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with the phenotypes of interest and 18 of those were associ-
ated with more than one trait. An analysis of the phenotypic 
variation explained by each BR pathway revealed that the 
signaling pathway had a larger effect for most phenotypes 
(R2 = 0.05–0.23). This study constitutes the first association 
analysis between plant architecture and BR genes in sorghum 
and the first LD mapping for leaf angle, stem circumference, 
panicle exsertion and panicle length. Markers on or close to 
BKI1 associated with all phenotypes and thus, they are the 
most important outcomes of this study and will be further val-
idated for their future application in breeding programs.

Introduction

During the last decade there has been a considerable interest in 
identifying alternative energy sources that can help to replace 
or decrease the use of petroleum. Sorghum (Sorghum bicolor 
L. Moench), the fifth most widely grown cereal crop in the 
world, is considered a promising alternative crop for biofuel 
production (Rooney et al. 2007). Sorghum possesses char-
acteristics that are attractive for this use, such as: high yield 
potential, high water use efficiency, drought tolerance, well-
developed production systems, a C4 photosynthesis mecha-
nism, and abundant genetic variation for its improvement 
as a biofuel crop (Rooney et al. 2007; Paterson et al. 2009). 
Currently, increasing biomass of bioenergy crops is a breed-
ing goal as important as ensuring food security. This goal has 
induced a paradigm shift in breeding for plant architecture to 
obtain high biomass varieties (Salas Fernandez et al. 2009). 
Therefore, the new challenges are to understand the genetics 
responsible for variation in plant architecture and apply that 
knowledge in breeding programs for biofuel production.

Brassinosteroids (BRs) are a group of steroid hor-
mones that regulate important processes and traits such as 
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germination, cell elongation, fertility, stress tolerance, and 
plant architecture (Taiz and Zeiger 2010). The BR biosyn-
thesis and signaling pathways have been extensively studied 
in the model species Arabidopsis thaliana (Clouse 2011; 
Hao et al. 2013; Jiang et al. 2013; Zhao and Li 2012; Zhu 
et al. 2013), and more recently, in rice (Oryza sativa) (Tong 
and Chu 2012), barley (Hordeum vulgare) (Gruszka et al. 
2011) and maize (Zea maize) (Hartwig et al. 2011, 2012; 
Makarevitch et al. 2012). Those studies have identified not 
only the enzymes involved in the BR pathways but also the 
genes involved in BR signal transduction and their biological 
mechanisms.

The BR biosynthesis pathway is a complex metabolic path-
way with multiple parallel routes that are conserved across 
plant species (Taiz and Zeiger 2010; Gruszka et al. 2011). In 
general, the biosynthesis pathway converts campesterol (CR) 
into brassinolide (BL) through the activity of several enzymes 
that generate numerous intermediate compounds as shown in 
Fig.  1 (modified from RIKEN 2010). CR can be converted 

to campestanol (CN) through the enzyme DEETIOLATED2 
(DET2). Although DET2 is usually the first enzyme that par-
ticipates in the modification of CR, sometimes enzymes like 
DWARF4 (DWF4) and CYTOCHROME P450 C-3 OXI-
DASE (CPD/P90A1) can act before DET2 in a route called 
early C-22 oxidation pathway (Fujioka and Yokota 2003; Taiz 
and Zeiger 2010). The early C-6 oxidation pathway and late 
C-6 oxidation pathway involve different enzymes such as 
DWF4, CYTOCHROME P450 (CP450/CYP90D1), 3-EPI-
6-DEOXOCATHASTERONE 23-MONOOXYGENASE 
(ROT3/CYP90C1) and BRASSINOSTEROID-6-OXIDASE 
1 or 2 (BR6ox1 or BR6ox2) (Shimada et al. 2001; Fujioka 
and Yokota 2003; Taiz and Zeiger 2010; RIKEN RIKEN 
2010). The final step is the conversion of castasterone (CS) 
into BL, the most biologically active BR compound (Fujioka 
and Yokota 2003). The levels of BR are also regulated by 
PHYB ACTIVATION-TAGGED SUPPRESSOR 1 (BAS1), 
which is a key component in the inactivation pathway (Turk 
et al. 2005; Taiz and Zeiger 2010).

Fig. 1   BR biosynthesis pathway (modified from RIKEN 2010). CR 
campesterol; CN campestanol; CS castasterone; BL brassinolide; 
DET2 DEETIOLATED2; DWF4 DWARF4; CP450/CYP90D1 
CYTOCHROME P450; CPD/P90A1 CYTOCHROME P450 C-3 OXI-
DASE, CYP90C1, 3-EPI-6-DEOXOCATHASTERONE 23MONOOX-

YGENASE; BR6ox1 or BR6ox2, BRASSINOSTEROID-6-OXIDASE 
1 or 2, BAS1 PHYB ACTIVATION-TAGGED SUPPRESSOR 1. In 
blue boxes: associated candidate genes with phenotypes of interest. LA 
leaf angle, FL flowering time, PH plant height, PE panicle exsertion, 
PL panicle length, SC stem circumference (color figure online)
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The BR signaling pathway (Fig. 2) consists of a cascade 
of reactions that start with the interaction of BL with a cell 
membrane-localized receptor-like kinase BR INSENSI-
TIVE 1 (BRI1) (Hothorn et al. 2011; Li and Chory 1997; 
She et al. 2011). In the absence of BRs, BRI KINASE 
INHIBITOR 1 (BKI1) binds and inhibits BRI1 function 
(Jaillais et al. 2011; Wang et al. 2011; Wang and Chory 
2006). A leucine carboxyl methyltransferase (LCMT) 
SBI1 also inhibits BRI1 function through PP2A (Wu et al. 
2011). Also, in the absence of BRs, BR INSENSITIVE 2 
(BIN2) kinase phosphorylates and inhibits the function 
of bri1 EMS SUPPRESSOR 1 (BES1) and BRASSINA-
ZOLE RESISTANT 1 (BZR1) family transcription fac-
tors (Yin et al. 2002, 2005; Ye et al. 2011; He et al. 2005; 
Wang et al. 2002). During the activation, BL binds to the 
extracellular domain of BRI1 and a cascade of auto-phos-
phorylation events occur at multiple intracellular domains 
of BRI1 (Clouse 2011). Active BRI1 phosphorylates and 
inhibits the suppressor BKI1. BRI1 then associates with its 
co-receptor BRI1-ASSOCIATED RECEPTOR KINASE 
1 (BAK1) (Gou et al. 2012; Wang et al. 2008). This asso-
ciation induces the phosphorylation of other positive-acting 
substrates such as: BRI1 SIGNALING KINASES (BSK1, 
2 and 3), CONSTITUTIVE DIFFERENTIAL GROWTH 

1 (CDG1), TGF-β RECEPTOR-INTERACTING PRO-
TEIN-1 (TRIP-1) and TRANSTHYRETIN-LIKE PRO-
TEIN (TTL) (Kim et al. 2011, Ehsan et al. 2005; Nam 
and Li 2004; Tang et al. 2008). It is not completely known 
how TRIP-1 and TTL are involved in the pathway, but 
some studies provide evidence of their importance in the 
cascade of signaling reactions (Nam and Li 2004; Ehsan 
et al. 2005). BRI1 phosphorylation of BSKs leads to the 
phosphorylation and activation of BR1 SUPPRESSOR 1 
(BSU1), which may be responsible for the BIN2 dephos-
phorylation, causing its inactivation and allowing accumu-
lation of unphosphorylated BES1/BZR1 (Kim et al. 2009). 
Simultaneously, PROTEIN PHOSPHATASE 2A (PP2A) 
(Mora-Garcia et al. 2004; Tang et al. 2011) dephosphoryl-
ates BES1/BZR1, which moves to the nucleus to interact 
with other transcription factors and regulates gene expres-
sion (Guo et al. 2013; Li 2010) (Fig. 2).

Mutations in BR biosynthesis and signaling genes in 
model species have demonstrated their effects on plant 
architecture phenotypes such as: plant height (Clouse 
1996; Mandava 1988; Taiz and Zeiger 2010), leaf length 
and shape (Yin et al. 2002; Clouse 1996; Mandava 1988; 
Zhiponova et al. 2013; Divi and Krishna 2009; Taiz and 
Zeiger 2010), flowering time (Taiz and Zeiger 2010), and 

Fig. 2   BR deactivation and 
activation signaling pathways. 
Deactivation signaling pathway 
(shown with red lines and 
arrow) occurs in absence of 
brassinosteroids (BRs). Activa-
tion signaling pathway (shown 
with green lines and arrows) 
occurs in the presence of BRs. 
BRI1 BR INTENSIVE 1; BAK1, 
BRL2 BRI1 LIKE PROTEIN 2; 
BRI1-ASSOCIATED RECEP-
TOR KINASE 1; BKI1 BRI 
KINASE INHIBITOR 1; CDG 
CONSTITUTIVE DIFFER-
ENTIAL GROWTH; BSK1,2,3 
BRI1 SIGNALING KINASES 
1, 2, or 3; TTL TRANSTHYRE-
TIN-LIKE PROTEIN; TRIP1, 
TGF-β RECEPTOR-INTER-
ACTING PROTEIN-1; BSU1 
BR1 SUPPRESSOR 1; BIN2 
BR INTENSIVE 2; BES1, bri1 
EMS SUPPRESSOR 1; BZR1 
BRASSINAZOLE RESISTANT 
1. In the blue boxes: associated 
phenotypes with the indicated 
candidate gene. LA leaf angle, 
FL flowering time, PH plant 
height, PE panicle exsertion,  
PL panicle length, SC stem  
circumference (color figure 
online)
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abiotic stress response (Divi and Krishna 2009). However, 
there is no knowledge on the effects of BR in sorghum and 
whether or not BR genes are responsible for natural vari-
ation in plant architecture phenotypes. Therefore, there is 
a critical need to utilize quantitative genetic methods to 
test the hypothesis that sorghum orthologous BR genes are 
responsible for variation in plant architecture traits. The 
primary goal of our study was to utilize a candidate gene 
linkage disequilibrium (LD) mapping approach to test asso-
ciations between plant architecture phenotypes and allelic 
variations in BR candidate genes identified in a diverse sor-
ghum association panel.

LD mapping, also known as association mapping, is an 
alternative to linkage analysis and is based on the structure 
of LD across the genome. LD mapping explores the geno-
type–phenotype correlations within populations of unre-
lated individuals, exploiting historical recombination events 
(Nordborg and Tavaré 2002; Zhu et al. 2008). Some of the 
advantages of LD mapping include its low cost and short 
time of implementation, that together with the advances in 
genome sequencing and large number of available markers, 
have made it one of the most frequently used methods for 
gene/marker discovery (Flint-Garcia et al. 2003; Myles et 
al. 2009). In sorghum, the extensive diversity of the species 
has been exploited in both linkage and association mapping 
studies. Some of those studies have shed light on the genes/
genomic regions associated with specific plant characteris-
tics (Brown et al. 2008; Shehzad et al. 2009; Zou et al. 2012; 
Morris et al. 2013), but a complete understanding of the 
hormonal control of plant architecture remains elusive. Our 
study focused on BR candidate genes and the complete char-
acterization of their effect on plant architecture. The ultimate 
goal is to identify markers that can be utilized in sorghum 
breeding programs to efficiently develop high biomass germ-
plasm with optimal plant architecture components.

Materials and methods

Germplasm

The diverse sorghum collection used in this study consists 
of 288 accessions from the sorghum conversion program 
(SCP) and 149 breeding lines with significant genetic and 
geographical diversity and widely used in breeding pro-
grams (Casa et al. 2008). This panel has been successfully 
used in previous LD mapping studies (Brown et al. 2008; 
Sukumaran et al. 2012; Morris et al. 2013).

Experimental design and phenotypic data collection

A final set of 315 accessions from the association panel 
were planted in a randomized complete block design 

(RCBD) with two replications per location during sum-
mer 2010 and 2012. In 2010, sorghum lines were planted 
in Ames, Crawfordsville and Lewis (IA, USA) to evaluate 
five plant architecture traits: flowering time, plant height, 
panicle length, panicle exsertion and stem circumference. 
In 2012, lines were planted in Ames, Crawfordsville and 
Greenfield (IA, USA) to collect leaf angle data. Three 
plants per replication were evaluated for all traits except 
for leaf angle, for which two plants per replication were 
measured.

Flowering time was expressed as the number of days 
from planting to 50  % anthesis (50  % of plants in 50  % 
anthesis). Plant height was measured from ground level 
to the top of the panicle, and panicle exsertion was taken 
as the distance between the flag leaf and the base of the 
panicle. Panicle length was measured as the panicle raquis 
length. Stem circumference was determined at the base 
of the stem, after removal of leaf sheaths, and leaf angle 
was recorded on the leaf below the flag leaf, using a paper 
protractor.

Genotypic data

Protein sequences of BR genes from model species were 
obtained from the National Center for Biotechnology Infor-
mation (NCBI) databases and used to identify the DNA 
sequence of sorghum orthologous genes. TBLASTN was 
performed on the sorghum genome sequence from phy-
tozome V1.4 (Paterson et al. 2009). Predictions of gene 
structure for BR genes of model species and sorghum were 
obtained using FGENESH from Softberry Inc. (USA) 
(Solovyev et al. 2006) (Supplementary Fig. S1, S2). Pro-
teins from model species and sorghum-predicted proteins 
were aligned using CLUSTAL2W (Larkin et al. 2007) to 
determine the level of identity, and their common domains 
were predicted using Pfam (Punta et al. 2012). A total of 
26 BR candidate genes were identified: eleven from the 
biosynthesis pathway and 15 from the signaling pathway 
(Supplementary Tables T1, T2). Single nucleotide poly-
morphisms (SNPs) in the sorghum orthologous BR genes 
were extracted from the imputed set of ~260,000 SNPs 
developed using genotyping by sequencing (GBS) technol-
ogy (Elshire et al. 2011; Morris et al. 2013). The SNP data-
set for the association panel used in this study and other 
sorghum accessions has been publicly released by the Insti-
tute of Genomic Diversity at Cornell University and it is 
publicly available online at: http://www.igd.cornell.edu/
index.cfm/page/projects/bread/sorgdata.htm. SNPs within 
5 kb upstream or downstream of the BR genes were also 
extracted and used in the analysis. Sequenom (SQNM) 
MassARRAY iPLEX platform (Gabriel et al. 2009; Oeth et 
al. 2009) was used to identify additional SNPs in the can-
didate genes for which limited GBS data were available. 

http://www.igd.cornell.edu/index.cfm/page/projects/bread/sorgdata.htm
http://www.igd.cornell.edu/index.cfm/page/projects/bread/sorgdata.htm
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A summary of GBS and SQNM developed SNPs for each 
candidate gene is presented in Supplementary Tables T1 
and T2.

Phenotypic data analysis

Phenotypic data analysis was performed by ANOVA using 
PROC mixed as implemented in SAS® 9.2 (SAS Institute 
Inc., Cary, NC, USA), with location considered fixed, while 
replication, genotype and genotype ×  location interaction 
were considered random effects. Best linear unbiased pre-
dictions (BLUPs) were calculated using the library lme4 on 
R statistical software (R Core Team 2013). The BLUP for 
each line was used as its observed phenotypic value for the 
association analysis.

Genotypic data analysis

Population structure was determined using 702 genome-
wide SNPs distributed across the sorghum genome. Those 
SNPs were selected from the GBS set of 260,000 SNPs 
based on the following criteria: (i) SNPs highly informative 
with less than 15 % of missing data; (ii) SNPs that have a 
minimum distance of 350  kb considering the average LD 
(r2 < 0.1) reported by Morris et al. (2013); and (iii) SNPs 
randomly distributed in every chromosome. The program 
STRUCTURE  2.2.3 (Pritchard et al. 2000) was used to 
detect subpopulations. An admixture model was used vary-
ing the number of subpopulations (k) from one to ten. The 
analysis was performed using ten iterations per k, a 20,000 
length of burn-in period and 30,000 MCMC (Markov 
Chain Monte Carlo, France) replicates. The optimal num-
ber of subpopulations was determined using: (i) the poste-
rior probability plot, (ii) Delta K (ΔK) method (Evanno et 
al. 2005), (iii) stability of grouping patterns across ten runs, 
and (iv) germplasm information from previous studies. 
Population structure was verified by Principal Component 
Analysis (PCA), which was calculated using the statistical 
program Rx64 3.0 (R Core Team 2013). Results of PCA1 
vs PCA2 and PCA1 vs PC3 were plotted, analyzed and 
compared with STRUCTURE results.

Kinship matrix, also known as coefficient of relatedness 
or co-ancestry matrix, was calculated using the same 702 
SNPs, the algorithm described by Loiselle et al. (1995), and 
the software SPAGeDi 1.4 (Hardy and Vekemans 2002).

Association analysis

A total of 263 SNPs with a minimum allele frequency >5 % 
were used to test marker-trait associations. Two models for 
association analysis were tested using TASSEL 3.0 (Brad-
bury et al. 2007): GLM (General Linear Model) and MLM 
(Mixed Linear Model). GLM tests the marker–phenotype 

associations including population structure as a covariate 
(Q-matrix). Both marker effect and population structure 
are considered fixed (Bradbury et al. 2007). MLM tests 
the marker–phenotype associations including popula-
tion structure and kinship matrix. Markers and population 
structure are fixed effects, while kinship is included as a 
random effect (Bradbury et al. 2007). Quantile–quantile 
(Q–Q) plots of the expected cumulative distribution of p 
values were performed for each model and trait to assess 
the best model to control for type I errors (Yu et al. 2006). 
False discovery rate (FDR) was used to assign a measure of 
significance to each test and correct for multiple compari-
sons. The FDR method assigns a q value to each p value 
after analyzing the p value distribution. The q value thresh-
old was determined on a trait by trait basis. q values were 
obtained using QVALUE software (Storey and Tibshirani 
2003) and R software (R Core Team 2013).

Analysis of the overall phenotypic variation explained by 
the significantly associated genes in the BR signaling and 
biosynthesis pathways was performed using SAS 9.2 (SAS 
Institute Inc., Cary, NC, USA). The original SAS script of 
mixed linear model for association analysis (by Gael Pres-
soir, Institute for Genomic Diversity, Cornell University, 
http://www.maizegenetics.net/images/stories/interests/
qk.txt) was modified to fit multiple markers in the model. 
Those markers were selected based on the individual SNP 
analysis. Only one or two significantly associated markers 
for each associated BR gene were included in the model and 
the complete list of SNPs for each pathway is presented in 
Supplementary Table T3. This criterion was used to avoid 
an overestimation of the phenotypic variation explained by 
multiple markers that can be in LD (r2 > 0.2). The mixed 
model based on maximum likelihood (ML) was used and 
the R2-likelihood ratio (R2 LR) was calculated to explain the 
phenotypic variation as recommended by Sun et al. (2010) 

where −2logLM is the −2 log-likelihood of the model of 
interest; −2logL0 is the −2 log-likelihood of the minimal 
model; and n is the number of observations. The minimal 
model was defined as the model that only considered popu-
lation structure Q as fixed effect and kinship K as random 
effect (Sun et al. 2010).

Results

Phenotypic analysis

Descriptive statistics confirmed the large variability of the 
phenotypes in the association panel (Table 1). Results from 
ANOVA showed that replication nested within location 

R
2
LR = 1 − exp

([

−2logLM − (−2 log L0)
]

/n
)

http://www.maizegenetics.net/images/stories/interests/qk.txt
http://www.maizegenetics.net/images/stories/interests/qk.txt
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was not a significant source of variation (p < 0.05) for any 
of the traits except for stem circumference (Table 2). The 
analysis of variance also indicated that there was a signifi-
cant effect of location, genotype, and location × genotype 
interaction (p < 0.05) for all traits except leaf angle. Loca-
tion was not significant for leaf angle, however, its interac-
tion with genotype was marginally significant. This result 
suggests that for leaf angle, the location effect cannot be 
considered separately from the genotype effect.

Correlations between phenotypes were calculated using 
BLUPs (Table  3). Stem circumference and plant height 
were the phenotypes correlated with most other traits at a 
significance level p  <  0.001. An interesting positive cor-
relation was observed between stem circumference and 
flowering time. According to these results, lines with late 
flowering tended to present thicker stems, an important 
correlation to consider when breeding for biomass produc-
tion. A significant (p < 0.001) and positive correlation was 
observed between leaf angle and plant height but negative 
correlations were identified with flowering time (p < 0.001) 
and stem circumference (p < 0.01).

BR candidate genes

A total of 26 candidate genes in sorghum were identi-
fied based on TBLASTN scores, gene structure similarity, 

protein alignment score and protein common domains. In 
most cases, a single sorghum orthologous gene could be 
identified for each of the known genes in the biosynthe-
sis (Supplementary Table T1; Supplementary Figure S1) 
and signaling pathway (Supplementary Table T2; Sup-
plementary Figure S2). An exemption was Sb01g015040, 
a sorghum gene very similar to both biosynthetic genes 
BR6ox1 and BR6ox2 (Supplementary Table T1). In the 
signaling pathway, the same sorghum gene (Sb02g019470) 
was identified as the most likely orthologous of both BRL1 
and BRL3; while another genomic region (Sb02g037500) 
was similar to both BES1 and BZR1genes (Supplementary 
Table T2). Finally, one region in sorghum chromosome 3 
(Sb03g012070) and one in chromosome 4 (Sb04g008580) 
were equally predicted as orthologous of BIN2, since both 
sequences presented high identity, low E value, similar 
alignment score and same common domains as the BIN2 
protein in model species (Supplementary Table T2).

Important similarities in gene structure were observed 
for most BR candidate genes with the exemption of 
CYP90C1 and CYP90D1. For these two genes, the struc-
ture of the Arabidopsis homolog was drastically different 
than the predicted sorghum gene structure. Therefore, a 
rice-predicted ortholog was used in each case to elucidate 
these differences. As expected based on the shorter evolu-
tionary distance between rice and sorghum, gene structure 

Table 1   Descriptive statistics of phenotypic variation in the sorghum association panel calculated using BLUPs

Panicle exsertion (cm) Panicle length (cm) Plant height (cm) Stem circumference (cm) Flowering time (days) Leaf angle (°)

Mean 10.3 25.6 153.5 5.7 67.7 50.5

SD 7.6 6.1 58.2 0.8 4.0 13.2

Minimum 0.0 9.9 68.5 3.4 54.4 12.9

Maximum 38.4 55.8 365.9 8.2 78.9 88.6

Table 2   ANOVA for phenotypes of interest

L location, R replication, G genotype

Source of variation Panicle exsertion Panicle length Plant height

DF F value p value DF F value p value DF F value p value

L 2 15.13 <0.0001 2 17.85 0.0012 2 19.80 <0.0001

R (L) 3 0.79 0.4974 3 1.89 0.1299 3 1.56 0.1969

G 314 17.41 <0.0001 314 45.93 <0.0001 314 90.93 <0.0001

L × G 593 2.40 <0.0001 599 2.16 <0.0001 599 3.38 <0.0001

Stem circumference Flowering time Leaf angle

Source of variation DF F value p value DF F value p value DF F value p value

L 2 9.30 0.0228 2 273.31 <0.0001 2 3.36 0.1527

R (L) 3 4.19 0.0059 3 0.89 0.4481 3 1.64 0.1786

G 314 7.67 <0.0001 271 14.04 <0.0001 307 19.74 <0.001

L × G 598 2.06 <0.0001 526 1.82 <0.0001 601 1.14 0.0410
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corresponding to their orthologs had high similarities as 
summarized in Supplementary Figure S1.

Genotypic analysis

Population structure analysis determined that five is the 
optimal number of subpopulations in the association panel. 
The five subpopulations were classified as: Q1, intermedi-
ate races Guinea/Bicolor; Q2, Caudatum; Q3, intermedi-
ate races Guinea-Caudatum (West Africa); Q4, Kafir and 
Q5, Durra (Supplementary Fig. S3). Principal Component 
Analysis (PCA) results were consistent with STRUC-
TURE. PCA1 explained 8.02 % of the variation and sepa-
rated the subpopulations Caudatum and Guinea/Caudatum. 
PCA2 explained 7.48  % of the variation and separated 
the subpopulation Durra. PCA3 explained 6.19  % of the 
variation and separated the Kafir subpopulation (data not 
shown).

Association analysis

The mixed linear model (MLM), which includes popula-
tion structure and kinship, was identified as the best model 
for the six plant architecture traits analyzed in this study. 
If the model includes population structure and kinship, 
the observed p values have a better approximation to the 
expected p value distribution in comparison with the model 
that only accounts for population structure (GLM).

Association analysis per trait

A total of 73 markers were found significantly associ-
ated with the six phenotypes of interest, 25 of them were 
in complete LD (r2 = 1), and 18 markers were associated 
with more than one trait (Tables 4, 5). Traits with the high-
est number of associated markers were stem circumference, 
panicle length and flowering time with 26, 24 and 18 mark-
ers, respectively.

The FDR threshold (q value) was determined on a trait by 
trait basis (Tables 4, 5). The q value threshold was q < 0.26 
for flowering time and panicle length, q < 0.23 for leaf angle, 
q < 0.28 for plant height and q < 0.17 for panicle exsertion and 
stem circumference. Therefore, the expected number of false 
associations varies from one to six depending on the trait.

Association analysis per candidate gene

Markers in 16 candidate genes were associated with the 
traits of interest; eight of those genes belong to the signal-
ing pathway and eight to the biosynthesis pathway (Figs. 1, 
2). The level of LD between markers in the same gene/
genomic region varied depending on the number of mark-
ers, physical distance between them and LD structure in 
that genomic region (Tables 4, 5).

BKI1 was the BR signaling candidate gene associated 
with more traits (Table 4; Fig. 2). Although the phenotypic 
variation explained by each marker was small (R2 < 0.055), 
this is a very interesting candidate gene since it was asso-
ciated with all six phenotypes. Moreover, eight markers 
within BKI1 or in the nearby region were associated with 
more than one trait (Table  4) and these apparently pleio-
tropic effects are consistent with the known repressor func-
tion of BKI1 upstream in the BR signaling pathway (Fig. 2).

One of the most interesting results in this study was the 
identification of 18 markers from nine candidate genes 
that were associated with more than one trait (Figs. 1, 2). 
The effect of those markers on the phenotype was consist-
ent with the phenotypic correlations previously described 
(Tables 3, 4, 5). For example, marker S2_61887636 in the 
candidate gene BKI1, was associated with flowering time, 
panicle length and stem circumference. The presence of the 
nucleotide G over the nucleotide C reduces the flowering 
time, panicle length and stem circumference. These results 
are consistent with phenotypic correlations because flower-
ing time, panicle length and stem circumference were posi-
tively and significantly correlated.

Table 3   Correlation coefficient between phenotypes calculated using BLUPs

PH plant height, PL panicle length, PE panicle exsertion, SC stem circumference, FT flowering time, LA leaf angle

* Significant at p < 0.05

** Significant at p < 0.01

*** Significant at p < 0.001

Phenotypes PH PL PE SC FT LA

PH –

PL 0.15* –

PE 0.47*** 0.11 –

SC −0.30*** 0.10* 0.22*** –

FT 0.15* 0.16** −0.10 0.46*** –

LA 0.30*** −0.08 0.03 −0.20** −0.22*** –
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Table 4   Significant markers in 
BR signaling genes and their 
genomic regions

Gene Marker Trait p value q value R2 (%) SNP Effect LD (r2) range average

BKI1 S2_61882507 PE 9.27E−04 0.15 4.8 A −4.66 0.03–1.00
0.46T 0.00

PL 3.58E−03 0.13 4.2 A −2.72

T 0.00

FT 7.82E−03 0.18 2.7 A −1.86

T 0.00

S2_61884861a FT 5.95E−03 0.18 2.8 G −1.98

T 0.00

SC 3.47E−03 0.11 3.2 G −0.4

T 0.00

S2_61884862a FT 5.95E−03 0.18 2.8 A −1.98

C 0.00

SC 3.47E−03 0.11 3.2 A −0.4

C 0.00

S2_61884870 PL 1.83E−02 0.25 2.1 T 2.36

C 0.00

S2_61884883 PH 6.62E−04 0.13 5.2 C −32.24

G 0.00

S2_61885324 LA 1.15E−02 0.23 3.0 A −8.29

C 0.00

S2_61886471b FT 2.01E−02 0.25 1.9  T −1.69

G 0.00

SC 8.71E−03 0.12 2.4  T −0.37

G 0.00

S2_61886473b FT 2.01E−02 0.25 1.9 G −1.69

T 0.00

SC 8.71E−03 0.12 2.4 G −0.37

T 0.00

S2_61887636 FT 1.67E−02 0.23 2.2 G −1.77

C 0.00

PL 2.90E−02 0.25 1.7 G −2.13

C 0.00

SC 7.21E−03 0.12 2.8 G −0.38

C 0.00

S2_61887936 FT 1.42E−02 0.22 2.5 C −1.6

G 0.00

S2_61888021c FT 1.48E−02 0.22 2.3 A −1.75

T 0.00

SC 4.07E−03 0.11 3.0 A −0.39

T 0.00

S2_61888022c FT 1.48E−02 0.22 2.3 C −1.75

T 0.00

SC 4.07E−03 0.11 3.0 C −0.39

T 0.00

S2_61888935 SC 1.31E−02 0.14 2.2 G −0.35

C 0.00

S2_61889576 PE 1.67E−02 0.17 2.0 A −2.76

C 0.00
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Table 4   continued Gene Marker Trait p value q value R2 (%) SNP Effect LD (r2) range average

BSK1 S1_52586179 LA 2.66E−03 0.17 4.5 G −7.61 0.02–0.90
0.26C 0.00

S1_52587692 PE 1.55E−02 0.17 2.9 C 3.05

T 0.00

S1_52588681 PE 1.09E−02 0.17 2.9 G −2.93

C 0.00

FT 7.48E−03 0.18 3.0 G 1.58

C 0.00

PL 6.62E−03 0.2 2.8 G 2.17

C 0.00

S1_52589217 LA 4.50E−03 0.17 4.2 G −7.69

T 0.00

PL 1.33E−02 0.25 3.1 G 2.75

T 0.00

S1_52590019 PE 1.22E−02 0.17 3.1 T 3.09

G 0.00

FT 8.03E−03 0.18 3.3 T −1.67

G 0.00

S1_52590030 FT 1.22E−02 0.22 2.3 A −1.24

G 0.00

BSK2 S1_49657259d PL 1.93E−05 0.001 6.2 G 3.48 0.85–1.0
0.9A 0.00

S1_49657281d PL 1.93E−05 0.001 6.2 G 3.48

T 0.00

S1_49657476 PL 1.64E−05 0.001 6.9 T −3.62

C 0.00

TTL S1_56871298 SC 9.75E−03 0.13 2.3 C −0.26 –

A 0.00

BSU1 S8_53596419 PE 4.63E−03 0.17 5.5 T −4.85 0.01–1.0
0.51C 0.00

S8_53596901e PL 3.02E−02 0.25 2.0 G −2.11

C 0.00

S8_53596909e PL 3.02E−02 0.25 2.0 G −2.11

C 0.00

S8_53596911e PL 3.02E−02 0.25 2.0 C −2.11

T 0.00

S8_53600913 PL 1.51E−02 0.25 3.5 G −3.64

A 0.00

SC 2.26E−02 0.16 3.0 G −0.49

A 0.00

S8_53602187 SC 7.77E−03 0.12 2.3 C 0.49

T 0.00

S8_53602475 PE 6.44E−03 0.17 4.3 C −5.1

T 0.00

S8_53604642 PE 1.09E−02 0.17 2.7 C −2.61

T 0.00

S8_53606143 PL 9.37E−03 0.24 2.6 G −2.67

A 0.00

S8_53 606154 PL 2.73E−02 0.25 1.8 A −2.21

C 0.00
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The overall phenotypic variation explained by the asso-
ciated markers/genes of both BR pathways ranged from 
6 % for plant height to 26 % for panicle length (Table 6). 
When the phenotypic variation was analyzed independently 
per pathway, the signaling pathway explained a higher pro-
portion of the phenotypic variation than the biosynthesis 
pathway for most of the plant architecture traits (Table 6).

Discussion

BR candidate genes

Multiple analyses were performed to identify the most likely 
sorghum BR orthologs. Gene structure was used to compare 
the number and size of introns and exons between species. 
According to Itoh et al. (2007), most of the rice and Arabi-
dopsis genes share important similarities, however, there are 
some rice genes that may have diverged to such an extent 
that their homologs could not be detected by sequence simi-
larity search, although the protein domains and apparent 

function are the same. It means that genome sequences 
drastically changed during evolution, but their functional-
ity is the same. These findings can explain the difference in 
gene structure between Arabidopsis and predicted sorghum 
genes CYP90C1 and CYP90D1 (Supplementary Figure 1).

In a few cases, the same sorghum candidate gene was 
predicted as the most likely ortholog of two different genes 
in the model species. This observation corresponds to genes 
that have been reported to have redundant activity in Arabi-
dopsis. According to Shimada et al. (2003), BR6ox1 and 
BR6ox2 genes have similar DNA sequence, similar protein 
sequence and have the same substrate specificity after yeast 
expression analysis was performed, so the authors con-
cluded that these two genes arose by gene duplication in 
Arabidopsis and have redundant functions. Likewise, BRL1 
and BRL3 proteins have also been reported with redundant 
functions in Arabidopsis and their corresponding genes 
have similar structure (Zhou et al. 2004; Morillo and Tax 
2006). In the case of BES1 and BZR1, both genes encode 
closely related proteins that have approximately 90  % 
sequence identity, the same consensus sites (Clouse 2002) 

Table 4   continued Gene Marker Trait p value q value R2 (%) SNP Effect LD (r2) range average

BIN2 i S4_9961357 PL 2.25E−03 0.1 4.2 T 4.12 –

C 0.00

BIN2 ii S3_13870895 PL 1.47E−02 0.25 3.0 A −3.78 0.81–1.0
0.87G 0.00

SC 1.25E−02 0.14 3.2 A −0.56

G 0.00

S3_13871156f SC 3.21E−03 0.11 3.1 C −0.48

T 0.00

S3_13871180f SC 3.21E−03 0.11 3.1 T −0.48

G 0.00

S3_13875989 SC 1.07E−04 0.02 5.1 A −0.66

C 0.00

BES1/ 
BZR 2

S2_71772882 LA 3.80E−03 0.17 4.1 C 7.28 0.63–0.98
0.75G 0.00

S2_71773005 PL 3.18E−02 0.25 1.7 G −2.08

T 0.00

LA 1.25E−02 0.23 2.7 G 5.87

T 0.00

SC 4.57E−03 0.11 3.3 G −0.4

T 0.00

S2_71776768 LA 4.59E−03 0.17 3.4 A −7.63

G 0.00

BRL2 S1_46095930 PL 2.68E−02 0.25 2.1 G −2.03 0.002

T 0.00

S1_46097621 FT 3.65E−03 0.18 4.2 G −2.23

T 0.00

SC 6.92E−03 0.12 3.4 G −0.41

T 0.00

Markers in bold correspond 
to SNPs identified within the 
candidate gene

PH plant height, PL panicle 
length, PE panicle exsertion, 
SC stem circumference, FT 
flowering time, LA leaf angle
a,b,c,d,e,f  Markers followed by 
the same letter are in complete 
LD (r2 = 1)
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Table 5   Significant markers in BR biosynthesis genes

Gene Marker Trait p value q value R2 (%) SNP Effect LD (r2) range average

DWF7 S3_7221847a LA 1.37E−02 0.23 2.9 A −6.61 0.004–1.00
0.39G 0.00

S3_7221851a LA 1.37E−02 0.23 2.9 T −6.61

C 0.00

S3_7221884a LA 1.37E−02 0.23 2.9 A −6.61

G 0.00

S3_7222075 LA 7.47E−03 0.23 3.6 C −7.61

A 0.00

SC 1.56E−02 0.16 2.6 C 0.41

A 0.00

S3_7230275b SC 2.18E−02 0.16 2.4 G 0.37

A 0.00

S3_7230278b SC 2.18E−02 0.16 2.4 A 0.37

G 0.00

S3_7230281b SC 2.18E−02 0.16 2.4 A 0.37

G 0.00

S3_7231007 SC 1.06E−02 0.13 2.5 G −0.49

C 0.00

DET2 S3_67647834 PE 3.80E−03 0.17 3.0 C −3.42 –

T 0.00

DWF4 S1_65140451 FT 1.10E−02 0.22 2.2 T −2 –

C 0.00

CPD/P90A1 S5_2712388 FT 4.86E−03 0.18 5.7 G 1.93 0.031–1.0
0.35A 0.00

PL 1.78E−02 0.25 4.6 G 2.21

A 0.00

S5_2717774c PE 9.84E−03 0.17 3.0 T −2.87

C 0.00

S5_2717778c PE 9.84E−03 0.17 3.0 T −2.87

A 0.00

CP450/ S2_69321542 PE 1.33E−02 0.17 2.5 T 2.84 0.08–0.83
0.24C 0.00

PE 3.66E−03 0.17 3.4 G −3.13

A 0.00

S2_69324927 PE 9.08E−03 0.17 2.5 T 2.58

A 0.00

CYP90C1 S5_1249461 PH 4.31E−03 0.27 2.7 A −26.65 0.05–0.94
0.36G 0.00

S5_1249518 PE 1.62E−02 0.17 4.1 T −6.5

C 0.00

S5_1250575 PH 4.27E−03 0.27 3.7 G 34.5

A 0.00

SC 2.12E−02 0.16 2.9 G −0.37

A 0.00
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and overlapping functions (Wang et al. 2002; Clouse 2002). 
Even though we have not performed any studies to demon-
strate functionality of the predicted BR sorghum genes and 
proteins, we have exhaustively compared them with genes 
from model species using multiple bioinformatic tools to 
determine sequence similarity, protein–protein identity lev-
els, gene structure comparisons and functional domains.

Genetic diversity in the panel

The large morphological differentiation in the subspe-
cies bicolor has been classified by Harlan and De Wet 
(1972) into five major races: Bicolor, Guinea, Kafir, Durra 
and Caudatum. This sorghum diversity panel has been 

previously characterized by different groups using molecu-
lar markers; however, the results have not been completely 
consistent between studies (Casa et al. 2008; Sukumaran et 
al. 2012; Brown et al. 2011; Morris et al. 2013). The popu-
lation structure of k  =  5 reported here is consistent with 
Sukumaran et al. (2012). Three major races (Durra, Kafir 
and Caudatum) were clearly distinguished as previously 
reported (Sukumaran et al. 2012; Brown et al. 2011; Casa 
et al. 2008) and the intermediate races, Guinea/Bicolor and 
Guinea/Caudatum (West Africa), were identified as sepa-
rate groups, in agreement with Casa et al. (2008). In spite 
of the small representation of individuals of the intermedi-
ate race Guinea/Bicolor, they constituted a separate sub-
population as reported by Morris et al. (2013) at k = 5.

Table 5   continued

Gene Marker Trait p value q value R2 (%) SNP Effect LD (r2) range average

BR6ox1/BR6ox2 S1_14440282 SC 2.21E−02 0.16 2.6 A −0.42 0.01–0.7

G 0.00

S1_14447594 PE 1.59E−02 0.17 2.4 G −5.06

A 0.00

S1_14447711d PL 3.06E−02 0.25 1.6 C −2.6 0.25

A 0.00

S1_14447718d PL 3.06E−02 0.25 1.6 A −2.6

G 0.00

BAS1 S3_4518436 FT 7.28E−04 0.05 4.8 T −2.34 <0.01–1.0

C 0.00

S3_4518790 LA 1.64E−03 0.17 6.3 C −6.4

G 0.00

S3_4520606e FT 5.87E−04 0.05 4.0 G 2

C 0.00

S3_4520612e FT 5.87E−04 0.05 4.0 C 2 0.18

T 0.00

S3_4522614 PL 3.05E−02 0.25 1.5 T −1.99

C 0.00

S3_4523000 PL 2.53E−02 0.25 2.7 T 3.28

G 0.00

Markers in bold correspond to SNPs identified within the candidate gene

PH plant height, PL panicle length, PE panicle exsertion, SC stem circumference, FT flowering time, LA leaf angle
a,b,c,d,e  Markers followed by the same letter are in complete LD (r2 = 1)

Table 6   Overall phenotypic 
variation explained by the 
associated candidate genes in 
the BR pathways in sorghum

PH plant height, PL panicle 
length, PE, panicle exsertion, 
SC stem circumference, FT 
flowering time, LA leaf angle

Phenotype Signaling and biosynthesis pathways Signaling pathway Biosynthesis pathway

R2 LR

PH 0.06 0.05 0.03

PE 0.23 0.12 0.13

LA 0.17 0.12 0.04

FT 0.20 0.12 0.12

PL 0.26 0.23 0.07

SC 0.25 0.20 0.10
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Association analysis

LD mapping studies have been extensively used in humans, 
animals and plants to assess marker-trait associations. 
Although the methodology per se can lead to spurious 
associations, the control for population structure and co-
ancestry relationships has minimized the number of false 
positive associations (Yu et al. 2006; Sun et al. 2010). In 
our study, the total number of significant markers for each 
trait was reduced when the coefficient of co-ancestry was 
included in the model because it corrects for spurious asso-
ciations that can be produced by multiple levels of relat-
edness among lines (Yu et al. 2006). These results are 
consistent with similar studies performed using the same 
diversity panel (Morris et al. 2013; Sukumaran et al. 2012). 
A total of 73 markers were associated with all phenotypes 
and each marker explained less than 7 % of the phenotypic 
variation, an expected result considering the highly quanti-
tative nature of plant architecture phenotypes.

Panicle length was the trait associated with more can-
didate genes: three from the BR biosynthesis pathway and 
seven from the signaling pathway localized on chromo-
somes 1, 2, 3, 4, 5 and 8 (Figs. 1, 2). Morris et al. (2013) 
identified markers associated with inflorescence branch 
length, a panicle length-related trait, on the same chromo-
somes but not physically close to the markers reported in 
this study. On chromosome 1, Morris et al. (2013) identi-
fied five SNPs located 900–3,100  kb from BSK1 markers 
and 1,400–6,000  kb from BSK2 markers. Similar results 
were obtained for markers on chromosome 2 (gene BKI1) 
and chromosome 3 (BAS1) which are at a distance of 7,000 
and 700 kb from associated SNPs in Morris et al. (2013), 
respectively. A QTL study for panicle length performed 
using RFLPs on recombinant inbred lines (RILs) identified 
a QTL on chromosome 2 between markers UMC04 and 
BNL12.06, which are 7,000 and 10,000 kb from the asso-
ciated markers in BKI1, respectively (Rami et al. 1998). 
Another study also identified two QTL on chromosome 
8: Bin2742 and Bin2753 (Zou et al. 2012), but markers on 
BSU1 are outside of those QTL regions at approximately 
4,500 and 3,500 kb, respectively. Genotypic information of 
the parental lines used by Rami et al. (1998) and Zou et al. 
(2012) is not publicly available for comparative haplotype 
analysis.

Plant height has been extensively studied in sorghum 
and previous reports have identified QTL on chromosomes 
1, 3, 6, 7, 9 and 10 (Pereira and Lee 1995; Salas Fernandez 
et al. 2009; Zou et al. 2012), but not on chromosomes 2 
and 5, as reported in this study. It is important to empha-
size that the gene DW3 (ortholog to DWF3 in Arabidopsis) 
has been cloned and identified on chromosome 7, while 
DW1 has been mapped on chromosome 9 (Brown et al. 
2008; Morris et al. 2013; Thurber et al. 2013). Preliminary 

evidence suggests that DW2 is on chromosome 6 (Thurber 
et al. 2013). The fact that these three genes (DW1, DW2 
and DW3) have major effects on plant height could explain 
that other studies were not able to identify genomic regions 
with small effects on the trait, as we have for markers 
located on chromosomes 2 and 5.

Significant markers for flowering time were localized 
on chromosomes 1, 2, 3 and 5. El Mannai et al. (2011) 
reported SSR markers associated with flowering time on 
chromosomes 1 and 2 that are distant from our associated 
markers. The SSRs Xtxp61, Xtxp75 and Xtxp279 on chro-
mosome 1 are at approximately 8,000–10,000 kb from the 
associated markers on the BSK1 gene. On chromosome 2, 
markers for BKI1 are approximately 6,000  kb away from 
the SSR Xtxp100 (El Mannai et al. 2011). All markers 
with a significant effect on flowering time identified in our 
study explained a small proportion of the phenotypic varia-
tion (R2 < 0.06) and these results are expected considering 
that Ma1, mapped to chromosome 6, has been reported as a 
major gene explaining approximately 45 % of the variation 
(Murphy et al. 2011; Li et al. 2013).

Limited information is available about the genetic 
mechanisms controlling panicle exsertion and stem cir-
cumference in sorghum (Klein et al. 2001; Zou et al. 2012). 
According to Klein et al. (2001), there is a QTL on chro-
mosome 1 that explains 11–13  % of variation in panicle 
exsertion. In our study, markers on BSK1 were associ-
ated with this trait, and these markers were located in the 
QTL region delimited by Xtxp37 and Xpxt61 (Klein et al. 
2001). The RILs used by Klein et al. (2001) were devel-
oped by crossing the parental lines Sureno (PI 561472) 
and RTx436 (PI 561071). Both lines have different haplo-
types in the genomic region corresponding to the candidate 
gene BSK1 and also have different alleles for the associated 
BSK1 SNPs. These results provide additional independ-
ent support to the findings reported in our study. The two 
QTL for panicle exsertion reported by Zou et al. (2012) 
on chromosome 1 did not correspond to the same genomic 
region of our significant markers on BSK1 gene (3,400–
17,000 kb from Bin377 and Bin469). A similar result was 
obtained when the QTL on chromosome 3 was compared 
with our significant markers on DET2 (7,000 kb away from 
Bin1234) (Zou et al. 2012). Only one QTL (Bin253) for 
stem circumference previously identified (Zou et al. 2012) 
was on the same chromosome as our BRL2 and TTL mark-
ers. However, this previously reported that QTL is 750 kb 
from BRL2 and 1,800 kb from TTL. Genotypic information 
for the Chinese lines used in Zou et al. (2012) was not pub-
licly available (personal communication with the authors) 
and thus, a comparative haplotype analysis in the genomic 
regions of the BR candidate genes was not possible.

Leaf angle is an important plant architecture phenotype 
for which very limited information is available. The only 
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study for this trait in sorghum identified a major QTL on 
chromosome 7 that explained 45 % of the variation (Hart 
et al., 2001). In our study, markers on chromosomes 1, 2 
and 3 were associated with leaf angle but none of them are 
in common with genomic regions reported by Hart et al. 
(2001). The RILs used by Hart et al. (2001) were obtained 
from the cross between BTx623 (PI 659985) and IS3620C 
(PI 533839). Both inbred lines have the same haplotype 
for the candidate genes BSK1, BES1, DWF7, and BAS1 but 
contrasting haplotypes for BKI1. Multiple experimental 
factors could have affected the capacity to identify a QTL 
in the BKI1 region by Hart et al. (2001) in spite of the con-
trasting parental haplotypes for the gene, particularly the 
masking effect of the major QTL on chromosome 7 that 
could have hindered the identification of QTL with small 
effects.

In summary, most of the significantly associated markers 
were localized in novel sorghum genomic regions not pre-
viously correlated with phenotypic variation in plant archi-
tecture. The new knowledge contributed by this study is of 
importance considering that most previous sorghum studies 
were conducted using biparental populations and thus, have 
sampled a very limited representation of the allelic varia-
tion available in the species. Additionally, in those studies, 
the identification of QTL/markers with small effects, as the 
ones reported here, was likely hindered by genes/QTL with 
large effects.

Multiple phenotypes associated with the same marker

The identification of 18 markers associated with more than 
one trait suggests that BR candidate genes in sorghum have 
pleiotropic effects. Pleiotropy has been reported for many 
BR Arabidopsis and rice mutants (Fujioka et al. 1997; Choe 
et al. 1999a, b; Yamamuro et al. 2000; Choe et al. 2002; Yin 
et al. 2002; Sakamoto et al. 2006; Wu et al. 2008).

In our study, markers on and nearby BKI1 were associ-
ated with all traits of interest: flowering time, leaf angle, 
panicle length, panicle exsertion, plant height and stem 
circumference. This gene is a negative regulator of the BR 
signaling pathway and Arabidopsis mutants in BKI1 have 
shown phenotypes affected in rosette radius, leaf angle, 
plant height and petiole length (Jaillais et al. 2011; Wang 
et al. 2011; Wang and Chory 2006). There is no additional 
knowledge on the effect of BKI1 mutants in other species 
and its effect on plant phenotypes. This is the first study 
suggesting that natural allelic variation in BKI1 is associ-
ated with changes in plant architecture characteristics.

BKI1 has been characterized as an unstructured protein 
that functions through short linear motifs involved in pro-
tein–protein interactions and/or modifications (Diella et 
al. 2008; Jaillais et al. 2011). The N-terminal of BKI1 is 
localized to the plasma membrane and has three conserved 

motifs. Motif-3 contains tandem repeats of basic residues 
[lysine (K)/arginine(R)] and the Y211 has been proposed as 
the phosphorylation site (Jaillais et al. 2011). The C-termi-
nal is the most conserved region of BKI1 in several species 
(residues 253–337 in A. thaliana) and it was both necessary 
and sufficient to bind the BRI1-kinase domain. BKI1 asso-
ciated specifically with the kinase domain of BRI1 but not 
with TTL, BIN2 or the kinase domain of other receptor like 
kinases such as BAK1, BRL1 and BRL3 (Wang and Chory 
2006). The sorghum-predicted BKI1 protein has the tan-
dem repeats of basic residues in motif-3 and a highly con-
served C-terminal that is 62.3 and 91.3 % similar to the A. 
thaliana and rice C-terminal regions, respectively (data not 
shown). The markers on BKI1 significantly associated with 
flowering time, panicle length and stem circumference cor-
respond to the amino acid residues 58, 158, and 186 (data 
not shown). Due to the nature of the genotyping technology 
used in this study (GBS), the gene was not saturated with 
markers and thus further investigation will be conducted to 
fully identify polymorphisms in BKI1 and relate them to 
known protein motifs and important amino acid residues.

BSK1 was another candidate gene associated with more 
than one phenotype (panicle exsertion, panicle length, leaf 
angle and flowering time). BSK1 protein mediates signal 
transduction from receptor kinase BRI1. In Arabidopsis, 
only BSK1 and BSK3 proteins interact with BRI1 (Tang et 
al. 2008) and their mutants presented reduced rosette size, 
leaf curling and higher leaf angle (Sreeramulu et al. 2013). 
No mutants have been reported for BKI1 and BSK1 in 
rice but, proteins from both genes interact with BRI1, and 
BRI1 mutants have been extensively characterized in this 
species. Sakamoto et al. (2013) identified three OsBRI1 
mutants (d61–1  N, d61–11, and d61–12) which showed 
variation in plant height, leaf angle, internode elonga-
tion, and seed shape. Mutant phenotypes included shorter 
plants, reduced leaf angle, abnormal and twisted leaves, 
reduced internode elongation and plants without flow-
ers (Sakamoto et al. 2013). Since proteins translated from 
BSK1 and BKI1 genes interact directly with BRI1, we can 
speculate that similar effects on the phenotype could be 
observed by allelic variations in BSK1 and BKI1, as shown 
in our study.

Arabidopsis mutants in the BR signaling pathway gene 
BES1 have been characterized by constitutive BR responses 
including longer petioles and curly leaves (Yin et al. 2002). 
Rice mutants of BZR1, the closest ortholog of BES1, 
resulted in dwarf plants with erect leaves (reduced leaf 
angle) and low yield (Bai et al. 2007; Zhang et al. 2012). 
In our study, three markers close to BES1 were associated 
with changes in leaf angle in agreement with the mutant 
phenotypes reported in rice for this gene. Additionally, 
novel phenotypes have been associated with BES1 in this 
study, since stem circumference and panicle length have 
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not been previously characterized in BES1 mutants of other 
species.

Overall phenotypic variation explained by BR pathways

Mutant studies on models species have demonstrated the 
importance of individual BR biosynthesis and signaling 
genes on plant architecture phenotypes. We have reported 
that natural allelic variations on individual BR candidate 
genes in sorghum have relatively small effects on plant 
architecture characteristics. However, it is important to 
determine the total variation that all significant BR genes 
could have on the phenotypes of interest. Based on the R2 

LR statistics, all associated genes from both BR pathways 
explained more than 15 % of the overall variation of each 
phenotype, with the exception of plant height. In general, 
natural allelic variations of signaling genes accounted for 
a higher proportion of the variation in all traits. Panicle 
length and stem circumference were the plant architec-
ture characteristics more strongly affected by the allelic 
variations in the signaling pathway (R2 = 0.23 and 0.20, 
respectively) (Table  6). Studies of natural allelic varia-
tions in BR genes have not been conducted in model or 
crop species and the overall proportion of the phenotypic 
variation determined by multiple BR genes has not been 
reported before. Therefore, our study provides the first 
evidence of the importance of both individual BR genes 
and entire pathways on the control of plant architecture in 
sorghum.

Final remarks

One nucleotide change could significantly alter the tran-
scribed RNA and translated protein, causing new varia-
tion in a phenotype. Therefore, allelic variation associated 
with specific traits in LD mapping studies is proposed 
to be either the causal polymorphism or in LD with the 
causal polymorphism. If one of the associated markers is 
the real cause of variation and the level of LD is high, it 
was expected to obtain results in which other markers on 
the same genomic region were associated with the pheno-
type as well. Likewise, if the real cause of variation was not 
on the candidate gene but on the nearby genomic region, 
it was possible to identify markers on BR genes signifi-
cantly associated with the phenotype of interest. These two 
alternative conclusions depend on the extent of LD for the 
particular species, genomic region and population under 
investigation. A high average LD has been previously 
reported for this diversity panel (27–44 kb, r2 < 0.2) (Mor-
ris et al. 2013) but low and medium range LD have also 
been reported in sorghum (5–15 kb) (Hamblin et al. 2005), 
demonstrating the variability between genomic regions. In 
our study, the extent of LD between markers located on or 

nearby a BR gene was also variable (Tables  4, 5). Addi-
tional specific investigation of an extended region around 
the BKI1 gene demonstrated that there is a rapid decay of 
LD upstream and downstream of the gene (Supplementary 
Figure S4). This observation and the apparent highly pleio-
tropic nature of associated markers deepened our interest 
in this genomic region and we have thus initiated experi-
ments to further investigate BKI1 and its effect on plant 
architecture.

Understanding the genetic control of plant architecture 
traits is a key element for the improvement of sorghum 
varieties for biofuel production and in general, for the effi-
cient manipulation of plant characteristics determining 
yield. BRs are a group of hormones with important and 
pleiotropic effects on plant characteristics that have not 
been exploited in breeding programs to genetically improve 
crop species. Our study is the first LD mapping analysis of 
BR genes and their effect on plant architecture and thus, it 
contributes new knowledge about the natural genetic vari-
ation in BR genes and their potential effect on agronomi-
cally important traits. This is also the first sorghum study 
to investigate natural allelic variation affecting leaf angle, 
stem circumference, panicle exsertion and panicle length 
in a diverse sorghum set of germplasm. The overall phe-
notypic variation explained by each BR pathway, the 18 
pleiotropically associated markers, and all significant asso-
ciations with BKI1 are the most important outcomes of this 
project and will be further characterized and validated in 
other populations. If our results are confirmed, those mark-
ers could be utilized in breeding programs to efficiently 
improve plant architecture traits, to transfer the knowledge 
from sorghum to other important grass species such as 
rice, maize, wheat and sugarcane, and can be specifically 
exploited in sorghum breeding programs to design the best 
ideotype for each environment.
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