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Abstract The grass inXorescence is the primary food
source for humanity, and has been repeatedly shaped
by human selection during the domestication of diVer-
ent cereal crops. Of all major cultivated cereals, sor-
ghum [Sorghum bicolor (L.) Moench] shows the most
striking variation in inXorescence architecture traits
such as branch number and branch length, but the
genetic basis of this variation is little understood. To

study the inheritance of inXorescence architecture in
sorghum, 119 recombinant inbred lines from an elite by
exotic cross were grown in three environments and
measured for 15 traits, including primary, secondary,
and tertiary inXorescence branching. Eight character-
ized genes that are known to control inXorescence
architecture in maize (Zea mays L.) and other grasses
were mapped in sorghum. Two of these candidate
genes, Dw3 and the sorghum ortholog of ramosa2, co-
localized precisely with QTL of large eVect for relevant
traits. These results demonstrate the feasibility of using
genomic and mutant resources from maize and rice
(Oryza sativa L.) to investigate the inheritance of com-
plex traits in related cereals.
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Quantitative trait locus · Candidate gene

Introduction

With 10,000 species, the grass family (Poaceae) is one of
the most species-rich groups of Angiosperms. Poaceae
includes major cereal crops such as rice, wheat (Triticum
aestivum L.), and maize, which, together with other cere-
als, provide over 70% of the food consumed by humans.
Grasses bear grains in spikelets, a key reproductive inno-
vation consisting of a short shoot with two bracts called
glumes subtending a variable number of reduced Xow-
ers. Spikelets are borne on the main inXorescence rachis
or on branches formed oV the main rachis, in a pattern
that is highly variable among grass species. Thus, the
genetic control of the number and growth of branches,
or inXorescence architecture, is very important in this
family because it directly aVects grain yield.
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Maize and rice are two of the leading model systems
for grass research, and inXorescence mutants from
these species have been used to characterize a number
of genes involved in the control of grass inXorescence
architecture (Bommert et al. 2005). Some of these
genes also appear to aVect quantitative variation in
inXorescence traits (Upadyayula et al. 2005) and their
exploitation for cereal improvement is just beginning
(Ashikari et al. 2005). Robertson (1989) was an early
proponent of the idea that the genes underlying quanti-
tative and mutant/qualitative variation in a species
might be the same. By extension, mutants from one
species might also be used to identify candidate genes
in related species. Today, this logic underlies an
approach which has met with considerable success in
identifying genes involved in agronomic traits in the
grasses, including maize Xowering time (Thornsberry
et al. 2001), wheat vernalization (Trevaskis et al. 2003),
sorghum photoperiod sensitivity (Childs et al. 1997),
sorghum lignin composition (Bout and Vermerris
2003), and inXorescence architecture in both maize and
rice (Gallavotti et al. 2004; Komatsu et al. 2003a).
There are many reasons why a given candidate gene
might not aVect a quantitative trait. The expression of
functional variation at a candidate locus could be
masked by alleles at epistatic loci (Lauter and Doebley
2002), or the functional variation itself might have
been lost due to selection or drift (Clark et al. 2004).
However, the co-localization of candidate genes and
quantitative trait loci (QTL) for relevant traits pro-
vides a means of prioritizing speciWc genomic regions
for Wne-mapping and/or association mapping (Salvi
and Tuberosa 2005).

Sorghum is a tropical C4 grass with a relatively com-
pact genome of 736 MB which will soon be sequenced
(http://www.jgi.doe.gov), and is the world’s Wfth most
important cereal crop, with extensive subsistence use in
some of the world’s poorest countries in sub-Saharan
Africa. Although sorghum itself has few characterized
genes or mutant lines, it is only 11.9 million years
diverged from maize (Swigonova et al. 2004), which
boasts an exceptional collection of inXorescence
mutants. Sorghum inXorescences, called panicles, are
more extensively branched than those of maize or rice,
and there is tremendous variation within sorghum both
in the degree of inXorescence branching and in the
degree of rachis and branch elongation. Variation in
panicle morphology is a primary factor in the sub-
division of domesticated sorghum into Wve major races:
bicolor, caudatum, kaWr, durra, and guinea (Harlan
and De Wet 1972).

The objective of this study was to investigate the
inheritance of sorghum inXorescence architecture by

determining trait heritabilies, correlations between
traits, and identifying QTL of large eVect. We
employed an integrative approach similar to that used
previously with foxtail millet (Doust et al. 2005) to
assess the possible contribution of known grass inXo-
rescence genes to genetic variation in sorghum inXores-
cence morphology. Eight candidate genes from maize
and other grasses were mapped, along with inXores-
cence QTL, in a population of sorghum recombinant
inbred lines (RILs) that shows extensive variation in
inXorescence architecture. The co-localization of can-
didates and QTL in this study provides a starting point
for isolating genes with quantitative eVects on inXores-
cence architecture in the grasses.

Materials and methods

Plant materials and growing conditions

A series of RILs were developed from the cross
(BTx623 £ IS3620C) during the creation of a high-
density molecular map of sorghum (Menz et al. 2002).
In this study, we grew and phenotyped 119 of these
lines at the F9–F10 stage. The female RIL parent,
BTx623, is a subtropically-adapted parental line with a
stout rachis, numerous short primary branches, exten-
sive secondary and tertiary branching, and a copious
number of large seeds. The male RIL parent, IS3620C,
is an exotic accession with a thin rachis and long pri-
mary branches that have reduced secondary and ter-
tiary branching, and a reduced number of small seeds.
The BTx623 panicle has a compact overall appearance,
whereas the IS3620C panicle is often described as
“open” or “loose”. Although most elite sorghum varie-
ties have relatively compact panicles and are high
yielding, the eVect of panicle architecture on yield
components has not been adequately addressed.
IS3620C is a “converted” line, meaning that the origi-
nal line from which it was derived was crossed to a
temperately-adapted line and then backcrossed to the
original exotic while selecting for short stature and
photoperiod-insensitivity (Stephens et al. 1967). RILs
and parent lines were planted in three locations (Wes-
laco, College Station, and Halfway, TX, USA) in 2004.
A randomized complete block design was used, with
two replicates per location and 2 rows of each parent
per replicate, for a total of 246 rows per location. The
Weslaco location (26°N, 98 °W) was planted in Febru-
ary, harvested in June, received 36.1 cm of rainfall and
experienced an average daily temperature of 23.6°C.
The College Station location (30.5 °N, 96 °W) was
planted in April, harvested in August, and received
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72.6 cm of rainfall with an average daily temperature of
25.6°C. The Halfway location (34 °N, 101.5 °W) was
planted in May, harvested in September, and received
39.1 cm of rainfall with an average daily temperature of
22.9°C (http://www.ncdc.noaa.gov).

Phenotyping of panicle traits

Mature panicles were harvested and dried before mea-
surement of panicle traits. Rachis diameter was mea-
sured with calipers at the bottom-most branch of the
panicle. Primary branches were removed individually
and counted, and rachis length was measured as the dis-
tance from the bottom-most branch to the end of the
primary axis. Next, two branches were randomly
selected from the “long-branch zone” in the bottom
third of each panicle. On each of two long branches, we
measured branch length, secondary branch number,
and tertiary branch number. Tertiary branch number
was measured as the number of secondary branches
containing tertiary branches. The trait percent tertiary
branching was calculated as (number of secondary
branches with tertiary branching/total number of sec-
ondary branches) £ 100. A “branch” is deWned as an
axis bearing two or more spikelet pairs; an axis bearing
a single spikelet pair is considered a pedicel (Ikeda et al.
2004). Thus, for the bottom-most branch in Fig. 1, sec-
ondary branch number is 10, tertiary branch number is
6, and percent of tertiary branching is 60. After under-
going branch abortion in the shaded area, the same
panicle branch would yield a secondary branch number
of 5, a tertiary branch number of 1, and a percent of ter-
tiary branching of 20. All panicle traits described were
measured in three to Wve panicles per row, and row
means were used for quantitative analysis. For traits
measured in two branches per panicle, means were cal-
culated for each panicle prior to calculating a row mean.
Traits evaluated on a per row basis included plant
height, peduncle length (the distance from the Xag leaf
to the lowest inXorescence branch), Xowering time,
panicles per row, seed set, 100-seed weight, seeds per
panicle, and total seed weight. To assess 100-seed
weight, seeds per panicle, and total seed weight, 5–8
panicles were threshed from each row. Seeds per pani-
cle was calculated as (seed weight per panicle/100-seed
weight) £ 100. Total seed weight was calculated as
(panicles per row) £ (seed weight per panicle). All
traits were measured in three environments, with the
exception of Xowering time, which was not measured in
Halfway, and the seed traits (100-seed weight, seeds per
panicle, seed set, and total seed weight) which were not
measured in College Station because of damage from
sorghum midge (Contarinia sorghicola).

Scanning electron microscopy

InXorescence meristems were dissected from 4 to
8 week old, greenhouse-grown plants, washed over-
night in FAA (45% EtOH, 5% acetic acid, 10% forma-
lin), and transferred to 95% EtOH. Fixed meristems
were critical-point dried, mounted, sputter-coated, and
photographed using a Hitachi S4700 Weld emission
SEM at the Plant Gene Expression Center in Albany,
CA. USA

Quantitative analysis

Trait variances were partitioned using the random
eVects ANOVA model y = � + E + G + G £ E + error,
where E represents environment, G represents geno-
type, and G £ E represents the genotype by environ-
ment interaction. The error term includes the variance
between row means for the two replicates of each
genotype at each location. Heritability estimates for
each trait were calculated as (�2

G)/(�2
G + �2

G £ E/
L + �2

error/LR), where L and R represent the number
of locations and the number of replicates per location,
respectively. ANCOVA was used to partition the phe-
notypic covariance between traits into genetic and

Fig. 1 InXorescence branching in sorghum. Spikelet pairs may be
borne on primary, secondary, or tertiary branches, or directly on
the rachis, as indicated. The shaded triangle indicates the region
of branch abortion observed in IS3620C

 on tertiary branches

 on secondary branches

on primary branches
on the rachis

Spikelet pairs:

Region of
branch abortion
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environmental components. Genetic correlations were
calculated between traits as (covT1T2)/q(varT1varT2),
where T1 and T2 represent the traits being compared,
and the numerator and denominator represent the
genetic components from the ANCOVA and ANOVA
analyzes, respectively. All statistical analyzes were per-
formed using R 2.0.1 (http://www.r-project.org).

QTL analysis

The RILs used in this study have been genotyped at
the F6 stage for » 3,000 AFLP, RFLP, and SSR mark-
ers (Menz et al. 2002), of which we used 396 frame-
work markers to perform QTL analysis. The complete
(BTx623 £ IS3620C) linkage map, including the
framework markers used in this study, is available on-
line at http://www.sorgblast2.tamu.edu. Composite
interval mapping (CIM) was performed using Win-
QTLCart version 2.5 (Wang et al. 2005). Genotypic
coeYcients from the ANOVA models were used to
perform CIM analysis on each trait across all three
environments. Seed set was included as a covariate in
the models for both seeds per panicle and total seed
weight. Cofactors for all analyzes were selected by
stepwise regression using the forward selection, back-
ward elimination method with a cutoV of 0.05 for
cofactor selection and elimination. A window size of
10 cM and a walk speed of 0.5 cM were used for all
analyzes. SigniWcance was established by performing
1,000 permutations and setting a highly stringent cut-
oV of � = 0.001.

Candidate gene analysis

DNA was extracted from leaf tissue pooled from 8 to
10 plants per RIL using a modiWcation of the CTAB
protocol of Doyle and Doyle (1987). Genomic contigs
for inXorescence candidate genes from Zea, Oryza,
and Lolium were assembled, in most cases from
publicly-available sequences, and BLAST analysis was
performed against the SAMI database (Sorghum
Assembled genoMic Islands, http://www.magi.plantge
nomics.iastate.edu), which is an assembly of methyla-
tion-Wltered GSS reads from Orion Genomics (Bedell
et al. 2005). Primers were designed manually in regions
of the resulting gene contigs that showed high similar-
ity across all species and/or all copies of the gene within
a given species. Multiple fragments from each gene
contig were treated with exonuclease I and shrimp
alkaline phosphatase and sequenced on an ABI3730 to
search for polymorphism between the mapping par-
ents. Wherever possible, RIL genotypes at candidate
loci were scored using indel polymorphisms assayed on

either an ABI3730 or on agarose gels. If only SNPs
were found between the mapping parents, RILs were
genotyped using the derived cleaved ampliWed poly-
morphic sequences (dCAPS) technique (Michaels and
Amasino 1998). Genotyped candidates were placed on
the (BTx623 £ IS3620C) map with MapPop (Brown
and Vision 2000).

Results

Anatomy of the sorghum inXorescence

Sorghum inXorescences show primary, secondary, and
tertiary branching, with primary branches becoming
progressively shorter and less branched towards the
top of the panicle (Fig. 1). In IS3620C, the lower pri-
mary branches often bear spikelet pairs only at their
tips due to the abortion of basal secondary and tertiary
branches, a phenomenon known to sorghum breeders
as “blasting”. The eVect of branch abortion on panicle
architecture is clearly evident when comparing scan-
ning electron microscopy photographs of immature
IS3620C inXorescences with mature IS3620C panicles
(Fig. 2). Whereas the scanning electron microscopy
photos reveal extensive secondary and tertiary branch-
ing in the lower primary branches, mature panicles
have empty nodes or short aborted branches without
spikelets on the lower portion of the corresponding pri-
mary branches. At Xowering time, many of these
branches are still visible as white, stunted tissue that
falls oV as the panicle dries and matures.

Quantitative genetic analysis of panicle traits

Genotype, environment, and genotype by environ-
ment interactions contributed signiWcantly to the vari-
ance of all 15 traits. Means, standard deviations, and
ranges of the traits measured are provided as supple-
mental data (Table S1). BTx623 panicles consistently
display more primary, secondary, and tertiary branch-
ing than IS3620C panicles. Branch length is shorter in
BTx623, although rachis length is similar between the
two parents. BTx623 has heavier seeds, increased seed
number, and higher total seed weight, while IS3620C
bears many more panicles per row. BTx623 and
IS3620C have similar values for plant height and Xow-
ering time across all three environments. However,
transgressive segregation is observed for all traits in
the RILs and is especially pronounced for height and
Xowering time.

With regard to traits involved in elongation, herit-
abilities are much higher for plant height, rachis length,
123
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and branch length than for peduncle length (Table 1).
With regard to inXorescence branching, heritability is
much higher for primary branch number than for sec-
ondary and tertiary branching traits. Flowering time
and seed-related traits have much higher G £ E vari-
ance components than the other traits.

A number of trait pairs show signiWcant genetic cor-
relations (Table 2), indicating that their inheritance is
linked either functionally (pleiotropy) or physically
(linkage disequilibrium). Rachis length and branch
length are highly correlated with each other, but show

non-signiWcant or negative correlations with plant height
and peduncle length, Similarly, the genetic correlation
between primary and secondary branch number is esti-
mated at only 0.34, and the correlation between primary
and tertiary branch number is not signiWcant. Seeds per
panicle is strongly and positively correlated with all
three orders of branch number. Much of the variance for
total seed weight in this population is due to diVerences
in seed set [ra(Total seed weight:Seed set) = 0.62]. Rachis diam-
eter shows signiWcant positive correlations with all three
orders of branch number. When rachis diameter was

Fig. 2 Branch abortion in IS3620C. White arrowheads indicate
analogous secondary branches in each frame. i SEM image of an
immature IS3620C panicle, with proliWc secondary and tertiary
branching on the lower primary branches; scale bar  0.1 mm. ii
Mature IS3620C panicle, with a “loose” overall appearance pro-

duced in part by sparse spikelet production on the lower primary
branches; scale bar 1 cm. iii Primary branches from the lower por-
tion of a mature IS3620C panicle. The lower secondary branches
on each primary branch have aborted without producing spik-
elets; scale bar 1 cm

i ii iii

Table 1 Quantitative genetic statistics for sorghum inXorescence traits

Trait type Trait name Variance components
(% of total �2

P)
Heritability
(h2)

�2
G �2

E �2
G £ E �2

Error

Branching Primary branch number 71 9 9 11 0.94
Secondary branch number 33 2 13 52 0.72
Tertiary branch number 44 2 11 43 0.80
% tertiary branching 45 8 10 37 0.83

Elongation Plant height 78 6 8 8 0.94
Peduncle length 46 11 9 34 0.84
Rachis length 70 6 8 16 0.93
Branch length 62 12 4 22 0.93

Seed 100-seed weight 56 9 22 13 0.85
Seeds per panicle 49 8 22 21 0.82
Seed set 20 30 31 19 0.60
Total seed weight 14 44 25 17 0.56

Miscellaneous Rachis diameter 55 11 4 30 0.90
Flowering time 65 5 19 11 0.89
Panicles per row 20 41 3 36 0.74
123
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included as a covariate in the linear models for
primary, secondary, and tertiary branch number, it
accounted for 25, 15, and 6% of the phenotypic vari-
ance, respectively.

Detection of QTL

Nineteen QTL, each accounting for 8.5–38.4% of the
phenotypic variance for a given trait, were detected at
P < 0.001 (Fig. 3; Table S2). Of the nineteen QTL,
twelve are for traits that show clear diVerences
between the two parents, such as primary branch num-
ber, branch length, and 100-seed weight. Of these 12,
nine show eVects in the “expected” direction, with the
BTx623 allele contributing to increased branching or
seed weight, for example.

Genomic organization of QTL

Several regions of the genome display clustering of
QTL with large eVects (Fig. 3). A cluster on the long
arm of chromosome 7 includes QTL for plant height,
rachis length, and branch length with peaks within a
few cM of each other. The closest marker to these QTL
peaks is the Dw3 gene.

A cluster on chromosome 6 includes QTL for plant
height, rachis diameter, and primary branch number.
The latter two QTL have large eVects in the opposite
direction of what would be expected based on parental
phenotypes: the BTx623 allele is associated with

reduced primary branching and reduced rachis diame-
ter, even though BTx623 has more primary branches
and its rachis is almost twice as thick as that of IS3620C
(Fig. 3).

A cluster on chromosome 3 includes QTL for plant
height, branch length, and primary branch number.
The closest marker to the primary branch number
QTL is the Sb-ra2 gene.

Candidate gene mapping

Map locations for all eight candidate genes (Table 3;
Fig. 3) agree well with current models of the sorghum
genome’s colinearity with maize and rice (Devos 2005).
Candidate gene map locations could not have been
predicted unambiguously using colinearity alone, due
to the complex history of duplications and deletions
between grass genomes (Gaut 2002). The primer pairs
designed ampliWed single bands for every candidate
gene with the exception of Sb-ids1. The original prim-
ers used to amplify Sb-ids1 ampliWed a single band that
yielded clean sequence data, but subsequent primers
designed for mapping detected a second, Sb-ids1-like
locus on the short arm of chromosome 10 (data not
shown). One of the candidate genes, Sb-ba1, showed
no polymorphism between the mapping parents over a
2.1 kb contig which included the entire coding region
and approximately 1.4 kb of upstream sequence. Since
this was unusual given the genetic distance between
these lines, we sequenced the corresponding fragments

Table 2 Genetic correlations (rA) between traits

SigniWcant correlations are shown in bold
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in the exotic progenitor of IS3620C (NSL51039), which
is tall and photoperiod-sensitive, and in the “conver-
sion parent” (BTx406), the elite line which was used to
donate dwarWng and photoperiod-insensitive alleles.
The sequencing results showed that IS3620C had been
“converted” at the Sb-ba1 locus (data not shown).
Therefore, Sb-ba1 was mapped using a diVerent sor-
ghum population (BTx623 £ Sorghum propinquum, in
collaboration with J. Bowers and A. Paterson), and its
position on the present map is inferred based on the
alignment of these two sorghum genetic maps (Feltus
et al. 2006).

Co-localization of candidate genes and QTL

Two of the eight mapped candidate genes co-localized
with QTL. Given that the 2-LOD intervals of the
detected QTL cover 235 cM, or 14% of the 1,677 cM
genome (Table S2), the proportion of candidates co-
localizing with QTL is not signiWcantly greater than
what would be expected due to chance alone using a
chi-square test (P = 0.37). Even if 1-LOD QTL inter-
vals are considered, the detected QTL collectively
cover 127 cM or 7.5% of the genome, and the propor-
tion of candidates co-localizing with QTL is still not

Fig. 3 Candidate genes and 
QTL for sorghum inXores-
cence traits. The ten sorghum 
chromosomes are shown in 
order and calibrated at 10 cM 
intervals. Black ellipses repre-
sent centromeres and pericen-
tromeric heterochromatin as 
reported by Kim et al. (2005). 
Mapped candidate genes and 
QTL are shown to the left and 
right, respectively, of each 
chromosome. The Sb-ba1 
gene location is shown with a 
bracket to indicate that the 
precise location of this gene 
on this map is not known. 
Each QTL is indicated by a 
box and arrowhead that repre-
sent the 2-LOD interval and 
LOD peak, respectively. The 
direction of the arrowhead 
indicates the direction of the 
QTL eVect (left-pointing 
arrow:  BTx623 allele increas-
es trait value; right-pointing 
arrow:  IS3620C allele in-
creases trait value), and the 
width of the QTL box is pro-
portional to the LOD score
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signiWcant (P = 0.06). Both co-localizing candidates
mapped within 2 cM of the respective QTL peaks,
whereas the 2-LOD intervals averaged 15 cM.

Discussion

Genetic architecture of sorghum panicle traits

Variation in sorghum inXorescence architecture results
from diVerences in the branching, elongation, and
branch abortion of the developing inXorescence.
Although the genic basis of these diVerences is
unknown, the high heritabilities of easily-measured
inXorescence traits like branch length and primary
branch number suggest that inXorescence architecture
may be quite amenable to quantitative analysis. Since
the sorghum panicle is more highly branched than the
inXorescences of rice or maize, and it shows great vari-
ability among inbred lines, it is an excellent model with
which to study quantitative variation in higher-order
inXorescence branching in grasses.

InXorescence branching

Primary branch number had signiWcantly higher herita-
bility than secondary and tertiary branching traits in
this study. There are several probable reasons for this.
First, only a subset of the primary branches were used
to estimate secondary and tertiary branching. Second,
secondary and tertiary branching are aVected not only
by meristem initiation but also by the abortion of basal
branches, which takes place later in development and
is presumably controlled by a distinct set of genes. Sub-
sequent studies could potentially disentangle these
phenomena by phenotyping secondary branch initia-
tion separately from secondary branch abortion.

Analysis of both genetic correlations and QTL sup-
ports the idea that primary, secondary, and tertiary
inXorescence branching in sorghum are largely under
separate genetic control. There is no overlap between
QTL detected for primary and secondary branch num-
ber, in keeping with the many reports of speciWc genes
that control speciWc stages of inXorescence branching
(Bommert et al. 2005).

Three QTL for inXorescence branching were
detected, two for primary branch number and one for
secondary branch number. The primary branch num-
ber QTL on chromosome 6 maps within a few cM of a
QTL for rachis diameter. When rachis diameter was
included as a covariate in the linear model for primary
branch number, this QTL was no longer signiWcant at
P < 0.001. Therefore, this primary branch number QTL

may be detected due to its proximity to the rachis
diameter QTL. Alternatively, these two QTL may rep-
resent a single locus that exerts a concomitant increase
in primary branch number and rachis diameter.

This genomic region is also known to harbor Ma1, a
major gene for photoperiod-sensitivity, as well as the
major height gene Dw2 (Lin et al. 1995). Since most
exotic grain sorghum has been selected for photope-
riod-insensitivity through crossing to an insensitive line,
this region of the genome is usually converted to an
elite state in exotic germplasm, and is absent from some
sorghum maps (e.g. see Sanchez et al. 2002). Some of
the QTL in this genomic region may be conditioned by
elite alleles. In particular, the plant height QTL is likely
Dw2, which is dominant in BTx623 but recessive in the
conversion parent BTx406. The QTL for rachis diame-
ter and primary branch number could be conditioned
by either elite or exotic alleles in this population, but
their proximity to Ma1 and Dw2 suggests that at least
some converted lines of sorghum may have been unin-
tentionally converted at these inXorescence QTL.

InXorescence elongation

InXorescence elongation appears to be under separate
genetic control from plant height, as has been noted
previously (Doggett 1988). In this population, elite
alleles of the QTL near Dw3 cause moderate elonga-
tion of the rachis and primary branches and a drastic
compaction of the lower vegetative internodes, consis-
tent with the reported eVects of Dw3 (Multani et al.
2003). Aside from these putative Dw3 QTL, no close
co-localization of QTL for plant height, rachis length,
and branch length was observed. Thus, not only is the
elongation of the inXorescence distinct from that of the
vegetative internodes, but rachis elongation and rachis
branch elongation also appear to be distinct processes.
Four QTL were detected for branch length, more than
for any other trait except plant height. Branch length is
of relevance to grain mold resistance and bird preda-
tion, and is a promising target for further quantitative
genetic study in sorghum.

InXorescence branch abortion

The overall appearance of panicle “compactness”,
which is used as a racial indicator in sorghum, is inXu-
enced not only by inXorescence branching and elonga-
tion, but also by the abortion of higher-order branches
prior to spikelet maturity. In this study, branch abortion
was assessed by measuring secondary and tertiary
branching on two basal branches per panicle: since a
“branch” was deWned as an axis bearing multiple spikelet
123
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pairs, aborted branches were not counted. The expecta-
tion for a QTL resulting from diVerences in branch
abortion is that it should aVect both secondary and ter-
tiary branching. However, only a single QTL was
detected for secondary branch number, and no QTL
were detected for tertiary branching. Future studies that
measure branch abortion directly may have more suc-
cess in uncovering the genetic basis of this complex trait.

Relationship between inXorescence and seed traits

Grass inXorescence architecture is of primary interest to
breeders because it contributes directly to yield, yield
stability, and grain quality. The strong positive correla-
tion between the number of seeds per panicle and all
three orders of inXorescence branching suggests that
this yield component can be selected for through
increased inXorescence branching. None of the three
QTL detected for 100-seed weight were linked to inXo-
rescence architecture QTL, suggesting that selection for
both increased seed weight and increased inXorescence
branching is potentially feasible. However, these results
should be interpreted with caution, and the relationship
between seed weight, seed number, and inXorescence
architecture should be reassessed in a sorghum popula-
tion that does not show such wide variation in seed set.

Mapping of grass inXorescence genes in sorghum

Eight candidate genes for grass inXorescence architec-
ture were mapped in sorghum. Based on both genomic
colinearity and sequence similarity, it is likely that the
sorghum genes are orthologous to their counterparts
from other grasses. While Southern blots are still
needed for absolute veriWcation of copy number,
results from BLAST analysis of the SAMI database
also suggest that most of these genes are present in a
single copy in the sorghum genome (data not shown).
Finally, given the high degree of similarity between the
predicted sorghum proteins and their putative ortho-
logs in maize, rice, and ryegrass, it is likely that the pro-
teins perform similar functions. If functional variation
exists at these candidate gene loci in sorghum, then
they have the potential to contribute to quantitative
variation in inXorescence architecture.

During the mapping of Sb-ids1, we detected an addi-
tional Sb-ids1-like locus on the short arm of chromo-
some 10 (data not shown). Intriguingly, this genomic
region in sorghum has several markers collinear with
maize 9S near the map location of the rgo1 mutant
(Kaplinsky and Freeling 2003). Since ids1 and rgo1
show non-allelic non-complementation in maize, it is
likely that they encode similar proteins.

Sb-ba1 could not be mapped in our population
because of the introgression of an elite allele indistin-
guishable from that of BTx623. For this reason, we had
little ability to assess the possible contribution of Sb-
ba1 to phenotypic variation in sorghum inXorescence
architecture. The conversion of Sb-ba1 in IS3620C is
likely due to linkage with a height gene rather than
direct selection on Sb-ba1 itself, since the Sb-ba1
region co-localizes with previously reported height
QTL and conversion events (Lin et al. 1995), and func-
tional characterization of ba1 in maize does not suggest
that it has any eVect on plant height or Xowering time
(Gallavotti et al. 2004).

Correspondence between sorghum QTL and candidate 
genes

Two of eight mapped candidate genes were found to
co-localize with QTL, which is not signiWcantly diVer-
ent from the expectation due to chance alone. Both
these cases of co-localization merit further examina-
tion, however, since these two candidates map very
close to the peaks of QTL for traits that closely match
their characterized gene function. The QTL reported
here also suggest a short list of other candidate genes
for subsequent mapping in sorghum. For example, a
Xowering time QTL detected in this study maps to the
short arm of chromosome 9 between rz390 and cdo580,
which both map to maize bin 8.05 within a few cM of
the maize Xowering time QTL Vgt1 (Salvi et al. 2002).

The precise co-localization of the Dw3 gene with
QTL for plant height, rachis length, and branch length
strongly suggests that IS3620C carries a wild-type Dw3
allele. The BTx623 Dw3 allele, which has an » 800 bp
tandem duplication in exon 5, is similar in sequence to
the unstable, dwarWng allele characterized by Multani
et al. (2003), whereas the IS3620C Dw3 allele does not
contain this duplication (data not shown). Therefore,
we hypothesize that the QTL at this locus are condi-
tioned by the » 800 bp duplication in exon 5 of the
Dw3 gene.

The Sb-ra2 gene co-localizes closely with one of only
two QTL detected for primary branch number across
the genome. A » 1.9 Kb fragment of the Sb-ra2 locus
was sequenced from each parent, including the entire
Sb-ra2 protein-coding region, » 400 bp of upstream
sequence, and » 700 bp of downstream sequence. Only
a single polymorphism was found, a 4 bp indel 72 bp
downstream of the stop codon (data not shown). Thus,
the predicted Sb-RA2 proteins are identical between
mapping parents, although it is possible that the
parents diVer in expression and/or translation of the
Sb-ra2 transcript.
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Since the evidence from QTL and candidate gene
co-localization is purely coincidental, the possible con-
tributions of Dw3 and Sb-ra2 to variation in sorghum
inXorescence architecture merit closer examination
through Wne-mapping and/or association mapping. The
latter approach oVers several advantages in that it is
much quicker and can evaluate a much wider range of
alleles, which is particularly important for a trait poten-
tially subjected to diversifying selection. However, sor-
ghum is a predominantly-selWng organism with
moderate linkage disequilibrium (Hamblin et al. 2005),
so association mapping may not be able to isolate sin-
gle polymorphisms conditioning the phenotypes of
interest. Association mapping is also potentially disad-
vantaged, relative to Wne-mapping, when the target is a
non-coding polymorphism not in close physical prox-
imity to the gene whose expression it aVects. At the B
locus in maize, for example, expression is aVected by
tandem repeats over 100 KB upstream of the start codon
(Stam et al. 2002). Used together, the Wne-mapping and
association mapping approaches can provide a signiW-
cant increase in power (Meuwissen et al. 2002).

It is worth noting that the two candidate genes of
greatest promise, Dw3 and Sb-ra2, are both genes that
were identiWed as maize mutants. In contrast to
LEAFY and TFL1, which were discovered as Arabid-
opsis and Antirrhinum mutants, and to ba1/LAX and
bd1/fzp, which were identiWed in both maize and rice,
br2/Dw3 and ra2 (as well as ra1 and ids1) are genes
with mutant phenotypes described only in maize.
Although Wrm inference cannot be drawn from such a
small sample, this study nonetheless suggests that phy-
logenetic proximity is a critical consideration when
selecting candidate genes from other species.

Conclusions

In this study, we have mapped a number of candidate
genes for grass inXorescence development, several of
which co-localize closely with QTL for relevant inXo-
rescence traits in sorghum across multiple environ-
ments. These initial results suggest that the approach
employed here, which uses candidate genes from
related model organisms to investigate quantitative
variation in a target species with high phenotypic vari-
ance, may be highly eVective. Since inXorescence archi-
tecture in sorghum is a complex trait with dramatic
intraspeciWc variation, the possible contribution of can-
didate genes from other grasses, not limited to the
small number described here, needs to be evaluated
across a broader range of sorghum germplasm. Ulti-
mately, the genes identiWed in sorghum may help
explain how human selection, acting upon the common

genetic and physical architecture of the grass inXores-
cence, produced a range of viable, alternative out-
comes in diVerent domesticated cereals.
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