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CHAPTER €

PRELIMINARY INVESTIGATION Cr ELECTROPHORETICALLY

CRYPTIC VARIATION AT THE EST-2 LOCCUS

53
l»_l

INTRODUCTION

At the time zone elecirovhoresis was first used fcr the detection of

P |

allozvme variation it was acknowledcgec tnat the technicue would detect only

Y

approximately one-third cf amino-acid substitutions (Lewontin and Hubbyv, 1966).

Tor many vears elecirorncretic survevs were made, and the data obtained were
treated as true estimates ci allelic Zrezuencies. However, the application

of acdditionel technicues Zcr the dezection of primary seguence variation,
such as heat denaturatiorn, cuickly reveaied that electrophoretic
classes were indeed heterogeneous grouns of proteins (Bernstein et ai.,
Sincgh ¢¢ &.., 19275). Simultaneousliv w2th the introduction of novel experi-
mental tecnricues, the mathematical thecryv of selectively neutral and very
slightlv deleterious mutations was extenced to include electrophoreticallw
cryvptic variezion ( King anc Ohta, 1975; Ohta and Kimura, 1973). To stress the
act that electrophoretically detected mokility classes are actually phenotvpes
rather than cenctvpes, Kinc and Ohta (1875) coined the term electromorph.
Attempts to measure Cirectly the effects of selection on allozyme poly-

Pagi =g A

morphisms thus far have met with li<tle success because of the manv difficulties

invelved. Consecuently, tThe majorizy ©of the debate between the neutralist and
selectionist schocls has been cconcernel with the nature of the statistical

distributions of allele freguencies zandéd heterozvgosity. Clearly, if there

}
n

extensive electrophoretically cryvptic variation, the observed distribution of

these parameters, based on a sinagle electrophoretic criterion, will neec¢ to be

9)
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drastically revised.
The urcgent need for clarification of this problem has resulted in a
variety of technicues being developed and applied to the search for cryptic

varianrts. Methods which have been successfully emploved in a number of species

incluce heat denaturation (Bernstein ¢t al., 19273; Singh et ai., 1975),
denaturation at differing concentrations of urea (Loukas ¢t al., 1981),

molecular sieving imposed by varying concentrations of acrylamide in disc

gels (Johnson, 1977) and sequential electrophoresis (Coyne, 1976; Singh et al.,
1976). The most syvstematic approach to the problem of cryptic variation has
been that cf Lewontin and co-workers with thelr programme of seguential

electropnoresis. This involves the repeated testing of electromorph classes

th

Ierin

buffers of di

«Q

PE and acrylamide gels of differing

made, and scme notential cgeneralisaticns have becun tc emerge. The first
opservation is that all of the technicues mentioned above demonstrated a
substantlal increase in the number of alleles which could be detected for
some _oci. Possikly the most spectacular example is provided by tne xanthine

the sibling species pair IZrosopnila

3

Cseudoeobscura

Y

t.2e. Through the use of four different electrophoretic criteria
ané a neat stabllity test, Singh €t .. (1¢76) uncovered 37 allelic classes

in a sample of 146 chromosomes from 12 populations of ['. pseudoobscura, where
onlv six previcusly had been detected using their standard method of elzactro-

phoresis. An even mcre extreme result wa for I.
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rergillie, where in a2 sample of only 60 chromesomes 23 alleles were found but
onlv five rvreviouslv were known.

rom the studies which nave beern conducted to date & general oDattarn

/

has been revealed f{e.qg. Singh, 1979; Loukas ¢t a.., 1281), which mav be

summarised as follows:
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(i) Highly polymorphic loci such as Xdi (Singh ¢t al., 1976), Aldox
{Singh, 1979) and Est-& (Covne et «¢l., 1978; Singh, 1979; Keith, 1983) in
D. pseuaoobecurc, and Est-0, Zdn and Aldox of D. subobscura (Loukas et al.,
1981) all show large increases in the numbers of alleles found in natural
populations.

(i1) Loci which are monomorphic, or which show only low levels cf poly-
morphisms do not show large increases in the number of detectable alleles
after the application of additional criteria. For example, in J. »geudoob-
scura the almost monomorphic locus 04k (Covne and Felton, 1977) and several

hexokinase loci (Beckenbach and Prakash, 1977) failed to reveal anv signifi-

cant increase in the number of alleles detectable. It has been sugcested

t

. Singh, 1979) that this apparent dichotomy cf locus tvpes reflects

o
Q

differenticl ¢

@]

nstraints on mutational alterations which are permissible in

3

)

lthouch the data are not vet extensive erouch to

i

these two groups of loci,

enerzlise with any confidence. The AdZ polymorohism in 2.

\Q

Drovides an interesting and somewnat anomalous result when examined by
seguential electrophoretic technicues (Kreitman, 1980). From a samzle cf

9¢ isochromosomal lines isolated from a single population, Kreitman was
unakble to detect any cryptic variation. This negative result did nct appear
to be attributable to a lack of sensitivity of the experimental technique,
however, since Kreitman was able to distincuish twe known thermcstarility

These lines had

previously been indistinguishable from the standard electromorphs using

77 - 7 - —
an locus of D. meiaroz a2y

:I\
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O
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conventional e:ectrophoretic critexria. The :
appears to be atypical, in that it is the only example examined to cate in
which a ubiguitous polymorphism has failed to harbour substantiel electro-
vhoretically cryptic primary secuence variation. The reason for this may

pe that strong negative, or purifving selection is acting on the ADE  pheno-

tvoe. Support for this icea has been provided recently with the nucleotide

seguencing of a number of independently cloned 4d% genes andé their &' and 3'
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non-translated flanking sequences (Kreitman, 1983). 1In a sample of 11

cloned genes from five natural poculations, Kreitman found 43 nucleotide

).__1
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O
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polymorphisms, 13 of which were unicue. However, although
nucleotide differences were located in exon regions, only one of these was
responsikle for a difference in the aminc-acid seqguence oI the protein

product, anc that was the alteration threonine vs lysine at codon 192

which results in the ubiguitous electrcphoretic polymorphism.

6.1.2 Increased Differentiation Zetween Species and Local Porulations
The aprlication of additional criteria to the analysis of cenetic variation
has had a more profound effect than the simple increase of the number of

lleles known at a locus. The extra variation discovered has creatly

(V)]

increased the genetic divergence netween species (Bernstein €% &i., 1973;
gh €7 &.., 1975; Coyvne, 1976; Covne 2% ai., 1979). These technicues also

have been useful in revealincg prev.cusly undetected local diZferentiation of

[
t
1
n
o
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populations within & species. Thne most striking example o

x 2 a
in . resnicoolecura, vhere the isclated pozulation of Bogstd, Cclombia
apreared to ne genetically very similar to the mainiand ocpulations of North
America by conventicnal electroohorsiic procedures (Praka

The applicetion of seguential electrophoretic technicues
the Bogo:td vopulation was clearly differentiated from mainland populations

i

(Singh ¢t zo., 1976), AiZ7-2 (Covne and Felton, 1277) an

of
by
w
<t
i
N

at the

(Covne ¢t a.., 1978) loci. There was also a suggeszion of increased differ-

entiation between some mainland pooulations of D. pseuaccrazura for the Xdh
and zgt-¢ loci (Singh, 1979). These results clearly indicate that earlier

observations regarding the genetic uniformitv of populations within a

speciles {e.c. Lewontin, 1974) can nc lonager be taken as ccrrect. It is

uncover any additional disequilibria between loci located on the sane

uoonscure (Loukas ¢ .., 1981).



6.1.3 Efficiency of Extra Technigues for the Recovery of Allelic Variation
The success of these mcore rigorous methods in uncovering previously

crvptic variation automatically raises the guestion of what proportion o

Hh

amino-acic substitutions the new technicques detect. Unfortunately the
nuclectide sequence date Zor the I. melanogaster Adh genes cloned by

Kreitman (1983) are not as useful in this context as might have been hoved,

since the only base chancge lsading to an amino-acid substitution in 2is

sample was the one resulting in the routinely detected polymorphism. In an

attemect to examine this problem more thoroughly at the protein level, Ramshaw

[\
<t

Ge. (1879) subjectea & group of 20 haemoglobin variants, for which complete
amino-acid seguence data ware available, to their sequential electrcphoretic

programme. They found that £3% of the variants in this group were detected.

]

experiments comraring croups of substitutions which were chemicallyv

identical,. but located at Zifferent positions in the a- and £ pclvpeptides,

were chemically different but charge ecuivalent

same chain position suggested that theilr technicues were reccvering

80-20% cZ the variants. “he generality of this result remains to be

m

ot

assessed by comparisons of ctiner groups of proteins of known seguence, 1

does suczgest that more sornisticated electrophoretic programmes may be

capektle cf tecting quite a nigh proportion of those mutations which lead
to an amino-acid substitution.
The apparent bilochemiczal &ifferences between allelic variants at the

et-% locus in D. buszaTii, reported in preceding chapters, make it important
to determine whether there are substantial amounts of cryptic variation
within electromorph classes at this locus. It was not possible within the
nits of this thesis to undsrtake a comprehensive secuential elechrophoretic

anzlvsis of this highliv polymorphic locus. However, a preliminary investi-

ol
n
f

gation nhas been made of mple of lines made isogeric for the two most

ectromorph classes ©of this locus.
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6.2 MATERIALS AND MZTHODS

€.2.1 Genetic Material

Drosooni

o ruzzzTii were sampled from the Hemmant population (Locality

ot

31 of Barker and Mullev, 1976), using fermented banana baits spread widely
over the distributicn of prickly pear plants in which the species breeds.
This population has teen sampled many times over different yvears and differ-
ent seasons, and has consistently vielded substantial numbers of flies,
suggesting that it narbours a relatively large and stable population of D.
Zuszatii. Athough seven electromorph classes were known at the Zst-.2 locus

based on samples of australian and South American populations (Barker, East

ané Sene, unpublisneld’, the Hemmant povpulation routinely exhibits Zive of
. _ a  — ol d L oS .
these; Zgt-£, Zez-I7, Zet-27, Eet-I7, and Fet-2  at average frecuencies of

0.49¢C, 06.271, 0.17Z, C.3¢&3, 0.002 respectively. As there was no nalanced lethal
rmarker stock availarle in J. buzzzuii, lines isogenic for the twc Zat-£

electromorphs were at’ished bv the following crossing

of wild-caught malies were test-crossed individually to a stock homczvaous

for the Zgt-2 electrcmorph. As soon as larval activity was observed in the
cultures, the male czrenits were analvsed on the stardard starch gel criterion
cf 1l% w/v starch and Tris-borate-EDTA buffer, pH 8.0. Only those cultures

a/b

in which the ma was heterczygous £3¢-C were kept for further

}»I
)
e
fu
I
0]
9]
ct

th

development. The fcllowling protocol was employed:

b}

_ ~a,/o - . od/c
(1) Est-2%" x Zst-2 /
(ii) Twenty single pair, full-sib matings were established between

progenv Irom cross (i). Parents were assayed and onlv trose

. . - . aa/a . ~a/d ~ b/d _ b/a
matings wnich were Fgi-Z x Eev-2' 7 and Fev-C ;p:_;“/
were kept. This established a group of lines contairing the
- = . . S L= ~b
Zgt-I  elzctromorph, and a second group containing the Ze@-C
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{(1iii) Within each set of 'a' ané 'b' lines, twenty single pair

full-sib matings were established between the progenv of
cross (ii). When larvae were visible, parents were sacrificed
and their genotvoes cetermined.
(iv) Among the matings Zfrom cross (iii) a proportion were isogenic
b/b Zb/b

~a/a

x Egt-2 cr

a/a

[\

eit-4 x Est- For the majority

Lry

-

o
0

cf lines however, the crosses were between a homoczvgous and
heterozvgous indivictezl. For these lines a further generation
of twenty single pair full-sib matings were made to cenerate
isogenic stocks.

{v) This four gensration tresding programme yielded a sample of

19 lines isogenic for the Zgt-2Z electromeroh and 20 lines

isogenic for the Zzo-I" mcrph.

the ZgT~-I locus, and karvotvpsl wlth respect tc the polvmcrrhic chromdsome
II inversion. Details cf the cenetic constitution of the lines are given

£€.2.2 Electrophoretic Procedures

The EST-2 enzyme proved tc be very refractory to the establishment of
a broad range of electrovhcretic criteria, in particular it was cifficult to
consistently maintain sharp bands. TFor the sequential electrophoretic
analysis reported below the fcollowing set of five criteria was emploved:

{i) Starch cels at a ccncentration of 1l1% w/v Connaucht hvdrolvsed

starch in Tris-borate-ILDTA buffer pH 8.0 (Buffer III of Shaw and
Electrorhoresis was for five hours at a constant

the standard criterion used for

»

olvacrylamide gels in C.1M Tris-oorate-

ctrophoresis was carried out for 2 hours



Tabie 6.1 Genetic constitution of the Est-2 isogenic lines used in the
cryptic variation survey

, el Eet-Z Chromosome I1I
Line gencIype genotype Karvotype
1A a/a b/b J
2A a/e t/b J
3A a/a b/b J
47 a/a b/b J
5A a/a c/c J
6A a/a b/b J
TR a/a b/b J
8A a/a X/% S
oA a’a c/c S
10A a/a /b S
11Aa a/a b/b J
12A a’a b/b J
13A &’z b/b S
14r z'a L/ J
15a a’‘a b/b J
16R a‘a /b J
17a a'a /b J
187 a2z /o J
19L a. a b/b S
1B idide n/n J
B C D /b S
3B g b/ s
4B joliie b/b S
5B jolige] n/n J
6B joliie a’/a S
7B L.z /b S
8B foXile X/% S
9B joRibe! b/b S
10B =T x/X S
118 joli¥e’ c/c ]
128 jegiie’ x/% S
138 folie] c/c S
148 jolde a/a S
158 felibe] b/b J
16B jolife’ L/b J
17B = o b/b J
18B b b/b J
19B folife) b/b J
20B b T X/% 5




(11ii)

(iv)

(v)

The f£ifth

Oakeshott

[
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at 200 volts and approximately 20 milliamps per gel.
2.5-16% linear cgradient polvacrylamide gels in 0.1M

Tris-borate-EDTA buffer pH 8.1. Electrophoresis was for

(S

hours at 200 volts and approximately 20 milliamps per gel.

8]

)

-+

oo

~
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linear gradient polyacrylamide gels in 0.1M
Tris-borate~EDTA buffer ph 7.2. Electrophoresis was for

3 hours at 150 volts and approximately 15 milliamps per gel.

O

ellulose acetate plastic-backed plates (Titan III Zip Zore

lates, Helena Laboratories, Beaumont, Texas, U.S.A.) in &

e}

complex amine-citric acid buffer, pH 6.2. Electrophoresis
was for 4 hours at 250 volts and 6 milliamps per prlate.
iterion is one of a set of several developed by Drs. J.G.

anc S. Easteal at the Australian National University, Canberra,

the ssguential elec

rochoretic analvsis of enzyme polvmorohisms.

t

Further details of the Helena cellulose acetate system are provided in

6.2.3 Thermostability Studies

Several atiempts were made to uncover electrophoretically crvptic

variants bv tne application of

a tnermostability criterion. The methodologv

employed was tnat of Cochrane (1976) and Cochrane and Kichmond (1979b). The

following procedure was followed for the preparation of sample:

(1)

(1id)

(iv)

10 male and 10 female adults were homogenised in 200 ul of O.1M
phosphate, pH 7.0 containing 10% w/v sucrose.

+y1 £ 2 . o]
Homocenate was centrifuged at 12,000 g for 15 minutes at 1 C,
and the resultant supernatant was divided into 4 x 20 pl
aiiguocts.

s . X e} 0
Samples from (ii) were incubated at 50 °C * 0.5 C for 0, 3, 6

and @ minutes.

2l
bt

ter heat treatment samples were quenched immediately in an

ice-water bath.



(v) 8 ul of treated sample were placed on 4 x 7 mm filter papert
wicks such that each line x treatment group was represented
in duplicate on any given origin of a standard starch gel.

In this way, three lines could be compared on any single
origin of a gel. Preliminary tests suggested that this
procedure would provide a sensitive and efficient method for
the analysis of thermostability variation. However, more
detailed and carefully controlled studies reported in Section

€.3.2 indicated that the repeatability of this technigue was

very low.
€.> RESULTE
o Tae_ 0B Fae_ D - , ;
The zgi-2 and Legv-: electromorph classes were veryv clearly resolved

or. 211 five electrophorezic criteria, with the separation between the two
reing commornly 3-4 mm. An example of the amount of serparation routinely
ctsesyved between slectromcrph classes is shown in Fic. 6.1, where lines

-
[l

w

ncmozygous Zor the EgT- eT- and I electromorphs are compared.

6.2.1 Cryptic Variants Revealed by Seguential Technicues

It cuickly became anparent that some cryptic variation could be readilv

detected using the techrnicue (Fig. €.2). However, extensive testiny of th
2.3-16% linear gradient polyacrvlamide gels used in conditions (ii) to (iv)

of the secuential programme outlined above nas revealed that this is not

likely to be an ideal electrophoretic support for the analysis of cryptic
variation, even for a monomeric molecule the size of EST-2 with a molecular
waight of only 54,000 daltons. It was found that, for any given pb criterion

the same set of cryptic variants could be detected if the enzvme wes allowed

(o8

proceed into the gel to an acrvlamide concentration anvwhere between 7 an

ot
6]

per cent. Bevond 10% nowever, the mobility differences were rapidly lost,

e
(]

presumably because of the greater retardation of molecules due to =he

ol

ial

educed pore size at higher acrylamide concentrations.
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The acrylamide gels were run with 12 samples per gel and an
arbitrarily chosen standard from each set of the 'a' and 'b' electrornorph
lines. Mobility was determined relative to this standaré for each gel, and
after each run the lines were re-crouped and compared against each other
under the next condition of electropnoresis. The results of applying the
three seguential acrylamide criteria {(ii) to (iv) are presented in Tables
£.2 to 6.4, and the re-classificatior. of the lines i3 presented in Table 6.5
using the nomenclature of Coyne €t ai. (1978). These results must be con-
sidered preliminary because it was not pcssible to exnhaustively test and
re-test each set of lines within a mobility class against themselves. or to

a

test each class against all othexs. At this stage of the analysis the Lgi-2Z

Ty
2

electromorohs had been resolved into four sub-classes, and the 2gt-2  lines
were divided intc five sub-classes (Table 6.5).

Once this tentative classiZ_cation had been achieved a genetic analvsic
of twec C¢rvotic variants was undertaken. Twe lines, {(1€E and 2B) which had
shown a relatively large motility difference under criteria (ii) to (iv)

were selected, and analysed by a nack-cross experiment. The data are
surmarised in Table 6.6 and & tvrical gel showing the pattern of segregation
in the Zfirst back-cross generaticn is shown in Figure 6.3. The results indi-
cate that these two variants segregate as typical Mendelian alleles of a
single locus. Although this preliminaryv sequential analysis revealed some
aprarent cryptic variation within bcinh the Fet-£% ana 53:—2b electromorph
classes, and some of this variation has been shown to behave as simple
Mendelian alleles of a single locus, a number of technical shortcomings of
this method must be acknowledged. The greatest drawback to the use of the
linezr gradient acrvlamide cgels >s the restricted distance of migration which
car. be utilised, bevond which the newly acgquired resolution is lost again.
sradient acrylamide gels were chosen initially in preference to single

concentration acrylamide because thev consistently produced better resolution

ct

of the EST-2 isozyme. However, it was not realised at the time of st:tarting



Table €.2 Classification of Lsterase-£ electromorphs under sequentiel
criterion (ii)

Line Rm Line Rm
ia 1.00 1 1.00
2a 1.00 2B 1.00
3a 1.00 3B 1.00
41 1.00 4B 1.00
5a 1.00 5B 1.00
6L 1.00 6B 1.00
78 1.00 7B 1.00
8A 1.02 8B 1.00
9a 1.02 9B 1.00

10A 1.00 10B 1.00

122 1.00 11B 1.00

132 1.00 128 1.00

14n 1.00 13B 1.00

152 1.00 v 148 1.00

16a 1.00 15B 1.00

17A 1.00 16B 1.04

18a 1.00 178 1.02

19z 1.00 18R 1.02

198 1.02
20B 1.00
“Rm is the morility relative to arbitrarily selected standards; lines
2z and 1B for the Z&v-I% ana Zg -0k electromorphs respectivelv.
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electromorphs under seguential

o
0

[

Line* Rm Line Rm

o O
(@S]

1A 1.00 2B
24 1.00 3B
3A 1.00 4B
4A 1.00 5B
54 1.00 6B
&y 1.00 7B
2L 1.00 8B
9B
.00 10B

.

o O O
O O O

.00
.00
.00
.00
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T R T T et Sl S el

152 11B .C0C
lon 1.00 12B .C
17A 1.00 13B .CO
184 1.00 14B .Co
20B a)e]
10& 1.00
i9A 1.00 158 1.C0
B 1.00 17B 1.00
S 1.00 18B 1.30
19B 1.22
L0B 1.22
- ines were regrouped according to their classification under criteria ({11)
nd {(iiij.
\ ~ b 2y b a
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Takle 6.5 Allocation cf Zevcrage-Z isogenic lines to electromorph
classes after the sequential application of electrophoretic
criteria (i} <o (1iv)

= Number of

Electromorph’ lines
a/1.00/1.00/1.0C 13
a/1.02/1.02/1.00C 2
a/1.00/1.02/1.00 2
a/1.00/0.98/1.00 1
b/1.00/1.00/1.00 15
p/1.04/1.04/1.C2 1
5,1.02/1.04/1.02 1
0,/1.00/1.02/1.0C 1

b/1.02/1.02/1.00 2




Table 6.6 Genetic an

. . . b
alysis of cryptic variants of Est-2 electromoroh
under the cdiscriminatory criterion (ii)

a. Crossing programme

,1.04/1.04

_ .1.00/1.00
Est-2 4

x Est-2Z

1.0£/1.00 1.04/1.04
Est-2 / X Est-2 /

Proceny collected and analvsed under

electrochoretic criterion (ii)

_,1.04/2.00

Zsz-2 ' Est

Observed 54 44
- }
Expected 49 49

X = 1.C2 : not significant at o = 0.05

lel
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the study that the sensitivity of the sequential technigue for the anelysis
of cryptic variants is, in large part, dependent on long running times to
draw out the minute differences between lines. Another major difficulty in
using these gels is that only 12 samples can be run per origin, and g:ven the
very large numbers of comparisons which need to be made to unambiguously
determine that any group of lines is identical for a given electrophoretic
condition, the time and expense would become prohibitive. At the end of

the analyses reported above I was by no means convinced that sufficieat
cross-checking had been done to unambiguously define the new set of putative
electromorphic classes.

At this stage, the fifth criterion emploving cellulose acetate plates,
was added. The relative speed and cheapness of this technigue allowed
exhaustive compvarisons to be made between pairs and triplets of lines, and
the resulting re-classification ¢f lines was completely unambiguous. The
re-grouping cf lines under this criterion is given 1in Table €.7, andéd a
vpical gel showing the recoveryv of a cryvptic variant fror the Zgi-2
electromorph class is given in Fig. €.4. 1In the main, the differences in
eiectropnoretic mobility between cryptic variants were very small, and their
reliable cetection was dependent orn repeated testing. However, when more
extreme cliasses were compared at the end of the analysis it was clear that
mobility differences could be cuite large (Fig. 6.5). If the sequential

criteria (ii) to (iv) are disregarded and only criterion (v) 1s used, the

a

trg

- O
o =]

. N . . — b
electromorph is broken down into 3 groups and the 7Zg¢-2  morph becomes

4 distinguishable groups.

€£.3.2 Thermostability Tests for Electrophoretically Cryptic Variants
Several attempts were mads to analvse electrophoretically crygptic
thermostability variation using the methods of Cochrane (1876) eand Cochrane

nd Richmond (1979b). These tests must be considered a total failure, since

o

they were not repeatable from cne experiment to the next. The reasons for
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Classification of Eczerasc-2
criterion (v)

electromorphs under seqguential

Mobility group Line Mobility group

12 3 1B 3

2a 2 2B 4

3z 2 3B 4

LA 2 4B 4

52 2 5B 3

©A 2 6B 4

s 3 7B 4

8z 1 8B 4

S 1 9B 4

10x 1 10B 4
12z 3 11B 4
131 1 12B 4
145 1 13B 4
155 2 14B 4
154 2 158 2
i7n 2 16B 1
18z 2 17B 3
1oz 1 i8B 3
19B 1

20B 4

v2re assigned to mobili o
mcrph classes on the basis o T
ncde. 7.€. group 1 is more anodal than group

-
oY
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this lack of repeatability are manifold, at least four factors being shown

to be relevant in the

(i)

(11)

—

[

~—

course of these investigations:

The age of the flies used for the tests. It was found that

EST-2 enzvme from flies 2-3 davs of age was substantially more
thermostable than enzyme extracted from flies 7-8 davs of age.

flies must be carefully standardised for age before

anv thermostability tests are made.

The concentration of protein in the extract appears to exert a

significant effect on ZET-2 stability. If extracts were

prepared at one £ly per 1C vl of homogenising buffer the enzyme

rmuch more stable than 1f Zlies were ground up at cne fly

per 2C ul of buffer. Furthermore, apparent thermostatility
variation coula be detected at one £flv per 10 ul, obut no: at
ore IZiv per 20 ul of buiZer, where most activiitv hac Jiszppeared

lncyvoation.

Zlies appeared to ke &

contributing

flies rear=2a

frcm

censity mav be wholly or nartially

cbservaticn {(i1i) above, since flies Zrom

are muach smaller than those reared under un-

Finally, the buffer emploved Zor enzyme extraction was shown to

9}
b
(;J
rt
P
(@]
jd)
H
b
o]
Q
(o)
O
[
H
th
th
', J
[§]
n
b
¢
Ia]
()]
o
@]
=
=
(o]
Q
0]
=
*_J.
w
(]
o)
o
(@]

1M phosphate

puffer, pH 7.0, no differences in thermostability could be detected
bezwean anv of the isogenic lines, (Fig. 6.6a). Howesver, 1f flies
frem the same cultures of the same lines were homogenised in

puffer containing 1.5M urea, apparent thermostability differences

were found (Fig. 6.5b).






The combined effec

thermostability of EST-2 extracts
cally useless for the studv of
6.4 DISCUSSION

The results presented above must be

rence

ts of so many factors apparen
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tly affecting the

rs this method of analysis practi-

cryectic variation for this enzyme.

treated as cnly a preliminarv

investigation of the presence or absence of electrophoretically cryvptic
var_ation at the Eei-£ locus in D. 2uzsavii. I am not completely satisfied
that the classification of electromorph classes under secguential criteria (i)
te (iv) has been subjected to e sufficiently rigorous examination either for

lines within apparen:tlyv nomdgeneous classes, Or for Cross comparison of
grparentlv Zifferent grouss. I have nc similar reserveations concernirg the
data orztained under critserion {(v), nowever, since it was possible to make
all the necessary ccmparisons. A&Accoridingly, the data mav tentatively be
treztel as upper and Lowsar estimates cI the amount of extant crvpiic variation
which can be detectec ov
estimate there are thres
classes within the Z&z-I
uprer estimate, based on criteria (i) to (v) there are six classes for the

= : =
Te7-f7 electromorph and a further cix IZor the Fgr-~i electromorph (Table 6.8)
Thus, the two electromorrh classes Tez-2% anc ESC—Eb comprise at least seven
and peossibly up to 12 distinct electromorph groups, an increase of taree to
six-fold in the number of alleles. &n increase 1n the number of allzlic
classes of this magnitude is entirelv consistent with previously published
data Zor other highly rolvmorphic lcci. For example, in a sample of 237 lines
from twc populations of I. zgeudocheciia, Keith (1983) detected 41 electro-
morph classes where only 12 previously were detected using a single electro-
vheretzic criterion for the Zev-9 locus. Similar situations apply fcr the
nighly polymorphic Az (Sinch o a.., 1976) and Ao (Singh, 1979) loci of



Table 6.8 An upper estimate of the extent of electrophoretically
cryptic variation at the Tet-2 locus under five sequentially
applied criteria

Electromorph class Number of lines

a/1.00,/1.00/1.00/1 2
a/1.00/1.00/1.00/2 9
a/1.00/1.00/1.00/3 2

a/1.02/1.02/1.00/1 2

a/l.OO/l.OZ/l.OQ/l 2
a/1.00/0.98/1.0C.°3 1
b/1.00,/1.00/1.00/3 2
b/l.OO/l.OO/l.CC[é i3
b/1.04/1.04/1.0272 1
5/1.02/1.04/1.02/72 1
5/1.02/1.02/1.00°2 3
b/l.OD/l.OZ/l.CS/: 2

ectromorph classificazion is the same as for Taple 6.5 with the
i ).

1 e
adéition of a fifth roplility ranking Zor criterion (v
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Another feature which these data for Esté-2 of D. buzzctii share with

the results for highly polymorphic loci in other species of Irosophila is
the apparent existence of a modal class within an original electromorosh
groug. In this instance, 9 of 18 lines of the Fen-0°% electromorph, and 13
o} 93 B pr r*b : C A e : 3
of 20 lines of the Fsgt-2  electromorph remain indistinguishable after
sequential analysis (Table 6.8) Keith (1983) observed a similar phenomenon
in her study of the Fci-f polymorphism of D. pgeudoobscurs in which two
common: electromorphs detected under the standard electrophoretic criterion

were eacrn fcund to harbour a prevalent class after the addition cf fcur extra

criteria.

L Zfurther aspect to emerge Irxom these data, which has not yet been
widelv investigated in other species, is the effect which the recoverv of
crvptic variants has on estimates of gametic disecuilibria, both with other
polvmorpihic loci, and alsc with polymorphic inversions. The sparental. popu-

lation freom which this seit of isocenic lines were ger:ived showed substantial
disegulilinrium between the Zgv-f lcocus and the polvmorghic J inversion,

both at the time these lines were sampled (East, unzublisned) and in a sub-

secuent sample (Knibb, East and 3Barker, unpublished). The Zgv-7 locis alsco

showed disecuilibrium with this inversion, but no diseguilibrium could be

detected between the twe Zzierase loci. Although

ot

here was a highly signifi-
locus z2nd the

S and J arrangements of chromosome II, there were nc fixed differences between

; . X Y- — b
electromorph classes, as can be seen in Table 6.1 whexe Lei-2% and fez-2
lines bcth are represented in S ané J chromosomes. However, if these data

are re-examined using only the conservative estimate of cryptic variation

provided under criterion (v), it is clear that cgametic diseguilibrium is now
close tc fixed differences between electromorph classes (Table €.9). Obviously
if we hope to assess the contribution of polymorphic inversicns to ellozyme

freguencies in natural populations, it will be critical to obtain more
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Table 6.9 The chromosome I1 constitution of the Eg¢-Z isogenic lines
after reclassification according to sequential criterion (v)

Chromosome IT

Line Mopility class
- karyotype
8A N S
9Aa 1 S
10A 1 S
13A 1 S
144 1 J
19Aa 1 S
2R z J
3A 2 J
4n 2 J
52 2 J
6R 2 J
152 2 J
164 2 J
172 - J
18L z J
1z g J
T8 3 J
i2% z J
10E - J
198 i T
158 2 J
1B 2 J
5B & s
178 3 J
18B 3 J
2 4 S
3B 4 S
4B 4 S
6B 4 S
7B 4 S
8B 4 S
9B 4 S
10B 4 S
11B 4 S
12B 4 S
13R 4 S
1438 4 S
20B 4 S
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cise information concerning the extent of cryvptic variation at the

enzyvme loci being studied. There is, as ve:f, little empirical eviderce to
indicate the effect which the presence cif crvptic variants will have on

studies of diseguilibria. Norman and Prakash (1980) found that thircd chromosome
inversions in D. »seuqoobscurc and D. rersivillic were actually associated

witnh different alleles of the amvlase locus, where previously they were

lieved to share the same allele. 1In ccnirast to this, Loukas €t ai. (1981)

o}
iU

I'h

ailed to uncover any previously undetected diseguilibria between allozyme

(-]

oci in . subobscura when additional technigques were used to assess

)

cryvptic variation. Clearly this cuestion recuires a much closer ana.ysis, and

tne Zez-1 and Tgi-2 loci of I. oumzatii which appear to 2e in diseguilibrium
wizth & polvmorphic inversion, but not with each other, provide an excellent

The results presented in Section ©.2 Zndiczate thazt, wher a thorough
sTudv 1s made, extensive extre variatien will s found at the Fgi-L locus.
Sucn e study must await the availarfility ¢I a balanced lethal second chrome-

some in U, fussaTtii, so that large numbers oI isogenic linss can be oreduced

reoidly. In the interim, the significance ¢ this enormous amount of vari-

Sinch (1979) reviewed the structural and functional components of agenic
variation and the contribution of studies of crypitic variants. One freguent

ocservation is that there are more rare variants than expected under models
of neutral mutation and randem genetic c&riic. It would be exceedinaly
éifficult to conceive a model cf balancinc selection which could account for

the verv large numbers of variants observed, and & possible explanation which

must be ceonsicered for these higrly polvmorshic loci is that some proportion
cZ the variants are being generated by intracenic recomcoination. Tre rapidiy

soreading appliication of recomiinant DA Technclogy mav rrovide some relevant
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slthough selectionist models could not hope to account for the newly

discovered amounts of genic variation, the data obtained to date do not fit

well with neutralist models eithex. The theories of King and Ohta (1l975) and

Ohta and Ximura (1275) predict J-shaped distributions of alleles, with a

v

commor. 'type' allele and many other rarer alleles. The fitness of alleles
is predicted to decrease with increasing mutational divergence Zrom the
"type' allele, and rarer electromorph classes are predicted to harbour less
crvptic variants than more prevalent electromorphs. Pertinent data are
scarce at this stage, but Singh (1972) found that common electromorphs did
not necessarily have more cry»tic variants than rarer classes. The Egt-2
polvmorchism of D. Juszsil will provide an excellent ouportunitv to
investicaze this further because oI the ubigquitous cccurrence of four rela-

tively cormon electromoroh classes at this locus.
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CHAPTER 7

SUMMARY AND CONCLUDING COMMEINTS

The studies which have been reported in this thesis were under:taken
in the specific context of a multidisciplinarv analvsis of allozyme variation
in the cactophilic Drosophilid D. buzzqtii{. The two polymorphic estarase
isoczvmes were chosen fcr a varlety of reasons; the principal factor peing

“he abundant circumstantial evidence which sucgested that the genetic vari-

ation at the locc

’..J
Q
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jon
5
Q
th
Q
s
t
oz
o
0

e enzymes was not neutral with respect to
selection (Section 1.2.5). My other major reason for undertaking & bio-
chemical studyv of the esterases was simply the fact that they are cenetically
sroteins. The cbhservation that esterases tend to be uriguitously

oolvmorphic 5) coupled with the Zfacility

wizh which have acguirecd new functions in tre course of

evolution (Hartlev, 1279) suggested that thev might represent ar excellent
opportunity to assess the relative roles of isczvmic and alleczymic veriation
r. adaptation and microevolution (Section 1.1.2).

The principal problem confronting the studyv of esterases is the fact
+hat their 4% V10¢ functicn is unknown (Section 1.2.3). The first objective
of this work therefore was to undertake a preliminary study of some
rhysiological features of the EST-1 and EST-2 isozymes (Chapter 2). The
most significant observations to come from this work are that the two pre-

T~1 and EST-2 are characterised by comple:zely

ol
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o
t
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0
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different ontogenic and tissue distributions, and that there is ano:zher

T-J) which has a verv limited period of ontogeric

major R-esterase (I3
evpression. These data have been useful for establishing potential homo-

logies with esterases of other Jregopiiia  svecies, in particular the two
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R-esterases EST-1 zand EST-J would appear to be homologues of the duplicated
f-esterase loci in other members of the mulleri subgroup described by Zouros
et al. (1882). These fF-esterases are likely to provide an excellent model
system for the mclecular analysis of duplicated isozyme loci, since they

have diverged sufiiciently to exnibit very different patterns of developmental
and tissue~speciiic expression, but are not so different that the protein
products can nc lcnger form an intermolecular hybrid. These loci are
particularly attractive for molecular studies of gene regulatory alterations
in evolution, nct cnlyv because cf the duplication, but also because the

duzlicated loci accear to be differently expressed in members of the mulleri

nd EST-2 isozymes was continued in Chapter

+
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3, where some cz=n=ral biochemical properties were considered. One of the
was the apparent failure cf zthe D. biszatii

eszerasses To confoxm closely te the classification system laid down for

. Thig has npeen found for esterases of other ingect

specizs, as nctel In Chapter 1 {Section 1.2.4.2). The main conclusion to be
crawn Zrom the exrsriments of Chapter 3 is that, if the Zer-I and fev-2 loci

evoived bv gene Zurlication, then they have now diverged in function to the
extent tThat everv Troperty examined was different for the two enzyme

productis. Substantial similarities in properties were found between the EST-1
ernzvme of I. 5uzz27i7 and the f-esterase of D. virilie (Table 3.9), and EST-2
and the w-esterass of D. »iriiig [Table 3.10) suggesting that the functions

of the c-esteras=ss and of the R-esterases may have been conserved for a
lencthyv period ©f evclution. It was further noted that major o- ard

“erases are Zound in specizs of the sub-genus Scphorsora, with molecular

s

weights similar ¢ those reported for ¢- and f-esterases of the Droscorhila
sub-genus, sugoesting that if the o- and f-esterases arcse originally as a

duplication, it cccurred prior to the division of these two branches of the



Once the differences be

was turnedé to some of the all
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tween the czvmes had been compared, attention

ozvmic var produced by the Zgt-1 and Fgi-2

loci {(Charter 4). Although some differences between two allozymes of the
Est-1 locus could be detected, these wsre never large, and one isozyme almost
invariarclyv was superior in terms of c activitv. In contrast to this,
substantial differences were detected z=tw2en four variants produced by the
Egt-Z2 locus, and the relative activity ¢I the enzymes changed according to
the substrate examined These differences between EST-2 allozymes were
examined further by a kinetic analvsis Invelving the environmental variables
temperature, pH and substrate type (Chacter 5), and again significant differ-
ences ptetween allozyme variants were Icund. It i1s interesting that the

allozvme encoded by the Zgr-:

<

its biochemical properties fr
— C N

the 2g7- allele which s mo

pelvmerzaism in D. Duszatil

Pernaps the pctentially

experiments is the apparent &

This observation

variapility, may be an import

polvmorphisms inD. bussatil.

concerning the im vivo functi
hvpothesis to test.  Neverthe
this study allow the construc

ments reported in Ci

“
napc

The exgeri

in substrace

carbon chain length. Cac
produce volatiles (East, 1982
species are known to vary in

e

~

allele zrovad to be consistently different in

L4
o

om

sul

trate

manifested as substrate

ant “ne maintenance of the L2Tdrase

e
wizthout more detailed information
this will be a difficult

ion ©

less

’

tion

respect to acvl

their capacity to
and unrucsllished data), and cactophil:c yeast
their temgoral and spatial distribution in
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hustralia (Barker et al., 1983). ther work with yeasts used in the brewing
industry has shown that yeast esterases can synthesise esters (Parkkinen and
Suomalainen, 1982), and tha* higher molecular weight esters such as ethyl
caprylate are sequestered in the yeast cell (Nykanen et al., 1977). Some
of these esters may well be toxic to Drosophila at relatively low corcentra-
tions. For example, ethyl caprylate incorporated into standard food medium
at a concentration of 1% v/v resulted in greater than 90% mortality to
larvae placed in this food (East, unpublished). Clearly this system contains
all the components required for an analysis of genotvpe-environment :nter-
ction in a laboratory context. The efficacy of this approach will be
devendant on the demonstration that EST-2 is capable of hydrolysing esters
such as ethyl caproate ané ezhyvl caprvlate Zm vive, and that these esters,
or others similar to them are produced by the cactophilic yeasts, and are

1st this is clearly rather speculative, it is

present in natural rots. Wno

noretheless the logical svntnesis of the results reportsd in this thasis
with other published informazicn. It represents a preliminary attemst to

the four steps outlined by Clarke (1975) as an experimental strategy
for testing the adaptive sigrnificance of allozymic variation. A single studv
such as this, beginning with no prior knowledge of the biochemistry or
vhvsiology of the enzymes could not possibly hope to exhaustively fcllow
Clarke's protocol, but I believe that we are now in a position to ask more
critical questions.

The results presented in Chapter 6 of this thesis, althouch representing
cnly a preliminary analysis of electrophoretically cryptic variation at the

T+

Zei-& locus, nonetheless have significant implications for future research.

t

Tirstly, the fact that there is extensive electrophoretically cryptic variation
at this locus casts some coubt over the generality of the biochemical pro-
perties of allozymic variants repcrted in Chapter 4 and 5, since those studies
were conducted on enzyme material isclated from single isofemale lines. Whether
these data will be of specific predictive value in helping to explain the

distribution of electromorph freguencies in natural populations therefore
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seems dubious. However, I believe that the data are of some value in
identifying possible components of the biotic and abiotic envirconmerts of

D. buzzatii{ which may be influencing allele freguencies at these hichly
polymorphic loci. Chemical analysis of the metabolic by-products of cacto-
philic veasts, and the chemical perturbation of synthetic laboratory culture
media should provide sicriZicant insight into the nature of genetic poly-
morphism at these loci.

The second implication of the results presented in Chapter 6 .s for
the study of the pcpulation dynamics of electromorph variation in natural
populations of D. buzzaii<. It is clear from the data presented in Table
€.9 that the recovery of electrophoretically cryvptic variants at the Est-2

locus has drastically altered the nature of the gametic diseguilibrium between

[

vmorphic inversions on the second chiromosome of

the EFst~Z electromorphs and po

)

this species. It now becomes critical to establish simple and practical

protocol for the analvsis o otic variation at the Ist-I and Zgt-2 loci,
anc then to examine in cezail the nature of the sgpatial distributioa of
cryptic variants on larce samples of second chromosomes from at least two
populations, and the effect which this has on disegquilibria between these
loci and polymorphic inversions. This should be & significant step in
helping to determine whetner any putative selection operating on these loci

igs simply the result of diseguilibrium with inversion complexes.
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