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Molecules versus morphology: the detection
of selection acting on morphological
characters along a cline in Drosophila

melanogaster
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This work examines the nature of north-south clinal variation in morphological characters in
Drosophila melanogaster. Isofemale lines were established from flies collected along a transect
extending from Winnipeg, Manitoba (Canada) to Tampa Bay, Florida (U.S.A.). Offspring from
different lines within each location were then cultured under standardized conditions and used to
examine phenotypic variation in seven morphological characters along the cline. In addition,
allozyme variation at seven polymorphic loci was examined for the same set of clinal populations.
Scutellum length and wing length show the strongest clinal trends. Clinal variation is nonmonotonic,
with larger flies in the middle latitudes and smaller flies in the north and south. This result contrasts
with other studies which have shown monotonic clines. Patterns of population subdivision were
different for the different characters. This implies that there are different selective forces acting on
the different morphological characters. Based on a comparison of morphological and molecular
population subdivision for adjacent populations it is inferred that natural selection is operating to
maintain a high level of population subdivision for wing width and the first principal component
between one of the sets of populations. A combined approach using molecules and morphology
may provide an alternative to retrospective selection analysis for detecting selection in nature.
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Lewontin, 1982; James, 1983). The second method

Introduction estimates selection directly on a set of characters by

Attempts to measure selection in the wild on quantita-
tive traits have relied primarily on two methods. The
first uses the retrospective selection equation popular-
ized by Lande (1979) to estimate a vector of selection
coefficients on a set of quantitative traits if the genetic
variance/covariance matrix for the traits and a vector
corresponding to the net change in each character
between two populations are known. Turelli (1988)
showed that this method has several weaknesses. It
assumes, for example, that the genetic variance/
covariance matrix is constant over both time and space,
and is estimated without error. In addition, if the
environments in which the characters from the two
populations are measured are not identical the differ-
ences between populations could be entirely environ-
mentally determined (Falconer, 1981; Gupta &
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regressing some measure of fitness’ on the phenotype
of each individual and estimating both the linear and
quadratic partial regression coefficients, which corre-
spond to the directional and stabilizing selection
operating on each character (Lande & Arnold, 1983).
The major disadvantages of this method with respect to
the study of spatial variation are that the measure of
selection is only as good as the measure of fitness,
which is difficult to measure, and that selection is
measured over a single generation so that it may not be
applicable to measuring selection acting over space or
longer time periods than a few generations (Price et al,
1984).

Another technique that has been used in the past to
infer qualitatively the patterns of natural selection act-
ing on morphological characters over space is the study
of geographical or clinal variation (for review see
Endler, 1977; Reyment et al, 1984). Presumably, a
trend seen over a transect, or multiple independent
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transects, is the result of some underlying environ-
mental selective agent. It follows that studies of clinal
variation in characters of likely adaptive importance,
such as morphological, physiological, behavioural and
life history traits, can provide insight as to how organ-
isms adapt to their environment. A large number of
studies have examined geographical variation in
morphological characters in laboratory-reared dip-
terans. This is possible because of the wide distribu-
tion, ease of collection, and relative ease of laboratory
rearing of many dipteran species. It appears that a great
deal of local differentiation is possible even for species
with a relatively high dispersal rate such as Drosophila
melanogaster (Coyne & Milstead, 1987; Coyne et al,
1987). It also appears that north~south (N-S) clinal
variation is a general phenomenon in many of the
dipterans studied.

Although populations of Drosophila have been
studied extensively with the objective of estimating
levels of gene flow between populations (for reviews
see David & Capy, 1988; Lachaise et al., 1988; Singh,
1989; Singh & Long, 1992) only a few studies have
combined estimates of gene flow and morphological
character differences to understand the nature of selec-
tion acting on morphological traits (Prout & Barker,
1993; Spitze, 1993). The test of Prout & Barker (P-B
test) is in many ways similar to the earlier
Lewontin-Krakauer test (1973), but it avoids the
phylogenetic pitfall pointed out by Robertson (1975)
by averaging over loci in estimating character and allo-
zyme population subdivision. A problem still exists
with the P-B test though. Hidden biases, such as the
choice of allozyme loci used for analysis, may result in
a difference between morphological and allozyme
population subdivision that is not because of the action
of natural selection. Here we propose a new test which
is similar to the P-B test but is extended to multiple

Table 1 Details of samples used in the study

pairs of populations compared and is insensitive to
potential bias introduced by an inappropriate selection
of molecular markers. If morphological and allozyme
population subdivision are not proportional over a
number of pairs of populations compared, the past
action of natural selection can be inferred. Here we
apply this test to estimates of morphological and allo-
zyme population subdivision made from adjacent
populations collected from a N-S latitudinal cline
extending from Winnipeg, Manitoba (Canada) to
Tampa Bay, Florida (US.A.). Because flies reared
under standard laboratory conditions from a carefully
sampled transect are used, the observed differences
between populations are genetic in origin and extra-
neous sources of variation such as time of year of
collection, altitude, and longitude are reduced. Thus
we believe that the current paper presents a robust
approach for inferring the patterns of selection acting
between populations in nature.

Materials and methods

Experimental design and character measurements

In the late summer of 1988, adult Drosophila melano-
gaster females were collected in traps baited with
fermenting bananas and were used to establish isofe-
male lines. The flies were collected at approximately
500 kilometre intervals along a N-S transect that
skirted west of the Appalachian mountains. At each
location traps were, whenever possible, placed at least
a kilometre apart to avoid sampling only the des-
cendants of a few females that may have recently
colonized a local food source (Hoffmann & Neilsen,
1985). Details of the collection sites are given in Table
1. Within two to four generations of being established
in the laboratory, 10 virgin females were mass mated to

Lat. Long. Date
Location N¥  (°N) (‘W) d/m N Collection site
1 Winnipeg, Man. 83 50.0 9725 16/7 4 Brewery
2 Windsor, Ont, 50 420 830 31/8 3 Fruitstand, campsite, apple tree
3 Dayton, OH. 66 4025 8425 2/9 9 Fruitstand, pear tree, campsite, apple tree
4 Louisville, KY, 215 3775 8575 4/9 9  Campsite, fruit stand, apple tree, bushes
5 Nashville, TN. 50 360 8675 6/9 5 Campsite (hornetsin trap), bushes
6 Cartersville, GA. 145 340 8475 8/9 6 Appletree, second apple tree, third apple tree, pear tree, grape vine
7 Cordele, GA. 155 320 8375 10/9 8 Shade tree, peach tree, bushes, apple tree
8 HighSprings, FL. 71 29.75 825 12/9 6 Vines, blueberry bush
9 Tampa Bay, FL. 3 280 8225 14/9 1 Orangegrove

*Number of male flies measured.
tNumber of lines for which male flies were measured.
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10 males from a given line and allowed to oviposit for
12 h in jars containing approximately 40 mL of
standard banana medium. Parents were removed from
the jars and eggs were removed from each jar so that
only approximately 80 eggs remained. The jars were
incubated at 24°C with a 12 h day/night cycle for 12
days, at which time the offspring were collected. This
design controlled for the known effects of maternal
age, egg density, temperature, and environmental
quality on adult body size in Drosophila (Ashburner,
1989). Collected flies were anaesthetized with diethyl
ether and dry-preserved in vials containing vapour of
ethyl acetate for later measurement of external
morphological characters. An average of 16 flies was
measured per line.

The seven characters considered here are wing
length (WL), wing width (WW), femur length (FEM),
tibia length (TIB), scutellum width (SCUT ), face width
(FW), and face length (FL) (Fig. 1). Two additional
principal component scores were created and analysed
(Chatfield & Collins, 1980). The first principal compo-
nent can be considered to be a measure of general
body size as all component loadings were large and
positive on this component (Long, 1991). All dissec-

face width

face length

scutellum
width

wing length

Fig. 1 The seven morphological characters measured on
Drosophila melanogaster. Abbreviations: 2nd, 3rd, and 5th
refer to the longitudinal vein of the same number; cx = coxa;
tr =trochanter; fm = femur; tb = tibia; ss = scutoscutellaer
suture; as = anterior scuteller setae; oc = ocellus; os = orbital
setae (3); pf=edge of prefrons.
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tions and measurements were made using a set of
‘mouse’ controlled crosshairs overlaid on a video image
of the character (VOCGA card, K-systems of Texas)
supplied by a colour video camera fitted to a Zeiss
DRC stereomicroscope. The raw data consisted of a
set of pixel distances in the X and Y directions
(distances in the Y direction are multiplied by a
constant) which were used to calculate character sizes
in ‘pixel units’.

Data analysis

A log tranformation of the raw data was deemed neces-
sary as the variances of the traits under consideration
were a function of their means and the data appeared
to be distributed in a log normal fashion. A suitable log
transformation is X'=1In (X + a/b), where X is a value
of a dependent variable in raw units, X' is the value of
the same variable in transformed units, and a and b
(47.31 and 0.024, respectively) are the intercept and
regression coefficient of a regression of character
standard deviations on character means over charac-
ters (Falconer, 1981). The natural logarithm will trans-
form the variables to an additive scale, the constants
will decouple the relationship between the mean and
variance of the characters. All further analyses were
carried out on data transformed in this manner with
flies subsequently removed that had a character
measure more than four standard deviations from the
mean for that character. At this point the data
appeared to be normally distributed based on a visual
examination of normal probability plots for each
character combination.

Data were analysed for each character using the GLM
(general linear model) procedure of sas with the model
Y, =p+ Loc; + Line; + £, where Y, is the score
for the k™ individual in the ;™ line in the {™ location,
parentheses represent a nesting and all effects are
treated as random. In addition, the regression model
Y;=p+ Lat;+ Lat} + ¢ ;, where Y, is the mean score
for the j™ line at the i™ latitude, was fitted to the data.
Using line means avoids lines with a large number of
individuals having a large effect on the regression.
Sums of squares were used to estimate the proportion
of the total variation due to location attributable to the
linear and quadratic trends over latitude, and the
significances of the linear and quadratic terms were
assessed by F-tests, using the residual (lack of fit) term
from the regression as a denominator.

Genetic parameter estimation

The experimental design of this study allows the esti-
mation of the genetic variance between locations and
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the average genetic variance within locations (Falconer,
1981; Table 15.1 with modifications). This is accom-
plished in the above design by equating:

VIme V + 2f.VGW and
Via=V,+(1+F=2f) Vg,

where V, is the additive genetic variance between
locations, V,, is the additive genetic variance between
lines within locations, ¥V, is the variance due to
common bottles, V, is the environmental variance, V,,,
is the observed variance due to locations, V,, is the
observed variance due to lines within locations, V,,, is
the observed variance due to individuals within lines
within locations, F is the inbreeding coefficient in iso-
female lines from the first generation after establish-
ment to the time individuals are measured, and f (equal
to 0.25 for isofemale lines) is the coancestry of individ-
uals in an isofemale line (i.e. identity by descent of the
first generation). The inbreeding coefficient in the iso-
female lines of this study can be estimated as
0.20 < F<0.40 by assuming two to four generations of
inbreeding from line establishment to fly measurement
at an effective population size of about five individuals.

To equate the variance components to their expecta-
tions in this manner it is necessary to assume that the
variance between lines and between locations is addi-
tive (Falconer, 1981; Prout & Barker, 1993). Body size
in Drosophila appears to have only a very small non-
additive genetic component (Robertson, 1957), thus
this assumption appears to be met. This study will not
allow the simultaneous estimation of V,, V, and V,,
but previous studies on wing length in Drosophila have
shown V), to be small and approximately constant rela-
tive to V, (ie. V, = kV,, where k can be estimated from
similar studies of wing length as 0.15 (95 per cent con-
fidence interval is 0.11 to 0.19) (Robertson, 1957;
Prout, 1958)). Given the above assumptions: V,, is
estimated as V,, and Vg, =[2(V,.—k V,,)/
[1-k—2kF]

Bootstrapping was used in order to obtain sampling
variance on point estimates of variance components,
and for subsequent analysis using functions of these
variables. For each character and set of adjacent
populations, 100 bootstrap replicates of the raw data
were performed and five estimates of Vy,, V,,, and V,
were made each using a different set of constants for k
and F (y={k, F}={0.15, 0.30}, {0.10, 0.20}, {0.10,
0.404, {0.20, 0.20}, {0.20, 0.40}). Bootstrapping was
carried out with simultaneous resampling at both the
level of the line and of individuals within a line, and the
REML option of the varcomp procedure of sas was used
to estimate variance components. The level of popula-

tion subdivision for both allozymes and morphological
traits was estimated using Wright’s F, (Crow &
Kimura, 1970). For each estimate of Vq,,, VGw and 7,
an estimate of F,, was made as V,/(Vg, +2X f/Gw)
which was subsequently arcsine transformed
(F,,=arcsine JF,) to make estimates of F,, approxi-
mately normal (Sokal & Rolf, 1981; Prout & Barker,
1993). Analysis of variance was carried out on the data
created in this manner in order to determine the effect
of the choice of constants () ) on the estimate of F,. As
x appeared to have little effect on the variation in esti-
mates of F, relative to other sources of variation, the
effect of y was statistically removed from the model,
and subsequent analyses carried out on residuals
generated in this manner.

In order to test the significance of the deviation of
character Fy from allozyme F, the model

wx—Mta;+B+af;+ € j Was fltted for each mor-
phological tra1t where a; is the effect of molecules
(allozyme F;,) vs. morphology (morphological Fy,), 8 1s
the effect of the set of populations compared, and &, is
the error within a given treatment based on bootstrap
replicates. af3; measures the ‘lack of fit’ from a model
which assumes that the two measures of F., are propor-
tional. We might expect the main effects of ; and B;to
be significant, but if measures of character and
morphological F'; are proportional to one another
over the sets of populations compared (i.e. there is no
selection acting on the morphological character) the
ap; interaction terms should not be significant.

Allozyme electrophoresis and analysis

A rapid method of allozyme analysis using a cellulose
acetate electrophoresis system was employed (Hebert
& Beaton, 1989). Details of the staining methods used
are given in Singh & Rhomberg (1987b). F,, was esti-
mated for each locus and set of adjacent populations as
previously described, and arcsine transformed as
described above (Singh & Rhomberg, 1987b). Errors
were placed on estimates of arcsine transformed F,, by
resampling the loci 500 times with replacement.

Results

Nonmonotonic clinal variation

The means and standard deviations of the male flies
measured from each location are given in Table 2. The
coefficients of variation for each line based on the raw
data (not shown) range from roughly two to five per
cent which is consistent with previous studies (Coyne
& Beecham, 1987), although they are much lower in
the transformed data set. Data are not presented for

© The Genetical Society of Great Britain, Heredity, 74, 569-581.
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Tampa Bay as the orange groves from which these lines
were collected had recently been sprayed and as a
result too few lines were collected. Female flies showed
the same qualitative patterns of variation as the males
{(not shown) but they were not considered in further
analysis because they were not measured for all loca-
tions. Table 3 gives the results of an ANova on male flies
testing the effects of Location and Line within Loca-
tion for seven morphological characters and the two
principal components. For all characters, the effect of
Line within Location is significant, and for all charac-
ters except face length, the effect of Location is signifi-
cant. Thus the average differences between locations
were significantly different from one another when
tested with mean square error between lines within
locations.

Figure 2 shows the phenotypic trends in three
characters and the first principal component over
distance. There appears to be a nonmonotonic trend
which is most apparent for wing length and scutellum
width, which are highly correlated with general body
size, as defined by loadings on the first principal com-
ponent (data not shown). Although there is a great deal
of variation due to Lines within Locations, there is a
clear nonmonotonic trend in the mean of many of the
characters studied over the cline. That the morpho-
logical cline peaked in the middle latitudes, as opposed
to the north, stands in marked contrast to other studies
of clinal variation. Table 3 shows that for the majority of
characters a model including a quadratic term explains
significantly more variation in line means than a linear
model. The quadratic coefficient for each character is
negative in value, implying a peak in the middle lati-
tudes. In most cases the linear term of the quadratic
model was not significant. The proportion of variance
in location attributable to the quadratic term of a
regression on latitude varied from slightly more than
the linear term (e.g. scutellum) to two orders of magni-
tude larger than the linear term (e.g. wing length and
wing width). In contrast to previous studies of clinal
variation, the quadratic term of the regression was sig-
nificant and explained a biologically significant propor-
tion of the total variation due to Location.

Population structure for molecules and morphology

An analysis of variance on and mean values of the esti-
mates of arcsine transformed F,, for adjacent sets of
populations derived from the bootstrapping of the
original data are presented in Tables 4 and 5, respec-
tively. In this analysis Tampa Bay was dropped because
of the small number of flies representing this popula-
tion. The analysis is of a model that includes the effects
of: adjacent populations compared, the choice of
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Fig. 2 Graphs of the trend in phenotypes over distance for selected male characters in Drosophila melanogaster. Phenotypic
values are in transformed units as described in the text; latitudes and sample sizes correspond to those given in Table 1. ® repre-
sent the line means for each location, and ‘X is the average phenotype over the line means for that location, with bars represent-

ing standard errors.

constants {y ={k, F}), each of the ten morphological
characters examined, and all interactions, This model
accounts for 45 per cent of the total observed variation
in F, the rest of the variation representing the actual
error in F, estimates within a given ‘treatment’,
Although all effects and interactions are significant, the
choice of constants, x, and interactions involving yx
account for only 4.9 per cent of the total variation in
the model. Thus, the effect corresponding to the choice
of constants was removed from the model, and subse-
quent analyses are on the residuals generated in this
manner (Sokal & Rolf, 1981). The interaction between
character and comparison is the largest effect, account-
ing for S0 per cent of the total variation in the model.
That is, the pattern of population subdivision between
adjacent populations observed in this study is different
for each character, and is highly statistically significant.

© The Genetical Society of Great Britain, Heredity, 74, 569-581.

Table 6 gives the estimated allele frequencies of the
faster migrating allele at each of the seven allozyme loci
examined, and the number of isofemale lines surveyed.
Figure 3, a subset of the data presented in Table 5,
gives plots of F,, estimated for the morphological
characters against F, estimated for the allozymes, with
corresponding standard deviations derived from the
bootstrapping of the data. The standard deviations on
F, are large, as one would expect the variance of a
variance estimate to be. Both PC1 and WW have one
population comparison for which the morphological
F, is not proportional to the allozyme F, the aberrant
comparison being between the Nashville and Louisville
populations. This discordance does not exist for all
characters, and is absent in characters such as WL and
SCUT. It is interesting to contrast this pattern with the
patterns of clinal variation shown in Fig. 2. It appears
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Table 4 aNova table showing results of analysis of bootstrapped estimates of

Wright’s F,

Source df. Sum of squares Mean square F
Cmp 6 1120.71 186.78 1387.30***
x 4 15.05 3.76 27.94%**
Chr 9 568.93 63.21 469.51***
Cmp X g 24 8.93 0.37 2.76%**
Cmp X Chr 54 1887.87 34.96 259.66***
x X Chr 36 51.67 1.44 10.66***
Cmp X y X Chr 216 108.80 0.50 374
Error 34650 4665.23 0.13

Corr. Total 34999 8427.19

Cmp is the effect of adjacent populations Compared, y is the effect of the set of
constants chosen for the parameters k and F (see text), and Chr is the effect of
various morphological Characters examined. All ANOvA was carried out on arcsine
transformed data derived from 100 bootstrap replicates of the data set per

comparison, character, constant combination (see text).
***ndicates significance of F-tests at P <0.001.

that WW and PC1 have relatively high levels of popu-
lation structure for the Nashville/Louisville
comparison relative to a ‘neutral’ estimate of popula-
tion subdivision derived from allozyme frequencies.

Table 5 also gives the percentage of variation in the
data attributable to the ‘populations compared’ by
‘molecules versus morphology’ (af ;) interaction effect
of an aNova . The significance of this interaction effect
reflects the lack of proportionality between allozyme
and character Fy over the pairs of populations
compared and is significant for all characters. This
term is also biologically relevant as it accounts for 5
(SCUT) to 41 (WW) per cent of the total variation in
the data set after removing the main effect of the com-
parison of allozyme vs. morphological F, (whose effect
is somewhat arbitrary after the removal of choice of
constants {x)). In a number of cases the variation attri-
butable to this interaction is about the same size as the
variation attributable to the effect of populations com-
pared (e.g. PC1, WL, WW, FW, FL). This implies that
for a given set of populations compared the difference
between the morphological and allozyme F; can be as
large as the average difference between pairs of popu-
lations compared within a given trait.

Discussion

The present study examines the extent of clinal varia-
tion in seven morphological characters in laboratory-
reared Drosophila melanogaster. This study differs
from previous studies in that collection sites were care-
fully chosen to minimize extraneous sources of varia-

tion such as season and longitude. In addition, the
length of the transect over which the flies were col-
lected was maximized in order to observe variation
over much of D. melanogaster’s North American dis-
tribution. Congruently, the distance between collection
sites was approximately uniform so that nonmonotonic
trends, if present, could be observed. In short, a
transect was sampled which was comparable to that of
Coyne & Beecham (1987), but further inland so that
the two transects are independent. The above sampling
scheme allows an in-depth study of the nature of clinal
variation, and, indirectly, adaptation in D. melano-
gaster.

Nonmonotonic clinal variation

Extensive studies on both dispersal rates (Coyne et al.,
1987; Coyne & Milstead, 1987) and levels of genetic
differentiation at molecular marker loci (see reviews
by: David & Capy, 1988; Singh, 1989; Singh & Long,
1992) indicate that migration rates are high among
various populations of D. melanogaster within North
America. The average absolute number of migrants
between any two populations per generation (Nm)
within North America has been estimated to be
between two and six (Singh & Rhomberg, 1987a,b).
Based on the average F, between adjacent popula-
tions, the estimate of Nm between adjacent popula-
tions from this study is 9.4. This is consistent with
earlier studies, as the average distance between adja-
cent populations in this study is smaller than the
average distance between populations in Singh &
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Table 6 Allele frequencies at seven allozyme loci for eight collections of
Drosophila melanogaster

Adh Fuc G6pd Gpd Odh  6Pgd  Pgm

High Springs (28) 0.679 0.571 1.000  0.179 0.214 0.571 0.679

Cordele (32) 0.688 0500 1.000 0.067 0.094 0.563 0.875
Cartersville (42) 0.595 0357 0976 0.262 0.048 0450 0857
Nashville (24) 0.708 0.625 0.792 0.083 0.208 0.292 0.833
Louisville (12) 0.542 0625 0875 0.125 0.182 0.167 0.708
Dayton (30) 0.667 0333 0.900 0.133 0.100 0.333 0.667
Windsor (16) 0.625 0438 0600 0.125 0000 0313 0.688

Winnipeg (10) 0300 0700 0.600 0200 0400 0.100 0.700

Frequencies of the faster migrating alleles are given with the exception of 6 Pgd and
Pgm, where middle allele frequency is given. Numbers in parentheses represent the
number of isofemale lines sampled per location.
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Fig. 3 Plots of arcsine transformed F,, for morphological characters against allozyme F, for selected characters of Drosophila
melanogaster. Error bars represent one standard deviation as estimated from the bootstrap analysis. Numbers in circles are the
population number of the southernmost of a given set of adjacent populations compared.
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The present study did not observe the same mono-
tonic clines that have been previously reported. This is
not surprising when one considers the sampling
schemes used in other studies where flies were
collected: at irregular intervals (Stalker & Carson,
1947; Sokoloff, 1965), from too few locations (Hyytia
et al., 1985), without regards for longitude or altitude
(Stalker & Carson, 1947; Sokoloff, 1965), and at
different times of the year (Stalker & Carson, 1947;
Sokoloff, 1965; Hyytia et al., 1985; Watada et al,
1986). Any or all of these factors could have added
variation which would tend to obscure a nonmonotonic
trend (Stalker & Carson, 1948, 1949). The study of
Coyne & Beecham (1987), which sampled flies along
the eastern seaboard, and the present study have none
of these sampling problems: one shows a monotonic
trend, the other a nonmonotonic trend. Figure 4
compares the mean wing length measures (the only
comparable character) in laboratory-reared flies in
Coyne & Beecham’s study (averaged over three
temperatures) and our own. It is apparent that the cline
of Coyne & Beecham is much less regular than our
cline and the three northernmost points in the Coyne
& Beecham study could be construed as starting a
downward trend. Nonetheless, this is impossible to
ascertain, because there is a great deal of variability in
Coyne & Beecham’s trend, and their transect was not
extended further north. The maximum wing length in
Coyne & Beecham’s study is also further north than in
the present study. This is consistent with the yearly
average temperature being higher and more variable
on the coast than inland at any given latitude (data not

200 T T T —T— -
O
[} o} 0
S 175 N A
1) ° o)
: ¢ °,
S il 0 J
g 1.50 o [ ] [ ]
E3 o © °
E 125 F 1
=] O
G o e
£ 100 a
0]
=
0.75 | 1 | | | ]
25 30 35 40 45 50
Latitude (°N)

Fig. 4 A comparison of Drosophila melanogaster wing
length against latitude for the present cline (®) and Coyne
and Beecham’s (1987) cline (O). Both measures were linearly
transformed to put them on the same scale. Coyne and
Beecham’s data are averages over three temperatures.
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shown). It is possible that nonmonotonic clines are not
infrequent and have not been detected in the past
simply because of limitations in sampling schemes.

Population structure for molecules and morphology

This study shows considerable differences in the
patterns of population subdivision for each morpho-
logical character. This implies that not all characters
are responding to the same selective forces between
different sets of adjacent populations. It is apparent
that PC1 and WW have different patterns of popula-
tion subdivision from WL and SCUT. The relatively
high levels of F,, for comparisons involving population
5 (Nashville) could be the result of selection maintain-
ing a large difference in PC1 and WW in the face of
high levels of gene flow. Comparing levels of F
between adjacent populations along a cline provides a
novel method of detecting selection acting on quantita-
tive traits. The power of this approach comes from the
selection of multiple populations which can be com-
pared. This approach has different strengths from
retrospective selection analysis, where usually only two
populations are compared, and where accurate estimates
of the genetic covariance matrix are needed (Lande,
1979). Unlike retrospective selection analysis, esti-
mates of the actual selection coefficients on a given
character are not measured, and hence our method is a
qualitative one. But, as the errors on selection coeffi-
cients estimated by retrospective selection analysis are
large, their interpretation is often considered to be
qualitative at best.

Estimates of gene frequencies at a series of allozyme
loci allow estimates of population subdivision for
morphological characters to be compared with ‘neutral’
estimates of the same parameter. It is evident from Fig.
3 that WL and SCUT show patterns of population sub-
division that are proportional to the levels of subdivi-
sion seen in the allozymes. This relationship is true
even though each allozyme generally showed either no
clinal trend, or monotonically increasing or decreasing
trends over the cline (Table 6). These results stand in
contrast to those for WW and PC1, in which one parti-
cular population comparison showed a relatively high
level of subdivision relative to the estimate of ‘neutral’
variation measured from the allozymes. This pattern
was confirmed by the statistical analysis, as the ‘popula-
tions compared’ by ‘molecules vs. morphology’ effect
accounted for more variation in F for PC1 and WW
than for WL and SCUT. It thus seems likely that if the
pattern of variation in allozymes is neutral, there is
strong natural selection maintaining differences in WW
and PC1 between Nashville and Louisville (popula-
tions 4 and 5). As the F, for other population compar-
isons in morphological characters is largely
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proportional to that for allozymes it is difficult to
detect selection acting elsewhere in the cline. Thus it
appears that this technique is limited by the large errors
implicit in the estimation of F

It is possible that the allozymes of this study are not
actually neutral markers, and that their spatial variation
is the result of selective forces (Berry & Kreitman,
1993). This is particularly true for allozymes which
have shown clines in previous studies and this study
(i.e. Adh, G6pd, 6Pgd) (Singh & Rhomberg, 1987b). If
this is indeed the case then truly neutral data, from
silent sites for example, would be desirable in future
studies. Nonetheless, it is possible that the behaviour of
selected loci, if selection is weak and adjacent popula-
tions have high levels of gene flow between them, will
approach that of the neutral case. If the pattern of F,
for allozyme loci between adjacent populations is
largely the result of selective forces, then one could still
infer selection acting along the cline. In this situation,
one would conclude that the selective forces maintain-
ing the cline act differently on allozymes and morpho-
logical characters.

The results of this paper show that in nature two
populations can experience considerable gene flow
between them yet still be different for a quantitative
trait. A second important result is that not all charac-
ters are responding in the same manner to natural
selection acting to differentiate two populations. In
particular, patterns of population subdivision for a
neutral marker differ from those for morphological
characters. Such differences are not expected if the
morphological characters are neutral. Further experi-
mental and theoretical work is needed in order to
determine what proportion of genetic variation is
maintained by spatial variation in the selective forces
governing quantitative traits, how much selection is
needed to maintain phenotypic differences in spite of
high migration, and how robust such models are to the
genetical assumptions underlying quantitative traits.
Specifically, it is important to determine if spatial varia-
tion in phenotypic optima coupled with high migration
is a viable alternative to mutation-selection balance for
maintaining variation in nature (Barton & Turelli,
1989). Additional refinements in the statistical tech-
niques used to relate morphological to molecular F,,
may also increase the power of this method.
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