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Such as Drought, Salinity, Heat, and
Cold

Annie P. Jangam, Ravi R. Pathak and Nandula Raghuram *

University School of Biotechnology, Guru Gobind Singh Indmastha University, Dwarka, India

The genome-wide role of heterotrimeric G-proteins in abiat stress response in rice has
not been examined from a functional genomics perspective, espite the availability of
mutants and evidences involving individual genes/proces/stresses. Our rice whole
transcriptome microarray analysis (GSE 20925 at NCBI GEO¥ing the G-alpha subunit
(RGA1) null mutant (Daikoku 1 or d1) and its corresponding ldi type (Oryza sativa
Japonica Nipponbare) identi ed 2270 unique differentiai expressed genes (DEGS).
Out of them, we mined for all the potentially abiotic stressesponsive genes using
Gene Ontology terms, STIFDB2.0 and Rice DB. The rst two apmraches produced

smaller subsets of the 1886 genes found at Rice DB. The GO appeach revealed
similar regulation of several families of stress-respong genes in RGAL1 mutant. The
Genevestigator analysis of the stress-responsive subsetfdhe RGAl-regulated genes
from STIFDB revealed cold and drought-responsive clusterdvieta data analysis at Rice
DB revealed large stress-response categories such as col@{8 up/810 down), drought

(882 up/837 down), heat (913 up/777 down), and salt stress (89 up/841 down). One

thousand four hundred ninety-eight of them are common to allhe four abiotic stresses,
followed by fewer genes common to smaller groups of stressesThe RGA1l-regulated
genes that uniquely respond to individual stresses includ&l11l in heat stress, eight each
in cold only and drought only stresses, and two genes in salttsess only. The common
DEGs (1498) belong to pathways such as the synthesis of polyaine, glycine-betaine,
proline, and trehalose. Some of the common DEGs belong to abtic stress signaling
pathways such as calcium-dependent pathway, ABA independet and dependent

pathway, and MAP kinase pathway in the RGA1 mutant. Gene ontogy of the common

stress responsive DEGs revealed 62 unique molecular funotis such as transporters,
enzyme regulators, transferases, hydrolases, carbon andrptein metabolism, binding to
nucleotides, carbohydrates, receptors and lipids, morphgenesis, ower development,

and cell homeostasis. We also mined 63 miRNAs that bind to thestress responsive
transcripts identi ed in this study, indicating their posttranscriptional regulation. Overall,
these results indicate the potentially extensive role of R&L in the regulation of multiple
abiotic stresses in rice for further validation.
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INTRODUCTION approach particularly attractive in this regard. We carried ou
a microarray analysis of this RGA1 mutant in comparison with

Abiotic stress responses in plants are being increasingtjie wild type in rice (GSE 20925 at NCBI GEO), which provided
addressed on a genome-wide scale to nd newer gene targets fa convenient starting point for the present study, to examine
protecting crop yields in the era of climate change(dey et al., the stress-related genes in the genome-wide response to the
2015. Rice has been a crop of particular interest in this regardRGA1 null mutation in rice. In speci ¢ terms, we asked what
not only because of its popularity as a post-genomic model crogroportion of the RGA1-regulated transcriptome corresponds to
but also its importance as a staple food for half of the world'sbiotic stress response in rice and how are these genes disttib
population. In rice, transcriptome-wide analyses of abiotiest  in terms of major individual abiotic-stresses or in terms béir
response have been reported in terms of either speci ¢ stresse erential regulation in the RGAL mutant or normal rice plants
or speci ¢ families of genes that respond to multiple stresses&Ve report here an integrative analysis of our experimental RGA1
or both. They include drought-responsivéVgng et al., 2001 mutant microarray data with then silico meta data analysis
and salinity-responsivel{ang et al., 20)ice transcriptomes of the known response of normal rice plants to various abiotic
spanning multiple gene families, pathways, and transcriptiostresses.
factors. Studies that examined multiple stresses in panadlielde
transcriptome-wide response to water-de cit, cold, and stakss
inrice (Ray etal., 2011; Venu et al., 2p13

There have been many other whole transcriptome microarra . .
studies in rice under di erent abiotic stress conditions tley blant Mate”al_ and Growth Condltlons .
reported only speci ¢ gene families that responded to variou$€€ds of the rice d1 mutant (devoid ofaGsubunit or

stresses. They include the MADS-box transcription factoriigm RCGAL) and its correspo_ndiggfwild t%/pé)(yzal sati}/ajap(_)ni;;a
(Arora et al., 200); F-Box Proteins Jain et al., 2007 calcium- Nipponbare) were obtained from the Faculty of Agriculture,

dependent protein kinase (CDPK) gene familay et al., Kyushu University, Japan.Theywere surface-sterilized v@%7-
2007, auxin-responsive gened(n and Khurana, 20)9protein ethanol and 0.01% Triton-X 100 and grown on 0.5x B5 media

. taining 0.7% agar at 25 1 C with uorescent white light
phosphatase gene familygi(gh et al., 20)0 Sulfotransferase contar . i )
(SOT) gene familyGhen et al., 2092 thioredoxin gene family intensity of 1 kilo lux and a 12/12 photoperiod for 25 days tilet

(Nuruzzaman et al., 20)2half-size ABC protein subgroup G emergence of the tertiary leaves and used for microarrayaisal
(Matsuda et al., 20)2class Il aminotransferase gene family . .
(Sun et al., 20)3C&C ATPases gene familiamrul Hudaetal., RNA Isolation and Analysis
2019, Rice RING E3 Ligase Familyi(n et al., 201}etc. Total RNA was isolated by hot phenol extraction and lithium
Hetetrotrimeric G-protein signaling components have oftenchloride precipitation method as describeéthak and Lochab,
been implicated in stress response in plants. For example, in pe#)10. Total RNA was qualitatively and quantitatively analyzed
Ga subunit was shown to be up-regulated by heat, as well as ® spectrophotometry and agarose gel electrophoresis. Prior
impart heat and salt tolerance when overexpressed in trafisgerio microarray experiments, RNA integrity values (RIN) of the
tobacco, whereas thebGsubunit imparted only heat tolerance total RNA samples were determined using the Agilent 2100
(Misra et al., 20077 The role ofa subunit in salt stress has Bionalyzer equipment as per the manufacturer's instructiang
also been shown in Arabidopsi€¢laneri et al., 20)4rice, and only samples with RIN values higher than 5 were used for
maize (Jrano et al., 201yt Recently, we demonstrated that stressMmicroarray experiments.
related genes/pathways constitute the largest functiohastter
of GPCR/G-protein-regulated genes Arabidopsisising whole  Whole Transcriptome Microarray
transcriptome analyses of knock-out mutants of GCR1 and GPAGRNA labeling of total RNAs from the RGA1 mutant and
(Chakraborty et al., 20153,b its corresponding wild type was carried out using Agilent
The rice G protein subunits are well characterized as RGALow RNA Input Fluorescent Linear Ampli cation Kit (USA)
for Ga subunit (shikawa et al., 1995 RGB1 for @& subunit as per the manufacturer's instructions, using Cy3 and Cy5
(Ishikawa et al., 199@nd RGG1 and RGG2 for thegZubunits  dyes (Perkin-Elmer, USA). Amplied samples were puried
(Kato et al., 2004 The expression of rice &subunit (RGAL) using Qiagen's RNeasy mini spin columns. The quantity and
gene was reported to be up-regulated by salt, cold, and drougbpeci ¢ activity of cRNA was determined by using NanoDrop
stresses, and down regulated by heat strgsdeyv et al., 20)3 ND-1000 Spectrophotometer. Samples with speci ¢ activiy
However, the regulation of the twogssubunits was di erent— were hybridized with Agilent rice whole genome 60-mer
while both RGG1 and RGG2 were up-regulated in salt, coldnicroarrays (4 44 K, Ver 2) at 65C for 17 h using Agilent
heat, and ABA treatments, only RGG1 was up-regulated iMicroarray Hybridization materials and equipment, as per the
drought stress Yadav et al., 20)2 While these two studies manufacturer's instructions. Slides were washed for 1 naiche
demonstrated that abiotic stresses regulate the expression with Agilent Gene expression Wash Bu er | and Il at RT and
Ga and (g genes in rice, the role of G-proteins in mediating 37 C, respectively, and rinsed with acetonitrile for cleaning up
various stress responses in rice remains uncharacterized onand drying. They were scanned on an Agilent scanner (G2565B)
genome-wide scale. The availability of a natural mutant oARG at 100% laser power. Data extraction was carried out withedil
(D1) in rice (Ashikari et al., 1999makes a functional genomic Feature Extraction software (version 9.1).

MATERIALS AND METHODS
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The raw data was normalized using the recommended “Pegach gene-speci ¢ primer. Actin (ACT) was used as an internal
Chip and Per Gene Normalization” feature of the softwarecontrol for normalization. Quanti cation of the relative emges
GeneSpring GX Version 11.5. The correlation of replicates was gene expression was performed by using th&'2°T method
checked using principal component analysis and correlatiofPfa , 2001).
coe cients were obtained. The geometric mean (geomeary fol
change values are represented as.lothe average data of
biological replicates were used for nal calculations. 1.égd RESULTS
change value of 1.0 withmvalue of 0.05 was taken as the cut-o

to identify the di erentially regulated genes (DEGS). Whole transcriptome microarray analysis of the rice RGAl

(Ga) null mutant in comparison with its WT yielded a total

.. . of 2270 di erentially expressed genes under MIAME compliant
Data Mining and Meta-Analysis of the conditions, using s)t/ringpent cut-(? values (geomean 1.0h/\;i'»)t
Stress Related Genes value of 0.05) and removing redundancies. The raw data of thi
The stress-related genes were segregated from the above-RGAdtire microarray experiment are reported at NCBI GEO (GSE
regulated DEGs using the GO term “stress.” This was dongp925). Among these RGA1-regulated genes, a large number
using rice genome annotation version 7 and also validategf abiotic stress-responsive genes have been identied using
with the “manually curated database for rice protein€o(ir  their annotation information or online databases for fueth

et al., 201p Further data mining was done using the genespioinformatic analysis as detailed below.
corresponding to individual stresses downloaded from thesst

responsive transcription factor database (STIFDB2z0ka et al., . .
201p3, to nd RGAg-reguIated DEGs cc()rresponding to heat’Stress-Responswe Genes Identi ed by

drought, salt, and cold. In order to identify additional ess- GO-Terms

related genes among RGA1-responsive genes, our entire RGAQUr search for stress-related genes among these RGAl-tegula
regulated transcriptome was used as an input at the onlinPEGs using the GO terms related to stress yielded 94 abiotic
database RiceDB\@rsai et al., 20)3to identify all the rice Stress-related DEGs that are nearly equally distributed imse
genes that responded to at least one of the four abiotic stsessOf up/down regulation (49 up/45 down). A vast majority of these
i.e., cold, heat, drought, and salt. These genes were siotted genes could be clustered into40 related families (20 up/20
up-regulated and down-regulated sets and subjected to wario down) showing identical mode of up/down regulation, despite
Venn selections(@liveros, 2007—20)%0 generate a core list of wide variation in the extent of their regulatiorilgble 1). For
1498 stress-responsive genes common to all four stressiegin r €xample, all the RGAl-regulated members of gene families such
The core gene list was further classi ed into various fuoctél as DREB seem to be uniformly up-regulated, albeit to varying
categories, pathways and processes using a GO enrichméients, ranging betwee@3.99 andC1.18. In addition, there
analysis tool, AGRIGO{u et al., 201pwith binomial statistical are 21 stress-related DEGs that are individually regulated
test and cut-o for FDR-adjusted>-value of 0.05. Hierarchical the RGA1 mutant with no other family member, including up-
clustering was done using average linkage based on Euclide®@gulated genes such as CDPK, MAP kinase kinase 2, DnaJ
distance subsets of individual stress conditions such as beld, like protein, and down-regulated genes such as Myb factor,
drought/dehydration, salt, submergence, and shift frompaE  Phytochelatin synthetase, and water-stress inducible protei
to anaerobic germination, cold, and drought. Biclusterivgs (RAB21).

done with a threshold value of 1 and the largest bicluster was

used for the analysis. Expression data were obtained for bo®tress-Responsive Genes Identi ed at
the clustering analyses using Genevestigaton(nermann etal., STIFDB2.0

2009. Data mining for all abiotic stress-responsive genes of rice a

. . STIFDB2.0 yielded 626 genes in all, corresponding to he&) (52
RT-PCR Validation of the Stress-Related drought (101), salt (37), and cold (15), as shown in the leftgba
Genes of Figure 1L A Venn selection between these 626 stress responsive

In order to validate the stress-responsive genes identirethf genes and the 2270 RGA1-regulated genes identied on our
the microarray results, quantitative RT-PCR experimentsewe microarray yielded 106 gene&igure 1, inset), indicating the
carried out using total RNAs isolated from two biologicalrole of RGA1 in mediating their stress regulation. A signinta
replicates of the wild type and RGA1 mutant rice plants growrmajority of them respond to heat (94), followed by drought)13
and harvested under similar conditions. Two technical rexibs  salt (6), and cold (4), with the 25 genes being common to selt a
were used to set up RT-PCR from each of the biological replicatedrought stressed~(gure 1, right panel). But this order becomes
using gene-speci ¢ primers designed in-house for the salectevery di erent when seen in terms of what proportion of each of
genes. The primer sequences are provided in Supplementatye stress responses was RGAl-regulated: With four out of all
Table 2. PCR ampli cations were performed in20by using the 15 cold-responsive genes listed at STIFDB2.0 being reduigte
KAPA SYBR FAST universal QPCR kit (KAPA BIOSYSTEMSRGAL, cold-response has the highest proportion of genes under
with 1.0m of sample cDNA prepared by using iScript cDNA the regulation of RGA1 (27%), followed by heat (18%), salt (16%),
synthesis kit (Cat#170-8891) from BIORAD and 100 n moles a@nd drought (13%).
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TABLE 1 | RGAl-regulated stress-responsive gene families wit  h their fold changes in mutant.

RGAL up regulated stress responsive families Fold change RGA1 down regulated stress responsive families Fold change
DRE-binding protein 1A,1B,1C 3.99-1.18 Peroxidase 6.09t0 1.42
Metallothionein-like protein type 2 3.88-3.47 Catalase ezyme 3.33t0 3.09
Catalase isozyme 2 2.89-2.6 Haem peroxidase family protein. 2.88t0 147
Glutathione S-transferase GST 19,6 2.49-1.55 LRR-like ptein 2.71to 2.54
Heat shock proteins (70,82,90) 2.31-1.47 Pathogen-indudile alpha dioxygenase 2.60to 2.58
MAP Kinase 2.19-2.06 Triosephosphate isomerase 1.89to 1.63
Endo-1, 3; 1, 4-beta-D-glucanase 2.06-1.55 Anth (Pollen-peci ¢ desiccation-associated LLA23 protein) 1.86to 1.59
Rossmann-like alpha/beta/alpha sandwich fold domain 2.05-1.28 Cytosolic 6-phosphogluconate dehydrogenase 181to 1.72
containing protein
Zinc nger, domain containing proteins (AN1-type, 2.04-1.50 Glycine-rich RNA-binding protein 1 1.79t0 1.72
TAZ-type)
Heat stress transcription factor Spl7 (RHSF10) 1.99-1.11 &a-glucanase precursor 1.72t0 1.64
Sucrose synthase 2 1.84-1.33 Cytosolic Glyceraldehyde-3-phosphate dehydrgenase 1.70to 1.50
Anthranilate synthase beta chain 1.75-1.44 Superoxide disutase 1.69to 1.49
Manganese-superoxide dismutase precursor 1.52-1.26 WW/Rs5/WWP domain containing protein 159t0 1.33
6-phosphogluconate dehydrogenase 1.46-1.35 Serine/threnine-protein kinase SAPK3 (Osmotic stress/abscisic 146to0 1.36
acid-activated protein kinase 3)
Serine/threonine-protein kinase SAPK2/9 1.34-1.05 Alcohalehydrogenase 1. 142t0 1.23
UspA domain containing protein 1.30-1.18 Class Il peroxidasGvPx2b 1.39to 1.08
GTP-binding nuclear protein Ran1B 1.15-1.04 Nucleoside ghosphate kinase | 136to0 1.33
Multiple stress-responsive zinc- nger protein ISAP1 1.14-1.09 Hypothetical conserved gene. Similar to peroxiase 1.25t0 1.07
(Stress-associated protein 1) (Os03t0339300-02)
0OSIGBa0145M07.4 protein 1.83-1.14 Aldehyde dehydrogenase 1.21to 1.16

From the differentially regulated genes (DEGs) identi ed in our maarray analysis of the RGA1 mutant, 94 genes with GO terms related to stresgere segregated and categorized into

families.
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FIGURE 1 | Stress responsive genes among RGAl-regulated gene

sinrice. The left panel shows Venn selections between the subsets ofilarice abiotic
stress-responsive genes listed at STIFDB2.0. The inset shaWwenn selection between all 626 abiotic stress-responsivgenes listed at STIFDB2.0 and 2270
RGA-1-regulated DEGs identi ed on our microarray. The left@nel shows the break-up of the 106 RGA-regulated stress-rgsonsive genes identi ed in the inset in

terms of individual stresses viz., heat (94), drought (133alt (6), and cold (4).

Expression Pro les of RGAl1-Regulated abiotic stress studies reported in literature. Out of thehg tata
Stress-Responsive Genes in Figure 2 include only 118 perturbations such as heat, cold,
Hierarchical clustering of the transcripts of the 106 RGA1-drought/dehydration, salt, submergence, and shift fromohe
regulated stress responsive genes using Genevestigatalgey to anaerobic germination, that have a ected the expression of
their di erential expression under 132 perturbations relatied the vast majority of 106 genes queried based on our study Thi
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FIGURE 2 | Hierarchical clustering of the transcripts of 106 RGALl-regulated stress-responsive genes in various abioti c stress studies in rice (118
perturbations). The red and green colors indicate up-regulation (log2 [2.5and down-regulation (log2 [ 2.5]), respectively as shown in the color bar. Hierarchical
clustering was done using average linkage based on Euclideadistance subsets of individual stress conditions such as éat, cold, drought/dehydration, salt,
submergence, and shift from aerobic to anaerobic germinadh cold and drought. The expression data were obtained usingsenevestigator Zimmermann et al., 2009.

revealed a prominent cluster of over 25 genes that are highljhe remaining genes include seven up-regulated genes and
up-regulated (over 2.5-fold) and a similar number of highlysix down-regulated genes in the RGA1 mutant with opposite
down-regulated (over 2.5-fold) under 24 cold stress stidiie  pattern of regulation under cold stress in normal rice plants
literature on rice. There are an even larger number of gends literature (Figure 3 right panel). The genes up-regulated
that are dierentially regulated under drought, of which the in the RGA1 mutant but down-regulated by cold stress in
down-regulated genes are both predominant and better dledte the normal plants include mitochondrial chaperonin-60, 4,5-
relative to the up-regulated genes. Though there are a smallDOPA dioxygenase extradiol-like protein, isoform 2 of heat
number of heat responsive genes, they are neither well chaste stress transcription factor B-2c, cytochrome P450 familytgirg
not consistent between di erent studies. With respect to ,saltcalcyclin-binding protein, DnaJ-like protein. The genes dewn
the results from nine studies show that very few of our 106egulated in the RGAL mutant but up-regulated in normal plants
RGA-regulated genes respond to salt stress in rice. In view @iclude amino acid transporter-like protein and alpha-amylase
these ndings, furtheiin silicoanalysis of transcript pro les was isozyme 3D precursor. The opposite pattern of regulation
restricted to cold and drought stress conditions. of these genes could be due to the RGA1 mutation, which
Biclustering analysis of the expression pro les of 106 RGAlindicates that RGAL1 may mediate the response of these genes to
regulated, stress-responsive genes in various studiedabstoess  cold stress.
revealed that 17 genes were up-regulated and 11 genes wereA similar biclustering analysis of the expression patterns
down-regulated in 39 di erent perturbations/studieBigure 3, ~ of 106 RGA1l-regulated stress-responsive genes in studies on
left panel). Their comparison with the actual fold-changeueal drought stress revealed that 13 genes were up-regulated@nd 1
of those genes on our microarray revealed that about half ajenes were down-regulated in 30 di erent perturbations/s&sd
them are similarly up-regulated in both RGA1 mutant (without (Figure 4, left panel). When their up/down regulation was
stress) as well as in normal rice plants under cold stressompared with the actual fold-change values obtained on our
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FIGURE 3 | Expression pro les of 106 RGAl-regulated stress- responsive genes in cold stress (39 perturbations from liter ature). The red and green
colors indicate up-regulation (log2 [2.5]) and down-regation (log2 [ 2.5]), respectively, as shown in the color bar. The expressi data in the left panel were obtained
using Genevestigator. The table compares their regulatioim normal plants under stress in literature with actual foldhange values in the RGA1 mutant.

FIGURE 4 | Expression pro les of 106 RGAl-regulated stress- responsive genes in drought stress (30 perturbations from li terature). The red and green
colors indicate up-regulation (log2 [2.5]) and down-regation (log2 [ 2.5]), respectively, as shown in the color bar. The expressi data in the left panel were obtained
using Genevestigator. The table compares their regulatioim normal plants under stress in literature with actual foldhange values in the RGA1 mutant.

microarray, six of the up-regulated genes and one of the dowrspposite pattern of regulation under drought stress in normal
regulated genes from literature are similarly up-regulated rice plants in literature Figure 4, right panel). The genes up-

both RGA1 mutant (without stress) as well as in normal riceregulated in the RGAL1 mutant but down-regulated by drought
plants under drought stress. Among the rest, seven up-regdilat stress in the normal plants include avanone 3-hydroxylase-
and three down-regulated genes in the RGAL1 mutant showelike protein, Isoform 2 of heat stress transcription factor,

Frontiers in Plant Science | www.frontiersin.org 6 January 2016 | Volume 7 | Article 11



Jangam et al. Ga Regulates Multiple Abiotic Stresses

B-2cAlpha/beta hydrolase fold-3 domain containing proteih, Meta-Data Analysis
box domain containing protein, and plant basic secretory prote Data mining using our entire non-redundant list of 2270 RGA1-
family protein. The genes down-regulated in the RGA1 mutantegulated DEGs (1242 up and 1028 down) as input query at
by up-regulated in normal plants include Trehalose-6-phosphatthe Rice DB Oryza information portal revealed a much larger
synthase, MPI, and Ntdin. The opposite pattern of regulation ohumber of 1886 stress-related genes as di erentially regdlat
these genes could be due to the RGA1 mutation, which indicatés our RGA1 mutant. This prompted a comparison of various
that RGA1 may mediate the response of these genes to drougsttess-responsive gene lists identi ed using di erent apprasch
stress. in this study, such as gene ontology (94), STIFDB2.0 (108), a
Interestingly, ribose phosphate pyrophosphokinase 3 is upgRice DB (1886). A Venn selection of all three sets revealédtba
regulated in the RGA1 mutant as well as in response to coltbrmer two are largely subsets of the 1886 DEGs identi edgisin
and drought stress in literature, whereas isoform 2 of thathe Rice DB Figure 5). Therefore, the rest of the meta-data analysis
stress transcription factor is up-regulated in the RGA1 mutantwas carried out using these 1886 genes.
but down-regulated in drought and cold stresses. The distribution of these 1886 RGAl-regulated, stress-
responsive DEGs in terms of individual stresses was found to
be 1730 DEGs in salt stress (889 up/841 down), 1719 DEGs in
drought (882 up/837 down), 1690 DEGs in heat (913 up/777
down), and 1688 DEGs in cold (878 up/810) down with 1498
genes (773 up/725 down) common to all four strességuie 6).
In other words, as many as 1886 G-protein-regulated genes are
responsive to one or more of these stresses, indicating their
possible regulation through G-protein (RGAL) signaling.
Interestingly, the largest majority of 1886 with 1498 gejoes
80%) are common to all four abiotic stresses, followed by 137
genes common to cold, drought and salt stresses, followe8by
genes common to drought, heat, and salt and so on, indicating
their common regulation through G-proteinsTéble 2. Even
more interesting is the fact that as many as 111 heat-respensi
genes are not common to any other stress and are uniquely
regulated through G-proteins by heat only, followed by eight
genes each in cold only and drought only, and two genes
in salt stress only Table 2. Some of the exclusively heat-
responsive RGAl-regulated genes include superoxide dismutase
chitin-inducible gibberellin-responsive protein, brassiteroid
insensitive 1-associated receptor kinase 1, Hsp70 heat shock

FIGURE 5 | Venn selection of RGA1 regulated stress responsiv e genes family protein, GTP-binding nuclear protein Ran1B (fragmgnt

mined from RiceDB, STIFDB, and GO term.  The overlap among the three low a nity sulfate transporter 3, mitochondrial chaperonio,

sets revealed that the genes mined using GO term stress and siss nucleoside diphosphate kinase | (EC 2.7.4.6) (NDPK |), wound

responsive genes from STIFDB are largely subsets of the 1886HI5s identi ed . . . PR

using Rice DB, requnswe protein, and auxin response factor 2 (ARF1-binding
protein).

FIGURE 6 | Meta-data analysis of RGA1-regulated genes regul  ated under various abiotic stresses.  The 2270 RGA1-regulated genes (1242 up and 1028
down) were used as input query at Rice DB to generate genes r@onsive to cold (878 up/810 down), drought (882 up/837 down), leat (913 up/777 down), and salt
stress (889 up/841 down) with 1498 genes common to all four s&sses and totaling 1886 unique genes. Their Venn selectiorare depicted as total(A), up-regulated
(B) and down-regulated (C) sets, using the online tool VennyQ@liveros, 2007-2019.
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In order to validate the stress-responsive genes identirechf Gene ontology analysis of the core list of 1498 genes
the microarray results, quantitative RT-PCR experimentsewe shared by all four stresses revealed 62 unique GO terms
carried out using total RNAs isolated from the wild type andassociated with molecular functions such as transporteviagt
RGA1 mutant rice plants grown and harvested under similaenzyme regulator activity, transferase activity, hydselactivity,
conditions. Out of the 1498 RGA1l-regulated genes identi ed ametabolic processes (carbon and protein), binding to nuddiest,
common to multiple abiotic stresses on the microarray, 12heft carbohydrates, receptors and lipids, anatomical structure
most up/downregulated genes were validated by gRT-PCR. Thaimorphogenesis, ower development, and cell homeostasis
fold change data are shown Figure 7 along with microarray (Supplementary Table 1). Further analysis using AGRIGO
results. The data clearly show the broad correspondencegeetw showed that many of these 1498 shared stress-responsive gene
the microarray data and RT-PCR results for both upregulateti a also share many GO terms of biological process, such as respons
downregulated sets of genes. to stimuli (GO: 0050896) with 49 genes out of the 95 genes (or

51%) accepted by AGRIGO for the query; 29 genes (30%) in

response to chemical stimulus (GO: 0042221), 49 genes (51%)
TABLE 2 | Distribution of RGAL-regulated genes among major abi  otic in response to stress (G0O:0006950); 25 genes (26%) belong to
stresses in Rice DB. oxidation reduction (GO:0055114); ve genes (5%) belondo t
category cellular response to chemical stimulus (GO:0070887

Stress categories Up;gif’;arfli:;t 3?25%:'3::; Tl and 25 genes (26%) belong to response to oxidative stress
(GO:0006979;Figure 8. This reveals the role of RGAL in

Cold, drought, heat, and salt 773 728 1498  regulating a diverse range of processes related to strgssnses

Cold, drought, and salt 72 65 137 GO terms of molecular function such as electron carrienafti

Drought, heat, and salt 17 21 38 had 80 genes (4%) and 61 genes (3%) in calcium ion binding

Cold, heat, and salt 16 8 24 out of a total of 1942 genes, indicating the role of RGA1 intthei

Drought and salt 7 15 22 regulation. Its role also seems to be important in regulatimg

Cold and drought 8 2 10 products of diverse cellular locations, such as etioplast® (13

Drought and heat 6 2 8 genes), mitochondria (33 genes), plastid (16 genes), nsicleu

Heat and salt 6 1 7 (15 genes), chloroplast (12 genes), and three genes each in

Cold and heat 3 3 6 endoplasmic reticulum, vacuole, and golgi apparakigyre 8).

Cold and salt 1 4 5

Cold, drought, and heat 2 1 3

Heat only o4 1 11 Mining for miRNAs Targeting

Cold only 6 2 8

Drought only RGAL-Regulated, Stress Responsive

1 7
Salt only 0 2 2 Genes
The 1886 RGALrequlated oo _ bt ~ice DB Data mining for miRNAs at Rice DB using the GO terms of 1498
e -regulated genes identi ed as responsive to abiotic strems at Rice
have been categorized in terms of shared/unique stress categories antheir up/down RGAl_reQUIated genes shared b}’ all four §trgssgs revealed th
regulation in the RGAL mutant*Three genes out of 1501 were redundant or commonto 03 of them could be targets of miRNAs. This indicates the role
up/down categories, hence 1498. of RGA1 in post-transcriptional regulation of 63 target genes

FIGURE 7 | qRT-PCR validation of RGA1-regulated genes ident ied as common to various abiotic stresses. Out of the 1498 RGA1-regulated genes

identi ed as common to multiple abiotic stresses on the micrarray, 12 of the most up/down-regulated genes were validatedy gRT-PCR. Their fold change data are
shown based on averages of two biological replicates and twaechnical replicates of total RNA, along with microarray silts. The left panel in red shows the
up-regulated genes and the right panel in green shows the dowregulated genes.
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FIGURE 8 | Gene Ontology enrichment of RGA1-regulated, stres

s responsive genes from Rice DB.  The 1498 genes common to all four major abiotic
stresses were subjected to GO enrichment using AgriGO withefault settings.(A) Biological process categorization of the RGA1-regulated gnes shared by salt, heat,
cold, and drought stresses. (B) Molecular function categorization andC) Subcellular localization of the RGA1-regulated genes shed by all four abiotic-stresses.

TABLE 3 | miRNA targets among RGA1-regulated stress-responsi ve genes.
Gene identi er miRNA_gene Rap_description GOID
0Os11g0119100 OsSBS99 Catalytic/hydrolase G0:0008152
0s11g0115400 0OsSBS97 Lipid transfer protein LPT IV NA
0s01g0679600 OsSBS87 THAP domain-containing protein 4 G@003674
0s039g0206400 OsSBS73 Conserved hypothetical protein G0:0003674
0s10g0181200 OsSBS68 Protein prenyltransferase G0:0006139
0s08g0562600 OsSBS67ab C2 calcium-dependent membrane tageting G0:0003674
0s10g0391400 OsSBS58 Tify domain containing protein G0:0006950
0s03g0818400 OsSBS53 40S ribosomal protein S23 (S12) G0:0005840
(Continued)
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TABLE 3 | Continued

0s05g0128200
0s04g0396800
0s03g0126000
0s08g0561700
0s03g0738400
0s02g0761400
0s08g0137400
0s09g0428000
0s01g0823600
050290324400
050290274900
0s07g0583600
0s03g0802500
0s08g0482700
0s04g0459600
0s0590414700
0s05g0557700
0s01g0850700
0s01g0121600
0s01g0180800
0s03g0225500
0s05g0574500
0s03g0195300
0s03g0559700
0s03g0388900
0s01g0323600
0s03g0409100
0s08g0417000
0s10g0462900
0s08g0512400
0s07g0492000
0s01g0763200
0s02g0830700
0s09g0530700
0s02g0580900
0s03g0667100
0s10g0510000
0s01g0720600
0s03g0101300
0s03g0821100
0s07g0684800
0s08g0357000
0s04g0442000
0s03g0784000
0s02g0662700
0s03g0696300
0s03g0687000
0s03g0640800
0s12g0147800
0s05g0580000
0s03g0140200
0s02g0821200
0s01g0967800
0s10g0503800
0s0690195900

OsSBS45
OsSBS4
OsSBS27
osa-MIR552
osa-MIR530-5p°
osa-MIR530-3p
osa-MIR530
osa-MIR529b
osa-MIR444f.17
osa-MIR444c-5p
osa-MIR444bc.9
osa-MIR444bc.25
osa-MIR444ad.2,e
osa-MIR444
osa-MIR442
osa-MIR403
osa-MIR399j
o0sa-MIR397H
osa-MIR396¢-3p
osa-MIR396¢
osa-MIR395f0
o0sa-MIR395¢b°
osa-MIR395
osa-MIR393a
osa-MIR319a.2
osa-MIR205%
o0sa-MIR1884b-3p
osa-MIR1884b
osa-MIR1879
osa-MIR1879
osa-MIR1862
osa-MIR1861d
o0sa-MIR1860-5p
osa-MIR1860-3p
osa-MIR1858b
osa-MIR1851
o0sa-MIR1850
osa-MIR1847.7
o0sa-MIR1847.10
osa-MIR1846d-5p
osa-MIR1846¢-5p
osa-MIR172c
osa-MIR172b
osa-MIR172ad
osa-MIR171i
osa-MIR169no
osa-MIR168a
osa-MIR166m
osa-MIR164d
osa-MIR162b
osa-MIR1441
osa-MIR1428
osa-MIR1328
osa-MIR1322
NA

Hypothetical conserved gene

Serine carboxypeptidase K10B2.2
Phosphorybosylanthranilatetransfase 1
Superoxide dismutase

Serine hydroxymethyltransferase,)
ATPREP2

Cupredoxin domain containing pragin
Glycosyltransferase, family 2 dmain protein
Conserved hypothetical prota

FON2 SPARE1

Metabolite transport proteincsbC
Chitin-inducible gibbereih-responsive protein
ATPase, AAA-type, core domia

Conserved hypothetical protein

Mog1/PsbP, alpha/beta/alpha sandwith domain
Brassinosteroid insensitive 1 regptor kinase 1
Conserved hypothetical protein

Cupredoxin domain containing protein
Conserved hypothetical protén

Heat shock protein Hsp70 family pstein
Nucleoporin, Nup133/Nup155-

GTP-binding nuclear protein Ran1B

Low af nity sulfate transporter 3

Conserved hypothetical protein

Peptidase C14, caspase catalyt protein
S-adenosylmethionine synthase 2

PUA-like domain domain prote

20G-Fe (Il) oxygenase domain prote
Mitochondrial chaperonin-60

Unknown function DUF296 domain ptein
Nucleoside diphosphate kinase INDK 1)
Transcription factor PCF7 (Fragent)
Leucine-rich repeat

Hypothetical conserved gene

TGF-beta receptor

BTB/POZ domain containing protein

Actin

Starch synthase IVa

Hexose transporter

Non-cell-autonomous HS cograte protein 70
NAM/CUC2-like protein

Wound responsive protein

Auxin response factor 2 (ARF1-BP)

FAD dependent oxidoreductase fanily protein
Scll protein (Fragment)

Nuclear transcription factor Y sbunit A-1
Predicted protein

(Homeodomain-leucine zipper prin 14)
Phytosulfokines 5 precursor

ADP-glucose pyrophosphorylaseEC 2.7.7.27)
Cytochrome P450 86A1

Ribosomal protein L28e domain prtein
Conserved hypothetical protein

Remorin

NOG, C-terminal domain containing protein

G0:0009058
GO0:0005618
G0:0008152
G0:0008152
G0:0005739
G0:0005576
GO0:0003674
G0:0016740
G0:0003674
G0:0005576
G0:0006810
GO0:0007165
GO0:0005783
G0:0003674
NA
G0:0005102
G0:0005575
G0:0009056
GO0:0006810
G0:0005634
G0:0005515
G0:0005515
G0:0016020
NA
G0:0019538
G0:0016020
G0:0019538
G0:0008152
GO0:0005739
GO0:0003677
G0:0005576
G0:0005575
G0:0005623
G0:0003674
NA
GO0:0006950
G0:0009719
G0:0016740
G0:0005829
G0:0016020
GO0:0005634
G0:0006950
G0:0009058
G0:0008152
G0:0008150
GO0:0007275
G0:0016020
G0:0003677
NA
G0:0009058
G0:0005623
G0:0005840
NA
G0:0005575
G0:0016020

Data mining at Rice DB using them are targets for miRNA regulation.
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for the rst time. They include 38 up-regulated genes and 2%oxidative stress response that show di erential regulatibtheir

down-regulated genes identi ed in the RGA1 mutaiiable 3. members in the RGA1 mutant. The uniform mode of up/down
regulation of multiple members of the same family of stress-
DISCUSSION responsive genes reveals the inherently coordinated pattern

gene regulation in response to a stress signal (e.g., DREB),

Heterotrimeric G-protein subunits or their interacting pars whereas the varied extent of that regulation reveals the ne
have either been implicated in stress signal transduction aiuning of the signal/response ux through a regulatory catea
have been shown to respond to stress themselesn( et al., Such patterns of regulation may be amenable to deeper network
2013. Experimental approaches, including genome-wide studiegynalysis.
were generally focused on the response to individual stsesse Secondly, data mining for genes specically categorized
or individual components of G-protein signaling. The role ofas stress-responsive genes from Japonica rice at STIFDB
the G-proteina subunit in individual abiotic stress responsesyielded 626 genes, out which 106 genes belonging to various
has been in particular focus, in relation to heat/salt striess abiotic stresses—heat drought, salt cold, were RGAL-reglila
pea (Misra et al., 200)/and salt stress in Arabidopsi€¢laneri  (Figure 1). Together, these 106 abiotic stress-responsive genes
et al., 201% rice and maizeYrano et al., 201y or indirectly  constitute less than 5% of all the G-protein (RGA1) regulated
in ABA signaling Pandey et al., 2010; Alvarez et al., 206r.  genes. But they constitute a far higher proportion (17%) of the
oxidative stressHooker et al., 20)2The expression of rice& 626 abiotic stress-responsive genes, indicating the laogfor
subunit (RGA1) gene itself was reported to be up-regulated b§-proteins in regulating them, even though mediating almoti
salt, cold, and drought stresses, and down regulated by hestress seems to be a smaller part of the genome-wide role of
stress {adav et al., 20)3However, there are no comprehensiveG-proteins. However, this dierence may also be an artifact
studies on the genome-wide involvement of any heterotrimer arising out of the relatively lesser coverage of 626 ricesstr
G-protein subunit in all the main abiotic stresses in any plantresponsive genes on the STIFDB, as compared to 3150 genes in
except Arabidopsisithakraborty et al., 20153,iComprehensive Arabidopsisas similar analysis on its GPA1 mutant produced
functional genomic analyses are particularly lacking on thenore consistent ranking with cofdsalt> drought (Chakraborty
genome-wide role of RGALl or other G-protein subunits inetal., 2015¢
multiple abiotic stress responses in rice. Hierarchical clustering of the 106 RGA1l-regulated, stress-

In view of our own recent ndings reported elsewhere responsive genes mined from STIFDB2.0 using Genevestigator
in this issue on the growing importance of G-protein revealed prominent clusters of cold and drought responsive
signaling components in abiotic stress responsé\iabidopsis genes Figure 2, which were subjected to further analysis
(Chakraborty et al., 201)cas well as the importance of abiotic by biclustering using the same software. While hierardhica
stress inrice crop improvement, we sought to examine thetabio clustering helps in grouping genes with similar pro les across
stress component of our RGAL transcriptome microarray data irall abiotic stress conditions, Biclustering identi es gpsu of
detalil. This was done by combining our experimental funcéibn genes that exhibit similarity only in a subset of conditiangh
genomic data within silico meta data analysis to answer theas cold or drought, irrespective of their expression pro les in
following questions: Does abiotic stress gure prominentiyiie  other conditions. The regulation of genes identi ed as High
genome-wide response to RGAL null mutation in rice and if yesdi erentially regulated by biclustering in both cold and drght
what are the various genes involved and how are they digibu conditions was compared with the fold-change values obthine
in terms of major individual abiotic-stresses or in terms ofon our microarray Figures3 4). This revealed that some
their di erential regulation in the RGA1 mutant? How do they of the genes follow similar pattern of regulation between the
compare with the known genome-wide response of normal ricstress response in normal rice plants and the RGA1l-response
plants to various abiotic stresses? dansilico transcriptome in mutants unexposed to stress. While these may indicate
meta-data analyses provide adequate insights for integratiindependent regulation, the remaining genes that follow opgosi
understanding on abiotic stress signaling components ia g6 pattern of regulation could be due to the RGA1l mutation,
possible converging points for interventions? suggesting that RGA1 may mediate the response of these genes

Our microarray experiments under MIAME compliant to cold or drought stresses.
conditions using the Japonica rice RGA1 mutant and wild Thirdly, metadata analyses based on data mining at Rice DB
type (GSE 20925 at NCBI GEO) revealed 2270 di erentiallysing the 2270 genes we identi ed in the RGA1-transcriptome
expressed genes, out of which the stress responsive data setroarray revealed a much larger number of 1886 stresgeae!
was identied and analyzed using three approaches: Gergenes as di erentially regulated in our RGA1 mutant. A Venn
Ontology terms, data mining from STIFDB, and meta-dataselection of the stress-responsive gene lists identied by a
analysis from Rice DB. Firstly, segregation using Gene ©Ogjol three approaches used in this study viz., gene ontology (94),
terms yielded 94 genes corresponding to various abioticsstreSTIFDB2.0 (106) and Rice DB (1886) revealed that the former
categories, most of which belonged to less than 40 familigs/o are largely subsets of the 1886 DEGs identi ed using Rice DB
(Table 1), indicating their regulation by RGA1. The fact that (Figure 5. Their Venn selections in terms of individual abiotic
majority of these families showed similar patterns of up/downstress categories and by up/down regulation on our microarra
regulation indicates that their regulation by RGA1 is also(Figure 6) revealed 1498 genes as common to all four stresses,
uniform, while there are a few families such as those related with fewer common genes in smaller combinations of stresses
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(Table 2. Out of them, 12 of the most up/down-regulated ABA Signaling in G-Protein Mediated

genes have been validated by qRT-PER)re 7), conrming  Abiotic Stress Response
the broad trends of up/down regulated genes identied onaBA is involved in the regulation of many aspects of plant
genes such as catalase and aquaporin. Among the individugntrols plant responses to abiotic stressBsir(quah et al.,
stresses, the sheer number of RGAl-regulated genes that oply1), especially drought stress. ABA is also one of the most
respond to heat (and no other abiotic stress) is striking, andtydied hormones in relation to G-protein signaling’f(ao
needs further analysis. Comparative microarray or RT-PCR; g 201)) We found a related gene encoding the SNF1-
pro ling of the RGA1 mutant and wild type rice plants exposed g|ated protein kinase regulatory gamma subunit 1 (AKIN
to various abiotic stresses would reveal more details is thigammalOsO4gO382300) to be suppressed in the RGA1 mutant.
regard. Similarly, drought- responsive element binding protein (DREB
Gene Ontology enrichment of the 1498 RGAl-regulateds a part of ABA-independent pathway, from which both
genes shared by all four abiotic stresses using AGRIGBREB2 and CRT/DRE binding protein were up regulated in
revealed their molecular functions, cellular localizaipmnd  gyr data. Among the ABA signaling pathway genes, we also
biological processesFigure 8. In terms of processes, genesfound that MYB expression was enhanced in the RGA1 mutants
from the various abiotic stress signaling pathways such ags compared with wild-type plants. Abscisic acid responsive
calcium-dependent pathways, ABA dependent or independerd|ement-binding factors belong to the ABA dependent pathway,
pathways, and MAP kinase pathways, as well as various pathwasyhich AREB2 was up regulated in our data. Members of TF
involved in the production of osmoprotectants, heat shockamilies that are involved in both ABA-independent (AP2/ERF

proteins, metallothioneins, antioxidants etc., were foundoe  and WRKY) and ABA dependent pathways are also involved in
di erentially regulated in the RGA1 mutant as elaborated belo  stress toleranceSpng et al., 20)2

Together, they clearly indicate the crucial role of G-protaipha
subunit signaling in transducing/mediating the responseio¢

to multiple abiotic stresses. Transcription Factors and miRNAs in G
Protein-Mediated Abiotic Stress Response

Calcium-Dependent Pathways in G The expression of many stress responsive genes is mediated

Protein-Mediated Abiotic Stress Signaling by transcription factors that bind to specic cis-elements

Calcium is a well-known second messenger in abiotic signdf the promoters of their target genes. We found various
transduction and various calcium binding proteins suchfranscription factors such as ADHI1, OsSNACS, OsWRKY45,

as calmodulins, calcineurin, CDPKs, and calcineurin @-lik PZIP23/72 to be dierentially regulated in our RGAL mutant.
interacting protein kinases (CIPK) play an important role in Further .char.acter.lzatmn and validation of thg transcml
calcium-dependent abiotic stresSdtistc and Kudla, 201p ~ factors identied in our study may reveal their potential as
The CBL proteins form a complex network with their target candidate genes to engineer tolerance to various abiotéssts
kinases CIPKs and regulate target gene expressiars @nd in rice. At the post-transcriptional level, miRNAs are also
Pandey, 2070 Some genes related to calcium signaling wergnown to play ?mportant regulatory roles in plant development
shown to be involved in stress signaling in riceaistc and ~and stress. miRNAs, such as miR168, miR171, and miR396,
Kudla, 201}, and transgenic manipulation of some such gene&'e regulated by abiotic stresses such as salinity, droagiot
has been shown to improve stress-tolerance in ricargpo €0ld in rice (al et al., 201 So far, no study has reported
et al., 2014 In our study, calcium dependent protein kinase RGAl-r_esponSNe miRNAs involved in stress. In thls_ study, we
(0s02g0685900) is up regulated while Calmodulin-like proteifiave mined 63 RGAl-regulated target genes for miRNAs that
CaML3 (Os11g0141400) is down regulated in the RGA1 mutan®'® also stress responsive. Eurther validation of thgw r_nle
Their further validation could help determine their poteati Stréss-response could reveal if they have any potential ip cro
as candidate genes for development of rice plants tolerant #Provement.

multiple abiotic stresses.

Osmoprotectant Genes, Lea Genes, Heat

Map Kinase Pathways in Shock Proteins, and Others

G-Protein-Mediated Abiotic Stress Several genes found to be di erentially regulated in the RGA1
Signaling mutant belong to biosynthetic pathways of osmoprotectantssuc
Many MAPKs have been reported in rice for various abioticas polyamine, glycine-betaine, proline, and trehalose.dbemes
stressesfanquah et al., 20)4The MAPK gene OsMSRMK2 is (0s08g0445700, Os02g0661100, and Os01g0749400) involved i
highly induced by a variety of stresses including ABA, JA, SAhe trehalose synthesis pathway were up regulated in the RGA1
drought, and salt but not by colddanquah et al., 20)4In this  mutant. A major pathway that is signi cantly down regulates] i
study, for example, we found MAP kinase (0s03g0285800) to libe betanidin degradation pathway with 21 genes being down
up regulated. A receptor-like kinase, Or. sativastress-induced regulated. Two genes (Os03g0738400, Os12g0409000) from the
protein kinase gene 1, which is known to be involved in droughglycine betaine synthesis were also up regulated in the RGA1
and salt stress tolerance is also induced in the RGA1 mutant. mutant. These genes are known to be involved in various stres
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responses such as increased submergence tolerance, diemdiht, any plant so far, except in Arabidopsis elsewhere in this issue
cold resistance\(arco et al., 2016 (Chakraborty et al., 201pcThe fact that as many as 1498 RGA1-
Heat shock proteins and molecular chaperone proteins likeegulated, stress-responsive genes are common to the fmiicab
metallothionein proteins are involved in heat and droughtstresses (drought, salt, heat, cold), and that relatiwslef genes
tolerance. Their genes were highly up regulated in the RGA&re uniquely regulated by RGAL in response to individual se®ss
mutant with fold changes up to three and validated by qRT-PCRndicates that RGA1-signaling could be a converging pointlier t
(Figure 7). Late embryogenesis abundant (LEA protein) geneeegulation of multiple abiotic stress responses. Its expettaie
are known to help in drought and salinity toleranckl¢ndini  validation, as well as that of the exceptionally large nunuféi 1
and Pagnotta, 20)5In our study, Leal4-A was up-regulated unique genes regulated by RGAL in heat stress (unsharedivéth t
in the RGA1 mutant, indicating its potential importance in rice other three stresses) could o er glimpses into the commonalitie
stress. Similarly, among the hormone regulatory genesouraf ~ and di erences in heat stress signaling vis-a-vis otherssies.
RGA1-regulation of IPT and ABA hydroxylase, which delay
senescence and yield under drought and reduce sterilityeund
cold stress. Oxidative stress related genes such as Gautath ACKNOWLEDGMENTS
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CONCLUSION

Overall, our results clearly indicate the potentially caleble of

the G-proteina subunit (RGAL1) in regulating the response of

the rice plant to multiple abiotic stresses for further expegital SUPPLEMENTARY MATERIAL

validation. The 1886 RGAl-regulated and stress-responsive

genes we mined in this study may represent only a subset dhe Supplementary Material for this article can be found

overall-stress responsive genes in rice, but they do cotesté

online at: http://journal.frontiersin.org/article/10389/fpls.2016.

G-protein (RGA1)-regulated subset that was never described 00011

REFERENCES

Alvarez, S., Hicks, L. M., and Pandey, S. (2011). ABA-dependedt -a
independent G-protein signaling in Arabidopsis roots revealed thioag
ITRAQ.J. Proteome Rel), 3107-3122. doi: 10.1021/pr2001786

Arora, R., Agarwal, P., Ray, S., Singh, A. K., Singh, V. P., /agi, et al. (2007).
MADS-box gene family in rice: genome-wide identi cation, orggation
and expression pro ling during reproductive development and str&dC
Genomic8:242. doi: 10.1186/1471-2164-8-242

Ashikari, M., Wu, J., Yano, M., Sasaki, T., and Yoshimura, A99)9Rice
gibberellin-insensitive dwarf mutant gene Dwarf 1 encodes thhaasubunit
of GTP-binding protein.Proc. Natl. Acad. Sci. U.S.86, 10284-10289. doi:
10.1073/pnas.96.18.10284

Batistc, O., and Kudla, J. (2012). Analysis of calcium signaling patbviay

drought tolerance in Rice by preventing membrane lipid peroxidati®lant
Physiol165, 688—704. doi: 10.1104/pp.113.230268

Chakraborty, N., Sharma, P., Kanyuka, K., Pathak, R. R., ChoudH.,
Hooley, R., et al. (2015b). G-protesasubunit (GPAL) regulates stress, nitrate
and phosphate response, avonoid biosynthesis, fruit/seedldpreent and
substantially shares GCR1 regulation An thaliana Plant Mol. Biol. 89,
559-576. doi: 10.1007/s11103-015-0374-2

Chakraborty, N., Sharma, P., Kanyuka, K., Pathak, R. R., Chaydby Hooley,
R., et al. (2015a). Transcriptome analysis of Arabidopsis GCR1 mugaeals
its roles in stress, hormones, secondary metabolism and phosphatatsiar
PLoS ONHO0:e0117819. doi: 10.1371/journal.pone.0117819

Chakraborty, N., Singh, N., Kaur, K., and Raghuram, N. (2015eprdein
signalling components GCR1 and GPAl mediate responses to multiple
abiotic stresses in Arabidopskront. Plant Sci6:1000. doi: 10.3389/fpls.2015.

plants. Biochim. Biophys. Act&820, 1283-1293. doi: 10.1016/j.bbagen.2011. 01000

10.012

Booker, F., Burkey, K., Morgan, P., Fiscus, E., and Jones,2@12).
Minimal in uence of G-protein null mutations on ozone-induced ahges
in gene expression, foliar injury, gas exchange and peroxidasatych

Arabidopsis thaliand.. Plant Cell Enviror35, 668—681. doi: 10.1111/j.1365-

3040.2011.02443.x
Campo, S., Baldrich, P., Messeguer, J., Lalanne, E., Coca, NMbaar®kgundo, B.
(2014). Overexpression of a calcium-dependent protein kinase isosdé and

Chen, R., Jiang, Y., Dong, J., Zhang, X., Xiao, H., Xu, Z., et dl2(2Genome-
wide analysis and environmental response pro ling of SOT family genes i
rice (Oryza sativi Genes Genomic#, 549-560. doi: 10.1007/s13258-012-
0053-5

Colaneri, A. C., Tunc-Ozdemir, M., Huang, J. P., and Jones, A. 2014).
Growth attenuation under saline stress is mediated by the heteretic
G protein complex. BMC Plant Biol. 14:129. doi: 10.1186/1471-2229-
14-129

Frontiers in Plant Science | www.frontiersin.org

13

January 2016 | Volume 7 | Article 11



Jangam et al.

Ga Regulates Multiple Abiotic Stresses

Danquah, A., de Zelicourt, A., Colcombet, J., and Hirt, H. (2014} fidie of ABA
and MAPK signaling pathways in plant abiotic stress resporBigechnol.
Adv.32, 40-52. doi: 10.1016/j.biotechadv.2013.09.006

Das, R., and Pandey, G. K. (2010). Expressional analysis andfroicaim
regulated kinases in abiotic stress signali@grr. Genomicd 1, 2-13. doi:
10.2174/138920210790217981

Du, Z., Zhou, X., Ling, Y., Zhang, Z., and Su, Z. (2010). agri&GO analysis
toolkit for the agricultural community Nucl. Acids Res38, W64-W70. doi:
10.1093/nar/gkq310

Gour, P., Garg, P., Jain, R., Joseph, S., Tyagi, A., and RemhiyvS. (2013).
Manually curated database of rice proteidducleic Acids Red2, D1214—
D1221. doi: 10.1093/nar/gkt1072

Ishikawa, A., Isasaki, Y., and Asahi, T. (1996). Molecular ietpnand
characterization of a cDNA for the beta subunit of a G protein from
rice. Plant Cell Physiol.37, 223-228. doi: 10.1093/oxfordjournals.pcp.
a028935

Ishikawa, A., Tsubouchi, H., Iwasaki, Y., and Asahi, T. (J98®lecular cloning
and characterization of a cDNA for the alpha subunit of a G proteimfnace.
Plant Cell PhysioB6, 353—-359.

Jain, M., and Khurana, J. P. (2009). Transcript pro ling reveals d&veoles
of auxin-responsive genes during reproductive development and iabiot

in Arabidopsis and rice.Plant Cell Physiol54, 1-15. doi: 10.1093/pcp/
pcs185

Narsai, R., Devenish, J., Castleden, I., Narsai, K., Xu, au, $h, et al. (2013).
Rice DB: an Oryza information portal linking annotation, subcelldtation,
function, expression, regulation and evolutionary information fice and
ArabidopsisPlant J 76, 1057-1073. doi: 10.1111/tpj.12357

Nuruzzaman, M., Sharoni, A. M., Satoh, K., Al-Shammari, T., Shimizy,
Sasaya, T., et al. (2012). The thioredoxin gene family in riceorgerwide
identi cation and expression pro ling under dierent biotic and lsiotic
treatmentsBiochem. Biophys. Res. Commi28, 417-423. doi: 10.1016/j.bbrc.
2012.05.142

Oliveros, J. C. (2007—2018Jenny. An Interactive Tool for Comparing Lists with
Venn's Diagramsttp://bioinfogp.cnb.csic.es/tools/venny/index.html

Pandey, A., Sharma, M., and Pandey, G. K. (2015). “Small and |gugetains
in biotic and abiotic stress responses in plants Eincidation of Abiotic Stress
Signaling in Plantsed G. K. Pandey (New York, NY: Springer), 231-270. doi:
10.1007/978-1-4939-2211-6_9

Pandey, S., Wang, R.-S., Wilson, L., Li, S., Zhao, Z., Godkirt., et al.
(2010). Boolean modeling of transcriptome data reveals novel modes of
heterotrimeric G-protein actionMol. Syst. Biol6, 372. doi: 10.1038/msb.
2010.28

stress in rice. FEBS J.276, 3148-3162. doi: 10.1111/j.1742-4658.200Pathak, R. R., and Lochab, S. (2010). A method for rapid isolaficotal RNA of

07033.x

Jain, M., Nijhawan, A., Arora, R., Agarwal, P., Ray, S., Sharmet &l.,(2007).
F-box proteins in rice. Genome-wide analysis, classi cation, temmpand
spatial gene expression during panicle and seed development, andti@yula

by light and abiotic stres®lant Physiol143, 1467-1483. doi: 10.1104/pp.106.

091900

Jiang, S.-Y., Ma, A., Ramamoorthy, R., and Ramachandran, S).(Zxr&me-
wide survey on genomic variation, expression divergence, antlitin in
two contrasting rice genotypes under high salinity stré&snome Biol. Evol.
5, 2032-2050. doi: 10.1093/gbe/evt152

Kamrul Huda, K. M., Yadav, S., Akhter Banu, M. S., Trivedi, D. Kd &uteja, N.
(2013). Genome-wide analysis of plant-type IPEATPases gene family from
rice and Arabidopsis: potential role in abiotic stres$dant Physiol. Biochem.
65, 32—47. doi: 10.1016/j.plaphy.2013.01.002

Kato, C., Mizutani, T., Tamaki, H., Kumagai, H., Kamiya, T., Hirolze,

et al. (2004). Characterization of heterotrimeric G protein complexes in
rice plasma membranélant J.38, 320-331. doi: 10.1111/j.1365-313X.2004.

02046.x

Lim, S. D., Hwang, J. G., Jung, C. G., Hwang, S. G., Moon, J. Claagd C. S.
(2013). Comprehensive analysis of the rice RING E3 ligase familylsahe&
functional diversity in response to abiotic streB8NA Res20, 299-314. doi:
10.1093/dnares/dst011

Mal, C., Deb, A., Aftabuddin, M., and Kundu, S. (2015). A natwanalysis of
miRNA mediated gene regulation of rice: crosstalk among biologicaksses.
Mol. Biosystl1, 2273-2280. doi: 10.1039/C5MB00222B

Marco, F., Bitrian, M., Carrasco, P., Rajam, M. V., Alcazar, Rl Taourcio, A. F.
(2015). “Genetic engineering strategies for abiotic strelgsaioce in plants,”
in Plant Biology and Biotechnologgds B. Bahadur, M. Venkat Rajam, L.
Sahijram, and K. V. Krishnamurthy (Springer), 579-609. doi: 10./B0@¢81-
322-2283-5_29

Matsuda, S., Funabiki, A., Furukawa, K., Komori, N., Koike, Wokuji, Y.,
et al. (2012). Genome-wide analysis and expression pro ling of fedfABC

high purity and yield fromArthrospira platensi€an. J. Microbiob6, 578-584.
doi: 10.1139/W10-045

Pfa, M. W. (2001). A new mathematical model for relative quantitan in
real-time RT-PCRNucleic Acids Re89:e45. doi: 10.1093/nar/29.9.e45

Ray, S., Agarwal, P., Arora, R., Kapoor, S., and Tyagi, A. K. (2B8@)ession
analysis of calcium-dependent protein kinase gene family during reqmtdci
development and abiotic stress conditions in ric®ryza satival. ssp.
indica). Mol. Genet. Genomic278, 493-505. doi: 10.1007/s00438-007-
0267-4

Ray, S., Dansana, P. K., Giri, J., Deveshwar, P., Arora, R., &gdhy et al.
(2011). Modulation of transcription factor and metabolic pathwagnes in
response to water-de cit stress in riceunct. Integr. Genomidkl, 157-178.
doi: 10.1007/s10142-010-0187-y

Singh, A., Giri, J., Kapoor, S., Tyagi, A. K., and Pandey, G.201Q).

Protein phosphatase complement in rice: genome-wide identi cation

and transcriptional analysis under abiotic stress conditionsd an

reproductive developmenBMC Genomic41:435. doi: 10.1186/1471-2164-

11-435

Song, S., Li, L., Yang, X., Fu, X., Xu, M., Rocha, P., et al. (IDg®pssion analysis
of abiotic stress-responsive genes in two rice heterotic crosseer wcold,
heat and drought stresseBlant Breedindl31, 267-275. doi: 10.1111/j.1439-
0523.2011.01928.x

Sun, J., Xie, D.-W., Zhao, H.-W., and Zou, D.-T. (2013). Genovite
identi cation of the class Ill aminotransferase gene family in riaed
expression analysis under abiotic streGgnes Genomi&5, 597-608. doi:
10.1007/s13258-013-0108-2

Urano, D., Chen, J.-G., Botella, J. R., and Jones, A. M. (2013rdit@neric
G protein signalling in the plant kingdomOpen Biol.3:120186. doi:
10.1098/rsob.120186

Urano, D., Colaneri, A., and Jones, A. M. (2014p @odulates salt-induced
cellular senescence and cell division in rice and maizeExp. Bot.65,
6553-6561. doi: 10.1093/jxb/eru372

protein subgroup G in rice in response to abiotic stress and phytohoenon Venu, R. C., Sreerekha, M. V., Sheshu Madhav, M., Nobuta, KhakloK.
treatments.Mol. Genetics Genomi@87, 819-835. doi: 10.1007/s00438-012- M., Chen, S., et al. (2013). Deep transcriptome sequencing reveals t
0719-3 expression of key functional and regulatory genes involved in iatia stress
Misra, S., Wu, Y., Venkataraman, G., Sopory, S. K., and Tuteja2007§. signaling pathways in ricd. Plant Biol56, 216—231. doi: 10.1007/s12374-013-
Heterotrimeric G-protein complex and G-protein-coupled receptor from a  0075-9
legume Pisum sativuni role in salinity and heat stress and cross-talk Wang, D., Pan, Y., Zhao, X., Zhu, L., Fu, B., and Li, Z. (201&nhdBe-wide
with phospholipase CPlant J.51, 656—669. doi: 10.1111/j.1365-313X.2007. temporal-spatial gene expression pro ling of drought responsivenese ri
03169.x BMC Genomic2:149. doi: 10.1186/1471-2164-12-149
Mondini, L., and Pagnotta, M. A. (2015). Drought and salt stiesserealsSust. ~ Yadav, D. K., Islam, S. M. S., and Tuteja, N. (2012). Rice hetessic G-
Agric. Rev16, 1-31. doi: 10.1007/978-3-319-16988-0_1 protein gamma subunits (RGG1 and RGG2) are dierentially regulated
Naika, M., Shameer, K., Mathew, O. K., Gowda, R., and Sowdhamin under abiotic stressPlant Signal. Behav7, 733-740. doi: 10.4161/psb.
R. (2013). STIFDB2: an updated version of plant stress-responsive 20356

transcription factor database with additional stress signaltess-
responsive transcription factor binding sites and stress-respengienes

Yadav, D. K., Shukla, D., and Tuteja, N. (2013). Rice heterotiinm@-protein
alpha subunit (RGA1L)in silico analysis of the gene and promoter and its

Frontiers in Plant Science | www.frontiersin.org 14

January 2016 | Volume 7 | Article 11



Jangam et al. Ga Regulates Multiple Abiotic Stresses

up regulation under abiotic stresBlant Physiol. Biocher63, 262—271. doi: Conict of Interest Statement: The authors declare that the research was

10.1016/j.plaphy.2012.11.031 conducted in the absence of any commercial or nancial relatimps that could
Zhao, Z., Stanley, B. A., Zhang, W., and Assmann, S. M. (2010)pe construed as a potential con ict of interest.
ABA-regulated G-protein signaling in Arabidopsis guard cells: a

proteomic perspective.J. Proteome Re9, 1637-1647. doi: 10.1021/pr90 Copyright © 2016 Jangam, Pathak and Raghuram. This is an opssauoticle

1011h distributed under the terms of the Creative Commons AttohiLicense (CC BY).
Zimmermann, P., Hirsch-Ho mann, M., Hennig, L., and Gruissem, W. The use, distribution or reproduction in other forums is fit¢edy provided the
(2004). GENEVESTIGATOR. Arabidopsis microarray database andriginal author(s) or licensor are credited and that thgipél publication in this
analysis toolbox. Plant Physiol. 136, 2621-2632 doi: 10.1104/pp.104.journalis cited, in accordance with accepted academitqeraldo use, distribution

046367 or reproduction is permitted which does not comply witfettezms.

Frontiers in Plant Science | www.frontiersin.org 15 January 2016 | Volume 7 | Article 11



