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ABSTRACT 
Sexual dimorphism in genetic parameters is examined for wing dimensions of 

Drosophila melanogaster. Data are fit to a quantitative genetic model where phe- 
notypic variance is a linear function of additive genetic autosomal variance (com- 
mon to both sexes), additive genetic X-linked variances distinct for each sex, 
variance due to common rearing environment of families, residual environmental 
variance, random error variance due to replication, and variance due to mea- 
surement error and developmental asymmetry (left us. right sides). Polygenic 
dosage compensation and its effect on genetic variances and covariances between 
sexes is discussed. Variance estimates for wing length and other wing dimensions 
highly correlated with length support the hypothesis that the Drosophila system 
of dosage compensation will cause male X-linked genetic variance to be substan- 
tially larger than female X-linked variance. Results for various wing dimensions 
differ, suggesting that the level of dosage compensation may differ for different 
traits. Genetic correlations between sexes for the same trait are presented. Total 
additive genetic correlations are near unity for most wing traits; this indicates 
that selection in the same direction in both sexes would have a minor effect on 
changing the magnitude of difference between sexes. Additive X-linked corre- 
lations suggest some genotype X sex interactions for X-linked effects. 

EX dimorphism in animals usually involves differences in size, color and S various body adornments. In Drosophila melanogaster, not only are females 
larger than males for most body dimensions but also the sexes differ in pig- 
mentation, the number of visible abdominal segments, structure of the geni- 
talia, presence of sex combs, shape of various body parts, behavior and nu- 
merous other features. Stimulated by discussions about sexual selection and 
related topics, many biologists have examined the complexity in expression of 
sexual differences (e.g., ATCHLEY 197 1). 

In many instances, biologists have been satisfied simply with demonstrating 
that sex differences exist in the phenotypic means of traits. However, sex 
dimorphism in genetic parameters underlying morphological and physiological 
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traits may have a far-reaching impact in an evolutionary sense. When sex 
differences occur in narrow-sense heritability (h  ') and when the additive ge- 
netic correlation between sexes (for the same trait) is less than unity, sex 
dimorphism may evolve if there is selection. Under these conditions, both 
direct and indirect responses to selection may differ between sexes in spite of 
equivalent selection intensities (GRIFFING 1965). Sex dimorphism might also 
arise indirectly if genetic covariance structure between traits differs by sex. 
Thus, selection could cause the difference between sexes to evolve in a second 
correlated trait if correlated response differs by sex. Obviously, elucidation of 
the underlying factors involved in expression of sex differences in variance- 
covariance structure is critical to understanding the evolutionary significance 
of this phenomenon. 

The simplest sex difference in variance-covariance structure is a scaling re- 
lationship. In this instance, one sex is larger than the other, and the variance 
scales with the trait mean. Sex differences in variance arising from a simple 
scaling relationship can be minimized when the data are suitably transformed 
to a common scale (WRIGHT 1968; FALCONER 1981). In an evolutionary sense, 
scaling is not expected to contribute to the evolution of sexual dimorphism, 
insofar as the scaling relationship influences both the additive genetic and 
phenotypic variances equally in both sexes. 

Variance-covariance structure may differ between sexes from genotype by 
sex interaction where the same autosomal genes are expressed differentially in 
the hormonal environment of each sex (ROBERTSON 1959; EISEN and LEGATES 
1966). A genotype X sex interaction should result in a genetic correlation 
between males and females that is less than unity. 

A more complex arrangement results when some loci influencing expression 
of a trait occur on the X chromosome. A specific type of genotype by sex 
interaction is dosage compensation of the X chromosome. Dosage compensa- 
tion in Drosophila differs from the mammalian system in that both X chro- 
mosomes in females function and jointly produce the same amount of gene 
product as the single X chromosome does in males. Concentration of various 
X-linked enzymes suggest that an X chromosome is twice as active in males as 
in females (BAKER and BELOTE 1983, and references therein). 

The level of dosage compensation in the Drosophila system will complicate 
expression of polygenic variability. For example, given a single X-linked locus 
with two alleles, no dominance in females and complete dosage compensation 
in males, the X-linked variance for males is twice the X-linked variance for 
females. Conversely, if there is no dosage compensation in males, the X-linked 
variance for females is twice that in males (JAMES 1973). Since the X chro- 
mosome in Drosophila is about 20% of the haploid genome, clarifying the 
mechanism for dosage compensation is of considerable importance in the de- 
velopment of a realistic genetic model to identify unique sources of additive 
genetic variance for each sex. 

Previous quantitative genetic studies of sex dimorphism have been of two 
primary types: (1) estimates of variance components for single traits, e.g., bristle 
number or wing length in Drosophila (SCHAFFER and KOJIMA 1963; SHERIDAN 
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et al. 1968; FRANKHAM 1977) or body weight in mice (EISEN and LEGATES 
1966); (2) single trait selection studies to modify the magnitude of sex di- 
morphism (FRANKHAM 1968a,b; EISEN and HANRAHAN 1972; BIRD and SCHAF- 
FER 1972). 

In this paper the following questions are addressed: (1) Is X-linked variance 
a substantial portion of additive genetic variance for wing traits of Drosophila 
mehogas ter?  (2) Is X-linked variance for males greater than X-linked variance 
for females? (3) Do different wing dimensions have additive genetic variances 
composed of similar proportions of X-linked and autosomal variances? (4) Do 
the relative proportions of autosomal and X-linked variances suggest that gene 
effects are randomly distributed between the autosomes and the X chromo- 
some? 

The wing was chosen because it is known to exhibit sex dimorphism in 
overall size, and the X chromosome has been shown to have a substantial effect 
on wing length (BIRD and SCHAFFER 1972). The wing has been the subject of 
numerous genetic and developmental analyses and is therefore developmentally 
well known. The wing is a single developmental entity that is derived from a 
single imaginal disc that is subdivided into anterior and posterior compartments 
(BRYANT 1978). Finally, wings in Drosophila are used not only for locomotion 
and dispersal but also for mating displays. Because of this dual function, wings 
may be subject to both natural and sexual selection. 

MATERIALS AND METHODS 

Flies used in this study were obtained from seven randomly mating populations of 
approximately 2000 individuals each. These populations were initiated in 1975 from 
large samples taken from the University of Wisconsin Arboretum. To facilitate labo- 
ratory work, progeny were reared from matings grouped into 14 experiments (or 
replicates). 

For each experiment, approximately 50 randomly chosen males were each mated to 
four randomly chosen females in a paternal half-sib design. Within each half-sib family, 
two full-sib families were chosen for subsequent analyses. Progeny were randomly cho- 
sen from these two families in the following manner. Two progeny of each sex were 
taken from one family, and one individual of each sex was chosen from the remaining 
family (Bainbridge Nested Design; BAINBRIDCE 1963). A total of 494 half-sib families, 
each composed of three individuals of each sex, were used in this study. 

Both wings were removed from each fly and were permanently mounted on a mi- 
croscope slide. Thirteen measurements were recorded on each wing, using an ocular 
micrometer on a dissection microscope. Both wings were measured to estimate variance 
due to measurement error and developmental asymmetry between the left and right 
sides. 

Landmarks on the wing are designated A through N, and distances between refer- 
ence points are recorded as AE, GI, GL, MN, CL, AC, CE, CI, EI, EL, IL, FD, and 
HB (Figure 1). Results for these traits are subsequently grouped into wing length, width, 
distance between wing vein ends and distances between crossveins. The  anterior-pos- 
terior compartment boundary of the wing lies just anterior and approximately parallel 
to the fourth longitudinal vein (distance AE) (BRYANT 1978). 

Scaling: Since comparison of X-linked variance estimates between sexes can be biased 
by scale effects (unlike heritability and genetic correlation, which are scale-free), males 
and females were first scaled to have the same mean by the method of FALCONER and 
KING (1953). Then, a linear regression of standard deviation on trait mean using all 
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FIGURE 1 .-Representative wing of Drosophila melanogaster with landmarks used in the present 
study. Distances between two points were recorded as AC, AE, FD, GI, GL, CE, CI, CL, EI, EL, 
IL, HB and MN. 

13 wing dimensions was calculated separately for each sex. Intercept and slope were 
not significantly different between sexes, so a pooled regression of standard deviation 
on mean was calculated. The  relation between standard deviation and mean was de- 
coupled by transforming the scaled data according to WRIGHT (1  968) ,  where the trans- 
formed data is x' = log@ + k), and k is the ratio of intercept to slope for the pooled 
regression of standard deviation on mean. For these analyses k = 468.  

A logarithmic transformation of the data seemed biologically reasonable since cell 
multiplication in the wing imaginal disc of Drosophila is exponential through the third 
larval instar (MARTIN 1982). However, it was determined that a simple logarithmic 
transformation was inappropriate because the regression of standard deviation on mean 
for log-transformed data had a negative slope that was significantly different from zero. 

Genetic model: It is assumed that the phenotypic (total) variance for the ith sex (i = 
m for males,ffor females) is 

= a;xpt + U% + U L  + U: + U: + U&, ( 1 )  

where u & ~ ,  is variance due to experiments for the ith sex; is additive genetic auto- 
somal variance; U!,, is additive genetic X-linked variance for the ith sex; U% is variance 
due to common rearing environment of full-sib families; a," is residual environmental 
variance; and a$* is variance due to measurement error and developmental asymmetry. 

In Drosophila, the X chromosome is large and comprises about 20% of the genome. 
The  male is the heterogametic sex (XY) and sex determination is of the XO form (BAKER 
and BELOTE 1983).  The  large X chromosome may be an important source of additive 
genetic variance that clearly could differ between sexes depending on the level of dosage 
compensation. Therefore, separate X-linked additive genetic parameters are assumed 
for each sex. The Y chromosome of Drosophila is largely heterochromatic, and it has 
not been shown to contribute substantially to polygenically determined traits. Variance 
due to the Y chromosome is assumed to be zero. 

Common environment and residual environment variances (U: and U,") and the au- 
tosomal variance ( U ~ J  are each assumed equal between sexes. The  model excludes 
autosomal dominance, X-linked dominance in females, and epistatic variances. If dom- 
inance and epistasis are important sources of variance, U; and a," will be contaminated 
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with fractions of nonadditive and epistatic variances, and this will bias the estimate of 
dm. If autosomal variance is not equal between sexes, the estimate of &&, will be 
biased. 

It is of considerable interest to examine the covariance between sexes for the same 
trait. By randomly pairing males with females within full-sib families, the phenotypic 
covariance between sexes is 

'JP(mJ7 = cExp(mf) + aAa(mf) /2  + aAx(mf) /2  + d + U+f) + aN(mf)- (2) 
Statistical analyses: T h e  completely random model used in the five-level nested 

analysis of variance is 

YijMm = + Expi + + Dk(ij) + wl(ijk) + "(ijkl), (3) 
where p = population mean; Exp; = the effect due to the ith replicate experiment; SjCs 
= effect of the j th  sire nested in the ith replicate experiment; DNq) = the kth dam 
nested in the j th  sire in the ith replicate; W,(,,) = the Zth progeny (fly) nested in the kth 
dam in the j th  sire in the ith replicate. 

The  phenotypic variance (1) can be expressed for each sex as 

U; = ULP + a; + U:, + U& + U%. (4) 

Covariance of half-sibs is given by U:, whereas U; is the covariance of full-sibs nested in 
half-sib families. Covariance between individuals within full-sib families is given by U$. 
The variance between replicate experiments (ugXp) is assumed to be random sampling 
variance, and & is a combination of measurement error and developmental instability 
between left and right wings. Expectations (BOHIDAR 1964; JAM= 1973)  of these design 
variance components in terms of the assumed genetic model are given in the APPENDIX. 

Four times the intraclass correlation of half-sibs is usually given as an estimate of 
narrow-sense heritability (h'). However, if X-linked variance is an important part of total 
additive genetic variance, the intraclass correlation of half-sibs will underestimate her- 
itability for males and overestimate heritability for females (Table A2, APPENDIX). 
Therefore, heritability calculated in this manner is useful in assessing the importance 
of X-linked variance. 

Mean squares from the nested analysis of variance were equated to their expectations 
in terms of causal components; the resulting system of equations was solved by least 
squares, and estimators of the unknown causal components were obtained. Additional 
details of the statistical analyses are outlined in the APPENDIX. 

Correlations between sexes for the same trait: Like heritability estimates, the half- 
sib and full-sib correlations may be biased estimates of the additive genetic correlation 
between sexes for the same trait. Therefore, correlations calculated from design com- 
ponents are included for comparison with correlations calculated from estimated causal 
components. Comparison in this manner offers additional evidence regarding the pres- 
ence of X-linked effects for various wing traits. 

The half-sib covariance component between sexes divided by the half-sib variance 
component for males may be considered a genetic regression coefficient @Aa) for female 
autosomal effects on male autosomal effects. This is a qualitative assessment, because it 
is not possible to test statistically for a significant deviation from a value of 1.0  that is 
expected if autosomal effects are the Same in both males and females. 

Genomic distribution of polygenic variance: One might hypothesize that the relative 
proportions of autosomal and X-linked variance reflect the proportion of the total 
genome occupied by the autosomes and the X chromosome. If gene effects are small 
and randomly distributed throughout the genome, then the amount of X-linked additive 
genetic variance should be approximately equal to the proportion of the haploid ge- 
nome occupied by the X chromosome. 

There are at least two methods of estimating the relative size of chromosomes, i .e. ,  
the number of map units and the number of bands on the polytene salivary gland 
chromosomes. There are 282 map units, of which 66 are on the X chromosome, 
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TABLE 1 

Mean (F), phenotypic standard deviation(s) and coefficient of variation (CV) for 13 wing 
traits in Drosophila 

Males Females 

Trait P S cv P S cv 
Wing length 

AE 1822.91 53.53 2.94 2095.17 57.59 2.75 
GI 1810.91 54.68 3.02 2071.94 59.26 2.86 
GL 1466.39 52.53 3.58 1692.28 57.41 3.39 

Wing width 
M N  903.28 28.74 3.18 1012.61 30.28 2.99 
CL 933.62 29.68 3.18 1040.86 31.68 3.04 

Between vein ends 
AC 1218.15 42.10 3.46 1396.92 43.74 3.13 
CE 778.87 26.92 3.46 894.48 30.59 3.42 
c1 936.10 31.26 3.33 1058.56 34.97 3.30 
E1 205.23 12.17 5.93 216.30 13.92 6.44 
EL 586.31 21.43 3.66 631.02 23.42 3.71 
IL 488.15 22.75 4.66 527.65 25.81 4.89 

FD 409.28 26.04 6.36 464.02 28.78 6.20 
HB 474.21 26.66 5.62 542.99 30.13 5.55 

Crossveins 

Data are in microns. The  sample size is 1482 individuals (2964 wings) of each sex. The  means 
differed between sexes at P < 0.001 for all traits. 

suggesting that the X comprises 23% of the total genome. There are 5162 bands on 
the salivary gland chromosomes, of which 1024 are on the X (LINDSLEY and GRELL 
1967). Thus, 20% of the bands are on the X chromosome. If genes controlling a given 
wing trait are randomly distributed throughout the genome and have small equal ef- 
fects, then 20-23% of the total additive genetic variance in females would be X-linked. 

Since the X chromosome in male Drosophila is dosage compensated, the percentage 
of the haploid genome occupied by the X chromosome (M) may be larger than that for 
the female genome (F) by a factor (k) proportional to the level of dosage compensation 

M = lOOkF/(kF + 100 - F).  (5) 
Assuming complete dosage compensation, then k = 2 and the expected proportion of 
additive genetic X-linked variance for males is 33-38%. With no dosage compensation, 
k = 1 and the expected proportion is the same as that for females. 

RESULTS 

Means a n d  phenotypic standard deviations for  the 13 wing traits before 
scaling a n d  transformation a r e  given in Table  1. Highly significant mean dif- 
ferences between sexes (P < 0.001) exist for all traits. Females a re  about  15% 
larger than males for wing length (traits AE, GI  a n d  GL) and  a re  about  12% 
larger in wing width (MN) a n d  CL). T h r e e  distances a t  the tip of the wing in 
the  anterior compartment  (EI, EL a n d  IL) average 7% larger in females. The 
remaining distances between vein ends (AC, CE a n d  CI) and  the distances 
between crossveins (FD a n d  HB) average 14% larger in females. 
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FIGURE 2.-Male and female means (n = 1482 for each sex) superimposed for traits AE, GI, 
GL, AC, CE, C1, CL, EI, EL and IL. The fourth longitudinal wing vein (AE) approximately 
coincided with the anterior-posterior compartment boundary and is used as a common reference 
line. Point E is the common point between sexes in (a), and point A is the common endpoint in 
(b). 

In Figure 2, male and female means for ten traits (AE, GI, GL, AC, CE, 
CI, CL, EI, EL and IL) are superimposed, assuming the fourth longitudinal 
wing vein (AE) as a reference line. The anterior-posterior compartment bound- 
ary lies just anterior and approximately parallel to distance AE. This permits 
a visual comparison within compartments of differences in wing dimensions 
between sexes. The positioning of the longitudinal veins is virtually identical 
in both sexes, even though size differs significantly. In general, the female 
wing is simply a scaled-up version of the male wing, i.e., the sexes differ in 
size but not in pattern formation within the wing. 

Table 2 gives phenotypic variance and repeatability (R) for each wing trait 
after scaling and log-transformation. Repeatability measures the magnitude of 
the variance between individuals relative to the total variance. In the context 
of these data, the amount by which R deviates from unity is the proportion of 
variance attributable to measurement error and developmental asymmetry. For 
females, R ranges from 0.74 (for trait EI) to 0.94 (for trait GI). In males, R 
varies from 0.69 (for EI) to 0.93 (for traits AE and GI). Average repeatability 
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TABLE 2 

Phenotypic variance (U:) for logtransformed, scaled data and repeatability (R)  between left 
and right wings 

~~~~ ~ 

Males Females 

Trait 4 R 4 R 

Wing length 
AE 1.061 f 0.028 
GI 1.116 f 0.029 
GL 1.451 f 0.038 

Wing width 
MN 0.866 f 0.023 
CL 0.880 f 0.023 

Between vein ends 
AC 1.228 f 0.032 
CE 0.930 & 0.024 
CI 0.973 f 0.025 
E1 0.639 f 0.017 
EL 0.809 f 0.021 
IL 1.1 18 f 0.029 

Crossveins 
FD 1.798 f 0.047 
HB 1.634 f 0.042 

0.93 f 0.004 
0.93 f 0.004 
0.91 f 0.004 

0.90 f 0.005 
0.89 f 0.005 

0.90 f 0.005 
0.85 +. 0.007 
0.90 f 0.005 
0.69 f 0.014 
0.81 f 0.009 
0.79 f 0.010 

0.80 f 0.009 
0.80 +. 0.009 

0.934 +. 0.024 
1.007 f 0.026 
1.303 f 0.034 

0.770 f 0.020 
0.810 f 0.021 

1 .O 12 f 0.026 
0.916 f 0.024 
0.961 f 0.025 
0.754 f 0.019 
0.837 f 0.022 
1.234 IC: 0.032 

1.708 f 0.044 
1.593 f 0.041 

0.93 f 0.004 
0.94 f 0.003 
0.91 f 0.004 

0.88 f 0.006 
0.89 f 0.005 

0.89 f 0.005 
0.88 f 0.006 
0.91 f 0.004 
0.74 f 0.012 
0.81 f 0.009 
0.79 f 0.010 

0.76 f 0.01 1 
0.79 f 0.010 

by character grouping is (male, female): wing length 0.92, 0.93; wing width 
0.90, 0.89; distances between vein ends 0.82, 0.84; crossvein traits 0.80, 0.78. 

The product-moment correlation across traits for repeatability of a trait and 
the trait mean is 0.88 for males and 0.90 for females, indicating that the 
greater the distance between landmarks, the more accurately the trait is meas- 
ured. This is to be expected when an ocular micrometer is used to measure 
small distances. 

Design (observational) variance components from the nested analysis of var- 
iance are expressed in Table 3 as a percentage of phenotypic variance. The 
sire variance component (n:) for all wing traits is substantial, indicating the 
presence of additive genetic variance. The percentages for C: are larger for 
females than for males for wing length traits AE, GI and GL and also for 
traits AC, CE, CI, EI, EL and HB. The inference consistent with the genetic 
model is that X-linked variance causes U: for females to be larger than for 
males. This is because the covariance of half-sisters includes one-half of the X- 
linked variance, whereas the covariance of half-brothers includes only one- 
quarter of the autosomal variance (Table A2, APPENDIX). 

For wing width (MN and CL) and traits IL and FD, the percentages for U$ 

are similar between sexes. This may indicate that X-linked variance is a minor 
portion of phenotypic variance for these traits. An alternative explanation is 
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TABLE 3 

Design (observational) variance components as a percentage of phenotypic variance for 
log-transformed, scaled data 

557 

Trait Sex U: ae, & 0% 

Wing length 
AE M 4 7 32 50 7 

F 7 14 31 41 7 
GI M 4 7 32 50 7 

F 7 13 29 44 7 
GL M 10 7 28 46 9 

F 10 11 29 41 9 

MN M 8 13 24 45 10 
F 12 15 26 35 12 

CL M 6 9 28 46 11 
F 10 10 29 40 11 

AC M 7 11 27 45 10 
F 6 18 27 38 11 

CE M 4 8 29 44 15 
F 11 13 24 39 13 

CI M 4 9 31 46 10 
F 12 13 26 40 9 

E1 M 6 10 28 25 31 
F 9 14 24 27 26 

EL M 6 11 23 41 19 
F 13 15 24 30 18 

IL M 14 17 12 36 21 
F 17 17 19 26 21 

FD M 9 14 22 35 20 
F 10 14 22 30 24 

HB M 10 11 27 33 19 
F 13 17 19 30 21 

Wing width 

Between vein ends 

Crossveins 

that there is X-linked variance and that the autosomal variance is not equal 
between sexes. 

For all wing traits except trait IL, the covariance of full-sibs U$ is a much 
greater percentage of phenotypic variance than the covariance of half-sibs. For 
males this indicates that some combination of common environmental variance, 
nonadditive genetic variance and X-linked variance contributes to phenotypic 
variance. For females it indicates the presence of some combination of common 
environmental effects and nonadditive genetic effects. 

In Table 4, estimates of causal variance components (equation 1) are given 
as a percentage of phenotypic variance. The percentages for and U$ are 
the same as given in Table 3 and are not included in Table 4. Several features 
of these results are noteworthy. First, estimates of causal variance components 
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TABLE 4 

Iterated weighted least squares (WLS) estimates of causal variance components as a 
percentage of phenotypic variance 

Causal Components 

Trait Sex d, @L d of 

AE M 23 30 15 22 
F 26 17 17 25 

GI M 23 25 16 25 
F 25 15 18 28 

GL M 25 18 16 23 
F 27 11 17 26 

MN M 42 23 7 10 
F 47 10 8 11 

CL M 30 15 16 22 
F 33 5 17 24 

AC M 38 26 8 11 
F 46 14 10 13 

CE M 34 16 13 20 
F 34 9 13 20 

Cl M 35 15 15 21 
F 36 7 15 21 

E1 M 42 0 19 8 
F 36 7 16 7 

EL M 36 20 9 11 
F 35 14 9 11 

IL M 59 9 0 0 
F 54 11 0 0 

FD M 52 11 6 2 
F 55 2 6 2 

HB M 46 14 7 4 
F 48 8 7 4 

Wing length 

Wing width 

Between vein ends 

Crossveins 

are very uniform for the three wing-length traits (AE, GI and GL). Second, 
the percentage of X-linked variance in males is nearly double the percentage 
of X-linked variance of females for traits AE, GI, GL, MN, CL, AC, CE, CI 
and HB. This is consistent with the hypothesis that the mechanism of dosage 
compensation in Drosophila will cause male X-linked variance to be twice the 
X-linked variance of females. 

Several different estimates of narrow-sense heritability (h') are given by sex, 
with approximate standard errors, in Table 5. The heritability estimates de- 
rived from half-sib intraclass correlations (subscript HS) are strongly sexually 
dimorphic for all traits except CL, IL and FD. For wing length, h%s averages 
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TABLE 5 

Narrow-sense heritability of wing traits 
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Males 
~ 

Females Difference 

Trait hgs h2, h&s hE hgs 

Wing length 
AE 29 f 8 52 f 1 1  57f 7 43f 12 4 f 5  
GI 
GL 

2 6 f 8  4 7 f 6  53 f 8 40 f 7 7 f 6  
2 8 f 8  4 3 f 7  46 f 8 38 f 7 5 f 5  

Wing width 
M N  50 f 8 66 f 14 62 f 7 57 f 15 7 f 6  
CL 35 f 8 45 f 9 39 + 8 38 f 9 5 f 5  

AC 44 +. 8 642 10 70f 6 60 f 12 4 f 5  
Between vein ends 

CE 
CI 
E1 

34 f 8 49 f 1 53 f 8 44 +: 1 9 f 6  
35 f 8 50 f 1 50 f 8 43 f 1 4 + 5  
39 f 8 37 f 10 54 f 8 43 f 8 6 f 6  

EL 44 f 8 56 f 14 59 f 7 49 f 14 6 f 6  
IL 66 f 7 68f 18 70f6 65f16 12f6 

FD 5 6 f 8  6 3 f 7  5 6 f 8  5 7 f 7  5 f 5  
HB 4 3 f 8  60&7 67 f 6 56 f 6 4 f 5  

Crossveins 

his  estimated from the intraclass correlation of half-sibs; h& calculated from iterated WLS 
estimates of causal variance components; heritability of the difference between sexes is twice the 
intraclass correlation of half-sibs. 

28% for males and 52% for females. As noted previously, when there is X-  
linked variance h& underestimates heritability for males and overestimates 
heritability for females, and X-linked variance is a likely cause of the sexually 
dimorphic values for hLs. 

For comparison, heritability estimated from least squares estimates of causal 
variance components (subscript LS) are also given in Table 5 .  These estimates 
of heritability differ from h& for most of the wing traits in that the sexual 
dimorphism is reversed, i .e. ,  hts is larger for males. This is to be expected if 
males and females have common autosomal variance but males have larger X- 
linked variance. 

Table 5 also gives an approximate estimate of heritability for the difference 
between sexes, which is calculated as two times the intraclass correlation of 
half-sibs (see APPENDIX). These values suggest that the heritability of sexual 
dimorphism is low but that some autosomal additive genetic variance is present 
for the difference between sexes. 

The hypothesis that the genes affecting wing traits are randomly distributed 
throughout the genome may be considered by examining the proportion 
& / c T ~  (Table 6). As previously noted, if gene effects are small and randomly 
distributed and dosage compensation is complete in males, then 33-38% of 
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TABLE 6 

Additive X-linked variance divided by total additive variance 
and the relative magnitude of male X-linked variance to 

female X-linked variance 

dx/d 

Trait Males Females 

Wing length 
AE 
GI 
GL 

Wing width 
M N  
CL 

Between vein ends 
AC 
CE 
CI 
El 
EL 
IL 

Crossveins 
FD 
HB 

57 
52 
42 

36 
33 

41 
31 
30 

0 
35 
13 

17 
23 

40 
37 
28 

17 
13 

23 
22 
17 
16 
29 
17 

3 
15 

1.94 
1.82 
1.85 

2.74 
3.42 

2.28 
1.67 
2.12 

0 
1.36 
0.7 1 

5.93 
1.66 

the total additive genetic variance in males and 20-23% in females will be X- 
linked variance. 

For wing length (AE, GI and GL), X-linked variance is 50% of total additive 
genetic variance for males and 35% for females. For wing width, the corre- 
sponding percentages are 35% for males and 15% for females. The percent- 
ages for traits AC, CE, CI and EL are 34% for males and 23% for females. 
The remaining traits, El, IL, FD and HB, average 13% for both sexes. 

Thus it appears that for wing width (MN and CL) and traits AC, CE, CI 
and EL that polygenic effects are randomly distributed between the autosomes 
and the X chromosome. In contrast, wing length appears to have a greater 
percentage of X-linked variance than expected if polygenic effects are randomly 
distributed. For traits El ,  IL, FD and HB the percentages are much less than 
expected for randomly distributed gene effect. These results are, of course, 
predicated on gene effects being small and equal. 

The ratio of male to female X-linked variance provides an estimate of the 
level of dosage compensation in males (Table 6). In a polygenic sense, dosage 
compensation seems to be complete, or nearly so, for all wing traits except 
CL, EI, EL, IL and FD. 

Genetic correlations between sexes for each trait are given in Table 7. The 
half-sib correlations (subscript HS) show low to moderate deviation from unity, 
whereas the full-sib correlations (FS) are close to 1.0 for most traits. If there 
is X-linked variance for a trait in females, then rHS will underestimate the 
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TABLE 7 

Estimates of the genetic correlation between males and females for the same trait 

56 1 

~ 

Trait 

Wing length 
AE 
GI 
GL 

Wing width 
MN 
CL 

Between vein ends 
AC 
CE 
CI 
El 
EL 
IL 

Crossveins 
FD 
HB 

0.92 
0.82 
0.87 

0.86 
0.83 

0.93 
0.77 
0.89 
0.87 
0.86 
0.79 

0.89 
0.95 

0.93 
0.99 
1 .oo 

0.94 
0.98 

0.92 
0.96 
0.86 
0.79 
0.96 
1.19 

0.80 
0.91 

1.20 
1.10 
1.05 

0.90 
0.83 

1.07 
0.96 
1.06 
1.11 
1.01 
0.85 

0.87 
1.16 

0.93 
0.97 
0.99 

0.91 
0.91 

0.93 
0.88 
0.81 
0.68 
0.94 
1 .oo 

0.81 
0.93 

0.32 
0.62 
0.61 

0.51 
0.84 

0.32 
0.68 
0.01 

0.35 
1.29 

-0.34 
0.25 

b = genetic regression coefficient of female on male autosomal effects; design (observational) 
components were used to obtain half-sib (HS) and full-sib (FS) correlations and b; iterated WLS 
estimates of causal components were used to obtain total additive (A) and X-linked (Ax) correlations. 
Subscript Aa denotes additive autosomal. 

O Could not be calculated. 

autosomal genetic correlation. Similarly, r F S  may include nongenetic common 
environmental effects in addition to epistatic effects and, thus, may overesti- 
mate the total additive genetic correlations. 

For comparison, total additive genetic correlations between sexes (rA) are 
included in Table 7. Except for traits CI, EI, FD and HB, values of r A  are 
greater than or equal to the half-sib correlations rHs. This supports the hy- 
pothesis that there is X-linked variance influencing wing traits of Drosophila. 

Correlations between males and females for X-linked effects, rAX, are in gen- 
eral much less than unity. This may indicate genotype X sex interaction for 
X-linked loci. A genotype X sex interaction cannot be more specifically eluci- 
dated with these results, because it is impossible with these data to separate 
differences in dosage compensation from effects of loci that are sex-limited. 

DISCUSSION 

It is clear from the results that male and female variances for wing dimen- 
sions differ, and this difference persists after scaling the data so that males and 
females have the same mean. An important point to be made is that estimates 
of heritability based on half-sib intraclass correlations may be inappropriate for 
predicting response to selection when there is significant variance attributable 
to the X chromosome. However, it is also important to note that this conclusion 
is predicated on the mechanism of dosage compensation of the X chromosome 
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in Drosophila and on the X chromosome being a major portion of the entire 
genome. In mammals for instance, when dosage compensation of the X chro- 
mosome is through chromosome inactivation in the female and the X chro- 
mosome is relatively small, one would expect X-linked variance to be a minor 
portion of genetic variation, and the mechanism of dosage compensation would 
not contribute to sexually dimorphic variances. 

The least squares estimates of X-linked variances for each sex support the 
hypothesis that dosage compensation in males will inflate the X-linked variance 
for that sex. The ratio of male to female X-linked variance supports the hy- 
pothesis that dosage compensation in a polygenic sense is complete or nearly 
so for most wing traits examined. The exceptions to this qualitative judgment 
include traits for which repeatability was also low, and the results for those 
traits are subject to greater error in interpretation. 

Estimates of narrow-sense heritability estimated from the intraclass correla- 
tions of half-sibs differ significantly between sexes for many wing traits. These 
values lead to divergent predicted responses to selection and imply that selec- 
tion in the same direction in both sexes would increase the magnitude of sexual 
dimorphism. When data are fit to a genetic model including X-linked variance 
parameters, the heritabilities (h&) are closer in magnitude between sexes with 
male heritability higher than heritability for females, and the sex differences 
in his  are probably not significant. 

The values of hzs for wing length are in good agreement with realized 
heritability reported for previous selection studies on wing length of Droso- 
phila. REEVE and ROBERTSON (1 953) reported heritability of wing length (trait 
AE in this paper), estimated by regression of offspring on mid-parent size, to 
be about 0.2-0.3, whereas realized heritability was about 0.5. ROBERTSON 
(1 960) reported realized heritabilities for selection on large and small cell size 
in the wing. Realized heritabilities were 0.58 for large cell size and 0.44 for 
small cell size. Realized heritability of wing area was reported to be 0.56 
(ROBERTSON 1962). 

Total additive genetic correlations between sexes for the same trait are high 
for most traits and probably do not deviate significantly from unity. This 
indicates that correlated response in one sex to selection on the other sex 
would be reciprocally equal, assuming equal selection intensities in each sex. 
Thus, any divergence in total response to selection would be due to real 
differences in the narrow sense heritability. 

BIRD and SCHAFFER ( 1  972) carried out a selection experiment to change the 
magnitude of sex dimorphism in wing length in Drosophila. They found that 
selection to decrease sex dimorphism decreased female wing length, whereas 
selection to increase sex dimorphism decreased male wing length. These au- 
thors interpreted these results as selection acting on the level of dosage com- 
pensation in males, since chromosomal substitutions showed a significant effect 
on sex dimorphism in this trait was attributable to the X chromosome. 

The X-linked correlations between sexes for the same trait do not yield 
definitive information regarding dosage compensation and other genotype x 
sex interactions. If male and female genic effects are the same sign (e.g., pos- 
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hive), then a single X-linked locus with two alleles in the Drosophila system 
has a correlation between male and female genic effects of 0.71, regardless of 
the assumed level of dosage compensation. The covariance between sexes for 
an X-linked locus is UAMES 1973) 

gAx(mJ)  = (gAxm@Axr>/fi, (6) 
and this result holds for all genic values as long as they are the same sign for 
each sex. JAMES further states that the result holds even if there is X-linked 
dominance in females. However, the relation is not necessarily true if there 
are more than two alleles or if epistasis occurs between loci. The  condition 
required for the relation to be true for multiple alleles and loci is that the 
ratio of femaIe to male genic effects must be constant for all alleles and loci 
UAMES 1973). 

If approximately equal ratios of female to male genic effects are assumed 
for all alleles and loci, and no epistasis, then the maximum X-linked genetic 
correlation should be near 0.71 (i.e., 1/J2), and the value of the X-linked 
correlation should be unaffected by the level of dosage compensation. 

These results concern the possible further evolution of sexual dimorphism 
if there is selection, but perhaps a more interesting biological question these 
data cannot address is: How does sexual dimorphism arise in a highly inte- 
grated functional unit, such as the insect wing? Initially, the imaginal disc of 
the putative Drosophila wing is composed of approximately 38 cells (MAD- 
HAVAN and SCHNEIDERMAN 1977). Mitosis in wing disc cells begins 15-17 hr 
after hatching and persists into the pupal instar. Whether sex differences occur 
in these initial components of early development is unknown. However, it is 
possible that differences between sexes could occur in the number of cells 
initially incorporated into the wing disc, the time of onset and termination of 
mitosis, or the rate of cell division. Although larger as adults, females emerge 
as adult flies about 4 hr earlier than males (BAINBRIDGE and BOWNES 198l),  
suggesting a differential rate of development. 
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APPENDIX 

The least squares solution for causal variance and covariance components is 

b = (X’X)-’Xy, (‘4.1) 
where b is the vector of causal variance components, X is a design matrix with rows 
that express the expectations of mean squares and mean products in terms of causal 
components, and y is a vector of mean squares. 

In solving for b, the expectations in X excluded U$ and uNmf the design variance and 
covariance components between left and right wings. The mean squares and mean prod- 
ucts in y were “corrected” by subtracting % from mean squares and from mean 
products. Nine design components were used to obtain solutions for eight causal com- 
ponents. The design components used were sire, dam and within dams for each sex 
individually and the same three components for the covariance between sexes. 

The initial least squares estimates are refined by iterative weighted least squares. The 
weighed least squares solution is 

b = (X’V-’X)-’X’V-’y,  (-4.2) 
where b, X and y are described above, and V is a diagonal matrix expressing the variance 
of the mean squares and mean products in y, i . e . ,  

V(MS) = 2[E(MS)I2/d.f. (A.3) 
The values in V were obtained by using the estimated vector b. Values of b stabilized 

Standard errors of the causal variance and covariance components were taken as the 
after two to four iterations. 

square root of the appropriate diagonal element of 

V(b) = s2(X’V-’X)-’, W.4) 

(A.5) 

where 

s2 = (Y - 4‘ with one degree of freedom. 

The estimated 
The difference between sexes was evaluated by randomly pairing full brothers with 

full sisters and obtaining the difference between them. These data were then transformed 
identically to the data for sexes individually. The estimate of heritability for the differ- 
ence between sexes was obtained by multiplying the intraclass correlation between sexes 
by two. Expectations for the difference between sexes (Table A2) were derived by the 
formula for the variance of a difference. 

values followed DRAPER and SMITH (198 1). 

TABLE A1 

Expectations of mean squares of the Bainbridge nested ANOVA for paternal 
half-sib mating design 

Source d.f. Expected mean squares 

Replicates 
Sires/replicates 

13 
480 

U$ + 2 U& + 10/3 U; + 6 U: + 210.6 U& 

U$ + 2 U& + 10/3 U; + 6 U: 

Dams/sires 494 U$ + 2 U& + 8/3 U; 

Flies/dams 494 U$ + 2 U% 

Wings/flies 1481 U$ 

All effects are assumed random. 
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TABLE A2 

Expectations of design (observational) variance components in terms of causal 
variance ~ ~ m ~ ~ n e n t s  

causal cmponents 

Males 
Us2 

dl 
U& 

U: 

4 
U i ,  

Females 

Difference between 
Sexes 

U: 

0; 

U& 

Cov(male, female) 
fJs 
UlJ 

uw 

$4 
% Y2 

Y? '/s 

Y2 Jh 54 

$4 ?A- 

i 
1 

1 
1 

2 

-% 
- Y2 -1  

-2 

!A 
!A 54 

1 


