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ABSTRACT
Much of our knowledge of speciation genetics stems from quantitative trait locus (QTL) studies. However,

interpretations of the size and distribution of QTL underlying species differences are complicated by
differences in the way QTL magnitudes are estimated. Also, many studies fail to exploit information about
QTL directions or to compare inter- and intraspecific QTL variation. Here, we comprehensively analyze
an extensive QTL data set for an interspecific backcross between two wild annual sunflowers, Helianthus
annuus and H. petiolaris, interpret different estimates of QTL magnitudes, identify trait groups that have
diverged through selection, and compare inter- and intraspecific QTL magnitudes. Our results indicate
that even minor QTL (in terms of backcross variance) may be surprisingly large compared to levels of
standing variation in the parental species or phenotypic differences between them. Morphological traits,
particularly flower morphology, were more strongly or consistently selected than life history or physiological
traits. Also, intraspecific QTL were generally smaller than interspecific ones, consistent with the prediction
that larger QTL are more likely to spread to fixation across a subdivided population. Our results inform
the genetics of species differences in Helianthus and suggest an approach for the simultaneous mapping
of inter- and intraspecific QTL.

RECENT years have seen tremendous conceptual and evidence indicates that genes or QTL underlying ordi-
technical advances in speciation genetics. Testable nary differences between species often have correlated

hypotheses have been formulated regarding the genetic (presumably pleiotropic) effects on reproductive isola-
architecture of adaptation and speciation (Orr and tion (Rice and Hostert 1993; Hawthorne and Via
Coyne 1992; Orr 1998a,b; Noor et al. 2001; Navarro 2001; Greenberg et al. 2003). Moreover, many (most?)
and Barton 2003), and an ever-growing pool of neutral ordinary differences among taxa appear to be main-
polymorphic markers (deVienne 2003) as well as im- tained by divergent natural selection in the wild (re-
proved methods for quantitative trait locus (QTL) map- viewed by Lexer et al. 2003a) and must also contribute
ping (Zeng 1994; Kao et al. 1999; Mauricio 2001) now to isolation. Thus, it may be more useful to classify
allow geneticists to map QTL underlying species differ- species differences in terms of the evolutionary forces
ences (Orr 2001). Progress also has been made in iden- responsible for their differentiation. Although this often
tifying candidate “speciation genes” (Greenberg et al. was not possible in the past, Orr (1998b) developed a
2003; Presgraves et al. 2003). These developments have “QTL sign test,” which exploits information about the
stimulated renewed interest in the “nature of interspe- sign or direction of QTL effects to make inferences
cific differences,” a topic that has received little atten- about the history of phenotypic selection.
tion since the publication of Haldane’s survey �60 years The rationale for the test is that traits with a history
ago (Haldane 1938). of directional selection will have QTL effects mostly in

The phenotypic differences that separate species or the same direction, whereas QTL with opposing effects
divergent populations are typically categorized as those should be common for traits diverging under neutrality.
traits directly involved in reproductive isolation vs. “ordi- The proportion of antagonistic QTL for a given trait
nary” traits that differ between populations without an also informs us about the potential for transgressive
obvious role in blocking gene flow (Orr 2001). Of segregation, i.e., the release of cryptic variation in hy-
course, this division is overly simplistic. Experimental brids (deVincente and Tanksley 1993). Transgressive

segregation is frequently observed in interspecific
crosses (reviewed by Rieseberg et al. 1999) and is caused
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E-mail: c.lexer@kew.org shuffling” in hybrids of alleles with opposing effects
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within each parental line (Rieseberg et al. 1999, 2003; The two annual sunflower species studied here, Heli-
anthus annuus and H. petiolaris, share a wide sympatricLexer et al. 2003b).

Another topic of interest to speciation geneticists and distribution across the central and western United
States. They are easily distinguished by several morpho-a second focus of the present study is the size and distri-

bution of genetic factors fixed during a population’s logical and chromosomal features and by divergent link-
age relationships caused by a minimum of 20 chromo-approach toward its fitness optimum (Fisher 1930;

Wright 1931; reviewed by Barton and Keightly somal breakages and fusions (Burke et al. 2004). They
also occur in divergent clades based on plastid DNA2002). Theory predicts that the “adaptive walk” starts

with large steps that become progressively smaller as a (Rieseberg et al. 1991) and nuclear ribosomal DNA
variation (Rieseberg 1991) and have different ecologi-population nears the optimum, resulting in an exponen-

tial distribution of fixed genetic effects (Orr 1998a, cal requirements. In general, H. annuus is restricted
to heavy clay soils and H. petiolaris to dry sandy soils.2001). The prediction that QTL with large effects may

sometimes contribute to adaptive evolution has indeed Nonetheless, these two habitats are often found in close
proximity throughout the central and western Unitedbeen verified in some instances (e.g., Bradshaw et al.

1998; Schemske and Bradshaw 1999; Sucena and States, resulting in the production of innumerable hy-
brid swarms or “mosaic” hybrid zones. In addition, H.Stern 2000); however, existing data also indicate that

genetic architecture may vary greatly among taxa (True annuus and H. petiolaris have given rise to at least three
stabilized diploid hybrid species that are strongly diver-et al. 1997; Macdonald and Goldstein 1999; Zeng et

al. 2000; Fishman et al. 2002). gent from their parents with respect to their habitat
preferences [sand dune, desert floor, and salt marshMuch of the confusion over effect sizes/distributions

may stem from differences in how they are reported: habitats (Rosenthal et al. 2002)]. This makes it feasible
to use interspecific crosses between H. annuus and H.most studies report QTL magnitudes in terms of PVE,

the percentage of variation explained in the segregating petiolaris to study the adaptive potential of parental spe-
cies QTL when recombined in hybrids (Lexer et al.population (Lynch and Walsh 1998). Others calculate

QTL effect sizes in terms of the standing variation within 2003b; Rieseberg et al. 2003).
Here, we ask the following questions related to thethe parental populations or the phenotypic gap between

them (e.g., True et al. 1997; Zeng et al. 2000; Fishman genetic architecture of species differences in wild Heli-
anthus:et al. 2002). These latter measures may be preferable in

many cases. Scaling QTL for standing variation seems
1. What are the distributions of interspecific QTL mag-intuitive, since this is the size of the genetic effect that

nitudes when expressed relative to the interspecificnatural selection sees (Orr 2001). Scaling it for the
phenotypic gap, to the standing variation in H. an-interspecific gap particularly makes sense in speciation
nuus, or as PVE in the mapping population, and howstudies, where QTL magnitudes need to be interpreted
do these different estimates affect interpretations ofin terms of species divergence rather than variation in
the genetic architecture of species differences?the mapping population.

2. What are the proportions of opposing QTL for differ-A third focus of the present study concerns the nature
ent classes of phenotypic traits, and what do theseof inter- vs. intraspecific QTL variation. Some authors
ratios tell us about the role of selection vs. neutralhave argued that QTL underlying species differences
processes in the origin of species differences?are likely to be larger than those polymorphic within

3. Do intra- and interspecific QTL differ in magnitudespecies because minor QTL are less likely to spread to
and does the same genomic interval often affect bothfixation across a subdivided population (Rieseberg and
intra- and interspecific differences?Burke 2001; Rieseberg et al. 2004). Also, it is not clear

whether the genes causing interspecific differences of- In addition, we explore the role of epistasis, because
ten contribute to intraspecific polymorphism as well. the QTL sign tests that we performed assume that QTL
Unfortunately, most QTL data generated to date are effects are largely additive. To our knowledge, ours is
not appropriate for addressing these questions because the first QTL study that directly compares inter- and
results from both intra- and interspecific studies are intraspecific QTL variation in the same mapping popu-
rarely reported from the same taxa in the same environ- lation. It is also the most extensive QTL data set to date
ment. Also, some fraction of the QTL detected in inter- reporting alternative, biologically meaningful estimates
specific crosses may be restricted to those populations of QTL effect sizes.
employed for mapping (Mauricio 2001). Ideally, QTL
studies that detect QTL at both inter- and intraspecific
levels within the same experiment should be designed. MATERIALS AND METHODS
This is possible in wild annual sunflowers because they

Mapping population and experimental design: The present
are self-incompatible outcrossers and therefore possess study is based on an interspecific second-generation backcross
ample genetic variability that can be captured in experi- population (BC2) between H. annuus and H. petiolaris, de-

scribed in detail by Lexer et al. (2003b,c) and Riesebergmental pedigrees.
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et al. (2003). Briefly, a single F1 hybrid between H. annuus for QTL detection), thereby providing estimates of a in the
original units of measurement for each character (appendix).(population ANN1295) and H. petiolaris (population PET-

1277) was backcrossed to a second individual from PET1277, For the purpose of the present study, QTL effect sizes were
reported in three ways: (1) PVE in the mapping population;resulting in 38 BC1 progeny. This was followed by a second

round of backcrossing of the 38 BC1 plants toward a single, (2) relative to the difference in phenotypic line means (d)
between H. annuus and H. petiolaris grown in the greenhousethird individual of PET1277. The latter step was necessary to

increase achene numbers, since early generation hybrids from [percentage species difference � (a/d) � 100]; and (3) rela-
tive to the level of standing variation (the phenotypic standardthis cross are semisterile. Approximately 400 BC2 seedlings

and 20 plants each of H. annuus and H. petiolaris were propa- deviation) in greenhouse-grown H. annuus [percentage stand-
gated in the greenhouses of the University of Georgia, Athens, ing variation � (a/phenotypic sd) � 100]. Differences in QTL
Georgia, as described by Rieseberg et al. (2003, supplementary effect sizes across the trait categories “complementary genes
material). A final total of 384 BC2 plants, 20 H. annuus, and present/absent” were tested by t-tests for independent samples
17 H. petiolaris were subjected to the phenotypic trait measure- on natural log-transformed data, equal variances not assumed.
ments described below. This analysis was motivated by the fact that traits with only

The 384 BC2 plants and parental species samples employed small interspecific differences may sometimes be controlled
here formed part of a comparative genomic study on the by complementary genes. These opposing QTL may have large
hybrid origin of ecological differences in wild sunflowers phenotypic effects, but nevertheless may not result in recogniz-
(Rieseberg et al. 2003). In that study, interspecific QTL were able interspecific differences because they mask each other.
mapped by studying marker alleles segregating from H. an- An analysis of QTL magnitudes across traits with or without
nuus, the donor parent, against a H. petiolaris background, and complementary genes should therefore allow us to visualize
the resulting QTL data were used for genomic comparisons of this “cryptic variation.” Differences across the trait categories
experimental BC2 hybrids with three wild sunflower hybrid “morphology/life history/physiology” were tested on trans-
species. Here, we extend the interspecific backcross model formed data as well, using nonparametric Kruskal-Wallis tests
to an analysis of intra-specific QTL segregating in the same (Levene’s test for equality of error variances: F � 11.325, P �
backcross population, and we use the combined inter- and 0.001). All of the tests were carried out with SPSS (Chicago).
intraspecific QTL data to study the genetics of species differ- Numerous epistatic interactions were reported in this popu-
ences between H. annuus and H. petiolaris. We also extend the lation previously (Rieseberg et al. 2003); however, in that
original analyses, which focused on transgressive segregation, study the sizes of interaction effects were not estimated. To
to estimate QTL effect sizes, test for directional selection dur- explore the role of epistasis in wild sunflowers more thor-
ing phenotypic divergence, and calculate the magnitude of oughly, we considered it critical to ask whether the interaction
interaction effects for QTL with significant epistatic interac- effects exceeded the main effects for the QTL combinations
tions. in question. In particular, the absence of a major role for

Phenotypic measurements and genetic map construction: gene interactions is a prerequisite for QTL sign tests (below),
The phenotypic measurements of BC2 plants and parental which assume additivity of QTL effects. Within the present
species samples were described in detail by Rieseberg et al. study, effect sizes of previously detected interactions were esti-
(2003, supplementary material). For the sake of clarity, the mated by linear modeling in SPSS.
trait category, abbreviation, and complete name of each trait, QTL sign tests: To test for the relative importance of natural
as well as units of measurement, phenotypic gaps between selection vs. genetic drift in the evolution of phenotypic differ-
species, and standing variation in H. annuus are summarized ences between H. annuus and H. petiolaris, we performed Orr’s
in Table 1. Assaying all plants within a randomized block (1998) QTL sign test. This test compares the observed number
design allowed us to test for environmental effects on pheno- of plus-and-minus alleles in the “high line” with that expected
typic trait expression prior to QTL analyses (below). under neutrality. If the ratio of plus-to-minus alleles in theMolecular marker genotypes were collected as described in high line (or the proportion of antagonistic QTL) is moreLexer et al. (2003b), using the protocols of Burke et al. (2002) extreme than that expected under neutrality, then a causativein the case of microsatellites, and in Rieseberg et al. (2003) role for directional selection in the origin of the observedfor AFLPs. An interspecific genetic linkage map was con-

trait differences is inferred. We did not perform the equal-structed on the basis of recombination estimates in a BC2 effects test described by Orr (1998b), because it has beenmodel using Mapmanager QTX version b16 (Manly et al.
shown that it may be affected by ascertainment bias (i.e., the2001), as described in detail by Lexer et al. (2003b). The map
traits to which the test is applied may be more divergent thanshows several cases of pseudolinkage and/or fragmentation,
average) (Anderson and Slatkin 2003). Instead, we used thetwo phenomena that are often observed in interspecific hybrid
second, alternative version of the test as recommended bycrosses and were expected, given the degree of karyotypic
Anderson and Slatkin (2003). This version is conditioneddivergence between H. annuus and H. petiolaris (Rieseberg et
on the distribution of QTL effects, which is assumed to beal. 1995; Burke et al. 2004).
known without error. Sign tests were performed for threeInterspecific QTL analyses: QTL analyses were performed
different main categories of traits (morphology, life history,on transformed data whenever traits deviated from normality
and physiology) and, in addition, for three subcategories ofand on residuals from a one-way ANOVA with block as the
morphological traits (root/shoot morphology, flower mor-main factor for traits with significant environmental effects.
phology, and leaf morphology), and two subcategories of phys-QTL were detected by composite interval mapping (CIM;
iological traits (mineral ion content vs. photosynthesis). SeedZeng 1994) using Mapmanager QTX version b16 (Manly et al.
weight (SEEDW) was omitted from the analyses because it was2001), as described by Rieseberg et al. (2003, supplementary
difficult to categorize. Tests were carried out with a computermaterial). Genomewide threshold levels for declaring the pres-
program provided by Allan Orr, which employs a Monte Carloence of a QTL were determined by 1000 permutations for
approach for calculating probabilities. QTL were assumed toeach trait, and one-LOD support intervals were calculated
be exponentially distributed (gamma distributions with shapefrom the CIM results. Composite interval mapping was also
parameter � � 1). Heterozygous QTL effects and the pheno-employed to estimate the PVE and the heterozygous additive
typic line difference R were calculated as averages over traitseffect (a) of each QTL. Within the present study, a was recal-
within each category. Note that the scale parameters (�) ofculated from phenotypic raw data for each trait (as opposed

to Box-Cox transformed data or residuals from ANOVA used QTL distributions may also depend on the QTL detection
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TABLE 1

Phenotypic traits analyzed in this study

Interspecific Standing
Trait Trait Unit of phenotypic variation in
category abbreviation Complete name measurement gap H. annuus b

Morphology BRHGT a Height at first branch cm 33.6 14.8
BRNUM a Branch no. at harvest count 5.4 5.4
DISKDIA a Disk diameter mm 11.2 5.1
HARGHT a Height at final harvest cm 83.0 34.2
HGT1 a Height 7 days after planting cm 26.9 8.0
HYPOLG Hypocotyl length at 96 hr mm 3.0 4.3
LFAREA a Leaf area cm2 38.3 36.8
LFLGTH a Leaf length mm 31.8 27.4
LFSHAP a Leaf shape mm/mm 0.64 0.27
LFTOUGH a Average leaf toughness Relative scale 50.6 28.
LFWDTH a Leaf width mm 33.8 2.4
LIGWDTH a Ligule width mm 1.7 2.1
LIGLGTH a Ligule length mm 6.4 6.0
LIGNUM a Ligule number count 6.7 3.1
PETLEN a Petiole length mm 32.3 22.1
PHYLGTH a Phyllary length mm 8.3 21.3
PHYNUM a Phyllary number count 8.2 4.6
PHYSHAP a Phyllary shape mm/mm 2.1 0.61
PHYWDTH a Phyllary width mm 5.3 1.1
RTLG96 Root length after 96 hr mm 6.8 6.0
SEEDW a Seed weight mg 3.9 0.37
STEMDIA a Stem diameter 2 cm above ground mm 7.0 1.6

Life history BUDDAY Days until budding day 3.5 11.1
FLBIO a Flower biomass g 45.7 10.4
FLODAY a Days until first floret day 10.6 13.9
FLRNUM a Flower no. at 65 days after planting count 8.6 0.76
RGR Growth rate cm/day 0.19 0.40
SHBIO a Shoot biomass g 161.9 40.7

Physiology B Leaf boron concentration ppm 0.05 19.2
CA Leaf calcium concentration ppm 2758 7064
COND Leaf stomatal conductance mmol/m2·s 0.44 0.88
CIa Leaf intercellular CO2 concentration ppm 5.5 15.3
K a Leaf potassium concentration ppm 12481 6831
LFSUC Leaf succulence (wet wt-dry wt)/ 0.20 4.5

leaf area in cm2

MG a Leaf magnesium concentration ppm 930 582.8
MN Leaf manganese concentration ppm 19.7 32.8
NA Leaf sodium concentration ppm 83.6 279.4
P a Leaf phosphorus concentration ppm 856.9 832.8
PHOTO a Leaf photosynthesis �mol/m2·s 4.0 4.03
SLAa Specific leaf area cm2/g 112.3 50.6

a Traits differ significantly between H. annuus and H. petiolaris (Rosenthal et al. 2002).
b Standing variation in H. annuus is the phenotypic standard deviation of each trait under greenhouse conditions. For details

see text.

limit. Preliminary runs revealed that the test results were insen- the PCR primers were isolated), the number of multi-allelic
markers segregating within H. petiolaris was not sufficient tositive to the exact detection limit specified, and the final runs

were performed by specifying a limit of 2%. permit QTL detection by interval mapping methods. There-
fore, we combined the markers segregating from both H.Intraspecific QTL analyses: Multi-allelic codominant micro-

satellite markers were rescored for intraspecific polymor- petiolaris parental genotypes and detected intraspecific QTL
by single-marker regression, using Mapmanager QTX versionphisms segregating from two different H. petiolaris genotypes:

the original H. petiolaris parent used to generate the F1, and b16 (Manly et al. 2001). This allowed us to study the segrega-
tion of marker alleles and linked QTL from both H. petiolaristhe H. petiolaris backcross parent used to generate the BC1.

Because many of the microsatellite loci displayed just a single genotypes against the third H. petiolaris parent of the pedigree.
Our goal was to test for the presence of intraspecific QTLband segregating from H. annuus (the species from which
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at genomic locations where interspecific QTL were already typic gap) than QTL controlling morphological or life
known to exist and to estimate their magnitudes. Intraspecific history characters (Figure 2A; Kruskal-Wallis test: �2 �
QTL variation present at such positions was considered to

86.127, P � 0.001). This makes sense, since physiologicalbe allelic with the interspecific QTL. This was considered
characters in this BC2 population had the highest pro-appropriate, until the possible presence of multiple-linked

QTL can be tested by fine mapping in later backcross genera- portion of traits with more than one antagonistic QTL
tions. Since QTL positions were fixed prior to testing (defined (10 of 12 traits), indicating the greatest potential for
by the markers nearest to interspecific QTL), likelihood ratio complementary gene action.
and �2 statistics for single-marker regressions are applicable

Epistasis: Although 63 significant epistatic interac-(Zeng 1994; Fishman et al. 2002). However, declaring signifi-
tions for 18 different traits were previously observed incance thresholds in QTL studies is subject of ongoing debate;

hence significance thresholds were also reported after correc- this interspecific BC2 (Rieseberg et al. 2003), the analy-
tion for the number of markers tested using sequential Bonfer- sis of effect sizes conducted here reveals that interaction
roni (Rice 1989), and the results are presented in both ways. effects were generally small compared to the main ef-
Additive effects (a) for intraspecific QTL were obtained from

fects (Table 2; average interaction effect 1.2%, rangelinear marker regressions in Mapmanager QTX, and the PVE
0.1–8.3%). The interaction effects exceeded the mainof each QTL was calculated from forward multiple regression

in SPSS; PVE was calculated as the change in R 2 when a H. effects for only two QTL combinations: for QTL control-
petiolaris marker allele was added to a regression model that ling BRHGT on linkage groups 4 and 8b (interaction
already contained the H. annuus QTL. PVE is 16.2%) and for QTL controlling LIGWDTH on

linkage groups 6a and 15 (interaction PVE is 6.1%).
Hence, gene interactions played a minor role in this

RESULTS
experiment compared to additive QTL main effects,
which is a requirement for studying the evolutionaryEffect sizes of interspecific QTL: The additive effects

of 185 interspecific QTL (represented in Figure 1) were history of QTL through sign tests.
QTL sign tests: QTL sign tests for different trait cate-scaled for the phenotypic gap between H. annuus and

H. petiolaris and for the level of standing variation within gories allowed us to test for the role of natural selection
vs. neutral processes in the origin of phenotypic differ-the donor species H annuus. The complete data set

including all three types of QTL size estimates (PVEs, ences between H. annuus and H. petiolaris. Table 3 shows
the number of traits included in each category, thepercentage of species difference, and percentage of

standing variation) is provided in the appendix, along number of antagonistic QTL, total number of QTL,
plus-and-minus QTL ratios, and the shape and scale ofwith heterozygous additive effects (a) in the original

units of measurement, as well as trait names, trait catego- QTL distributions assumed for each group of traits. The
results indicate a likely history of directional selectionries, linkage group numbers, and map positions as iden-

tifiers for each QTL. The QTL detected in this study for morphological characters, but not for traits involved
in life history or physiology (Table 3). Sign tests forwere generally minor when QTL sizes were expressed

in the form of traditional PVEs (mean 6.6%, mode 6.0%, different groups of morphological characters suggest
that a history of directional selection is most likely forrange 4–17%). However, QTL were often surprisingly

large when expressed as percentage of species differ- traits involved in flower morphology. Dividing physio-
logical characters into two subcategories revealed a mar-ence between H. annuus and H. petiolaris (mean 162%,

mode 95%, range 0.9–4498%) or as percentage of stand- ginally significant test result for traits involved in photo-
synthesis, but suggested that too few factors of the sameing variation in H. annuus (mean 53%, mode 45%,

range 3.5–362%). direction were driven to fixation to allow rejection of
the null hypothesis of neutrality for mineral ion contentComparisons of QTL sizes across different trait cate-

gories are depicted in Figure 2. QTL sizes did not differ traits.
Intraspecific QTL analyses: The genomic positionsamong traits with or without opposing or “complemen-

tary” QTL as long as they were expressed in terms of of 72 interspecific QTL were tested for the presence of
intraspecific QTL segregating for the same traits withinPVE or percentage of standing variation (Figure 2A).

However, differences were dramatic when QTL sizes H. petiolaris. For 28 of these, intraspecific QTL were
indeed found to be segregating within H. petiolaris whenwere expressed as percentage of species difference (Fig-

ure 2A; t � 2.829, P � 0.01). Large QTL magnitudes significance thresholds of single tests were considered
(“fixed testing positions”), and 10 of these were signifi-relative to interspecific phenotypic gaps indicate the

presence of complementary genes (cryptic genetic varia- cant after adjusting for multiple tests (Figure 1; Table
4). These figures underestimate the actual number oftion), as discussed below.

Figure 2B shows differences in QTL size across three intraspecific QTL present in the BC2, because tests could
be performed only for QTL flanked by multi-allelicmajor groups of phenotypic characters: morphology,

life history, and physiology. Again, differences were sig- markers. The PVEs of intraspecific QTL were generally
smaller than those of interspecific ones (mean is 2.2%nificant when QTL sizes were expressed as percentage

of species difference, with QTL for physiological traits for intraspecific QTL vs. 6.9% for interspecific QTL
present at the same positions). However, the compari-being on average much larger (compared to the pheno-
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Figure 1.—Representation of inter- and intraspecific QTL analyses in a second generation backcross (BC2) population between
H. annuus and H. petiolaris. Marker names are listed to the left of each linkage group, and boxes to the right of each group
indicate QTL positions, PVE, and QTL directions (	/
). Horizontal bars mark QTL likelihood peaks within 1-LOD support
limits. Linkage groups were assigned according to genetic maps for H. annuus (Burke et al. 2004). Marker groupings that differed
between the inter- and intraspecific maps due to fragmentation or pseudolinkage in the interspecific BC2 are indicated by a and
b or by thick black lines to the left of a group, respectively. Interspecific QTL whose positions were tested for the presence of
intraspecific QTL variation are indicated by shading, and positions at which an intraspecific QTL was found are solid; i.e., solid
and shaded QTL positions together indicate the trait/locus combinations tested. Trait abbreviations are explained in Table 1.

son of intra- vs. interspecific PVEs for each QTL in to the phenotypic gap between the two sunflower species
Figure 3 also reveals two outliers: a QTL for boron studied, relative to the standing variation in the donor
uptake (B) and one for magnesium uptake (MG) that species H. annuus, and in terms of PVE in the interspe-
had markedly higher intraspecific PVEs. In fact, intra- cific backcross (BC2) mapping population. This allowed
specific PVEs for these QTL were roughly comparable us to compare all three QTL size estimates for a data
to the interspecific ones (Figure 3). These traits/QTL set of 185 QTL for 40 phenotypic traits (Figure 1; appen-
have been shown to be under strong directional selec- dix), most of which exhibited significant interspecific
tion in the same interspecific hybrid population when differences between H. annuus and H. petiolaris (Table
planted in the habitats of two wild sunflower hybrid 1). The differences among the three types of QTL size
species (Lexer et al. 2003b,c; Gross et al. 2004). Thus, estimates were striking (Figure 2). Most of the QTL
our results indicate the presence of potentially adaptive detected were minor when expressed in terms of PVE
QTL variation within a wild sunflower population. but were suprisingly large when expressed in terms of

standing variation or species differences (Figure 2; ap-
pendix). How can these contrasting results be recon-

DISCUSSION ciled and what are their implications for the genetic
architecture of species differences?Interspecific QTL magnitudes relative to backcross

Comparisons with the QTL literature are only par-variance, standing variation, and phenotypic gaps: QTL
tially explanatory. Morjan and Rieseberg (2004) re-effect sizes or magnitudes in this study were estimated

in three different biologically meaningful ways: relative viewed QTL studies on undomesticated animals and
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Figure 1.—Continued.

reported QTL sizes in terms of PVE, standing variation, interspecific QTL analysis of floral traits in Mimulus
(Fishman et al. 2002). In that study, QTL effects wereand parental line differences for the leading QTL for

data sets of 79, 20, and 26 traits, respectively. For ease generally small regardless of how they were estimated.
The finding that most QTL detected in our study areof comparison, we report averages over all QTL for

each trait here (leading and minor QTL combined). minor when expressed in terms of PVE is not surprising
considering that our mapping population segregatedConsistent with the present data on Helianthus, average

QTL sizes in the literature were relatively small when for both intra- and interspecific variation. However, in
wild species it may be more useful to estimate QTL sizesmeasured as PVE (8.0 � 0.7%) compared to estimates

in terms of standing variation (74.2 � 14.3%) or paren- relative to levels of standing variation or interspecific
phenotypic gaps, particularly if the focus is on speciestal line difference (30.0 � 4.6%), although the ranking

of the latter two types of estimates was reversed com- divergence and genetic effects that are “visible” to natu-
ral selection. Our finding that QTL explain on averagepared to the present study. However, existing QTL stud-

ies generally did not measure QTL sizes in all three 53% of the standing variation in the donor species H.
annuus is remarkable. Comparing QTL to the pheno-ways in parallel; hence differences among estimation

methods may be confounded with differences among typic standard deviation in H. annuus is conservative
because phenotypic variation in wild populations of thistaxa, trait types, or mating systems. Indeed, all three

factors had a significant influence on average QTL size species is high as demonstrated by greenhouse studies
(Rosenthal et al. 2002; Welch and Rieseberg 2002a)in the literature (P � 0.005; F -test of one-way ANOVAs).

Comparisons with the QTL literature on wild plants and field experiments (Lexer et al. 2003c; Gross et
al. 2004). In the most comprehensive of these studies(reviewed by Rieseberg and Burke 2001) are even less

conclusive because QTL sizes were rarely reported in (Rosenthal et al. 2002), for example, phenotypic stan-
dard deviations in H. annuus averaged 1.6 times that ofways other than PVE, a notable exception being an
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TABLE 2

Summary of epistatic interaction effects for each trait

No. of
interactions Average PVE

Trait a (P � 1.0 � 10
05) b of interactions c

BRHGT 2 8.3
DISKDIA 4 0.9
HARGHT 6 0.2
HGT1 3 0.4
LFAREA 1 0.3
LIGWDTH 5 1.4
LGLGTH 1 1.0
LIGNUM 1 0.4
PHYNUM 2 1.7
STEMDIA 1 0.6
BUDDAY 5 0.9
FLODAY 2 1.2
RGR 2 0.3
SHBIO 1 0.1
B 6 0.6
Ca 8 0.4
Mg 5 1.6
Mn 7 1.7
PHOTO 1 0.1

a For definitions of trait abbreviations, see Table 1.
b Detection of epistatic interactions described by Rieseberg

et al. (2003).
c Traits not involved in significant interactions are not listed.

ology was the trait category that exhibited the largest
Figure 2.—Interspecific QTL sizes measured as PVE, per- proportion of traits with complementary genes.

centage of species difference, and percentage of standing vari- Signature of selection vs. neutral processes in wild Heli-ation in H. annuus, compared across different trait categories.
anthus: The signature of selection on interspecific charac-(A) Traits with complementary genes (solid circles) and traits
ter differences in sunflowers differed markedly from awithout complementary genes (open circles). (B) Morpholog-

ical traits (open circles), life history traits (solid triangles), and previous literature survey of 86 QTL studies involving 572
physiological traits (solid circles). “a” indicates the difference traits in animals and plants (Rieseberg et al. 2002). That
between trait categories: P � 0.01, t-test with equal variances study showed that selection was the primary cause of inter-not assumed. “b” indicates the difference between categories

specific differences for all trait categories and that physio-P � 0.001, nonparametric Kruskal-Wallis test.
logical and life history traits were more strongly selected on
average than morphological traits. In this study, however,
significant selection was detected for flower morphologyH. petiolaris. Thus, these minor QTL, when defined in
(QTL ratios for this trait category were similar to thoseterms of PVE, do represent formidable genetic effects
reported by Rieseberg et al. 2002), but not for life history“in the eyes of natural selection.”
or physiology (Table 3).An even more striking finding is that, on average,

The elevated QTL ratios (i.e., high proportions ofQTL explained 162% of the species difference between
opposing QTL) for life history and physiological traitsH. annuus and H. petiolaris. This extraordinary result
in Helianthus are puzzling. H. annuus and H. petiolarisapparently is possible because of the frequent presence
differ substantially for most of these traits (Table 1),of QTL with opposing effects (i.e., complementary
so high QTL ratios cannot be attributed to a lack ofgenes), which allows the cumulative effect of all plus
differentiation. Possibly, these trait differences aroseQTL or all minus QTL for a given trait to be consider-
very early in the divergence of the two species and haveably larger than the interspecific gap. Consistent with
been maintained by stabilizing selection since then,this hypothesis, QTL magnitudes for traits with comple-
which might permit the accumulation of opposing QTL.mentary genes are much larger than those for traits
Regardless of the explanation, the high proportion oflacking complementary genes (Figure 2A). Likewise,
opposing QTL appears to have facilitated ecologicalQTL sizes in terms of percentage of species difference
divergence of the three homoploid hybrid species aris-were larger for physiological traits compared to mor-

phological or life history traits (Figure 2B). Again, physi- ing from this cross (Rieseberg et al. 2003). For example,
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TABLE 3

QTL sign tests for different trait categories

No. of traits No. of Gamma
Trait category included antagonistic QTL Total QTL QTL ratio (shape/scale) P

Morphology 21 27 94 0.287 1/22.7 0.000****
Root/shoot morphology 7 10 31 0.322 1/20.83 0.110
Flower morphology 8 9 42 0.214 1/23.26 0.000****
Leaf morphology 6 7 21 0.333 1/24.39 0.330

Life history 6 10 29 0.345 1/17.86 0.204
Physiology 9 19 49 0.388 1/22.22 0.167

Mineral ion content 5 15 33 0.455 1/24.15 0.708
Photosynthesis 4 4 16 0.250 1/20.00 0.091

**** Significance levels for each test P � 0.001.

selection studies indicate that regulation of mineral ion portions of complementary (opposing) QTL (see ap-
pendix). This cryptic variation is released in hybridsuptake played a central role in salt mash adaptation by

H. paradoxus (Lexer et al. 2003b,c). Most of the mineral (Lexer et al. 2003b; Rieseberg et al. 2003), resulting in
transgressive character expression and increased oppor-ion content characters studied here exhibit large pro-

TABLE 4

Results of intraspecific QTL analyses

R 2 change
Test R 2 of through

Linkage position Marker Additive H. annuus H. petiolaris
Trait a group (cM) locus Segregation LR/P -value b effect c QTL (%) QTL (%)

B 1 4 ORS716 1:1 19.0/ 0.0000 a 	6.28 6 3
9 4 ORS887 1:3 18.1/0.0000 a 	11.51 6 6

BRHGT 14 36 ORS832 1:3 8.7/0.0032 	2.37 6 2
8b 9 ORS315 1:3 5.0/0.0258 	1.95 7 1.5

BUDDAY 8a 16 ORS1108 1:1 11.3/0.0008 a 
1.39 11 2
Ca 14 18 ORS832 1:3 7.2/0.0074 
774.74 4 1
DISKDIA 10 25 ORS380 1:3 14.5/0.0001 a 	0.77 4 2.5

14 9 ORS578 1:3 7.8/0.0053 	0.74 6 1
FLODAY 8a 20 ORS1108 1:1 12.2/0.0005 a 
1.98 12 3
HARGHT 17a 46 ORS1097 1:1 10.4/0.0013 a 	9.71 7 3

8b 11 ORS315 1:1 8.8/0.0031 
7.85 7 2
HYPOLG 6b 15 ORS1193 1:3 8.6/0.0033 	0.93 6 1
K 10 26 ORS3 1:3 9.2/0.0025 
2139 7 1
LFLGTH 13 24 ORS799 1:3 5.8/0.0160 
3.41 6 1
LFTOUGH 9 19 ORS887 1:3 8.0/0.0047 
5.57 5 1
LFWDTH 9 0 ORS887 1:3 5.2/0.0228 	2.24 9 1.5
LIGWDTH 8b 12 ORS315 1:3 6.5/0.0108 	0.4 7 1

15a 18 ORS1287 1:3 12.1/0.0005 a 
0.52 5 3
Mg 4 17 ORS784 1:1 24.9/0.0000 a 
306.94 8 7

12 28 ORS984 1:3 6.1/0.0133 
161.47 9 2
14 18 ORS832 1:3 4.7/0.0298 
129.9 5 1

Mn 14 14 ORS832 1:3 11.8/0.0006 a 
20.73 7 4
PHYLGTH 13 11 ORS418 1:3 6.4/0.0116 	0.68 6 2
RGR 4 17 ORS784 1:3 8.2/0.0042 
0.15 8 2

12 25 ORS984 1:3 5.4/0.0206 	0.09 8 1
17a 29 ORS1097 1:1 10.9/0.0010 a 	0.14 6 3

SEEDW 16 29 ORS656 1:3 7.0/0.0080 	0.09 6 2
SHBIO 17a 34 ORS1097 1:1 6.0/0.0141 
8.05 8 1

a For definitions of trait abbreviations, see Table 1.
b Significant at the P � 0.05 level after correction for multiple tests.
c Additive effects are given in the original unit of measurement for each trait.
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markers (Welch and Rieseberg 2002b). However, pop-
ulation subdivision is not required to explain the ob-
served differences between inter- and intraspecific QTL
magnitudes. This is the case because alleles fixed among
species are not a random sample of those present within
species or populations. Any allele’s chance of contribut-
ing to among-species fixed differences is a function of
the selection coefficient, s (Orr 1998a), and this will
bias fixation of interspecific differences toward larger
QTL, since many/most species differences were created
or are currently maintained by directional selection
(Orr 2001; Rieseberg et al. 2002; Lexer et al. 2003a).

With respect to practical implications, our intraspe-
cific QTL results illustrate what is predicted by common

Figure 3.—Comparison of inter- vs. intraspecific QTL sizes sense and theory: that QTL detection in outbred pedi-
measured as PVE in the interspecific BC2 , including best linear grees will almost always capture a certain amount of
fit (Spearman’s r � 0.121; P � 0.540). “B” and “MG” indicate intraspecific QTL variation in addition to polymorph-QTL for leaf boron and magnesium content with unusually

ism between the parental lines (Lynch and Walshhigh intraspecific PVEs.
1998). This reduction in homogeneity of the genetic
background may result in underestimates of interspe-
cific QTL magnitudes when expressed as PVE, because

tunity for selection (Lexer et al. 2003b,c; Gross et al. intraspecific polymorphism will increase the phenotypic
2004). variance in the mapping population against which inter-

Intra- vs. interspecific QTL variation and the spread specific QTL are compared. This is exactly what was
of advantageous alleles: To our knowledge, our study observed in this experiment. However, we argue that
represents the first attempt to map inter- and intraspe- the price of this deviation from an idealized line cross
cific QTL for the same taxa in the same environment. model (Zeng 1994; Lynch and Walsh 1998) is out-
Our intraspecific QTL analysis allowed us to ask whether weighed by the benefits of comparing intra- and inter-
intraspecific QTL variation was present at genomic loca- specific QTL architectures in the same experiment. This
tions where interspecific QTL were known to exist and is particularly important for speciation genetic studies
whether intra- and interspecific QTL differed in magni- that (by definition) address the interface between intra-
tude. Among a total of 72 genomic locations tested, we and interspecific variability.
were able to detect 28 intraspecific QTL segregating Conclusions and outlook: As demonstrated by the
among the recurrent H. petiolaris parental genotypes present study on Helianthus, estimating QTL magni-
(Figure 1; Table 4), although this is certainly an underes- tudes in several biologically meaningful ways has the
timate of the true number of intraspecific QTL present. potential to (1) increase the amount of information
Nevertheless, our intraspecific QTL data allowed us to that can be extracted from QTL data sets; (2) improve
gain insights into the nature of intra- vs. interspecific our understanding of the distribution of factors fixed
differences in wild Helianthus. during adaptation and speciation (Fisher 1930; Wright

Perhaps the most important observation is that PVEs 1931; Orr 1998a, 2001; Barton and Keightly 2002);
were generally smaller for intraspecific compared to and (3) increase our ability to make meaningful compar-
interspecific QTL (Table 4; Figure 3). This is consistent isons among QTL experiments. With respect to QTL
with the prediction that QTL underlying interspecific sign tests, our findings indicate that the ecological diver-
differences should be larger than those polymorphic gence of hybrid lineages is unlikely to involve traits
within species (Rieseberg and Burke 2001). Larger QTL with a history of selection during the divergence of the
(or QTL under strong selection) are more likely to parental species. Rather, hybrid speciation seems to ex-
spread to fixation across a subdivided population, where- ploit the cryptic variation released at unselected traits.
as minor QTL or loci with small selection coefficients Finally, our results may encourage the design of QTL
may be trapped in local populations and are therefore mapping projects that detect both inter- and intraspe-
less likely to contribute to fixed differences among cific QTL within the same experiment, thereby enabling
species (Rieseberg and Burke 2001; Rieseberg et al. direct comparisons of the genetic basis of intra- and
2004). Population subdivision is expected to magnify interspecific trait differences.
the differences in time to fixation for these two classes

We thank Jennifer Durphy and Andrea Schwarzbach for their invalu-of QTL, and this is likely to be the case for H. petiolaris ;
able help during molecular and phenotypic data collection, John

at least two subspecies have been recognized (Heiser Burke and Kevin Livingstone for helpful discussions about various
et al. 1969), and populations of H. petiolaris are signifi- aspects of QTL analysis, and Mike Fay for helpful comments on the
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APPENDIX

Complete interspecific QTL data set discussed in this study

QTL size

Linkage Position Additive % species % standing
Trait a Category group (cM)b effect PVE difference variation

BRHGT Morphology 7 105 5.35 8 16 36
7 133 4.1 10 12 28

11 38 6.05 7 18 41
14 36 
4.24 6 13 29
17a 18 
4.89 5 15 33
8b 9 4.68 7 14 32

BRNUM Morphology 13 5 0.91 8 17 17
6a 40 1.54 5 28 28

DISKDIA Morphology 1 24 1.13 5 10 30
10 11 1.46 7 13 28
10 25 1.23 4 11 24
14 9 1.11 6 10 22
14 53 1.05 6 9 20
16 64 
0.68 6 6 13

6a 6 2.02 9 18 39
HARGHT Morphology 17a 46 
18.15 7 22 53

7 134 17.84 8 22 52
8b 11 16.03 7 19 47

HGT1 Morphology 11 47 2.99 7 11 38
12 9 
2.73 7 10 34
17a 31 
2.44 5 9 31
2 0 
1.93 6 7 24
7 139 1.33 7 5 17
8b 2 1.62 7 6 20

HYPOLG Morphology 6b 15 
1.38 6 46 32
7 60 3.1 6 104 72
8a 14 
1.21 8 41 28

LFAREA Morphology 10 27 3.08 7 8 8
3 93 3.1 6 8 8
4 49 2.73 6 7 7
7 40 
2.65 6 7 7
8b 0 1.74 5 5 5

LFLGTH Morphology 11 7 13.25 6 42 48
13 24 
7.99 6 25 29

LFSHAP Morphology 10 8 
0.27 7 42 100
9 0 0.22 9 34 82

LFTOUGH Morphology 17a 65 
8.2 5 16 29
9 19 16.47 5 33 59

LFWDTH Morphology 10 4 3.78 4 11 158
10 26 4.25 6 13 177
14 79 2.94 5 9 123

4 48 3.9 6 12 163
9 0 
3.9 9 12 163

LIGWDTH Morphology 11 44 0.59 6 34 28
14 70 1.08 8 63 51
15a 18 1.15 5 67 55
2 10 0.99 10 58 47
6a 4 1.46 7 85 70
6a 25 
0.58 5 34 28
7 85 0.78 6 45 37
8b 12 0.71 7 41 34

LIGLGTH Morphology 1 31 1.63 5 25 27
11 44 1.83 4 29 31

3 122 4.25 4 66 71
5 21 3.33 5 52 56

(continued)
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APPENDIX

(Continued)

QTL size

Linkage Position Additive % species % standing
Trait a Category group (cM)b effect PVE difference variation

6a 25 
4.47 6 70 75
7 72 3.05 4 48 51

LIGNUM Morphology 1 25 1.06 8 16 35
10 10 1.03 8 15 34
10 28 1.16 6 17 38
14 34 1.63 7 24 53

PETLEN Morphology 14 80 6.67 4 21 30
3 112 12.36 6 38 56
7 113 
3.96 7 12 18
8a 14 5.44 6 17 25
9 89 
6.87 7 21 31

PHYLGTH Morphology 1 34 0.95 7 11 24
13 11 
1 6 12 26

3 120 2.13 6 26 55
5 15 1.3 5 16 33
7 130 
0.81 9 10 21
9 74 
0.74 7 9 19

PHYNUM Morphology 1 19 1.28 9 16 28
10 23 0.93 7 11 20
14 66 1.41 7 17 31

9 88 
0.86 6 11 19
PHYSHAP Morphology 15a 0 
0.14 5 7 23

2 1 
0.46 5 22 75
6a 26 0.79 6 39 130
7 139 
1.01 8 49 166

PHYWDT Morphology 2 0 0.26 7 5 24
6a 26 
0.28 5 5 26
7 135 0.22 6 4 20

RTLG96 Morphology 10 19 
3.05 5 45 51
7 112 3.93 5 58 66

SEEDW Morphology 1 10 
0.16 5 4 43
10 37 
0.16 5 4 43
11 49 0.15 5 4 41
14 59 
0.14 5 4 38
16 29 
0.33 6 8 89
17a 62 
0.21 17 5 57
3 94 
0.35 5 9 95
4 45 
0.2 4 5 54
5 16 
0.34 6 9 92
7 139 0.15 7 4 41

STEMDIA Morphology 1 23 0.67 7 10 41
10 3 0.89 8 13 55
10 32 1.29 11 19 79
11 15 1.27 6 18 78
14 75 0.72 4 10 44

4 2 0.98 7 14 60
4 17 0.8 5 11 49
7 116 
0.97 6 14 60
8a 0 
0.81 9 12 50

BUDDAY Life history 1 0 2.33 7 67 21
17a 6 
2.81 9 8 25
2 5 1.42 7 41 13
8a 16 2.09 11 60 19

FLBIO Life history 1 19 2.63 7 6 25
11 25 7.34 10 16 71

(continued)
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APPENDIX

(Continued)

QTL size

Linkage Position Additive % species % standing
Trait a Category group (cM)b effect PVE difference variation

13 3 2.39 10 5 23
15b 12 
3.92 8 9 38
17a 43 
2.17 8 5 21
7 71 4.05 6 9 39

FLODAY Life history 1 0 2.53 6 24 18
1 34 1.72 5 16 12
7 46 
2.77 7 26 20
7 115 2.15 5 20 15
8a 20 2.44 12 23 18

FLRNUM Life history 14 19 
1.51 5 18 199
6a 25 2.75 7 32 362
8a 2 
2.02 7 24 266

RGR Life history 10 11 0.18 6 95 45
10 23 0.18 6 95 45
12 25 
0.22 8 116 55
17a 29 
0.39 6 205 98
4 5 
0.2 11 105 50
7 139 0.19 7 100 48
8b 6 0.18 8 95 45
9 101 
0.18 9 95 45

SHBIO Life history 11 25 22.97 6 14 56
17a 34 
1.44 8 1 4
7 70 20.61 7 13 51

B Physiology 1 4 13.15 6 2630 69
1 35 14.27 4 2854 74

10 22 13.07 6 2614 68
14 63 10.69 9 2138 56

3 85 16.92 5 3384 88
6a 0 22.49 7 4498 117
8a 21 8.26 6 1652 43
9 13 
10.84 5 2168 57

Ca Physiology 10 1 2256 5 82 32
14 18 1682 4 61 24

6a 10 
2411 9 87 34
7 126 
1760 5 64 25
8b 6 
1738 7 63 25
9 60 1443 6 52 20

COND Physiology 11 44 
0.33 10 75 38
14 76 0.23 6 52 26
16 21 
0.36 6 82 41
17a 42 
0.27 10 61 31
3 102 
0.26 8 59 68
7 82 
0.35 6 80 40

CI Physiology 11 44 
4.24 8 77 28
14 79 4.19 8 76 28

7 94 
5.83 8 106 38
K Physiology 10 5 5338 7 43 78

10 28 4565 5 37 67
5 35 4761 4 38 70
8a 0 
3314 6 27 49

LFSUC Physiology 3 91 2.73 5 1365 61
Mg Physiology 1 66 322.9 8 35 55

12 28 268.47 9 29 46
14 18 260.92 5 28 45

2 0 
233.17 5 25 40

(continued)
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APPENDIX

(Continued)

QTL size

Linkage Position Additive % species % standing
Trait a Category group (cM) b effect PVE difference variation

3 103 331.78 5 36 57
4 17 405.72 8 44 70
7 137 
290.13 7 31 50
8b 6 
324.01 10 35 56

Mn Physiology 10 5 46.56 7 236 142
10 26 42.68 7 216 130
11 36 
14.57 5 74 44
14 14 36.99 7 188 113

2 31 
21.8 5 111 67
3 74 40 7 203 122
7 116 
24.14 5 122 74

Na Physiology 14 72 
138.21 6 165 50
P Physiology 9 105 
285.71 6 33 34
PHOTO Physiology 17a 70 
2.22 8 56 55

3 102 
2.1 8 53 52
9 16 4.27 5 107 106

SLA Physiology 10 0 
26.05 5 23 52
7 100 
19.27 6 17 38
8b 1 
16.03 5 14 32
9 35 
33.37 4 30 66

PVE, percentage of variation explained in the interspecific backcross.
a For definitions of trait abbreviations, see Table 1.
b QTL were detected at an experiment-wide significance threshold of P � 0.05 (Rieseberg et al. 2003).




