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Comprehensive abstract

Introduction

Plants are often exposed to a various biotic and abiotic stresses. Salinity, drought, and temperature
stresses are abiotic factors that negatively affect on physiological and biochemical characteristics of
plants and reduce crop growth and productivity. Identifying key characteristics related to biotic and
abiotic stresses is important in understanding plant responses at the molecular and cellular levels.
Studying miRNA components in crop plants is an effective tool for early detection of stresses,
physiological changes, and regulation of gene expression. The objective of this study was to identify
key genes and miRNAs involved in drought stress tolerance and introduce them to improve rice plants
for drought stress tolerance.

Materials and methods

In this study, microarray data of two drought-tolerant (Dagad Deshi) and drought-sensitive (IR20)
rice varieties under drought stress were collected in three replications from the NCBI database and
differentially expressed genes in these genotypes were identified using the GEO2R tool. Genes with
LogFC > 3 and LogFC < -3 were considered as genes with increased and decreased expression,
respectively. To determine the common genes between the sensitive (IR20) and tolerant (Dagad
Deshi) genotypes, the VENNY tool was used, and to select key genes responsive to drought stress,
genes that were expressed only in the drought-tolerant genotype were identified using the Cytoscape
software, with the CytoHubba plugin and the MCC (Maximal Clique Centrality) method. The
biological processes of key genes and differentially expressed gene pathways were assessed by the
DAVID tool and the most important pathways were identified using the path analysis by the KEGG
database. The psRNATarget tool version 2017 was also used to identify miRNAs regulating key
genes.

Research findings

Microarray data analysis revealed that under drought stress conditions, significant up-expressed
and down-expressed genes were observed in 33% and 26% of genes in the tolerant cultivar (Dagad
Deshi) and 7% and 6% of genes in the sensitive cultivar (IR20), respectively. Also, in both tolerant
and sensitive cultivars, 766 and 340 genes exhibited significant increase and decrease in gene
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expression, respectively. The most significant biological processes, cellular components and molecular
functions among the up-expressed genes in the tolerant cultivar (Dagad Deshi), included response to
salicylic acid, cytoplasm and carboxylase activity, respectively, and among the down-expressed genes
included monomethylation of peptidyl lysine, large mitochondrial ribosomal subunit and long-chain
acyl-CoA reductase activity forming alcohol, respectively. KEGG pathway enrichment analysis
revealed that the up-expressed and down-expressed genes in the tolerant cultivar were enriched in 18
and 10 pathways, respectively. Among the altered expression genes, 15 genes including several genes
from the MCM (Minichromosome Maintenance Complex) gene family, were selected as key genes
involved in the drought stress tolerance pathway in rice. These genes included MCMS5, Os05g0358200,
MCM4, MCM7, NAC037, CDC6, OSI11G0128400, RPA2A, 0OSI12G0124700, MCM3, POLA,
0s07g0406800, MCM6, Os05g0160800 and PCNA genes. Finally, 247 miRNAs including osa-
miR172¢, osa-miR1849, osa-miR2925, osa-miR397a and osa-miR414 were identified and introduced
for genes involved in the drought stress tolerance pathway in rice.

Conclusion

Based on the results of this study, 15 genes including several genes from the MCMs gene family as
well as 247 miRNAs were identified as key genes and miRNAs involved in the drought stress
tolerance pathway in rice. The genes and miRNAs identified in this study can be used to improve and
produce drought-tolerant plants in rice.

Keywords: Abiotic stresses, Cytoscape, Gene expression, GEO2R, Microarray

Received: December 14, 2024 Accepted: January 11, 2025

Cite this article:

Shojaee, S., Mohsenzadeh Golfazani, M., Samizadeh lahiji, H., & Pasandideh Arjmand, M. (2024).
Identification of key genes and miRNAs involved in drought tolerance in rice (Oryza sativa L.). Cereal
Research, 14(4), 347-362. doi: 10.22124/CR.2025.29246.1844.

348



Q}Lé Q..“.. - @
(Y’fV—Y‘?T) \F.Y OM} 5'9)'.@% O)Lo.& sp—bé)l-é‘.% 0399

0] L aw’
doi: 10.22124/CR.2025.29246.1844 ij”‘:‘?ﬂ’ﬁ’

Ty 3d (Sid 5 @ Josd 53 o0 s mIRNA g guls sl j (o Lol
(Oryza sativa L.)

[P PRVRCEWIIPURPIPAIE W0 I 5¥ SPURIP | VST | [T LY SEWE IR PE PRI T W

Olnl ey (S oSty «(65,5LaS pole 0uSitils (5,5LaS” (55505050 09,5 5 25> (gozeils -
igins odinansi 1) (ol el (OIS oKl «55,5LaS ke 0aSiils (55,5LaST ($3)9SS g 09,5 ¢ leiils ¥
(mohsenzadeh.mohamad @ guilan.ac.ir
Ol ey (LS o8als (55,5LiS pole 0uSLails «(5,5LiS (559925 09,5 eoliwl Y
Smghy oz 9yoD) Glnleiedy (S olSils (55,5l pale aSinils (g3,5liS (555l5iSiger 09,5 (5SS wigal Sl ¥
35S Jlod adlaie (65)5laS ($59l9xSTgm 00Sighy 5ld slaasly ol 35 e (S5 am) GeenlS 05 Oy Sy ol w1y

(k)‘)'l‘ ss}.::)

2ol ous>

Jolge 5l Les g (Si2 (6558 Sla A5 WS (o0 )1 (Gmind g (S Slagil gl orme po el HlalS anadio
Jyame 55500 5 33, G20l o LS liordon 5 Sufslsnnd S Thy » hie Il b A wiies g
ok 5 J5N50 rhans o (alS Graly S0 (6l (jd g Gy SLRLRE Ll e oS Slae plulil e o
Slyets do 25 pllimog; panseid @l 65 Ll oy plls o MIRNA wlS 5 adlas o)l ol ol
@ Jozs 50 15,0 solS sl miRNA 4 by ol adllae ol ploul 5l Baa cwl oyl o medats § SG5elgn 508

Py bS5 4 e gl i oS ol bl o ol (Byme 5 (St

o cow (IR20) wle> 3 (Dagad Deshi) Jomio zip o8, 90 awlyls, e sloosls alllas opl o i g, g lge
GEOZR I3 31 ool b gy 39 ol o 4L, sl 5 spslaar S5 4w b NCBI ools ol 5l St
Sad axd,§ ks s ol el s bl b slayy leieas s 54 LogFC<-3 g LogFC2>3 L slayys iads oluls
o oolazw! VENNY I3l 5l (Dagad Deshi) Josxie 5 AR20) ulas slacuisss o S yiie o) crumss jslaieas
S ol b i gl Joie uisis o L 45 la ) oA A5 & 0ains by 5lS ooy bl e 5
sleanld wias sluls Maximal Clique Centrality) MCC jsg, 3 CytoHubba .5, Cytoscape l;éls 5
o3litul b e slo e 5 (o) 2 DAVID Il gy aidly (Lo 6,85 o alogys sl 5 el sbog (s
3 5 oS lagss oS wulas G MIRNA Slules gl ins slolis KEGG ools ol SoSay pne 455

A oolatwl YV ases psRNATarget ||l

Y¥a



Dagad ) Jomie o8, ,o Sis a5 Luls o a5 ols las al)ls,See slacsls Judow g ajo0 1 guind glaadly
ool 08, 50 &S Jl> jo wisly las o sme lo relS g il s e by 5l s ys VP g as o YY (Deshi
3 0 3 05 VPP miamen b odaline o) 5l ao s (A8 5 S s coiFa oase ple (a5 5 Sl (IR20)
iz gy SloanT b (il s isls (lai 1) gylosime Gl 2l 05 YF e 5 olo Gl el 5 Jooxie o8
ol Sl @ gy ol ey ot 3, 50 48l ol Gl sl e 58 SsUse slaoShas 5 Jsko
e e Oseedliesise ol G Al ol RelS slags om0 9 W eSS Colld g edlsten
el 5 i wiogy S osims Sa5 il o0y b 5L 99, COA Lol cllad 5 (6,05 500 (50935005 Sy 9>5 05
S e V0 g VA S o Jeie 68 50 4l ple a5 5 (Rl lags o ol L KEGG jes g3l 8
Minichromosome ) MCM G5 odlgls 51 o5 cpasz dlez 5l 05 V0 @l ol s Glagy o 5l a0al
b oys cpl sals bl gy j0 (Sl il 4 Jod e 50 G0l 5 g0 oy lsicas (Maintenance Complex
RPA2A CDC6 .0S11G0128400 NAC037 MCM7 MCM4 050580358200 MCMS5 — Jols
&l ecpl pogde isg PCNA 4 050580160800 MCM6 050780406800 POLA MCM3 .0S12G0124700
osa- 0sa-miR1849 0sa-miR172¢ alez ) MIRNA YTV slass i jo (S (il 4 Jooo s 40 S50 sloy)

Ao Byme s olwlils 5 05a-miR414 4 0sa-miR397a miR2925

VIV piomen MCMs 5 oolgls 3l 5 i alax 5l 5 10 slaws adlas pl mls Gelal 1§ oS AT
Saas glolis gy 0 (Sid i 4 Jesd e 0 J3 0S5 Jge smMIRNA 4 oy olecas miIRNA

Ty 0 S i 4 Jeie LS ads g golpa jsliiedy gl o Baiizs (pl j0 0ads olulil slamiRNA 4 oy
2,5 oolazuwl

GEO2R «8)lg N coSulgiy Lo (e ) sle 2 s ole igaadS slaejly

VECYIN XY ol b VE-Y/-AVF il o )b

o ol 4 olowl o g

5 kS slagy (pluled (VF4T) o pe ozl oo g el ((2xeaY o3liarons whaze (SIS 03l puine ¢ el
YEV-YEY (D)IF X clidxs (Oryza sativa L) g o Sis G 4 Jexs 0 3o sl miRNA
doi: 10.22124/CR.2025.29246.1844

AR



VE-Y Glasy /o)l o los [o20,lez 0,90 /e Dldass

Ty i 4 oo o Lo sle mIRNA 5 oy

Gong et al., ) x,ls daze o s 4 (LS &ul
slolss zip olS jo Lalize mIRNA oloS 52020
e R Sy Gl 4 Gl j0 oS wlead
miRNA-159 miRNA-156 sile LS 5 45 wsls
miRNA-393  miRNA-169  miRNA-164
,9bas mIRNA-528 3 miRNA-402 miRNA-395
Ol o plas STy S (pl 4 2 B
Vgoro 2L slo o L bls,l o miRNA olS 5
il & Coolail (ol g wiS (oo Joo (olais! jobay
Liet al, ) o) Sy i Cdjpiny mhw g olS
oS ool b g e MIRNA oS 5 lulis (2022
el v 5o ol B jap S0 4 RS &
Zhang et al., ) oS o SaS oS 0 4 4 oo
Ui .(2022a; Pasandideh Arjmand et al., 2024
Gl pedas ;o MIRNA &lS 5 g Bun 5 slo sl
Sy90 AibdS and 0 los S jebay (il 4 LS
Sis (Gao et al., 2022) col a3 5 J1E )y
O Skes p &S Cel (Fujpeé ST (2 Fpee (o
Sty Sy g el plulid .l e 7
o9 sblagl 5l sl 4 ol Gl b das e
SBMIRNA 5 b5 ololis adlae ) 5 Gas ool
G5 A Jed o B 60 Shes Sloses 5 sulS

g1 Siloysiilns slo s, 5l ooliul b iz

g, 9 dlgo
055 55 Sl slosls addllas ol plxil sl
=y (R20) wl.> 5 (Dagad Deshi)  Joxio
YARY gles o 59, Cam Soweda oS (GSE41647)
hadsr dasme )0 Soigs,oee Ll )0 (ugemdes a2 o
Saedy (S, can) Sialer > 0 g wal cus
s (PEG 6000) JoSI5olil L lawgs el i
NCBI GEO oL 3l s 5 )18 Sas s Lyls
&,3las> 1,55 4w L (Gene Expression Omnibus)
Sl 5l eolatwl b e g Jloy ozl pls glaools .o
(https://www.ncbi.nlm.nih.gov/eeo/y GEO2R
w0 alflas jsbay a5 050 slays ol o
Sae b was ol P < 0.05) vsje my Jlas!

Log of Fold ) olo juss o, L slagys cwaxals

Yoy

doddo

Jefoay «Sas bl 1o o5usa (nyed ol 0908
el 5L o g 5 (coeldl Ok Comex il
5 e casal glp ol Sl Copoe g ead wsas
5o g (Astes, 2023) cosl (gy9,00 sl drwgs
o slp @l oy Jame (nipee @S
@ @l 5 Wl sleda Gl Cumer 5l e
Ol 4 (B (s 5 Sy 4 atly (oldE ol
(G5 slais (Al et al., 2020) cul s,900
Ol b a5 aiten et Jalge 5l s 5 (Sas
QLS ploorton 5 Seidnid oSSRy » e
Sadd ab, alize Jole 0 | OYsaxe o Slee
Chandra & Roychoudhury, ) wws o uals
o oazg b bges S 25 4 olS gl (2020
5 2l o slpme alor 1 o] Ssglsnd sl Ths
IR Al g sy 3550 SlaS| ST la T Gy
o b nl g ogdle ((Batool et al., 2020) »,.5
SeST (63 St (halS dadig, b e b (S
J ladsS gy (SHIl ey Gen g S
ois ol @ e a5 Wgd e adgs (ROS) (5.S]
slizl 2lo g oo dagaSsn o5 5 slans]
s S5y (Seleiman et al., 2021) wgd o Joku
ssba QLS (olerdon 5 Sigle il (Soidlsd e
it g Sy S b cod azy B
Gilie LS o Syl Jlrinl b S oo 53
Cosl o0 olE WsF 4 Ay 5 ey solais]
(Asefpour Vakilian, 2019) was lis slacsglas

5 i) Gl b e salS Slio plulis
5 P95 gl ;o GlalS Fuly S0 sl St
olS o mIRNA ol 5 ddllas .ol cownl  Jolus
o pllimsgy i sl 65 LRl s
Noman & ) cwl boys eudals 5 3ol pud Ol pois
sleJsSge lgcas miRNA oS 5 (Ageel, 2017
e az S wai; Slogzge 4o ouuSuS ;e RNA S8
B ol Ll wilonss LS5 awsdlSss VY B VY )
Slal (Ha & Kim, 2014) ai)bs oy ol » 429
SloimiSsy Jols Bues ol 50 Sl 5 cnl (g
by ol oloanBsns 5 gl sloan i b s
Li & YU, ) cool b UiSes JG! 5 booyge,sn poliss

30 GloasS s nds SLuS 5 cpl (opizmen (2021



\F.Y uL"“"")/f“)LP c)Lo.ﬁ.c/p-‘bo)Ler? o)jé/b)& Olaass

Ol ¢ el

P Gl s 9, Sk b g Gl (el g
aS ol jlas 6)lg,80e slaoosls Jdow aims oo lis |,
(Dagad Deshi) Jozxie o8, 0 Sis 25 bali o
(Venn diagram) g ,loges o,y -(V JSK&) axzils
5 (NVOIYVFA) o yo YV (o o8, ;0 a5 ol las
oealS g moldl cus Sas la s L (YYYIYVYEA) asyo VP
Can (wlas o, j0 &5 Jb o il b s ol
o s s sl as,s AYNYAL) as 9 (AYVYAS)
(Y IS wols las 1) gyl cae by ol 5 aol58l
ol g Joxio 08, 90 2 0 0f VPP (Grizen
az g banils (g)lo g lo Grals 5 Y. o iol5al
oo i Jeswie o3, ;0 hadd a5 ola) Coenl 4
s ol e 3l s oan LS ol gy0nl 5l szl
§ Sl S Ay Comd 08, (ol oot o o (galdS

wad ollid S8 sl s

) (owlod smd
5 ol Jold) asly by o slagy gananlb
S S Ay el 5 Jomle 08 99 50 (Ol oS
ol (B Vb Se) al plxl alflas ojg0q
(§Iadl

sloesls  dl Cgx pgwpe (S,

Senssy Jelow )3 plS i plyisty oo S
22 BLols et o) oulid gt ol (50 Sloe
5 o T3z s g ozl Jols ol a5
P &5 0D atie g oy p (95 0 Shes
SSlse slooSlas 5 sk slizl st sloanl
Jomite o8, o all oly Gl Glpy e o
Sl & &l Jols o5 54 (Dagad Deshi)
5 (GO:0005737) puodbsgis (GO:0009751) sl
slrys om0 5 (GO:0016831) L) S5 ,S cdled
O s e dlitegige Jold 4l Glo helS
G S ghue (29590, Sy o=l 5 (GO:0018026)
SS90, To8 - ol w3yl s (GO:0005762)
ooy LSas ol 0,6 L (acyl-CoA reductase)
Slp sy sloanl g ple e (GO:0102965) Sl
e Jold Jomite 08, 50 atdl ol 1P slag
00isS b G (i b od iz 08 oo LS
o 0% el (GO:0007205) C LS utisp
«(G0:0010273)

Oie SeSTy 4 by

Yoy

Olgeas LogFC > 3) 5w g plp aw (Change
o e Ol et b slag g ol RPN L slag
S5 L slagy olyisar (LOGFC < -3) oS 5
Pasandideh Arjmand ef ) wos 48,5 s o0 oL
Cewiey w Syiie slyy e Jal., 2024
VENNY Il 5l eolawl b Jooxe 5 wles

(https://jvenn.toulouse.inrae.fr/app/example.html)

G sl plels Gus L owall o g asie
555 5 L o las (i 5w eains Gl
Siley SeSay wins Ly (Dagad Deshi) oo
ove, 9 CytoHubba .5, Cytoscape ver. 3.9.1
lols (Maximal Clique Centrality) MCC
8 8 el Sijlys s b, S MCC wins
Gl S e S8 et g solS by aleles
@lolid » g WS (o Joe BT ki Gulal » s,
Sbdsle b il o5 o )ls 35505 VU Jlail b oy
Sl yne b (g SO eSS siile oo (63 s
Li et al, 2020) swe b, 2o S
g oy 5 GalS oy (e sloonlp
(v2023q4) DAVID 5l lwg asl Lo 5,4
sekieds al w,n  (https:/david.nciferf.gov)
ol SoSey o 1325 5| 325 otes Sl s (Lol
of ) KEGG
(S iz 0 oolaiwl (Bncyclopedia Kyoto
ol slmiRNA Ll ol 7 (BExpectation)
a5 psSRNATarget |5l vy oS slayy; oass
(https://www.zhaolab.org/psRNATarget) Y-\Y
wsd olulis b mIRNA ol b ol a5 L o
Cytoscape 3! 5l oolazwl b 56 LmiRNA S 5

.(Pasandideh Arjmand et al., 2024) o o,

Genomes and Genes oolo

cos gy ole (Volcano Plot) laassT loges

(Dagad Deshi) Jozio o8, 95 ;0  Sis i Loyl
) w00l dj‘)‘ (\) J.i,..) 3 (IR20) uJLAoJ.} 9
ok (Fold Change) (e Olymss (S0 o) 281
57 5 LOFC) oo il o)W ulide jo 1, a0
2oy ol b Joiol gl 5 ol s35es
olis (LogioP-value) V- al o & osSxe wliie

ol e ogel o g ) Ceons bS5 a0 0



VEY Gl o)l o )lads /o2 )lgz 0,90 [ Slaiod

Ty o S @ o o Lo sl mIRNA 4 a3

5 (GO:0044772) sjsime Jsho 45> 6 U
(GO:0052324) Jshos 01535 s sk s jiimgms ay]b
oo Jold aidly ol 2alS slagys Jsbo 131 s
«GO:0019898) Lii s, sls=! «(GO:0005829)
sl (GOV00S88D) oo Jyisis S
JsisisSen 5 (GO:0009543) caudlys 1S a5sSOs
FsSse s Shos Culis s 55 (GO:0005880) (slacus
03 bz 3590, 155 = ol codlsd ol Loy
colled (GO:0080019) SIl sy JSts aily oy
cold (GO:0030295) LS cpiigy ounsS Jbb
S5, clled (GO:0052793) 3yl ool (S
i) ey culled 5 (GO:0004185) oy s sl
ol 0, 4 35 (GO:0016279) 5yl 5 Lz
Slzl s sleanld e i AR20)
ot I lass o 5 S5e sl Shac 5 sl

Sl Sopeal 4wl bl e adl
s (GO:0009507) cudls,ls  (GO:0009737)
552 (GO:0043169) _sssls” YLl

DNA b (GO:0042542)
solonSt  m a4 &AWl 5 (GO:0006355)
Didg leyed oYU cusal 5l 55 (GO:0006979)
ople idly ol il slaess sk sl somizean
i (GO:0005615) Jshe gz (glad
dailie 5 (GO:0005829) Jgwgiw (GO:0070469)
ke el o 5 (GO:0005576) Jskw z 1>
=SS cld Jold Loy cnl (Js¥ge slas Slos
=SS ks (GO:0016831) LI
S JomedS  Jnlgs s (GO:0004180)
Wl 5,5 cudld (GO:0004143) ATP 4 ail
—ol ~WT gul el 5 (GO:0004575) lay ;9845
Sy (GO:0033926) 5ESYE !
Jolos 5wl lo pals slag) (w slasnl
Wb opmy LIS el o Sple wwl)d
Yo e &b «(GO:0035336)
(GO:0009735) (S gt 4 gesly (GO:0009644)

P9

Sl

Sloiel

Ol

A =1 B
= -
B =
I L = =
3 ol
= . =
=
L e g
E g o o
S
N & N Ao
Padj=0.05] Padj<0.05|
= down = down
o - *up o - = up
1 T T T T T T T
-5 i} 5 10 -5 o 5 10

log2(fold change)

log2ifold change)

o8, B (Dagad Deshi) Joxxis o3, (A : Sis it bulys o (Log Fold Change<3|) Loy olo olaiis] Jloges -\ JSo

wos oo lis |, Logio wsSas aly o coe b g LOZo aly 1 bays Lo oo 54 (g950e 5 B3l sl j5oee (AR20) Ll

Figure 1. Volcano plot of genes expression ([Log Fold Change<3|) under drought stress conditions: A) Tolerant

variety (Dagad Deshi), B) Sensitive variety (IR20). The horizontal and vertical axes represent gene expression
based on Log, and the significant level based on inverse Log 1o, respectively.
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Figure 6. Key genes identified in tolerant variety (Dagad Deshi) under drought stress conditions
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Figure 7. MiRNAs regulating key genes identified in rice under drought stress conditions
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