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Abstract Allelic variability of the aroma gene, betaine
aldehyde dehydrogenase 2 (BADH2) was studied in a
random subset of indigenous aromatic rice germplasm
along with a few exotic aromatic accessions. Use of
functional markers of four badh2 alleles identified that the
test panel possessed only two alleles, badh2-E7 and badh2-
p-5'UTR. Two other alleles, badh2.2 and badh2-E4-5.2
were absent. Based on the alleles present, four functional
polymorphisms (FP) were detected, namely FP1 to FP4.
188 genotypes possessed FP1 having both the badh2-p-
5'UTR and badh2-E7 (71.8%) alleles. The badh2 allele
with FP1 is named badh2-E7-p. 39 genotypes (14.9%)
possessed only the badh2-p-5'UTR allele (FP3), while three
genotypes were found to carry only the badh2-E7 allele
(FP2). We also found that 32 genotypes (12.2%) did not
have any of the target aroma alleles tested in this study
(FP4). Interestingly, for badh2-p-5UTR marker, the
expected 198 bp amplicon for the non-aromatic allele
could not be detected among any of the genotypes tested.
Instead, an amplicon of 456 bp length appeared with 100%
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presence in the non-aromatic checks. Notwithstanding, the
456 bp allele also showed a 16% presence among the
aromatic lines. This article forms the first report of this
allele, named badh2-pl, among aromatic rice. Quantifica-
tion of 2-Acetyl-1-Pyrroline (2AP) content and sensory
evaluation among the test genotypes showed that those
with FP1 are highly aromatic than the genotypes carrying
other types of FPs. But, a few strongly aromatic lines
showed lower 2AP content. The BADH?2 characterization
carried out in this study is suggestive of identifying the
additional gene(s)/ allele(s) governing aroma among the
Indian fragrant rice.

Keywords Grain aroma - 2-Acetyl-1-pyrroline - Betaine
aldehyde dehydrogenase 2 - badh2-E7-p - badh2-p-5'UTR -
Quantitative analysis

Introduction

Aromatic rice forms a special group of rice genotypes with
exquisite grain and organoleptic properties. Owing to this,
aromatic rice is gaining popularity in both domestic and
international markets (Sakthivel et al. 2009). Confined to a
small sub-group within the cultivated rice, aromatic rice
includes several ecotypes, of which Basmati rice is the
most popular. Mainly grown in South Asia, particularly in
countries such as India, Pakistan, Thailand, Bangladesh,
Vietnam, Indonesia, Afghanistan and Iran, aromatic rice is
considered a premium commercial segment in rice. Bas-
mati rice, in particular, is traded and consumed predomi-
nantly in the Gulf nations, the USA and Europe (Siddiq
et al. 2012). Occupying around 20% of the total rice traded,
aromatic rice fetches three times far more revenue than all
the remaining rice put together (Singh et al. 2000). On the
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economic front, the export of aromatic rice helps several
rice-growing nations to boost their international trade
(Giraud 2013). In traditional rice growing countries, aro-
matic rice is grown in specific niches and used for
preparing speciality food and ceremonial offerings (Sulo-
chana and Singaravadivel 2015), assuming social and
religious significance (Roy et al. 2015). For instance,
Basmati rice is confined to the north-western part of Indo-
Gangetic plains (Singh et al. 2018).

India is endowed with a huge diversity of short and
medium grain aromatic rice (Malik et al. 1994). Although
distributed throughout the country, the aromatic rice
remains limited to those regions where climatic conditions
are conducive for production and retention of the desirable
aroma and grain quality (Prodhan and Qingyao 2020;
Okpala et al. 2021). Since the aroma expression requires a
milder temperature (Mahajan et al. 2018), in India, most of
the aromatic rice cultivation is confined to areas where a
cooler climate prevails especially during grain filling
stages (Cruz et al. 1989), such as in the case of Indo-
Gangetic plains and adjoining Himalayan hill districts,
where Basmati cultivation is confined. According to a
classification proposed by Glaszmann (1987), based on
isozyme diversity, aromatic rice including Basmati culti-
vars are mostly placed in Group V. The Group V genotypes
also show great variation in grain length ranging between
short and long. Reported to be originated from the foothills
of the Himalayas, aromatic rice belonging to Group V has
its centre of diversity extending from northwest Indian
plains to Myanmar as its eastern limit (Khush 2000).

Because of the low yielding nature of aromatic cultivars,
the commercial availability of rice is greatly constrained
making it an expensive commodity (Giraud 2013). Because
of its growing consumer preference, more recently, genetic
improvement of aromatic rice has been identified as a
major breeding target (Peng et al. 2018). This has kindled
the interest among the rice breeders to explore the under-
lying genetic basis of aroma and other grain characteristics.
Although there were conflicting earlier reports on the
genetics of aroma, such as monogenic inheritance (Kadam
and Padankar 1938; Jodon 1944) or not (Tripathi and Rao
1979; Dhulappanavar 1976), Ahn et al. (1992) confirmed
the role of a single recessive gene, fgr through RFLP
analysis. Subsequently, fgr was identified to be an aberrant
version of the functional gene for the enzyme, betaine
aldehyde dehydrogenase 2 (BADH?2) (Chen et al. 2008).
Belonging to the aldehyde dehydrogenase family, BADH2
contains 503 amino acids. The corresponding 6154 bp long
BADH?2 gene which is located on the long arm of chro-
mosome 8§ and possesses 15 exons and 14 introns (Brad-
bury et al. 2005a; Kovach et al. 2009). Functional BADH?2
inhibits the synthesis of 2-Acetyl-1-Pyrroline (2AP) ren-
dering rice grains non-aromatic (Chen et al. 2008), by
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catalyzing the oxidation of y-aminobutyraldehyde (GAB-
ald), to y-aminobutyric acid (GABA). GAB-ald is the
substrate for the production of Al-pyrolline that gets con-
verted into 2AP (Okpala et al. 2019). When a gene muta-
tion renders the BADH2 enzyme non-functional,
accumulation of GAB-ald occurs in plants driving its
conversion to 2AP (Bradbury et al. 2008; Hinge et al.
2016). Although rice grain aroma is attributed to more than
114 volatile compounds (Tsugita 1985; Champagne 2008),
2AP stands out as the prominent molecule (Buttery et al.
1983, 1986, 1988). Specific studies on Basmati and Thai
Jasmine rice recognized 2AP as the major compound
responsible for the aroma (Lorieux et al. 1996). The con-
tents of 2AP and GABA show an inverse relationship in
aromatic rice having an elevated 2AP content, while non-
aromatic rice shows high GABA content (Chen et al.
2008). These findings conclusively support that the badh2
gene is responsible for conferring fragrance in the rice.
Another gene, OsBADHI, a homolog of OsBADH?2, is
located on the long arm of chromosome 4, but is known to
be involved in germination stage salt tolerance
(Hasthanasombut et al. 2010; He et al. 2015) and infor-
mation on its involvement in rice aroma seems limited
(Amarawathi et al. 2008).

The aroma causing allele of the OsBADH2 gene is
recessive to non-aromatic allele. The major aromatic alle-
le of the gene, fgr, is also known as badh2-E7 or badh2.1.
These names are found used widely and interchangeably in
literature, but the name badh2-E7 is preferred the most,
indicating the presence of an 8 bp deletion in the seventh
exon of the BADH?2 gene. The deletion is discontinuous at
two sites 5 bp and 3 bp, leading to a frameshift and a
premature termination. The result is a non-functional
truncated protein of 251 amino acids (Bradbury et al.
2005a; Bourgis et al. 2008). Although several recessive
allelic variants have been subsequently reported in the
BADH? gene, badh2-E7 remains the most prominent
mutation among Indian aromatic rice, including Basmati
and Jasmine rice (Singh et al. 2011).

At least twenty badh2 aromatic alleles have been
reported in rice by sequence-based analyses (Withana et al.
2020; Chan-In et al. 2020), that include mutations in the
coding and non-coding regions. Most of them are exonic
mutations, that include nine deletions (badh2.1, badh2.2,
badh2.3, badh2-E2.1, badh2-E2.2, badh2-E4-5.1, badh2-
E4-5.2, badh2.5, badh2-E12), five insertions (badh2-ES,
badh2.4, badh2-E13.1, badh2.7, badh2.8) and five substi-
tutions (badh2.6, badh2-El.2, badh2-E10.4, badh2.10,
badh2.9). Among these, ten allelic variants, designated
serially as badh2.1 to badh2.10 were reported in diverse
rice genotypes (Kovach et al. 2009). The most prevalent
allele, badh2-E7 is named badh2.] in this classification.
Mutations in the non-coding region, include a promoter
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insertion and a deletion in the allele, badh2-p-5'UTR
reported from the japonica cultivar, Nankai 138 (Shi et al.
2014). This allele has an 8 bp insertion in the promoter
region upstream from the start codon between base posi-
tions 1314 and 1315 and a 3 bp deletion in the 5" end of the
untranslated region (UTR). Later, a variant of this allele
(badh2-p) was reported from an aromatic short grain rice
landrace, Seeragasamba (also known as Jeeragasamba),
having only the 8 bp promoter insertion (Bindusree et al.
2017). Other minor alleles reported were, badh2-E10.4
with one single nucleotide polymorphism (SNP) in exon
10, badh2-E2.2 having a 75 bp deletion in exon 2 and
badh2-E4-5.1 having an 806 bp deletion between exons 4
and 5 (Shao et al. 2013). Another novel allele, badh2-E12
with a 3 bp deletion in exon 12 has also been reported (He
and Park 2015).

Several functional markers have been developed for the
badh2 alleles to aid molecular differentiation of aromatic
and non-aromatic rice, as well as to aid marker-assisted
introgression of aroma trait. The markers for the badh2.E7
allele target the deletion in the seventh exon (Bradbury
et al. 2005b; Amarawathi et al. 2008; Sakthivel et al. 2009;
Xu et al. 2011). Among the markers developed for bad-
h2.E7, ‘nksbad2’ developed by Amarawathi et al. (2008)
has been demonstrated as the most efficient in differenti-
ating aromatic and non-aromatic genotypes. The amplicon
of nksbad2 is an 82 bp fragment among aromatic geno-
types, while a 90 bp fragment is produced from non-aro-
matic genotypes. Two other functional markers targeting
badh2-E7 were also reported by Shi et al. (2008). To target
badh2-p-5'UTR, Shi et al. (2014) have developed a marker,
badh2-p-5'UTR. This marker, however, could not distin-
guish both badh2-p and badh2-p-5 UTR, since the marker
targeted only the 8 bp insertion. Hence, in this study, we
use badh2-p-5'UTR to designate the 206 bp aromatic allele
amplified by the marker, badh2-p-5'UTR. Markers were
also developed reportedly targeting another allele, badh2.2
(badh2-E2) which possessed a 7 bp deletion in exon 2 (Shi
et al. 2008). Shao et al. (2011) developed a functional
marker, FMbadh2-E4-5, based on an 803 bp deletion
between exon 4 and 5 (badh2-E4-5.2) while Myint et al.
(2012) developed a functional marker based on a badh2-
E13.1 allele that carried a 3 bp insertion in exon 13. Other
badh2 allele-specific markers reported include Bad-
h2.7CAPS, a cleaved amplified polymorphic sequence
(CAPS) based marker, for the identification of genotypes
with badh2.7 allele in the Sri Lankan rice germplasm
(Dissanayaka et al. 2014).

Although a few of these markers were tested among the
aromatic lines across the world, most of the reports from
India remain largely limited to a few aromatic genotypes.
Since India has a highly variable aromatic rice germplasm,
the BADH? allelic diversity among Indian aromatic rice

needs to be explored as there is a greater possibility of
finding novel allelic variants in the Indian rice gene pool.
Recognising this gap as a potential shortfall, we in this
study, examined a few known badh?2 alleles among a panel
of indigenous and exotic aromatic rice genotypes, using
functional markers. The panel included aromatic genotypes
comprising short grain, Basmati and exotic genotypes.

Materials and methods
Plant materials

A panel of 266 rice genotypes comprising 133 short grain
aromatic genotypes (120 indigenous genotypes from India
and 13 exotic genotypes originating from Thailand and the
Philippines), 107 Basmati, 22 exotic long grain aromatic
rice genotypes and four non-aromatic checks namely, Pusa
44, JGL1798, Pusa 677 and Sharbati (Supplementary
Table S1) were used in the study. The lines were field
grown during Kharif 2018, the season between June to
November, following an augmented block design with
checks replicated three times. For raising the trial, the
genotypes were germinated in a flat-bed nursery and
transplanted after 25 days. The genotypes were line-
transplanted (2 lines/genotype) during the first week of
June maintaining a spacing of 0.15 m between the plants
and 0.20 m between the rows. The experiment was man-
aged with recommended agronomic practices (kvk.icar.-
gov.in/API/Content/PPupload/k0306_1.pdf). At maturity,
the grains were harvested from five plants individually and
dried under shade to 12% moisture level. After drying, the
single plant harvest was cleaned off all the debris and non-
filled grains. 20 g of filled grains from each plant was then
pooled to constitute the 100 g bulk seed sample per
genotype and stored at 4 °C in the refrigerator. The seeds
were kept packed in Ziploc® freezer bags to prevent the
loss of aroma till further processing and analysis.

Genotyping

To detect functional polymorphism (FP) in the BADH?2
gene, aromatic rice genotypes were characterized for four
alleles, badh2-E7, badh2-p, badh2.2 and badh2-E4-5.2
using corresponding functional markers (Table 1). DNA
was extracted from leaf tissue of 15 days old seedlings
from all the genotypes using the standard protocol (Murray
and Thompson 1980), and their quality and quantity were
checked on 1% agarose gel electrophoresis using the uncut
A-DNA ladder as standard. All the markers shared a similar
annealing temperature (55 °C) and hence were subjected to
the same amplification profile in the polymerase chain
reaction (Ellur et al. 2016) using a Veriti™ Dx 96-Well
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Table 1 Detail of the target mutations and corresponding functional markers used for genotyping BADH?2 locus in aromatic genotypes

S.  Marker Target allele Primers Amplicon  Associated mutation References
no. size (bp)
Aro N-
aro
1 nksbad2 badh2-E7 GGTTGCATTTACTGGGAGTTT 82 90 8 bp deletion in exon 7 Amarawathi
CCACAGAAATTTGGAAACA et al. (2008)
2 badh2-p- badh2- ATAATATCGGTCGAAACATTTTTATT 206 198 8 bp insertion in the Shi et al.
5'UTR p-5UTR GAGAAGCTTTTACACTTTATGCACATC promoter region (2014)
3 FMbadh2-  badh2.2 CCTCTGCTTCTGCCTCTGAT 200 207 7 bp deletion in exon 2  Shi et al.
E2A GATTGCGCGGAGGTACTTG (2008)
4 FMbadh2-  badh2- E4- TGCTGGATGCTTTGAGTA 321 1123 803 bp deletion Shao et al.
E4-5 5.2 GTTTAGCACACCTGAAGGAAGACCA between exons 4 and (2011)

5

Aro, aromatic; N-aro, non-aromatic

Thermal Cycler. Diluted DNA of 25 ng/pl was used for
PCR amplification using a standard portfolio. The ampli-
cons were resolved in gel electrophoresis using 4% agarose
containing 0.1% ethidium bromide and visualized under
UV transillumination in a gel documentation system,
GelDoc™ XR (Bio-Rad Laboratories Inc., USA). Based
on the allelic pattern among the genotypes, functional
polymorphisms (FP) were determined.

Sensory assessment of aroma

The stored seeds were evaluated for aroma one month after
harvesting. For the determination of aroma, grains were
dehusked and milled using a palm husker and 1 g of milled
rice kernels were kept in 10 ml of 1.7% potassium
hydroxide (KOH) at room temperature in covered petri
plates for 10 min (Sood and Siddiq 1978). Sensory evalu-
ation and scoring of the aroma were done by a panel of
three experts. Each accession was scored on a 0-2+ scale,
where 0 stands for the absence of aroma, 1 for mild aroma,
1+ for mild to moderate aroma, 2 for moderate aroma and
2+ for strong aroma. Non-aromatic rice genotypes, Pusa
44, Sharbati, Pusa 677 and JGL1798 were used as negative
controls.

Quantification of 2AP

Based on the FP variation, 28 genotypes approximately
representing 10% of the panel, and all the allelic combi-
nations detected were used for quantification of 2AP. The
analytical measurement employing gas chromatography-
mass spectrometry (GC-MS) was used for the estimation
of 2AP in rice (Hinge et al. 2016). 100 g seeds in storage
for 30 days from each genotype were hulled using a
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laboratory huller and milled. The milled rice samples were
then ground to a fine powder and 5 g of the powder was
taken in a tightly sealed 20 mL glass vial to prevent the
escape of volatiles. The vials were heated to 80 °C for
20 min and the separation of volatiles was carried out on a
TG-5MS capillary column (30 m, 0.25 mm) used in a
DSQII GC-MS system (ThermoFisher Scientific) equipped
with a headspace autosampler. The oven temperature was
kept at 35 °C initially for 5 min, which was then increased
to 240 °C @ 3 °C/min and was held at 240 °C for 5 min.
The inlet port was maintained at 250 °C in splitless mode
with a constant 1 ml/min flow of 99.9% Helium gas. The
ion source and interface temperatures were kept at 250 °C
and 270 °C, respectively. The electron impact energy was
set to 70 eV, and a range from 35 to 350 m/z was applied
for the scanning. The GC-MS analysis was performed in
triplicates for all the samples. The retention time of 2AP
was recorded at 7.9 min. Peak areas were determined by
integrating the peaks corresponding to 2AP (at m/z 83) in
selected ion monitoring (SIM) mode. The 2AP in the rice
samples was quantified by comparing peaks areas with that
of the 2AP standard.

Sequence analysis of promotor mutation in badh2

The amplicons obtained from badh2-p-5UTR were com-
pared for the promoter sequence variation among 14
genotypes falling in different FP classes. FP1 and FP4
classes included six genotypes each, while the FP3 class
was represented by two genotypes. The amplicons were
eluted from the gel using standard protocols and Sanger
sequenced using ABI 3730x] DNA Analyser (Thermo-
Fisher, ABI 3730 XL DNA Analyser). The sequences are
compared using Clustal Omega (https://www.ebi.ac.uk/
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Tools/msa/clustalo/), a new multiple sequence alignment
program (Madeira et al. 2019).

Comparative analysis of the single nucleotide
variation in BADH?2

Additionally, whole genome SNP data of a total of 76
aromatic rice varieties were collected from the 3K rice
genome project (The 3,000 rice genomes project 2014).
From the database, the SNP variants present in the BADH?2
gene spanning the region from 20,38,0233 to
20,38,6542 bp of Chromosome 8 in all the 76 aromatic rice
varieties were analysed. The SNPs from the genotypes
were further categorized as synonymous (causes no change
in amino acid) and non-synonymous (causes a change in
amino acid). They were further designated as transitions
(C/T and G/A) and transversions (C/G, T/A, A/C and G/T)
SNPs. There were six genotypes among this set, that were
included in the test panel in this study. SNPs were also
compared for these genotypes.

Statistical analyses

The data were subjected to standard statistical analyses,
including analysis of variance (ANOVA), mean compar-
ison and correlation studies. ANOVA has been carried out
using the completely randomised model, while group-wise
analysis was carried out by the single factor approach.
Pearson correlations were used for striking the relations
between different factors. All the analyses were carried out
using the R statistical environment (Base package).

Results

Variation in badh2 alleles in the aromatic rice
genotypes

The genotyping results showed that, among the four
functional markers used only two could reveal polymor-
phisms among the 262 aromatic genotypes (Supplementary
Table S1). These markers were nksbad2 and badh2-p-
5'UTR targeting the alleles badh2-E7 and badh2-p-5'UTR,
respectively. Both badh2-E2 and badh2-E4-5 alleles were
absent in the study panel (data not presented). The marker,
nksbad2 produced two amplicons, 82 bp and 90 bp,
respectively corresponding to the aromatic and non-aro-
matic alleles. Whereas, the marker badh2-p-5’UTR pro-
duced amplicons of size 206 bp and 456 bp (Fig. 1). The
206 bp fragment represented the aromatic allele. Although
badh2-p-5'UTR was expected to produce a non-aromatic
allele of 198 bp, no genotype in the present panel was
found to amplify this fragment. Instead, a new allele of

456 bp was amplified with this marker, representing the
non-aromatic allele. All four non-aromatic checks showed
non-aromatic alleles for both the markers. Based on dif-
ferent combinations of alleles at two loci, four FPs were
identified, FP1, FP2, FP3 and FP4 (Table 2). FP1 had a
combination of two aromatic alleles, badh2-E7 and badh2-
p-5'UTR, FP2 had badh2-E7 alone, FP3 had only badh2-p-
5'UTR and FP4 had a combination of non-aromatic alleles
from both the markers.

Analysing the different classes of aromatic lines used,
both badh2-E7 and badh2-p-5'UTR alleles were found in
indica and japonica genotypes. In the panel, 175 genotypes
(66.8%) exclusively possessed the badh2-E7 allele (82 bp),
while a total of 71 genotypes were found to have the
alternate allele (90 bp) (Table 2). Sixteen genotypes were
heterozygous for this marker. The second marker, badh2-p-
5'UTR, identified 220 genotypes (84.0%) possessing the
badh2-p-5'UTR allele (206 bp), while 35 aromatic rice
genotypes showed the alternate allele of 456 bp. Besides,
seven heterozygotic genotypes amplifying both 206 bp and
456 bp bands were identified. The distribution of FPs
among the test panel indicated that FP1 was present among
174 genotypes (66.4%), FP2 in one genotype, FP3 in 36
genotypes and FP4 in 32 genotypes. Within the FP1 group,
there were 70 indigenous short-grain (ISG) aromatic lines,
three exotic short-grain (ESG) lines, 82 Basmati (BAS)
lines, and 19 exotic long-grain (ELG) lines. The single FP2
genotype was a Basmati cultivar, UPR 2828-7-2-1. The
genotypes that carried FP3 included 18 ISG aromatic lines,
five ESG genotypes, and 13 Basmati genotypes. The FP4
group included 32 aromatic genotypes comprising 18 ISG
aromatic lines, four ESG lines, eight Basmati genotypes,
and two ELG genotypes. Interestingly, the aroma pattern of
the FP4 group displayed 26 mildly aromatic genotypes, five
mild to moderately aromatic lines and one moderately
aromatic  genotype. Nineteen genotypes exhibited
heterozygosity at either one or both the loci, resulting in
combinations of FPs within an individual. There were ten
genotypes with FP1/FP3 combination, three genotypes
with FP3/FP4 combination, two genotypes (PKV Makar-
and and IR 75428-6-3) with FP2/FP3 and four genotypes
having FP1/FP2/FP3/FP4. The last group had a heterozy-
gous pattern at both the loci.

Fragrance variation among functional
polymorphisms

The aroma assessment among the 28 genotypes repre-
senting four FPs, revealed distinct variations in aroma
identified by sensory evaluation and grain 2AP content
(Table 3). The 2AP content showed a highly significant
correlation with the sensory score for aroma (r = 0.52).
Among the markers, nksbad2 could resolve high aromatic
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Fig. 1 Representative gel picture for badh2-E7 and badh2-p-5'UTR
allele in the aromatic genotypes resolved using markers nksbad2 and
badh2-p-5'UTR, respectively. 82 bp and 90 bp are the aromatic and
non-aromatic allele, respectively for the marker, nksbad2; 206 bp and
456 bp are the aromatic and novel non-aromatic allele, respectively
for badh2-p-5'UTR. Two most common badh?2 alleles present in the
test panel were badh2-E7 and badh2-p-5'UTR. The allele possessing
both the recessive mutations is renamed as badh2-E7-p. The 456 bp

allele is named as badh2-pl. The genotypes are, 1. Dindli, 2.
Sonachoor, 3. Kalanamak 1, 4. Pusa Basmati 1, 5. Gayasu, 6. Tulsiful,
7. Koliha, 8. Basmati Mehtrah, 9. Bastul, 10. Karnal Local, 11.
Basmati 370, 12. Longku Labat, 13. Kalabhutia, 14. Haldi Chudi, 15.
Popot, 16. Basmati 397, 17. Hansraj, 18. Anterved, 19. Hasan Serai,
20. Della, 21. Vasumati, 22. Dudhkhasa, 23. Basmati 376, 24.
Kalimooch

Table 2 Categorization of the

aromatic rice genotypes based Allele size (bp)

Functional polymorphism

Frequency of rice genotypes

on the allelic variation at two badh2-E7  badh2-p-5'UTR ISG BAS ELG ESG NAC Total

functional mutations in BADH?2

locus 82 206 FP1 70 82 19 3 - 174
82 456 FP2 - 1 - - - 1
82 206/456 FP1/FP2 - - - - - 0
90 206 FP3 18 13 - 5 - 36
90 456 FP4 18 8 2 4 4% 32
90 206/456 FP3/FP4 2 - - 1 - 3
82/90 206 FP1/FP3 9 1 - - - 10
82/90 456 FP2/FP3 1 - 1 - - 2
82/90 206/456 FPlto FP4 2 2 - - -
Total 120 107 22 13 4 262

ISG, indigenous short grain; ESG, exotic short grain; BAS, Basmati; ELG, exotic long grain; NAC, non-

aromatic checks.

*Four non-aromatic checks are not used in computations

and low/non-aromatic lines more efficiently than badh2-p-
5'UTR. The most common FP, the FP1, had the highest
average 2AP content of 32.0 ppb with a range of
15.7-90.5 ppb. Average scores based on sensory evalua-
tion also indicated aroma ranging from mild to moderate
(1 4) to strong (2 +) among the FP1 genotypes. The FP2
genotype (UPR 2828-7-2-1) had a 2AP content of 3.9 ppb
with an aroma score of 1. The FP3 genotypes had the
second-highest average 2AP content of 10.6 ppb with a
range between 0.3 and 54.1 ppb. The aroma score of the
FP3group ranged between 1 and 14-. The FP4 genotypes
were predominantly mild aromatic with a sensory score
ranging between zero and 14-. The average 2AP content
among this group of genotypes was 1.3 ppb. Based on the
presence of different alleles, the average 2AP content of
genotypes carrying badh2-E7 (82 bp amplicon) was
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28.5 ppb as against 34.8 ppb of those carrying the badh2-
p-5'UTR alleles. The variation at an individual locus could
be ambiguous, as their combination was found to produce
better 2AP content and aroma, and different combinations
of FPs were found to explain the variation better than the
individual locus.

Among the genotypes, Nawab Bhog, an ISG genotype
showed the highest 2AP content of 216.5 ppb and pos-
sessed all the FP combinations (Table 4). The second
highest content of 2AP was recorded in Tulsiful, another
ISG genotype with a 24 sensory score, possessing a
combination of FP1/FP3 (Fig. 2). The 2AP content in all
the genotypes with FP1 was high, with two Basmati lines,
IET 15835 and IET 13548 exhibiting the highest 2AP
content of 90.5 and 44.0 ppb, respectively. Among the FP3
genotypes, interestingly, the ISG landrace, Kalanamak
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Table 3 Analysis of variance
of BADH?2 functional
polymorphisms and its allelic
variants for 2-AP content and
aroma among the subset of

genotypes

Functional polymorphism

Amplicon (bp)

2AP content (ppb)

Aroma (sensory score)

Mean Range P Mean  Range P
badh2-E7 82 28.5% 3.9-90.5 0.02 1.8* 1.0-2.5  0.00
90 5.6% 0.0-54.1 1.0* 0.0-1.5
badh2-p-5'UTR 206 34.8™  0.3-1994  0.07 1.6* 1.0-2.5 0.01
456 1.6™  0.0-3.9 0.8% 0.0-1.5
FP1 82/206 32.0% 15.7-90.5 0.05 1.9% 1.5-2.5  0.00
FpP2 82/456 39 39 1.0 1.0
FP3 90/206 10.6* 0.3-54.1 1.2% 1.0-1.5
FP4 90/456 1.3*% 0.0-3.7 0.8% 0.0-1.5

2AP, 2-acetyl pyrroline; p, probability

*Significant at P value < 0.05; ns, not significantly different at 5% level; FP1 to FP4 are the different
allelic combinations of functional polymorphisms of BADH2 gene

Table 4 BADH? allelic status and 2-Acetyl-1-Pyrroline (2AP) content of selected aromatic rice genotypes belonging to different categories.
Aroma is determined by sensory evaluation

S. no. Designation Category BADH?2 Allelic Combination 2AP (ppb) Aroma score
nksbad2 badh2-p-5'UTR Functional polymorphism

1 IET 13548 BAS 82 206 FP1 44.0 2
2 IET 15835 BAS 82 206 FP1 90.5 2
3 Kalajuvam ISG 82 206 FP1 19.2 1+
4 KDML 105 ELG 82 206 FP1 18.2 2
5 Saragadhulli ISG 82 206 FP1 18.6 2

6 Jiradhan ISG 82 206 FP1 17.9 1+
7 Basmati 6129 Bas 82 206 FP1 15.7 2+
8 RAU3055 ISG 90 206 FP3 0.3 1

9 Sonachoor ISG 90 206 FP3 2.8 1
10 Kalikamod ISG 90 206 FP3 0.6 1
11 Kalanamak ISG 90 206 FP3 54.1 1+
12 Banta Phool ISG 90 206 FP3 0.7 1+
13 Basmati 370 BAS 90 206 FP3 5.1 1
14 GR 104 ISG 90 456 FP4 1.4 1
15 RAU3073 ISG 90 456 FP4 0.2 1
16 IGSR 2-1-6 ISG 90 456 FP4 1.7 1
17 Champaran Basmati 2 ISG 90 456 FP4 2.1 1
18 Rajendra Swetha ISG 90 456 FP4 3.7 1+
19 NWGR 3045 ISG 90 206/456 FP3/FP4 0.3 1+
20 Tulsiful ISG 82/90 206 FP1/FP3 199.4 2+
21 Nawab Bhog ISG 82/90 206/456 FP1-4 216.5 2
22 Basmati 6141 BAS 82/90 206/456 FP1-4 39.9 2
23 IET 17281 BAS 82/90 206/456 FP1-4 6.4 2
24 UPR 2828-7-2-1 BAS 82 456 FP2 39 1
25 PKV Makarand ISG 82/90 456 FP2/FP4 7.1 1+
26 IR 75428-6-3 ELG 82/90 456 FP2/FP4 8.1 1+
27 Sharbati NAC 90 456 FP4 0.0 0
28 Pusa 677 NAC 90 456 FP4 0.0 0

Pearson’s correlation between 2AP and aroma = 0.521

ISG, indigenous short grain; ELG, exotic long grain; BAS, Basmati; NAC, non-aromatic checks
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Fig. 2 Estimation of 2-Acetyl-1-Pyrroline (2AP) content using gas
chromatography coupled mass spectrometry (GC-MS). The fig-
ure shows a representative GC-MS profile obtained from the aromatic
genotype, Tulsiful. The peak retention time (7.90) for 2AP is

highlighted in red. The remaining peaks indicate other volatile
compounds present in the extract. 2AP is the compound responsible
for aroma in rice grains

Table 5 Detail of the genotypes with different functional polymorphisms sequenced for the amplified fragment of the badh2-p allele of the

badh2 gene using badh2-p-5"UTR

Functional Sequenced genotypes Allele size (bp) Insertion
polymorphism
badh2-  badh2-p- 8 bp 256 bp
E7 5S'UTR
FP1 Pusa Basmati 1, Vallabh Basmati 22, Lal Basmati, Gangaballi, KDML 82 206 Absent  Absent
105, Jao Mali
FP3 Dindli, Sonachoor 90 206 Present Absent
FP4 Jalaka, AS GPC-38, Basmati Mahon 381, Basmati Surkh 161, Sharbati, 90 456 Present Present
Pusa 44

exhibited the highest 2AP content of 54.1 ppb as compared
to the other genotypes with the same allelic profile. The
remaining FP3 genotypes had relatively lower 2AP content
that ranged from 0.3 ppb (RAU3055) to 5.1 (Basmati 370).
All the non-aromatic checks used in the study showed an
FP4 allelic profile.
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Sequence variation in the BADH2 promoter region

The sequences of the badh2-p-5"UTR amplicons confirmed
the presence of the 456 bp allele among FP groups
(Table 5). The FP1 and FP3 possessed an 8 bp insertion in
the promoter region, but with a 252 bp deletion (Fig. 3).
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- Pusa Basmati 1 CTTTTCAGTCTTATAAAAAAATCAACATATTATCGGATGCGATACATAC-TAGTACTATA AATCT 120
Vallabh Basmati 22 TTTTTCAGTCTTATAAAAAAATCAACATATTATCGGATGCGATACATACCTATTACTGTA AATCT----
FP1 Lal Basmati ~CTTTCAGTC' AATCAAC GGATGCGATACATAC-! 'TATA AATCT.
Gangaballi TCTTTC AAATCAAC. 'TATCGGATGCGATACATACCTATTCTAAAA ATTCT---- =
Jao Mali TCTTTCAGTCTTATAAAAAAATCAACATATTATCGGATGCGATACATAC-TAGTACTATA AATCT
- KDML105 ==TTTCAGTCTTATAAAAAAATCAACATATTATCGGATGCGATACATAC-TAGTACTATA AATCT----
FP3 Dindli TCTTTCAGTCT AAATCAAC] 'TATCGGATGCGATACATAC-TAGTACTATA AATCT
Sonachoor ~CTTTCAGTCTTATAAAAARATCCAACATATTATCGGATGCAATACATACTAGTACTATA AATCT
- Basmati Mahon 381 —==-TTCAGTCTTATAAAAAA-TCAACCTACATGCCATAGTATTAGGTTGGTTTTTTTTGG CGGAT!
Basmati Surkh 161 ==TTTCAGTCTTATAAAAAA-TCAACCTACATGCCATAGTATTAGGTTGGTTTTTTTTGG CGGAT!
FP4 AS-GPC-38 CTTTTCAGTCTTATAAAAAA-TCAACCTACATGCCATAGTATTAGGTTGGTTTTTTTTGG CGGAT
Jalaka -TTTTCAGTCT AAAA-TCAACCTACATGCC] TAGGTTGGTTTTTTTT 'GG CGGAT!|
Sharbati -TTTTCAGTCT' TCAACCTACATGCCATAGTATTAGGTTGGTTTTTTTTGG CGGAT!
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- Pusa Basmati 1 AAGTAATTAATTTT T ATAA AGCTTCTCAAA-~ 420
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Gangaballi AAGTAATTAATTTTTTTGTTTACAATT TTAACTACAA
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- KDML105 AAGTAATTAATTTTTTTGTTTACAATT TAAAGTGTAAAAGCTTCTACAA--
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- Basmati Mahon 381 AAGTAATTAATT-TTTTGTTTACAATTTGATGTGCATAAAGTGTAAAAGCTTCTAATARA
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*x Prr—

Fig. 3 Sequence alignment of the genotypes for the amplicons of
badh2-p-5'UTR marker. Functional polymorphisms (FP) show vari-
ation in alleles such as 252 bp insertion in FP4 (badh2-pl)

The FP 1, represented by the genotypes such as Pusa
Basmati 1, Vallabh Basmati 22, Lal Basmati, KDML 105,
Gangaballi and Jao Mali showed sequence similarity with
the FP3 genotypes, Sonachoor and Dindli. All the geno-
types belonging to FP1 and FP3 were aromatic types and
showed significant promotor sequence variation from FP4
genotypes. Represented by six genotypes viz., Basmati
Mahon 381, Basmati Surkh 161, Jalaka, AS-GPC-38,
Sharbati and Pusa 44, the FP4 class, possessed a distinct
252 bp insertion in the region. It is interesting to note that,
the first four genotypes in the FP4 are aromatic and the
latter two (Sharbati and Pusa 44) were non-aromatic.

SNPs in the BADH?2 locus
A total of 15 SNPs was identified from the 3K SNP data-

base among the six genotypes used in the present study
with different badh2 alleles (Table 6; Supplementary

highlighted in green and an 8 bp insertion (highlighted in yellow)
in FP1 and FP3 (badh2-p-5'UTR). * denotes aligned sequences and —
indicates deletion

Table S3). These genotypes included five aromatic geno-
types (Basmati Surkh 161, Karnal Local, Hansraj, Basmati
385, Hasan Serai) and one non-aromatic genotype, Pusa
677. Among the 15 SNPs, 14 were synonymous and one
was non-synonymous. The non-synonymous SNP identi-
fied at the position 20,38,2857 was a base transversion
from T to A. Interestingly, this SNP showed distinct vari-
ation between aromatic and non-aromatic types with T in
the former and A in the latter. Compared to the SNPs
identified among the 76 aromatic genotypes in the 3K
panel, however, this SNP did not show any conspicuous
variation. Rather it was found that both the alleles at this
SNP locus had a near equal distribution among the geno-
types. Further, the 3K database did not provide the
opportunity to study the promoter sequence variations in
the badh2-p allele, because the sequencing depth was
shallow (~ 7x) and the insertion length was large
(253 bp).
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Table 6 List of the genotypes ) -
used to identify the SNPs for S. no. Genotype Category Origin Allele 1 Allele 2
frﬁ‘glrance and their badh2 | Basmati 385 BAS India badh2-E7 badh2-p-5'UTR
alleles

2 Karnal Local BAS India badh2-E7 badh2-p-5'UTR

3 Basmati Surkh 161 BAS Pakistan badh2-pl NIL

4 Hansraj ISG India badh2-pl NIL

5 Hasan Serai ELG Philippines badh2-pl NIL

6 Pusa 677 NAC India badh2-pl NIL
Discussion 3119, Kasturi Basmati, Basmati LC 74-3, Tharunbhog and

Despite being geographically limited within the subconti-
nent, Indian aromatic rice germplasm show extensive
phenotypic diversity for various agronomic traits and
adaptation (Ray et al. 2013). Several of these genotypes
have had limited cross-breeding opportunities for being
adapted to isolated geographic niches, accumulating
specific alleles in the evolutionary process. However,
information on the allelic diversity causing aroma variation
remains limited among this group of rice cultivars. In
aromatic rice, functional impairment of BADH?2 gene due
to mutations has been primarily implicated in the devel-
opment of several allelic variants (Shao et al. 2011). This
prompted us to look for the variation in the BADH?2 locus,
to understand the fragrance diversity among the Indian
aromatic rice.

Origin of badh2 alleles

Recent investigations on the origin and evolution of rice
aroma indicate a monophylogenetic origin for badh2 alle-
les (Bourgis et al. 2008; Kovach et al. 2009). The non-
aromatic wild type allele, BADH2 has as many as twenty
recessive allelic variants for aroma (Withana et al. 2020).
Kovach et al. (2009) concluded that the japonica cultivar,
Azucena share the same aroma haplotype with indica
cultivars carrying the badh2-E7 allele, implying the origin
from an ancient japonica source and its subsequent intro-
gression to indica. Tracing the badh?2 allele evolution, Shi
et al. (2014) also emphasised that a single source phy-
logeny could explain the wide prevalence of badh2-E7 and
badh2-p-5'UTR alleles. Furthermore, the presence of mul-
tiple alleles of the BADH?2 gene also implies that mutations
are key in evolving fragrance variation in rice. But, there
was no information on how many of these variants are
found in Indian rice.

Allelic variation for badh2 in aromatic rice
The badh2-E7 has been the most ubiquitous allele reported

among the Indian aromatic genotypes. In a study using 24
rice genotypes, five fragrant genotypes namely Kalanamak
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Jeeragasamba were reported not to possess the badh2-E7
allele (Rai et al. 2015). Similarly, out of 84 indica rice
landraces validated for badh2-E7, 11 did not show the
presence of this allele despite being aromatic (Chakraborty
et al. 2016), suggesting the presence of other known or
unknown mutations among Indian landraces. Further, the
presence of badh2-p allele identified in Jeeragasamba
could confirm that the 8 bp insertion is the key for aroma
expression, even in the absence of badh2-E7 allele (Bin-
dusree et al. 2017). They reported the presence of the 8 bp
insertion prevalent among 30 out of the 76 aromatic lan-
draces, further confirming it as the aromatic allele. In the
current study too, we have identified 36 genotypes having
only badh2-p-5'UTR but aromatic, including Basmati 370
and Kalanamak.

Being the most prevalent allele, the first step in our
approach was to preclude the carrier genotypes of badh2-
E7 from the test panel, so that other allelic variants could
easily be identified. By this approach, we could identify
that 72.9% of the panel possessed the badh2-E7 allele.
However, when we screened the entire panel for the badh2-
p-5'UTR allele in the next step, we not only could find that
badh2-p-5'UTR was the most abundant allele having 86.6%
prevalence, but also that 71.8% of the genotypes possessed
both the alleles, badh2-p-5'UTR and badh2-E7 together
enabling them to be classified under the FP1 group. Sur-
prisingly, the proportion of genotypes that carried either of
the alleles singly was low; 13.7% for badh2-p-5UTR
(FP3), and < 1% for badh2-E7 (FP2). To distinguish the
FP1 allele having both the mutations together from those
with single mutations (FP2 and FP3), we named the FP1
allele badh2-E7-p. Compared to the earlier report by Bin-
dusree et al. (2017), the test panel in this study had a rel-
atively higher proportion of both badh2-p-5'UTR and
badh2-E7 alleles. Bindusree et al. (2017) reported that
badh2-p had more prevalence (~ 40%) than badh2-E7
(~ 34%), either alone or in combination among 76 aro-
matic lines they have been studied. They have also repor-
ted the presence of badh2-p in both indica and japonica
lines. However, this reported proportion could also be
inclusive of badh2-p-5'UTR, because the BADH2 gene
variant they studied included a -1326 bp upstream region.
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We could notice that badh2-E7 to badh2-p-5'UTR ratio in
both the studies remained almost similar, with 0.87 in the
earlier study and 0.84 in the current. Also, the proportion of
genotypes with the badh2-E7-p allele was high in our study
(71.8%) as against 22.4% reported by Bindusree et al.
(2017). The reason for the reduced presence of badh2-E7 in
Bindusree et al. (2017) could be attributed to the set of 76
aromatic genotypes that were selected from the
3000-genome panel (The 3,000 rice genomes project,
2014). This set, which included rice genotypes collected
from 89 countries, represented 33.9% of Southeast Asia,
25.6% of South Asia and 17.6% of China. Whereas, our
test panel was large (266 genotypes) and comprised
prominently of Indian aromatic rice (86.6%), possibly
leading to a high proportion of badh2-E7-p. This obser-
vation reinforces the earlier theory that the Group V
genotypes to which most of the Indian aromatic rice
belongs, remain highly conserved in their centre of origin
(Glaszmann 1987; Khush 2000). We find that the two
alleles, badh2-E7 and badh2-p-5'UTR, were present either
singly or in combination among 87% of indigenous lines
and 82.8% of the exotic lines. Among the indigenous set,
73.6% possessed the badh2-E7 allele, while 87.7% pos-
sessed the badh2-p-5'UTR allele. The proportion of
indigenous genotypes that possessed the badh2-E7-p was
73.1%. However, there were 26 indigenous genotypes and
six exotic types, that did not possess both the alleles (FP4),
18 of which belonged to the short-grain types, but with a
mild aroma. These genotypes deserve further investigation
for identifying the causal mutations. Among the exotic
genotypes too, the allele status remained almost similar to
that of indigenous genotypes, wherein 65.7% possessed
badh2-E7, 80.0% carried badh2-p-5UTR and 62.9% car-
ried badh2-E7-p allele. Therefore, we conclude that the
aroma variability in the current test panel was confined
predominantly to the presence of two alleles, badh2-E7 and
badh2-p-5'UTR and showed four FPs. In a recent report,
Withana et al. (2020) identified badh2.7 as the next most
prevalent allele in Asian rice after badh2-E7. However,
they have not tested for the presence of the badh2-p allele.
This allele, badh2.7 has an insertion of G in the 14™ exon
(Dissanayaka et al. 2014).

As observed in this study, not all the variations in the
gene may cause aroma variation, such as the presence of a
456 bp amplicon among some of the aromatic and non-
aromatic genotypes. Despite the use of a wide array of
genotypes including tropical japonica cultivars, the
expected non-aromatic amplicon for the marker, badh2-p-
5'UTR, a 198 bp fragment, was not detected in this study.
We consider this 456 bp allele novel because its presence
among aromatic lines has never been reported before. We
designate this allele as badh2-pl. There was only one
instance of the report of badh2-p1 earlier, that too in a non-

aromatic indica landrace, Velchi (Khandagale et al. 2017).
The wildtype BADH?2 does not possess the 8 bp insertion in
the promoter region as found in the badh2-p-5'UTR allele
(Shi et al. 2014). Remarkably, the allele reported by
Khandagale et al. (2017) has an insertion of 258 bp in the
promoter region leading to a 456 bp fragment but is devoid
of the 8 bp insertion as that in badh2-p-5'UTR. However,
the sequence analysis of the amplicons of the BADH2-pl
confirmed the presence of a consistent 252 bp insertion in
the promoter region. This insertion was highly conserved
among all the FP4 genotypes. Further, having found in all
non-aromatic checks, as well as in some of the aromatic
lines we conclude that BADH2-pl was not particularly
associated with the aroma. The role of badh2-p-5'UTR
allele in imparting aroma among the FP1 and FP3 geno-
types needs further investigation. We have found combi-
nations of BADH?2-pl with both aromatic (82 bp) and non-
aromatic (90 bp) fragments of badh2-E7. However, mild
aroma noticed among the genotypes with non-aromatic
allelic combinations may warrant additional investigations
to elucidate underlying mechanisms.

The relationship between badh2 alleles and aroma

Among the genotypes with badh2-E7-p, the presence of the
badh2-p-5'UTR allele was supplementary since the badh2-
E7 leads to a truncated BADH2 protein. We could observe
that the presence of both the alleles in FP1 imparted a
strong aroma, with an average content of 32.0 ppb of 2AP.
On the other hand, in the absence of the badh2-p-5'UTR
allele, the badh2-E7 allele could produce only 3.9 ppb of
2AP with a mild to moderate aroma expression, indicating
the prominence of having both the mutations together in
aroma production. However, the badh2-p-5UTR allele
alone could produce an average 2AP content of 10.6 ppb,
which is higher than that of badh2-E7, but also with mild to
moderate aroma. Therefore, the potential role of promoter
insertion in badh2-p-5'UTR in imparting aroma is undeni-
able but may be influenced greatly by other loci and/or
external factors. This could be the reason for the higher
variability of 2AP content in badh2-p-5'UTR carriers
(FP3). A similar case was reported earlier in the japonica
rice, Nankai 138, in which the badh2-p-5'UTR allele was
found to yield elevated 2AP content (Wang et al. 2016).
One of the major factors that influence gene expression
under promoter mutation is the presence of cis-acting ele-
ments. Besides, the distance between the two cis-acting
elements, their type, orientation and number can also play a
crucial role (Hernandez-Gracia and Finer 2014). Hence, in
Kalanamak and Basmati 370, it is a matter of investigation
whether the presence of 8 bp promoter insertion is influ-
enced by the presence of cis-acting elements leading to
higher but varying levels of 2AP. Nevertheless, the
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possibilities of having additional gene(s)/ mutation(s) im-
parting aroma in Kalanamak have also been opined by Rai
et al. (2015). Similarly, a significant role of promoter
induced aroma gene expression imparting a wide variation
cannot be ruled out among the FP1 genotypes and the
genotypes having polymorphic combinations that included
badh2-p-5'UTR. Remarkably, the presence of the 456 bp
amplicon among 32 FP4 aromatic genotypes and four non-
aromatic checks point towards the complexity of mutations
in the promoter region in the BADH?2 locus. It also impli-
cates the existence of novel mutations hitherto not dis-
covered in the BADH?2 locus. Besides, there could also be
other loci responsible for aroma variation in the FP4
genotypes. Since the marker badh2-p-5"UTR could detect
the badh2-pl allele, it can be concluded that this marker
can distinguish multiple mutations in the promoter region.
Therefore, this region warrants extensive investigations in
the future for its role in aroma variability in the rice gene
pool. Although little, yet, we have encountered 7.1% of
genotypes with heterozygosity in either or both the FPs.
This could be due to the natural heterogeneity observed in
the indigenous landraces that were under community con-
servation, without undergoing genetic purification. These
admixing can only be avoided by continuously controlled
selfing for a few more generations. This calls for the
purification of such genotypes under conservation
breeding.

As described earlier as well as in this study, 2AP is
unequivocally the major compound responsible for aroma
in rice. Juxtaposing the sensory evaluation and 2AP content
in the present aromatic panel, revealed a correlation of 0.52
between the two parameters. Strong correlations are seen in
Basmati genotypes such as IET 13,548 and IET 15,835
which had a sensory scoring of two and 2AP values of
44 ppb and 90.5 ppb, respectively. Both these genotypes
carried the badh2-E7-p allele. The values of 2AP obtained
are comparable to the earlier reported values of 60 ppb
(Buttery et al. 1983), and 61 ppb (Nadaf et al. 2006) in
Basmati genotypes, however 2AP content as high as 588
ppb has also been reported (Tava and Bocchi 1999).
Although found to be associated with non-aroma, the car-
riers of the allele BADH2-p1 also had lower levels of 2AP
among the genotypes with a mild aroma.

SNP variation in badh2 gene

More than 85% similarity for the SNPs identified for the
aromatic genotypes identified in the present study with the
aromatic genotypes in the 3K database points toward the
conservation of the SNPs in the aromatic genotypes.
Coming to the occurrence of non-synonymous mutation (T
to A) in the non-aromatic genotype Pusa 677 with the
BADH?2-p1 allele, its presence was detected in 50% of the
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aromatic genotypes of the 3K panel. Therefore, it cannot be
considered conclusive evidence for providing aroma.
However, it was absent in the three aromatic genotypes
possessing the BADH2-pl allele and two genotypes with
badh2-E7 and badh2-p-5'UTR alleles used in the current
study. The absence of this deletion in fragrant Hasan Serai
could be a possible mutation conferring aroma and coin-
cides with the earlier report of the non-aromatic nature of
the BADH2-pl allele (Khandagale et al. 2017). This indi-
cates the importance of the genotypes with BADH2-pl
allele and its screening in the aromatic genotypes. Further
studies on the mutation reported in this study could pave
the way for revealing the aroma pattern in the genotypes
possessing the BADH2-pl allele.

Conclusion

The present study characterized the allelic variations at
BADH?2 locus amongst a diverse set of fragrant rice
germplasm predominantly belonging to the Indian sub-
continent along with a few exotic aromatic genotypes. A
high frequency of occurrence of the badh2-p-5'UTR allele
(86.6%) was observed in the aromatic rice landraces as
compared to the badh2-E7 allele (72.9%). However, there
was a significant portion of genotypes that possessed both
the alleles together (badh2-El-p). Genotypes with the
badh2-E7 allele exhibited higher levels of 2AP correlating
well with the sensory evaluation. The presence of BADH?2-
pl allele of 456 bp with a 252 bp promoter insertion
among the aromatic genotypes, was confirmed with the
sequence analysis. The consistent presence of this allele
among the non-aromatic genotypes points towards its non-
involvement in conferring the aroma. Our observations
implicate the complexity of allelic variation in BADH?2
locus, which requires in depth studies on how they drive
differential aroma levels in some of the aromatic geno-
types. This leads to the necessity of further elucidation of
badh?2 diversity in aromatic rice.
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