancreatic amylase appears to be descended from the
enzyme present in the dispersed secretory cells of the
intestine of protochordates and primitive vertebrates. In
teleost fish these cells are collected into a discrete organ,
the pancreas, which persists as the major amylase-containing

organ in all higher vertebrates (Barrington 1957). In



contrast, salivary glands first appear with the terrestrial
amphibians and reptiles (Romer 1962). Amylase is present in
the salivary secretions of modern amphibians and reptiles
(Karn and Malacinski 1987). The structure of the mammalian
salivary amylase gene suggests that it evolved by duplication
of preexisting pancreatic genes, coupled with the
acquisition of a new distal promoter with tissue specificity
for the parotid gland (Meisler and Gumucio 1986).

In some species, salivary glands also produce other
digestive enzymes commonly found in the pancreas, including
ribonuclease and phospholipase A2. The dual expression of
these digestive enzymes in pancreas and salivary gland raises
the intriguing possibility that a distal parotid promoter,
related to that of the amylase gene, may be a common element
in these genes.

In the mouse, low levels of the "salivary" amylase are
also expressed in the liver (Schibler et al., 1983). There
is no evidence that the distal liver promoter associated with
the mouse salivary amylase gene was acquired earlier than the
parotid promoter. No species has been identified in which
amylase is expressed in liver but not in a salivary gland.
Nor is there any species in which liver amylase production
is greater than the very low level seen in mouse liver.
Thus, the expression of amylase in mouse liver is probably

of recent evolutionary origin and, because of the very low



levels of expression, may be of Tno physiological
significance.

Another intriguing aspect of the evolution of the amylase
gene family in vertebrates is the species variation in the
type of salivary gland which produces amylase. In mice and
voles, parotid glands produce amylase but submandibular and
submaxillary glands do not (Hjorth 1979). However, guinea pig
submandibular glands and rat submaxillary glans do produce
amylase (Bloom et al. 1975; Shear et al. 1973). In man,
amylase has been localized histochemically in pérotid,
submaxillary and submandibular glands (Korsurd and Brandtzaeg
1982) . The genetic and molecular basis for this variation is
as yet unexplained. Among mammalian species, production of
amylase by salivary glands has only been observed within
primates, rodents and lagomorphs (Karn and Malacinski 1978} .
Within these orders, there are a few species lacking salivary
amylase, including Chinese hamster (Dawson and Huang 1981)

and squirrel monkey (McGeachin and Akin 1982).

INSECT AMYLASES

Although the majority of the studies involving
multicellular animals have concentrated on mammalian
amylases, a broader comparative study of alpha amylases

within the metazoa is being initiated . Amylase-coding

[
i



sequences have been c'oned and sequenced from Drosophila
(Order: Diptera) (Gemmill et al. 1985; Benkzl et al. 1987,

Boer and Hickey 1986, Brown et al 1989), from the flour
beetle, Tribolium castaneum (Order: Coleoptera) (Hickey et
al. 1987, Hickey, Genest, Abukashawa and Benkel in
preparation), and from the cricket Achaeta domesticus (Order:
Orthoptera) (Hickey et al. unpublished results). The
predicted amino acid sequences of the protein products are
found to be identical at more than 60% of the residue
positions among the three distantly related insect species,
an indication of homology of the coding genes of these
insects.

A study of the adaptive changes that have occurred in the
pH dependence of amylase enzyme activity was done by Hickey
et al. (1989) using amylase genes from different insect
groups. They found that the pH optima for activity of
Tribolium, Drosophila and the silk worm Bombyx amylases is
5.0, 7.5 and 10.5 respectively. This wide variation in pH
optima within the Class Insecta is explained by the
correlation with a difference in the pH of the lumen of the
midgut. The relative acidity of the midgut of Tribolium
compared with the basic lumen of Bombyx is thought to reflect
the divergence in feeding habits and habitats between the two

insect groups (Hickey et al. 1989).
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THE DRQSOPHILA AMYLASES

Drosophila alpha-amylase is a monomeric enzyme with a
molecular weight of 54,500 (Doane et al. 1975), and
isoelectric points in the range of 4.6-5.2. The enzyme
accounts for up to 0.1% of the total soluble protein in
Drosophila and can be purified relatively easily by
precipitation as an enzyme-substrate complex in ethanol. The
amino acid composition of Drosophila amylase resembles that
of the mammalian enzymes (Boer and Hickey 1986) although no
immunological cross reaction is detected between the two
alpha-amylases. In contrast to the large differences in pH
optima betweeﬁ insect groups, the amylases of Drosophila and
mammals have similar biochemical properties (Hickey et al.

1989); this is attributed to the fact that both the mammalian

and Dipteran amylases act under similar physiological

conditions.
Amylase Polymorphisms in Droscophila

{wver the past twenty years, the measurement of genetic
variation has been made almost exclusively by one technique,
i.e., native-gel electrophoresis of soluble proteins. This

technique distinguishes protein variants by differential
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rates of migration in either polyacrylamide or agar gels
under a uniform electric field.

These efforts have made major contributions to our
knowledge about the distribution of genetic polymorphism
between species, populations and loci. In many species of
plants and animals, and especially in Drosophila,
electrophoresis has revealed extensive protein polymorphism
f;r soluble enzyme loci. For example, the average level of
heterozygosity in D.pseudoobscura, which is typical of many
invertebrates, is estimated to be 0.125 (Powell 197S5) based
on electrophoretic studies of 27 loci.

Pioneering work in the amylase locus of Drosophila
melanogaster has been done by Kikkawa and aF= (1960). In
establishing the electrophoretic phenotypes of this organism,
Kikkawa (1964) designated the common, single-banded zymogram
pattern as the ancestral phenotype and also described several
less common, double-banded variants. Since that work, genetic
variability of D. melanogaster amylase has been reported on
the basis of isozyme mobility, heat denaturation, specific
activity, and combinations of these parameters (Doane et al.
1875; Hickey 1979). Eight electrophoretic variants of amylase
have been found in D. melanogaster. In their survey of
protein polymorphisms in Drosophila, Singh et a_l_.r (1982)
found amylase polymorphism in all populations surveyed,

although some are much more polymorphic than others. The
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amylase variation in West African populations is remarkably
high (Hickey 1979) with a total of 23 amylase phenotypes, and
the most common phenotypes accounting for only 17% of the
total frequency (Singh et al. 1982).

This finding of genetic polymorphism is not unique to
amylases and may not have significance with regard to natural
selection (Kimura and Ohta 1974). Johnson (1974), however,
in discussing the observations of Gillespie and Kojima
(1968), has suggested that enzymes whose substrates originate
from the external environment are more variable than enzymes
involved in intermediary metabolism: "the relationships
observed suggest that enzyme polymorphisms increase fitness
by providing a means of metabolically compensating for a
varying environment." de Jong and Sharloo (1976) discussed
their observations on selection on D.melancgaster amylase
phenotypes with regard to Haldane's (1949) suggestion that
chance fluctuations in the environment may have a strongly
determinative effect on allelic frequencies found at some

later time.

Linkage studies and chromosome assignments

The earliest report of amylase linkage analysis resulted

from Matsumura's investigations of the silkworm in 1934.

Kikkawa (1960) subsequently mapped the D.melanogaster amylase
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gene between positions 77 and 80 on the genetic map of
chromosome 2 by using strains with heritable variations in
amylase enzyme activity and various well-defined gene
ma;kers. In later descriptions of electrophoretic phenotyges,
it was suggested that amylase in D.melancgaster might be
controlled by two closely linked genes (Kikkawa 1964).

Direct genetic evidence was obtained for two amylase loci
in D.melanocgaster by Doane (1967) an¢ Eahn(1967). Bahn's
study consisted of an intensive screening effort to obtain
recombinants between ¢ (curved wings) and wt (welt eyes), two
closely linked markers which bracket the amylase loci. He
obtained 5,039 recombinants out of a total of 77,523
offspring. Electrophoretic phenotypes showed that 6 of the
recombinants had occurred between the amylase loci, yielding
a map distance of 0.008 Centimorgan.

Approximate cytological localization of the amylase
region on chromosome 2 was obtained by Doane (196%a) from
recombinational analysis involving a duplication inserted at
section 52F on chromosome 2R. She showed that the amylase
region mapped to the right of, and relatively close <lo,
section B52F. In a later study involving translocation
mapping, Bahn (197l1la) localized the amylase denes between
segments 54B and 55. Hybridization of cloned sequences of the
amylase genes to polytene chromosomes made the localization

of the genes within section 54A1-Bl (Gemmill et al. 1985).
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Amylase Gene Duplication

The amylase genes in Drosophila melanogaster provide a
good experimental model of gene duplication. An important
step in the creation of multiple gene copies is the
duplication of a gene to produce two copies. Gene duplication
is probably the most important mechanism for generating new
genes and new biochemical processes that have facilitated the
evolution of complex organisms from primitive ones. It is
also important for generating new genes of the same function
and hence enables the production of a large quantity of RNAs
or proteins (Ohnec 1970). The fact that gene duplication has
played a vital role in evolution can be seen from the
comparison of the DNA contents of various organisms. Perhaps
by being able to make more of a particular protein, organisnms
with two copies of a particular gene have an advantage over
organisms with only one copy. Two copies can duplicate again
to produce four, and so on. Once two copies of a gene exist,
it is possible that, through the accumulation of different
base substitutions, the sequence of the two genes could
diverge over hundreds of thousands of generations.
Consequently, the two copies would no longer be identical.
Thus, gene duplication may provide a basis for the origin of

adaptive novelties. Furthermore, one would expect that the
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longer the multiple copies exist, the greater the sequence
difference between the genes will be.

Whether or not the amylase gene is duplicated in strains
characterized by a single amylase isozyme has been, until
recently, questionable. The molecular cloning and
characterization of the amylase locus in D.melanogaster
provided direct evidence that all strains have two copies of
the amylase structural gene including the amylase null strain
which produces no electrophoretic band (Hickey et al., 1988).
The restriction map shows that the duplicated genes are
Present in inverted orientation (Levy et al. 1985, Benkel et
al. 1987), and comparisons of nucleotides from the two genes
indicate that they are divergently transcribed (Boer and
Hickey 1986). The two copies, each 1.4 kb in length are
separated by approximately 4.8 Kb of non-coding sequence.

The number and pattern of electrophoretic variants within
each species, and in cross-species hybrids (Dainou et al.
1987), coupled with the recent analysis of restriction maps
(Payant et al. 1988), have shown that the duplication is not
restricted to D.melanogaster but is also present in the seven
other species of the melanogaster species subgroup and two
members of the obscura subgroup (Brown et al. 1989, Doane et
al. 1987).

When the duplicated coding sequences within D.

melanogaster were compared (Boer and Hickey, 1986), they
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seemed to be very similar, pointing towards a very recent
duplication event, whereas the amount of sequence divergence
is much greater if flanking upstream sequences are
considered, hence leading to longer estimates of the time
since the sequences had diverged. From genomic southern blot
analysis of seven related Drosophila species, iﬁ appeared
that the duplication is not a recent one and that it predated
the speciation events within the species subgroup (Payant et
al. 1988). This suggested the possibility of concerted
evolution of the duplicated structural genes; this process
would explain the similarity in the coding sequences, despite
the considerable age of the duplication.

Gene conversion is the major type of recombination
between repeated genes during mitosis and meiosis in fungi
(Scherer & Davis 1980; Jackson & Fink 1981; Klein 1984) and
between repeated genes transfected into mammalian cell lines
(Liskay & Stachelek 1983; Subramani & Runitz 1985; Brenner
et al. 1985). While direct evidence for conversion is
generally lacking, many instances of recombinational
processes similar to gene conversion have been also detected
in multigene families whose members are clustered within the
genome (Slightom et al. 1980; Lieberhaber et al. 1981; Cohen
et al. 1982; Pease et al. 1983 Weiss et al. 1983; Krawinkel

et al. 1983). Short conversions between the members of these

families, i.e., conversions that do not encompass the entire
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gene, have been shown to give rise to new séquence variants.
However, the long term effect of such sequence transfer
between members of a multigene family is not clear, although
it has been suggested that it would 1lead to concerted
evolution of the genes (Ohta 1980; Baltimore 1981; Dover
1982; Nagylaki & Petes 1983; Arnheim 1983; Nagylaki 1984a,b).

We now have more direct evidence for rapid gene
conversion and concerted evolution of Drosophila amylase
sequences (see Chapter 4). Similar conversion events have
also been described recently for mammalian amylase sequences
(Gumucio et al. 1989); but, again, the evidence is not as

conclusive as in the Drosophilz amylase example.

REGULATION OF ALPHA AMYLASE SYNTHESIS IN DROSOPHILA
DEVELOPMENTAL AND TISSUE-SPECIFIC CONTROL

The alpha amylase genes of Drosophila are typical of
higher eukaryotic genes in that their expression shows
definite patterns of tissue-specificity and developmental
stage specificity; they are unusual in also having a dietary-
regulated pattern of gene expression that is more typical of

prokaryotic genes.
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The developmental control of amylase gene expression is
illustrated by the variations in amylase concentrations that
have been detected during the life span of Drosophila
melanogaster (Doane, 1969). For instance, it has bheen shown
that amylase levels rise during successive moults of
Drosophila larvae and then drop following formation of the
puparium (Doane 1969b). In emerging adult fruit flies, the
level of amylase increases approximately 10-fold and remains
at a relatively high level. Doane (1969b) also reported a
shift in the proportion of the total activity found in
lisozymes of an gmya'sstrain. Nearly all the activity is found
in the number 3 band in newly hatched larvae; but by the end
of the instar, 60% appeared in the number 6 band and only 40%
remained in the number 3 band. At the time of emergence of
the adult, almost all the activity had reverted to the number
3 band but again shifted to the number 6 as the adult aged.

Furthermore, +the relative activity of different
isoamylases differs in different tissues of the same
individual. Third instar larvae of 5@13'6 have more gmy3
activity than Amzsactivity in the haemolymph yet more Amxs

3

than Amy~ activity in the midgut. One week after emergence,

however, flies show more Amgﬁactivity in the haemolymph, and
almost only Amy3 activity in the midgut. Most amylase
activity in larvae and adults of D.melanogaster, is found in

the midgut and haemolymph with very low levels in the
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salivary glands and fat body (Doane, 1969b). In
D.melanogaster, the tissue specific and temporal expression
of amylase in the posterior midgut of the adult is , in parf,
under genetic control by a separate, trans-acting locus,
termed map (mid gut activity pattern; Abraham and Doane 1978;
Doane et al. 1983). It appears that the map gene regulates
the level of translatable amylase mRNA (Buchberg 1983; Doane
et al. 1983). Although map regulates the level of amylase
expressed in the adult posterior midgut, it seems to have
little or no effect on amylase expression in the anterior
midgut. There is at least one other controlling element
located in chromosome 2R that is genetically separable from
both map and amy and that regqulates amylase levels in the
anterior midgut (Doane 1980; Doane et al. 1983). Similar
patterns of mid-gut expression have been found in

D.pseudoobscura (Powell and Litchtenfels 1979).

Effects of Dietary Carbohydrate

Dietary conditions affect amylase activity levels in
D.melanogaster (Abe 1958; Doane 1969b; Hickey 1977; Hoorn and
Scharloo 1978; Yamazaki and Matsuo 1984). Experiments by
Hickey and Benkel (1982) demonstrated that amylase activity
is repressed, rather than enhanced, by simple dietary sugars

such as glucose, maltose and sucrose. The repressing effect
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of the disaccharides is due to changes in the level of
amylase enzyme quantity i.e. reduction in the number of
amylase molecules rather than a change in the catalytic
efficiency of the enzyme (Hickey and Benkel 1982). In more
recent studies Benkel and Hickey (1985; 1986a) showed that
larvae of the Oregon-R strain of D.melanogaster gave a
“hundred fold repression of amylase in response to the
addition of dietary glucose, and this change correlates with
a similar reduction in the levels of translatable amylase
mRNA assayed in micro-injected Xenopus oocytes. Moreover,
they showed that RNA from repressed and derepressed larvae
probed with amylase sequences show comparable changes in the
abundance of amylase mRNA; both results provide evidence that
the change in enzyme gquantity occurs at a pre-translational
level (Benkel and Hickey 1987). Dietary repression of
amylase, like the strain-specific differences in activity,
is controlled by requlatory factors which probably affect the
levels of transcription at the amylase locus.

The glucose repression of the amylase genes in
D.melano astef, like repression of bacterial and yeast
catabolite systems, can be reversed by the use of exogenous
cyclic AMP (Benkel and ﬁickey 1986a, Hickey et al. 1989;
Magoulas and Hickey, 1989). Drosophila populations from
tropical West Africa are found to be less responsive to

dietary glucose (Benkel and Hickey, 1986b). Sibling species
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of D.melanogaster alsc show glucose repression of amylase

(Payant et al. 1988).
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SUMMARY

Since amylase genes have a wide phylogenetic distribution
and show sighificant evolutionary conservation of their amino
acid sequences, they have received considerable attention,
especially the prokaryotic and mammalian enzymes. Amylase
genes in Drosophila are of special interest because they
combine features of eukaryotic genés, such as tissue-specific
and developmental stage-specific expression, with glucose
regulated expression, a feature typical of prokaryotic genes.

The experimental work presented in the coming chapters
is an attempt to quantitatively investigate both intra-
specific and interspecific DNA sequence variation at the
amylase locus within the genus Drosophila. These results
should help link short-term microevolutionary changes to the
longer-term macro-evolutionary patterns of amylase gene
evolution. Chapter 2 deals with surveys of genetic variation
within populations of D. melanogaster, using both enzyme
polymorphisms and restriction fragment length polymorphisms;
Chapter 3 also deals with genotypic differences between
strains, but at the level of DNA sequence; Chapter 4 extends
the analysis to include a closely-related species, D. erecta;
and Chapter 5 examines the structure and sequence of the

amylase gene in D. wvirilis, a species which diverged from
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the melanogaster group approximately sixty million years ago
and which is therefore more distantly related to species

within the melanogaster subgroup.
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CHAPTER 2

ALLOZYME AND RESTRICTION FRAGMENT LENGTH POLYMORPHISMS

INTRODUCTION

In the past, electrophoretically-detected enzymne
polymorphisms have been used extensively to study both the
extent and patterns of genetic variation in natural
populations (reviewed by Lewontin 1974). Until recently,
however, there has been little information available on the
extent of DNA-sequence variation in natural populations. With
the advent of new DNA-based technology, there has been a
shift towards the study of mutational variation directly at
the level of DNA. Some of this recent work has involved the
sequencing of extensive stretches of DNA from many genotypes.
The pioneering work of Kreitman (1983) showed that there is
an unexpectedly large fraction of the total variation which
is not expressed in the protein product. Most of this work,
however, is indirect in that it uses restriction fragment
length polymorphisms (RFLPs) as an index of the underlying

DNA sequence variation (Avise et al.1979; Jeffreys 1979;
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Brown 1980; Wyman and White 1980; Langley et al. 1982; Birely
1984; Aquadro et al. 1986; Cross and Birely 1986; Kreitman
and Aguade 1988; Schaeffer et al. 1987; Aguade 1988; Langley
et al. 1988). Restriction endonuclease mapping allows a
relatively quick survey of large fragments of DNA in many
strains or individuals. As well as identifying restriction
site or individual DNA base variations, the technique also
identifies large insertions and deletions of DNA relative to
a standard sequence in a selected section of DNA.

Given the existence of a very large body of information
on allozyme polymorphisms (for many species and genes) along
with the potential for gathering an equally large data set
on DNA polymorphisms in the future, it is of interest to
correlate the electrophoretically-detected enzyme
polymorphism with the variation at the level of DNA, at'a
given gene locus. To do this I have chosen the amylase locus
in Drosophila melanogaster: this gene-enzyme system is known
to show high levels of enzyme polymorphism in nature (Hickey,
1979a; Singh et al. 1982) and it has recently been shown to
display significant levels of restriction fragment 1length
variation (Gemmill et al. 1985; Langley et al. 1988).

The aim of the work presented here is to look at DNA
variation at a locus which is already very polymorphic at the
protein level. Rather than doeing random sampling of genotypes

from natural pdpulations, a set of genotypes that represent
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a variety cf enzyme variants and geographic origins was
chosen. In this chapter, I will describe D.melanogaster
populations from different localities in three different
continents (America, Europe and Africa) as well as some
isolated oceanic island populations (Fiji, Mauritius and
Seychelles); This study deals with variations between 50
strains in the restriction map of a 22 Kb region of DNA which
contains the coding sequences for the duplicated amylase

genes.

MATERIALS AND METHODS

Fly stocks

Drosophila melanogaster strains from Ottawa, Canada were
collected by Dr. D. Hickey at Ottawa university and Dr. G.
carmody at Carleton University, the strains from Fiji Islands
were collected by V. Payant, and strains from Mauritius,
Seychelles and Egypt were a gift from Dr. J. David at
Laboratoire de Génétigue et Biologie Evolutive, France. The
West African strains are also provided by J.David. The null
strain is obtained from D. Hickey and strains from Italy and

Nigeria are provided by Ada Loverre.
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Drosophila stocks were maintained as isofemale lines.
Isochromosomal lines were established by the standard Curly
chromosome extraction method, wusing SM5 as extractor
chromosome (Lindsley and Grell 19868) as in Appendix 2.2.
Amylase electrophoretic phenotypes were determined for all
strains using 5% polyacrylamide gels (19:1
acrylamide:bisacrylamide), pH 8.9 according to the method
described by Hickey (1981). Single adult flies, approximately
one week old, which had bheen maintained on an “instant”
Drosophila medium (Carolina Biologicals) were used for
electrophoresis both before and after chromosome extraction
(Apvendix 2.1 and Table 2.1). Single flies were crushed and
the crude homogenates were electrophoresed at 200 V. Gels
were incubated in a 3% starch solution for one hour then
stained with Iodine~ Potassium Iodide solution (1:2:10) to
visualize the bands resulting from the activity of the

amylase on the starch (Hickey 1981; Benkel and Hickey 19886).

DNA Preparation And Electrophoresis

Total high molecular weight DNA was extracted from one
gram of flies from each strain according to the method of
Davis and Davidson (1984). Fly homogenates were lysed,
treated with RNAase and proteinase K, and extracted with

phenol/chloroform and ethanol precipitated. Restriction
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enzyme digestions of 5 pug DNA were performed for 4 to 6 hours
using 2 to 3 units of enzyme per microgram of DNA, under the
conditions recommended by the supplier. Six-cutter digests
(enzymes ‘with a hexanucleotide recognition sequence)

including Bam HI, Bgl II, Eco RI, Hind III, Bst I, Pvull, Sal

I and Xho I, were separated in 0.8%-1% agarose at low voltage
gradients in Tris Acetate and 2.5mM EDTA. Four—cu££er digests
of Alu I, Ban I, Dde I, Msp I, Hae III, Hinf I, Hinp I, Hha
I, Sau 3A, Sau 961 and TaglI were ethanol precipitated,
washed, dried under vacuum and resuspended in 3 pul of
formamide loading buffer (94% formamide/0.05% Xxylene
cyanol/0.05% bromophenol blue/ 10mM NaEDTA, pH 7.2. After
denaturing samples at 90°C for 5 minutes, 2 gl of each sample
was loaded onto a standard 30 cm X 40 cm X 0.4mm 5%
polyacrylamide/7M urea buffer gradient sequencing gels
(Kreitman and Aguade 1986). Gels were run at 1200-1300V.
Electrophoretic transfer of DNA from the gel to New England
Nuclear/Dupont GeneScreen and subsequent UV cross-linking was

performed as described by Church and Gilbert (1984).
Probe Preparation
Membrane-bound DNA was hybridized with [32P]labe11ed

molecular probes. Two different probes were used (i) pORm7,

a cDNA probe which hybridizes with both of the duplicated
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amylase coding sequences and (ii) pCS-1.4, a 1.4 kb Eco RI
fragment which is specific for the region upstream of the
proximal amylase coding region (Benkel g;'g;. 1987). Probes
were prepared based on a method that uses priming of second
strand DNA synthesis using random primers in the presence of
klenow, dNTPs and 32p_gcTP. 25 ng of gel purified DNA
fragments were labelled using 3000 Ci/mmol of [alpha—32]dCTP
to a specific activity of 1—5X109dpm/ug:3f DNA (Hellman and

Peterscn 1987).

Hybridization and wash

Prehybridization and hybridization was at 65° C using
bags or polycarbonate (lexan) tube sealed at one end in
solutions of 5X Denhardt's, 5X SSC, 0.5% SDS, 0.01 EDTA and
500 upg/ml denatured salmon sperm DNA. The membranes were
washed three times at room temperature using 5mM NasPO4,1mM
EDTA, and 0.2% SDS. A stringent wash was done at 65° C in 0.1
SSC and 0.1% SDS.

Probes were removed by boiling the membranes for 5

minutes in SmM EDTA and 0.5% $DS for rehybridization.
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RESULTS
Electrophoretic Phenotypes of D.melanogaster

An initial survey of amy.ase phenotypes in more than 200
strains of Q; melanogaster was made (see Appendix 2.1).
An electrophoretic gel showing the amylase phenotypes for
some of the strains is shown in Figure 2.1. First, I used
mass homogenates of 5 flies from each strain; this provided
the genotype for the single-banded amylase variants. In order
to test whether the samples with multiple-banded patterns
were homozygous or heterozygous, five individual flies from
each of these strains were assayed; lines which were
polymorphic showed differences in the banding pattern between
individuals within a strain. After this initial survey, fifty
lines were chosen for further study, based on the fact that
they were representative of the full range of allozyme types
and geographical origins. Second chromosomes (which contain
the amylase locus) were extracted from these fifty lines
using the crossing scheme shown in Appendix 2.2.

Electrophoretic phenotypes for these isochromosomal lines
were scored in starch-iodine- stained gels (Hickey, 1981} and
the results are shown in Table 2.1 and Figure 2.2. The
patterns shown in Figure 2,2 illustrate the range of single

and double-banded amylase phenotypes. From the Figure, it
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Figure 2.1. Amylase enzyme electrophoretic patterns of
several Drosophila melanogaster strains from Italy and West
Africa, before chromosome extraction.

Strain designations are shown at the top; amylase
mobilities are marked on the side. Each homogenate

contained two larval equivalents.
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Figure 2.2. Negative print of a gel stained for amylase
activity, showing isogenic strains with different enzyme
and activity patterns.

Lanes 1 to 3 contain homogenates from three
different strains, each of which produces amylase with the
same electrophoretic mobility (Amy l), but with different
levels of activity. Lane 4 shows a strain with the Amy 3
phenotype, lane 5 has Amy 4, and lane 10 contains Amy 5.
Lanes 6 through 9 contain homogenates of genotypes which

give double-banded amylase patterns (Amy 1'% 1’%

4'? and Amy 5'?

Amy Amy

in that order).



1 2 3 4 5 6 7 8910
A AN BN T B BN BN OE B .

" AMY 6

W -t — AMY 5

. - — AMY 4
- — AMY 3

AMY 1



33

Table 2.1. Enzyme polymorphisms and restriction
pelymorphisms in isogenic strains of D. melanogaster from
different geographic locations.

S ke e —— . YO o W S S ——— R — W ——— A S S Y T T T S daS TE R S S —————— T T —

Strain Allozyme Restriction Fragments *
Pattern

Eco RI Sal I
1. Oregon R 1 5.2, 5.0 Kb 6KDb
2. Italy 108 1 5.2, 3.8 6Kb
3. Benin 16R 1 5.2, 5.0 6Kb
4. Ottawa 101 1 5.2, 3.8 6Kb
5. Ottawa 107c 1 5.2, 5.0 6Kb
6. Ottawa 107d 1 5.2, 5.0 6Kb
7. Ottawa 202 1 5.2, 3.8 6Kb
8. Ottawa 210 1 5.2, 3.8 6Kb
9. Ottawa 34 1 5.2, 3.8 6Kb
10. Maurice 1 5.2, 3.8 6Kb
11. Seychelles 1 5.2, 3.8 6Kb
12. Tunisia 224 1 5.2, 5.0 6Kb
13. Tunisia 227 1 5.2, 5.0 6Kb
14. Tunisia 250 1 5.2, 5.0 6Kb
15. Fiji 301 1l 5.2, 5.0 6Kb
16. Fiji 302 1 5.2, 5.0 6Kb
17. Fiji 303 1 5.2, 5.0 6Kb
18. Fiji 306 1 5.2, 5.0 6Kb
19. Benin 7cA 1 5.2, 5.0 6KDb
20. Benin 9caA 1 5.2, 5.0 6Kb
21. Benin 23c 1 5.2, 5.0 6Kb
22. Benin 23cA 1 5.2, 5.0 6Kb
23. Benin 22 3 5.2, 5.0 6Kb
24. Ipassa 3 5.2, 3.8 6Kb
25. Liberaville 3 5.2, 5.0 6Kb
26, Kumba 4 5.2, 3.8 6Kb
27. Ottawa 31 4 5.2, 3.8 6Kb
28. Makokou i,2 5.2, 6.3 6Kb
29. Italy 19 1,3 5.2, 6.3 6Kb
30, Ottawa 37 1,3 5.2, 6.3 6Kb
31. Canton S i,3 5.2, 6.3 6Kb
32. Brownsville 1,3 5.2, 6.3 6Kb
33. Italy 69 1,3 5.2, 6.3 6Kb
34, Benin 5a 1,5 5.2, 6.3 6Kb
35. Benin 5b 1,5 5.2, 6.3 6Kb
36. Benin 25a 1,5 5.2, 6.3 6Kb
37. Benin 25b 1,5 5.2, 6.3 6Kb
38. Ottawa 235 1,6 5.2, 6.3 6Kb
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Table 2.1. cont.

39. Benin 30 1,6 5.2, 6.3 6Kb
40. oOttawa 107b 2,6 5.2, 6.3 6Kb
41. Makokou 4,6 5.2, 6.3 6Kb
42. Cotonou 5,6 5.2, 6.3 6kb
43. Benin 1lé6c 5,6 5.2, 6.3 6Kb
44, Lagos 49 5,6 5.2, 6.3 6Kb
45. Benin 35a 5,6 5.2, 6.3 6Kb
46. Benin 35b 5,6 5.2, 6.3 6kb
47. Benin 1la 1,4,5 5.2, 6.3 6%b
48. David's 5,6,7 5.2, 4.1 6Kk
49, Cairo 1,3, 5.2, 6.3 6khb
50. Cairo 1,5

* Eco and Sal are genomic DNA fragments, resulting from
cleavage with Eco RI and Sal I restriction enzymes; blots
were probed with pOR-m7, which is specific for the amylase
coding region. Fragment sizes were determined relative to
the electrophoretic mobility of Eco RI-HindIII double-
digested lambda DNA.
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can also be seen that enzyme band intensity varies
significantly between strains, including strains which are
characterized by the same electrophoretic mobility. It also
varies between the two bands within a double-banded
phenotype. For instance, if we compare lanes 6 and 7 in
Figure 2.é, it can be seen that both genotypes have the
electrophoretic pattern Amy 1'3:in sample 6, however, the
faster migrating band is the most intense, whereas in sample
7 the relative band intensities are reversed.

These genetically-determined differences in amylase gene
expression have been described previously (Doane 1969; Hickey
1981), and they have recently been shown to reflect
differential sensitivity of the duplicated amylase genes to
dietary glucose (Benkel and Hickey 1986b). The fast-
migrating, single-banded amylase phenotype (lanes 1 to 3,
Figure 2.2 and lanes 1 to 4, Figure 2.1) is typical of
Drosophila strains originating in Europe and North America,
whereas the more slowly-migrating, double-banded patterns are
much more common in Equatorial Africa (see Appendix 2.1).
Figure 2.1 gives an example of the populational differences
in allozyme pattern that one observes between Eufopean and
African populations, even using very small samples such as

the one shown in the Figure. The European lines are generally

homozygous for the Amy lallele, whereas isofemale lines from
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West Africa are very variable in their electrophoretic
phenotype. This variation occurs not only between lines, but
also within 1lines, many of which are heterozygous and
segregating for different single-banded and double-banded
electromorphs. This segregation, which is evidenced by
triple-banded amylase phenotypes, is not seen in the derived
isogenic strains (see, for example, Figure 2.2}.

It was already known from earlier studies that the
amylase locus is highly polymorphic for electrophoretic
alleles in D.melanogaster, but that temperate populations are
less polymorphic than tropical or sub-tropical populations
(Hickey 1979a: Singh et al. 1982). This high degree of
amylase structural variation is also clear in African
populations of other closely related species (Dainou et al.,
1988) . This peculiar pattern of electrophoretic variation
which correlates with geographic localization lead Hickey
(1979) to postulate that either D.melanogaster originated in
Africa or that environmental conditions in that continent
favour amylase variants which are rare or absent elsewhere.
The focus of this study was not just to confirm these
allozyme patterns, but to correlate the allozyme variation

with the restriction enzyme data (described below).
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Restriction Site Polymorphisms

The basic restriction map presented in Figure 2.6 was
generated from the hybridization patterns of total genomic
DNA; it is consistent with those generated from the study of
CcDNA or genomic clones (Gemmill et al. 1986; Benkel et al.
1987). To facilitate comparison with the work of Langley et
al. (1988), the center between the twe transcriptional units
has been given the co-ordinate 0.0. Restriction sites within
the probed region will be referred to in relation to this ceo-
ordinate. The analysis of DNA from the fifty strains of
D.melanogaster indicates that the duplicated gene structure
is conserved in all strains, regardless of their amylase
phenotype or geographic origin. This is consistent with other
molecular results using the amylase region of D.melanogaster
(Gemmill et al. 1986; Langley et al . 1988) and in related
species (Payant et al. 1988). Aall strains contain two
divergently-transcribed amylase coding sequences, located
approximately 4Kb apart on the second chromosome.

When cutting with enzymes such as Sal I and Bam HI, which
cleave within the coding region of the two genes, a single
pattern is seen for all strains (Figure 2.3); however,
cleaving with enzymes like EcoR I or Hind III that cut within

the flanking non conserved sequences, frequent polymorphisms

are evident (Figures 2.3, 2.4 and 2.5).
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Figure 2.3. Restriction digest of total fly DNA probed with
D.melanogaster pOR-m7. (A) = Eco RI digest. (B) = Sal I
digest. Notice uniformity of pattern for Sal I and

polymorphism due to the Eco RI site at (-2.2).
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Figure 2.4. Restriction digest of total fly DNA from 14
different strains of D.melanogaster cleaved with the
tetranucleotide Msp I and probed with pCS-1.4 (a flanking
region probe). Arrow points to polymorphic 562 bp fragment
at position -1.7 of the map in Figure 2.6. Only polymorhpic
fragments are shown here, the rest of the fragments

recognized by the probe are not shown.
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Figure 2.5. Hind III digest of total fly DNA from 19
different D.melanogaster strains probed with pCS-1.4. Note
monomorphic intergenic fragment of 2 Kb. Horizontal arrow
indicates insertion/deletion variants at Hind ITI (position
+ 10.7 of Figure 2.6). Lane 2 is the amylase null strain (see
Hickey et al. 1988, for details of the inversion). Lane 13
is a Benin 35b (#46 in Table 2.1) strain with multiple
insertions. Marker indicates a lambda DNA digested with Hind
IIT and Eco RI and labelled with a 32p3 ambda fragment. pCS-

1.4 is the gel purified fragment used to probe the genonic
DNA.



w——-

Hind il

1234567 891011 1R1314151617 1819
*

ol §

.Marker

CS 1.4



41

Using the published DNA sequence of the laboratory
strain Oregcn-R as a standard (Boer and Hickey 1986), two
types of restriction fragment length polymorphisms (RFLPS)
in the amylase region were detected (see Figures 2.6 and
2.7). Nine of the RFLPs were due to the presence or absence
of a particular restriction site (Figures 2.4 and 2.6) while
fourteen others were due to the insertion or deletion of a
DNA sequence within a restriction fragment (Figures 2.3, 2.5
and 2.7). Restriction site polymorphism was observed at
positions Eco RI (-6.5), Hae IIT (-2.4), Eco RI (=2.4), Hinf
I (-2.9), Sau 3A (-1.8), MspI (-1.4), Alu I (-1.8), Eco RI
(+4.6), and Hind III (+10.7) of Figure 2.6. Polymorphisms due
to the presence or absence of a given restriction site are
not limited to particular populations; however, RFLPs due to
jnsertions or deletions are 1imited to geographically
distinct populations, for example the 70 bp insert is fixed
in populations from Benin, West Africa (see Table 2.2). There
is more DNA variation within African populations (Benin
strains) than within the Euoropean and North American
strains.

Estimates for genetic variability for the amylase region'
were obtained using the estimates of Ewens, Spielman and
Harris (1981) in equation 13:

@ = (Kg+ Kg}/ (8mg+ 12mg)
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where Kg and K4 are the number of cleavage sites for enzymes
with four- and six-site recognition sequence respectively,
and where m4 and mg are the cleavage sites screened for
enzymes that have four and six-site recognition sequence.
The proportion of nucleotide sites which are polymorphic
is 0.014 and the estimate of heterozygosity per nucleotide
is 0.003. When considered as a whole, the heterozygosity for
restriction sites, in the entire probed region (including
both restriction site and insertion/deletion variation) is

0.86, estimated according to Nei and Tajima (1981).
Phylogenetic Comparison of Amylase Alleles,

Several additional features of the evolution of
amylase in Drosophila melanogastér can be inferred from a
different type of analysis =~ by comparison of shared
polymorphic sites among pairs or groups of alleles. To
determine the relationship between the 50 amylase morphs, I
have used the unweighted-pair group cluster method (UPGMA)
of Sneath and Sckal (1973, pp 230-234). This method utilizes
average distances between sample pairs (or groups) to
determine branching orders in the phenogram. The resulting
phenogram is shown in Appendix 2.3;

In general, UPGMA phenograms do not reveal the true

phylogenetic relationships or evoluticnary distances.
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However, in this clustering, the underlying rate of evolution
for the measured character, nucleotide differences, should
be reasonably uniform since it is governed primarily by
mutation and genetic drift. The major features of the
alignment of alleles in Table 2.1 (electrophoretic pattern)
are preserved in the phenogram, with the exception of line
#38 (Ottawa Amyl's) which is aligned with the Amy1 strains.

‘ The pheriogram underscores the breadth of the
geographic distribution among closely related alleles. This
is clear for line #19 (Benin 7CA). The fact that closely-
related alleles are broadly distributed geographically
provides additional evidence that there are a limited number

of haplotypes segregating with the species.
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Figure 2.6. General organization of the autosomal amylase
locus in 50 D.melanogaster. Amylase genes and their
transcriptional orientations are indicated by arrows. The co-
ordinate on the top is in Kilobases, centered between the two
transcriptional units as in Langley et al. (1988).

The Figure represents RFLPs due to presence or absence
of a restriction site. Restriction sites above the bar are
monomorphic, sites below the bar are polymorphic. Not all
monomorphic sites are shown in the map. Restriction enzymes
are Alu= Alu I; B=Bam HI;Bgl=Bgl II; E=Eco RI:; Hae= Hae III;
H=Hind II; Hinf=Hinf I; M=Msp I; S=Sal I; Sau=Sau 3A; Xho=Xho

I.
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Figure 2.7. Represents RFLPs due to insertions and
deletions in the amylase region. Triangles above the bar are
deletions, below the bar are insertions. Enzyme designations

and scale are the same as in Figure 2.6.
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Non-random associations

Tests for linkage disequilibrium were carried out on the
2X2 combinations of polymorphic restriction sites, and
restriction sites and enzyme electromorphs, with Fisher's
exact test (Table 2.2). D' is a normalized measure of non-
random association proposed by Lewontin (1964). D' is the
ratio of the observed linkage disequilibrium term, D, to its
theoretical maximum, Dpay. Observed values of D are related
to the chi-square statistic with one degree of freedom (Table
2.3).

There are strong non-random associations between amylase
enzyme electrophoretic variants and those RFLPs which are due
to the presence or absence of restriction sites (see Tables
2.1 and 2.2). The strongest associations in the amylase
region are between double-banded enzyme variants and the
presence of Eco RI and HinfI sites which map to the upstream
non-coding region of the proximal amylase gene. The presence
of a HaeIII site in the coding region is associated with
single-banded allozymes. There are also significant
associations among the restriction sites themselves (see
Table 2.3). Of the twenty three RFLPs detected, only one maps
to the amylase coding region (Hae III at 2.2), and it is not

an insertion/deletion variant.
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Unlike the results obtained by Langley et al. (1988), in
the 50 strains studied here, insertions/deletions tend to
cancel out in the upstream intergenic region, keeping the
spacing of the two genes relatively constant. This is
measured by the fairly constant size of the 6 Kb Sal I
fragment that includes part of the coding and all the
upstream flanking the two genes. No large insertions were

apparent here, although in the study of Langley et al. (1988)

large insertions/deletions were mapped in this region.

DISCUSSION

Restriction fragment Length Polymorphism

With all enzymes used (108 sites) only 9 sites were found
to be polymorphic at and around-the probed region of the
amylase genes (22Kb.). The restriction map variation observed
for the amylase region among +the fifty strains of
D.melanogaster shows many similarities with earlier studies
of other gene regions of this species. The structure of the
amylase locus is similar to that of the Hsp70 region in that
all chromosomes examined have the same basic structure of two
divergent transcription units (sharing great sequence
similarity) separated by several kilobases of unique sequence

(Blackman and Meselson, 1986; Gemmill et al. 1985, Gemmill
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et al. 1986, Boer and Hickey 1986). This inverted and
divergently transcribed gene duplication might represent an
evolved economy of regulatory mechanism, e.g., shared s°
sequences. Or it may simply be a genetically stable gene
duplication, e.g., less likely than tandemly duplicated genes
to asymmetrically pair leading to unequal exchange (Langley
et al. 1988).

The same restriction fragment length polymorphisms are
common to a number of strains from different localities. On
the other hand, the wvariation for DNA insertions and
deletions appear to be population specific and this may
reflect different evolutionary mechanisms or dynami«es
associated with this latter class of variation.

The positions of insertions/deletions appear to be
localized into distinct regions on each side of the two
transcriptional units of amylase and is not associated with
restriction site polymorphism. This class of variation has
also been observed in other tracts of DNA, for example, human
haemoglobin (Higgs et al. 1981) and is well known in mutant
laboratory stocks of Drosophila. Sometimes the insertional
variation can be attributed to transposable elements (Green,
1980; Strobel et al. 1979) and, in turn, these have been
identified in association with the laboratory mutants
(Bingham 1981). At present the nature and origin of the

insertions and deletions in the amylase region is unknown.
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The D.melanogaster samples from oceanic island
collections don't have any particular pattern of amylase
polymorphism. Unlike the strains from West Africa, samples
from Fiji, Seychelles and Mauritius all have a single gmyl
band and have no unigue insertion or deletion. This supports
the theory that oceanic islands don't have endemic Drosophila
populations, and that all Drosophila fourd there are of
recent origin.

The novel feature of this study was the relationship
between DNA haplotype and the amylase enzyme electrophoretic
pattern. The linkage disequilibrium between restriction sites
was strongest for the Eco/Hinf combination. Moreover, this
combination of restriction sites show a strong association
with electrophoretic enzyme patterné. It is possible, of
course, that this associatibn may be a chance event,
reflecting the ancestry of the chromosome. For such reasons,
levels of linkage disequilibrium might be expected to be
particularly high in such a relatively short DNA segment.
Nonetheless, the DNA concerned brackets the transcriptional
units and whilst any evolutionary, causal relationship
between the DNA, marked by the polymorphic restriction sites
and the type of amylase electrophoretic pattern is not
proven, the association by virtue of its relationship with
the enzyme phenotype is a potential target for any form of

natural selection capable of acting on the amylase enzyme.
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Although no clear relationship emerged between DNA
insertions/deletions and amylase enzyme phenotypes, as
discussed earlier, whether this class of naturally occurring
DNA variation affects the amylase electrophoretic mobility
is unknown. However, theix effect could be very mildly

deleterious if at all. Obviously more detailed survey and in

vitro experiments are required. However, this study has shown
that a study of naturally occurring variation in DNA may be
useful in the study of gene function.

Overall, three main conclusions can be drawn from the
results of the restriction analysis. First, much of the
variation can be explained by the presence of a limited
number of haplotypes which are segregating in natural
populations. Each of these haplotypes contains its own
particular combination of restriction sites. As a result of
this pattern, there is strong linkage disequilibrium between
various restriction sites. Secondly, enzyme electrophoretic
variants are associated with the DNA-defined haplotypes.
Thirdly, the insertion/deletion variants in the amylase
region are not associated with either the restriction site
variation or with the enzyme polymorphisms. Instead, such
variants are characteristic of particular geographic areas.

These results could be interpreted as meaning that the
polymorphisms in the amylase region are very old. This would

explain their distribution throughout many of the populations
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sampled. Presumably, the missing theoretically possible
combinations of restriction sites have been lost by genetic
drift. The more restricted distribution of the
insertion/deletion variants suggests a more recent origin for
these variants. It is reasonable to suppose that insertions
and deletions also occurred in the more distant past but that
they have been removed by selection. This interpretation is
consistent with the observation that the existing insertions
and deletions all fall outside the coding regions, suggesting
even more stringent selection against insertions and
deletions within the coding regions.

However, restriction polymorphism studies will not
replace the need for direct DNA  sequencing. In
D.melanogaster, because of the great similarity between the
amylase duplicated genes, restriction analysis was found to
be not the ideal method of detecting the polymorphism in each
gene separately. Hence a choice of certain strains for fine
analysis was made, the results of which will be discussed in

the next chapter.
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CHAPTER 3

INTRASPECIFIC DNA SEQUENCE COMPARISONS

INTRODUCTION

It is obvious that DNA sequence differences between
organisms contain a great deal of information about how much
evolutionary divergence has occurred since these organisms
had a common ancestor. As the mass of sequence information
in different species has accumulated, a great deal of
attention has been devoted to methods of inferring
evolutionary events from observed seguence comparisons.

In this section, I look at intraspecific DNA seqguence

comparisons and the types of evolutionary inferences that can
be drawn from this set of data. Both intraspecific and
interspecific sequence comparisons have become important
tools in molecular approaches to the study of evolution of
gene structure and gene function. Therefore, it is important
to understand how the rates of sequence divergence between

species relate to genetic polymorphism within species.
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All species of the Melanogaster group appear to have an
amylase gene duplication. These duplicate amylase genes are
of particular interest because it is evident that the genes
are not coordinately regulated throughout development (Doane
196Sb). Also some tropical West African strains are less
affected by dietary changes (e.g. less repressibility by
dietary glucose). The choice of the West African strain
Makokou, Am14'§' which has a high overall amylase activity,
coupled with differential expression of the two amylase
isozymes, was influenced by both of these considerations.

It can be reasoned that if the amy.iase genes are closely
linked but not coordinately controlled, then the genetic
information for the tissue- and stage~specific regulation of
these two genes may be contained within a fairly small
identifiable region of DNA. My plan was to identify segments
of DNA that might be important in gene regulation by
comparing the structure of the locus in the Makokou strain
with the published sequence of the Oregon R strain (Boer and
Hickey 1986). Both of these strains have the amylase
duplication but they differ from one another in a number of
significant regulatory features. For instance, the expression
of both gene copies in the Oregon R strain is very sensitive
to glucose repression. In contrast, not only are both amylase
genes in the Makokou strain less sensitive to glucose, but

there is also a large difference between the two gene copies
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in their degree of sensitivity (Benkel and Hickey, 1986b).
It is likely that these requlatory differences have arisen
subsequent to the origin of the duplication and, therefore,
would represent a fairly recent evolutionary event that might
be studied readily at the molecular level.

Finally, the Makokou strain is interesting in that it
has an amylase electromorph pattern of the type which is
common in equatorial Africa, but is rare elsewhere in the
world. Thus, while the previous sequencing reports on D.

melanogaster amylases were confined to strains typical of

European and North American populations (Boer and Hickey
-1986; Okuyama and Yamazaki 1988), this ;train provides
dépailed sequence information for a representative of a
disﬁipctly different type of amylase genotype.

A

MATERIALS AND METHODS
Drosophila Library And Clones

Total genomic DNA was isolated following Davis and
Davidson (1984) from the ]Q.melanogaster' Makokou, Amx4'6,
strain homozygois for the tstan&ard second chromosomal
arrangement. The library was constructed by ligating genomic

DNA, partially cleaved with Sau 3A then treated with calf

intestinal phosphatase, into the Bam HI site of a Lambda Dash
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phage vector (an EMBL3 phage derivative supplied by
Stratagene). The library was screened using two
D.melanogaster amylase-specific probes. One of these, a 650
bp Pvull fragment of the pOR-m7 cDNA clone (Benkel et al
1987) contains coding sequences from the 3' end of the gene;
and the second probe, pCS-1.4, is a 1l.4kb fragment specific
for the amylase 5' non-coding region. Three successive
screenings of the positive plagques were performed by
modification of the procedures of Benton and Davis (1977).
Four 140mm X 1Smm plates containing approximately 3x10%
plagque-forming units were screened using amylase probes.
Phage DNA was transferred to Biodyne membrane filters,
treated with denaturing buffer (0.5 N NaOH/1.5 M NaCl for 5
minutes and then with neutralization buffer [3 M Na-acetate
(pH 5.5)] for 5 minutes. The phage DNA was fixed by UV to the
membrane. After prehybridization with 50 ug/ml of heat-
denatured salmon sperm DNA in prehybridization mix [5X
Denhardt's, 5X SSC, 50 mM NaPhosphate (PH 6.5), 0.1% SDS and
50% (v/v) formamide for one hour at 45° C. Phage DNA was
hybridized with the homologous probes in the same solution
as that for prehybridization for 24 to 36 hours at 45° C.
Membranes were washed three times with 0.1% SSC and 0.1% SDS
at 65° C. Betwsen two and five positive plaques were
identified in each plate. Positive plaques were picked,

replated at low density and rescreened twice. Single positive
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clones were picked and used to prepare recombinant phage DNA.

Isolation and characterization of Amylase genes

Recombinant phage was grown and DNA was extracted
according to the method of Silhavey (1984) by adding a single
plagque to 0.5 ml of an overnight culture of bacteria (m.o.i.,
about 0.01). After incubation for 20 minutes at room
temperature, 2 ml of LB broth containing 10mM MgCla wére
added to the bacterial culture followed by shaking for about
6 hours at 37° C. after lysis is complete the culture was
treated with 0.1 ml chloroform and was centrifuged at 6000
rpm for 10 minutes. One ml of the supernatant was added to
an equal amount of DEAE-cellulose slurry, centrifugéd, and
0.8 ml of the supernatant transferred to a clean eppendorf
tube. 100 1l of 5M NaCl and 450 pl of isopropanol were added
to precipitate the bacteriophage particles. The pellet was
then resuspended in TE, treated with phenol and precipitated
with ethanol. DNA from twelve positive clones was digested
with restriction enzymes according to the manufacturers
specifications. DNA fractionation by gel electrophoresis,
processing for Southern analysis, filter blotting and
hybridizaﬁion is done following standard procedures described

by Maniatis, Fritsch and Sambrook (1982).
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Genomic DNA from the Makokou, Amy4'? flies was digested

and probed along with the genomic lambda clones. Lambda
genomic clone Mk2 which contains both proximal and distal
amylase genes was chosen for further analysis. The
restriction map of the duplicated amylase genes of the
Makokou strain was constructed using both genomic clones and

total fly DNA digests.

Subcloning

From the Makckou, Amx4'§ lambda genomic clone MK2, a
6 kb Sal I fragment containing upstream regions of both
proximal and distal amylase genes as well as 900 bp coding
sequence from each of the duplicated genes was isolated and
subcloned.

The Makokou 6 kb Sall fragment was cleaved with EcoRI and
fragments of 2.5 kb Sal/Eco (proximal) and 3.5 kb Eco/Sal
(distal) were religated in pIBI 24 and pIBI 25 plasmid
vectors. Insert DNA and vector DNA in 20 ul of ligation
solution [0.6 mM ATP/ 66mM Tris-HCl (pH 7.6)/ 6.6 mM MgCly/
10 mM dithiothreitol DTT] were incubated overnight with 0.01
unit of T4 DNA ligase at 4° C. Transformation was conducted
by the calcium chloride method (Mandel and Higa 1970). An
overnight culture of JM10l1 was added to 100 times the volume

of YT medium and allowed to grow for about 2 hours at 37° C.
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After the culture had been kept on ice for 10 minutes, the
bacterial pellet was washed with 10 ml of ice-cold buffer [50
mM CaCly/ 10 mM Tris-HCl, PH 8.0)], suspended in 1/15 the
volume of the original culture and kept on ice for 3 to &
hours. An aliquot of 0.2 ml of the competent cell solution
was mixed with 1 ul of ligation mixture and kept on ice for
an hour. After incubation for 2 minutes at 42° C, 1 ml of the
YT broth was added to the mixture followed by incubation for
one hour at 37° C. About 100 ul of reaction solution were
spread on the YT agar plates containing 50 ug/ml Ampicillin,
30 ug/ml X-gal and 2.5 mg/ml IPTG (Maniatis, Fritsch and

Sambrook 1982).
Plasmid DNA preparation

PIBI vectors can be propagated as a double-stranded DNA
plasmid or, upon superinfection with helper phage, as a

single-stranded DNA phage (IBI INC.).
Double-Stranded DNA Preparation

An aliquot of 1.5 ml of an overnight culture was
centrifuged and the collected bacteria suspended in 350 pl
of [8% sucrose, 0.5% Triton X-100, 50 mM EDTA and 10 mM Tris-

HC1 (PH 8.0)]. a volume of 250 ul of' freshly prepared
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lysozyme solution (10mg/ml in 10 mM Tris-HCl) was mixed with
the bacterial solution and incubated for 40 seconds in a
boiling-water bath. The mixture was centrifuged for 15
minutes and the pellet was removed with a toothpick. The
plasmid was precipitated with 40 pl of 2.5 sodium acetate and
42¢ ul of isopropanol. The pellet was resuspended in TE,
treated with RNAase, Proteinase K and phenol. Plasmid DNA was

then precipitated with ethanol.

Single~-Stranded DNA preparation

One colony of insert-containing plasmid was grown in YT

broth for 30 minutes. An aliquot of 50 pl helper phage, M13

Ko7 (1x10ll

pfu/ml) was added and left to grow for another
30 minutes. Kanamycin was added (50 mg/ml) and the culture
was left to grow for 14-18 hours. Cells were harvested by
centrifugation and single~stranded plasmid precipitated with
25 pl of 3.5M NaClz and 20% PEG solution. The pellet was
dissolved in 200 pl TE buffer and treated with phencl. The
single-stranded DNA was precipitated with ethanol and
dissolved in 20 ul deionized water. One pl of this DNA

template was then mixed with 1 ng of the appropriate primer

and split four ways for each separate sequencing reaction.
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DNA Sequencing

Subclones were dgrown single-stranded and sequenced
according to the chain termination reaction method of Sanger
et al. (1977) using Sequenase (United States Biochemical Co.)

and [alpha->°

S dATP]. M13 universal primer and a number of
20 bp custom-made oligonucleotide primers were used to
sequence the two strands. Generally, each sequencing ladder
was determined to 450-500 bp from the labelled end. This
required double loadings of 50 cm, 8% gradient gels performed
in an LKB Macrophor electrophoresis unit. Two-hour and four-
hour runs at 2200V were found to produce a continuous ladder.
Following electrophoresis, gels were soaked in a 10% acetic
acid solution for 30 minutes, air dried with a hair drier,

wrapped in saran wrap and autoradiographed using Kodak or

Trilite X-ray film without intensifying screens at -70° C.

Analysis of DNA sequences

Confirmation of sequences was obtained by sequencing both
strands whenever possible, and by repeated sequencing.
Sequence data were entered directly intc an IBM computer
using a sonic digitizer. Alignment of the sequence and
subsequent analysis is done using the Microgenie (Beckman)

computer programs (Queen and Korn 1984). The nature of the



64

sequenced genes was established unambiguously by comparison
with the complete sequence of the D.melanogaster OR-R strain
proximal locus (Boer and Hickey 1986) and the sequence of the

TN-329 strain distal locus of Okuyama and Yamazaki (1989).
RESULTS

Isolation of Aamylase clones

The library screened yielded twelve overlapping phage
clones homologous to the D.melancgaster amylase probes. Of
the twelve lambda clones isolated three had the proximal gene
only, four had the distal gene only, three c¢lones had the
proximal and part of the distal, while two clones contained
the complete two genes and their flanking regions (Figure 3.1
and Figure 3.2). Clone MK2 is a representative with the

complete two coding sequences and their flanking regions.
Characterization of amylase clones

Restriction map of the lambda MK2 is shown ( Figure 3.3).
The complete restriction map of the duplicated genes was
shown in Chapter 2. Inspection of the restriction map shows

that the two genes have the same arrangement as
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Figure 3.1. Nine positive clones obtained from the

Lambda~Dash genomic library of the Makokou strain. Clones
were digested with Bam HI and with Eco RI and probed with
pCS~1.4, a fragment specific for the proximal amylase genre.
Probing was at 45° C with 50% formamide and washing at

65° C.



BamHl___ EcoRl .
1234567812345 6 789 or+

-~ G

Kb

60— “"‘ L -~

2.0

0. 2 s . |



66

Figure 3.2. Positive clones as in Figure 3.1 probed with
POR-m7 Pvu II fragment that is homologous to the coding
sequences of both proximal and distal amylase genes. Arrow
indicates genomic clone MK2 used for construction of the
map and subsequent subcloning. Note that this clone had
both genes and their flanking regions. OR-R is lambda clone
described by Benkel et al.(1987); it is used here as an

internal control and size marker.
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Figure 3.3. Restriction map of clone MK2.
This clone was isolated from a genomic library prepared

from the wildtype D. melanogaster strain, Makokou Amzq'e.

This clone includes the duplicated amylase genes. The
coordinate system used in the Figure is that of Benkel et
al 1987. Restriction sites are designated as follows: B,
Bam Hl; E, Eco R1l; H, Hind III; S, Sal 1. Horizontal arrows
above indicate the direction of transcription for each
coding sequence. Vertical arrows point to the Sal-Sal
fragment used for sequencing. Horizontal arrows below show
direction of sequencing from ends of Sal and Eco fragments.

Sequencing strategy is shown at the bottom.
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that of the Oregon R strain. The orientation and arrangement
was studied by probing blots of cloned DNA from Makokou,

Am:[4 ' 6'

with 3' and 5' subclones of the Oregon R amylase
cDNA (see Figures 3.1 and 3.2). The duplicated genes are
divergently transcribed, a feature ‘typical of the

melanogaster species subgroup (Boer and Hickey 1986,)Gemmill

et al. 1986, Payant et al. 1988).

structure of the Duplicated Genes of the Makokou, Amy 4,6

r

Strain.
Site Variation and length polymorphism

The Coding Region

Nine hundred bp of sequence from the coding region were
sequenced, as well as 300 bp from the 5' non-transcribed and
non-translated region; these regions were sequenced from both
the proximél and distal genes. Figure 3.4 shows regions of
both proximal and -distal genes aligned with the Oregon R
sequence (Boer and Hickey 1986).

Comparing the sequence of the proximal genes from
the standard Oregon R strain of D.melanogaster which has an
Amyl isozyme and that of the Makokou sﬁrain with an gmg4

isozyme, in the coding region of the two strains there are
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6 nucleotide differences out of 822 (0.7%). Five out of the
six nucleotide differences in the coding region are
transitions while one is a transversion.

The distal gene of the Makokou strain is compared to the
sequence available from the Oregon R distal gene and the
publlshed sequence of the distal gene of the TN ~329 (Okuyama
and Yamazaki 1988). The Makokou gene has different
electrophoretic mobility i.e. different isozymes from that
of OR-R and the TN-329 (both have Amyl,while the Makokou has
an Amxﬁ). There are 11 nucleotide differences out.of 791
(1.6%) between the two coding regions of the Makokou and the
TN-329.

When thé two coding sequences from the Makokou strain
were compared with one another, 14 nucleotide differences out
of a 900 bp region were noticed (1.5%). In addition to the
nucleotide site variation the duplicated genes have a region
of three nucleotide insertion/deletion (see Figure 3.4). This
means that the protein product from the distal gene is one
amine acid residue shorter than that produced by other

amylase genes in D.melanogaster.
The 5* flanking region

In both proximal and distal Makokou genes the classical

regulatory motifs are conserved and they lie at the exact
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distance from the transcription initiation site as that of
the Orégon R strain. However, the two genes have a stretch
of 19 mismatches just before thé TATA box including one
insertion/deletion. When the proximal genes of the Makokou
and OR-R are compared upstream of the initiation site, 13
nucleotide differences out of 290 (43%) were detected. Of
these three nucleotide differences are due to transition,
three are due to transversions and seven are a result of a
single insertion/deletion. Seven of these differences disrupt
the conserved sequences at position =200 (see Figure 3.4);
"a conservation of this region between the Drosophila amyiase
and the glucose-repressible Adh III gene of yeast was noted
by Boer and Hickey (1986). However, this region is not

disrupted in the distal gene of the Makokou strain.
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Figure 3.4. Nucleotide sequence of Makokou 5' region from
the proximal locus aligned with that from the Makokou
distal gene, and also with the sequence of the Oregon R
proximalllocus (Boer and Hickey 1986). +1 is the first
nucleotide of the start codon. The conservative glucosé
regulatory box between Drosophila and yeast is highlighted;
the codon which ié missing in the Makokou distal locus is
highlighted. The sequence from the Makokou proximal gene is
shown in full on top; the sequénces of the Makokou distal
gene and the Oregon R gene are indicated by dashes wﬁére
the nuclgotides are identicél to the Makokou proximali
sequence; nucleotide differences only are shown in full.
Missing nucleotides are represented by dots. Arrow

indicates initiation of transcription.
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When the upstream non-coding region of the Makokou distal
gene is compared with that of the Oregon R (Amxl) and the
Car “on-S (5333), theré are 32 nucleotide differences in a
region of 638 bp (5%) between the Makokou, Amx4'6and either

" of the other two strains.
 DISCUSSION

Tt is clear from this study and previous studies that in
the several strains and species that have been analyzed,
there is a constancy of structure in the amylase region. In
the Makokou4'6as in the OR-R (Boer and Hickey 1987) the two
amylése coding regions show a very high degree of sequence
similarity while the sequence of the 5' upstream regions are
much more diverged.

However, unlike the Oregon R strain, the Makokouwhas more
sequence variation between its proximal and distal coding
sequences (1.5%). This suggests that more mutations have
accumulated between the two genes of this African strain than
between the Oregon R coding sequences. Still, the 1.5%
difference between the two genes is less than that between

either gene copy and their counterparts from other strains.
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The small size of the region that separates the two
amylase genes in D. melanogaster (Boer and Hickey 1987,
Payant et al. 1988, Hickey et al. 1989, Langley et al. 19288)
ijs toc short to expect recombinations to be readily
reéovered. Since the duplicated genes are so closely linked,
it is 1likely that the amount of information that was
_originally duplicated is fairly small. Nevertheless, an
inversion between the two amylase genes of a hull—straiﬁ
(Hickey et al. 1989) appears to be a result of homologous“A
recombination. :

A surprising finding was that, despite the overall
similarity in the sequencés of the two coding regions, there
is a deletion of an entire codon in the distal gene. Such
insertions and deletions of codons are relatively frequent
in interspecific comparisons, including those of amylase
sequences (see Hickey et al, 1989), but they have not been
reported previously in comparisons of genetic variants within
a single species. There is no information available as to how
these insertions /deletions are generated. The fact that they
are multiples of three nucleotides is probably due to
purifying selection removing those length variants which
alter the reading frame. This implies that such regions where
codons are added/deléted are susceptible to certain

mutational effects.
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It is possible that the deletion of the 7 bp at the
conserved glucose box is related to the change in glucose
repression of the Makokou, Amz4'§ proximal gene that has
occurred during the evolution of this strain. It is also
possible that rhe two genes share one regulatory glucose box,
51nce both genes are 1ess repressed by glucose compared to
Oregon R for example. A final feature of the nucleotide
differences in this region that .cannot be explained by the
accumulation of new mutations is that these nucleotide
differences are clustered in one region of 19 bp. This
clustered change is not associated with continuous runs of
the same nucleotide, or short tandem repeats, which are known
to give rise to high mutation rates by elippage mechaﬁisms
(Efstratiadis et al. 1980; Jones and Kafatos 1982; Brown and

Piechacsyk 1983).
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CHAPTER 4

CONCERTED EVOLUTION OF THE DUPLICATED AMYLASE CODING SEQUENCES

Introduction

The evolution of multigene families undergoing gene
conversion has been extensively studied, see Ohta (1985,
1986), Shimizg (1985, 1937), Weir (1986), Nagylaki and
Barton (1986); Walsh (1986, 1987, 1988), Kaplan and Hudson
(1987).and Tachida (1987). Recently, results emerging from
work with muitigene families demonstrated intrachromosomal
recombination between duplicated DNA sequences. It is shown
that intrachromosomai recombination c¢an lead to gene

conversion by heteroduplex repair. Other experiments have

- shown that there is a bias in heteroduplex repair which

favours the formation of GC base pairs (Brown and Jiricny,
1988) . The results of these experiments suggest that, during
the course of evolution, duplicated genes would undergo
repeated rounds of gene conversion and that, in so doihg,

they would become increasingly GC-rich. This latter effect

- would bias the codon usage within such genes. The work to be

'pfesented in this chapter supports these predictions.

“ " The amylase genes of the fruit flies, genus Drosophila,
' .

offer an excellent system for studying the manner in which
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gene conversions affect the evolution.of a small multigene
family. When the two copies of the alpha-amylase gene from
strains of D. melanogaster were compared {(Boer and Hickey
1986; Okuyama and Yamazaki 1988), the two coding regiqns were
found to be very similar. This, in addition to the close
linkage of the two copies, raised the possibility of sequence

recombinations between the two copies of the gene.
Materials and Methods

Subcloning and Sequencing

et al. (1988) from

The §.4 Kb Sal I fragment of Payant
Drosophila erecta, which contained the 5' region of both
copies of the amylase gene, was cleaved oﬁt of the lambda
clone with Sal I and removed out of a low-melting agarose
gel. The fragment was further cut with Hind III and subploned
into pIBI 24 and pIBI 25 plasmid vectors. The resulting
subclones (4 Kb from the proximal lecus and 2.4 Kb from the
distal locus) were sequenced by Laure Bally-Cuif (Bally-Cuif

et al. 1989}.

Two D.melanogaster Oregon R clones isolated by Benkel et
al. (1987) from a phage library and subcloned in pUC plasnids
were chosen for analysis of downstream, non-coding regions.

Clones Lambda OR-5.2 (proximal), and Lambda OR-5.5 (distal)
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were cleaved with EcoR I and Bam HI. The Bam/Eco fragﬁents
were subcloned into pIBI vectors according to the procedures

described in Chapter 3 above.
Results

The 3' region of the proximal and distal genes of the OR-
R strain were sequenced for a total of 300 bp and aligned
with each other (Figure 4.1). The coding sequences had the
highest similaritiés between the two genes (Figure 4.1 and
Boer And Hickey 1986). The similarity drops immediately after
the stop codon. The 3' downstream sequence from the two genes
loses similarity immediately after the stop codon, except for
poly=-A addition motifs which remain conserved in sequence and
position. Thus, the sequence divergence which was noted by
Boer and Hickey (1986) for the upstream flanking regions is

also true for the downstream, non-coding regions.
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Figure 4.1. Comparison of the duplicated amylase—-coding genes
in Drosophila melanogaster.

A. Arrangement of the duplicated coding sequences.
The two genes {shown by arrows) are approximately 4kb apart
and are divergently transcribed . The proximal and distal
gene copies are shown on the left and right of the Figure,
respectively. Restriction enzyme sites for Bam HI (B) , Hind
III.(Hi, and Sal I (S) are shown. Those sites which are not
shared with the D. erecta sequences are shown in brackets.

B. The percentage sequence divergence between the
duplicated genes. Three regions were compared: ti) upstream,
non-coding; (ii) coding; and (iii) downstream non-coding. The
positions of the start and stop codons are indicaﬁed. |

C. Alignment of sequences flanking the coding
regions of the duplicated amylase genes. This alignment
illustrates the relatively sharp boundary between the
conserved transcribed regions and the divergent flanking
regions. Regulatory motifs (CAAT and TATA) are boxed, along
with the start and stop codons. Initiation of transcription
is indicated by an arrow. The polyadenylation site is
indicated by an inverted triangle. Sequence identities are
indicated by dashes; gaps are shown as asterisks. All
analyses were done using the Beckman Microgenie sequence

analysis programs.
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1 Discussion

The work described in this chapter was motivated by
certain observations of the near identity of the duplicated
amylase genes (Boer and Hickey 1986) and by a possibility of
gene conversion (?ayant et al. 1988; Bally-Cuif et al. 1989;
Hickey et al 198%). In using seguences to estimate the times
since the duplication event, a paradox was encountered: the
dupiication appeared to be recent if one compared coding
regions; but when upstream flanking sequences were compared
the divergence of the two genes seemed ko be clder. However,
the presence of the duplication in seven related Drosophila
species pointed towards an older estimate of the duplication
(Payant et al. 1988), which predated the speciation events
in the melanogaster species subgroup. This suggested the
lpossibility of concerted evolution of the duplicated genes.

The only effeqtive test of this model for the evolution
of the two amylase loci would be to examine the accumulation
of nucleotide changes and recombination events in the
duplicated genes with time. If most changes which have
accumulated can be explained by_conversions,.i.e., are not
mutations new to the loci, then sequence transfer must be
frequent relative to the accumulation of new mutations.

Furthermore, if these changes are not associated with cross
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over events in flanking regions, then an intrachromosomal
conversion model is supported.

The restriction map for the alpha-amylase locus in each
of the eight species of the melancgaster subgroup (Payant et
al. 1988) showed that the general pattern of restriction
sites was conserved between the gspecies, but that a Bam HI
site located in the coding region was absent from the two
copies of the gene in both D.erecta and D.teissieri. The
mutation of this Bam HI site proved to be the same in the two
copies oflg.erecta {(Bally-Cuif et al 1989) and it is likely
that it is the same in D. teissieri. Not only that, but the

two gene copies of D.erecta were found to be 100% similar

even for the silent substitutions that occurred since the

divergence of D.erecta and Q.mglanoqgster;(éee Figure 4.2).
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Figure’ 4.2. Comparison of amylase sequences from D.
melanogaster and D. erecta. Sequences from both D. erecta
genes are'aligned with the proximal gene of D. melanogaster.
The alignment extends from nucleotide position =200 to
position +909. Dashes represent sequence 1dent1ty with the
D. melanogaster sequence; asterisks denote sequence gaps. The
start codon, ATG is boxed. Those substitutions (with respect
to the D. melanogaster gene) which are shared by the two D.
erecta genes are also boxed. The initiation of transcription
is shown by an arrow. The single nucleotide difference
between the two D. erecta coding sequences is indicated by

an inverted triangle. (from Bally-Cuif et al., 1989}
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Nakamura et al. (1984) observed that the nucleotide
sequences of the human salivary and pancreatic amylases are
94% homologous. In contrast, the homology between the human
and mouse pancreatic mRNAs is only 83%, and the homology of
the human and mouse salivary mRNAs is 82%. The remarkable
degree of similarity between the human salivary and
pancreatic mRNAs suggests that recent moiecular events, such
as gene conversion or gene duplication, must be responsible
for "“correcting" the sequences. Just as we have shown here
in the case of the melanogaster subgroup, the mouse amylase
genes also appear to have been "corrected", since the mouse
pancreatic amylase gene sequence is more homologous to the
mouse salivary gene (90%) than to the human pancreatic gene
(83%). Meisler and Gumucio (1986) presented two alternative
hypotheses for the evolution of amylase genes from mammals
(Figure 4.3). The hypothetical mammalian ancestor in Figure
4.3 (A) possesses only pancreatic amylase gene(s). In this

model, salivary
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Figure 4.3. Two models for the recent evolution of the
mammalian salivary amylase genes. Scolid lines trace the
descent of the pancreatic amylase genes; dotted lines
represent salivary amylase genes. Open box, gene duplication;
closed box, gene conversion; X, gene inactivation. {(a): gene
duplication with aquisition of salivary-specific expression;

(B): gene conversions and multiple gene inactivations.

Reproduced from Meisler and Gumucio (1986).
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amylase genes arose from recent independent gene duplication.
The acquisition of salivary—spécific expression by one of the
duplicated gene copies is required by this model. Information
regarding conservation of structure between the mouse and
human Amy-1 gene argues against an independent origin of the
two genes. In (B) the hypothetical ancestor possesses genes
for salivary and pancreatic amylase, and multiple independent
gene inactivation events account for the absence of salivary
amylase in most mammalian lineages (Meisier and Gumucio
1986). The intra-species homogeneity of salivary and
pancreatic amylase of mouse and man would then be explained
by recent gene conversion events. However, the available
evidence is insufficient;to distinguish between these models.

Unlike the case of the conversion hypothesis of mammalian
amylases, the DNA sequences from non-coding regions (upstream
and downstream) of the Drosophila genes are now avalilable and
hence the interconversion of Drosophila amylase genes is
better substantiated. |

In summary, in D.melanogaster the coding sequences of the
twoe genes are quite similar, but the similarity drops off
quickly both upstream and downstream of the coding region.
The most probable explanation is that the duplicated coding
sequences can loop over to facilitate mitotic or meiotic
recombination and gene conversion through heteroduplex repair

(Hickey et al. 1989; Leigh-Brown and Ish-Horowicz 1981).
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Genes that undergo sequence conversion are likely to have
a GC biased codon usage (Brown and Jirncy, 1988). The
Drosophila species group is 90% GC rich in the third position
(see Chapter 5). One would like to evaluate this GC bias in
the light of the GC content of non—duplicaped amylase genes.

This will be discussed in the next chapter.
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CHAPTER 5

LONG-TERM INTERSPECIFIC SEQUENCE COMPARISONS

INTRODUCTION

The rate of synonymous nucleotide change in the coding
regions of genes has become a crucial measurement in the
study of molecular evolutioﬂ. The reasons are threefold:
precise alignment of coding regions is possible, these silent
positions evolve at relatively high rates, and their rates
of evolution, it has been aréued, approach the selectively
neutral rate. Species-level comparisons of DNA sequences will
soon represent a large sample of genetic loci in Drosophila.
In addition to addressing gquestions of synonymous position
evolution, these data are providing details on the rates of
nucleotide substitution experienced at different nucleotide
positions within a locus, and on the different forms of
selection operating to produce the observed levels of
substitution, e.g., selection at the protein sequence level,

at the codon level (e.g., codon bias), and at the nucleotide
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level (e.g.,transition/transversion bias).

There has been increasing acceptance of the hypothesis
that molecular divergence is linear with time (Miyata et al.
1980; Hayashida and Miyata 1983; Nei 1987), although not
without some resiétance (Gillespie 1986). This concept is of
particular importance to the applicaﬁion of certain models
of molecular evolution. It is necessary both to establish the
existence of clock-like behaviour in nucleotide substitutions
and to provide the appropriate experimental model (e.qg.
pseudogenes, - silent sites, or intron positions) with which
té measure the underlying rate of substitution for a
chromosomal region. The assumption is, then, thgt this raté
represents the best approximation of the neutral mutation
rate. Positions that deviate from this rate can be examined
+o establish which forces, e.g., natural selection or drift,
are responsible for the observed deviation.

The alcohol dehydrogenase locus, Adh, has been, the
subject of numerous species-level sequence comparisons
(Bodmer and Ashburner 1984; Cohn 1985; Coyne and Kreitman
1986: Schaeffer and Aquadro 1987). These data have
substantiated previous reports (Kafatos et al. 1977; Jukes
and King 1979) that rates of evolution for functionally
distinct nucleotide positions (amino acid replacement sites,
synonymous sites and intron positions) are very different.

Patterns of substitution across the Adh exons reveal that all
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replacement sites and all synonymous sites do not experience
the same levels of mutation and/or substitution i.e., the
ocbserved changes are clustered in certain exons. Finally,
comparison of Adh and a closely linked, uncharacterized gene
3' to Adh shows that the rates of substitution at
replacement, synonymous and intron positiqns vary at
different 1051 within the same chromosomal region (Schaffer
and ‘Aquadfo 1987} . ’It is necessary to determine the
generality of the results obtained at the Adh locus, where
the majority of Drosophila species comparisons have been
made. ;

I thought it of in@erest to compare sequences of the
amylase genes in different Drosophila species. This should
allow recognition of functionally-constrained sequences
specific for the particular gene (proximal or distal) as well
as those common to both genes. Such comparisons also serve
to characterize the nature and rate of evolutionary change
in various domains of the gene.

Ideally, one would like to compare species that have
evolved independently for periods sufficiently long to allow
nearly complete divergence of unconstrained sequences, but
not for very much longer. Constrained sequences could then
be fecognized against a divergent background. The resolution
and certainty with which such sequences can be recognized

will be enhanced by including-more than two divergent species



91

in the comparison. The earliest Drosophila radiation is
thought to have occurred about 0.5X108 years ago
(Throckmorton 1975). Therefore if the rate of synonymous

8 nucleotide

substitution estimated for mammals is 0.55X10°
per site per year (Hayashida and Miyata 1983}, isllike that
of Drosophila, the desired‘degree of divergence should be
attainable in 'suitably chosen interspecific comparisons
within this genus.

The specific choice of species was influenced by the
desirability‘ of choosing Drosophila taxa that are very
distantly and moderately distantly related to D.melanogaster,
as well as representing the major, successive drosophilid
radiations. Drosophila melanogaster and D.yirilis are in
different subgenera, Sophophora and Drosophila respectively
(Throckmorton 1975; Wheeler 1981); D.wirilis is thought to
represent the ancestral species (Clayton and Guest 1986); and
the chromosomal elements of the two have been extensively
compared by linkage analysis of putatively homologous loci
(Sturtevant and Novitski 1941; Patterson and Stone 1952;
Alexander 1976; Gubenko and Evgen'Ev 1984). The expectations
for degrees of divergence were based on presumed separation
of the species, as well as an empirical data from previous

studies on these or related species (Zwiebel et al. 1982,

Schaeffer and Aquadro 1987, Blackman and Meselson 1986) .
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In this chapter a nucleotide sequence of the amylase
locus in D.virilis is presented. Features of amylase gene
organization in D.virilis are also described, and a detailed
comparison with the amylase nucleotide sequence from
D.melanogaster (Boer and Hickey 1986) and D.pseudoobscura

(Brown et al. 1989) is made.
MATERIALS AND METHODS

D.virilis library and clones

A Drosophila wvirilis genomic library in phage lambda
EMBL3 was obtained from R. Blackman at Harvard University.
The library was screened using both the 650bp PvuII fragment
and the 1.4kb EcoR I fragments of the pOR-m7 amylase cDﬁA
clone. Screening of the library paralled what was done for
the Makokou library (see Chapter 3), except that the
prehybridization and hybridization were performed at a lower
temperature (42° C). Washing was at 50° C. Seven positive
clones were grown up and DNA was extracted from them (for
detailed methods, see Chapter 3). Lambda clone Vir #1 which
gave a restriction map similar to that of the total genomic
DNA was chosen for further analysis. The restriction map was

constructed using clone Vir#l and the total genomic DNA

restriction digests.
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Subecloning and Sequencing

From the D.wvirilis lambda phage clone Vir #l,ﬁfour sub-
fragments, 3kb Eco RI, 8 kb Sal I, 2.2 kb Sal I, and 200 bp
E/S were subcloned into the plaémid vectors pIBI 24 and pIBI
25, in both orientations, for sequencing. Subclones were
identified either by colony hybridization (Grunstein and
Hogness 1975)," using the Pvu II . fragment probe, or by
restriction analysis of plasmid mini-preps (Holmes and
Quigley 1981).

DNA sequencing of single-stranded templates was performed
as described above. In some cases double-stranded templates
were sequenced using the alkaline denaturation method of Chen

and Seeburg (198S).
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RESULTS

Physical Organisation of the D.virilis Amylase gene
Low resolution mapping of <he D.virilis amylase gene

The plagque lifts from the D.virilis genomic library
~hybridized under conditions of relatively high stringency to
probes from the Oregon-R strain of D.melanogaster. Thié
provides the first indication of a high degree of similarity
in the amylase coding sequences of these two Drosophila

species (Figure 5.1).
High resolution Mapping (DNA sequencing)

The sequencing strategy for the amylase gene is displayed
in Figure 5.5. The nucleotide sequence of the gene is listed
in Figure 5.6 along with the predicted amino acid sequence.
The position +1 is assigned by homology to the transcribed
region close to the D.melanogaster translational initiation
site. For the D.virilis, 2550 bp of the amylase gene region
were sequenced, including the complete transc?ibed region and
780 bp of the 5' and 250 bp of the 3' flanking regions. The

single gene has a coding capacity of 495 amino acids
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(comparable to the predicted size of the mRNA (Magoulas et

al. in preparation).
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. Figure 5.1. Second screening of positive plaques from a

D.virilis genomic phage library which was plated at low '

density and probed with D.melanogaster Pvu II fragment of
pOR-m7. Arrows indicate marks of radioactive ink used to

align the filters. washing was at 50° C.
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Figure 5.2 Restriction map cgnstructed using clone Vir #1
and the total genomic DNA from adult flies. From the genomic
blots and the clones of the D.virilis, it is obvious thét
there is only one amylase gene in this species. E, Ecor I;

H, Hind III; P, Pst I: S, sal I;
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Figure 5.3. Positive clones from D.virilis genomic
library in phage lamba digested with Eco RI and Sal I. OR-R
refers to a genomic lambda clone from D.melancgaster which
was used as an internal control. Clone # 1 is the clone used

for further analysis.
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Figure 5.4. ' Restriction pattern obtained after the

digestion of total fly DNA from D.virilis probed with the
pOR-m? Eco R1 fragment from the amylase cDNA clone of

D.melancgaster.
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Figure 5.5. Strategy for sequencing the Drosophila virilis
amylase gene. The restriction map is as in Figure 5.4. Solid
boxes fepresent the exons of the amylase gene. Restriction
sites used in the sequencing are indicated. The arrows above
represent resﬁriction fragments used for sequencing. Thé'
thick arrows below represent sequences determined by custom-
synthesized primers. Direction of the arrows indicates the

direction of sequencing. Enzymes as in Figure 5.2.
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Pigure 5.6. Sequence of chromosomal segment encompassing
the amylase gene of D.virilis. the sense strand is shown, and
the encoded polypeptides are conceptually translated. The
arrow marks the putative mRNA 5' end established by homology
to known D.melanogaster start sites (Wong et al. 1985; Levine
and Spradling 1985). TATA and CAAT boxes as well as the
polyadenylation (AATAAA) signals are highlighted. Two
possible CAAT boxeé are underlined. The Leader sequence and
the single intron are underlined.

Sequence elements upstream of the amylase
coding region which resemble gis-acting control elements of
mammalian genes are highlighted. CRE is the cyclic AMP
responsive element (Silver et al 1987; Roestler et al. 1988)
and AP-2 is the binding site for eukaryotic transcription

factor AP-2 (Imagawa et al. 1987)
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TCTTCATGCTCAAGAATTAATCTTTTTTTTTATAAAAGTTGATAAATAAATCCTTGTCTG

CGGCATTTACAAGCTCACAAAATTACGGAATACAAAARAGGCAACACTGTAAGAAAATAA
dA.dT
AGATCTTCATGACCACTAAAATTARAAARAAAAAAAAACTTAAAAAAAAATAAAGTTTTT

TTTCTTACCACAABGAGGCAAGGTAGAGBACTTTTCCCAAGAGGCAAGGTAGAGAA»TTT

- —— - — ——— — - —

TCTTACCACAAAGAGGCAAGGTAGAGCACTTTTCCCAAGAAGTGGCAATGCTTGATTGTT

—— - —

AAGCCTGAGGCTTAGGTACTTAAGTTCAGGAAGATATAAGTGATATACTATATTGTTTAT

TCATTTTGTTTTAAAGATCCCCTATAGGCATTAAATTTATTATTATCTAATAATTTTTGT

TAAAATAAAATGCTAGTATCATAAATTAAGCTTGAGCTATGCGATAGCTGGCAACACTGG
AP=-2
CAACCCGCTCGTGTCGCATATCTAATCTAACACACTGCACGCCGCGCTAGACCCCACTGT
CRE
GCGGCGTCTCTGCTCCCCCTAGTTARAACAAAATTTGACATTGTGATAAGCGAAGAATTTG

TCTTGTGATGAGTGTTTCCCCCACTTGCAGGTGTGTTGCGTATAAAAGGCCCTGCGGCGT
_______ +1
CTACATTCGATTCAGTGTGGAACGGGTTTCCATTTGAGTACAAAGCAACAGCAGCAACAT

Me

GTTTCTGATCAAGGGCCTGGCTTGTCTAGCCCTCCTGGCGTTGTCCCATGCCCAGTTTGC
tPhelLeullelysGlyLeuAlaCysLeuAlaLeuleuAlaLeuSerHisAlaGlnPheAl

CACCAACTACCAGAGCGGACGCAACGGCATGGTCCATCTGTTCGAGTGGAAATGEGACGA
aThrAsnTyrGlnSerGlyArgAsnGlyMetValHisLeuPheGluTrpLysTrpAspAs

TATTGCGGCGGAGTGTGAGAACTTCCTGGGCCCCTACGGCTATGCCGGTCTGCAGgg ac
pIleAla’AlaGlucCysGluAsnPheLeuGlyProTyrGlyTyrAlaGlyLeuGln

aggtgagccaaattatagccattgccagcacattagtttcaatgccaatccccccgctca

9GTCTCGCCTGTCAATGAGAACGCTGTAATTGGCAATCGGCCATGGTGGGAGCGTTATCA
ValSerProValAsnGluAsnAlaValIleGlyAsnArgProTrpTrpGluArgTyrGl

GCCCATCTCCTACAAGCTGAACACTCGCTCCGGCAATGAGGAGCAGTTCGCCAATATGGT
nProlleSerTyrLysLeuAsnThrArgSerGlyAsnGluGluGlnPheAlaAsnMetVa

GAGGCGTTGCAATAATGTCGGCGTACGCACCTATGTGGATGTGGTGTTCAATCACATGGC
lArgArgCysAsnAsnValGlyValArgThrTyrValAspValValPheAsnHisMetAl

CGCCGATGGTGGCACCCACTCGCACTGGCGGCAGCAATGCGATCCCAGCTCCAAAAGCTT
aAlaAspGlyGlyThrHisTrpHisTrpArgGlnGlnCysAspProSerSerLysSerPh
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CCCGGCCETGCCCTTCTCCTCGCTGGACTTTAATCCCACCTGTGCCATTACCAACTATGE
eProAlaValProPheSerSerLeuAspPheAsnProThrCysAlalleThrAsnTyrAl

GGATCCCACCAATGTACGTAACTGTGAGCTGGTTGGTCTGCGCGATCTCAACCAGGGCAA
aAspProThrAanalArgAanysGluLeuValGlyLeuArgAspLeuAsnG1nGlyAs

TTCCTGGGTGCGTGACAAGATTGTCGACTTCTTGAACCATTTGACGGATCTGGGCGTTGC
nSerTrpValArgAspLysI1eValAspPheLeuAanisLeuThrAspLeuGlyVa1A1

CGGATTCCGTGTGGATGCCGCCAAGCATATGTGGCCCGGCGATTTGGAGGCCATCTATGG
aGlyPheArgValAspAlaAlaLysHisMetTerroGlyAspLeuGluAlaIleTyrGl

ACGTCTGAACAATTTGAATACTAATCATGGCTTCAGCTCGGGCGCCAAGCCATATATCTT
yArgLeuAsnAsnLeuAsnThrAanisG1yPheSerSerGlyAlaLysProTyrIlePh

CCAGGAGGTCATCGATGTGGGCGGCGAGGCCATCTCCAAGTCCGAGTACACCGGCCTGGG
eGlnGluValI1eAspValGlyGlyGluA1aIleSerLysSerGluTerhrGlyLeuGl

CGCCATCACTGAATTCCGTCACTCCGATTCCATTGGCAAGGTGTTCCGCGGCAAGGATCA
yAlaIleThrGluPheArgHisserAspSerIleGlyLysVa1PheArgGlyLysAspG1

GCTGCGCTATCTGACCAATTGGGGCACCTCCTGGGGATTTGCCGCCTCCGATCGCTCCCT
nLeuArgTyrLeuThrAsnTrpGlyThrSerTrpGlyPheAlaAlaSerAspArgSerLle

TGTCTTTGTCGATAATCACGATAACCAGCGCGGTCATGGTGCCGGCGGTGCCCATGTGCT
uValPheValAspAsnHisAspAsnGlnArgGlyHisGlyAlaGlyGlyAlaHisValle

CACCTACAAGGTGCCCAAGCAGTACAAGATGGCCTCCGCCTTCATGTTGGCCCATCCCTT
uThrTerysValProLysGlnTerysMetAlaSerAlaPheMetLeuAlaHisProPh

TGGCACGCACCGCATCATGTCCTCCTTTGCCTTCGATGACACCGACCAGGGACCACCGAC
eGlyThrHisArgIleMetSerserPheAlaPheAspAspThrAspGlnGlyProProTh

CACCGATGGCCACAACATTGCCTCGCCACAATTCAACAGCGACAACTCCTGCAGCGGCGEG
rThrAspGlyHisAsnI1eAlaSerProG1nPheAsnserAspAsnSerchserGlyel

CTGGGTGTGCGAGCATCGTTGGCGCCAGATCTACAATATGGTTGCCTTCAGGAATGCCGT
yTrpValCysG1uHisArgTrpArgGlnIleTyrAsnMetVa1A1aPheArgAsnAlaVa

CGGCGATGCCCAGCTGCAGAACTGGTGGGATAATGGCAGCAATCAGATCTCGTTCAGCCG
1GlyAspAlaGlnLeuGlnAsnTrpTrpAspAsnGlySerAsnGlnileSerPheSerAr

CGGCAGCCAGGGCTTTGTTGCCTTCAATAATGACAACTATGATCTGAATAGCTCGCTGCA
gGlySerGlnGlyPheValAlaPheAsnAsnAspAsnTyrAspLeuAsnSerSerLeuel

GACTGGCCTGTCCGCCGGCACCTATTGCGATGTCATTTCCGGCACAAAGAGCGGTTCCGG
nThrGlyLeuSerAlaGlyThrTerysAspValIleSerGlyThrLysSerGlyserGl

CTGCACCGGCAAAACCATCACCGTTGGCTCTGATGGACGCGCCAATATTTATATTGGCAG
yCysThrGlyLysThrIleThrValG1yserAspGlyArgAlaAsnIleTyrI1eGlySe
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CTCCGAGGAGGATGGCGTCGTTGCCATCCATGTCAATGCCAAATTGTAGGCCAATATCTC
rSerGluCGluAspGlyValvalAlalleHisValAsnAlaLysLeu

CTTTACCACTTTTCAACACAATGAGATTATATACGTATACATATATTTTATTTCGGCGRA

—— ——— - -—

TATGTGACTACAAGTGTGCCAAATGTGGATTCTAAATAAACAAACAAAAAAAAAACAAGT
GCATTTAAACAACGCTCTCGATTGACAGATATCCTGTGCCTCGGTAAGTTTGGCCTTTAA
ATACATTTTATAAAAATTACTGCATTTTTATTTATTGTCGTAAAAATGTTATTGAAGTCA’
TTAGATAAATGCCTTCTCAAAGATCCTCAATTTTTGATAATATTATCTTGGAATTTTTTG
AATATGTTATTATTATACTCTTCTTAAAGCCCCTTATTTCTCATACTATTATATCTATCG
\ACAGTCGAAGCTGAATGTTTCCGTTACAGTTCGTTTTCAACACTGCTACACGCAGTATTT

CAACTTCTCAATATCAAATTAATATATTTAAATGTCCTTATGCGTTCACTCAGCCCTACC
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Interspecific Sequence comparisons
Amylase Nucleotide substitution Analysis

Distribution of Nucleotide Differences within the Coding

Region

The protein coding sequences‘of D.melanogaster (Boer and
Hickey 1986), D.pseudoobscura (Brown et al. 1989) and
D.virilis were examined for the diffefences in the number of
nucleotide substitutions, according to the method of Lewontin
(1988) . The structure of the sequence in the coding region
is homologous to that of the published D.melanogaster
sequence (Boer and Hickey 1986).

Since divergence of the subgenera, amylase has
accumulated 286 nucleotide differences in the 1482 bp of the
homdlogous coding region (see Figure 5.7). That leaves the
overall similarity between the D.melanogaster and the
D.virilis coding regions as 80.6 % at the DNA level. Of the
286 nucleotide differences, 200 (70%) are at the third
position within the codon; the expected frequency of third
position changes, based on chance aloné, is 33%, or 95
differences in this case. The excess of third position (i.e.,
silent) changes.is indicative of natural selection acting to

conserve the nucleotides at the non-silent positions.
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Figure 5.7. Nucleotide sequence of the amylase coding
region of D.virilis compared to that of D.pseudoobscura
(Brown et__al. 1989) and D.melanogaster (Boer and ﬁickey
1986) . Dashes indicate sequence matches. Differences between
the two species and D.virilis are shown below the nucleotide

sequence of D.virilis.
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ATGTTTCTGATCAAGGGCCTGGCTTGTCTAGCCCTCCTGGCGTTGTCCCATGCCCAGTTT

————— C====CA==—-AC-=~C-GG==CA=-C-==T=~—-—-===A=CG--AGC-—=~====C
--------- GC-~—~—A==A=A-TG-~C-=C=m==========-G==G==A=C-===-A-=C-

| GCCACCAACTACCAGAGCGGACGCAACGGCATGGTCCATCTGTTCGAGTGGAAATGGGAC
N s GITG-T—=Cmm==Gm==mmm————— CmmCmmm—mmmmmm =G
“A=—————— e GCATC~=~T==T—-GT—~A==-~ e s C it

GATATTGCGGCGGAGTGTGAGAACTTCCTGGGCCCCTACGGCTATGCCGGTCTGCAG
~=C==C==C==C-——=- Cmmmmmm—mmm—— e C-G—==—- o T-—-
-mC==C==T==Cm=m==C==A===—===-T==A===A=P=—w=nC-==—==G=T===

TCGCCTGTCAATGAGAACGCTGTAATTGGCAATCGGCCATGGTGGGAGCGTTATCAGCCC

————— Cmmm——C=wamm——=C==G~AGA-TGGG==T=-G-———==wm====C==C===——=
——Ce——mm=G==C===—=u=mC==C=AG-A==GC==C==C=m====== A-—-—- C--—---
ATCTCCTACAAGCTGAACACTCGCTCCGGCAATGAGGAGCAGTTCGCCAATATGGTCAGG

- C-==mC==T———==——— c---- ————eeGCm———- c--T
--------------- G=G~—Cm=m=mm==AunuC=mA=———m——c—r====GC==m~=C=A-
CGTTGCAATAATGTCGGCGTACGCACCTATGTGGATGTGGTGTTCAATCACATGGCCGCC
~=C=~m=—C=—C=C===A==Gm==—=—==C-m===C==CA=C-——=~ Cmmmmm——m A-—-
-—C———=- CGCC~~———~ A=—Gmmm————m Cmmm== o o e ————
GATGGTGGCACCACTGGCACTGGCGGCAGCAATGCGACTCCCAGCTCCARAAGCTTGCCG
----- C-—===—TAC===——A=C====m===CC==C-GC-——=====w==Gr====C==C
-—C--A-—~-—- TAC-—=—m===—————=e CC~=C-GC-———=- AG---G-—==AT--C
GCCGTGCCCTTCTCCTCGCTGGACTTTAATCCCACCTGTGCCATTACCAACTATGCGGAT
e e Ammmemm o C-—-Cmmm—m——— Cmm—=- C-Gm=mm—- CAAC--C
-GA————--- Ammmmmmm————m c--C--G-———- Cm—m—- C-Gm————- CAAC--C

CCCACCAATGTACGTAACTGTGAGCTGGTTGGTCTGCGCGATCTCAACCAGGGCAATTCC
G-—=A=-C-G--G-—-C---—- Cum—mm——m C—=-Cm==m— L B c--G
G-~==B~G=G==G==C~———— Cm——mm——- L O e ——— c——-

TGGGTGCGTGACAAGATTGTCGACTTCTTGAACCATTTGACGGATCTGGGCGTTGCCGGA
-AC--C-AG-—-—-- G==TCm==T===Crmm—=mm C=mm=TCQm——————— T==Gm—————
~AC~==~—-AG-—=--=~ G-G==mm— G-===C-=Gu====C—==TT——===C===== G-—mmm
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TTCCGTGTGGATGCCGCCAAGCATATGTGGCCCGGCGATTTGGAGGCCATCTATGGACGT
----- C-====Cr=Tu—=—mmmmCmm— C-~==C-==GC-T=~=======C-=C
————— C-=m—=C===m=——mmmmeCmmm C~~=CC-=~=CC~T=m========C==C

CTGAACAATTTGAATACTAATCATGGCTTCAGCTCGGGCGCCAAGCCATATATCTTCCAG
~=C-=G=~CC====C==CGmmmnCmmmmmm GCG=~C==AT===G===C==Cm=mGm=———
==C==G==CC=A--C==CG—C=-C-=====GC=m====AT== === GmGm=Cm = e Gmmmmm

. GAGGTCATCGATTTGGGCGGCCAGGCCATCTCCAAGTCCGAGTACACCGGCCTEGGECGCC
----------- CA----T- ————m——AG-==AA———m e T ———————
----------- CA- -—————-AG- .

ATCACTGAATTCCGTCACTCCGATTCCATTGGCAAGGTGTTCCGCGGCAAGGATCAGCTG
----- C==G=====C-———====C=====Commm—m==Cmm————m——me e == CA=———~
----- C==G====~Com——====C=====Cmm=——m==Cmmm——mm = mm == Ca o —— =

CGCTATCTGACCAATTGGGGCACCTCCTGGGGATTTGCCGCCTCCGATCGCTCCCTTGTC
AC-==CA=~T-===C-——mm=m=u-= GG——==mm C-—C-—T-———=m=mm————e G--C-—-
~AG-—C==——mmmm e L S L G--A

TTTGTCGATAATCACGATAACCAGCGCGGTCATGGTGCCGGCGGTGCCCATGTGCTCACT
R Cm=Cmmmmm Cmm——mm e N A--T-—-—- b
-~C~----C-—C-====C==T== “A--———A--A~-A-—C===G=—C—=-T~G==~

TACAAGGTGCCCAAGCAGTACAAGATGGCCTCCGCCTTCATGTTGGCCCATCCCTTTGGC

e i e L L — \_ ————————————— C——_
e —— e S ¢ e ST c---
ACGCACCGCATCATGTCCTCCTTTGCCTTCGATGACACCGACCAGGGACCACCGACCACE
-—T-C===-TG-Gmmmmmm——m = CT————- ACCmmmwmmmmm e T
~—T-C===mG=Gmmmmmm—mm— CT-——-- ACG———=——m~ e C--G--C-===—-

——————————— C——Crmmmm e Qe G mCm e e
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GATGCCCAGCTGCAGAACTGGTGGGATAATGGCAGCAATCAGATCTCGTTCAGCCGCGGT
------ G-T=-C===cm—=m==e—TCC==Cm=A=w——=Cmmmm=——m=Cm=m=——e—T==}
TCG-A~G-—-A~Cmmw———mmmeeeeeC==C= C-=——————Cmmm e A-—-

AGCCAGGGCTTTGTTGCCTTCAATAATGACAACTATGATCTGAATAGCTCGCTGCAGACT
~A-AG--C~==C==Gm=m=mu—m L C--C~=-C==Cm=m=m= Cmwmmmm—me c
—==—GC===== L e C~~C=== C=-C=====C —C===—mmmm G

GGCCTGTCCGCCGGCACCTATTGCGATGTCATTTCCGGCACAAAGAGCGGTTCCGGCTGE
—————— Cr—mmmm=me———=Ce=cm—C=m===aCm=====GAG-—~===u-C—==TC-———

ACCGGCARAACCATCACCGTTGGCTCTGATGGACGCGCCAATATTTATATTGGCAGCTCC
———————— Gmr=Gm==mm—mmme e~ Cmm—m——mmm e e e e G~ C=CCmm~ A= ——— == ==
~=G=====G===G==-====C=—A~=C==C=—===G==TTCC-=CA-C e

GAGGAGGATGGCGTCGTTGCCATCCATGTCAATGCCAAATTGTAA D.virilis
~CT-~C-====T==~C-G—-===T-—CmwwuCmm=ePG————- G D.pseudoobscura
-—==-C-=C-=-A--GC-G--—-~ T=eCe——== Co—mm= Gu———= G D.melanogaster
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5! Flanking regions

The putative start codon is flanked by sequences (at -18
to -1) which are similar to the Drosophila consensus sequence
(C/AAAA/CAUG) for translation initiation site (Cavener 1987).

Sequence comparisons show that at the upstream non-coding
region there is 1little overall similarity between‘ the
D.virilis and D.melancgaster sequences; however, the
classical regulatory sequences are conserved. The TATA box

which is at -78 (at -64 in D.melanogaster) and the CAAT box,

at =130 ( at -110 in D.melanogaster); there are two other

putative CAAT boxes at -160 and -170, and the one at -170
seems more similar to that of D.melanogaster at =-110. The
TATA and CAAT boxes in D.virilis are conserved at .
appropriate places relative to one another, though their
exact location relative to the translational start site is
different from that of the D.melanogaster. This suggests
that there is a longer untranslated mRNA leader seqguence in
Q.virilis. In addition to the TATA and CAAT sequences, other
regions in the 5' flanking may be important iﬁ the regulation
of transcription. Some typical mammalian regulatory sequences

can also be found in the 5' region of this gene (Figure 5.6).
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A striking sequence containing 1long stretches of
alternating A and T (-330 to -460 and -600 to -780) is

present in the D.virilis 5' upstream region. This sequence

is absent from the other amylase genes. A computer search of
the DNA Genbank Data base using the D.virilis 5' non-
transcribed region shows some similarity between this
sequence (-94 to -462) and a 5' sequence of the Bovine
parathyroid hormone gene (63%). The region also has a 36 bp
direct repeat (Figure 5.6).

A comparison of the 5' region and the intron resulted in
a similarity of a conserved sequence in both regions. A 9 bp
stretch (TTGCAGGTG) from the 5' region at position -80 had
a perfect match at the 5' intronic region that includes the
splice site at position +183 (Figure 5.6). Aanother 35’

sequence at -396 (TATAGGCATT) matches 9 out of 10 nucleotides

of the intron.
The 3' non-translated region

In addition to the protein coding regions in the amylase
gene that are conserved between D.virilis and D.melancgaster,
the 'poly (A)-addition sequences AATATA are also conserved.
The similarity between the two species in the 3' region
starts to drop rapidly after the translational stop site (éee

Figure 5.8). Although the stop codon used by the GC-rich
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Figure 5.8. Matrix analysis of interspecies sequence
conservation at the amylase locus. Lateral shifts in the
diagonal result from insertions/deletions, and off diagonal
matches indicate sequence repeats. The direction of
transcription‘ is from ﬁpper left to lower right of each
panel. The single intron of_g.vi:ilis is indicated by a
slight offset of the two exonic diagonals. Numbers are as in
Figure 5.6. , except for D.melanogaster where they refer to
the sequence of Boer and Hickey (1986) and in D.pseudoobscura
wheré they refer to the sequence of Brown et al. (1989). Note
that discontinuous elements in the proximal 5" flanking
region are substantially more conserved than the int;on and
most of the 3' untranslated sequence. Conservation downstream
of the 3' end of the gene is léss than upstream of the 5'
end.

A, B, and C are comparisons of D.virilis and D.melanogaster,

where D is between D.virilis and D.pseudocbscura.



1
A
NN
. "\
)
2 " ]
AY
\\
1] ]
]
hY
S
N\
T N R
\
~ AN
X N
gea \
1808
» | !
189 1599
| | ____._J___.._-—
Q.\ -
Al
s 4 O i
1000 - B
~

1500 - i

~

c :
l L]

1699 1899

”m

1492

1199




113

melanogaster subgroup is the amber UAA, D.virilis opts for

the ochre UAG stop codon.
Introns and Exons

Unlike the amylase genes of g.mg;gggggggg;, the single
amylase coding sequence of D.virilis is interrupted by an
intron. There are perfect splice junction signals at the 5'
and 3' ends of the inserted sequences (Bréathnach and Chambon
1981), hence the sequence is regarded as an intron. The
intron in D.virilis and D.pseudoobscura (Brown et al 1989)
provides an intragenic region presumably under minimal
functional constraint, the divergence of which may be
coﬁpared with other domains of the gene. There are 65 bps in
the gene of the D.virilis which have no homology to the
D.melanogaster amylase sequence (this can be seen as a shift
in the two diagonals represgnting the exons in Figure 5.8).
The intron of the D.virilis is & bp shorter than the
D.pseudoocbscura Amglintron (Brown et al. 1989); however, the
location of the two introné is conserved in the two species.
Not only that, but this conservation of intron position seems
to be the norm for all the introns in the amylase genes.

Although the sequence of the introns had diverged between
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Figure 5.9. Comparison between the introns of D.virilis
and D.pseudocbscura (Brown et al. 1989). Different
nucleotides are shown and similar nucleotides are represented

by dashes.

GTTGCAGGTGAG CCAAATTATAGCCATTGCCAGCACATTAGTTTCAATGCCAATCCCCCG

Cm=T-——==—- ATACGTCCGG-~AG-—-~C—=TC=—==G~CCACC—====-~ D

.CTCAGGT..... cevees

C====CC=CCTTCCCAGGT
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mouse (Schibler et al. 1982), flour beetle (Hickey et al.

1989), D.pseudoobscura (Brown et al. 1989) and the D.virilis
amylase genes, the introns are located at the same position
in relation to exons I and II from each. The D.virilis intron
is 54% homologous to that of the D.pseudocbscura and is 40%
homologous to the flour beetle's intron I. The intron in
D.virilis is less GC rich (49%) than is the structural gene
(57%) . |

Although the D.melanogaster and other members of the
melanogaster species Subgroup don't have any introns,

D.melanogaster has the consensus splice site intact.
Relative Rates of Nucleotide Substitutions

The degree of nucleotide substitution that has occurred
since the latest common ancestor between the two species
representing the two subgenera, can be calculated by
extrapolation from measurements on more closely related
species (Britten 1986) and estimates of the time since
divergence (Beveriey and Wilson 1984). However such a
calculation makes untested assumptions and is uncertain in
the absence of a detailed fossil record for Drosophila.‘}or
the purposes of this study, it is important to know if
homologous regions indicate functional conservation, i.e.,

whether these two species are sufficiently distant in time
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since divergence that mutation would have obliterated
homologies at'positions that are selectively neutral. However
it is possible to obtain a direct estimate of divergence at
selectively neutral pésitions by examining third base codon
differences. .

Sequence divergénce between the D. gg;gngégg;g; and D.
virilis can be examined with regard to placement of
individual nucleotide changes, as shown in Figure 5.7.
Nucleotide changes in the third position of codons are more.
frequent than changes in position‘l. Changes in position 1
are two times as common as those in position 2 between the
two sequences.

in order to evaluate the evolutionary distance separating
each of the Melanogaster and Sophophoran subgenera, the
procedure of Miyata and Yasunaga (1980) to estimate the
number of silent nucleotide substitutions that have occurred
. since the amylase genes of the two subgenera had diverged
from a éommon ancestor was used. In each species, 70% of the
possible substitutions in the coding region are silent. The
ratio K's of the observed number of silent substitutions
obtained from pairwise comparisons of the two to the total
possible number of all silent substitutions in the coding
region is 0.476. This value, however, considers those
nucleotide differences present today. It is corrected for

possible multiple substitutions at the same site (Jukes and
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Cantor 1969; Kimura and Ohta 1872), giving the silent
substitution divergence value, Kg:

Ks= {-(3/4)In[1-(3/4) (K's) ]} = 0.768
and bringing the total evolutionary separation of tﬁe

subgenera to 76 million years ago.
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Table 5.1. Frequency of nucleotides in the first, second
and third position of codons used by amylase genes of

D.melancgaster and D.virilis.

Position
First Second Third Total
M v M v M v M v
T 0.18 0.20 0.15 0.24 0.06 0.24 0.13 0.23
C 0.18 0.18 0.22 0.22 0.63 0.46 0.34 0.29
A  0.25 0.26 0.31 0.31 0.05 0.04 0.20 0.20
G 0.36 0.34 0.22 0.20 0.24 0.24 0.27 0.26

M= D.melanogaster

D= D.virilis
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Transition and Transversion Synonymous Events
The frequency of transitions and transversions between

D.melanogaster and D.virilis are shown below:

A 40 G
= 1
| |
| a7 48 |
40 | { 28
I |
| |
| _ |
' C ' 115 T

Nucleotide substitutions at the 288 polymorphic sites
between the Drosophilan (D.virilis) and Sophophoran
(D.melanogaster and D.pseudoobscura) subgenera are
categorized in the box above into the six possible
transitions and transversions. Transitions of C-~T were three
times more frequent than A-G transitions. Within the
transversion class G-C transversions are over-represented

while A-T and G-T transversions are less frequent 1in
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comparison to A-C transversions between the two sequences (a
test for equal freguencies of the four kinds of transversion
gave X%= 16.96; d.f. = 3; p < 0.01). However, on an average,
the overall observed ratio of transitions:transversions is
1.17 (155/133), which deviates significantiy from the
expected ratio-of 2:1 (0.5) trénsversibn to transitions (x2
= 18.0; d.f. =1; p < 0.001) aésuming equal ﬁutation rates,

equal base utilization and no differential selection.

Amylase amino acid sequence comparison

Based ;n the unambiguous nucleotide sequence alignments
in the coding regions, the amino acid sequence of the amylase
locus of D.virilis can be predicted. When the predicted
protein of the D.virilis is .compared to that of
D.melanogaster, the two are homologous at 86.3 % of the amino
acid sequences. However, in the hydrophobic region that is
presumed to be the signal peptide of the secreted protein 7
out of the 18 amino acids differ between the two proteins.
However, the signal sequence of the alpha-amylase shares
several of the characteristic features of signal peptides.

There are 65 differences observed in the 494 amino acids
compared between D.virilis and D.melanogaster and 68 amino
acid differences between D.virilis and D.pseudoobscura

(Figure 5.10). Sixty four of the amino acid replacements
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Figure 5.10. Decoded amino acid sequence of D.virilis aligned
against sequence of D.pseudoobscura (Brown et g;.' 198%) and

D.melanogaster (Boer and Hickey 1986).
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occur at a conserved position in the three species. Thirty
three of these amino acid differences are shared by
D.melancgaster and D.pseudoobscura compared to D.virilis.
Six aminc acid replacements are unique to D.melanogaster
(vs D.virilis) and do not occur in the Q.gseﬁdoobscﬁra
amino acid sequence. Fifteen of the amino acid differences
between D.virilis and D.pseudoobscura are not shared by
Q.melanogaster. These amino acid differences are not
distributed uniformly across the amino acid sequence, but
are clustered into 'blocks'. Drosophila wvirilis protein has
6 fewer acidic residues and one less basic residue relative
to amylase in D.melanogaster. The pI of D.virilis
polypeptide, 6.03, is similar to that of D.pseudocobscura

and close to that of Q.melanogaster, 5.99.

Comparison of Codon Bias at the Amylase Locus

The D.virilis and D.melanogaster amylase codon biases
were compared on a goodness-of-fit test, by using the null
hypothesis that both species have the same codon bias at’
the amylase locus (see Lewontin 1988,Table 2)}. This test
compares between two species, the number of occurrences of
a specific codon with the sum of occurrences of all codons
within an aminc acid codon group. Table 5.2. shows a

comparison of codon usage of three Drosophila species.
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Differences in codon usage do not appear to be very
significant between the three species. overall codon usage
conforms approximately to what has been seen for a large

number of D.melanogaster genes (Maruyama et al. 1986).
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Table 5.2. The distribution of codons in the amylase

genes of D.melanogaster (A), D.pseudocbscura (B) and
D.virilis (C).

TCT Ser

TTT Phe 1 0 8 0 11 TAT Tyr 2 1 10

TTC Phe 22 25 17 TCC Ser 26 26 21 TAC Tyr 17 17 7

TTA Leu 0 0 O TCA Ser 0 0 0 TAAEnd 1 1 0

TG Lew 1 2 9 TCG Ser 4 3 6 TAGEnd 0 O 1

TGT Cys 1 0 4 CGT Arg 4 5 8 AGT Ser 1 2 0
TGA End 0 @ O CGC Arg 16 14 12 AGC Ser 1 2 13
TGC Cys 8 9 5 CGA Arg 2 0 o0 AGA Arg 0 0o 0
TGG Trp 11 11 12 CGG Arg 1 0O 1 AGGArg O 3 2
CTT Leu 2 1 1 CCT Pro 1 0 1 CAT His 2 1 10

CTC Leu 5 8 3 CCC Pro 13 15 9 CAC His 10 10 5

CTA Leu 1 0 1 CCAPro O 1 4 CAAGIln 1 0 1

CTG Leu 19 17 19 CCG Pro 2 1 2

CAG GIn 15 17 17

ATT Ile 3 3 9 ACT Thr 2 2 7 AAT Asn 3 0 25
ATC Ile 16 17 12 ACC Thr 19 23 17 AAC Asn 32 35 16
ATA Ile 1 0 0 ACA Thr 0 2 1 AAA Lys 0 1 4
ATG Met 10 12 9 ACG Thr 3 0 2 AAG Lys 19 17 12

GTT Val 2 3 &6 GCT Ala 3 4 2 GAT Asp 2 11 22

GTC Val 17 16 12 GCC Ala 33 34 33 GAC Asp 32 21 8
GTAa Val 1 0 3 GCA Ala 2 3 0 GAA Glu 3 0 1
GTG Val 19 14 11 GCG Ala 3 2 5 GAG Glu 15 14 15
GGT Gly 4 8 7 GGC Gly 31 33 40 GGA Gly 15 9 6

GGG Gly 0 2 0
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DISCUSSION
The D.virilis single amylase gene

I have determined in this section that the amylase
region in D.virilis contains one coding gene, an intron and
putative regulatory sequences. I am confident that rggions
isolated and the cloned fragments from Vir #1 contain the
amylase gene. The restriction map of the cloned fragment is
identical to a restriction map prepared following analysis
of genomic DNA. In these genomic digests there is no evidence
of additional fragments which might indicate other active
genes or pseudogenes. The aligned sequences reveal a similar
organization of the amylase locus in D.melanogaster and
D.virilis. However an additional intron was identified in
D.virilis.

Sequence comparisons between Drdsophila species are
increasingly being used to identify sequences important in
gene regulation. The high level of sequence divergence in
non-coding regions between D.melanogaster and D.virilis
allows <clear identification of conserved sequences.

Comparisons of this sort have resulted in the localization

of previously uncharacterized genes (Cohn 19855 Schaeffer and
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Aquadro 1987) and in the description of sequences that may
be involved in gene expression (Blackman and Meselson 1986).
It has been suggested that in coding regions, if
mutations occur at random, then one‘should expect twice as
many transversion as transition events (e.g. see Nei 1987).
Some observations of synonymous substitution leveis in
Drosophila are consistent with this predicted transition to
transversion ratio of 0.5 (Kreitman 1983): others are not
(Bodmer and Ashburner 1984; Schaeffer and Aquadro 1987).

'~ The amylase protein has accunulated 65 amino acid
substitutions since the divergence of the two subgenera
Drosophila and Sophdphora. There ié conservation of overall
charge of the two proteins and of the pattern of distribution )
of hydrophobic anduhydrophillic domains (sée appendix 3). The
third position codons in D.virilis are less GC rich (70%)
than in the melanogaster species group (90%). This can be
explained by the presence of the amylase duplication in the
melanogaster‘species subgroup which undergo gene sequence
conversion during evolution (Hickey et al. 1989). Duplicated
genes which inter—conveft become GC rich by time (Brown and
Jiricny 1988); this biases the codon usage in the
melanogaster species subgroup.

Using the fact that D.virilis has a single amylase gene
compared'to all other Drosophila sﬁecies studied to date,

the evolutionary history of the amylase gene duplication in
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Drosophila can be traced. It is apparent that the ancestral
Drosophila amylase gene was a single copy gene that has been
duplicated after the split of the two subgenera Sophophora
(including D.pseudoobscura and members of the melanogastér

species subgroup) and Drosophila (virilis Species subgroup).
5' flanking region of D.virilis

Both D.melanogaster and D.virilis are subject to glucose
repression (Hickey and Benkel, 1989; Magoulés and Abukashawa,
Unpub;. observ.), however, the upstream sequence showé a high
level of divergence. Although specific regulatory patterns
are conserved over long periods of evolutionary time, it
seems that overall the DNA sequences upstream of the affected
~genes are subject to little evolutionary constraint.

There is no AT rich region in the 5' amylase gene in the
melanogaster subgroup comparable to that of the Q.Qirilis
one. However, an AT rich region about 500 bp upstream of the
RNA initiation site in the silk fibroin gene (Tsuda and
Suzuki 1981) and. the AT rich spacers between histone genes
(Grosschedl and Birnstiel 1580) are required for optimal
rates of transcription. Because of the alternating A's and
T's, potential single-stranded loops could form in this
region and, since the sequences are repeated , several

alternative loops could be formed which might be related to
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transcriptional activity of the amylase gene. Alternatively,
these sequences may be residual sequences from the initial
formation of the amylase gene. They might have arisen by
slippage reactions (Streisinger et al. 1966) in regions of
the genome that are not strongly selected. They probably form
hot spots for recombination; first because they can easily
become éingle- stranded (Hentschel 1982), and seéond because
base pairing in this‘region of simple sequence repeats can
Qcecur eaéily. It is likely that recombination in this region
would. also lead to elongation or deletion, because the
probability for an unegqual crossover event within the AT

stretches is higher (Tauntz and Renz 1984).

EVOLUTION OF THE AMYLASE GENES IN DROSOPHILA

Evolutionary Stability of the Organization of the Amylase

locus

The genus Drosophila has been, in many ways, an ideal
group for evolutiocnary studies. One major drawback to its
use, however, is that the timing of divgrgence events within
the genus is largely unknown. This deficiency is unfortunate,
as knowledge of the timing of evolutionary events in other

groups, especially vertebrates, has allowed the formation of
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hypotheses concerning evolutionary rates, the importance of
gene regulation and arrangement in evolution, and the
association of divergent events with geographic settings.
Beverley and Wilson (1984), using a ‘mélecular clock of
immunological distance, indicate that the subgenus Soghophoré
diverged from the subgenus Drosoghila around 62 Myr ago. The
analysis of Throckmorton (1975) suggests that the lines
leadiﬁg to the melanogaster and virilis groups separated in
the Eocene, corresponding to 80 million years. Dividing this
time into the corresponding silent site substitution
frequencies (Kg) for the species pair, a value of about 1.0
X 10-8/nucleotidsite/year is obtained. This is not very much
different from the value of 0.55 X 10 Sestimated for the
mammalian silent substitution rate by Hayashida and Miyata
(1983). The value of 76 MY estimated from the amylase data
is close to the 80 MY value calculated by Blackman and
Meselson (1986) frdm the incidence of silent nucleotide
change in the protein coding regions of heat shock gene hsp82
of D.melanogaster and D.virilis. Thus, these 1limited
comparisons suggest that the raﬁe of silent nucleotide
substitution may be fairly uniform along different Drosophila
lineages and also in different Drosophila genes.
’ With a Drosophila gene that codes for a protein as an
exaﬁple, one can show that the 1limited fossil and

biogeographic data available for flies permit a time scale
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to be established for Drosophila evolution. The amylase gene
considered here is ideal for such a study.

The results presented reveal strong conservation of the
overall organization of the amylése locus. Although
duplicated in members of the subgenus Sophophora, members of
the subgenus Drosophila possess only one amylase gene. Thus
the duplication of the genome happened after the divergence
of the two subgenera. The common ancestry of the single
D.virilis and the duplicated Sophophoran genes antedates the
separation of the b:osophila species considered here. So the
sequence divergence between the two subgenera could be
interpreted as a result of speciation (species divergence)
rather than occurrence qf . substitutions after gene
duplications. This seems to be true since the duplication in
the melanogaster species group is probably not the same
duplication as that of the obscura species group (Boer and
Hickey 1986; Doane et al. 1987; Payant et al. 1988; Brown

et al. 1989). The duplicated genes of members of the

melanogaster species subgroup are divergently transcribed,
with their 5' ends closest to each other, while in the
obscura subgroup the two genes are arranged in tandem (Brown
et al. 1989), a situation similar to that of the amylase
genes of the flour beetle Tribolium castaneum (our

unpublished observations).
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The phylogenetic comparison of amylase coding sequences
also gives some insight into the evolution of the exon/intron
structure of genes. For example, amylase genes from mammals
are split by several introns, whereas representatives of the
melanogaster subgroup completely lack introns (Boer ~and
Hickey, 1986). More recent data show that other insect
amylases have introns within their coding sequences. For
instance, in the cricket, Achaeta domesticus, the number of
introns is similar te¢ that in mamma1s, but the size of the
introns is much smallér (Hickey and Benkel 1989). The flour
beetle, Tribolium castaneum, has split amylase genes, but the
ihtrons of this insect are fewer and also shorter than either
cricket or ﬁammalian introns (Abukashawa et al., unpubl.
obs). The absence of introns from the Melanogaster subgroup
points towards a loss of intron(s) from this lineage since
the ancestral (D.virilis) lineage retains an intron similar
in sequence and position to that found in a descendant
lineage (D.pseudoobscura). The conservation of intron
positions between insects and mammals is in 1line with
conservation of intron positions from other genes (Gilbert,
1986) and indicates that introns are an evolutionarily
ancient feature of genes. In contrast, the discrepancy in the
number and size of introns that split amylase genes from
different organisms supports the alternative view that

introns can be inserted into genes during the course of
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evolution (Hickey et al. 1986; Lambowitz 1989).

In agreement with expectations, the introns, the 3°
untranslated sequences and much of the 5' upstream DNA are
poorly conserved between the two species, much more pobrly
than the protein coding regions of the amylase genes. These
rapidly diverging regions might approximate neutral
evolutibn, and thus be useful for establishing phylogenetic
relationships between more closely related Drosophila

species.

The entire 5' untranslated region of D.virilis and the

same region of D.melanogaster are highly diverged.  This
suggests that much of the sequence in this region is not
- essential for the developmental specificity of the amylase

gene, although it may affect enhancement of the

transcriptional initiation because of the conservation of

certain short upstream elements.

In contrast to the lack of high overall sequence
conservation in the upstream region, there is a high degree
of conservation of short elements in the 5' flanking regions.
Thnese results vindicate the strategy of comparing amylase
sequences in multiple species; furthermore the species chosen
are apparently far enough separated in evolution to permit
extensive drift 6f putatively unimportant sequences, yet not
so far that elements subject to partial constraint will have

become unrecognizable.
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It is against the background of extensive diversification
that the éhort, perfectly preserved elements in the 53' non-
transcribed regions of the two species acquire special
significance. Blocks of conserved sequences in the 5'
flaﬁking regions or intragenic regulatory sequehces of
homologous genes have been observed in evolutionary distant
species (e.g. Efstradiadis et al. 1980, Emorine et al. 1983,
Kelly and Pitha 1985, Blackman and Méselson 1986, Bray and
Hirsh 1986, Kassis et al. 1986). It is still necessary to
obtain experimental confirmation of the functional importance
of these conserved elements; the sequence conparisons,
however, point to a limited number of potential candidate

sequences for such experimental tests.
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CHAPTER 6
SUMMARY AND CONCLUSION

7 The principal goal of this work was to ekamine, at
the molecular level, patterns of genetic variation within a
species, and to cofrelate these intraspecific patterns‘with
the more long-term, interspecific molecular evolutionary
trends. Amylasercoding sequences were chosen as a'.model
system to investigate the patterns of molecular evolution in
an enzyme-coding gene.

The structure of the amylase locus in 50 different
strains of Drosophila melanogaster, representing a wide
variety of amylase genotypes and geographic distribution,
was compared by constructing restriction maps of genomic DNA.
Adult enzyme activity of alpha-amylase was also determined
for each strain. The DNA-level variation at the amylase locus
was compared with the electrophoretically-detectable protein
variation. These  intra-specific studies demonstrated
extensive DNA and protein polymorphisms. Moreover;
statistically significant 1inkage.disequilibriunlwas’observed
between certain restfiction sites and electrophoretic enzyme
patterns; this indicates that there ;s a non-random

association between the protein variants and DNA structure.
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These results mean that there are a restricted number of
amylase "haplotypes" segregating in natural populations.

A West African wildtype strain, Makokou4'€ was
chosen for further analysis of the intraspecific variation.
This strain, is.distinguished from the common laboratory
Drosophila -stocks in that it produces distinct subsets of
alpha-amylase isozymes, Amy-4 and Amy-é; and in that it has
a high level of amylase activity and low repressibility by
glucose. A genomic library produded from this strain was
screened with amylase probes, and regions from the duplicatea
coding sequences and their S' flanking DNA were sequenced in
order to identify conserved features of possible regulatory
significance and to determine the nature of evolutionary
change in different parts of the gene. The results show that
the duplicated gepes are highly conserved at their coding
region and less conserved at the 5' non-transcribed region.

The results of the DNA sequencing analysis of fhe
Makokou strain corroborate the results based on restriction
site and allozyme polymorphisms. For instance, both the
conservation and the high GC-content of the coding sequences

explains the presence of invariant, GC-rich sites, such as

sal 1 (GTCGAC) within those regions; whereas the variability

and the AT-richness of the non-coding regions correlates
nicely with the variable Eco R1 sites (GAATTC) in the

flanking sequences.
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In higher eukaryotes, a single enzymatic function
is frequently encoded at more than one locus. The duplicated
loci need not be closeiy linked but are likely to derive from
a sihgle ancestral locus. Here, I presented the stud? of
evolution' in Drosophila of a gene system shoWing a type of
duplication for which detailed molecular énalysis is
possible. In contrast to the situation in mammals, where
amyla;e genes occur in more complex gene families, Drosophila
émylase genes occur in single coéies or in very small gene
familieg. Pre&ious studies on the genetic relationship of the

~two genes using electrophoretic variants showed them to be
closely 1linked. I‘.have ‘'shown that .ali strains of
D.melanogaster, regardless of their single-banded or double~-
banded allozyme phenotype, contain the duplicate amylase gene
structure. This statement can be extended to all member
species of the melanogaster species sub-group, which have
also been shown to contaip a duplicate gene encoding the
enzyme alpha-amylase (Amy) . Several features have emerged
which suggest that classical views on mutation and evolution
in such a system are inadequate. For instance, intraspecific
and interspecific comparisons of the duplicated coding and
flanking sequences show that the duplicated amylase gene
copies undergo rapid gene conversion and concerted evolution.
The gene conversion process can explain, in turn, why many

wildtype strains which contain two gene copies produce only
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a single isozymic form of the amylase enzyme.

In order to look at the long-term evolution cf
_amylases within th: genus Drosophila, a D.virilis amylase
gene was cloned and sequenced. Comparisons of the amylase
transcription unit from the D.melanogaster and the distantly
related D D.virilis show no conservation in the non—translated
reglons except for certain regulatory motlfs. However, the
coding regions of these species are 79% homologous at the DNA
level and 86% identical at‘the amino acid level. In addition,
there is variation in the intron/exon structure of amylése
genes, both within the genus Drosophila and between insects
and mammals. In contrast to D.melancogaster, the virilis has
a small intron. The intron is located at a very similar, if
not identical, position within comparable regions of amylase
genes of other speciés including mammals. Finally, the
duplicated amylase gene structure, which is characteristic
of species in the melanogaster species sub-group, is not
found in D.virilis. These contrasting findings of high
conservation in coding sequences, coupled with lack of
conservation of gene number or exon-intron gene structure,
argue against many accepted notions that gene structure and
organization are evolutionarily more conserved than the
primary sequence.

The two most important findings from the sequence

comparisons are, (i) that the amylase locus diverges at very
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inhomogeneous rates in different regions and, (ii) that small
highly-conserQ;d DNA elements can be identified in all
groups. Such non-homogeneous distribution of sequence
divergence has already been described in other systems. For
example, the intron and the far upstream region (-150 to -
600) of the hsp82 gene show little or no conservation in four
Drosophila species (Blackman and Meéelson 1986), thle
greater similarity is found in the proximal 5' flanking
.region (-1 to -150)‘or the first exon, and even stronger
througout the second éxon.

Previous, very long-term, phylogenetic comparisons of
amylase-coding sequences indicated high levels of sequence
conservation over long evolutionary periods (see Hickey et
al., 1987). Such studies showed that alpha-amylase coding
sequences were recognizably similar between animals, plants
and microbes. This is unexpected in light of the large
amounts of genetic variability which can be observed between
strains within a single species (e.g;, Singh et al., 1982).
Such high levels of variability suggest the potential for
very rapid rates of evolutionary divergence. The results
 Pfesented in this thesis help to solve this paradox of rapid
microevolutionary - change, coupled with very slow
macroévolutionary change, at the molecular level. It appears
that \ééiymérphisms at silent sites,  within introns, in

-N

flanking non-coding sequences, and presurably within that
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minority of substitution sites that are selectively neutral,
can accumulate very rapidly. The fact that we observe such
variants grouped into a few haplotypes in finite natural
populations is further evidence of a random sampling process.
Despite this rapid accumulation of variants at some sites,
there is strong selection maintaining the integrity of the
gene at other sites. Essentially, the conclusion is that
patterns of molecular evolution are dominated by relativgly
high mutation rates, coupled with a combination of purifying
selection and ‘random genetic drift; the adaptively-
significant mutations, which are of prime biclogical
importance, are , nevertheless, statistically insignificant

in general comparisons of sequence divergence.
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APPENDIX 1.1 Phylogeny of the Drosophila species
employed in this study. The Drosophila and Sophophora
subgenera are thought to have seperated in the Eocene,
about 40 million years ago: the Melanogaster and Obscura
groups seperated in the Oligocene, about 30 million years
ago (Throckmorton, 1975). Distances are not to scale.

Phylogeny is reproduced from Blackman and Meislson (1987).
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APPENDIX 2.1

SER. ORIGINAL AMYLASE PHENOTYPE AMYLASE PHENOTYPE OF SINGLE FLIES
 NO. REFERENCE 5 FLIES HOMOGENATE #1 #2 #3 #4 #5
1 Benin 1C 1,4,5 1,4,5 1,4,5 1,5 1,4,5

2 Benin 1CA 4,5 4,5 4,5 4,5

3 Benin 3 4,5,6 4,5,6 5,6 5,6

4 Benin 3A 1,4,5 1,4,5 4 4

5 Benin 3C 1,5,6 - 1,6 1,6 1

6 Benin 3CA 1,5 1,5 1,5

7 Benin 4E 5,6 5,6 5,6

8 Benin 4Ea 5,6 5,6 5,6

9 Benin 5¢  1,5,6 5,6 1,5,6 5,6 5,6

10 Benin 5¢A 1,3,4,5 3,4,5 3,5 3,5

11 Benin 6cA 1,3,4,5,6 1,4,5,6 1,4,5,6

12 Benin 7CA 1 1 1

13 Benin 9C 3,4,5 3,5 3,5 3,5 3,5

14 Benin 9CA 1 1 1

15 Benin 9A 1,6 1,6 1,6 1,6

16 Benin 10C 1,2,5,6 1,5,6 1,5,6 5,6 1

17 Benin 10CA 1,2 1,2 1,2

18 Benin 11 4,5 4,5 4,5 4,5

19 Benin 11A 1,2,4,5 1,4,5 1,4,5 4,5 1 1
20 Benin 16C 1 (see #70) 1 1

21 Benin 17 2,3,5 2,3,5 2,3,5 2,3 3,5

22 Benin 17Cc 2,3 2,3 2,3 2,3 2,3

23 Benin 18C 2,4,5 2,5 2,5 2,5 2,5

24 Benin 18CA 2,4,5 2,5 2,5 2,5 2,5

25 Benin 19¢ 1,3,4,6 1,3,4,6 1,3,4,6 1,3,4,61,3,4,6
26 Benin 19CA 3,4,5,6 3,4,5,6 3,4 3,4 4,5,6

27 Benin 20C 1,4,5 1,5 1,5 1,5



28
29

Benin 20CA 1,4,5
Benin 22C¢  4,5,6
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NO.
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31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

ORIGINAL
REFERENCE

Benin
Benin
Benin
Benin
Benin
Benin
Benin
Benin
Benin
Benin
Benin
Benin
Benin
Benin
Benin
SM5

23
23¢C
23Ca
24C
25
254
25¢C
25Ca
27
274
30
30Aa
3la
37
37A

Lagos 2

Lagos
Lagos
Lagos
Logos

3

7A
IK
BG-1

Tunisia
Tunisia
Tunisia
Tunisia
Tunisia
Tunisia
Italy 8I

215
21s
224
250
274
277

AMYLASE PHENOTYPE
5 FLIES HOMOGENATE

1,6
1

1

4,6
4,5,6

' 4,5,6

1,4,5,6
3,5,6
5,6

' 4,5,6

1,4,5
1,4,5
1,4,5,6
1,6
4,5

5,6
1,3,6
1,4,5,6
3,5,6
1,3,6
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AMYLASE PHENOTYPE OF SINGLE FLIES

#1

1,6
1

1

4,6
4,6
4,5,6
1,4,5,6
3,5,6
5,6
5,6

'1,4,5
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1,4,6
1,6
4,5

5,6
3,6
5,6
5,6
1,3,5,6
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SER. ORIGINAL AMYLASE PHENOTYPE AMYLASE PHENOTYPE OF SINGLE FLIES
NO. REFERENCE 5 FLIES HOMOGENATE #1 #2 #3 #4 #5
58 Italy 61I 1 1 1

59 Italy 62I 1 1 1

60 Italy 108T 1 ! 1

61 Oregon R 1 1 1

62 Ottawa 24 1 1 1

63 Bronwsville 1,3 *(1,2) 1,3 1 1 1,3 1,3
64 Makokou 1,2 1,2 1,2 1,2

65 Ottawa 37 1,3 1,3 1,3 1,3 1,3
66 Ippassa 3 3 3 3

67 Libreville 3 3 3 3

68 ¥Xumba 4 4 4 4

69 Ottawa 31 4 4 4 4

70 Benin 16C 5,6  *(4,5) 5,6 5,6 5,6 5,6
71 K-11 1 *(4,6) 1 1 1

72 Makokou 4,6 4,6 4,6 4,6 4,6
73 Cotonou 5,6 5,86 5,6 5,6 5,6
74 David's 5,6,7 5,6,7 5,6,7 6,7 5,6,7
5,6,7

75 Recomb. 1 *(1,6) 1 1

101 D.H. Ottawa 1,3,6 1,3 1

102 D.H. Ottawa 1 1 1

103 D.H. Ottawa 1 1 1

104 D.H. Ottawa 1 1 1l

105 D.H. Ottawa 1 1l 1

106 D.H. Ottawa 1 1 1

107 D.H. Ottawa 1,2,6 1,6 1 1 1,6
108 D.H. Ottawa 1 1 1

109 D.H. Ottawa 1,2,5 1,2,5 1,2,5 1 1

110 D.H. Ottawa 1 1 1
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113
114
115
116
117
118

119 -

120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

ORIGINAL
REFERENCE

D.H.
D.H.
D.H.
D.H.
D.H.
D.H.
D.H.
D.H.
D.H.
D.H.

"D.H.

D.H.
D.H.
D.H.
D.H.
D.H.
D.H.
D.H.
D.H.
D.H.
D.H.
D.H.
D.H.
D.H.
D.H.
D.H.
D.H.
D.H.

Ottawa.

Ottawa
Ottawa
Ottawa

Ottawa

Ottawa
Ottawa
Ottawa
Ottawa
ottawa
ottawa
Ottawa
ottawa
ottawa
ottawa
Ottawa
Ottawa
Ottawa
Ottawa
ottawa
ottawa
Ottawa
Ottawa
Ottawa
Ottawa
Ottawa
Ottawa
Ottawa

AMYLASE PHENOTYPE
5 FLIES HOMOGENATE

1,6

177

AMYLASE PHENOTYPE OF SINGLE FLIES

#2

1
1
1
4
1,3
1
1
1
1
1

,3
1
1
1
1
1
1
1
1
1
1
1
1

13,6

1
1
1
1,3
1
1

#3 #4 #5
1

4 1,4
1 1

1 1

1

1 1

1 1
1,6

1

1

1
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201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227

D.H.
G.C.
G.C.
G.C.
G.C.
G.C.
G.C.
G.C.
G.C.
G.C.
G.C.
G.C.
G.C.
G.C.
G.C.
G.C.
G.C.
G.C.
G.C.
G.C.
G.C.
G.C.
G.C.
G.C.
G.C.
G.C.
G.C.
G.C.

Ottawa
Oottawa
ottawa
Oottawa
ottawa
Ottawa
Ottawa
ottawa
Cttawa
Ottawa
Ottawa
Ottawa
Ottawa
Ottawa
Ottawa
Ottawa
ottawa
Ottawa
Ottéwa
Ottawa
Ottawa
Ottawa
Ottawa
Ottawa
Ottawa
Ottawa
Ottawa
Ottawa
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AMYLASE PHENOTYPE OF SINGLE FLIES

#1

R N i

P PP P

#2 #3 #4 #s
1
1 1
1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
2,3 1,2,3 1 2,3
1 1
1 1
1 1
1,2,3 1,2,6 1,2,6
1 1
1 1
1 1
1 1
1 1 1,3
1 1
1,2,3
;2 1
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SER. ORIGINAL AMYLASE PHENOTYPE AMYLASE PHENCTYPE OF SINGLE FLIES
NO. REFERENCE S FLIES HOMOGENATE #2 #3 #4 #5

o
[

228 G.C., Ottawa 28
229 G.C. Ottawa 29
230 G.C. Ottawa 30
231 G.C. Ottawa 31
232 G.C. Ottawa 32
233 G.C. Ottawa 33
234 G.C. Ottawa 34
235 G.C. Ottawa 35
236 G.C. Ottawa 36
237 G.C. Ottawa 37
238 G.C., Ottawa 38
239 G.C. Ottawa 39
240 G.C. Ottawa 40
241 G.C. Ottawa 41 1 1
242 G.C. Ottawa 42 Flies not available
243 G.C. Ottawa 43 1,2,3 3
244 G.C. Ottawa 44 i
245 G.C. Ottawa 45
246 Canton-S8 1,3

247 V-Mauritius
Island 1 1 1 1

[
! .
N
-
o

I I o R

L N T I =R N I T
(%]

T N i = i R N R
T

248 V-Sycheylles
Island 1 1 1 i

249 D. Orena 9

250 D. Pseudoobscura:

Bogota 9

Strawberry
Canyon 8



SER. ORIGINAL
NO. REFERENCE

251 Cairo 1
252 Cairo 2

1380

AMYLASE PHENOTYPE AMYLASE PHENOTYPE OF SINGLE ILIES
5 FLIES HOMOGENATE #1 #2 #3 #4 #5
1,2,3 1 1 1 1,3 1,3
1,5 1,5 1,5 1,5 1,5 1,5

original reference refers to the designation given by collectors. #1,

42....%#5 refer to the number of trials to score amylase phenotypes of

single flies.
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Appendix 2.2 Mating scheme used to obtain strains homozygous for the
second wild chromosome. I' and II+ represent any two wild chromosome.
SM5(Cy) is a multiply inverted second chromosome balancex; Sp, J, Lz,Pin:
second chromosome marked by Sternopleural, Jammed, Lobed and Pinnate.

Generation 1 : SMS5 (Cy) X B 1t
sp J L2 Pin 1t
(tester stock) . (wild strain)

Generation 2 : SM5(Cy) X SM5 (Cy)
sp J L2 Pin ¥ or 11t
Generation 3 : SM5 (Cy) X SM5 (Cy)
I or 11" 1t or 117
Generation 4 : SELECT:
¥ ' or rt
1t It

(FLIES ISOGENIC)
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APPENDIX 2.3 Uweighted-pair group method phenogram (Sneath and Sokal,
1973) for 50 haplotypes of D.melano¢aster, only main branches are shown
along with the amylase alozyme allelic designation of all members of a
'pranch. The number of members in each branch is bracketed.
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APPENDIX 5.1 Hydrophilic and hydrophobic region of the predicted
protein of D.virilis. Hydrophilic residues are above (positive) and
hydrophobic residues are below (negative). The actual amino acids are
listed pelow the graph using the l-letter code.
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