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ABSTRACT
Camelina is recognize as a sustainable and environmentally friendly source for oil and

biofuel production due to its adaptability to harsh climate cimditions. In this study, 134
pure double haploid lines of Camelina were evaluated in an augment experiment in
terms of relevant agronomic and biochemical traits under dryland conditions. Seeds of
each pure line were sown in an experimental unit and in four one-meter rows at the
Dryland Agricultural Research Institute (DARI) Kermanshah, Iran. The measured traits
included grain yield per unit area, plant height, days to flowering, days to maturity,
thousand-seed weight, seed oil percentage, and other traits related to seed oil yield and
quality. The results of the analysis of variance of morphological and phenological traits
of this experiment showed that the studied lines had significant differences in all
measured traits. The highest seed yield was 129.5, 110, 106 and 101 g/m2 for lines
DH82, DH 100, DH 72 and Soheil cultivar, respectively. The highest seed oil and
protein content was 39.28 and 31.31 percent for lines DH 45 and DH 133, respectively,
and the lowest was for lines DH 97 and DH 98, respectively. The average oil and

protein content of the seeds across all lines was 36.57% and 28.53%, respectively.
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Table 1. Meteorological information table for Sararood station 2018-2019
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Figure 1. Comparison of some agronomic traits of the
studied Camelina lines. The four genotypes with the

highest and lowest values of each trait are shown in
green and red respectively.

Oy OMSe I (S LlalS” olS 54y 0511 13035

45 1 ol (elj g 5 o] S anng (o)
pLodl 5 g S ) poguasy SB 3 1) o il
I3 ()9 S (e g S b 0l lides
2Ll cwl )5 Sy 353 0l ol e sy
Ly o3lsil ol 8l ol Sldlllae 51 sla Lo
e 4l lagsby) «Se S 2ol sl g,

S 59gud 9 ST 5glgd g0 il
5 S2igdedyge Clie (lo)ly a o | ol s
StacmY m jbine ©gli Giag cpl 3 Sejdsid
ol 1y oad (6ySejlul Claw  olos jas 5l adllas )50
(olee dl_mo)l_o] ol ot &y (gl sxe O?")'T ks b
e g oad gy Sejll Glaw wShs o Bl yolis
el 005 ) (¥) Usis » o o gl LSD

Sl jwloly 1Sle awslio guls aoMs jsba

3 ) il 3o g yidin oS 2> (LIS ()2 390
SN g Ve E N YA L (LS s o
gYV Ve AY slaY 4 bgyye cui b & @pe e
(N JS8) 290 (WY 0)les) s 3L o5,

w0 bl 50 ll 50 Llels cusls 4y pz0 el )
Sl ol LAY ) el o) oliileS ol
L)"";l—.’.)‘ﬂ w5 5l Jol = u*’L“"ﬁ 9 ()“"“L;L"" MY
s s ilsn S ol 99 5 88 35 S
WM e ;0,00 0l | ju & ol (6 S0l Claw
WL 50 O Dl gy o M dluw sl dluws
dg>g 40 ize gles olS glay)l g BME > )4 oluws
CuiS Zu,6 90 dalllae (ol 3 jlas a0l @y angi b 3yl
S Sl (o 3 ine SWET (plpls g,
il o dbgyie CiiS Fuyl 0 Chs yide olie
L (0l110) Jol S g, 4 bgsyo 3 )Shos (50
bgye 35 ologe ooy g @ipeste 3 )5 VIVIFFY
dg gayeyio O )5 OVE/YYY L culS 7u,U ed
(Kahrizi et al., 2015)

psS o WWOV/EE L &ls)lin o5 e (i
VAR L VA o)les Y .0 sanlie YA o)les ¥ o
B 59y YA L Vojled (Y 5 Suglgnjud (S U g,
LagY (r5009%9) 9 (rueind «oy 4 (S,
Loy (elw MI0) aSg )] oy it 09
2 =Ly Jupw aald 58y 5 990 WYY o)leud oY
CdS Sy o plasasy bl e il VA dgas
Sl B gloj pis 5 (olo)d] o50) oY plSin o
LY ol el > ©hg) dspe jl LS olS 13,



v VEF b ) by o) o)lad qd gl Sl cshy) GbLS 6yslcans) ole 4y

Adebla sla oY G sl doyd e
ol 3 0Lile S aglil Lyl o LlolS o0 Caslise
il 45 el oa b i () Joiz 2 s
09y =Bon > e ladsul wo )y g iy sl
o YYIM 55 U Sl duol 1y Y ol
Sl Y/ (1l b S sl s o JuSis
2 LY dan olas 3 WY 5:5ile Ly Sty
sl e (1S5l il JlE gam sl
WA o a ptalojl cnl o gl g el o2
00 plool Slillas 5 g jbos b b5 ol 290 ANY
s5b a9 3)b cdllas Llels ja dpl LBgy (55,
5 hie syl BLsd 5 S 0300l o mpadl 4 IS
O Todes Wiud Caadl b jlu 35 lusl Coodl
Lilols oL jl o st (429) Sl 53 1y e
.(Raziei et al., 2018) I

s o9 (o)) Capde g (Jame Ciliss Jolge
) by S 5 (oS S SRy (S5 Cluoguas
o8l Ll 5 Ju I Llse 1030 5 b o
P9y 9 Jgmaze Cily oloj (Bl g, b 95
5 45 0 o ) 09y &S Cwogad 9y gl
o bgye aliie Jpae & 48 o 2bul I Sl
0S5 ly e o 51 1y cilies _oldlis sble
2 ol Ll 319 08y 35 2050 13 (damte Cliios
Salvador et al., ) cowl sa i yddio y£9) CutsS
.(2001; Rakic & Johnson, 2024

Lo Y oo 53 50 Sl SOl liee bausgio
Yo one 0yl ol de o £IVE L,y
il oy ol (le > il Sogme
riito 1)y gy gl 3 )5S s 1y
.(Vollmann & Eynck, 2015) ¢l suis

oS ccly oy 5 395 anlllas 5> (1997) Zubr
Jold Lilels' ji a7 0)8 (3)155 el 289 il
4 d9ad 0135 rzpen e (8 ATV 39
e sga> p gy 3 bl yf G ol o2
a0y sl JST5170¢ 2900 5wl e
Sl S g (polyunsaturated) suis gl

Gl 485 Sjg0 5 (35 ) by (S 9 S
Iy Ldols” asshyylsa )59 cwl diilyy (gdgas L5 oS
Cai et al., 2024; Bakhshandeh et ) . a> 38l
[(al., 2024
Jol des ciS 5,b 5> (2015) Kahrizi et al.
Ve¥O oY sl 1y oyte Bl A a5 glis)) U]
09135 (g 085 pU L dm glo Jlo 55 00l (B y20)
duslis 2uls (2018) Raziei et al. yiagj ,d .03)8
P Sl Gl Wy gl Chan p oddl Gl SSle
9 Sk SS9k ool 1 S8 cadls o g > Ll
Vo VAY) oyl glama 8l 3 (6,8 aSlis & ygoas
AV/NA) lanl o (o gl Vo VNY) ooy o o il

PO 5 (el YOIAY) a8y Jg 5Vl (a b
Iy g eyl Cao Jade oy ol (o Sle YVIYS)

ool olis

U sl 03,5 0y ] )3 Jganme &5 ol g o8,
3 Omen 431 g5 489y CudS (s9) (ot
395 E9y By Sl 0jarel 9y Fp (BN Wy
S35 08 My Jore g 08y Slasiie Slea Jlil 5
w3y Jools 2y g 3l sl Jlo 5 S e
5 iSOl (S sl (Shy Jd> 4 PB
[(Zeinanlou et al., 2015) cuol a8l i yius oais
PR Ofen 9 OFe Ol opde Ok cnl
basye cudy d doyd YI/YY 5 YAUVA L osds saliio
i e (pyieS 9 YV g YO o)l slacnY &
Ol 0sSke 392 WA 5 AV oyl slapY 4 by
boly ooy 4 g oY (sl )d oean 9 089
Toncea yo)li5 (wloly (¥ JS5) 29 YAOY o YS/AV
Lol 5o dlgime (Slog) y9:2S™ walil )5 (2013) et al.
INBIYEAN5 S LOIVE-F/YD Jols baes
PRPICIVA R YA ST AR SN 7A AEN7A VRS
dgd> picmed g B (yeliig M@/100g YA/YO-YV/AY
TANA o oo /¥ i Lo [ uundS” < ZINA

ol 9y LXIDS o ol LEIEY (Ko



e olizile S mes Laalyd 5o LlolS saiicislian assbls clainY (slasdon 5 (£l Slho (ooyy 10y]y Ko g (Gigion] ooy A

Aoy g Joae (1E) (i p ite U Jyaree
Sldes plaw il sl 5] )3 9390 Gy (ol
56 g, gl 5l oy Wile Jgame el ys 5
Mondor ) 5,16 ¢y slasw! Llgy yux p Jlus

(& Hernandez-Alvarez, 2022

£L,%
2 J18 s
8\}16 -
-_—:—314
S
o 12
10
N S, S N S S
P FHFHTHS ST
Q AN
618 = e .
~ u|l= & & g .
e am S o
‘g’jzo - - 2 ~
- - o
5118 T B £ o
5 4
N R
% }14
U1z
10
AR GRS RN SR St
) 0¥ & &
F¢& TFIF ST S
LI
- R B
:Qi’l‘% o @
§334 SRS
t o
E"_j\a') - =] g =)
33 2 - - &
o 230
o
o s

e T T S R R e
Qv I N S g & &
QQQQQ®QQ¢Q¢Q~BQ¢Q@
o
I R
& o - -
L L35 o e
= o o o
%Ja o ol IS :
2 s
o i 2
g 12
— 15
a
U oos
0

O LI S VR B B S
FFFFIF TS &

oY wre oy duwl 20> dunlio jlages Y S
5 o Sy b Catuo yb Jlade i )b Y ke Lol
ol 0 0200 Ui 30,8 S5y b Hlade oy jieS glyls Y ke
Figure 3. Comparison of the percentage of important
fatty acids in camelina lines. The four genotypes with

the highest and lowest values of each trait are shown in
green and red respectively.
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ABSTRACT

In this study, nodulation capacity and physiological traits were evaluated in
ten chickpea (Cicer arietinum) genotypes following inoculation with
Mesorhizobium ciceri. After comparing traits such as nodule number, nodule
weight, total fresh weight, total dry weight, stem dry weight, root dry weight,
stem length, and root length, two genotypes (Bionij and Pirooz) were selected
for further investigation as the most and least efficient in symbiosis,
respectively. Flavonoids play a crucial role as initial signaling molecules in
the symbiotic interaction between legumes and nitrogen-fixing bacteria.
Subsequently, the quantitative expression of the Isoflavone 4'-O-
methyltransferase gene, involved in the isoflavonoid biosynthesis pathway,
was assessed in the two chickpea genotypes (Bionij and Pirooz) at three time
points post-inoculation (36 hours, 10 days, and 28 days) using Real-Time
PCR. The results indicated a significant upregulation of this gene in both
genotypes, particularly at 36 hours post-inoculation. This increase was more
pronounced in the Bionij genotype. Leaf chlorophyll content and nitrogen
levels in nodules and roots were measured in both treated and control plants.
Data revealed that treated plants exhibited significantly higher levels of
chlorophyll and nitrogen, with Bionij outperforming Pirooz in both
parameters. These findings suggest that higher expression of this gene may
be associated with enhanced nodulation capacity, improved symbiosis, and
increased nitrogen uptake in chickpea.

KEYWORDS

Cicer arietinum L, Gene Expression, Isoflavonoid, Mesorhizobium ciceri, Nodulation,
Symbiosis.
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Figure 1. Bioinformatic analysis of the Isoflavone 4'-O-methyltransferase (14'OMT) gene and protein in chickpea.
A) Enzyme domains of 14'OMT; B) Conserved motifs of 14'OMT enzyme; C) Gene structure of 14'OMT; D) Chromosomal
location of the 14'OMT gene; E) Predicted three-dimensional structure of the 14'OMT protein.
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Table 3. Physicochemical properties of the Isoflavone 4'-O-methyltransferase (14'OMT) protein in chickpea.

Protein ID GenelD: Gene name

AA length MW(kDa) pl Gravity ¢

XP_004505107 101495151

isoflavone 4'-O-methyltransferase

361 40353.07 5.38 -0.225
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Figure 2. Heatmap representation of various genes expression in chickpea based on RNA-seq data.
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Figure 3. Light microscopy images of cells stained with methyl green. Individual cells containing bacteroids (ba) can be
identified by dark rings within the cells, indicating the accumulation sites of Mesorhizobium ciceri cells.
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Table 4. Mean values of nodule number, nodule weight, total fresh weight, total dry weight, shoot dry weight, root dry
weight, shoot length, and root length in chickpea cultivars inoculated with Mesorhizobium ciceri, with significance at the

1% level (P<0.01).
Nodule Nodule Total Fresh Total Dry Shoot Root weight Shoot Root
Cultivar numberfplant weight Weight (mg Weight (mg weight (mg (mg Length/Plant Length/Plant
(mg FW) FWi/plant) DM/plant) DM/plant) DM/plant) (cm) (cm)
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Means sharing the same letter for each trait among different cultivars are not significantly different at the 1% probability level.
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Figure 1. Boxplot diagram comparing the mean values of chlorophyll a, chlorophyll b, total chlorophyll, and carotenoid
indices in two chickpea cultivars, Bionij and Pirooz, under Rhizobium treatment, with significance at the 5% probability

level (P<0.05).
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Figure 2. Comparison of the mean percentage of nitrogen in root nodules of two chickpea cultivars (Bionij and Pirooz) under

Rhizobium treatment and control (untreated). Differences between means are significant at the 5% probability level (P<0.05).
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Table 5. Analysis of variance (ANOVA) results for the effects of cultivar, rnizobium treatment, and their interaction on the
percentage of nitrogen in root nodules of two chickpea cultivars.

Source df Type I SS Mean Square F Value P-Value Significance
cultivar 1 7.77630000 7.77630000 399.47 <.0001 ® %
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Treatment 1 48.32053333
cultivar*treatment 1 3.83070000

48.32053333 2482.22 <.0001 #* %
3.83070000 196.78 <.0001 EX

**: indicates significance at the 1% probability level (P <0.01).
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Figure 4. Relative gene expression in root tissues of control and rnizebium-inoculated plants in two chickpea cultivars,
Bionij and Pirooz.
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ABSTRACT
Due to its adaptability to environmental stresses such as drought and salinity, as well as

its favorable forage quality, Elymus hispidus var. villosus plays a key role in sustainable
rangeland management and forage production in arid and semi-arid ecosystems. This
study was conducted to identify ISSR molecular markers associated with
morphological traits and forage quality in 24 genotypes of this species. Morphological
traits including plant height, number of stems per plant, flag leaf length, and dry forage
yield, along with quality traits such as crude protein percentage, dry matter
digestibility, and acid detergent fiber, were evaluated using near-infrared reflectance
spectroscopy (NIR). Molecular analysis using 13 ISSR primers revealed a
polymorphism rate of 97.94% and high genetic diversity among the genotypes,
confirmed by PIC, EMR, MI, and RP indices. Analysis of variance showed significant
differences in morphological traits (at 1% and 5% levels), while forage quality traits
exhibited more limited variation. Mean comparison identified genotypes 23 and 10 as
promising candidates for breeding programs due to their superior performance and
morphological traits. Phenotypic correlations revealed a significant positive association
(at the 5% level) between dry forage yield and plant height, internode length, and flag
leaf length, with a stronger correlation (at the 1% level) with the number of stems per
plant. Stepwise regression analysis demonstrated a significant association of marker
IS11 with seven traits, and markers UBC880, UBC825, and UBC808 with several
traits. These findings highlight the efficiency of ISSR markers in enhancing genetic
improvement strategies for sustainable forage production.
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Table 2. Analysis of variance for morphological traits and forage quality in the studied genotypes

MS
SOV of PLH INL NSS FLL SPL NSB DW DMD cpP WSC ADF ASH
Replication 2 38.488 1.282 0.486 1.39 3.727 32.03 93750.68 16.697  4.287 0.602 9.92 0.947
Genotypes 23 72201*  18559**  3964*  3.498*  0.054*  53.744**  1521738512**  3.653® 0.731™  0444™  3549® 0.378*
Error 46  35.844 6.199 179 1.827 4.688 6.847 98343.12 3.985 0.586 0.426 4.367 0.192
CV (%) 7.67% 16.33%  1224% 12.04%  14.54% 14.32% 10.65% 505% 499%  1755% 431% 5.19%
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Table 3. Comparison of mean morphological traits and forage quality in the studied genotypes using Duncan's method at
the 5% level.

Genotype PLH INL NSS FLL SPL NSB DW DMD CP WsC ASH ADF
1 69.01e 16.70a-f 11.00a-f  111lae  15.21a-e 20.47b 2636fgh 40.89% 1491bc  46.93ab  827a-e  46.93ab
2 69.01e 11.43g 9.973b-f 10.38b-e  13.0la-e 17.53b-e 2693efg 3793ab  1542abc  50.13ab  830a-e  50.13ab
3 73.24cde  17.02a-d  11.20a-f  11.99a-d 16.89ab  18.27bcd 2995def  38.39%ab  1547abc  50.06ab  8.94abc  50.06ab
4 79.03b-e  1539%-g 11.27a-f  1140ae  15.75a-e  17.13b-e 2762def ~ 39.52ab 16.46a 4893ab  846a-e  48.93ab
5 80.6lae  14.82a-g 11.27af 113%-e  15.27a-e 20.27b 3590bc 40.54ab  15.16abc  47.31ab  8.73a-d  47.3lab
6 7791b-e  1299-g 11.33a-e  10.22b-e  12.22de 15.53b-e 2097hi 39.40ab 14.47c 48.16ab  8.05de  48.16ab
7 74.07cde  14.63a-g 11.10a-f 11.35a-e 17.14ab 14.80cde 1430j 39.12ab  15.28abc  48.79ab  8.49%a-e  48.79b
8 78.05b-e 17.61ab 12.60ab  12.25abc 17.27a 15.67b-e 2794def ~ 3957ab  15.64abc  4894ab  8.98ab  48.94ab
9 7241cde  12.43c-g 10.60a-f 9.81cde 12.29cde  16.67b-e 2977def 39.49ab  15.68abc  48.6lab  8.67a-d  48.61lab
10 86.71ab 18.89% 11.47ad 12.83ab 1567a-e  19.67b-e 4556a 40.96a  15.56abc  47.32ab  8.88a-d  47.32ab
1 77.92b-e 18.61a 12.67a 11.49-e 16.95ab 17.33b-e 3708b 3897ab  14.8lbc  4867ab  850a-e  48.67ab
12 7889%-e  1240d-g  10.27a-f  1053ae  1352a-e  17.33b-e 2925def  39.13ab  154labc  4870ab  8.07cde  48.70ab
13 74.03cde  14.18a-g 8.800ef 9.457de 1547a-e  19.00bcd  3356bcd  40.24ab  15.39%abc  47.77ab  8.29a-e  47.77ab
14 77.85b-e  16.97a-d  10.40a-f 1286ab  16.33a-d  18.67bcd  3294bcde  39.15ab  15.67abc  48.68ab  8.18b-e  48.68ab
15 84.0labc  17.62ab 11.20a-f  11.8la-d  13.90a-e 14.67de 3365bcd  38.83ab  14.80bc  49.25ab  8.65a-d  49.25ab
16 78.36b-e  12.87b-g 8.667f 10.77a-e 12.87b-e  17.80b-e 2545f-i 40.45ab  1547abc  47.42ab 9.06a  47.42ab
17 78.780-e  12.10efg  9.867c-f  10.7lae  1329%:-e  15.80b-e 3049c-f 3846b  15.04abc  49.44ab  832a-e  49.44ab
18 80.3lae  17.17a-d  9.467def = 10.49%-e  13.8la-e 20.53b 2160ghi ~ 39.28ab  16.03ab  4879ab  8.28a-e  48.79%b
19 78.27h-e 11.92fg 1051a-f  11.3%-e  1453ae  17.73b-e 2001i 41.17a 14.96bc 46530  843a-e  46.53b
20 79.30b-e 18.66a 1167a-d  11.27a-e 16.94ab 16.07b-e 2772def  3849b  14.79bc  4858ab 7.73e 48.58ab
21 78.00b-e  1559a-g 12.27abc  1148ae  14.98a-e 19.93bc 2753def ~ 40.34ab  14.71bc  47.39%ab  8.03de  39.47ab
22 70.99de 11.78g 9.733c-f 8.827e 11.67e 12.97e 2602fgh  40.74ab  16.14ab  47.40ab  8.1lb-e  40.47ab
23 82.06a-d  17.30abc  12.20abc  12.47abc  15.76a-e 35.80a 4525a 36.79b 14.94bc 5097a  81%-e  50.97a
24 90.71a 16.83a-e 12.80a 13.15a 16.57abc  18.87bcd 3054c-f 40.93a  15.76abc  47.72ab  8.96ab  47.72ab
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Table 4. Correlation between morphological traits and forage quality

wlie PLH INL NSS FLL SPL NSB Dw DMD CP WSC ADF
INL 436*
NSS 410* .604**
FLL 640** .691** .657**
SPL .248 T40%* .594** 707**
NSB .239 .293 211 .362 212
Dw 423* 456* .285 A407* .220 544**
DMD .065 -.124 -.107 -.076 .096 -.331 -.186
CcpP -.017 -.088 -.289 -.084 .047 -.145 -.057 .185
WSC .057 -.130 110 -.157 -.085 -.243 -.395 -.078 -.506*
ADF -.010 .143 128 147 128 .306 .220 -.951** .032 -.099
ASH .285 .154 116 .383 .199 -.072 77 .275 .302 -.226 -.060
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Figure 1. Dendrogram of cluster analysis of morphological traits and forage quality for the studied genotypes using the
UPGMA method
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Figure 2. Banding pattern of the 24 genotypes studied using the 1S6 primer
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Table 5. Molecular parameters calculated in ISSR primers

skl Sl Na NPB PP% EMR PIC MI RP

Primers Primer sequence
1S6 5-CACACACACACACACAG-3' 7 7 100 7 0.372 2,601 4.583
UBC884 5-AGAGAGAGAGAGAG-3' 8 7 87.50 7 0.370 2.592 5.917
1S11 5-ACACACACACACACACC-3' 14 14 100 14 0.361 5.049 9.167
SI4 5-GACAGACAGACAGACA-3' 10 10 100 10 0.401 4.014 7.000
UBC808 5-AGAGAGAGAGAGAGAGC-3' 7 7 100 7 0.467 3.267 5.917
UBC811 5-GAGAGAGAGAGAGAGAC-3' 4 4 100 4 0.259 1.035 3.667
UBC823 5-TCTCTCTCTCTCTCTCC-3' 6 6 100 6 0.299 1.795 2.750
UBC825 5-ACACACACACACACACG-3' 6 6 100 6 0.353 2118 4.000
UBC886 5-CTCCTCCTCCTCCTCCTC-3' 6 6 100 6 0.418 2,507 4.333
UBC880 5-GGAGGAGGAGGAGGAGA-3' 5 5 100 5 0.347 1.733 3.583
UBC840 5-GAGAGAGAGAGAGAGA-3' 7 6 85.71 6 0.367 2.199 6.250
UBC835 5-AGAGAGAGAGAGAGAG-3' 7 7 100 7 0.397 2781 6.083
UBC842 5-GAGAGAGAGAGAGAGAT-3' 2 2 100 2 0.491 0.983 1.917

ke 6.846 6.692 97.940 6.692 0.377 2,513 5.013
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Figure 3. Frequency distribution diagram of genetic distances between the studied genotypes
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Figure 4. Dendrogram obtained from ISSR marker data for the studied genotypes.

E. hispidus var. ass5 j adsle cuas 9 (S590s8590
oLt s ookl pEapl o )5y 3o 5l willosus

oyl gl ) SLits | (o5 480l (i 4o
st B (53 e s 5 VL o e e
DD wyp 3y50 Sleo b (g pSeis bl 5 Al
o liseo Slao ) ISSR (sl ) Silis S5 Slglyd (a0
2 loyglitoriz 5 culS 185 ol I (B o o Lty
LalE. hispidus var. villosus ¢l a S3s Jy—uS
Sy wdlaiwl 350 ISSR [SiLis VY g ge0m0 jl 0S8 o
CoS 5 (Sefplige i (S Jobis b S0l 1Y
o) ol s Iy ixe (gplel bl o puypr ddgle
2 a8y B o, Sl YU oS Sy gasge
S alise Sl fhe og] (2l il
286 Slas S b .cwwl E.L hispidus var. villosus
pae (b ol S &S 3 Slawo b > me bl
bl lacodgize b biye 35 2y b o Sligen
bls)l LIS11,55Uis (oo oyl o il iolojl Loyl ys po
bl 2w gy )] Jols Cado it b (gylol I jize
i C B 1oy sle (S8 g 5 Skes iy
2 Joore yud do ) pls (g dop> (SiS odle
auly Sl i (JS jaSE dop g ol 0dizgd
sl Vb Jewiliy b (6)S0Ui5 lgicdy g 0> olaid] o9

4 by Yans by, Slio ol 4 g
bk 4 (Jls > i pgS5 048 jo) (sl i
Ul o ISSR (gl S5t baaogs 015 1,155 DNA
P95 03iS joy e (SLiyiS v g 018 o) (sl i
AL ot ulibog, Slio oK ggw 5 S e
(Ko 39 pie cplply )3 )8 35 e Ll
S259dg8y9e Dlao 5 ISSR JgSUge (sl Sl oy Y
Jolge adon I o) Lailo ot i ddgle iS4
L Jsl 25 0Ll 25 3)lse 2 (g ge aliwss cpl o]
S35 055 2 o SIS S5 925 4 25
I alepisy Jols 55 ISSR (oSl il 5 (g
s S5 3l Jlais] it (6,55 slo g o)
S ipgd il 03, S 4 STy L g i) dy g ye
3L BLS il & adlas oyl j> eolitwldyge (gl pesly
oS DNA iy, 51 oS g gl 55 b i o390
9 el (g i daw ookl oyl b a8 waly
2o & lid & e Gl (See pgi] Srale (o)
i g (JoSgo lmodls o (VL (Sison
D9 (S239l9890

P sty
clio U Lo, » ISR ela Silts gl pshatedy



£y V¥ b @) ale O ojlad quadply Jlo (sl (LS (g)sldcu; ole 4 uis

3ol ot (g ime bLS ) U (i b 5 ades
e o w55 g +/ADS Cyy L UBCB23 celon
L, UBCB08 45 Jb > .l o )y oiinlS
iy Job oauldl Jole lgicas YU cuto p8b Cyp
JB g ccio Wl coo ag o aBlu sl s aslid
Gy Ly 196 g +/F+8 uyo b IS1L (elo Silis dngs
Ly o oline L)l o S5t oyl 5 ity ), 5 /05
Jobody dbgle (Ss yjg 5,Shes il ljasls il
YU 5L g +/0FF oy L UBCB25 ,Silis L oes
Joele lsisas ito S5 b IS (izmen 2g; Lasyo
Sis ool puad Culild Mo yd M Byre 3 Sles il
IFYY oo L UBCBBO (Silis 1y bls,l oy yin 36
Jole o 15l oy b 35 UBCBO8 it .l
Csio 3l Cot pls g oy g S oyl il
il B /YW g, L, UBC880 Sl
i o e sy, L UBC8B86 4 1S11 oS s >
0y ) Jolbro yud Mo yd Ctuo (gl L glosials
555 (i 1 a5 b UBCB23 S s
L, UBCB80 4 IS11 6,k jl .cudls (¢ pSadis ainlS
dygo il i@ Jodore yud iolisl 3 cae ]
s y5U5 g +/¥AY gy L ISIL S j2uSK duo s
5 UBCB08 (sl S5l yeiomad g iy |y 1 i
2 s llis e )8l 1 55 UBC835
cov asd Ol ) Jglxe sl yimg S doyd woles
aS cily )y B o /P o ys LUBCBA2 Silis psli
Lyl o oyl dpnt o g ybline ol 33l i oSl o)
marlyy YAl soliial Ly (Y+VY) o)l Sod g SLo 5,
I, Ag. desertorum . sg; ¥¥ » (Sasj g9 dISSR
T &S 03,8 iS5 ]y e FFA g ols 1,8 sy 390
Loy Lt (e 5L 50U 05y SSe L]
ol yos & 03ac 095 93 ], o] WPGMA 5 (550
il dalllas ol 5, S iy dieel Caigs (oolss
Ol 5 45 SSE w5l ) opd 9 095 Sess
slacwy; olsal ) wlg e ISSR (sl ,Slis &5 sl

il e dbsle 155 > Yl Shes |

S8 @l 3l oy b0 (e (SHol (claaslsy
UBCB25 (cla Sl i 5 i i s ,> UBCBBO
M me jguin calidee o guiy 0 pliS 2 UBCB08
L o Ss 5 45 amd o it loasily ) izl
» Fye byl lyiean g oo @B 5, Sos
slraoly 3 oazy Claw oaiS S glayy ol
o S 8 el 3y90 LS e Ml 5 (b5
Gibises s b bLs) 5 ISSR (gla Sibis gyjs5 (565!
g b 5 0,Ske Jgb iy £l olio o 3 ol
oo g )lol b Galkises S i b Sy
Sly o ey & 285 )13 Slao o g aimil
I Syl ol ol lis ealiwld yge (b S5l L )
JrS Lol cuslas g Slie ol S0k canle
2lgs oo Slao il gy iyl il asBas S
= e (ol ladsly gy (lie slaadld
e Mol 4SS (ol (ls )l obasd 5 Sl
b
oy Ly UBCB23 S wigy £lis) o gl
Olgsdsy fo o b (g)blize Jade g +/AVR oas xSy
sl LS (pomen A A LS S5 Jole o Sigsd
9 1M slacs, s Ly e 1IS14 4 UBC835
Sy /XY g o[oVY ()b oine ypolia 5 +/AFA
il g gl Gl g (e Sl g W8S )13 g
e Ly UBCBBE S e Jyb o
ol GRS 3 age i ot b o 5 IAY
oy s UBCBOB St e ioads 3905 iy] o
2 9 e 0,5ke Job Lialidl )5 «uto il ge/00Y
L UBCB25 St licas 3 dorliiw Siss yoguas
S [0V oy L UBCBOB 4 +/SAF oy
L S5t ol 48 i po s byl oyl izl it
Jsbo s it o b)) )5 ol slass il
)55 UBCBO08 ,Silts L oo sy o S
i YU 53U Gy g +/FY0 s L aS ey
L UBCB80 « | lie > il o oyl pr ool

Jrb S i ol ial e a5 ey



. Elymus hispidus absle cuas 5 (So5els8y9e Slawo b e ISSR JoSge (sl Sl o lulis 1)Ko g (g g €€

E. hispidus var. villosus désle cusS 5 59058590 Slio 9 ISSR JUge ,SLis bls) Sbadss T Jgus
Table 6. Linkage mapping of ISSR molecular markers and morphological traits and forage quality of E. hispidus var. villosus

Traits  Primers Adjusted R R Square B Beta Sig  Traits  Primers Adjusted R R Square B Beta  Sig
Square Change Square Change
IS11 242 275 7.012 404 009 NSB 1S11 409 435 8.427 562 .000
UBC825 564 135 6.038 620 015 1S6 .596 197 4.599 367 .003
UBC880 750 173 7.441 629 001 UBC825 525 546 1284277 686  .000
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FLL UBC808 425 179 1.458 560 014 UBC880 679 .180 1.786 464 002
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UBC808 517 251 4433 1059 .002 UBC835 516 145 .336 393 .016
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UBC823 856 .093 1951 -574  .001
UBC840 .892 .033 -994  -292 017
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ABSTRACT
Sesquiterpene lactones (STLs) are a group of bioactive secondary metabolites synthesized in

the sunflower mevalonate pathway through the action of key upstream enzymes, including
HaGAS1/2, HaGAO1/2, HaCOS, and HaG8H. These
dehydrocostuslactone, 8-epixanthatin, and tomentosin, play important biological roles, yet the

compounds, such as

precise genes involved in their biosynthesis remain incompletely characterized. In this study,
transcriptomic data under treatments with ethylene, salicylic acid, methyl jasmonate, and
polyethylene glycol were analyzed, and several candidate genes were identified using gene co-
expression network analysis, including putative costunolide synthases (LOC110928784,
LOC110928786) and genes involved in DBR2-like reduction reactions (LOC110893694,
LOC110886996). Promoter analysis of key pathway genes revealed gene-specific distributions
of cis-regulatory motifs, including W-box, G-box, GCC-box, bZIP, and CBF2/RAA. Several
candidate genes encoding bZIP (XP_022029119 and XP_022023437) and ERF
(XP_021969365, XP_022017763, and XP_022002255) transcription factors were also
identified as potential regulators of key pathway genes. Gene expression analysis by gPCR in
six selected genes showed that upstream genes (HaGAS1, HaGAO1, HaG8H, HaCQOS) were
predominantly expressed in leaves and glandular trichomes. In contrast, downstream genes
(LOC110928784, LOC110893694) exhibited preferential expression in roots, indicating spatial
partitioning of STL biosynthesis in sunflower. Overall, these findings reveal new components
of the STL biosynthetic pathway and its regulatory factors, providing valuable targets for

metabolic engineering and novel biocontrol strategies in sunflower.

KEYWORDS
Sesquiterpene Lactone, Sunflower, Transcriptome, Weighted Gene Co-Expression Network
Analysis
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Figure 1. Co-expression networks of target genes (HaGAS1/2, HaGAO1/2, HaCOS, HaG8H, HaES) and their partners
under ethylene, SA, MeJA, and PEG treatments in sunflower. Yellow: target genes; orange: co-expressed genes
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Table 1. Primers used for qRT-PCR analysis in sunflower

Gene Primer (5'-3") Ta(°C) Reference
GTGGGACATTAGTGCTATGAATCAA
HaGAS1 TCACCCATTCCCACTAAAGCA 60 -
AL CCGCCCCAAACGGAAGATACTC o Froy etal. 2018

GATCCCGAATACTGGAAAGACGC

TACGTTAGGCGATGTTAGCGAAGAC

HaG8H CACGTGGTCTACTTCTGTGTTCCCTCAA 64 Frey etal. 2018
GATACTTATAAATGCGTGGGCTTGTG
HaCoS CGGCCCCAAACGGAAGGAACTC 64 Frey etal. 2018
Acting AACTATTATGTAAGACTGGCAGAC o ~
TCACAACCACTCTCCAACTAC
TGCCCCATCCTTTTCTGCTA
LOC110928784 TGGCCAAGCTTCTAAGCACT 59 -
LOC110893604 TAGGGCGGTGAACAGCATAC " _

ACCTGGTACATGCGGGAATC
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Table 2. Amino acid sequence identity between sunflower candidate genes and their orthologs in Asteraceae species
(BLAST, E <0.05)

Species Cichorium Cynara cardunculus Tanacetum Tanacetum Lactuca Erigeron Artemisia
Genes intybus var. scolymus parthenium cinerariifolium sativa canadensis annua
HaGAS1 67.03 69.29 84.55 84.55 88.73 64.75 84.55
HaGAS2 67.58 70.79 84.55 84.55 88.1 65.31 84.55
HaGAO1 89.34 83.68 89.14 53.03 89.34 50.81 89.14
HaGAO2 63.35 60.79 62.28 54.79 63.35 58.7 62.28
HaCOS 62.37 62.17 61.35 61.35 61.99 56.25 65.24
HaG8H 67.35 66.6 66.46 66.06 66.74 57.32 66.6
LOC110928784 64.8 63.78 62.75 62.75 63.75 57.78 63.91
LOC110928786 64.77 63.18 62.75 62.55 63.75 58.38 63.88
LOC110893694 84.48 84.18 - 86.95 83.67 82.51 84.9
LOC110886996 83.63 83.6 84.87 82.82 81.75 82.25
A dash (-) denotes no significant similarity Jhline canled 395 oaimaylis —
A
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Figure 2. A) Exon—intron organization: blue, untranslated regions; yellow, exons; black, introns. B) Conserved motifs
identified using MEME, with colored boxes representing distinct motifs
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PCR (HaGASL1 in leaf used as reference).
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Figure 4. Distribution and positions of cis-regulatory elements in the promoter regions of sesquiterpene lactone pathway genes
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Figure 5. Phylogenetic tree of bZIP and ERF transcription factor genes in sunflower and their Arabidopsis homologs based on

full-length amino acid sequences, clustered according to key metabolic pathways with potential roles in sesquiterpene lactone
biosynthesis. Red branches indicate sunflower genes, and Blue branches indicate Arabidopsis homologs
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ABSTRACT

Rice is a globally important food crop, and drought is a major constraint on its
production, highlighting the need for drought-tolerant varieties. Next-generation
sequencing (NGS) enables the identification of DNA variations, even within closely
related rice lines, offering a powerful approach to unravel the genetic basis of traits like
drought tolerance. ldentifying single nucleotide polymorphisms (SNPs) and
insertions/deletions (InDels) is a crucial application of NGS. This study aimed to
identify candidate genes for drought tolerance by re-sequencing the genome of a
drought-tolerant rice mutant and comparing it to its drought-sensitive parent, Hashemi.
We identified 73,077 polymorphisms (SNPs and InDels) between the two lines. We
then analyzed the segregation of large-effect variants in a segregating F2 population
derived from a cross between the two lines, comparing drought-sensitive and drought-
tolerant progeny. The identified SNPs were validated against previously reported SNPs,
and their functional relevance was assessed based on their location within known
quantitative trait loci (QTLs) and conserved protein domains. This research pinpoints a
potentially valuable target gene for enhancing drought tolerance in rice breeding
programs. It is hoped that by inducing targeted mutations or using genome editing
techniques to produce this protein in drought-sensitive rice varieties, cultivars can be
developed that, in addition to having the desired traits, will also be tolerant to drought
stress.

KEYWORDS
Drought tolerance, InDels (insertions/deletions), Rice (Oryza sativa), SNPs (single-
nucleotide polymorphisms)

@ ® © 2025, by the author(s). Published by Payame Noor University, Tehran, Iran.
This is an open access article under the CC BY 4.0 license (http://creativecommons.org/licenses/by/4.0/).

https://cropbiotech.journals.pnu.ac.ir/


http://creativecommons.org/licenses/by/4.0/
https://cropbiotech.journals.pnu.ac.ir/
https://doi.org/10.30473/cb.2025.73217.1996
mailto:bagheriyazd@gmail.com
https://doi.org/10.30473/cb.2025.73217.1996
https://orcid.org/0000-0002-6720-1398

=i oLl Ggldcws )

DOI: 10.30473/cb.2025.73217.1996

«._;2.%32 Jlo»

SLAOS (Wb g (NS i 4 Joouio 48 g o8) P93 16T 9 b SIS
T3 20 (S 4 Jod il

i Lol T oalis 8T e

LXVCCY

Wl s e dnte Olss an (S8 5 g cul plea (i Y gase picgere | S @
Gk il e Jows pLJIg (lacsSiSS S (0 Ol ) (Sutd A5 4 Jooxte )] dangi ©)900
Sy ool Syl 1) oo )b (S5l pLE)) > (i> DNA S odygo s (2lwlid
5 oS LaInDel 5 LSNP _Luslis St o ol st sl i 4y gl 5le sasisid slocsglis
S—id 4 Jo5 ua (lagf plolid Baa b Bidod cpl sl e Jud (b I8 228 n ek
(sodle) ol 6l 085 5 Y ol sl s daome (bl b (S (A5 4 Jeoxie gy cilige (Y >
S dygaily Jold s ygo h Ve VY 3las 08 93 ol pgif 53 b plol (sl olus (Suid 4 o8
95 ol (W 3l Jols Fy Cuzes j3 53l S5 ol g 5,85 b olwlis INDels g (SNPS) (gui52lS'ss
Slallle y3 45 (93)lge b o (Lol (LSNP ad (g ((SutS &y Jooxlo g (ol slagnY 53 8,
2 Lol jeds bl 5 LSNP (63Slas bl il  ogdle s (et el o 0 (358 L3
o35 lgeel (i 5 S adllan ) A5 uloxs g 40355 o cilis (63,Skoe (sl cymagn 9 QTL 3blio
Sl Joese olFan sladsly 5 (hied)l mie Nl oo &S WS (oo (Bpme (SiS SIS & Jo5 Sl

s slaojly
(Bls/zy0) INDel (535958 S5 pansdyg0 L) SNP ¢ Siid &y Jooss

(2L G54 5 (SGpSSam 09,5 558> spmii )
01l 2lS (g5ay o (559esn 0g)S wliul ¥
2Ol o pdio w38 oKy (g5y5liS

«ligdss ylojle i g9y Gladsd duwge oluish Y
ol ey 55l gy 9 hjsel

0sSuih ¢ LS (B 5 (£595Sgm 09,5 luish ¥
2Ol o pdio w38 oKy (g5y9liS

(s oMt
SRk Lol
bagheriyazd@gmail.com :4.bL),

VEY/N /oA el gu s
VEF/BIND 1 o pdy gu b

:lis opl @ st

9 MSlde (le odlue (g8l aday ld

o8y ps5 U 5 bl (VFF) Lople (e

lid car (Sis G5 4 oo aBl e

dolidad @iy > (Sdd 4 Jeod 088 lagj

PYVYA () el ol (g ppliscuj cole
(DOI: 10.30473/ch.2025.73217.1996 )

el yg5 pliy olKitils cellia () y3b . © VYl (] g & (Bl chtino () il 3>

() O

sl e s glo )l b ol 5l edlizul g oas izie Creative Commons Attribution (CC BY 4.0) jee <o dllie oyl

(http://creativecommons.org/licenses/by/4.0/)
https://cropbiotech.journals.pnu.ac.ir/


http://creativecommons.org/licenses/by/4.0/
https://cropbiotech.journals.pnu.ac.ir/
https://doi.org/10.30473/cb.2025.73217.1996
mailto:bagheriyazd@gmail.com
https://doi.org/10.30473/cb.2025.73217.1996
https://orcid.org/0000-0002-6720-1398

hY) V¥ 50l OV alo o) oyled 203l Jlo lyj (LS (g)olidcun ) (cals 4 pis

b ablio (sl Saly o pnge Sl (o syl o 51 el
Jeote L8 1 (ST sloasliy )3 (500 g
b bape o] 3 Gres lllas 5 ol oree Jbow @
Cal (6305 Cuol (gl iy 0 b il 4 Cuoglie Claw
(Woldegiorgis et al., 2019)

(NGS) oL Jlg st s (s)glsd il
Slaoi 9 55 el plulid gl p3Y o)l
DS (oo ol )8 1) (Sid S gl oSSl S
A Jooio dugil Glow S8 wlwl o Sy
S dbogipe (55 olSe > M St JIUT 5 (25
B b ol gl gad dales ol S0l54 4 SLLS
oY 5 Seis an Jress il Loy lolis
ol o0as plol  (Sid (i 4 Jeotio gy cilige

8 pldione g9y Gl |y e @8l peiy bl
alos jl (JolS jobo a4y 5 o i b Jlgv .l 00l
Sldlas | gl 35 505 @i ile (oo Jo lalS
Sy liso 33l 53 (S5 g5 5 Consgd 9 ol
g9 3l (Pagani et al., 2012) couwl o3> puss Cune
Sl e oo sl cuieid b oalysl o onds sl
)5 ol 59} g Gigd (e adall) (el
il Jlos sl ssu sl ool olas sl
5 Bis 5 [SNPS) cus9ilS'ss S5 glapndyso
Sod sLed S o ke 5| S JINDels) g >
Huang et al., 2013; Varshney et ) ¢l NGS
Ol 0 (S5 sl szu s ] .(al., 2009
58 ol ol 0uiS o calise (slrodgs
PYL U 4 5985 8 SO Sl go it
942 9 Cpmen 3L (p )3 (gl (99—

ySingle Nucleotide Polymorphism
yInsertion-Deletion

4o
Y gmaze o yters S (S 48 ol 09 g
Sl Jae olS SO Glame 4 el s olis
01 Sl gl S5 S g JoSUge olalllns
Gl (Soiddon paes S Ay 0 &S i ol
O 90 pes 03Il oy 5 S oS by Cuwl 00,8 L
555 9 J9Sge Oledbl 3929 9 (igale gty
2 J=el sl @ p535 o el ol 0,08
JorA Sk 5> (S yeime Sla B g sl yoyied
sbaofyn live o Laodly puds g Lo Jlgs 02,8
L @ pos5 slmalio Lol 5 0 b Jlp
Jds O—.’.l = 09 s ol osd plool (S okls
5 Seishse g5 Jl sy S ol i
S plos 4 el ety el g @ 0 Sejslsnsd
o plals p JolS adlas s o Juo gl
Olye 0 S3Llje 56195 2 (s 3 95000 Jlad
5 Cd GR35y 98 Ll > o] Slex W
Jbw > 0ad e (LB I Serml o e oyl
ol 3l s Gy (Ray et al., 2013) cul Y-0-
My 9y 3 e yokar & () pE g ) Jelos
L & ol Codgaoms o o )i 0 586
2B e Sl g ey ) ol aw rals
oy o=l 3l (Wada et al., 2010) ceuwl sles pdaw
B Sloods 3 ol 358 Jood Jouilly loli
39S sguw SIS L ablas (gl o3 Sloladl s )
5l d9aS a Jaotio 2y pB)) Adg5 (sl Joeto
g sk g onley JBls a0 1) Ol sgses o jlus
ojlw plwlid (izmen 3)S Maled (yead |)
Slao )l d)b)—:"’)'eﬁ. ul_io‘ ‘ui .)9_«)5 g J.o?u
it ozt pLE) g asliyy 31y 5l b e po
el gy bl O cudgioms 4 dogi b 3gel dnlgs
9 pide dn pn odliiwl @y dex I 2yj S



Ty S 4 Jood Ml Glag) ololid caa (Sis 5 4 Jooxie a8l g 18 pei 5UT 5 bl il )ed g Z LS 1

Oy gyl g o9 Callae 4l CuaS b Cgore
Spbawl 3 (oo plE)] (i 3 €S 15 e
Sydle g <ilige (p¥ )bl joiS Jlod jud e p
A 4y )9S 75y Olidod due

iy colige (Y SO lytie 4 n o8
S Ve Uy Gl il (S S 4 Jeoxie
O3S g bl o2 08) Ty 9k 59y 2 LB $n
Ebadi & ) Cml 03 dloul (gan L;LQJ_MJ u_]o
.(Hallajian, 2024

bl 9 DNA zl 5!
slaaomalS | s g (edla 03 9 (0935 DNA
a5l 45 CTAB s, 4 )y 5 51 Juols 0jsy 10
CoiS  cweS L(Jain et al., 2013b) ai zlsel
J5 595 509397501 b9 93 4 0ub g5l DNA
O 3 o 9308 208 g s (s yagidg Sl g 5,51
s Jll 0y 539,51e 2855 s b g Sy
Lisosll gy 4’ dggd &g @ p3 IS b g8
Uislss 5s Ly 9 TruSeq (Illumina Platform)

pss5 S L ls elmosls b .0 plosl 100X
Lopsis 2 sl cudSy gcd) (uiles L 5> Jols
A5 el fastq CJB

P35 bl ools 5L
FastQC acby lawg b Jlgs (clooslsy cods s
loslaawl b g 0 plosl (uSeid b cod
caS il Loyl Trimmomatic ,l5sls
L Lo bl JIgs b lapislss (pizen 9 ol
(Alignment) )00 sl a5 Bl b yaslyy
Oryza sativa x> o poi5 L odds yild sla yisles
» MEM 5,551 51 IRGSP-1.0 a5 Japonica
(Jain et al., 2013a) .5 oolai WBWA a by

yPaired-End

yForward read

rReverse read

¥ Burrows-Wheeler Aligner

J=B coenl )b (LS Jolss pae gla Jdos
9 5l SaS 4 bl 45 bINDel 5 s 4o 5
A8 S )15 oalisil 3)90 Cuddge b (355 () Al
oJsl (Hayashi et al., 2006; Liang et al., 2011)
japonica )l o35 g w59y LSNP olulis
(Feltus et al., 2004) ¢l oais ploslindica 4
S b Jlg @b TSNP A v sgis ionan
OryzaSNP o349, ;3 gb,0 o8, Ve JIMD Ve asls
<L Jlss (McNally et al., 2009) s oLl
Yo olwlid coge (ghid g8 il pY £ dase
Subbaiyan ) sl oas DNA )3 pudjge b aaleo
pL3,l ;5 LalnDel 4 LaSNP  lslus (et al., 2012

Sl ol )5 55 (6)%00 e bawg (L5 &
Arai-Kichise et al., 2011; Yamamoto et al., )
4o pgif JS dome b Jlg b hlSes 5 (> (2010
L cspsd 5 (Smid an Sl sl b @ o)
O ySos sla yngd jd x3lg SNP OF¥A Lol
slas 9 60, es b, SSLiS ¢y5 YYY ouds cblas
Ll (S—id g 5y am o8 Sl g0
5l @YU e 4>, 51 .(Jain et al.2013a) slos S
oo rod 3 @y DNA udyse s 0)l)s cleMbl
L @ ) i pLE) oume Lo Jlg5 (g ccsl
SBip b ygo dy lolid > wre (S5 G SRy
&l pegasy LQTL Ul s (o) paiss glp
Ulgh oo (s i 4 Cuglie ASle (glody Glaw

Al LiSal,

ORI (w9

AL dlge
oY S e o) ol Gl ol alS Sl
(Mg) asd, sy a3l ,igs (Oryza sativa) g,
o s (wdl (g 08y g (Sl AT 4 Jeoxle
Cazrod 5l iy Ve pioren Cuwl 0y (Suid (55
olye @ (il (Y (S0 5l ol Fa )85 Jl )
39— i a2k plis 4 Slige (Y g 63l b
g plane oxe pl5) 51 aile gy i, )5 adllas



v V¥ 50l @Y ol O o)l (o3l Jlo (el alS gyglbcun ) ole 4,

» 9 A5 d5bly http://qtaro.abr.affrc.go.jp/ Luwelus
2 oud @ly slo cib)ly o] 0959)5 Cusdse ol
Ol AiiB)S )18 (s 3j90 BQTL 390500
2 ol 0> & ondygo sl Lol 0 48 Lo
)8 oy 3y90 FAPAD ulus o Ensembl uolos
2 g ad Ll Lacil )l slaodly pluw 4y 9 c8)S

A0 bld Lls la oy ol

Fz Comos 50 wuils slagy awl
ol ol ool plolis Gua b lac 3o Lioles]
Lo 2l s F2 Cunes )3 pslio ol (o3lass
o oo (ohy Jlo Jlez 2 40 5k 4 il
Sl adle g 08y 93 (W )90 & G S
oilejl g Fo s slacwiss S lE (ulejl Fr
15 ol Fa s (sl Juslé (glac )30

JLo 3 Camer (29l Cowd @ sl Baiws (ol
(ole) (St i & plus (Y F2 s 3,8
polie 5 Clige (nY) (st 03 5 5pole Wl Glgie 4
5 (B 2y (6)ay Wl lgie 4 (S A5 4
o (W5 Jols syl tolejl pod Jlo 5 i3S
b S ae 50 oy llg S 53 FL s olgie

2 g Jlw 3 (503l 3)50 (LS slacis)
<ilige (pY) oble 5 (sud 08y Jold (SIS Lyl
w55 93 ol (B I Jols Fa cupman 013l g (s 0k
O3S g dwl ce bl pylag Jlo 3 b,
Yo g ool gl Ve oliwy « F2 Jus ol 8l daore
S 3 (IS alol 53 o (bl Joowie ol
35,8 )15 el 050 sl yie Lyl yo (sdlly B
&= lSbsl 25l e oll i (598 (b))
(IRRI, 2014) . sbx! IRRI

15,86 lalnDel § SNP i ascis b
Sl Sad ololid 3,056 slagyj «ilige o5, pos
Fo cmen jl (29)5 5 0dd Iy (slopndygo by
S T a4 Jesie olS A 5 Gulus LS A Ll
Sy F3 gl )5 0id plosl (glow) I Jol>
St 4 Jood b &S WAl o) (g b Al plo]

als yo S e ypb dlsye jl ol slaled ialS
H3le s 5l eslawl b (Realignment) sacxe (a3 o
lales o ad jelate 4 b plulGTAK
o3l b iolojl 4 bgyye slallas 1555 5 b Jlos
5,lLS Ioaome Lajl S 503 GATK 515 |
el 9o b oba i cas .0 (recalibration)
N oidey Gos 5 22 y0 p5i) b IS (300 o)
Samtools I3 8ls,; ,> depth 4 flagstat sl ygiuwd

LInDel g LSNP 5JLT g o3 lwbis
5 G5l S5 sla iy A Sl il
4ol jlodlatwl Ly psij Sas8 slogys g Sis
BB G aslp opl 29,5 -ael cund 4 FreeBayes
a4y .Cawl gas ,a gl INDels 3 SNPS g5l VCF
5 GA5lS 5 S5 o S ax )5 L jolais
aoby y Veffilter jIil 5l o 68 slag )y 9 Bis
A5 ealazwl veftools

Cilign diged 4y yastio sacil)ly ool <ly
M3l (somils a90d 5 clé 5 cibisn )3 39250)
sebaie 4y b edlaiwl VETtOOIS 4ol y yo vef-isec
Lo osXejo s g b posSojsen ()lod duolocs ¢ pnds
Loz g Bis g (asslfy SO pla IS i
L 3 pgSee 5 bl bapiea (hled rioren
o3l wl SNPEFF ol py 5l (oussdS's SO sla IS
i jlael ¢l (Cingolani et al., 2012) s
oalitl 42338 Gldllas I Jols sl 3)l55 5| LSNP
Oryza 4 byye SNP (claosls ;LS ol gy i
dy9-0 5 9 Ll> Ensembl yuoslins ;5 55540 Sativa
Cd)S 41,8 ealal

3l sl GBl slajlas o ek 1 (S0
G dy Cenglio U Lagy o QL L ligsen
2 39ge clacilly olold ol el Suas
S QTL ol Cdd gy LaQTL pl e355x0

1. Genome Analysis Toolkit


http://qtaro.abr.affrc.go.jp/

Ty S 4 Jood Ml Glag) ololid caa (Sis 5 4 Jooxie a8l g 18 pei 5UT 5 bl il )ed g Z LS A

5 e S 2wl 1y b Jlg YL cuaS FastQC
Orpe 9 omly cdsS bl il s Bl
3 ookl b b yeulys b Laygolsl Jlgs (chyls (sla yilgs
o—ily 18y 1> la Jlgs slaws Trimmomatic l3sle 5
e lige a5y 53 g VEVYVAYYY sy Y-AVIYYY )
3y ot ey ey WAV SATD a4 Y- YFAYAD
Oryza sativa Japonica s= o o35 L La jiilgs
s BWA 15816 5 5l eslaiw! L IRGSP-1.0 asws
2o poi LBy 93 52 3 Lol 10320
OBl Bos 50ke g (Ad)en Moyd LMD Cadyen
Gl 0ads 0313 LIS Y oo 10 08, s (sly

a0 oy Lo Laodly i yen YL o)
P YL Cdd 5 plB slaodly cuslio CursS gonims L
2 alido Oldlles .cwl (iYWl o (il i Jolye
Olysdn yao ) Al 5VL s yen polie 5o @y
Aled,S il 3 Loy caS olaile wl asl i
9 oS S )y wlel » (Mahesh et al., 2020)
ksas YU ceaS U 0)en 4 oliwd o)) Ko
oalS 1) lacilly Jgsls ald 5o s 5oy Jla
Kim ) 39500 ip955 )5 (A58 ) oot oo
(O San 5 Sy 4uiS 4 e ien (et al., 2022
LS‘)? (X) ﬁ‘)g Ve B 0390 )D gy (Gos U"'i’l""’
ol can awlio e (LS Suogis llas
(bl ol p (Wang et al., 2021) 55, o0 jloss &
plol gl yobs imgiy o Jols slaosly cuas
A 2l culie gam sla o

I Sipligs 29 alulid wimd o (LS lajer (5,8
A ol Ko b JIg Gk

Soapligh§ sl 55T 215k
Primer3 ,» Sy plol ol b 55l sk
oS 515 shb g a4 bo,Sil i bl (v. 0.4.0)
Wbl oad @Bly (4SS asad Lawg y3 )l 390 (y9milige
g,_..u)/b )f)l_cl u_a-l)lo Con o )‘I Ol—;ﬁ-‘o‘ d‘)_g
L (http://blast.nchi.nlm.nih.gov/Blast.cgi)
pLonl gl i €835 bawgs b joly jit 85 g0
Ly o0cs ) sl ysid 3o o ] (gjlooolel g 05
A o Ui 1y g cpl 50 0l ookt (gl yeulys
J5 69, PCR &Y game 39 Sb SO 4y a9
L o ol cowlio clale g aoyd V0 984 Sl
UYM )1 ).uJ?)SJLA Yo 9...@9;39)..5\._»‘ oK
K b Jlg5 sl dbogipe sl yeuly ol e 4 PCR
b33 3 102 o iS5 aukad a3 o)) 55 €855
325 5 iadyen g g b g Colige 5 5 le
ol gla) pealp b pglie olS A g (ol olS A

535 Jlol b I ol

o Sasdl
&0 peis b b giiles (0,00
9> Jold Cilign g (oila pgif S (b Jlg5 slaodls
Sgy Lo pof o (sl cutS g 08 iles L6
Jidley L laosly cussS J S el s 4 fastQC

Table 1. Sequence of the primers used for genotyping

ESS anlad Job Jlail s solp ¥ o5 eb
PCR product length Annealing Temperature Primer sequences Gene name
F: ATGGGTTTGTGTTTCAGAGC
462 58 R: TTCAAAGCGCAATACGCTAC 051190493000
F: ATCAAGTGCACCGTGATGGA
447 58 R: TGACACGTAACCACAGGTTTTG 051190539500
61 58 F: TTGATTGCTCTTTCCTCTGC 050890133700

R: GATTTGACATGCATCGAACC
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Table 2. Summary of sequence data and mapping statistics on the rice genome

Mutant Hashemi
20749295 20871224 (Total reads) olisS" sla Jlgs IS dlaws
17910835 16278323 (Total reads mapped) > yo poij b odbictsd o (o yisled oluss
95.70% 97.73% (Genome coverage (%)) (3 yod o
5.61 5.64 (Sequencing depth) > s b (iled Gas pSle

Sy o WpgjgensS (1903 0 Wbly @jos oS A
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2l 9 @ 2 55 o=l il Gl DNA (aed oo b
Arai-Kichise et al., 2011; ) cul oais (5155 lals

Caicedo et al.,, 2007; Feltus et al., 2004;
Nordborg et al., 2005; Subbaiyan et al., 2012;

(Jainetal., 2013a
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Table 4. Variants rate details on the mutant genome

chromosomes
Chromosome Length Variants  Variants rate
1 43,270,923 6,450 6,708
2 35,937,250 5,776 6,221
3 36,413,819 8,103 4,493
4 35,502,694 5,393 6,583
5 29,958,434 5,465 5,481
6 31,248,787 4,080 7,659
7 29,697,621 5,377 5,523
8 28,443,022 4,481 6,347
9 23,012,720 3,664 6,280
10 23,207,287 5,016 4,626
11 29,021,106 15,039 1,929
12 27,531,856 4,233 6,504
Total 373,245,519 73,077 5,107
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Table 5. Number and ratio of single nucleotide
polymorphisms based on the type of substitution

mutation
Transitions 52,380
Transversions 22,805
Ts/Tv ratio 2.2969
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Figure 1. Variant percentage in different regions of the mutant genome
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Table 6. Candidate genes for drought tolerance and their characteristics

Candidate genes 1 2 3
Gene name 051190493000 051190539500 050890133700
LoC LOC_0s11g30060.1 LOC_0s11¢33300.1 LOC_0s08904010.1
SNP ID 1554404362 VCZ2HKGWT 10801921126
Expression Shoots, flower, embryo, endosperm expressed in all tissues low expression, all tissues
Variant frameshift (stop codon lost) stop gained(Q—stop codon) stop gained(S—stop codon)
Interesting truncated protein turned to a compelete protein truncated protein truncated protein

Gene Product Name

Molecular function
Biological process

NBS-LRR type disease resistance protein Hom-B,
putative, expressed

O-methyltransferase,
expressed

putative,
expressed

protein binding

response to stress

transferase activity, protein binding
metabolic process, cellular process

catalytic activity
metabolic process

—Yaminoethanethiol dioxygenase, putative,

HP1
MP1

TAGAATGAGCAAAGTGATTACTGGAAGTCGTTGTGTATGCCGATTTTTGCCTCTACGCGT
TGGAATGAGCAAAGTGATTACTCGAAGTCGTTGTGTATGCCGATTTTTGCCTCTACGCET

0s11g8493000TAGAATGAGCAAAGTGATTACTGGAAGTCGTTGTGTATGCCGATTTTTGCCTCTACGCGT

MU

HP1
MP1

TGGAATGAGCAAAGTGATTACTCGAAGTCGTTGTGTATGCCGATTTTTGCCTCTACGCGT

R BB R SR SR R R ORC R 5B BB B R 5B 6B B R R R R

TGTGACATTATAGTAACTACTCGGAGTGAGGCAGTGLGCAAGGTTAGTTCAGACAATACCA
TGTGACATTATAGTAACTACTCGGAGTGAGGCAGTGLGCAAGGTTAGTTCAGACAATACCA

0s11gB493080TGTGACATTATAGTAACTACTCGGAGTGAGGCAGTGGCAAGGTTAGT TCAGACAATACCA

MU

HP1
MP1

TGTGACATTATAGTAACTACTCGGAGTGAGGCAGTGLGCAAGGTTAGTTCAGACAATACCA

TTCTACAATTTAGACTACTTA-ATCCTGATGACAGCTGGTTGTTATTCAAGCAAACAGCG
TTCTACAATTTAGACTACTTAAATCCTGATGACAGCTGGTTGTTATTCAAGCAAACAGCG

0s11g8493088TTCTACAATTTAGACTACTTA-ATCCTGATGACAGCTGGTTGTTATTCAAGCAAACAGCG

MU

TTCTACAATTTAGACTACTTAAATCCTGATGACAGCTGGTTGTTATTCAAGCAAACAGCG

161
197
oee
9ae

221
257
968
968

288
317
1819
1a2e
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Figure 2. HP1: The sequence obtained from the amplification of the Hashemi genome with primers of candidate gene
1, MP1: The sequence obtained from the amplification of the Mutant genome with primers of candidate gene 1,

0s1190493000: Reference gene sequence, MU: Expected mutant gene sequence

0s11g853950BATGTTCCAATCCATTCCACCAGCGGACGCTGTTCTACTCAAAGTACGTATCACATAGGCA

MU
HP2
MP2

ATGTTCTAATCCATTCCACCAGCGGACGCTGTTCTACTCAAAGTACGTATCACATAGGCA
ATGTTCTAATCCATTCCACCAGCGGACGCTGTTCTACTCAAAGTACGTACCACATAGGCA
ATGTTCTAANCCHNTTCNACCAGCGGACGCTGTTCTACTCAAAGTACGTACCACNTAGGCA

1448
1448
128
126

cilige pgis iS5 5l Jols Jlsi MP2 (051190539500) ¥ w15 5 (sl porlyy b sadle poss iS5 51 Lol JIgs :HP2 ¥ JS
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Figure 3. HP2: The sequence obtained from the amplification of the Hashemi genome with primers of candidate gene
2, MP2: The sequence obtained from the amplification of the Mutant genome with primers of candidate gene 2,

HP3

0s1190539500: Reference gene sequence, MU: Expected mutant gene sequence

ATTGNAATATTCTGCTTACCAACATCGGCGGNTATTCCTCTCCATGATCATCCGGNAATG

0s88g@133700AT TGGAATATTCTGCTTACCAACGTCGGCGGTCATTCCTCTCCATGATCATCCGGGAATG

MU
MP3

ATTGGAATATTCTGCTTACCAACGTAGGCGGTCATTCCTCTCCATGATCATCCGGGAATG
ATTGNAATATTCTGCTTACCAACGNANGCGGNCATTCCTCTCCATGATCATCCGGNAATG

S8coc oM R 38 oo a8 o8 o 380 28 S8 B 28 S 38 S8 8 38 28 R o o e o S 28 DRC 0 JSC DB G B D8 W DB DBC M OBC OB DO OB OB L 0BG M R i

482
1428
1428
390

Colige psi5 iSG jl Jbols g3 :MP3 (OS08g0133700) ¥ wilS 5 (sl yasl s b il poi 5385 51 Jools Jlsi HP3 € S

Sl 3590 cilbge i MU i3y o5 g3 050890133700 & iS55 yesl s b

Figure 4. HP3: The sequence obtained from the amplification of the Hashemi genome with primers of candidate gene
3, MP3: The sequence obtained from the amplification of the Mutant genome with primers of candidate gene3,

0s08g0133700: Reference gene sequence, MU: Expected mutant gene sequence
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Table 7. Comparison of mutation sites in the amplified
sequences of sensitive lines (S1 to S8) and resistant
lines (T1 to T8) using primers for Candidate Gene 1
(with three mutations) and Candidate Gene 2, alongside
the sequences of the mutant Variety, Hashemi variety,
and the reference gene sequence

Os11g0493  0Os1190493  Os1190493  Os08g01

000(L) 000(2) 000(3) 33700

Refer G AA G
ence

Hashe A G AA G
mi

Mn“tta G c AAA c
T G c AAA N
™ G c AAA c
m G c AAA G
T4 A G AA c
5 G c AAA G
T6 G c AAA G
7 A G AA N
8 G c AAA c
st A G AA G
2 A G AA G
s3 A G AA c
s4 A G AA c
S5 G c AAA c
S6 A G AA c
s7 A G AA N
S8 G c AAA N

(LOC_Os11¢30060.1) Os11g0493000 &y
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.(Eddy et al., 2000 Cheng et al., 2018; Bittner-) »,l> (5,55 Siuiw
Hashemi gene: ....TTGGATAATGTTTAGAATGAGCAAAGTGATTACTGGAAGTCGTT.......... AGACTACTTAATCCTGATGA
CAGCTGGTTGTTATTCAAGCAAACAGCG TTTGTTGAGCATGATAATGTCAGTCCAGCAAACCTAGTA.....
Hashemi peptid: ....LDNV Stop NEQSDY WKS.......... DYLILMetTAGCYSSKQRLLSMetIMetSVQQT Stop
Mutant gene: ... TTGGATGATGTTTGGAATGAGCAAAGTGATTACTCGAAGTCGTT.......... AGACTACTTAAATCCTGATGA
CAGCTGGTTGTTATTCAAGCAAACAGCG TTTGTTGAGCATGATAATGTCAGTCCAGCAAACCTAGTA.....
Mutant peptid: ....LDDVWNEQSDYSKS .......... DYLNPDDSWLLFKQTAFVEHDNVSPANLV.....

Cilige g ol pgi > ol Sty (i 9 051190493000 5,815 5 JIg5 duslio 0 JSUS
Figure 5. Comparison of Os11g0493000 Candidate genes sequence and its peptid prediction in Hashemi and Mutant genome

TLUSTAL 0{1.2.4) multiple sequence alignment

MUTANT MMTLEGSRTGGCMSVLATVEMGELGKTTLAQLYVYHDPFKVAQAFDL FGWVCVSEHFDVMNT 68
RPP11-1ike MMTLEGSRTGGEMEVLATVEMGELGKTT LAQLVYMDPEVADAFDL FGNVCVSEHFDVMNT 68
[ R R R R R R R N R R R R R R R R R RN R R R Lyl
MUTANT TRETLSS TAKRMCDYIQSSELQGOLEML TKDKRVF LVLDDVWNEQSDYSKSLCMPTFAST 128
RPP11-like TRETLES TAKRMCDYIQSSELQGOLEML TKDKRVF LVLDDVWNEQSDYWKSLCMPTFAST 128
LA R R N R R R R R R R R R R R R R R R R R R R A R R Y
MUTANT RCDTIVTTRS EAVARLVOTIFFYHLDY L NFODSWLLFKQTAFVEMDMVSPANLVETGORT 188
RPP11-1ike RCOTTVTTRSEAVARLWVOTTFFYMLDY L NPODEWL LFKOTAFVEMDMYSPANLVETGQRT 188
[ R R R R R R R N R R R R R R R R R RN R R R Lyl
MUTANT AKKCOGLPLALKTLGSWLRF ETHVMEWRDVLOSE LWDLERSQNEVLPALELSYEHMPMHL 248
RPP11-like AKKCOGLPLALKTLGSWLAF ETHVMEWADVLOSELWDLERSQNEVLPALELSYKHMPMHL 248
LA N R R R R R R R R R R R R R R R R R R R R R N Y
MUTANT KLCFVSLSLYLKDTYFDES TVUVWLWKS LHLLQCDCTONSNETGELYFTOLVORSLIQUVD 188
RPP11-1ike KLOFVELSLYPKDTYFDES TVUWLWKS LHL LQCDGTONSNE TGELYFTQLVORSLIOQVD 188
[ R R R N R R R R R R R R R R R R R Y]
MUTANT THERMATHDLVHDLACF LAGEEF FRLEEDGYVETPKGARCMSTMPHPQUKRSTOISNASD 168
RPP11-like THERMATHDLVHDLACF LAGEEFFRLEEDGYVETPKGARYMETMPHPQOKASTQISMASD 168
LA T R R N R R R R R R R R R R R R R N R Y
MUTANT SLRVITLIRRTMIKMPEALFMMCKEFQIIQVIDDS FANVLLDFMGDMELLAMFRLIRSCH 428
RPP11-1ike SLRVITLTRRTMIEMPEAL FMMCKEFRT IQVIDDSFANYVL LDFMGDMEL LAMFRLIASCHN 428
o
MUTANT EVKLVISDSMSQOFMLOTLNCEAYSLHGIGRLANLOMLPNIHLWECGCVLRELRMMNKIR 488
RPP11-like EVELVISDSMEQQFMLOTLNCEAYS LHGIGRLANLQMLPNIHLWECGCVLRELRMMMKIR 488
LA N R R R R R R R R R R R R R R R R R R R R R N Y
MUTANT RLHIVGLOMYES IQDVMEAHLHSKKDL ETLELDF ESCEICKVHKEEADVNQATSTVSGES 548
RPP11-1like RLHIVGLONVSS IQDVMEAHLHSKKDL ETLELDF ESCEICKVHKEEADVNQMISTVSGES 548
[ R R R R R R R N R R R R R R R R R RN R R R Lyl
MUTANT ILESLRPHHQSLEVLAMENLMEVNYPSWLGSASF SKLTKLRLEMCQSOHLPTLGELPSLE 688
RPP11-like TLESLRPHHQSLEVLAMENLMEVIYPSWLGSASFSKLTKLRALEMCQSQHLPTLGELPSLE 688
LA N R R R R R R R R R R R R R R R R R R R R R N Y
MUTANT SIDTROQMEYVEMIGRVFCSLDPSVEGE RS LAHLRFQDMNAF SEWSEVHDGEFSSLETLLT 668
RPP11-1like SIDTROMEYVEMIGRVFCSLDPSVEGFRSLAHLRFODMNAF SEWSEVHDGEFSSLETLLT 668
[ R R R R R R R N R R R R R R R R R RN R R R Lyl
MUTANT WSASELSSLPSVPFSSLRSFELCDCKMLVTFPASATLOILSISSCEKLKELPALPSLASL 728
RPP11-like WSASELSSLPSVPFSSLRSFELCDCKMLVTFPASATLOILSTSSCEKLKELPALPSLASL 728
LA N R R R R R R R R R R R R R R R R R R R R R N Y
MUTANT KLSGCESLVAVEHFPSLTVLHMS TEFEEEVLHKLMMLMLKLEELSTSSOTMELTHLERHS TR
RPP11-1like KLSGLES LVAVEHFPSLTVLHMS TEFEEEVLHKLMNLHLKLEELSTSSOTMELTMLEPHS 7B
[ R R R R R R R N R R R R R R R R R RN R R R Lyl
MUTANT LPLLRELELWCPNLOMCDALASLSSLETLCVNRCSPOLRVENSLOSOLEKLYSP 834
RPP11-like LPLLRELELWCPHLOMCDALASLSSLKTLCVNRCSPQLRVEMSLOSQLEKLYSE  §34
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Figure 6. Alignment of the peptide sequence of the candidate gene Os11g0493000 in the mutant line with the peptide
sequence of RPP13-Like Proteinl (Oryza glaberrima)
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Sciences, ~ Shahrekord  University, Food security continues to pose significant challenges globally, with population
Shahrekord, Iran. growth, climate variability, and environmental constraints placing unprecedented
pressure on agricultural systems. Scientific evidence demonstrates that genetically
modified (GM) crops offer viable solutions to these challenges through enhanced
productivity traits, including improved yield potential, abiotic stress tolerance, and
reduced agrochemical inputs. Meta-analyses of field trial data consistently show

yield advantages of 6-30% for major GM crops compared to conventional

varieties, alongside significant reductions in pesticide use. Despite these
documented benefits, public acceptance of GM technology remains hindered by
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Mohammad Kazem Momeni persistent misinformation. Systematic reviews of safety research, encompassing
Email: mk.momeny@sku.ac.ir thousands of studies, have found no credible evidence of adverse health effects
associated with approved GM crops. Regulatory agencies worldwide, including the
EFSA, FDA, and Codex Alimentarius, employ rigorous, science-based evaluation
protocols that consistently confirm the safety of commercially available GM
varieties. This analysis examines the disconnect between scientific consensus and
public perception through three key dimensions: empirical performance data from
two decades of commercial cultivation, a comparative analysis of international
regulatory approaches, and a critical evaluation of prevalent misinformation
narratives. The findings underscore the importance of evidence-based discourse in
agricultural policy formulation, particularly as climate change intensifies
production challenges. Effective science communication emerges as a crucial
factor in realizing the potential of agricultural biotechnology to contribute to
sustainable food security objectives while maintaining rigorous safety standards.
The weight of scientific evidence supports the conclusion that responsible
deployment of GM crops represents a valuable tool for addressing contemporary
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