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ABSTRACT

Male mating behavior is an important component of fitness in Drosophila and displays segregating
variation in natural popluations. However, we know very little about the genes affecting naturally occurring
variation in mating behavior, their effects, or their interactions. Here, we have mapped quantitative trait
loci (QTL) affecting courtship occurrence, courtship latency, copulation occurrence, and copulation
latency that segregate between a D. melanogaster strain selected for reduced male mating propensity (2b)
and a standard wild-type strain (Oregon-R). Mating behavior was assessed in a population of 98 recombinant
inbred lines derived from these two strains and QTL affecting mating behavior were mapped using
composite interval mapping. We found four QTL affecting male mating behavior at cytological locations
1A;3E, 57C;57F, 72A;85F, and 96F;99A. We used deficiency complementation mapping to map the auto-
somal QTL with much higher resolution to five QTL at 56F5;56F8, 56F9;57A3, 70E1;71F4, 78C5;79A1,
and 96F1;97B1. Quantitative complementation tests performed for 45 positional candidate genes within
these intervals revealed 7 genes that failed to complement the QTL: eagle, 18 wheeler, Enhancer of split,
Polycomb, spermatocyte arrest, [(2)05510, and [(2)k02206. None of these genes have been previously implicated
in mating behavior, demonstrating that quantitative analysis of subtle variants can reveal novel pleiotropic

effects of key developmental loci on behavior.

QUANTITATIVE traits demonstrate a continuous
range of phenotypes in natural populations, re-
sulting from the combined effects of multiple genes
whose expression is influenced by the environment. A
major challenge of modern geneticists is to identify the
quantitative trait loci (QTL) and environmental factors
causing variation in quantitative traits. Most aspects of
morphology, physiology, and behavior are quantitative
traits, as are many human diseases and disorders, includ-
ing schizophrenia and susceptibility to addictive behav-
iors. These behaviors can be further understood
through the quantitative genetic dissection of behav-
ioral traits in a model organism, such as Drosophila mela-
nogasler.

Drosophila mating behavior provides an excellent
model system for determining the genetic architecture
of behavioral traits. The courtship behavior of Drosoph-
ilais composed of sequential actions that exchange audi-
tory, visual, and chemosensory signals between males
and females, allowing for the individual components of
the behavior to be separated (HAaLL 1994; GREENSPAN
1995). First the male aligns himself with the female.
Then he taps the female with his foreleg, performs a
“courtship song” by vibrating one wing, extends his pro-
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boscis to lick the female’s genitalia, attempts to copu-
late, and (if the female accepts his advances) copulates.
These actions vary within and among species in the
duration of courtship (GREENSPAN and FERVEUR 2000)
and copulation (MARKOW 1996).

Pelement insertional and chemical mutagenesis have
been used to identify genes involved in Drosophila
courtship behaviors (HALL et al. 1980; YAMAMOTO and
NaraNo 1998). Mutations in courtless (col; YAMAMOTO
and NaAgraNo 1998), cuckold (cuc; CASTRILLON el al.
1993), he’s not interested (hni; YAMAMOTO el al. 1997),
pale (ple; BUCHNER 1991; NECKAMEYER 1998), and ta-
pered (ta; BIEN-WILLNER and DoANE 1997) exhibit a
decrease in male courtship intensity, while mutations
in spinster (spin; SUZUKI el al. 1997), chaste (cht; YAMA-
MOTO et al. 1997), and dissatisfaction (dsf; FINLEY et al.
1997) display decreased female receptivity. Mutations
in period (per; Kyriacou and HALL 1980) and cacophony
(cac; vON SCHILCHER 1976; PEixoTo and HALL 1998)
result in altered rhythmicity in courtship song, and dis-
ruptions in components of the sex-determination path-
way genes Sex-lethal (Sxl), transformer (tra), transformer-2
(tra-2), or fruitless (fru; CLINE 1993; BARBASH and CLINE
1995; MACDOUGALL et al. 1995; FINLEY et al. 1997;
ScHUTT and NOTHIGER 2000) result in altered sexual
orientation.

In Drosophila, male mating ability is a critical compo-
nent of reproductive fitness (PARTRIDGE e al. 1985)
and exhibits significant inbreeding depression (SHARP
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1984). However, there is a considerable amount of seg-
regating variation for the individual components of mat-
ing behavior, as well as for mating preference (MANNING
1961, 1963; PArRsONs 1964), with estimates of heritability
(#*) for male mating speed ranging from 0.3 to 0.6
(MANNING 1961, 1963; Parsons 1964; CorLLINs and
HewrtTt 1984; CASARES et al. 1993). This variation is
plausibly maintained by genotype-by-sex interactions
(CASARES ef al. 1993; NUZHDIN el al. 1997; VIEIRA et al.
2000).

We know very little about the loci contributing to
naturally occurring variation in behavior, their effects,
and their interactions. Possibly, alleles at loci identified
through analysis of mutations contribute to variation
in mating behavior in natural populations. However,
mutations generated in an isogenic background have
not yet been screened for their quantitative effects on
mating behavior. Such screens for subtle allelic effects
of hypomorphic mutations are likely to reveal novel loci
affecting behavior (ANHOLT el al. 1996; LymAN el al.
1996; NoraGa et al. 2003) since genes affecting behav-
ioral traits are usually highly pleiotropic, with null muta-
tions leading to homozygous lethality (SOKOLOWSKI
2001). Alternatively, we can directly address the ques-
tion of which genes affect variation in mating behavior
by mapping QTL by linkage to polymorphic molecular
markers in populations that have been selected for re-
duced courtship or copulation latency. The major differ-
ence in using this technique to study behavioral traits,
rather than morphological ones, is that the former are
more sensitive to uncontrolled (or uncontrollable) envi-
ronmental fluctuations, necessitating the measurement
of larger numbers of animals to obtain accurate esti-
mates of the genotypic value of each line.

Here, we have mapped four QTL affecting compo-
nents of male mating behavior in a population of recom-
binant inbred lines derived from the wild-type strain
Oregon-R (Ore) and a strain selected for low male mat-
ing activity, 2b (Kaipanov 1990). We used deficiency
complementation mapping (PAsyukrova et al. 2000;
FANARA et al. 2002; DE Luca et al. 2003) to fine map
the autosomal QTL regions with higher resolution and
quantitative complementation tests (LONG et al. 1996;
MAackAaY and Fry 1996; FANARA ef al. 2002; DE Luca et
al. 2003) to mutations at positional candidate genes to
identify seven novel candidate genes contributing to the
difference in mating behavior between Ore and 2b.

MATERIALS AND METHODS

Genome scan for QTL affecting mating behavior: Drosophila
stocks: An inbred D. melanogaster line, 2b, was selected over
550 generations for reduced male mating activity (KAIDANOV
1990). We measured the proportion copulated and copulation
latency (see below) for the 2b strain and for Ore, a standard
wild-type and unrelated stock (LINDSLEY and Zimm 1992),
during a 2.5-hr observation period. Only 1 2b male of 42
observed mated within this time period, whereas 24 of 42 Ore

males mated. This difference is highly significant (G = 35.47,
P < 0.0001). However, there was no significant difference
between Ore and 2b females when paired with Ore males in
proportion copulated (G = 0.80, P > 0.05) or copulation
latency (i = 0.57, P > 0.05). Therefore, we focused our
analyses on male mating behaviors.

Ore and 2b were crossed and the F; progeny were back-
crossed to 2b and allowed to randomly mate for 4 generations.
A total of 200 individual pairs were selected in the fifth genera-
tion and their offspring were inbred by full-sib mating for 25
generations to create 98 recombinant inbred (RI) lines, each
with a unique combination of Ore and 2b genomes (NUZHDIN
et al. 1997). The genetic composition of these RI lines has
been determined using 80 roo transposable elements with poly-
morphic insertion sites between the parental lines and an
average spacing of 3.2 cM, and a visible marker sparkling (spa)
that is fixed within Ore on chromosome 4 but is absent in 2b
(NUZHDIN et al. 1997; VIEIRA et al. 2000). The 700 transposable
elements are located cytologically at 1B, 3E, 4F, 5D, 6E, 7D,
7E, 9A, 10D, 11C, 11D, 12E, 14C, 15A, 16D, 17C, 19A, 21E,
22F, 27B, 29F, 30AB, 30D, 33E, 34EF, 35B, 38A, 38E, 43A,
43E, 46A, 46C, 48D, 49D, 50B, 50D, 50F, 57C, 57F, 60E, 61A,
63A, 65A, 65D, 67D, 68B, 68C, 69D, 70C, 71E, 72A, 73D, 76A,
76B, 77A, 77E, 78D, 82D, 85A, 85F, 87B, 87E, 87F, 88E, 89B,
91A, 91D, 92A, 93A, 93B, 94D, 96A, 96F, 97D, 97E, 98A, 99A,
99B, 99E, and 100A. Chromosome 2is divided into two linkage
groups because the recombination between markers 50F and
57C was >0.5 cM (NUZHDIN et al. 1997).

Mating behavior assays: All flies were maintained at 25° under
12-hr light-dark cycles. Virgin flies were collected under brief
CO, exposure, separated by sex, and aged 5-7 days in small
groups (25 individuals or fewer per vial) to ensure reproduc-
tive maturity. Behavioral assays were performed for each line
by aspirating (i.e., not anesthetizing) three females and one
male of an RI line into 8-dram food vials containing ~3 ml
of standard cornmeal-agar-molasses medium. All experiments
were performed at 25°, 75% humidity, within 3.5-5.5 hr of
“lights on” to eliminate the known temperature, humidity,
and circadian influences. We recorded courtship latency (time
from the entry of the male into the vial to the initiation of
courtship), copulation latency (time from male vial entry to
copulation), and courtship duration (copulation latency —
courtship latency) for a period of 60 min. Since only 40 test
vials could be observed within each session, one vial for each
of 40 lines was observed, the 40 lines being chosen at random
each day, thus randomizing the environmental variation
within RI lines. A total of 20 independent measurements were
performed per RI line.

Quantitative genetic analysis: The latency and duration data
were analyzed by single classification, random-effects analysis
of variance (ANOVA) among the RI lines using the GLM and
VARCOMP procedures in SAS (Version 8.2; SAS INSTITUTE
1988). Examination of residuals from these tests indicated
that the assumptions of the ANOVA were satisfied without
transformation. The categorical trait of occurrence was ana-
lyzed with a G-test as well as with ANOVA. Broad sense herita-
bility (H?) for the traits in this population of RI lines was
computed as 6}/ (o} + o}), where o} is the among-line and
o} the within-line variance component. Pairwise genetic corre-
lations (7;) between traits were calculated as 1; = covyy/ (0,09),
where covyy is the product moment covariance between line
means for traits 1 and 2 and o, and o, are the square roots of
the among-line variance components for each trait separately.

QTL affecting mating behavior: For each of these measure-
ments, the mean value per line was calculated in seconds.
Since the observation period lasted 3600 sec (1 hr), flies that
did not mate within the time period were given a score of
3601. Line means were not transformed prior to analysis since
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they approximated a normal distribution. Genome scans for
QTL were performed for courtship latency, courtship occur-
rence, copulation latency, and copulation occurrence using
composite interval mapping (CIM; ZeNG 1994) as imple-
mented by QTL Cartographer (version 1.13; ftp:/esssjp.stat.
ncsu.edu/pub/qtlcart/) software (BASTEN et al. 1994, 1999).
CIM computes the likelihood-ratio (LR) test statistic, —2
In(Ly/L;), where (L,/L,) is the ratio of the null hypothesis
(there is no QTL within the test interval) to the alternative
hypothesis (there is a QTL within the test interval), taking
into account the segregation of unlinked QTL by multiple
regression. Marker cofactors were chosen for each trait by
forward-backward stepwise regression. LR test statistics were
computed every 0.1 cM using a “window size” (i.e., the distance
from the test interval within which marker cofactors are in-
cluded) of 10 cM. Empirical significance thresholds were de-
termined by randomly permutating the data 1000 times and
calculating the maximum LR across each marker interval for
each permutation (DOERGE ef al. 1997). If the maximum LR
statistic for the permutated data exceeded the original LR
statistic <b0 times, the marker interval was declared to be
significant at P = 0.05 (CHURCHILL and DOERGE 1994;
DOERGE and CHURCHILL 1996).

Test for epistasis among the random effects of markers: Pairwise
epistatic interactions were tested by running ANOVA models
including each marker closest to the significant QTL and one
pairwise interaction between markers (DiLpA and MAcCKAY
2002). A Bonferroni correction was applied to account for
multiple tests.

Quantitative complementation tests to deficiencies and mu-
tations: Deficiency complementation mapping: We used deficiency
complementation mapping (PAsyukova et al. 2000) to fine
map the three autosomal QTL affecting mating behavior. The
deficiencies tested and their cytological locations are given in
Table 1. Deficiency complementation cannot be used to map
traits expressed in males on the X chromosome; fine-scale
recombination will be necessary to map this QTL. Female flies
containing deficiencies (Df/Bal) uncovering autosomal QTL
regions were crossed to Ore or 2b males. Virgin males of the
four resulting genotypes (Ore/Df, 2b/Df, Ore/Bal, and 2b/
Bal) were collected, where Df denotes the deficiency and Bal
the balancer chromosome. Some stocks also contained a white
mutation, which could modify behavior due to decreased vi-
sual acuity. For these stocks, deficiency males were first crossed
to Samarkand Cy/Pm or Samarkand H/Sb females (depending
on whether the deficiency was present on the second or third
chromosome). Virgin females (Df/Cy or Df/Sb) were collected
and crossed to Ore and 2b, and w" males from this cross were
collected and assessed for mating behavior.

Mating behavior assays: Behavioral assays were performed as
described above with the following exceptions: Three Samar-
kand females were combined with one test male; 20 assays
were performed per deficiency per genotype (Ore/Df, 2b/Df,
Ore/Bal, and 2b/Bal); and one male of each genotype was
observed per deficiency in each observation period, the defi-
ciencies to be tested per day chosen at random (40 vials maxi-
mum = 10 deficiency stocks/observation period). For exam-
ple, one observation was made for each of the four genotypes
used to evaluate Dff{2R)CX1 (Ore/Df(2R)CX1, 2b/Df(2R)CX1,
Ore/ Bal, and 2b/Bal) for each observation period in which
Df(2R)CX1 was randomly chosen.

Statistical analysis: The test for quantitative failure to comple-
ment is whether the difference between the mating behavior
of the Ore/Df and 2b/Df flies is the same as the difference
in mating behavior between Ore/Bal and 2b/Bal. In other
words, quantitative complementation occurs when (Ore/Df —
2b/Df) = (Ore/Bal — 2b/Bal), and quantitative failure to
complement occurs when (Ore/Df — 2b/Df) > (Ore/Bal —

2b/ Bal). Quantitative failure to complement results in a sig-
nificant line-by-genotype interaction term in a two-way
ANOVA cross-classified design,

y=p+L+G+LXGHE

where p is the overall mean, Lis the main effect of the parental
line (Ore or 2b), Gis the main effect of genotype (Dfor Bal),
L X G is the interaction term, and E is the error variance
within L X G. If the variance of the differences (L X G) is
significant (ANOVA, P = 0.05), and the difference between
Ore/Df — 2b/Dfis greater than the difference between Ore/
Bal — 2b/Bal, i.e., consistent with an allelic interaction, then
we conclude that the deficient region failed to complement
Ore and 2b QTL (PAsyukova et al. 2000). Error variances for
the categorical traits of courtship and copulation occurrence
are not normally distributed and could violate the ANOVA
assumption of normality, yet ANOVA has been shown to be
robust in spite of departures from normality (LusH et al. 1948;
ROBERTSON and LERNER 1949; DEMPSTER and LERNER 1950).
Deficiency stocks that were found to be significant were re-
tested. The ANOVAs and tests of significance for these defi-
ciencies were repeated, pooling across replicates by adding
the random effect of replicate nested within the L X G term.
QTL locations were inferred using proximal and distal
breakpoints of nonsignificant deficiencies overlapping sig-
nificant deficiencies. Failure of deficiencies to complement
QTL confirms the presence of QTL in the candidate region.

Complementation tests to candidate genes: Quantitative comple-
mentation tests to candidate genes in the QTL regions defined
by deficiency mapping were used to further identify putative
candidate genes corresponding to the QTL (Table 2). All 34
candidate genes within regions defined by deficiency comple-
mentation mapping that had healthy stocks available were
assayed and analyzed using the procedure described above
for deficiency complementation mapping. An additional 11
candidate genes generated by insertion of the P{GT1] element
(LuracsovicH et al. 2001) in an isogenic derivative of Can-
ton-S as part of the Berkeley Gene Disruption Project (http:/
www fruitfly.org; NoRrGa et al. 2003) were tested using a slightly
altered paradigm. For the Baylor gene lines, single males were
paired with one female and whether or not copulation oc-
curred in 40 min was recorded since the previous assays indi-
cated that this is a sufficient protocol for determining signifi-
cance.

RESULTS

Mating behavior phenotypes and genetic variation in
mating behavior in RI lines: The average times to the
initiation of courtship behavior (1440 = 39.3 sec = 24.0
min) and copulation (2645 * 25.8 sec = 44.1 min), as
well as the occurrence of courtship (0.781 = 0.012)
and copulation (0.495 = 0.011), are similar for the
population of RI lines and the Ore parental strain
(1871 ® 238.1; 2637 = 171.1; 0.950 = 0.050; 0.524 =+
0.078, respectively). A comparison to the 2b parental
strain is not possible since only a single 2b male courted
and copulated within 2.5 hr—the maximum period for
direct observation.

There was significant genetic variation between the
98 RI lines for courtship latency (P = 0.0001; Figure
1A), courtship occurrence (P = 0.0001; Figure 1B),
copulation latency (P = 0.0001; Figure 1C), copulation
occurrence (P = 0.0001; Figure 1D), and courtship du-
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TABLE 1

Stocks used for deficiency complementation mapping

Chromosome 2

Chromosome 3

QTL Genotype Cytogenetic location QTL Genotype Cytogenetic location
57C-57F  Df(2R)CX1 49C1-4; 50C23-D2 72A-85F  Df(3L)vin7 68C8-11; 69B4-5
Df(2R)L48 50F6-9; 51B3 Df(3L)iro-2 69B1-5; 69D1-6
Df(2R)trix 51A1-2; 51B6 In(3LR)C190 69F3—4; 70C3-4
Df(2R)03072 51A5; 51C1 Df(3L)fz-CALS 70C2-6; 70E1
Df(2R)Jp1 51D3-8; 52F5-9 Df(3L)Brd6 70E; 71F
Df(2R)vg89e88 52B3-Cl; 5b3E2-F2 Df(3L)brm11 71F1-4; 72D1-10
Df(2R)jp6 52E3-5; 52F Df(3L)st-F13 72C1-D1; 73A3-4
Df(2R)jpS 52F5-9; 52F10-53A1 Df(3L)81k19 73A3; T4F
Df(2R)Pcl7B 54E8-F1; 55B9-Cl1 Df(3L)WI10 75A6-7; 75C1-2
Df(2R)PC4 55A; b5F Df(3L)VW3 76A3; 76B2
Df(2R)P34 55E2—4; 56C1-11 Df(3L)kto2 76B1-2; 76D5
Df(2R)017 56F5; 56F15 Df(3L)XS-533 76B4; 77B
Df(2R)min 56F8-17; 56F8-17 Df(3L)rdgC-co2 77A1; 77D1
Df(2R)AA21 56F9-17; 57D11-12 Df(3L)ri-79 77B-C; T7TF=78A
Df(2R)D4 57A1-3; 57B13 Df(3L)ME107 77F3; 78C8-9
Df(2R)exul 57A2; 57B1 Df(3L)Pc-2q 78C5-6; 78E3-79A1
Df(2R)Pu-D17 57B4; 58B Df(3L)Deltal AK  T9F; 80A
Df(2R)X58-7 58B1-2; 58E4-10 Df(3R)ME15 81F3-6; 82F5-7
Df(2R)X58-12 58D1-2; 59A Df(3R)3-4 82F3—4; 82F10-11
Df(2R)59AB 59A1-3; 59B1-2 Df3R)Tp110 83C1-2; 84B1-2
Df(2R)59AD 59A1-3; 59D1-4 Df(3R)roe 84A6-B1; 84D4-D9
Df(2R)twi 59C3—4; 59D1-2 Df(3R)dsx2 84C1-3; 84E1
Df(2R)bw-S46 59D8-11; 60A7 Df(3R)p712 84D4-6; 85B6
Df(2R)or-BR6 59D5-10; 60B3-8 Df3R)p-XT103  85A2; 85C1-2
Df(2R)Chi[g230] ~ 60A3-7; 60B4-7 Df(3R)by10 85D8-12; 85E7-F1
Df(2R)Px1 60B8-10; 60D1-2 Df(3R)by62 85D11-14; 85F16
Df(2R)Px2 60C5-6; 60D9-10 Df(3R)M-Kx1 86C1; 87B1-5
Df(2R)M6OE 60E2-3; 60E11-12 Df(3R)T-32 86E2-4; 87C6-7
Df(2R)ES1 60E6-8; 60F1-2 Df(3R)ry615 87B11-13; 87E8-11
Df(2R)Kr10 60F1; 60F5
Df(2R)Kr14 60F2; 60F5
96F-99A  Df(3R)96B 96A21; 96C2
Df(3R)Espl3 96F1; 97B1
Df(3R)TI-P 97A; 98A1-2
Df(3R)D605 97E3; 98A5
Df(3R)3450 98LE3; 99A6-8
Df(3R)Dr-rvl 99A1-2; 99B6-11
Df(3R)01215 99A6; 99C1
Df(3R)L127 99B5-6; 99E4-F1
Df(3R)B81 99C8; 100F5
Df(3R)awd-KRB ~ 100C;100D

ration (P = 0.0001; Figure 1E). Heritabilities were 0.28,
0.19, 0.25, 0.22, and 0.20, respectively, for courtship
latency, courtship occurrence, copulation latency, copu-
lation occurrence, and courtship duration.

There was a positive genetic correlation between
courtship and copulation latency (7; = 0.70; Figure 2A),
as well as between courtship and copulation occurrence
(1 = 0.72; Figure 2B). However, there was a negative
genetic correlation between courtship latency and
courtship occurrence (r; = —0.89; Figure 2C) as well
as between copulation latency and copulation occur-
rence (1r; = —0.94; Figure 2D), demonstrating that the

later that courtship or copulation is initiated, the less
likely it is to be successful. Additionally, there was a
stronger correlation, albeit negative, between latency
and occurrence (for both courtship and copulation)
than between courtship and copulation occurrence and
courtship and copulation latency, demonstrating that
the simpler measure of occurrence can be used as a
correlate for latency.

Genome scan for QTL affecting mating behavior:
There is significant variation among RI lines for all of
the traits measured, making it possible to implement
QTL mapping to identify candidate loci. We used CIM
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TABLE 2

Genes used for quantitative complementation tests

Significant QTL

Gene tested

Cytological location

56Fb5; 57B4

78C5h; 79A1

96F; 97A

smoothP¢0076 56D15-E1
1(2)k0800 2105002 56F6-9

18 wheeler®"«™> 56F8
humpy' 56F9; 58A1
mus209070 56F10-11
CGI11208;CG112095¢01288 56F11
1(2)s1866°1%% 56F11-12
CGI13871;CG8920°C0>18 56F16
1(2)s483 1! 57A3-4
1(2)k099201%%20 57A3-6
1(2)k162044152 57A5-6
1(2)05510%°1 57A5-6
CGI13432;CG134348602102 57A5-6; b7A6
bancal"”""" 57A6-7
1(2)k02206"7%2% 57A8-9
BG01609 57A9
1(2)k06409*54 57B1-3
CG13438;CG13439860%471 57B1; 57B2-3
inscuteable™ 57B3
spermatocyle arvest' 78A2; 78C9
1(3)0406307 78A3; 78D2
I(3)neo29! 78C
1(3)n3? 78C; 78D
CG5051;CG11308%c01%3 78C3—-4; 78C7
Polycomb’ 78C6-7
Agi}(:‘)}}?(;()lln 78C8
I(3)78Da* 78C8-9
SR3-7%R 78D; 7T9A
Hr 78° 78D1
1(3)005 347571 78D1-2
M6B(;00390 78D4

eagle’ 78E5-6

CG 714586002810 78F1
mushroom-body expressed”*">% 78F4-79B1
CG145605c0119 T9A7

taxi’ 96A20; 96F9
I(3)rQ1 9717 96F1-2
Enhancer of split™ 96F8
CG8354;CG8361 5602029 96F8
groucho” 96F8-9
PTickly" 96F11-14
spindle-D? 97A1-2
goulash’ 97A1; 98A2
Aldolase® 97A6
CG5467;CG54685¢01280 97B6; 97B9

1253

to localize QTL affecting components of male mating
behavior (ZENG 1994). Four QTL affecting courtship
occurrence and latency, as well as copulation occur-
rence and latency, were significant on the basis of per-
mutation-derived significance thresholds: 1A;3E, 57C;57F,
72A;85F, and 96F;99A. A fifth QTL at 61A;65A affecting
copulation latency had a LR (16.41) that was only
slightly less than the threshold (16.75). These regions
range from 2 to 21 ¢cM and encompass 87-1467 candi-
date genes. While two of the regions contribute to all

four mating behavior traits (Table 3, Figure 3), the
remaining two QTL contribute to only copulation la-
tency or courtship latency. We did not detect any QTL
for courtship duration despite the significant genetic
variation for this trait. The effects of this trait must
be too small to detect given the limited number of
measurements taken for courtship duration, which re-
quired both courtship latency and copulation latency
to occur in many of the lines. It is possible that there
are additional QTL for male mating behavior traits, but
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F16Ure 1.—Continuous distributions of means among the 98 RI lines for (A) courtship latency, (B) courtship occurrence, (C)
copulation latency, (D) copulation occurrence, and (E) courtship duration, sorted from least to greatest. The arrows represent

the mean of the Ore (red) and 2b (blue) parental lines.

their effects are too small to be detected given the sam-
ple size used. Even if this is true, it is still quite clear
that of the genes that have the greatest effect there are
some genetic factors that overlap in their contribution
to mating behavior as a whole, while others are specific
to individual components of mating behavior.
Epistasis between mating behavior QTL: We tested
for epistatic interactions between the marker closest to
each significant QTL (Table 3) and all of the other
markers. After Bonferroni correction for multiple tests,
none of the epistatic interactions were significant.
Deficiency complementation mapping: The sizes of
the QTL intervals range from 2 to 21 cM (with an aver-
age of 8.8 cM) and include 87-1467 genes. We therefore
utilized deficiency complementation mapping to re-
duce the size of each QTL interval (Table 4; supplemen-
tary Table 1 at http://www.genetics.org/supplemental/;
Figures 4 and 5). The QTL from 57C;57F fractionated
into two much smaller regions at 56F5;56F8 and at
56F9;57A3. The region from 72A;85F was reduced from
~13,000 kb to two smaller regions. One region at

70E1;71F1-4 was 25 kb, containing 22 genes for which
no mutant stocks were available, and another region
from 78C5-6;78E3-79A1 was 675 kb and contained 94
genes. The region from 96F;99A was reduced from
~2900 kb to a single smaller region at 96F1;97B1, with
580 kb and 98 genes. While each refined region could
represent the effect of a single gene, it is quite possible
that there are multiple closely linked genes within a
region contributing to mating behavior. It should be
noted that no candidate genes within these refined re-
gions have been previously implicated as affecting com-
ponents of male mating behavior. The inferences are
subject to the usual caveat regarding deficiency comple-
mentation tests: Failure to complement might be attrib-
utable to epistatic interactions between deficiencies and
Ore and 2b QTL not uncovered by the deficiencies
(Pasyukova et al 2000).

Seven candidate genes are associated with variation
in mating behavior: Of the mutations in 45 genes that
were tested (Table 2), mutations in 7 genes were found
to fail to complement Ore and 2b QTL alleles for com-
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Ficure 2.—Correlations among line means for (A) courtship and copulation latency, (B) courtship and copulation occurrence,
(C) courtship occurrence and latency, and (D) copulation occurrence and latency.

ponents of male mating behavior: {(2)k02206, 1(2)05510,
18 wheeler, spermatocyte arrest, eagle, Polycomb, and Enhancer
of split (Table 5; supplementary Table 1; Figure 6). None
of these genes have previously been implicated to affect
these traits.

DISCUSSION

QTL affecting mating behavior: We performed a ge-
nome scan for QTL affecting variation in components
of male mating behavior between Ore, a standard wild-
type strain, and 2b, a strain selected for reduced male
mating activity. At least four QTL, one each on the X
and second chromosomes, and two on chromosome 3,
contributed to the divergence between these strains in
courtship occurrence and latency and copulation occur-
rence and latency. Quantitative complementation tests
to deficiencies (PAsyukova et al. 2000) spanning the
autosomal QTL enabled fine mapping of these QTL to
five small regions, ranging in size from 25 to 675 kb and
containing from 22 to 98 positional candidate genes.

We are confident that the QTL affecting male mating
behavior are not simply a consequence of generally re-
duced fitness, since Ore and 2b do not differ genetically

for fitness (WAYNE et al. 2001). Further, the QTL
mapped in this study may be specific for mating behav-
ior, since we and others have mapped QTL for addi-
tional traits in the same set of recombinant inbred lines,
and they do not colocalize with the mating behavior
QTL. Specifically, QTL affecting variation between Ore
and 2b in sex comb tooth number (which are used
to grip the female during copulation; NuzHDIN and
RerwiTcH 2000), courtship song (GLEASON et al. 2002),
and locomotor activity (K. W. JORDAN, personal commu-
nication) do not overlap any of the QTL affecting male
mating behavior. Either the variation in these lines for
sex comb tooth number, courtship song, and locomotor
activity does not contribute significantly to the initiation
of courtship and copulation or variation in these modal-
ities alone does not affect the overall success of court-
ship in these lines.

The same caveat applies to this study as to all genome
scans for QTL using line-cross analysis: The number of
QTL detected is always a lower bound to the number
of QTL affecting naturally occurring variation in the
trait (Mackay 2001). More QTL, with smaller effects,
contributing to the divergence in components of mating
behavior between Ore and 2b could be detected by



1256

A. J. Moehring and T. F. C. Mackay

TABLE 3

Summary of QTL mapping results

QTL  Marker®  95% CL Trait LR* Effect’ kb* cM?®  No. loci”
1 1B 1A-3E Courtship latency 20.84 0.38 3,689 5 419
2 57C 57C-57F  Courtship latency 37.93 0.55 768 2 87
Courtship occurrence 23.16 0.46
Copulation latency 22.02 0.43
Copulation occurrence  32.28 0.47
3 63A 61A-65A  Copulation latency 16.41 0.45 5,336 21 606
4 76A 72A-85F Copulation latency 23.50 0.42 12,911 6 1,467
5 98A 96F-99A Courtship latency 26.87 0.44 2,885 10 328
97E-99A  Courtship occurrence 26.38 0.54
Copulation latency 20.10 0.45
Copulation occurrence  32.37 0.48

CL, confidence limits.
“Peak LR.

" Proportion of the phenotypic variance accounted for by each QTL (= a/0y).
“Size of the QTL region given by the 95% CL (= 2-LOD support interval), in kilobase (kb) pairs (SOrsa

1988).

“Size of the QTL region given by the 95% CL, in centimorgans; (LINDSLEY and ZimM 1992).
¢ Average number of genes in the QTL region defined by the 95% CL, based on a total eukaryotic genome
size of 120 Mbp and 13,600 genes and predicted genes; 1 gene on average = 8.8 kb (Apams et al. 2000).

increasing the number of recombinants as well as the
number of individuals tested per recombinant geno-
type. Further, these strains represent only a subset of
naturally occurring variation, and expanding the study
to other strains is likely to uncover additional QTL.
Nevertheless, it is interesting to compare these results
with studies in which QTL affecting aspects of mating
behavior have been mapped between “races” of D. mela-
nogaster and between different Drosophila species.
The Zimbabwe subpopulation of D. melanogaster is
partially reproductively isolated from other African pop-
ulations as well as all continental D. melanogaster strains

that have been tested: Zimbabwe females do not mate
readily with non-Zimbabwe males (Wu et al. 1995). Each
of the major chromosomes affects the ability of non-
Zimbabwe males to mate with Zimbabwe females (Hor-
LOCHER ¢! al. 1997). Further recombination mapping
of the third chromosome (TING et al. 2001) showed that
all of the third-chromosome QTL identified in this study
potentially overlapped those contributing to partial re-
productive isolation between the Zimbabwe subpopula-
tion and cosmopolitan strains. High-resolution map-
ping is necessary to determine whether the QTL
affecting variation in components of male mating behav-

FiGure 3.—LR scores and
significance thresholds plotted
against chromosome location
from multiple-trait composite
interval mapping for courtship
latency (purple), courtship oc-
currence (pink), copulation la-
tency (dark blue), and copula-
tion occurrence (gold). Hori-
zontal lines represent the sig-
nificance thresholds for each
trait and the triangles on the x
axis represent the locations of
cytogenetic markers.
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TABLE 4

Refined QTL regions as determined by deficiency complementation mapping with the P-values from ANOVA
for deficiencies that showed failure to complement

Courtship Courtship Copulation ~ Copulation

Refined QTL kb No. loci” Genotype latency occurrence latency occurrence
56F5-56F8 160 25 Df(2R)017 0.0144 0.0071 0.0491 0.0119
56F9-57A3 225 53 Df(2R)AA21 0.0009 0.0002 0.0020 0.0002
Df(2R)exul 0.0146 0.0078 NS 0.0350
70E1-71F4 25 22 Df(3L)Brd6 0.0033 <0.0001 0.0133 <0.0001
78C6-79A1 675 94 Df(3L)Pc-2q <0.0001 <0.0001 <0.0001 <0.0001
96F1-97B1 580 98 Df(3R)Espl3 <0.0001 <0.0001 <0.0001 <0.0001

NS, P> 0.05.

“ Approximate size of the QTL region in kilobase (kb) pairs and number of genes in QTL region defined

by FlyBase (FLYBAsSE ConsorTIUM 2003).

ior identified in this study are the same as those that
cause incipient reproductive isolation between the Zim-
babwe and Cosmopolitan races of D. melanogaster.

To what extent do QTL affecting variation in mating
behavior in D. melanogaster coincide with QTL affecting
variation in mating behavior and related traits between
the Drosophila species? MOEHRING et al. (2004, accom-
panying article, this issue) mapped QTL affecting the
one-way sexual isolation between D. mauritiana and D.
simulans. D. mauritiana females do not mate with D.
simulans males in the laboratory, but the reciprocal cross
occurs readily. At least seven QTL affect the preference
of D. mauritiana females for conspecific males, two of
which (52F;59C and 95C;97D) overlap the QTL mapped
in this study. At least three QTL affect the male D.
simulans traits against which D. mauritiana females dis-
criminate, one of which (95D;100E) overlapped the
third-chromosome QTL mapped here. The tip of chro-
mosome 3R also contained a QTL affecting courtship
song differences between D. pseudoobscura and D. persim-
ilis, at the cytological location equivalent to 93-98 in D.
melanogaster (WILLIAMS et al. 2001), overlapping the
QTL we found for courtship and copulatory behavior
at 96F-97B. In contrast, CIVETTA and CANTOR (2003)
mapped only one QTL affecting variation in courtship
latency and copulation latency between D. simulans and
its sibling species D. sechellia, to 84A-86B on the third
chromosome. This QTL does not overlap those detected
in this study.

It is intriguing that some QTL affecting variation in
mating behavior within D. melanogaster do colocalize to
those affecting interspecific variation in mating behav-
ior, but future high-resolution mapping studies are nec-
essary to demonstrate whether or not the same genes
are responsible. Lack of congruence between intra- and
interspecific QTL affecting variation in mating behavior
could be attributable to the restricted sample of genetic
variation within D. melanogaster or because largely differ-
ent loci contribute to segregating variation in mating
behavior within species and to prezygotic sexual isola-

tion between species. This issue can be resolved in the
future only by high-resolution mapping of QTL within
multiple species and by all possible interspecific compar-
isons among them, an endeavor for which Drosophila
is especially well suited.

Positional candidate genes affecting mating behavior:
Mapping QTL contributing to variation in components
of mating behavior within and between species can re-
veal potentially novel and evolutionarily significant loci
affecting adaptation and speciation, but only if the un-
derlying genes within the QTL intervals can be identi-
fied. Defining the contributing quantitative trait genes
is not trivial, since they have small and environmentally
sensitive effects, and tens of thousands of recombina-
tions must be screened to positionally clone each gene
(MAckAy 2001). It is not surprising that only a handful
of QTL have been mapped to the level of genetic loci
(GLAZIER et al. 2002) to date. In model organisms with
excellent genetic resources, conducting quantitative
complementation tests of mutations at positional candi-
date genes in the QTL intervals can define candidate
quantitative trait genes for further study (Mackay 2001;
FaNARA et al. 2002; DE Luca et al. 2003). Here, we have
used this approach to identify seven novel candidate
genes associated with variation in mating behavior be-
tween Oregon and 2b: [(2)k02206, 1(2)05510, 18 wheeler,
spermatocyte arrest, eagle, Polycomb, and Enhancer of split.

The gene product of [(2)05510 has not been charac-
terized. {(2)k02206 encodes a protein of unknown func-
tion that interacts with pannier. It is expressed in dorso-
central and scutellar bristles and in tormogen and
trichogen cells, implicating a role in peripheral nervous
system development. 18 wheeler (18w), located cytologi-
cally at 56F8, encodes a transmembrane receptor local-
ized to the plasma membrane. It is involved in morpho-
genesis during pattern formation and imaginal cell
determination, and mutants often display morphologi-
cal defects in their appendages. It is also a critical com-
ponent of the humoral immune response (ELDON et al.

1994; WiLLIAMS et al. 1997).
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spermatocyte arrest (sa), located at 78A2-C9, encodes a
product involved in spermatid development (FULLER
1998). It is required for male meiotic cell cycle progres-
sion and the initiation of postmeiotic differentiation
(LIN et al. 1996). Mutants have multipolar spindles in
male meiosis and irregular mitotic figures in the larval
neuroblasts, which is the result of aberrant behavior of
the mitotic spindle during embryonic cleavage (WILSON
and FULLER 1991). The meiotic arrest phenotype is simi-
lar to that seen for meiosis I maturation arrest infertility
in human males, suggesting that the pathway control is
conserved from flies to humans (LIN et al. 1996).

Polycomb (Pc), located at 78C6-7, is named for the
ectopic sex comb teeth on the second and third legs of
mutants (DuNcAN and Kaurman 1975). It interacts with
at least 59 other genes, including Antennapedia and tri-
thorax (FLYBASE CoNSORTIUM 2003). Polycomb expres-
sion is localized to the nucleus where it encodes a tran-
scriptional repressor (GOULD et al. 1990; ROSEMAN et al.
2001).

eagle (eg), located at 78F3, is aptly named for the
spread wing phenotype of mutants (DuNcaN and Kaur-
MAN 1975). It encodes a nuclear transcription factor
involved in fate determination of sister serotonin neu-
rons in the central nervous system (DITTRICH ef al.
1997). Serotonergic cells are almost entirely lacking in
loss-of-function mutants, while hypomorphic alleles re-
sultin a dramatic reduction in the number of serotonin-
producing neurons (LUNDELL and Hirsu 1998). This
gene is particularly interesting for three reasons. First,
Dopa decarboxylase (TEMPEL et al. 1984) and pale (BucH-
NER 1991), which are involved in the synthesis of dopa-
mine and serotonin, have previously been shown to
affect mating behavior. Second, the male-specific FRU
protein produced by the fruitless gene is coexpressed in
male-specific serotinergic neurons in abdominal ganglia
that project toward regions of the abdomen involved in
male reproduction, suggesting that fruitless may control
formation of these cells or serotonin production in them
(LeE and HALL 2001). Third, a polymorphism in 5-hydroxy-
tryptamine 2 (5-HT2), which encodes a serotonin receptor,
was exceptionally strongly associated with male D. sim-
ulans traits discriminated against by D. mauritiana te-
males (MOEHRING et al. 2004). These observations
strongly implicate the synthesis and regulation of bio-
genic amines in regulating mating behavior and causing
variation in mating behavior within and between spe-
cies.

Genes of the Enhancer of split [ E(spl)] complex, located
at 96F10, act as a functional unit composed of redun-
dant genes that can partially substitute for each other.

E(spl) encodes an RNA polymerase II transcription fac-
tor whose product is thought to function as a receptor
rather than serving as a signal (TEcHNAU and CAMPOS-
ORTEGA 1987). Itis involved in mesoderm development
(CorBIN et al. 1991) and differentiation of the neural
ectoderm into epidermoblasts and neuroblasts (KNuUsT
et al. 1987). Increased levels of E(spl) product favor
epidermal differentiation, whereas decreased levels fa-
vor neuronal differentiation. Mutants have no ventral
cuticle and display hyperplasia of the central nervous
system (KNUST et al. 1987).

None of these genes have been implicated previously
to affect mating behavior, most likely because their ef-
fects on behavior had not been (or could not be) tested.
Null mutations in many genes have an embryonic, larval,
or adultlethal phenotype as homozygotes, precluding
the characterization of their behavioral effects. How-
ever, assessing the effects of subtle, hypomorphic alleles
at candidate genes, either directly or through quantita-
tive complementation tests against QTL alleles, enables
us to characterize specific effects on behavior of highly
pleiotropic loci (SokoLowskr 2001). One limitation of
this method is that we were able to test only the 45
candidate genes within our mapped regions for which
a mutant stock was available. There were an additional
247 positional candidate genes for which mutant stocks
are not currently available, many of which might also con-
tribute to variation in mating behavior. The future avail-
ability of mutations in all Drosophila genes (SPRADLING et
al. 1999) will greatly facilitate identification of candidate
genes corresponding to QTL, using quantitative com-
plementation tests.

It is interesting to note that none of the genes that
are known to affect aspects of mating behavior (e.g.,
Sruitless, period, and transformer) are located in QTL re-
gions exhibiting significant variation for components of
mating behavior between Ore and 2b. This highlights
the complementary nature of mutational and quantita-
tive genetic approaches to the dissection of the genetic
architecture of any complex trait. Mutational analysis is
crucial for identifying the factors required to produce
normal mating behavior, but will miss mutations with
specific effects on behavior unless hypomorphic muta-
tions are induced in a controlled, homozygous genetic
background and their effects are assessed quantitatively
(ANHOLT et al. 1996; LYMAN et al. 1996; SOKOLOWSKI
2001; NorGa et al. 2003). However, only a subset of
loci necessary to produce normal behavior will actually
harbor alleles that affect variation in behavior between
any two strains, or in a large natural population, for two
reasons. First, as noted above, the two strains used for

»

»

Ficure 4.—The significant regions from QTL mapping (yellow) and deficiency complementation mapping (blue) for the
three major Drosophila chromosomes. Individual deficiencies that were tested are black lines, while those that showed failure
to complement are in red. Centromeres are represented by a gray oval.



1259

QTL for Drosophila Mating Behavior

V00l V66 V86 VL6 V96 VS6 V6 VE6 VIe VI6e V06 V68 V88 Vi8 V98 VE8  Vi8 VE8 VI8 VI8
13008 43006 43008 4300€ 43006 43008 44008 44004 43A0d 4¥A0E 49408 44406 43008 43008 JIA0E JIADE JIADH 4IADE 43IADE 43dDE

Ll ey NeEETER  BCERADRET  USSESSSOmhi

———— - e z
- STET— |
—
e |l
V08 YoL VL viL V9L VSL VL VEL Vil VIL VoL V69 V89 VL9 V99 V&Y vy vt9 vy vy
490248 43dod8 434009 43d0"d J434d0H 4Jdd0d 4d00d 43d0dD0H 4300d 43dD0d 43008 43d08 4300d 43d0d 43dO0E 4HADE 4342" 43008 4300H 434008

_____“_____“___:__________________“_____________________:___::______________ LOLCL O et

__]_1 _ _ _ _ _ I _ _ I I

w

—

- B— —_—

V09 V6§ V8BS VLIS VoS Ves  VPE  VES VIs VIS V0S V6r V8F Viv V9 VSb  V¥P VEY VIFr VIb
49008 43a0d 4dd0d 44008 4300d 43ADH 43008 3300 43Q0d J9A0E 4300H 4300H JHADE 43008 d43Qdd 43008 43006 43d0d 4300d 43004

“________:____________:_

| I I I [ [ _ _ _ _ _ I _ 1 I

Vo V6E V8t VLE Vot VSE VPE VEE VIE VIE V0E V6T V8T VLT V9T VST V¥l VET VIT VIC

43d28 43a08 43008 43008 43008 4H900d 43008 43008 43008 43ADE 43A0€d 43008 d43AdD0E 43008 43008 49004 49004 J430d0d 43006 430ADH

Lt et iy nrryyeigill
| I I I I I | I I _ I [ _ | _ I I I I _

V0T V6l V81 VLI V9l Vs Vvl Vel Vil VII VoI A V8 Vi V9 Ve Vv Ve Vi Vi

43028 43009 43d0d 43dod 43d0d 43009 43dod 13d0d 43004 430d0d 43040d 434O0d 4300d 43408 43004 dJ3dO0d 43d0€ J43d08 43008 J3ADH

Lt ety
_ I _ | I I I I [ _ _ I [ I I _ | _ | _

b £3

1€

LV e ey ____OMNN

(4

X




1260 A. J. Moehring and T. F. C. Mackay
Df(2R)017 Df(2R)AA21
3500 —12 3500 12 _
. 3000 1 g . 3000 . 1 §
§ 2500 08 & g0 L.~ log8
5 2000 06 £ = 2000 %«'\‘“ I 06 8
g 1500 04 E § = = 04 E
£ 1000 N £ 1000 [0 3
= 500 0.2 § = 500 [—/74———. 0.2 2
0 0 0 = L0
Df Bal Df Bal
Df(2R)exu1 Df(3L)Brd6
3500 12 3500 = 12 Ficure 5.—Deficiency complemer}tatif)n
3000 L 1 § 3000 y B tests anfi the standard errgrfor the deficiencies
g 2500 a8 5 ‘§‘ 2500 - E_ and tra1ts.that showed failure to complement.
@ 00 I\i T £ 5000 © %  Deficiencies (Df) and Balancers (Bal) crossed
Y 1500 e e 06 g Fry 1500 06 2 to Oregon (squares) and 2b (triangles) were
g 1000 f 0.4 E E 1000 0.4 g measured for courtship latency (dark blue),
2 5o :/i 0.2 § L 500 02 8 courtship occurrence (light blue), copulation
0 1o ° o 0 ©  Jatency (orange), and copulation occurrence
(yellow). Latency is measured in seconds; oc-
of Bal currence is measured as a proportion.
3500 - 3500 e _
. 3000 & . 3000 1§
§ 2500 2 E 2500 08 2
5 2000 g 7 2000 06 &
c 1500 | g e 1500 0.4 E
£ 1000 | 3 £ 1000 3
= 500 ‘ g = 500 02 g
0 0 + 0
Df Bal Df Bal

mapping QTL encompass only a small fraction of the
total genetic variation. Second, it is possible that some
loci required for producing normal behavior play such
a critical role in the development of the proper sexual
orientation and other pleiotropic functions that they
do not vary in nature, due to selective constraint against
any changes that would greatly decrease overall repro-
ductive success. On the other hand, QTL mapping iden-
tifies gene regions haboring functional alleles affecting
the trait in nature, but the actual genetic loci contribut-

ing to these QTL are most readily identified using com-
plementation tests to existing mutations.

The seven genes that fail to complement Ore and
2b alleles for quantitative differences in male mating
behavior are candidate quantitative trait genes in the
absence of further proof that they are functionally asso-
ciated with variation in behavior. Such studies will in-
clude analysis of gene expression and genetic interac-
tions with other loci affecting mating behavior, molecular
population genetic analysis of sequence variation within

P-values from ANOVA for candidate genes that showed failure to complement

TABLE 5

Courtship Courtship Copulation Copulation
Candidate gene latency occurrence latency occurrence
[(2)05510 0.0001 <0.0001 0.0018 NS
I(2)k02206 NS 0.0300 NS 0.0008
18w 0.0177 NS NS NS
sa 0.0002 0.0405 0.0116 NS
Pc 0.0008 NS <0.0001 0.0074
e 0.0202 <0.0001 0.0138 0.0017
E(spl) 0.0011 0.0003 NS 0.0205

NS, P> 0.05.
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and between species, and demonstration of a functional
difference between the Ore and 2b alleles by transforma-
tion into a strain containing a null allele of the candidate
gene.

Further, it is important to recognize that the genes
affecting variation in mating behavior between Ore and
2b may not be responsible for naturally occurring varia-
tion in mating behavior. It is possible that inbreeding
has fixed deleterious mutations affecting mating behav-
ior in one or the other of these lines. If these polymor-
phisms are rare in nature, they will contribute little to
variation. It is necessary to conduct linkage disequilib-
rium mapping studies to demonstrate that molecular
polymorphisms in the candidate genes are associated
with naturally occurring variation in behavior (MACKAY

tion occurrence (yellow). Latency is measured in
seconds; occurrence is measured as a proportion.

+08
+ 0.6
+04
+ 0.2

2001). This approach has been used successfully to show
that Dopa decarboxylase (Ddc), a candidate gene affecting
variation in longevity between Oregon and 2b, is associ-
ated with naturally occurring variation in life span (DE
Luca et al. 2003). Since longevity is also affected by
inbreeding depression, this study serves as proof of the
concept that one can identify candidate genes by map-
ping QTL that segregate between inbred strains and
then subsequently test whether they are responsible for
variation in wild populations.

Mutagenesis studies have identified single genes af-
fecting many aspects of mating behavior, providing the
genetic framework by which the formation of sexual
orientation, neural processing of external stimuli, and
manifestation of response are built. The definition of
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quantitative trait genes affecting mating behavior will
further characterize the components responsible for the
variation in the courtship ritual seen within and among
species, enhancing the picture of how genes and envi-
ronment interact to produce complex behavior. This is
a critical step in understanding the genetic basis of
adaptive evolution since it is only upon variation that
selection acts to create shifts in gene frequencies, lead-
ing to the divergent evolution of two populations and,
ultimately, speciation.

This work was funded by predoctoral fellowships from the North
Carolina State University W. M. Keck Center for Behavioral Biology
and the National Institutes of Health (NIH MH 85051) to A.].M and
NIH grant GM45344 to T.F.C.M. This is a publication of the W. M.
Keck Center for Behavioral Biology.
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