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Geographic variation at eight allozyme loci in eight natural populations of Drosophila melanogaster from the People’s
Republic of China (P.R.C.) was collated with data from Japanese populations and compared with previous reports for
other continents. G6pd”, Est-6'"" and Adh® were significantly correlated with latitude. Whilst the variation in Est-
6" was opposite to that previously reported, Adh® showed latitudinal clines consistent with data from the northern
and southern hemispheres. A thermostable variant, Adh"“*”, was found at high frequency in the southern P.R.C.
populations and it is suggested that the mutation occurred in this region and was then dispersed to other continents.

INTRODUCTION

Extensive surveys of allozyme variation in natural
populations of the cosmopolitan species
Drosophila melanogaster have shown that some
polymorphic loci e.g., alcohol dehydrogenase
(Adh) and esterase-6 (Est-6) vary latitudinally,
whereas others e.g., phosphoglucomutase (Pgm)
are relatively homogenous across zoogeographic
zones (Singh, Hickey and David, 1982; Oakeshott
et al., 1983b and references therein; Singh and
Rhomberg, 1987). The latitudinal variation in some
polymorphisms has been shown to be consistent
between continents both in the northern and
southern hemispheres, whenever direct com-
parisons have been made (Johnson and Schaffer,
1973; Vigue and Johnson, 1973; Wilks et al., 1980;
David, 1982; Oakeshott, et al, 1981, 1982,
19834, b), although major gaps remain for a world-
wide data set as few data are available for South
America and Asia. This latitudinal differentiation,
which is not explained by the frequency of inver-
sions (Voelker et al., 1978, Knibb, 1983), has been
claimed as evidence for natural selection imposed
by latitudinally varying environmental factor(s).
Consistent latitudinal differentiation on continents
in both hemispheres bolsters this argument,
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although for each locus it remains possible that
the focus of selection is on phenotypes controlled
by gene(s) in ubiquitous disequilibria with the
enzyme locus.

In Australian populations Adh, Acph (acid
phosphatase), Gpdh (sn-glycerol-3-phosphate
dehydrogenase), Odh (octanol dehydrogenase),
G6pd (Glucose-6-phosphase dehydrogenase), Pgd
(6-phospho-gluconate dehydrogenase) and Est-6
show significant latitudinal clines (Oakeshott et
al., 1981, 1982, 19834, b) which are similar in sign
to those found in the eastern region of North
America (Johnson and Schaffer, 1973). D.
melanogaster populations occur in Australia from
10° to 45°S which are similar to the latitudes of
the People’s Republic of China (P.R.C.) (20° to
55°N). In order to test the generality of the
latitudinal differentiation found in Australia we
have scored allozyme frequencies at eight polymor-
phic loci in D. melanogaster populations from
eastern P.R.C. and collated the data with recent
observations on Japanese populations.

MATERIALS AND METHODS

Adult D. melanogaster were collected at eight sites
in the eastern region of the Peoples’ Republic of
China (P.R.C.) over a latitudinal range of 20°N
(fig. 1). The populations, which were all large, were
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Figure 1 The location of the eight P.R.C. populations. Also shown are the locations of the eighteen Japanese populations (Watada
ef al., 1986) which comprise one sample from Hokkaida, eleven samples from Honshu, one sample from Shikoku, one sample
from Kyushu, three samples from Ryukyu and one sample from Ogasawara.

sampled in the autumn of 1986 and air freighted
to Canberra where at least 100 single female lines
were established from each population and
maintained by mass transfer at 20+ 1°C on our
standard culture medium (Gibson and Wilks,
1988).

The P.R.C. samples were scored within three
months of collection for variation at eight loci
(Adh, Gpdh, Est-6, G6pd, Pgm, Odh, Acph, Pgd)
after electrophoresis of single fly homogenates and
staining on cellulose acetate membranes using
published protocols (see Oakeshott et al, 1981,
1982, 1983 a, b). For EST-6, the pH of the running
buffer was increased to pH 85 in order to best
resolve electrophoretic variation (P. Cooke, per-
sonal communication). Variation at the Est-6,
Pgm, Odh and Acph loci was scored on the same
single fly extracts.

The samples were also scored for alleles encod-
ing heat resistant ADH using the techniques
described by Wilks et al, (1980). A number of
thermostability and heat sensitive Adh alleles were
extracted using CyO as a second chromosome
balancer (Lindsley and Grell, 1967) and
maintained as homozygotes. ADH activity levels
in crude extracts of homozygotes using ethanol or
2-propanol as substrates, were assayed at 25°C or
40°C as previously described (Wilks et al, 1980).

Data for latitude, longitude and the 30 year
averages of average daily maximum temperature
in °C for the hottest (T,,.,) and the coldest (T,.;,)
calender month, total rainfall in mm for the wettest
(Rpmax) and driest (R,,;,) calender month for each
site were obtained from Zhang and Lin (1985) and
Sheng (1986). The altitudes of the collecting sites
were all below 100 metres. Recently collected data
on allele frequencies at some of the loci were
available for eighteen populations in Japan
(Watada, Tobari and Ohba, 1986) and these data
for sites on each of the six islands (fig. 1) were
collated with the present results for the P.R.C.

RESULTS

Allele frequencies at the eight loci scored in the
eight P.R.C. populations are given in table 1.

At four loci—Pgm, Odh, Acph and Pgd —very
little geographic variation in allele frequencies was
observed, with the most common alleles always
greater than 0-9. None of the alleles at these loci
showed any significant variation with latitude or
longitude. Gpdh was polymorphic in each of the
populations but the frequency of Gpdh® was not
significantly correlated with latitude or longitude,
either in the P.R.C. samples or in the collated data
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Table 1 Allele frequencies in the eight P.R.C. populations. The number of genes scored for each locus is shown in parenthesis at
each site and the latitude of the site is indicated

Haikou Guangzhou Xiamen Fuzhou Shanghai Xuzhou Jinan Luda

20°02'N 23°08'N 24°27'N 26°05'N 31°10'N 34°17'N 37°N 38°54'N
Allele (220) (440) (330) (380) (380) (430) (390) (390)
Adh® 0-43 0-25 0-21 0-23 0-20 0-20 0-17 0-10
Adh* 0-43 0-39 0-64 0-66 0-80 0-80 0-76 0-86
AdhT P 0-14 036 015 0-10 — — 0-06 0-04
Gpdh“F — — 0-13 — — — — —
Gpdh* 0-81 0-66 0-39 0-30 0-44 0-54 0-46 0-51
Gpdh® 019 0-34 0-48 0-70 0-56 0-46 0-54 0-49
Est-6'%° 0-96 0-96 0-98 0-72 0-76 0-61 0-28 0-34
Est-6'"1° 0-04 0-04 0-02 0-28 0-24 0-39 0-72 0-66
Gé6pd* 0-86 0-94 0-92 0-80 0-98 1-00 0-97 1-00
Gépd?® 0-14 0-06 0-08 0:20 0-02 — 0-03 —
Pgm'?° 0-05 0-05 0-10 0-06 — 0-08 — 0-06
Pgm' 0-95 0-93 0-90 0-94 0-93 0-92 0-98 0-94
Pgm"7° — 0-02 — — 0-07 — 0-02 —
Odh* 1-00 1-00 1-:00 0-99 1-00 1-00 1-00 1-00
Odh® — — — 0-01 — — — —
Acph” 1-00 1-00 1-00 0-92 1-00 1-00 0-94 0-97
Acph® — — — 0-08 — — 0-06 0-03
Pgd® 1-00 0-97 1-00 0-97 0-95 1-00 1-00 1-00
Pgd® — 0-03 — 0-03 0-05 — — —

set. One population, Xiamen, had a relatively high
frequency of Gpdh'*, which has only been found
in previous surveys as a rare allele. G6pd was
polymorphic in six populations, with the com-
monest allele, G6pd ©, significantly correlated with
distance from the equator in the partial correlation
(and also in the total data set) but not in the
multiple regression coefficient (table 2).

The Est-6 and Adh loci were polymorphic in
each population sampled and the variation was

Table 2 Partial correlation (r) and multiple regression
coefficients (b) of angularly transformed allele frequencies
on latitude and longitude in (a) the P.R.C. samples and
(b) including data for Japanese populations

r b
lat long lat long
Adh® (a) —0-72* -0-50 -0-62* —0-34
(b) —0-64* +0-53* -0-70* 0-54*
Est-6"% (a)  —0-94** 052 -1-06* 0-23
(b)  —0-49* 0-3 —0-55 0-31
Gépd" (a) 0:65%  —0-06 0-73 0-48
(b) 019 —0-23 022 —0-26
* P <0-05.
# P <0-01.

also significantly correlated with latitude both in
the P.R.C. samples and in the collated data (table
2). Est-6"""° decreased in frequency with increasing
distance from the equator, but this was opposite
in direction to the differentiation previously repor-
ted in the northern hemisphere (Johnson and
Schaffer, 1973). At the Adh locus the variation was
consistent with previous studies in showing that
Adh® decreases in frequency with increasing lati-
tude (Vigue and Johnson, 1973; Wilks et al, 1980).
A surprising feature of the Adh data was the high
frequency (up to 36 per cent) of heat resistant Adh
alleles in the southernmost P.R.C. populations
(similar results have been obtained in other
samples from this region by L. Chai, personal
communication). The frequencies of heat resistant
Adh alleles were not significantly correlated with
latitude in either the partial correlation (r = —0-45,
P> 0-05) or the multiple regression (b =0-44, P>
0-05).

To test whether these thermostability ADH
variants encode enzyme with similar properties to
ADH-FChD (which is equivalent to ADH-Fr and
ADH-71 K, Gibson, et al., 1980) samples of heat
resistant and heat sensitive alleles from three of
the P.R.C. populations were extracted using CyQO
as a second chromosome balancer and made
homozygous. Results of ADH assays on extracts
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Table 3 Comparison of ADH activities (standard errors in parenthesis) and thermostabilities in extracts derived
from heat sensitive and heat resistant alleles extracted from the P.R.C. populations

ADH activity Activity ADH activity remaining in 40°C
Origin of allele with propanol ratio® heat-treated extracts (per cent)
Heat-resistant alleles
Control ADH-FChD" 131:3(1-8) 42 94-6
Guangzhou 130-0 (2-0) 42 95-8
Guangzhou 103-5(1-2) 4-0 81-2
Fuzhou 190-5(1-5) 4-9 80-7
Jinan 107-5(55) 4-5 100-0
Heat-sensitive alleles
Control ADH-F® 195-1 (6:0) 68 59-7
Guangzhou 197-0 (small) 7-3 55-1
Fuzhou 2101 (small) 6-7 51-8
52 53-6

Jinan 2095 (0-5)

* Ratio of activity with 2-propanol to activity with ethanol as substrate. (a) alleles described in Gibson et al., 1980.

of these homozygotes (table 3), using ethanol and
2-propanol as substrates showed that the activity
ratios and heat stabilities of the ADH encoded by
the thermostability alleles were very similar to
those previously shown to be characteristic of
ADH-FChD but different to the control ADH-F
(Gibson et al., 1980). A heat sensitive Adh" allele
extracted from Jinan differed in activity ratio both
from the ADH-F and ADH-FChD controls (P <
0-01) and this variant is being investigated further.

In the data from the eight P.R.C. populations,
there was no significant linkage disequilibria
between allozymes scored on the same fly ( Est-6,
Pgm, Odh and Acph) and none of the allele
frequencies at any locus were significantly corre-
lated with any of the climatic variables, after the
latitudinal variation had been taken into account
(data not shown).

DISCUSSION

The landmasses of the Peoples’ Republic of China
and Australia span similar latitudes but lie in
different hemispheres, so that D. melanogaster
sampled from the two areas provides tests of the
generality of latitudinal differentiation of specific
polymorphic loci. Previous surveys, mainly of
populations in Australiasia, Europe and North
America, have shown that five loci—Adh, Odh,
G6pd, Pgd and Est-6—exhibit latitudinal variation
although the degree of association can vary
between continents. In the present study, the first
to sample populations in mainland China, three
of these loci, Adh, G6pd and Est-6, show
latitudinal variation but that for Est-6 is opposite

in sign to elsewhere in the northern hemisphere
and that for G6pd is only significant in the partial
correlation.

Previous surveys (Oakeshott et al, 1983q, b)
have shown significant differences in mean Odh*®
and Pgd" frequencies between populations at
similar latitudes on different continents, with a low
level of polymorphism at the Pgd locus. In the
P.R.C. and Japanese data the highest frequency of
Odh® is 0-23 but in most populations it is less than
0-05. Similarly, Pgd is monomorphic in most of
the populations we describe although at similar
latitudes on other continents some populations are
polymorphic at this locus.

The inconsistent result for Est-6, compared to
earlier surveys, is most surprising as this locus is
polymorphic in most populations. The electro-
phoresis conditions we used were chosen because
they maximised the discrimination of EST-6
phenotypes (Cooke et al., 1987) and we used their
control alleles in our experiments. Thus any
imprecise resolution of EST-6 phenotypes is less
likely to have occurred in our study (P. Cooke,
personal communication). It is possible that the
variation in Est-6""% in the P.R.C. populations is
due to linkage disequilibrium with In (3L) P, which
has breakpoints either side of the locus and which
decreases in frequency with increasing latitude in
North America (Voelker et al, 1977) and in Aus-
tralia and Europe (Knibb , Oakeshott and Gibson,
1982). Cytological investigations of the P.R.C. and
Japanese material will test this possibility. It is also
relevant to the inconsistency of the variation that
Est-6"° frequencies do not change in the direction
expected when populations are transplanted and
reared in different latitudes (Oakeshott et al.,
1988).
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The data for G6pd are consistent with those
from other continents in showing a relatively
shallow latitudinal cline. The variation in the
present data was not related to any of the climatic
variables and again this mirrored earlier results
which showed that there were no consistent
climatic relationships in data from different
continents.

The latitudinal differentiation in Adh® in the
P.R.C. populations is consistent in form with that
found in Australia which in 1986 samples was
unchanged from that found in the studies carried
out in 1978, (J. B. Gibson and C. Jiang, unpub-
lished data and see Anderson et al, 1987), and
with that first reported in North America (Johnson
and Schaffer, 1977). In general Adh® frequencies
are lower in the P.R.C. populations than at compar-
able latitudes in Australia but otherwise the
latitudinal differentiation is similar. In contrast to
the earlier surveys in which Adh® was consistently
related to Tmax (Oakeshott et al, 1982) the
relationship, although positive, is non-significant
in this data set and in the data reported by Ander-
son et al. (1987). In the eastern region of North
America there is evidence that the latitudinal vari-
ation in Adh® is now less marked (Gail Simmons,
personal communication) and in the western
region of the continent the relationship between
Adh" and latitude, although positive, is weak and
non-significant (Smith et al, 1984).

An unexpected feature of the P.R.C. Adh data
is the high frequency of a thermostable variant
which shares characteristics with ADH-FChD.
Similar Adh variants have previously been found
in surveys of natural populations in North America
(Sampsell 1977, Smith et al., 1984) and Australia
(Wilks et al., 1980; Gibson, Wilks and Chambers,
1981, 1982) at frequencies as high as 0-16 in one
population but generally with average values closer
to 0-04. The frequency of Adh™“"" tends to be
highest at intermediate frequencies of Adh’, i.e.,
in the mid region of the cline. The surveys also
show that populations in regions of Australia and
North America with climates similar to that of
southern China do not have frequencies of
Adh™"P above 0-03. Heat resistant Adh” alleles
have also been found at low frequency (less than
1 per cent) in the Canary Islands (Hernandez et
al, 1986) but not in central African populations
(J. David, personal communication). It is relevant
that Adh” is relatively rare in tropical Africa
(David, 1982) where, on the basis of biogeo-
graphical and phylogenetic evidence, it is believed
D. melanogaster originated (Lemeunier et al.,
1985).

The evolutionary history of D. melanogaster
and the worldwide distribution of Adh"™"P (which
probably arose from a mutation in Adh", Cham-
bers et al., 1981, Gibson, Wilks and Chambers,
1981, Collet, 1988) prompts the speculation that
the Adh™"" mutation occurred in southern China
from where it was then dispersed. It is relevant
that D. melanogaster was not found in Papua New
Guinea before the 1970s, despite serious collecting
attempts (Bock, 1980), and so it is possible the
species only became established in Australia with
European settlement. Similarly the evidence of
museum collections shows that D. melanogaster
became established in North America in the second
half of the nineteenth century (L. Throckmorton,
personal communication).

If North America and Australia were colonised
relatively recently by D. melanogaster then the
latitudinal variation in Adh® (and to a lesser extent
G6pd") on these continents has developed over
the past century in contrast to mainland China
where D. melanogaster is likely to have been
endemic for much longer. Singh and Rhomberg
(1987) have discussed two selective and two non-
selective mechanisms which could give rise to
Jatitudinal variation. For example allele frequen-
cies might be tracking latitudinally varying
environmental factors or there may be gene flow
between two distinct latitudinally separate selec-
tive regimes. The non-selective causes include the
intermixing of differentiated populations and
gradients in allele frequencies deriving from
changes in seasonal cycles along a latitudinal
gradient. The consistancy of the Adh® latitudinal
cline, at least in eastern Australia and eastern
China, coupled with the evidence that transplanted
populations change in Adh frequency towards the
recipient area (Oakeshott et al, 1988), is strongly
suggestive of some kind of balancing selection
focussed on phenotypes to which variation in the
Adh region of the genome makes a significant
contribution.
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