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MINOR QUANTITATIVE TRAIT LOCI UNDERLIE FLORAL TRAITS ASSOCIATED
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Abstract. The genetic basis of species differences provides insight into the mode and tempo of phenotypic divergence.
We investigate the genetic basis of floral differences between two closely related plant taxa with highly divergent
mating systems, Mimulus guttatus (large-flowered outcrosser) and M. nasutus (small-flowered selfer). We had previously
constructed a framework genetic linkage map of the hybrid genome containing 174 markers spanning approximately
1800 cM on 14 linkage groups. In this study, we analyze the genetics of 16 floral, reproductive, and vegetative
characters measured in a large segregating M. nasutus 3 M. guttatus F2 population (N 5 526) and in replicates of the
parental lines and F1 hybrids. Phenotypic analyses reveal strong genetic correlations among floral traits and epistatic
breakdown of male and female fertility traits in the F2 hybrids. We use multitrait composite interval mapping to jointly
locate and characterize quantitative trait loci (QTLs) underlying interspecific differences in seven floral traits. We
identified 24 floral QTLs, most of which affected multiple traits. The large number of QTLs affecting each trait (mean
5 13, range 5 11–15) indicates a strikingly polygenic basis for floral divergence in this system. In general, QTL
effects are small relative to both interspecific differences and environmental variation within genotypes, ruling out
QTLs of major effect as contributors to floral divergence between M. guttatus and M. nasutus. QTLs show no pattern
of directional dominance. Floral characters associated with pollinator attraction (corolla width) and self-pollen de-
position (stigma-anther distance) share several pleiotropic or linked QTLs, but unshared QTLs may have allowed
selfing to evolve independently from flower size. We discuss the polygenic nature of divergence between M. nasutus
and M. guttatus in light of theoretical work on the evolution of selfing, genetics of adaptation, and maintenance of
variation within populations.
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The genetic basis of species differences provides insight
into past evolutionary change and has long been a subject of
contention among evolutionary biologists. Darwin (1859)
posited a fundamental continuity between the variation
among individuals and the differences between species. In-
tegrated with modern genetics, this view has become a central
tenet of the evolutionary synthesis: Natural selection acts on
extremely slight phenotypic differences and adaptation re-
sults from the fixation of alleles with individually small ef-
fects at many loci (Fisher 1930). The micromutationist view
has been challenged almost since its inception, however, with
detractors arguing that adaptation and speciation often entail
the sorts of phenotypic jumps that Darwin ruled out (e.g.,
Huxley 1860; Morgan 1932; Gould 1980; Gottleib 1984).
Although it is now theoretically clear that gradual micro-
evolutionary processes can explain abrupt macroevolutionary
patterns (Charlesworth et al. 1982; Lande 1983), the empir-
ical problem remains largely unresolved (Orr and Coyne
1992). We still know little about the evolutionary processes
and genetic materials that underlie phenotypic divergence
between populations and species.

Most traits that differentiate populations or species do not
show simple Mendelian inheritance, but vary continuously
in segregating hybrid populations. This pattern alone dem-
onstrates that many traits are polygenic (Lande 1981), but
biometric approaches to estimating gene number can do little
beyond confirming the existence of multiple quantitative trait
loci (QTLs) underlying divergence (Zeng et al. 1990). In the
last decade, the development of genetic mapping techniques

and the increasing accessibility of molecular markers have
allowed direct investigation of the genetic architecture of
polygenic traits (Lander and Botstein 1989; Tanksley 1993;
Zeng 1994). QTL mapping studies of crop plants have found
that domestication often involves major alleles at genes with
pleiotropic effects and epistatic interactions (e.g., Doebley
and Stec 1993; Dorweiler et al. 1993; Tanksley 1993; Doe-
bley et al. 1995). Comparative QTL mapping has further
indicated that the same loci (but independent mutations) have
been involved in convergent adaptations to cultivation in
some domesticated plant groups (e.g., cereals: Paterson et al.
1995). These studies, and others in crop systems, demonstrate
the power of QTL mapping to genetically dissect complex
traits and indicate that strong artificial selection can produce
adaptation by large steps.

QTL studies of wild systems have suggested that genes of
large effect also play an important role in the phenotypic
differences between species (Bradshaw et al. 1995, 1998;
Voss and Schafer 1997). However, other studies have iden-
tified large numbers of relatively minor QTLs underlying
divergence in morphological traits between sister taxa (True
et al. 1997; MacDonald and Goldstein 1999; Zeng et al. 2000;
Westerbergh and Doebley 2002; for review see Orr 2001).
Because the power to detect QTLs and the degree of bias
toward overestimation of their effects is highly sensitive to
sample size (Beavis 1994) and the characteristics of the ge-
netic map (e.g., Jiang and Zeng 1997; Noor et al. 2001),
variation between systems in genetic architecture may be due
in part to differences in experimental design. However, var-
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iation in the number and magnitude of QTL effects may also
reflect variation in the nature of selection during phenotypic
divergence, as well as the nature of standing genetic variation
and the frequency and effects of new mutations. Recent the-
oretical work has generated clear predictions about the dis-
tribution and directionality of QTL effects underlying ad-
aptation (Orr 1998a,b), but we still have strikingly little the-
oretical or empirical information on the magnitude, pleiotro-
pic effects, and interactions of genetic factors recruited by
natural selection.

In this study, we investigate the genetic architecture of
phenotypic differences between two flowering plant species
with highly divergent mating systems (selfing vs. outcross-
ing). The shift from outcrossing to self-fertilization is perhaps
the most common evolutionary transition in flowering plants
(Stebbins 1970; Barrett et al. 1996) and has important im-
plications for the ecology, genetics, and long-term evolu-
tionary potential of populations. Natural selection may favor
the evolution of selfing for a number of reasons, including
reproductive assurance, energetic efficiency, and the pres-
ervation of coadapted gene complexes (for review see Jarne
and Charlesworth 1993). Selfing may also be favored by the
inherent transmission advantage of an allele causing self-
fertilization with no concomitant loss of outcross male fitness
(Fisher 1941; Nagylaki 1976). Inbreeding depression, which
is generally high in outcrossing populations (Husband and
Schemske 1996), will oppose the spread of selfing alleles
under both transmission selection and ecological selection
(e.g., Lloyd 1979; Lande and Schemske 1985). However,
theory also shows that a mutation causing complete or near
complete selfing will spread to fixation even in the presence
of high inbreeding depression (Lande and Schemske 1985;
Holsinger 1988; Charlesworth et al. 1990; Schultz and Willis
1995). In that case, the evolution of selfing would necessarily
involve very major genetic effects. Because we have clear
predictions about the magnitude and pleiotropic effects of
selfing rate modifiers fixed under different modes of selec-
tion, understanding the genetic architecture of traits associ-
ated with mating system evolution may be particularly useful
in untangling the complex dynamics of this transition.

Our QTL analyses focus on floral characters associated
with mating system divergence between Mimulus guttatus
(outcrossing) and M. nasutus (selfing), closely related mem-
bers of the M. guttatus species complex (yellow monkey-
flowers, Scrophulariaceae). Mimulus guttatus is the most
common species and presumed ancestral type in an interfer-
tile group containing several primarily selfing taxa. The spe-
cies complex has become a model system for the study of
mating system evolution and reproductive isolation (e.g.,
Vickery 1964; Kiang and Hamrick 1978; MacNair and Cum-
bes 1989; Ritland 1991; Dole 1992; Willis 1992; Fenster and
Ritland 1994b; Dudash et al. 1997; Fenster and Carr 1997;
Lin and Ritland 1997; Fishman and Willis 2001). Mimulus
guttatus exhibits characteristic adaptations for outcrossed
bee-pollination, including a showy corolla with a broad throat
and prominent landing pad and a touch-sensitive stigma ex-
erted beyond the anthers. Population-level outcrossing rates
are variable but generally high (0.66–1.0; e.g., Willis 1993b;
Latta and Ritland 1994). In contrast, M. nasutus flowers ex-
hibit little or no stigma-anther separation, have very reduced

corollas, and generally self-pollinate prior to anthesis. Al-
though the functional relationships between particular floral
characters and either autogamous selfing rates or individual
outcrossing rates have not yet been determined in yellow
monkeyflowers, floral characters such as corolla width or
stigma-anther separation clearly influence mating system
through pollinator attraction and/or self-pollen deposition
(e.g., Karron et al. 1997; Chang and Rausher 1998). By re-
ducing the probability of pollen transfer between diverging
populations, changes in such floral characters may also act
as prezygotic barriers to introgression and thus play a direct
role in the speciation process.

Prior to mapping QTLs underlying floral divergence, we
constructed a linkage map of a large F2 hybrid population
generated by crossing inbred lines of M. nasutus and M. gut-
tatus (Fishman et al. 2001). This framework map covers .
85% of the genome, contains codominant as well as dominant
markers, and meets high criteria for marker inclusion and
placement, providing a strong foundation for the accurate
localization of QTLs. For the phenotypic analyses, we mea-
sured 16 divergent floral, reproductive, and vegetative char-
acters in a large F2 mapping population (N . 500). We pre-
sent biometric analyses of all characters, but because non-
floral characters exhibit substantial epistatic breakdown in
hybrids (Fishman and Willis 2001), the QTL analyses focus
on seven floral characters associated with between-species
differences in mating system. Our large sample size provides
power to confidently detect and accurately estimate the ef-
fects of QTLs explaining as little as 5% of the genetic var-
iance segregating in such an F2 population (based on 0.6 trait
heritability, high linkage map density, and composite interval
mapping approach; Z.-B. Zeng, unpubl. ms). We use mul-
titrait composite interval mapping to locate floral QTLs, es-
timate their effects on individual characters, and assess the
extent of pleiotropy (Jiang and Zeng 1995). This multitrait
approach acknowledges the developmental integration of flo-
ral morphology and provides greater power to detect and
estimate small QTL effects. Our analyses generate a detailed
picture of polygenic adaptation in a flowering plant and pro-
vide insight into the evolution of selfing and the nature of
adaptive divergence in the wild.

MATERIALS AND METHODS

Study System

The yellow monkeyflowers of the M. guttatus species com-
plex (section Simiolus) are common wildflowers with their
center of diversity in western North America (Pennell 1951;
Vickery 1978). Extensive morphological variation and the
potential for hybridization has complicated taxonomic as-
signments within Simiolus, and the members of the M. gut-
tatus complex have been grouped into a few highly variable
species and also divided among as many as 20 distinct species
(e.g., Pennell 1951). Mimulus guttatus (2n 5 28), the most
common species in the complex, is predominantly outcross-
ing (Willis 1993b; Latta and Ritland 1994). However, routine
self-fertilization appears to have evolved at least several
times within the species complex (Pennell 1951; Vickery
1978; Fenster and Ritland 1994a). Mimulus nasutus Greene
(2n 5 28) is the most widespread and most distinct of the



2140 LILA FISHMAN ET AL.

selfing taxa, producing cleistogamous or nearly cleistoga-
mous flowers (Diaz and MacNair 1998). Mimulus nasutus is
generally thought to be derived from a M. guttatus–like an-
cestor, but phylogenetic relationships among members of the
complex have not been fully resolved (Fenster and Ritland
1994a; note that the taxon we refer to as M. nasutus probably
corresponds to M. micranthus as identified by these authors).

Partial pre- and postmating reproductive barriers isolate
M. guttatus and M. nasutus in the wild. Allopatric populations
are more common, but the two species often coexist in sea-
sonally wet areas such as road cuts and ephemeral stream-
beds. At sympatric sites, potential premating barriers to hy-
bridization include differences in microhabitat and flowering
time (Kiang and Hamrick 1978), as well as differences in
floral morphology (Ritland and Ritland 1989; Dole 1992),
pollen production (Ritland and Ritland 1989; Fenster and
Carr 1997), and pollen tube growth (Diaz and MacNair 1999)
associated with their divergent mating systems. Despite these
isolating mechanisms, hybrids are frequently observed in the
wild (e.g., Ritland 1991). Experimental hybridizations indi-
cate that partial postzygotic barriers have developed between
M. nasutus and M. guttatus (Vickery 1964, 1978). In addition,
analysis of the partial male and female sterility of the F1 and
F2 hybrids from the same cross studied here has implicated
negative epistatic interactions between heterospecific ge-
nomes as the primary source of hybrid breakdown (Fishman
and Willis 2001).

Generation of F2 Mapping Population

To simplify the interpretation of segregating genotypic and
phenotypic variation, we crossed a single inbred line of M.
guttatus with a single inbred M. nasutus genotype. The M.
guttatus parental line (IM62) was derived from an annual,
highly outcrossing population from the Oregon Cascades
(Iron Mountain: Willis 1993a; Sweigart et al. 1999). This
parental line was formed by more than five generations of
selfing with single seed descent (Willis 1993b) and is near
the outcrossed population mean for floral characters and pol-
len fertility (J. Willis and A. Kelly, unpubl. data). The M.
nasutus parental line was derived from a population in north-
central Oregon (Sherar’s Falls) and maintained for several
generations in the greenhouse through autonomous self-fer-
tilization. As expected from the cleistogamous floral mor-
phology of M. nasutus, both the Sherar’s Falls population
and the particular parental line used in this study (SF5.4) are
highly inbred (i.e., homozygous at marker loci highly variable
in M. guttatus populations; Kelly and Willis 1998). The F2
mapping population was generated by crossing the M. nasutus
and M. guttatus inbred lines (IM62 as pollen parent) to gen-
erate F1 hybrids, then self-pollinating a single F1 individual.

In March 1997, we grew the F2 mapping population (N 5
600 initially) and F1 hybrids and parental lines (N 5 100
each) in a common garden at the University of Oregon De-
partment of Biology greenhouse. Greenhouse and plant cul-
ture conditions were similar to those used during parental
line formation and in previous experiments with these pop-
ulations (Willis 1999a,b). The plants were grown in 2.25-
inch (5.6-cm) pots filled with a soil-less potting mix (Sun-
shine Mix # 2 Sun Gro Horticulture, Bellevue, WA) and

placed in a fully randomized design. We planted about five
seeds per pot and thinned to the centermost individual after
most seeds had germinated (14 days), but did not explicitly
measure germination rates or subsequent mortality.

Phenotypic Analyses

We measured 16 floral, vegetative, and reproductive char-
acters on plants that flowered. As an overall estimate of plant
size and vigor, we measured the lengths of the first two leaves
on each plant at the time of its first flower. For the first four
flowers on each plant, we recorded the date of anthesis and
measured seven floral size characters associated with shifts
in mating system (Fig. 1). The M. nasutus plants produced
both cleistogamous (generally the first four) and chasmo-
gamous flowers, whereas all M. guttatus and hybrid flowers
were chasmogamous. Phenotypic and QTL analyses were
conducted on plant means for the seven floral size characters.
Three components of male fertility—the number of viable
pollen grains per flower, the total number of pollen grains
per flower, and the fraction of viable pollen grains per
flower—were obtained from counts of aniline blue-stained
pollen collected from first two flowers on each plant (for
methodological details see Fishman and Willis 2001). We
quantified autonomous self-fertilization by counting the seeds
of the unmanipulated third flower on each plant in the insect-
free greenhouse. We estimated maximum female fertility per
flower by counting the seeds produced after supplemental
pollination of the fourth flower on each plant with M. guttatus
(IM62) pollen. We then calculated the ratio of autonomous
seed production to supplemented seed production (autofer-
tility), which provides a measure of autonomous selfing that
is independent of variation in ovule number or maternal re-
sources.

For each character, we calculated the mean and variance
of each class (IM62 parent, SF parent, F1, F2) and tested the
class distributions for normality (Shapiro-Wilks W-test; SAS
Institute 1994). Because the F1 hybrids and the two parental
lines are each genetically homogeneous, the phenotypic var-
iances of these classes reflect only environmental variance,
whereas the F2 phenotypic variance reflects both environ-
mental variance and the segregation of alleles at loci differ-
entiating the parental lines. We calculated the environmental
variance (VE) as a weighted average of the parental and F1
phenotypic variances,

2 Var(F ) 1 Var(IM) 1 Var(SF)1V 5 . (1)E 4

The environmental standard deviation (ESD) for each char-
acter was calculated as the square root of VE. We calculated
the genotypic variance as VG 5 Var(F2) 2 VE, then estimated
broadsense heritability for each character as H2 5 VG/Var(F2).
The environmental and genotypic covariance matrices were
estimated with parallel calculations (covE 5 average phe-
notypic covariance within the parental and F1 classes and
covG 5 cov[F2] 2 covE). Genetic correlations (rG) among
characters were estimated as covG(i, j)/sisj, where covG(i, j)
is the genetic covariance between traits i and j and si and sj

are the respective square roots of the genotypic variances of
the two traits. Environmental correlations were calculated as
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FIG. 1. Cutaway view of a Mimulus guttatus flower showing the floral traits measured for quantitative genetic and quantitative trait
locus analyses. In addition to the six traits illustrated, we also analyzed stigma-anther separation (style length minus stamen length).

covE(i, j)/sisj, where covE(i, j) is the environmental covariance
between traits i and j and si and sj are the respective square
roots of the environmental variances of the two traits. These
calculations assume no changes in the variance-covariance
matrix between generations in the common greenhouse en-
vironment. Genetic correlations were not calculated for char-
acters with negative estimates of H2.

Linkage Map

Previously, we constructed a linkage map by assessing the
genotypes of the F2 population (N 5 526) at 255 amplified
fragment length polymorphism (AFLP), microsatellite, and
gene-based markers (for full details of map construction see
Fishman et al. 2001). All marker loci mapped to 14 linkage
groups, which presumably correspond to the 14 pairs of chro-
mosomes in these Mimulus species. We used several rounds
of ordering and evaluation in Mapmaker 3.0 (Lander et al.
1987) to construct a framework map consisting of 174 mark-
ers that met additional reliability criteria (e.g., low apparent
error rates, additivity of intermarker distances) as well as our
statistical thresholds for linkage (LOD $ 6) and order (LOD
$ 2). We also made an effort to alternate dominant markers
from both phases with codominant markers, which provides
power for QTL detection and estimation comparable to maps
consisting entirely of codominant markers (Jiang and Zeng
1997). The linkage map spans 1780 cM Kosambi, has an
average interval length of 12 cM, and covers more than 85%
of the estimated genome length (Fishman et al. 2001). Al-
though there is significant transmission ratio distortion in

localized regions of the linkage map, it does not affect the
placement of mapped markers (Fishman et al. 2001). In ad-
dition, the distortion is probably not severe enough to di-
minish our power to detect and accurately estimate QTL ef-
fects. In all but one of the distorted regions (the exception
being LG11; Fishman et al. 2001), the sample size of even
the rarest homozygous marker genotype is more than 75 F2
individuals.

Quantitative Trait Locus Analyses

We mapped QTLs underlying the seven floral traits with
composite interval mapping (CIM; Zeng 1993, 1994) and
multitrait composite interval mapping (MCIM; Jiang and
Zeng 1995) using QTL Cartographer software (Basten et al.
2002). For each trait, the CIM procedure tests the hypothesis
that an interval between adjacent markers contains a QTL
affecting the trait, while using multiple regression on addi-
tional markers (cofactors) to statistically account for the ef-
fects of segregating QTLs elsewhere in the genome. The co-
factors included in each CIM model were determined with
forward-backward stepwise regression, with the critical P-
values set at 0.05. Tests were performed at 2-cM intervals
with a flanking window size of 10 cM used to exclude po-
tential cofactors tightly linked to the test interval. The like-
lihood ratio (LR) test statistic for each interval is 22 ln(L0/
L1), where L0/L1 is the ratio of the likelihood under the null
hypothesis of no QTL to the likelihood under the hypothesis
that there is a QTL in the interval. The LR statistic at a
genomic position is distributed as x2 with 3 df under the null
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TABLE 1. Phenotypic data for 16 Mimulus traits measured on parental lines and hybrids in a common garden. Floral length and width values
are in millimeters. Means, standard errors, and sample sizes (in parentheses) are given for each class. The difference in species means for each
character was standardized by its environmental standard deviation (ESD). Broad-sense heritabilities were calculated from the segregational
variance in the F2 hybrid population (see Materials and Methods).

Character

Class

M. guttatus
(IM62) F1 hybrids F2 hybrids

M. nasutus
(SF 5.4)

Mean
species
differ-

ence/ESD

Broad-
sense
herita-
bility
(H 2)

Leaf length
Days to flower
Tube length
Throat width
Corolla width
Style length
Stamen length
Stigma-anther distance

138.41 6 3.81 (96)
30.29 6 0.35 (97)
12.05 6 0.08 (97)
8.42 6 0.07 (97)

22.29 6 0.22 (97)
13.67 6 0.08 (97)
11.90 6 0.08 (97)
1.76 6 0.08 (97)

155.35 6 4.12 (95)
27.22 6 0.47 (97)
12.05 6 0.09 (97)
6.61 6 0.06 (97)

16.86 6 0.20 (97)
12.90 6 0.09 (97)
11.93 6 0.07 (97)
0.97 6 0.05 (97)

119.13 6 2.20 (543)
36.24 6 0.26 (563)
11.09 6 0.06 (564)
6.14 6 0.04 (564)

15.76 6 0.13 (564)
12.04 6 0.06 (564)
10.92 6 0.05 (564)
1.13 6 0.03 (564)

179.04 6 4.53 (88)
30.21 6 0.51 (90)
7.03 6 0.10 (94)
1.89 6 0.07 (94)
3.35 6 0.18 (94)
6.75 6 0.10 (94)
7.41 6 0.09 (94)

20.66 6 0.05 (94)

1.01
0.02
5.50

10.19
9.74
7.94
5.67
4.42

0.39
0.49
0.54
0.62
0.61
0.62
0.60
0.34

Corolla length
Viable pollen grains
Nonviable pollen grains
Fraction viable pollen
Total pollen grains
Autogamous seed set
Supplemented seed set
Percent autogamy

24.85 6 0.17 (97)
128.02 6 8.42 (61)
51.61 6 4.00 (61)
0.69 6 0.02 (61)

179.62 6 8.32 (61)
20.15 6 6.07 (60)

159.53 6 11.0 (60)
0.14 6 0.05 (56)

21.90 6 0.19 (97)
73.73 6 4.96 (79)
99.54 6 3.86 (79)
0.41 6 0.02 (79)

173.28 6 6.28 (79)
117.50 6 7.90 (80)
162.92 6 8.54 (77)

0.85 6 0.09 (75)

20.22 6 0.12 (564)
71.18 6 3.12 (560)
96.65 6 3.11 (560)
0.39 6 0.01 (560)

167.83 6 4.65 (560)
43.82 6 2.34 (530)
88.05 6 2.84 (541)
0.57 6 0.03 (510)

9.17 6 0.19 (94)
73.98 6 7.37 (53)
24.11 6 1.97 (53)
0.68 6 0.03 (53)

98.09 6 7.11 (53)
365.4 6 10.4 (51)
384.8 6 16.0 (51)
1.00 6 0.03 (49)

8.68
1.03
0.92
0.04
1.42
5.19
2.54
1.48

0.62
0.49
0.84
0.39
0.73
—
—

0.37

hypothesis (Jiang and Zeng 1995). As an initial screen for
QTLs with CIM, we used a rough LR threshold corresponding
to a Type I error rate of a 5 0.05 corrected for multiple tests
( , where M is the number of mapped intervals; Zeng2x0.05/M
1994).

Because the floral traits were highly genetically correlated
and the single-trait CIM analyses identified QTLs for multiple
characters in the same mapping interval, we then used MCIM
to jointly map QTLs affecting the seven floral size traits. The
MCIM procedure is similar to single trait CIM, but the LR
test statistic is 22 ln(L0/La), where La is the likelihood under
the alternative hypothesis that the interval contains a QTL
affecting any of the included traits. MCIM provides addi-
tional power and accuracy for mapping QTLs because it takes
into account the correlational structure of the phenotypic data
(Jiang and Zeng 1995). We used permutation tests (Churchill
and Doerge 1994; Doerge and Churchill 1996) to select a LR
threshold corresponding to an experimentwise Type I error
rate of a 5 0.05 for the joint mapping (n 5 1000 permuta-
tions). We permuted the phenotypic data across genotypes
while maintaining their correlations (i.e., the seven trait val-
ues for each individual were permuted as a block).

To determine whether the QTL positions identified by
MCIM significantly influenced a particular floral trait, we
used the test for pleiotropy proposed by Jiang and Zeng
(1995). Given a QTL position, pleiotropy is indicated by the
rejection of the null hypothesis of no QTL for more than one
trait each tested with no restriction on the others, but with
the model parameters estimated jointly by MCIM. The LR
test statistics under the null hypotheses for each trait at each
position will be x2 distributed with 2 df and, because each
position is fixed prior to the test, there is no correction for
multiple tests along the genome (Jiang and Zeng 1995). We
performed this test for each QTL identified by MCIM, de-
fining the test position as the interval between the markers
flanking the QTL peak. We used the single trait output from

the MCIM analysis to assess LR 5 22 ln(L0/L1), where L1
is the likelihood of a QTL affecting a particular trait, with
effects on other traits unconstrained. A LR threshold of 5.99
( ) was used to define significant effects on a given trait.2x0.05,2
Additive (a) and dominance (d) effects of the QTL were
recorded at the LR peak in the significant test intervals.

RESULTS

Phenotypic Differences among Species and Hybrids

The M. guttatus and M. nasutus parental lines were highly
differentiated for all floral characters (Table 1), with the mean
of the M. guttatus line 4–10 environmental standard devia-
tions (ESDs) higher than the M. nasutus line. Broadsense
heritabilities (H2) for these characters were moderate, ranging
from 0.34 to 0.62 (average 0.56). The corolla width data (Fig.
2) exemplifies the pattern of distribution for the floral char-
acters. Generally, the F1 and F2 hybrids had trait means great-
er than the midparent value (equal to the IM62 parent mean
in several cases), suggesting, on average, partial dominance
of M. guttatus alleles for flower size. Within each class, the
individual values for these characters were distributed ap-
proximately normally (Shapiro-Wilks W-test, P . 0.05), with
no evidence of multimodality. Although the F2 population
showed an increase in variance relative to the parental and
F1 classes, both parental extremes were not reconstituted.
This suggests the segregation of many genes of small to
moderate effect on floral characters.

The parental lines were also differentiated for most male
and female reproductive characters, but genetic analysis of
these traits is complicated by partial sterility in the F1 and
F2 generations (Table 1). As discussed in detail elsewhere,
low pollen viability and reduced ovule numbers/seed matu-
ration in hybrids appears to result from epistatic incompat-
ibilities between the parental genomes (Fishman and Willis
2001). Pollen viability (viable grains/total grains), the num-
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FIG. 2. Phenotypic distributions of corolla width in parental, F1
hybrid, and F2 hybrid Mimulus populations.

ber of viable grains, and the number of nonviable grains all
had F2 means and distributions inconsistent with an additive-
dominance model of inheritance (Fishman and Willis 2001).
Total pollen production (viable grains 1 nonviable grains),
in contrast, showed a pattern of inheritance similar to the
floral traits (Table 1). The IM62 parent produces twice as
many pollen grains as the M. nasutus line and, on average,
M. guttatus alleles appear dominant. However, the negative
epistatic interactions affecting male fertility characters in the
F2 generation makes them all poor candidates for QTL anal-
ysis.

The parental lines were also widely differentiated for fe-
male reproductive characters, with the M. nasutus (SF) line
producing 2.5 times as many seeds as the M. guttatus line
after supplemental hand-pollination and almost 20 times as
many by autogamous selfing. However, like pollen viability,
our measure of maximum female fertility (supplemented seed
set) shows strong hybrid breakdown. The F1 hybrids had

intermediate fecundities, with the average near the M. gut-
tatus (lower) mean. In contrast, the F2 hybrids matured half
as many seeds as the M. guttatus parent and the distribution
of individual seed numbers was strongly skewed toward zero.
The resultant reduction in segregational variance leads to a
negative estimate of H2 for this character. Because both the
parental classes and the F1 hybrids were approximately nor-
mally distributed around their means (Shapiro-Wilks W; P
. 0.05), simple transformations of the data are unlikely to
find a more appropriate underlying scale. Autogamous seed
set and percent autofertility (selfed seeds/maximum seeds)
showed a similarly epistatic pattern, with unexpectedly low
hybrid means relative to an additive-dominance model and
skewed distributions in the F2 generation. The two measures
of overall plant performance (leaf length and days to first
flower) also showed epistatic breakdown, with the F2 hybrids
flowering later (and with smaller leaves) than either parent
(Table 1). In contrast, the F1 hybrids flowered significantly
earlier than either parental class. The epistatic breakdown of
these female fertility and vegetative characters also precludes
CIM analysis in an F2 hybrid population.

Genotypic and Environmental Correlations

Strong genotypic correlations indicate pleiotropy or link-
age of genes affecting the different floral size characters (Ta-
ble 2). With the exception of pairs involving stigma-anther
separation (SA), which had relatively low heritability (H2 5
0.34), all pairs of floral traits had rG-values . 0.87. SA is
moderately correlated with style length (rG 5 0.56) and least
correlated with stamen length (rG 5 0.18), with rG-values of
0.21–0.36 for associations with the other floral size measures.
Environmental correlations (rE) showed a parallel pattern but
lower values (Table 2). The first six floral characters were
highly correlated with one another (rE . 0.65), and style
length is the character most correlated with SA (rE 5 0.44).
The environmental correlation between SA and stamen length
was negative (20.20), consistent with the calculation of SA
as style length minus stamen length.

Male fertility measures (e.g., viable pollen, total pollen)
were also genetically correlated with the six floral size char-
acters with high heritability (rG . 0.58). Percent autofertility
was only weakly correlated with the floral size characters (rG
5 0.18–0.28). However, a weak negative genetic correlation
with stigma-anther separation (rG 5 20.14) and strong cor-
relations with viable pollen grains and total pollen grains (rG
. 0.5) suggest that the functional contribution of these traits
to self-pollination may be detectable despite hybrid break-
down in female fitness. Environmental correlations between
male or female fertility traits and floral characters were gen-
erally very low (rE range: 20.12 to 0.27).

The two vigor characters showed strong and consistent
patterns of genotypic correlation with floral and male fertility
characters, suggesting loci or interacting sets of loci with
broad pleiotropic effects. Genotypic correlations of leaf
length (LL) with the flower size measures and male fertility
were positive and very high (rG range: 0.94 to 1.1). Genotypic
correlations of flowering time (days to first flower; FT) with
floral size characters, male fertility, and leaf length were
strongly negative (i.e., early flowering genotypes tended to
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have relatively large leaves and flowers). Leaf length showed
moderate environmental correlations with flower size char-
acters (rE range: 0.4 to 0.5), but environmental correlations
involving flowering time were generally low (rE range: 20.2
to 0.2).

Quantitative Trait Locus Analyses

Identification of floral quantitative trait loci. As a first
step, we used composite interval mapping (CIM) to map
QTLs underlying individual floral traits. We then used mul-
titrait CIM to map QTLs for all floral traits in a single joint
analysis. Given the strong genotypic and environmental cor-
relations among traits, the joint mapping (MCIM) approach
is more appropriate (Jiang and Zeng 1995). Because the two
methods identified overlapping sets of QTLs, but MCIM has
more power to detect and estimate the effects of those QTLs
on all traits, we focus on the joint mapping results here.

Based on the likelihood-ratio statistic (LR) profile of the
joint MCIM model (Fig. 3), we identified 24 putative QTLs
affecting one or more floral traits. QTLs were located on all
14 linkage groups. Twenty-three LR peaks exceeded the per-
mutation-based detection threshold of 41.17, but we excluded
two of those and also accepted several lower peaks based on
the single trait LR profiles produced by CIM and MCIM. On
LG1, we identified only a single QTL (;50–60 cM) because
the slight dip between adjacent peaks was associated with a
single codominant (more constrained) marker and the phe-
notypic effects of putative QTLs at the two peaks were in-
distinguishable. On LG2, we accepted a QTL at 116 cM with
a marginally significant LR statistic of 40. In the CIM anal-
yses, two flower width traits both had LR peaks greater than
our standard single-trait LR threshold ( 5 18.54; see2x2,0.0003
Materials and Methods) at this position. The three adjacent
peaks on LG3 were accepted as separate QTLs because each
had distinct effects on corolla width and other characters. We
accepted a QTL on LG4 that had a marginally significant
joint LR of 36 but significant QTL peaks for two flower length
traits in the single trait CIM. On LG5, two peaks exceeded
the joint LR threshold, but the one at about 85 cM appears
to be a spurious ghost peak between the peak at 110 cM and
an insignificant peak at about 64 cM. Both the single-trait
LR profiles from MCIM and the CIM of individual traits
identified a QTL peak at 64 cM for corolla width but no 85
cM peak in LR for any trait, so we place the putative QTL
at the former location. Finally, we accepted a marginally
significant peak (LR 5 39.5) at about 36 cM on LG11. Sig-
nificant QTL peaks at this location were independently iden-
tified in the single trait CIM analyses of both stigma length
and stigma-anther separation.

Pleiotropy of quantitative trait loci. We used Jiang and
Zeng’s (1995) test for pleiotropy to determine which traits
each floral QTL affected. The additive and dominance effects
of the significant QTLs underlying each trait are given in
Table 3 (many of these QTLs also had nonsignificant but
above-background peaks for the other traits). Almost all (21
of 24) of the floral QTLs identified by MCIM had significant
effects on multiple traits. Five QTLs had very broad pleio-
tropic effects, significantly influencing all of the measured
floral traits, and two more affected all traits other than stigma-
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FIG. 3. Likelihood-ratio (LR) test statistic profile from multitrait composite interval mapping of seven floral traits in the Mimulus nasutus
3 M. guttatus F2 population. The dashed line indicates the LR significance threshold for joint mapping generated by permutation analysis
(a , 0.05, experimentwide). We identified 24 quantitative trait loci across the 14 linkage groups, primarily based on peak height relative
to the LR threshold (see text for explanation of individual peaks). The positions of mapped markers (D, codominant; m, dominant) are
shown along each linkage group.

anther separation. Other QTLs had effects restricted to par-
ticular aspects of floral size (e.g., QTL2 and QTL4 signifi-
cantly affected only the two floral width characters). Al-
though several of the highly pleiotropic QTLs affected stig-
ma-anther separation, this character also accounted for two
of the three QTLs with effects on only a single trait and a
disproportionate number of those with effects on two traits.
The large number of floral QTLs with pleiotropic effects
translates into a similarly polygenic basis for each individual
trait (mean number of QTLs 5 13, range 5 11–15).

Direction of quantitative trait locus effects. In general, the
direction of QTL allelic effects was consistent with the phe-
notypic differences between the parental species (i.e., the
smaller-flowered M. nasutus carried the minus allele). How-
ever, there were a few highly pleiotropic QTLs (e.g., QTL9
and QTL21) where the M. nasutus allele had opposite effects
on all characters (positive values in Fig. 4). At two other
highly pleiotropic QTLs (QTL15 and QTL23), the M. nasutus
allele reduced all length and width characters, but had op-
posite effects on stigma-anther separation (by reducing sta-
men length to a greater degree than style length).

Dominance relationships. Many of the floral QTLs

showed at least partial dominance of one parental allele, but
no overall pattern of directional dominance was evident (Ta-
ble 3). For example, the M. nasutus allele at QTL8 has par-
tially to completely recessive effects on five floral characters,
whereas the M. nasutus allele at QTL17 has completely dom-
inant effects on style length (Table 3). Two QTLs (QTL16
and QTL21) displayed strong overdominance, as indicated
by positive dominance effects much greater than the absolute
magnitudes of the corresponding additive effects. This could
reflect true overdominance, but is more likely to result from
the unusually low density of markers (particularly codomi-
nant markers) in these regions of the linkage map. Low mark-
er resolution may reduce power to estimate heterozygous
effects accurately and may also increase the probability of
associative overdominance due to multiple QTLs linked in
repulsion.

Magnitude of quantitative trait locus effects. To assess the
magnitude of QTLs, we scaled their additive effects in two
ways (Fig. 4). For studies of divergence, one biologically
relevant measure of QTL size is the proportion of the species
difference explained by the substitution of alternative alleles.
For QTLs affecting each floral trait, we first standardized 2a
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TABLE 3. Additive (a, above) and dominance (d, below) effects of the 24 quantitative trait loci (QTLs) on each floral character. QTL effects
are only shown if the single-trait likelihood ratio at a QTL located by joint mapping (MCIM) exceeded the significance threshold of 5.99
(x ). Mimulus guttatus homozygous genotypes were scaled to zero and M. nasutus homozygotes to 2a. Thus, negative values of a indicate2

0.05,2

that M. nasutus carries the minus allele.

QTL
Position

(LG, marker, cM)
Throat
width

Corolla
width

Tube
length

Corolla
length

Style
length

Stamen
length

Stigma-
anther

1 1, 7, 61 20.115
20.057

2 2, 10, 114 20.195
20.024

20.672
20.046

3 3, 2, 9 20.762
0.203

20.244
0.050

20.169
0.133

20.109
20.102

4 3, 5, 19 0.442
20.003

1.184
0.060

5 3, 7, 38 20.221
20.047

20.841
20.183

20.223
20.182

20.178
20.237

6 4, 2, 17 20.395
20.139

20.275
20.094

20.540
20.151

7 4, 13, 148 0.231
20.031

0.031
0.159

8 5, 5, 64 20.155
0.110

20.823
0.433

20.245
0.156

20.688
0.262

20.245
0.231

20.182
0.234

9 5, 10, 103 0.170
20.192

0.684
20.787

0.408
20.343

0.759
20.577

0.530
20.444

0.402
20.233

0.225
20.096

10 6, 1, 4 0.186
0.090

20.190
0.153

11 7, 8, 63 20.182
0.130

20.694
0.061

20.255
20.002

20.782
20.040

20.463
20.055

20.248
0.015

20.219
20.072

12 8, 2, 25 20.146
0.160

20.331
0.257

20.148
0.162

20.185
0.084

13 8, 13, 116 20.246
0.170

0.122
0.011

14 9, 12, 89 20.085
20.185

20.317
20.473

20.231
20.360

20.448
20.603

20.269
20.165

20.138
20.301

20.150
0.149

15 10, 8, 81 20.369
0.076

21.377
0.104

20.268
0.128

20.915
0.250

20.213
0.157

20.361
0.106

0.172
0.027

16 11, 1, 10 20.632
1.367

21.467
2.95

20.623
1.367

20.625
1.192

17 11, 2, 34 20.246
20.252

20.190
20.120

18 11, 9, 100 20.611
20.294

20.382
20.071

20.719
20.056

20.265
0.011

19 12, 1, 14 0.199
20.095

20 12, 11, 96 20.151
20.141

21 13, 3, 66 0.157
0.550

0.440
1.427

0.550
0.514

0.667
1.294

0.259
0.557

0.167
0.609

22 13, 7, 127 20.112
20.229

20.114
0.019

23 14, 2, 16 20.495
0.342

20.736
0.717

20.650
0.589

21.366
1.248

20.643
0.655

21.146
1.027

0.115
0.084

24 14, 9, 112 20.254
0.019

20.272
0.481

20.222
0.233

20.313
0.493

20.091
0.214

by the difference in the parental means (Fig. 4a). For floral
width traits, the leading QTLs each explained only 15% of
the species difference and most QTLs (.75%) had homo-
zygous effects smaller than 10% of the species difference.
In total, the QTLs affecting these characters account for only
about half of the species difference, suggesting that many
smaller (undetected) QTLs or epistatic interactions may also
contribute to divergence in flower width. The leading QTLs

for flower length characters (QTL16 and QTL23) were larger,
together spanning one-half to one-third of the species dif-
ference (tube length, 51%; total flower length, 36%). QTL
effects on style length were more moderate, but all together
accounted for a similar total amount of the species difference
(;75%; Fig. 3a). The leading length QTLs had dispropor-
tionate effects on stamen length, with the substitution of M.
nasutus alleles at QTL23 and QTL16 generating reductions
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FIG. 4. The distributions of homozygous effects (2a) at individual
quantitative trait loci (QTLs) scaled to (a) the difference in parental
line means and (b) the environmental standard deviation (ESD) for
each trait. QTLs at which M. nasutus alleles decrease the trait value
have negative values of 2a. The total percentage of the species
difference explained by all QTLs detected for each trait is given
in parentheses.

in stamen length equivalent to 51% and 27%, respectively,
of the difference between the parental species. Not surpris-
ingly, stamen length was the only character for which the
detected QTLs explained all of the difference in the species
means. Stigma-anther distance was not as strongly affected
by any single QTL, but seven QTLs with effects in the ex-
pected direction (M. nasutus minus) each accounted for more
than 10% of the species difference in this character. The
relatively large number of moderately sized QTLs affecting
stigma-anther separation may reflect some aspect of this char-
acter’s genetics or development, but the relatively low mea-
surement resolution (and low heritability) of this character
may also constrain the estimation of QTL effects.

A second measure of the evolutionary impact of a novel
QTL allele is the magnitude of its effects relative to variation
within the background population. If the phenotypic distance
between species is large, even QTL alleles with quite small
effects relative to the current species difference may have
appeared as major mutations in an ancestral population. One
way to assess this is to consider QTL effects relative to the
environmental component of phenotypic variance. In Figure
4b, we show the distribution of QTL homozygous effects
(2a) for each floral character standardized by the environ-
mental standard deviation (ESD) for that character. At the
majority of QTLs, the substitution of one parental genotype
for the other caused a change in phenotype equivalent to 0.5–
1.0 ESDs. Only a single QTL had a homozygous effect great-
er than 2 ESDs (QTL23 on stamen length).

DISCUSSION

The Genetic Architecture of Floral Traits Associated with
Selfing in Mimulus

Like many sister taxa with divergent mating systems, M.
guttatus and M. nasutus are widely differentiated for multiple
floral and reproductive characters. Autogamous self-fertil-
ization in M. nasutus is associated with striking reductions
in corolla size and stigma-anther separation, as well as with
changes in the production of male and female gametes (Table
1). Because the selfing and outcrossing members of the M.
guttatus complex are generally interfertile at the level of hy-
brid seed production, the genetic architecture of their dif-
ferences has been well characterized with traditional quan-
titative genetic (biometric) methods (MacNair and Cumbes
1989; Fenster and Ritland 1994). Our phenotypic data on
hybrids between M. nasutus and M. guttatus corroborate the
general patterns observed in these previous studies: inter-
specific variation in floral traits is moderately heritable (Table
1), relatively low segregational variance in the F2 generation
rules out single gene control (Fig. 2), and phenotypic asso-
ciations among traits often reflect strong genetic correlations
(Table 3). We also observe average dominance of the M.
guttatus (larger) phenotype for most floral traits, similar to
the pattern observed in crosses between M. guttatus and selfer
M. cupriphilus (MacNair and Cumbes 1989), but opposite to
that reported for several other crosses between selfers and
M. guttatus (Fenster and Ritland 1994b). While illustrating
the complexity of mating system as a trait, this aggregate
view of the genetic architecture of divergence leaves several
important issues unresolved. How polygenic are floral traits?
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Do major QTLs play a role in the evolution of floral traits
associated with selfing? Are the observed genetic correlations
among floral traits due to pleiotropy? What are the dominance
relationships of alleles at individual QTLs? By mapping and
characterizing QTLs underlying floral divergence between M.
guttatus and M. nasutus, we explicitly address these questions
and can begin to infer past evolutionary processes.

Quantitative trait locus number. The changes in floral
morphology associated with the evolution of selfing in M.
nasutus are highly polygenic. We identified 24 QTLs under-
lying the differences between M. nasutus and outcrosser M.
guttatus in seven floral traits (Table 3), and almost all of
these QTLs significantly affected more than one floral char-
acter (for a total of 91 significant QTL effects). We detected
at least 11 QTLs underlying each floral trait and, with the
exception of stamen length, the QTL effects on each trait
summed to less than 80% of the difference between the pa-
rental species. This unexplained difference suggests either
the action of additional QTLs of individually undetectable
effect or genetic background effects and/or epistatic inter-
actions among detected QTLs. The high-coverage of our link-
age map and large F2 mapping population provides power
for composite interval mapping of QTLs explaining as little
as 3% of the phenotypic variance in a given floral trait. It
follows that any undetected QTLs have even smaller effects
and are probably very numerous. For example, in the absence
of epistasis, at least 18 additional QTLs with effects on co-
rolla width just smaller than the smallest detected QTL (2.5%
of species difference) would be required to explain the di-
vergence in this character. Because all methods of estimating
gene number are inherently biased toward underdetection of
QTLs and overestimation of QTL effects (Beavis 1994; Zeng
1994) and each QTL region may contain multiple linked
genes, the large number of QTLs we detected is an absolute
minimum estimate of gene number.

The number of QTLs identified here is similar to or greater
than previous biometric estimates of the effective number of
factors controlling floral characters in the M. guttatus species
complex. For example, Fenster and Ritland (1994b) calcu-
lated a minimum of 13.7 factors (range 7.5–42.5) underlying
corolla width divergence between an annual, outcrossing M.
guttatus similar to our Iron Mountain population (which they
termed M. nasutus; for illustration of this identification see
Ritland and Ritland 1989) and selfer M. micranthus (probably
the same species as our M. nasutus). In contrast, MacNair
and Cumbes (1989) estimated that a minimum of three to
seven factors were involved in the reductions in flower traits
that cause autogamous selfing in M. cupriphilus, although
other traits associated with its adaptation to heavy-metal sites
appeared to be under the control of single or major loci. An
early QTL study of floral divergence between M. guttatus and
M. platycalyx, a selfer with relatively large flowers but no
stigma-anther separation, found only six QTLs (with a total
of 10 significant effects) affecting the five floral characters
measured (Lin and Ritland 1997). It is conceivable that di-
vergence between M. guttatus and M. platycalyx has involved
far fewer genes than the wholesale reductions in floral mor-
phology we see in M. nasutus. However, although both M.
platycalyx and M. nasutus are equally divergent from M. gut-
tatus for stigma-anther separation, we found far more QTLs

(15 vs. two) underlying this trait in our mapping population.
In addition to any differences in the evolutionary history of
these two selfers, this discrepancy illustrates the improved
power of a high-coverage linkage map, large F2 mapping
population and composite interval mapping approach. In-
vestigation of the orthology of QTLs involved in the evo-
lution of selfing in these two species awaits comparative map-
ping studies.

Evidence for major quantitative trait loci?. The highly
polygenic nature of floral divergence between M. guttatus
and M. nasutus revealed by our mapping does not automat-
ically rule out an important evolutionary role for QTLs of
large effect. In addition, previous biometric analyses of selfer
3 outcrosser hybrids have suggested that 32–45% of the F2
variance in stigma-anther separation could be explained by
a major QTL despite a large number of segregating factors
(Fenster and Ritland 1994b). The QTLs that we detected had
a broad range of effects on individual traits, ranging from
quite large (QTL23; 51% of the species difference in stamen
length) to very small (QTL14; 2.6% of the divergence in
corolla tube width). Every floral trait had at least one QTL
explaining more than 14% of the species difference, but the
vast majority of effects were small relative to the total di-
vergence (Table 3, Fig. 4). In general, different QTLs had
the leading effects on different characters. However, because
most QTLs affected multiple characters it is difficult to rank
their total effects on floral morphology.

The debate over the genetic architecture of adaptation and
speciation has often been couched in terms of the existence
of major genes (Orr and Coyne 1992). Although QTLs that
explain nearly all of the divergence in a particular trait are
clearly major factors in the recent evolutionary history of that
trait, the definition of QTLs of more moderate effect depends
on one’s perspective. In reviewing early QTL studies, Tank-
sley (1993) characterized QTLs as potentially major if they
explained .10% of the phenotypic variance in the mapping
population and found that such QTLs were quite common in
crop plants. Because the model estimation in composite in-
terval mapping includes cofactors controlling for genetic var-
iation at unlinked loci, we cannot directly determine the pro-
portion of the F2 variance explained by an individual QTL
detected with CIM or MCIM. To assess QTL effects in terms
of the phenotypic variance, we reanalyzed each trait with
interval mapping and examined the QTL positions previously
identified by MCIM. In the interval mapping results, QTLs
had r2-values ranging from 0.001 to 0.32. QTL16, which
appears overdominant, explained over 25% of the variance
in each of four floral length traits and QTL23 explained 24%
of the variance in stamen length. No other QTL accounted
for more than 10% of the F2 variance of any trait. Because
interval mapping detected fewer QTLs and may be more like-
ly to overestimate effects (Zeng 1994), this is a liberal test
for major genes. By this criterion, little if any of the F2
variance is explained by QTLs with major effects.

For those interested in the building blocks of adaptive di-
vergence, a more intuitive measure of QTL size is the effect
of the substitution of alternative alleles relative to the total
divergence between populations or species (e.g., Orr 2001).
Considered in this way, substituting M. nasutus alleles at a
few of our QTLs (e.g., QTL23, QTL15) would certainly ap-
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pear to generate substantial steps (.20%) toward the reduced
selfer floral morphology. However, because models of adap-
tive evolution provide no clear criterion for defining major
versus minor QTLs (Barton and Keightley 2002), it is difficult
to differentiate these leading QTLs from the majority with
smaller effects on this scale.

Perhaps the most relevant criterion for identifying potential
major genes is the magnitude of the phenotypic change
caused by the substitution of alternative QTL alleles relative
to the phenotypic variation within populations (Mackay 1996;
True et al. 1997; Zeng et al. 2000). The debate about the role
of major genes in adaptation contrasts phenotypic disconti-
nuities (of whatever absolute size) versus gradual transitions
(Orr and Coyne 1992). Thus, major QTL alleles should gen-
erate qualitative differences in phenotype, such that a gra-
dation of forms does not occur. Using this criterion, True et
al. (1997) defined a major QTL as one at which alternative
homozygous genotypes differ in phenotype by more than 3.28
ESDs. Although our Mimulus species are separated by as
many as 10 ESDs for some floral characters (Table 1), even
the largest of the floral QTLs in this study does not qualify
as a major factor by this criterion (Fig. 4b). To generate
statistically nonoverlapping homozygous classes, a corolla
width QTL would need to have an effect greater than 32%
of the species difference, but the largest QTL for this char-
acter is about half that size. For characters with less diver-
gence and/or lower heritability, such as stigma-anther dis-
tance, a major QTL would need to explain .60% of the
difference between the parental lines. Considered relative to
the standing variation in an ancestral population, our scaling
of QTL effects on each trait to ESDs calculated from ho-
mogeneous lines in a controlled greenhouse environment is
actually very generous. For example, the coefficient of var-
iation (CV) of corolla width at the Iron Mountain M. guttatus
population during a single season was at least twice the co-
rolla width CV of the IM62 parental line grown in the green-
house (CV 5 0.20, n 5 462 and CV 5 0.098, n 5 97,
respectively; L. Fishman and J. H. Willis, unpubl. data).
Thus, it is extremely unlikely that substitution of a M. nasutus
genotype at any of the QTLs we identified could have had
the kind of saltational effects characteristic of major genes.
The improbability of major genes underlying floral trait di-
vergence between M. nasutus and M. guttatus is further un-
derlined by the fact that the QTLs identified here span large
genomic regions (.5 cM) and multiple genes may contribute
to the estimates of QTL effect.

Because the floral QTLs identified in this study generally
affect multiple characters, it is also important to consider
their effects on the multivariate distribution of phenotypes
when evaluating their potential as major genes. Theoretically,
a QTL with minor effects on each of several correlated traits
could appear as a major factor in its total effect on the floral
phenotype. For this to occur, alternative genotypes at the QTL
would need to be distinguishable in multidimensional phe-
notypic space. In this study, the environmental correlations
among floral size traits are uniformly positive (Table 2), as
are the phenotypic correlations among floral traits in the wild
parent population of M. guttatus (L. Fishman and J. H. Willis,
unpubl. data). Thus, a novel QTL allele that decreased corolla
width but increased corolla length, for example, might gen-

erate a distribution of phenotypes distinguishable from the
alternative genotype or background population. In our study,
however, none of the detected QTLs have effects strikingly
counter to the axes of covariance among floral size traits
(Tables 2, 3). The M. nasutus alleles at several QTLs increase
stigma-anther separation (SA) while decreasing overall floral
size, but this effect does not oppose the (generally low) en-
vironmental correlations between SA and other traits (Table
2). Although we cannot rule out the possibility that floral
QTLs have major effects on other characters such as selfing
rate or fitness (see below), it seems clear that major genes
do not account for the overall divergence in flower size be-
tween M. nasutus and M. guttatus.

Pleiotropy. Multiple floral characters have diverged in
parallel between M. guttatus and M. nasutus. Strong geno-
typic correlations among corolla size characters in the seg-
regating F2 population suggest either pleiotropy or linkage
of genes affecting different aspects of floral morphology (Ta-
ble 2). The location of significant QTL peaks for multiple
characters in regions identified by joint mapping (MCIM)
points to a pleiotropic basis for the observed associations,
but we cannot rule out close linkage (within marker intervals).

Although moderately genetically correlated with other flo-
ral traits (Table 2), stigma-anther separation appears to be
the floral trait most able to evolve independently. We iden-
tified at least five QTLs that affect this trait, but do not have
substantial effects on other floral characters (Table 3). We
discuss the consequences of this genetic architecture for mat-
ing system evolution in a later section.

Dominance and epistasis. In this study, we found that the
floral size characters show a pattern of inheritance consistent
with partial dominance, on average, of the M. guttatus (larger)
genotype. Dominance of presumed ancestral genotypes has
been observed in other quantitative genetic analyses of traits
associated with the evolution of selfing in Mimulus (MacNair
and Cumbes 1989). These observations suggest that the al-
leles recruited during the evolution of the small, selfing flow-
ers in the inbreeding species are recessive on average. In
contrast, Fenster and Ritland (1994) found little or no average
dominance in several crosses among selfing and outcrossing
species of the M. guttatus complex and suggested that this
could reflect the evolution of dominance relationships during
the transition to selfing. This mapping study provides the
opportunity to understand patterns of dominance in terms of
the effects of individual QTLs. Contrary to the pattern of
inheritance inferred from the phenotypic distributions of par-
ents and hybrids, we find no bias in dominance toward either
parent’s alleles. Many of the QTLs found in this study (nine
of 24) show strong directional dominance, but the direction
of dominance is split more or less evenly between the two
parental species (Table 3). However, M. nasutus alleles ap-
pear recessive at the two directionally dominant QTLs with
the largest overall effects of flower size (QTL23 and QTL9),
which may partly account for the phenotypic pattern. The
diversity of the dominance estimates among our many QTLs
illustrates that individual genetic factors may have effects
quite different than the aggregate estimate for polygenic
traits.

Our finding of no pattern of directional dominance at in-
dividual QTLs is consistent with the partially to completely
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inbreeding mating systems of our study species. In a large
outcrossing population, the probability of fixation of com-
pletely recessive advantageous new mutations is much less
than that for favorable mutations with some expression in
heterozygotes, a phenomenon known as Haldane’s sieve
(Haldane 1927; Turner 1981). In contrast, advantageous re-
cessive mutations enjoy increased rates of fixation in partially
selfing populations. With high selfing, the probability of fix-
ation is roughly independent of the degree of dominance and
the entire spectrum of advantageous mutations may be re-
cruited during adaptive evolution (Charlesworth 1992).
Therefore, although Haldane’s sieve may have hindered the
fixation of recessive alleles very early in the transition to
selfing, later fixations would be unconstrained and the QTL
effects may be a fairly random sampling of the dominance
spectrum of advantageous mutations. In addition, Haldane’s
sieve predictions may not hold if newly favorable alleles are
recruited from standing genetic variation (Orr and Betancourt
2001), and this source of adaptive variation may also con-
tribute to the broad distribution of dominance effects that we
observe.

The phenotypic distributions of all floral size traits show
significant deviations from an additive-dominance model of
gene action, but to much less a degree than fertility and
vegetative characters (Table 1; Fishman and Willis 2001).
On average, F2 hybrids have slightly larger flowers than pre-
dicted from the F1 and parental phenotypic distributions.
However, the epistatic effects on flower size in the segre-
gating F2 population appear unrelated to the epistatic break-
down of hybrid seed production and pollen fertility caused
by Dobzhansky-Muller incompatibilities (Fishman and Willis
2001), because most floral characters show positive rather
than negative genetic correlations with fertility (Table 2).
Nonadditive interactions among QTLs may account for the
portion of the total difference between species left unex-
plained by summing the effects of individual QTLs. Epistasis
or threshold expression may be particularly important for
corolla width. Plants of M. nasutus often make cleistogamous
flowers with no corolla flare, especially at the first two flow-
ering nodes (Diaz and MacNair 1998). In contrast, all F2

hybrids in our mapping population made M. guttatus–like
open flowers of varying dimensions (Fig. 2). This disconti-
nuity in corolla shape raises the possibility that cleistogamy
may result from the synergistic effects of M. nasutus alleles
at many different floral QTLs or from interactions between
genotypes at floral QTLs and the M. nasutus genetic back-
ground or developmental environment.

We do not explicitly estimate epistatic interactions among
floral QTLs in the analyses presented here, but the use of
unlinked cofactors in composite interval mapping accounts
for genetic background effects to some degree (Zeng 1994).
One method for quantifying nonadditive interactions among
QTLs is multiple interval mapping (MIM), which includes
epistatic parameters in QTL model construction and selection
(Kao et al. 1999; Zeng et al. 1999). A variant of MIM that
allows joint mapping of multiple traits is being developed
(Z.-B. Zeng, pers. comm.) and could be used to search for
interactions among the floral QTLs identified in this study.

Inferences about the Evolution of Selfing

In this study, we focused on two kinds of floral traits that
frequently change during the evolution of selfing—those that
directly affect autogamous self-pollen deposition (e.g., stig-
ma-anther separation) and those that may affect both self-
pollination and pollinator attraction (e.g., corolla width).
Stigma-anther separation has been shown to be negatively
correlated with autofertility and selfing rate both among in-
dividuals (e.g., Kohn and Barrett 1994; Karron et al. 1997;
Chang and Rausher 1999) and among populations or species
(Barrett et al. 1996). In the M. guttatus species complex, the
selfing taxa have reduced stigma-anther separation and in-
creased autofertility rates relative to M. guttatus (Ritland and
Ritland 1989). A similar negative relationship between SA
and self-fertility is seen among populations of M. guttatus
(Dole 1992; Carr and Fenster 1994) and, despite substantial
male and female sterility, in our M. nasutus 3 M. guttatus
F2 mapping population (Table 2). Therefore, QTLs that affect
stigma-anther separation are candidate mating-system mod-
ifiers and their genetic properties may provide clues to how
and why selfing has evolved. Reductions in overall flower
size also often accompany the evolution of selfing, but the
functional relationships between corolla size characters and
either autofertility or selfing rates in natural populations are
less clear. In an obligate selfer such as M. nasutus, reduced
corollas may have evolved as a direct consequence of selec-
tion for self-fertilization prior to anthesis (e.g., Fishman and
Wyatt 1999), a correlated response to selection on other floral
characters affecting selfing rate, or a response to selection
on resource allocation once population selfing rates were
high. Because corolla size can affect pollinator visitation in
Mimulus (Leclerc-Potvin and Ritland 1994), mating system
modifiers that increase selfing rate by reducing flower size
may also reduce outcross pollen donation.

Inbreeding depression is high in M. guttatus populations
(.0.6; Dole and Ritland 1993; Willis 1993b; Latta and Rit-
land 1994; Dudash et al. 1997), primarily as a result of high
rates of mutation to mildly deleterious, partially recessive
alleles (Dudash and Carr 1998; Willis 1999a,b). Because such
inbreeding depression is not due to readily purged mutations
of large effect (e.g., recessive lethals or steriles), it should
persist even if a population inbreeds during periodic bouts
of pollinator failure or population bottlenecks. Thus, it would
be a formidable barrier to the evolution of selfing in an an-
cestral M. guttatus–like population. A mutant allele causing
nearly complete selfing can spread rapidly to fixation even
in the face of such a barrier (Lande and Schemske 1985;
Holsinger 1988; Charlesworth et al. 1990; Schultz and Willis
1995), but our finding of no major QTLs suggests that the
evolution of selfing in M. nasutus was a process of gradual
adaptation rather than a single mutational step. The serial
fixation of mating system modifiers of relatively small effect
implies consistent directional selection for increased self-
fertilization sufficient to overcome the costs of inbreeding.
Ecological conditions favoring self-pollination to assure re-
production may provide such selection and are more viable
explanations for the evolution of selfing in this system than
the purging of genetic load alone.

The directionality of allelic effects at QTLs underlying
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floral divergence also suggests an adaptive explanation for
the evolution of selfing. Only five of the 24 QTLs have alleles
whose effects on floral morphology are completely opposite
to the expectation from the parental phenotypes, and a sign
test indicates that this proportion deviates significantly from
the neutrality (P , 0.005; Orr 1998b, eq. 9). Because plei-
otropy produces nonindependence, we cannot assess the over-
all deviation from neutrality of all 91 QTL effects. However,
the QTL data generally support directional selection for de-
creased flower size in the M. nasutus lineage.

The pleiotropic effects of potential mating system modifier
loci are particularly important in considering alternative sce-
narios for the evolution of selfing. All else being equal, a
novel allele that increases an individual’s rate of self-fertil-
ization relative to the outcrossing background population will
rapidly spread to fixation unless inbreeding depression is
greater than 0.5 (Fisher 1941; Lloyd 1979; Lande and Schem-
ske 1985). Because this selective advantage derives from
extra allelic transmission via the male gametes used in self-
ing, however, it is diminished or eliminated by trade-offs
between self and outcross male fitness (pollen discounting;
Nagylaki 1976; Holsinger et al. 1984). The reduced floral
morphologies of extant selfer species often entail complete
pollen discounting (e.g., Fishman 2000), suggesting that the
evolution of selfing may have involved ecological selection.
However, it is still not clear whether trade-offs in male fitness
are an intrinsic feature of the individual genetic steps toward
complete selfing. For self-compatible species, the best (but
by no means perfect; see Kohn and Barrett 1994; Rausher
and Chang 1998) candidate for a mating system modifier
allele with no negative effects on outcross pollen donation
would be one that reduces stigma-anther separation but does
not affect other floral traits. Although many of the QTLs with
M. nasutus alleles that reduce SA also have pleiotropic effects
on corolla length and/or width (e.g., QTL3, QTL11, QTL15),
others appear to act on SA independently of overall corolla
size. Six QTLs (QTL1, QTL10, QTL12, QTL17, QTL20,
QTL22) affect SA but have negligible effects on corolla size,
and the fixation of M. nasutus alleles at all of these QTLs
would reduce SA from the M. guttatus mean (1.76 mm) to
near zero. One possible scenario for the evolution of complete
selfing would involve the serial fixation of these alleles by
automatic selection (given initial inbreeding depression ,
0.5), followed by selection for reduced allocation to corollas
and the fixation (at other QTLs) of alleles with broad pleio-
tropic effects.

If we had found only QTLs with pleiotropic effects on both
SA and corolla size characters, we could have ruled out an
automatic transmission advantage as the primary driving
force in the evolution of selfing in M. nasutus. The opposite
is not true; the existence of QTLs with effects on SA alone
does not rule out either pollen discounting or an important
role for ecological selection for self-pollination. Even slight
changes in SA may generate trade-offs between self and out-
cross male fitness (e.g., Chang and Rausher 1998), and se-
lection for selfing as a reproductive assurance mechanism
could fix alleles with a range of effects of floral morphology.
Unfortunately, we cannot yet make functional connections
between floral QTLs and components of reproductive fitness
because epistatic breakdown of fertility in the F2 hybrids

confounds any associations between floral traits and either
autofertility rates or pollen production. However, now that
we have mapped and characterized floral QTLs associated
with the evolution of complete selfing, we are planning to
isolate these potential mating system modifiers in isogenic
backgrounds through backcrossing and marker selection.
Such QTL introgression lines are a powerful tool for testing
the effects of evolutionarily realistic changes in floral mor-
phology on reproductive fitness under a range of natural and
experimental conditions.

Inferences about the Nature of Adaptive Evolution

The historical controversy over the genetic basis of ad-
aptation was reinvigorated by the early discovery of QTLs
of large effect underlying both crop plant domestication (see
Tanksley 1993) and divergence between wild plant species
(Bradshaw et al. 1995). Following this ground-breaking
work, QTLs underlying adaptive divergence have been
mapped and characterized in a handful of wild systems (Dro-
sophila: e.g., True et al. 1997; Jones 1998, 2001; MacDonald
and Goldstein 1999; Zeng et al. 2000; salamanders: Voss and
Schaffer 1997; pea aphids: Hawthorne and Via 2001; sun-
flowers: Kim and Rieseberg 1999; Mimulus: Lin and Ritland
1997; Bradshaw et al. 1998; teosinte: Westerbergh and Doe-
bley 2002). It is too early to derive general conclusions about
the genetics of adaptation, but one thing is clear: The narrow
sampling of taxonomic diversity has not restricted the di-
versity of genetic architectures observed. Indeed, the highly
polygenic basis of floral divergence between M. guttatus and
M. nasutus contrasts most sharply with the oligogenic basis
of floral divergence between two other species of Mimulus
(M. cardinalis and M. lewisii; Bradshaw et al. 1998). Can
such comparisons of genetic architecture tell us anything
about past evolutionary processes? Chance, and the pervasive
statistical issues of QTL underdetection and QTL effect over-
estimation (Beavis 1994; Barton and Keightley 2002), may
simply overwhelm any biological signal. However, we argue
here that the genetic architecture of divergence may, in part,
reflect the nature of the genetic variation available for se-
lection within populations and the nature of the adaptive
landscape.

Theoretical treatments of adaptive evolution generally
model the fixation of spontaneous mutations during a pop-
ulation’s approach to a distant fixed optimum in a monotonic
fitness landscape (for review see Barton and Keightley 2002).
In his initial formulation, Fisher (1930) considered the prob-
ability that a mutation of given effect would be favorable in
multivariate phenotypic space. Because mutations of large
effect are more likely to overshoot the optimum, Fisher ar-
gued that small steps must be the stuff of adaptation. How-
ever, Kimura (1983) noted that although mutations with sub-
tle effects may more often be favorable, advantageous mu-
tations of larger effect are more likely to escape stochastic
loss and ultimately go to fixation. Thus, mutations of inter-
mediate effect are more likely to contribute to adaptive evo-
lution, when the first step alone is considered (Kimura 1983).
Recently, Orr (1998a, 1999, 2000) extended Kimura’s ap-
proach to models to consider the distribution of a series of
mutations fixed during a population’s adaptive walk toward
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a fixed optimum. Because the maximum advantageous step
becomes progressively smaller as the population nears the
optimum, these new models generally predict an exponential
distribution of fixed mutational effects (Orr 1998a, 1999).
However, it is important to note that these models make no
prediction about the absolute size of the initial step. Instead,
the distribution of mutational effects on fitness sets limits on
the size of the maximum adaptive step. Thus, the spectrum
of advantageous mutations in different taxa or affecting dif-
ferent kinds of traits could theoretically explain differences
between systems in the role of major genes. Indeed, under
these classic models, the supply of mutational variation is a
primary source of differences in genetic architecture. Un-
fortunately, there is simply too little empirical data on the
magnitude and distribution of mutational effects in nature to
make predictions about any particular instance of adaptive
evolution.

These classic theoretical models of adaptive evolution fo-
cus on the recruitment of new mutations, but the availability
and nature of standing variation may be a more important
determinant of the size distribution of alleles fixed during
adaptation. Consider a population that suddenly finds itself
at some distance from a new optimum phenotype. With the
exception of unconditionally deleterious mutations kept at
very low frequency, alleles responsible for the standing ge-
netic variation in that population are now both potentially
advantageous and at high frequency relative to new muta-
tions. For a given positive selective effect, alleles already
segregating within the population should fix before rare spon-
taneously arising mutations. Thus, standing genetic variation
may often be recruited in initial adaptive steps and, by rapidly
moving the population closer to the optimum, could also limit
the maximum size of later adaptive steps due to novel mu-
tations. The distribution of allelic effects fixed from the stand-
ing variation will depend on the contribution of potentially
advantageous alleles to the genetic variance of the initial
population, which in turn depends on the both the distribution
of mutational effects and past evolutionary process that affect
allele frequency. We do not yet have formal predictions about
the genetics of adaptive evolution via the fixation of standing
variation, but it seems reasonable that such adaptation might
involve relatively small steps.

The nature and maintenance of standing genetic variation
remains poorly understood, but substantial heritable variation
for quantitative traits divergent between populations or spe-
cies is often found within populations, and studies are be-
ginning to suggest that the same QTLs underlie variation at
both scales (e.g., Nuzhdin and Reiwitch 2000). In outcrosser
M. guttatus, we know that there is substantial within-popu-
lation genetic variation for the floral characters differentiating
M. guttatus and M. nasutus (Carr and Fenster 1994; Robertson
et al. 1994; Kelly and Willis 2001). Moreover, because this
variation does not appear to be caused by deleterious alleles
maintained at very low frequency by mutation-selection bal-
ance (Kelly and Willis 2001), it may be readily available for
adaptive evolution. Given a change in the environment that
favored increased self-pollination (e.g., loss of pollinators),
such standing variation could contribute to rapid evolution
toward the new adaptive peak. In general, however, it is not
yet clear whether the quantitative genetic variance within

populations is maintained by mutation-selection-drift balance
of deleterious alleles or by some form of balancing selection
(Barton and Keightley 2002). More empirical and theoretical
work is necessary to connect the within-population variation
maintained by these each of these processes to that involved
in responses to divergent natural selection.

Deviations of the monotonic adaptive landscape envi-
sioned by Fisher (1930) could also generate systematic var-
iation in the genetic basis of adaptive divergence. Although
little theory has been developed for adaptation under such
conditions, at least two types of alternatives seem biologi-
cally plausible: A population may shift between adaptive
phenotypic peaks separated by valleys of low fitness or may
track a moving optimum phenotype.

Models considering an adaptive walk up a single mono-
tonic fitness peak generally predict an exponential distribu-
tion of step sizes, given no standing variation. However, if
the fitness landscape contains multiple peaks, such that small
to intermediate steps are usually maladaptive but large ones
could be favorable, the genetics of adaptation would nec-
essarily involve very major genes. This reasoning has been
formalized in theoretical work on the genetics of mimicry,
which suggest that resemblances to new unpalatable model
species evolve through substitutions at major genes followed
by the fixation of minor modifier alleles (e.g., Sheppard et
al. 1985). Recently, an analogy between mimicry and shifts
in pollination syndrome has been proposed to explain the
oligogenic basis of floral divergence between M. lewisii and
M. cardinalis (Bleiweiss 2001). Mimulus cardinalis exhibits
classic features of a hummingbird pollination syndrome (tu-
bular red corolla, exserted stigma, copious nectar) and is
thought to be recently derived from the primarily bumblebee-
pollinated M. lewisii (broad pink corolla, inserted stigma, low
nectar volume). It is clear that the species differences in petal
color (carotenoid concentration) and nectar volume both in-
volve major QTLs (Bradshaw et al. 1995, 1998) and that
these leading QTLs also strongly influence pollinator pref-
erences (Schemske and Bradshaw 1999). Whether or not the
evolution of hummingbird pollination in M. cardinalis qual-
ifies as mimicry, the syndrome’s existence as an alternative
strategy with no adaptive intermediates (increases in carot-
enoid content reduce visitation by bees; Schemske and Brad-
shaw 1999) could exert very strong positive selection on
major mutations causing the full peak shift. In contrast, rel-
atively small steps may be adaptive during the evolution of
selfing because the production of even one additional selfed
seed is advantageous when ovules are otherwise unfertilized
(e.g., when pollinator service is limiting).

The distribution of QTLs effects underlying divergence
may also involve relatively minor effects if one or both pop-
ulations has been tracking a moving optimum. Imagine a
situation in which a slight increase in size would be advan-
tageous, but a larger increase less so. Once the population
has evolved toward the new phenotypic optimum, however,
additional size increases might become adaptive. Thus, at the
arbitrary point of divergence when the genetic basis of ad-
aptation is evaluated, the step sizes will look very small rel-
ative to the total distance traveled. Sexual selection, which
often involves rapid coevolution of male and female traits,
may best be described in terms of moving optima and may
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involve the serial fixation of mutations of apparently small
effect. It is interesting to note that QTL studies of divergence
between species often find the most polygenic genetic basis
for sexual characters (Orr 2001). For example, divergence
between Drosophila simulans and D. mauritiana in male pos-
terior lobe shape is highly polygenic, with more than 19 QTLs
each explaining fewer than three of the 32 ESDs differen-
tiating these sister taxa (True et al. 1999; Zeng et al. 2000).
Because a major mutation causing the full species difference
would probably never have been advantageous, classic mod-
els of the distribution of selected effects may not apply. Sim-
ilarly, the evolution of obligate autogamous self-fertilization
in flowering plants may often involve moving optima. Be-
cause selfing rates (and their fitness consequences) depend
on the local population context as well as on individual floral
morphology (e.g., Chang and Rausher 1998; Fishman 2000),
the fixation of one allele affecting mating system may alter
the selective environment at other QTLs affecting the same
traits. In particular, the fixation of alleles that increase com-
peting or delayed self-pollination may pave the way for al-
leles promoting self-fertilization prior to anthesis. Theoret-
ical models of how moving optima affect the predicted dis-
tribution and magnitude of QTL effects should allow further
inference.

QTL analyses provide historically unprecedented insight
into the genetic basis of adaptation and speciation, but raise
new questions about the evolutionary forces and genetic var-
iation contributing to divergence. We have drawn attention
here to some factors that may pattern QTL effects, with par-
ticular emphasis on understanding the polygenic nature of
floral characters associated with mating system evolution.
However, far more theoretical and empirical work is nec-
essary to draw firm connections between variation within
populations, processes of adaptive divergence, and the ge-
netic basis of species differences. As the state of the art of
QTL mapping continues to improve, so too will the oppor-
tunities to confidently compare and interpret genetic archi-
tectures.

ACKNOWLEDGMENTS

Many thanks to Z.-B. Zeng for the power calculations and
other helpful information and to C. Basten for running the
MCIM permutation threshold analysis and providing patient
guidance to QTL Cartographer. We thank E. Morgan and J.
E. Aagaard for their material assistance in constructing the
linkage map. The staff of the University of Oregon Biology
Greenhouse cared for the plants, and S. Patapoff and nu-
merous undergraduate students helped measure traits in the
F2 mapping population. The manuscript benefited from dis-
cussions with J. Kelly, A. Orr, and from the comments of
M. Hall, N. Martin, L. Moyle, M. Noor, A. Sweigart, and
two anonymous reviewers. This research was supported by
grants from the National Science Foundation to LF and JHW.

LITERATURE CITED

Barrett, S. C. H., L. D. Harder, and A. C. Worley. 1996. The com-
parative biology of pollination and mating in flowering plants.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 351:1271–1280.

Barton, N. H., and P. D. Keightley. 2002. Understanding quanti-
tative genetic variation. Nature Rev. Genet. 3:11–21.

Basten, C., B. S. Weir, and Z.-B. Zeng. 2002. QTL cartographer:
a reference manual and tutorial for QTL mapping. Department
of Statistics, North Carolina State Univ., Raleigh, NC.

Beavis, W. D. 1994. The power and deceit of QTL experiments:
lessons from comparative QTL studies. Proceedings of the forty-
ninth annual corn and sorghum industry research conference,
Washington, D.C.

Bleiweiss, R. 2001. Mimicry on the QT(L): genetics of speciation
in Mimulus. Evolution 55:1706–1709.

Bradshaw, H. D., Jr., S. M. Wilbert, K. G. Otto, and D. W. Schem-
ske. 1995. Genetic mapping of floral traits associated with re-
productive isolation in monkeyflowers (Mimulus). Nature 376:
762–765.

Bradshaw, H. D., Jr., K. G. Otto, B. E. Frewen, J. K. McKay, and
D. W. Schemske. 1998. Quantitative trait loci affecting differ-
ences in floral morphology between two species of monkey-
flower (Mimulus). Genetics 149:367–382.

Carr, D. E., and C. B. Fenster. 1994. Levels of genetic variation
and covariation for Mimulus (Scrophulariaceae) floral traits. He-
redity 72:606–618.

Chang, S.-M., and M. D. Rausher. 1998. Frequency dependent pol-
len discounting contributes to the maintenance of a mixed mating
system in the common morning glory Ipomoea purpurea. Am.
Nat. 152:671–683.

Charlesworth, B. 1992. Evolutionary rates in partially self-fertil-
izing species. Am. Nat. 140:126–148.

Charlesworth, B., R. Lande, and M. Slatkin. 1982. A neo-Darwinian
commentary on macroevolution. Evolution 36:474–498.

Charlesworth, D., M. T. Morgan, and B. Charlesworth. 1990. In-
breeding depression, genetic load, and the evolution of out-
crossing rates in a multilocus system with no linkage. Evolution
44:1469–1489.

Churchill, G. A., and R. W. Doerge. 1994. Empirical threshold
values for quantitative trait mapping. Genetics 138:963–971.

Darwin, C. R. 1859. The origin of species. John Murray, London.
Diaz, A., and M. R. MacNair. 1998. The effect of plant size on the

expression of cleistogamy in Mimulus nasutus. Funct. Ecol. 12:
92–98.

———. 1999. Pollen tube competition as a mechanism of prezy-
gotic reproductive isolation between Mimulus nasutus and its
presumed progenitor M. guttatus. New Phytol. 144:471–478.

Doebley, J., and A. Stec. 1993. Inheritance of the morphological
differences between maize and teosinte: comparison of results
from two F2 populations. Genetics 134:559–570.

Doebley, J., A. Stec, and C. Gustus. 1995. teosinte branched1 and
the origin of maize: evidence for epistasis and the evolution of
dominance. Genetics 141:333–346.

Doerge, R. W., and G. A. Churchill. 1996. Permutation tests for
multiple loci affecting a quantitative character. Genetics 142:
285–294.

Dole, J. A. 1992. Reproductive assurance mechanisms in three taxa
of the Mimulus guttatus complex (Scrophulariaceae). Am. J. Bot.
79:650–659.

Dole, J., and K. Ritland. 1993. Inbreeding depression in two Mi-
mulus taxa measured by multigenerational changes in the in-
breeding coefficient. Evolution 47:361–373.

Dorweiler, J., A. Stec, J. Kermicle, and J. Doebley. 1993. Teosinte
glume architecture 1: a genetic locus controlling a key step in
maize evolution. Science 262:233–235.

Dudash, M. R., and D. E. Carr. 1998. Genetics underlying inbreed-
ing depression in Mimulus with contrasting mating systems. Na-
ture 393:682–684.

Dudash, M. R., D. E. Carr, and C. B. Fenster. 1997. Five generations
of enforced selfing and outcrossing in Mimulus guttatus: in-
breeding depression at the population and family level. Evolu-
tion 51:54–65.

Fenster, C. B., and D. E. Carr. 1997. Genetics of sex allocation in
Mimulus (Scrophulariaceae). J. Evol. Biol. 10:641–661.

Fenster, C. B., and K. Ritland. 1994a. Evidence for natural selection
on mating system in Mimulus (Scrophulariaceae). Int. J. Plant
Sci. 155:588–596.

———. 1994b. Quantitative genetics of mating system divergence



2154 LILA FISHMAN ET AL.

in the yellow monkeyflower species complex. Heredity 73:
422–435.

Fisher, R. A. 1930. The genetical theory of natural selection. Oxford
Univ. Press, Oxford, U.K.

———. 1941. Average excess and average effect of a gene sub-
stitution. Ann. Eugen. 11:53–63.

Fishman, L. 2000. Pollen discounting and the evolution of selfing
in Arenaria uniflora (Caryophyllaceae). Evolution 54:
1558–1565.

Fishman, L., and J. H. Willis. 2001. Evidence for Dobzhansky-
Muller incompatibilities contributing to the sterility of hybrids
between Mimulus guttatus and M. nasutus. Evolution 55:
1932–1942.

Fishman, L., and R. Wyatt. 1999. Pollinator-mediated competition,
reproductive character displacement, and the evolution of selfing
in Arenaria uniflora (Caryophyllaceae). Evolution 53:
1723–1733.

Fishman, L., A. Kelly, E. Morgan, and J. H. Willis. 2001. A genetic
map in the Mimulus guttatus species complex reveals transmis-
sion ratio distortion due to heterospecific interactions. Genetics
159:1701–1716.

Gottleib, L. D. 1984. Genetics and morphological evolution in
plants. Am. Nat. 123:681–709.

Gould, S. J. 1980. Is a new and general theory of evolution emerg-
ing? Paleobiol. 6:119–130.

Haldane, J. B. S. 1927. A mathematical theory of natural and ar-
tificial selection V. Selection and mutation. Proc. Camb. Philos.
Soc. 28:838–844.

Hawthorne, D. J., and S. Via. 2001. Genetic linkage of ecological
specialization and reproductive isolation in pea aphids. Nature
412:904–907.

Holsinger, K. E. 1988. Inbreeding depression doesn’t matter: the
genetic basis of mating system evolution. Evolution 42:
1235–1244.

Holsinger, K. E., M. W. Feldman, and F. B. Christiansen. 1984.
The evolution of self-fertilization in plants: a population genetic
model. Am. Nat. 124:446–453.

Husband, B. C., and D. W. Schemske. 1996. Evolution of the mag-
nitude and timing of inbreeding depression in plants. Evolution
50:54–70.

Huxley, T. H. 1860. The origin of species. Westminster Rev. 17:
541–570.

Jarne, P., and D. Charlesworth. 1993. The evolution of the selfing
rate in functionally hermaphroditic plants and animals. Annu.
Rev. Ecol. Syst. 24:441–466.

Jiang, C., and Z.-B. Zeng. 1995. Multiple trait analysis of genetic
mapping for quantitative trait loci. Genetics 140:1111–1127.

———. 1997. Mapping quantitative trait loci with dominant and
missing markers in various crosses from two inbred lines. Ge-
netica 101:47–58.

Jones, C. D. 1998. The genetic basis of Drosophila sechellia’s re-
sistance to a host plant toxin. Genetics 149:1899–1908.

———. 2001. The genetic basis of larval resistance to a host plant
toxin in Drosophila sechellia. Genet. Res. 78:225–233.

Kao, C.-H., Z.-B. Zeng, and R. D. Teasdale. 1999. Multiple interval
mapping for quantitative trait loci. Genetics 152:1203–1216.

Karron, J. D., R. T. Jackson, N. N. Thumser, and S. L. Schlicht.
1997. Outcrossing rates of individual Mimulus ringens genets
are correlated with stigma-anther distance. Heredity 79:
365–370.

Kelly, A. J., and J. H. Willis. 1998. Polymorphic microsatellite loci
in Mimulus guttatus and related species. Mol. Ecol. 7:769–774.

———. 2001. Deleterious mutations and genetic variation for flow-
er size in Mimulus guttatus. Evolution 55:937–942.

Kiang, Y. T., and J. L. Hamrick. 1978. Reproductive isolation in
the Mimulus guttatus–M. nasutus complex. Am. Midl. Nat. 100:
269–276.

Kim, S.-C., and L. H. Rieseberg. 1999. Genetic architecture of
species differences in annual sunflowers: implications for adap-
tive trait introgression. Genetics 153:965–977.

Kimura, M. 1983. The neutral theory of molecular evolution. Cam-
bridge Univ. Press, Cambridge, U.K.

Kohn, J. R., and S. C. H. Barrett. 1994. Pollen discounting and the

spread of a selfing variant in tristylous Eichornia paniculata:
evidence from experimental populations. Evolution 48:
1576–1594.

Lande, R. 1981. The minimum number of genes contributing to
quantitative variation between and within populations. Genetics
99:541–553.

———. 1983. The response on major and minor metrical mutations
affecting a trait. Heredity 50:47–65.

Lande, R., and D. W. Schemske. 1985. The evolution of self-fer-
tilization and inbreeding depression in plants. I. Genetic models.
Evolution 39:24–40.

Lander, E. S., and D. Botstein. 1989. Mapping Mendelian factors
underlying quantitative traits using RFLP linkage maps. Genet-
ics 121:185–199.

Lander, E. S., P. Green, J. Abrahamson, A. Barlow, M. Daly, S.
Lincoln, and L. Newberg. 1987. MAPMAKER: an interactive
computer package for constructing primary genetic linkage maps
of experimental and natural populations. Genomics 1:174–181.

Latta, R., and K. Ritland. 1994. The relationship between inbreeding
depression and prior inbreeding among populations of four Mi-
mulus taxa. Evolution 48:806–817.

Leclerc-Potvin, C., and K. Ritland. 1994. Modes of self-fertilization
in Mimulus guttatus: a field experiment. Am. J. Bot. 81:199–205.

Lin, J. Z., and K. Ritland. 1997. Quantitative trait loci differentiating
the outbreeding Mimulus guttatus from the inbreeding M. pla-
tycalyx. Genetics 146:1115–1121.

Lloyd, D. G. 1979. Some reproductive factors affecting the selection
of self-fertilization in plants. Am. Nat. 113:67–79.

MacDonald, S. J., and D. B. Goldstein. 1999. A quantitative genetic
analysis of male sexual traits distinguishing Drosophila simulans
and D. sechellia. Genetics 153:1683–1699.

Mackay, T. F. C. 1996. The nature of quantitative genetic variation
revisited: lessons from Drosophila bristles. BioEssays 18:
113–121.

MacNair, M. R., and Q. J. Cumbes. 1989. The genetic architecture
of interspecific variation in Mimulus. Genetics 122:211–222.

Morgan, T. H. 1932. The scientific basis of evolution. Norton, New
York.

Nagylaki, T. 1976. A model for the evolution of self-fertilization
and vegetative reproduction. J. Theor. Biol. 58:55–58.

Noor, M. A. F., A. L. Cunningham, and J. C. Larkin. 2001. Con-
sequences of recombination rate variation on quantitative trait
locus mapping studies: simulations based on the Drosophila me-
lanogaster genome. Genetics 159:581–588.

Nuzhdin, S. V., and S. G. Reiwitch. 2000. Are the same genes
responsible for intra- and interspecific variability for sex comb
tooth number in Drosophila? Heredity 84:97–102.

Orr, H. A. 1998a. The population genetics of adaptation: the dis-
tribution of factors fixed during adaptive evolution. Evolution
52:935–949.

———. 1998b. Testing natural selection vs. genetic drift in phe-
notypic evolution using quantitative trait locus data. Genetics
149:2099–2104.

———. 1999. The evolutionary genetics of adaptation: a simulation
study. Genet. Res. Camb. 74:207–214.

———. 2000. Adaptation and the cost of complexity. Evolution
54:13–20.

———. 2001. The genetics of species differences. Trends Ecol.
Evol. 16:343–350.

Orr, H. A., and A. J. Betancourt. 2001. Haldane’s sieve and ad-
aptation from the standing genetic variation. Genetics 157:
875–884.

Orr, H. A., and J. A. Coyne. 1992. The genetics of adaptation: a
reassessment. Am. Nat. 140:725–742.

Paterson, A. H., Y.-R. Lin, Z. Li, K. Schertz, J. Doebley, S. R. M.
Pinson, S.-C. Liu, J. Stansel, and J. Irvine. 1995. Convergent
domestication of cereal crops by independent mutations at cor-
responding loci. Science 269:1714–1717.

Pennell, F. W. 1951. Mimulus. Pp. 688–731 in L. Abrams, ed. Il-
lustrated flora of the Pacific states. Stanford Univ. Press, Palo
Alto, CA.

Ritland, C., and K. Ritland. 1989. Variation of sex allocation among



2155FLORAL QTLS IN MIMULUS

eight taxa of the Mimulus guttatus complex (Scrophulariaceae).
Am. J. Bot. 76:1731–1739.

Ritland, K. 1991. A genetic approach to measuring pollen dis-
counting in natural plant populations. Am. Nat. 138:1049–1057.

Ritland, K., and C. Ritland. 1996. Inferences about quantitative
inheritance based on natural population structure in the yellow
monkeyflower, Mimulus guttatus. Evolution 50:1074–1082.

Robertson, A. W., A. Diaz, and M. R. MacNair. 1994. The quan-
titative genetics of floral characters in Mimulus guttatus. Heredity
72:300–311.

SAS Institute. 1994. JMP user’s guide. Ver. 3.0.2. SAS Institute,
Cary, NC.

Schemske, D. W., and H. D. Bradshaw Jr. 1999. Pollinator pref-
erence and the evolution of floral traits in monkeyflowers (Mi-
mulus). Proc. Natl. Acad. Sci. 96:11910–11915.

Schultz, S. T., and J. H. Willis. 1995. Individual variation in in-
breeding depression: the roles of inbreeding history and muta-
tion. Genetics 141:1209–1223.

Sheppard, P. M., J. R. G. Turner, K. S. Brown, W. W. Benson, and
M. C. Singer. 1985. Genetics and the evolution of Muellerian
mimicry in Heliconius butterflies. Philos. Trans. R. Soc. Lond.
B Biol. Sci. 308:433–607.

Stebbins, G. L. 1970. Adaptive radiation in angiosperms. I. Polli-
nation mechanisms. Annu. Rev. Ecol. Syst. 1:307–326.

Sweigart, A., K. Karoly, A. Jones, and J. H. Willis. 1999. The
distribution of individual inbreeding coefficients and pairwise
relatedness in a population of Mimulus guttatus. Heredity 83:
625–632.

Tanksley, S. D. 1993. Mapping polygenes. Annu. Rev. Genet. 27:
205–233.

True, J. R., J. Liu, L. F. Stam, Z.-B. Zeng, and C. C. Laurie. 1997.
Quantitative genetic analysis of divergence in male secondary
sexual traits between Drosophila simulans and Drosophila maur-
itiana. Evolution 51:816–832.

Turner, J. R. G. 1981. Adaptation and evolution in Heliconius: a
defense of NeoDarwinism. Annu. Rev. Ecol. Syst. 12:99–121.

Vickery, R. K., Jr. 1964. Barriers to gene exchange between mem-

bers of the Mimulus guttatus complex (Scrophulariaceae). Evo-
lution 18:52–69.

———. 1978. Case studies in the evolution of species complexes
in Mimulus. Evol. Biol. 11:405–507.

Voss, S. R., and H. B. Shaffer. 1997. Adaptive evolution via a
major gene effect: paedomorphosis in the Mexican axolotl. Proc.
Natl. Acad. Sci. USA 94:14185–14189.

Westerbergh, A., and J. Doebley. 2002. Morphological traits defin-
ing species differences in wild relatives of maize are controlled
by multiple quantitative trait loci. Evolution 56:273–283.

Willis, J. H. 1992. Genetic analysis of inbreeding depression caused
by chlorophyll-deficient lethals in Mimulus guttatus. Heredity
69:562–572.

———. 1993a. Effects of different levels of inbreeding on fitness
components in Mimulus guttatus. Evolution 47:864–876.

———. 1993b. Partial self-fertilization and inbreeding depression
in two populations of Mimulus guttatus. Heredity 71:145–154.

———. 1999a. Inbreeding load, average dominance and the mu-
tation rate for mildly deleterious alleles in Mimulus guttatus.
Genetics 153:1885–1898.

———. 1999b. The role of genes of large effect in inbreeding
depression in Mimulus guttatus. Evolution 53:1678–1691.

Zeng, Z.-B. 1993. Theoretical basis of separation of multiple linked
gene effects on mapping quantitative trait loci. Proc. Natl. Acad.
Sci. USA 90:10972–10976.

———. 1994. Precision mapping of quantitative trait loci. Genetics
136:1457–1468.

Zeng, Z.-B., D. Houle, and C. C. Cockerham. 1990. How infor-
mative is Wright’s estimator of the number of genes affecting
a quantitative character? Genetics 126:235–247.

Zeng, Z.-B., C.-H. Kao, and C. J. Basten. 1999. Estimating the
genetic architecture of quantitative traits. Genet. Res. Camb. 74:
279–289.

Zeng, Z.-B., J. Liu, L. F. Stam, C.-H. Kao, J. M. Mercer, and C.
C. Laurie. 2000. Genetic architecture of a morphological shape
difference between two Drosophila species. Genetics 154:
299–310.

Corresponding Editor: M. Noor


