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fragrance in rice and soybean contain a premature stop 
codon in BADH2 which impairs the synthesis of full length 
functional BADH2 protein leading to the accumulation 
of 2AP. In this study, we reported an association between 
the BADH2 gene and fragrance in sorghum. An F2 popula-
tion of 187 plants developed from a cross between KU630 
(non-fragrant) and IS19912 (fragrant) was used. Leaves 
of F2 and F3 progenies were evaluated for fragrance by 
organoleptic test, while seeds of F2 plants were analyzed 
for 2AP. The tests consistently showed that the fragrance 
is controlled by a single recessive gene. Gene expression 
analysis of SbBADH1 and SbBADH2 in leaves of KU630 
and IS19912 at various stages revealed that SbBADH1 and 
SbBADH2 were expressed in both accessions. Sequence 
comparison between KU630 and IS19912 revealed a con-
tinuous 1,444  bp deletion encompassing exon 12 to 15 
of SbBADH2 in IS19912 which introduces a frameshift 
mutation and thus causes a premature stop codon. An 
indel marker was developed to detect polymorphism in 
SbBADH2. Bulk segregant and QTL analyses confirmed 
the association between SbBADH2 and fragrance.

Introduction

Sorghum (Sorghum bicolor (L.) Moench) is among the 
most important cereal crops of the world. It ranks after 
maize, wheat, rice, and barley with an annual production 
of about 65.5 million tons from the planted area of 45 mil-
lion ha (FAO 2010). This crop is widely grown in dry areas 
of tropical and sub-tropical regions of Asia, Africa, and 
America because of its relatively high drought tolerance. 
Sorghum seeds are utilized for both human food and ani-
mal feed, while leaves and stalk are used as forage. Several 
kinds of foods such as porridge, cookies, cakes, snack and 
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malted beverages can be made from sorghum grain. Sweet 
sorghum cultivars which have juicy stem with high sugar 
content (mainly sucrose) are popularly processed for syrup, 
sugar and alcohol. In addition, sorghum lignocelluloses 
biomass can be valorized for second generation biofuel 
which is utilized for energy purpose. Therefore, sorghum 
has potential to be a source of biofuel.

Fragrance is an important characteristic of food prod-
ucts. It can increase consumer’s acceptance and command 
higher price of foods. Natural pleasant fragrance/aroma 
has been recognized in some cultivars of three major crops, 
viz. rice (Oryza sativa L.) (Kadam and Patankar 1938), sor-
ghum (Kottur 1919) and soybean (Glycine max (L.) Merr.) 
(Fushimi and Masuda 2001). For sorghum, Kottur (1919) 
reported that a landrace cultivar “Ambemohor” from India 
has a flavor-like fragrant rice cultivar “Ambemohor”, while 
Ayyangar (1938) reported that sorghum cultivar “Kinun-
gapembo” from Tanzania (Tanganyiga in the original 
paper) possessed fragrant seeds. The fragrance in sorghum 
is the same as fragrance in rice (Prasada and Murty 1979). 
Fragrant rice cultivars such as “Basmati” and “Khao Dok 
Mali 105”, and fragrant vegetable soybean cultivars such 
as “Chamame” and “Kaori” are internationally accepted 
and command higher market price than normal cultivars. 
Breeding for fragrant cultivars is a major goal in rice and 
vegetable soybean breeding programs. The fragrance in 
rice and soybean is largely due to the volatile chemical 
compound 2-acetyl-1-pyrroline (2AP) (Buttery et al. 1983; 
Fushimi and Masuda 2001). The 2AP also associates with 
flavor in a variety of cooked foods such as popcorn, corn 
tortillas, fried mungbean, taro and bread crust, to name a 
few (see Adams and De Kimpe 2006 for a review). Fra-
grance in rice and soybean can be determined by three 
methods, viz. (1) chewing cooked/boil seed (2) smelling 
KOH-treat leaf or seed, and (3) quantification of 2AP con-
tent in leaf or seed by gas chromatography techniques. Itani 
et al. (2004) showed a strong correlation between sensory 
test and 2AP concentration in rice. Juwattanasomran et al. 
(2011) reported that the correlation coefficient between 
chewing cooked seed and 2AP analysis in soybean is 0.39 
and highly significant.

Fragrance in rice, soybean and sorghum is controlled by 
a single recessive gene (AVRDC 2003; Berner and Hoff 
1986; Ayyangar 1938; Murty et  al. 1982; Sood and Sid-
diq 1978). Molecular genetics studies in rice revealed that 
the OsBADH2 gene encoding betaine aldehyde dehydro-
genase 2 protein is largely responsible for the fragrance 
(Bradbury et al. 2005; Wanchana 2005). The fragrant rice 
possesses non-functional OsBADH2. Up to date, nine fra-
grance alleles resulting from insertion, deletion, and nucle-
otide substitution of the OsBADH2 gene have been iden-
tified in rice (Kovach et  al. 2009). In vegetable soybean, 
the non-functional GmBADH2 gene is also responsible 

for the fragrance (Juwattanasomran et  al. 2011). Two fra-
grance alleles of GmBADH2 have been reported in soybean 
(Juwattanasomran et al. 2011, 2012).

Although the genetic control of fragrance in sorghum 
has long been reported (Ayyangar 1938), the molecular 
basis of the trait has not yet been identified. Because the 
gene BADH2 is responsible for fragrance in rice (Bradbury 
et al. 2005) and soybean (Juwattanasomran et al. 2011), we 
hypothesized that this gene is also responsible for the fra-
grance in sorghum. Information on the causal gene of fra-
grance in sorghum will be useful for breeding new fragrant 
cultivar(s). In this study, we reported the gene mapping and 
genetic basis of fragrance in sorghum accession “IS19912”. 
The objectives of the present study were (1) to determine 
whether the SbBADH2 gene is responsible for fragrance, 
and (2) to develop a functional marker for fragrance in 
sorghum.

Materials and methods

Plant materials

An F2 population of 187 individuals derived from a cross 
between IS19912 (as female parent) and KU630 (as male 
parent) was used as the mapping population. IS19912 (Bas-
mati) is a landrace fragrant sorghum from Madhya Pradesh, 
India (Prasada and Murty 1979), while KU630 is a non-fra-
grant sorghum from Thailand. The fragrance in IS19912 is 
the same as the fragrance in rice (Prasada and Murty 1979). 
The F2 plants and 10 plants for each of the parental acces-
sions were grown in an experimental field at Kasetsart Uni-
versity, Kamphaeng Saen Campus, Nakhon Pathom, Thai-
land during March to June 2011 for DNA extraction and 
fragrance evaluation. Subsequently, F2:3 population and the 
parents were sown in a randomized complete block design 
(RCBD) with two replicates during September to Decem-
ber 2011 for fragrance evaluation. In each replicate, each 
family had 10 F3 plants.

DNA of the parental and F2 plants was extracted from 
young leaves as per Lodhi et al. (1994) with minor modifi-
cation. DNA concentration was estimated in 1.2 % agarose 
gel electrophoresis by comparing with a known concentra-
tion λ DNA, and adjusted to 10 ng/μl.

Evaluation for fragrance

Two methods, viz. 2AP quantification and organoleptic test 
were employed for evaluation of the fragrance. For 2AP 
quantification, seeds of parental and F2 plants were indi-
vidually harvested and used for 2AP analysis. The 2AP was 
quantified using automated headspace gas chromatogra-
phy (HS-GC) with nitrogen-phosphorus detection (NPD). 
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The HS-GC–NPD instrumentation and conditions as well 
as sample preparation and calibration procedure followed 
those described by Sriseadka et  al. (2006) with modifica-
tion in extraction and calibration steps in order to accom-
modate the sorghum seed samples. One microliter of an 
exact concentration of 2,6-dimethylpyridine (DMP), used 
as internal standard, was spiked in each sample of sorghum 
seed weighed exactly 1.00 g prior to HS-GC–NPD analy-
sis. The detector responses in terms of peak area ratios 
between 2AP and 2,6-DMP and the amount of standard 
2AP were linear and reproducible with a correlation coef-
ficient (r) of 0.9997.

For organoleptic test, young leaves of 50-day-old paren-
tal and F2 plants were excised and used for the test. The test 
was performed following the KOH method of Sood and Sid-
diq (1978) in which 3.0 g of the leaves were cut in pieces 
of about 0.5 × 0.5 cM, put in a 25 ml tube and immersed 
in a 15 ml of 1.7 % KOH (w/v) at 40 °C for 10 min. Sub-
sequently, the tube was opened and smelled directly by a 
panel of five volunteers. The fragrance was scored as 1 (no 
fragrance), 2 (mildly to moderately fragrance), or 3 (highly 
fragrance). Apart from the F2 population, the organoleptic 
test was also conducted in the F2:3 population. In each repli-
cate, young leaves from five plants (equal weight from each 
plant) of each family were harvested and pooled. The leaves 
were then subjected to the fragrance test using the same pro-
cedures as for the F2 population. Although only five plants 
per family were sampled which may lead to bias selection 
towards some genotypes (homozygous dominant and het-
erozygous) and thus evaluation accuracy, two replicates of 
evaluation can reduce such bias.

Correlation and Chi square (χ2) analyses

Correlation coefficient of 2AP concentration and fragrance 
score in the F2 population was calculated using the R-Pro-
gram 2.10.0 (R Development Core Team 2010).

Based on the organoleptic tests for the fragrance, F2 
plants and F2:3 families with the score of 2 or 3 were clas-
sified as fragrant, and those with the score of 1 were classi-
fied as no fragrant. Chi square (χ2) analysis was carried out 
using the R-Program 2.10.0 to test for the goodness-of-fit 
of a 3:1 or 1:3 (no fragrance: fragrance) ratio for the fra-
grance segregation in F2 or F2:3 populations, respectively.

Expression analysis of the SbBADH1 and SbBADH2 genes

Mutation(s) in coding sequence of the BADH2 gene causes 
fragrance in rice (Bradbury et  al. 2005; Wanchana 2005) 
and soybean (Juwattanasomran et al. 2011, 2012). Thus, the 
expression of BADH1 and BADH2 genes was initially con-
sidered responsible for fragrance in sorghum. KU630 and 
IS19912 were grown in plots in a greenhouse under natural 

condition during May to June 2012. At 15, 30, and 45 days 
after planting (DAP), 0.5  g of young fresh leaves from 
three plants of each accession was separately harvested for 
extraction of total RNA using Concert™ plant RNA rea-
gent (Invitrogen, USA). Each RNA sample was from a sin-
gle different plant. The RNA was then treated with DNA-
free™ DNasel (Ambion, USA) and converted to cDNA 
using RevertAid H Minus First Strand cDNA Synthesis Kit 
(Fermentas, USA) according to manufacturer’s instruction. 
cDNA concentration was quantified using ND-1000 Spec-
trophotometer (NanoDrop Technologies, Inc., DE, USA).

Two cDNA sequences for BADH genes of sorghum 
(Wood et  al. 1996) were downloaded from GenBank 
(accessions AB333793 and AB333794). The sequences 
were subjected to BLAST search and alignment against 
the whole genome sequence of sorghum (Paterson et  al. 
2009) at http://www.phytozome.net/sorghum (JGI Sbi1.4). 
Annotated gene sequences identified as SbBADH1 
(Sb06g019200) and SbBADH2 (Sb07g020650) were used 
in designing primers for real-time PCR analysis. Primers 
were designed for SbBADH1, SbBADH2, and for the ref-
erence ACTIN (Sb09g000730) using Primer3 (Rozen and 
Skaletsky 2000) (Table S1). Real-time PCR analysis was 
performed in a CFX96™ real-time PCR detection system 
(Bio-Rad, USA). Three analyses (three biological repli-
cates) were conducted for each growing stage. Reaction 
mixtures contained water, 1  ×  Master mix of FastStart 
SYBR Green Master (Rox) (Roche Molecular Biochemi-
cals), 300 nM of forward primer, 300 nM of reverse primer, 
and 50 ng cDNA. Thermocycle conditions included initial 
denaturation at 95 °C for 3 min, followed by 60 cycles at 
95 °C for 10 s, 57 °C for 15 s and 72 °C for 30 s. After 60 
cycles, a melting curve was generated by slowly increasing 
(0.5 °C per 1 s) the temperature from 65 to 95 °C, while the 
fluorescence was measured. Fluorescent data were acquired 
during each extension phase. Expression of SbBADH1 and 
SbBADH2 was quantified with ACTIN normalization using 
2-ΔΔCT method (Livak and Schmittgen 2001).

Sequencing of the SbBADH2 gene and development of 
allele‑specific marker

A genomic region of 7.304 kb (Sb07: 53503330.0.53510634;  
http://www.phytozome.net/sorghum) covering the SbBADH2  
gene was amplified using 10 primer pairs (Table S2). A 
PCR was performed in a total volume of 25  μl contain-
ing water, 20 ng genomic DNA, 1 × of Taq buffer, 2 mM 
of MgCl2, 0.2 mM dNTPs, 0.1 U of Taq DNA polymerase 
(Fermentas, USA), and 0.5 μM each of forward and reward 
primers. Amplification was performed in a GeneAmp PCR 
9700 System thermocycler (Applied Biosystems, USA) 
programmed as follows: 94  °C for 3  min, 35 cycles of 
94 °C for 30 s, 55 °C for 30 s, 72 °C for 2 min, and 72 °C 

http://www.phytozome.net/sorghum
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for 5 min. After amplification, PCR products were electro-
phoresed on agarose gel and purified using E-gel® Clone-
Well Agarose Gels (Invitrogen, USA). The purified PCR 
products were sequenced by Macrogen Co. Ltd. (South 
Korea) using BigDye® Terminator v3.1 Cycle Sequencing 
Kit on an ABI 3730xl DNA Analyzer (Applied Biosystems, 
USA). The individual sequences were assembled using soft-
ware Sequencher 5.0 (Gene Code Corporation, USA). The 
SbBADH2 sequences from IS19912, KU630 and the refer-
ence sequence (Sb07g020650; http://www.phytozome.net/
sorghum) were aligned using ClustalW (http://www.ebi.ac.
uk/clustalw) to identify polymorphic sites between the 
two accessions. Predicted protein sequences encoded from 
these genes were also aligned using the same software.

Upon identification of a large indel polymorphism 
between the two accessions, a PCR marker specific to the 
mutant allele was developed using Primer3 (Rozen and 
Skaletsky 2000). The marker was tested in the parents by 
PCR amplification. The amplification was the same as that 
described for SSR analysis (see below). The PCR products 
were run on 1 % agarose gel electrophoresis, stained with 
ethidium bromide and visualized under ultraviolet light. 
The markers were then analyzed in the F1 plant and F2 indi-
vidual plants.

Bulk segregant analysis and QTL mapping

Since the fragrance in sorghum is controlled by a sin-
gle gene (Ayyangar 1938; Murty et  al. 1982; see also the 
Results in this study). Bulk segregant analysis (BSA) 
(Michelmore et  al. 1991) and QTL analysis were used to 
locate the gene controlling fragrance. Two DNA bulks, 
fragrance bulk (FB) and non-fragrance bulk (NFB), were 
formed. FB and NFB were each derived from 10 F2 plants 
showing high 2AP and fragrance score of 3, and none or 
low 2AP and fragrance score of 1, respectively.

Two hundred and ninety-eight simple sequence repeat 
(SSR) markers for sorghum developed from the whole 
genome sequence of sorghum (Paterson et  al. 2009) 
reported by Yonemaru et  al. (2009) were screened for 
polymorphism between IS19912 and KU630. These 
markers were chosen to evenly cover the ten chromo-
somes of the sorghum genome. In addition, eight SSR 
markers were developed to detect polymorphism within 
the SbBADH2 gene or nearby genomic regions (Table 
S3). PCR amplification, electrophoresis and DNA band 
visualization were performed as described by Somta 
et  al. (2008) with an exception that a PCR contained 
20  ng of genomic DNA. Polymorphic markers were 
used to detect polymorphism between FB and NFB. The 
marker(s) showing polymorphism between FB and NFB 
were used to analyze the F2 population to locate the QTL 
controlling the fragrance.

A linkage map was constructed using MAPMAKER 
(Lander et al. 1987) with the minimum LOD score of 3 and 
the maximum recombination frequency (r) of 4.0. Map dis-
tance was calculated using Kosambi (1944) mapping func-
tion. Location of the QTL for the fragrance was determined 
using composite interval mapping (CIM) implemented in 
QTL cartographer 2.5 (Wang et al. 2010). Significant LOD 
threshold for the QTL at P  =  0.01 was determined by a 
10,000 runs of permutation test.

DNA sequence submission

Sequences of SbBADH2 of KU630 and IS19912 were sub-
mitted to GenBank with the accession numbers KC687089 
and KC6897090, respectively.

Results

Fragrance variation in the parents, F2 and F2:3 populations

The fragrance evaluation by HS-GC analysis of 2AP in 
seeds showed that the peak area ratio of 2AP/2,6-DMP in 
the F2 population varied from 0 to 1.2338 with the mean 
of 0.1101. IS19912 was highly fragrant with 2AP con-
centration of 0.3019, while KU630 was non-fragrant with 
2AP concentration of zero. Fragrance scores evaluated by 
organoleptic test of leaves in the F2 population ranged from 
1 to 3 with the mean of 1.74. The scores for IS19912 and 
KU630 were three (highly fragrant) and one (non-fragrant), 
respectively. Results of organoleptic test in the F2:3 popula-
tion correspond to those in the F2 population. The fragrance 
scores varied between 1 and 3 with the mean of 1.89. 
IS19912 had a score of 3, while KU630 had a score of 1. 
Frequency distribution of 2AP concentration in the F2 pop-
ulation and fragrance score of the F2 and F2:3 populations 
are shown in Fig. 1. 2AP concentration and fragrance score 
in the F2 population showed a skewed distribution toward 
KU630 (Fig. 1a ,b). Fragrance score in the F2:3 population 
showed more or less bi-modal distribution (Fig. 1b).

Correlation coefficient (r) between fragrance score and 
2AP concentration in the F2 population was 0.52. The corre-
lation was significant at P < 0.0001 at 185 degree of freedom.

Inheritance of the fragrance

Inheritance of the fragrance was determined in the F2 and 
F2:3 populations based on organoleptic tests. In the F2 
population, 50 plants were fragrant and 137 plants were 
non-fragrant, whereas in the F2:3 population in which five 
bulked plants represented each family, 144 families were 
fragrant and 43 families were non-fragrant. In the F2 popu-
lation, the segregation of non-fragrant:fragrant fitted well 

http://www.phytozome.net/sorghum
http://www.phytozome.net/sorghum
http://www.ebi.ac.uk/clustalw
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with a 3:1 ratio (χ2 = 0.30, P = 0.58). This suggested that 
the fragrance in IS19912 is conditioned by a single reces-
sive gene. For the F2:3 population, the segregation ratio for 
non-fragrant:fragrant was 1:3 (χ2 = 0.40, P = 0.53). This 
confirmed that the fragrance in IS19912 is a monogenic 
recessive trait.

Expression of SbBADH1 and SbBADH2

BLAST search against sorghum reference genome 
sequence identified three annotated loci as BADH 
genes. They were Sb06g019210, Sb06g019200, and 
Sb07g020650. Sb06g019210 located on chromosome 6 at 
the position chromosome_6: 48776457–48778890  (plus 
strand) with full genomic sequence length of 2,434  bp 
and total coding sequence (CDS) of 585  bp being trans-
lated from five exons. The predicted protein of this locus 
was 194 amino acids in length. Sb06g019210 located on 
chromosome 6 is the same as Sb06g019200 at the position 
chromosome_6: 48773986–48776105 (plus strand) with 
full genomic sequence length of 2,120  bp, the predicted 
protein was 258 amino acids in length being translated 

from nine exons with the CDS of 777  bp. Sb07g020650 
was on chromosome 7 at the position chromosome_7: 
53503552–53509157 (plus strand) with full genomic 
sequence length of 5,606  bp and the predicted protein of 
505 amino acids in length. The protein is translated from 15 
exons with the total CDS of 1,518 bp. BLAST search using 
CDS of the three loci against soybean and rice showed that 
Sb06g019210 and Sb06g019200 are parts of the BADH1 
(SbBADH1) gene, and that Sb07g020650 is the BADH2 
(SbBADH2) gene (data not shown).

Expression of SbBADH1 and SbBADH2 in IS19912 and 
KU630 was determined in leaves at 15, 30, and 45 DAP 
using real-time PCR analysis. SbBADH1 and SbBADH2 
were expressed in both sorghum accessions. For the 
SbBADH1, both sorghum varieties showed constitutive 
expression of this gene at all three stages (Fig. 2a). KU630 
showed the highest expression level of SbBADH1 at 45 
DAP, followed by 30 and 15 DAP, respectively. IS19912 
had the greatest expression level at 30 DAP, followed by 
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45 and 15 DAP, respectively. In case of SbBADH2, KU630 
and IS19912 showed similar expression patterns (Fig. 2b). 
They showed the higher expression at 45 DAP, followed by 
30, and 15 DAP, respectively. However, χ2 tests revealed 
that expression levels of both SbBADH1 and SbBADH2 at 
the three stages in KU630 and IS19912 were not differ-
ent (χ2 = 3.75 and P = 0.15 for SbBADH1 and χ2 = 0.27, 
P = 0.87 for SbBADH2).

Sequence of SbBADH2 and allele‑specific marker

A genomic region covering SbBADH2 was amplified by 
10 primer pairs (Table S1) and sequenced in both IS19912 
and KU630 to identify possible mutation(s) that may cause 
dysfunction of the gene. The sequence length of SbBADH2 
in KU630 was 6,447  bp, while that of IS19912 was only 
5,003  bp (Fig.  3a). When the sequences of IS19912 
and KU630 were aligned against the reference genome 
sequence, eight mutations, seven base substitutions and one 
indel were identified among the three sequences. Two of 
the seven base substitutions were in exons 1 and 3, while 
the other 5 were in introns (2 in intron 2, and each one in 

introns 8, 9 and 11) (Fig. S1). However, only the mutation 
in exon 1 causes the amino acid change (from tryptophan 
in reference sequence to glycine in IS19912 and KU630) 
(Fig. S2). For the indel, a continuous 1,444  bp deletion 
was found in IS19912 at the position chromosome_7: 
53508468-53509912. The deletion encompasses exons 12–
15 and 3′ UTR of the SbBADH2 in IS19912 which causes 
frameshift reading and introduces a premature stop codon 
(Fig.  3b). This mutant allele was named as Sbbadh2-1. 
CDS of SbBADH2 of KU630 and the reference sequence 
were the same in length (data not shown). They were 1,518 
nt long with 15 exons encoding 505 amino acids. In con-
trast, CDS of IS19912 was only 1,261 nt long encoding 420 
amino acids (Fig. S2).

The indel marker SbBADH2-EX12-15 (forward primer: 
5′-GGTTTGGCTGGTGCTGTAAT-3′; reverse primer: 
5′- AACTTCCACCGAGAATGACG-3′) was developed to 
detect size polymorphism due to the 1,444 bp deletion in 
IS19912. It was targeted to amplify 343 bp PCR product in 
IS19912 and 1,787 bp PCR product in KU630. The marker 
showed clear size polymorphism between the two sorghum 
varieties and among their F2 progenies (Fig. 4).

Exons
Introns

1                 2                       3          4                     5         6       7          8                  9 10 11        12      13        14      15

ATG TAA

Location: chromosome 7: 53503330 - 53510634
ATG TAA
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IS19912 1,444-bp deletion

6,447-bp

5,003-bp

Location: 53508468-53509912

7,304-bp

(a)

(b)

Fig. 3   A scheme depicting the location of 1,444 bp deletion on chro-
mosome 7 which introduces a premature stop codon in SbBADH2 
gene of sorghum IS19912 (a). The deletion encompasses exons 
12–15 of SbBADH2 (b). Start codon (ATG), 15 exons (black boxes), 

14 introns (solid line) and stop codon (TAA) are illustrated. Align-
ment of coding sequence of exons 12–15 of SbBADH2 for fragrant 
sorghum IS19912, non-fragrant sorghum KU630, and the reference 
sequence is shown
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Bulk segregant analysis and QTL mapping

BSA and QTL mapping were conducted to determine the 
association between fragrance and SbBADH2. Marker 
screening revealed that 93 out of 298 SSRs surveyed gave 
polymorphism between the parents. When these 93 poly-
morphic markers and the marker SbBADH2-EX12-15 were 
used in BSA, nine markers including SbBADH2-EX12-15 
showed polymorphism between FB and NFB. These mark-
ers and five polymorphic markers from chromosome 6 were 
used to constructed a linkage map. The linkage map was 
182 cM in total length covering chromosomes 6 (Fig. 5a) 
and 7 (Fig. 5b). Marker orders of the map were congruent 

with the positions of the markers on the sorghum reference 
genome.

LOD threshold determined by permutation test of 2AP 
concentration, and fragrance score in the F2 and F2:3 pop-
ulations were 3.6, 7.8, and 3.4, respectively. CIM identi-
fied a single major QTL for 2AP concentration, q2AP, in 
the F2 population with a LOD score of 7.9 (Fig. 5b). The 
q2AP was on chromosome 7 and was 4.9  cM away from 
the marker SbBADH2-EX12-15. The q2AP explained 
58.49  % of the total variation in 2AP concentration with 
additive and dominant effects of −0.36 and −0.42, respec-
tively. CIM detected a QTL for fragrance score, qFgr, in F2 
and F2:3 populations with the LOD score of 28.1 and 9.6, 

F2

F2P2P1F1 

P2P1F1 

1,787-bp

343-bp

M

M

2,000-bp

500-bp

2,000-bp

500-bp

1,787-bp

343-bp

Fig. 4   Segregation of the allele Sbbadh2-1 in 94 F2 progenies from the cross between IS19912 (P1) and KU630 (P2) as detected by the indel 
marker SbBADH2-EX12-15
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(b) by composite interval mapping in the F2 or F2:3 population of IS19912 × KU630
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respectively (Fig.  5b). The qFgr was located on chromo-
some 7. It is located at 5.7 and 1.2  cM from the marker 
SbBADH2-EX12-15 in F2 and F2:3 populations and 
accounted for 12.08 and 29.62  % of the fragrance score, 
respectively. qFgr possessed additive and dominant effects 
of −0.34 and −0.69 in the F2 population, and of −0.65 
and 0.14 in the F2:3 population, respectively. At all QTLs 
detected, alleles from IS19912 increased 2AP concentra-
tion or fragrance score.

Discussion

Fragrance in consumed parts of crops such as rice grains 
and soybean seeds is persuasive to consumers and is value-
added in agricultural products. This trait is governed by 
a single recessive gene (Sood and Siddiq 1978; Berner 
and Hoff 1986; AVRDC 2003; Juwattanasomran et  al. 
2012). In sorghum, previous studies by Ayyangar (1938) 
and Murty et al. (1982), respectively, showed that the fra-
grance in “Kinungapembo” and “IS19907” (KEP-472) is a 
monogenic recessive trait. In our study, we used IS19912 
as source of fragrance and found that segregation ratio of 
fragrance score from organoleptic tests in the F2 plants (3 
no fragrance: 1 fragrance) and the F2:3 families (1 no fra-
grance: 3 fragrance) confirmed the result of Ayyangar 
(1938) and Murty et  al. (1982) that fragrance in sorghum 
is controlled by a single recessive gene. However, it is still 
necessary to find out if the same gene controls fragrance in 
different fragrant sorghum cultivars.

Fragrance in rice and soybean is mainly due to the 
presence of 2AP chemical (Buttery et  al. 1983; Fushimi 
and Masuda 2001). We showed that grains of the fragrant 
sorghum (IS19912) contain high concentration of 2AP 
(0.3019), while those of non-fragrant sorghum (KU630) are 
lacking of 2AP (0.0000). Thus, the fragrance in sorghum 
appears to be due to an accumulation of 2AP. Highly sig-
nificant correlations between 2AP concentration and fra-
grance score in the F2 and F2:3 populations confirm that 
2AP is the major chemical contributing to fragrance in sor-
ghum. In rice and soybean, genome mapping and molecu-
lar studies revealed that the loss in function of OsBADH2 
on chromosome 8 and GmBADH2 on chromosome 6, 
respectively, is the mechanism controlling fragrance (2AP). 
Mutation(s) in OsBADH2 that causes defective function of 
the BADH2 protein results in fragrance. A 7 bp deletion in 
exon 2 (Shi et al. 2008), an 8 bp deletion in exon 7 (Brad-
bury et  al. 2005; Wanchana 2005), and 803  bp deletion 
including exons 4 and 5 (Shao et al. 2011) of OsBADH2, 
all causing premature stop codon, are responsible for fra-
grance in rice. Similarly, mutation(s) in the GmBADH2 
gene causing disrupted function of BADH2 gives rise to 
fragrance. In soybean, a 2  bp deletion in exon 10 of the 

GmBADH2 gene on chromosome 6 introduces a prema-
ture stop codon that is responsible for fragrance in soybean 
(Juwattanasomran et  al. 2011). In this study, our results 
confirm the key role of BADH2 in fragrance (2AP) forma-
tion in plants. A 1,444 bp deletion encompassing exon 12–
15 of SbBADH2 of the fragrant sorghum IS19912 brings in 
a premature stop codon (Figs. 4 and S1) and thus causing 
truncated gene product (Fig.  3a, b), and resulting in fra-
grance production. The association between 1,444 bp dele-
tion in SbBADH2 and fragrance of IS19912 was confirmed 
by genotyping the parental lines and the F2 population with 
the marker SbBADH2-EX12-15 (Fig. 4). The QTL analy-
sis in the F2 population also located the marker SbBADH2-
EX12-15 and its flanking markers as a major locus respon-
sible for fragrance in sorghum (Fig. 5). Our results further 
highlight the association of BADH2 and domestication for 
fragrance in crop plants. Although the pathway(s) lead-
ing to 2AP synthesis remains unclear, two pathways have 
been proposed; one is BADH2 dependent while the other 
is not. In the first pathway, functional BADH2 inhibits the 
biosynthesis of 2AP by converting γ-aminobutyraldehyde 
(GABald) to γ -aminobutyric acid (GABA), whereas non-
functional BADH2 leads to an accumulation of GABald 
which is then acetylated to form 2AP (Bradbury et  al. 
2008). In the second pathway, Δ1-pyrroline-5-carboxylate 
synthetase (P5CS) catalyzes the formation of Δ1-pyrroline-
5-carboxylic acid (P5C) which reacts directly with methyl-
glyoxal (MG) to form 2AP (Huang et al. 2008). However, 
up to the present, only the gene encoding BADH2 protein 
has been proven to be directly involved in 2AP produc-
tion. Chen et  al. (2012), Niu et  al. (2008) and Vanavichit 
et  al. (2005) demonstrated that when OsBADH2 in non-
fragrant rice varieties were knocked-down, those varieties 
had significantly elevated 2AP content in grain, while wild 
type had no 2AP. In contrast, Chen et  al. (2008) showed 
that when a functional OsBADH2 was expressed in fragrant 
rice cultivars, such cultivars became non-fragrant with no 
or very low 2AP content. Arikit et al. (2010) showed that 
silencing the GmBADH2 gene results in 2AP biosynthesis 
in non-fragrant soybean.

SbBADH2 was discovered as a major locus control-
ling fragrance in sorghum. This gene explained as high as 
58.49  % of the total variation in 2AP concentration, but 
explained 12.08 and 29.62  % of the total fragrance score 
variation in the F2 and F2:3 populations, respectively. 
Although the low phenotypic variance explained for fra-
grance scores in both F2 and F2:3 populations may stem 
from the inaccuracy of the sensory test, this also sug-
gests that there may be other genes conditioning the fra-
grance. Similar results have been reported in rice and 
soybean. Amarawathi et al. (2008) reported that the major 
locus (OsBADH2) for fragrance in rice explained only 
18.9  % of the total variation of sensory fragrance score. 
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Juwattanasomran et  al. (2011) reported that GmBADH2 
accounted for as low as 16.7  % of the total variation of 
2AP concentration. Besides OsBADH2 which is the major 
locus conferring fragrance in rice, three minor loci, one 
each on chromosomes 3, 4 and 12, were also contribut-
ing to the fragrance (Lorieux et  al. 1996; Amarawathi 
et al. 2008). Amarawathi et al. (2008) further showed that 
OsBADH1 is the candidate gene for the fragrance QTL on 
the chromosome 4. Later, Singh et al. (2010) demonstrated 
that a haplotype of OsBADH1 associates with fragrance 
in rice, although they found that OsBADH2 is the major 
gene controlling the fragrance. In our study, SbBADH1 
showed no association with fragrance in sorghum IS19912, 
because no QTL was found on the chromosome 6 where 
SbBADH1 locating on (based on the reference sequence 
SbBADH1 locates between SSR markers SB3558 and 
SB3570) (Fig.  5). However, this result is specific for the 
cross between IS19912 and KU630. There is still a possi-
bility that SbBADH1 may be involved in fragrance in other 
fragrant sorghum genotypes or other crosses. Since, 2AP 
can be synthesized from two distinct pathways with differ-
ent precursors and intermediate chemicals, genetic factor(s) 
regulating such chemicals (GABald, P5CS, P5C, and MG) 
may also affect fragrance level in sorghum. Additional 
studies are necessary to determine whether any of the genes 
encoding these chemicals associate with the fragrance. It 
is worth noting that 11 mutant alleles of OsBADH2 asso-
ciated with fragrance in rice have been identified (Kovach 
et  al. 2009; Shao et  al. 2011) but several fragrance rice 
accessions possess no mutation in OsBADH2 (Kovach et al. 
2009).

SbBADH2, OsBADH2, and GmBADH2 are orthologs 
(Arikit et  al. 2010). Although domestication histories of 
sorghum, rice and soybean are different, mutation(s) in 
BADH2 was associated with fragrance in all these crops 
(this study; Bradbury et al. 2005; Kovach et al. 2009; Shi 
et al. 2008; Shao et al. 2011; Arikit et al. 2010; Juwattan-
asomran et al. 2011, 2012). Functional loss or reduction of 
BADH2 in these crops appears not to affect survival, and 
may positively affect performance under drought condition 
in case of rice (Yoshihashi et al. 2004).

Breeding for fragrance in crops can be difficult, albeit 
fragrance is principally controlled by a single gene. Fra-
grance evaluation can be performed by sensory tests such 
as sniffing and chewing, or by 2AP quantification using 
advanced chromatography analyses such as gas chromatog-
raphy–mass spectrometry (GC–MS) or HS-GC. Although 
sensory test is rapid and inexpensive, it is subjected to 
human error and thus may give inconsistent and unreliable 
results (Juwattanasomran et al. 2011). While 2AP analysis 
is accurate and reliable, the techniques are expensive and 
require expertise to analyze, hence make it impractical for a 
large-scale breeding program. In addition, recessive nature 

of the fragrance requires repeated evaluation after self-pol-
lination generations during backcross breeding. An indel 
marker SbBADH2-EX12-15 can be used as a functional 
marker for genotyping the fragrance allele Sbbadh2-1 to 
overcome the above-mentioned difficulties. The marker is 
co-dominant and detects amplicon size polymorphism of 
SbBADH2 between fragrance and non-fragrance sorghums 
(Fig. 5). This marker is also economic and simple because 
it is PCR-based and detectable by agarose gel electropho-
resis with high reproducibility. The marker can facilitate a 
marker-assisted selection for fragrant sorghum genotypes 
with the Sbbadh2-1 allele in a large breeding program 
using IS19912 or other fragrant sorghums that possess this 
fragrance allele.
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