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Co‑functioning of 2AP 
precursor amino acids enhances 
2‑acetyl‑1‑pyrroline under salt 
stress in aromatic rice (Oryza sativa 
L.) cultivars
N. Renuka1, Vitthal T. Barvkar1, Zahid Ansari2, Chunfang Zhao3, Cailin Wang3, 
Yadong Zhang3* & Altafhusain B. Nadaf1*

Aromatic rice (Oryza sativa) fetches a premium price due to the pleasant aroma. The major aroma 
compound 2-acetyl-1-pyrroline (2AP) has been found to be enhanced under stress. This condition can 
be considered to study the genes, precursors, enzymes, and metabolites involved in elevated levels of 
2AP biosynthesis. In the present study, 100 mM salt treatment was given to two aromatic rice cultivars 
Ambemohar-157 (A-157) and Basmati-370 (B-370) at the vegetative stage (VS3). After salt treatment, 
in the leaves, 2AP contents were elevated by 2.2 and 1.8 fold in A-157 and B-370, respectively. Under 
these elevated 2AP conditions, the precursor amino acids (glutamate, putrescine, ornithine, and 
proline), their related genes, enzymes, and metabolites (methylglyoxal and γ-aminobutyric acid 
(GABA) related to 2AP biosynthesis were analyzed. In addition, agronomic characters were also 
studied. It was observed that the proline content was enhanced in both the cultivars by 29% (A-157) 
and 40% (B-370) as compared to control. The Δ1-pyrroline-5-carboxylate synthetase (P5CS) enzyme 
activity was increased in salt-treated plants leaf tissue by 31% (A-157) and 40% (B-370) compared to 
control. The P5CS gene expression was enhanced by A-157 (1.8 fold) and B-370 (2.2 fold) compared to 
control, putrescine content in A-157 and B-370 decreased by 2.5 and 2.7 fold respectively as compared 
to control. The ornithine decarboxylase (ODC) activity was enhanced in A-157 (12%) and B-370 (35%) 
over control. Further, ODC gene expression was enhanced in both the cultivars A-157 (1.5 fold) and 
B-370 (1.3 fold). The diamino oxidase (DAO) enzyme activity was increased by 28% (A-157) and 35% 
(B-370) respectively over control. The GABA content marginally increased over control in both the 
cultivars namely, A-157 (1.9%) and B-370 (9.5%). The methylglyoxal levels were enhanced by 1.4 
fold in A-157 and 1.6 fold in B-370. Interestingly, the enhancement in 2AP in the vegetative stage 
also helped to accumulate it in mature grains (twofold in A-157 and 1.5 fold in B-370) without test 
weight penalty. The study indicated that the ornithine and proline together along with methylglyoxal 
contribute towards the enhancement of 2AP under salt stress.

In aromatic rice (Oryza sativa), the fragrance is the major trait that increases its demand in the international 
market. The rice aroma comprises of more than 200 volatiles and 2-acetyl-1-pyrroline (2AP) is a foremost com-
ponent for the pleasant aroma1,2. The non-functional betaine aldehyde dehydrogenase 2 (BADH2) gene leads 
to accumulate 2AP in aromatic rice3. Nowadays, researchers are focusing more on the biosynthesis of 2AP in 
aromatic rice4,5. Initially, proline was only identified as the precursors, later ornithine, glutamate, putrescine, etc. 
were also found to act as precursors in 2AP biosynthesis6–8. The precursors ornithine and glutamate can produce 
a common metabolite Δ1-pyrroline-5-carboxylic acid (P5C) through enzymes ornithine aminotransferase (OAT), 
and Δ1-pyrroline-5-carboxylic acid synthetase (P5CS)9,10. Apart from this, ornithine is also metabolized to the 
polyamine putrescine through ornithine diamine oxidase (DAO) that further gets converted to Δ1-pyrroline 
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by ornithine decarboxylase (ODC) to produce 2AP. Another possible pathway to synthesize 2AP is through 
methylglyoxal non-enzymatic reaction directly with Δ1-pyrroline-5-carboxylate (P5C)9,11.

The environmental factors play a vital role in defining rice aroma12–14. It has been reported that soil salinity 
has a positive correlation with 2AP synthesis in aromatic rice15,16. In the leaves of aromatic rice, salinity elevated 
2AP concentration13. If the aromatic rice plant is exposed to salt stress during tillering, it increases the 2AP 
level in the grains17,18 however, yield is reduced19. Poonlaphdecha et al.18 studied the effect of salinity at differ-
ent growth phases in aromatic rice and revealed that during the vegetative and reproductive phase, it enhances 
2AP but significantly reduces the crop yield. Thus, from the previous reports, it’s clear that if the aromatic rice is 
treated with salt stress during the vegetative phase, it enhances 2AP in the leaves as well as in the grains, but the 
enzymatic and molecular mechanisms related to 2AP enhancement and the related gene expression have rarely 
been studied20. Therefore, in the present study, 100 mM salt treatment was given to two aromatic rice cultivars 
Ambemohar-157 (A-157) and Basmati-370 (B-370) at the vegetative stage (VS3). After salt treatment, in the 
leaves, 2AP contents were elevated by 2.2 and 1.8 fold in A-157 and B-370, respectively. Under these elevated 
2AP conditions, the precursor amino acids (glutamate, putrescine, ornithine, and proline), their related genes, 
enzymes, and metabolites (methylglyoxal and γ-aminobutyric acid (GABA)) related to 2AP biosynthesis were 
analyzed.

Results
Optimization of concentration and period of salt treatment for optimal 2AP synthesis in 
A‑157.  Among the treatments (40, 60, 80, 100, and 120 mM NaCl), 100 mM concentration showed optimal 
2AP synthesis in terms of its peak area hence this concentration was selected for the determination of the period 
of salt treatment (Fig. 1A). For this, fresh pots of seedlings were again raised following the above procedure and 
treated with salt with a gradual increment of 20 mM salt until it reached the desired concentration of 100 mM. 
For every alternate day, leaf tissue was harvested and 2AP was analyzed in replicates till the 16th day of treat-
ment. Amongst these, the 10th day showed maximum 2AP synthesis in terms of its peak area hence, this time 
point was selected as an optimum period of treatment (Fig. 1B). In order to create the optimal condition for 
maximum 2AP synthesis, optimization of salt treatment is necessary. This optimal condition provides an oppor-
tunity to study 2AP related genes, precursors, and metabolites.

Quantification of 2AP in leaves at 100  mM salt treatment.  Under the optimized conditions, in 
A-157 and B-370, 2AP content increased by 2.2 and 1.8 fold respectively over control (Fig.  1C). It has been 
reported that 2AP content increased significantly under saline conditions during the vegetative stage in aromatic 
cultivars16,18.

Quantification of precursor amino acids, their enzyme assays, and related gene expression 
analyses under optimal 2AP synthesis.  Glutamate and proline.  Under the optimized conditions, the 
glutamate content significantly decreased in both the rice cultivars by 29% (A-157) and 32% (B-370) compared 
to control (Fig. 2A). However, under the same treatment, proline content was significantly enhanced in leaf tis-
sue in both the cultivars by 29% (A-157) and 40% (B-370) compared to control (Fig. 2B). The increment in pro-
line can be correlated with the P5CS enzyme activity and gene expression. P5CS enzyme activity was increased 
significantly in both the cultivars by 31% (A-157) and 40% (B-370) compared to control (Fig. 2C). The P5CS 
gene expression was significantly enhanced in A-157 (1.8 fold) and B-370 (2.2 fold) over control (Fig. 2D). A 
similar reduction in glutamate content was reported in detached leaves under water stress21. It has been reported 
that under salt stress conditions in leaves of aromatic rice proline get accumulated16,18,22. The enhanced expres-
sion of the P5CS gene was reported in salt-stressed aromatic seedlings23.

Ornithine.  Under the optimized conditions, ornithine content was increased significantly in A-157 and B-370 
by 19% and 35% respectively in the leaves (Fig. 3A). The OAT enzyme activity was elevated by 60% and 45% 
in A-157 and B-370 respectively over control (Fig. 3B). The OAT gene expression was significantly increased by 
2.1 and 1.8 fold in A-157 and B-370 respectively in the leaf tissue (Fig. 3C). An increment in ornithine content 

Figure 1.   Optimization of (A) NaCl concentration, (B) period of treatment at 100 mM NaCl for maximum 
2AP synthesis in the leaf tissue of A-157 rice cultivar (C) Quantification of 2AP in salt-treated plants leaf tissue 
in aromatic rice cultivars.
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under stress was reported in rice under water stress21. Other than rice, increased OAT activity in salt-stressed 
cashew plants and, proline accumulation during salinity was also correlated with increased OAT activity24. The 
increased expression of the OAT gene was observed in salt-treated radish cotyledons25 and Arabidopsis thaliana 
seedlings exposed to 200 mM NaCl26. Banerjee et al.23 reported increased expression of the OAT gene in aro-
matic cultivars under salt stress conditions.

Putrescine.  Under the optimized conditions, the putrescine content in both the cultivars A-157 and B-370 
significantly decreased by 2.5 and 2.7 fold respectively in the leaves compared to control (Fig. 4A). The ODC 
activity was significantly enhanced in A-157 (12%) and B-370 (35%) over control (Fig. 4B). Further, ODC gene 
expression was enhanced in both the cultivars A-157 (1.5 fold) and B-370 (1.3 fold) (Fig. 4C). Banerjee et al.16 
also observed a drastic reduction in putrescine content in aromatic rice seedlings under salt stress.

DAO.  Under the optimized conditions, the DAO enzyme activity was significantly increased by 28% (A-157) 
and 35% (B-370) respectively over control (Fig. 4D). Banerjee et al.23 reported enhancement in the ODC gene 
expression in two varieties under salt stress conditions.

Figure 2.   Determination of (A) Glutamate, (B) Proline content, (C) P5CS enzyme assay and (D) P5CS gene 
expression in the leaf tissue of aromatic rice cultivars grown under salt stress.

Figure 3.   Estimation of (A) Ornithine content (B) OAT enzyme assay (C) OAT gene expression in leaf tissue of 
aromatic rice cultivars grown under salt stress.
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BADH2.  Under the optimized conditions, BADH2 enzyme activity was significantly decreased in the leaf tis-
sues in both the cultivars by 45% and 23% in A-157 and B-370 respectively over control (Fig. 5A). The BADH2 
gene expression was decreased significantly by 1.8 and 1.4 fold in A-157 and B-370, respectively (Fig. 5B). It is in 
agreement with the previous report of Banerjee et al.16. In their recent study, they observed reduced expression 
of the BADH2 gene under salt stress in four aromatic varieties from West Bengal23.

GABA.  Under the optimized conditions, GABA content differentially increased in both the cultivars over con-
trol. In A-157 (1.9%) the increment was non-significant whereas, in B-370 (9.5%) it was significant (Fig. 5C). 
GABA content was reported to enhance significantly under salt stress during initial vegetative and reproductive 
phases18. Further, in the latest report, increased GABA content in the seedlings of non-aromatic and also some 
aromatic rice varieties were observed16.

Methylglyoxal.  Under the optimized conditions, the methylglyoxal levels were significantly enhanced in the 
leaf tissue by 1.4 fold in A-157 and 1.6 fold in B-370 (Fig. 5D) over control. Similar observations were reported 
under saline conditions in aromatic rice varieties16.

2AP in mature grains.  Under the optimized conditions, the 2AP content in seeds was significantly increased by 
twofold in A-157 and 1.5 fold in B-370 over control (Fig. 6). Gay et al.17 also observed that when aromatic rice 
cultivars were grown in the field with salt stress increases 2AP in grains. Poonlaphdecha et al.18 reported signifi-
cant increases in 2AP content in the grains when aromatic rice plants were treated with NaCl.

Assessment of phenotypic traits in the salt‑treated cultivars.  In both the cultivars, under the 
optimized conditions, panicle length and spikelet percentage significantly reduced after treatment, whereas, in 
B-370, plant height, test weight, and the number of grains were significantly reduced. The number of productive 
tillers, length, and breadth of the grains didn’t change significantly in salt-treated seedlings in both the cultivars 
(Table 1). It is reported that when salt stress was induced during the vegetative phase, test weight was not sig-
nificantly reduced18. In Aychade aromatic rice, salt stress induced during the vegetative phase did not induce a 
severe effect in agronomic traits18.

Correlation analysis.  The correlation analysis between precursor amino acids and 2AP at vegetative as 
well as mature stages of growth indicated a positive correlation of 2AP with proline and ornithine and a negative 
correlation with other amino acids (Fig. 7A,B). This indicates the involvement of ornithine and proline towards 

Figure 4.   Quantification of (A) Putrescine (B) ODC enzyme (C) ODC gene expression and (D) DAO enzyme 
in the leaf tissue of aromatic rice cultivars grown under control and salt stress.



5

Vol.:(0123456789)

Scientific Reports |         (2022) 12:3911  | https://doi.org/10.1038/s41598-022-07844-7

www.nature.com/scientificreports/

2AP synthesis at both stages. The correlation analysis also supports the upregulation of these amino acids and 
their related enzymes and genes observed in the present study.

Discussion
The glutamate is an osmoregulator that occupies a central position in the plant’s primary metabolism27. The car-
bon skeleton and α-amino group of glutamate form the basis for the synthesis of proline, GABA, and arginine. 
In plants, proline synthesis takes place through the glutamate pathway and ornithine pathway. Under osmotic 
stress, proline is accumulated through the glutamate pathway. The proline is synthesized from glutamic acid via 
intermediate ∆1-pyrroline-5-carboxylate (P5C). The reaction is being catalyzed by ∆1-pyrroline-5-carboxylate 
synthetase (P5CS) and ∆1-pyrroline-5-carboxylate reductase (P5CR)28. It is reported that higher expression of 
the P5CS gene led to a significant increase in proline content in transgenic aromatic rice varieties29. In the pre-
sent study, low levels of glutamate are recorded under salt stress, on the other hand, P5CS enzyme activity and 
expression levels increased with the significant increase in proline. This suggests that the pool of glutamate in both 
varieties might have diverted towards the synthesis of proline leading to decreased glutamate content. As far as, 

Figure 5.   Analysis of (A) BADH2 enzyme assay (B) BADH2 gene expression (C) GABA (D) Methylglyoxal in 
leaf tissue of aromatic rice cultivars grown under control and salt stress.

Figure 6.   Quantification of 2AP in mature grains of aromatic rice cultivars under salt stress.
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P5CS gene expression is concerned, it is reported to be higher in aromatic rice cultivars at all the developmental 
stages compared to non-aromatic rice30.

Proline is an osmoprotectant and its accumulation is a common physiological reaction under biotic and abi-
otic stresses in plants31. In plants, proline metabolism has mainly been studied in response to abiotic stress and 
its accumulation plays adaptive roles in plant stress tolerance. The most prevalent pathway of proline synthesis is 
through glutamate; alternative pathways of proline synthesis are through ornithine4,32. A higher level of proline 
content was reported in aromatic rice cultivars under all the developmental stages compared to non-aromatic 
rice30. Enhancement of proline content in grains is associated with increased 2AP content in grains33,34. Under 
salt stress, the enhanced pool of proline is further utilized for 2AP synthesis as seen in the present study.

Ornithine, a non-protein amino acid, plays an important role in sensory, essential in the regulation of 
plant growth and development; helps in regulating molecule which is involved in producing proline and 

Table 1.   Assessment of phenotypic traits in the cultivars under salt treatment. *Significant at p = 0.05 level. 
**Significant at p = 0.01.

Agronomic characters

A-157 B-370

Control Treated Control Treated

Plant height (cm) 115 ± 5.0 107 ± 6.1 104 ± 3.6 89 ± 7.1**

Panicle length (cm) 24.06 ± 0.8 21.26 ± 1.13* 24.43 ± 2.5 19.8 ± 1.2*

Number of tillers 5.66 ± 0.4 5.33 ± 0.3 5.33 ± 0.3 5.33 ± 0.4

Number of grains 164.67 ± 15.3 141.33 ± 12.5 60.33 ± 3.0 50.18 ± 4.3*

Number of filled grains 136.45 ± 12.4 108.21 ± 8 48.18 ± 4.1 36.28 ± 2.1

Spikelet percentage 82.86 ± 9 76.57 ± 9.1* 79.86 ± 2.9 72.30 ± 7.5*

Test weight (g) 12.67 ± 0.8 12.03 ± 0.3 11.35 ± 0.3 10.34 ± 0.4**

Length of grain (mm) 4.61 ± 0.07 4.59 ± 0.09 6.88 ± 0.09 6.87 ± 0.04

Grain breadth (mm) 2.02 ± 0.04 2.02 ± 0.03 1.97 ± 0.05 1.96 ± 0.02

Figure 7.   (A) Correlation analysis of precursor amino acids with 2AP at vegetative stage (B) Correlation 
analysis of precursor amino acids with 2AP in mature grains.
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polyamines35,36. In rice callus, the activity of the OAT enzyme was found to be enhanced compared to non-
aromatic rice callus9. Yang et al.21 reported that higher content endogenous ornithine is associated with water 
stress encouraged proline accumulation in detached rice leaves. In this study ornithine content and associated 
enzyme activity of OAT and gene expression was increased under salt stress. Ornithine can be transaminated to 
P5C by OAT that leads to the synthesis of proline20. In A. thaliana, ornithine accumulation increased the enzyme 
and gene expression of OAT which leads to the accumulation of proline26. In our studies, in addition to proline, 
ornithine levels were also increased, showing its positive correlation with proline under salt stress. Ornithine is 
metabolized into putrescine via the ODC enzyme which is further converted to Δ1-pyrroline37. Under salt stress 
conditions, putrescine can be used to synthesize Δ1-pyrroline upon catalysis by DAO along with the generation 
of ammonia and hydrogen peroxide38,39. We have found that under salt stress, the enzyme and gene expression 
activities of both these enzymes are enhanced along with increased Δ1-pyrroline. Thus, it can be said that the 
increased levels of ornithine might be responsible for elevating the activities of these enzymes. However, putres-
cine levels did not increase which might quickly get converted to Δ1-pyrroline through DAO. 2AP production in 
grains of aromatic rice is associated with DAO and soluble protein5,10. Thus, our study highlights the enhanced 
expression of ornithine along with proline under salt stress.

The elevation of acetyl donor Δ1-pyrroline results in increased 2AP synthesis in aromatic rice40. Supple-
mentation of Δ1-pyrroline to rice callus enhanced 2AP content in both aromatic and non-aromatic cultivars41. 
Δ1-pyrroline formed via proline, glutamate, and ornithine ultimately undergoes non-enzymatic reactions with 
methylglyoxal to form 2AP42.

Methylglyoxal is a cytotoxic by-product generated from glycolysis42. In aromatic rice, methylglyoxal interacts 
non-enzymatically with Δ1-pyrroline to synthesize 2AP38. Under abiotic stress, methylglyoxal content is increased 
drastically43,44. In this study increased methylglyoxal content was observed under salt stress conditions that might 
be contributing to enhanced 2AP levels in both cultivars.

The non-functional BADH2 gene which encodes an amino aldehyde dehydrogenase is responsible for the 
elevation of 2AP in aromatic rice. In non-aromatic rice cultivars of japonica, Chinese and indica rice; the BADH2 
gene was down-regulated by RNAi which enhanced 2AP synthesis in transgenic mature leaves and grains45–47. 
The BADH2 transcript was much higher in the non-aromatic IR-64 as compared to that in the aromatic cultivars 
under either control or stress conditions. Under salt stress conditions in aromatic rice seedlings, BADH2 gene 
expression was found to be decreased23. Our results are in agreement with these reports.

In aromatic rice, 2AP is the major compound for fragrance48. It has also been reported that stress during 
cultivation, such as drought and salinity stress led to higher 2AP content in rice grains7,17,18. Mild drought stress 
at tillering and booting stage in aromatic rice enhanced 2AP content in brown rice34. In A-157 and B-370, 2AP 
was increased under salt stress conditions in leaf tissue and mature grains. Recently, it has been reported that 
even seed priming and soaking in saline condition enhanced 2AP content in aromatic rice varieties49. In our 
studies also 2AP has been enhanced under salt stress that supports these reports.

GABA, a non-protein amino acid, involved in the various biochemical process and also a signaling molecule 
in plants48,50. It is synthesized via BADH2 in rice. However, in aromatic rice, since the BADH2 gene is non-
functional, a reduction in its levels was expected. But salt stress conditions might be triggering other pathways 
that are contributing towards GABA. Synthesis of GABA through glutamate via GAD enzyme is one of the ways.

Yield improvement is one of the aims to overcome the increasing demand of aromatic rice. Aromatic rice 
cultivars produce significantly less yield compared to non-aromatic cultivars51,52. A significant impact on the 
yield of cereal crops was reported under stress. Certainly, the 2AP biosynthetic pathway is genetically controlled, 
nevertheless, agronomic practices can also affect the agronomic traits, enzyme assays, and genes involved in 2AP 
biosynthesis53. It has been reported that yield is reduced in rice crops when grown under saline conditions19. 
Later, Poonlaphdecha et al.18 reported that when salinity is induced during the reproductive phase it affects test 
grain weight and during the vegetative phase it has not affected the test grain weight in aromatic rice. In our 
study, salt stress was induced during the vegetative stage so test grain weight was not affected in both cultivars. 
Thus, salt treatment during the vegetative stage might have less impact on test weight with the added advantage 
of aroma in grains.

Recently biosynthesis of 2AP in aromatic rice has been the main focus of research4,5. Some amino acids and 
metabolites like glutamate, proline, ornithine, putrescine, and methylglyoxal which get provoked under stress 
conditions are involved in the synthesis of 2AP through Δ1-pyrroline38. Under salt stress, enhanced 2AP condi-
tions were created that provided an opportunity to analyze the possible precursor amino acids, related genes, 
enzymes, and metabolites to understand the 2AP biosynthetic pathway in a better way. The study indicated that 
the precursor amino acids ornithine and proline go hand in hand and contribute towards the enhancement of 
2AP which are supported by methylglyoxal; the methyl ketone donor of 2AP (Fig. 7A,B). The enhancement in 
2AP takes place in the vegetative stage that helps to accumulate it in mature grains without test weight penalty. 
Thus, short-duration salt treatment at the vegetative stage helps in the enhancement of 2AP in grains. The bio-
synthetic pathway under salt stress depicts that the amino acids proline and ornithine are the major contribu-
tors along with methylglyoxal in the synthesis of 2AP under salt stress. The other amino acids glutamate and 
putrescine might contribute towards the synthesis of proline. The upregulation of these amino acids through 
their respective genes helps to synthesize 2AP at the vegetative stage and finally to deposit it in the grains (Fig. 8).

Conclusions
The short-duration salt treatment at the vegetative stage enhances 2AP and helps in better understanding of 
2AP pathway. Under salt stress, more than one precursor amino acids contribute towards 2AP enhancement in 
grains without severe effect on phenotypic traits. This study will help further to understand the co-functioning 
of 2AP related genes.
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Materials and methods
Procurement of aromatic rice cultivars and raising the seedlings.  For the present study, two cul-
tivars A-157 and B-370 were selected. A-157 is a non-basmati type aromatic short grain rice cultivar popularly 
cultivated in the Pune district of Maharashtra state of India. B-370 is the basmati type long-grain cultivar popu-
larly cultivated in the Jammu region of North India. The seeds of A-157 and B-370 were obtained from the Rice 
Research Station, Vadgaon Maval, Pune, Maharashtra, India. The seedlings were raised in a polyhouse at the 
Botanical garden, Savitribai Phule Pune University, Pune, Maharashtra, India. Seeds of both the cultivars were 
soaked in tap water for 24 h followed by incubation at room temperature in a wet muslin cloth for 48 h. Pre-
germinated rice seeds were sown in trays filled with soil and allowed to grow for 21 days. After 3 weeks, seedlings 
were transplanted in pots (45 × 21 × 15 cm) containing soil and farmyard manure (3:1). The pots were arranged 
in a randomized block design.

Optimization concentration of salt and period of treatment.  After 20 days of transplantation, the 
seedlings of A-157 were treated with various concentrations of salt (40, 60, 80, 100, and 120 mM) with an incre-
ment of 20 mM every alternate day until the desired concentration was reached. The control seedling pots were 
watered with fresh water. The control and salt-treated pots were arranged in triplicates and watered with an equal 
quantity of water. When the seedlings showed wilting symptoms, the leaf tissue was harvested and 2AP was 
analyzed in replicates. Among the treatments, 100 mM concentration showed optimal 2AP synthesis hence this 
concentration was selected for the determination of the period of salt treatment. For this, fresh pots of seedlings 
were again raised following the above procedure and treated with salt with a gradual increment of 20 mM salt 
until it reached the desired concentration of 100 mM. For every alternate day, leaf tissue was harvested and 2AP 
was analyzed in replicates till the 16th day of treatment. Amongst these, the 10th day showed a maximum 2AP 
synthesis hence, this time point was selected as an optimum period of treatment.

The same period and concentration of salt were applied to another cultivar B-370. The leaf tissue was har-
vested in liquid Nitrogen at this time point and stored at − 80 °C for further analyses of metabolites, enzyme 
activity, and gene expression analysis along with control leaves. 8 pots per cultivar from this experimental set 
were continued further for studying agronomic characters and 2AP in mature grains. For this, the salt treatment 
was discontinued, and pots were watered with fresh water until harvesting.

Quantification of 2AP in salt‑treated plants leaf tissue and grains.  Headspace-solid phase micro-
extraction (HS-SPME) (Supelco, Bellefonte, PA, USA) coupled with gas chromatography-flame ionized detector 
(GC-FID) (Shimadzu 17A, Japan) was used for quantification of 2AP in salt-treated plants leaf tissue and grains. 
For this, extraction and quantification of 2AP from leaves and grains were done following the optimized proto-
col from our laboratory30.

Figure 8.   2AP biosynthetic pathway in aromatic rice under salt stress. P5CS Δ1-Pyrroline-5-carboxylic acid 
synthetase, OAT Ornithine aminotransferase, ODC Ornithine decarboxylase, DAO Diamine oxidas, P5C Δ1-
Pyrroline-5-carboxylic acid, BADH2 Betaine aldehyde dehydrogenase, GABA: γ-Aminobutyric acid. Red up 
arrow indicates that it has enhanced and reduced indicated by green down arrow.
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Quantitative estimation of metabolites in salt‑treated plants leaf tissue.  Glutamate, ornithine, 
proline, putrescine, methylglyoxal, and GABA.  In A-157 and B-370 control and treated leaves, all the analysis 
was done. Estimation of glutamate, sample preparation was done following the method of Valle et al.54 and quan-
tification was done using high-pressure liquid chromatography (HPLC) (Agilent Technologies, 1260 Infinity, 
UA) following the protocol of Hill et al.55. Ornithine content was estimated following the method of Chinard56. 
Proline content was estimated following the method of Bates57. Methylglyoxal level was determined following 
the method of Yadav et al.58. GABA was quantified using the method described by Karladee and Suriyon59. Pu-
trescine was quantified following the method of Redmond and Tseng60.

Enzyme activity.  The P5CS enzyme activity was done by following the standard method of Kavi kishor 
et al.61. BADH2 enzyme activity in leaves of A-157 and B-370 was analyzed by Bradbury et al.3. OAT activity 
was assayed according to Chen et al.40. Assay to determine the enzyme activity of ODC was done following the 
spectrophotometric method of Legaz et al.62. DAO activity was measured according to the method of Holmstedt 
et al.63.

RNA extraction and cDNA synthesis.  Total RNA was isolated from control and treated leaf samples of 
A-157 and B-370 using Sigma RNA isolation kit. Total RNA was treated with DNase and quantified using nan-
odrop (NanoDrop™ 1000 Spectrophotometer). The first strand of cDNA was synthesized using iScriptTM cDNA 
synthesis kit (Bio-Rad, USA) using 1 μg of total RNA.

Quantitative real‑time PCR (qRT‑PCR).  For qRT-PCR, primers for the genes under study and house-
keeping gene, elongation factor 1-alpha (EF1α) were designed using the DNA sequences from NCBI database 
(Table 2.) qRT-PCR was performed in a real-time PCR machine (Real Plex, Eppendorf, Germany) using SYBR 
Green Brilliant® II qPCR master mix (Stratagene, USA). The qRT-PCR reaction was performed in a total volume 
of 10 μl containing 1X Fast SYBR® Green qPCR master mix (Biorad, USA), 1 μl of primer (10 pmol/μl) and 1 μl 
cDNA. Thermal cycling conditions were kept as follows: initial denaturation at 95 °C for 30 s, 57 °C for 30 s, and 
72 °C for 30 s. EF1α was used as control and relative expressions of genes were measured following the 2−ΔΔCT 
method64. Primer sequence details are given in (Table 2).

Agronomic characterization in salt‑treated aromatic rice cultivars.  The seedling height and num-
ber of productive tillers per plant were recorded. The panicles were harvested and the length of the panicle, the 
number of filled/unfilled grains per panicle, grain length and breadth, and test weight were recorded.

Statistical analysis.  All the experimental data values are of three replicates, and the results are presented 
as mean ± standard error. The significance test was done by Student’s t-test at p ≤ 0.05. The data visualization and 
analysis were done using the R software tool (version 4.0.0) on R-studio integrated development environment 
(version 1.3.959). For data visualization ‘ggplot2’ library was used, and correlation analysis was done using the 
libraries ‘corrplot’ and ‘corrgram’.

Statements.  This is to state that the collection of seed material and field experiments carried out in the 
present study was in accordance with relevant guidelines framed by the IUCN Policy Statement on Research 
Involving Species at Risk of Extinction and the Convention on the Trade in Endangered Species of Wild Fauna 
and Flora. The necessary permission was obtained by the authors for the collection of seed material from the 
Rice Research Station of Vadgaon Maval, Pune.

Received: 21 August 2021; Accepted: 10 February 2022

Table 2.   Details of the genes and their primers used for gene expression analysis.

Sr. No Gene Primer sequence (5′–3′)

1
P5CS F GAA​GTG​GTA​ATG​ GTC​TTC​TC

P5CS R AGC​AAA​TCT​GCG​ATC​TCA​TC

2
BADH2 F TGT​GCT​AAA​CAT​AGT​GAC​TGGA​

BADH2 R CTT​AAC​CAT​AGG​AGC​AGC​T

3
ODC F ACG​AGG​TGG​TGA​GGG​GTT​AT

ODC R ACC​CGT​TGA​AGT​CTG​AGC​TG

4
OAT F GAC​CGA​TTT​CAT​CCA​ATT​CAAGA​

OAT R ACA​CCT​CCT​TGT​TGC​GAT​GT

5
EF1α F TTT​CAC​TCT​TGG​TGT​GAA​GCA​GAT​

EF1α R GAC​TTC​CTT​CAC​GAT​TTC​ATC​GTA​A



10

Vol:.(1234567890)

Scientific Reports |         (2022) 12:3911  | https://doi.org/10.1038/s41598-022-07844-7

www.nature.com/scientificreports/

References
	 1.	 Hashemi, F. S. G. et al. Biochemical, genetic and molecular advances of fragrance characteristics in rice. Crit. Rev. Plant Sci. 32, 

445–457 (2013).
	 2.	 Nadaf, A. B. et al. 2-Acetyl-1-pyrroline biosynthesis: From fragrance to a rare metabolic disease. J. Plant Sci. Res. 1, 102–108 (2014).
	 3.	 Bradbury, L. M. T., Fitzgerald, T. L., Henry, R. J., Jin, Q. & Waters, D. L. E. The gene for fragrance in rice. Plant Biotechnol. J. 3, 

363–370 (2005).
	 4.	 Ren, Y. et al. Irrigation and nitrogen management practices affect grain yield and 2-acetyl-1-pyrroline content in aromatic rice. 

Appl. Ecol. Environ. Res. 15, 1447–1460 (2017).
	 5.	 Deng, Q. et al. Mild drought in interaction with additional nitrogen dose at grain filling stage modulates 2-acetyl-1-pyrroline 

biosynthesis and grain yield in fragrant rice. Appl. Ecol. Environ. Res. 16, 7741–7758 (2018).
	 6.	 Suprasanna, P. et al. Aroma synthesis in cell and callus cultures of rice. Rice Genet. News 15, 123–125 (1998).
	 7.	 Yoshihashi, T., Huong, N. T. T. & Inatomi, H. Precursors of 2-acetyl-1-pyrroline, a potent flavor compound of an aromatic rice 

variety. J. Agric. Food Chem. 50, 2001–2004 (2002).
	 8.	 Costello, P. J. & Henschke, P. A. Mousy off-flavor of wine: Precursors and biosynthesis of the causative N-Heterocycles 2-ethyltet-

rahydropyridine, 2-acetyltetrahydropyridine, and 2-acetyl-1-pyrroline by Lactobacillus hilgardii DSM 20176. J. Agric. Food Chem. 
50, 7079–7087 (2002).

	 9.	 Huang, T.-C. et al. Biosynthetic mechanism of 2-acetyl-1-pyrroline and its relationship with Δ1-pyrroline-5-carboxylic acid and 
methylglyoxal in aromatic rice (Oryza sativa L.) callus. J. Agric. Food Chem. 56, 7399–7404 (2008).

	10.	 Li, M. et al. Manganese-induced regulations in growth, yield formation, quality characters, rice aroma and enzyme involved in 
2-acetyl-1-pyrroline biosynthesis in fragrant rice. Plant Physiol. Biochem. 103, 167–175 (2016).

	11.	 Wongpia, A. et al. Proteomic analysis of isogenic rice reveals proteins correlated with aroma compound biosynthesis at different 
developmental stages. Mol. Biotechnol. 58, 117–129 (2016).

	12.	 Bradbury, L. M. T., Gillies, S. A., Brushett, D. J., Waters, D. L. E. & Henry, R. J. Inactivation of an aminoaldehyde dehydrogenase 
is responsible for fragrance in rice. Plant Mol. Biol. 68, 439–449 (2008).

	13.	 Fitzgerald, M. A., Sackville Hamilton, N. R., Calingacion, M. N., Verhoeven, H. A. & Butardo, V. M. Is there a second fragrance 
gene in rice?. Plant Biotechnol. J. 6, 416–423 (2008).

	14.	 Champagne, E. T. Review. Rice aroma and flavor: A literature review. Cereal Chem. 85, 445–454 (2008).
	15.	 Efferson, J.N., Rice quality in world markets. In IRRI Reports Rice Grain Quality and Marketing, 1–13 (1985).
	16.	 Banerjee, A. & Roychoudhury, A. Differential regulation of defence pathways in aromatic and non-aromatic indica rice cultivars 

towards fluoride toxicity. Plant Cell Rep. 38, 1217–1233 (2019).
	17.	 Gay, F. et al. Effect of salinity on yield and 2-acetyl-1-pyrroline content in the grains of three fragrant rice cultivars (Oryza sativa 

L.) in Camargue (France). Field Crops Res. 117, 154–160 (2010).
	18.	 Poonlaphdecha, J. et al. 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 (2012).
	19.	 Fitzgerald, T. L., Waters, D. L. E., Brooks, L. O. & Henry, R. J. Fragrance in rice (Oryza sativa) is associated with reduced yield 

under salt treatment. Environ. Exp. Bot. 68, 292–300 (2010).
	20.	 Prodhan, Z. H. & Qingyao, S. Rice aroma: A natural gift comes with price and the way forward. Rice Sci. 27, 86–100 (2020).
	21.	 Yang, C.-W., Lin, C. & Kao, C. Proline, ornithine, arginine and glutamic acid contents in detached rice leaves. Biol. Plant. 43, 

305–307 (2000).
	22.	 Pongprayoon, W., Cha-um, S., Pichakum, A. & Kirdmanee, C. Proline profiles in aromatic rice cultivars photoautotrophically 

grown in responses to salt stress. Int. J. Bot. 43(2), 305–307 (2008).
	23.	 Banerjee, A., Ghosh, P. & Roychoudhury, A. Differential regulation of genes co-involved in aroma production and stress ameliora-

tion during salt acclimation in indica rice cultivars. Biologia 75, 495–506 (2020).
	24.	 Da Rocha, I. M. A. et al. Exogenous ornithine is an effective precursor and the δ-ornithine aminotransferase pathway contributes 

to proline accumulation under high N recycling in salt-stressed cashew leaves. J. Plant Physiol. 169, 41–49 (2012).
	25.	 Hervieu, F., Le Dily, F., Huault, C. & Billard, J. P. Contribution of ornithine aminotransferase to proline accumulation in NaCl-

treated radish cotyledons. Plant Cell Environ. 18, 205–210 (1995).
	26.	 Roosens, N. H., Thu, T. T., Iskandar, H. M. & Jacobs, M. Isolation of the ornithine-δ-aminotransferase cDNA and effect of salt 

stress on its expression in Arabidopsis thaliana. Plant Physiol. 117, 263–271 (1998).
	27.	 Kang, Y. & Hwang, I. Glutamate uptake is important for osmoregulation and survival in the rice pathogen Burkholderia glumae. 

PLoS ONE 13, e0190431 (2018).
	28.	 Hayat, S. et al. Behavior Role of proline under changing environments. Plant Signal. Behav. 7, 1456–1466 (2012).
	29.	 Kaikavoosi, K., Kad, T. D., Zanan, R. L. & Nadaf, A. B. 2-Acetyl-1-pyrroline augmentation in scented indica rice (Oryza sativa L.) 

varieties through Δ1-pyrroline-5-carboxylate synthetase (P5CS) gene transformation. Appl. Biochem. Biotechnol. 177, 1466–1479 
(2015).

	30.	 Hinge, V. R., Patil, H. B. & Nadaf, A. B. Aroma volatile analyses and 2AP characterization at various developmental stages in 
Basmati and Non-Basmati scented rice (Oryza sativa L.) cultivars. Rice 9, 1–22 (2016).

	31.	 Ali, S. I., Mohamed, A. A., Sameeh, M. Y., Darwesh, O. M. & Abd El-Razik, T. M. Gamma-irradiation affects volatile oil constituents, 
fatty acid composition and antimicrobial activity of fennel (Foeniculum vulgare) seeds extract. Res. J. Pharm. Biol. Chem. Sci. 7, 
524–532 (2016).

	32.	 Fichman, Y. et al. Evolution of proline biosynthesis: enzymology, bioinformatics, genetics, and transcriptional regulation. Biol. 
Rev. 90, 1065–1099 (2015).

	33.	 Tian, K. et al. Effects of irrigation on aroma content and physiological characteristics of aromatic rice at grain filling stage. J. Irrig. 
Drain 29, 91–93 (2010).

	34.	 Wang, P. et al. Effects of different irrigation modes on aroma content of aromatic rice at booting stage. Guangdong Agric. Sci. 8, 
1–3 (2013).

	35.	 Mohapatra, S., Minocha, R., Long, S. & Minocha, S. C. Transgenic manipulation of a single polyamine in poplar cells affects the 
accumulation of all amino acids. Amino Acids 38, 1117–1129 (2010).

	36.	 Çelik, Ö. & Atak, C. The effect of salt stress on antioxidative enzymes and proline content of two Turkish tobacco varieties. Turk. 
J. Biol. 36, 339–356 (2012).

	37.	 Gill, S. S. & Tuteja, N. Polyamines and abiotic stress tolerance in plants. Plant Signal. Behav. 5, 26–33 (2010).
	38.	 Ghosh, P. & Roychoudhury, A. Differential levels of metabolites and enzymes related to aroma formation in aromatic indica rice 

varieties: comparison with non-aromatic varieties. 3 Biotech 8, 1–13 (2018).
	39.	 Paul, S., Banerjee, A. & Roychoudhury, A. Role of polyamines in mediating antioxidant defense and epigenetic regulation in plants 

exposed to heavy metal toxicity. In Plants Under Metal and Metalloid Stress (ed. Hasanuzzaman M., Nahar K., Fujita M.) 229–247 
(Springer, 2018).

	40.	 Chen, C. T., Chen, L.-M., Lin, C. C. & Kao, C. H. Regulation of proline accumulation in detached rice leaves exposed to excess 
copper. Plant Sci. 160, 283–290 (2001).

	41.	 Poonlaphdecha, J. et al. Biosynthesis of 2-acetyl-1-pyrroline in rice calli cultures: Demonstration of 1-pyrroline as a limiting 
substrate. Food Chem. 197, 965–971 (2016).



11

Vol.:(0123456789)

Scientific Reports |         (2022) 12:3911  | https://doi.org/10.1038/s41598-022-07844-7

www.nature.com/scientificreports/

	42.	 Sharma, S., Mustafiz, A., Singla-Pareek, S. L., Shankar Srivastava, P. & Sopory, S. K. Characterization of stress and methylglyoxal 
inducible triose phosphate isomerase (OscTPI) from rice. Plant Signal. Behav. 7, 1337–1345 (2012).

	43.	 Mostofa, M. G., Hossain, M. A. & Fujita, M. Trehalose pretreatment induces salt tolerance in rice (Oryza sativa L.) seedlings: 
Oxidative damage and co-induction of antioxidant defense and glyoxalase systems. Protoplasma 252, 461–475 (2015).

	44.	 Hoque, T. S. et al. Methylglyoxal: An emerging signaling molecule in plant abiotic stress responses and tolerance. Front. Plant Sci. 
7, 1341 (2016).

	45.	 Niu, X. et al. RNAi-directed downregulation of OsBADH2 results in aroma (2-acetyl-1-pyrroline) production in rice (Oryza sativa 
L.). BMC Plant Biol. 8, 1–10 (2008).

	46.	 Shan, Q., Zhang, Y., Chen, K., Zhang, K. & Gao, C. Creation of fragrant rice by targeted knockout of the OsBADH2 gene using 
TALEN technology. Plant Biotechnol. J. 13, 791–800 (2015).

	47.	 Khandagale, K. S., Chavhan, R. & Nadaf, A. B. RNAi-mediated down regulation of BADH2 gene for expression of 2-acetyl-
1-pyrroline in non-scented indica rice IR-64 (Oryza sativa L.). 3 Biotech 10, 1–9 (2020).

	48.	 Routray, W. & Rayaguru, K. 2-Acetyl-1-pyrroline: A key aroma component of aromatic rice and other food products. Food Rev. 
Intl. 34, 539–565 (2018).

	49.	 Luo, H. et al. Application of saline to seeds enhances the biosynthesis of 2-acetyl-1-pyrroline in aromatic rice seedlings (Oryza 
sativa L.). Acta Physiol. Plant. 42, 1–11 (2020).

	50.	 Fait, A., Fromm, H., Walter, D., Galili, G. & Fernie, A. R. Highway or byway: the metabolic role of the GABA shunt in plants. Trends 
Plant Sci. 13, 14–19 (2008).

	51.	 Roychoudhury, A., Basu, S., Sarkar, S. N. & Sengupta, D. N. Comparative physiological and molecular responses of a common 
aromatic indica rice cultivar to high salinity with non-aromatic indica rice cultivars. Plant Cell Rep. 27, 1395–1410 (2008).

	52.	 Gao, Z. et al. Exogenous γ-aminobutyric acid (GABA) application at different growth stages regulates 2-acetyl-1-pyrroline, yield, 
quality and antioxidant attributes in fragrant rice. J. Plant Interact. 15, 139–152 (2020).

	53.	 Bao, G. et al. Molecular basis for increased 2-acetyl-1-pyrroline contents under alternate wetting and drying (AWD) conditions 
in fragrant rice. Plant Physiol. Biochem. 133, 149–157 (2018).

	54.	 Valle, E. M., Boggio, S. B. & Heldt, H. W. Free amino acid composition of phloem sap and growing fruit of Lycopersicon esculentum. 
Plant Cell Physiol. 39, 458–461 (1998).

	55.	 Hill, D. W., Walters, F. H., Wilson, T. D. & Stuart, J. D. High performance liquid chromatographic determination of amino acids 
in the picomole range. Anal. Chem 51, 1338–1341 (1979).

	56.	 Chinard, F. P. Photometric estimation of proline and ornithine. J. Biol. Chem. 199, 91–95 (1952).
	57.	 Bates, L. S., Waldren, R. P. & Teare, I. Rapid determination of free proline for water-stress studies. Plant Soil 39, 205–207 (1973).
	58.	 Yadav, S. K., Singla-Pareek, S. L., Ray, M., Reddy, M. & Sopory, S. Methylglyoxal levels in plants under salinity stress are dependent 

on glyoxalase I and glutathione. Biochem. Biophys. Res. Commun. 337, 61–67 (2005).
	59.	 Karladee, D. & Suriyong, S. γ-Aminobutyric acid (GABA) content in different varieties of brown rice during germination. Sci. Asia 

38, 13–17 (2012).
	60.	 Redmond, J. W. & Tseng, A. High-pressure liquid chromatographic determination of putrescine, cadaverine, spermidine and 

spermine. J. Chromatogr. A 170, 479–481 (1979).
	61.	 Kishor, P. K. et al. Regulation of proline biosynthesis, degradation, uptake and transport in higher plants: Its implications in plant 

growth and abiotic stress tolerance. Curr. Sci. 88, 424–438 (2005).
	62.	 Legaz, M.-E., Fontaniella, B., De Armas, R. & Vicente, C. Determination by high performance liquid chromatography of ornithine 

and lysine decaboxylases in sugar cane juices. Chromatographia 53, S260–S265 (2001).
	63.	 Holmstedt, B., Larsson, L. & Tham, R. Further studies of a spectrophotometric method for the determination of diamine oxidase 

activity. Biochem. Biophys. Acta. 48, 182–186 (1961).
	64.	 Livak, K. & Schmittgen, T. Analysis of relative gene expression data using real-time quanti tative PCR and the 2−ΔΔCT Method. 

Methods 25, 402–408 (2001).

Acknowledgements
This work was financially supported by the WOS-A program of the Department of Science and Technology, 
New Delhi, the Jiangsu Agricultural Science and Technology Innovation Fund (CX[20]2002), and Hainan Major 
Science and Technology Project (ZDKJ202001). Authors acknowledge Rice Research Station, Vadgaon Maval, 
Pune for providing rice cultivars.

Author contributions
N.R.: Investigation, Formal analysis, Writing—original draft, Visualization. V.T.B.: Formal analysis, Supervi-
sion, Writing—review and editing. Z.A.: Formal analysis, A.B.N., C.Z., C.W. and Y.Z.: Supervision, Project 
administration, Conceptualization, Methodology, Writing-review and editing.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Y.Z. or A.B.N.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

www.nature.com/reprints


12

Vol:.(1234567890)

Scientific Reports |         (2022) 12:3911  | https://doi.org/10.1038/s41598-022-07844-7

www.nature.com/scientificreports/

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

http://creativecommons.org/licenses/by/4.0/

	Co-functioning of 2AP precursor amino acids enhances 2-acetyl-1-pyrroline under salt stress in aromatic rice (Oryza sativa L.) cultivars
	Results
	Optimization of concentration and period of salt treatment for optimal 2AP synthesis in A-157. 
	Quantification of 2AP in leaves at 100 mM salt treatment. 
	Quantification of precursor amino acids, their enzyme assays, and related gene expression analyses under optimal 2AP synthesis. 
	Glutamate and proline. 
	Ornithine. 
	Putrescine. 
	DAO. 
	BADH2. 
	GABA. 
	Methylglyoxal. 
	2AP in mature grains. 

	Assessment of phenotypic traits in the salt-treated cultivars. 
	Correlation analysis. 

	Discussion
	Conclusions
	Materials and methods
	Procurement of aromatic rice cultivars and raising the seedlings. 
	Optimization concentration of salt and period of treatment. 
	Quantification of 2AP in salt-treated plants leaf tissue and grains. 
	Quantitative estimation of metabolites in salt-treated plants leaf tissue. 
	Glutamate, ornithine, proline, putrescine, methylglyoxal, and GABA. 

	Enzyme activity. 
	RNA extraction and cDNA synthesis. 
	Quantitative real-time PCR (qRT-PCR). 
	Agronomic characterization in salt-treated aromatic rice cultivars. 
	Statistical analysis. 
	Statements. 

	References
	Acknowledgements


