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Abstract

The 2-acetyll-1-pyrroline (2AP) is a compound responsible for the sweet popcorn aroma in aromatic
rice and has attracted interest globally. Consequently, research efforts have been directed to improving
aroma characteristics in rice through multiple platforms including inheritance and breeding. However,
the progress in this direction has been slowed and needs further inquiries due to the complex nature of
the genes, compounds and environments governing this trait. The complexity is further exacerbated
by the simultaneous need to increase aroma alongside other important qualities and productivity traits
in rice. This paper gives insights on the current knowledge of aroma in rice with particular emphasis
on how the genetic, chemical and environmental interaction relates to the aroma strength and the
prospects for breeding for aroma in rice.
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Résumé

La 2-acétyl-1-pyrroline (2AP) est un composé responsable de I’ardme du mais sucré dans le
riz aromatique qui suscite un intérét au plan mondial. En conséquence, des recherches visant
I’amélioration des caractéristiques aromatiques du riz ont utilisé plusieurs approches, notamment la
sélection variétale et 1’héritabilité. Cependant, des progres peinent a se réaliser dans ce domaine, et
des recherches supplémentaires sont nécessaires, en raison de la nature complexe de I’effet des genes,
des composés et de I’environnement régissant ce caractere. La complexité est encore exacerbée par le
besoin simultané d’augmenter 1’ardme ainsi que d’autres qualités et caractéristiques de productivité
importantes du riz. Le présent article donne un apercu des connaissances actuelles sur I’ardme du riz
avec un accent particulier mis sur I’effet des influences génétique, chimique et environnementale et
leurs interactions, et examine les perspectives pour la sélection de variétés de riz aromatique.
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Background

Rice (Oryza sativa) which is presumed to originate in Asia (Hirst, 2017) is the second most essential
food crop after wheat providing income to more than 1.5 billion people including 900 million of the
world’s most impoverished population (IRRI 2010). Being a critical source of energy and protein and
mitigating conditions such as coronary heart disease, diabetes, dehydration and cancer in humans,
rice is considered a health food. Rice varieties may be classifies as aromatic or non-aromatic. The
aromatic rice produces a distinct popcorn smell (Buttery et al., 1982) and attract a preference and
premium price (Calingaceon et al., 2014) which is on the increase (Asante 2017).

Aromatic rice cultivars belong to three groups, namely: group I (the Indica from China), group V (the
Indica from Thailand) and group VI (the Japonica from Indonesia) (Singh et a/., 2000). The Western
Himalayan region of India with rich genetic diversity of rice. (Rana et al., 2009) has been suggested
the origin of the common alleles for the aroma (Pachauri ef al., 2010). Over 500 aromatic cultivars
have been documented (Singh et al., 2000) including the popular cultivars such as the Basmati type
from India (Patil ef al., 2012) and the Jasmine type from Thailand (Wilkie et al., 2004). Other popular
aromatic rice include Khao Dawk Mali 105 from Thailand (Bradbury et al., 2005). Likewise, the
most popular nonaromatic rice include Doongara (Garland et al., 2000), Nipponbare (Bradbury et al.,
2005), Gulfmont (Bradbury et al., 2005), Japonica Lemont (Sun et al., 2008), and IR-64 (Hinge et
al., 2015).

An African species of rice, Oryza glaberrima, domesticated in West Africa (Linares et al., 2002) was
crossed with O. sativa to form new rice (NERICA) varieties (AfricaRice 2010; Haneisha et al., 2013).
One of the upland Nerica rice varieties grown in Uganda, namely Nerica 1 was reported to have some
aroma (Asante et al., 2010; Tsuboi 2012). A landrace of Nerica, ‘supa’ cultivar has been reported to
exhibit good aroma and taste (Massette et al., 2013). In Tanzania, popular aromatic rice grown under
lowland or irrigated conditions belonging to O. sativa indica include Super, Mbeya rice, Kyela and
TXD 306 (Kilimo Trust, 2014). In Uganda, common aromatic rice found in the markets include Tilda
aromatic, Dawaat Long Grain and Pearl Kenya Pishori (Massette et al., 2013).

Volatiles in Rice

Of the more than 1,700 plant volatiles (Dudareva et al., 2006), over 100 compounds have been reported
to contribute to odour in rice including the hydrocarbons, alcohols, aldehydes, ketones and acids
(Champagne et al., 2008). The most common hydrocarbon is paraffin and is found in big quantities in
both the aromatic and the nonaromatic rice. However, there is higher levels of alcohols (n-pentanol,
n-heptanol n-pentanol, l-octen-3-ol, menthol, estragol, n-butanol and n-hexanol) in aromatic rice in
addition to aldehydes and ketones (n-pentanal, n-heptanal and n-nonanal) as compared to nonaromatic
rice (Buttery et al., 1983). Also major volatile compounds including 2-acetyl-1-pyrroline, indole and
2-phenylethanol were reported to constitute aroma in Basmati and Jasmine type rice (Buttery et al.,
1988). According to Wilkie et al. (2004), a rice variety with higher concentrations of volatiles known to
contribute to aroma due to their low aroma threshold would have more desirable aroma qualities. The
variety possessing significantly more 4-vinylguaicol and indole, which generally possess unpleasant
odours at higher concentrations have lower aroma quality. The compounds produced under storage
conditions include dimethyl trisulphide; nonan-2-one; methylcyclobutane; 2-furancarboxaldehyde;
(E,E)deca-2,4-dienal; dodecan-2-one, octanoic, 4-vinyl guaiacol, 4-vinylphenol and dodecanoic acid.
The nonfragrant rice has approximately twice the amounts of 2-hexenal[E], nonanal, 2-pentylfuran,
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and 2-octenal[E], and significantly more 2-nonenal[E] and hexanal compared to the fragrant rices
(Wilkie et al., 2004). A recent study on elite aromatic rice varieties from South East Asia and
Australia by Daygon et al. (2017) reported a strong correlation between 2AP and 6-methyl, 5-oxo-
2,3,4,5-tetrahydropyridine (6M5OTP), 2-acetylpyrrole, pyrrole and 1-pyrroline with aroma. Of all
the compounds, the aromatic rice on average contains 4 times and in some specific cases 70 times
more 2AP than the non-aromatic (Lin ef al., 1990). Owing to involvement of many compounds in
determining the final aroma quality, Yang et al. (2008) suggested the use of GC-MS/GC-olfactometry
(GC-MS/GC-0), and multivariate analysis in the selection of multiple flavor types using a reference
standard with 13 odor-active compounds to characterize rice aroma without sensory test.

Determination and Quantification of Aroma

Aroma of rice has been variously determined through putting centrifuge tube containing milled grain
samples and distilled water in a boiling water bath and smelling after cooling (IRRI 1971), chewing
a few grains from individual plants and noting the aroma (Dhulappanavar ef al., 1976) and through
elution of leaf or grain samples in 1.7% KOH and smelling (Sood and Siddiq, 1978). In these methods,
panelist used a scale to score aroma with a nonaromatic (0), slightly aromatic (1), moderately aromatic
(2) and strongly aromatic (3) (Sarahdi et al., 2009; Chakraborty, ef al., 2016). Use of these methods
were considered subjective (Lorieux ef al., 1996). A histochemical method of identifying 2AP by
treating plant tissues with 2-4, dinitrophenyl hydrazine that react with 2AP and produce an orange-
red colour of the compound 2-acetyl phenyl hydrazone has been reported (Nadaf et al., 2006). In
addition to qualitative methods, quantitative method of measuring concentration of 2AP has been used
(Zackaria et al., 2017). The chromatography techniques which include Gas liquid chromatography
combined with mass spectrometry (GLC/MS) (Buttery et al., 1983), Gas chromatography mass
spectrometry combined with gas chromatography-olfactometry (GC-MS/GC-O) (Yang et al., 2008),
Gas chromatography-olfactometry (GC-O) (Limpawattana et al., 2008), Headspace solid-phase
micro-extraction (HS/SPME) (Goufo et al., 2010), Headspace gas chromatography with a nitrogen-
phosphorus detector (HSGC-NPD) (Arikit ef al., 2011), headspace sorptive extraction combined with
GC-MS (HSSE/GC-MS) (Grimm et al., 2011), GC-MS analyses coupled with alternative moving
window factor analysis (GC-MS/AMWFA) (Yang et al., 2012), Stable isotope dilution assay (SIDA)
combined with other techniques (SIDA/SPME/GC-PCI-MS-MS) (Poonlaphdecha et al., 2012),
and Mass-spectrometry-based electronic nose (MS-EN) for qualitative discrimination of flavor
followed by quantitative headspace solid-phase microextraction coupled to gas chromatography-mass
spectrometry combined with partial least-squares regression (HS/SPME/GC-MS/PLSR) (Kang et al.,
2014) and Gas chromatography mass spectrometry (GCMS) (Mo ef al., 2015) have been used.

In addition, Gas chromatography fitted with Ion diode (GC-FID) (Zackaria et al., 2017), Stable isotope
dilution assay technique involving SPME combined with GC-PCI-MS (SIDA/ SPME/ GC-PCI-MS),
and Two-dimensional gas chromatography-time-of-flight mass spectrometry (GC x GCTOF-MS)
(Daygon et al., 2017) have also been employed in 2AP quantification. The use of molecular techniques
involving allele specific markers such as badh2-E7 (Bradbury et al., 2005; Roy et al., 2012; Yeap et al.,
2013), FMbadh2-E4-5 (Shao et al., 2011) and combinations of microsatellite markers (Priyadarshini
et al., 2018) have also been employed to identify aromatic lines. The molecular method has been
described as a simple, inexpensive and convenient approach for screening of a wide range of rice
varieties with 100% accuracy (Ashfag ef al., 2015). A strong positive association of 80% among the
sensory, chromatography and molecular markers was reported (Kumari ef al., 2012).
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The sensory evaluation methods according to Sood and Siddiq (1978) have indicated the minimum
concentration of 2AP consistently detectable by a 16 panel of judges was 7ppb although some
members could detect up to 0.1ppb (Buttery et al., 1983). In another study, a panel detected all the
aromatic lines with 2AP concentration ranging from 0.03 to 0.04 ppm (Lorieux ef al., 1996). Mo et
al. (2015) reported a detection limit of 0.01 ppm by a panel, whereas Hinge et al. (2016) detected
2AP at 0.001 ppm. According to Zackaria et al. (2017), the 2AP concentrations of five rice genotypes:
Ranbir Basmati, Rati Basmati, E 7, E 13, and MRQ 50 ranged between 0.08-0.14 ppm and was given
a sensory evaluation score of 4. The amount of 2AP in milled and brown rice obtained from various
regions through IRRI ranged between 0.006-0.90 ppm and 0.0-0.2 ppm, respectively. The quantity
of the 2AP, depends among others on the rice cultivar (Zackaria et al., 2017), evaluation method
(Chambers ef al., 2013), and state of the grain such as the degree of milling (Rodriguez-Arzuaga et
al., 2015).

Biosynthesis and Profile of 2AP in Rice

Accumulation of 2AP has been associated to metabolism of carbohydrates and proteins (Wongpia et
al., 2016). Three amino acids namely glutamate, proline and ornithine are converted to Pyrolline-5-
Carboxylase (P5C) and Delta-1-pyrroline to 2AP, while another amino acid putrescine is converted
to Delta-1-pyrroline through gama betaine aldehyde (GaBald) (Wongpia et al., 2016). GaBald can
be converted either to Delta-1-pyrroline in the absence of betaine aldehyde deyhdorgenase (BADH)
enzyme, leading to accumulation of 2AP or to Gama butyric acid (GABA) in the presence of BADH
enzyme (Bradbury et al., 2005). Also, the products of glycolysis, namely pyruvate, methylglyoxal
(MG) and Acetyl CoA combines with Delta-1-pyrroline to form 2AP (Wongpia et al., 2016). In
addition, stronger aroma in brown rice grain of traditional aromatic cultivar was positively associated
with the quantities of L-proline, total nitrogen content, total plant nitrogen (protein) and negatively
associated with the soluble protein in brown rice (Yang et al., 2012). Huang et al. (2008) suggested
lack of involvement of BADH in 2AP synthesis arguing that the PSC acts directly with MG to
synthesize the 2AP. According to Wongpia ef al. (2016), BADH is 1.3 folds less in the aromatic lines.
A recent study by Daygon ef al. (2017) identified four other heterocyclic amines, namely, 6-methyl,
5-0x0-2,3,4,5-tetrahydropyridine (6MSOTP), 2-acetylpyrrole, pyrrole and 1-pyrroline with strong
correlation to 2AP in rice varieties from Asia.

There are different views on the synthesis of 2AP, the first being that 2AP is possibly solely produced
from different types of amino acids (proteins) independently from glycolysis (Fitzgerald et al., 2009),
the second is that the 2AP biosynthesis is from products of glycolysis, namely MG, pyruvate, Acetyl
CoA, GADP and DHP (Fitzgerald et al., 2009) and the third is a combination of the products of
glycolysis mainly MG and the ultimate product from the protein, namely delta-1-pyrroline being
combined to produce the 2AP (Wongpia et al., 2016). The implication of possibilities of having the
synthesis of 2AP being explained not only by the BADH enzyme pathway, gives the basis for the
other 2AP independent pathways apparent credibility. The 2AP being a function of a particular gene,
and with arguments that other chemical substances are involved in aroma of rice, contribution of other
genes in determining aroma is a possibility (Daygon et al., 2017).

The 2AP is constitutively produced as indicated by the emission of specific aroma in the fields at
vegetative (Wilkie et al., 2004), flowering and reproductive stages (Hinge et al., 2016). Profile of
2AP was studied in Australia using SPME and the three leaf stage was reported the best earliest
stage with highest 2AP accumulation (Wilkie ef al., 2004). On the other hand, Myint et al. (2012) in
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a study to confirm functional 3-bp deletion in Myanmar rice evaluated aroma using sensory test on
a one month and two months old leaves and by chewing of several seeds reported the two methods
to consistently identify three rice varieties out of 52 as aromatic. During the reproductive stage, the
highest concentration of 2AP in grains was reported at four to five weeks after heading (Itani et
al., 2004). Accumulation of 2AP was shown to increase from the early vegetative stages (0.2 ppm)
through tillering (0.42 ppm) to the grain filling stage (0.662 ppm) of Ambemohar-157 rice cultivar
(Hinge et al., 2016). Under salinity, however, it was revealed that plant leaves accumulate higher 2AP
(4.277 ppm) compared to the grains (0.998 ppm) (Poonlaphdecha et al., 2012). Other studies have
indicated the association of 2AP with soluble proteins, proline and PSC (Huang et al., 2012) and
substances such as BADH (Wongpia ef al., 2016). Similarly, Hinge et al. (2016) have reported 2AP
to exist at all the growth stages of rice alongside 14 major compounds such as p-xylene and methyl
2-aminobenzoate in aromatic rice.

Inheritance of Aroma Trait

Genetic studies conducted on rice cultivars reported aroma to be under the control of four
complementary dominant genes (Dhulappanavar, 1976), a single gene associated with inhibitory gene
(Tsuzuki and Shimokawa, 1990), at least two genes (Pinson et al., 1994), a dominant gene (Kuo et al.,
2005), two recessive genes (Hien et al., 2006), a dominant suppression epistasis interaction between
two genes (Kuat ef al., 2010) and a single recessive nuclear gene (Patil et al., 2012). The different
views on the nature of the gene conferring aroma has been suggested due to the materials used in the
studies (Pinson et al., 1994). For instance, the aromatic basmati group of rice has been reported to
exhibit poor combining ability with other rice genotypes (Kaushik et a/., 2003). Comparison of aroma
in Dragon eyeball known to harbor two aroma genes with basmati using sensory evaluation indicated
scores of 0.509 ppm and 1.007 ppm, respectively suggesting non additive gene action (IPinson ef al.,
1994). However, QTL mapping work on sorghum for aroma reported additive and dominant Q2AP gene
effect of -0.34 and -0.69, respectively. A recent study by Gonya ef al. (2016) assessed heterosis from
16 crosses obtained from four aromatic lines and four nonaromatic lines and reported that heterosis
for aroma (35.21%) was positive. The ratio of the variance for the general combining ability to the
specific combining ability was 0.394. Another study was conducted to investigate the efficiency (time
and cost) of developing a high-yielding fragrant rice in Malaysia through targeted introgression of fgr
gene by marker-assisted backcrossing of rice. (Cheng et al., 2017). Two sets of BC2F2 individuals
derived from a cross of one donor parent MRQ74, with two recurrent parents; MR84 (“Cross-17) and
MR219 (“Cross-27) carrying aromatic allele (aa) analysed for their agronomic performance of height,
grain length and yield resulted into ten good fragrant backcross lines in rice. The study concluded
that a high yielding fragrant rice could be obtained through targeted introgression of fgr gene through
marker-assisted backcrossing in rice. The study also for the first time validated the utilisation of the
single functional marker system (fgr-SNP) in introgressing the fgr gene into different rice varieties.

QTL and the Genes for the Aroma

The first QTL work using segregating F2 population, mapped aroma based on restriction fragment
length polymorphism ‘RFLP’ marker reported the marker RG28 to be linked to the aroma gene in
chromosome 8 at a distance of 4.5 cM (Ahn et al., 1992). Subsequent a QTL study was conducted
through bulk segregation analysis to construct map using RFLP and simple tag sequence (STSs)
performed on the core map of the whole genome. Aroma gene was located on chromosome 8 at 6.4
cM from marker RG28 with maximum LOD score of 14.5 explaining 69% of the variance in the aroma
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trait (Lorieux et al., 1996). This study further reported minor QTLs on chromosome 4 and 12 with the
LODs of 0.008 and 0.004, respectively. Later, SSR based mapping of 168 field grown F2 population
segregating for aroma confined the aroma gene between markers RM515 and SSRJ07 at a distance
of 386 and 591 bp, respectively (Bradbury et al., 2005a). By cloning this region using significant
bacteria artificial chromosome (BAC) clone AP004463 and re-sequencing the 17 genes in this BAC
clone, a 8 bp deletions and three SNPs corresponding to badh2 gene were identified and based on
this mutation, marker badh2-E7 was developed (Bradbury et al., 2005b). Subsequent fine mapping
study on 2891 segregating individuals for aroma reported the locus for aroma at an interval of 69 kb
(Chen et al., 2006). Based on this region, three candidate genes encoding eukaryotic-type carbonic
anhydrase, 3-methylcrotonyl-CoA carboxylase beta chain, and betaine aldehyde dehydrogenase were
identified.

A study that employed 23 markers on recombinant inbred lines (RILs) population derived from a
cross between basmati rice and a non-aromatic rice identified candidate genes aro3-1(chr 3) and aro-
8 (chr 8) at a physical interval of 390 kbp and 430 kbp, respectively (Singh et al., 2007). Speculating
another gene for aroma, fine mapping for the aroma gene was conducted using two populations
identified the aroma gene to be at an interval of 142.85 kb on BAC clones AP005301 and AP005537
(Sun et al., 2008). Later, sequence analysis revealed a new badh?2 allele with identical 8-bp deletion
and three SNPs in exon 7, but with a 7-bp deletion in exon 2 designated badh2-E2 (Shi et al., 2008).
Badh2 has also been reported as the major fragrant gene in Azucena (O. sativa japonica) rice and the
gene has been found to contain miniature interspersed transposable element (MITE) in its promoter
region (Bourgis ef al., 2008), and the presence of the MITE in 22 out of 81 rice varieties including
KDML (indica, group I), Azucena (japonica, group VI) and basmati (group V) rices suggested a
monophylogenetic origin of this badh2 mutation in Asian cultivated rices.

A sequence and BLAST analyses involving four nonaromatic and 24 aromatic rice identified a gene
allelic to badh2-E7, but with a new deletion mutation of 803 bp between exons 4 and 5 (FMbadh2-E4-5)
(Shao et al., 2011). In the same badh2 gene, Myint et al. (2012) reported a 3-bp insertion in exon
13 as a major allele found in aromatic rice varieties from Myanmar (Myint et al., 2012). In sorghum
line IS19912, a continuous 1444 bp deletion encompassing exon 12 to 15 of SbBADH2 IS19912
was identified on chromosome 7 for aromatic line (Yundaeng et al., 2013). Cheng et al. (2014)
applied SSR markers on 90 F2 segregating population for aroma and reported four QTL for aroma on
chromosome 8.

Pachauri ef al. (2014) conducted fine mapping of three aroma QTLs in basmati rice using a bi-
parental mapping population derived from a cross between Pusa 1121, a basmati rice variety, and
Pusa 1342, a non-aromatic rice variety to identify candidate genes for rice grain aroma. By combining
QTL mapping and transcriptome profiling approaches, ten genes: one on chromosome 3, eight on
chromosome 4 and one on chromosome 8 were identified. In a recent study, Cheng et al. (2014),
through comparative sequence analysis of two aromatic landrace in Vietnam using whole genome
sequencing revealed that chromosomes 8 and 11 of both rice landraces contained higher number and
islands of novel SNP polymorphism compared to other chromosomes. Hashemi et al. (2015) used
189 of F2 individuals from a cross of aromatic and a high yielding nonaromatic rice and detected two
QTLs on chromosomes 4, frg4-1, and 8, frg8-1. The locus for fgr8-1 was placed between RM223 (82.2
cM) and SCUO15RM (83.82 cM). Profiling studies have since identified compounds associated with
aroma and genomic wide association studies (GWAS) have mapped these compounds to chromosome
8 with a second QTL for levels of 2AP observed on chromosome 1 with three markers and candidate
genes (Daygon et al., 2017).
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Environmental Factors Affecting 2AP Production in Rice

Many soil factors including nutrition and salinity have been reported to impact on 2AP accumulation
(Asante et al., 2017). Srivastava and Singh (2007) reported the effect of nitrogen (N) and sulphur
(S) application in rice and reported that aroma was positively correlated with the grain N/S ratio.
Kumar and Kureel (2017) reported increase in yield in aromatic rice due to application of nitrogen
and phosphorus fertilzers compared to the control. Yang et al. (2012) investigated the role of nitrogen
in aroma synthesis in traditional Chinese regional aromatic rice by sensory and GC-MS analyses
coupled with alternative moving window factor analysis (AMWFA). Results showed that higher total
soil nitrogen content corresponded to higher I-proline content and total nitrogen (protein) content of
the brown rice, lower soluble protein content and stronger aroma of the brown rice. Another study
investigated manganese (Mn)-induced regulations in aroma formation and enzymes involved in 2AP
biosynthesis in two aromatic rice based on four levels of MnSO, of 100mg, 159mg, 200mg and
250mg per plot containing 15 kg of soil (Li ez al., 2016). Manganese was found to up-regulate proline,
pyrroline-5-carboxylic acid (P5C) (precursors of 2-AP), soluble proteins and activities of proline
dehydrogenase (ProDH), D1 pyrroline, pyrroline-5-carboxylic acid synthetase (PSCS), and ornithine
aminotransferase (OAT) that led to enhanced 2AP production in rice grains. The study pointed out that
the exact role of Mn in improving aroma is not understood and recommended other studies at molecular
levels to understand the mechanisms of Mn in improving rice aroma formation. A similar study was
conducted by Lei et al. (2017) to investigate the effect of exogenous application of mixed micro-
nutrient such as copper, manganese, zinc and potassium on aroma in two aromatic rice and reported
significant correlations among 2AP, Zn and Se (P 0.05). The study suggested further investigation on
the mechanism of these micronutrients in 2AP biosynthesis. In addition, the effect of salinity (NaCl
salt solution with EC of 3800 + 400 uSecm-1) on 2AP, proline, and y-aminobutyric acid (GABA)
were investigated by Poonlaphdecha et al. (2012) who reported that increased salinity was positively
associated with the levels of 2AP and proline, but not with GABA. The grains from the treatment
plants contained significantly higher levels of 2AP (733-998 ugekg') than those from the control
(592 pgekg?). The highest 2AP synthesis occurred when the plants were subjected to the treatment
during vegetative or reproductive phases. In Sri Lanka, however, Wijerantha et al. (2011) reported
weak survival of aromatic rice under salinity conditions compared to the nonaromatic cultivars. In a
glasshouse-scale experiment, however, difference in the ability of rice plants to produce mature seed
under salinity condition of 22mMsalt solution (from 11 weeks post-planting), with greater than 99%
inhibition of mature seed production for fragrant rice plants exposed to 22mM salt solution (from 11
weeks post-planting) was observed (Fitzgerald et al., 2010).

Besides the soil factors, the concentration of 2AP has been reported to increase with lower plant
densities (Goufo et al., 2010). The effect of solar radiation (shading) on the accumulation of 2AP and
on the accumulation of plant stress response molecules, namely, proline and gamma-aminobutyric
acid, which have also been implicated in pathways leading to 2-AP production in two elite Chinese
fragrant rice varieties were investigated (Mo et al., 2015) and the study revealed that 2AP and GABA
content in grains were significantly increased for all shading treatments in both varieties. Goufo et
al. (2010) investigated the effect of harvesting time on 2AP in Chinese rice varieties and reported the
highest 2AP concentrations associated with lower planting densities, the earliest harvesting time of 10
days after heading, the shortest storage time of 3 months, and the lowest storage temperature of - 4 °C.
The 2AP for grains kept for six months at 30 °C reduced from 3.73-1.3ugg-1 while those kept at -4
°C contained up to 4 times more 2AP compared to those stored at 30 °C. Similarly, Itani ez al. (2004)
showed that during grain development, the 2AP concentration in brown rice of Miyakaori reached a
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peak at 4 to 5 weeks after heading (WAH) and then decreased rapidly reaching a final concentration
of 20% and 40% of the peak at 7 to 8 WAH in early and later heading cultivars, respectively. The 2AP
concentration was higher in brown rice ripened at a low temperature (day: 25 °C/night: 20 °C) than
that ripened at a high temperature (day: 35 °C/night: 30 °C) in both short-grain cultivars.

Many storage and postharvest conditions such as temperature impact on the grain aroma. The effects
of drying methods of rice at 30, 40, 50, and 70 °C and storage length of 10 months on 2AP were
investigated (Worpongchai et al., 2003). Drying rice grains at lower temperature of 30°C was found
to maintain higher concentrations of the key aroma compound including 2AP and lower amounts of
the off-flavour compounds such as n-hexanal and 2-pentylfuran, regardless of the storage time. At
the same time 2AP concentrations decreased with storage whereas the quantities of n-hexanal and
2-pentylfuran contents were found to increase with storage duration. Accordingly, the average 2AP
after one month of storage (4.02 £0.60 ppm) was slightly more than double that after four months
(1.88+0.27 ppm) and more than four times that after 10 months of storage (0.89 +0.12 ppm). Similarly,
Yoshihashi et al. (2005) reported faster decrease of 2AP content at higher storage temperature than
at a storage temperature of 5 °C. Champagne et al. (2008) also reported that the 2AP concentration
was higher in brown rice ripened at a low temperature (day 25 °C; night 20 °C) than that those
ripened at a high temperature (day 35 °C; night 30 °C) in two short-grain rice cultivars. Another study
reported that rice samples stored at 30 °C had higher scores for pungent, oily, moldy/musty, sour
(taste), bitter, sour (aroma), and muddy/earthy flavor, while those stored at -20 °C had higher scores
for sweet (taste), fragrant, smooth (aroma), and sweet (aroma). The effect of degree of milling (DOM)
measured by surface lipid content (SLC) was evaluated by panelist. The raw milled-rice samples
varying in SLC level from 0.64% in brown rice to 0.25% typically were found not to tremendously
affect sensory rating differences by the panelists, but milling beyond 0.25% SLC reduced the aroma
level (Rodriguez-Arzuaga et al., 2016).

Future Prospects in Breeding Rice for Aroma

For so long a time, the issues of quality could not largely be taken into consideration due to the
need for self-sufficiency in rice (IRRI, 2010). Consequently, research previously focused on abiotic
constraints (Kilimo Trust, 2014). Despite the increasing global population, the need for increased
aroma and other grain quality attributes are gaining importance alongside the ongoing efforts
towards increased rice productivity (Fitzgerald et al., 2008). The aromatic rice improvement methods
including pure breeding methods that produced aromatic cultivars such as Basmati 370 and KDML-
105 (Singh et al., 2000), hybridization and selection in segregating generations have led to basmati
385 and super basmati (Singh et al., 2000) and super rice (Kilimo Trust, 2014) and mutation breeding
resulted in development of aromatic mutants such as KLM-14 and KLM-24. Some of these varieties
showed one or a few weaknesses including lower yield compared to the parents. Another attempt
involved hybrid breeding in China which has led to high yielding hybrid (6.9 t/ha) with good grain
quality, disease resistance, wide adaptability, moderate aroma and high acceptability (Singh et al.,
2000). This is a research direction for Africa and has been reported to increase yield by at least 20-
30% above the parents (AfricaRice, 2010). The technique has also improved mean yield and quality
performance in non-basmati aromatic rice (Oryza sativa L.) (Behera et al., 2017). Molecular biology
and biotechnology have opened new opportunities for genetic manipulation of the crop, especially
use of marker assisted selection (MAS), metabolic profiling and sequence analyses (Ashfag et al.,
2015). Through QTL and fine mapping work, the gene for aroma was identified (Bradbury et al.,
2005) and deeper understanding is further being explored using metabolomics and genomics (Daygon
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et al., 2017). QTL studies have identified genes for important traits, thus selection for multiple
traits may be possible through genomic selection (Asante et al., 2017). Current challenge in aroma
improvement, however, still remains causing a multiplicity of breeding objectives (Asante et al.,
2017) and subjectivity in aroma evaluation (Chambers et al., 2013). In addition, the need for involving
small effect QTLs/genes for aroma (Pachauri et al., 2010; Daygon et al., 2017) besides the need to
determine the proportion of the resulting different compounds responsible for the specific flavor in rice
has become apparent (Bryant and McClung, 2011). Prediction models for sensory descriptors based
on the volatile components derived from gas chromatography-olfactometry (GCO) would be useful in
selecting rice cultivars containing a satisfactory flavor to produce improved quality in rice breeding
programs. The use of genetic and chemical based approaches and manipulation of environmental
conditions can supplement efforts to accumulate and retain 2AP in rice.

Acknowledgements.

The financial support from Mak-Sida programme, National Crops Resources Institute (NaCCRI) and
Gulu University is gratefully acknowledged. This paper is the contribution to the Sixth African Higher
Education Week and RUFORUM Biennial Conference held 22-26 October 2018 in Nairobi, Kenya.

References

Africa Rice Center (AfricaRice). 2010. New Breeding Directions at AfricaRice: Beyond NERICA.
Cotonou, Benin: 24 pp.

Ahn, S. N., Bollich, C. N. and Tanksley, S. D. 1992. RFLP tagging of a gene for aroma in rice.
Theoret. Appli Genet 84: 825-828

Arikit, S., Yoshihashi, T., Wanchana, S., Uyen, T. T., Huong, N. T. T., Wongpornchai, S. and Apichart,
V. 2011. Deficiency in the amino aldehyde dehydrogenase encoded by GmAMADH 2 , the
homologue of rice Os2AP , enhances 2-acetyl-1-pyrroline biosynthesis in soybeans (Glycine max
L.). Plant Biotechnology Journal 9: 75-87. https://doi.org/10.1111/1.1467-7652.2010.00533.x

Asante, M.D. 2017. Breeding rice for improved grain quality. Advances in international rice research.
IntechOpen. pp. 69-89. Doi: http://dx.doi.org/10.5772/66684

Ashfaq, M., Farooq, H. U., Sabar, M., Ali, A. and Ali, M. 2015. Molecular screening of aroma genes
in indigenous and exotic rice germplasm. Biologia 61 (2): 313-317.

Behera, M., Sharma, D., Singh, O.N. and Verma, R.L. 2017. Mean performance analysis for yield
and quality related traits in non-basmati aromatic rice (Oryza sativa L.). The Pharma Innovation
Journal 6 (11): 350-357.

Bourgis, F., Guyot, R., Gherbi, H., Tailliez, E., Amabile, 1., Salse, J., Lorieux, M., Delseny, M. and
Ghesquiere, A. 2008. Characterization of the major fragance gene from an aromatic japonica rice
and analysis of its diversity in Asian cultivated rice. Theoretical and Applied Genetics 117 (3):
353-368.

Bradbury, L.M.T., Fitzgerald, T.L., Henry, R.J., Jin, Q. and Waters, D.L.E. 2005. The gene for fragrance
in rice. Plant Biotechnology Journal 3: 363-370. doi: 10.1111/5.1467-7652.2005.00131.x

Bradbury, L. M. T., Henry, R. J., Jin, Q., Reinke, R. F. and Waters, D. L. E. 2005. A perfect marker for
fragrance genotyping in rice. Molecular Breeding 16: 279-283.

Bryant, R.J. and McClung, A.M. 2011. Volatile profiles of aromatic and non-aromatic rice cultivars
using SPME/GC-MS. Food Chemistry 124: 501-513.

Buttery, R. G., Turnbaugh, J. G. and Ling, L. C. 1988. Contribution of volatiles to rice aroma. Journal
of Agricultural and Food Chemistry 36: 1006-1009. doi: 10.1021/jf00083a025 .




864 Ocan, D. et al.

Buttery, R.G., Juliano, B.O. and Ling, L.C. 1983. Identification of rice aroma compound 2-acetyl-1-
pyrroline in Pandan leaves. ChemlInd: London, UK. 23: 478.

Calingacion, M., Laborte, A., Nelson, A ., Resurreccion, A., Concepcion, J. C., Daygon, V. D. and
Fitzgerald, M. 2014. Diversity of global rice markets and the science required for consumer-
targeted rice breeding. PLoS 9 (1): 1-12. https://doi.org/10.1371/journal.pone.0085106.

Chakraborty, D., Deb, D. and Ray, A. 2016. An analysis of variation of the aroma gene in rice (Oryza
sativa L . subsp . indica Kato ) landraces. Genetic Resources and Crop Evolution 63 (6): 953-959.
https://doi.org/10.1007/s10722-016-0414-z.

Chambers, E. and Koppel, K. 2013. Associations of Volatile Compounds with Sensory Aroma and Flavor:
The Complex Nature of Flavor. Molecules 18: 4887-4905. doi: 10.3390/molecules18054887.

Champagne, E.T. 2008. Rice aroma and flavor: A literature review. Cereal Chem. 85 (4):445-454.

Chen, S., Wu, J., Yang, Y., Shi, W., and Xu, M. 2006. The fgr gene responsible for rice fragrance was
restricted within 69 kb. Plant Science 171: 505-514. https://doi.org/10.1016/j.plantsci.2006.05.013.

Cheng, A., Ismail, 1., Osman, M., Hashim, H. and Mohd Zainual, N.S. 2017. Rapid and targeted
introgression of fgr gene through marker-assisted backcrossing in rice (Oryza sativa L.). Genome
60 (12): 1045-1050.

Cheng, A., Ismail, I., Osman, M. and Hashim, H. 2014. Mapping of quantitative trait loci for aroma,
amylose content and cooked grain elongation traits in rice. Plant Omic Journal 7 (3): 152-157.
Dawe, D., Pandey, S. and Nelson, A. 2010. Emerging trends and spatial patterns of rice production.
Rice in the global economy: strategic research and policy issues for food security. Los Banos,

Philippines: International Rice Research Institute (IRRI).

Daygon, V.D., Calingacion, M., Forster, L.C., De Voss, J.J., Schwartz, B.D., Ovenden, B., Alonso,
D.E., McCouch, S.R., Garson, M.J. and Fitzgerald, M.A. 2017. Metabolomics and genomics
combine to unravel the pathway for the presence of fragrance in rice. Scientific Reports 7: 8767
12p, DOI: 10.1038/s41598-017-07693-9

Dhulappanavar, C.V. 1976. Inheritance of scent in rice. Euphytica 25: 659-662

Dong, Y., Tsuzuki, E. and Terao, H. 2001. Trisomic genetic analysis of aroma in three Japanese native
rice varieties (Oryza sativa L.). Euphytica 117: 191-196.

Dudareva, N., Negre, F, Nagegowda, D.A. and Orlova, 1. 2006. Plant volatiles: Recent
advances and future perspectives: Critical Reviews in Plant Sciences 25 (5): 417-440. DOIL:
10.1080/07352680600899973

Fitzgerald, M.A, McCouch, S.R. and Hall, R.D. 2008. Not just a grain of rice: The quest for quality.
Trends in Plant Science 14 (3): 133-9.

Fitzgerald, M.A., Hamilton, N.R.S., Calingacion, M.N., Verhoeven, H.A. and Butardo, V.M. 2008. Is
there a second gene for fragrance in rice? Plant Biotechnol J 6: 416-423.

Fitzgerald, M.A., McCouch, S.R. and Hall, R.D., 2009. Not just a grain of rice: the quest for quality.
Trends in Pant Science 14 (3): 133-139. doi:10.1016/j.tplants.2008.12.004.

Fitzgerald, T. L., Waters, D. L. E., Brooks, L. O. and Henry, R. J. 2010. Fragrance in rice (Oryza
sativa) is associated with reduced yield under salt treatment. Environmental and Experimental
Botany 68 (3): 292-300. https://doi.org/10.1016/j.envexpbot.2010.01.001

Garland, S., Lewin, L., Blakeney, A., Reinke, R. and Henry, R. 2000. PCR-based molecular markers
for the fragrance gene in rice (Oryza sativa. L.). Theor Appl Genet 101: 364-371.

Gaur, A., Parray, G.A., Shikari, A.B., Wanil, S.H., Malav, A.K., Najeeb, S. and Bhat, M.A. 2017. An
assessment of temperate rice (Oryza sativa L.) germplasm for grain quality attributes. Int. J. Curr.
Microbiol. App. Sci 6 (6): 728-735.

Gonya, N.P,, Sreedhar, M., Surender, Raju Ch. and Vanisree, S. 2016. Heterosis and gene action
studies involving aromatic lines for grain quality traits in rice. Int. J. of Life Sciences 4 (4): 517-



The RUFORUM Sixth Biennial Regional Conference 22 - 26 October 2018, Nairobi, Kenya 865

528. ISSN: 2320-7817 eISSN: 2320-964X.

Goufo, P., Duan, M., Wongpornchai, S., Tang, X. and Tang, X. 2010. Some factors affecting
concentration of the aroma compound 2-acetyl-1-pyrroline in two fragrant rice cultivars grown in
South China. Fron. Agric. China 4 (1): 1-9. https://doi.org/10.1007/s11703-009-0087-x.

Hashemi, F.S.G., Rafii, M.Y., Ismail, M.R., Mohamed, M.T.M., Rahim, H.A., Latif, M.A. and
Aslani, F. 2015. Opportunities of marker-assisted selection for rice fragrance through marker—trait
association analysis of microsatellites and gene-based markers. Plant Biology 17 (5): 953-960.
doi:10.1111/plb.12335i.

Hien, N.L., Yoshihasi, T., Sarhadi, W.A., Thanh, V.C., Oikawa, Y. and Hirata, Y. 2006. Evaluation
of aroma in rice (Oryza Sativa L.) using KOH method, molecular markers and measurement of
2-Acetyl-1-Pyrroline concentration. Jpn. J. Trop. Agr 50 (4): 190-198,

Hinge, V. R., Patil, H. B. and Nadaf, A. B. 2016. Aroma volatile analyses and 2AP characterization at
various developmental stages in Basmati and Non-Basmati scented rice (Oryza sativa L.) cultivars.
Rice 9 (38): 1-22. https://doi.org/10.1186/s12284-016-0113-6.

Huang, Z., Tang, X., Wang, Y., Chen, M., Zhao, Z., Duan, M. and Pan, S. 2012. Effects of increasing
aroma cultivation on aroma and grain yield of aromatic rice and their mechanism. Scientia
Agricultura Sinica 45 (6): 1054-1065. doi: 10.3864/j.issn.0578-1752.2012.06.003.

International Rice Research Institute (ICRI). 1971. Annual Report for 1970. Los Bafios, Laguna,
Philippines. pp. 265.

Itani, T., Tamaki, M., Hayata, Y., Fushimi, T. and Hashizume, K. 2004. Variation of 2-acetyl-1-
pyrroline concentration in aromatic rice grains collected in the same region in Japan and factors
affecting its concentration. Plant Prod Sci 7: 178-183.

Kang, B., Lee, J.E. and Park, H. 2014. Qualitative and quantitative prediction of volatile compounds
from initial amino acid profiles in korean rice wine (makgeolli) Model. Journal of Food Science
79: 106-177. Nr. 6,2014 doi: 10.1111/1750-3841.12489

Kaushik, A., Saini, N., Jain, S., Rana, P., Singh, R.K. and Jain, R.K. 2003 Genetic analysis of a
CSR10 (indica) x Taraori Basmati F-3 population segregating for salt tolerance using SSR markers.
Euphytica 134: 231-238.

Khush, G.K. 2000. Taxonomy and Origin of Rice. In: Rices. Chapter 2. International Rice Research
Institute, Los Baios, Philippines.

Kilimo Trust (KT). 2014. Expanding Markets for Rice in the East African Community (EAC) Region:
Regional solution to local problems. Kilimo Trust, Kampala. 64p.

Kumar, R. and Kureel, R.S. 2017. Effect of nitrogen and phosphorus on yield and quality of scented
rice cv. Pusa Basmati-1. Journal of Pharmacognosy and Phytochemistry 6 (4): 1418-1420.

Kumari, P, Ahuja, U., Jain, S. and Jain, R. K. 2012. Fragrance analysis using molecular and
biochemical methods in recombinant inbred lines of rice. African Journal of Biotechnology 11
(91): 15784-15789.

Li, M., Ashraf, U., Tian, H., Mo, Z., Pan, S., Anjum, S.A., Duan, M. and Tang, X., 2016. Manganese-
induced regulations in growth, yield formation, quality characters, rice aroma and enzyme involved
in 2-acetyl-1-pyrroline biosynthesis in fragrant rice. Plant Physiology and Biochemistry 103: 167-
175.

Li, M., Ashraf, U., Tian, H., Mo, Z., Pan, S., Anjun, S. A., Duan, M. and Tang, X. 2016. Plant
physiology and biochemistry manganese-induced regulations in growth, yield formation, quality
characters, rice aroma and enzyme involved in 2-acetyl-1-pyrroline biosynthesis in fragrant rice.
Plant Physiology and Biochemistry 103: 167-175.

Limpawattana, M., Yang, D.S., Kays, S.J. and Shewfelt, R.L. 2008. Relating sensory descriptors to
volatile components in flavor of specialty rice types. Journal of Food Science 73 ( 9) 456-462. doi:




866 Ocan, D. et al.

10.1111/5.1750-3841.2008.00952.x

Lin, C.E, Hsieh, T.C.Y. and Hoff, B.J. 1990. Identification and quantification of the “popcorn”-like
aroma in Louisiana aromatic Delia rice (Oryza sativa, L.). Journal of Food Science 55 (5): 1466-
1467.

Linares, O.F. 2002 African rice (Oryza glaberrima): history and future potential. Proceedings of the
National Academy of Sciences 99 (25): 16360-5.

Lorieux, M., Petrov, M., Huang, N., Guiderdoni, E. and Ghesquieure, A. 1996. Aroma in rice: Genetic
analysis of a quantitative trait. Theor Appl Genet 93: 1145-1151.

Maruyama, A., Asea, G., Okello, S.E., Tsuboi, T., Takagaki, M. and Kikuchi, M. 2013. Exploration
of rainfed rice farming in Uganda based on a nationwide survey: Regionality, varieties and yield.
African Journal of Agricultural Research § (29): 4038-4048. DOI: 10.5897/AJAR12.121.

Masette, M., Candia, A., Khakasa, E., Okurut, S. and Tinyiro, S. 2013. Preferences of Ugandan
consumers for rice varieties and brands on the local market. Uganda Journal of Agricultural
Sciences 14 (2): 1-11.

Mo, Z., Li, W., Pan, S., Fitzgerald, T.L., Xiao, F,, Tang, Y., Wang, Y., Duan, M., Tian, H. and Tang,
X. 2015. Shading during the grain filling period increases 2-acetyl-1-pyrroline content in fragrant
rice. Rice 8 (9): 1-17. DOI 10.1186/s12284-015-0040-y

Myint, M. K., Arikit, S., Wanchana, S., Yoshihashi, T., Choowongkomon, K. and Vanavichit, A. 2012.
A PCR-based marker for a locus conferring the aroma in Myanmar rice (Oryza sativa L.). Theor
Appl Genet 125: 887-896. https://doi.org/10.1007/s00122-012-1880-0.

Nadaf, A.B., Krishnan, S. and Wakte, K.V. 2006. Histochemical and biochemical analysis of major
aroma compound (2-acetyl-1-pyrroline) in Basmati and other scented rice (Oryza sativa L). Curr
Sci 91: 1533-1536.

Pachauri, V., Mishra, V., Mishra, P., Singh, A K., Singh, S., Singh, R. and Singh, N.K. 2014. Identification
of candidate genes for rice grain aroma by combining qtl mapping and transcriptome profiling
approaches. Cereal Research Communications 42 (3): 376-388 DOI: 10.1556/CRC.42.2014.3.2

Pachauri, V., Singh, M. K., Singh, A. K., Singh, S., Shakeel, N. A., Singh, V. P. and Singh, N. K.
2010. Origin and genetic diversity of aromatic rice varieties , molecular breeding and chemical and
genetic basis of rice aroma. J. Palnt Biochemistry & Biotechnology 19 (2): 127-143.

Patil, K.G., Nagesh., Patil, V.G., Kulkarni, R. S. and Shashidhar, H. E. 2012. Inheritance of aroma in
aromatic rice (Oryza sativa L.) genotypes. Annals of Biological Research 3 (12): 5472-5474.1SSN
0976-1233

Pinson, S.R.M. 1994. Inheritance of aroma in six rice cultivars. Crop Sci 34: 1151-1157.

Poonlaphdecha, J., Maraval, I., Roques, S., Audebert, A., Boulanger, R., Bry, X. and Gunata, Z. 2012.
effect of timing and duration of salt treatment during growth of a fragrant rice variety on yield and
2-Acetyl-1-pyrroline, Proline, and GABA Levels. J. Agric Food Chem 60: 3824-3830.

Priyadarshini, M., Kumar, P. and Sharma, V.K. 2018. Molecular differentiation and classification
in relation to fragrance of landraces and improved varieties of aromatic rice using microsatellite
markers. International Journal of Chemical Studies 6 (2): 3014-3021

Rana, J.C., Negi, K. S., Wani, S.A., Saxena, S., Pradheep, K., Kak, A., Pareek, S.K. and Sofi, P.A.
2009. Genetic resources of rice in the Western Himalayan region of India: Current status. Genet
Resour Crop Evol 56: 963-973. DOI 10.1007/s10722-009-9415-5

Rodriguez-Arzuag, M., Cho, S., Billiris, M.A., Siebenmorgena, T. and Seoa, H. 2015. Impacts of
degree of milling on the appearance and aroma characteristics of raw rice. J Sci Food Agric 96:
3017-3022. DOI 10.1002/jsfa.7471

Roy, S., Banerjee, A., Senapati, B.K. and Sarkar, G. 2012. Comparative analysis of agro-morphology,
grain quality and aroma traits of traditional and Basmati-type genotypes of rice, Oryza sativa L.



The RUFORUM Sixth Biennial Regional Conference 22 - 26 October 2018, Nairobi, Kenya 867

Plant Breeding 131 (4): 486-492. doi:10.1111/5.1439-0523.2012.01967.x

Sarhadi, W.A., Ookawa, T., Yoshihashi, T., Madadi, A.K., Yosofzai, W., Oikawa, Y. and Hirata, Y.
2009. Characterization of aroma and agronomic traits in afghan native rice cultivars. Plant Prod.
Sci 12 (1): 63-69.

Shao, G., Tang, S., Chen, M., Wei, X., He, J., Luo, J. and Hu, P. 2013. Genomics haplotype variation
at Badh2 , the gene determining fragrance in rice. Genomics 101 (2): 157-162. https://doi.
org/10.1016/].ygeno.2012.11.010.

Shi, Y., Zhao, G., Xu, X. and Li, J. 2013. Discovery of a new fragrance allele and development of
functional markers for identifying diverse fragrant genotypes in rice. Mol Breed 33: 701-708.

Singh, R., Singh, A.K., Sharma, T.R., Singh, I.A. and Singh, N.K. 2007. Fine mapping of aroma QTLs
in Basmati rice (Oryza sativa L) on chromosomes 3, 4 and 8. Journal of Plant Biochemistry and
Biotechnology 16 (2): 75-82. DOI: 10.1007/BF03321978

Singh, R.K., Singh, U.S. and Khush, G.S. 2000. Grain quality evaluation procedures. In: Aromatic
rices. Science Publishers, Inc.: Oxford; 15-28.

Singh, R.K., Singh, U.S. and Kush, G.S. 2000. Aromatic Rices. 300 pp. ISBN 81-204-1420-9

Sood, B.C. and Siddiq, E.A. 1978. A rapid technique for scent determination in rice. Indian J Genet
Plant Breed 38 (2): 268-275.

Srivastava, P.C. and Singh, U.S. 2007. Effect of graded levels of nitrogen and sulfur and their
interaction on yields and quality of aromatic rice. Journal of Plant Nutrition 30: 8§11-828. DOI:
10.1080/01904160701290113

Sun, X. S., Gao, F. Y., Jun, L. X., Wu, X. J., Dong, W. X., Ren, G. J. and Luo, H. 2008. Genetic
analysis and gene fine mapping of aroma in rice (Oryza sativa L. Cyperates, Poaceae). Genetis and
Molecular Biology 538: 532-538.

Tsuboi Tatshusi. 2012. Upland Rice Cultivation Guide. Promotion of Rice Development (PriDe)
Project, NaCRRI, NARO-Uganda. 7pp.

Tsuzuki, E. and Shimokawa, E. 1990. Inheritance of aroma in rice. Euphytica 46: 157-159.

Wijerathna, Y. M. A. M., Kottearachchi, N. S., Gimhani, D. R. and Sirisena, D. N. 2011. Sri Lankan
Fragrant rice (Oryza Sativa L.) varieties are associated with decreased salt tolerance. pp. 51-55 In:
Proceeding of 11th Agricultural Research Symposium.

Wilkie, K., Wootton, M. and Paton, J.E. 2004. Sensory testing of Australian fragrant, imported
fragrant, and non-fragrant rice aroma. International Journal of Food Properties 7 (1): 27-36.

Wilkie, K. and Wootton, M. 2004. Flavour qualities of new Australian fragrant rice cultivars- http://
www. rirdc. gov. au/reports/RIC/04-160sum. html. Australian Government-Rural Industries
Research and Development Corporation (RIRDC).

Wongpia, A., Roytrakul, S., Nomura, M., Tajima, S., Lomthaisong, K., Mahatheeranont, S. and
Niamsup, H. 2016. Proteomic analysis of isogenic rice reveals proteins correlated with aroma
compound biosynthesis at different developmental stages. Molecular Biotechnology 58: 117-129
doi:10.1007/s12033-015-9906-x .

Wongpornchai, S., Sriseadka, T. and Choonvisase, S. 2003. Identification and quantitation of the
rice aroma compound, 2-acetyl-1-pyrroline, in bread flowers (Vallaris glabra Ktze). J Agric Food
Chem 51: 457-462.

Yang, S., Zou, Y., Liang, Y., Xia, B., Liu, S., Ibrahim, M., Li, D., Li, Y., Chen, L., Zeng, Y. and Liu, L.
2012. Role of soil total nitrogen in aroma synthesis of traditional regional aromatic rice in China.
Field Crops Research 125: 151-160.

Yeap, H. Y., Faruq, G., Zakaria, H. P. and Harikrishna, J. A. 2013. The efficacy of molecular markers
analysis with integration of sensory methods in detection of aroma in rice. Scientific World Journal.
Retrieved from http://dx.doi.org/10.1155/2013/569268 %0AResearch.




868 Ocan, D. et al.

Yoshihashi, T., Huong, N.T.T., Surojanametakul, V., Tungtrakul, P. and Varanyanond, W. 2005. Effect
of storage conditions on 2—Acetyl-1-pyrroline content in aromatic rice variety, khao dawk mali
105. Journal of food science 70 (1): S34-S37.

Yundaeng, C., Somta, P., Tangphatsornruang, S., Wongpornchai, S. and Srinives, P. 2013 Gene
discovery and functional marker development for fragrance in sorghum (Sorghum bicolor (L.)
Moench). Theor Appl Genet 126: 2897-906.

Zacharia, H.P., Farug, G., Taha, R.M. and Rashid, K.A. 2017. Agronomic, transcriptomic and
metabolomic expression analysis of aroma gene (badh2) under different temperature regimes
in rice. International Journal of Agriculture and Biology 19 (3): 1814-9596. DOI: 10.17957/
[JAB/15.0340 http://www.fspublishers.org.



