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ABSTRACT

-

Improved two-dimensional gel electrophoresis (2DE)

and silver staining were applied to Drosophila male
reproductive tract proteins. Genic variation was scored for
about 300 polypepf:ides in 20 ispﬂemale lines each of

Drosophila melanogaster and D. simulans. Approximately 1€% of

loci were polymorphic within eacﬁ species, with average
heterozygosity in the range: 2-3%. These estimatgs are
significantly lower (2-5 fold) than analogous ones from one-
dimensional gel electrophoresis (1S§) of soluble enzymes in
the same Drosoghila populations, This confirms earlier

reports of low variability in 2DE'proteins from Drosophila,

- —

Homo and Mus. It is argued that the technical improvements
applied, as well as other considerations, indicate that the
variability differentes are not artifacts of electrophoretic

technique. 2DE was also used to compare male reproductive

tract proteins between D. melanogaster and D. simulans, D.
simulans and D. mauritiana, and D. simulans and D. sechellija.
About 10% of loci were apparently fixed for different alleles

between D. melanogaster and D. simulans , About 25% of

polypegtidés within D. melanogaster or D. simulans lacked a

detect%bly homologous spot in é; simulans or D. melanogaster,

respectively. Many of these unpaired spots may represent

iti
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large (>1@-fold) changes in polypeptide expression. Male
reproductive tract proteins may be evolving faster than qther
proteins in these foqr species, as judged by be copparisons
of imaéinal disc proteins and 2DE proteins of whole-body
extracts. f;ﬁally, polypeptides localized to glandular
tissues of the male reproductive tract in D. simulans were on
avera@e more, highly polymorphic than polypeptides expressed'
in both testisland glandular tissues or only iﬁ testes.
Glandular pdﬁybeptides of D. simulans/were élSo more highly
diverged from those of “the other three species, compared to
polypeptiées eébressed in testeE. These increases occurred
along with decreases-for polypepﬁides co-expressed in-testes

.Y -
and glands. Thesg;Patterns were weaker in D//melanOgaster.

[
—

The results are discussed with reference to Qz?dries of

_ L
balanced genetic structure in populations, -and shifts in such

balance during species formation.
< .
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GENERAL INTRODUCTION

The purpose of this chapter is to place the résearch
undertéken for this thésis into the context of a broad
,'biological problem of central importance to our understanding
of evolution. GThe fi}sﬁ section of the chapter contains a
general statement of this problem. +Precisely because the
problem is such a broad one,‘it will next be clarified by
briefly tracing certain aspects of its history of formulation
and refdrmulation in the nineteenth and twentieth centuries.
Then, an interp;etation of its current status will be
offered, emphasizing the unique role that data bn
macromolecular étructure have had in this most recent
formulation. Finally, with this background laid, the

rationale for the current résearch wi'l]l be explained.

r

Population Genetics, Species Divergence, and the Mechanism of
Evolution )

In Darwin's (1859) original formulation of a
mechanistic theory of organic evolution by means of natural'~
_selection, and in later articulations of the basi& structure
~of the tﬁeory {Mcnod, 1971; Lewontinﬂ 1976; Maynard Smith,'
1995; Dawkins, 1976), evolution is uéderstood as the outcome

of interaction between two essential components of biological
L)

systems- heritable variation in populations of organisms, and

-



constraints imposed on that variation by the environments
-

which the'organisms encountef. As descr%bed in QETSrous
recent aécounts {e.g. Provine, 1971; Lewontin, i374;\ﬁills,
1980; Mayr, 1982a; Turner, 1983; Bowler, 1984; Clark, 1984),
the posE-Darwinian period has been one of extension and
refinement in our understanding of the operation and true
significance of this interactive mechanism in evolution. The
period has progressed through several historical phases, each
characterized by spirited and sometimes ardent debate.

- Interestingly, the boundary aaééﬁ of these phases

L}
were each correlated with major advances in genetics.

Moreover, interwoven with the historical phases are two -
genetic themes that.have lent organizatiQp and purpose to
theoreticél and experimental research in the field. Both of
thege themes have been reformulated repeatedly, in accord
with the methods, data and concepts prevailing in genetics at
the time. Thus, the role of genetics in evblutionary biology
has been a crucial one. This has been largely b§ virtue of
its success in illuminating the rules governing the behaviour
of the "heritable variation" compenent of Darwin's
evolutionary mechanism, but also to some extent by providing
data and concepts to help understand the nature of biglogical
divergence resulfing from the ‘evolutionary proéess.

The first of the.two recurrent genetic themes has

been embodied in the diverse models which have been tacitly

assumed or explicitly articulated to describe the

-



genetic structure of populations. Among the many possible

distinguishing features which could be used to classify these
various models, most important are their different
assumptions regarding the amount and ch;racter of genetic
variation pr;gént in natural populations of organisms, and
also the assumed ;elative'importance and exact mode of
interaction of natural selection and chance in the-
maintenancg and organization of this genetic variation.

The second genetic theme incorporates an even more
diverse array of ideas, concerning the natﬁre of genetic

differences between species. Schools of thought have tended

go form here along lines analogous to those seen in
discussions of population stfucture; disagreements have
relate& to the numbers and kinds of gene ‘substitutions that
underlie species differentiation, and to the relative reoles
of natural selection and chance in "driving" the various

phases of genetic divergence between populatiocons in the
proce§s of evolving into s;;cies.

The vie& is taken here, in keeping with that expressed
by Mayr (1982b), that together these two themes represent, in
condensed form, maﬁy if not most of the fundamenéal
outétanding questiéns about the mechanism of organic
evolution. This helps to explain the amount of attention and
effort they have commanded in the past. It also implies the? °
furtﬁer efforts to understaﬁd population variation and

-

spécies divergence on the genetic level, and especially to
- ' . ‘



grasp the connections between these two sets of phenomena,
will probably contribute greatly to a.deeper understanding of
the entire evolutionary process. -

This last point - that advances in understanding the

connections between intraspecigic variation and interspecific
divergence will be of unique value - is difficult to
overemphasgize. Population‘variation and species divergence
have not always explicitl& been coﬁsidered together, although
it is ciear that a_viewpoint favoured in one of thesé two
areas ;ill tend to affect that favoured in the other area.
“\“FQE;EEETple, if one beliéves that most of the genétic
polymorphism in natural ‘populdtions 1s neutral with respect
to the fitness of organisms, then much of evolution may be
viewed ss dependent on stochastic processes (Kimura, 1983).
On the other haﬁd, postulation of widespread selectively-
mq&ntained polymorphism predisposes one towards thinkin; of
evolutionary change as driven by adaptive forces (Wills,
1988). However, at this gpint the basis for making eithe;

@

"logically or empirically jusgified leaps from statements

/ .
about population variation to statements about the genetics

P o
of species differences is even slimmer than is our knowledge

of either of the two separately. The experiméntal approach

—

taken in the present research was, therefore, designed to
~yield relevant data both on within-species genetic variation
and on species divergence. As will be seen, the data
5
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obtained suggest that much remains to be learned about the

connéction between these two sets of phenomena.
Historical Overview

The Hechénism of Heredity and the Emergence of the Hendeliaﬁ

Pogulat{on. The primary concern for ‘Darwin's theory after

the publication of The Origin of Species was the

demonstration of the possibility that natural selection could
operate as a mechanism for evélution. Perhaps the most
fundamental deficiency in the theory at the tiﬁe,'as
recognized by Darwin himself, was the lack of a well~
articulated theory of the mechanism of heredity. Thus in
1867 the Scottish eﬁgineer Fleeming Jenkin criticized the
idea of nétural selection as fundamentally unsound because,
he maintained, the blending nature of inheritance in a
randomly breeding sexual population would rapidly dilute any
adaptively significant variation, before Patural selection
could have an effect on the population's characteristics.
-But the rediscovery, around 19¢@, of Mendel:s work N
demonstrating the particulate (non-blending):nature of
hereditary determinants provided a basis for the éventual
‘obviation of objections like jenkin's, and marked the end of
the first major historical phase of the post-Darwinian era.
The second phase, extending between 19¢4 and 1918,
saw the establishment of three important conclusions -~
regarding the operation of the Mendelian mecﬁaﬁism. The

Fd



first of these was the mathematical demonstration by Hardy
and by WEinberg that a randoml& breeding diploid gexual
population would maintain an absolute stability of allele
freguencies ("Hardyfﬂeinberg equilibrium”) in the absence of
perturbing influences (suqﬁ as differential reproduction of
the various genotypes). The second was that phenotypically
continuous variation in a population actually has a basis in
normal Mendelian inheritance, assuming only that alleles of
individually small effect are segregating at many loci. And
thirdly, it was repeatedly shown that artificial selection
(and thus by implication natural selection) could,
dramatically shift the population mean of a continuously
varying phenotypic trait - ofzen well beyond the original
range exhibited by the parent populationﬂ

‘ These advances had several effects on thinking about
the mechamrism éf evolution. One was that the demise of
theories of blending inheritance was finalized. But even
more impb:tant were the new\concepts of the nature of genéfic
vériation in populationsundéi a Mendelian system of
inheritance. Not only was allelic variation_capable of being
stored in such a population as a siﬁple consequence of the
meChanisﬁ of inheritance, but this type of variation,was °
ébparently presént in abundancé for most phenotypib traits in
most organisms, and could respond readily to changing

selection pressures. Thus, simplistic ideas of population

_ structure espoused, for example, by William Bateson and Hugo



de Vries, to the effect that populations were genetically
essentially uniform and that natural selection required new
mutations of large and specific phenotypic effect in order
that new species could evolve, became untenable. A conc%Pt
of the Mendelién population as a complex, anamic entity1;ith
high evolutionary potential emerged: the way was thus paved
for the construction of a mathematical theory of population

genetics and evolution (Fisher, 1936; Wright, 1931; Haldane, .

1932).

The Modern Synthesis and a shift in Focus. "The third phase,

occupying“roughly the period between 192¢ and 1950, was
sfimulated by the growing body of work elucidating the nature
of. the gene as a physiological enéity that was extremely
stable but nevertheless had an enormously broad and subtle
potential for mutation (Muller, 1927}. These genes were now
known to be physically ensconced in a stable linear order
withih a specific cellular structure, the chromosome, which

-
-

was at the same time capable of extensive recombination

between homologous éénefic siteé (Morgan et al., 1915;
parlington, 1932). And in terms of their mechan;ghs qf
‘action, genes wereialso shown to be somehow in control of
specific, individual biochemical (enzymatig) fuﬁctions of the
.'cell (Beadle and Tatum, 1941). This period culminated in
what J. S. Huxley (1942){termed "The Modern Synthesig",

referring to the fusion of Mendglian genetics with the now

@
mathematically -formulated theory of natural selection and -



with systematiés and paleontology. The first basic
proposition ofrthis synthesis was that gene mutations and
their recombinations provide the egsential "raw material"
upon which natural selection acts‘to cause evolution within
populations. Subsidiary roles were assigned to gene flow
patterns {migration), population size fluétuations {random
genetic drift) and deviatioqsffrom random mating
(inbreéding); the function of each of these factors was to

-

influence the actual distribution of géggtypes available in
populations for ﬁatural selection to act upon. The second
basic proposition was that no additional génetic mechanisms
beyond those operative within populations - only greatef
numbefs“of gezerations - are required in the process of
evoiutionary divergence between éopulations, species, and
higher taxonomic groupings.

Considering the essedtiai&y universal acceptance of
the validity of the Modern Synthesis, it may at first sight
be surprising that major controversiés remain over the nature
of genetic structure in populationsJand genetic differences
betweén species, and over the role played by natural
selection iﬁ‘shaping variation and driving evolution. But-~”
M3uch is indeed the casé, and in fact, the most difficult

issues only became cleafly focused after,thekmost basic and

‘general questions ~ those about the workings of the

hereditary mechanism, the existence of genetic variation in

populations, the potential of natural selection to effect

-
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allele substitutions, and the general outlines of the process

of evolutionary divergence - had been adequately answered in .

the Modern Synthesis., The origins and the difficulty of the

.issifes that grew out of the Synthesis can be traced to two

basic sources. First, it became important not to be content
simply with descriptions of possible evolutionary mechanisms,

but to attempt to make decisions as to what the actual

- mechanisms have been. Thus, neither theory nor extrapolation

from laboratory experiments were any longer in themselves
adequate means for testing the hypotheses which were being
proposed: colleétion and careful interpretation of relevant
data from natural populations and species were required. And
second, these more realistic hypotﬁéses could not Be framed
in terms of clear-cut élternatives. The correct answers to
the questions.being asked were not expected to be categorical
statements, but rather, quantitative, conditional and
qualified ones - How important is natural gelection; in
comparison to other factors, in driving interspecies
divergence?. Under what conditions? 1In which groups of
species? For what proportion and which types of gene loci?
and so on. Evolutionary genetics since the Modern Synthesis

has to a large extent been preoccupied with meeting this dual

" challenge, on both theoretical and experimental levels.’

‘\ .
Parallel with and complementary to this post-

Synthesis sophistication in formulation of the evolutionary

questions, moreover, came the methodological and conceptual
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sophisticat}on 9f molecular genetics, 1In keeping with the
general historical pattern, but on an unprecedented scale,
the post-195@¢ advances in genetics have profoundly altered
thé character of discussion in the field of evolutionary\!
bioldqy;"lt is probably safe to say that in principle,
essentially any gene can now be analyzed for population
Qariation-and evolutionary di@efaénce.' However, the
challenge will.cﬁme in thé'intérpretation of this data;&;
terms of precisely and shrewdly formulated mechanistic

1

hjpotheses. ) VL

The Classical and Balance Hypotheses: The Mendelian

Population as a Balanced System. In an iﬁtroductory essay to

the 1955 Cold Spring Harbor Symposium on "Population

-
Genetics: The Nature and Causes of Genetic Variability in
Populations™, Dobzhansky (1955) formulated what he considered

to be one of the most basic questions of population genetics,’

-which was - What is the genet?b structure of a Mendelian

population that is at or near its "adaptive norm"? By
"adaptive norm", Dobzhansky meant "array of related éenotypes
consonant "With the démandé of the environment". At that

- ~ ' ’ LJ

time, according to Dvbzhansky, two basic points of view on

this gquestion were being espoused by different grdups of

geneticists; he termed these the "classical" and "balance"

hypotheses. e
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The c{assical hypothesis, Dobzhansky maintained,
pictured a wegl—adapted population to be essentially
homozygous, with a variety of relatively rare variant alleles
present: deleterious recessives in the process of selective

elimination; seiectively neutral or nearly neutral alleles

undergoing primarily random changes in frequency and

frequently being lost thereby; an occtional selectively
balanced pair or set of alleles (maintained polymorphic as a

result of either spatial or temporal fluctuation in sign of

their relative fitnesses); and (especially rare) advantageous

mutations in the procéss of replacing the "wild-type" alleles
at _their respective loci. This view was articulately
propounded 'by H. J. Muller (e.g. Muller, 1949), but is

derived directly from a mathematical theory of natural

_select1on constructed by R. A. F1sher (Fisher, 1938). 1In

Fisher's theory, evolution takes place by selectlve allele

-

substitutibn in large, randomly-mating populations. The

./
substituted alleles have individually small effects on

organisma}-fitnesq gnd act additively (i.e. haye minimal
interaction with the genetic background); they are
qccumulated one by one over long periods of time. Thus, in
the "classical" v1ew, populations have a relatlvely simple
genetic structure, being maintained mostly homozygous by a
“purifying" action of natural seiection. Evolution of a

e
b1ologxcally mean1ngful sort proceeds slowly and gradually by

an orderly process of serial subst1tut1on of favourable



mutant'alleles at many loci; specie; divergence thus could be
viewed as an almost inevitable by-product of the Eontinual
improvement of adaptation within populations, requiring only
the occasional occurreﬁce of extrinsically imposed barriers
to gene fléw between populations in order to initiate the
"fission" process (Fisher, 193@: Chapter 6).

Sdwall Wright (see review in Wright, 1977: Chapter
12) was highly critical of Fisger‘s theory on the grounds of
its being based on oversimplification both of the ways in
which genes act to determine phenotypes, and of the ways in
which n;tural populations are genetically structured. Wright
constructed his own "shifting balance" theory of the genetic
mechanism of eyolution, including se&eral elements which
Fisher's theory did not: large amounts of seléctively
nonequivalent allelic variaéion‘in populations; strong gene
interaction and pleiotropy in the genetic determination of
organismal fitness; spatially subdivided, locally inbred
population structﬁre; and variabié aﬁd pptentially high rates
of evolution that depended significantly on chance factors
(e.g. random genetic drift, migration, recombination.‘
environmental change) for tﬁéir speéific magnitudes at any
given time (Wright, 1977, Chapter.13). |

Wright's view of population structure and evolufion
is profoundly different from that of Fisher and Muller. It

visualizes the gene pool of a species as an internally

balanced system of variability. The domain of the gene pool
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is™a multidimensional, many-peaked surface of fitness values
that vary in relation to gene frequencies (Wright's "adaptive
landscape"); this is quite distinct from Fisher's model of
the gene pool where there is a single giobally optimal
éenotype at any given time, and therefore much less
opportunity for‘the balanced storage of variation. At any
given time, in Wright's model, various subpopulations of a -
species tend to occupy different local fitness peaks in the
adaptive 1andsca§e, thus permitting much genetic diversity to
be mainta;ned in the species as a whole. The shape of .
Wright's adaptive landscape is determined by cbnstraints,
thresholds and other "system properties" expressed by the
gene pool as it interacts with the organized physiological
and developmental systems of the organism and also with the
environment. As avbalanced system, the geﬁe pool can rquond
in very diverse ways to both deterministic and random foréés.

- ‘ .
These responses may involve stable and unstable states,
multiple homogeneous or heterogeneous equilibria, variable
and sometimes r;pid rates of transition from one state to
another, and dispropo}tion between the immediate and ultimate
magnitudes of the effects of perturbations.

The “"balance hypofhesis" of population structure

described by Dobzhansky in his 1955 paper holds much in
common with Wright's view. The central distinguishing

feature of Dobzhansky's model is the importance that it

assigns to heterosis (selection in favour of heterozygotes)
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as an internal baiancing mechanism for maintaining genetic
variation in a Mendelian population, even in the immediate
nei;hbourhood of its adaptive norm. The balance hypothesis
thus predicts that allelic polymorphism will prove to be the
rule, rather than the exception, for gene loci as they are
énalf&ed in natural populations. The same geheral viewpoint
was put forth by Mather £1953)'with his concept of
"relational balance" in polygenic systems, and by Lerner
(1954), with his emphasis on the importance of intermediate
fitness optima and on the phenotypic inte;éédiacy of
heterozygotes with respect to most metric traits. Thus,
while preserving Wright's approach to the gene pool as an
integrated system, the "balance school" of population
structure placed heterosis and other forms of balancing
seléction in a xe¥ position among the factors underlying the
basic structure of the system.

The balance hypothesis circumvented major
shortcomings inherent in the Fisher-Muller model of
population structure and evo;ution. Some of these
shortcomings had already been perceived by\Wright ~ lack of
biological realism, extreme slowness and the consequent
requirement for Eonstancy of small selective differentials
over long periods, and poor explanation of the evolution of
complex adaptations controlled by many interacting genes,

The point most heayily stressed by Dobzhansky, however, was

something he saw as a paradoxical logical consequence of a
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otherwise held in é state of'quasi—equilibrium by a
combination of its own internal balance mechanisms and the
constraining effects of the eﬁvironment. _éhance was involved
in the form of environmental change, recombinational assembly
of new genotypes, and, in Wright's model at least, random |
fluctuations in gene frequencies. But because of the
éghndance of variation assumed in thé system conéépt of the
gene pool, the evolutionary potential of populations was
considered to be only rarely limited for very long by lack of
the approprlate genetic variation for adaptation.

Propably the most far-reaching influence of the
baladgg model was based on its attempt at greéter biological
realism, even if this was bought at the price of considerably
1ncreased theoretical complexity. This realism and
complexlty helped to prec1p1tate the major shift in focus
mentioned earlier - away from constructlon of simplified
scenarios describing the operation of individual mschanistic
processes in evolution aﬁq towards empirical testinéH;Y\Fhe
closeness of fit of the theoretical models to actual ~-
populations and species. This shift in focus was to point
the way towards the next and most recent major phase in the

development of evolutionéry genetics.,

.Selection versus Neutrality: fThe Consequences ozﬁghvinq

Molecular Data. As revealingly sketched by Lewont{; (1974),

the early empirical methodology used to study genic variation

in natural populations, because of inherent factors of

i
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imprecision and bias, was profoundly inadeguate to the actual
task of measurement. It was only in 1966 that molecular
/methods (protein ‘electrophoresis) capable of relatively
precise and unbiased, if indirect, measuremeﬁt of diversity
in a sample of allelic DNA sequences were first consciously
applied to problems of population genetics, and high-quality
genetic variation data began to flow in Iarge quantities.

The immediately surprising result was the large amount of
allelic polymorphism present in almost all species
investigat;d (Legontin, 1974; see also Table 3.1)}. Since the
mere existénce of large amounts of genetic variation was
sﬁfficient ground for abandonment of tﬁe classical hypothesis
as it was laid out by Dobzhansky, an iniéial, "naive"
conclusion that Ehe balance mpdel had been vindicated or at
least strengtheﬁed might have seeméd justified. But as was
quickly pointed out by Kimura (1968), such a conclusion was
not justified; Kimura demonstrated elegantly that the mere
fact of high variation was not enougﬁ to show tha;]balancing
selection was operative, since very high levels of variation
could theoretically be present‘in populations simply by

virtue of its irrelevance to organismal fitness (i.e. its

selective neutrality) combined with the random genetic drift
behaviour éxpected of such neutral variation if population
size was even occasionally drastically, reduced. Thus began

the "selection versus neutrality" controversy over the

/7 \



importance of natural selection in the maintenance of
extensive molecular polymorphism in populations.

Lewantin (1974) labels the neutral mutation - random
drift theory of Kimura the "neoclassical" theory, pointing
out its similarity to Fisher's theory in terms of its
emphasis on.the rarity of b&lancing selection; we could add
to this the feature of reinséatement of initially rare
mutations to an important evolutionarf role, whether théy be
neutral and fixed by drift or ad;antageous and fixed by
selection. But as Wills (1980) suggests, the similarity may
go deeper than this. For both the classical and neutral
models of‘population structure are very simple models, both
in terms of the general homozygosity (at least functionally
speaking) postulated for most loci affecting fitness in
natural popﬁlations, and in terms of the small number of
uniformly acting causal factors dnderlyinq allelic variation
where it does exist.. Almost completely absent are the
complex‘and dynamic interactions and sysgtem properties
ascribed to the gene pool by~;;ight and by the balance
school. This simplicity appears again at the -level of the
predictions made by;the neutral theory for the raée and
mechanism of evolution above the épecies level (Kimura,
1968). Here, Kimura adduced two observations: the apparent
consfancy over time ("clock-like" behaviour) of amino acid
substitution rates for most proteins in most lineages, and

the apparent functional irrelevance of most substitutions
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that have ogcurred. He concluded that chance fixation of
neutral mutétions in occasional "population bottlenecks™
would explain the observed evolutionary pattern, and indeed
that most evolution at the molecular level may be of
precisely this type. The mere fact of its gimplicity does
noﬁi_of course, validate or invalidate the neutral theory.
But it is not very difficult to see why injtial reaction
against it was so strong, especially for those biologists i?o l
had been trained in the tradition of Wright and Dobzhansky.
The selection-neufrality controversy is not likély té
be resolved in the near. future. Neither theory can be
proven: to do so for ﬁhe neutral theory would require some
means of conclﬁsively demonstrating the effective absence of
selecti;; pressures on the alleles at a presumably enormous
number of polymorphic loci. And it is only slightly fess-
difficult to imagine a conclusive demonstration of the
validity of the balance model. To acfually_show how natural
selection operates to maintain-bolymorpﬁism at even one locus
1ﬁ also an enbrmoﬁs task, fraudht with p;actical and
theoretical difficulties (Bewontin, 1974; wills, 1989); and
the balance theory calls féf the majority of polymorphisms in
the genome to be maintained in this wa}. However, probably

. . ]
the most important thing to keep in mind is that, as Lewontin
(1974) aptly expressed ikk °
' .
"...the question was not simply, How much genetic
variation is there? nor even, How much genetic
variation in fitness is there? but rather, How much
genetic variation iiinere that can be the basis of

-5
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adaptive evolution? To answer that question it is
not sufficient to measure genetic variation, which
we can now do, nor to measure the present variation
in-fitness associated with that variation, which we
have not done but which may be possible with a
proper reorientation of theory. We require,
further, that we be able to-assess the potentiality
for adaptive evolution in genetic variation that
may currently be nonadaptive. But such an
assessment will depend on an understanding of the
relation between gene and organism that far
transcends any present knowledge of development,
physiology and behaviour. In fact, it demands' the
answer to every other question that now..lies open
in biology." "

* Stated slightly differently, this means that even if we were

able to develop an accurate, quantitative understanding of
the di;tribution of causal factors that currently maiﬁtain
genetic polymorphism‘in populations, only one part of the
answer would have been found, since we would then need to
assess the relevance of the variation found within species to
that seen between species. And the difficulty in
accomplishing this is not only because of the temporal
inaccessibility of most of the important intermediate
evolutionary'stages between extant species. In spite of the
exéuisite sensitivity of our molecular anaiytiéal tecﬁniques,
we are profoundly ignorant of the ways in which the tolerance
ranges and limits built into the internally balanced
organization of individual organisms-are or are not
translated into internal balance at the level of evolving
populations and species.- The Qelection—neutrality

controversy has helped us to glimpse "the immensity of the
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research program that lay latent in the structure of Darwin's
theory.

*

Two Views of Species pivergence. The theme pf the geaetic
structure of natural popdlatibns'is more easily traced
through its historieal development than is the theme ,of
genetic divergence SetWéeh sgecies, so this is where the
preaent account” has been focused up to now, treating )
evolutionary mechanisms as-relatively_straiqhtfofward
extrapolations from the population models aa indeed they
tended to be by their original authors. This is by no means
‘the only apEroach which has been taken, howeﬁer, and in fact
many ‘evolutionary biologists with training in taxonomy and
systematics, rather than attempting to understand the |
evolutionarf potential of populations by s;udying‘the éenetic
variation they contain, have chosen to infer genetic
mechanisms of dlvergence on the bas1s of extensive
_ comparative work with extant species in actlvely evolving
groups. No attempt will be made here to describe ,n detafl
the h1stor1ca1 development of ideas on the genetic basis of
species differencea. Instead, an_111ustration will be given
foishow ehat the issues in this area are closely analogous to
those that arise in discussions of population structure.a.
Probably the most energetic proponent of this "top-
down" approach has been Ernst ﬁayr, who proposed and has
continued to defend (Mayr 1954, 1963, 197¢, 1982b) a genetic

theory of species formation that he termed the "peripatric

X -
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theory". Mayr was impressed, at an early stage in his
research on the systematics of birds of Indonesia, by the
frequency with which phenotypic divergence accompanied the °
colonization of small_islands by founder populatione. This
seemed to occur even in the absence of obvious differences
between the environment of the island popﬁlation and that of
the ancestral populatlon. He was thus led to propose that in
small, peripherally isolated populations of noermally outbred
animals, forced 1nbreed1ng and random drift of gene
freq;enc1es so altered the shape of the adaptive landscape
l(in the sense of Wright) and/or the population's location
within the adapt1ve landscape, that formerly maladaptive gene
!me1nat10ns could occur,- increase in frequency, ‘and -
~eventually be fixed in the new population. Furthermore, Mayr
postulated that an extensive web of phy31ologica11y*and ‘
_'developmentally coadapted gene interactions usually exists
between the specific alleles present at most of the different
loci in the genome, and that these interactions serve as a
cohe51ve influence normally prevehting genetic divergence
between populations of a species. Thus, evolutionary change
of the kind he propoeed, even though initially occurring at
only a few loci, could trigger a massive adaptive
reorganization of the gene pool. This, he ;aid, would often
amount to a “genetic‘revolution“, with allele substitution
taking ?lace at a majority of loci in the genome. The
revolutionized genomes of the-periphetal isolatee, at some
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point during the divergence process, would as a secondary
consequence become reproductively incompatible with the

ancestral genome, and a new spec1es would thus be formed.
Mayr's theory clearly belongs:® to the “gene-pool- ae_a—
palanced-system" tradition of Wright and Dobzhansky. It
predicts that éfpulatio;s at a stage of divergence.advanced
enough to give rTeproductive isolation (i.e. biological
species)'shoulé share few alleles at homologoue loci, with
loci thaf are monomorphie within species being alternately
fixed for different alleles between species, and
1ntraspec1f1ca11y polymorphic loci showing stronqu or
completely non-overlapping sets of segregatlné alleles. It
also suggests that the amount of genetic difference seen
between two different populations will be a functioﬁ_
brimarily of‘the total number of genetic revolutions
{speciation events) undergone sjnee tﬁe lgneages represented
by the populations originally began to diverge. Thus, below
the level of species there should be little or no genetic
differéﬁtiation between populations, and where 1£ is seen if
should affect only a minuscule proportion of loct and/or
should only involve quantitative shifts in allele
frequencies. The ifnitiation and the complete achievement of
reproductive isolation should both be associatedrwith large

changes in the composition of the gene pool. At the time it

was proposed, the main alternative to Mayr's theory of the

genetics of speciation was that described albng with the



Fisher-Muller model of population structure, where species
differences accumulate steadily‘at the genetic level as a
Pesult of allele substitutions driven by natural selection.
(Mayr referred to this approach as the "beanbag" school of
population genetics). If this is the wa £, evolution

r

proceeds, then gene differences betwéén populations should

not be'cqrrelatéa primarily with how many times reproductive

isolaéion has arisen in their ancéstral line;ges since their

initial divergence, 5ut with the time elapsed since that

divergence. Also, this second model predicts that the amount

of genetic difference between rebréductively isolated species

neea not be very‘large,.and in fact may involve only, a few

loci. . N
Interestingly, early results from the application of

protein electrophoresié to the guestion of species

différences (r%yiewed by Lewontin, 1974; Avala, 1975; ﬁvise,

1976) were used to refute the genetic revolution model of ‘

Mayr, with the primary rationale being the absence of cleazk%f'

evidence for the kinds of massive and complete allele

substitution during speciation which are predicted by MaYr's.

theory. This/result appeared to weaken the concept of the

gene pooY as a highly integrated system,'or at least to

suggest that such system-like properties where they do exist

are not very relevant to speciation. In this case the

critical backlash came, in one sense, from the opposite

direction as did the neutralist objections to the initial



-_r

25

interpretgtions of the data on genic,.variation within
populations; that is, from authors whé ware proposing that
species formation did tend to5invq1ve substantial
reorganization of the organism (ané putatively the genome) .
For example, Eldredge and-Géuld (1§72) argued that Mayr's
peripatric speciatién model was actually the one most
consistent with an obser;able pattern in the fossil record of
fapid change followed by extended stasis (“pupctuated
equilibr{a"): And Wilson, Maxson and Sarich (1974) sudgested
that extensive chahges in genetic regulation systems
frequently aCCompan§'fhe'evoluthﬁ of mammalian species,
whereas& by cantrast, evolution of p;otein sequences proceeds
in a clocklike fésh}én as argued by Kimura. Cbntrovérsy
continueé unabated over the importance of the 'two modes of
genetic change during speciation (see for example Carson and
Templeton, 1984; Barton and Charlesworth, 1984). Therefore,
molecular da&é”have had a net effect on current thinking
abou{ species divergen&e mechanisms guite analogous-to their
effect in the populafion structure debate: the issue of
whethér the variation analyzed is relevant to the questions

asked has been raised and sharpened, but is still very much

-

1]

an open ond.

Purpose of the Present Research
, “the progress oiégenetics since 196@ has gtrongly

influenced the variousefontemporaneous models of evolutionary

v
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mechanisms which have been formulated, by_qupplying'thé terms
in which the models have been framed as well as the methods
available for genetic analysis of population‘variatioqrand
species divergence. But perhaps most important has been the
tendency for the "state of the art" in genetics to influence
perceptions and opinions as to what spedific problems of
genetic analysis anogpbrate, at any given time, the best
combination of amenability to solution and importance for the
Darwinian theory of evolution. Hence the shifts from
elucidation of the mechanism of inheritance before 192¢, to
theoretical elaboration of the population consequences of
these mechanisms between 1926 and 195¢, to empirical testing
of realistic thebries-in_the period since 1950, with much
emphasis on molecular analysis since 1966.

& Another interesting observation that emerges from the
preceding historicalloverview is that two diétinét
" approaches, using what are ostensibly quite different
starting points (populations and species) for the empirical
study of the Darwinian mechanism, have both led to
formulation of the same fundamental question: How arenthe'
effects of organization at the level of the organismic system
felt‘in terms of processes ocCu;ring at the level of the gene
pool? 

The current preoccupations'of dxperimental population

genéticé and evolutionary theory.display a great deal qf

continuity with these historical trends. The selection -
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neutrality co;}roversy developed following an attempt to test
the balance theory of population structure, and the original
molecular qiga was based directly on the knowledge from
molecular genetiqs that genic DNA encodes, in a colinear
fashion, tﬁe primary structure of polypeptides. It was also
assumed (quité reasonably) that the type of genetic variation
which is reflected in polypeptide sequence variation in-a
"representative sample" of proteins from the genome provided
a valid means to approach the study of genetic variation in
populations. Soluble enzymes, for operational reasons as
well as genetic ones (i.e. the "one gene - one;enzyme“
principlg) were assumed to be representative proteiqs.
Species comparisons using protein electrophoresis are based
on the same genetic principles and assumptions; the questions
asked here were also derived from the hypotheses of earlier
workers (especially Mayr) who were concerned with the
behaviour of gene pools as systems in evolution.

Another aspect of the parallelism between -the
molecular approach to populations and that to species, as
suggested above, is that they both caused attention to be
directed to the question of how réleQant the &ariation being
studied was t; the qﬁestions being asked. The main
contribution of the neutral theory may have been its
demonstration of fust how radically the variation we observe
at any given point id a population's history may be _

disconnected with any sort of adaptive process. There are,
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however, at least three additibnal ways in which'"the
variation being stpd&ed“ may be understood as being relevant
or irrelevant. The first way is by defining the variation as
the structural changes detectable in proteins by
electrophoresis. As discussed in more detail in Chapter 3,

not all amino acid changes result in a change in
electrophoreticemobility under the experimental cg;ditions
commonly employed to measure genetic variation. If the
proportion of undetected vapfation is large, the result could
be serious underestimatiog or distqrtion of the actual amount
and pattern of structural gene variation. The second sense
of "variation being. studied" refers to the sampling universe
to which the set of structural loci being anélyzedractually
belongs. It is interesting to note thaé the molecular data
to which the current controversy is directed have come mostly
by sampling a set of about 108 specific proteins (1ﬁ total),
with all but the best-studied organisms having been analyzed
for 3@ or fewer of these. It is, therefore, crucial to ask
the question: How representative are these loci of the total
set of structural loci in the genome of a species? It will
be argued in Chapter 5 that this question becomes especially
important in the analysis of genetic differences between-
species. And thirdly, we must eventually understand the
relative significance of variation andrevolution in the
different "sectors" of genomic DNA other than that encoding

the primary structure of proteins. ‘The assumption that



29

variation in genic (protein-encoding) DNA commonly underlies”
adaptation and evolution has facilitated the collection of
much data, but no general empirical basis exists at _present
for assessing the relative importance of coding and n&n-
coding DNA in Darwinian evolution. .

It was with the goal of addressing the question of

relevant variation, most directly with respect to the

universe of structural loci sampled by electrophoresis, that

the experimental approach taken in this thesis ‘'was developed.

The significance of the results derives partly from the
author's successful optimization of recently developed
techniques for the simuitaneous high-resolution
electrophoretic separation of large numbers of polypeptidés
from crude tissue extracts, and for ultrasensitive metal-
stain detection of the separated polypeptides in the
electrophoresed mixture. In addition, methods were developed
for the ﬁteparatfon of protein samples from specific sets of
Drosophila organs (male reproductive tractsf which are very
likely of unique importance in the speciation process in this
geﬁus of flies. Thus, the search for relevant variation has
been both broadened to include a larger numbér’of loci,'and
narrowed to include only those proteins which are found in a
specific, evolutionarily interesting part of the organism.
The aspects of data relevance concerned with
sensi€3vity of electrophoretic detection of polypept1de

—_—
seqguence variation, anq with variation and evolutien in non-
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coding DNA, were addressed only indirectly in this study.
However, the opﬁimization of technique paa the conseéuence
that one important source of insensitivity to allelic
variation, especially acute wlth the new electrophoretic
technique used and a hindrance in the interpretation of many

earlier results, was virtually e11m1nated. The basis for

.
-
’

this contention is discussed. in detail in Chabter 3. Also,
the fact that many of the differences found between species
in the'present study (see Chapter 5) may be most readily
explained by genetic changes that are independent of .
polypeptide sequence changes sughests thae evolutionary
chsnges involving nongeniq.DNA may be accessible to ‘at least
partial analysis with the techniques employed.

However, it is the first-mentioned sense of therterm
"relevant variation" - i.e. that which refers to.the
relationship between the variation we can study in
populationg and that which we can study between species -
that perhaps deserves the'most attention. Not only js this

the aspect of the problem least likely to yield to technical

_advances alone: it is also the aspect hosx inextricably

involved with feture development of the Darwinian theory of
evolution. It is for this reason that the experimental
approach developed here placed almost equal emphasis on the
analysis of both variation within species and divergence

between species.



MATERIALS AND METHODS
2.1 DROSOPHILA STOCKS

The strains analyzed to provide the data of Chapters
3.5 are listed in Table 2.1, with {nformation on their

origins and the sources from which they were obtained.
2.2 PLY COLTURE

Drosophila lines were maintained under ambient
atmospheric humidity, with a diurnal photic cycle of 12 hr. .
-1ight and 12 hr. dark;-at 22 * 1° Cc.  The dompositions of the
two culture media’ used are described in Table 2.2. D.
mauritiana and D. sechellia were raised on culture medium 2
only. For population surveys of genic variation in male

reproductive tract proteins in jsofemale lines of D.

melanogaster and D. simulans, cultures were raised in 25 X 9%

mm glass vials on medium 1. Sampies-of male reproductive
tracts from flies of these twoO species grown on medfum %ﬁwere
also analyzed. The gel patterns for flies raised on these
two culture media showed no qualitative differences in the
spots studied. Larvae for collection of imaglnal discs were
reared in 250 mL glass bottles on medium 2. An effort was
made to keep larval density below 5@ individuals per vial and

160 individuals per hottle.
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TABLE 2.1

Lines of Drosophila used in this study.

Origin Source
Line (s) Type/Species Place Time
France isofemale/ villeurbanne 1978 Dr. J. David, Lat:oratoife
(10 lines) D. melanogaster France (46.16N) De Biologie et Génétique

Evolutives, C.N.R.S.,
Gif-sur-Yvette, France

Benin isofemale/ Benin ,West " 1978 J. David
(1¢ lines) D. melanogaster Africa (6.3°N)

South isofemale/ Porquerolles 1983 J. David
France D. simalans France (43.061\1)
(19 lines)

Brazzaville isofemale/ Brazzaville, 1983 J. pavid
(10 lines} D. simulans Congo (4.3°8)
Dmr 1 mass culture/ Mauritius 1973 J. David
D. mauritiana
ot
= Dsch 1 mass culture/ Seychelles . 1982 Dr. J. A. Coyne, Dept.

D. sechellia of Zoology, University
A of Maryland, College
park, Maryland, U.S.A.



TABLE 2.2

Composition of culture media -

Medium 1
, Yellow_cornmeal
Dried brewer's yeast
Agar .
Malt powder
Corn syrup .
Tegosept S?Augion (1G g p-
hydroxybénzoic acid, methyl ester
+ 100 mL“95% ethanol)

' Water

33

67 g.
3 g
1 g
31 g

5¢ mL

24 mL

Stir thoroughly to suspend solids;.boil; cool to 78°C; add

Tegosept; pour

Medium 2 )
Dried brewer's yeast
Agar )
Water
Bananas
Malt powder
r

£orn syrup
v
Tegosept solution (see Medium 1)

H,0

68 g

20 g.

3.6 L

1.5 (medium
size)

1.5 T

2 T

36 mL

80 mL

Stir yeast, agar and 3.6L water to suspend; boil; add other

ingredients (blended); simmer 10 min; cool'to‘43°C§ add

Tegosept; cool to 4l°C; pour

AN
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2.3 LINE SAMPLING

For two-dimensionai electrophoretic analyses of male
reprpductive tract proteins, 2-3 days were 5110wed to elapse
after the onset of eclosion in a cultufe, aind males were
collected after light anaesthetization with diethyl ether.
Thesé males were then agéd in groups of appfoximately 2@, 1in
vjalg containing medium 1 aﬁd a moistened piece of Kimwipe _
tissue, for 3—; days before dissection.

To rear larvae for imaginal disc dis;ecti?n,,adult
flies were placed in a qulture bottle and mainéained until
approximately 100 eggs Qere visible on the surface of the
medium.  The fliesi%Fre then g}eared and the larvae allowed

s

~
to develop for 5 days. At this point, third-instar larvae
were collected from the wall of the cultur

bottfe. Only
larvae whose movement had begun to slow markedly in
preparation for pupariation:were selﬁcted. This has the dual
advanfages of faéilitating_larval capture and of ensuring the

presence of large imaginal discs in a well-standardized stage

of development for sample preparation.

e
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2.4 TISSUE DIFSECTION AND SAMPLE PREPARATION

*

i -~ 3\
2.4.1, Solutions

The sources of chemicals for solutions described ﬁn
sections 2;4, 2.5 and 2.6 are listed in Table 2.3 along with
appropriate abb;eviations employed. Where the composition of
solutions is deécribed below, recipes are given in terms of
wéights_and volumes required for a given final volume of
solution. Final compositions in terms of molarities and
pé;centages byfweight or volume are listed in parentheses.

The follow%ng formulation for PIPES - buffered
Ringer's solution is taken directly frém Cheney and Shearn
(1983). The Lysis Buffer described. is modified from that
described by O'Farrell (L975). ‘The inclugjon of 5 mM K5CO4
follows a suggestion of Horst et al. (1988); the intended
purposes are to inhibit proteolysis aﬁd-to aid protein
golubilization by raising pH to approximately 10.3. L-lysine
is included to scavenge isocyanate formed in urea solutions.

DTT was substituted for 2 -mercaptoethanol primarily for the

convenience of its much less noxjous odour.
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TABLE 2.3

Sources of Chemicals?®

Chemical Name

Acetic Acid (glacial)

w

Acrylamide ( >99.9%}-for IEF Gel Solution
(section 2.5.1.1) : 4
Acrylamide ("Electran" Grade) - for SDS-
PAGE Monomer Stock (section 2.5.2.1)
Agarose (Type I: Low EEO)

amberlite MB-1 Ion Exchange ﬁesin

Ammonium Persulfate

Ampholines pH 5-7
pH 3.5-1@

Biolytes pH 7-9

N, N - Methylene Bisacrylamide
Calcium Chlorng {dihydrate)
Citric acid {monohydrate)
Diallyltartardiamide
Dithiothreitol

Ethanolamine

Formaldehyde 7% w/v) - Analyzed

CGlucose \

Glycine

A .-

'L - Lysine (free base)

Magnesium Sulfate (heptahydfate)_

-

Nonidet P-4¢
Phosphoric Acid (85% w/v) ke

Piperazine - N, N'- bis
(2-ethane sulfonic .acid)

Potassium Carbonate {anhydrous)

36
)
Abbreviaéion SourceP
_— 1
- 2
- 3
- 8
MB-1' 8
- 3
- 6
- 2
Bis 4
CaClz‘B@ZO 3
- 3
DATD 2 .
DTT . 8
- 5
- 5
- 3
- 8 .
!
- 8 ’
MgS0,4-7 Hy0 3
NP-40 4
H4PO, 5
PIPES 8
K,C0,4 3



TABLE 2.3 (CONT'D)

Chemical Name Abbreviation Source

Potassium Chloride - e Kéb 3

Silver Nitrate ’ Agﬁo3 3

Sodium Carbonate (anhydrous) Na,CO5 3-

Sodium Chloride ' NaCl 3

Sodium Dodecyl Sulfate . DS 3
. . N :

Sodium Hydroxide : ~ NaoOH 3

Sucrose ‘ _ 3

Sulfuric Acid (concentrated) * H,504 (conc) 1

N, N, N', N' -Tetramethyl Ethylenediamine TEMED 2

- .

Tris (hydroxymethyl) aminomethane ("Sigma Tris - 8

7-9") -~ for SDS-PAGE Anode Buffer -

(see section 2.5.2.1)

Tris (hydroxymethyl) aminomefhane Tris 2

(Electrophoresis Purity - for -SDS-PAGE

Gel and Cathode Buffers)

(see Section 2.5.2.1) A

Urea (Ultrapure Grade) 7

Unless otherwise specified, all chemicals used were of reageﬁf
grade.

. . =
D )1 - J. T. Baker Chemical Co., Phillipsburg, Ne;\}ﬁrsey
2 - Bio—ﬁad Laboratories, Richmond, California ' ‘ -
3 - BDH Chemicals, Toronto, Ontario ! ; v
4 - Bethesda Research Laboratories, Rockville, Maryland
" 5 - Fisher Scientific Co., Fairlawn, Néw Jersey
- b - LKB Prodykter, Bromma, Sweden
7 - Schwarz-Mann Inc., Spring Valley, New York ] .

8 - Sigma Chemical Co,, St. Louis, Missouri

N
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PIPES - Buffered Ringer's Solution

For 25 mL:
PIPES ...665 mg
Glucose ...9¢ mg
Sucrose ...428 mg (5¢ mM)
NaCl ‘ ©...86 mg (55 mM)
KC1 «.+.75 mg (40 mM} .
Mg SO0 4. TH,0 | ...45 mg (7.3 mM)
#.5 N NaOH | c..5-6 mL ’
Hy0 ...to approx. 20 mL

Dissolve all solutes; add

CaCl,® 2H,0 (l.@2M)" ...1.18 mL (48 mM)
$ 8.5 N NaOH ...to pH 6.95 (25°C)
20 ...to 25 mL

Store at 4°C for no more than 1 month.
¥ 1.02 M CaCl,*2H,0 (25 mL):
CaClys 2H,0 ...3.76 g

H,0 ...to dissolve; to 25 mL

-

- Lysis Buffer

For 25 mL: , . -
Urea 2 ... 14.3 g (9.5 M)
r K2C03 .--l?-B mg (5 mM)
L-lysine . s+ ++212.5 mg (1.5 mM) .
DTT . ««+385 mg (196 mM)
H20 «..13.4 mL
L
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Dissolve with gentle warming; add

NP-4 .r.0.75 mL (3% v/v)

’h Swirl to gissolve Ne»-40; dispense into 6.5 mlL aliguots;

fteeze in 'liquid nitrogen and store up to 6 months at -70°C.

For use, thaw and—add carrier amphof@tes to 2% w/Vv.

2.4.2. Procedures

-]
Male flies to be dissected were etherized for

app{gz?mately 5 minutes. The reproductive tracts (Figure
2.1) of 10 individu?l flies were dis;ected by hand with two
pairs of watchmaker's forceps {A. Dumont et fils, number 4)
which had been sharpened on a fine wheéstone. Sharpengdl
tungsten needles were employed for tissue cleaning and
éransfer after the abdomens had been openéd with the forceps.

a e
Fly was dissected in a fresh drop of PIPES-Buffered

Eaéh
Ringer's atl room temperature, and the organs pooled and
stored in a fresh aliquot of PIPES-Buffered Ringer's at room

remperature funyil dissection was completed (about 2@

J

- 3 1 -
minutes). T Egﬁlgtory bulb was d¥scarded from each

tract, leavingtestes, seminal vesicles, paragonial glands
. %

and anterior ejaculatory duct to be included either
‘ —"SL

. geparately or together in the 1ysaEe for electrophoresis (see

Figure 2.1).

Upon completion of dissection, an aliquot of Lysis

N

Buffer (ﬂﬁ'pL per 18 sets of organs in a 400 pL plastic

sample tu

)y was warmed to room temperature. The aliquots



FIGURE 2.1

Diagram of male reproductive tract of Drosophila
melanogaster. The anatomy is almost identical
between species of the melanogaster subgroup. ts:
testis, sv: seminal vesicle, pg: paragonial gland,
aed: anterior ejaculatory duct (glandular), ped:
posterior ejaculatory duct, eb: ejaculatory bulb.
Far “whole-tract" preparations, all tissue anterior
to the ejaculatory bulb was included, after
severing the aed at point 1. For separate
preparations of "testes" and "glandular tissues",
testes and seminal vesicles were severed from
paragonia and ejaculatory duct at point 2.
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are conveniently prépared in batches of 12 by dividing a
thawed 0.5 mL aliquot of Lysis Buffer after adding carrier
ampholytes (usually Bio-Lytes 7-9) to 2% (w/v). Note that
the stock solutions of ampholytes as gupplied by the
manufacfﬁrers are 40% (w/v). The 40 pL aliquots may then be
stored on ice for up to 8 hours while dissection proc;eds.
The organs were traﬁsferred quickly to the Lysis Buffer on
the slightly curved tip of a tungsten needle. The suspension
was incubated at room temperature for 1 mipute, then further
disrupted by gentle stirring with the flamed-shut tip of a
Pasteur pipet. Aftér one more minute of incubation at room
tem%?ratﬁre, the lysate was frozen by dipping the tip of the
sample tube into liguid nitrogen. The samples may be stored
at -78°C for several months with no detectable effect on
the protein pattern obtained by gel electrophorébis.
Third-ingtar imaginallwing discs were dissected by
hand from larvae staged as de;cribed in Section 2.3, after
brief washing of the larvae in distilled water. Individual
larvae were processed separately, each in a fresh drop of
" PIPES - Puf}ered Ringer's until 28 discs had been collected
and pooled in a gecond aliquot of PIPES - Buffered Ringer's;
the discs were then transferred to 40 pL of Lysis Buffer with
a tungsten needle. Subsequent processing of the lysates was
identical to that described for male reﬁroductive tract
lysates, except that mechanical disruption with the Pasteur

pipet tip was unnecessary.
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Just prior to electrophoresis, samples were
alternately thawed and frozen by immersion.in liguid nitrogen
and a 37°C water bath, for a total of 5 freeze/thaw cycles.
After the final thaw, the samples were centfifuged for 10
minutes in a Beckman microfuge. All but the bottom 3-5 pL of
the lysate could then be used for electrophoresis. Usually
all of this "supernate" volume was applied to the first-

dimension gel.
2.5 TWO-DIMENSIONAL POLYACRYLAMIDE GEL ELRCTROPHORESIS

The two-dimensional electrophoresis procedures

) eﬁployed are essentially those described by O'Farrell (1975)
and O'Farrell et al. (1977) bu;‘théy have been modified and
simplified. Tﬁe primary modifications are: the substitution
of DATD for bisacrylamide as gel cross-linker in the first
'dimension, the substitution of H,804 and ethanolamine for
H3PO, and NaOH as first-dimension terminal electrolytes
(Zurfluh and Guilfoyle, 1982), and application of sample at
the anodal rather than the cathodal end of the first-
dimension gel. The simplifications include: frozen étorage
of firsz-dimension gel solution, omission of the water-
overlay and lysis-buffer overlay steps during tube gel
polymeriiégion, shortening of the SDS équilibration step from

2 hr. to 3¢ min., and elimination of stepped voltage

schedules during isoelectric focusing and prefocusing.
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2.5.1. First Dimension: Isoelectric Focusing (1EF) or

Nonequilibrium pH Gel Electrophoresis (NEPHGE)

2,5.1.1. Solutions
Gel Solution
For 5@ mL:

Urea ...28.6 g (9.5 M)

Acrylamide ..a2.125 g

DATD ...375 mg. (5.8% T/15%C)

- Hzo -0-22.3 mL

Dissolve with gentle warming.

Deionize by stirring with 2.5 ¢ Amberlite MB-1 ionic exchange

resin (20 min.), while deaerating.

Filter; add

Ampholines PpH 3.5-10@ ee.@.5
ampholines pH 5-7 v..2.0
or

Ampholines pH 3.5-18 .e.8.5
Ampholines pH 4-6. ee.2.0
0_1:

ampholines pH 3.5-10 eeeled

Deaerate further (28 min.); add
NP-4G : -.-1-5

Swirl to dissolve; divide into 3 mL

liguid nitrogen and store at -7@°C up to 6 months.

mL (0.4%

mL (1.6%

mL (0.4%

mL (1.6%

mL (2.0%

w/v)
w/v)}

w/v)
w/v)

w/v)

mL (3% v/v)

aliquots;

freeze

in

i



Gel Overlay

Lysis Buffer (see Section 2.4.1) ...0.5 mL
Ampholines pH 3.5-18 ¢S5 pL (0.4% w/v)
Ampholines pH 5-7 e++20 pL (1.6% w/v)

Invert tube to mix thoroughly.

Sample Overlay

Add 0.1 volumes Hy0 to Gel Overlay and mix thoroughly.

Anolvyte
For 511 first-dimension gels:
Ethanoiamine ++.15 mL {8.5% v/0)
H,0 | seo.to 3 L
Catholyte
For pH 5-7 IEF and pH 3.5-1¢ NEPHGE gels:
H,50,4 | «e.2 mL (G.2% v/v)
H,0 «esto 1 L

For pH 4-6 IEF gels:

H4PO4 (85% w/v) 0.2 mL
/ -
H50 7 | eveto 1 L
\—;;

45
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2.5.1.2 Procedures,

To-caét 7 first-dimension cylindrical tube gels (1l
em. X 2 mm.) ., 3 mL of gel solution was thawed at room
temperature and stirred thoroughly to re-dissolve the urea.
polymerization wWas then initiated by the additioﬁ of 1.8 pL
TEMED and 12 pL,freshly prepared ammonium persulfate solution
(16% w/V) - nfter stirring briefly, the mixture was poured

' {nto the gel tubes (135 mm. long X 2 mm. i.d. x 7 mo. 0.d.)
which were sealed at the bottom with parafilm and a rubber
cap. A cannula needle attached to a 3 mL disposable plastic
syringe was useful to accomplish this. Care was taken to
jnsure that air pubbles were not trapped in the. tubes. The
tops of the tubes were then sealed with parafilm and
polymerization allowed to proceed for 2 hours.

The fully set gels were placed in a Hoefer Model GT
vertical tube gel apparatus. The rubber.caps and Parafilm
were gently removed from the bottoms of the tubes, and a drop
of catholyte applied to the end of each gel with a Pasteur
pipet, taking care to remove any floating bubbles. After
assembling the chamber with catholyte in the iower reservoir,
for isoelectric focusing (IEF) separations the gels were then
each overlaid with 3¢ pL Gel Overlay and the tubes filled
with anolyte. The upper reserv01r of the apparatus was
filled with 500 mL of anolyte, and the gels prefocused (with
anode at the top and cathode at the bottom) for 1 hr-at 2540

v.
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At the completion of prefocusing, the anolyte was
poured off and the gel overlay solution removed from two
tubes with a gentde-stream'of fresh anolyte from a 3 mL
Plastic syringe fitted with a 27G needle and a short piece
of polyethylene tubing. The two gels were then overléid
immediately with 30 BL of Samplé Overlay. Thié
removal /overlay procedure was repeated, two tubes at' a time,
for the remaining gels. Up to 38 uL of sample was then
layered under the Sample Overlay. After adding 560 mL of
fresh anolyte to the upper reservoir, isoelectric focusing
was carried out at 409 VvV for 16-20 hrs. (6400-8¢ag V-hr.),
with the same polarity as used for prefocusing.

For ndn—equiiibrium (NEPHéE) separations in tﬁe first
dimension (0'Farrell et al. 1977), the prefocusing step was
omitted, electrophoresis carried out for only 1808-2400 Volt-
hours, and the tube gels and Sample Overlay contained only
Ampholines 3.5-18 (see section 2.5.1.1); otherwise tﬁe
procedure was identical to that described above for IEF gels,

Finalikf when using the Pharmacia EPS 580/4089 power
Supply for first-dimension separations, it was necessary to
connect a 0.5 megohm load resistor in parallel with the
electrophoresis tank across the second pair of power outlets,
This is because the current across the ggls drops during the
separation, usually to a toté} value less than the 7 pA

threshold that activates the automatic safety shut-off

mechanism built into this power supply. Connection of the



load resistor avoids such premature abortion of the

#

experiment.

2.5.2  Second-Dimension: Sodium Dodecyl Sulfate
Polyacrylamide Gel Electrophoresis {SDS-PAGE)

2.5.2.1 Solutions

2@% SDS Stock

SDS ...20 g (20% w/v)
H50 ...to 99 mL
Dissolve with warming; add

Store at rpom temperature i{n an amber bottle.

-

1¢% Ammonium Persulfate

Ammonium persulfate v..1.8 g (10% w/v)
H,0 e . ...to dissolve
H,0 ' " ...to 10 mL

Make fresh for first-dimensidn gels; store 1 day (4°CYy_ for

¢

use in resolution and stacking gels of second dimension.

SDS-PAGE Monomer Stock

Acrylamide .e239.8 g
Bis ...1.08 g (48% T/2.5% C)
Hzo . ..Ito 109 mL

&£ Store at 4°C in an amber bottle.

w
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Resolution Gel Buffer

49

Stock

Tris (BicRad)
1IN HC1

H,0

Dissolve; add
1N HC1

H,0

...18.3 g (1.51 M)
eee2f - 22 mL

...t0 80 mL

...to pH 8.8 (25°C)

+v.to 100 mL

Store at 4°C in an amber bottle.

Stacking Gel Buffer Stock

Tris‘(BioRad)

IN HC1

H20

Dissolve; add .,
2M Tris (BioRad)

H,0

.2s5.8 g
...48 mL (9.48 N)

...to B@ mL

...to pH 6.8 (25°C)

+..t0 100 nL

Sto}e_at 4°C in an amber bottle.

Cathode Buffer

Glycine
Tris (BioRad)
.HZO

.28% (w/v) SDS

«..28.8 g (192 mM)
... 6.8 g (25 mM)
- et 2 L -

ce 10 WL (8.1% w/v)

Make fresh every time.

Anode Buffer

Tris (Sigma)

ﬁél (conc.)

pl

«.+121.14 g (62.5 mM)

eee75 ML (5¢ mM)
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H,0 ...to 16 L

SDS . ...16 g

Re-use up to 3 times; store at 4°C between uses.

~

. SDS-Equilibration Buffer

Stacking Gel Buffer

Stock ...12.5 mL

Glycerol | ‘e 2.5‘mL (5% v/v)
20% (w/v)SDS ce.5.75 mL (2.3% w/V)
DTT ) ...154 mg (2¢mM)

@.1% (w/v) Phenol Red ...2 drops

Make fresh every time; may be stored overnight (4°C) .
. - :

Agarose Gel Solution

Agarose (Sigma Type I) ... 6.3 g (1% w/Vv)

N
Stacking Gel Buffer \

Stock - eee 1.5 mbL
28% (w/v) SDS c.. 9.15 mL (0.1% w/v) ,
H,0 | ... 23.0 nL

Make fresh every time.

2.5.2.2 K P;océdures

Gel Casting. ThE second diménsion separations were
. carried out in a Hoefer SE 700 Multiple Vertical Slab Gel
Electrophoresis unit, in which 6 slab gels may be run
simultaneously. The resolution gel slabs measured 14 cm wide

x 15 cm long x @.75 mm thick, and the stacking gel layer was
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1 cm deep (excluding agarose gel solution used to embed the
first-dimension gel atop the slab). A 12.0%T/2.5%C ,;
resolution gei solution was routinely prepared for the second :
dimension of electrophqresis in'a 5@ mL batch for every three
slab gels. Two such 50 mL Yatches were prepared and: poured )
separately for every set of 6 gels cast,” so as to allow
adequate working time during the pre-gelation ﬁhase of
polymerization. To prepare 50 mL of gel solution, 12.5 mL of
Resolution Gel Buffer Stock, 22.25 mL'distilied ;ater and
15.8 mL SDS-PAGE Monomer Stgck were m1xed and suction-
filtered through Whatman #l ;gper into a 125 mL sidearm
f1ask, and the solution deaeratéﬂ‘ﬁg;739—50 min. by
aspiration on the domeétisﬁyater supply.

After bfeakipg the vachum, the: solution was poured .
into a beaker, @:25 mL of 2@% SDS Stock, 36 pL TEMED andrlﬁﬂ
pL 1% (w/v) ammoniem pereulfeggawere gqgsd, end;fhe solution
stirred briefly. The gel.solufion was :drawn into a 30 mL
plastic syringe lacking a ﬁeegle, and then a blunted 22G ",
needle was placed on the fi}led syringe. The needle coeld
then be inserted between the glass plates of Qhe gel‘
cassettes and the cassettes filled to within B 75 cm. df the
top. When three cassettes had been filled in th1s way, the

resolution gel'solution was overlaid immediately with a @.1%

(w/v) solution of SDS. SDS and catalysts were then xed

*
-

into the second 50 mL batch of gel solution and the p‘dring ‘ }

__—-/_ . .
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min. after the ap

) N,
and o;erlayering processes repeated for the second set of
three slab gels. - <

After a sharp gel interface EiiinJvisibIe (about 15
min.), the overlay solution was poure off and replaced with

resolution gel buffer containing @.1% (w/v)<;DS. The

cassettes were covered with a sheet of ‘plastic. film to reduce ’

evaporation, and the gels were allowed to polymerize
' -

overnight (about 16 hr.).
Stacking gel solution (4.75%T7/2.5%C) was prepared in

. ’
a single 38 mL batch for gels. Distilled water (18.6 mL),

Stacking Gel Buffer -Stgek (7.5 mL» and SDS-PAGE Monomer Stock

deaerated»in a 5@ mL sidearm flask

-

(3.6 mL) were mixed an
for 36 minutes. 20% (w/v) SDS (G 15 mL), 36 pL TEMED and 1068

pL 18% (w/v) ammonium persulfate were added and stirreé in

" priefly. The overlay buffer was poured off the resolwtion

gel slabs, an® the surface rinsed quickly with stacyﬁng gel
solution, using a Pasteur pipet. The atacﬁjng geli/(all 511§
could then be poured to a height such that the ouﬁér ends of
the menisci formed at the edges of the spacers oh the sides *
of the-cassettes just barely reached the top edges of the
glass plates. .This allowed overlayering with a minimum
volume of 0.1% SDS solution, :o théf after stacking gel
polymerxzation only 2-3 mm. at ;he top of the caséette
remained !H‘Be filled with agarose gel solutidn.

Whe;\;?ﬁc i

polymer1zat10n had proceeded for 39

ra

of aasharp gel surface, the

52-
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cassettes were detached and the plain rubber strips replaced
with the slotted gaskets. After blotting excess overtay
solution from the surfaces of the stacking gels with a
éissue, the tanks could be reassembled and placed in the
anode buffer chamb;r containing Anode Euffer pre-warmed to

room temparature. Final ‘assembly of the gel tanks should
take pl¥ce nly just prior to completion of SDS equilibration
of the first-dimension gels (described below), so as to

minimize dehydration of the upper surfaces of the stacking

gels,

First-Dimension Gel Removal and SDS Equilibration. Upon

completion of the first-dimepsion separation, the glass tubes
cdhtaining the'éels were coo%gd on ice for 10 min. The gels
were removed with the aLd{of a gentle stream of water from a
30 mL plastic syringe fitted with a blunted 22G needle. If
neceésa‘y, after the g;I was thqs freed from the tube wall,
o e —
gentle qiLlfressure was applie§ through a short piece of
silicone rubber tubing fitted over one.,end of the gel tube.
By hsing a peristaltic motion on the rubbg} tubing with thumb
and forefinger, the gel could be coaxed out of the tube into
a plasti¢ weighing boat without risk of breakage. Gels were
transferred to plastic culture ;;bes on ice, where'they were
held until the removal procedure was completed (about 20

min.). For gels to be run immediately - in the second

dimension, 6-7 mL of SDS Equilibration Buffer‘was added to
P

. each tube. Gel and buffe;jtere transferred by .pouring into a

— '

Y
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60 x 15 mm disposable plastic petri dish, covered, and shaken
on a rotary platform shaker at 28 cycles per minute for 3¢
minutes at room temperature., e

Far gels to be stored frozen and run on a separate
day in the second dimension (as for NEPHGE gels), 1 mL of SDS
Equilibration Buffer was added to each gel in its plastic
tube, ‘The tubes were capped, and after ensurihg that the
gels were immersed in the buffer, the gelé and buffer were
fro;;n by dipping‘the end of the tube into liquid nitrogen
for about 10 seconds. For storage of a few days or lesé, the
frozen gels were kept at -20°C. For longer periods of
storage, -78°C is recommended. Thawing was carried out by
incubating the tubes in a water bath at 35°C. Equilibration
was then completed as described above for non-frozen gels,

after adding 5-6 mL of SDS Equilibration Buffer.

Transfer of First-Dimension Gels to Slabs. When the Sps

equilibration step was completed, the first-dimension gels
were each transferred to a small amount of distilled water in
a fresh petri dish, shaken briefly by hand, and the water
carefully removed with a Pasteur pipet. The gels then tend
to cling around the outer rim of the floor of the Petri dish.
They could be transferred using a spatdla and a slow rolling -
motion of the dish onto ; strip of Parafilm folded
lengthwise. The gels were easily carried on the Parafilm and
placed beside the gel-holding troughs of the upper slap cell

reservoirs.
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Freshly melted Agarose Cel Solution was added through
the gaéket slot to the top of one slab gel, using a Pasteur
pipet. Extreme care must be taken to avoid entrapment of
bubbles beneath the gasket at éhis point. If the temperature
of the aqarose.solution is closé:to +309C when piﬁetted, this

difficulty is rarely encountered. Using a spatula, the tube

gel was then pushed immediately off the edge of the Parafilm

into thelmolten agarose and aligned exactly over the gasket
slot. This application process was then repeatéd one gel at
a time for the other five gels, and the agarose was allowed
to set for 5-16 minutes. Cathode Buffer (606@-7068 mL) was
added to each upper reservoir, and electrophoresis carried
out at 12 mA constant current per gei. The separation was
continued until the tracking dye had exited from the lower
end of the gel! and the trailing edge of the SDS stack (about
1 cm. behind the tracking dye) had migrated to within 2.5 cm.
of the end of the gel. Total electrophoreéis time in the
second dimension’ was aﬁbgt 7 hr. |

1

2.6 ULTRASENSITIVE SILVER STAINING OF PROTEINS

The method used is that developed by Merril -et al.
(1981), with modifications takengfrom Morrissey (1982) and
Sammons et al. (1981). The sequence of steps is listed in
Table 2.4. Volumes of solution per gel are 15¢ mL for every

step except the silver binding step, for which a 129 mL

volume was used. Between each of steps 1-5 and 1its following
‘ ' . v



Step

9.

18..

11.

12.

13,

Fix

Wash

Wash
Wash
Wash
Reduce
Silver
binding

Wash

Wash

Wash

Deveiap

Stop

Store

TABLE 2.4

Silver Stain Used in this Stﬁdy

Solution

%5% Ethanol/
Acetic Acid/HZO
(52.5:5142.5 v/v/v)

95% Ethanol/H,0
(19.5:89,5 /3

Repeat Step 2
Hy0

Repeat Step 4
5 mg/L Eﬂ'r
g.1% (w/v)
AgNO4

Ho0

Developer
3%(w/v)Na2C0
+3.5 mL/L 373
{w/v) formaldehyde
Repeat Step 9

Developer (gee Step 9)

2.3M Citric acid

Time

Overnight -

(16 hr.}

1 hr

3@ min

38 min.

39 min.
12 sec.

10 sec.

-
5-1¢min.

5-3¢ min.

in-
definitely
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Comments

No shaking
May be fixed longer
{e.g. 40 hr.)

Avoid gel tearing by
freeing corners from tray
with Hp0 stream and
floating by hand shaking
Correct gel curling

May be reduced to 38 min.

No water rinse following
this step

Float gel in tray with

hand shaking

Float gel in tray with
hand shaking

Minimal finger pressure
on gel when draining

Shake on rotary platform
shaker (40-60 cycles/min)
Gel will float free in
1-2 min.

7.5 mL per 150 mL
developer

Gels will yellow quickly if
stored in neutralized
developer
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step, as well as between steps 12 and 13, a brief rinse with
water was performed to remove residual solution from the
previous step. Unless otherwise mentioneg, the entire
procedu;e was carried out with gentle shaking (6071991
exéursions per minute) on a reciprocating platform shaker.
For gels of the size used here, 2.8 L Pyrex trays (Corning
number 222) were ideal. The trays should be kept tightly
covered with plastic film-throughout, except d%ring the
development and stop prég;sses.

Two precautions should be observed to avoid
mechanical damage to the gel. First, only minimal pressure
with gloved fingers should be applied to the gel to hold it
iﬁ the tray when inverting the tray to drain solutions,
Gloves Ehould'be changed frequently. Second, at several
points in the procedure the gel has a tendency to stick to
éhe glass tray. This is especially true after steps 1 and 9.
Gel tearing may be avoided by fo\lowing the suggestions made
in Table 2.4, |

. // B

Finally, the gels may be stored for long periods
{e.g. 6 months) in @.75% Na,CO, with no detectable
deterioration, in "Zip-Loc" plastic foo@ storage bags (Dow
Chemical Coep.). The only problem in storage is gel

'dehydration,_which can be reversed at any time by rehydrating

the gel inside the bag.

-

e



2.7 CLEANING OF GLASSWARE

Immediately following a first- or second- dimension
electrophoretic separation ahd gel removal, giass tubes or
plates were soaked oﬁer;ight in a solution of warm tap water
and laboratory detergent (Sparkleen - Fisher Scientific).
The tubes were then rinsed thoroughly and cleaned further by
soakiné for at least 24 hours in concentrated nitric#acid. )
After thorough rinsing of tubes or plates in warm tap water
and then distilled water, they were then air-d;ﬁed and used
for gel casting. To reduce artifactual streaking caused by
interactionJ?f dust particles and silver stain reaéents in
the slab gel, the plates were given a final distilled-water

rinse immediately before slab gel casting and were dried

manually with Kimwipes.



INTRODUCTION
Diverse Estimates of the Amount of Genic Variation in Animal
Genomes

Over the past two decades, most of the molecular data
on genetic variation in natural populations have been
acquired through the application of techniques for protein
separation by gel electrophoresis. The most common procedure
employs a one-dimensional separation, undér non-denaturing
conditions, of #solub}e“ proteins extracted from biological
samples in agqueous bS?fers of low ionic strength and‘modgrate
pH. The preservation of tertiary and gquaternary protein
structure under such conditions permits post—electrophoretic
assay of gels for specific enzymes present in very small
amounts. Moreover, the system is highly sensitive to the
slight differences in the physical properties of proteins
that result from ami;o acid substitutions in their
constituent polypeptides; many of these substitutions are
expressed as‘differences in electrophoretic mobility
{Rams . sfoyne and Lewontin, 1979). Genetic variation in
pro”k' tructuré can, therefore, be detected as enzyme
mobility variation ("allozyme variation") between genotypes

in population samples, and.can be assigned with confidence to

specific loci encoding the amino acid segquences of the

59
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polypeptides (Harris, 1966; Hubby and Lewontin, 1966;
Lewontin and Hubby, 1966) .

In well-studied organisms, the accumulation of such
one-dimensional electropﬁgresis (LDE) data has formed a basis
fo¥ estimation of fundamental parameters related to the
average amount of genic variation in the genome as a whole.
The two most widely used indices of the extent of genic
variation in a sample of loci are the fraction of loci found
to be polymorphic (P) and the index of heterozygosity (H). A
locus is usually defined as polymorphic if tgé frequency of
the most common alléle is less than .99. H is really a
composite index of allelic "diversity" (in té:;g\bﬁ\ggfgfr of
alleles and their evenness of frequency) at an average locus
(Nei, 1975). H is conveniently calculated for a single locus
from the frequencies of the various alleles observed in a
sample, using the formula: H = 1-2p12, where the pi‘are the
allele frequencies. These single-locus H values are then
averaged arithmetically to give H. ﬁ is interpretable either
as the fraction of the population expected to be heterozygous
at a randomly chosen locus, or as the fraction of loci
expected to be heterozygous in a randomly chosen individual,
assuming Hardy-Weinberg proportions for diploid genotypeé.
Estimates of P and H by 1DE in five well-studied animal

species are shown in Table 3.1, in the lines labelled "1D".

&



TABLE 3.1
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Estimates of proportion of loci polymorphic (P), average
heterozygosity per locus (H), and number of loci studied
(N)2, in four animal species for enzymes studied by one-

dimensional

gel electrophoresis.

S ies

Homo sapiens

Drosoghila
melancgaster
Drosophila

simulans

Mus musculus

Felis catus

1D

S}

=]

I

.231

.162
.087
.25

575

11

.417

.24
.17

.042

.22

1zl

.263

.824
.631
.862

.158

a7

| =

104
83
186
46
20
81

54

24
70

46
46

72

55

(1D) and proteins studied by two-dimensional (2D)

Camments References®
- 5
kidney 6
lymphocytes 9
erythrocytes 1@
plasma 8

15 populations 11

1 population 1

2 populations 7
1 population 7

Populah'lon 1 3
Population 2 3

- 2

a qer 2D surveys, number of loci is taken as eqﬁal to number
oY polypeptides scored

b References - (1) Leigh Brown and Langley (1979); (2)

Racine and Langley 1986¢;
198¢; (4) O'Brien 1988;

Smith et al.
(8) Rosenblum et al. 1983; (9) Goldman and
Merril 1983;

(11) R.

1980;

(10)

S. Singh

Rosenblum et al.
{unpublished data)

{3} Rice et al.
(5) Harris 1986; (6)
(7) Ohnishi et al. 1982;

(1984);
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One of the'mgst immediately obvious aspects of these
genic variation estimates obtained by 1DE is their general
similarity among distantly-related species that differ widely
in their ecologies, lifé histories and pépulation sfructures.
The tendency to higher 1DE values of P and H for Drosophila
is consistent with a general tendency to higher levels of
Qariation in invertebrate versus vertebrate species (Powell,

1975; Selander, 1976). The apparently lower average level of

IDE variation in Drosophila simulans as compared to its close

relative, D. melanogaster, hgs also been conffrmed by

repeated observations. We wil®return to this point later in

this chapter. But the most general aspect of the data, and
the one that initiated the neutrality-selection debate which
was discussed in the General Introductéon {e.g. Kimura and
Ohta, 1971; Lewontin, 1974; Nei, 1975), is the unexpectedly
large amount of polymorphism. It is worth noting at this
point that 1DE under a single set of conditions commonly does
not reveal all amino acid subs¥itutions in soluble enzymes
(Bernstein, Throckmorton and Hubby, 1973; Singh, Lewontin and
Felton, 1976; Coyne, Felton and Lewontin, 1978;tSingh, 1979;
Buchanan and Johnson, 1983; reviewed by Coyne, 1982). Neel
(1984) has used estimates of the extent of
electrophoretically “crypticﬁ variation in enzymes to suggest
that the true index of heterozygosity in man could be close
to 15%. Singh (1979) actually observed an increase in

;xerage heterozygosity from 33% to 42% for 16 polymorphic

&

"



loci in Drosophila pseudoobscura, when electrophoretic

conditions were altered to reveal cryptic variation. These
results suggest that average levels of genic polymorphism in
most animal genomes may even be considerably higher than

¢

A question that arises naturalTy-.about such

indicated by the 1DE estimates in Table 3.1.
\

extrapolations is to what extent the average genic variation
in soluble enzyméé reflects the true level of genic variation
for the genome as a whole. This question is supported by at
least two different considerations. First, even large enzyme

surveys such as those listed in Table 3.1 only include on the

order of 0.1-1 percent of the total number of structural
genes expressed by the respective genomes (Levy and McCarthy,
1975; Hastie and Bishop, 1976; Holland et al., 1989): And
second, albhoﬁqh the small number of genes bg}nq studied need
not cause Hifficulty if the sample of loci can be assumed to
be "representative”, the validity of this assumption is very
difficulf to ascertaiﬁ. Gillespie and Langley (1874) go s0
far a%‘to suggest that the representation of different types

of loci in typical 1DE surveys is very unbalanced and thus

misleading. They maintain that estimates by 1DE of amounts

of polymorphism in.the genome are strongly biased_ubwards by

a tendency to oversample certain highly polymorphic enzyme
loci. h

An interesting perspective on this question has been

provided by the recent application of a more sophisticated
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technique of protein electrophoresis to the study of genic
variation in natural populations. In this technique
(0O'Farrell, 1975), protelns are first'extracted from tissue
samples in the presence of solubilizing agents, and then
electrophoretically fractionated in two dimensions uﬁder
fully denaturing conditions (see Sectjon’2.4h. The first
dimension (isoelectric focusing - IEF) separates polypeptides
on the basis of charge, and the second {sodium dodecyl
sulfaie electrophoresis - SDS-PAGE) on the basis of size.

The high degree of independence of charge and size for a
given polypeptide permits extremely high electrophoretic
resolution of the different polypeptides in a complex
mixture. This means that gene}al protein zone detection
techniques (based on dyes, metals or radioisotopes) can be
used without sacrificing the clarity of reso}ution required
to score variation in protein mobility. Also, it has been
demonstrated thatlsome a}lelic variation in protein structure
is readily detected in this systém, at least in the first
dimension (O'Farrell, 1975; Milman et al., 1976; Steinberg et
al., 1977; Zeche¥, 1977; Comings, 1979). These features
indicate that the technigque has the potential not only to
increase greatly\ the number of structural gene loci
accesSiqle to bopdlation—genetic study, but also perhaps to -
provide data on a more “"balanced" sample from the range of
structural and functional classes of proteins encoded by the

genome.
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Tthwpotential was soon recognized by various:
workers, and b§A19BB two-dimensional gel electrophoresis

(2DE) had been applied to Drbsophila, Homo and Mus in an

effort to expand the samples of loci studjed for gepic
variation. -The results of tHésE various studies*wexf quite.

consistent, and quite interesting (Table-~3.1). Estimates of

the proportion of loci polymorphic and of average
e .. -

heterozygosity per locus are reduced two- to fivefold when
the results of 2DE are compared to those of IDQ;/f%n two of
the studies (human kidney and Drosophilé simulans), no genic

»
variation was detected in samples of 83 and 70 polypeptides,

respective{y. Furthec;%re, the difference between the
vertebrates and Drosoghila seems to be greatly, lessened, if
not to disappeér. A-notable exception was the ' 2DE analysis
of variation in 20 human plasma polypeptides' by Rosenblum'et
al. (1983);- the possi¥ble significa:ce of this deviation will
be discussed furthe; in Chapter 4. ' .

. . R . — .
The discrepancy qsizigp tée results oleDB and 2DE

appears to é;tegd to estimates of genic divergence between
species. Aquadro and Avise (1981) determined genetic
‘distances between 8 rodent taxa that formed a series of
increasingly distant phylogenetic relationships. They found

that genetic distance estimates by 1DE and 2DE were perfectly

rank-correlated with each other hhen‘?eromyscus maniculatus

from a Georgia population was compared pairwise with each of

the 7 .other, taxa. However, thetdistance estimate for a given
: / ‘ L,
: e
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pair of taxa by 3DF qujmprkedly lower in every case (i.e.\at
- i LI
% .
every level of relatedness) than the di:;ance estimate for

» e

- ° Y.
“the same two taxa by.&PE, suggesting thdt proteins analyzed
by 2DE evolve at a uniformly slower rate than those analyzed
by 1DE. ”
McConkey (1982) provides very striking evidence that

the proteing assayed by 2DF are highly constrained in

structure during evolution. He found tha\ when 370 HeLa
cell polypeptides and 373 Chinese hémster oyary cell "
polypeptides were compared rigorously on the\ same 2D gel by
co-electrophoresis and double-label autoradioaggaphy, the

elecbxophofetic mobilities of 220 of the polypeptides (about

59%) were identical between the two species. This re®ult is

strongly discordant with expectation, based on the estimated .

-

divergence time for the two phylads to which man and rodents
belong and on general rates of ﬁhotein sequence evolution;
nor can it be explained by lack of resolving power of the

tec%nigue (McConkey, 1882).

.
Diverse Interpretations

These resufﬁb seem consistent with the suggestion
thét the 1DE data have been providing a nop—;;presentative

view of the extent of genic polymorphism Nn natural
~ . AN - -
‘populations of animals. That is, if the potential of 2DE as
o .
outlined above was actually achieved in the studies listed in

Table 3.1, fhen perhaps geﬁic polymorphism is'iimited'to a

small minority of loci ip the genome, wifﬂlqosf'lﬂ#i »

Ca

b
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represented by a single naturally-occurring allele within
species or even throughout much larger taxonomic groupings,

\

But before such a conclusion can be reached, certain ‘
methodological gquestions must be addressed. -These‘questions
are of two types. The first concerns the possibility that
2DE, regardless of its apparent potential, in practice
détects substantially less of the ‘total genic variation than
does 1DE, and that this explains much of the discrepancy
between the results of the two techniques. Th} second has to

do with whether 2DE as it has been used in geniyc variation

- surveys actually does sample a set of structural loci more

representative of the genome than does 1DE.

Detection of Variation by 2DE. ‘'aAs discugsed by various

authors (e.g. Edwards and Hopkinson, 1980; Aquadro and Avise,
198};.Singh and Coulthart, 1982), 2DE migﬁt conceivably
sguffer from a lack of sen;;tivity {relative to 1DE) in the
detection of allelic variation in protein structure. One
physical consideration is that 1soe1ectr1c focusing under

-~

denaturing conditions (the first diMendion of the 0 Farrell

technique, and the one where alldlic variation is assumed to

be most readi i1 le)

clearly would not be sensitive to °

varlants that d pended for t elé detect1on on the full

‘preservation’ ofjtert1a Y Or guaternary protein structure.

¢

What is not clear, in\post cases, is to what extent the
A

.

-8
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.

. n o
detection of genic variation by 1DE depends on these levels

of protein strdcture, although' Ramshaw et al. (1979) were
able to demonstrate that some "chafge—equivalentd or even
chemically equivalent amino acid substitﬁtions in different
parts of human hemoglobin chains were separable from each "
other by 1IDE. Also, as pointed out by Ramghaw étlalé (1979
seé also references the;ein)j there is empirical evidence
that separation of variant proteins by differences. in their
isoelectric points may be intrinsically less readily
accomplished than.non-equil;brium separation of the proteins
on the bésis of their different rates oflelectrophoretic
migration at a pH displaced from their isoelectric points.
Dirpct attempts to resolve known 1DE variants by 2DE
have given varying results, For instance, McLellan, Ahes_and
Nikaidé (1983) wgre able to distinguish by 2DE only 4 of a
set’ of 9 known., alpha - glycerophosphate dehydrogenase
‘ variants from Aifferent Drosophila spec{?s, while Z of these
9 variants could be resolved simultaneously bx 1DE in starch
Agels at pH 8.6. When the authors assayed five human beta-
hemoglobin variants known to differ by single amino acid
changes froﬁ normal HbA, f9ur of them were resolved under a
single s;: of 1DE conditions and no variation was detected by .
2DE. In contr;st, however, Wanner, Neel and Meisler (1982)
.Wwere able to resolve 13 of 17 1DE variants }n 5 human °

polypeptides by “ftangérd" 20527 Interestingly, by also using

an altered f&rstfdimension PH gradient these workers were

-
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able to distinguish a combined total of 16 of the 17 variants
under the two sets of 2DF conditions. Neel et al. (1983)
admit that 2DE may in some cases be less sensitive to éllelic
variation in polypeptide structure than is 1DE. However,
they conclude that the results of direct tests do not support
the hypothesis that an overall difference in sensitivity
explains the contrasting estimates of genic variation
obtained by the two technigques.

Another type of data bearing on the ph&sic
capability of 2DE to resolve allelic protein variants is that
reported by delJong, Zweers and Cohen (1978), Noel, Nikaido
and Ames {1979), Wilson, Tarr and Kelley (1983), and Vlasuk,
Inouye and Inouye (1984). These studies all demonstrate that

certain single amino acid substitutions can markedly alter

the electrophoretic mobility of a iilypeptide when it is

complexed with SDS. In 8 of 9 s substitutions examined by

these authors, no changes in the intrinsic charges of the
polypeptides were involved. However, in 8 of the 9 cases the

substitution did involve a cﬁange in hydrophobicity of the
amino acid side chain. This s;ggests that cé::ain
substitutions not detectable by "charge-separation"
techniques like*?EF or 1DE may be detectable in the second

dimension of 2DE. ,A final note of interest is that Levin et

al. (1984) observed that two isoforms of rat cytochrome P~

450, known from complete sequence data to have no differences
in net charge or chain length (although they differed in

T \
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sequence), were nonetheless separable in both dimensions of
O'Farrell gels. Clearly, the task of accurately estimating
sensitivity factors for cross-calibration of the physical
abilities of 1DE and 2DE to detect allelic protein variants
will reéuife more time, and data from several different
sgufces.

A second p?SSible source of technical bias originates
not in the electraﬁhoretic separation itself but in the mind
of the researcher as primary data is acquired and
interpreted. The procedure for detection of variation in 2DE
is usually one of viéﬁalycomparison of spot positioﬁs on two
different gels, with re’!rence to a-two-dimensional array
("constellation™) of neighbouring spots. This contrasts with
the usual procedure in 1DE, where the ;est saé%les being .
scored can be compared on the same gel, ither inter se or
with a standard. This means that the observer's confidence
in the gel-to-gel reproducibility of 2DE constellations will
stréngly_ipfluence his/her ability to score ; spo£ difference

as a putative genetic variant, against an inevitable

background of nongenetic fluctuation in the behaviour

.{position, intensity, etc.) of a spot and its reference

constellation. Given the physical nature of the O'Farrell
separation technique, it is likely that a given observer will
be {(rightly) more conservative in scoring genetic variation

with 2DE than with lBE (the data of Aquadro and Avise (1981)

contain some interesting examples %f- substantive differences

o
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betwéen observers in their estimates of spot differences
between the same 2D gels). The increased effort involved in
2DE relative to 1DE also renders more difficult any ri;;rous
estimation of the actual gel-to-gel rep}oducibility being
achieved in a specific laboratory, at a specific time, by a
speéific wofker. .

Conservatism in gel scoring may arise in at least two

- -

other ways. First, the usefulness of reference
constellations is directly‘propoétional to the number of
spots per unit area in the gel pattern. Wwith the less
sensitive general protein detection techniqués (é.g.
Coomassie Blue staining), éhe number of spots available for
close reference may bg quite limited. The more spots
visualized on a gel, the less serious this'factér will be.
and second, to measure éenic variation by electrophoresis,
protein mobility shifts must be organized into a set of
Mendelian models, each with a pair (or set) of seéZ:zating
alleles. This may be difficult if many p;otein mgietiés with
a similar appearance are present in a small "area df gel,
especially when more than one of a set of allelic véri@nts is
presenf on a gel simultanecusly. This is frequently the case
when heterozygous individuals or several pooled individuals
from a segregating population are analyzed. Thus, the more
information evailable to identify the genetic homology of a
variant, the more successful the effort of genetic _‘-
intefpretation will be. It should be clear that this task is

-

-t
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°
usually much more straightforward in 1DE thanyin 2DE, with a
resulting possibility than genic variation can be documented
more thorduéhly by 1DE.

Finally, the question of fitting a genetic model to
the protein data arises at another level, when an estimate is
made of the total number of structural gene loci being scored
for genic variation. As noted in Table 3.1, each spot on a
2D gel.is,dsually assumed to represent the polypeptide
product of a separate locus; yet the capacity of 1DE, IEF and
qES—PAGE to detect post-translational_“microheterogeneity"
resulting from in vivo or iﬂ.!lEEE modification of a single
polypeptide species is wéll known. Thus a potential exists
for underestimation of average levels of variation per
sampled locus. This potential increases with the number of‘
invariant bands or spots in a gel pattern, and is presum;kly
also greater when two dimenslons of separation are both
capable'of detecting microheterogeneity. There is also a
dearth of genetic data for the unidentified, poorly-studied
majority'of the proteins that éppear on 2D gels. To
summarize:ﬁ.in comparison to 1DE, 2DE may yield not only
artificially sﬁaller numerators-(numbef of polymorphic loci,
or theif,sﬁmmed-heterozygosities) but also artificially
larger-denominators (total number of loci sampled)} in the
fracéions used to calculate average levels of genic

. R L]
polymorphism. : -
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Composition_of the Genomic Sample. Do the protein loci which

have been surveyed by 2DE actually comprise a set more
representative ;f the overall level of genic polymorphist€;
the genome than those loci surveyéd by lﬁE? Or are they '
.s1mp1y a dlfferent subset, perhaoé much less polymorphic tﬁL
soluble enzymes but no more (or perhaps less) iehfesentat1ve
of the whole? It might appear that the con51stency of the
reduced variation estimates oﬁtained wigh 2DE using diQE;se
sets of prqteins is in itself an arqumentlin favour of
representativeness. It is not immediately obvious what \\J)
Egrepresentative features might be held in common by T
radiolabeled polypeptideé of human lymphocytes and
Coomassie-stained polypéptides_of whole Drosophila (see.

Table 3.1).

- -

However, it has been pointed out repeélédly that 2DE
is biased, in terms of sensitivity of detectidn and
feasibility of analysis, towards the more abundantly
represented polypeptide gpécies in the biological sample.
McConkey (1982) proposes that a majority of the abundant
polypeptidges appearing on 2D géls are probably syﬁthesized by
cells in’large, "stoichiometrfc“ amounts to carrxaout
structural roles in highly precise, complex and diverse
molecular 1nteract10ns (e.g. in cytoskeletons, rfbosomes,
membranes, chromat1n, etc.). He argues that this may explain

the low levels of var1at1on and low rates of evolu;1on of

these polypeptides, since the prec151on, complexity and
4
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diversity of molecular interactions in which a polypegtide is
involved are probébly correlated directly with the likelihood
and intensity of negative selection experienced by mutant
forms of ghat polypeptide.

The same type of "functional constraint" argument may
apply to_polypeptides which are expressed in a wide range of
éell types, as the diversity of molecular interactions
experienced by broadly distributed polypeptides would
presumably be greater than that experienced by those with
expression localiéed to a particular ¢ell type. Clearly
also, a correlation may exist b;tween a ‘Yolypeptide's havi;g
~a structural role and its having a broad tissue distribution,
so that the most abundant.polypeptides,in histologicallx

he erogenéous- amples may be strongly constrained in both of

these ways. InwRDE studies of Drosophila proteins (Leigh
Brown.and Langley, 1979; Ohnishi et al., 1982}, where whole-
body homogeﬁates are electrophoresed, the relative abundance
of a polypeptide in the sample should be a function not only
- of its-lével of expression'within the particulaf cell and
tissue types included but also of the breadth of its
distribution between these cell and tissue types. Thus the
sample of polypeptides studied by 2DE may represent a very
highly constrained grsup of loci, extremely invariant on the
scale spanned by the loci in the genome. They may Sé
“unrepresentative" to the extent that loci coding for

-~

polypeptides (e.g. enzyme subunits) present in smaller, .
F
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"catalytic" quantities within cells and perhaps expressed in
fewer cell types constitute a preponderant fraction of the
loci in the genome.

It is probably not possible at présent to arrive at a
convincing description of what types and proportions of
structural loci a representative genome s;mpfe might contain.
A suyggestion as to how this question might be profitably
adeZached will ‘be made in the Discussion section of this
_chapter. For the present, bowevér, it seems premature to
conclude that the joci analyzed for genic variation by 2DE
are anything more than a different and (tQ date) a larger
sample of loci than those analyzed by 1DE.

The Present Work in the.cantext of Estimates of Genic
variation in the Droso hila Genome

In this study, 2DE surveys of protein variation

within Drosophila melanogaster and within Drosophila simulans

were carried out in order to assess the relationship between
genic polymorphism within these two species and genic

differences between ‘them. However,s the results of these

-

within-species surveys are also of interest in the context of
the preceding discussion of the apparent difference in
overall level of genic variation between the proteins studied

b ]

e
py 1DE and those studied byhafE, and its possible
significance for the question'of relevar{t variation which was

posed in the General Introduction.

r
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The original data contributions presented in this
chapter are of several types. First of all, technical
improvements, .based on work published since the first
Drosoghiia 2DE studies were done, have been applied to the
materiai analyzed.' The use of modified sample preparation ot
and electrophoresis techniqués, coﬁbined with
"ultrasensitive" silver staining of the separated

-4

polypeptides, have reduced the effects  of technical bias in

. [ ] i
the detection and scoring of genic varijiation by 2DE. Second,

the number of loci surveyed has been increased three- to
fourfold over previous 2DE work with Drosophila populations:
approximately 380 polypeptides are represented from each
species, Tﬁird, two‘populations - one temperate and one
tropical - were sampied from each species, as oppoied to the
single temperate populatlons from each species which wegg
studied by Leigh Brown and Lanqley {1979) and Ohnishi et al.
(1982). Fourth, extensive IDE data are available for each of
these four populations, so that rigorous comparisonﬁ can be
carried out between the variation estimates obtained with the
different SQEF of proteins analyzed by the different
electrophoresis techniques. Finally, this appears to be the
first 2DE survey of genic polymorphism in Drosophila protelns
from a spec1f1c set of tissues - those® of the adult male S
reproductive tract (see Sectien 2.4). The results support

o

two basic conclusions. The first is that different sets of

ptoteins'sémpled from the genome have different distributions\ﬁhﬁ;\
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of variability. This conclusion re-emphasizes the necessity
for caution in extrapolating from a small sample of loci to
the entire genome. The second is that our impression of the
structure of genic variation in populations may have to be
revised to accomodate a larger class of loci which ére
maintained essentially monomorphic through the removal of

allelic variation by natural selection.
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RESULTS
-

General Considerations "

Electrophoretie Resolution and Stain Sengitivity.

Photographs of silver-stained 2D polypeptide patterns,
resulting from ILCF (pHS5-7)/SDS-PAGE separations of whole -

reproductive - tract homoqenates from Drosophila simulans and
.o ™~
Drosophila melanogaster, are shown in Figures 3.1 and 3.2.
A
Ve
Wwell over 400 polypeptide spots are visualized clearly with

whole tract preparations of e1ther species, at the level of
}oad1ng (18 tracts per gel) routinely employed in this study.
As Ts evident by inspection of the spot patterns,
polypeptides of.very different relative abundance levels
were detected by the silver stain. Dilution experiments
suggested that.these relative abundances were spread over at
least two orders of magnitude, although interpretive caution
ﬁust be exercised here, since diffe;ent silver—steined
polypept1des may exhibit stain-density vs. prote{n;density
functions with very different slopes (Merril et al., 1982).

‘

For additional perspective, it can be noted that Coomassie

b
Brilliant Blue . R256 staining of identical gels detected at
most 2@ spots, with some very prominent 511ver sta1ned ‘spots

{(e.g. D. melancgaster gpots 23_and 24) barely visibie. Thzs-’

stain sensitivity, in combination with the analysis of only a

subset of Drosoghila tissues, may aid in the sampling of a ,

¢
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FIGURE 3.1

gel, on which polypeptides from 1¢ male
reproductive trac of Drosgphila simulans were
separated and stained with silver. Directions of.
migration in the first (IEF) and second (5DS)
dimensions are shown. The mean pH of each of ten
l-cm. sections of the first-dimension gel is .
indicated at the tap of the figure. Landmark spots
are numbered (some were omitted for the sake of
clarity - see Appendix 1 for a complete map of the
spot gattern}. Polymorphic spots are all nuqyprgd,
and iAdicated by an underljine.

Photograph of a i%;-dimensional electrophoretic

¢
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FIGURE 3.2

Photograph<af a two-dimensional electrophoretic
gel, on which polypeptides from 19 male .
reproductive tracts of Drosophila melanogaster were
separated and stained with silver. Directions of
migration in the first (IEF) and second (SDS)
dimensions are the.same as those shown in Figure
3.1, as is the pH gradient in the first dimension.
Landmark spots are numbered (some were omitted for.
the sake of clarity --see Appendix I’ for a complete
map of the spot pattern). Polymorphic spots are
all numbered, and indicated by an underline. -
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set of gene loci less biased towards superabundantly and/or

’ ubiquitousfy expressed polypeptides. This does not mean that

. there is no significant bias, in the present system, towards

~ detection and analysis of the more'abunaant polypeptides on

the gel. Mahyﬂof the relatively minor spots, although

-

reprodycible, were too small and featureleés to be good.

mater1a1 for r1gorous scorlng of polymorph1c alleles.“These

-

,minor_ spots were, however, very usefuI for. nefer%née purposes

in scorznq varlatxon of the more’ abundant polypeptldes.
l d

. ~ The pH gradient obta1ned in the first-dimension gel

LY
t

is shown numerically at the top of Fig. 3.1 and depicted
graph1ca11y in Fig. 3. 3. Excluding the term1na1 sections of

the IEF:gel {the pH of the acidic end section is included in
Fig. 3.3,.but not the ‘alkaline end section), the gradient.
closely approximated'{ineafity between pﬁ-5.4 and pH 6.9;,
over ‘a § cw. distance. For-comparfgen, the "standard“ pH
gradlent (0 Farrell, 1975) employed by Lelgh Brown a;d

\.-‘f

Langley (1979, the1r Fig. 1) for 2DE study of genic variation

in Q:‘melanegaster, is also plotted in Pig. 3.3. Average

slopes of the two gradients (in PpH units/cml were_caleulated
to ber .18 and @.30, respectively} for the total fhterval of
ng}iap between the two gradients, ahd @.17 and 9.31,
respectively, forithe portion'of the gfadient showing
approximate linearity in the present study.' Since detection
of allelic variation is presumably more sensitive on

shallower pH gradients, the present system should be, for



FIGURE 3.3

-»

Plot of pH () measured along the length of a
first-dimension isocelectric focusing gel, after the
completion of focusing, -(6888 Volt-hours). No
protein sample was applied tq the gel. PpH was
measured by soaking l-cm. sections of the gel. oo
distilled water, and
then measuring the pH of the solution with a
microelectrode. The .pH gradient used by Leigh
Brown and Langley (197%) is also plotted (o}..

overnight in 1-mL of deaerated
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‘this purpoig, an improvement over O'Farrell's original‘
formulation (at least for the pH interval between 5 and 7).
It i; aIso worth noting that by far the largest concentration
of polypept1des on an O'Farrell —type pPH gradient run by the
author ‘(gels not shown) focused w1th1n the pH 5-7 interval.

An attempt to preclsely callbrate the second
dimension of the present ‘gel system for the molecular weights
of the4§gPargted polypepﬁides, using standarq proteiqg -{/
'inteﬁdé& for use with Coomassie Blue sta%ning, was noé
successful. However, it.Eé'estimateq that polypeptides of M,
> 1@ Kd are cleaﬁly resolved in "the'gel. 1In addition, spéfa
160 in Figs. 3.1 and 3.2 appear to represgh}_actin (M, = 40
Kd) . f_;"

The reproducibilitf of the details of the 2D spot
pattern with this system appears‘éo be excellent, as judged
from.mOHg than 260 geis run up t6'8 montpg apart on over 50
lines in 6. species of Drospgﬁila.” The primary non—genefic
sources of variation appeaf to be related to'(i) cuiture

conditions: crowded larval cultures produced smaller adults,

with consequent reduction in size of reproductive organs and

their protein content, and (ii) time of isoelectric focusing:
6400 - 7600 Volt-hours appeared optimal, whereas béydhd 8ddg
" Volt-hours the basic end of the pH gradient began toﬂdécay.
The silver staining procedure of Table 2.4 gave extremely
reproducible results when folloﬁed even within fairly broad

procedural limits, and is not considered to be an important

N : 8

S

-
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source of non-genetic variation in spot patterns. ‘ )
‘Thus, the technical improvéments applied by the
author to the original two-dimensional efectrophoresis scheme -
described by O'Farrelll(1975),have resulted in high-
resolution, éxtremely reproducible separation and A
visualization of more than 40@¢ polypeptides from/Drosthila
male reproductive tracts. This power and reliability cannot
help but reduce the tendency towards conservatism in gel

scoring on the part of the researcher.

Appearance of Spots. One of the most uséful general features

¥

of the 2D system used here is the diversity of appearance of

' .~
the polypeptide spots when gels were stained according to

Table 2.4. Most striking was the variety of colours of the
- \ ) . L *
stained spots. This effect, which requires for full

development the use of ethanol in gel fixation (Sammons et
al., 1983), appears t; depend largely oﬁ the amino acid
composition of the polypepéide (Nielsen and Brown, 1984).
Spots were stained black, white, pink, orange, red, ysllow,
green, and various shades of gréy and brown, Coloﬁr can be
used in combination with othér featuges such as:shape, size

*

and texture (sharpness of outline, density and fineness of
f "

'grain) to recognize a definite and reproducible "morphology"
for a polypeptide spot. The ability to define such spot

morphologies has been a.valuable aid during the course of
X .

"

this study, in the aséignment of homology between

polypeptides occupying different gel posftions both within

-

- .

) &
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and between species., Many of the dietinctive visib}é

features of spots on gels stained as eutlined }n Table 2.4

“are simply not available when polypeptides are visualized by
ACoomassie Blue staining or by autorediography. Thus, the use
“of silver staining has reduced further the importance of
interpretive obstac%es in the genetic analysis of spot
variation, by greatly redhcinq uncertainties concerning the ‘
hqulogies of .variable spots.

Spot Nomenclature. The system adopted was organized around
. .

. e
"landmark" spots or spot gfoups, which were designated as

suchrbecause of their ease of recognition when scanning the

-

- .
pattern visually and were chosen to be distributed as evenly

as possible over thg area of the gel, Single landmark spots

VA

(see Figures 3.1 aqé 3.2) were.assigned a number (e.g. 19); H{:§i

memberspof.a landmark grouping were given an upper-case

letter as well (e.g. 4A, 4é, 4C}. Where it.seemed clear ttat_

the mu1t1p11c1ty .of a set of prominent spots chosen as a

landmark was actually the result of microheterogeneity rather

than the presence of several separate gene products, the

grouping was simply named as a s1ng1e landmark spot (e qg. 12,

17). In the interests of simplifying comparlsons between D.

simulansg and g; melanogaster, an effort ;as Aede to assign q-
I

‘the same number to at least some of the clearly homologous !

»
landmark spots in the two species, although compromise was

sometimes necessary between this desirable feature and that

)
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of choosing the best landmarks for use with;p species,

after iandmarks we;e named, the remé&ning spots were
named in neighbouring groups around the landmarks, by
attaching letters to the number of the landmark (see Appendix
1 for the spot maps generated for D. simulans and D.

melanogaster). It should be borne in mind that this system

is not only arbitrary but also temporary, and will eventually

be replaced by a more meaningful system of names conveying

information about polypeptide functions.

Detection and Scoring of Genic Variation

Measurement of genic'gglﬁmorphism in Drosophilpa

simulans and Drosophila melanogaster was based on whole-tract
———— A ——

separations of the type shown in Figs. 3.1 and 3.2, for 16

iéofsmpje lines from each of two populations within each

_ species. One population of each species was from a tempefate

European region (France), and the other from a tropical

African region (Benin and The Congo), as listed in Table 2.1. .
. L .. :

Gel comparisons were facilitated by choosing one gel (usually
the one ﬁith best resoihtioh)'as a standard from a set of 1@
gels selected as suitable for écoring. The other gels wére

then compared side by side visually, one at a time, to this

standardy A transparent plastic overhead projector sheet
" .

laid over a gel bein - compared to the standard was useful to

mark spot differences with the aid of coloured pens. Later,

v .

‘ the complete set of these-“score sheets" could be used to

,8implify the recognition of recuiring variant spotstés

w



94

putative genic polymorphisms.

'Variant spots were paired with an éllélic spot on
‘the scored and/or the standard gel. The "spot morphology".
criteria listed ;;ove were very useful here, as were
assumptions (i) that the members of an allelic pair of spots
were likely'to differ in the charge dimension, with or
without a shift in the size dimension, (ii) that spot shifts
were likely to be small, so that a process of elimination'
could be app}iéd to a limited set of nearby candidates for
homology, ahd {iii) that presenqe“of a variant should be
accompanied by a visibie change in its ;tﬁelic spot, i.e. a
reduction in staining intensity (for segregating lines) or
occasionally (for homozygous lines) a disappearance.
Optimally, both of these phenotypes - segfegating ga;iant and
homoiygous variant - should be observed for each va;iant
allele. However, in practice, with small samples of lines.
such as were analyzed here, obserééfion of segregating -
variant phenotypes‘sometimes had ‘to suffice. Only variant
spots which could be pairea‘with their homologs according to
these criteria wére accorded status as‘genic polymorphisms.
Examples qf:variation at such polymorphic loci are shown in
Fig. 3.4 and Fig. 3.5. .Not all .of the discrete, recurring
" line-to-line variagion could be fitted precisely to such a

Mendelian model. For instance, in D. simulans 13 such "non-

scorable" variable spots were seen (listed in Table Ad.1,

Abpendix 4). Some of ‘these spots clearly showed homoz&gous

¢




FIGURE 3.4

Examples of electrophoretic variants observed in
Drosopnlla simulans reproductive tract proteins.
5 17‘ homozygous line. (B) Line segregating for
/17 S) Triallelic line, segregating for
171/172/17 Note that two "isoforms" of each
locus 17 proteln exist in the lateral (pH)
dimension. .
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FIGUORE 3.5 ,
"Examples of electrophoretic variants observed in
Drosophila simulans reprochtive tract proteins.

(A) Lipge. homozygous for 12°. (B) Line hopozygous -
for 12“. (C) Line Tegregating for 12+-/12°. (D) Line
hom zygoys for 1@0j*. (E) Line segregating for
185*+/1049“. .Spots labelled "R" are indicated for
reference. ,

-

L

Sy






95

and heterozygous phenotypes, but their peripheralllocation
pear the boundaries of the gel pattern'prevented exact
determination of phenotype for every line anal;zed; Others
showed no apparent heterozygotes, although spot shifts. were
seen. However, in only two isofemale lines in the entire
study was a variant spot detected which could not be paired
with any homologous spot on the scored or the standard gel.
Thus, the requireﬁent that the variation in spots scored as
polymorph1c pe codified in terms of a locus with countable,
segregating structural alleles implies that some -truly
polymorphic loci will be excluded simply because they’ could
not be analyzed precisely. But almost none of this bias’
appeared to be ca:eed, in the course of the current work, by
inability to identify allelic homologies. The putative
allelic relationships which were assigned eould be verified
further et any timeﬁb§ controlled crosses, although tﬁese
were not performed here..

TO_ compute the allele frequencies for a
polymorphic locus in a populat1on sample, each isofemale
line, descended from the progeEY of a single 1nsem1nated o
w11d-caught female, was assumed to represent a sample of two
alleles from the orlg1na1 gene pool. This is because, ovVer
time as the lines are cultured in the laboratory, the
priginal sample o% at least four alleles per line (two from

the wild-caught female plus a minimum of two paternal

alleles) is jnevitably reduced in size by random genetic

!
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drift within lines. Nevertheless, many of the lines

maintained in this laporatory still segregate for known'

allozyme variants evfn after many years of such culture; éhus
an assumption of Ewolélleles per line rather than just one
seemed reasonable a E;iof.u . The only deviation from this
;ule of computation accurred Qith occasional lines of D.
simulans that were sti{l segrégating for three alleles,
presumably as a result of their relatively recent origin (see
Table 2.1). 1In these cases, only the visibly triallelic
lines were treated as such, and the allele frequencies
caléulated with respect to this sligﬁtly larger total sample
of alleles for that locus. The sample size takén fo} each of
the four populations was of a si;e (28 genomes) expected to
be capable of detecting variant alleles present at a
frequency of .05 or greater in the original population.

Summary of Genic Variation in Drosophila simulans and
Drogophila melanogaster - .

The polymorphic‘gpots identified in these two species
are shownjin Figures 3.1 and 3.2, designated by an underlined
number. Twenty-seven such loci were identified in D.

simulans and twenty-seven in D. melanogaster. The gel

+ positions of the alleles identified are indicated in Figures
3.6 and 3.7. These alleles are numbered beginning with the
most acidic and highest - M, forms and with decrease in M,

. taking precedence over increase in/pIl when naming the next



: FPIGURE 3.6

Pictorial summary of variant alleles of Drosophila
simulans which are listed and numbered in Table

3.1. Positions of variants not present in the line

analyzed on this gel are related to the allele
present by a dot and a connecting line. Identities
of the polymorphic' loci can be obtained by
referring to Figure 3.1. HNote that spots 31 and
31g were-found to co-segregate, and are thus
considered to be coded by a single locus.

Av:
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FIGURE 3.7

Pictorial summary for variant alleles of Drosophila
melanogaster. Refer to Table 3.2 .and Figure 3.2

for numerical data and identities of polymorphic
loci, respectively. Positions of variants not
present in.the line analyzed on this gel are
related to the allele present by a dot and a
connecting line.
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‘allele in a series. Polymorphic spots appeared in all
regions of the gels, and considerable varéety was encountered
with.respect to.numbef Qf alléles, diréction of shift, and
presence or absence of co-ordinated shifts of multiple spots. a
Some indication can be gained of the relative importance of
charge shifts and size shifts, in terms of their-
contributions tontheﬁovefall variation, if all pairwisé.
differences in spot positions at the polymorphic loci in. each
speciés are classified accord;ng to whether a charge shift
only, a size shift only, or a charge-plus-size shift
differentiates the pair of alleies. When these proportions
were calculated for D. simulans, out of a total of 62
pai:wi#e allele compari oﬁs, 32 (51.6%) involved only a
fcharge shift, 25 (40.3%) involved shifts in both charge and

sizé, and 5 (8.1%) involved a size shift only. In D.

. melanogaster, a total of 35 such allele pairs was divided
into 25 (71.4%) with only a charge shift, 9 (25.7%) with a
size shift apd a charge shift, and 1 (2.9%) with only a size
shift. Summaries of alléle‘frequenciés, saméle sizes, and
expected hetero&ygosities (calculated as liipiz, where p; =
theuf}equenc; of the ith aliele) are given iy Tables 3.2 and

3.3. Missing entries in these tables (e.g. locus 19e in the

France population of D. melanogaster) represent cases where

Y

it was not possible to 5co§g allele frequencies with

precision on the gels available. "~ The allelic constitutions
.i‘ AN ' ’

! PO
. \
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TABLE 3.2

Allele freguencies, expected heterozygosities, and numbers of
genomes sampled for 27 polymorphic lpci analyzed by two-
dimensional gel electrophoresis in a temperate (S. France) and
a tmppical -(Brazzaville) population of Drosophila simulans.

Allele Frequency/
_Expected Heterozygosity (H)?

’ Genomes
Locus Allele S. France  Brazzaville Mean?  Sampled® . |
2a 1 : .15 .19 125 |40
2 .85 .90 .875
H .255 .180 .218
2¢c 1 1.00 .95 - _.975 4¢
2 - .05 .25 )
H @ .95 .248
2e. ° 1 .35 .10 .225 42
2 .65 .90 775
H .455 189 .318
2f 1 - .455 . 228 42
2 . .18 136 - .18
3 .90 e .400 .655
H .180 .609 .395
3a 1 .40 409 . 460 42 *
2 .60 2364 .482
3 - .227 114
H .480 .533 -, 507
e 1 .80 .30 .558 40 .
2 - .28 il L4580 :
- H .320 .420 .370
f .
3f 1 - .@95 g4 - 4l
2 .55 .333 .442
3 .48 571 .486
4 05 . - 925
H ..535 - .553 .544
%
5A 1 .68 . .95 775 A8
2 .40 - - .2009
3 : - .05 .025
H .480 .95 .288
78 1 - .25 .825 A
B 2 1.08 .95 .975 .
o H @ .95 048
L 4
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Table 3.2 (Cont'd.)

Frequency/
Expected Heterozygosity (H)
Genames .
Locus Allele 5. France Brazzaville Mean . Sampled
10e a1 .20 .70 .450 a0 ~
2 . .80 .30 .558
H .320 .420 379
185 1 .95 .67 .810 - 41
2 .@5 .29 045
3 - .94 .145
H .@95 . 465 .280
10k 1 .60 .375 .488 44
. 2 .40 .292 .3%6
3 - .208 .104
4 - .125 063
H . 480 .715 ©,598"
11k 1 .45 .55 .500 40
2 55 .45 580
H . 495 .495 .495
. “t
12 1 . .80 .85 .825 - 40
2 .20 .15 .175 ‘
H '.320 .255 .288
l4a 1 .238 - - .119 41
2 .714 © .50 .6@7
3 .48 .50 .274 -
H 431 .500 . 466
14d 1 .80 800 -zg
"2 .20 Q— .200 -
. H .32 .320 Y
. : ' v
16d ~ 1 .10 - . .058 49 \
2 .05 - 825
3 .85 . .95 900
4 - .85 .825
H . 265 .95 .180
17 1 .648 .10 .B74 4
2 .429 ' .99 .665 .
3 .524 - .262
H .542 .180 .351 .



Table 3.2 (Cont'd.)

Frequency/
Expected Heterozygosity (H)
; : Genomes
Locus Allele S. France Brazzaville Mean Sampled
17a 1 .40 _ - . 200 40
2 .64 1.00 .800
H .480 @ . 240
184. 1 .40 . 400 20
2 .60 -c .600
H . 486 .480
21c 1 .85 - .925 g
2 .80 .60 . .7e0
3 .15 .49 <275
H .335 ,480 .408
25¢ 1 .25 - .125 40
2 .75. .95 .85@
3- - ' . @5 025
H L3757 .395 .235
26 1 - .05 025 40
2 1.00 .95 .975
H ) .95 .348
29¢ 1 . .85 .778 .B14 38’
2 .15 , .222 .186
H .255 . .346 .301
294 1 1.00 © . .55 .175 40
: 2 - .15 .075 '
3 - .30 .15@
H g .585 .293
31/31g9 1 .40 - .200 490
2 .60 .60 .69¢ :
3 - .40 .209
H .480 : .480 .480
34b 1 .90 1.00 .950 46
: 2 18 .- 050
. H . .188~ 9 .090

: ; See text for computation methods.
Arithmetic mean (unweighted) over two populations.

C Not scored,

d Spots 31 and 3lg show coordinate mobility shifts.

‘104
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~ + TABLE 3.3

185

Kllele frequencies, expected heterozygosities, and numbers of

genomes sampled for 27 polymorphic protein loci analyzed by

two-dimensional gel electrophoresis in a temperate (France) and
a trop}gal (Benin) population of Drosophila melanogaster.

Locus

29

3a

3c

3e

3f

54

-7c

7b

7c

23

Allele

1
2
H

1
2
3
H

I N -

TN o o N A b o3 S 2] TN N =

I W N

Allele Frequency/

Expected Heterozygosity (H)

France

.35
.45
.495

.389
.611

. 475

l.00
o

.75

.25
. 375

.20
.80
.320

Benin

.20
.89
. 320

.50

.58 -

.500

.15
.B5
. 255

.15
82
.SG
.50
_.5;3
IS
. 5@
.509

.10
.90
.188

.20
N80
. 326

.55
.45
495

.20
.80

.320

Mean
. 375
. 625
.408

.444

- 556
-488

.150
. 850
.128

. 450
.55@
. 315

~ . 350

.650
.410@

. 500
.580

. 589 -

. 850

.950

.090

.600
. 400
.32¢

.553
. 447
. 495

.100
.456
.444
. 259

Genomes

Sampled

40

38

49
49
49
20
40
40
38

38

4
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Table 3.3 (Contld.)
Allele Frequency/
Expected Heterozygosity (H)

* _ K v, Genomes
f.ocus Allele France Benin Mean Sampl ed
10d 1 .50 .55 .525 Y

2 .50 .45 .475
H .500 . 495 .498
10" 1 .95 .75 .850 40
2 .85 .25 .158
H .995 .375 .235
1¢'h N - .85 .825 40
2 1.00 .95 .975°
H ¢ . 895 .048
11d 1 .3@ .40 - .358° 40
2 .70 .60 .650
H . 420 .480 .450
15b 1 1.00 ".95 .975 40
. 2 - .@5 .@25
. H ) . @95 .948
17 1 1.80 .75 .875 40
2 - .25 . .125
H 8 .375 .188
18c 1. ".05 .15 .108 40
2. - 35 - » 025
3 .99 .85 .875
H _ .185 .255 .220
19d 1 .65 .95 .868 40
2 . 45 .@5 :,200
H .455 . 395 L2175
. 19e 1 ' .20 .200 20
2 b, .50 . .500
3 .30 . 300
H .62¢ .620
191 1 - @5~ .025 40
2 - .20 .1090
3 1.08 .75 .875
H - g - . 395 .198

- .



Table 3.3 {Cont'd.)

Allele Frequency/

' Expected Hétérozygosity (H)

Locus Allele
22a 1
2
H
23e 1
' 2
. H
24, 1
. . - 2
V.:' H
24b 1
2
H
25 L1
\ 2
H
28a® U7 1
o 2
\ 3-
.. H
~y
28b ., 1l
2
H

France Benin Mean
1.00 .95 975
- : .85 _ . .925

¢ . . .@895 .48
- .05 .25
1.00 - .95 .975
¢ . @95 . 048

1.00 .95 -, .975
- .05 “.  .@25

g .095 .048

. .80 . .800

=P , .20 . .200

. .320 - .320

.95 , 1.00 .975
.85 | - 925

395 6 .995
- .@5 .825
1.00 .95 .975
@ .@95 .48
- .19 . .05
1.66 - .9¢ .95
¢ ,188 - .0@90@

H“

187

Genomes

Sampled
40

44

46

V?B

49

40

40

Alleles 3a3 and 2851, although found segregating in other

sources of D. mélanogaster, were not found in the.France or
Benin material analyzed.

Not scorgd.

, T

LA

w -t
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of the individual isofemale lines analyzed are listed in
Appendix 2. .
| Although the specific values obtained for the allele
frequencies in Tables 3.2 and 3.3 cannot be Faken as
definitive, be¢ause of the small numbé% of genomes sampled,
certain general features of the frequeney data warrant
cdmmeét.' First, there is, a high degree of genetic similarity
between the two populatiocns of each species. 1In Q;dsimuléns,
L?uof the 25 polymdrphié loci which were scored in both
populéFions (68%) sha}ed the same leading allele in each
,population. However, exactly‘the same number of loci‘(l7 of

25) were 'segregating for an apparently population-specific

[ ] . - .
allelefor alleles in either the South France or the

- Brazzaville sample; some of these population-specific alleéles

were present in fairly high fregquencies (Table 3.2). The

pattern in D. melanoggster‘showig 17 of 24 loci (70.8%)

sharing the same leadjing allele in both populations, and 15
. ~ :

of 24 1oci (62.5%) segregating for “populaxion-specificF

‘alleles. These latter alleles, however, tended to be present

at -low frequencies in thie species (Table 3.3), and‘thefefqre_

-may.onbg@appeaf to be population-specific because of

imadequate sampling of the population that seemed to lack
.them. '

Some of the polymorphic loci listed in Table 3.2 and
“ : 1 ’. * ) . ' H
3.3 are homologous between D. simulans and D. melanogaster.

These loci will be discussed more fully in Chapter 5, in the
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-

contextﬂéf a thorough analysis of diveygence betwegﬁ the male
\
reproductiﬁe tract proteins of thesé two species.

' Table 3.4 contains summary statistics (percentages of
polymog;hic loci and,-aVerage expected heterozygosities per
locus) not only £¢r the proteins studied by ZQE here but
also, for purpoSes of comparison; in samples of loci ahalyzed
by 1DE in the same two species. The 1DE data are for soluble
enzymes (Sih@h, uhpubiished data; Singh and Choudhary,
unpublished .data) and "abundant soluble proteins" visualized

on Coomassie Blue -- stained gels {Singh and Coulthart, 1982);

these data were obtained from the same four populations of .

él'simulans and D. melanogasfér as well as from a more
inclusive set of populations inignded to repreSeﬁE éach
species on a broader geographic basis. This approach,“by
‘reducing tﬁe possible effects of between-population
divergence and sampling variation, enhances the rigour of
_co@parisons made between different sets of loci with respect
dto their va{iability, even though global perspective on

variability within a species may be sacrificed. The

"maximum" total numbers of loci listed in Table 3.4.  for the
e -

—

. 2DE study reéresent the total numbers of reproducible,
prominent spots on the gels in each species (see maps i;
‘Aprndix 1). The “minimum" total numbers represent this
larger total minus a fraction comprising peripheral spots
that, especially Ey the{r proximity to the lateral .edges of

the spot pattern, could have harboured .segregating variation



119

TABLE 3.4

Number of loci anpalyzed, mean heterozygosity per locus, and
percentage of loci polymorphic ‘for various sets of proteins
studied by one-dimensional gel electrophoresis (1DE} and
two-dimensional gel electrophoresis (2DE) in Drosophila
simulans and Drosophila melanogaster. The 1DE values for
soluble enzymes and larval proteins of D. simulans are from
Singh and Choudhary (unpublished data), for D. melanogaster
soluble enzymes from Singh (unpublished data), and for D.
melanogaster abundant soluble proteins from Singh and
Coulthart (1982).

Number Mean Heterozygosity Percentage of -
Protein Set/Population(s) of Loci  Polymorphic All Loci Polymorphic

Loci Loci
-(Hp) _ (H) . (P)
I. Soluble Enzymes (1DE) . ~ ’
D. simulans - . .
S. France ~ 39 .381 .@59 15.4
Brazzaville 39 . 348 .89 25.6
Overall® 39 .222 .963 28.2
D. melanogasteg_h . )
France 80 .314 . +129 41.3
Benin 80 . 306 - .134 43.8
overalz® 80 .274 .158 57.5
. 1 . . .
I1. Abundant Soluble :r\
Proteins (1DE)
D. simulans (larval) “
Te S. France 11 .7 825 .193 45.5
Brazzaville 11 .390 177 45.5
Overall 11 .343 .187 54.5
&
D. melanogaste b
(Larval-Homologous) ® ™. 7 ™. -
France 1 Y .283 .128 45.5
Benin - 11 {.329 . .149 45.5
Overalq\ -1l . «255 140 54.5 .
" D. melanogaster
{Larval/Adult) .
France 20 . 283 .28l 4.0
Benin- o 28 .163 .90 55.0

. Overall .20 151 - . .098 . 65.0

*



111 -

rable 3.4 (ContYd.)
Mean Heterozygosity

Namber Polymorphic - All Percentage of
Protein Set/Population(s) of Loci Loci Loci Loci Polymorphic

II1. Male Reproductive
Tract Proteins (2DE)

D. simulans

S. France 250¢ .363 ' 034 9,2

295 .629 " 7.8

Brazzaville 25@ .373 L0232 " 9.2

295 827 7.8

Meah 25@ .368 @33 10.8

295 . 028 9.2

// D. melanogaster : -
<\. France 243€ .311 LA15 - 4.9
307 .812 3.9

Benin 243 - .299 .@32 18.7

307 ’ .@25 8.5

Mean 243 .305 .324 11.1

307 .018 8.8

v

"gyerall" refers to pooled data of Se France, Tunisia,
Congo (Brazzaville) and South Africa populations of D.
simulans, or to 15 populations (worldwide) of D.
meianogaster (see Singh and Coulthart, . 1982).

Larval proteins of D. melanogaster homologous to 11 larval
proteins surveyed in D. simulans. '

Two total numbers of loci refer to minimum and maximum
estimates (see text). .



temperate population in relation to the_same proteln set in

‘patterns that emerge frém these comparisons.

-
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that was undetectable gecause‘it fell beygga the spot pattern
boundary. Although the ;ontribution of hidden yariation in B
most such spots to overall heterozygosity would probably have‘\
been slight (since the "normal" allele was consistently
seen), their contribution to the overall percentage of
polymorphic loci might have been substantial if they could
have ?een scored accurately.

The summary:;tatistics in Table 3.4 were compared
among themselves in various ways. To facilitate these
comparisons, the values in Table 3.4 were "standardized" by
expressing them as ratiﬁs, in the'following waysE (i) for a

given 1DE protein set in relation to the‘ZQp set analyzed in

the same population(s) (Table 3.5), (ii) for a given protein

. : . . e - . .
‘set 1In D. simulans in relation to the same protein set in D.

melanogaster (Table 3.6}, and (iii) for a protein set of a

the conspecific troplcal population (Table 3.7). fThe

»

r * .
remainder of the Results section will.be concerned with the
First, when all loci from each protein set are
inéluded, the-percentages of polymorphic loci and average
heterozygos1t1es per locus are much lower with the 2DE set

than w1th any of the 1DE sets. Both D. simulans and D.

.melancgaster 2DE proteins include polymorphic loci at about a

10% frequency, and overall mean heterozygosities per logus.

are in the vicinity of 2-3% (Table 3.4). These values agree

il
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TABLE 3.5

The 1DE data of Table 3.4 were expressed as ratios of the
values obtained for the same population or set of
populations by two-dimensional gel electrophoresis,
Comparisons are thus carried out between values within a
single line of the table.

Mean Heterozygosity

%’ All ¢ Polymorphic Percentages of
: Loci  Lbci Loci Polymorphic
Protein Set/Population(s) (H) (Hp) (P)

:I. Soluble Enzymes (1DE}

D. simulans

S. France . 1.73 1.65 1.67
' Brazzaville - 2.78 g.93 2.78
Overall 1.91 8.60 . 2.61
. D. melanogaster
‘. France . 8.60 1.01 8.43
Benin 4.18 1.682 ‘ 4,09
+Qverall 6.58~ 0.90 ‘ 5.18
II. Abundant Soluble
_Proteins (1DE)
A. Latval
D. simulans
S. France . 5.68 1.17 ) 4.95
Brazzaville 5.53 1.85 . 4,95
Qverall 5.67 7.93 5.95
D. melanogaster
" France 8.53 g.91 . ) 9.29
Benin "= 4,66 1.19 4,25 =
~Overall 5.83 ' 0@.84 : 4,91
B. Larval + adult
D. melanogaster
‘ France 5.48 3.65 8.16
Benin 2.81 #.55 5.14
Overall ' 4.08 @.5@ 5.86
~ » -
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quite closely with those obtained in earlier 2DE studies with

D. melanogastef, but show an interesting contrast with the

Previously reported complete lack of variation in the 2DE

proteins of D. simulans (see Table 3.1). Within D. simulans,

the order of protein-sets from the most frequently
polymorphic (or most hebterozygous) to the least is (Table
3.5): abundant larval prpteins > soluble enzymes > 2DE

proteins; within D. melancgaster the order is: soluble

enzymes > abundant larval proteins > abundant larval + adult

'protelns > 2DE proteins. Note that the unusually high

standardized values for the 1DE sets in ‘the France population

of D. melanogaster (Table 3.5) are traceable to lower

variation in the 2DE set, rather than higher variation in the
1DE sets (see Table 3.4). Thus, regardless of the technical
refinements and differences in the 2DE procedure employed by

the author, the estimates of genic variation obtained for

e
these proteins reméin'quite low in comparison to those
derived from 1DE. ‘ | | ’
i Second, if only the polymorphic loci within each set ~
are considered iTabié 3.5, column 2), most of the mean-
heterozygosity differences bétweediprotein sets diéappear.
- The moét st;iking excéptionS'to'fhisleffect are the larval
and adult abundant soluble prote1ns of D. melanogaster, the .
polymorphic loci of which are about half as heterozygous on )
average as the polymorph1c 2DE Aloci; however, average
heterozygosity &t polymorphic enzyme loci for the more
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inclusive set of populations in D, simulans is also lower
than that for polymorphic 2DE proteins. D. simulans larval
proteins, when polymorphic, appear to be more heterozygous
than the average for that species (Table 3.4). This pattern
is not consistent with the idea that a global lack of
sensitivity to ;llelic variation explains the low wariability
estimates obtained by 2DE. 1If sensitivity played a’
significant part here, one would expect the polymorphic_loci
themselves also to have a lower mean heterozygosity witfi 2DE
than with 1DE.ﬁ But the main éoprbé of'thé differences
between the estimates from soluble enzymes Snd 2DE proteins
appears to be the'breponderance {ca. 90%) of apparent
monomorphism among the 2DE proteins. We will return to this
point preséﬁtly. i |

Third, it appears that the  least polymorphic set,
aside from 2DE proteins, is that comprised by the enzyme loci
of D. simulans. A fourth and cénﬁected point is that of all

three protein sets which have been sampled both in D.

simulans\and in D. melanogaster, soluble enzymes show the

largest dif rence‘in variability between the two species
(Table 3.6). D. simulans enzymes are abou;'half as likely to
be polymorphic and about 4€% as heterozygous overall, as are

D. melanogaster eniymes.f The mean heté;ozygosity of the

. . a . .
polymorphic enzyme loci of D. simulans is alsc lower than

that of D. melanogaster. This pattern contrasts with that in

the other two protein sets which were compared between

.
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TABLE 376
The D. simulans data of Table 3.4 were expressed as ratios of
the corresponding values for D. melanogaster. Comparisons
were carrigd out between temperate populations (S. ’
France/France), between tropical populations
(Brazzaville/Benin), and between mean (for H) or total (for

P) values of the more inclusive sets of populations sampled
from each species (see footnote 2 to Table 3.4).

Mean Heterozygosity
All Polymorphic Percentages of

_ Loci  Loci - Loci Polymorphic
" Protein Set/Population(s) (H) (Hp) (P)
I.  Soluble Enzymes (1DE)
Temperate g.46 1.21 g.37
Tropical - @.66 1.14 . 8.58 .
Mean/Total g.56 1.17 2.59
Overall @.40 #.81 g.49
II. Abundant Soluble ©
Larval Proteins (1DE)
. >
Temperate ~ 1.51 1.50 1.00
Tronical 1.19 1.19 1.90
Mean/Total 1.34 1.33 1.00
Overall _ 1.34 1.35 1.00
III. Male Reproductive :
+ Tract Proteins (2DE) : ‘
Temperate 2.27 117 ° © 1.88
Tropical .09 1,25 - ‘. 9,86
Mean/Total 38 1.
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species, with reipect to both of which D. simulans is, if
anything, substantially more heterozygous than D. -

melanogaster. The possible significance of this pattern of

species differences.will be taken up in more;detail in the

' Discussion.

| The'fifth point concerns the standardized data in
Table 3.7, with reference to which‘comparisons can be carried
out between populations within each species. The only large
interpopulation differences in variability were fhose seen
for soluble enzymes in D. simulans and for 2DE protgins in D.

melanogaster. In each case, the temperate population showed

considerably less variation th.ﬂ its conspecific Afrotropical
ébunterpart, but this differenéé was essentiaily absent when
only the average heferozygosities of the polymorphic loci
were considered. - . |

This result demonstrates that, if different prozein

sets were.used to assess population-variability
differentiation within each ofwthese two épecies, and these °
patterns of variability dif{grentfétion_we?g then themselves
compared between speciés, quite different impressions could ‘
bé gained frém the diffefent protein sets. For example, with
respest to soluble enzymes g;‘simuléns appé;rs to be much .
less .variable (heterozygosity and peréentage polYmo;phism) in
the temperate (South France) population than in the fropicai

(Brazzaville) population, whereas D. melanogaster does not

" show such a difference (Table 3.7). However, although the
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The temperate population data of Table 3.4 were expressed as

ratios of corresponding data for the tropical populdtion of

the same species.

A

Hean"Héterozygosity

All Polymorphic

Percentage of

D. melanogaster

0.47 1.94

Loci Loci _ Loci” Polymorphic
Protein Set/Population(s) (H) (Hp) (p)
- M
1, i'Soluble Enzymes (1DE) .
’ D. simulans g.66 1.09 g.60
< D. melancgaster. g.96 1.@3 g.94
IT. Abundant Soluwle
Proteins (1DE) ¢
~A. Larval
D. simulans : 1.09  1.09 ll;ﬂe
D. melanogasfer #.86 @.86 1.00
B. Lérva1‘+ Adult
.D:- melanogaster 0.89 1.25 . e.73
III. Male Reproductive 'ff'
Tract Proteins (2DE) X )
D. simulans | 1.06 9.93' 1.04
’ 0.46



119

ratios for male reproductive;tract proteins medsured Sy 2DE
also show such a difference between spebies, the difference
is in exactly éhe opposite direction (Table 3.7).

In summary, vafious electropheretic techniques, which
exploit different physfcal; chemical and bipcﬁemical features

. . . , . g . '
of proteins far their separation and visualization, can be

used to study genic variation in largely nonoverlapping sets

. be1ng primarily traceable to dlfferences in the pattern of

' g1ven comparlson of the type listed in Tables 3.5 - 3,7, we

of loci. The data presented in this chapter very clearly

illustrate what is now becoming éstablished as a general

. ‘ N R .
pattern: when these different sets of loci are analyzed,

- diverse estimetes of average heterozygosity and the

proportion of loci polyﬁorphic in natural populations result.

| The different techniques also yield distinctive patterns of

‘differences in overall variability between Species.and
between'populetione within a species._ The’analysis end
dlscu551on of tﬁ‘s and other patterns of heterogene1ty
between sets of loci in the genome, and d1scussxon of thelr"
possible 51gn1f1cance, will const1tute most of the rest of
this Chapter, and most of Chapter 4.

. Where such heterogenelty has been identified- tﬁe

data also suggest that it can.be character1zed further as

variation either "between loci" or "w1th1n 10c1" _ This

‘

-distinction can perhaps be seen most clearly when, for a .

s

compare thé sﬁandardized_valpe of total mean heterozygosity

f;'
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(“_tl_to the standardized values of mean heterozygosity for

the polymorphic loci ("ﬁp") and of percentage of loci

polymorphic (P). v

LY

The fbetween—loéus“ E?ﬁgﬁbf pattern is exemplifiqd'by-
many of the differences seen between LDE and, 2DE estimates of
© heterozygosity (Tablé 3.5). -The standardized values of P and

H for soluble enzymes in this table are, for many of the

individual comparisons, almost identical to each other

although not equal to one, and the standardized values of Hy

are very close to unity. This is what is expected when
. . -
diverse estimates ‘of "total heterozygosity for different sets

of loci are prim;rily ascribable to differéﬁces in the

[

frequencies of monomorphic loci. 1In conttast, a "within-

locus"” type-of pattern may be-seen with the species

difference for larval proteins (Table 3.6). Values of P are

identical between the two specieé-(standardized values all =%

1.96), while the standardized values of H and fp are

identical to each other for each of the interspecies
comparisons made (temperatg-temperate, tropical-tropical,

| etc.), but not equal to 6ne, This suggests that there is n:\

.overall difference in the.incidence of monomorphic loci in

the sets compared; the differences in H are caused by

differences in-the levels of variation within the subset of

polymorphic loci. As it turns out, in this small sample of

larval pfotein loci most of the difference in H between

species is traceable to one highly polymorphic locus (locus
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.
4

15) iﬁeg; simulans. However, this does not detract from the
essential point: that fhe frequencies of'monomorphic abundant

larval protein loci in D. simulans and D. melanogaster are

e ) : b.

the same, and the dlfference in H is a within-locus effect;ﬁrfa—*“‘?-

Flnally, although less common, "mixed" cases are also

- L]

seen, for example when abundant soluble pro%eins (larval +

adult) of D. melanogaster are compared to ZDE proteins of the

same species (Table 3.5). In this case, although the

- A .
abundant soluble proteins are much more heterozygous and
polymorphic with respect to the whole sample of loci than are

2DE proteins, the average heterozy9051ty of the polymorphic

abundant soluble proteln loci is substantlallyqiower than
that of the polymorphic 2DE proteins. An examination of -
Table 1 of Singh and Coulthart (1982) shows t%ét this result
is connected with the hightincidenceq;among abundant soluble
protein loci, of weakly or sporadically polymorphic loci.
Thus, both between- and withiﬁ-ldcus effects appear to- be

operative here. -



'_terms of latitudinal differences in variabi

DISCUSSION

Adequacy of the Data. The salient result presented in'this

chapter is that, despite significant differences,

. improvements and expansion in methodology and Bioloéical

materials 1% comparison to earlier 2DE studies, tHe‘brotein
loci sampled by 2DE in the present study were still found to
be significantly less genetlcally variable’ than a sample of
joci studied by 1DE in the same four popmlations of

o

Drosophila simulans and D. melanogaSter. In bath species,

2DE yielded f1gures of about 10% of male reproductive tract

protein loci polymorphic, and Y2 - 3% average heterozyqos1ty,

for samples of between 250 and. 388 loci. This contrasts with

LY

the 1DE-figures for enzyme ioci, i.e. 15 - 25% polymorphism
and 6 - 9% heterozygosity for D. simulans, and 41 - 44%
polymorphism ard about lB%.heterOnggsity for D.

mel anogaster.

>

The two electrophgketic methods also give different

results whe;/fizgiiia are uged for comparisons of mean
) I\ -
heterozygosity ween the two species; in contrast with much

earlier 1DE data,‘?{ simulans a%Peared to be at least: as

genically variablelas D melanogaster Wlth respect to male

reproductive organ protelns analyzed by ZDE. Discrepancies -

A

&
between the results oﬁ;lDE and 2DE were als:d;pggested in

ty between
-

»

' 122

-



123

¢

populations within each of the two species. The

heterogeneity in the resulfs of the different methods could

be traced, in most instances, either to disparities in the .

freguencies of polymorphic loci in the entire set, or to

differences in the hefterozygosities of the polymorphic loci

themselves. These two patterns were loosely terméd the
"between-locus" and "wifhin—locus"‘batte;ns, respectively.
The fofmer pattern Eypified the differences between the
results of 1DE and 2DE as applied to the same population,
especially when the loci ;xamined by .1DE were those coding
for en;ymes. |

As argued eariier, the;ﬂfresults'probably cannot be
explained-simplg by a Jowér physicgl sénsitivity.of 2DE to
allelic variation in’brofein structure. Standing against
such expfanation are both the results of cross-calibration
experiments with known variants, and the fact that the
bolymorphic loEiAfn 2DE tend on average to be as heterozygous
as the polymorphic loci in 1DE (Table 3?5), and frequently |
exhibit multiple élleles {Tables 3.2, 3.3}. | \‘3

More data would be helpfui in adding strength to this
conclusion. In the terminoldgy used by Ramshaw et al.

(1979), both "forward" and "backward" calibration experiments

are needed. The "backward" type of experiment, exemplified
) i

by the work ‘pf McLellan et al. and of Neel's group which was

discussed earlier, depends on the availébflity of previously

characterized protein variants. ' In the “forward" type of
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experiment, proteins are sampled from populations without
prior knowledge of their allelie variability, either eith an
aiﬁ simply to compare the results obtained for the same oOr
similar sets of proteins with different electrophoretic
techniques (e.g. Singh and Coulthart, 1982)-or as an attempt
to exhaustively determine the amount of pnotein sequence
variation present (Singh et al., 1976} . T

The latte; attempt is usually made, with 1DE

';separatlons, by varying. electrophoretic conditions or by
applylng heat denaturatlon treatments, measurements of enzyme
activity, etc. to the sampled alleles in an effort to split
electrophoretically homogeneous classes of alleles into
-subtypes gCoyhe, 1982; Neel, 1984).. With 2DE, the
equilibrihm nature of the first—dimensioq separations most
commonly used, and the denaturing conditions to which ‘the
polypeptides are subjected, tend to make an exactly analogous
approach rather cumbersome at best. However, one possibility
for a systematic attack is sugdested by methodology described
by Fey et al. (1983). These researchers demonstrate the
feas1b111ty of peptide mapping of polypept1des exc1sed from
two-dimensional gels, after partial proteolytlc cleavage of
the polypeptides into- ollgopept1des. Ayala (1982) has shown
that e1ectrophoret1ca11y cryptic allelic variation in alcohol

dehyrogenase of Drosophila melanogaster can be detected by

such peptide mapping. These techniques could probably be

app11ed towards the generation of "basellne" data on the

o L

ez
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Physical sensitivity of 2DE to allelic variation, without
depending on the availability of previously characterized
variants,

Even if 2DFE does prove on further careful examlnatlon
to be Physically less sensitive than 1DE to allelic variation
in protein structure, the effects of uncovering
electrophoretlcally hidden variation on the distribution  of
polymofphism between loci studied by 1DE (summarized by
Coyne, 1982) suggest that most of the monomorphic 2DE luci
should rema1n monomorphic even after closer exam1nat1on.

This is because the 1DF studies of crypt1c variation via
"forwarg" experiments have vielded a strong positive
correlat1on between the number of alleles detected at a locus
under a single "standard".set of 'conditions and the number of
additional alleles revealed by ‘altering the conditions (see
Coyne, 1982: Figure 2). Moreover, there is a4 very marked
tendency for loci that are initially apparently monomorphic
or diallelic to harbour no cryptlc var1at1on. Combined, the
results of "backward" experiments with 2DE and "forward"
experimentsrwith IDE strongly Suggest that much of the
monomorphism- seen with 2DE w111 Prove to be an accurate
reflection of the underlylng genetic situation,

) The quest1on 2f populatlon sampling should also be
addressed. The time and labour entalled in .pPreparation,

execution and data acqu1s1t10n with 2DE necessar11y

restricted the number of independent isofemale lines which

o
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could be analyzeé? The sample of lines (about 1¥ per

population, for each of 2 populations per species) was

. |

carefully chosen to strike a good compromise between a

e

manageable sample size and truly adequate'sampling within
populations and species. Nevertheless, it is likely that
substantiai sampling .error is present ib the estimates of
allele frequeucies listed in Table; 3.2 and 3.3. Care was
taken, therefore, got to,base conclusions too heavily on the
allele frequencies as such. Heterozygosity estimates based ¢
on the formula: H = ;-—Stpiz, because of their relative
insensitivity to the (squared) frequencies of rare alleles,
are robust to small sample sizes. And where topics such as
the similarity of allelic composition at various loci between
populatlons and spec1es are dlscussed {see below), the
analysis is gualitative and is treated as preliminary. The
estimates obtained for perceﬁtage of loci polymorphic (P) are_
probably lower than those which would be expected ﬁrom larger )
‘samples of lines and populations, but this bias was m1n1m12ed'
by estimating P from the pooled data (N = about 40 genomes)

of both populations in each species. Future work, espeoially
that directed towards ‘Gharacterizing allele frequencies
within populations, and patterns of d1fferent1at;on in allele
frequenc1es between popplat1ons, should ‘be based on larger

samplesy of lines. Howevefﬁ since the ma]or conclusions made

~
here are nat very dependent on the exact estlmation-of these
N o
frequencies, and because the results are in many respects
N\ “
\ -
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quite similar to those from previously published work, this
is not considered to be a major defi;iency in the present
int?rpretation of the data. y )

A last considdration of the effects of“ﬁgfhodology on
data adequacy regards the compoéition of the sample of loci.
As mentioned earlier, it is likely to remain very difficult:
to define exactly what is meant by a samplé of loci that
represents the general average.level of genic variation in
the genome.

The only working alternative to attempting to frame
such a definition would seem to be the gradual accumulélion
of results from a large number of loci that together will
represent such a large fraction of the genome that
rep:esentativenes&bcannot help but be improved. With the
technical improvements in resolution, reprpducibility and
sensitivity of detection of both radioactive and
‘nonradiogctive proteins which hqfé }ecentax’béen made in 2DE
{see for exampie, Celis and Bravo (1983); Dunn and Burghés
1983a, 1983b; Klose, 1983} it can now be applied to the
analysis 6f genic variation in protein samples from many
tissues and stages of Drosophila. Results of separations of
ovg; 208 imaginal disc pro%giné will be' described in Chapter
5. Other candidates fo: éuch‘analysis are larval brain and

salivary glands, whole embryos, and female reproductive

tissues. Since estihates of the total number of structural

genes transcribed into messenger RNA in Drosophila fall in
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the range of 5,688 - 10,006 (Levy and !icCarthy, 1975; Hough-
Evans et al., 1980; Hall, Mason and Spierer, 1983; Spierer et
al., 1983), this suggests that if 2DE were applied to the
measurement of génic variation in 1,000 different ' \:
polypeptides then 16 - 2@% of the structural genes of thg
genome would have been included in the éample - an increase
of at least an order of magnitude over that currently

-}

"possible using 1DE of soluble enzymes.

s

Implications for Models of Population Structure. As
explain;d in the Genefél Introduction, data déscribing
genetic variation in populqéions is open in several ﬁays to
the question of its relevqﬂce to Darwinian theory. The data
contained in this chaptef are being dis;ussed from this
perspective. The question of electrophorétic sensitivity has
_already been d{scussed, aé-has the representativeness of the
' sample qf proteins for the structural loci of the genome aéla‘
whole. Now we éhall turn to some less stfaightforward
aspects of the probiem. It will not be possible to
conclusively prove or'eliminate speéific hypotheses, but as.
we shall see, the éata can be used to suggest thét some
interpretations are more probably true than others, and to
help formulate some thohght-provoking questions.
* The most prominent feature of the data, as stated
é;:Iier, is the high probortion {about 90%) of loci that are

monomorphic. Two basic types of model can be used to explain

this observation= Monomorphism could be the result of -



Alternatively, the loci might be maintained monomorphic by

~
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drastic reductions in population size ("bottlenecks"): there
is no allelic variation because the individuals being sampled
are all related to a small numfer of ancestral individuals in
the relatively recent past, and there has not been enough
time for variant alleles to reappea} via mutation and to.”

A

reach high frequencies by drift and/or selection.

natural selection acting in a "purifying" mode against mutant

£t

alTeles, all of such mutations occurring in the recent past
having had a deleterious effect on the fitness of the

individuals that carried them. "

"

_ _ .
There is no completely reliable way to know that

population bottlenecks have not occurred in the recent

ancestry of the lines sampled in this study. However, the

tropical regions of Africa (represanted by the Brazzaville

‘population of D¢ simulans and the Benin population of D.

melanogaster) can be considered to represent the poftions of

‘these species' ranges that are most likely to have evolved to

an “equilibriqm".leyel of genetic variation (Tsacas, Lachaise
and David, 1981). It seems, therefore, that purifying |
selection has been important, if not necessafily the only
factor, in the monomorphism characteristic of 2DE proteins.of
the male reproductive tract in‘these two specieé.

The selective maintenance of large nuﬁbers of

structural genes in the monomorphic condition raises

fundamental questions for both the neutral-mutation/random
) X ‘

p
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drift modef and the‘balancing selection model:pf population

structure. .Since‘both vrheories are fundamentally theories of

the origin and maintenance of variation and of the

evolutionary importance of this variation, their relevance to -

S

the population structure and evolution of protein-coding DNA
sequences diminishes. in proportion to the relative rarity of
polymorphic protelns in the genome. If a conclusion is
desired as to whether the qene pool behaves ?; an 1nterna11y
palanced system, it 1s-1mportant to have some confldence that
the class of genetic elements analyzed for ev1dence of such
jnteqration is in fact the appropr1ate one' It has been

suggested, for instance, by Wallace and Kabs (1974) -that

heterosis based on structural rearrangengnt in regions of

nontranslated DNA that function to control gene activity is
common. For this reason, i{ for' no other, it w111 be very
important to eventually obtain accurate estimates of the
proportion of monomorpylc prote1n-structura1 loci in )
eukaryotic genomes. This will require not only a greatly
expanded sample of loci, which shopld be obtainable with
currently available 2DE te?hniqugs, but also expanded
pépulation samples and a qéreful search for
electrophoretically cryptic variation.

" But regardless of whether the  90% monomorphism figure

holdh true for the genome, the much more reliable observation

of heterogeneity of varlat1on ljevels between dlfferent major .

-~
*

. .
groups of loci can help decide between alternative
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explanétions for levels and patterns of genié_variatiqn. For
instance, the systematically lower estimates of protein
variation i;.lhé same biolagicqllmaterial by ZDE as c;mpared
to 1DE in.alhostnevery case examinea so far suggest quite
strongly -(to the extent.that purely technical factors can be
discounted) that purifying Selection is more imébrtant with
2DE.proteins. than with tﬁé sofuble enzymes and other protein;

analyzed by 1DE. It is interesting also that this putatively

greater purifying delection on the majority of 2DE proteins
' ]

- appears to coexist with a subclass of 2DE préteins that are

as hidhly polYmorphic as are polymorphic enzyme loci. This
“?etween-lhcus" effect in turn coe;ists with "within-locus"
differences in avesage heter;zygosity between abundant
soluble proteinuloci, on” one hand, and ZQE proteins or
allozymes, on the other; these patterns tend to reinforce
further the notion that the nbnspec?fic effects of population
history cannot totally ekplain the variation. \
Another example of the same type can be seen when
variation data from different types of proteips are used for

parallel estimates of differences in average genic

variability between species. D. simulans and D. melanogaster

are both distributed worldwide over tropical and tempegpte '
regions, and the two species co-océgr extehsively (David and
Tsacqs, 1981). Yet, with respeét to various geneticﬁ
- AN ’ 2

elements, such as chromosome ‘inversions (Ashburner and

Lemeunier} 1976), middle repetitive DNA (Dowsett and Young,
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1982), structural genes codig;&for Coomassie:stained 2DE
e

proteins of whole-body homogemates (Ohnfshi et 3l., 1982) and

allozymes (Hyytia et al., 1985; R. S. Singh and M. s. :
Choudhary, unpublished data)! mitochondrial DNA (Hale and
Singh, 1985f and -genes underlying quantitative variation in
-phéhotypic_traits (Hyytia, et al.:'1985), D. simulans has

been shown either to be monomorphic while D. melanogaster is

polymbrphic, or to be significantly less polymorphic. than D.

melanogaster.

These observations could again be explained in two
basic ways (excluding a generalized difference in mutation
rates between the two species, which constitutega real
possibility) - i1.e. as the result of a difference in the-
action of natural selection on similar_typés of genetic
elements in the two species,.br as a result of a difference
fn their population histories., More specificallj,,it is
possible that of the two species D. simulans hasftended to
empfoy a genetic “strategyf that relies on the broad
adaptability of a "general phrpose genotype" (Baker, 1965),
"or actually experiences a coarse "envirpnmental qraiﬁ“

(Levins, 1968),-while D. melanogaster has responded to new

habitats by evolving genefic polymorphisms to .deal with .
variation in the environment, possibly because it experieﬁéés
a finer grain in:$ts ‘envifonment. Alternaﬁively, it could be
that in.the geoiogicglry recent expansion of these two

species (which pProbably involved colonization of temperate
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regions by migrants from ancestral Afrotropical populations),

~

P. simulans has-experienced more seriocus "bottleneck"™ effects .
in its gene pool because of severe reductions in populatio;
.size associated with coloﬂization. . ¢

The measurements of ‘genic variation'by 2DE repdrtedS
herein argue against-an iqterpretation solely in terms of o
population bottlenecks in D. simulans. Although the allozyme
data from the four populations studied byvzoa conformléo the
.éxpectation'of lower variation in D. simulans (Table ‘3.6),

the 2DE data from the séme populations argue that D. simulans

is,-iffahything, more heterozygous than Q; melanogaster,

Population bottlenecks should tend to reduce variation at all

'loci 1:n the genome, and differen/é samples of loci should
reflect this nonspecific effect to the same average extent.
Therefore, such a difference in behaviour betweén different
sets of loci‘in_the Same populati S suggests, in a way |
analogous to the rejé;tion of null hypothesis-énd the
consequent reinforcement of an alternative hypdthesis via a
statistical test, that haturql seléction has played an .
imporégnt role in the origin and/or maintenance of the.

' species differences in variability where they do éqduf,
Further suppbrt for Ehis coﬁclusion.comes froﬁ‘pomparison of

the temperate and tropical populations of D. simulans and D.

melanogaster (Table 3.7). Although -the temperate (South-
France) population of D. simulans is-less heterozygous for

allozyme loci than ‘its conspecific Afrotropical counterpart,
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Y the two other protein sets do not show such a difference. In

addition, D. melanogaster 2DE proteins are less polymorphic

. . { .
in the temperate_(F;ence) population than they are in the
Afrotropical (Benin) population of that species, whereas

allozymes are nokt.

Summary. The application of high—resoluﬁion two—dimensional
qel electrophore51s of proteins to populatlon genetics is in
jts earliest stages, desplte the exlstence, sinck 1975, of ¢
pcblished methodologies. One reason for this is perhaps that
the ﬁechniques, in compariso% to the older.one-dimensional
"native" protein methods, appear formidably coniple¥, time-
‘consuminq and even unreliable. But-ﬁn recent years we ﬁeve
w1tnessed a rapid evolution of ZDE, from a rather esoteric

tool reserved primarily for the tralned biochemist 1nto a:
1

generally applicable, relatively simple,-and highly sens1t1ve

approach tH the 1nvest1gat10n of genet1c variation. Some of
thelmore ceceqt developments in proceduree aed equ1pmené in
this field.were emploited in.fﬁ?g-gzhdy, with fhteresglng
‘results. It is expected that the protocols described in
Chapter 2, because of their sxmpllc1ty and reliability will
 find significant further'appl1cat10n and undergo much
improvement in future population genetics studies.

Another reason why 2DE has been underexploited may be

]
that the 1nterest of the genetic data it can yield has not

been fully appreciated. The mere advent1tious introduction,

‘.P
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into a scientific field, of technigues developed in other
fields tp‘;nswer different sorts of questions may seem to ’
enjoy a low probability of having a significant effect on fh
progress of the recipient field. But by now it seems clgar
that, by virtue of its providing a generalized perspective of
unparalleled breadth on the patterns of genic Qariation in
the genome, or simply by sampling a different class of genes,
2DE has already led us to question some of the basic |
assumptions that-had seemed safe to make about the relevance
of the oldé;.allozyme data to the task of understanding the
genetic structure of populations. One of these assumptions
was that genic variation is present at a large fraction of
structural loci in animal genomes (about 50% in Drosoghlla)
A‘Qdiscussed above, the frequency of polymorphic loci in at .
le?st some major groups of Drosophila proteins may be as low
as 18%, with average heterozygosities corresponddngly reduced
to‘3-4% compared to alloyzme valQes in the range'lﬂ-ls% for
maéf species. And the marked, systematic peterogeneity in
variation levels dffdifferent sets of proteins in the same
populations suggests'thaf‘single-factor explanations of

variation such as those dffered by, the neutral theory.are

sometimes not adeguate tg explain the total pattern of

' .

”~

P
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Genic variation_in Different Classes of Proteins. 500N after

measurements of genic variation ‘in soluble enzymes began to
accumulate, it-became apparent that the incidence of
polymorph1c loci and their averadge heterozygosities in a
species were correlated wfgﬁ‘membershlp of the enzymes
themselves in certain qtructural and func}ional classes
(G1llesp1e‘and Kojima, 1968) Several aspects of.enzyme
structure ;nd Function have bjfn suggested as major
determinangs‘}n this between-locus pattern of variation:
'internally_éenerated (;ingle) vefsus‘exte;nally encountered
-
(multiple) substrates (Gilf%%pie and Kojima, 1968):\direct'
involvement in qfucoée cqtabolisﬁ.versus function in other
pathways (Kojima, Gillespie and.Tobari, 197@): regulatory
function in metabolic feedback loops versus lack of such:
funcg}p% (Johnson, cdmplexixy of suﬁLnrt aggregatloa*
{Harris, Hopklnson and ds, 1977)._and subunit size ,

(Koehn and Eanes, 1978). .
: . N

problems of Interpretation. Such relationships strongly

.suggest that natural selection frequéntly acts directly on
the allelic vargation in the's ucture of the proteins. '

However, beyond suerfglsic statements interpretation of these

- -

136 - .' bﬁ{*‘
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"structure/function correlations” is very difficult. From a
neutralist point 5f view, the tendency for a certain class of
structural genes to exhibit more polymorphism than another
raflects a higher rate of mutatign to selectivély;neu£ra1
.*alleles. .This in turn might reflect a higher proporfion of ®
‘aminn acid residﬁes that'are nonessentidl to bioqhemﬁqél--“
- function, a higher likelihood that a éhagée in protein
e 'funcﬁion haé no effect‘pn ‘+he physioclogical and developmental
‘.éf0césses in which the genes are involved, or even
¢ involvément of the genes iﬁ-phenotypic éraits having no'ﬁajér
eﬁfects on fitness. From a selectionist point of view, some
fofm of.balancing selection, such as hgterdzygote superiority
or supebiority of different‘homozygotes under different
conditions, is assumed to underlie genetic polymorphism iq
general. The étrucfﬁre/function correfatio% is then' .’
explained by postulating a tendency for certain types of
molecules to have structures or functions that maké them
- especially good candidates for the action of balancing
selection on ﬁutant alleles. ‘*As with neutral. alleles, these
balancing effects-can potentially be mediated at any of
se#efal different.levels between gene and ov?;all crgariismal
fitnesg; : — |

~

The central concept in a nedtraiist explanation of

structure/function correlations is functional constraint

(Kimhra and Ohta, 1971). &an effort is ﬁade to identify

.. characteristics of a gene or its®roduct that correlate with



138

the breadth of organismic tolerance to mutational changes in

RV
L]

thekéqne, and thus with the likelihood of neutral
Apglgme;phism at the. locus. In an analogous way, devising a
selectionist explanation for a correlation is essentially a
métter of éinding molecular indices that reveal the
properisity of polymorphism at particular typés of loci to
engender an increase in fitne;s at the ;ndivigual and/or
population level,. in comparison to individuals and/or
populations that are homozygous at thosé Toci. ‘A~
complicating factor here is that several fundamentally
different types of basic functional mechanisms can be
envisaged for balancing selectiop, and these are by no means
mutually exclusive for a given organism (Johnson, 1976).

This tends to make the choice of a single strﬁctural or
functional index on a selectionist hypothesis rather
difficuit. - |

. - One of the problems encounteréd in applying either of
these explanatory frame@orks to actual variation data is the
simple lack of the data necessary to classify many loci
according to whaéever index of functional constraint or
likelihood of balancing selection has been-chosen. This has
seriouély limited the numbers of soluble-enzyme loci with
whicﬁ porfelafion anal?sis can be carried out, and_the
validity of even bositive resulté must often be gquestioned on

this basis alone. One appraach which has been taken to’

- N . i
offset this difficulty involves the pooling or repeated

i ‘. t -

W
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testing of the data from hémologous loci of different species
(Kojima, Gillespie and Tobari, 197@; Johnson, 1974; Ward,
1977, 1978; Koehn'and Eanes, 1978). But these tactics could
easily obscure correlations that are pPresent in some species
but absent or weaker in others. Convérse]y, the
demonstration of correlatfons using pooled data may indicate
the general existence of a relationship of the sort
hypothesize&, but ind}cates nothing specific about the
causation of variation within the systems of populations that
constitute the individual spepies. i |
Another %&fficulty is the éver4present possibility of

spurious correlations caused by some "hidden factor"™ that is
Jitself correlated with thﬁ_index explicitly used for lqcus
classification. This problem is exacerbated by the repeated
use of relatively small, often homologous samples of soluble
enzymes to represent a class of loci in ostensibly
independent tests of a correlation Hypothesis in different
organisms. .It would be desirable, in many cases, to be able
to test a supposed correlétion found with one set of loci.by‘

sampling nonhomologous loci showing a similar structural or

functional heterogeneity. This would help in.defining the
actual basis for the correlation, as well as suggesting
spééific mechanistic hypotheées which can be probed
experimentally on a single-locus basis ke.g.:Di Michele and
Powers, 1982; Koehn, Zera and Hall, 1983; watt, Carfer and

Blower, 1985).
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The third and most fundamental type of difficulty is
concerned with partial overiap between the predictions made
from neutralist and selectionist pointé of view.' The problem
is especially acute if one consiéers the set of amino acid
codons that can mutate to give rise to balanced polymorphisms
to be a subset of those codons that can mutate to give nbﬁ—
‘deleterious alleles (Fitch,.l972)L This would mean that
amino acid sites suﬁject to lower functional contraint would
be more likely to develop both selected and neutral

polymofphisms; correlation of variability with indices of
. \ . ‘
functionad consfraint could then be used to support either

neutralist or selectionist hypotheses. The interpretive

*.

- ambiguity could be resolved, in Q;inciplé, if the index used
\EQr clasiification of loci into more- and léss—v;riable
grkups is one that defines the between-locus distribution of
éké "privileged" subset of codons that are able or likely to

respond to balancing selection, independently of their

membershié in the weakly constrained set of codons. This
type of independent indei has been sought (Gillespie'and
Kojima, 1968; Gillespie and‘Langleyl‘1974; Johnson, 1974)’.
but has pot beeq completely sﬁccessfdl, partiy beﬁause of the
inherent difficulty :in idenfifying such’indiées and partly

because of lack.of the data needed to appiy the index.

2DB in the Study of Structure/?unction Correlations.

Although many structural and functional data are no easier to

thain for the proteins separated by 2DE than they are for
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the soluble enzymes studied by 1DE, certain advantages do

arise from the use of this techniqﬁe in studies of
correlations between genic‘variation and protein
structure/function. First, large numbers of loci are
accessible to genic variation analyses (see Chapter 3).
Second, data on certain interesting biocheﬁieal and
biological features of the proteins are often obtainable:.
directly from the gels. Preminent among these features is

-

the distribution of a protein between, for instance,

different prepared cellular fubfractions or different organs
(Klose and Feller, 198]; Klose, 1982). And third, the '
combination of the above two characteristics, especially with
some means to identify specific proteins on gels from
different preparations, should sometimes readily permit the
independent testing of postulated correlatiens using
nonhoﬁqlegous sets of loci from the same speeies.

The focus of this cha?ter is an analysis of
correiatione between aspects of tissue distribution of

proteins within the male reproductive tracts of Drosophila

~simulans and Dtoeophila melanogaster, and the amounts of

genic variation observed in those proteins within each
species. Two types of correlation are examined. Ffrst, the
general question is asked: Is the distribution of a protein's

" expression between different male reproductive tract tissues

correlated with its level of genic variation? And second, an

. \ . : ' ..
independent test is carried out on a correlation suggested by
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the data of Slngh and Coulthart (1982) describing genic

variation in abundant soluble proteins of D. melanogaster and

D. pseudoobscura. In these earlier samples of loci studied

by 1DE, those prote1ns expressed in the larval hemolymph were
markedly more polymorphic and heterozygous, as a group, than
were proteins characterized by detectability in the tissues
of the larval carcass or the adult fly but not in the larval -
‘hemolymph. One statistical hypothesis which could be
advanced on the bgsié of this observation is that proteins
which occur énd function in extracellular fluids (such as the
larval hemblymph) have a greater tendency to be polymorphic‘
_than do proteins that carry out thgif functions primarily
within cells. |

However, séveral other hypotheses could-be adyanced
to describe the correlation, one of these based not on.any
spécific structural or functional feature shared by
extracéllular prqteins in general but,#rather, on the
paralogous relationship betwéen at ﬁgii} four of the five
highly polymorphlc hemolymph protein loci via recent gene

-

duplication events in D. melanogaster (Roberts and Evans-

Roberts, 1979). This genetlc relationship, together with the
fact that natufally-occurring‘“null“ alleles were found at‘
‘two of the four loci (%jﬁgh and Coulthart, 1982), ;uggests
that some degreé of functional redundaﬁcy may exist between

these four loci, and may help to explain their high level of

variability. Thus, it was deemed important to test the
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pattern proposes, as truly being based on exéracgllular
versus intracelﬁulér function, by analyzing a separate set of
loci that were not homologous but did include some proteins
that function in an extracellular environment.

Such criteria aré fulfilled by many of the proteins
which are synthesized by the accessory glandular tissues
{paragonia and anterior ejaculatqu duct - see Figure 2.1) of
the Drosophila male reéroductive tract. -These‘tissues
apparently function solely‘to provide accessory‘substancqs
which are transfe;red in the ejaculate, along with
spermatozoa, to the femalé dhring copulation. The - .
trénsferred accessory substances comprise a variety of high-
and low-molecu{ar weight compounds, which are thought to
perform functions‘ranging from sperm cell activation and
maintenance to pheromonal control of female re-matfng
receptivity (ngpold,'1976). Most of the .substances,’
inclhding the proteins, which are secreted by these giandé in

D. simulans and D. melanogaster are of unknown function. 1In

fact, this study includes what is, to the author's knowledée,
the first descriptiﬁe 2DE analysis of the p;oteins of the {
male accessory s;k glabds in any inééct: analogous low;
;ésolution'studieé have béen carried out using one-

dimensional .electrophoresis (Chen, 1976; von Wyl, 1976). *Two

notable exceptions to the general lack of knowledge of

function 'of the secreted proteins'are Estergse-s, which

catalyzes ;he hydrolysis of a putative female antiaphrodisiac
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precursor (Mane, Tompkins and Richmond, 1983), and glucose
oxidase, which may play a role in antisepsis of sperm stored
by the female after copulation (Cavener, 1980¢). This lack of
infoémafion dp the specifics of function does ﬁot prevent the
study of mqle-sex gland-proteins as extracellular'proteins 

per se, in order to test the correlation postulated above.’

R



RESULTS

i P .
- Classification of Male Reproductive Tract Polypeptides by

Tissue Distribution. Thtee tissue sample types were prepared

from adult male reproductive tracts of Drosophila simulans

and D. melanagaster: (i) "whole tracts", including testes,

seminal vesicles (containing mature sperm), paragonial glands

and anterior (glandular} ejaculaéory\duct; (ii) "teétes",
including testes and éeﬁinal vesicles; and (iii) "glands",
.including.paragoniallqlapds and anterjor ejaéulatéry duct
(see Fiqurelz.l). In each sample type, the tiséues from 19

flies were used to prepare t:ifﬁﬁmogenate: standardization of

amount of protein applied per gel was.on this basis only.‘ To

ihprove control over physiological and deveiopmental
variatipn in protein expreésion;-thg testis and qlénd
fractions were prepared frém a single set gf lG'reproductive
tracts;'these tracts were taken from flies raised in the same
culture vial and collected at the same timé_as were the 10
flies used to prepare the Whoie-tract samples. The th:ee
samples were then electrophoresed simul taneously oh three
sepa;ate.qels, and the stained gels were compared.

“fp ‘Polypeptidés were ciassified as-dete;table: (i) in
both testis and giand fractions ("common" spots - Class 1),
(ii) only in the testis fréction ("testis-Specificﬁ spots -
Class 2), (iii) only in the gland fractioﬁ ("gland-specific“

145
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spots - Class 3}, or {iv}) in both testis and gland fractions
but‘préaominantiy in one or the other ("testis-elevated" and
"gland-elevated"” spots - Classes 4 and 5). The detection of
a polypeptide in a tissue sample obviously depends not only
qualitatively on the expression of the gene in the tissue -but
also'quantifétivély an polypeptide abundance and on stain
sensit{vity."For this reason, some of the minor spots %422

.

spots in D. simulans and 57 spots in D. melanogaster), even

though they were judged su1table for scoring genic var1at1on,
were not assigned to a tissue distribution clﬁss, since
incofrect classification as a "fissue—specific" spot was moré
likely with such minor polxpéétide speqies {Note, however,
that if. a ﬁinor spot 1is seen clearly to occur in both of two
t1ssue fractions, no problem is encounteréd in classifying it
as a "common" spot). Moreover, the dxstlnctlon between
guantitative (“-elevatea“)-differentiation of expression
between tissues and a non-differentiated ("common™) pattern
-muét be somewhat subjective. But i; this partﬁcﬁlax study,
consistency of appllcat1on of the class1ficatidh scheme was
improved by its being carried out by one worker. Also, aftér
examining a large number of spots, it became cleag'that the
distinction between common-spotsfand tissue-elevated spots
was more natural than might seem llkely a Er10r1, with the
expression pattern of the majorlty of spots falling clearly

into one of these two types. Finally, it should be noted

—

that the protein classifica‘fcn index used here is probably

-
.7 . -
M rd
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freer from such definitional and operational iﬁprecisions
than are the indices used in some other strucgdre/function
ctorrelation studies. One advantage is the ease of preparing
testes and glanduiay tissues in alﬁost completely separate
fractions. It could also he argued thaf a clas;ification
based ultimately, as this one is, on a siﬁqle readily
observab]? biochemica] paraméter - protein quantiéy'- is more
objective: precise, realistic and verifiable than, foy'
example, a classification based on Jsubstrate variability" or

"regulatory function" of enzymes. The spot classifications

arrived at for D. simulans and D. melanogaster are shown in

diagramm%tic form in Appendix'B..

| fhe division 6f the loci into these four classes
allows a first attempt at comparing levels of‘polymorphisﬁ‘
.betweeﬁ sets of loci ha?ing relétively broad ‘tissue
distribution (Clasg 1, with or withduthIass-é_or 5) aﬁdlsets
of loci havinq'relatively narrow tiSﬁée distribution (Classes
2 and 3, with or.without Class 4 or 5). In addition, most of
the polypeptides that appear gland—speéific in tﬁis analysis
are likely to be secretory products. This is especially

likely since amounts of protein in the total glénd fraction

Y

and in individual Class 1 spots of ‘the gland fraction were as

a rulehnot{ceably lower than they were in the testis

fraction. Given this genefalized bias, it seems that the

apparently gland-specific proteins identified are those which .

are superabundantly expressed in glandular tissue, yhich is

..’l. . e . 'l-'



148

expected of secreted proteins (see, for example, spots 3a,
3f, 12, l4a 17 and 29i in Figure 3.1J. More rigorous’
verification of the secreted statug of these gland-specific

polypeptides would be desirable for future work, especially :

for investigations of their sexual function. This could

perhaps be done by collecting axnd analyzing secretions

directly, by deple%ing secretions throuqh repeated mating of

the males, by monitorimg transfer of the proteins to females,

or by comparing more tissues in order to verify further the
. . / N 5
gland-specific nature of the expression pattern. For the:

present, however, a high degree pof correlatibn,begween q}and-

L4
specific abundant expression of a polypeptide (in relation to
. L) N -

testes) and its functioning as 2 secreted product is aséﬁﬁ?d:

and used as a basis for testing the hypothesis thét.

extracellular proteins are more polymbrphic than

oy - .

Genic variation in Different Tissue pDistribution Classes.

“intracellular protéeins.

’

Tables 4.1 - 4.4 summarize estimates of the various

pgrameters of genic variation for the four distf}buticn ’ _ -
classes of loci.which were -delineated, with Tables 4.1 and <
4.3 dealing only with the averages forlpolymorphic loci and
Tab1e§ 4.2 ané 4.4 with the averages*over all loci which
coald be Classified. The "gland-elevated" class was absent

among the polymorphic loci in D. $imulans and rare (one

locus) in D. melanogaster; t:;j single locus was excluded
Y .,

from the analysis in D. laglogaster. , . .

PR
1 r

>
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TABLE 4.1
Mean heterozygosity (H), mean number of alleles per locu;
"N.) and number of loci with 2, 3 and 4 alleles, for
L po?ymorphlc male reproductive tract proteins of Drosophila
L \\\ ) &}e51m92ans classified as to tissue distribution between
"testis" and "gland" fractions of the reproductive tract.
See Figure 2.1 for description of fractionation method. '<:

_ Tissue Distribution H ﬁ; Alleles Per Locus
- . Class S. France Brazzaville 2 3 4
1. Common .380 (5)2 .206 (5)  2.33 SEVRIPIE
2. Testis-specific .3@6 (7) 381 (9)  2.11 6 3 -
D 3. Glaﬁd-speci-fic 375 (7)) .A74 (7). 3.00 s B i
- _ 4. Testis-elevated .351 (4) .095 (2)  2.75 11
* Total/Mean - - .351 (23) .346 (23) 2.52 16 . 3

w

Bnumbers  in parentheses are numbers’ of polymorphic 10c1 in
each tissue class in each population. :

\ ' TABLE 4.2
Number of loci, percentage of locT polymorphic, and overall
mean heterozygosity per locus (H) for four tissue

distribution classes of proteins in the male reproductive ' uf
tract of Drosophila simulans.

— =

Tissue Distribution Number Percentage of . H'
% Class ° of Loci Loci Polymorphic S. France Brazzaville
1. Common . 131 4.6 015 . 808
2. Testis-specific 87 1.3 . .25 .39
o 7~
3. Gland-gpecific - 25 32,08 .185 .13§
4. Testis-elevated 28 14.3 .0950 . 8a7
Total/Mean 273 b . 030 .029




-
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TABLE 4.3 \

Mean heterozygosity (), mean number of alleles per locus
(F_) and number.of loci with 2, 3 and.4 alleles, for

—

melanogaster classified as to tissue distribution between
"testis" and "gland" fractions of the reproductive tract.
Figure 2.1 for description of fractionation method.

Tissue Distribution 1] N Alleles Per

po??morphic male reproductive tract proteins of Drosophila

150

£ Class - France Benin _i_ 2 3. L?:us
' 1. Common 494 (1) 223 (8), " 2.13 7 1 -
2. "[‘{isis-specific .368 (6) ~ .287 (9) 2.44 5 4 -
3. Gl1&nd-specific .357 (3) .382 (6) 2.17 5 1 -
4. Tes.tis-elevaﬁed .320 (1) - .418 (3) 2.¢6 3 - -

= Total/Mean .342 (12) .33 (27) 2.22- 20

-

»
- & - -

aNumbers in "parentheses are numbers of loci in e

class in each population.

1 ‘ TABLE 4.4

-

Numeer -of loci, percentage bs\%?c' polymorphic, and overall
(H)

mean heterozygosity per locu for four tissue
distribution classes of proteins im the male reproductive
. tract of Drosophila melanogastgr[

N

Tisse Distribution . Number  Percentage of §
Class . of Loci Loci Polymorphic France Benin
1. Common ne 7.3  .gea 616
2. Testis-specific 74 12.2 .025 .835
3. Gland-specific 26 23.1 T .edl .088
s 'I‘;stis—eievateq 34 8.8 . .069 .937
Total/Mean 248 18.5 .07 .B31
- /_/ v -

each tissue ,
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Informal inspection of the frequencies of polymorphic
lbci in the various tissue classes in D. simulans (Table 4.2}
suggests that Class 1 loci are léss likely to he polymprphié
(Percent polymorphism.E 5%) than'other classes, and Class }"
loci much more likely to be polymorphic (P = 32%). These,
potential associations and others were tested for statistical

significance (Table 4.5). Expected numbers of polymogphic

Toci in each tissue distribution class were calcilated from

-
-~ -

the represéntafion of the class in the overall sample of
loci. These expected numbers were then tested for goodness
of fit (Chi-square test) to the observed distribution of
numbers of polymorphic loci over tissue classes. The
procedure therefore, tests for deviations from randomness 6f
the'proportions in which a preset total number of polymorphic
loci (i.e. the total numbef of polymorphic loci observed)
"fall" into the variously-sized ti sqe-distribufion classes.
Se&eral tests were performed, with the tissue dis;ribution
classes taken singly and in-various combinations (Table 4.5).
v, In D. simulans,/}ﬂb overall deviation from
expectation was highly significant (X§ = 16.89; P < .0@5).
"The largest deviations of individual classes from expectation
were the underrepresentation of Class 1 loci and the
overrepresentation of Class 3 loci in the polymogphic subset;
for these classes taken singly against the rest of the loci
both xz values were hijhly significant (Table 4.5, comparisons

A and C). These results suggest that there may be a

. .
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TABLE 4.5

Observed and expected numbers of polymorphic loci in each of
four tissue distribution classes of proteins in the male

reproductive tract of Drosophila simulans. Chi-square tests
of goodness of fit of observed and expected numbers are shown
in the bottom half of the table.. -

3

Number of Polymorphic Loci

Tissue Distribution

Class Observed Expected?
s —
1. Common : 6 12.96
- 2.. Testis-specific ‘ 9 8.60
3. Gland-specific 8 2.47
4, Testis-ele;fated | ‘ 4 2.77
Compor igon” ‘ Chi-square df. '
overall _ 16.89 3 xux
T A 1/2+3 44 7.62 ; 1 "o
B. 2/1 + 3 + 4 9.22 1 n.s.
C.3/1 42+ 4 13.75 1 wk
D. 2 +3/1 +4 - : 5. 44 1 >
T A

L : N )
“Expected wvalues were calculated from proportions of loci in
each tissue class in the total sample (see Table 4.2).

bn.s. - not significant at .85 level (one~tailed test)

* - sign.ficant at .85 level or lower
** - significant at .61 level or lower
*** - significant.at .08l level or lower

! €

¥
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coﬁst;aininq éffect of broqd tissue distribution, on whether
ar not alstructural locus is polymorphic in D. simulans. A
high frequen&% of polymorphic loci among those coding for
secreted proteins, a pattern suggested previously by
independent data, (Singh and Coulthart, 1982)-ié.also
confirmed by the present data (Table 4.5).

The tendency towards lower variation in Class 1
proteins and higher variation in Cfass 3 proteins is also
reflected in the mean numbers of alleles per locus in D.
simulans. The mean for each class deviates from the overall
mean number of alleles in the direction expécted from the
‘gifferences in the frequencies of polymorphic loci in the
different tissue classes (Table 4.1). -

Tests for association between tissue distribution and
heterozygosity values of polymorphic loci were also carried
out. The mean heterozygosity values for each class can be
found for D. simulans in Table 4.1, and the heterozygosity
distributiéns are plbotted in Figure 4:1. Informal inspection
of_thjs data suggests that in the Brazza&ille pPopulation
there 'is a tendency fo;_polymorphic Class 1 loci to be less
heterozygous and for polymorghic Class 2 and 3 loci to be ’
more heterozygous than the bverall average. In addition, °
there is an apparent tendency for the most heterozygous loc1

to be test15-spec1f1c or gland -specific in the1r expression.

Noné‘}ametr1c Mann- Wh1tney U~tests (Sokal and Rohlf 1981)

W,
were carried out té test for 51qn1f1cant differences between

) ' -



FIGURE 4.1

Distributions of heterozygosity values for loci
coding for 2DE proteins of male reproductive tracts
of Drosophila simulans, with loci classified
according to their distribution of expression
between testis and gland fractions of the
reproductive tract. Heterozygosities measured
within the Afrotropical (Brazzaville) and temperate
(S. France) populations are plotted separately, as
well as the ‘arithmetic means between the two '
populations. Note, therefore, that for each
interval of heterozygosity values (H) in the
histograms, three values for ."number loci" are
plotted. Empty classes are frequent:pf\\ :

1/.‘
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the rather widely dispersed distributions of heterozygosities
z@tthe four tissue classes; the comparisons made and the
regh{f: of these are listed in Table 4.6. Of all the
comparisons made, the only significant differences between
heterozygosity distributions occurred in connection with the
data from the Brazzaville (Afrotropical) popu]atibn. ,These
differenceg\are reflected both in the Ug; values for that
p;pulation alone and in the Ug values obtained when the
Brazzaville data was averaged with the South France
‘(temperate) population data. Thus, the polymorphic "tissue-
specific" proteins (Class 2 plus Classk3: chParisoq D) and
the gland-specific proteins (Class 3: comparison F) were
apparently samﬁled from a population of loci with a higher-
teﬂding distribution of heterozygosities than the population
of loci from which the polymorphic proteins éxpressed in both
testes and glands were drawn.

* These results.suggest that some tissue-specific loci
are'more'va}iable than broadly-expressed loci and support the

hypothesis that secreted proteins are more variable than non-

secreted proteins. However, it should be noted that in no

case was the testis-specific '.L taken alone,

significantly more variable{iiﬂi the class which was

expressed in both tissues. |This suggests that it is the
Class 3 (gland-specific) proteins that constitute the subset

responsible for most of the upward deviations from the mean

level of variation in the "tissue-specific® class, while the
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TABLE 4.6

Pairwise tests for different distributions of
heterozygosity values at polymorphic loci belonging
to different tissue distribution clasges in the
male reproductive tract of prosophila simulans. U

= Mann-Whitney U-ftest statistic. s
Ug - N
Compar ison S. France Brazzaville Mean S. France Brazzaville Mean
A. 1/2 + 3 + 4 73.5 85.9 - ~ n.s. n.s. -
B. 2/1 + 3 + 4 118.5 . ., 74.5 -. n.s. n.s. -
C.3/1+2+4 104.5  84.5 - n.s.  n.s. -
D. 2+ 3/1 +4 96.5 126.5  125.5 = n.s. o ok
E. 2/l + 4 57.5 57.5° - s n.s. -
“F. 314+ 4 5l 60.0 - 68.0 n.s. . W .
G. 2/1 ' 34.0 35.5 - n.s. . n.s. -
H. 3/1 31.5 8.8 - n.S. n.s. -
a, 5. - not significant at .@5 level (two-tailed test)

* - gignificant at .05 level or lower
** . gignificant at .0l level or lower -
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Class 1 proteins are the source of aost of the downward
deviations. In additioﬂ, the presence of thesé correlations
in the Afrotropical population in D. simulans and their
apparent abéence in the temperate conspecific population is
intriguing and should be further confirmed by more extensive
data from other populations. ‘

Similar analyses of the D. melanogaster ‘data were

carried out. The results can be found in Tables 4.3, 4.4,

4.7 and 4.8 and in Figure 4.2. The, overall frequency of

polymorphic loci in this spgkjes {p 10%))was again

fntermediate between the frequency in Class 1 proteins (P %
7%) and the frequency in Class 3 proteins (P = 23%)L a; can
be seen in Table 4.%. The oﬁly comparisqns between classé%
that gave a significant deviation of the Chi4squaré value
from expectation for this parameter, however, were tgose=
comparisons involving Class 3 loci alone versus other clasges
(Table 4.7). The differences between classels with réspect to

mean numbers of alleles per locus were also much weaker in D.

melanogaster than in D. simulans, with only the testis-

specific loci showing a possible tendency towards a higher
value., PFinally, as seen jn Figure 4.2 and Table 4.8, thé}e
is no statisticaily significant tendency for any tissue-
distribution class of polymorphic loci. to be more

heterozygous than another in D. melanogaster, despite the

apparently higher mean heterozygosity for gland-specific

e
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FIGURE 4.2

Distributions of heterozygosity values for loci

coding for 2DE proteins of male reproductive
tracts of Drosophila melanogaster, with loci

.classified according to t

heir distribution of

expression between testis and gland fractions of

the reproductive tract.
within the Afrotropical (
(France) populations are
well. as the arithmetjce me
populations.
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TABLE 4.7

Observed and expected numbers of polymorphic loci
in each of four tissue distribution classes of
proteins in the male reproductive tract of
Drosophila melanogaster . Chi-square tests of

goodness of fit of observed and expected numbers
are shown in the bottom half of the table.

Namber of Polysorphic Loci

Class Obeerved Expected®
1, Common 8 11.53
2. Testis-épecific | 9 7.76
3. Gland-specific ' 6 2,73
4. Testis-elevated . 3 3.56
" @omparison Chi-square d.f. i
Overall 5.70 3 n.s.
A. 12 +3 + 4 g 2,61 A 1 n.s.
B. 2/1+ 3+ 4 0.78 1 n.s.
C. 3/;4-2 + 4 4,70 1 *
D. 2 +3/1 + 4 3.48 1l N.S.

Agxpected val
each tissue

ves were calculated from ptoportions'of loci in
class in the total sample (see Table 4.2).

b,.s. ¢ not significant at .95 level (one-tailed test)
* _ gignificant at .95 level or lower
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Pairwise tests for different distribution of
- heterozygosity values at polymorphic loci belonging
o different tiissue distribution classes in the
le reproductive tract of Droscophila melanogaster.

Ug =

Comparisgon

»

S. France Benin Mean

Ug.

Mann-Whitney U-test statistic.

P ™

Pa

v

S. France Benin Mean

A. 1/2 + 3 + 79.5 9522,/ - Nn.s. n.s. -
B, 2/1 + 3 + 91.5 9@.5 - NeS. n.s. -
C. 3/1 + 2 + 55,0 67.0 - n.s. n.s. -
D. 2 + 3/1 + 87.0 87.0 - n.s. n.s. -
E. 2/1 + 4 52.5 49.5 - ,(\) n.s. n:s., -
F. 3/1 + 4 37.5 37.5 - " n.s. - n.s. 6=
G. 2/1 42.5 38.9 - n.s. n.s. -
H. 3/1 28.0 32.5 - n.s. n.s. -
— &

s i Jo_ .
2n.s. - not significant at .95 level (two-tailed test)

{
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L
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species was a h1gher likelihood for gland- spe
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polymorphic loci in the sAfrotropicap (Beni})'population

¢ -

(Table 4.3). - , <

In summary then, it appears that some support is lent
to both of the hypotheses put forward in the Introduction to
this chapter, by the genlc variation data in D. s1mu1ans and

D. melanogaster. In D. §1mu1ansy_prote1ns co-expressed in

+the testis and the gland fractions of the male reproductive

tract are less likely to be polymorphic, and when they are
polymorphic they are more likely to be diallelic (veréds
triallelic or tetrallelic), than are the polymorphic loéi
with a more differentiated ;;ttern of expression between
testes and glands. Also, pyoteiﬁs expressed in the glandular
fissues and ﬁofudetectable in the testes shaw the opposite
tendeaay. That is,.they are more likely to be polymorphic,
and when they are polymorphic they have a tendeﬁcy to bg-

segregating for more alleles and to be more heterozygous'than
' . 4

loci with testis-specific or undifferentiated‘batterns of

-expression. However, .the correlation of ‘tissue distribution

with heterozygosity of polymorphic loci, \bven tested in D.
simulans for statistical significance in a temperate and a
. .. R . ’ .
tropical populatidn separately, could only be detected in the
. ‘ . *

) . . . < .
latter population. These correlations were weaker or absent

Jine the,materlal of D. melandgaster wh1ch was analyzed The

only stat1stica11y significant pattern ‘observed in this

ific loci to be

pol;\brphzc than for- loci- with other t1ssue d‘ tr1but1ons.

— k=, .
.

J

~
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DISCUSSION

Study of porrelétions betJeen variability of genes
ané structu%e or function of the genes or their products is
an éétempt.to demonstrate and tq understanq the relevance of
the genetic variation in populations to natu;al selection/énd
adaptation. The promise of such an approabh was that
might yield conc]uqlons without the necessity of belnq in
possession of detailed 1nformat10n on the ecoloqy-or'
demographic history.of the populatinns in which the vari;tion
was found segregating. However, formidable conceptual and
pracEical obstacles have so far prévented achievement of this
objective. The correlation analyses and discussion in this
chapter are intended as contributions to the clarification,
and eventual remediation of some of these problems.

The most prominent correlation found in the present
analysis was that 'between apparent funct1on1nq of protelns as
'COmponents of extracellular fluids, and comparatively high
values for certain measures of genic Q@riability, i.el'
percentage,polymofphi;m among loci, heterozygosity per locus,
and number_of.alleles ) The effect was most
ﬁﬁhoticeabﬁe in D. simulans, especially .in an Afrotropical

(Congo) populat1on, but was als s t1st1ca11&‘s1gn1f1cant in

D. melanogaster, with the Afrotro ikal (Benin) population of

this species also being theAone most strongly affected. As

)

[
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L . a (
welllas.its confirming a patterﬁ euggested by 1DE for
Drosophila larval hemol;mph proteins (Singh and Coulg%art,
1982}, this result agrees with<similar 1DE data on l
extracellular étoteins {those of blood serum) from primate
sSpecies ip comparison to erythrocyte enzymes from the sanme -
ggeoies (King and Wilson, 1975; Palmour etfal.;‘lgaﬂ). 2DE
estimates of var%ation in human plasma Polypeptides are also.
considerably higher than those for polypeptides of -
erythrocyte lysate (see Table 3.1y, and Juneja(et al. (1981)
report greater variation in ZDE analyses of plasma proteins.
of the domestic dog than in 1DE of erythrocyte enzymes in
this species._ .

. The main 51gn1f1cance of the present I1nd1ng 1s its
demonstrat1on of one use of ZDF in ape study of

structure/functlon cortelations. )}n some cases, especially

when the structural or funct10na1 data of ‘interest can be

N L)

. obtained directly from the gels, as’ was done here, the

technique will be Helpful in the rapid identification and
qenetio analysis of large, independent samples of structural
genes chosen in order to test the basxs for a supposed
correlatlon. Although more data and different types of
exper1ments will be requ1red to estab11sh the Yeasons why
extracellular prote;ns appear to be more polymorphic, we are
now ;t least able to place more conf}geneg in theéﬁon-.

spur1ou5 nature .of the correlation. - ‘
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With regard to the other type of correlation found -
that between breadth of tissue distribution of a protein and .
its level of variation - the results were more tentative.
Despite the fact that in both species the largest deviations

-~
from expected frequencies of polymorphic loci besides those

found for glang-specific proteins were -those 'seen with

testis/gland-common_proteins (Tables 4.5, 4.7), the
differences from expectation were not statistically

significant in D. melanogaster. The lack of significance may

partly be a consequence of the fact that d1str1but10n between
only two organs (accessory glands and testes) is a narrow
basis on which to assess general breadth of tissue
distribu@&on, SO0 that a real correfation may have been partly

obscured by inadeguate characterization of tissue

distribution. Also,'although truly testis-specific proteins

are found in Drosophila (Kemphues et al., 1979; cavener,

1989}, Ingman-Baker and Candido (1989) note that all of the
sperm polypeptides they studied were also synthesized by

other (somatic)- cell types. This suggests that many of Ehe
-y

"testis-specific" abundant proteins {Eentified in the présent
study, if they are actually componenss of sperm, are not

truly specific to the testes. This, too, would tend to

4

decrease the relevance of the tissue distribution breadth

classification used here. 2DE experiments run on isolated

sperm, and on other somatic tissues, should-help to clarify

. "

this correlation, if it does exist. A -

[

»
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It is aﬁpropriéte to ask, at this point, exactly what
pattern of'cor%e]ation might be expected to exist between
genetic variaQion and breadth of tissue distribution of a
gene product. As mentioned in Chapter 3; an argument can be
made that broad tissue distribution of a protein should be
associated with a high level of functional constraint on its
amino acid sequence, and'thus a low level of variation. But

)
on%'importint type of balancing selection involves hétefosis
which is mediated by aﬁpufative]y greater average
physiological and developmentdl homeostasis, over a tandem
series of life cycle stages, enjoyed by functionally
intermediate-heterozygbtes (Gi}lesﬁie and Laq'pey, 19?4;
Mittoniénd Grant, 1984). This mechanism predicts higher
levels oE“selectivbly balanced polymorphism-in_broadly -
distributed proteins. Negative results in correlation (:__-
analysesfare usually quite difficult to interpret. On the
ofher hand,'positive results on a neutralist "functional )
constraint" hypothesis can usually be explained equally well
on the basis of opportunity for palancing selection, and
independent indices of the tendency Eo undergo balancing
selection are usually difficult to define and/or to apply..

Therefore, a sfﬁgle operationally applicablé‘index (i.e.

breadth of tissue distribution) that makes a prediction of

positive results under both neutrality and selection, but

indicates opposite directions for® the correlations, may have

an advantagé’if interpretability over other

-

AT
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structure/function indices.

Regardless of whether the structure/function
correlation approach is ultimately successful in
discriminating between selective and neutral mechanisms for
maintenance of genetic variation in populations, the approach
should prove to be of great value oﬁ a pu{ely descriptive
basis. For instance, certain major clgsses of gene products,
such as enzymes of mammalian bra1n and erythrocytes (Wade
Cohen et al., 1973), proteins of Drosophila rlbosomes (Berger
and Weber, 1974), and proteins of mouse brain and liver
membrané (Klose and Feller; 1981), appear to contain much .
less genic variation, on average, than do the gene;al samples
of structural loci which have been useq to chq:;cte(ize
overall le&?ls of genic variation for the respective species'
genomes. At the other end of the spectrum are éenes like the
K and D iobi of thevmouse H-2 histocompatibility complex,
which have a minimum of 200 alleles each {KTein, 1978). " Such
findings'are very helpful in demonqtrating the range of genic
variability levels which can be supported by iopulatlons.
They may also, in combination With estimates of the relative
sizes of the different gene clas es represented, eventually
providé a basis for more rational extrapqlation from the
results of variation studies on small samples of loci to

predictions about variation in the genome.



- TINTRODUCT ION

The melanogaster Spec1es Shbgroup Drosophila simulans and

brosophila melanoqaster are placed taxonomlcally, within the

genus Drosophila, in a subgroup of e1ght sibling species-(the

&elanogaster subgroup), which in turn, belongs to a set of

eleven subgroups that comprise a total of 141 known species

and together make up the mel anogaster species group

(Lemeunier et al., 1984). 11 of the melanogaster subgroup

: . -
species are endemic to Afrotropical regions, except D.

simulans and D. melanogaster, which are cosmopolitan.

The\t35§5"51b11ng species" waQ‘lntroduced by Mayr

(1942) to describe “morpholog1ca11y s1m11ar or 1dent1ca1
populations that are reproductively isolated". They are very
common in the genus Drosophila (Patterson and Stone, 3952),
.where they are both a challenge to the taxonom1st and a rich
source of material for the genetijcist with an interest ﬂn the

early stages of spscies formation and divergence. The eight

sibling species of the melanogaster ‘Suhgroup are almost

identical with respect to external morphology the only
reliable taxonomlc character for species 1dent1f1cat1on is
fhe shape of the male genital process, located on the ninth

A

abdominal tergite. .However , many comparative studies of, for

[P
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instance, polytene chromosome -banding patterns (Lemeunier and
Ashburner, 1976, 1984), electrophoretic mobilities both of

. enzymes separated by lDF {Eisses, vall Di]k and van Delden,
1979; Gonzalez et al., 1982) and of proteins of whole body
homogenates separated by 2DE (Ohnlshl et al., 1983), sequence
similarity in repetitive (Barnes,, Webb and Dover, 1978) and
single-copy (Bodmer and Ashburner,11984) DNA, and behavioural
traits (Bos and Boerema, 1981), have helped to clarify
patterns of relationship between the species of the subgroué.
" The results of these.studies ag;ee quite closely in dividing
the subgroup into two sets of four species each - D.

simulans, D. melanoqaster, D. mauritiana and D. seche111a on

one hand, and D. te1ss1er1, D. yakuba, ‘D. orena and D. erecta

on the other. The former set of four is xeferred to

informally as the melanogaster species complex, and

-

constitutes the mater1a1 investigated in the present
‘comparative study of proteins of the éroéoghila male
reproductive t{ict. )
| 'within'this-species complex, the ebove-cited '
compe?ative studies are unan1 ouahihhflac1ng D. mauritiana
and D. sechellia, which are endemic, respectively,~'to the

island of Mauritius apd to éhe Seychelles Is{ands (both in
the Indian Ocean), much closer to'D. simulans than to D.

*

melanogaster.- Most clearly revedling among the strictly *

comparat1ve data is the.fact that D. simulane, D. mauritiana

and Q; sechellla are mutually homosequent1a1 wlth respect.to

LN

A

-
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polytene chromosome banding pattern,'whereas D. mel anogaster

is distinguishable from these three species by one major and
severel minor paracentric inversi%ns (Lemeunier and
Ashburner, 1976; 1984). It is not unreasonable to suggest
that D. mauritiana and‘Q; sechellia originated in connection
with ‘island colonization events by D. simulans, although it
is difficult to disciminate conc1u51vely agalnst competing

phylogenetic hypothesee at present (Lemeunier and Ashburner,

- 1984).

Male Reproductive Punction in Drosophila speciation. The;\»/is
conclusions about species relationships® reached by

comparative studies "within the melanogaster spec1es complex

are supported by sexual ion studies. Of part1cu1ar

. “n!
relevance to the current study are viability and fert111ty

[
effects seen in Fy hybrids between the species (David et al.,
1974; Roberts, .1985). ‘Male and  female hybrids between g;

s1mu1ans and D. elanogaster are both completely sterile.

when the Cross- 1s made w1th_Du melanogaster as female parent,

> only female adult progeny are produced; in the opposite

direction of crossing, mostly or exclusively male progeny

survive. In contrast, hybr1ds of both sexes between D.

Asimuians and either D. mauritiana or D. sechellia are viable,

and females are highly fertile, although the males are

sterile and lack motile sperm. The hybrid females in these

X . .
latter two cases can be bacquossed to males of either

ek
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parental species, whereupon some male fertility is regained
in the B;-progeny (David et al., 1974; Cofne, 1984).

Aside frém the confirmation of species relationships
offered by patterns of hybrid male sterility, such patterns
illustrate an interesting.aspect of épecies di&ergence in the
genus Drosophila. This is‘that, verf frequently, F; hybrids
bethen species in this genus are complétely sterile,
although viable. Moregver, as summarized in a recent review
by Bock (1985), in léJ?Zf 142 cases where both ﬁybr%d sexes
are viable but one is sterile, it is the male which is
affected. Thus in many cases, as with D. simulans crossed to
D. mauritiana or D. sechellia, the _ﬂll gross abnormality —

seen in the Fy is male sterility. This, of course, does not

argue conélusively in favour of a causal role. for hybrid male

. )

sterility in the iNitiation or even the consolidation of.
species formation in Brosoghila. But it suggests strongly
that the phenomenon is very often one of the earliésf
correiates‘Bf-cladogenésis within .the genus. Deeper
understanding of genetic qifferenées between Droséghila
-specxes with respect to male reproduct1ve function should,
thereﬂgre, at least help to understand some of the early
events in species divergence, and may _prove to be d1rect1y

useful in understanding the process of establishment of the

species per se. ‘ ‘“\

Molecular Comparisons Between Drosophila Sibling Species..

Eafly molecular studies of genetic differences between
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Drosophila siblihq or incipient speci?s relied heavily on }DE
analysis of electrophoretic mobility differences in enzymes
and other soluble proteins.' The functions of these eﬁzymes
and protexns were e1ther completely unknown or bore no known
relat1onsh1p to male reproductxve function or, for that
matter, to any other portion of the phenotype of probakle or
) . e
possible importance in the process of species formation ‘
(Hubby and Throckmorton, 1967; Prakash, 1969, 1972; Ayala and
Powell, 1972; Kojima, Gillespie and Tobari, 197¢; Ayala et
al., 1974), Furthermore, because bf.practical limitatioﬁs,
the samples of ipci were small in:felationrto the tozal size
of the genomé' even the extensive ahalysié of the Drosophila )
“willistoni spec1es complex'carr1ed out by Ayala and co-
workers (Ayala et al., 1974) included a total of only 36
loci. Also, electrophoretically cryptic variation usually
was not taken into‘account. Thhs,_several'questibﬁs about
the adequacy_of electrophoretic data on proteins, exactly
analogous'to those addressed in’Chapter 3 in the context of
popglation vgriatién, also ariZe in molecular studies of
séecies‘divergepco.

. Oné'of these probléms has been examined
-experimentally.‘.Séquéhtial electrophoresis and other
supplementary techniques designed to uncover allelic
variation not detected“uﬁder standard 1DE conditions have

-

been applied to comparisons of 6 loci between: the sibling

L]

species’Droébphila pseudoobscura and D. pergimilis

i T
0 i-_u-l-‘
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(summarized by Coyne, 1982). They have also been applied to
comparisons of 16 loci between populations of D.

pseudoobscura from the main body of this species' range in

North and/Central America and from an isolated population in
Bogota, Colombia that is considered to be in the first stages

of species differentiation from D. pseudoobscura (Coyne,

1982; Singh, 1983). At 1 of the 6 loci in- the former
comparison and at 7 of the 16 loci in the latter comparison,'
substantial numbers of new speciesfspecific alleles were

discovered ithigxelecﬁiophoretic clagges previously thought

to be equivalent between speciés. The data of Singh (1983)

include 3 cases of leci that previodsly appeared nearly

Qﬂ-dentical in their allele distributions between'main—body'énd

Bogota populations of D. pseudoobscura, but on cleser

. . . TR . s
examination proved to have ‘essentihlly disjunct-rallele

distributions. The disclosure of such hidden divergence

\ .
~ suggests that previous estimates of the extent of genic

~

d1fferent1at10n, at least of some locyr“between incipient or
L]

sibl¥ g species of Drosoghlla may be too conservat1ve even

with respect to the loci which have been studied by 1DE.
. ' e

In contrast with the substantial body of information

on electrophoretically cryptic variation as it relates to 1DE .’

enzyme comparisons between clpseF§ related Drosoghild'

species, there is a notable lack of experimentai perspective
4 ' - . —
on the “other aspects of data adequacy. Moreover, the problem

of representativeness may in somerways be more acute.in théV’

v e e
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stud; of species formation than it'is in the analysis of
Ipopulation structure. In the laéter situation, the

" presupposition that a "sémple“'of loci taken from the genome
is relevant Eq the question is perhaps more readily justified
- all the more so if large amounts of variation are-actually
found in the limited sample. But in attempting to unders;and
the genetics of species }ormation, the key questions will "
ultimately be more closely con&erned with exactly which genes
were inﬁolved in the formation of particular species.

Mayr originally formulated his "genetic revolution"
model of species formation to entail_allelic substitutions at
‘most of the loci in bﬁe genomé, andj;orkers who have set out-
to test Mayr's thegry have taken this extreme version as the
one to be tested (Hubbhy gnd Throckﬁorton, 1967; Lewontin,
1574, Chapter 4). Mayr's extreme formulation may have been
part of an attempt toﬁiend generality to his model, by
integrating the origin of reproductive isolation, via
pleiotropic effects, with general processes of a?aptive
chahge in populations. But there exists at p?esent‘ﬁo
theor'Lical ﬁasis for estimation of the'magnituée of observed
genétj:\ﬁhangé.that would be reéuired ta'coﬁfirm or reject
Hafr's heory, or any variant of it that involvg? '. _'¥
“reorgq:;)atipn“ of the gene pool during specieélfofmation.

It seems entirely.:ﬁpsible that, although genetic_revoiutions

do take place, they involve only a relatively small mumber of

hl -

Pl

loci that are "tightly" coéégggsf togéach other, leaving most

B
L]
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of the rest 3?&the genome unchanged. We thus require data on

species differentiation in larger samples of loci.
) The need for larger samples of loci in molecular

-

specie's comparisons is paralleled by a need\i;r appropriate

'eemp]es of loci, Again:. when population etr cturge {§*unaer
"study, there is usually little a priori reason to con51der
one set of loci as relevant to adaptatlon and‘@nother set as

. 1rre1evant. But when comparing two - ‘species, we are really
exam1n1nq the results of two set* of processes: those that
led to the initial establlshment of the species as two

(- reproduc 'vel. ‘indep¢ndent

opulation systems, and those thgg
F ]
were inuwolved ither'concurrently or subsequently in

e between the Species, ‘but occurred independently of

the est B 1shment of reproduct1ve‘&solat1on. 50 if our aim

ci as ble from the analysis, and/or to

include as potentially relevant ones as possible. To do

this, information on the mechanisms of reproductive isolation

presently operative between the extant spec1es must be
o

available, 4As well as some means of precise (i.e. molecular)

é*genetic analysis ‘of the isolation mechanism._
// Furthermore, we must not be-rimiged, in trying toh)\
analyze the genetic differences that underlie species

differentiation, to any restricted subset of the dszerent

kinds of alterations in DNA that might have a. cr1t1ca1

- ’ .
- u ——
] . ’ Y

N

v

» 3%
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phenotypic effect in the species and/or their hybrids.

Changes in the DNA encoding the amino acid sequences of
proteins are just such a restricted subset:+ it has bg‘h
established for some time-that DNA changes cutside of such
coding regions can have large quantitative effects ‘on the
expression of nearby structural genes in eukaryotes (Chovnick
et al., 1976). Ultimately, the analysis of genetic elementj

that do nct encode a protein proéuct must be extended even

further than this, to include DNA segquences that can exert

-phenotypic effects without having direct effects on protein

expression, for example through-their effects on an RNA
product, or even in the absence of any eﬁcoded product.
Finally, in analogy with the ihterpretiyé
difficulties encountered immediately following the discovery
by LDE of.extenﬁive genic variation in populations, it will ~
notrbe enouéh simply to describe the amount and pattern of
genetic dfvergenée between species, however "large" or
Yappropriate™ the sample of locil. We will eventually bé
obliggd to demonstrate the connectiéns between the patterns
observed at the genefic level‘and pértigglar phendmeﬁa at the

phencotypic level; in this case, reproductive isolation.

Two-Dimensional Gel Electrophoresis and Genetic Divergence

Between Drosophila Species. As demonstrated in dhaptef 3,

one of the clearest advantages offered by 2DE is the much

larger number of structural genes accessible to analysis, in

-
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comparison to 1DE of enzymes and other soluble proteins.
This advantage has been applied, in the present study, to
carry out expanded molecular comparisons between the 4 (r\

sibling species 'of the melanogaster complex, using proteins

of the male reproductive tract. The direct examination of
male reproductives tract tissues has been made possible by
virtue of a second technical advantage of the methodology

used - i.e. sensitivity of the protein zone detection.

technique. In comparisons between D. melanogaster and D.

simulans, and between D. simulans and the 2 island endemics

which are closely related to it (D. mauritiapa and D.

sechellia), 2DE data+-on genic variation in these proteins
. ' »

within one or bgth of the compared species is aiso‘available.

This permits an assessment of the pattern of interspecies

. < .
divergence in the context of existing intraspecies

" polymorphism. Yet a third technical advantage available with

the present techniques is that silver stains,"wh{ch interact

{ : . . . . . :
with the polypeptides themselves 1n zone visualization, give
-y

a more easily interpreted picture of relative amounts of a

polypeptide in two different samples than do the
histochemical activity stains generally used in 1DE. Thus,

certain types of alterations in gene expression should be at

-

least preliminarily detectable in silver-stained gels, even

though the ascription of particular cases of changes in
proéein quantity to specijic changes Jin gene expression will

always require further work.
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The most radical différence between the data
presented in this chapter and that from prev1ous molecular
compar;sons ‘of s1b11ng species of Broscphila is derived from
the’ choxcg of material (male reproductive tractj used in

sample preparation. As noted above, - genetlc changes that

affect reproduct:ve funct1on in hybrld males are a very

common early feature of spec1es d1vergence in Drosoghila, and.

by their very nature may contribute strongly to the initial
establ1shment of reproductive 1solat10n between\populatlons.

Th1s is not to say ‘that the electrophoretlc ana&ysxs of male

W
L

reproductlve tract prot91ns ;m these’ species is necessar:ly

capable of revea11ng the cruc1al genetlc d1fferences. The

ana]yszs has limited scope and sen51t1V1§y, and the s1b11ng

species of the melanogaster complex’ seem to have.been
diverging for millions of years already (Easteal and

Oakgshott, 1985); making them léss-thén-ideal materjial for

s

study of the earliest stages of species dlfferentlatlon. But

- the approach taken here is representative of the kind of

.high—fesolution_anarysis of carefully chosen sets-of'génes

that will be necessary in order toreventually understand the

genetic changes under1y1ng spec:es formatzon 1n-Drosth11a.
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RESULTS .

1

Approaches to Pairwise Comparlson of leferant Species by 2DE.

F1qure 5.1 is a diagrammatic representat1on of the dlfferent

empirical results possible when the polypeptides of

1

.homolegous t1ssue‘samp1es ‘frem two dlfferent spec1es are

]

separated by ZDE and the spot patterns compared. Class A

consists of 1nvar1ant, shared poiypeptldes. Class B contains

polymorphlc polypept1des, w1th subc}asses Bl B3 to take

account of_d1fferent degrees of po}ymorpﬁpsm {(i.e, one or

. . &
both' species) and either partial or complete overlap in

-

" allele distribution., Each of these subclasses-actually

includes a wide rhﬁge of possibilities:for total numbers of

[

. v . ,
-gkleles involved, and Figure 5.l‘on1y contains three simple

- examples to represent the gualitative distinctions betweeh

stbclasses. Class C includes all identifiably hqmologous

pairs. of polypeptides withlno allelic overlap between

-species. and ‘is also d1v1ded into three subcLasses. Class D

accommodates fhose peyypeptldes of. each species €ﬁat have no

recognizable Homolog in the other‘spec1es. Cases of Class D

‘.dlfferences might be attributable to any of several dxstlnct

Eypes of evolutionary change. Largé-shifti in

electrpp@ofetié mobility (especially in the first dimension)

coﬁld lead to exclusion of the homologéus polypeptide of one

of the two species, from the’ resolut1on "window" "of .pI and M,

used in the experiment. OQr, large d1fferences in polypeptide

—~ b

expression might render the polypept1de undetectable or



-PIGORE 5.1

Venn-diagrammatic representation of possible

" divergence relationships between proteins resolved
by 2DE from homologous tissues of two different
species. Classes A-D are explained in the text and
summarized in Table 5.1. N, and N, are the total
protein sets in species x and y, fgr which :
appropriate data on polymorphism and homology are
available. n,, is the total number @f spots shared
between .the rwd species., n, and n are the total"
numbers .of unshared spots in specieg x and vy,
respectively. )

-

TABLE 5.1

Summary of criteria for definition of protein L
divergence classes A-D, with subclasses.
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14 ny
n,y
Ao .
Ble—e
B2
B3 .
81. . _
2 . 4 &
C3q—0- —o——o
D1e
. *—=e
D2 ,
y — ® \
o4 N
Divergence Allele Species Homolog
Class Overlap Polymorphic Identified
Lo , -
A Coliplete - Neither Fes
Bl Complete . Both . Yes.
B2 paftial . One Yes .
B3 partial -Both = Yes
Ccl l\ione Neither . Yes
c2 None One . _ Yes
C:? None Both ‘ : Yes
D1 ? s No No
D2 ? Yes No

%
f . e
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'unrecognizéble in one of the two speciés. Alterations in . . {
chemital composition could also potgntially change the silver
staining properties of a polypeptide so radically that it
would got_be recognized as hoﬁoloqgus. rfﬂcally, it is
conceivable that the gene encodipg a polypeptide has been
lost, silenced.or even‘vauired (for rexample, by gene
duplicaticn) in‘one*of’the two species, so that a Class D T~
spot_6g§1§ represent a ;peﬁies-specific genetic function.

o To undertake a spot classification of this type, daéa
on %itﬁin-speéies_polyﬁorphism and a.g?sis for diécerning
intergpecies spet homologies are needed. Since the vis;él (//

_ appearances of the sp;ts on these gels.ﬁé}e high}y diverse \j’;—

L2t

and yet reproducible within'a species, this appeérance could (

be use} to pair many spots tha; higrated tb diésimilar gel
positigas in two different species. Here, essentially the
same criteria were used as were applied/to the scoring.of
allelic variation witﬁin speciés (see Resulté, Chapter 3).

In add1t1on, tissue distribution 1nformat1on (see Results,-
Chapter 4) was veryuuseful 17 electrophoret1ca11y divergent

-

spots in D. simulans and 14 in D. melanogaster, which could-

not be confidently paired between these two species on the
basis of appearance alone were pairable when tissue .
distribution was ‘taken into account. It was interéstinq that
in only one case among the electrophoretically divergent

spots was the putative-homology based on spét appearance not

in aqreemeht with that based on tissue distribution. This

/\/—\ R p -
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: o
attests to the general veracity of spot appeafance-alone as a
tool‘for recognition of homoclogy, at least between_éiosely
related species. - -

It’is clear that in any species comparison where
comprehensive spot classifiéation is attempted, many spots
that appear reproducibly on the gels will be e£c1uded from .
the analysis because of lack of data on polymorphism and/or

homology. The sets N, and N, are, therefore, necessarily

y
subsets of the total number of spots appearing on the gels.
For excluded spots with identifiable-hoﬁologs {(Classes A-C),
this festriction of the working sets of polypepéides presents

no obvious problem of bias. For Class D spots, the attempt
! -

to find a homolog was not restricted to the N, or N 'subset,

. y
\
but in¢luded all spots from.the other species; tﬁhs,‘the

absence of ‘an identifiable homolog iglggg a’simple artifact
of the restricted membership of N, + Ny.
When reliable data on polymorphism or tissue
distribution are lacking for some or all of the polypeptides
in one‘br both species, useful comparative information can
still be obtained from these polypeptides even though
discrimination between certain of the spot classes of Figure
5.1 is impossible. This consideration arose, for instance,
in comparisons involving D. mauritiana and g; sechellia; for

these two species 6n1y-single isofemale lines were available.

Also, in all four species many minor spots not suitablie for

Y
v

the rfborous.analysfs of polymorphism or tissue distribution
¥

-

tﬂ-_ -

(9}
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could at least be assigned a shared versus unsharea or
pairable versus ngn-pairable status between a single pair of
lines repfesenting two species. Data from comparisons such
as these were conveniently summarized in terms of a

similarity measure suggested by Aquadro and Avise (1981):

F = 2n,,/Ny + Ny,'where‘nxy, Ny and N, are as defined
previously (see Figure 5.1), and in terms of another
- * * * *

statistic, F, = a/n + n , wheren and n are as defined
P77y X Y
in Figure 5,1, and a is the number of spots not shared but
: »
. capable of being.'paired homologously between two gels., F may

. be ,referred to as the "shared fraction" (of the total number

- -

of spots scored), and Fp as the "pairable fraction" (of the.
total number of unsﬁared spots). Note that 1-F and 1-F, can
botﬂ be calculated and used as measures of interspecies
divergen&e of different types. These statistics are most

useful when a single measure of interspecies similarity or

. = . e ' . \
divergence is required, as it is when degrees of divergence

L%

in different sets of polypeptides are compared, or when

dhylogenetic relationships are being assessed.
. ) . ~
+

When incomplete data are used in comparisons, a

definable range of possibilities exists for alternative

’
ey

classifications of a spot or .spot pair, were additional data
on polymorphism or homology available. 'For instance, in ?

comparisons between D. simulans and D. mauritiana, much

-

polymorphism information was available for the former species

but not for the latter. So if a spot which' is known to be

N -

|
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_{together: tlaéé £ could only be from
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polymorphic in D. simulans has a homolog in D. mauritiana
with an electrophoretic mebility not found for any D.
simulans allele, 'we can provieionaljy label tﬁe spot as a
member of Class C2', to indicate its tentative status.as a
case of a11e11c non-overlap between homologous protexns of
the two species. More information mighE’leaddto its being

reclassified as Class C3, or even as Claes B, but never. as

. . /s
Class A and almost never as Class D. The same type of

consideration can be applied to the "F" indices defined
above.  When only one line in each of two specibks 'is sampled,

the membership of n (Class A'Y,is made'up of spots whlch

Xy o
would only be recla551f1ed as A or.B if more 1nformat10n were

avaxlable. S1m1lar1y,.the palrable membegf of nx plus ny

lass B or Class C.
.o .
In general, the values of “xy and (n + n;) obtained in

single-line comparisons for any two species will vary

reciprocally over a range equal to the number of Class B

loci, with the exact shape of the sampling distribution being -
strongly dependent on the allele frequency distributions at

the Class B loci 'in the two species. L .

Interspecies Divergence Classification of Total Reproductive Tract

Proteins. The classification of male reproductive tract

proteins in a comparison between D. simulans and D.

melanogaster is summarizedAin Table 5.2. Of the total

maximum numbers of spets found suitable for scoring allelic
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TABLE 5.2
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Numbers and proportions of male reproductive tract .proteins
of Drosophila simulans and D. melanogaster falling into éach

divergence class as defined in Figure 5.1 and Table 5.1.

4 D. simulans D. melanogaster,
Divergence )
Class Number Proportion Number Proportion
A 114 .5340 114 .528
Bl g @ g a
2 16 .974 16 .874
3 6 .028 6 .28
cl 23 . 167 23 .196
2 2 .ga9 2 . 889
o3 2 . 889 b 2 . 989
D1 48 .223 47 - .218
2 8 .37 1a .346
"Total 215 216

ra
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polymorphism within D. simulans (295) and D. melanogaster

(387}, 67 in D. simulans and 79 in D. ﬁelanogaster were '
paired homoloqodsly with minor spots not included within
the scorable spot sets of the other species. In addition, 11

spots in D. similans and 2 more in D. melanogaster were of

the "nonscorably polymorphic® type (see Results, Chapter 3),
even though pairable between species. Since exact placement

of such spot pairs in one of Classes B or c was difficult,

-

they were excluded from this'phase of the analysis, leaving,

v

N = 216.

simulans - 213 and Npejanogaster
The largest class in each specfes (Table 5.21 was
. Class A, comprising about 53% of.g&_bimuléns or D.

melanogaster spots. The next largest class was Class D, with

26% representation inaD. simulans and 26.4% in D.

melanogaster. Some of these Class D spots will probably be

reclassified eventqally as Class A, B or C when more
information becomes asailable on their homology ' -

relationships. However, as mentioned above, the use of spot

appearance and tissue dlstr1but1on together still failed to '

help iﬁentify homologs for these Class D spots. Moreover, pH
4-6 1EF/SDS-PAGE and pH 3.5-18 NEPHGE/SDS-PAGE separations
-

were carried out (gels not shown). These faited to reveal

any cases of 51mple charqe-shlft differences between D.

simulgns and D. melanogaster that might have led to exclusion

of one species' spot from;the pH range,6 5.25-6.95. A third

. \
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point is that many of the Class D spots of goth species were
still plainly visible and identifiable by appearance in gels
run with 1@-fold dilutions of the l@-tract protein loads
routinely electrgphoiesed. Such\copsiderétions suggest that
most of the Class D species-specific spots’are the results of
large (> 18-fold) qdantitative differences, and perhaps even
qualitative differences between D. siﬁulans apd'gL

melanogaster in the expression of individual polypeptides in

male reproductive tracts.

b The next largest class of proteins (10.6%-10.7%) was

Clgss cl, reﬁ&esenting pairable spots apparentl; monomorphic
for different alleles in the two sbecies. .This figure is
very clbge‘to the analogous_fiquré.fof enzymes which hade
been analyzed by 1DE in both of these species (R. S. Singh
and M. S. Choudhary, unpublished data): of 7@ enzyﬁéﬁloci

examined, 7 (19%) are apparently fixed for alternate alleles

in D. simulans and D. melanogaster.

It is striking that Classes C and D together make up
38.6% of the total number of D. simulans spots included in -
the Table 5.2 total; the %orresponding figure for D.

melanogaster is 38.9%. Finally, about 1@% of polypeptides in

this comparison fell into Class B, with Class.Bz being ab;ut
twice as frequgnt as Class B3. No case of completely |
_overlapping polymorphism (Class Bl) was idqctified.
" In'comparing D. simulans to D. mauritiana.or D.

sechellia, a slightly different classification scheme was-

-
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required, as explained above. In Table 5.3, Class A' is
defined as the set of spots, monomorphic in D. simulans, for
which the corresponding spot in the single D. maurltlané 11ne
analyzed had an identical electrophoretlc mobility. Class B'
spots were those that were polymorphic in D. simulans and for
which the D. mauritiana form was the éame as one of those
found segregating in'g;‘simula;s. In Class Cl1' ;re included
spots monomorphic‘in D. simulans, for which the D. mauritiana
homolog had a mob111ty different from that of D. simulans.
Class C2' contalns cases of non-overlap where the D. s1mulans
spot is polymorphic. Class D spots could be treated in the
same way as they are Qhen polymorphism data is available for
both species, 'except of course that no distinction can be
made between D1 and Dz.loci in D, mauritiana. As with the D.

’ {
simulans/D. melanogaster comparison, homologous pairing

between species took information on both spot appearance and
tissue distribution into account. Nonscorably
polymorbhiclgi simulans spots not belonging to Class_D‘(of
which there were 1@ in this comparison) werelagain equuéed
from the aﬁélysis. The total sets for .each spec1é§>are here

somewh:z larger than they were in the D. simulans/D.

melanogaster comparison. Th1s is because the 67 D. simulans
7 . —_——=_c
spots that were éxcluded from the latter analysis owing to

lack of data for the D. melanhogaster homolog were included in

the D. simulans/D. mauritiana comparison. , ‘ v
f,
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TABLE 5.3

Numbers and proportions of total male reproductive tract
pProteins of D. simulans and D. mauritiana falling into
different d1vergence classes. Class aA': monomorphic in D.
simulans, same allele in D.'mauritiana. Class B':
polymorphic in D. simulans, D. mauritiana allele found within
D. simulans., Class Cl°': monomorph1c in D. 51mulans,
dlfferent allele in C. mauritiana. Class C27: polymorphic
in D. simulans, D. mauritiana allele not found in D, simulans
Class D: As per Figure 5.1, Table 5.1. -

D. simulans D. mauritiana
Divergence
__Class Number Proportion Number Proportion
al 235 . .789 235 . .800
BY .23 077 23 .q78
c1 16 054 16 .054
. c2 4 .13 4 .a14
D 20 - .867 16 .054
Total 298 ' 294

//

As per‘Table 5.3, for D. simulans ahd D. sechellia,

TABLE 5.4

Dl simulans D. sechéllia
Divergence — .
Class Number Proportion Number Proportion
A 222 " .742, 222 g3
B' 19 " .064 19 w@7Y
c1’ 6 .028 6 .922
cz2r - 4 813 4 _ . @15

D 48 161" . 16 .960

Total 299 ' . 267
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-y ‘ .
As with D. simulans and D. melanogaster, the most

\.éommon finding was nondivergence between the polypeptides of

D, simulans and D. mauritiana, with aggut 8¢% of spots
falling_into C%ass A': The next most frequent classes were D
and B' (6.7% and j.?% respectively) in D. simulaﬁs, and B'
{7.8%) in D, mauritiana. Slightly Iﬁis frequen£ were Classes
D and Cl' in D. mauritia;a, ard Cl";E é; simulans, with
5.4%. Together, Classes C' and D accounted for 13.4% of D.
simulans spotg'and 12.2% of 'D. mauritiana spots.

A similar analysis was carried out for D. simulans

and D. sechellia (Table 5.4), with similar results. However,

s

‘a conspicuous difference is apparent between the contents of

Table 5.4 and those of Table 5.3: D. simulans Class D\spots

number 48 when this species is compared to Q;‘sechellia,

whereaé only 2@ D. simulans spofs were classified as this

type when cqmpared to D. mauritiana. This was in spite of
. e

the fact that the other divergent classes of polypeptides

(Cl', C2' and D) did not occur in greater numbers in D.

sechellia than in D. mauritiana.

If this difference. between the results of D. -

-

simulans/D. sechellia and D. simulans/D. mauritiana

.

comparisons is a result of greater structural divergence in
Q;-sechellia pelypeptides from those of D. simulans, leading
to greater difficu]ty in the identification of homoclogous

interspecific spot pairs, then some of the 48 D. simulans

spots placed in Class D with respect to D. sechellia may
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D. sechellia.
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eventually be reclassified, for instance as Class C. But if
this'is the case the relative degree of divergehce shouid not
bé lessened; rather, it would simply be seen as structural
;ather than quantitaiiﬁe,
A more seriously misleading interpretive amgiguity
;ould possibly. arise in connection with the fact that the
total protein loads applied to gels, in samples containing 10
reproductive tracts fro% these three species, were not

exactly equivalent; the differénces were .in the order: D.

simulans > D. mauritianma > D. sechellia. This overall

t
intensity reduction could conceivably "generate" more Class D

spots in D. simulans when compared to D. sechellia than when
compared to D. mauritiana, because of their having fallen
below a threshold of identifiability or even detectability .in

-

That this is not the case is argued by the

observation that, on examination of- 39 individual D. simulans

spofs that were Class D with respect to D. sechellia but not

\

with respect to D. mauritiana, at least 28 of these
. 3 - n

(including 10 landmark spo%é) clearly contained too much
~ .
protein for the simple reduction in overall protein loading

to account for detectability in Db. mauritiana but not in D.
sechellia. This was espeﬁially clear §inqe many Class A'

spots, common to all three species and of approximately the
-same intensity as individual D. simulans Class D spots, were

available to coarsely "calibrate" the effects of the overall
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teductions in loading. Expegimenés in which protein loads
were carefully standardized or Bystematically varied would
answer this que;tion more rigorously. But in the interim it
can be tentative]y concluded that redﬁction in level or n

-abolition of expression may chafactefize the evolufionary

.divergence of many more of the individual male reproductive

. tract polypeptides of D.. sechellia than of D. mauritiana,

-—

when each of these two species is compared to D. simulans.
In fact, the number of Class D spots in D. simulans is about

the same whether it is compared to D. sechellia or to D.

melanogaster {(Tables 5.2, 5.4) despite the fact that several

other types of genetic divergence between D. simulans and D.

<

melanogaster have progressed to a significantly greater

extent than they have between D. simulans and D. sechellia.

Interspecies Divergence in Different Sets of Polypeptides.

Considering those polypeptides for which distribution between

male reproductive tract tissues is known (see Chapter 4), it
- .
is possible to cross-classify individual polypeﬁtides of a
species with respect to divergente class (iﬂ\relation to a
- N

specified second species) and tissue disfribution class.

Tables 5.5, 5.7, 5.9 and 5.11 contain the results of such

cross-classification of D. simulans and D. melanogaster
polypeptides, on the basis of mutwal comparisops~between
these two species and of comparisons between D. simulans and

either D. mauritiana or D. sechellia.

gt
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TABLE 5.5

b
Observed and expected numbers of D. simulans male
reproductive tract polypeptides, arranged in a two-way
classification by: (i) observed tissue distribution in D.
simulans (see Chapter 4, Results), and (ii) observed
divergente class with respect to D. melanocgaster.

. Divergence
rigsue Distribution Observed/ Class '
Class Expected R - B_ C_ D Total
us »
1. Cormon” Obs. 71 8 10 15 - 104
; P .. Exp. 55.24 10.82 , 13,31 _ 24.65
N -
2. Testis-specific Obs. 28 10 11 16 65
. . Exp. 34,51  6.76  8.32 15.48 .
3, Gland-specific Obs. 2 3 6 12 23
EXp. 12.21 . 2.39 2.94 5.45
4, Testis-elevated Obs. 11 1 g 7 19
EXp. 19.88°~ 1.97 2.43 4.50 e
Total - ' 112 2 27 sg 211



TABLE 5.6

Results ofChi-square tests of independence of tissue*
distribution and divergence, and of gcodness of fit between
proportions within single rows and columns and total

proportions, for the data in Table 5,

5.
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Comparison _Chi—séuare d.f. p?
Overall 37.62‘ 9 *hok
Rows within
Column:
A | 14.35 3 *xok
B 2.92 3 n.s. -
c ) 7.29 3 n.s. ’
D 13.46 3 *
Columns within !
Row: .
1 ~ 9.83 3 * ’
2 : {.66 3 n.s.
3 | 19.75 s 3 *hx
4 4.38 3 N.S.
@ n.s. - not significant at .85 level (one-tailed test)

* -~ significant at .05 level or
** - gignificant at .01 level or
*** -~ gignificant at .005 level or

~ lower
lower
lower
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TABLE 5.7

Observed and expected numbers of D. melanogaster male
reproductive tract polypeptides, arranged in a two-way
classification by: (i) observed tissué distribution in D.
melanogaster (see Chapter 4), and (ii) observed div'ergence
‘class with respect to D. simulans.

_ . Di;Ergerm
" * Tissue Distribution Observed/ , Class
Class Expected A_ B_ C - D_ Total °
. . \
1. Common Obs. 6@ 7 10 22 99
Exp. 52.47 16.89 13.31 22.28
2. Testis-specific Obs. "2 8 9 1 50
L v Bxp. 26.50 5.5@ 6.75 11.25
3. Gland-specific  Obs. 7 4 6 6 23

Exp. al?-19 2,53 3.11 s5.18.

4.. Testis-elevated Obs. 17 3 2 6 28
EXp. 14.84  3.08 3.78  6.3¢

' Total . 106 22 27 . 45 2¢8

X
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TABLE 5.8

Results of Chi-squage tests of independence of tissue
distribution and ivergence, and of gocdness of fit between
proportions within single rows -and columns and total o)
proportions, for the data in Table 5.7.

Comparison Chi~square d.f. p2
overall - 11.87 9 n.s. )
Rows.within ‘
“Column: -
) 4,36 3 ;n.s.
B . 3;38 3 n.s.
C 5.13 3 N.S.
. D ‘ . L 8.15 . 3 n.s.
f Columns withl \
4 - Row:
1 3.32 - 3 n.s.
2 2 2.66 -3 n.s. .
3 5.88 3 n.s.
T +1.16 .3 n.s.

‘ .

@ n.s, - Aot significant at .05 level (one-tailed test)

RS T N

-
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.TABLE 5.9

Observed and expected numbers of D. simulans male
reproductive tract polypeptides, arranged in a two-way
classification by: {i) observed tissue distribution in D.
simulans (see Chapter 4, Results), and (ii) observed
divergence class with respect to D. mauritiana.

- _ Divergence -

Tissue Distribution Observed/ Class .
Class ' Expected A' B' c' D_ Total
1. Common Obs. 113 7 7 4 131

Exp. 162.74  9.17 9.57 9.5

-

2. Testis-specific Obs. 65 S 5 8 87
Exp. 68.28  6.10  6.36  6.36
3.- Gland-specific Obs. 12 11 7 7. 27
EXp. 21.19  1.89  1.97  1.97
4. Testis-elevated Obs. - 24 2 1 1 28
EXp. 22.65 1.97° 2.85  2.85
Total ~ 214 19 20 20 273
* [ ]
' -
\
3 )
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TABLE 5.10

Results of Chi-square tests of independence of tissue
distribution and divergence, and of goodness of fit between
proportions within single rows and columns and total
proportions, for the data in Table 5.9.

Comparison

Overall

Rows within
Column:

A'\'

B!
oL

D

Columns within
Row:

1

2

i

A

Chi-square - d.f. p2
39.25 9 ko
5.34 3 n.s.
2.51 3 *Nn.S.
14.36 3 ok n
17.04 3 idd
T .5.46 3 n.s.
2.45 3 n.s. .
39,09 - 3 Ak
1.25 3 n.s.

t

a

n.s. - not significant at .85 .level (one-tailed test)

*k** - significant at .@065 level or .lower
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TABLE 5.11

~ Observed and expected numbers of D. simulans male
reproductive tract polypeptides arranged in a two-way
classification by: (1} observed tissue distribution in D.
simulans (see Chapter 4, Results), and (ii}) observed )

divergence class with respect to D. -sechellia. T
Divergence
Tissue Distribution Observed/ Class
Class Expected A" B' c' D_ Total
1. Common ~ obs. 167 5 2 17 131
Exp. 95,00 16.4¢9 4,32 21.62
2. Testis-specific Obs. 61 8 4 14 87
' . EXp. 63.14 6.71 2.87 14.37
3. Gland-specific Obs. @ B 4 2 13 27
' EXp. 19,59 2.08 0.59 4.46
4., Testis-elevated Obs. 22 4 1 1 28
EXp. 2¢0.39  2.17  ©8.93  4.64 /
Total 198 21 9 45 273

[
e
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TABLE 5.12

Resylts of Chi-square tests of independence of tissue
distribution and divergence, and of goodness of fit between
‘proportions within single rows and columns and total
proportions, for the data in Table 5.11,

Comparison Chi-square d.f. p2
Overall ' 38.86 9 * k&

Rows within

Column: /
A' 8.59 3 *

B 6.13 3 Mm.S. -
/
c? \ 3.13 3 ok k
D 20.21 3 * kA
T

Columns within . ' -
Row: } . : V .

1 © 6.33 3 n.s.

2 @.77 3 n.s.

3 26,41 3 . *kk

4 4.55 3 Nn.s.

a n.s. - not significant at .85-level (one-tailed test)

* - significant at .65 level or lower
**% _ significant at .@@85 level or lower

1
s'.
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Once the data are in this fofm, they can be analyzed
in a 4 x 4 continéency table, and the overall independence of
tissue distribution and interspecies divergence can be |
aséessed using a Chi—ﬁﬁgare test with 9 degrees of freedom.
In addition, each row o; column of the 4 x 4 table can be
tested separately for goodness of fit to the proportions of
‘the grand total represented by the marginal column or row
totals, regpectively. These Chi-square goodness-ofFfit te;ts
each haﬁé 3 degrees of freedom. The results of the Chi-
square testé are presented in Tables 5.6, 5.8, 5.16 and 5.12;
‘ In each of the three comparisons in which D. simulans
polypeptides were cross-classified, a highly significant
deviation from independénée was detected (Tables 5.6, 5.18
and. 5.12). Thellargest deviations from expected proportions
occurred within rows 1 and 3 of the 4 x 4 table, reflecting
the overrepresentation of testis/gland-common polypeptides
belonging to divergence class A or A', and/or
overrep;ésentation of gland-specific polypeptides in

divergence class C' or D. In contrast, when D. melanogaster

polypeptides were cross-classified with respect to tissue

L

distribution and divergence status in the comparison with D.

simulans, no statistically significant deviations from

—

independence of the two classification qfiteria or from
random proportions within individual rows or cclumns were
detected (Table-5.8). Note, however (Table 5.7), that the

deviations of observed from expected numbers in thIE’;;;BTes_f/

'
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include some of the same types of deviations as are found in

. ' ©
D. simulans. ,
- 1

For additional perspective on interspecies divergence
in different sets of polypeptides, a few 2DE comparisons were

carried out for polypeptides extracted from ihaginal wing
discs.of late third-instar larvae of D. simulans, D.

melanogaster and D. sechellia (wing disc samples from D.

. mauritiana were not analyzed). The results of these

comparisons, summarized by meansgqf F and‘Fp statistics

- .

.(Befined above), are presented in Table 5.13. Also included

are F and Fp values for wcomparisaons of male.reproghctive

tract preoteins between éingle randomly chosen : .
_-r7 -

isgfemale~lines from each.bf the same three species, plus D.

mauritiana. The number of spots compared in wing disc
—_——

“ .
samples was approximately 250 in each species; in

'-repfpdqctive tract samples the number was about 4086, In

order to make the results from imaginal discs and
reproductive ‘tracts more comparable, both major and minor

spots were incluged in N, and N for both sample types.. .' '

Y
Also, spot pairing between- species was carried out on the

.

basis,of electrophoretic behaviour and spot appearance only: -

‘. 1] . -
tissue distribution was not employed here for pairing of

repfoductivg tract proteins. Since these single-line .-

comparisons were actually done before'tpe data on

.reproductive tract tissue distribution were applied to the
: ' ,

task of interspecies spot pairing, the unconscious



Values of F {shared fraction of total spots),

TABLE 5.13

fraction of unshared spots), and F + (1«F)F
fraction of total spots), obtained.in compa?isons
randomly-chosen isofemale lines of D. simulans, D.
melanogaster, D, mauritiana and D. sechellia, by 2DE of

Foo(
(hgmo
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pairable
logous
of single -

polypeptides in male reproductive tracts and third-instar

e )

imaginal wing discs, £ ’

Wing Discs Reproductive Tracts
Species F Eb F + (l—F)Fp F Fp F+ (1-/)
Compared —_ —_ =
D. simulans/ .833 .65 .942' .639 .28 .746
D. melanogaster T .558 .925 .27 .736
D..simulans/ - - - 848 .42 .912
T. mauritiana .44 .915
D. simulans/ 856 .68 .954 .791 .31, " .856 ‘
D. seghellia ' 68" - .954 .39 .873
D. melanogaster/ - - - - ' .636 .24 723
D. fnauritiana .35 763
D. melanogabter/ .708 - .51 - .853 664 .37 .788
D. sechellia .56 ‘.91{ .45 .815
D. mauritiana/ - =, - 781 .43 .875°
D. sechellia . o, .33 .853

- {\ - . - . .
@ F,, values Yefer to species listed on that lime-of the table,
igcnlum1l.v
...., * '
+



206

utilization of tissue distribution information in the single~
line comparisons was minimized. _Moreover, if this tissue
distribution information did affect the Fy values with
.reproductive tract protein comparisons, che effect would be
to raise these values above what would be obtained in the
absence of thf/gnformation. This biases the results, if
anything, in a conservative direction in relation to the
conclusions orawn. -~ .
A prominent feature of the data in Table 5113 is that
the imaginal disc values of F and Fp are higher in every case
than are éhe'co;responding values for reproductive tracts.
Thus, of the polypept1des studied in imaginal discs, feﬁen
appeared in only one of the two species being compared; and
of the spots that appeared thus to be species-unigque, a
higher fract1on could be matched with an homologous spot in
the other~species, than could be so matched among
reproductive tract polypeptides. 1f it is borne in mind that
the total range of sampling variation in F, due to random
inclusion of structural alleles at Class B loci in the pair'
of lines selected for comparison, will be no greater than the,
percentage of Class B loci within the total samplefof loc}1c
then these F-value differences between imaginal discs and
_reproduct1ve tracts become more significant. For in;tance,

Class B loci occur at a frequency of about 10% between D.,

simulans and D. melanogaster (Table 5.2); the difference

il

between the two F values for this species comparison in Table
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!
5.13 is about 206%. Also, most of the polypeptides detected
in samples of 24 1maglna1 discs were much less abundant than'
those detected and scored in the lG-regroductive—tract
‘samples, so that spot pairing should theoretically have been
lggg efficient, ﬁor technical reasons, with imagingl discs. .
If the pairable fraction is add?d to the shared fraction for
each comparison as shown in the columns marked: F + (1-F}Fp,
it can be seen that the propertion of spots that appear
identical, or differ at most by cﬁanges in electrophoretfc
behaviour between spec1es, is un1formlx and markedly higher
with imaginal d1scs than with reproductlve tract .
polypeptides. Although such two~gel specieQ‘Ebmparisons were
carried out for isolated testis preparations only between D.
simulans and D. melanogaster} the results heré agreed closely

—

with those obtained with whole reproductive tracts. The

-

value of F here was .653; Fp was .25 £6f D. simulans and .23 .

for D. mélanogaster; and F + (1-F)Fp was ,749 for.D. simulans

and .733 for D, melanogaster.

A second item of aote is that the species
relationships outlined in ‘theé Intioduction to Phis chaptef
are not céntradicted by ‘the data of Table 5.13. D. simulans,
D. mauritiana and D. sechellia show the hlghest F values

inter se, with values for D. s1mu1ans x D. melanogaster

somewhat lower and those"for D. melanogaster x D. mauritiana

and D. melanogaster x D. sechellia as low as this or lower

still. Interestingly, the samples of D. mauritiana and Q;

- -
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.sechellia reproductive tract polypeptides appear nho more
similar to each other thanteither does to the corresponding
sample from D. simulans; this is consistent with the former

two species having diverged independently from D. simulans.
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A
“N\g
. DISCOSSION

A
Lewontin (1974) reviewed the results of some early 1DE

comparative studies of enzyme loci between Drosophila sibling
! TN -
species. Referring toc the data from one such comparison by .

prakash (1969) between D. pseudocbscura and D. Qersimilis (a

readily hybridizable pair of sibling species), he notes:

"1f there -are ‘species-distinguishing' genes as
indeed we suppose there must be, since these
species are ecologically differentiated and
reproductively isolated, they have not been picked
up in a random sample. of 34 loci. Thus, even if -
such species—differentiating genes are large in
absolute number, they must he a small fraction of
the whole genome, almost surely less that 10
percent of it. An alternative is that there are no
such species-distinguishing genes but “that the
difference between species lies in the accumulation
of quantitative differences in allelic frequencies,
as in the case of the esterase-5 locus¥ This
latter hypothesis is not particularly attractive
because it assumes that species differences simply
represent very low probabilities of total genetic
identity between individuals. Yet with the degree
of polymorphism within species that-has been
revealed, the probability of genetic identity
within a species is already essentially zero. For
example, using ‘only the 20 most. polymorphic genes
known at present in man, the proébability of genetic
jdentity between two Englishmen is already less
than 18~°. It seems more reasonable "to suppose
that D. persimilis and D. pseudoobscura do indeed
differ .completely at certain loci, like those found
by DobzhansKy in his study of sterility in their
hybrids, but, that only a special part of the genome

b is involved, while most of the genome remains

. undifferentiated.”.

After discussiﬁé he re%ults of two more 1DE sibling-species

comparisons, that between D. simulans and D. melanogaster for
17 loci by Kojima, Gillespie and Tobari (1970) and _for 39

1oci between four species of the D. willistoni complex (Ayala

L]
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and Powell, 1972), Lewontin observes-that "The feature held
in common is the general absence of alleles that are fixed in
one species and lacking in another." And then, in what is
one of the stronger statements made abouf the nature of
genetic differentiation between species, he concludes that -
“"... the overwhelming&preponderance of genetic differences
between closely felaggd species is latent in the
polymorphisms exisqing within species."

In light of the discussi&n ged éata presented in the
p}eceding portions of this thesis, it is perhaps legitimate
to ask the question whether evidence of the tyﬁe to which
Lewontin refers still coﬁs?itutes overwhelmiﬁg support for

. \

.such a conclusion. !

1
1

. ™~

Species—Diagnostic Structural Divergence in Male Reproductive

Tract Proteins. Avala and Powell (1972) defined a

"diagﬁosfic locus"” in an electrophoretic comparison between
two species as one having allele frequency distributions sucﬁ
that overlap between the diploid genotype-frequency -
distributions in the two species is .61 or lower. 1In extreme

[ Y\

examples of this type, the locus will be fixed for alternate

\

alle{es in each of two species, or the lécus may be
polymorphic in one or both species with no allelic overlap
between species. These cases correspend to Class C epots in;
this study, and are the ones cited by Lewontin as being
absent from Ehe small "random" samples of enzyme loci studied

by 1DE.
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In each of the three comparisons summarized in Tables
5.2-5,4, Class C'or ¢' loci were detected in substantial
numbers: they constituted 12.5% of the spots analyzed in D.

simulans and D.‘melénogastér. The largest subclass within

»

. Class C was that wherein both or at least one species was

apparently monomorphic (i.e. Class cl or C1'). Thus, a
sizeable fraction of structural loci, although presently
apparently monomorphic within species, nevertheless seem

¢capable of undergoing complete evolutionary differentiation

i

between species. !

This finding, if borne out by more extensive
population samplinq-within species, is clearly inconsistent
with the notion that no species-specific genes exist between
closely related spécies of Drosoghila. Bﬁt in attempting to
interpret the possible significance of such differences,. it
was noted that the ratio of the number of Cl loci found:in

the D. simulans/D. melanogaster comparison to the number of

¢l' loci found in the D. simulans/D. mauritiana comparison

(23/16 = 1.44: Tables 5.2, 5.3) is in good agreement with the
ratio of divergence times estimated for these two species
pairs by Easteal and ©akeshott (1985) from DNA sequence data

{(range 1.37 - 1,55 for 5 different divergent DNA segmenté;

mean = l.46). Also, in a Jarge-scale (79 loci) 1DE study of

-

enzymes in D, simulans and D. melanogaster (R. §. Singh and

M. S. Choudhary., unpublished data), as mentioned earlier, T

"of the loci (18%) showed alternate fixation for different
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alleles. This percentage is very close to the percentage of
Class Cl loci seen in the presgnt 2DE comparison between
these two species, These considerations are consistent with
the notion that allele %ubstitutions at monomorphic
gtructural loci occurred throughoﬁt the genome ,at a
relatively constant rate ov;r the time since species

‘ formation, as a result of independent phyletic evolutién
/////;ithin:each»of the lineages. The relatively large absolute
numbers of such.substitutions Qeteéted in the 2DE sample of
male reproductive tract proteins may be more a function of
the increased éample of loci than of any special involvement
of these proteins in the genétic determination of critical
species diéferences. What is brought out clearly by these
data is that no necessary connection exists between the
polyﬁorphism observed at a locus at an arbitrarily chosen
time in the history of a p;ir of species, and the ability of

.

the locus to undergo divérgence between the species. . .

The possible genetic mechanisms underlying the
div ence are many; different processes may even occur

simultaneously at different loc1 and not all of them -
\ "1

necessarily 1nvolved allele subst1tut1ons occurring in the
-

period since diVErgehce. Natural’selection or random genetic’

drift may well have bath been in&olved, and there is nothing
in the current data that could help to date the actual
occurrences of genic divergence in relation to the events of

. Species formation. But the existence of allelically fixed

-~

.
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diagnostic loci between closely related species has been

clearly demonstrated, and forces us to admit the possibility . - -
that th;;J;ave played a role in the critical events of .
species formation. Knowledge of the specific functions of

the Cl1 and C1' loéi will be very useful; as Tables 5.5~5.12

show, they occurred in all tissue distribution classes amodng

the reproductive tract polypeptides sampled. !

Possible Non-Structural Divergence. Ayala and Powell (1972)

listed one locus (esterase-5) as "diagnostic" for D. -

\
_ tropicalis, in comparison to its three sibling species in the

willistoni group, because of the fact thaf D. tropicalis
lacked any detectable esterase acti%ity traceable to this
loéus. " Cases such as this havéDQenerally been reported
‘merely as intetresting or even distracting peripheral

+

observations, in the context of more easily'codifigd
gléctrbphoretic mbbility‘divgrgence for enzymes detectable in
all of the species compared. In the present study, however,
.cases like that of esgsrase-s in D, tfogicaids occurred at '

such high frequency that it seemed appropriate to draw-some
) . AN

useful, if tentative, conclusions about their significance.

"Class D spots, for which no interspecifically
A ‘

homoIogoGs spot could be identified, occurred at a frequency .
- .

of about 25% in each of the two species in thg D.'simulans/D.

melanogaster comparison, and at somewhat lower but still

considerable;freéuencies in the other’ two compariseons (Tables

5.2-5.4). These Class D differences between ecies are
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unlikely to be,artifacts of inconstant culture éopditions or
mating historyg these variables were controlled fairily
rigidly, and the 2DE spot patterns were extremely
reproducible within species. The involvement of some és—yet—
uﬁidentified difference in nutritional or other environmental
requirements between species, which could lead to
neprgauciblg yet physiologically "distorted" protein
expression profiles in one or more of the four species,
cannot be ruled out. However, no abnormalities in
develophent time or vigour of either larvae or adults were
observed. ' |

Gross anatomy of the reproductive tissues in the four
specie§ studied ié extremely similar.‘ This suggests (but of
course does not-conélusively demonstrate) that ﬁistological
differences between species involving, for example, simply
different proportions of -the same cell types, are not a .
likely possibility. Selective protein loss during sample
preparation would seemingly have to be very complete and .
selective inéeed to bxplain|fhg_resu1;§} in view ‘of the
within-éﬁeciés repgoducisility of spot pattern and the evenly
sCattered.occurrenEé of Class D spots over the gél area.

Probably the most difficult souEFe of artifact to
rule out is the possible failure to ﬁaif hsmolqgous-spot;
between species, when in fact the homolog is preseni'but

unrecogﬁizable, or simply has migrated off the gel.

Preliminary experiments with extended first-dimension pH
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gradients failed to confirm the latter possibility. However,
these altered separations, although quite successful, were
not optimized, and this aspect should be pursuedlfufther. It
was noted earlier fhat auxiliary information (i.e. tissue

distribution) can help significantLy to redude upcertainties

in the assignment of spot homologles by appearance: alone. It

may therefore be expected that more ‘rigorous cr1ter1a of

homology assessment, such as one-dimensional peptxde mapping
kFey et al., 1983), will eventually reduce the number of
Class D spots. But it shouid be remembered that (i) most
Class D spots were apparently monomorphlc within D. simulans

and D. melanogaster {Table 5.2); this suggests that if the

divergence class status of these spots is eltered, they will
become Class Cl, and thus the overall degree of spot
divergence will be enreduced, (ii) although it is not .
immediately clear-what.an alteration  of appearahce and/or

tissue distribution pf-a\ rricular spot to the extent that

it is unrecognizable between spegies means in molecular or
‘ .

cellular terms, no indicatiee of t :s kind of alteration was
observed within spec1es, “and (iii) fi seems unlikely that all
Class D spots can be homologously P 1red between spec1es with
a member of the set of silver- -stained polypeptldes stgg}eﬂ/'a
certaln proportlon will probably prove to represent bona fide
alterations in levels of gene and/or prote1n expression.'

Taken together,_ these three considerations imply that

detailed investigationﬁof the ectual physical, biochemical
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4

and genetic bases of the Class D spots.should.prove very
' interesting, whatever the results may be. If Class Cl is
greatix enlarged by the successful hoﬁblpgous pairing of many
Class D spots, this would suggest that male reproductive
tract po}ypeptides do in fact évolée sEructufal%y mere
fapidly than do the enzymés ushafly studied by 1DE. Judging
from the nuﬁbers of Class D spots observed, up to a threefold
difference in the rdte of structural evolution could prove ta
lbe involved. 1If, the situation is that greater amounts or '
different types of structural changes‘tgnd to accumulate in
individual pblypeptides during speéies divergence than
,charactefisticélly‘are found in tﬁe form of polymorphisms
segregating within species populations, this, too, would lead
ﬁs to qﬁestion the general validity of étgtementgilike those
duoted from‘Ler$tin, to,tﬁe gffect that speci;s differences
are of a genetié type~§hicﬁ can be found, latent, in the
variation occﬁrring within species. Or if.qﬁantitativg

changes in gene or protein expression are the most frequent

\

A

_ type of geneticfdifference found between épeties, then

perhaps a whole new analytical approach is required in the

study of species formation at the moleculhr level. The

results of these more detailed analyses should be especially ”

interesting in the case of the D, simulans/D. sechellia'pair,
.where 17% of the D. simulans spots were placed in Class D, in

sﬁite of the extremely close relationship between. the two

species according to other criteria.
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“ - .
Patterns of Species Divergence in pifferent 2DE Protein Sets.

When the interspecies divergence data were examined for

possible correlations with distributions of polypeptide

expression in different male reproductive tract tissues,, some

significant correlations were found. The strongest -
correlations among reproductive tract proteins were seen in
-

D. simulans, where Class C' and D differences were

disproportionately represehted in gland-specific

_ polypeptides, and Class A or Al in.testis/g{anq-common
polypeptides. Thus, on this basis,
. 8 - ' . ]

no statistical&y

significant positive deviations fraom expected numbers of

- e—

strongly divergent loci were detected for the polypeptides

“ +
expressed in testes.

However, when the basis for comparison was altered,

,

some evidence for higher rates of evolution in male
. ? [
reproductive tract proteins was obtained. When male

reproductive’ tract proteins were compared ngt among

themselves but with proteins express in third-instar

imagingl wing discs, ir"every specieg comparison a greater
degree of rinterspecies divergence was detected with the
former set of proteins than with thg latter. And within the
divergent subset of imaginal disc polypeptides, a
significantly larger fraction could be paifed.with putative
homologs between species, in spite of the expectation that

-

technical factors (i.e. protein loading) would tend to create

a bias in the opposite direction.

‘e
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This result cpuld be taken to mean that male
reproductive tract polypeptides evolve at a more rapid rate
and/or in a different molecular “"mode" (i.e. quantitative

changes in expression vs. structural changes) in comparison

" to most other polypeptides. Or it might mean that the

e

polypeptides expré&ssed in late third-instar imaginal dijgfr”'-"“

- -

are unusually constrained in their evolution. Support for
the latter hypothesis could be drawn, conceptually, from the
éonsidergtidn of the relatively undifferentiated state of
imaginal discs at¢this sté@e of larval development,

suggesting that the génetic functions expressed in them mdy

be "general" cellular functions and thus perhaps highly

. constrained(ones (see Introduction to Chapter 3). ©On the

empirical side, it was found by Greenberd and Adler {1982)
that,‘of a tbtal of over 50¢ silver-stained spots detected in
2DE separations of'imaginal disc pplypeptides, none showed ‘
;eproducible gualitative differenf¥es between different disc

types (haltere, wing, leq, eye/antenna). This seems

consistent with the idea that the imaginal disc pélypeptides
. { . -

"detected in' the ,ptresent study have generalized cellular

functions, perhaps as components of cell structure or eﬁzymes
Intérestingly, bhnishi, Kawanishi and Watanabe
(1983), in single-line comparisons of proteins in whole-body

homogenates separated by 2DE and stained with Coomassie Blue,

obtained F values of .81l for D. simulans/D. melanogaster, .
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.955 for D. gimulans/g; mauritiana, and .8€3 for D.

melanogaster/D. mauritiana.” These values are much closer teo

those for imaginal discs than they are to those for male
reproductive tracts‘(see Table 5.13). Measuremengs'Like
these for bther major groups of proteins, by standardized 2DE
techniques, will be of extreme interest. .

This discussion illustrates some of tﬁé interpretive
problems assocxated with the structure/functlon correlat1on
approach, outlined in Chapter 4, of which the data analysis in
this chapter is essentially a variant. Even if the-
"alternative h?potheses and their predictions are rglative1§

" 7.
well-defined; even if data are not seriously limited in* -
guantity; and even if independeﬁt tests of the same hypotheses
are possible, the results must still be interpreted .
cautiously, especially with respect to statistical methodology
and to potentially misleading features of the actual sets of
loci analyzed for correlations. In future work involving the
correlation studies approach to analysis of genetic
differences between species, careful attention must b; paid to
these difficulties. It.shouid also be kept in mind Ehat even
sugcessful cor;elaé}ﬁn studies onl& provide a prgliminary
statistical ﬁerspeétive in the search for effects' that many
ultimately be medlated it the level bf s1ngle loci. Thé
qtat1st1cal analyses should therefore be followed by detailed
functional analyses of single leci of putative adaptlve and/or

Al

evolutionary significance.

TN -
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Mention was made earlier of the pﬁre;g descriptive

value of data on variation in different sets of proteins, in
terms of understanding the range of possibilities that occur
in nature. The same consideration applies to data on |
-interspecies divefgence in different sets of proteins,
regardless of their possible cqnnection with crucial aspects
of species divefgence such as reproductive isolation; The
unusually rapid evolution of gland-specific polypeptides
suggested by this study may be represiﬂyative of-a g?neral.
tepdency towards_rapid evolution in functions accessory to
the primary male sexual functions of spermatogenesis and
fertilizatian. The unique value of exterior male genitalia
as taxonomic characters in Drosophila, already mentioned,

is consistent with this pos;ible tendency. Coméarative
studigs of the co-occurrence in the genus Drosophila of
adult-male-limited expression of glucdse.ﬁehydrogenase
‘activity and Expandéd (presumably glandular) anterior
ejaculatory dqcfs (QaVener, 1985) as well as the distribution

within the melanogaster subgroup of male-specific elevation

of esterase-6 activity in the anterior ejaculatory duct
(Morton and Singh, 1985), also attest to the evolutionary
potent1a1 of accessory male sexual functlons, in th1s case on

a taxonomic. scale larger than is represented by the

melanogaster species complex.' Comparative 2DE studiés of

S

accessory gland progeins'betweén'species of‘Drosthila may

uncov%; numerous examples of differences in developmental
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patterns of protein expression betweenrclosely related
species. In this evené, some of these may provide favourable
material to go beyond sfgtistical description of‘divergence
patterns in different groups of loci, to detailed genetic and
molecular analysis of the mechanistic basis of evoluticnary

changes in gene expression,



GENERAL SUMMARY AND CONCLUSIONS

Chapter 1 began with an outline description of some
fruitful interactions that took plgée between Mendelian

genetics and evolutionary theory during the first half of

this century. The interaction produced a diverse but largely h

untested array of theoretlcal genetic models of population
structure and species formation, generally grouped under the
rubric of "The Modern Synthesis". Largely 1nsp1red by the
work of Dobzhansky and his colleagues, evolutionary
geneticists next began to make serious efforts to test the
validity of certain aspects of the theory. The }n1tlally
dominant questions concerned the hypotheticel internally
balanced nature of naturally—eccurring gene pools, and the
degree to which alteration of such putative internal balances
might be involved in species formation.

The late 1968's saw the first systehatic application
of relatively simple biochemical techniques (one-dimensional
enzyme electrophoresis - 1DE) and genetic knowledge (the
"one gene~one polypeptide" principle)‘borrowed from molecular
genetics, to the direct measurement of genic diversity within
Populations and between species. It was originally hoped

that such data would permit defin1t1ve testing of theory.

- 222
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However, the sufficiency of the data as a basis on which to
test the theory was questioned, on several different grounds:
(i} the.;mperfect sensitivity of 1DE to allelic variation in
protein structure; (ii) the small and perhaps
unrepresentative set of structural loci accéssible to study
by 1DE; (iii) the lack of info}mation, in mo§t 1DE analyses,
on allelic variation in nontranslated DNA; and iiv) the
relative ease with which the large amounts of genic variation

detected by 1DE canﬂbé«explained equally well on the basis of

either the presence or the complete absence of balancing
mechanisms at the variable loci in question. This last-
mentioned point formed the basis for the so-called
“selection-neutraiity? debate.

The major contribution of this thesis lies in its
delineation of an approach to the collection of genetic data
that may be better suited to the task of evaluatiﬁé the
theory. This has been done ig two mqin ways. First, more
sophisticated biachemical techniques (two-dimensional protein
electrophoresis - "2DE", and ultrasensitive silvef.staining
of proteins) have beén applied, and improved to increase-?he

precision with which large numbers of polypeptides can be

analyzed for genic variation. And second, attention has been

réstricted to 'a set of organs (the Drosophila male
reproductive tract) thatfundergo evolutionary change in
interesting and possibly crhcial ways in this genus of flies.

1

These two mgé;BQQIOgical changes have had the effect of

v
N

AN

S )
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simultaneously broadening scope and sharpening focus in the
attempt to understand the adaptive and evolutionary
significance of genetic variation in populations and genetic/’

divergence between species.

* —

Two main sets of measurements were carried out using
this methodology. The first was a set of estimates of
amounts of genic variatien in four natural populations of

Droscophila simulans and Drosophila melanogaster. Even with

substantial improvements and differences in techniques a?ﬂ?
material over earller 2DE studies carried out by other
workers with these two species, the results of those ear11er

studies were confirmed. About 10% of'loci were found to be.
polymorphic, and average expected levels of hekerozygosity
were in the neighbourhood of 2- 3% - a 2-6 fold reduct1on
compared to estﬁgates obtained by one- d1menq1ona1 native
electrophoresis (1DE) of enzymes in the same-four populations
of flies.

The second set of measdrements was a set of estimates

of Ehe amounts and types of divergence between species of |

the Drosophila melanogaster species complex, again with

respect to male reproductive tract proteins examined by 2DE.
One significant finding here was the frequent occurrence of
apparent "f1xat10n" of d1fferent alleles at homologous loci

%
between species (about 16% of loci between D. s;mulans and D.

mel anogaster, 6—{;\of loci between D. simulans and D.
mauritiana, and 2-3% of loci between D. simulans and D.

2
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sechellia). Anothér finding was the high freguency of. male
reproductive tract protein differences that were probably the
result of large changes in level of protein expression, as
distinct from.changes in electrophoretic behaviour of‘tﬁe
protein. The frequency of this type of spgcies difference
among the proteins analyzed was abgut 27% between D. simulans

¥
and D. melanogaster, 5-7% between D. simulans and D.

mauritiana, and 16 and 6% for D. simulanS'épd D. sechellia,
respectively. Thetthird significant finding was that the
total degree of interspecies divergence is significantly
higher for male reproductive tract proteins than for wing
imaginal disc protgins separated and detected by the same 2DE™

and silver stain technique, for the sbecies pairs: D.

simulans/D. melanogaster, D. simulans/D. sechellia and D.

melanogaster/D. sechellia.

The genic variation measurements mentioned above’
support two tentative conclusions about the genetic structure
of populations. Along with the growing body of 26E dat; on
genic variation in. other c¢rganisms, these measurements
strengthen the observed'pattern of lower variation ;n thé
proteins examined by 2DE than in soluble enzymes examined by
1DE in the same organisms. The more diverse the sets of
proteins which are analyzed By 2DE and g}ve such results, the

“1stronge§ the case'will ﬁe thaf 1DE of splﬁble énzymes
generally overestimates the amount of genic variation in the

genome as a whole. The next major research tasks in this



226

area will be: to estéblish;definitive cross-calibrations for
“the relative sensitivity of 1DE and 2DE to allelic variation
in protein structure; to expand the sample of structural loci
S0 as to improve the representation of the genome; and to
study vafiation in the genes coding. for sets of proteins;with
distinctive structural or functional properties, in order to
discover any systematic differences in variability that might
exist betwe&n such defined sets of loci.

If it should turn out that the 2DE estimates

-

acc&rately reflect the overall level of genic variation in
animal genomes, this may tend to change our present conception
of the Mendelian population from one where genic polymorphism
is common (or perhaps the rule) to one where it is relatively
rare '(or perhaps even the exception). If 99% of structural
loci are monomorphic within a species, it becomes more I
difficult to maintain an ungualified conviction of the
widespread-importgnce of either balancing selection 9F neutral
mutation and drift in .shaping the genetic structure of
populations. A result such as this would highlight the value
of studying, for example: variation in nongenic DNA, and the
quest?on of~h6w many. variable !oci are necessary to maintain
adaptive ﬁlexibiiity. |

\ The second conclusion éuppdrted by the 2DE genic
variation data is that Eattern; in the amount of genic
variability Between pdpulatibns or between species may not be

the same for different sets of leci in the genomes being
L
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examined. This was found to be the case for differences
between temperate and tropical populations within species,

and between D. simulans and D. melanogaster, when the 1DE

data were examined in parallel with the 2DE data from the
same material. Resulté of this kind provide evidence that .
historical factors alone, affecting genic variation through
population size fluctuations and thus expected to affect all
loci in the genome simultanecusly, cannot explain the total
pattern of variation. ‘ ' . /

The results from the 2DE spec}e§ comparisons also |
suggest that fresh thinking is in ordgr. It seems clear thét

alternate fixation for different strug¢tural alleles at a

locus can occur between fairly closel reiated“sibling

species like Drosbghila simulans an melanogaster. Such

alternate.fixatidn seems to occur only at a minority of loci
and m;y depend primarily on time elapsed since species )
divergénce. However, its existencé ;ttests to the .
ﬁogsibility that allele substitutiops‘may sometimes occur
relatively rapiqu in evplution, with an inifially rare

allele at an esseﬁtially-mondmorphic locus paésing through
only a transient phase o?—po}ymorphism that involves no
intermediate "balanced" phase. Also, it does not seem
necessary yet to entertain the “recomb}national“ hypothesis of

species divergence that was mentioned earlier as a serious

alternative to the presence of fixed genic differences.

RS .

T ! <R
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Finally, when the pattern of polypeptide expression
is taken into account, either separately or together with
.

structural divergence, male reproductive tract proteins

appear to evolve more rapidly, as a group, than do some other

major groups of proteins in the melanogaster species complex.
The effect of this obseévation may be to re—;pen the question
of the role of large shifts in "genetic balance" during
specieslformation, on a more concrete basis. As witﬁ
investigation of the adaptive significance of genic
variation, the most difficult task will be that of
demoﬁStfating the biclogical relevance of the observed

-

patterns of interspecies divergence. Careful choice of
species, thorough quantitative molecuiar analysis 6f.a large
number of gene products in a seriousrgearch for species
differences of potential'importance in hybrid male sterility,
and extension of that analysis from the parent species to the
i 4
hybrids tHemsélves, may e&entually lead to a precise genetic
understanding of an important aspect of reproductive r
isolation in Drosophila. The present study has yielded
promising preliminary evidéncg‘that we may be closer to
identifying that "special part of the genome” postulated by .

Lewontin to underlie the formation of new species..” Until

this kind of analysis has been accomplished, thedfies of

-exolution based on the changing genetic structure of

Mendelian populations will remain untested abstractions.
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APPENDIX 1

\ .
- [ 3 . :
’ -
FIGURES Al.1, Al.2 (INSIDE BACK COVER)
/

[N

Diagrammatic representations of reproducible, major-spots of
D. simulans and D. melanogaster male reproduetiye tract
polypeptides, separated by 2DE and stained with silver.
Landmark spots are identified by boldface numbers; others by .
a number and lower-case letter. b
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- APPENDIX 2

TABLE A2.1

Structural allelic compositions, of individual isofemale lines
of Drosophila simulans from a temperate (South Francg) and a
tropical (Brazzaville) population, with respect to 27
polymorphic male reproductive tract protein loci.

South France

Isofemale Line

Locus Allele 1 3 5 13 14 15 % 20 21 27
2a 1 ' . -+ Do+ +
2 R + + + + + + + + +
2c 1 - + + + + + + + + v
2
2e 1 + + + + + + +
2 + + + + + + + + + +
2f 1
- 2 + +
3 + + + + + + + + + +
3a 1 + + + + + + +
2 + + + + + + + + +
3
e 1 + + + + + + + + +
2 + + +
3f 1
- 2 + + + + + + + + +
: 3 + + + + + + + +
4 +
.58 1 + + + + + + + + + +
2 + + + + + + + +
3
7B 1 ,
2 ﬁ + + + + + + + + +
10e | . T C+ + ' +
2 + + + + + + + + + +
187 i + ! + + + + + + + + +

N
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APPENDIX 2 (CONT'D.)

TABLE A2.l, SOUTH FRANCE (CONT'D.)

" Isofemale Line

Locus Allele 1 3 5 13 14 15 16 28 2 27
. 1ok 1 + + + 7+ + + + + + +
2 + + + + + + + +
3 -~
4 ’ ’
11k 1 + + + + + + +
2 L + + + + + +
12 1 + + + + + + + + + +
~ 2 + + + +
l4a 1 + + + + +
2 + + + + 4 + + + + +
3 . +
144 1 + + + + + + +
. 2 + . + +
16d. 1 + . +
- 2 +
3 + + + + + + + + + +
4 3
17 1 +
2 + + + + + + + +
3 + + + + + + + + +
17a 1 * + P + + o+ +
2 + + + + Yo+ A * + +
L N '
18d 1 - + + ' + + + +
2 + + Wt + + + + +
L]
21c 1 +
‘ 2 + + + + + + + + + +
3 + + . +
25fF 1 + + + +
2 + + + v+ + + + @ + +
3
26 1
2 + + + + + * + + + +
29c 1 + + + + + + + + + +
+ +
7




Locus A]le\l‘g
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APPENDIX 2 (CONT'D.)

TABLE A?.1, SOUTH FRANCE (CONT'D.)

| =

291

31/31g

34b

Wt B~ W~

[

Jw

lwn

Isofemale Line

+ + + + + + +

+ + +

+ + + + + +

+ + + + + + +
+ +

X3



Brazzaville

Locus Allele 14

2a 1
2 +
2c 1 +
2
2e 1
2 +
27 1 +
-2
3 +
3a 1 +
2 +
3 +
Je . 1 +
2 +
3f 1
’ 2 +
3 +
4
SA. 1 +
2
3 y
B 1
2 +
1de 1 +.
5
125 1 +
2
3
»

Isofemale Line

a3

+ +

+ +

+

+ +

+ +

+

+ +

+

+ +

+ +

+ +

+ +

+

+ +
+

+ +

+ +

+

<

249

2 w
+ +
+ +
+ +
+ +
+ +
+
¥ +
+
+
+ +
+ +
+ +
+
+ +
+ +
+
+ +
+ +
+ +
+

1/,



Locus Allele

APPENDIX 2 (CONT'D.)

TABLE A2.1, BRAZZAVILLE (CONT'D.)

Isofemale Line

1ek

11k
12

l4a

l4d

led.

17

17a

led

2lc

25f

26

29¢

+

L JR U I 6 B )
+
+

N —

[FLI S

not scored

W k=

not scored

W N

[V S

-

250

2. 4
+ +
+
+
+ +
+ 74
+ +
+
...
+ +
+
+ +
+ +
+
+ +
+ +
+
+ +
+ +

i
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APPENDIX 2 (CONT'D.)

TABLE A2.1, BRAZZAVILLE (CONT'D.)

&

Isofemale Line

Locus Allele 10 27 28 31 i3 34 36 49 42 47

294 1 + + + + + + + + +
2 + + +
3 + + + + +
31/31g 1
2 + + + + + + + + +
3 + + + + + + +
34b 1A 7 4 + + + + + + + + +
- 2 )
Y ‘
5
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APPENDIX 2 (CONT'D.)
TABLE A2.2

Structural allelic compositions of individual isofemale lines
of Drosophila melanogaster from a temperate {France) and a
tropical (Benin) population, with respect to 27 polymorphic
male reproductive tract protein loci.

!

Isofemale Line

France

Locus Allele 31 52 81 18-1 11-2 14-2 16-2 17-2 18-2 19-2

29 1 + + + + + + +
2 + + + + + +
Ja 1 + : + : + ? + +
2 i + + + + + +
3 . \.
3¢ 1
2 + + + + + + + + + +
3e 1 + + + + + + + + +
2 + + + + +
if 1° + _ , +
2 + + + + + + + +
5i 1 not scored
2 .
7c 1
2 + + + + + + + + + +
b 1 + + + + + + + + + +
2 \
Tc 1 + ? + + + + +
2 + + + + +
935 1 ?
2 +
3 + + + + + + + +
1ad 1 + + + + + + +
2 + + + + + + +
18’ 1 + + + + + + + + + +
. 2 +
18'h 1
2 + + + + + + + + + +
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APPENDIX 2 (CONT'D.)

TABLE A2.2 FRANCE (CONT'D.)

! Isofemale Line

Locus Allele 31 52 81 11 11-2 142 16-2 17-2 18-2 19-2

11d 1 + ) + +
2 + + + + + + +
15b 1 + + + + + + + + + +
2 L]
17 1 + + + + + + + + 7+ +
2
18¢c 1 +
2 +
3 + + + + + + + + + +
« 19d 1 + . + + + + + +
2 + ;3\ + + +
O -
19e 1 not scor )
2 r
3 1
191 1 1
2 -
3 + + + + + + + + + +
22a 1 .+ + + + + + + g 4 + +
2
23e 1 .
2 + + + + + + + + + +
J
24 1 + + + + + + + + +\ +
2-
24b 1 .not scored
) 2
o
25 1 + + + + + + + + + +
2 +
28a 1
2 "
3 + + + + + + + + + +
28b 1
2 + + + + + + + + + +
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Benin )
Isofemale Line
Locus Allele 1C 4EA 6A 9A léc 1A 16C e % x
29 1 - + + + +
2 + + 4 + + + + + + +
I\ .
3a 1 + + + + + + + +
2 + + + + 4 + + ¥
. 3
ic 1 : + +
2 + + + + + + + + +
le 1 + + +
2 + + + + + + + + + +
3f 1 + + + + + + +.
2 + + + + + + +
AY
5i 1 + + + + + +
2 + + + + § * + *
c 1 . + +
2 + + + + + + + + + +
p7b 1 + | + ) +
2 L+ + + + + + + + +
c 1 + + 4 + + + .
2 + + + + +
93 1 + +
2 + + + + + + +
3 e +
&
led 1 + + + + - 4+ + + +
2 + + + + + + +
3 . 1 + + + + 4 + + + +
2 ' + : + + +
12'h 1 + b
2 + + + + + + + + + +



Locus

11d
15b
17

18¢c

19d

19%e

151

_22a
23e
24
24b

25

28a

28b

Allele oy
r
1
2 +
1 +
2
1 +
2 +
1
2
3 +
1 +
2
1
2 +
3
1
2
3 +
1 +
2
1
2 +
) +
2
1 +
2 +
1 +
2
R
1 -
2
3 +
1 +
2. +
> a ‘

APPENDIX 2 (CONT'D.)

TABLE A2.2 BENIN (CONT'D.)

&ca
+
+
+

+

)

Isofemale Line

%4 16C 1A 16c 2x  24C

+ + + +
+ + + + +
+ + + + + +
+
\
+ + + +
+ + ~ +
N )
-
+ + + + + +
+ + + + + +
+
+ +
+ + + +
4+ + +
+
+ + +
+ + + +
-~
+ + + + + +
. .
s
+ + + + + +
+ + + + + +
+
+ + + + + +
+
+ + + + + +
+
+ + + + + +
+ + + + + +
- Y
S
#

255
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APPENDIX 3

FIGURES A3.1l, A3.2 (INSIDE BACK COVER)

- 1

Diaqrammatic' summary of tissue distributions of the spots
illustrated in Figures Al.l and Al.2, within the male
reproductive tracts of D. simulans and D. melanogaster. Not
all spots could be assigned a distribution pattern; these are
left unshaded. '

4
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APPENDIX 4

TABLE A4.1
Classification of individual male reproductive tract
polypeptides of Drosophila simuldns into divergence classes,
~with respect to male reproductive tract polypeptides of D.
melanogaster. For classes A-C, the putatively homologous

spot ‘in D, melanogaster is also listed. 1In each case, the D.
simulans spot number. precedes the slash mark: "/", and the

corresponding D. melanogaster spot number follows it. The
members of D. simulans landmark groupings occur sequentiall
within the table, sc that it has been necessdry to list thﬂy
number of the landmark grouping only once. For definitions
of divergence classes,-see Figure 5.1 and Table 5.1, as well
as adjacent portions of the text in Chapter 5. For spot map
locations and photographic illustration of individual spots,
see Appendix 1 and Figures 3.1 and 3.2, .

1

8, CLASS A .
1/1 9A/91 16/15 27a/27n
' " B/9A c/15a . c/27k
2/2 c/%a h/l@f e/271
d/9b - '
3b/4 18/18 28a/27i
d/4b - 18/1@ e/18b c/27h
j/3g a/l@a d/27f
, g/l@'g 19¢/27¢ re/2le
4B/4'g " i/19'c
C/4'f 28b/27¢ 29b/24e
j/4a 11A/11A e/l7e d/24q
. . B/11B e/28
SB/5B © ¢/11c” ©21d/21d » 3/24i
. a/Sb g/18'c £/19f - .
b/5h ~  h/18'b g/19g ‘ 38a/29a
i/1lq h/19h d/29a
6/6 j/lle e/29B
a/6a 22/2014 j/29g
d/61 12b/12d c/208k :
L e/19¢ 112/2407
6'C/6c - 134/13f g/19B e/25¢g
D/6e _g/19jQ§3%::“f"‘ £/25h
c/6f T i/19i 23/20d i/25k
e/6b ) 1/17b £/20f
g/6d r/13b . \ 32a/26a
' " b/26A
7a/7e 14B/14g &; - ¢/26C
c/l14e [ 5 %) d/26e
8/8 . £f/26g
c/8Ba 15¢/9h = - » h/26k
e/8c g/9%e LA i/26B
h/8d i/l4c

"1/8g - +k/93

'/'p C .-' :‘ . . - X - \/‘ .
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| ﬁc
34/31 ‘ 15/32 38/35
a/3la - . --a/32c :
c/31b e/35a . 4
d/31le | .. f/32e
. : 9/32b
L CLASS B
B1 " . B2
None ' 29/2a 11k/11€f
s c/2c
e/2e 12/12
' - 1 4
- 3h/18'h  17a/16
5A/5A 26/23
3 x
7B/78B 28b/28b
c/7C. .
b/7d 29/24
-16e/1Bc
j/18°f
CLASS C
c1 c2
. 2d/2d 15A/9d 3i/3¢
‘ B/9¢c : A
3/3 P 153/93
18a/17a CNe
6b/6g <
_ 19/23i
6'f/5f :
20,20a/17¢,17g
7n/7A
21i/l7¢
11b/12a .
c/lla 22h/19k
12a/13a >'27.2a/26d,27.;,
36c/29b
£/294d '
' h/24f
4« 33a/3@b
37/34 ’
t
v AV

(

v
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8
B3
2f/2qg

ja/3a
e/3e

18k /184
25€ /229

31,31g9/25,25i

c3

“17/17

29c/28a

At



3f 9g
44 18b
c c
d h
f
i 1l1d
5C )3
6e
6'a
B
al
. b
d .
1l4a
B8a d
b f
3
.

CLASS D

18d

l6e

19a

20d

25

26a

29f

3@g
32

34b
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Y, TABLE A4.2

Class D male reproductive tract palypeptides of Drosophila
melanogaster, classed as such with respect to male
reproductive tract polypeptides of D. simulans. For ’
definitions of divergence classes, see Figure 5.1 and Table
5.1, as well as adjacent portions of the text in Chapter 5,
For apot map locations and photographic illustrations of
individual spots, see Appendix 1 and Figure 3.2,

-

If 10" 174 23a 28¢
a h b
4'¢c ) o d 30a
d 9g . 19a £
e f b
e d 24a
11b e b
5¢ d 1
d 25¢
e 1l2e 20 a
g g e
i 13e j - f
g
6h : 21a B 26
14a o 3
Tc, - . b 22a
f e 27Tm
8b  » f b
d lé6a N
e
- ‘..\‘ ‘

' I;v.rs-::-'-"" T
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TABLE A4.3

Classification of individual male reproductive tract
polypeptides of Drosophila simulans into divergence classes,
with respect to male reproductive tract polypeptides of D.
mauritiana. All D. simulans spots identified in Figure Al.1"
(see Appendix 1) and nct listed here belong to-Class A',
except spets 1l2c, 14a, 17b, 17¢, 20c, 20d, 22f, 23e, 29h and
3lh, which were nenscorably pelymorphic in D. simulans. For
definitions of divergence classes, see text in Chapter 5-
Results. For spot map locations and photographic
illustration of individual spots, see Appendix 1 and Figure
3.1 . .

.

CLASS B'

2a S5A 11k . 25fF
b
c 7B 12 26
e
f lde 16d 29%c
) .
3e k 17a ) 31,319
18d
, 21lc - »
/\/\ -
CLASS C*
l- h ,
Cl' : e T c2*
2d 154 25 29e 37 3a
h : £
3d 20e i " 3lc
144
13 22h 27 36a # .
n c 17
CLASS D
4A Ba l4a 229 39
< b f .
c , 24c¢ 32h
6b l6e ) :
13d 26b 35g
6'a 18f ;
b 29i
4‘ ’
2
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TABLE Ad.4

Classificaiton of individual male reproductive tract
polypeptides of Drosbphila simulans into divergence classes
B', C' and D, with respect to male reproductive tract
polypeptides of Q; sechellia. All D. simulans spots ‘
-f:i)identified in Figure Al.1l (see Appendix 1) and not listed

here belong to Class A', except spots l2c, 17b,—T7c, 20c,
204, 22f, 23e, 29h and 31lh, which were nonscorably
polymorphic in D. simulans. For definitions of divergence
classes, see text in Chapter 5 + Results. For spot map
locations and photographic illustration of individual spots,

see Appendix 1 and Figure 3.1.

CLASS B'
2a , 5A .12 26
b
c 1¢e : 16d 29c
e . ‘ i .
£ Kk ( . 18d 34b
\ : . -
3a 11k 2lc -
e
.
/ CLASS £°
cl’ ' : R
2d° ~ 13s 27 7B 25f
]
5C 15a 36a 17 31,319
- CLASS D '
A X
3f 6'A 9A 14A 16 23p ' 29f 32
B c a e i h
4a a > d .. 25a
a b 19¢ 17a b 3@
c - 15c c f
d 8b lic . £ 18f g
c’ h . o 31lb
6b g 13d -3 21 c
c - n a :
i






