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Variation in Drosophila sensory bristle number
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Summary
‘Evolution Canyon ’ on Mount Carmel, Israel, displays highly contrasting physical and biotic
environments on a micro-geographic scale, and is a natural laboratory for investigating genetic
responses to variable and extreme environments across species. Samples of Drosophila melanogaster
and D. simulans were collected from three sites each on the north- and south-facing slopes of the
canyon along altitudinal transects, and one site on the valley ﬂoor. Numbers of abdominal and
sternopleural sensory bristles were recorded for each of these subpopulations in three thermal
environments. In D. simulans, sternopleural bristle number exhibited micro-geographic diﬀerentiation
between the north- and south-facing slopes, while abdominal bristle number was stable across
subpopulations. In D. melanogaster, the magnitudes of the diﬀerence in mean sternopleural bristle
number between the north- and south-facing slopes and of mean abdominal bristle number along the
altitudinal gradients were both conditional on rearing temperature. Thus, the pattern of genetic
variation between sites was consistent with underlying heterogeneity of genetic mechanisms for
response to the same environmental gradients between traits and sibling species. In contrast, the
genetic architecture of bristle number at the level of variation within populations was very similar
between species for the same bristle trait, although the two traits diﬀered in the relative contribution of
genotype by temperature and genotype by sex interaction.

1. Introduction
A major challenge of evolutionary quantitative genetics is to elucidate the relative contributions of multiple
interacting forces on the deposition of genetic variation for quantitative traits within and between natural
populations, given spatially and temporally heterogeneous environments. We can postulate various
scenarios, depending on the relationship of the trait
and the underlying loci aﬀecting variation in the trait
to ﬁtness (Robertson, 1967 ; Falconer & Mackay,
1996). For example, if there is directional or stabilizing
selection for an optimal trait value, and the optimum
is the same across all environments (populations),
selection can reduce genetic variation within populations and favour genotypes that are insensitive
to environmental change. If the optimum changes
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in diﬀerent environments, selection may also lead
to a reduction in genetic variation within populations
and favour phenotypically plastic ‘generalist’ genotypes ; alternatively, selection may be for ‘ specialist’
genotypes for each local environment and the evolution
of geographic diﬀerentiation. Indeed, strong evidence
that natural selection has caused genetic diﬀerentiation
between populations is association of the phenotype
with an environmental cline that is replicated across
diﬀerent geographical sampling sites and species
(Endler, 1986). Genetic variation for selectively neutral
loci will be maintained by mutation– drift balance
(Lynch & Hill, 1986) within populations. The extent to
which there is geographic diﬀerentiation between
populations for such loci depends on the migration
rate between populations, but in general, no association of mean trait values with clinal variation
in environmental parameters is expected.
Determining the interplay between these multiple
evolutionary mechanisms in the patterning of genetic
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variation for quantitative traits within and between
populations will ultimately be possible only when
we know the genetic basis of naturally occurring variation for the traits, at the level of molecular variants
deﬁning functional quantitative trait locus (QTL) alleles. While no quantitative trait is currently understood at this level of detail, much progress has been
made in mapping QTLs (Long et al., 1995; Gurganus
et al., 1998, 1999; Nuzhdin et al., 1999) and identifying
corresponding genetic loci and functional alleles (Long
et al., 1996, 1998, 2000; Gurganus et al., 1999; Lyman
& Mackay, 1998 ; Lyman et al., 1999) for numbers
of sensory bristles in D. melanogaster. There is clinal
variation for both abdominal and sternopleural bristle
number in North America, Africa and Europe, and
Australia in both D. melanogaster (Lemeunier et al.,
1986; Coyne & Beecham, 1987 ; Capy et al., 1993)
and D. simulans (Capy et al., 1993), with bristle numbers increasing with latitude. The latitudinal cline
parallels the trend for phenotypic plasticity of
bristle numbers in response to temperature (Coyne &
Beecham, 1987 ;Gurganus et al.,1998) andsuggests that
temperature may be a major selective agent responsible
for the clines.
Evaluation of the role of natural selection in genetic diﬀerentiation between populations is facilitated
where there are sharp environmental contrasts among
populations, as exempliﬁed by Lower Nahal Oren on
Mount Carmel, Israel. This canyon exhibits extreme
gradients for temperature, insolation and moisture
across a narrow geographic range (Nevo, 1995, 1997).
The opposite slopes are only 400 m apart at the top
and separated by 100 m at the bottom, but the southfacing slope (SFS) is exposed to much higher solar
radiation and is warmer, drier, has a more patchy
distribution of habitats, and is more heterogeneous
spatially and temporally than the relatively homogeneous and temperate north-facing slope (NFS) (Nevo,
1995, 1997). Dubbed ‘ Evolution Canyon ’, the opposite
slopes have been found to vary for species distribution
and richness and genetic diversity in a manner that
parallels worldwide geographic trends across a broad
range of taxa (Nevo, 1995, 1997). Indeed, adaptative
diﬀerences between the NFS and SFS of Evolution
Canyon have been observed in Drosophila melanogaster
and D. simulans for oviposition preference temperature, viability and longevity under short- and longterm heat stress (Nevo et al., 1998) ; and for positive
assortative mating of D. melanogaster subpopulations
from the same slope (Korol et al., 2000 ; Iliadi et al.,
2001). Analysis of polymorphism at microsatellite
loci shows considerable genetic divergence between
D. melanogaster populations sampled from the two
slopes despite their close proximity, suggesting that
selection for habitat choice and assortative mating is a
more powerful force than migration at this microsite
(Michalak et al., 2001).
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Because Drosophila sensory bristles are excellent
traits for addressing fundamental questions in evolutionary quantitative genetics, eventually at the level
of individual loci – and there is exceptionally strong
divergence in the physical and biotic environments of
the opposite slopes of Evolution Canyon – we evaluated the magnitude of genetic variation for abdominal and for sternopleural bristle number within and
between sampling sites along environmental gradients
at Evolution Canyon in D. melanogaster and D. simulans, at three developmental temperatures. These data
enable us to assess whether there is clinal variation in
bristle numbers and genotype by environment interaction for bristle number, and to compare and contrast
patterns of genetic variation across bristle traits and
species.
2. Materials and methods
(i) Drosophila stocks
Isofemale lines of D. melanogaster and D. simulans
were collected from seven sampling sites on Mt Carmel, near Haifa, Israel, in 1994, using fruit-baited traps.
Three sampling sites were on the SFS, three on the
NFS and one on the canyon ﬂoor. The sites on the
two slopes were 60 m, 90 m and 120 m above sea
level. The lines were maintained in the laboratory as
mass mated cultures at 25 xC. It should be noted that
one cannot guarantee that the ﬂies collected at each
site were residents, and that there was no inbreeding or
adaptation to laboratory conditions in the several years
the lines were laboratory-reared between the time of
collection and the time of evaluation of bristle number.
However, collection of non-local females and laboratory adaptation minimize any real diﬀerences between
populations ; and bristle traits do not exhibit inbreeding
depression (Falconer & Mackay, 1996).
(ii) Culture conditions and bristle number
phenotypes
Flies from ﬁve isofemale lines of each species from
each collection site were reared on standard cornmeal–
agar–molasses medium at each of three developmental
temperatures: 18, 25 and 28 xC. There were two replicate vials for each isofemale line at each temperature,
each seeded with 3–5 mated females and 3–5 males.
Abdominal and sternopleural bristle numbers were
scored for 10 males and 10 females per replicate vial.
Abdominal bristle number was measured as the number of bristles on the most posterior abdominal sternite :
segment 6 in females and 5 in males. The total number
of sternopleural bristles (macrochaetae and microchaetae) was recorded separately for the right (R) and
left (L) sternopleural plates. We computed the total
number of sternopleural bristles, L+R ; a measure of
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ﬂuctuating asymmetry, |LxR|/(L+R) ; and a measure
of directional asymmetry, (LxR)/(L+R). The design
was nearly completely balanced.
(iii) Statistical analyses
Variance in bristle number was partitioned into sources
attributable to temperature (T ), collecting site (Si),
sex (Se) and species (Sp) by four-way factorial analyses of variance (ANOVA) according to the following
mixed model :
Y =m+T+Si+Se+Sp+TrSi+TrSe+TrSp
+SirSe+SirSp+SerSp+TrSirSe
+TrSirSp+SprSirSe+SprTrSe
+TrSirSerSp+LðSirSpÞ+TrLðSirSpÞ
+SrLðSirSpÞ+TrSrLðSirSpÞ
+RðSirSprTrLÞ
+SrRðSirSprTrLÞ+Error
where T, Si, Se and Sp are ﬁxed cross-classiﬁed
eﬀects ; L and R are random eﬀects of isofemale
lines and replicate vial, respectively ; and parentheses
indicate nested eﬀects.
To assess whether variation in bristle number was
associated with patterns of micro-geographical variation associated with sites on the NFS and SFS or
with altitude, the following four-way ANOVAs were
computed for each species separately :
Y =m+A+E+T+S+ArE+ArT+ErT
+ArS+ErS+TrS+TrArE+ArErS
+TrArS+TrErS+TrArErS
+LðArEÞ+TrLðArEÞ+SrLðArEÞ
+TrSrLðArEÞ+RðArErTrLÞ
+SrRðArErTrLÞ+Error
Here A, E, T and S are the ﬁxed cross-classiﬁed eﬀects
of aspect (NFS vs SFS), elevation above sea level,
temperature and sex, respectively. All other terms are
as deﬁned above. Note that the data from the collecting site on the valley ﬂoor were excluded from these
analyses.
Analyses of variance and tests of signiﬁcance of Fratios were estimated using type III sums of squares
and SAS procedures GLM and VARCOMP (SAS
Institute, 1988).

3. Results
Mean abdominal and sternopleural bristle numbers
from each of the seven collecting sites in three rearing
environments are depicted, separately for D. melanogaster and D. simulans, in Fig. 1. Analyses of variance
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of bristle number pooled across temperatures, collection sites, species and sexes are given in Table 1, and
ANOVAs pooled over sexes and temperatures for each
species separately, which also split the geographical micro-environments into the NFS and SFS and
elevation, are given in Table 2.
(i) Abdominal bristle number
Abdominal bristle number typically exhibits phenotypic plasticity in response to thermal environments
(e.g. Coyne & Beecham, 1987 ; Gurganus et al., 1998),
so it is not surprising that the main eﬀect of temperature, averaged over both species and sexes, was
highly signiﬁcant (Table 1). However, the signiﬁcant
temperature by species interaction indicates that there
was a diﬀerence between species in sensitivity of abdominal bristle number to temperature, attributable
to a change in rank order of bristle number eﬀects and
also to a diﬀerence in the absolute magnitude of sensitivity between the two species. In D. melanogaster,
the rank order of bristle number from highest to lowest was 18>25>28 xC, while for D. simulans it was
18>28>25 xC. However, the maximum diﬀerence in
bristle number between temperatures was 1.6 bristles
in D. melanogaster and only 0.4 bristle in D. simulans.
Although there was no micro-geographical variation
in abdominal bristle number averaged over species, sex
and temperature, there was geographical variation in
plasticity of abdominal bristle number among the sampling sites, as indicated by the signiﬁcant temperature
by site interaction (Table 1). Averaged over species
and sexes, this interaction was also due to changes
in rank order of bristle number eﬀects in the three
temperatures among the diﬀerent sampling sites and to
diﬀerences among sites in sensitivity. The maximum
diﬀerence in bristle number between the highest and
lowest temperature varied from 1.6 bristles to 0.3
bristle. The geographical variation in sensitivity was,
however, species-speciﬁc, as indicated by the highly
signiﬁcant temperature by site by species interaction.
Therefore, we examined the temperature by site
interactions within each species, partitioning the variation among sites into variation between slopes, among
altitudes, and the slope by altitude interaction (Table 2).
None of the site by temperature interaction terms
was signiﬁcant for D. simulans. However, in D. melanogaster there was substantial and complex variation in
sensitivity of abdominal bristle number to temperature
associated with micro-environments of the sampling
sites. The highly signiﬁcant elevation by temperature
interaction occurred because the variance in sensitivity
to temperature was diﬀerent among altitudes. The
diﬀerence in bristle number between 18 and 28 xC was
2.3, 0.5 and 1.5 bristles for the 120 m, 60 m and 90 m
elevations, respectively. Further, the rank order of the
diﬀerent altitudes with respect to bristle number varied
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Fig. 1. Mean abdominal and sternopleural bristle numbers of D. melanogaster and D. simulans from seven collection sites at
Evolution Canyon, reared in each of three temperature environments. Continuous lines and open triangles, circles and
inverted triangles denote sites from the SFS at 120 mm and 60 m, respectively ; while dotted lines and ﬁlled triangles, circles
and inverted triangles denote sites from the NFS at 120 m, 90 m and 60 m, respectively. The continuous line and open squares
represents the site at the canyon ﬂoor.

with temperature. At 18 xC, the 60 m sites had on
average more abdominal bristles (19.2) than the 90 m
and 120 m sites, which were not signiﬁcantly divergent
for bristle number (18.4 and 18.3, respectively). At
28 xC, bristle number was not signiﬁcantly diﬀerent
between the 60 m and 90 m sites ðX=177 eachÞ,
but was very much reduced ðX=161) at the 120 m
sites. Further, temperature-speciﬁc eﬀects of elevation
on abdominal bristle number also varied between
slopes, with much greater temperature-speciﬁc variation among altitudes for sites on the NFS than the SFS
(Table 2, Fig. 1).
There was sexual dimorphism in bristle number in
the whole sample ; females had on average 2.2 more
abdominal bristles than males. The magnitude of this
sexual dimorphism varied between species, and was
greater for D. simulans than D. melanogaster. Further,
there was a species-speciﬁc diﬀerence in the plasticity of sexual dimorphism in bristle number to temperature. The magnitude of the sexual dimorphism
eﬀect was stable across all temperatures in D. simulans, whereas in D. melanogaster, the diﬀerence in
mean between females and males was 2.1, 1.9 and 1.4
bristles at 18, 28 and 25 xC, respectively.
Within subpopulations, there was highly signiﬁcant
variation in abdominal bristle number and in sexual
dimorphism for abdominal bristle number among

isofemale lines, for both species. The within-subpopulation genotype by temperature environment interactions were not signiﬁcant for either species, but in
D. simulans there was genetic variation in the extent
to which sexual dimorphism in bristle number varied
with temperature within subpopulations. The relative
importance of genotype by sex and genotype by environment interaction is given by rGE =VL =ðVL +
VSL +VTL +VTSL Þ, where VL, VSL, VTL and VTSL are,
respectively the among-line, sex by line and temperature by line, and temperature by sex by line variance
components from the ANOVAs pooled over sites, environments and sexes (Bulmer, 1985). This ratio was
0.53 in D. melanogaster and 0.56 in D. simulans, indicating the genetic architecture of abdominal bristle
number within subpopulations is similar for these
species.
(ii) Sternopleural bristle number
There was a signiﬁcant diﬀerence in mean sternopleural bristle number between the two species (18.2
bristles in D. melanogaster and 20.2 bristles in D. simulans, averaged over sexes, temperatures and collecting
sites), and a signiﬁcant eﬀect of rearing temperature
on bristle number (20.0, 19.1 and 18.5 bristles at 18,
25 and 28 xC, respectively, averaged over species, sexes
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Table 1. Analyses of variance of bristle number
Abdominal bristles

Sternopleural bristles

Source

df

MS

F

MS

F

T
Si
Se
Sp
TrSi
TrSe
TrSp
SirSe
SirSp
SerSp
TrSirSe
TrSirSp
SirSerSp
TrSerSp
TrSirSerSp
L(SirSp)
TrL
SerL
TrSerL
R(LrT )
SerR(LrT )
Error

2
6
1
1
12
2
2
6
6
1
12
12
6
2
12
55
110
55
110
206
206
7425

692.0
196.0
9465
95.87
33.66
16.98
271.3
48.83
177.8
231.5
5.701
50.16
37.29
33.74
9.054
190.0
13.35
51.94
7.425
8.242
4.558
4.404

52.0****
1.03NS
183****
0.506NS
2.53**
2.29NS
20.4****
0.942NS
0.938NS
4.47*
0.769NS
3.77****
0.720NS
4.55*
1.22NS
3.28****
1.20NS
7.00****
1.63**
1.81****
1.03NS

1537
1149
2713
8616
32.36
2.217
440.2
23.99
480.6
424.0
3.644
53.14
5.611
3.236
3.837
451.7
22.16
12.64
4.599
7.307
3.542
2.962

69.6****
2.55*
215****
19.1****
1.46NS
0.483NS
19.9****
1.90NS
1.07NS
33.6****
0.793NS
2.40**
0.445NS
0.705NS
0.835NS
15.0****
2.65****
2.75****
1.30*
2.06****
1.20*

Sources of variation are temperature (T ), sampling sites (Si ), sex (Se), species (Sp),
line (L) and replicate vial (R ).
****P<0.0001; ***0.0001<P<0.001; **0.001<P<0.01 ; *0.01<P<0.05. NS:
P>0.05.

and sites) (Table 1). As for abdominal bristle number,
the plastic response of sternopleural bristle number
to temperature was diﬀerent for the two species. While
the rank order of the eﬀects of temperature on bristle
number was preserved across species, again D. simulans was far less sensitive to temperature than D.
melanogaster. The average diﬀerence in sternopleural
bristle number between ﬂies reared at 18 and 28 xC was
0.7 for D. simulans and 2.3 for D. melanogaster.
Sternopleural bristle number varied among the collecting sites (Table 1). Inspection of the mean values
for each site averaged over species, sexes and temperatures indicated that this variation might be clinal,
with the three sites from the NFS having a mean of
20.1 and the three sites from the SFS having a mean
of 18.6 sternopleural bristles. However, the signiﬁcant
three-way interaction of site, temperature and species
(Table 1) indicates that the pattern of geographical
variation varied between the species and with temperature. The nature of this complicated interaction is illustrated by the analyses partitioning variation between
slopes, altitudes and their interactions, separately for
each species (Table 2, Fig. 1).
In D. simulans, sternopleural bristle number was
indeed signiﬁcantly greater from sites on the NFS
ðX=214Þ than those from the SFS ðX=193Þ: The

eﬀect of elevation, the slope by elevation interaction,
and all site by temperature interactions were not signiﬁcant for this species.
In contrast, in D. melanogaster the main eﬀects of
slope, elevation and their interaction were not signiﬁcant, but all the interactions of these terms with
temperature were signiﬁcant. The dependence of the
diﬀerence in sternopleural bristle number between the
NFS and SFS on temperature was such that there was
a large diﬀerence in bristle number between the slopes
when the ﬂies were reared at 18 xC (1.6 bristles), but
little diﬀerence at 28 xC (0.5 bristle). Since sternopleural bristle number is always greatest at 18 xC and
least at 28 xC, the diﬀerence in bristle number between
these temperatures can be taken as a measure of the
environmental sensitivity, or plasticity, of this trait.
Alternatively, then, the slope by temperature interaction can be viewed as greater variation in plasticity for the NFS than the SFS, with a mean plasticity
of 2.8 bristles for the NFS and 1.7 bristles for the
SFS (Fig. 1). There was also variation in plastic responses to temperature with respect to altitude. The
reaction norms of the 90 m and 120 m sites were
nearly parallel, with mean plasticities of 1.9 and 1.7
bristles, respectively. However, the mean plasticity
for the 60 m sites was 3.8 bristles. The three-way
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Table 2. Analyses of variance of bristle number for each species
D. melanogaster

Source

df

D. simulans

Abdominal bristles

Sternopleural bristles

MS

F

MS

F

df

1.26NS
2.49NS
56.0****
78.9****
1.31NS
0.552NS
7.24****
0.026NS
2.41NS
6.01**
2.73*
1.42NS
2.96NS
0.776NS
1.01NS
3.02**
1.49NS
8.11****
0.916NS
1.43*
1.27*

604
587
1510
419
1030
105
61.3
19.2
15.0
1.56
64.1
29.9
3.69
1.16
6.47
407
20.3
6.88
5.38
7.47
3.44
3.05

1.49NS
1.44NS
74.1****
61.0****
2.53NS
5.15**
3.01*
2.79NS
2.18NS
0.290NS
3.15*
4.34*
0.686NS
0.215NS
1.20NS
18.6****
2.16**
1.28NS
1.56*
2.17***
1.13NS

1 225
1.08NS
3980
2
76.1
0.367NS
82.5
.
.
2
68 6
4 52*
151
1 5770
117****
2380
2 120
0.577NS
1.08
2
11.2
0.741NS
5.52
4
2.92
0.193NS
4.64
1
5.52
0.112NS
12.4
2
24.0
0.489NS
14.8
2
3.30
0.403NS
1.33
4
16.8
1.11NS
58.9
2
23.2
0.473NS
12.4
2
12.1
1.48NS
4.81
4
9.32
1.14NS
4.06
4
6.04
0.737NS
0.397
24 207
3.69***
618
48
15.2
1.23NS
24.0
24
49.2
6.00****
19.4
48
8.19
2.68****
3.73
90
7.16
2.34****
7.76
90
3.06
0.769NS
3.64
3240
3.98
3.10

A
1 184
E
2 362
T
2 636
S
1 3320
ArE
2 191
ArT
2
6.26
ErT
4
82.2
ArS
1
1.08
ErS
2 101
TrS
2
31.2
TrArE
4
31.0
ArErS
2
59.8
TrArS
2
15.4
TrErS
4
4.03
TrArErS
4
5.24
L(ArE )
23 146
TrL
46
11.4
SrL
23
42.1
TrSrL
46
5.19
R(TrL)
87
8.11
SrR(TrL)
87
5.66
Error
3132
4.44

Abdominal bristles

Sternopleural bristles

MS

MS

F

F
6.45*
0.134NS
6.31**
122****
0.002NS
0.230NS
0.193NS
0.634NS
0.764NS
0.356NS
2.45NS
0.638NS
1.29NS
1.09NS
0.107NS
15.6****
3.06****
5.21****
1.02NS
2.13***
1.17NS

Sources of variation are aspect (A), elevation (E ), temperature (T ), sex (S ), line (L) and replicate vial (R).
****P<0.0001; ***0.0001<P<0.001; **0.001<P<0.01 ; *0.01<P<0.05. NS: P>0.05.

interaction between aspect, elevation and temperature
was due to a change in the temperature reaction
norms of the diﬀerent elevations between the two
slopes. Diﬀerences in sternopleural bristle number
between 18 xC and 28 xC for the 60, 90 and 120 m
sites, respectively, were 3.6, 2.2 and 2.8 bristles for the
NFS, and 2.6, 1.9 and 0.6 bristles for the SFS. The
shift in the least sensitive altitude between 90 m for
the NFS and 120 m for the SFS resulted in a change
in rank order and variance among altitudes with temperature between slopes. That is, at 18 xC there was
very little diﬀerence in bristle number between the
60, 90 and 120 m altitudes on the NFS (20.4, 20.1 and
20.7 bristles, respectively) but on the SFS, the 60 and
120 m altitudes had the same mean bristle number
of 19.6, while the 90 m site had a mean of 17.1 bristles.
At 28 xC, the rank order of bristle number was 90 m
ðX=182Þ>120 m ðX=17:9Þ>60 m ðX=168Þ on the
NFS, but 120 m ðX ¼ 189Þ>60 m ðX ¼ 171Þ>90 m
ðX ¼ 152Þ on the SFS (Fig. 1).
Sternopleural bristle number is a sexually dimorphic trait; averaged over species, temperatures and
sites, females had 1.2 more sternopleural bristles than
males. However, the magnitude of the sexual dimorphism is greater for D. simulans (1.6 bristles) than for
D. melanogaster (0.7 bristle) (data not shown). Further,
there was a complicated pattern of micro-geographic

variation in sexual dimorphism in D. melanogaster, as
evidenced by the signiﬁcant aspect by elevation by
sex interaction (Table 2). There was variation in the
magnitude of the sexual dimorphism of sternopleural
bristle number for both slopes, but the rank order of
sexual dimorphism among altitudes varied across
slopes. On the SFS, the diﬀerence between female and
male bristle number at 60, 90 and 120 m was 0.9, 0.5 and
0.1, respectively, whereas on the NFS these respective
diﬀerences were 0.9, 0.4 and 1.2 (data not shown).
Unlike abdominal bristle number, the magnitude of the
sexual dimorphism for sternopleural bristle number
in D. melanogaster was not dependent on temperature.
For both species, there was signiﬁcant segregating
genetic variation for sternopleural bristle number within the local subpopulations, as well as genetic variation
for temperature plasticity. In D. simulans, there was
genetic variation for sexual dimorphism in sternopleural bristle number within subpopulations that was
sensitive to rearing temperature, whereas in D. melanogaster, genetic variation in sexual dimorphism for this
trait within subpopulations depended on temperature.
Estimates of rGE for sternopleural bristle number were
0.89 for D. melanogaster and 0.88 for D. simulans,
indicating that the general patterning of variation for
this trait is similar within local populations of the two
species.
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We also analysed the sternopleural bristle data for
ﬂuctuating asymmetry (FA), thought to be a measure
of developmental stability (the absolute value of
the diﬀerence in bristle number between the right and
left sides, scaled by the total bristle number), and directional asymmetry. In the analysis pooled across species,
no term was signiﬁcant for directional asymmetry.
However, three terms were signiﬁcant for FA : the
main eﬀect of temperature (F2,110=5.86, P=0.004), the
temperature by sex interaction (F2,110=5.07, P=
0.008) and the species by site interaction (F6,95=2.30,
P<0.05). The temperature eﬀect accrues because
the mean FA is less at 18 xC ðX=49r102 Þ than at
25 xC ðX=53r102 Þ or 28 xC ðX=54r102 Þ, and
the temperature by sex eﬀect because the direction of
sex dimorphism for FA changes with temperature.
FA is greater for females than males at 25 xC, but
greater for males than females at 18 and 28 xC (data
not shown). Somewhat intriguingly, micro-geographic
variation in mean FA appears to be negatively correlated between the two species (r=x0.75, t=2.53,
P<0.06).

4. Discussion
Although D. melanogaster and D. simulans are closely
related sibling species, the populations inhabiting
Evolution Canyon are quite divergent for temperature
plasticity and sexual dimorphism of bristle number,
and the pattern and magnitude of micro-geographic
variation in bristle number across the environmental gradients. Both bristle traits are less plastic in
D. simulans than in D. melanogaster across the range
of temperatures tested, consistent with previous
observations that D. melanogaster is more tolerant to
temperature and other environmental stresses (David
et al., 1983). There is less geographic diﬀerentiation in
bristle number for D. simulans than D. melanogaster:
the proportion of the total variation explained by
the variation among sites, averaged over temperatures,
was 2.9 % for abdominal and 12.8 % for sternopleural
bristles in D. simulans, but 7.4 % for abdominal and
19.7 % for sternopleural bristles in D. melanogaster.
This is also consistent with previous observations that
the geographic range of variation for bristles and other
quantitative traits worldwide is much less for D. simulans than for D. melanogaster (Singh, 1989 ; Capy et al.,
1993). However, the degree and pattern of genetic
diﬀerentiation between sites is sensitive to rearing
temperature in D. melanogaster, but not in D. simulans.
The magnitude of the sexual dimorphism for both
bristle traits is greater in D. simulans than D. melanogaster, but in D. melanogaster sexual dimorphism for
abdominal bristle number is highly dependent on
temperature, and sexual dimorphism for sternopleural
bristle number varies geographically.
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Overall, the picture above the level of the local
population is that D. melanogaster is much more plastic
than D. simulans and exhibits between-site genetic
variation in plasticity and sexual dimorphism, whereas
D. simulans does not. These diﬀerences between species
disappear at the level of genetic variation within subpopulations, where the genetic architecture of the same
bristle trait is very similar for both species in terms of
magnitude of variation among lines (as observed by
Capy et al., 1994) and for genotype by temperature
environment and genotype by sex interactions. However, the two bristle traits vary signiﬁcantly in this
regard, with a much higher proportion of genetic
variation for abdominal bristle number than for
sternopleural bristle number tied up in interactions
with sex and temperature. This appears to be a general
phenomenon, and has been observed previously for
spontaneous (Mackay & Lyman, 1998) and P-elementinduced mutations (Lyman et al., 1996) as well as for
naturally occurring variation (Lyman & Mackay,
1998) for bristle number in D. melanogaster.
Worldwide, there are strong replicated latitudinal
clines for both sternopleural and abdominal bristle
number, in both D. melanogaster and D. simulans
(Lemeunier et al., 1986; Coyne & Beecham, 1987 ;
Capy et al., 1993). This trend is not exactly recapitulated at Evolution Canyon ; we observe variation
between species and between traits in the patterning
of genetic variation across environmental gradients.
The pattern of genetic variation between sites is
consistent with diﬀerent relationships of the bristle
traits to ﬁtness in the sibling species.
In D. simulans, sternopleural bristle number exhibits
micro-geographic diﬀerentiation for specialist genotypes between the NFS (cooler) and SFS (warmer),
such that bristle number is higher on the NFS, paralleling the latitudinal clines and the direct eﬀect of
temperature on bristle number. In contrast, abdominal bristle number is not genetically diﬀerentiated
among subpopulations in this species, which is consistent with either selective neutrality or the evolution of genotypes that are relatively insensitive to
environmental variation.
In D. melanogaster, there is geographic diﬀerentiation among subpopulations for both bristle traits,
but the magnitude and pattern are conditional on
rearing temperature. In this species, sternopleural
bristle number of ﬂies collected from the NFS is
higher than those collected from the SFS when the
animals are reared at low temperature, but not when
they are reared at high temperatures. Further, sternopleural bristle number is less plastic with temperature
in the more variable and more extreme environments.
Sites from the SFS are less plastic to temperature than
those from the NFS, as are sites from the highest
altitudes. The 120 m site from the SFS is the least
plastic of all. These observations are consistent with

Downloaded from https://www.cambridge.org/core. IP address: 3.238.186.43, on 01 Mar 2021 at 15:47:50, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0016672302005876

R. F. Lyman et al.
the evolution of genotypes that are insensitive to environmental variation. A similar reduction in plasticity for the SFS sites has been observed for viability,
adult longevity and desiccation resistance under thermal and drought stress (Nevo et al., 1998). A diﬀerent
pattern pertains to abdominal bristle number. For this
trait, there is no diﬀerentiation between ﬂies collected
from the opposite slopes, or for slope by temperature interaction. However, abdominal bristle numbers
from sites at the highest elevations are considerably
more plastic to temperature than the other sites. The
direction of the eﬀect is the same as the latitudinal
variation and the direct eﬀect of temperature on bristle
number, i.e. lower numbers of bristles at high temperature. The three-way interaction between slope, altitude
and temperature for this trait is because the highest
elevations are most sensitive to temperature for both
slopes, but the sites from the 60 m and 90 m elevations
are much more stable with temperature on the SFS
than the NFS.
These observations strongly suggest the action of
natural selection in patterning geographic variation in
bristle number across Evolution Canyon, and implicate
temperature as one of the selective agents. However,
the observations do not implicate bristle numbers as the
direct targets of selection, since many other quantitative
traits, including body size, also co-vary clinally both on
a worldwide scale (Coyne & Beecham, 1987 ; Capy et al.,
1993; James et al., 1995, 1997) and across these sites
(Nevo et al., 1998). Identifying the direct target of
selection is a non-trivial task. The minimum requirement is to demonstrate that the relationship of the
selected trait to ﬁtness varies with temperature in the
predicted direction (e.g. McCabe & Partridge, 1997;
Reeve et al., 2000). However, the relationship of a trait
to ﬁtness is not informative as to whether selection is
directly on the observed trait or on another trait
pleiotropically connected to it (Nuzhdin et al., 1995).
For example, stabilizing selection on sternopleural
bristle number in the laboratory acts on larvae, perhaps
through larval competition (Kearsey & Barnes, 1970;
Linney et al., 1971). Several QTLs aﬀecting naturally
occurring variation in bristle number have been identiﬁed genetically, and correspond to genes aﬀecting
peripheral nervous system development (Long et al.,
1996, 1998, 2000; Mackay & Lyman, 1998; Gurganus
et al., 1999; Lyman et al., 1999). These genes have pleiotropic eﬀects on the development of the central nervous system, sex determination, embryonic pattern
formation, and eye and wing development (Lindsley &
Zimm, 1992). Fortunately, the problem of identifying
the trait(s) targeted by selection reduces to determining the causal relationship of the underlying loci
aﬀecting variation in bristle number to ﬁtness (Robertson, 1967). Since ﬁtness eﬀects at individual QTL are
likely to be weak (Kimura, 1983 ; Kingsolver et al., 2001)
and one needs to consider all ecologically relevant
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environments in nature, this question will best be addressed by molecular population genetic analyses
of historical selection acting on DNA sequences of
cloned QTLs (Kreitman, 1991; Hartl & Clark, 1997;
Wang et al., 1999).
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