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Abstract The discovery of unbranched, monocephalic
natural variants was pivotal for the domestication of sun-
flower (Helianthus annuus L.). The branching locus (B),
one of several loci apparently targeted by aboriginal
selection for monocephaly, pleiotropically affects plant,
seed and capitula morphology and, when segregating,
confounds the discovery of favorable alleles for seed yield
and other traits. The present study was undertaken to gain
deeper insights into the genetics of branching and seed
traits affected by branching. We produced an unbranched
hybrid testcross recombinant inbred line (TC-RIL) popu-
lation by crossing branched (bb) and unbranched (BB) RILs
to an unbranched (BB) tester. The elimination of branching
concomitantly eliminated a cluster of B-linked seed trait
quantitative trait loci (QTL) identified by RIL per se
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testing. We identified a seed oil content QTL linked in
repulsion and a 100-seed weight QTL linked in coupling to
the B locus and additional unlinked QTL, previously
masked by B-locus pleiotropy. Genomic segments flanking
the B locus harbor multiple loci for domestication and post-
domestication traits, the effects of which are masked by
B-locus pleiotropy in populations segregating for branching
and can only be disentangled by genetic analyses in
unbranched populations. QTL analyses of NILs carrying
wild B alleles substantiated the pleiotropic effects of the B
locus. The effect of the B locus on branching was masked
by the effects of wild alleles at independent branching loci
in hybrids between monocephalic domesticated lines and
polycephalic wild ecotypes; hence, the B locus appears to
be necessary, but not sufficient, for monocephaly in
domesticated sunflower.

Introduction

The discovery of unbranched, monocephalic natural vari-
ants and development of unbranched land races (primitive
cultivars) by Native Americans was a pivotal event in the
domestication of sunflower (Helianthus annuus L.).
Unbranched sunflower emerged and were culled from a
vast pool of strongly branched wild and weedy populations
distributed throughout North America (Heiser 1945, 1951,
1976; Rogers et al. 1982). Hopi, Mandan and other land
races are presumed to be modern-day descendants of the
earliest unbranched types selected by Native Americans
(Heiser 1976; Tang and Knapp 2003; Harter et al. 2004;
Wills and Burke 2007). Wild ecotypes of H. annuus and
other species of the genus Helianthus found throughout
North America are profusely branched with indeterminate
flowering (Heiser 1976; Rogers et al. 1982). Modern
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oilseed and confectionery cultivars are monocephalic and
rarely produce secondary branches and flowers (Putt 1964;
Hockett and Knowles 1970). The unbranched, monoce-
phalic phenotype maximizes seed yield, flowering syn-
chrony and morphological uniformity, and has been critical
for the development of high-yielding cultivars and hybrids
to support the production of sunflower on 22 million
hectares worldwide (Hockett and Knowles 1970; Fick et al.
1974b; Dedio 1980; Fick and Miller 1997; http://faostat.
fao.org/).

While branching and indeterminate flowering are
undesirable for agronomic production, both play a crucial
role in sunflower breeding and hybrid seed production by
creating a wider window for hybridization than can be
achieved with unbranched, determinate flowering pheno-
types (Fick et al. 1974b; Dedio 1980; Fick and Miller
1997). Modern single-cross hybrids are produced by
hybridizing  cytoplasmic-genic  male-sterile  (CMS),
unbranched, determinate flowering female lines (A-lines)
and fertile, branched, indeterminate flowering male lines
(R-lines). Within the pool of modern parent lines,
branching is controlled by a single locus (B) with signifi-
cant pleiotropic effects on plant, seed and capitula mor-
phology (Putt 1943; Hockett and Knowles 1970). The
dominant allele (B) produces unbranched plants and is
ubiquitous among A-lines and isogenic B-lines (fertility
maintainer lines), whereas the recessive allele (b) produces
branched plants and is nearly ubiquitous among R-lines
(Fick and Miller 1997).

Branching increases the number of capitula and typi-
cally decreases capitula diameter and 100-seed weight and
increases seed oil content (Putt 1943; Dedio 1980; Fick
et al. 1974b; Tang et al. 20006). The effect of branching on
seed oil content is presumably indirectly caused by changes
in seed morphology, e.g., smaller seeds produced in
smaller capitula have thinner pericarps. Seed oil content
and seed morphology are genetically complex traits,
although both are often moderately to highly heritable
(Fick 1975; Leon et al. 1995, 2003; Mestries et al. 1998;
Mokrani et al. 2002; Bert et al. 2003; Tang et al. 2006).
Several of the seed trait quantitative trait loci (QTL)
identified in sunflower have large effects and are tightly
linked to hypodermis (Hyp) and phytomelanin (P) pigment
loci (Leon et al. 1995, 2003; Tang et al. 2006). The P locus
is tightly linked to the self-incompatibility (S) locus, and
the genomic region surrounding the P-S interval harbors
QTL for several domestication and post-domestication
traits (Burke et al. 2002; Lexer et al. 2005; Tang et al.
2006; Wills and Burke 2007). Moreover, several large-
effect QTL identified for seed oil content and seed mor-
phology traits are tightly linked to the B locus and are
likely caused by B locus pleiotropy (Mestries et al. 1998;
Bert et al. 2003; Tang et al. 2006).
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Branching and seed oil content are typically positively
genetically correlated in sunflower (Fick et al. 1974b;
Dedio 1980; Mestries et al. 1998; Tang et al. 2006);
however, Bert et al. (2003) identified a QTL linked to the B
locus in a population (XRQ x PSC8) where the allele
transmitted by the branched parent decreased seed oil
content. Could this result have been caused by the segre-
gation of large-effect QTL linked to the B locus, which
compensated for the large positive effect of the recessive
allele (b) on seed oil content? Could the correlation
between these traits be caused by both the pleiotropic
effects of the B locus and effects of loci linked in repulsion
to the B locus? To gain a deeper understanding of the
pleiotropic effects of branching on seed traits, validate
previously identified QTL, and search for QTL masked by
the pleiotropic effects of the B locus, forward genetic
analyses were completed in an unbranched testcross hybrid
recombinant inbred line (TC-RIL) population, CMS-
HA372 x (RHA280 x RHA801). The RILs were devel-
oped from a previously described cross between a branched
(bb) oilseed R-line (RHA801) and an unbranched (BB)
confectionery R-line (RHA280) (Tang et al. 2006). Several
large-effect seed trait QTL identified in the RHA280 x
RHAS801 RIL population per se were found in clusters
tightly linked to B, Hyp and P (Tang et al. 2006). Here, we
report on a study and analysis of unbranched TC-RILs and
the development and analysis of branched and unbranched
near-isogenic lines (NILs) from hybrids between an
unbranched elite inbred line (CMS-HA383) and branched
wild donors (PI-AZ and PI-MT). The absence of branching
among the TC-RILs facilitated testing for B-locus pleiot-
ropy, validation of previously identified QTL linked to Hyp
and P, screening for QTL previously masked by the
pleiotropic effects of the B locus and a genome-wide search
for QTL affecting seed yield.

Materials and methods

Testcross hybrid RIL population development
and phenotyping

We developed 173 unbranched (BB or Bb) TC-RILs by
crossing 173 RHA280 x RHA801 RILs (F;) to CMS-
HA372 (PI 534658), a highly inbred CMS line (A-line).
The RILs were developed from a hybrid between CMS
fertility restorer (R) lines (RHA280 x RHA801) and have
been previously described (Tang et al. 2006). RHA280 is
an unbranched (BB) low-oil R-line, whereas RHAR801 is a
branched (bb) high-oil R-line (Fick et al. 1974a; Roath
et al. 1981). CMS-HA372 is an unbranched (BB) oilseed
A-line (Miller and Gulya 1990). HA372, the fertile iso-
genic CMS sterility maintainer (B) line, was field tested
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and phenotyped in lieu of the sterile A-line (CMS-HA372),
as were the RIL parents (RHA280 and RHAS801).

The parents, tester and 173 TC-RILs were field tested in
Corvallis, Oregon in 2001 and 2002 in a randomized
complete block design with two replications per year.
Planting, cultivation and harvesting were conducted as
previously described (Tang et al. 2006). Capitula were
combine-harvested at the R9 stage during physiological
maturity (Schneiter and Miller 1981). Threshed seeds were
oven-dried and cleaned of debris before measuring 100-
seed weight and estimating seed yield. Seed oil contents
were measured from 5 g of oven-dried seed per experi-
mental unit by nuclear magnetic resonance, as previously
described (Tang et al. 2006).

Statistical and QTL mapping analyses of the TC-RIL
population

Restricted maximum likelihood (REML) estimates of year,
TC-RIL, TC-RIL x year and residual variance compo-
nents were estimated using SAS PROC VARCOMP (SAS
Institute 2004). Broad-sense family mean heritabilities (")
were estimated by

2 2

(2 (2

2= 2 2, %y | %
GG/<O'G—|—r+ry s

where o7 is the between TC-RIL variance component, 5,
is the between TC-RIL x year variance component, 0% is
the residual variance component, r is the number of rep-
lications and y is the number of years (Bernardo 2002).
Type III F statistics and least square means for TC-RILs
within and across years were estimated using PROC
MIXED. Spearman rank correlations between years
(year one x year two rank correlations for each trait) and
Pearson correlations between traits across years were
estimated using PROC CORR. Heterosis percentages were
estimated for each trait by [(yr — yp)/yp] x 100, where yr
is the least square mean for HA372 and yp is the least
square mean for a CMS-HA372 x (RHA280 x RHAS801)
testcross hybrid RIL.

QTL were identified and statistics were estimated in two
stages. First, composite interval mapping (CIM) analyses
(Zeng 1993) were performed on TC-RILs least square
means within and across years using WinQTL Cartographer
(Wang et al. 2007). Cofactors were selected using stepwise
regression and LOD scores and other statistics were esti-
mated by testing the null hypothesis in 2 cM intervals
across the genome. Second, multilocus genetic models were
developed and tested using DNA and phenotypic marker
loci as independent variables in mixed linear model anal-
yses. Loci selected for inclusion in multilocus genetic
models were centered or nearly centered on LOD maxima
of QTL estimated by CIM. Type III F statistics, least square

means for DNA and phenotypic marker locus genotypes
and other statistics were estimated using PROC MIXED in
SAS 9.1. The null hypothesis of no intralocus testcross
hybrid effect (Ho:ys+a # Ya+,) Was tested for each locus
using linear contrasts among least square means by ESTI-
MATE statements in PROC MIXED. The testcross effect
was estimated as a* = (Yas4 — Ya=a)/2, Where y,«4 is the
CMS-HA372/RHA280 heterozygote mean, yax, is the
CMS-HA372/RHAS801 heterozygote mean, and A*, A,
and a correspond to alleles transmitted by the tester
(CMS-HA372), RHA280 and RHABS8O01, respectively
(Bernardo 2002). We tested for aliasing of independent
variables using the ALIASING statement in PROC GLM.
Coefficients of determination (R?) were also estimated for
the different multilocus genetic models using PROC GLM.
We used an identical approach to re-analyze seed oil
content and 100-seed weight QTL in the RHA280 x
RHABS801 RIL population using a combination of DNA and
phenotypic marker loci identified by RIL per se (Tang et al.
2006) and TC-RIL testing. The additive (a) effects of the B
locus, and DNA and phenotypic marker loci linked or
unlinked to the B locus were estimated using Type III F
statistics and ESTIMATE statements in PROC MIXED.
In the RIL population, additive effects were equal to
a = (Yaa — Yaa)/2, where ys4 is the RHA280/RHA280
homozygote mean, and y,, is the RHA801/RHAS801
homozygote mean. We tested for aliasing of independent
variables using the ALIASING statement in PROC GLM.
DNA and phenotypic marker loci selected for inclusion in
multilocus genetic models were either centered or nearly
centered on LOD maxima of QTL identified by CIM.

Development and analyses of elite x land race
and elite x wild hybrids

Single-cross hybrids were produced between CMS-HA372
and 11 wild ecotypes, CMS-HA383 and 11 wild ecotypes,
CMS-HA372 and four unbranched Native American land
races, and CMS-HA383 and two unbranched Native
American land races. Seeds of CMS-HA383 (PI 578872),
an elite oilseed A-line (Miller and Gulya 1995), were
obtained from Dr. Jerry F. Miller (USDA-ARS, Fargo, ND,
USA). Seeds of Arikara (PI 369357), Havasupai (PI
369358), Seneca (PI 369360) and the 13 wild ecotypes
were obtained from the USDA-ARS National Plant
Germplasm System, Ames, lowa (http://www.ars-grin.gov/).
Wild ecotypes are identified by the prefix PI (plant intro-
duction) and abbreviations for the states where they were
originally collected. The 11 wild ecotypes were PI-AZ (PI
468575), PI-CA (PI 435593), PI-CO (PI 468625), PI-MT
(PT 531022), PI-MX (PI 413123), PI-ND (PI 468439),
PI-NV (PI 468596), PI-OK (PI 435619), PI-OR (PI
531015), PI-SD (PI 413039), PI-UT (PI 468619), PI-WA
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(PI 531018) and PI-WY (PI 413019). Seeds of Tarahumara
were obtained from Seeds of Change (http://www.
seedsofchange.com/). Four replicate single-cross hybrids
were produced for each elite x exotic parent combination
using independent individuals. We planted a single plot per
replicate per hybrid, 6.1 m in length, in Corvallis, Oregon.
Forty seeds were initially planted per plot and were later
thinned to 20 plants per plot. Plants were phenotyped for
the presence or absence of branching at the RS reproduc-
tive stage of development (Schneiter and Miller 1981).
Capitula of elite x wild hybrids were bagged pre-anthesis
and fertile hybrids were manually selfed during anthesis to
screen for self-compatibility.

Development and analyses of wild introgression lines

We developed replicate BC5S; and BC4S; populations by
phenotypic selection for profuse whole plant branching
among S;, BC;S;, BC,S; and BC;S, progeny from hybrids
between an elite unbranched oilseed A-line (CMS-HA383)
and two branched wild ecotypes (PI-AZ and PI-MT). CMS-
HA383 x PI-AZ and CMS-HA383 x PI-MT were manu-
ally selfed to produced F, seeds. F, populations (n = 400
each) were grown in the field and phenotyped for branch-
ing in Corvallis, Oregon in 2000. Two branched individuals
were selected in the CMS-HA383 x PI-AZ and CMS-
HA383 x PI-MT F, populations, backcrossed to CMS-
HA383, and manually selfed to produce four BC;S;
populations. We self-pollinated a BC; individual per rep-
licate per hybrid to produce four BC;S; populations. The
latter were field tested in Corvallis, Oregon in 2001 and
phenotyped for branching. One branched BC;S; individual
within each lineage was selected and backcrossed to CMS-
HA383 to produce four BC, populations. Summer—winter
cycles of field testing, phenotyping, selection, backcross-
ing, and selfing were repeated through the BC, with field
testing and phenotyping in Corvallis, Oregon from 2002 to
2005.

BC;S, individuals (one per replicate per hybrid) selec-
ted to produce BC, populations were phenotyped for a
number of branches and genotyped using a genome-wide
framework of 193 simple sequence repeat (SSR) markers
(Tang et al. 2002). Graphical genotypes were drawn as
described by Young and Tanksley (1989) using GGT 2.0
(van Berloo 2008) with linkage groups and genetic dis-
tances previously estimated in the RHA280 x RHAS801
RIL mapping population (Tang et al. 2002, 2006; Yu et al.
2003). SSR markers were genotyped as described by Tang
et al. (2002).

We produced two BC,4S; populations by self-pollinating
one CMS-HA383 x PI-AZ and one CMS-HA383 x PI-
MT BC, individual. We field tested 94 BC,S, individuals
from each population in Corvallis, Oregon in 2005. The
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192 progeny were phenotyped for the presence or absence
of branching, number of branches, seed oil content, 100-
seed weight, capitulum diameter, plant height, stem
diameter and days to flowering. BC4S; progeny was also
genotyped using 15 SSR or insertion-deletion (INDEL)
markers distributed from the upper to the lower end of
linkage group 10. B locus genotypes were inferred from
branching phenotypes; branched individuals were classified
as bb, whereas unbranched individuals were classified as
B_ (BB or Bb). The two BC,4S; populations were graphi-
cally genotyped using GGT 2.0 (van Berloo 2008). Con-
cordance of the observed segregation ratio for branching
with the expected segregation ratio (3 B_:1bb) was tested
using ¥ statistics (Griffiths et al. 2002). Exact p values for
tests of the null hypothesis were derived from the PROB-
CHI function in SAS 9.1. QTL analyses were performed
using ORS1088, a codominant SSR marker locus, and the
B locus as independent variables in linear model analyses,
with fixed DNA or phenotypic marker locus effects and
random residual effects. Type III F statistics, least square
means, and coefficients of determination (R?) were esti-
mated for an SSR marker locus (ORS1088) and B locus
genotypes using PROC GLM. We estimated the additive
(a) and dominant (d) effects of ORS1088 for each trait
using linear contrasts among least square means using
CONSTRAST statements in PROC GLM (Lynch and
Walsh 1998). The degree of dominance (ld/al) was also
estimated for each trait. In addition, the additive effect of
the B locus was estimated for each trait using linear con-
trasts between least square means for dominant (B_) and
recessive (bb) genotypes.

Using graphical genotypes for DNA marker loci previ-
ously mapped on linkage group 10 (Tang et al. 2002), we
selected a single CMS-HA383 x PI-MT BC;S; individual
(PI-MT-1-1-2) with an unknown branching phenotype
carrying a wild introgression spanning the B locus. PI-
MT1-1-2 was heterozygous for two SSR marker loci
upstream (HT347 and ORS1088) and two SSR marker loci
downstream (ORS591 and ORS595) of the B locus and
homozygous for recurrent parent (CMS-HA383) alleles for
SSR and INDEL markers upstream and downstream of the
introgressed segment. The NIL was developed by geno-
typing the four SSR markers upstream of the B locus
(HT347 and ORS1088) and downstream of the B locus
(ORS815 and ORS595). Two cycles of MAS were con-
ducted for the wild introgression (spanning HT347-
ORS595) by genotyping greenhouse-grown plants (without
phenotyping), selecting an individual carrying the wild
introgression, and backcrossing the selected individual to
CMS-HA383. BC,S; and BCs progeny were produced in
the last cycle of MAS. The 47 BC,S; and 47 BCs progeny
were field tested in Corvallis, Oregon in 2006, phenotyped
for the presence or absence of branching, and genotyped
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using SSR markers spanning the wild introgression
(HT347, ORS1088, ORS591, and ORSS595). B locus
genotypes were inferred from branching phenotypes
(B_ = unbranched and bb = branched) of the BC,S; and
BCs populations. The expected segregation ratio of the B
locus (3B_:1bb) was tested using }52 statistics (Griffiths
et al. 2002). The SSR marker loci and B locus were
genetically mapped in the BC4S; population using
Mapmaker/Exp 3.0 (Lander et al. 1987).

Results

Seed trait segregation and heterosis
in the TC-RIL population

Testcross hybrids developed by crossing branched (bb) and
unbranched (BB) RHA280 x RHA801 RILs to an
unbranched (BB) tester (CMS-HA372) were unbranched.
The parents of the TC-RIL population had significantly
different seed trait phenotypes (Fig. 1). The seed oil con-
tent of the unbranched oilseed B-line (HA372) was closer
to the branched oilseed R-line (RHA801) than the
unbranched confectionery R-line (RHA280). We pheno-
typed the fertile isogenic B-line (HA372) instead of the
sterile A-line (CMS-HA372) to eliminate sterility and
pollination biases. The inbred parent and tester lines had
significantly lower seed yields than the TC-RILs. The
phenotypic differences between HA372 and RHA801 were
typical of unbranched oilseed B-lines and branched oilseed
R-lines in sunflower (Fick and Miller 1997; Cheres et al.
1999, 2000). HA372 produced a single large capitula and
larger seeds with slightly lower seed oil concentrations
than RHA801, which produced a smaller primary capitula
and numerous secondary and tertiary capitula (Fig. 1). The
phenotypic ranges were wide and the phenotypic distribu-
tions were approximately normal for each trait among TC-
RILs. Seed oil content was negatively correlated with 100-
seed weight (r, = —0.64; p < 0.0001) and seed yield
(r, = —0.31; p < 0.0001), while 100-seed weight and seed
yield were positively correlated (r, = 0.49; p < 0.0001).
Significant transgressive segregation was observed for
seed yield among the TC-RILs, partly because of heterosis
and partly because of the absence of branching (Figs. 1, 2).
Heterosis for seed yield ranged from 57 to 253%, and mean
heterosis was 135% among testcross hybrids (Fig. 2). The
tester and parents of the RIL population had lower seed
yields than hybrids, as is typical of other inbred A-, B-, and
R-lines in sunflower (Fick and Miller 1997; Cheres et al.
1999, 2000). Moreover, branched R-lines typically have
much lower seed yields than unbranched B-lines, as typified
by the seed yield differences between RHA801 and HA372
in the present study (Fig. 1); heterosis percentages were
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Fig. 1 Seed oil content, 100-seed weight and seed yield distributions
for 173 CMS-HA372 x (RHA280 x RHAS801) testcross hybrid
recombinant inbred lines (TC-RILs) field tested and phenotyped in
Corvallis, Oregon in 2001 (x-axis) and 2002 (y-axis). TC-RIL
phenotypes (trait means) are identified by open red circles, B-line
(HA372) phenotypes of the near-isogenic A-line tester (CMS-HA372)
are identified by a filled black triangle, and phenotypes of the low-oil
parent (RHA280) and high-oil parent (RHA801) of the RIL popula-
tion are identified by filled black circles (color figure online)

estimated using the high parent (the unbranched oilseed
tester) to eliminate the branching bias (Fig. 2). Seed oil
content minima and maxima were greater in the TC-RIL
than the RIL population (Tang et al. 2006). The mean of the
low parent and lower tails of the TC-RIL distributions for
seed oil content (where RHA280 was low) and 100-seed
weight (where RHA801 was low) were widely separated
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Fig. 2 Heterosis (%) distribution across years for 173 CMS-
HA372 x (RHA280 x RHAS801) testcross hybrid recombinant
inbred lines field tested and phenotyped in Corvallis, Oregon in
2001 and 2002

because the testcross hybrids were produced using a high-
oil tester, thereby shifting the phenotypic distributions for
both traits upward and away from the low parent (Fig. 1).

Significant differences were observed among TC-RILs for
each trait within and across years with Type III F statistic
probabilities ranging from 0.0014 to <0.0001. TC-RIL-mean
heritabilities were high for seed oil content (h2 = 0.83) and
100-seed weight (h* = 0.84) and low for seed yield
(h* = 0.24). RIL mean heritabilities were similarly high for
seed oil content and 100-seed weight (Tang et al. 2006). While
broad-sense TC-RIL and narrow-sense RIL mean heritabili-
ties have different theoretical interpretations (Bernardo 2002),
non-genetic variances were significantly smaller than genetic
variances for seed oil content and 100-seed weight in both the
RIL and TC-RIL populations. TC-RIL x year interactions
were non-significant for seed oil content (p = 0.50) and 100-
seed weight (p = 0.50) and highly significant (p = 0.0015)
for seed yield, as depicted in the between-year phenotypic
distributions for each trait (Fig. 1). The phenotypic distribu-
tion between years was more diffuse and circular for seed
yield than seed oil content and 100-seed weight, both of which
were tighter and more elliptical (the x- and y-axis scales of
Fig. 1 are uniform). Seed yield ranks for TC-RILs were
uncorrelated between years (r = 0.09; p = 0.25), whereas
rank correlations for TC-RILs between years were significant
for seed oil content (r = 0.75; p < 0.0001) and 100-seed
weight (r = 0.69; p < 0.0001). Hence, the lower heritability
for seed yield was caused, at least in part, by the significant
TC-RIL x year differences.

QTL identified in the TC-RIL population
QTL for seed oil content were identified on linkage groups

1, 3,9, 10, 16 and 17 in the TC-RIL population and col-
lectively explained 30-40% of the phenotypic variation
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within and between years (Table 1; Fig. 3; Suppl.
Tables 1, 2). Of the seed oil content QTL identified by TC-
RIL testing, two (socl6.1* and socl7.1*) were directly
centered on previously identified QTL (socl6.1 and
socl7.1), two (socl.l* and soc9.1*) mapped in close
proximity to previously identified QTL (socl.I and
soc9.1), and two (soc3.1* and socl0.1*) were not previ-
ously identified in the RIL population (Tang et al. 2006).
High-oil alleles were transmitted by the high-oil parent for
five of the six QTL. The low-oil parent (RHA280) trans-
mitted the high-oil allele for soc/0.1%*, a QTL linked to the
B locus.

LOD maxima for QTL on linkage groups 16 and 17
(socl6.1%* and soc17.1%*) were found in the same positions as
LOD maxima for QTL previously identified by RIL per se
testing (soc16.1 and socl7.1). Testcross effects for soc16.1*
(a* = —1.04) and socl7.1* (a* = —0.45) were in the same
direction and approximately half the magnitude of additive
effects for soc16.1 (a = —1.70) and socl7.1 (a = —0.90).
The QTL on linkage group 16 was centered on Hyp, a
hypodermis pigment locus previously shown to be tightly
linked to a large-effect QTL for seed oil content (Leon et al.
1995, 2003; Tang et al. 2006). The Hyp-linked QTL
explained 27.5% of the variation for seed oil content in the
TC-RIL population (Suppl. Table 2). The QTL on linkage
group 17 mapped near P, a phytomelanin pigment locus
previously shown to be tightly linked to a QTL for seed oil
content (Tang et al. 2006). Both QTL explained a larger
percentage of the seed oil content variation in the TC-RIL
than the RIL population, partly because socl0.1, a large-
effect QTL (a = —2.3) centered on the B locus and previ-
ously identified by RIL per se testing, had no effect in the
TC-RIL population (Table 1; Fig. 3; Suppl. Tables 1, 2).

QTL on linkage groups 1 and 9 (socl.l* and soc9.1%)
mapped in close proximity to QTL identified in the RIL
population (socl.1 and soc9.1). The LOD maxima of these
QTL were in different intervals and the 1.0-LOD support
intervals were non-overlapping. However, the high-oil
alleles for both QTL were transmitted by RHA801 (the
high-oil parent) in the TC-RIL and RIL populations (test-
cross and additive effects were negative for both traits) and
the testcross effects, socl.l1* (a* = —0.69) and soc9.1*
(a* = —0.60), were two- to threefold smaller than the
additive effects, socl.I (a = —1.30) and soc9.1 (a =
—1.50) (Table 1; Tang et al. 2006).

The QTL on linkage group 3 (soc3.1¥) and coincident
large-effect QTL for 100-seed weight (swt3.1*) were not
identified in the RIL population per se. The swt3.1* QTL
explained 27.4% of the phenotypic variation in the TC-RIL
population (Table 1; Fig. 3; Suppl. Tables 1, 2). The high-
oil/high-oil (CMS-HA372/RHA801) heterozygote (A*a)
had significantly smaller seeds and greater seed oil con-
tent than the high-oil/low-oil (CMS-HA372/RHA280)
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Table 1 Testcross hybrid effect, Type III F statistic probability (Pr > F), genotype mean and coefficient of determination (R®) estimates for
seed trait QTL mapped in the CMS-HA372 x (RHA280 x RHAB801) testcross hybrid recombinant inbred line population (n = 173)

Trait QTL Locus® Genotype mean Effect® Pr>F
A*A A*a
Seed oil content (%) socl.1* ORS716 41.3 42.7 —0.69 <0.0001
soc3.1%* ORS134 41.5 42.5 —0.53 0.0002
s0c9.1%* CRT250 41.4 42.6 —0.60 <0.0001
socl0.1* ORS1088 42.5 41.5 0.49 0.0005
socl6.1* Hyp 41.0 43.1 —1.04 <0.0001
socl7.1% ORS1245 41.6 425 —0.45 0.0011
R 0.30
100-seed weight (g) swi3. 1% ORS134 8.9 8.0 0.47 <0.0001
swt4. 1% ORS334 8.6 83 0.18 0.004
swi5. 1% ORS864 8.2 8.7 —-0.25 <0.0001
swt9.1% ORS188 8.7 8.2 0.22 0.0006
swtl0.1% ORS613 8.7 8.2 0.29 <0.0001
swtl2.1% ORS810 8.6 8.3 0.19 0.002
swtl4.1% ORS1079 8.8 8.1 0.36 <0.0001
swtl7.1% ORSS561 8.8 8.1 0.35 <0.0001
' 0.34
Seed yield (kg/ha) yld10.1* ORS437 3,069.5 2,812.1 128.69 <0.0001
yld13.1* CRT76 3,037.0 2,844.7 96.17 0.0003
R? 0.03

* Type III F statistics were estimated for the intralocus effects (least square mean differences) of DNA and phenotypic marker loci (independent
variables) in mixed linear model analyses. DNA and phenotypic marker loci selected as independent variables were closest to the LOD maxima
for QTL identified by composite interval mapping (see Suppl. Table 1)

® Testcross hybrid RIL effects (a*) were estimated by least square mean differences between RHA280 and RHA801 testcross hybrid genotypes,
where a* = (y4:4 — Ya+)/2, the A* allele was transmitted by the tester (CMS-HA372), the A allele was transmitted by RHA280, the a allele was
transmitted by RHA801, y,+4 is the least square mean of the A*A genotype, and y,+, is the least square mean of the A*a genotype; hence, the
RHAZ280 allele in hybrid combination with the CMS-HA372 allele (A*A) increased the trait mean when the effect was positive, whereas the

RHAS01 allele in hybrid combination with the CMS-HA372 allele (A*a) increased the trait mean when the effect was negative

heterozygote (A*A). Hence, soc3.1* and swt3.1* were
either masked by the pleiotropic effects of the B locus in
the RIL per se analysis or caused by the heterotic effects of
the underlying loci or both.

QTL for 100-seed weight were identified on linkage
groups 4, 5, 9, 10, 12, 14 and 17 in the TC-RIL population,
in addition to swt3.1%*, and they collectively explained 34—
45% of the phenotypic variation within and between years
(Table 1; Fig. 3; Suppl. Tables 1, 2). Of the 100-seed
weight QTL identified by TC-RIL testing, only one was
(swt9.1%) was centered on a QTL (swt9.1) previously
identified by RIL per se testing, whereas three (swt5.1%,
swtl4.1*, and swtl7.1¥) mapped in close proximity to
previously identified QTL (swt5.1, swti4.1, and swtl7.1)
and three (swr4.1%, swtl0.1%, and swtl2.1*) were not pre-
viously identified in the RIL per se analysis. High-seed
weight alleles were transmitted by the high-seed weight
parent for six of the seven QTL. The low-seed weight
parent (RHAS801) transmitted the high-seed weight allele
for sw5.1%*, which mapped in close proximity to the only

other QTL identified in the RIL population where the low-
seed weight parent transmitted the high-seed weight allele
(swt5.1); hence, swt5.1* and swt5.1 effects may have been
produced by the same locus. One additional 100-seed
weight QTL was identified on linkage group 4 (swt4.1%*)
and mapped close to a seed oil content QTL (soc4.1). The
effect of swr4.1* was significant in 2001 and across years,
but not in 2002 (Table 1; Suppl. Table 1).

Seed yield QTL (yld10.1* and yldI3.1*) were identified
on linkage groups 10 and 13 and collectively explained 3—
13% of the phenotypic variation within and across years
(Table 1; Fig. 3; Suppl. Tables 1, 2). TC-RIL effects for
both were significantly larger in 2001 than 2002 (Suppl.
Table 1). The high-seed yield alleles for both were trans-
mitted by the low-oil parent (RHA280) and increased seed
yields by 167-348 kg/ha when combined with the CMS-
HAZ372 allele in testcross hybrids. The seed yield QTL on
linkage group ten mapped in close proximity to the B locus
and a 100-seed weight QTL (swt10.1%). Because 100-seed
weight and seed yield were positively correlated, this QTL
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could be either tightly linked or caused by a single locus.
The QTL on linkage group 13 (yldi3.1%*) was not associ-
ated with a 100-seed weight QTL and neither of the seed
yield QTL were associated with seed oil content QTL, even
though these traits were strongly negatively correlated.
Low heritability, coupled with a small population size
(n = 173), limited the power to identify and accurately
map seed yield QTL (Lynch and Walsh 1998; Kearsey and
Farquhar 1998; Bernardo 2002); however, both QTL
(yld10.1* and yld13.1%*) produced economically significant
changes in seed yield.

Testing for the pleiotropic effects of the branching
locus (B) in the unbranched testcross hybrid RIL
population

The elimination of branching in the TC-RIL population
eliminated large-effect B-linked seed oil content and 100-
seed weight QTL previously identified in the RIL popula-
tion per se and uncovered a small-effect QTL for seed oil
content (socl0.1%) located slightly upstream and a small-
effect 100-seed weight (swrl0.1%) located slightly
downstream of the B locus, in addition to uncovering a
large-effect QTL for 100-seed weight (swz3.1%*) and small-
effect QTL for seed oil content (soc3.1*) on linkage group
3 (Table 1; Fig. 3; Suppl. Tables 1, 2) and increasing the
magnitude of the effect of the 100-seed weight QTL
(soc5.1%) on linkage group 5. The testcross effect for
swiS.1* (a* = —2.75) was fourfold greater than the addi-
tive effect for swz5.1 (a = —0.64) and opposite in sign to
the additive effect of swtl10.1 (a = 1.81), the B-centered
QTL identified by RIL per se testing. Hence, the B locus
appears to have pleiotropically affected seed trait QTL on
linkage groups 3, 5 and 10.

The seed oil content and 100-seed weight QTL identified
on linkage group 10 (socl0.1* and swtl0.1*) were not
previously identified and appear to have been masked by the
pleiotropic effects of the B locus in the RIL per se analysis.
The testcross effect of socl0.1* (a* = 0.60) was opposite
in sign to the additive effect of socl0.1 (a = —2.40),
whereas the signs of the testcross effect of swtl0.1*
(a* = 2.84) and additive effect of swt10.1 (a = 1.81) were
both positive. The RHA280 soc10.1* allele increased seed
oil content, whereas the RHA801 swt10.1* allele decreased
100-seed weight and concomitantly increased seed oil
content through the negative genetic correlation between
these traits (Tang et al. 2006). Hence, socl0.1* was linked
in repulsion, whereas swt10.1* was linked in coupling to the
B locus. If the B-centered seed oil content and 100-seed
weight QTL previously identified by RIL per se testing were
caused by the pleiotropic effects of the B locus, the domi-
nant allele transmitted by RHA280 (B) should decrease seed
oil content and increase 100-seed weight.
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Fig. 3 One-LOD support intervals for seed oil content (soc), 100- »

seed weight (swr) and seed yield (yld) QTL identified by composite
interval mapping in the CMS-HA372 x (RHA280 x RHAS801)
testcross hybrid recombinant inbred line (TC-RIL) population. Filled
red bars identify seed oil content and 100-seed weight QTL identified
by TC-RIL testing, whereas filled yellow bars identify seed oil content
and 100-seed weight QTL identified by RHA280 x RHA801 RIL per
se testing. Filled gray bars identify seed yield QTL identified by TC-
RIL testing (color figure online)

Branching in elite x wild and elite x land race hybrids

Single-cross hybrids between monocephalic elite A-lines and
Native American land races and monocephalic elite A-lines
and polycephalic wild ecotypes were phenotyped for
branching, fertility and self-compatibility (Suppl. Table 3).
Of the 22 elite x wild hybrids, 19 were completely and uni-
formly branched (four out of four replicate hybrids), whereas
two wild ecotypes produced branched and unbranched
hybrids (50-75% of the replicate hybrids of PI-CA and PI-SD
were branched). Hence, the effect of the B allele, which is
dominant in hybrids between elite unbranched (BB) A- or B-
lines and elite branched (bb) R-lines (Putt 1943; Hockett and
Knowles 1970; Fick et al. 1974b), was masked by alleles at B
or other branching loci transmitted by each of the wild eco-
types tested. PI-CA and PI-SD transmitted alleles sufficient
for producing unbranched hybrids, although both produced
branched and unbranched hybrids (Suppl. Table 3). PI-CA
and PI-SD could carry alleles introduced by migration
from modern cultivars. The six CMS-HA372 and CMS-
HA383 x land race hybrids were unbranched. Hence, the
four land races are apparently homozygous for dominant B
alleles and do not carry alleles at other branching loci suffi-
cient for masking the effects of the B allele.

Discovery of self-compatible wild ecotypes

Two self-compatible wild ecotypes (PI-AZ and PI-MT)
were discovered by manually selfing the 22 hybrids
between unbranched A-lines and geographically diverse
wild ecotypes (Suppl. Table 3). Only hybrids with PI-AZ
and PI-MT were strongly self-compatible (hybrids with
both ecotypes produced several hundred of F, seeds when
manually selfed). Because CMS-HA383 and CMS-HA372
are self-compatible and carry self-compatibility alleles (s)
at the S locus on linkage group 17 (Gandhi et al. 2005), PI-
AZ and PI-MT transmitted either self-compatibility alleles
or weak self-incompatibility alleles, whereas the other wild
ecotypes transmitted strong self-incompatibility alleles.

Testing for branching locus () pleiotropy in advanced
backcross progeny

The pleiotropic effects of the B locus were further analyzed
by QTL analyses of advanced backcross progeny
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Fig. 3 continued
developed by phenotypic selection for profuse, whole plant CMS-HA383 x PI-MT RHA280 x RHAB01 ~ CMS-  PIL-AZ  PI-MT
S : ) . . BC,S, RIL HA383  BC,S;  BC,S,
branching in two elite x wild hybrid populations, CMS- 2VGA3 — 00 h
HA383 x PI-AZ and CMS-HA383 x PI-MT (Tables 2, 3; '
Fig. 4). Four BC3S; populations (206-226 individuals per
population) were phenotyped for branching. One branched e %2,
BC3S, plant was selected from each population and ORS541 —A15.4
graphically genotyped using 193 SSR markers distributed
throughout the sunflower genome (Tang et al. 2002). One
genomic segment (ORS541-ORS815) carried wild alleles HT347 —1—26.3
. T R 4
among the four graphically genotyped BC;S; individuals. . ORS1088 292
The introgressed segment spanned the B locus and (1):8 ORS1088
encompassed the upper arm of the chromosome in both PI- 4.2 O RS505 B e
54 ORS815

AZ introgressions and a shorter segment in both PI-MT
introgressions (Fig. 4). The four selected BC3S; individu-
als were selfed and 100% of the progeny within the four
BC;S;, lines were branched. While wild introgressions were
found on a few other linkage groups, none were common
across replicates and populations. Nonetheless, introgres-
sions on linkage groups 3, 4, 13, 14 and 16 were identified
for both replicates developed from one wild donor or the
other and warrant further study.

Two BC4S; populations were subsequently developed,
one from each wild donor (CMS-HA383 x PI-AZ and
CMS-HA383 x PI-MT). We field tested, phenotyped and
genotyped 94 progeny from both populations with DNA
markers spanning linkage group 10 (Fig. 4). Both popula-
tions segregated with a ratio of 74 unbranched:20 bran-
ched, which was not significantly different from the
expected segregation ratio (3 unbranched:1 branched) for
the B locus ()(2 = 0.69; p = 0.41). Hence, wild B locus
alleles introgressed from PI-AZ and PI-MT were recessive
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Fig. 4 Graphical genotypes for the recurrent parent CMS-HA383
(red bars) and introgressed wild donor (PI-AZ or PI-MT) segments
(yellow bars) segregating in BC,4S; populations developed from
hybrids between an unbranched A-line (CMS-HA383) and branched
wild ecotypes (PI-AZ and PI-MT). Graphical genotypes for replicate
BC,4S; individuals within each hybrid were identical; therefore, a
single replicate per hybrid is displayed. Genetic distances are shown
for DNA markers and the B locus on linkage group 10 in the CMS-
HA383 x PI-MT BC,S; and RHA280 x RHAS801 RIL populations
(color figure online)
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Table 2 Genotype mean, additive (a) and dominance (d) effect, Type
III F statistic probability (Pr > F), degree of dominance (ld/al) and
coefficient of determination (Rz) estimates for several traits for a
DNA marker locus (ORS1088) tightly linked to the branching locus

(B) in introgressed segments on linkage group 10 segregating in two
elite x wild BC,4S; populations, CMS-HA383 x PI-AZ (n = 94)
and CMS-HA383 x PI-MT (n = 94)

Trait Donor Genotype mean® Additive (a)b Dominant (d) Id/al R?
AA Aa aa Effect Pr>F Effect Pr>F
Number of branches PI-AZ 0.0 0.5 12.1 —6.1 <0.0001 5.6 <0.0001 0.9 0.62
PI-MT 0.8 0.7 18.8 -9.0 <0.0001 9.1 <0.0001 1.0 0.75
Seed oil content (%) PI-AZ 38.8 38.8 44.6 -29 <0.0001 3.1 0.003 1.0 0.21
PI-MT 36.9 38.2 45.3 —4.2 <0.0001 2.9 0.02 0.7 0.22
Capitula diameter (cm) PI-AZ 222 21.8 14.8 3.7 <0.0001 -33 0.0001 0.9 0.37
PI-MT 24.6 23.2 15.5 4.6 <0.0001 -32 <0.0001 0.7 0.32
100-seed weight (g) PI-AZ 8.1 8.1 5.9 1.1 <0.0001 —1.1 0.0007 1.0 0.26
PI-MT 8.0 7.5 5.2 1.4 <0.0001 -0.9 0.002 0.6 0.36
Stem diameter (mm) PI-AZ 22.1 22.6 19.8 1.2 0.08 —1.7 0.09 1.4 0.05
PI-MT 24.6 23.5 23.7 0.5 0.5 0.7 0.5 1.4 0.02
Plant height (cm) PI-AZ 124.2 123.8 119.5 24 0.05 -2.0 0.3 0.8 0.05
PI-MT 125.7 126.7 128.1 —-1.2 0.5 0.2 0.9 0.2 0.01
Days to flower (days) PI-AZ 72.7 72.7 72.3 0.2 0.7 —-0.2 0.7 1.0 0.00
PI-MT 73.4 72.7 72.5 0.5 0.3 0.3 0.7 0.6 0.02

The introgressed segments were heterozygous for elite recurrent parent (CMS-HA383) and wild donor (PI-AZ or PI-MT) alleles in the BC4 and

segregated in BC4S; populations

? The A allele was transmitted by the unbranched recurrent parent (CMS-HA383) and the a allele was transmitted by the wild donors (PI-AZ or

PI-MT)

® The additive effects (a) of the ORS1088 locus were estimated by least square mean differences between CMS-HA383 and wild donor (PI-AZ
or PI-MT) genotypes as @ = (Yaa — Yaa)/2, Where yqn is the least square mean for AA genotypes and y,, is the least square mean for aa
genotypes. The additive effect was positive when the CMS-HA383 allele (A) increased and negative when the PI-AZ or PI-MT allele (a)

increased the trait mean

(™) and produced phenotypic effects analogous to the
recessive allele (b) found in elite R-lines (Putt 1964).
Significant variability was observed for seed oil content,
100-seed weight and capitula diameter within and among
branched and unbranched BC,S; progeny and number of
branches among branched BC,S; progeny.

The additive and dominant effects of ORS1088, an SSR
marker locus tightly linked to the B locus, were estimated
among BC,S; progeny (Table 2). One recombinant was
observed between B and ORS1088 in the CMS-
HA383 x PI-AZ BC,4S; population and three recombi-
nants were observed between these loci in the
CMS-HA383 x PI-MT BC,S; population. Hence, the
effect of ORS1088, a codominant DNA marker, should
closely approximate the effect of B, a dominant phenotypic
marker (Tables 2, 3). The codominant DNA marker facil-
itated indirect estimation of additive and dominance effects
of the B locus. ORS1088 and B significantly affected the
number of branches, seed oil content, 100-seed weight and
capitula diameter. Stem diameter, plant height and days to
flowering were not affected by the B locus or B-linked QTL
in either population. QTL in the introgressed segment were
strongly or completely dominant (Id/al = 1) for traits

affected by branching (Table 2). ORS1088 effects were
in the direction predicted from B locus genotypes
and phenotypes; the dominant allele transmitted by the
CMS-HA383 (B) eliminated branching, decreased seed oil
content and increased capitula diameter and 100-seed
weight (Tables 2, 3). The B locus per se significantly
affected the number of branches, seed oil content, 100-seed
weight and capitula diameter (Table 3). Because the B
allele is dominant, differences between unbranched (B_)
and branched (bb) genotypes were approximately equal to
twice the additive effects of the ORS1088 locus for traits
affected by branching (Tables 2, 3).

Development of a near-isogenic line carrying
a wild B allele

We developed a NIL carrying a wild introgression span-
ning the B locus through marker-assisted selection (MAS)
of the CMS-HA383 x PI-MT population (Fig. 4). BC,4S;
progeny segregated 32 unbranched to 15 branched, which
was not significantly different from the expected segrega-
tion ratio (3 unbranched to 1 branched) for the B locus
(x> = 1.20; p = 0.55). Four SSR markers spanning the
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Table 3 Genotype mean, Type Il F statistic probability (Pr > F)
and coefficient of determination (R?) estimates for several traits for
the B locus in two elite x wild BC,4S; populations, CMS-
HA383 x PI-AZ (n = 94) and CMS-HA383 x PI-MT (n = 94),
segregating for wild introgressions spanning the B locus

Trait Donor Genotype Effect” Pr>F R*
mean®
B_ b'pY
Number of branches PI-AZ 0.0 142 —14.2 <0.0001 0.85
PI-MT 0.0 189 —189 <0.0001 0.92
Seed oil content (%) PI-AZ 38.7 454 —6.7 <0.0001 0.27
PI-MT 37.3 458 -85 <0.0001 0.31
Capitula diameter PI-AZ 21.8 144 7.4 <0.0001 0.38
(cm) PLMT 242 153 89 <0.0001 0.41
100-Seed weight (g) PI-AZ 8.1 54 2.7 <0.0001 0.32
PI-MT 7.8 5.1 2.7 <0.0001 0.45

PI-AZ 221 20.0 2.1 007 0.03
PI-MT 24.1 233 0.8 04 0.01
PI-AZ 123.5 120.7 28 0.2 0.02
PI-MT 1264 1275 -1.1 0.7 0.00
Days to flower (days) PI-AZ 726 72.7 —0.1 1.0 0.00
PI-MT 73.0 727 03 06 0.00

Stem diameter (mm)

Plant height (cm)

The introgressed segments were heterozygous for elite recurrent
parent (CMS-HA383) and wild donor (PI-AZ or PI-MT) alleles in the
BC, and segregated in BC,4S; populations

4 The B allele was transmitted by the unbranched recurrent parent
(CMS-HA383), whereas the b" allele was transmitted by the wild
donors (PI-AZ or PI-MT)

® The effect of the B locus was estimated by least square mean dif-
ferences between unbranched (B_) and branched (b"b") genotypes.
The B locus effect was calculated as (yg — y,wpw), where yg is the
least square mean for unbranched progeny (BB and Bb" genotypes),
and y,w,w is the least square mean for branched progeny (b"b"
genotype). The B locus effect was positive when the CMS-HA383
allele (B) increased and negative when the PI-AZ or PI-MT allele (b)
increased the trait mean

wild introgression were genetically mapped in the BC,S;
population and produced locus orders identical to those
previously reported in the RHA280 x RHA801 RIL pop-
ulation (Fig. 4; Tang et al. 2006). Genetic distances were
fourfold shorter in the HT347-ORS815 DNA marker
interval in the elite x wild (CMS-HA383 x PI-MT)
BC,4S; population than the RHA280 x RHA801 RIL
population, presumably because recombination was sup-
pressed in the heterozygous (elite/wild) genomic DNA
segment, as previously observed across the genome in a
different elite x wild (HA89 x ANNI1238) population
(Burke et al. 2002). Of the 15 branched BC,S; progeny, 14
were homozygous for the wild ORS1088 and ORS595
alleles, whereas one was homozygous for the wild
ORS1088 allele and heterozygous for ORS595 alleles. The
32 unbranched plants were homozygous for the recurrent
parent (CMS-HA383) alleles. The 47 BCs plants were
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heterozygous for the HT347-ORS595 interval and
unbranched. Hence, the wild B allele introgressed from PI-
MT was recessive (b%), as were wild alleles (b%) carried by
the other four introgression lines (Tables 2, 3; Fig. 4).

Discussion

The pleiotropic effects of the branching locus (B), as opposed
to loci tightly linked to B, were substantiated by comparative
mapping of QTL in branched and unbranched populations and
B-locus NILs. The pleiotropic effects of B were logical and in
the direction predicted by many earlier phenotypic and QTL
analyses in sunflower (Fick et al. 1974b; Dedio 1980; Mestries
et al. 1998; Bert et al. 2003; Tang et al. 2006). While the
pleiotropic effects of B were highly predictable, the genomic
region surrounding the B locus apparently harbors additional
loci affecting a wide range of domestication and post-
domestication traits, linked in coupling, repulsion, or both
across populations (Mestries et al. 1998; Burke et al. 2002;
Bert et al. 2003; Tang et al. 2006). The power of identifying
such loci depends on their effects and spatial separation
(genetic distances), segregation of the B locus and sampling
(number of recombinants) (Lynch and Walsh 1998; Yi and Xu
2002; Yi 2004; Liu et al. 2007; Banerjee et al. 2008).

The effects of the B locus were hypothesized to mask
the effects of both linked and unlinked QTL pleiotropically
affected by branching in the RHA280 x RHA801 RIL
population (Tang et al. 2006). The search for linked QTL in
the present study was partly stimulated by the findings of
Bert et al. (2003), where the effects of B-linked QTL for
seed oil content and 100-seed weight, in an F, population
(XRQ x PSC8) segregating for branching, were in the
opposite direction of predictions from earlier phenotypic
and QTL mapping analyses (Fick et al. 1974b; Dedio 1980;
Mestries et al. 1998; Tang et al. 2006). Unless the effects of
the B-linked QTL identified in the XRQ x PSC8 F, pop-
ulation were caused by the B locus per se, which seems
improbable, the findings of Bert et al. (2003) predict the
presence of QTL linked in repulsion with positive effects
large enough to compensate for the negative effects of the
B locus. We tested the hypothesis of linked QTL by
eliminating the effects of the B locus, which had been
previously mapped in the RIL population. This approach
uncovered a seed oil content QTL linked in repulsion and a
100-seed weight QTL linked in coupling to the B locus,
both of which appear to have been masked by the pleio-
tropic effects of the B locus in the RIL population (Table 1;
Fig. 3; Tang et al. 20006).

These results highlight one of the shortcomings of low-
resolution QTL analyses in small populations; specifically
the inability to identify and resolve the effects of multiple
linked QTL and distinguish between linkage and pleiotropy
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when one or both are operating on correlated traits (Lynch
and Walsh 1998; Kearsey and Farquhar 1998; Bernardo
2002; Yi and Xu 2002; Yi 2004; Liu et al. 2007; Banerjee
et al. 2008). Linkage and pleiotropy both appear to play a
role in the genetics of correlated seed traits in sunflower.
Here, our approach was to phenotype unbranched testcross
hybrid progeny of an RIL population segregating for
branching to disentangle the effects of multiple QTL,
which were confounded by the pleiotropic effects of the B
locus; but such solutions are obviously not possible for
most traits. The effects of loci linked in repulsion can
cancel or obscure one another, as was found in the present
study for the socl0.1* QTL. This QTL appears to be
slightly upstream of the B locus with the favorable allele,
which increased seed oil content, transmitted by the low-oil
parent. Similarly, QTL linked in coupling can be obscured
by the effects of pleiotropically acting loci, as for swt0.1%*,
a QTL slightly downstream of the B locus.

Four linkage groups (3, 9, 10 and 17) harbored coinci-
dent QTL affecting both seed oil content and 100-seed
weight (Table 1; Fig. 3). The QTL on linkage group 9
(soc9.1* and swt9.1%*) coincided with QTL identified in the
RIL population (soc9.1 and swt9.]) and clusters of
domestication trait QTL identified in elite x wild popula-
tions, e.g., QTL for leaf size, number of leaves, days to
flower, number of capitula, and weight and width of achene
(Burke et al. 2002; Baack et al. 2008). This region
appeared to be a target of selection for flowering time
genes during sunflower domestication (Baack et al. 2008).
The QTL for seed oil content and 100-seed weight on
linkage group 17 of the TC-RIL population (socl7.1* and
swtl7.1%) were coincident with QTL identified in the RIL
population (socl/7.1 and swtl7.1) and tightly linked to
phytomelanin pigment (P) and self-incompatibility (S) loci
(Gandhi et al. 2005; Tang et al. 2006). This region harbors
numerous domestication and post-domestication trait QTL
identified in elite x wild populations, e.g., achene weight,
plant height, days to flower, seed shattering and autono-
mous self-pollination (Burke et al. 2002; Gandhi et al.
2005), and number of branches in a wild x land race
population (Wills and Burke 2007).

While our analyses focused on the effects of the B locus on
branching, the genetics of branching appears to be complex
in populations developed from elite x wild and land
race x wild hybrids (Burke et al. 2002; Wills and Burke
2007; Suppl. Table 3). Several generations of phenotypic
selection for profuse branching in elite x wild populations
yielded four introgression lines carrying a single common
wild introgression flanking the B locus (Fig. 4). While the
effect of B was masked by other loci in elite x wild hybrids
(Suppl. Table 3), B appears to be the only branching locus
transferred by phenotypic selection in the development of
these introgression lines. Our hypothesis was that multiple

loci would be introgressed through phenotypic selection and
would be essential for whole plant branching. While the wild
genetic background was not completely eliminated in the
introgression lines, segregating segments on other chromo-
somes probably do not harbor branching loci because none
were common across the four introgression lines and the B
locus explained most of the phenotypic variation for number
of branches (Tables 2, 3). Hence, phenotypic selection for
profuse branching appears to have eliminated wild alleles at
branching loci, which epistatically or pleiotropically masked
the effect of the B allele in elite x wild hybrids (Suppl.
Table 3). When wild alleles at these other branching loci are
not present in the genetic background, the effect of the wild
allele (b") is sufficient for branching and recessive to the
dominant B allele found in unbranched elite lines in sun-
flower. Hence, the B locus appears to be necessary, but not
sufficient for monocephaly in domesticated sunflower.
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