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ABSTRACT
We examine the effect of variation in gene density per centimorgan on quantitative trait locus (QTL)

mapping studies using data from the Drosophila melanogaster genome project and documented regional
rates of recombination. There is tremendous variation in gene density per centimorgan across this genome,
and we observe that this variation can cause systematic biases in QTL mapping studies. Specifically, in
our simulated mapping experiments of 50 equal-effect QTL distributed randomly across the physical
genome, very strong QTL are consistently detected near the centromeres of the two major autosomes,
and few or no QTL are often detected on the X chromosome. This pattern persisted with varying heritability,
marker density, QTL effect sizes, and transgressive segregation. Our results are consistent with empirical
data collected from QTL mapping studies of this species and its close relatives, and they explain the “small
X-effect” that has been documented in genetic studies of sexual isolation in the D. melanogaster group.
Because of the biases resulting from recombination rate variation, results of QTL mapping studies should
be taken as hypotheses to be tested by additional genetic methods, particularly in species for which detailed
genetic and physical genome maps are not available.

QUANTITATIVE trait locus (QTL) mapping has randomly across the genome may appear to be caused
by genes of large effect in centromeric or telomericrecently become a standard tool for unraveling
regions. However, this effect is dependent on the num-the genetic basis of phenotypic variation in natural pop-
ber of genes as well as on the recombination rate. Aulations, tests of adaptation, and directing marker-
reduced number of genes in centromeric and telomericassisted selection of agronomically important traits.
regions could offset the bias resulting from a low recom-Coupling sophisticated statistical analyses with molecu-
bination rate.lar genetic data, many QTL mapping studies have identi-

Here, we use simulation results to demonstrate thatfied precise genomic regions contributing to differences
variance in recombination rate across a genome canbetween strains or species. The results of these studies
cause systematic biases in the interpretation of mappinghave also provided minimum estimates of the number of
studies. The recent completion of the Drosophila melano-genes contributing to observed phenotypic differences.
gaster genome project (Adams et al. 2000) and the pub-These estimates are necessarily minimum because loci
lished rates of recombination along cytological bandscontributing subtle effects have a lower probability of
of this species (Kindahl 1994) provided us the opportu-being detected (Otto and Jones 2000).
nity to test the impact of recombination rate variationLow recombination rates may cause multiple indepen-
on QTL mapping studies in this species. The mappingdent genetic factors contributing to a trait to resemble
methods themselves are not biased, but variation ina single QTL of large effect. Regional differences in
gene density per centimorgan creates the appearancerelative rates of recombination have been documented
of strong QTL in regions of low recombination andin numerous taxa (Larkin and Woolford 1983; Begun
weak or no QTL in regions of high recombination, evenand Aquadro 1992; Tanksley et al. 1992; Nachman
when QTL are of equal effect and distributed randomlyand Churchill 1996; Copenhaver et al. 1998; Nach-
across the genome. We conclude that, in organisms withman et al. 1998; Stephan and Langley 1998; Hamblin
small numbers of chromosomes such as D. melanogaster,and Aquadro 1999). Centromeric and telomeric re-
phenotypic differences between strains that are highlygions in particular are often associated with very low re-
polygenic can easily produce patterns consistent withcombination rates. Consequently, character differences
few QTL of major effect due to clustering of multiplecaused by numerous genes spread homogeneously or
QTL in regions of high gene density per centimorgan.
We also show that this variation could cause the D.
melanogaster X chromosome to harbor fewer and weaker
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MATERIALS AND METHODS

We obtained the number of predicted mRNA coding se-
quences on the basis of the genome annotation (also referred
to as “genes”) in each of the 100 D. melanogaster cytological
bands and the recombination rates within each of these bands
from published sources (Kindahl 1994; Adams et al. 2000).
In total, �14,000 mRNA coding sequences were contained in
the database: 2415 on the X chromosome, 5301 on chromo-
some 2, and 6293 on chromosome 3. Using these numbers,
we manually estimated the number of coding sequences per
centimorgan across the three major D. melanogaster chromo-
somes, whose lengths are �73 cM (the X chromosome), 110 cM
(chromosome 2), and 110 cM (chromosome 3). This conver-
sion was performed by counting the number of coding se-
quences and recombination fractions simultaneously until a
complete centimorgan was reached. If a cytological band was
�1 cM, we inferred that the proportion of a centimorgan
contained within the band was equal to the proportion of
the total number of genes within the band present in that
centimorgan. Because the dot chromosome encodes �100
transcripts, it was excluded from this study.

Following this procedure, we designed two computer pro-
grams (available upon request) to randomly assign 50 QTL
affecting a hypothetical trait difference. One program as-
signed QTL at random with respect to the 14,000 coding
sequences [random-by-coding (RC)], and the other assigned
QTL at random with respect to recombinational position [ran-
dom-by-recombination (RR)]. RR QTL assignments are typi-
cal of the procedure used by most simulated QTL mapping
studies (e.g., Otto and Jones 2000).

The output of these programs was used as input for the
QTL Cartographer suite of programs (Basten et al. 1999)
to simulate the results of backcross mapping studies if 1000
progeny were scored. We used QTL Cartographer to evaluate
(1) single marker linear regressions on the data and (2) a
composite interval mapping (Zeng 1994) procedure on the
simulated results with a window size of 10 cM and using up
to five background markers. Significance was estimated using
1000 permutations of the genotypes relative to phenotypes.
In our baseline program, we simulated 50 QTL of equal effect
in the same direction, no dominance, a heritability of 0.3, and Figure 1.—Variation in number of genes at various recombi-
with markers spaced every 5 cM. Equal effect QTL were used national positions in the genome of D. melanogaster. The cen-
merely to illustrate the extent of biases, and this genetic struc- tromeres are at positions 33 (X chromosome), 66 (chromo-
ture was not assumed to be realistic. Subsequently, we evalu- some 2), and 73 (chromosome 3).
ated an exponential distribution of QTL effects, effects in
opposite directions (transgressive segregation), a heritability
of 0.7, and a marker spacing of every 1 cM. Parameters were genome is highly skewed, as can be seen for the three
varied individually. Both RC- and RR-simulated QTL distribu-

main chromosomes in Figure 1. Although there weretions were used for all of these variations. Statistical tests com-
typically fewer coding sequences close to the centro-paring the results from RC and RR simulations were per-

formed using StatView software (SAS Institute, Cary, NC). One meres, the suppression in recombination extended be-
hundred simulations for each set of conditions were run unless yond the centromeres far enough to create high gene
otherwise specified. densities per centimorgan in the centromeric region.Throughout this article we use the word QTL in two con-

Indeed, along chromosome 3, there was a 20-fold differ-texts. We refer to “true QTL” as those that were assigned by
ence in gene density per centimorgan between someour RC and RR programs. Unless otherwise specified, there

were exactly 50 true QTL in all of our simulations. We refer points along the chromosome. For example, 1990 genes
to “predicted QTL” as those loci that QTL Cartographer subse- were within 5 cM of the centromere of chromosome 3,
quently detected to have a significant association with the resulting in �14% of the total number of genes occu-phenotypic variance. With an infinite number of markers and

pying �3.5% of the recombinational genome. Further,an infinite sample size, QTL Cartographer should have identi-
the mean coding sequence density per centimorgan wasfied 50 predicted QTL in most of our simulations.
also higher along the two autosomes (chromosome 2,
48.0 genes/centimorgan; chromosome 3, 58.5 genes/

RESULTS centimorgan) than along the X chromosome (32.2 genes/
centimorgan, Mann-Whitney U-test, P � 0.0001 in bothGene density per centimorgan: The distribution of

coding sequences per centimorgan in the D. melanogaster comparisons). This difference was still statistically sig-
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nificant if the 5 cM surrounding the centromeres of the tributing to the RC-simulated phenotype and 11–26
two autosomes was excluded. QTL (mean 17.9) in RR simulations (Mann-Whitney

Basic simulation results: To examine the conse- U-test, P � 0.0001). While this difference may not appear
quences of a skewed distribution of coding sequences dramatic, 20% of RC simulations estimated 10 or fewer
relative to the recombinational map on the detection predicted QTL—fewer than observed in any of the RR
of true QTL, we took a simulation approach. In all simulations. This difference came from the relative ab-
experiments, 50 true QTL loci were distributed ran- sence of predicted QTL on the X chromosome and
domly across the genome, using two different models to chromosome 2 in RC simulations vs. RR simulations
control placement of the QTL. In one set of simulations, (see Table 1; Mann-Whitney U-test, P � 0.0001). Simi-
true QTL were distributed randomly on the basis of larly, CIM did not identify any X chromosomal QTL in
the recombinational map (RR simulations). This set of 10% of RC simulations, but all of the analyses of RR
simulations represents the assumptions inherent in simulations identified at least one X chromosomal QTL
most current simulated QTL mapping studies (e.g., (Fisher’s exact test, P � 0.0015).
Otto and Jones 2000). In the second set of simulations, Varying QTL effect sizes, heritability, and marker
true QTL were distributed randomly on the basis of the density: To explore the robustness of this pattern, we
distribution of coding regions on the physical map (RC allowed the true QTL to have effect sizes drawn from
simulations). This set of distributions reflects the more an exponential distribution rather than all having equal
realistic assumption that each coding region has an effects, as in the simulations described above. This effect
equal probability of being a gene that affects the trait size distribution may be expected for alleles fixed during
of interest in the absence of any specific knowledge of the process of adaptation (Orr 1998a, 1999). The re-
gene function. QTL Cartographer (Basten et al. 1999) sults of these simulations did not differ noticeably from
was then used to identify predicted QTL that could be the results of the simulations of true QTL bearing equal
detected by these standard methods. If the bias in the effect size for any of the parameters tested for either
distribution of coding regions per centimorgan were RR or RC simulations (Table 1). Having effects drawn
sufficiently high to significantly distort QTL detection, from an exponential distribution did not make pre-
then we expected to identify fewer predicted QTL in dicted QTL differ in strength, placement, or abundance
the analyses of RC simulations than in the analyses of from the basic simulations above.
RR simulations, and we expected that strong predicted We also simulated a phenotype having a heritability
QTL would be detected more often in regions of higher of 0.7 rather than 0.3. This higher heritability allowed
gene density per centimorgan than regions of low gene for the detection of a significantly greater number of
density per centimorgan in the RC simulations.

predicted QTL on all chromosomes together or individ-
The results of these simulated mapping experiments

ually in both RC and RR simulations as compared withwere unambiguous. Almost identical results were ob-
the simulated phenotype with a heritability of 0.3tained for both single marker linear regression analyses
(Mann-Whitney U-test, P � 0.0001). RC and RR simula-and composite interval mapping (CIM), so we focus
tions still differed significantly in overall number of QTLhere on the latter. First, in RC simulations, the strongest
detected (Mann-Whitney U-test, P � 0.0003), althoughpredicted QTL detected across the genome were within
this difference was proportionately much smaller (Table5 cM of the centromere of chromosomes 2 or 3 (usually
1). Nonetheless, the autosomes were still consistently3) in 46 of 100 simulated data sets (Table 1 and Figure
more likely to have predicted QTL associated with2). This is almost three times more frequent than the
greater effects than the X chromosome in RC simula-14 of 100 RR simulations in which the strongest pre-
tions. It was very rare that the strongest predicted QTLdicted QTL was associated with these two centromeric
would be associated with the X chromosome in RC simu-regions (chi-square, P � 0.0001). The reason for this
lations (see Table 1). In 13 of the RR and 53 of thedifference is that, in RC simulations, many true QTL
RC simulations, the strongest QTL detected were again(sometimes up to 7 out of 50) were placed within 1 cM
situated within 5 cM of the centromere of chromosomesof each autosomal centromere because of the much
2 or 3 (chi-square, P � 0.0001).higher gene density per centimorgan in these regions.

We also varied the marker density from every 5 cMThis clustering was interpreted by the mapping algo-
in the basic simulation to every 1 cM. This change hadrithms as a single strong predicted QTL in these regions.
an almost identical effect to increasing the heritabilityIn both simulations, no noticeable clustering of pre-
of the phenotype. The results of these simulations aredicted QTL was observed on the X chromosome, consis-
also presented in Table 1.tent with its more homogeneous distribution of genes

In all of these simulation variants, predicted QTL onper centimorgan. The LOD score of the strongest pre-
the X chromosome are typically still less abundant anddicted QTL was between 10.0 and 55.7 in RC simulations
weaker in RC simulations than in RR simulations. Corre-and between 10.8 and 37.3 in RR simulations (Mann-
spondingly, the strongest predicted QTL in RC simula-Whitney U-test, P � 0.0001).

CIM estimated 5–28 predicted QTL (mean 14.7) con- tions are typically within 5 cM of the centromere of
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TABLE 1

Comparison of composite interval mapping results in RC and RR simulations

RC RR

Heritability � 0.3, markers every 5 cM, equal distribution of QTL effects
Total QTL 14.7 � 0.5 (5–28) 17.9 � 0.4 (11–26)
X chromosome QTL 2.7 � 0.2 (0–10) 4.1 � 0.2 (1–9)
Chromosome 2 QTL 5.1 � 0.2 (1–13) 6.8 � 0.3 (3–17)
Chromosome 3 QTL 6.9 � 0.3 (2–16) 7.0 � 0.3 (2–14)
No X QTL 10/100 0/100
QTL on both 2 and 3 bigger than X 86/100 40/100
Largest QTL on X 3/100 23/100
Largest QTL near centromere 46/100 14/100

Heritability � 0.3, markers every 5 cM, exponential distribution of QTL effects
Total QTL 15.1 � 0.5 (8–34) 17.1 � 0.4 (10–27)
X chromosome QTL 2.8 � 0.2 (0–10) 4.3 � 0.2 (0–10)
Chromosome 2 QTL 6.2 � 0.3 (1–15) 6.5 � 0.3 (2–14)
Chromosome 3 QTL 6.1 � 0.3 (2–15) 6.4 � 0.3 (2–15)
No X QTL 11/100 1/100
QTL on both 2 and 3 bigger than X 85/100 47/100
Largest QTL on X 3/100 27/100
Largest QTL near centromere 46/100 8/100

Heritability � 0.7, markers every 5 cM, equal distribution of QTL effects
Total QTL 30.0 � 0.5 (18–41) 32.1 � 0.4 (24–45)
X chromosome QTL 6.6 � 0.2 (2–13) 7.9 � 0.2 (3–13)
Chromosome 2 QTL 12.0 � 0.3 (5–19) 11.9 � 0.3 (6–19)
Chromosome 3 QTL 11.4 � 0.3 (3–20) 12.3 � 0.3 (6–18)
QTL on both 2 and 3 bigger than X 89/100 42/100
Largest QTL on X 2/100 33/100
Largest QTL near centromere 53/100 13/100

Heritability � 0.3, markers every 1 cM, equal distribution of QTL effects
Total QTL 28.5 � 0.8 (12–48) 32.9 � 0.9 (13–57)
X Chromosome QTL 5.6 � 0.4 (0–22) 8.0 � 0.4 (3–20)
Chromosome 2 QTL 10.9 � 0.5 (3–27) 12.3 � 0.6 (1–29)
Chromosome 3 QTL 11.5 � 0.5 (3–29) 12.6 � 0.6 (4–29)
No X QTL 6/100 0/100
QTL on both 2 and 3 bigger than X 77/100 36/100
Largest QTL on X 1/100 30/100
Largest QTL near centromere 52/100 10/100

Means � standard errors or counts are given with the ranges presented parenthetically. In addition to
numbers of predicted QTL, we evaluated how often the predicted QTL of largest effect size on both major
autosomes was associated with more of the phenotypic variance than the QTL of largest size on the X chromo-
some. We also note how often the predicted QTL of largest effect was within 5 cM of the centromere of one
of the two major autosomes.

one of the two major autosomes, while those of RR length of the genome is along the X chromosome. These
observations may suggest a more severe bias in the in-simulations are more randomly distributed.

X chromosomal vs. autosomal QTL: In the simula- ferred effects of QTL due to clustering in centromeric
regions rather than on which chromosome a QTL istions above, we observed fewer predicted QTL on the

X chromosome in RC simulations relative to RR simula- likely to be detected.
However, we expanded our simulations to evaluatetions. This difference is consistent with the proportion

of coding sequences on the X chromosome: 17.2% of the likelihood of detecting strong true QTL on the X
chromosome vs. autosomes in the RC and RR models.QTL should be on the X chromosome according to

gene density, while RC simulations estimated 18.4% We again randomly placed 50 true “background” QTL
with small effects (37 having additive effects of 1 and(2.7/14.7, from Table 1) of predicted QTL to be on

the X chromosome. Similarly, RR simulations predicted 13 having additive effects of 2) along with three “larger-
effect” QTL with effect sizes twice as large as the largestthat 22.9% (4.1/17.9) of predicted QTL would be on

the X chromosome, while 24.9% of the recombinational of the background QTL (all having additive effects of
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some QTL but not large-effect autosomal QTL. This
observation suggests that variation in recombination
rate within D. melanogaster may cause true X chromo-
somal quantitative trait loci to be less likely to be de-
tected than true autosomal loci.

Transgressive segregation: Several mapping studies
have identified predicted QTL with effects opposite in
direction to the difference observed between the strains
being tested. To evaluate the effects of transgressive
segregation on the difference between RC and RR simu-
lations, we simulated three additional types of situations:
true QTL having a 50% probability of having effects in
either direction, true QTL having a 66% probability of
being in one direction, and true QTL having an 83%
probability of being in one direction. These were then
compared with our basic simulation in which 100% of
true QTL had effects in one direction.

The results of these simulations are presented in Ta-
ble 2. Generally, as more true QTL had effects in oppo-
site directions, fewer predicted QTL were detected. In-
terestingly, the difference between the X chromosome
and autosomes in RC vs. RR simulations decayed with
increasing transgressive segregation. However, even in
the simulations where only one-half of the true QTL
had effects in one direction, the largest predicted QTL
were typically near the autosomal centromeres in RC
simulations, significantly more often than in RR simula-
tions (Table 2; Fisher’s exact test, P � 0.0002).

All genes are QTL: As a final approach, we assigned
each of the �14,000 mRNA coding sequences from the
genome of D. melanogaster to contribute equally to the
simulated phenotype of interest. The result is presented
in Figure 3. Composite interval mapping predicted two
distinct predicted QTL peaks on the third chromosome,
each associated with �10% of the phenotypic variance;
two smaller peaks on the second chromosome; and one
region on the X chromosome significantly associatedFigure 2.—Composite interval mapping results from a ran-

domly selected RC-simulated mapping experiment (denoted with the phenotypic variance. Single marker linear re-
.z6 in inset). Vertical lines (denoted by .q) indicate the loca- gressions detected strong associations between markers
tions of one or more true QTL. The threshold for statistical and phenotype across both of the autosomes, but again
significance of this experiment (denoted .s) was LOD 2.4.

detected only two regions of the X chromosome as being
significantly associated with the phenotypic variance.

4). A total of 172 RC simulations and 188 RR simulations
were executed, the results were analyzed using compos-

DISCUSSION
ite interval mapping (Zeng 1994), and the number of
predicted QTL that were within 3 cM of the true larger- QTL mapping studies necessarily provide minimum

numbers of genes that contribute to differences be-effect QTL were counted. Among RC simulations, 30
of 80 (37%) true large-effect X chromosome QTL were tween strains, and all of our simulations corroborate that

fact. More significantly, two general patterns emergeddetected, and 213 of 436 (49%) true large-effect autoso-
mal QTL were detected. Among RR simulations, 67 of from our simulation studies of the effect of recombina-

tion rate variation on QTL mapping studies in D. melano-122 (55%) true large-effect X chromosome QTL were
detected, and 237 of 442 (54%) true large-effect autoso- gaster : biases in inferred effect sizes of QTL and biases

on which chromosomes QTL are likely to be detected.mal QTL were detected. Overall, true QTL were thus
more likely to be detected in RR than in RC simulations First, regions of low recombination (in this study, pri-

marily centromeric regions) are likely to harbor the(chi-square, P � 0.025). More specifically, RC and RR
simulations differed significantly (chi-square, P � 0.015) strongest apparent QTL. Given that all true QTL effects

were equal in our simulations, the reason for this ten-in the likelihood of detecting large-effect X chromo-
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TABLE 2

Comparison of CIM results in RC and RR simulations when there is transgressive segregation

RC RR

100% effects in one direction
Total QTL 14.7 � 0.5 (5–28) 17.9 � 0.4 (11–26)
No X QTL 10/100 0/100
QTL on both 2 and 3 bigger than X 86/100 40/100
Largest QTL near centromere 46/100 14/100

83% effects in one direction
Total QTL 13.4 � 0.4 (6–33) 15.7 � 0.4 (5–27)
No X QTL 21/100 3/100
QTL on both 2 and 3 bigger than X 76/100 44/100
Largest QTL near centromere 50/100 8/100

66% effects in one direction
Total QTL 11.2 � 0.4 (4–23) 12.6 � 0.4 (6–21)
No X QTL 21/100 11/100
QTL on both 2 and 3 bigger than X 67/100 41/100
Largest QTL near centromere 38/100 6/100

50% effects in one direction
Total QTL 11.9 � 0.4 (4–24) 11.7 � 0.4 (4–23)
No X QTL 13/100 13/100
QTL on both 2 and 3 bigger than X 53/100 45/100
Largest QTL near centromere 22/100 4/100

Means � standard errors or counts are given with the ranges presented parenthetically. In addition to
numbers of predicted QTL, we evaluated how often the predicted QTL of largest effect size on both major
autosomes was associated with more of the phenotypic variance than the QTL of largest size on the X chromo-
some. We also note how often the predicted QTL of largest effect was within 5 cM of the centromere of one
of the two major autosomes.

dency is that multiple independent true QTL were often a region of low recombination. Our simulations under
a perhaps unrealistic model, that of 50 small-but-equal-clustered in these regions, whereas in regions of high

recombination, single true QTL were more isolated effect true QTL, often predicted single QTL of large
effect in centromeric regions. Without explicit knowl-from others. This tendency does not result from the

properties of QTL mapping algorithms but is instead edge of gene density per centimorgan, no claims can
be made as to whether characters are “polygenic” oran artifact of variation in gene density per centimorgan

itself. Second, we found a tendency for regions of the “oligogenic” on the basis of QTL mapping results. If a
genome has been sequenced and regional recombina-X chromosome to harbor weaker apparent QTL (or

none at all) than autosomal regions. This tendency re- tion rates have been estimated, then perhaps one can
design a mapping protocol that would “correct” for vari-sults in part at least from the lower overall number of

genes per centimorgan across the X chromosome, and ation in gene density per centimorgan and yield more
accurate estimates of QTL numbers and effect sizes.it was amplified by the particularly high density of genes

per centimorgan in the centromeric regions of the two Many investigators interpret the “infinitesimal” model
of Fisher (1958) to predict “QTLs of equal estimatedautosomes.

Our observation that regions of low recombination magnitude distributed uniformly across the genome”
(Bradshaw et al. 1998, p. 380). However, the presenceshould often have strong predicted QTL is intuitive but

should not be trivialized. The assumption of homogene- of recombination rate variation would not support such
a prediction, even if a character were truly infinitelyity in gene density is explicit in virtually all simulation

studies of QTL mapping, explained simply as “true QTL polygenic. Instead, some regions of the genome would
be associated with fairly large effects, and others wouldwere randomly assigned to genomic locations,” and re-

ferring to assignments identical to our RR simulations. be associated with weak or no effects, which is generally
what is observed. This conclusion was upheld in ourThe assumption is also implicit in empirical QTL map-

ping studies, as the observation of a single QTL associ- simulated mapping experiment where every coding se-
quence of D. melanogaster was assigned as a true QTL,ated with much of the genetic variance is often interpre-

ted as a single or small number of genes associated with and yet parts of the genome were not significantly associ-
ated with the phenotypic variation.a disproportionate effect, rather than as the location of
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larly in regions of low recombination. This effect would
also be true if there are inverted regions that differenti-
ate strains being studied (e.g., Noor et al. 2001; Wil-
liams et al. 2001).

Our second observation, that the X chromosome of D.
melanogaster will typically have smaller effects associated
with it than the autosomes because of variation in gene
density per centimorgan, has not previously been sug-
gested. However, this finding corresponds with the
“small X-effect” suggested by several investigators in
smaller-scale genetic studies. The X chromosome was
not significantly associated with female sexual isolation
in studies of the species of this group, although strong
autosomal associations were frequently identified (Coyne
1989, 1992). This observation spurred some authors to
invoke differential selection pressures affecting the two
sexes as a mechanism to explain this small X-effect (Hol-
locher et al. 1997). Similar results were also obtained
in studies of the genetics of male secondary sexual char-
acters, where X chromosome effects should be easier to
identify than autosomal ones due to hemizygosity and
dosage compensation. In a study of the genetics of seven
male secondary sexual character differences between D.
simulans and D. mauritiana (True et al. 1997), X chromo-
somal regions tended to be more weakly associated with
phenotypes than autosomal regions: X chromosome
QTL consistently also had the weakest or next-weakest
associations with phenotypic variance for each character
studied. In a comparable study of the genetics of sexual
trait differences between D. simulans and D. sechellia (Mac-
donald and Goldstein 1999), QTL on the X chromo-
some were smaller on average than QTL on either of
the autosomes for each of the four additive traits tested.
The two QTL having the strongest association with each
trait were always autosomal. Several X chromosomal
QTL were identified, but such loci would be easier to
identify than comparable autosomal loci in males be-Figure 3.—Composite interval (denoted .z6) and single

marker linear regression (denoted .lr) results of a simulated cause of hemizygosity and dosage compensation.
mapping experiment in which every coding sequence in the The biases presented here may represent something
D. melanogaster genome contributes equally to the phenotype of a worst-case scenario: D. melanogaster has a very smallbeing studied. The threshold for statistical significance of this

number of chromosomes. Increasing the number ofexperiment (denoted .s) was just over LOD 2.0. Note the
chromosomes necessarily increases the overall amountdifferences in the scale of the y-axis.
of recombination in the genome through independent
assortment. Hence, if the number of chromosomes in-
creases without a corresponding increase in the numberRecent empirical results comparing mapping studies

that used recombinational linkage to molecular markers of genes [as, for example, noted in the similar number
of transcripts between D. melanogaster and Homo sapiensvs. physical mapping methodologies (e.g., deficiency

mapping) are consistent with the predictions of our (Lander et al. 2001)], the biases will likely decrease.
Finally, the biases that we observed were most strik-study. For example, Pasyukova et al. (2000) used defi-

ciency mapping to repeat an earlier genetic study of D. ingly different between our RC and RR simulations in
cases where most QTL had effects in the same direction.melanogaster longevity by Nuzhdin et al. (1997) that used

recombinant inbred lines. Within several of the regions This tendency would be particularly common in genetic
studies of adaptive traits (Orr 1998b). Indeed, recentidentified by longevity by Nuzhdin et al. (1997), Pasyu-

kova et al. (2000) identified four or five QTL. This work by Jones (1998) found very strong QTL for D.
sechellia’s resistance to toxins in morinda fruit to beobservation and our simulation results illustrate that

intervals to which QTL are mapped can represent the strongly associated with the pericentromeric regions of
the third chromosome and much weaker QTL on thecombined effect of multiple contributing loci, particu-
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Fisher, R. A., 1958 The Genetical Theory of Natural Selection. Dover,X chromosome. Jones (1998) interpreted this result as
New York.

consistent with an oligogenic basis to this trait, but our Frary, A., T. C. Nesbitt, S. Grandillo, E. Knaap, B. Cong et al.,
2000 fw2.2: a quantitative trait locus key to the evolution ofsimulations suggest it could also be polygenic.
tomato fruit size. Science 289: 85–88.QTL mapping can lead to identification of individual

Hamblin, M. T., and C. F. Aquadro, 1999 DNA sequence variation
genes contributing to a trait (e.g., Doebley et al. 1995; and the recombinational landscape in Drosophila pseudoobscura: a

study of the second chromosome. Genetics 153: 859–869.Long et al. 1998; Frary et al. 2000). Nevertheless, several
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