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ABSTRACT

Pod distortion syndrome (PDS) is a particular type of growth in which soybean
plants remain green long after pod maturation. Green stems even sometimes leaves
and green petiole impose different problems at harvesting and lead to yield
reduction. Protein expression profile of PDS soybean cultivar Katul compared with
non-PDS soybean to investigate the molecular mechanisms of this syndrome.
Therefore, soybean leaf samples were collected at R6 vegetative stage from the
field through surway sampling and protein extracted by phosphate buffer method.
A total of 124 reproducible protein spots were distinguished by 2-dimentional
electrophoresis through isi-electric focusing in the first and sds-PAGE in the
second dimentions. Thirty-four spots indicated by induction factor in which 11
protein spots indicated significant expression changes, statistically. Proteins
interfering in PDS were classified into metabolism and energy production, protein
destination and storage, signal transduction, ROS scavenging and detoxification
categories. Glutamate dehydrogenase, malate dehydrogenase, methionine
syntetase, stem 31 kDa glycoprotein, 14-3-3-like protein, germin like proteins,
thiroredoxin and ond one protein with unknown function were identified through
mass spectrometry in which all the proteins were shown decrease in expression
change. The finding suggests that the key regulators of PDS in soybean plants are

14-3-3 and jermin like protein.
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Figure 1. The relative positions and tags of
proteins spots with significant expression changes

identified using two-dimensional electrophoresis
from soybean root under A: infected and B: control
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ABSTRACT

The induction of androgenesis in cucumber plays a significant role in accelerating breeding
programs and improving desirable traits by producing doubled haploid plants. In the
present study, the effects of different genotypes, different heat pretreatments, different
levels of electric shock, different centrifugation speeds and different magnetic treatments
on the androgenesis induction in cucumber anther cultures were investigated in 5 separate
experiments based on completely randomized design with three replications. The results
showed that the highest percentage of androgenesis induction and embryogenesis was
related to the beta-alpha genotype. The effect of applying heat pretreatment in liquid
culture medium on embryogenesis and plant regeneration was significant, so that the
control treatment in liquid culture medium with an average of 4.36 plants per anther and
then the 30°C treatment in liquid culture medium with an average of 1.4 plants per anther
were the best treatments. The liquid medium was also very effective for embryogenesis,
and a large number of plants were regenerated in this method. 100 V electric shock
treatment showed the highest percentage of callus formation with 90% and the highest
average number of embryos per anther with 0.16 embryos. Centrifuge treatment (150 g)
produced the highest percentage of callus formation (73.33%) and the highest average
number of embryos per anther (0.2). Magnetic water passage treatment with an average of
0.2 embryo per anther was more suitable than other magnetic treatments. The results of this
research can be used in the production of pure cucumber lines in order to produce hybrid
seeds.
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Figure 1. Male cucumber flowers of various sizes
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Figure 2. Cucumber anther culture. A: Male bud suitable for cucumber anther culture, B: Anther separated from the bud,
and C: Anthers cultivated in callogenesis culture medium.
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Table 1. Culture media containing suitable hormonal compounds for callus and embryo induction and plant regeneration
in cucumber anther culture
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0.91 0.25 Solid MS S
Callus induction
0.1 4 Liquid MS OL’”? A .
Embryo induction
3 - Solid MS o it

Plant regeneration




4 VX e FU ol F ojledd cead)loa Jlo o ely; (LS (yolidcun ) ole & puis

= S Sl alie gl ylord FT (o
e Slaw cdls )0 2l30ks 9 2l
SLQJLM» ‘_59))_5@3.&» a‘)o.bcb;ajsv" 9 AIARIARR
Lallty o 8) Sl e 3l Jools (sl el (59 2 o2
e Nad el e Solojl 95 LB > b & jg0 b
L o8 (lacS L litd S (595 Jloss eyl (o0
SLo Ca59Sue (19) e 9 500 b JLS 5 a9
Slo 0335 lp) 5 S Ve e 5L b RloMS lasee (g5l
s 1929 S olKid bangs 9 5ai 00l f, 8 (LS Ly
gy Yer g M0r er e ol LSS sl S
oS I g ol s 0 S
Sl Caz 5 b bogis)See (190 5l Sl (S350
a LS Ly S o3l 5 gt dloo B2 g
PRt ulbﬁ L;‘Bl_.oALK &9y )l o= )I odlil L L;alj
Cap 9485 )8 del> MSlazwe (gl (sla s 5 9
e S35 S5 S (o pedS 4 oSy 5 Baile B
59y 93285 )18 @lo MS Laoms (5l )] 190 I gl
A5 (4SS diad dw oy Ve 93 b g (S0 0 S
4o @l S5 geygm (e b 2ol MS Lo & (5l 9
Lo odlS g9y asd ool il JUasl b gy (233 pekate
e 48 gl (l b B8 18 (390 Cygo e 4
5 ol lilg) (sl | Sy (sl

9 =D IS 2 Semds yilw 590 slowd ST (ow)y

Wb Slas cdis o 2liob)
a0 ¥ cledlbgaadd Y Caods gFer gV NO-
MS Ly (gols 45 obbogdsSus jl Sl o)
RS e Ve L (e by gesgn o e
b cpl 305 50 by Sy bl .o solsw] v 4l
51 > s o il asly Lo & S e

@13 9 =05 0bay (U W1 o g

)L‘é JLMQ CnS ) Olﬁf
il s (sigi)ed) Sz sl Sl Gulejl ool >
puf): L§9l> MS WSJ@.ZA).) W}’w BLAAJ)I ‘J.>Lc
L"’Cj Lglnsgfh.gw» .JJJ%.);&JSDAJ: )fa £
Wb 0ly gy YU o &S Sl wellS MS cuiS bases )
3 o 59y F=0 805 (6055 43y 3BT 3 9 185 )3
a b yoglS aam O-F s 5 BAD pygie b Sy cuiS
glo ks 3 (ligy Sl slaio 4 5 S (plio ol
&b duw Gdo 4 BAP 5 YF-Disla yg0 )00 b odds JuoSS
I8 S bl po g (4B 3 )9 V0 +) S 595
Sle by 23k e 4 A dw CBIS Gl g 85
MS Lasce )0 ot dus o 4 1oy (sla yosllS” i 3]
B3k e olhgy coles 53 5 55 0313 )13 (yisS gise (ol

=

S

695 00— Jloe! (o los5 (gl slonidiey Sl (ouw) 52
el @il g (—liolag) Wg)y » b wdllS
Yool o) cilisee celoyleg Liglefl ol
g 42 )0 T gy S Do 4y g 42
SO Sds dn woedw a0 YA wCelw A s &
olr i laee )3 (W) (Sl et s g e
20008 Jlasl )L Lallly 03, (sla pogllS” (59 2
MS S by e 9,0 |y LalTby o8, (ola Slay 1]
(IS e culie (Jgoyem LS 5 L belx
A b oS atan O-F CubdS I e 0D e0ld I8
092° ol slesd Jlosl a9 B caslin o510l
slo coiS o Ay upw 8,5 H1)8 5 55LsSS]
I3 SO ll b Ly g Sed (g9 9 a3 Jitie
1 oke) sl pogllS ade duw CBIS) 285

sl i) ol el Lae



w9 sl 593 ( Sy S5 losless Jlos b Sy S Gk J1 L3 53 5359, (gjlodige 0l K0 9 (2l ve

75 sle domid g W3S (p3 i 4 9y (A Y SS)
ol Sl (shls &8 (B Y USi5) caslio o}l |
9 Sl ol did S5 k>0 13 4S5 s 909 ,50e
oSl o odlat ol diges oy (loie & Loy o]
Ll g MS oS Lo )3 b doié ) 5 o s
5 e 393 8 I F(C Y USC) 5 S LogllS
9 40908 (b prgte Ay £9 )b LSy i
Sl o azan 0-F ol slasl La o) jo ol5 el
e olio 0151 L (ol wgllS & ISty S
95 3= Bless (D VW USS) wiiS Lo b los Jlos
g calin Lo 55 g 50 JLac] Ln gl S
S9y = L olagy @y 4 B )58 (ol by
«$9)5 Slobgy JeSis g 5ad Wl by, sla pugll
Al sldbgy (pizmen 5 (B FUS) JS5 65951 9 (8
Sl el 3 sl 1) (F LY JSs) s sl o
@il eiS b 4 Sy slajlisle ol sl
s odalitia Lgl o 153k gl Jolye g sl JUis!
Lol 5l dugbls axalS & (5)ob & (H 5 G ¥ JS3)

(1Y JS3) el cand 4

oS 4y Lo pgjg—0g S byl g cualine
HbS 53 euls sl glalg) 9 (5y000) gl
Hoas oLl sla lagy (si9h o (e yokate &
S 3y b (Seflsinn lilan s Sl i
5 (s lo) oz (lalS slaaiy) S 595
aS ol i gl 5 0 plogl sais Wl sla b,
pois—s)S 2N=2X=14 (gl 5 asls s ple GlalS
o Ll el g, S o 5 (A ¥ IS5) it
Poig—9)S N=X=T (sl g 4l gapoble comle
(B ¥ JS5) anidly o

Sl )0 (=13 Ly 9 2 P » eieis S

s Sl
adlbe alisee Slas p uigy Bl wiblg o0 s
o L5 (Vi) L Sy i 3008

090 4 00D JSlS (gl gllS il (65155 A,
A Gde dy g BAD e mle MS Lo (g9l o))
P93 Ve @Al g (Sl bl b Sl g9, 0 aiin
sl uollS atin dw cubdS jl 08,3 )8 aa s
01 oSS Sol> MS layme 4y 01551 j5kate 4 1500L)
a8 031> )18 BAP (190598 i) 3 o) (e ¥ ojee b

9 =) IS o emmblite lawo 1 (o)
Wb Sl cds o 215 ol

it 9 B S ko S o 5 8 Sl
oMo (o203 g Ay (361 0 Sy (gobs (sla >
o3liziol b S5 (gl los 4188 1,5 YL ks b uolise
Gy 5303, Jlasl pmaboline O oguasis olSzuns ;|
y8 oslitl 390 f ol MS s Lo 9905 Canyd
s dy bolize T el lass Jlos] okt o 25
Oygo (88 | jaue) celus yao g Celw) el VF
O Laasme )l 350 05 p Sk .y
S bliio T gls MS S Lo 45 54335
9oy klpd b ady gl b (> (o coles 0 xad
6t oS« i D5 | g iy 5] anlio Lo
o 5 B itk pole MS S Lagoms 4y 00 St
dols MS Lo e &) diad duw G I e 1285 S
Had e 2l3il cax

Wosls Juloxi g 42 325
IS5 ¥ L ool MlS g5l B 5 clizglojl oo

Ol A g Liod oy S Jeli LSS s pbl
5 oslil b aidlo s 05l 00,5 S HLs Sl V-
5 ookl b Wosls Juox 5 4y o0 9 MINITAB 330 6 5

W) Pl.’z.s] SPSS )l)sl Py

o9 Sbasl
oo s Wl sl Wligy 9 b WS (o) 9 cualico
sk Sl s jo
L el b 4B )3 & hgo sl silojl olad



Q| V¥l F1 by & o)led qemdlen Jlo (ol); GlalS (gygldcun; gole 4 i

ool oglss Sl ;o (ol an g, S i olol ol ol5 wdllS o> o bl iy

bl 3939 o) o (0 )b xe S Sl s gs) cpe Cadld 3939 ¢/ pdaw yd Iy Sxe

I ' H
Sl S g conlin slotzic B (mgld) s yole ol A L L 5 Sl catS b 31 ok lisl Uolyo ¥ JSWS

oS g9y 005 St cldlysy 1 Sl (55 00 Wl LoglS D« yoglls sl oS b )3 0 caS slaSluy :C ol

il adsl Jolye tH 5 G (gl ad als o jd 0nds @b (slaslgy F (S5 (65351 9 JSKb (B (S (69,8 alizes nlyo jo
wlye aded JB13 )3 008 255l s oS g,
Figure 3. Stages of plant regeneration through anther culture in cucumber. A: Mother plant (diploid), B: Buds
suitable for cucumber anther culture, C: Anthers cultured in callus induction medium, D: Callus induced on anthers, E:
Embryos formed on callus at different stages of globular, heart-shaped and torpedo-shaped, F: Mature embryos at the
cotyledon stage, G and H: Early stages of embryo regeneration, I: Regenerated plantlets inside a jar.
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Figure 4. Diploid and haploid cells in cucumber. A: Diploid cell obtained from cytological examination of the root tip of
the mother plant with 14 chromosomes. B: Haploid cells obtained from cytological examination of the root tip of the
regenerated plant with 7 chromosomes.
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Table 2. Analysis of variance of genotype effect on studied traits in cucumber anther culture
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0.00257 111 8 (Experimental error) _ilojl (lbs
5.95% 14.21% (Coefficient of variation) (C.V.) <l s <oy

*and ** indicate significant differences at the 0.05 and 0.01 levels, respectively.
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Figure 5. Mean comparison of the effect of genotype on the percentage of callogenesis in cucumber anther culture
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Figure 6. Mean comparison of the effect of genotype on the mean number of embryos per anther in cucumber anther culture
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Table 3. Analysis of variance of the effect of heat treatment and culture type on the studied traits in cucumber anther
culture
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Figure 7. Mean comparison of the effect of heat treatment and culture type on the mean number of embryos per anther in
cucumber anther culture

6 T
b
=
a
E 2 s+
«
— s
2
o 34T
E 9
[
=3 s+t
T ¥
5 2
.E 2 b
s %
ol B |
$9
< c ¢ c
- 0 A v ™— T 1
38Cfor1h 35°C for 8 h 30°C for 24 h Caontrol Control
Liquid Liquid Liquid Liquid Salid
culture culture culture culture culture
3 di di di di
= £98 3 ol S

Heat treatment and culture type
b Sl et )5 Shy ja (il & 0nd 55k oS 2l 5:Ske S g5 9 Sl e S 5:Ske dunlio A JSuid

Figure 8. Mean ccomparison of the effect of heat treatment and culture type on the mean number of regenerated plants
per anther in cucumber anther culture
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Table 4. Analysis of variance of the effect of electric shock on the studied traits in cucumber anther culture
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Figure 9. Mean comparison of the effect of electric shock on the callogenesis percentage in cucumber
anther culture
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Figure 10. Mean comparison of the effect of electric shock on the mean number of embryos per anther in cucumber
anther culture
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Table 5. Analysis of variance of the effect of centrifuge speed on the studied traits in cucumber anther culture
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* Indicates a significant difference at the 0.05 level.
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Figure 11. Mean comparison of the effect of centrifugation speed on the callogenesis percentage in cucumber anther culture
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Figure 12. Mean comparison of the effect of centrifugation speed on the mean number of embryos per anther in
cucumber anther culture
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Table 6. Analysis of variance of the effect of magnetic field and magnetized water on the studied traits in cucumber
anther culture

(Mean squares) la po Sl
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0.00858** 573.3** 4 (Magnetic treatment) _ublie jlos
0.00133 60 10 (Experimental error) d:u"uj s
4.92% 19.04% (Coefficient of variation) (C.V.) &l yuss <y ps

** indicates a significant difference at the 0.01 level.
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Figure 13. Mean comparison of the effect of magnetic treatment on the callogenesis percentage in cucumber anther culture
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Figure 14. Mean comparison of the effect of magnetic treatment on the mean number of embryos per anther in cucumber
anther culture
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ABSTRACT

Qil crops are the second largest food reserves in the world after cereals. One of the
most important sources of edible oil in the world is rapeseed. Drought stress
induces a wide range of molecular disturbances in the physiological processes of
plants through the production of reactive oxygen species (ROS). The enzymes
antioxidants detoxify stress-induced ROS and modulate signaling responses,
playing a crucial role in the tolerance of plants to abiotic stresses. To this end, the
expression of glutathione reductase (GR), thioredoxin (TRX), and glutaredoxin
(GRX), was assessed in two genotypes of Rapeseed: the sensitive variety (Hyola
308) and the tolerant variety (SLMO046) under drought stress (withholding
irrigation for 72 hours), a 20% (v/v) methanol spraying treatment, and control
conditions (continuous irrigation). This was conducted using the Real-Time PCR
technique. Sampling was performed at the 4-6 leaf stage at 0, 8, and 24 hours after
the stress was applied. Morphological observations showed that the rapeseed
tolerant and sensitive genotypes regained their freshness after spraying methanol
under drought stress (interruption of irrigation). The results indicate that the
highest increase in glutathione reductase gene expression in the Hyola 308 variety
occurred eight hours after the application of stress without methanol treatment. In
contrast, the SLM 046 variety exhibited initially low expression levels during the
early hours of stress, which increased significantly with methanol treatment,
registering almost a fourfold increase. The expression level of the thioredoxin
gene in the Hyola 308 variety peaked 8 hours after the drought stress with
methanol treatment, indicating that methanol application enhanced gene
expression and plant resistance. In the SLM 046 variety, thioredoxin gene
expression gradually increased after the application of stress, persisting up to 24
hours post-stress. However, the gene expression initially decreased with methanol
treatment but eventually reached its maximum after 24 hours. For glutaredoxin
gene expression, the Hyola 308 variety showed lower levels 8 hours after the
drought stress without methanol treatment compared to the baseline (0 hours).

However, after 24 hours, this expression increased significantly and reached its
maximum following methanol treatment at both 8 and 24 hours. Stress-induced
ROS production acts as a warning signal that causes the plant to defend and adapt
to the stress as the cell attempts to avoid oxidative stress and ROS accumulation.
The SLMO046 variety, gene expression showed a gradual increase from 0 hours of
stress to 24 hours later. The application of methanol initially caused a reduction in
glutaredoxin expression, followed by an increase. Methanol produces CO,, which
can partially compensate for the lack of CO, resulting from stress in plants and
can be used as a carbon source. In general, methanol foliar application increased
the gene expression levels in these two genotypes. Therefore, the expression of
the desired gene can be affected by investigating and manipulating these main
groups, which can undergo further investigations in experimental tests.
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Glutathione reductase, Relative gene expression, Reactive oxygen species.
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Figure 1. Expression pattern GR gene using real-time gPCR under drought stress and methanol foliar application
in seedling SLM046 and Hyola308
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Figure 2. Expression pattern TRX gene using real-time qPCR under drought stress and methanol foliar application
in seedling SLM046 and Hyola308.



35 ool 5 Joowio plB)) 1 (o3l Jsibie 5 (Sl G35 €08 a5l (S ol St (o)) 301 02 9 (S 52 3¢ YA

0Oh 8h

WELMO4E

Hyola308

SLMO46 [ailoe las i
T SLMO46
T
B Hyola 308 |
mHyola 308 J; -
24 h

Hyola308 4 SLM046 (cls axalS )3 Joibio jlos g Siis i3 cow Real Time PCR gy b GRX (5 ol (o1 .Y JSWd
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ABSTRACT

The chalcone synthetase (CHS) gene is a key gene in the flavonoid biosynthesis pathway in
plants. This gene encodes the enzyme chalcone synthase, which plays a crucial role in the
early stages of the flavonoid biosynthesis pathway. In addition to its primary role in flavonoid
biosynthesis, the CHS gene may also be involved in other metabolic pathways, such as the
production of compounds that are precursors to cannabinoids (like THC and CBD). Due to
the importance of this gene in Cannabis sativa, it was studied using various bioinformatics
databases and software tools. A search of the nucleotide sequence of accession
NM 001397940 from Cannabis sativa in the NCBI database revealed 100 matches. The
highest Max Score (805) belonged to the alignment with NP_001384869.1 from the Cannabis
plant itself, with 100% coverage and 100% similarity. The lowest Max Score (746)
corresponded to the alignment with QRV61377.1 from the species Litchi Chinensis with 99%
coverage and 92.01% similarity. The E-Value in this section was also used to determine the
significance of the matches. Protein sequence alignment with accession number
NP 001384869.1 from Cannabis sativa in the NCBI database also showed 100 matches.
Phylogenetic analysis of the top 20 species that showed homology with the CHS gene in the
BLAST n analysis created a dendrogram, classifying the species into six distinct groups.
Genetic diversity analysis using MEGA 6 software indicated that approximately 31% of the
CHS gene sequence has undergone substitution mutations and only 8% of these regions
contain informative polymorphisms. Analysis of the protein's primary structure revealed that
its isoelectric point (PI) is 6.04, and instability index is 37.13, indicating high stability of the
protein under cellular conditions. Stable proteins are capable of withstanding environmental
changes such as temperature, pH, and pressure, allowing them to maintain their function
under stressful or harsh conditions. The amino acid composition analysis revealed that leucine
(11%) had the highest abundance, while Pyrrolysine and Selenocystein (0%) were the least
abundant. The GRAVY index was -0.09, indicating the hydrophilic nature of the protein.
Secondary structure analysis of the protein, using Phyre2 software, identified six similar
structures in the NCBI database. Furthermore, GORIV software analysis showed that the
CHS protein contains approximately 40.8% alpha-helical structures which it helps the
protein’s stability. The 3D modeling of this protein in Cannabis sativa was performed using
the PDB database which had a high similarity to the Chalcone Synthase protein from
Medicago sativa. Studying the protein's structure can help in understanding its function, and
examining its structural details may be useful in studies related to the active site of the protein
and docking.
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AAMATGGTTACCGTCGAGGAAGTTCGCAAGGCTCAAAGGGCTGAGGGCCCCGCTACCATCTTGGCCATCGGCACGGCCA

i GTGATAAATCCATGATTAGAAAGCGTTACATGCACTTAACTGAGGAGATCCTTAAGGAGAATCCAAATCTTTGTGCCTAC
ATGGTTACCGTCGAGGAAGTTCGCAAGGCTCAAMGGGCTGAGGGCCCCGCTACCATCTTGGCCATCGGCACGGCCACTCC
AAMMATGGTTACCGTCGAGGAAGTTCGCAAGGCTCAAMGGGCTGAGGGCCCCGCTACCATCTTGGCCATCGGCACGGCCA(2)
ATGGTTACCGTCGAGGAAGTTCGCAAGGCTCAMGGGCTGAGGGCCCCGCTACCATCTTGGCCATCGGCACGGCCACTCC(I)

ATGGTTACCGTCGAGGAAGTTCGCAAGGCTCAAAGGGCTGAGGGCCCCGCTACCATCTTGGCCATCGGCACGGCCACTCCH2)
¥ AAATCCATGATTAGAMAGCGTTACATGCACTTAACTGAGGAGATCCTTAAGGAGAATCCAAATCTTTGTGCCTACGAGGC
| ACCACCACCACTACTACTACTACTACTACTACAACAACAACATTTATTTTCTTTTATAATACTACTATTGTTTGAGTATA

10| ATGGTTACCGTGGAGGAATTTCGCAAGGCACAACGGGCCGAGGGCCCGGCCACCATCATGGCGATCGGCACGGCTACACE

%

AAMATGGTGACCGTTGAGGAAGTCCGCAAGGCTCAGCGAGCGGAGGGCCCCGCCACCGTCTTGGCCATCGGGACGGCCAC
4!001: ATGGTGACTGTCGAGGAAGTCCGAAGGGCTCAACGTGCTCAAGGTCCGGCCACCATCTTGGCAATTGGAACAGCAACTCC
ATGGTGACCGTCGAAGAAGTCCGAAGAGCCCAACGTGCTCAGGGTCCGGCCACCATCTTGGCAATTGGAACAGCAACTCC
97 - AAAMTGGTGACTGTTGATGAAGTACGCAMACTTCAAMGGGCTGAGGGTCCTGCCACAGTCATGGCTATTGGAACTGCTA
GTGACAAATCCATGATAAAGAAGAGGTATATGTACTTGACAGAAGAGATCCTAAMAGAAMACCCACATGTATGCGAATAC
100 | [ AAMAATGGTGACTGTTGATGAAGTACGCAAACTTCAAAGGGCTGAGGGTCCTGCCACAGTCATGGCTATTGGAACTGCCA
P AAMMATGGTGACTGTTGATGAAGTACGCAAACTTCAAAGGGCTGAGGGTCCTGCCACAGTCATGGCTATTGGAACTGCTA(2)
g5[ GTGACAAATCCATGATTAAGAAGAGGTATATGTACTTGACAGAAGAGATCCTAAAAGAAAACCCACATGTATGCGAATAC
52" GTGACAAATCCATGATTAAGAAGAGGTATATGTACTTGACAGAAGAGATCCTAAAAGAABACCCACATGTATGCGAATAC(2)
| ATGGTGACCGTAGAGGAAGTTCGGAAGGCACAGCGGGCACAAGGCCCCGCCACCGTCTTGGCCATCGGAACTGCAACTCC

! ATGGTGACCGTAGAGGAAGTTCGGAAGGCACAGCGGGCACAAGGCCCCGCCACCGTCTTGGCCATCGGAACTGCAACTCC(2)
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Figure 1. The dendrogram of the studied species was constructed using the UPGMA method based on the

NM_001397940 sequence data. The numbers on the branches represent bootstrap values(%). The horizontal
scale indicates genetic distance.
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Table 1. Tajima test result for the CHS gene in the studied organisms. The positive Tajima test indicates that
genes with high allelic diversity have a positive D value, and are subject to balancing selection in the

population.
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Table 2. CHS protein instability index review, the instability index of 37.13 indicates the relative stability of
the CHS protein under cellular conditions. The negative GRAY value (-0.090) suggests the hydrophilic
nature of this protein
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Figure 2. Hydrophobicity analysis of CHS protein with PROTSCALE program. The X-axis shows amino
acid positions, and the Y-axis represents the hydrophobicity score, with positive values indicating
hydrophobic regions
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Figure 3. Proposed structure for the CHS protein with the Phyre2 program
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Bend region (Ss) B is 9.00%
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Figure 4. Analysis of the two-dimensional structure of CHS protein with GORIV software
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ABSTRACT

To investigate the effect of water stress on some essential traits of potato, an experiment
was conducted in 2019 in Karaj using a factorial design within a completely randomized
block design with three replications. The first factor included two irrigation treatments
(water stress and control), and the second factor consisted of 11 potato genotypes (Agria,
Caesar, Savalan, Santé, Marfona, Milva, Picasso, Hermes, Jelly, 397081-1 (1-81), 397069-
2 (2-69)). Drip irrigation was applied under normal conditions, while irrigation was
stopped for 25 days during the tuberization stage to create water stress, with the stress level
being 50% of the field's soil water holding capacity during this period. Irrigation treatments
and genotypes showed significant differences (p < 0.01) for biological yield, total tuber
yield, specific gravity, dry matter, biological yield, tuber number, tuber yield, and number
of tubers smaller than 35 mm, number of tubers larger than 55 mm, and tubers between 35
to 55 mm in size. The number of tubers larger than 55 mm was higher under both water
stress and normal conditions, indicating the market preference for the Hermes variety and
clone 397069-2 (2-69). Based on the results, the Hermes variety and clone 397069-2 were
identified as the most drought-tolerant varieties, showing higher total and biological yields
under water stress conditions. The findings of this study can recommend suitable varieties
for economic potato production and contribute to improving income and food security in

Iran.

KEYWORDS

Biological function, factorial, genotype, specific weight, tuber size

@ ® I © 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



=) oblE Gigldw )

(OF=FA) VE-¥ Jloy FX s pses oyl (o len Sl

DOI: 10.30473/cb.2025.72772.1988

<<&5&A5}3: dlox

(S0 I BB P (B g 8 os Sl 9 0 os g (KU 436

¥ ¥ ¥ ¥ v
Olp b Laj ol cpms 39l ¢ elow Gl yo ¢ ghumw wlhe 5 215 103 wge Jo|

S
b B 3 ) g0ty (alejl (hneji (51900 SIS hy B p A GBS S oy slaieds
o 93 30 Ll Hleg ol Jgl Jole s Tal 2,5 15 3 Jlo ;3 )1S5 aw b dolas JolS slacS'sh
ol Ay il il Wlbo ol doyST) (nnjomns s W ol 33 Jole 5 (a0l 5 25)
Luly i gl gloylad 6yl o6 45,5 Jlas 53 ((FA-Y) Y=YAV-£2 ¢ (AV=)) V-YAV-AY (s oy
J9) YO Ciody U_J—l g .)L‘?v‘ (5‘)4 u—il)"—\‘: <\l>).o Pl Lfi“b )ln.:.) (5‘); 9 W Pl?ul J}o.m )9]04) J[n).:
Lacaiss; 9 bl Jeolpe D9 e ol )3 deyio o)) Cudyls o )3 B Joleo St a5 .05 aBgio
o3l 4009_@5:0 09 R J,S .))_g.l.o& 9 éa)a_ly.: .))Slo.c » (P<<:/-Y) JLQS>] @a.m Pl d)lbL;lM u5L05
A0 3l 15555 038 03lul yie oo YO 3l 5 SKa oS 008 0l c0ss 5 Slas 0if Sl (S felgn 3, Slos (Siis
3 Slas e ()00 Gxe g YU (S a8 0l s bt itily o Juo OO B YO oy 0a8 05lil 5 4o Lo
Alaws 33 525 so deo DO B YDy 08 0jl0l g (g5 0y Shas b JS 5y Slos 5008 S dluss 9 (SS50g0
0l s &S woy by Jloy baylyd o (Sitd (i byl yd (3 55 L0 jie Lo 00 5l 55,5 &S slaess
aslllas olss Bl (6 5YL (Siglan 5 JS 3 Slos (Siid (i cod oS Bad plwlid o8, (5 Jexie

S5 sWojly
oegase (159 «Soiden 3ySles ¢ )gS gy il ol

olejle SPI) 3 Jl ady ol dwwe )
09,5 {AREEO) (53,5LS @y 5 hjgel el
Ol @) (sheo 9 S

pole 0aStily ¢ JoSlg (ol (wlidlans) 095 ¥
Ol QIR s e o8l ¢t (559l
SRl 0l sy 0ol Glojl ¥

Clids S o b OYgare Clidss 055 ¥
el eyl AREEO ¢l (el o 5 (559

1] g oL g
5 snye Se>l
abbas.saidi@gmail.com:aebl),

mousapour.gorji@gmail.com :a.lb),

VY AIVY el 5o )b
VE-F/NNE ol fo,ls

Wl opl 4 dliw!
low fule (g Beal (25 guge
(FF) haj wwlpal g g ol foleye
o Nes lpl g 3 Sbes p (S2S0
gl ) pole dolilad « goojonn laciis)

DY=FA (V)N (el lols
(DOT: 10.30473/cb.2025.72772.1988)

ol g5 ply o8y lis ol 235O VFo¥ il o Bty 4y leie et ol Ll 5>

() ©

<l jlme gusmo glal b ol 3l ealiul g o e Creative Commons Attribution (CC BY 4.0) jexe cov dlie oyl

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



0o V¥ e FU ol F ojledd cead)loa Jlo o ely; (LS (yolidcun ole & yuis

5,05 o tis ).._»l_, oA e Ay g JSis j0 505
.(Minhas, 2012)

SISk A o3hj e Boad 5 Slee g (e M)
Ol 39408 0568 090 S > S > @yl (St
godedy Slas ang OB b cund jl el Wlg5 o
Deblonde and Ledent, ) 555 o e cuaS yials
3 il oag 5)Sles ialS e (Jbs ol L (2001
olS Wiy dlsyo 5 ol «hdody (0L o U JluSiis
Jdoas adgl s (Evers et al., 2010) 5l  Siws
s (0L g Siwgid 5 Al Sy paw ials
0df lyo 1)y oy dmodd 4 odd Gl dlge
Obidiegwu et ) 5,15 oue 5,Slos ¢ o pue> (il
W Fy Ady adgl s lye o Jlsis (51 .(al., 2015
hoas sSlas g (8 > 90 (2 JB b
Eeel pdods loj o (SWs AT e e hals
g o€ ol ials g aBlu o gl sl ials
O e Al e 53 nejiams S1 09800 o 3,Sles
35 Al 155 5SS 016 igh (S5 s 0
9 Olgwl £9y-d 48 Cwlosd dleidy g2y (ol L
S T Sl Jole oSl eas sl
Al (mtagy 38y o U Ll (San S

Syt UL L Sy o)l g olass gy glis))
el L S o (a3 ls (Jdg)lS alS L S
23S b s 3,Slee 1Sy o e Jobo
PS5BS b Cunl (Sae (SIS (odug) D) 2 ogMle
ol Ao Laoss ol g ol yialS L L ud) as >
SIS U i o)) dlsye e LS lawgs
slaoss cuas p Cul (Koo JlSid opl p 0gMe
9y S i el pliy 2)JA% 36 Jo 0rd W
slocwond p (Sid G5 Jl s olgie |y Gasjoe
LS sy agdle 3,8 (st 3,Shac 5 (05 o
2l (S 5 CoS n i baBl Mg e
B S eyl B (e > G5 (il Cod s Claw

dodo
5, Slos a5 3l (Solanum tuberosum L.) uejcow
F S olej daly g gaw doly 3 CodS b o 5
o Jyaze ool ol Qe e gase (5 Jpamay
Pl o G caaS Lo Y o Sles wg s
Mg (Devaux et al., 2021) .S o Wl olie ol
Sl (5 gl Y50 90 aVlo e Sl
S9-bis 3P (=) o) WS Goskea V5.0 5 S
e joss Y polie o2 )4y (FAOSTAT, 2020)

Ja 0 Ses GBS (o pulyw 3 003 g
Sy ] ¢ e sla i e ola il
Eid et ) 5)b 3939 ciuns 1g5 slooges 5 olgn 9
[ERYAR UI)_" JLl JA_.M 9 ).»_m.n)f € D pud LSL“L)LW’]
w3 Lo S L0 b jll el g b )l V8-
Jl_AA’ Cwlod i ..\_Jy PV TSR] uylm [\ dYb
Jgaze (5 )l3a Yo g Goses g VAWV 2]y
&lyoss (https://amarfact.com/statistics) si AJgs
L Jlusizs 5 aud glo ) JSa Sl lon 9 &
Ols (Jgwamo 3, Slas 5 0LS 5 Slae  Lailo 45l
ol (6))glisS S gae ol Mg 6l ) (S)p
Tang et al., 2018, Saidi and Hajibarat, ) 1S
2 Ylaisl Jyame 3,Skes e il s (2020
GBS elajl5 Lisl aslsl 15w saled ayass ous
ORIl A yomie 4 558 e Lo il (Rl el
Zarzynska et) 594 oo (JWSuis Gad g 585~y
4S ol 03,5 bl i s slold el o LS
Y guame (Aad 0y Slos ply 90 iolisl 4 (698 5L
Sy90=2 1y il Bl 4 gy Cumer iS5 (gl odes olie
Dl o lie sdas Jaazme poylon (laisds WS o
JLo 0 Camen 2138 coutel lp (uejam ()90 58
S Ay e Jd4 (oo ol e ol
Sl A chl))' 4565 p Tl )b 45 Ges
3P il gy (SS9 eoguce



Seojow g (B o Sles lipl g 0Shes p (SiS 50 0], Kok g (25 H9owee oF

b Jooxie iy (alulid 93, Sos b laje i
.C;uwl éﬁb' ‘).\:\.:; Ja..)‘]).u} ).) )‘J%L’ .)’S_Lg;

PRI (b P95

B > )5Sl & ppony (talojl &gty s
WA Jlw ;o )15 aw b oy oS slacSsl 74l
(S ABBIVD g 4z )3 0 ldlix Job) &5 »
oSl Ly Jlod 485 0% 9 a2 )3 YO (oldlyi> Jobo
Jol Jele 05 plos] (e os VEY oto SYsbo S5l
ps> Jole (anld o (5) o 93 )3 o)l slog Jolds
Ylgls ol o ST) (amjicmw i@ V) Sl
S e slez Jsb 4 bas jlea ol @8 09 (P4
YO 5 VO e bylad (55) g bshas (n alold o5
Sygods okl D5 (LS o 53 (615) 008 V7)ol
@ Sreje (545 0993 )3 5 Jgere Ll 53 (lojlab
ot sl 9 48 ploxl Loy Lulyd 5 5o, W e
59 YO L0 ploj o o Jole )3 eyl i
oS b o s dibgie ol 5 Wl glp cusS 5l am
VO L cawlie yloj ol s )bl Ygame a3 Jlog
ol ol b oyl alad a5 canlodgs ol50a 5l ams o,
OS5 59, ¥O U5 suse gyl g caloss plol
P2 555 e by ls dladis ST g sl g j5bme
Cgb) 6paSolul sl g 485 a5 )3 (lanils &)
A8 w09l &pgmodn palls (9,0 S )3 o5 5kS
S8 53 2SS M g S Tosliy S 53 p ok

5 03l yhebipnS Tty

Loaisl)
5l (0395 bawogio) 5o oy Lawgia) bS]
basgio) (uayp (o3 bawgie) (o ) bawgie)

1. K,0
2. P,0s

Cwl o&whbdl)awg}nh‘— uos..a.‘xnu)s
O3 Erw 3y Sl Vb pogase (g b (aejie
Haase, 2003;) ¢l y e wlo 0,0 S 5, 5
o8 SuJe (Pedreschi and Moyano, 2005
)J\jl_: uoya:m )9 l; u.:llbc}..c (SR Y UYM
Fonbs pegmaze g b b o 4 Cuni )
e gy it ey 009 Cemddy el
s Zhang &S gld_dlas ul_wly (Haase, 2003)
ol cel  Sis ol pbal YoV Jlo o o) Ken
UPPAD (59 (plred WDeui o0 (g i Suis odlo
s jobody 5 Cuwl 008 CorS bats (gl ape Jole
bLsyloeng L ccwl sy o Sis odlo slgie b
s oolo (slgizme g yogaaste iy e paliwe

.(Nasir and Toth, 2022) x5’

Pl ol p3Y m i Hlely g5 bais jslaten

s ly cuslio jobody a5 1) (5 4 polde oo
oli@d (Jls ol Lol drwgy cdilodd awidige oo
e olS oot cwll (sl pe 3550 3 Lnosly
roie @UIF g ) g ) sl 4
Aad o B 1y (S il BISS eus] sladels
oS sl pliiolS laiatils gy Ll Sy ol
1630318 tal33 o 008 3,Shas Sguas cslal3
Dahal et ) 08" jasc i |y (Sois i 9 YU glod
5 tbordsn (Seidnid anlp S (al, 2014
AL Sty g sl 15 L b ye (J5Sge
1o Lyl b il e st a5 sl P8yl Clsal el
O gty Sl ot Jlan b 5L a3
lolid 3 inde slaiin Cul (See )55k
ol 55 il S 48 > &) o5 oS3
O Sloe Giolidl s U bas Gaa Ly asus pl)l
dosio yd Jlo 3 2lm g o Ll o inajim
0 Slos ay bgyye Olao (awyyp addllas pl CBan LAl
O (Naod (o S g Jlop bulyd cod



oy V¥ e FU ol F ojledd cead)loa Jlo o ely; (LS (yolidcun ole & yuis

pPpase (yjy = (V sl

lsn 13 018 359/ (lsp 5 008 559 =l 53 00 359)

oot Jalos 3 4525
9 32 (Sisdshyge i g3 Slee il 0a 5 Shoe
sl ol (slmosls 505 3T Minitab v (s Lol Jlj3la
R Factoextra (g,l5-8l p 5 diws 3l ookl LPCA oo
dulde A odlatw] ygm po (Siuwed o s 5l ggbiplot

..)9; '/'Q JL«)] C.‘aw 2 USJ“) uulwl/p L}“i"*‘

o9 R Slaadl

e 593 W) lp olly 45 Jede b
bl lpss i plsl 2,5 3 Liolejl 590 Lausee 4
0y Slas ¢ Slygs 3y Slos (S 5, Shas > (gl sxe
oo B0 51 150555 048 Dlaa (e Juo YO 3l 5SS
0de IS dlasd (Sl 00le o ¢ So5elam 3, Sles < yio
Joiz Gillas () Joiz) 2 odalin ogace (39 9
Jlie Sy (Sis g (ol Gl puib)ly 438
gl S ggh Slao (ol 59y 3 (b X g
Sy L (p<+/+Y) &yl xe

5 Sles ¢ 8 0 Sloe jas il lacuieis a8 ol lis ol
A0 5l 55,5 008 dlaw yin Juo YO I 55 S 68 0as dluss
IR PR W2 S PR WS I VSN PR S PO IS S
gl dop> S a3 pogate (g I i 0a
o 3, Slee p oyll Jlow Lol Sl aiils s gxe
5 Seighom 8o 90, 8las b laye Sl oy S
Sid odlo duoyd pd Lol gy 55 e Hluw ogase (i
5 bl blite Bl pioman i odnlie (oI5 sxe ciglds
S5l 3,Shae 0,Shae b oo i 5 J
Lo S maw 2 (ogattn (39 s S odle doyd
() Jg2) 92 )l gine

bwgie) Ligh)le oy lawgie) ailow (19539
Europlant and ) (w25 lawgie) lsd o o yw)d5;
PotatoVarieties Database and Canadian Food
b_wgis) Yls_w (Inspection Agency, 2007
FAY 9 M=) slapls an ad iy ol 93 9 (w5295
JUtd 45 9 ol Claiod a1 (o) Lawwgie)

WA A el Hd g

wlie b))l
Lobes yo g lalpd o 5 LSy iyl Sl olS i
plosl g CiS 5l das o) VYo 50 by 3959 1S5 A
Oy b plogl oas jlad cw)p 5 (Sejglan 3 Slas
JS olaws g s (g, Sojlast bl il o gly o5l 0ae
00l Liu ylad) Shg s slaose b 5)lesd laose
4o 04 3 )Slas (le AS ()9 9 G)led (poslee
O e Sl slacind) Sl @y o o balS
O ygmody (8l jlab e Lo Yo 5l i oS (slaoss)
aibige yia b 00 51 5V (STyss 02 5 yia Lo 00
slaos e jlose s odlo dod s jslateds
Cygody 0d e py S Voo Jlde &)S ja il sadcusldy
xS lalad ay 5)LS I eolatwl b g Gl Sslas
9 03 ol g g.,as.n).a.nu.ub c_§.o u.u)ﬁ.v b)"..\JH.g L;K‘“)
VO lod 55 oad qulais gl B3I 5 caslo FA tody
T.)A_?u i enlus mej 0159 CanS B wgmundas d> >
FOjs & SIS Uiy 0055 meedl B2l 1 00)S (s
5y Sloe 350 )5 dwle ode Sis o3le duoyd daoss
Dydien s (V) dladly J (S glom
Sti s 3las = () e,
oyl ls Jfa)ﬂo&+ X Jfa)ilo&

O LY dgas sl josase yjs (suS0jll (ol
S0P Sl J31 )0 gl 58 5l i p S 5LS
L di plod a9 03,5 (o s (Sawdhy
9395 a yj95 ol S5 )3 el (6i9l5 5l ealanl
D9 g0 dmlbre ¥ dlally 52k 5l o pogase i



oo Seaigs (S 0Slas Gl g0 Slas p (Sid U il Red 9 (25 j93 w0

OA

So 65 018 lawS o oo DO-YD b 0dd 3l (5, 3,Shas ¢ Slygs 5,Shas ¢ JS 5,Shas Slao il g 4555 3JUT.Y Jgaa
Caw jD oadws (i g 048 S ol «Sid oole doyd ((SO5gan 3 )Slas (o Jio Bl 555 008 Dlaad (e Lo YO
Table 1. Analysis of variance for traits including total yield, edible yield, seed yield, number of tubers

between 35-55 mm, number of tubers smaller than 35 mm, number of tubers larger than 55 mm, biological
yield, dry matter percentage, total tuber number, and specific gravity in potato under water stress conditions.

n £ a a a —
D © © =il
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£g g £g & < £ & 9 g £
Oyt 2olio df B 22 ] =1 k) 2 K= N g S
5T 2 g 5O 3 ] = 2 > g g
[ ] [ = = pd =
SE §T SE > > F > @ E o
FE Sg FE 3 g g -
FE & = = o
G sy 10 322727 160.06™  2026™ 04017 0.1147 670417 13585 456207 24.430™ 0.0008™
T e 1 1081227 2815.72% 475.60™  7.04™  2.675™ 826414™ 6840.55" 16534  6.124™ 0.092""
L2 929 1859  0.106  0.046  0.0006 857 1.28 0.47 2149 0.0004
GxT  Sdsxogy; 10 37783% 45506 41727 11377 0.235" 140986 ™ 190.96™ 1017.32" 16378™ 0.0008™
Error s 41 954 31.63 0.525 0079  0.003 2653 1.78 3110 2127 0.0006
CV% g_;l)tw w).o 10.2 9.1 6.08 27.87 8.89 642 18.90 3221 19.91 2.06

ns, * and **: respectively, non-significant and significant at the 0.05 and 0.01 levels.
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Figure 1. Correlation analysis between growth and performance traits under normal conditions.
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Figure 2. Correlation analysis between growth and performance traits under drought conditions.
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Figure 3. Principal component analysis for potato genotypes and growth and performance traits.
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Figure 4. Cluster analysis of potato genotypes under drought stress based on growth and performance traits.
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Table 3. Comparison of the mean traits evaluated in the study of potato genotypes under drought conditions.
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Milva 102.21 13.89 1 4.82% 0.69"  0362" 247259  6.11¢ 17.58* 20.13*"  0.99°
Hermes 247334 34.19%° 6.83" 1.70°¢ 0517 56533 11.88"  62.82° 19.93%"  1.0002°
81-1 159.0°" 27.35%¢ 6.83° 1.36%¢ 0517 424008 975"  52.89° 28.938*  1.0002°
Jelly 106.01 29.63%¢ 3.89M  1.48%t 029" 365831 9471  22.32% 19.40"  1.0004°
Agria 282.66° 15.95M 8.72° 0.79"  0.65°  473.9" 999"  30.37¢ 17.21%  1.0008°
Drought Casare 123.66% 9.11° 3.42° 045" 025 220.83' 543%  1846%  2047°®  1.0006°
Santé 123.669 9.11° 5.50¢ 045" 0415 23698 541  18.09% 20677 1.070°
Savalan 132.5% 20.51% 4838 1,025  036% 328.98% 7.43% 33.156%" 18.88%  1.0009°
69-2 159.0°" 22,79 10394 113 0779 416.24% 1044 39.80°" 17.79™%  1.0003"
Picasso 123.69 27.35%¢ 778 1.36°¢ 058" 39598™ 980"  41.93%* 18741 1.0002°
Marfona 159.0°" 23,93 4.83% 119" 036®" 381.980  8.887  32268" 20.163*"  1.0004°

ns, * and **: respectively, non-significant and significant at the 0.05 and 0.01 levels.
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ABSTRACT

Thymoquinone, the main compound of black cumin(Nigella sativa) oil, has numerous therapeutic
effects. 1-Deoxy-D-xylulose 5-phosphate reductase (DXR) and geranylgeranyl diphosphate synthase
(GTS) are two key genes in the biosynthetic pathway of thymoquinone. In this study, the expression
changes of genes DXR and GTS were investigated in two ecotypes of Iranian black cumin with the
highest and lowest levels of thymoquinone, including ecotype H (Semirum) and ecotype K (Eqlid), as
well as the effect of methyl jasmonate treatment on the expression of these genes. Sampling was
conducted at 12, 24, and 48 hours after the application of methyl jasmonate at a concentration of 100
uM during the immature seed stage. Gene expression was analyzed using RT-qPCR. The results at a
5% significance level showed that the expression of both genes in ecotype H is significantly higher
than in ecotype K. The expression level of the GTS gene in both ecotypes was influenced by methyl
jasmonate, initially decreasing in the first 12 hours, then gradually increasing and reaching a
maximum at 48 hours, which was significantly different from the control. However, the expression of
the DXR gene varied between the two ecotypes: in ecotype H, the expression of this gene
significantly decreased, reaching its minimum at 48 hours, while in ecotype K, it initially increased at
12 hours and then decreased to a minimum at 48 hours. Overall, these findings indicate that the gene
expression of GTS and DXR genes involved in the thymoquinone biosynthetic pathway in N. sativa is
genotype-dependent, and methyl jasmonate treatment can effectively induce the expression of these
genes, depending on the genotype and time which consequently can increase the thymoquinone
content.
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Table 1. Specifications related to the primers used for gene expression analysis.
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Figure 2. RNA extraction results from N. sativa seeds.
Well 1-7: RNA extraction, L: molecular marker 1kb.
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Figure 3. Confirmation of cDNA synthesis. L:
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Figure 5. Melting curve. GA: GAPDH, U: Ubiquitin gene, D: DXR gene, G: GTS gene.
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Figure 6. Comparison of DXR and GTS gene expression
changes in ecotype H compared to ecotype K using an
unpaired t-test in R software. *: Significance level.
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Figure 7. The expression level of the DXR gene is relative to the control in two ecotypes of N. sativa under methyl

jasmonate treatment. H: ecotype H, K: ecotype K, TO: control time, T12: 12 hours after treatment, T24: 24 hours after
treatment, T48: 48 hours after treatment, * significance at the 5% level.
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Figure 8. The expression level of the GTS gene is relative to the control in two ecotypes of N. sativa under methyl
jasmonate treatment. H: ecotype H, K: ecotype K, TO: control time, T12: 12 hours after treatment, T24: 24 hours after
treatment, T48: 48 hours after treatment, * significance at the 5% level.
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Table 2. Comparison of the mean expression level of GTS gene in two ecotypes of N. sativa under methyl jasmonate

treatment at different times.
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Table 3. Comparison of the mean expression level of DXR gene in two ecotypes of N. sativa under methyl jasmonate
treatment at different times.
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ABSTRACT

Photosynthesis is a fundamental process, converts solar energy and carbon
dioxide into carbohydrates, sustaining all life on Earth. With the global
population approaching nine billion, the demand for food and energy has
significantly increased. Furthermore, unexpected climate changes such as
drought and floods have reduced agricultural land, highlighting the urgent need
to improve crop productivity. An ambitious idea to address the global food
demand and enhance crop efficiency in hot and arid climates involves
redesigning the anatomical and biochemical pathways of C; plants based on the
metabolic blueprint of C4 plants. The structural complexity of key enzymes,
such as Rubisco, along with the need for proper subunit alignment in the
holoenzyme, poses significant challenges to enhancing photosynthetic
efficiency through manipulating these enzymes. Since the discovery of
photosynthetic pathways, studies have attempted to enhance the expression of
certain enzymes from the C, photosynthetic pathway in C; plants. Although
efforts have not yet directly led to significant improvements in photosynthetic
efficiency or yield, they underscore the high potential of metabolic engineering
as a precise and effective tool for crop improvement. Recent research on
engineering C; plants has demonstrated that introducing specific genes
regulating leaf anatomy and C,; photosynthetic processes can significantly
enhance photosynthesis and yield. Furthermore, emerging findings suggest that
enzymes from simpler photosynthetic organisms, such as cyanobacteria and
algae, may offer new avenues for substantial improvements in Cs
photosynthetic efficiency. This study discusses these advancements and
explores strategies for engineering metabolic pathways to architect Cs; crops
based on C4 models.
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C; photosynthesis, C4 photosynthesis, Genetic engineering, Rubisco.
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Table 1. The differences in three main photosynthetic pathways in plants
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Table 3. Some cyanobacterial genes that have been transferred to improve the quality and quantity of plants
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Figure 6. C; photosynthesis in cotyledons and C, photosynthesis in H. mollissima Bunge and the role of putative
genes in intercellular signaling and environmental responses and growth regulation during switching.
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