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Abstract

Aim: To investigate whether the phenolic and flavonoid contents have any direct relation with the water deficit stress tolerance in rice. If so, then, which
genes in the flavonoid biosynthesis pathway are involved in the tolerance mechanism was explored by comparing a well-known water deficit tolerant cv.
Nagina 22 (N22) as experiment material along with a sensitive cv. Pusa Sugandh 2 (PS2).

Methodology: Water deficit stress was imposed on N22 (drought tolerant) |

v ) 4 ; ) Water deficit stress imposed for 7 days in rice seedlings |
and PS2 (drought sensitive) cultivars at the seedling stage by withholding

water for 7days. Further, the expression level of flavonoid biosynthesis genes l l
(OsCHS, OsCHI, OsF3H, OsF3'H, OsDFR, and OsANS) and the
accumulation of total contents of phenolics and flavonoids in rice leaves of Pusa Sugandh 2
N22 and PS2 under water deficit stress were also investigated. l
Results: Quantitative RT-PCR analysis revealed enhanced expression of six 225 fold ubreaulation of 0,52 fold upregulation of
major genes of the flavonoid biosynthesis pathway, namely OsCHS, OsCHI, flavonoids biozyn%hesis genes flavonoids biosyn?hesis genes
OsF3H, OsF3'H, OsDFR, and OsANS in the drought tolerant cv. N22
compared to the drought sensitive cv. PS2 under water deficit stress. \ A
Accumulation of total phenolics and flavonoids compounds increased during ' 4 _ : '
water deficit stress in both the genotypes, but, it was significantly higher in |  High (3.2 fold) accumulation L°";’f$1-6 f°'%) accumulaglon
N22 as compared to PS2. of flavonoid compounds of flavonoid compounds
Interpretation: Our findings conclude that enhanced drought tolerance is v v
positively correlated with an enhanced transcription of flavonoid biosynthesis Lower ROS _ Higher ROS
genes and higher flavonoid content, suggesting that there could be production (__) production
differences in the genetic control of flavonoid metabolism in rice for drought
stress response that, the enhanced expression and accumulation of v
flavonoids is promising strategy for rice improvement. Drought E_—

roug
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Introduction

Crop growth, development, and productivity are
adversely affected by several environmental stresses like
drought, soil salinity, extreme temperatures, UV irradiation etc.,
and are serious issues threatening sustainable agriculture and
the food security of the rapidly growing population worldwide
(Bray et al., 2000; Venuprasad et al., 2008). Drought is a primary
abiotic stress factor constraining rice production leading to severe
economic and livelihood challenges. Exploiting the genetic
variation available for drought stress tolerance in rice germplasm
and understanding it at molecular level is a promising approach to
enhance innate resilience of crop varieties. Accumulation of
polyphenols in response to environmental stresses helps the
plant to enhance stress tolerance as well as acclimatize them to
survive under harsh environments (Lattanzio et al., 2013; Pereira
etal., 2016). Accumulation of phenolics compounds stabilizes the
negative impacts of abiotic stress in plants (Naikoo et al., 2019).
Hence, stimulation of plant secondary metabolism is a proven
approach for better abiotic stress tolerance (Sharma et al., 2012;
Shahzad et al., 2018 a; b). Phenolic compounds such as,
phenolic acids and flavonoids are large families of plant
secondary metabolites synthesized from the common shikimate-
phenylpropanoid pathway (Shih et al., 2008). These molecules
plays an essential role in numerous biological functions, such as,
plant growth and development, pollen development, male fertility,
molecular signaling, cell cycle regulation, auxin transport
regulation, besides resistance against biotic and abiotic stresses
(Mol etal., 1998; Winkel-Shirley, 2001; Winkel-Shirley, 2002).

Polyphenols have antioxidant properties, which protect
plant cells from adverse effects of environmental stress by
preventing the formation of reactive oxygen species (ROS) and
scavenging of the formed ROS (Melidou et al., 2005; Agati and
Tattini, 2010; Li et al., 2021). Many studies have focused on the
protective role of flavonoids in response to drought stress.
Under stress conditions, plants accumulate a high level of
secondary metabolites like phenolic acids and flavonoids than
under optimal condition (Selmar et al., 2008). Sanchez-
Rodriguez et al. (2011) found a high level of flavonoids
accumulation (kaempferol and quercetin) in tomato under water
stress and improved tolerance. Markham et al. (1998) reported
that UV-B radiation or drought treatment in rice enhanced the C-
glycosyl flavones content in tolerant cultivars. Ma et al. (2014)
reported that upregulation of flavonoids biosynthesis genes led
to increased accumulation of metabolite compounds (total
contents of phenolics, flavonoids, and anthocyanins and
schaftosides) in response to drought stress in wheat leaves.

The study of Ithal and Reddy et al. (2004) reported
significant upregulation of rice flavonoid biosynthesis genes
OsDFR and OsANS in N22 rice cultivar under drought, high salt,
and ABA stresses. It has been reported that upregulation of
structural genes of flavonoids biosynthesis pathway in potato
plays a significant role in the enhancement of drought stress
tolerance (Andre et al, 2009). Liu et al. (2013) reported

upregulation of F3H (Flavanone 3-hydroxylase) transcript level in
Reaumuria soongorica under UV-B irradiation and drought
stress. More evidence for the role of flavonoids in imparting
drought stress tolerance has come from functional genomic tools.
For instance, overexpression of F3H gene from Lycium chinense
in the transgenic tobacco plants showed a higher degree of
flavonoid accumulation and enhanced tolerance to drought stress
(Song et al., 2016). Transcriptomic and metabolomic analyses
revealed that higher level accumulation of flavonoids was closely
associated with enhanced drought tolerance in Arabidopsis
under drought stress (Nakabayashi et al., 2014). Further, many
studies have shown that the use of exogenous phenolic
compounds enhanced drought tolerance in plants.

Fayez et al. (2014) reported that 50uM salicylic acid
treated barely plants showed improved drought and salinity
tolerance in response to salt and water deficit conditions.
Different concentrations of elicitors like methyl jasmonate,
salicylic acid and paclobutrazol treated seeds of N22 have shown
increased total phenolics content and antioxidant activity than
elicitors treated seeds of PS5 at the seedling stage under drought
stress (Samota et al., 2017). Thus, the relation between drought
tolerance and flavonoid accumulation is well-known in literature
(Selmar et al., 2008; Sharma et al., 2019). However, only few
studies have examined the synthesis of flavonoids, and most of
these studies have explored the expression pattern of a single
gene or a few key genes in the flavonoid biosynthesis pathway for
the assessment of their effect on abiotic stresses (Liu et al., 2014;
Song et al., 2016; Thiyagarajan et al., 2016; Wang et al., 2016). In
present study a well-known water deficit stress tolerant rice cv. N22
and a sensitive cv. PS2 were selected as test plants, and not only
the flavonoid and phenolic content were estimated but also all the
genes involved in the flavonoids biosynthesis pathway (CHS,
CHI, F3H, F3H, DFR, and ANS) were studied for their
expression, to know whether the flavonoids and phenolics
content have any inherent molecular basis in the contrasting rice
genotypes. This is the first study in rice to analyze the expression
pattern of flavonoids biosynthesis pathway genes between two
genotypes contrasting in their response to water deficit stress.

Materials and Methods

Plant materials and water deficit stress treatment: Two indica
rice genotypes showing extremely contrasting response to
drought stress, N22 (drought tolerant) (Prakash et al., 2016) and
PS2 (drought sensitive) (Samota et al., 2017; Latha et al., 2019),
were selected in the present study. Seeds available with the Rice
Genomics and Molecular markers unit of the host institute, ICAR-
National Institute for Plant Biotechnology, New Delhi were used in
the experiment. Seeds were surface sterilized by 70% ethanol for
1min, treated with 0.1% HgCl, for 15min, rinsed with sterile
distilled water thrice, and placed for germination on a petri dish at
28°C for 2 days under dark condition. Four days after sowing,
uniformly germinated seeds were transplanted into soilrite. Pots
with seedlings were maintained at 28°C under a light/dark cycle
of 16/8 hrs till four to five leaf stages were attained. A relative
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humidity of 60-70% was maintained and seedlings were
watered with appropriate amount of water daily. Three
biological and three technical replicates were maintained for
the entire study. The experiments were conducted at the
phenotyping facility of ICAR-National Institute for Plant
Biotechnology, Pusa Campus, New Delhi, India during the
months of August-September (Kharif season) in the year 2019.
Once the seedlings attained four to five leaf stages, drought
stress was imposed by withholding water for 7days.
Concurrently, a set of well watered seedlings that served as
control were maintained in three replications. Top three leaves
of control and water deficit stress treated plants were harvested
during morning time (between 10 a.m.-12 p.m.) and
immediately frozen in liquid nitrogen and stored at -80°C for
further analysis. Biochemical parameters were assessed at two
stages: before imposing stress and one week after the
imposition of water deficit stress. All the parameters were
estimated in three biological and three technical replications.

Determination of total phenolic and flavonoid content: Total
phenolic content was estimated by the Folin-Ciocalteu
colorimetric method (Singleton et al., 1999). Gallic acid was used
as a phenol standard. Total flavonoid content was quantified by
the aluminum chloride colorimetric method (Bao et al., 2005),
using Rutin as a standard. In both biochemical experiments, the
absorbance of the solution was read at 495nm and 725nm
wavelength using Epoch2 Microplate Spectrophotometer (BioTek
Instruments Inc, USA).

RNA isolation and quantitative RT-PCR: Total RNA was
extracted from leaf samples of N22, and PS2 rice genotypes of
control and water deficit stressed rice seedlings using a pure link
RNA mini kit (Ambion, USA) according to the manufacturer’s
instructions. RNA samples were reverse transcribed with
Superscript Il first-strand cDNA synthesis kit (Invitrogen, USA).

The cDNA solution was used as a template for quantitative RT-
PCR (Agilent Technologies Pvt Ltd, USA), which was performed
using SYBR green kit (Applied Biosystems, Warrington, UK), as
per manufacturer’s instructions. Sequence information on the
genes of flavonoids biosynthesis pathway, namely OsCHS7,
OsCHS2, OsCHI, OsF3H, OsF3’H, OsDFR, and OsANS in rice,
were retrieved from MSU Rice Genome Annotation Project
Database (Table 1). Gene-specific primers were designed from
3-UTR regions of different rice flavonoids biosynthesis genes for
quantitative RT-PCR. Relative expression values were calculated
for fold change following the 27* method (Livak and Schmittgen,
2001), and OsActin was used as an internal control to normalize
the reaction. The primers used in the present study are listed in
Table 1.

Statistical analyses: In this study, all experiments and/or
estimations were conducted with three biological and three
technical replications. The data were analyzed statistically by
analysis of variance (ANOVA) for each parameter separately using
the MSTAT-C software under completely randomized design.
Significant variations between N22 and PS2 genotypes under
control and water deficit stressed conditions were determined

using Duncan’s Multiple Range Testatp <0.05.
Results and Discussion

In the present study, seedlings of both rice genotypes
remained healthy before water deficit treatment (Fig. 1A). After
7days of water deficit stress, drought tolerant genotype N22
seedlings exhibited lesser morphological changes with respect to
leaf rolling, wilting, and chlorosis as compared to PS2. In the
present study, N22 leaves were green till the end of water deficit
stress (Fig. 1B). Similar morphological observation was found in
the study of Samota et al. (2017), which revealed that the drought
sensitive PS5 exhibited severe leaf rolling and wilting than the

Pusa Sugandh2 Nagina22

Pusa Sugandh 2

Nagina22

Fig. 1: Phenotypical performance of contrasting rice (N22 and PS2) cultivar seedlings in response to water deficit stress: (A) Growth performance of 4-5"
leaf stage of contrast (N22 and PS2) rice seedlings, before water stress treatment and (B) Phenotype appearance of N22 and PS2 rice cultivar seedlings

were subjected to water deficit stress by withholding water for a week.

& Journal of Environmental Biology, July 2022 ¢



K. Jayaraman et al.: Flavonoids in rice under water deficit 501

A = Before Stress u After Stress
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Total phenolic content (mg g” Gallic acid)

Nagina 22 Pusa Sugandh 2

Total flavonoids content (mg g” Rutin)
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B - mBefore Stress

0.55 1
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Fig. 2: Accumulation of total contents of phenolics and flavonoids in contrasting rice genotypes (N22 and PS2) under water deficit stress: (A) Total
phenoalics content and (B) total flavonoids content of contrasting rice seedlings (N22 and PS2) subjected to water deficit stress by withholding water for a
week. Each value is mean of three biological and three technical replicates and the vertical bars give standard error (SE) of mean. Alphabets above bars
indicate significant differences (p-value <0.05) between N22 and PS2 genotypes.

= Nagina 22 = Pusa Sugandh 2

w
o

a

—_
[,
1

Relative expression level of genes

o
Il

0sCHS1 OsCHS2 OsCHI

OsF3H OsF3H OsDFR OsANS

N22 Control
N22 Stress
PS2 Control
PS2 Stress

OsCHI
OsF3H
OsF3'H
OsDFR
OsANS

— o
wn (92}
I I
(&} (&}
7] 7]
(@) (@)

Fig. 3: Expression profiling of genes involved in flavonoid biosynthesis pathway: (A) Relative expression analysis of flavonoids biosynthesis genes
(CHS1, CHS2, CHI, F3H, F3'H, DFR, and ANS) in contrasting rice genotypes of N22 and PS2 under water deficit stress. The results are represented as
mean of fold change in relative expression of three biological and three technical replicates, normalized with respect to OsActin as housekeeping gene.
Alphabets above bars indicate significant differences (p-value < 0.05) between N22 and PS2 genotypes. (B) A heat map showing transcript levels of
flavonoids biosynthesis genes (CHS1, CHS2, CHI, F3H, F3'H, DFR, and ANS) in N22 and PS2 rice genotypes under control and water deficit stress. Red
colorinthis figure indicates a high level of expression while green denotes low level of expression.

drought tolerant N22 under drought stress. Phenolic compounds
are considered as biochemical indicators of biotic and abiotic
stress tolerance in plants (Akula et al., 2016). Several studies
have reported that flavonoids serve as an antioxidant in response
to biotic and abiotic stress in various plant species, such as wheat
(Maetal., 2014), Arabidopsis (Zhang et al., 2018), maize (Li et al.,
2021), tobacco (Wang et al., 2021).

In this study also the total phenolic and flavonoid
accumulation increased significantly in both the genotypes
under water deficit treatment, while the total content of
phenolics and flavonoids in both the genotypes were at par
under normal growth condition; however, the increase was

almost 1.5 times (for both TPC and TFC) more in N22 as
compared to PS2 (Fig. 2A, B). Similarly, Samota et al. (2017)
observed that the seed priming with elicitors induced a higher
accumulation of total phenolic content in N22 when compared to
PS5 under drought stress. Our results are also in line with the
study of Quan et al. (2016) who reported that the accumulation of
total phenols, flavonoid compounds, and accelerated antioxidant
activities under water deficit condition inrice. It was observed that
secondary metabolite content and antioxidant activity were
closely associated with the degree of drought stress tolerance in
rice. Accordingly, higher accumulation of secondary
metabolites in N22 rice cv. is one of the reasons for its drought
tolerance .
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Fig. 4:Biosynthetic pathway of flavonoids: (Adopted from Shih et al., 2008; Ma et al., 2014). CHS -Chalcone synthase, CHI - Chalcone isomerase, F3H -
Flavanone 3-f hydroxylase F3'H - Flavanone 3'-Bhydroxylase FLS - Flavonol synthase, FNS -Flavone synthase, DFR - Dihydroflavonol 4-reductase,

ANS -Anthocyanidin synthase and UFGT - UDP-glucose flavonoid glucosyltransferase.

In plants, ROS act as critical signaling molecules in
responses to biotic and abiotic stresses (Huang et al., 2019),
which causes corrosion of membrane biomolecules (proteins,
lipids, carbohydrates, and nucleic acids), eventually leading to
cell death (Xie et al., 2019). In maize seedlings, a higher level
accumulation of flavonoids improved tolerance to drought stress
by modulating ROS homeostasis (Li et al., 2021). Previous
studies have highlighted that higher level accumulation of
flavonoid compounds enhanced abiotic stress tolerance in plants
by regulating the homeostasis of ROS. A similar finding was
made in rice for ROS modulation under drought stress, and the
ability of N22 to withstand drought has been ascribed to the
differences in the peroxidase, catalase, and superoxide
dismutase encoding genes (Prakash et al., 2016). Thus, the
accumulation of flavonoid compounds which serve as
antioxidants reduces the intracellular generation of ROS as well
as increases the ROS scavenging activity under abiotic stress
(Prakash etal., 2016).

The expression level of OsCHS1, OsCHS2, and OsCHI
genes were nearly 20 fold higher in N22 under water deficit stress
when compared to PS2, and also the highest among all the genes

studied (Fig. 3A). Fig. 3B shows heat map representing the
transcript levels of flavonoids biosynthesis genes (CHS, CHI,
F3H, F3'H, FLS, DFR, and ANS) in N22 and PS2 rice genotypes
in response to control and water deficit stress. Previous studies
have reported increased expression levels of CHS and CHI
genes under abiotic stresses conditions in many Plant Species
conditions such as Ginkgo biloba (Cheng et al., 2011), tobacco
(Lijuan et al., 2015; Chen et al., 2017), Arabidopsis (Wang et al.,
2018) and rice (Jayaraman et al., 2021). Vasquez-Robinet et al.
(2008) found higher gene expression level of CHS in ‘Sullu’ potato
variety (drought tolerant) than ‘Negra Ojosa‘(drought sensitive)
during severe drought stress. Similar results were also reported in
wheat which showed upregulation of TaCHS and TaCHI genes in
two wheat cultivars under drought stress, with higher expression
in Aikang 58 (AK) cultivar than Chinese Spring (CS) as compared
to their respective control (Ma et al., 2014). Thus, the flux in the
flavonoid content observed in this study was due to the difference
in the expression of early genes of the flavonoids pathway
between the two genotypes.

The expression level of OsF3H and OsF3'H genes
increased more than 10 fold in N22 as compared to PS2 under
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Table 1: Primer sequences used for quantitative RT-PCR analysis of genes involved in flavonoid biosynthesis pathway.

503

Gene Name LocusID Primer Name Primer’s Sequence (5'-3')

CHS LOC_0s11g32650 OsCHS1_F ATCTCGGACTGGAACTC
OsCHS1_R GACATGTTGCCGTACTC

LOC_0s07g11440 OsCHS2_F TCCATCTTCTGGGTGGT

OsCHS2_R TACTCGGAGAGGACGTT

CHI LOC_0s06g10210 OsCHI_F GAAGCTGGGACCTAAGTAT
OsCHI_R TAAGGCCGTTGTAGTGAA

F3H LOC_0s04g56700 OsF3H_F CGCCAAGCTCAAGAAGAA
OsF3H_R GAGACTTGGGCTTCTGTG

F3H LOC_0s10g17260 OsF3'H_F CAGCCTTCTCGGTTTCT
OsF3H_R TCATCAGTGTGACCATCC

DFR LOC_0s01g44260 OsDFR_F GACATGTTCCCGGAGTA
OsDFR_R TGTACCTGAACCTGAACC

ANS LOC_0s01g27490 OsANS_F TGGAGATCCTCACCAAC
OsANS_R CGTGCTGCTTGAATGTG

Actin LOC_0s03g50885 OsActin_F GATCTGGCATCACACCTTCTAC
OsActin_R CTGGGTCATCTTCTCACGATTG

water deficit stress (Fig. 3A). Several studies have reported that
overexpression of F3H in transgenic tobacco plants upregulated
the transcript level and induced flavonoids accumulation, which
was often accompanied by increased antioxidant ability and
abiotic stress tolerance (Mahajan and Yadav, 2014; Meng et al.,
2015; Song et al., 2016). Likewise, Watkinson et al. (2006) and
Liu et al. (2013) reported increased F3H expression, when potato
and Reaumuria soongorica plants were exposed to UV-B
irradiation and drought stress, respectively. Previous studies
have reported that the expression level of downstream genes of
the flavonoid biosynthesis pathway were also enhanced by
abiotic stress in grape berries (Castellarin et al., 2007) and
Populus euramericana (Kim et al., 2012). Hua et al. (2013) in this
study reported that Ginkgo biloba DFR (GbDFR) transcripts are
induced when plants were exposed to wounding stress.
Correspondingly, in this study, the higher transcript levels of
OsDFR and OsANS genes were observed in N22, as compared
to PS2 (Fig. 3A). The results corroborates with the study of Ithal
and Reddy et al. (2004), who showed upregulated expression
levels of rice flavonoid biosynthesis genes OsDFR and OsANS in
N22rice cultivar after stress treatment. Ma et al. (2014) found that
increased expression levels of TaDFR and TaANS genes in two
wheat cultivars under drought stress, which suggested that
increased gene expression, accumulation of flavonoids, and
anthocyanin content might be closely related to drought
tolerance. However, as shown in Fig. 3A, the expression level of
upstream or early genes (CHS, CHI, F3H, F3'H) of flavonoids
biosynthesis pathway was higher than downstream genes (DFR
and ANS) in drought tolerant N22 genotype, and overall, the
expression pattern of flavonoids biosynthesis pathway genes
progressively decreased from OsCHS to OsANS (Fig. 4).

Thus, the results of this study clearly showed that the
expression level of flavonoids biosynthesis was not only
significantly higher in N22 under water deficit stress when
compared to PS2, but also the fold change was perfectly

correlated with the progress of the biosynthetic pathway of
flavonoids. In plants, the expression of early genes involved
in flavonoids biosynthesis pathway encoding CHS, CHI, and
F3H and the downstream or late genes encoding DFR, ANS,
and UFGT are regulated separately (Quattrocchio et al.,
2006). It is known that phenolic and flavonoids are essential
for stress tolerance, however, which genes in the pathway are
more responsible for the water deficit stress tolerance in case
of N22 is not known. Our study clearly suggests that it is
worthwhile to work with early genes in the pathway. In fact,
recent work from our laboratory found that stress-inducible
expression of a single gene (Chalcone Isomerase2) could
give multiple abiotic stress tolerance in the transgenic rice
plants of susceptible genotype PS2 (Jayaraman et al., 2021).

The present study clearly established that one of the
mechanisms of the drought stress tolerance of N22 rice variety is
due to the increased expression of flavonoids biosynthesis
pathway genes coupled with the antioxidative capability through
the accumulation of flavonoid compounds. These findings open
up an avenue for improving drought tolerance in rice through
modern breeding technologies.

Acknowledgments

This study was funded by ICAR-NASF (NFBSFARA)
project on “Phenomics of moisture deficit and low temperature
stress tolerance in rice” and ICAR - NIPB, New Delhi, India. The
authors are thankful to the Director, ICAR - NIPB, New Delhi for all
support and providing laboratory facilities to carry out the
research work.

Add-on Information

Authors’ contribution: K. Jayaraman: Performed experiments,
data analysis, and drafted the manuscript; A.M. Sevanthi:

¢ Journal of Environmental Biology, July 2022 ¢



504 K. Jayaraman et al.: Flavonoids in rice under water deficit

Helped in water deficit stress treatment, data analysis and
manuscript editing; V.K. Raman: Helped in quantitative RT-PCR
analysis and manuscript drafting; P.K. Mandal: Designed the
experiments, revised the manuscript, and supervised the entire
work.

Research content: The research content of manuscript is
original and has not been published elsewhere.

Ethical approval: Not applicable.

Conflict of interest: The authors declare that there is no conflict
of interest.

Data from other sources: Notapplicable.

Consent to publish: All authors agree to publish the paper in
Journal of Experimental Biology.

References

Agati, G. and M. Tattini: Multiple functional roles of flavonoids in
photoprotection. New Phytol., 186, 786-793 (2010).

Akula, R. and G.A. Ravi Shankar: Influence of abiotic stress signals on
secondary metabolites in plants. Plant. Signal. Behav., 6, 1720-
1731(2011).

Andre, C.M., R. Schafleitner R,S. Legay, I. Lefevre, C.A.A. Aliaga, G.
Nomberto, L. Hoffmann, J.F. Hausman, Y. Larondelle and D.
Evers: Gene expression changes related to the production of
phenolic compounds in potato tubers grown under drought stress.
Phytochemistry, 70, 1107-1116 (2009).

Bao, J.S., Y. Cai, M. Sun, G.Y. Wang and H. Corke: Anthocyanins,
flavonols, and free radical scavenging activity of Chinese bayberry
(Myrica rubra) extracts and their color properties and stability. J.
Agri. Food. Chem., 53,2327-2332 (2005).

Bray, E.A., J. Bailey-Serres and E. Weretilnyk: Responses to abiotic
stresses. In: Biochemistry and Molecular Biology of Plants (Eds.:
B. Buchanan, W. Gruissem and R. Jones). American Society of
Plant Physiologists, Rockville, MD, pp.1158-1249 (2000).

Castellarin, S.D., M.A. Matthews, G.D. Gaspero and G.A. Gambetta:
Water deficits accelerate ripening and induce changes in gene
expression regulating flavonoid biosynthesis in grape berries.
Planta, 227,101-112(2007).

Chen. S., X.P.Y. Li, L. Cui, Y. Zhang, Z. Zhang, G. Pan, J. Yang , P. Cao
and A. Yang: Identification and characterization of chalcone
synthase gene family members in Nicotiana tabacum. J. Plant.
Grow. Regul., 36, 374-384 (2017).

Cheng. H., L. Li, S. Cheng, F. Cao, Y. Wang and H. Yuan: Molecular
cloning and function assay of a chalcone isomerase gene (GbCHI)
from Ginkgo biloba. Plant. Cell. Report, 30,49-62 (2011).

Fayez, K.A. and S.A. Bazaid: Improving drought and salinity tolerance in
barley by application of salicylic acid and potassium nitrate. J.
Saudi Soc. Agric. Sci., 13,45-55 (2014).

Guidi, L., E. Degl'lnnocenti, D. Remorini, R. Massai and M. Tattini:
Interactions of water stress and solar irradiance on the physiology
and biochemistry of Ligustrum vulgare. Tree. Physio., 28, 873-883
(2008).

Hua. C., L. Linling, C. Shuiyuan, C. Fuliang, X. Feng, Y. Honghui and W.
Conghua: Molecular cloning and characterization of three genes
encoding dihydroflavonol-4-reductase from Ginkgo biloba in

anthocyanin biosynthetic pathway. Plos ONE, 8,72017 (2013).

Huang, H., F. Ullah, D.X. Zhou, M. Yi and Y. Zhao: Mechanisms of ROS
regulation of plant development and stress responses. Front. Plant
Sci., 10,800 (2019).

Ithal, N., and A.R. Reddy: Rice flavonoid pathway genes, OsDfr and
OsAns, are induced by hydration, high salt and ABA, and contain
stress responsive promote elements that interact with the
transcription activator, OsC1-MYB. Plant Sci., 166, 1505-1513
(2004).

Jayaraman, K., K.V. Raman, A.M. Sevanthi, S.R. Sivakumar, Gayatri, C.
Viswanathan, T. Mohapatra and P.K. Mandal: Stress-inducible
expression of chalcone isomerase2 gene improves accumulation
of flavonoid and imparts enhanced abiotic stress tolerance.
Environ. Exp. Bot., 190, 104582 (2021).

Kim, B.G., E.R. Lee and J.H. Ahn: Analysis of flavonoid contents and
expression of flavonoid biosynthetic genes in Populus
euramericana guinier in response to abiotic stress. J. Korean Soci.
App. Bio. Chem., 55,141-145 (2012).

Latha, G.M., K.V. Raman, J.M. Lima, D. Pattanayak, A.K. Singh, V.
Chinnusamy, K.C. Bansal, K.R.S. Sambasiva Rao and T.
Mohapatra: Genetic engineering of indica rice with AtDREB1A
gene for enhanced abiotic stress tolerance. Plant. Cell. Tiss.
Organ. Cult.,136,173-188 (2019).

Lattanzio, V.: Phenolic compounds: Introduction. In: Natural Products:
Phytochemistry, Botany and Metabolism of Alkaloids, Phenolics
and Terpenes (Eds.: K.G., Ramawat and J.M. Merillon). Springer-
Berlin/Heidelberg, Germany, pp.1543-1580 (2013).

Li,B.,R. Fan, G. Sun, T. Sun, Y. Fan, S. Bai, S. Guo, S. Huang, J. Liu, H.
Zhang, P. Wang, X. Zhu and C.P. Song: Flavonoids improve
drought tolerance of maize seedlings by regulating the
homeostasis of reactive oxygen species. Plant Soil, 461, 389-405
(2021).

Lijuan. C., G. Huimin, L. Yiand C. Hongmei: Chalcone synthase EaCHS 1
from Eupatorium adenophorum functions in salt stress tolerance in
tobacco. Plant Cell Reports, 34, 885-894 (2015).

Liu, M.L., X.R., Li, Y.B. Liu and B. Cao: Regulation of flavanone 3-
hydroxylase gene involved in the flavonoid biosynthesis pathway
in response to UV-B radiation and drought stress in the desert
plant, Reaumuria soongorica. Plant. Physio. Biochem., 73, 161-
167 (2013).

Liu, S.,J. Juand G. Xia: Identification of the flavonoid 3'-hydroxylase and
flavonoid 3', 5'-hydroxylase genes from Antarctic moss and their
regulation during abiotic stress. Gene, 543, 145-152 (2014).

Livak, K.J. and T.D. Schmittgen: Analysis of relative gene expression
data using real-time quantitative PCR and the 2-DDCT method.
Methods, 25,402-408 (2001).

Luo, P.,Y. Shen, S. Jin, S. Huang, X. Cheng, Z. Wang, P. Li, J. Zhao, M.
Bao and G. Ning: Overexpression of Rosa rugosa anthocyanidin
reductase enhances tobacco tolerance to abiotic stress through
increased ROS scavenging and modulation of ABA signaling.
Plant Sci., 245, 35-49 (2016).

Ma, D., D. Sun, C. Wang, Y. Li and T. Guo: Expression of flavonoid
biosynthesis genes and accumulation of flavonoid in wheat leaves
in response to drought stress. Plant. Physio. Biochem., 80, 60-66
(2014).

Mahajan. M. and S.K. Yadav: Overexpression of a tea flavanone 3-
hydroxylase gene confers tolerance to salt stress and Alternaria
solaniin transgenic tobacco. Plant. Mole. Bio., 85, 551-573 (2014).

Markham, K.R., G.J. Tanner, M. Cassi-Lit, M.l. Whitecross, M. Nayudu,
and K.A. Mitchell: Possible protective role for 3’, 4-
dihydroxyflavones induced by enhanced UV-Bina UV tolerantrice
cultivar. Phytochemistry, 49,1913-1919 (1998).

Melidou, M., K. Riganakos and D. Galaris: Protection against nuclear

¢ Journal of Environmental Biology, July 2022 ¢



K. Jayaraman et al.: Flavonoids in rice under water deficit 505

DNA damage offered by flavonoids in cells exposed to hydrogen
peroxide: the role of iron chelation. Free. Radic. Bio. Medi., 39,
1591-1600 (2005).

Meng, C., S. Zhang, Y. Deng, G. Wang and F. Kong: Overexpression of a
tomato flavanone 3-hydroxylase-like protein gene improves
chilling tolerance in tobacco. Plant. Physio. Biochem., 96, 388-400
(2015).

Mol, J., E. Grotewold and R. Koes: How genes paint flowers and seeds.
Trend. Plant. Sci., 3,212-217(1998).

Naikoo, M.I., M.I. Dar, F.Raghib, H. Jaleel, B. Ahmad, A. Raina, F.A. Khan
and F. Naushin: Role and regulation of plants phenoalics in abiotic
stress tolerance: An overview. Plant. Signal. Mole., Elsevier:
Amsterdam, The Netherlands, pp.157-168 (2019).

Nakabayashi, R., K. Yonekura-Sakakibara, K.Urano, M. Suzuki, Y.
Yamada, T. Nishizawa, F. Matsuda, M. Kojima, H. Sakakibara, K.
Shinozaki, A.J. Michael, T. Tohge, M. Yamazaki and K. Saito:
Enhancement of oxidative and drought tolerance in Arabidopsis by
over accumulation of antioxidant flavonoids. Plant J., 77, 367-379
(2014).

Pereira, A.: Plant abiotic stress challenges from the changing
environment. Front. Plant Sci., 7,1123(2016).

Prakash, C., S.V. Amitha Mithra, P.K. Singh, T. Mohapatra and N.K.
Singh: Unraveling the molecular basis of oxidative stress
management in a drought tolerant rice genotype Nagina 22. BMC.
Geno., 17,774 (2016).

Quan, N.T., L.H. Anh, D.T Khang, P.T. Tuyen, N.P. Toan, T.N. Minh, L.T.
Minh, D.T. Bach, P.T.T.Ha, A.A. Elzaawely, T.D. Khanh, K.H. Trung
and T.D. Xuan: Involvement of secondary metabolites in response
to drought stress of rice (Oryza sativa L.). Agriculture, 6, 23
(2016).

Quattrocchio, F., W. Verweij, A. Kroon, C. Spelt, J. Mol and R. Koes: PH4
of Petunia is an R2R3 MYB protein that activates vacuolar
acidification through interactions with basic-helix-loop-helix
transcription factors of the anthocyanin pathway. Plant Cell,
18,1274-1291(2006).

Samota, M.K., M. Sasi, M.Awana, O.P. Yadav, S.V.Amitha Mithra, A. Tyagi,
S. Kumar and A. Singh: Elicitor-induced biochemical and molecular
manifestations to improve drought tolerance inrice (Oryza sativa L.)
through seed-priming. Front. Plant. Sci., 8,934 (2017).

Sanchez-Rodriguez, E., D.A. Moreno, F. Ferreres, M. del Mar Rubio-
Wilhelmi and J.M. Ruiz: Differential responses of five cherry
tomato varieties to water stress: changes on phenolic metabolites
and related enzymes. Phytochemistry, 72,723-729 (2011).

Selmar, D.: Potential of salt and drought stress to increase
pharmaceutical significant secondary compounds in plants. Land.
Volk. Agri. For. Res., 58,139-144 (2008).

Shahzad, B., M. Tanveer, A.Rehman, S.A. Cheema, S. Fahad, S.
Rehman and A. Sharma: Nickel; whether toxic or essential for
plants and environment-A review. Plant. Physiol. Biochem., 132,
641-651(2018a).

Shahzad, B., M.Tanveer, Z. Che, A. Rehman, S.A. Cheema, A. Sharma,
H. Song, S. Ur Rehman and D. Zhaorong: Role of 24-
epibrassinolide (EBL) in mediating heavy metal and pesticide
induced oxidative stress in plants: A review. Ecotoxicol. Environ.
Safe., 147,935-944 (2018b).

Sharma, P., A.B. Jha, R.S. Dubey and M. Pessarakli: Reactive oxygen
species, oxidative damage, and antioxidative defense mechanism
in plants under stressful conditions. Journal of Botany, 26, 2012,
(2012).

Sharma, A., B. Shahzad, A. Rehman, R. Bhardwaj M. Landi and B.

Zheng: Response of phenylpropanoid pathway and the role of
polyphenols in plants under abiotic stress. Molecules, 24, 2452
(2019).

Shih, C.H., H. Chu, L.K. Tang, W. Sakamoto, M. Maekawa, |.K. Chu, M.F.
Wang and C. Lo: Functional characterization of key structural
genes in rice flavonoid biosynthesis. Planta, 228, 1043-1054
(2008).

Singleton, V.L., R. Orthofer and R.M. Lamuela-Raventos: Analysis of
total phenols and other oxidation substrates and antioxidants by
means of Folin-Ciocalteu reagent. Methods. Enzym., 299, 152-
178(1999).

Song, X., J. Diao, J. Ji, G. Wang, C. Guan, C. Jin and Y. Wang: Molecular
cloning and identification of a flavanone 3-hydroxylase gene from
Lycium chinense, and its overexpression enhances drought stress
intobacco. Plant. Physio. Biochem., 98, 89-100 (2016).

Thiyagarajan, K., F. Vitali, V. Tolaini, P.Galeffi, C. Cantale, P. Vikram, S.
Singh, P. De Rossi, C. Nobili, S. Procacci and A. Del Fiore:
Genomic characterization of phenylalanine ammonia lyase gene
inBuckwheat. Plos ONE, 11, 151187 (2016).

Vasquez-Robinet, C., S.P.Mane, A.V. Ulanov, J.I. Watkinson, V.K.
Stromberg, D.D. de Koeyer, R. Schafleitner, D.B. Willmot, M.
Bonierbale, H.J. Bohnert and R. Grene: Physiological and
molecular adaptations to drought in Andean potato genotypes. J.
Experi. Bot., 59,2109-2123 (2008).

Venuprasad, R., M.T. Sta Cruz, M. Amante, R. Magbanua, A. Kumar and
G.N. Atlin: Response to two cycles of divergent selection for grain
yield under drought stress in four rice breeding populations. Field.
Crop. Resear.,107,232-244 (2008).

Wang, F., G.Ren, F.Li, S. Qi, Y. Xu, B. Wang, Y. Yang, Y. Ye, Q. Zhou and
X. Chen: A chalcone synthase gene AeCHS from Abelmoschus
esculentus regulates flavonoid accumulation and abiotic stress
tolerance in transgenic Arabidopsis. Acta. Physio. Plant., 40, 97
(2018).

Wang, F., H. Zhu, W. Kong, R. Peng, Q. Liu and Q. Yao: The Antirrhinum
AmDEL gene enhances flavonoids accumulation and salt and
drought tolerance in transgenic Arabidopsis. Planta, 244, 59-73
(2016).

Wang, M., T.Ren, R. Huang, Y. Li, C. Zhang and Z. Xu: Overexpression of
an Apocynum venetum flavonols synthetase gene confers salinity
stress tolerance to transgenic tobacco plants. Plant. Physio.
Biochem., 162, 667-676 (2021).

Watkinson, J.I., L. Hendricks, A.A. Sioson, C. Vasquez-Robinet, V.
Stromberg, L.S. Heath, M. Schuler, H.J. Bohnert, M. Bonierbale
and R. Grene: Accessions of Solanum tuberosum ssp. andigena
show differences in photosynthetic recovery after drought stress
as reflected in gene expression profiles. Plant. Sci., 171, 745-758
(2006).

Winkel-Shirley, B.: Biosynthesis of flavonoids and effects of stress. Curr.
Opin. Plant. Bio., 5,218-223 (2002).

Winkel-Shirley, B.: Flavonoid biosynthesis. A colorful model for genetics,
biochemistry, cell biology, and biotechnology. J. Plant Physio.,
126,485-493 (2001).

Xie, X., Z. He, N. Chen, Z. Tang, Q. Wang and Y. Cai: The roles of
environmental factors in regulation of oxidative stress in plant.
Biomed. Res. Int., 2019, 1-11(2019).

Zhang, XH., X.T. Zheng, B.Y. Sun, CL. Peng and W.S. Chow:
Overexpression of the CHS gene enhances resistance of
Arabidopsis leaves to high light. Environ. Exp. Bot., 154, 33-43
(2018).

¢ Journal of Environmental Biology, July 2022 ¢



	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27

