
Abstract

C RIS PR -C a s9 , a re vo lutiona ry tool fo r ge nom e editing, ha s signific a ntly imp a cte d p la nt

bre ed ing by a llow ing prec ise g ene tic m od ifica tio ns w ith exce ptio nal effic ienc y a nd a cc ura c y.

T his re vie w e xp lore s the ap plica tio ns, m ec ha nism s, and im plica tions of C RIS PR -C a s9

tec hnolo gy in pla nt bre ed ing. It o ut lines the m o lec ula r princ iples of the C RISP R-C a s9 syste m ,

fo cusing on its a bility to ta rge t spe cific g ene s and introd uc e traits like dise a se re sista nce ,

enha nce d yield , a nd be tter re silience to e nv iro nme nta l stre sses. T he rev ie w hig hlights the

a dv a ntag es of C R IS P R-C a s9 ove r tra ditio na l bree ding m e tho ds, such as its spe ed ,

co st-effec tiv eness, a nd pre cision. A dditiona lly , it a d dresse s the cha llenge s a nd re gula tory

issue s surrounding its use in a g riculture , inc luding o ff-ta rge t e ffec ts, e thica l conc erns, and

reg ula tory fra m ew orks. T he re view co nc lude s by co nside ring the future po tentia l of

C RIS PR -C a s9 in foste ring susta ina b le ag ric ultura l pra c tic es a nd its ro le in ensuring globa l foo d

sec urity in the fa ce of c lim a te cha nge a nd p opula tion gro w th.

K eyw o rds: C RISP ER -C a s9 , G enom e e diting , M ole cula r ba sis.

Introduction

O ne of the m ost urgent cha llenge s hum a nity fa ces tod a y is ho w to susta ina bly fee d a grow ing

po pula tio n. In a ddition to p opulation gro w th, key fa ctors lim iting a gric ultura l pro ductivity and

fo od p roduc tion include e xtre m e w e at he r cond itio ns, a shorta ge of a v a ila ble a ra ble la nd , and

inc rea sing b iotic a nd a biotic stresse s. Te chnology a dv a nce m ents tha t ca n help w ith c rop

de ve lop m ent ca n he lp to som e e xte nt increa se yield (Asad et al., 2025). In rece nt de ca de s,

ge netic m a nipula tio n a nd tra nsgenic tec hniques ha v e be en util ized to dee pe n o ur

unde rstand ing of pla nt bre eding p rincip le s a nd e nha nc e cro p im prov em e nt m etho ds. O ne of

the m ost a d va nce d ge nom e-e diting tools d ev elo pe d is the C RIS P R/C a s sy stem , w hic h w a s

inspired by ba cte ria ’ s a d ap tiv e re sponse to ba ct erio pha ges. C RIS P R sta nd s fo r "C luste red

Re gula rly Interspa c ed S hort Pa lindrom ic R epe a ts," a nd C a s9 sta nd s for "C RISP R-a ssoc ia ted

pro tein 9“ (Saini 2023). C RIS PE R C a s9 ha s be en use d by ba cte ria as a n imm une

de fe nce, w hic h w a s a na tura lly oc curring ge nom e editing system . T he C RIS PR /C a s9

tec hnolo gy is glo ba lly used and ha s pro ve n to b e a v ersa tile t ool for editing t he DN A of
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spe cific ge ne s (Haroon Butt 2020). T his m etho d w a s c rea te d in 2 012 , and since then it

ha s tra nsform ed biolo gy rese arch b y m a king it sim pler to exa mine dise a ses t ha t a ffec t

Hum a ns, a nim a ls, p la nts, a nd their a ssocia ted trea tm ents (Clara Rodriguez Fernandez

2021). Due to the fac t tha t C RIS PE R C a s9 is a ge ne fo und in b ac teria , the se b a cte ria "ca tc h

DNA fra gm ents from viruses a nd a dd them to the ir ow n DN A to cre ate segm e nts kno w n a s

C RIS PE R a rra ys" (Melody Redman, 2016).

T his g enom e ed itor tool ha s m a de it ve ry ea sier no w a da ys to re mo ve a ny ta rg eted ge nes and

to insert a ne w ge ne a t c erta in p osition so tha t a ny d esirab le tra its ca n b e a dd (Jasmin

Mudhar , 2021). The targ ete d DNA w he n c lea v ed a nd re pa ired , it is t he point of intere st in

scientific resea rc hes. T his is the te chnology w hich w e ca n use for rem o ving a ny kind of erro rs

in the g enom e (Melody Redman 2016), A lso it ha s be en a lrea d y prov ed that this

tec hnique o f re pa iring defec tiv e DNA c a n c ure the g enet ic disorde rs of a m ic e, hum a n

em b ryos c a n a lso b e m od ified or tre a ted in sim ilar w a y (Andrew king, 2016). S om e of

exa m ple s of this tec hno log y are such a s C RIS PE R C a s9 ha s bee n use d for tom a to p la nt a s

new a llele s hav e be en de ve lop ed for its physic a l a ppe a ranc e like fruit sha pe , size , c olo ur e tc &

de ve lop ed pla nt m a keup g enera ting no ve l va ria nt ve ry sup erior tha n existing o ne. o ther type s

of cro ps C urrently , C RIS P R/C a s9 ge nom e e diting ha s b ee n sho w n to be effe ctiv e o n a num be r

of significa nt cro ps, includ ing ap ple s (Pompili 2020), w hea t (Hayta 2019), and

maize, known for its relatively high transformation efficiency (Haque 2018; Adhikari and

Poudel 2020).

C RIS PR /C a s9 te chnology ha s b ee n e ffec tive ly used to m od ify a nd im p rov e va rio us

qua lity tra its in crop s, but the gene -e diting rev olution is still in its e a rly sta ge s. Despite its

po tentia l, C RIS PR/C a s9 fa c es sev era l cha lle nges. A cc ording to m ultip le studie s, one

sig nifica nt co nce rn is the possibil ity o f o ff-ta rg et e ffec ts, w here uninte nd ed pa rts o f the

ge nom e m a y be a lte red (Yang et al., 2025). W hole-ge no m e seq uencing d a ta ha s indic a ted

tha t a lthough off-ta rge t m ut ations ca used by C RIS PR/C a s9 in p la nts a re le ss com m on, they

ca n still influe nc e the de sire d p henotyp e a nd lea d to ina c cura te da ta interp reta tio n. P ositive

off-ta rge t m uta tions m a y be reta ine d in sub seq ue nt gene ra tions, w hile those w ith ha rm ful

phe notypic effe cts a re usua lly rem ov ed d uring the bre eding p roc ess (Verma 2024).

S ev era l stra te gie s ha v e b een propose d to m inim ize off-ta rget e ffec ts. First, d esig ning highly

spe cific sgRN A s w ith m inim al pote ntia l for o ff-ta rge t inte ra ctio ns ca n signific a ntly re duce

off-ta rge ting. S ec ond, using hig h-fide lity C a s9 v a ria nts such as eS pC a s9 a nd S pC a s-HF c a n

enha nce the sp ec ificity of C RISP R sy stem s a nd d ec rea se t he ra tes of o ff-t arg et m uta tio ns

(Frank Hartung et al., 2022).

Mechanism of CRISPR/Cas9

Disc ov ere d a nd first utilized for geno m e e diting in 2 012 , the C R IS P R/C a s9 syste m ha s

sig nifica ntly a dv a nced resea rc h in pla nt a nd a nim al biology . In contra st to te chnolo gie s like

Z FNs a nd T A L ENs, C RISP R o ffers a m o re stre a m lined a pproa ch b y using a g uide RNA (gR NA )

tha t is a bout 20 nuc leo tide s long a nd co m ple m enta ry to the ta rge t gene seque nce. T his gRN A

direc ts the C a s9 p rotein to the sp ec ific DN A site, w here it introd uce s a d ouble-stra nd bre a k
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a pp roxim a tely 3– 4 ba se pa irs into the DNA (Deepa Jaganathan 2018) . The

C RIS PR -C a s9 m ec ha nism inv olve s three m a in step s: re co gnitio n, clea v ag e, a nd re pa ir. K ey

co m pone nts e ssential to this ge no m e ed iting p roc ess include the g uide RNA (gRNA ), w hic h

direc ts the sy stem to the target DNA se que nc e, and the C as9 nuclea se, the p rotein resp onsible

fo r c utt ing the DNA (Asmamaw 2021). C a s9 is direc ted by a spec ifica lly de signe d single -

guid e RN A (sgRN A ), w hic h c onta ins a c om plem enta ry se quenc e (5' crRN A ) tha t he lps it lo ca te

the de sired ta rge t w ithin the ge ne. W ithout the pre senc e o f sgRN A , the C a s9 e nzym e re m ains

ina ct ive . O nce the ta rg et is id entified , C a s9 introduc es a doub le-stra nd b rea k (DS B) in the DN A ,

typica lly o ccurring thre e ba se pa irs upstrea m of the PA M (p rotosp a cer a dja ce nt m otif)

seq uence (Ceasar 2016). T he PA M (p rotosp ac er a dja ce nt m otif) is a sho rt, c onserv ed

DNA se quenc e lo ca ted just do w nstrea m of the cle a va ge site, a nd its le ngth typic a lly ra nge s

from 2 to 5 ba se p airs, v a rying by ba c teria l spe cies. Fo r the w idely use d C a s9 nuc lea se , the

rec og nize d P A M seque nce is 5 ʹ-N G G -3 ʹ, w he re "N" c a n repre sent a ny nucleotide b a se. This

spe cific seque nce is esse ntia l fo r C a s9 to b ind a nd initia te DN A clea v ag e (Allemailem et al.,

2024). T he e xa c t m e cha nism by w hich the C a s9 enzym e unw ind s the ta rge t DN A seq ue nce

rem a ins unclea r. H ow e ve r, o nce C a s9 id entifie s the c orre ct ta rget site w ith the a ppro pria te

P A M seq uence , it induc es loc al DN A m elting, w hich is follow e d by the form a tion of a n

RN A -DN A hybrid . T his trig ge rs the C a s9 prote in to c lea v e the DN A . T he ta rg et DNA is p rim a rily

cut to p roduc e blunt-ende d do uble -stra nd b rea ks (DS B s), w ith the H NH do m a in c le av ing the

co m ple m enta ry stra nd a nd the Ruv C do ma in cutting the non-co m ple m enta ry stra nd. Fina lly,

the host c ell 's re pa ir m ac hinery fixe s the DSB (Jiang 2017).

Double-Strand DNA Break Repair Pathways:

T he C RIS P R/C as9 system c rea te s doub le-stra nd brea ks (DS B s) in DNA , w hic h ca n be rep a ired

by tw o p rim a ry p athw a ys: non-hom ologo us end jo ining (NH EJ) a nd hom ology-direc ted repa ir

(H DR). W hen no externa l hom ologous DNA t em pla te is a va ilab le, the N HEJ pa thw a y fa cil ita tes

the re joining o f the DN A end s using spec ific e nzym e s. T his re pa ir m ec ha nism ope ra tes during

a ll p ha se s of the c ell cyc le. (Naik et al., 2025). T his is the m ost fre quently use d a nd efficie nt

DNA repa ir pa thw a y in c ells; ho w ev er, it is a lso erro r-p rone, w hich c an c a use fra me shift

m uta tions or prem a ture sto p c odo ns due to tiny ra ndo m inserts or d ele tions (ind els) a t the

clea v ag e site (Liu 2019). U sing a hom o logo us DN A te m pla te is nec essa ry for HDR ,

w hic h is extrem ely a cc ura te. T he cell c ycle's la te S a nd G 2 sta ges a re w he n it is m ost a ctiv e. A

sig nifica nt qua ntity o f d onor (exoge nous) D NA te m pla te s w ith a se quenc e of inte rest a re

nee de d for HDR in C RISP R/C a s9-ba se d geno me e diting me thods ha ve b een a pplied to

enha nce d isea se resista nce a nd inc rea se tolera nce to key a bio tic stresse s, such as sa linity

a nd dro ught. Be low is a list of c rop spec ie s in w hic h C RISP R ha s be en util ized to m odify the

ge nom e (Yang 2020).

Fig 1. Mechanism of CRISPER Cas9
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CRISPER Cas9 for crop improvement

C rop im prov em e nt focuse s o n e nha nc ing the qua lity , p roduc tivity, nutritiona l va lue , and

resilie nce of cro ps a g a inst biotic a nd a b iotic stre sses. O v er the ye a rs, m od ern a g ricult ura l

tec hnolo gie s ha ve gre a tly incre ase d crop yie lds. C onsum ers a re be co m ing m o re c once rned

w ith c rop q ua lity, a s it pla ys a cruc ia l role in hum a n hea lth by sup plying im port ant nutrie nts

like prot eins, fiber, v ita m ins, m inera ls, a nd bioa ctive com p ounds (Liu 2022). A ra ng e of

tec hnique s, including tra ditio na l c rossbre eding, m uta tio n bree ding , m ole cula r m arke r-a ssisted

bre ed ing, a nd g ene tic eng inee ring, ha ve b ee n e mp loy ed to im p rove crop q uality. A m ong these ,

C RIS PR /C a s system s ha v e re ce ntly b eco m e the pre fe rred gene tic editing t ool. T hese syste m s

offe r grea te r effic ie nc y a nd sim plicity in ge no m e e diting com p are d to o ther m etho ds (Qier Liu

2021). C RIS PR /C a s9 -b a sed ge nom e ed iting m etho ds ha v e be en a p plied to enha nce

disea se resista nc e a nd incre a se to leranc e to ke y a bio tic stresse s, such a s salinity a nd dro ught.

B elow is a list o f c rop spe cie s in w hich C RISP R ha s b ee n utilize d to m odify the g enom e

(Zhang 2021).

RICE

M ore tha n 3 .5 billion p eop le o ve r the w o rld a re fe d by rice (O ryza sa tiva L .). D iffere nt

ge ogra p hic a rea s a nd/or e thnic gro ups ha ve v a rio us p referenc es for ric e gra in qua lity.

M ic ronutrie nts, phyto che mica ls, a nd co oking a nd ea ting c onditions a re the m a in fa cto rs

influenc ing qua lity. G ra in q uality ev a lua tion is a tim e -c onsum ing a nd diffic ult proc ess tha t

nec essit ate s follow ing esta blished p roce dure s in a dd itio n to c ollec ting a lot of sa m ples ea rly

in the bre eding p roc ess (Fiaz 2019). T he Food a nd A griculture O rg a niza tio n (FA O ) of the
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U nite d Na tions pre dic ts tha t in o rde r t o fulfil d em a nd, w o rldw ide gra in yie lds w ould ne ed to

rise by 70% (Le 2022). It ha s b een the focus of m uc h re sea rch W ith its co m pa ct geno me ,

ric e se rve s a s a n ide a l m od el c rop for m o noco ts. Rec ent a dv a ncem e nts ha ve sho w c ase d the

pra c tica l a pplica tion of C RIS P R-b a sed geno m e e diting te chnique s in rice . Se ve ra l stud ies ha v e

highlighte d the pot entia l of geno m e ed iting to e nha nc e ric e's re sista nce to both biotic and

a bio tic stresse s (Hussain 2022).

Table1.UtilizationofCRISPR/Cas9formanagingabioticstressinriceplants.

WHEAT

W he a t ( L.), a v ita l sourc e of d a ily ene rgy fo r m illio ns w orld w ide , is o ne of the

m ost essentia l sta ple c rops glo ba lly . It rem a ins the m ost significa nt source of gra in for huma n

use a nd is grow n o n m ore a crea g e tha n a ny other c om m erc ia l cro p to da te. Po pula tio n

expa nsio n a nd shifting dieta ry see m s a re e xp ec ted to inc rea se the dem a nd for w hea t glo ba lly,

m a king its de ve lop m ent esse ntia l fo r food se curity (Ma 2024). W hea t is the m ost w id ely

cultiva te d a nd tra ded crop g lob a lly, co ve ring 22 0 m ill ion hec tares (m ha ), w ith a n a ve ra ge yield

of 35 0 kg p er d ec are (at 11% m oisture c ontent), a nd a to tal glo ba l p roduc tion o f 7 73 m illio n

tons (Yigider 2023). Due of prob lem s w ith tissue culture , its la rge g enom e size , a nd its

hexa plo idy na ture , w hea t is not em b ra cing C RISP R te chnology a s w ide ly a s rice and

A ra bidop sis, w hic h a re the tw o m ost studied p la nts for g ene e diting (Li 2021). H ow e ve r,

the a p plic a tion o f C RIS PR -b ase d g enom e e ngine ering in w hea t is e xp ec ted to be g rea tly

fa c ilita ted b y the IW GS C 's rec ent p ub lic a tion o f a prem ium re fere nce ge no m e for w he a t

(Haber 2024). B y p roduc ing C R IS P R-edited m uta nts w ith im p rov ed c ha ra cte ristic s tha t

inc rea se p roduc tiv ity under a v a riety o f biotic a nd a bio tic stre ssors, this discov ery could help

a lla y conc erns a b out globa l fo od security in the future d eca d es. C om p lex fea tures tha t include

sev era l ge nes c a n be ed ited w it h new multiplex ge no m e e dit ing to olkits (Kumar 2019).

T he T a M LO gene , w hic h prov id es m ilde w resista nce, w a s succ essfully targ ete d using

C RIS PR /C a s9 in w hea t pro topla sts. K nockd ow n of T aM L O conferre d Resistanc e to

C rop T arge t gene Tra it Re fe ren ce

A biot ic stress

R ice

R ice

R ice

R ice

O sPDs, O sM PK 2

O sM PK 5

O sPR X 2

O sHA K -1

Differe nt types of abiotic

stre ss in volved

Toleran ce to abiotic stress

a nd disea ses

R esista nc e.

Pota ssium deficien cy

tolera n ce.

Low ce siu m ac cu mu la tion .

Sh an et a l. 2013

X ie & ya ng. 2013

M ao et a l. 2018

Cordon es et a l. 2017
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f. sp. (B tg), t he pa thoge n respo nsible for p ow de ry m ild ew . A m ong 72 T0

knoc kout line s, fo ur sho w ed m odifie d re striction site s confirm e d via T7 E1 d ige stion (Smedley

2021). C RISP R/C a s9 w a s utilize d to ta rget stress-relat ed g ene s Ta E RF3 a nd T a DRE B2 ,

a chie ving a p proxim a tely 7 0% tra nsfe ction e fficiency , co nfirm e d by T 7 E1. T o red uce off-ta rge t

m uta tions a nd tra nsgene integ rat ion, C RIS PR/C a s9 ribonucleop rote ins (RN Ps) w ere d elive red

v ia bio listic m e thods, e nsuring tra nsie nt expre ssion a nd m inim izing uninte nded effe cts (Liang

2018). e ffec tive ly use d the C R IS P R/C a s9 RN P co m ple x t o m od ify tw o distinct gene s,

T a G W 2 and T a GA SR 7, in tw o b rea d w hea t v a rie ta l ba c kgrounds. O ff-ta rge t e ffe cts a re the

pre senc e o f o ff-ta rg et m uta tio ns w a s significa ntly m inim ized a s the co mp lex d egra d es in vivo ,

a nd the m uta nt bre a d w he a t po pula tio n disp la yed no off-targ et effec ts (Wang 2018).

Fig.2 Utilization of the CRISPR/Cas9 system to modify agronomically significant traits in

wheat and rice.

Cotton

C otto n is a prim a ry sourc e of na tura l fibe r, o il, a nd a nim a l fee d, w ith its fibe r d eriv ed from the

see ds (Kumar 2023). The g enom e of c otto n is co m ple x a nd c onta ins v a rio us ploidy

type s; com m e rcia lly g row n c otto n is a n a llote tra plo id (A D) spe cie s, w ith a ge nom e size of 2 .5

G b for G ossyp ium hirsutum (upla nd c otton) (Peng 2021). C otton fibe r consists o f a bo ut

87 % to 90% c ellulose , a p la nt-d eriv ed ca rbo hydra te, w ith 5% to 8 % w a ter a nd 4% to 6 %

na tura lly oc curring conta m ina nts. The se c ha ra c terist ics a llow co tton to e ndure hig h p ressing

tem p era tures, a bso rb a w ide ra nge of d yes, a nd rem a in w a shab le (To dor et a l., 2 021 ). The

gro w ing a va ilab ility of ge netic se quenc es ha s e m pha size d t he nee d for fa st a nd e co no m ica l

tec hnique s to introduc e ta rge ted m uta tio ns, e nab ling larg e-sca le gene functiona l studie s in
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co tton. C RIS P R/C a s9 g ene editing has be en suc cessfully a pplied to a v a riety of m a jor c rop s

a nd m o del orga nism s, includ ing rice , w hea t, so rghum , po pla r, m a ize, a nd tom a to (Lei

2022).

For phenoty pic cha ra cte riza tion, thre e spec ific loc ations w ithin the G FP seque nc e w ere

selec ted for ge no m e e dit ing in tra nsgenic c otton w ith integra te d g ree n fluo resc ent p rotein

(G FP ). T w o T 0 pla ntle ts exhibited hom ozygo us m odific a tions, w hile sev en of the nine p la nts

test ed for g RNA 2 knockd ow n sho w ed bi-a lle lic inde ls (Khan 2023). T o a c hiev e a n e xa c t

nucle otide substitut ion or insert ion of the d esire d DNA se quenc e, the a bility to cre a te DS B a t a

pre cise ta rge t po sitio n ha s b ee n further e nha nc ed by ho mo log y-dep ende nt rep air. asse ssed

the e fficiency of geno m e ed iting in co tton by ta rge ting the ge nes fo r C hloro pla sts a ltera Do s 1

(G hC L A 1) and v a cuo le H+ -pyrop hospha ta se (G hV P ) using tw o guide RNA s, re spec tiv ely

(Kumar 2024). M uta tio nal effic ie nc y ra nge d fro m 47.6% to 8 1.8% , w it h d ele tio ns b eing

the m ost com m o n a lte rat ion. Due to co tton's a llo tetra p loid na ture, ta rge ting m ultiple gene s

w ith C RISP R/C a s9 ha s p rov en e ffe ctive . PC R and seq ue ncing co nfirm e d spe cific trunca tio ns

in G hM Y B2 5-like A & G hM Y B2 5-like D ge ne s, w hich contro l c otto n fibre de ve lop m ent. It w a s

rec ently d em onstra te d tha t ge ne tic e ng inee ring of the G h14 -3 -3 d gene c onfe rs re sista nce to

infec tion by V erticillium da hlia e. the tra nsge ne-fre e pla nt s p roduc ed e xhibite d strong

resista nce, m aking the m va lua b le germ p la sm fo r de ve lop ing dise ase -resista nt cotto n va rietie s

(Verma 2024).

SOYABEAN

S oyb ea n ( L . M e rr.) is a leg um e va lue d for its sub sta ntia l prote in a nd oil c ontent. It

is e xt ensiv ely utilize d in b oth hum a n a nd a nim a l d ie ts, bio die sel prod uctio n, a nd a ra nge of

industria l uses. Its ve rsatility m a kes it a n esse ntia l c rop fo r fo od, energ y, a nd industria l sec tors

globa lly (Freitas-Alves 2024). T he g row ing d em a nd for so ybea ns, d riv en b y soc ieta l

cha nge s, ha s le d to an inc rea se in bre eding so ybe a n v a rieties w ith enha nce d tra its.

T hird-ge nera tio n gene ed iting m ethod s, such a s C R IS P R (C lustere d R egularly Intersp ac ed

S hort P alindro mic Re pea ts) a nd C RISP R-a ssoc ia ted p rote in 9 (C a s9 ), a re now b eing e m plo yed

in this pro cess (Dan Yao 2023).

T he C R IS P R/C a s9 syste m w a s suc ce ssfully e mp loye d to e dit the soy bea n g enom e , ta rge ting a

tra nsge ne (b a r) w ith o ne sgRN A a nd tw o na tiv e so ybe an g enes (G m FEI2 a nd G m SH R) using a

set of six sg RNA s. The e ffe ctive ness o f these sgRN A s w as a ssesse d in a ha iry roo t syste m ,

pro ducing positiv e outc om es suc h a s sm a ll deletio ns and insertions a t the DD20 a nd DD43

ge nom ic sites on soybe a n c hrom osom e 4 (Monfort et al., 2025). Bo rde r-sp ec ific PC R a na lysis

a t the c a llus sta g e id entifie d ta rge ted gene integ ra tions v ia H DR. The soyb ea n G m U 6-16 -1

pro m oter pro ve d m ore efficie nt tha n t he A rab ido psis A tU 6-26 p rom ote r in ed iting m ultiple

hom oa lleles sim ulta neo usly. T hroug h c om plem enta tion a nd C R IS P R/C a s9-m edia ted e diting ,

the dom ina nt Rj4 ge ne in so ybe a n, w hich prev ents no dula tio n by v a rious strains of

, ha s be en functiona lly va lida ted (Kuwabara et al., 2024).

TOMATO
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T om a to ( L.) is a w id ely c ultiv a ted v eg eta ble of c onside ra ble eco nom ic

im p orta nce , consum e d bo th fre sh a nd in pro ce ssed form s. Rich in b ioa c tiv e c om pounds like

v ita m ins A a nd C , esse ntia l a ntio xida nts, a nd m ine rals— pa rtic ula rly b eta -ca ro tene and

lyc ope ne— it is rec ognize d a s a nut rient-ric h foo d w ith no ta ble hea lth be nefits (Naeem et al.,

2024). T he b ree ding of cro ps, pa rtic ula rly tom a to es, ha s b ee n transform ed by C RIS PR /C a s9

tec hnolo gy. C RIS PR /C as9 ha s be com e the m ost w ide ly fa voure d to ol for pre cise , efficie nt,

sim p le, a nd c ost-effe ctive g ene ed iting, offe ring ta rge ted m od ifica tio ns in spec ific ge nom ic

reg ions. S ince its first a p plic a tion in 2 013, it ha s be en freque ntly used to alter tom a to

ge notype s. T he te chnology ha s bee n suc ce ssfully e m plo yed in to m a toes for m odifying

v arious tra it fe a tures re la ted to fruit, flo w ers, a nd pla nt a rchite cture (Tiwari, et al. 2023).

T he proc ess of do m estic a ting tom a toe s b ega n w ith sm all c herry-like fruits, w hic h w e re la te r

de ve lop ed into la rg er-fruit ed typ es v a rie ties w ith va rious tra its. C RIS PR /C a s9 geno m e ed iting

ha s rec ently show c a sed these ev olutiona ry c ha ng es (Shawky et al., 2024). C a s9-m ed ia ted

ge nom e editing ha s b een ap plied in tom a to es to im pro ve yie ld and a ssocia ted tra its.

M od ifica tio ns includ e inducing de term ina te gro w th thro ug h the SP (Se lf-p runing) gene , trip ling

fruit size v ia the FA S (fa sc ia ted ) gene , a lt ering fruit sha pe to o va l w ith the O va te (O ) gene ,

inc rea sing fruit num be r t enfo ld through the M U LT (m ultiflo ra ) gene , a nd bo osting fruit w eig ht

using the FW 2 .2 g ene. M ore ove r, gene e diting ha s be en used to ind uc e m a le ste rilit y,

fa c ilita ting hyb rid seed pro duction (Zhou et al., 2023).

ADVANTAGES OF CRISPER CAS-9

C RIS PR -C a s syste m s ha v e re vo lutionized gene editing w ith the ir na tural a bility to ta rge t and

m od ify spe cific g enes. The se system s, orig ina lly disc ov ere d as pa rt of ba c terial a nd a rcha ea l

im m une resp onses to vira l DN A , ha v e bee n a d ap ted for p rogra m m a ble gene e diting, e na bling

sig nifica nt a d va nce m ents in bio log ica l re sea rch a nd geno m e engineering (Saini et al., 2023).

T he C RISP R-C a s9 ge ne -editing system , in pa rtic ula r, ha s bec om e a g o-to tool for prec ise

ge netic m od ifica tio ns due to its a b ility to cut ta rge ted DNA se que nc es at prec ise loc a tions, it

trig gers d ouble -stra nd bre aks tha t a re re pa ire d by c ellula r m echa nism s lea ding to ge ne tic

cha nge s. It ha s pa v ed the w a y fo r a dv a ncem e nts in d iv erse a rea s, inc luding m ed ic ine, fa rm ing,

a nd biote chnolo gic a l industries (Mohamed et al., 2024). O ne of the m a jor b rea kthroughs in

plant biotec hnolog y ha s bee n e m plo ying the C RIS P R-C a s9 system to a lter geno m es o f cro ps.

C RIS PR te chnolo gy offers signific a nt po tentia l fo r e nha nc ing a g ricultural pro ductivity by

a llo w ing ta rge ted altera tio ns of tra its suc h a s re sista nce to dise a ses, to lera nc e to dro ug ht, a nd

inc rea sed cro p yie lds. N ev erthe less, a m a jor o bsta cle hind ering its w idesp rea d a p plica tion in

plant syste m s is the co m ple x a nd tim e-c onsum ing tissue c ulture p roce ss ne ed ed to

reg ene rat e e dite d p la nts (Ebrahimi et al., 2023).

M ore ov er, this a ppro a ch a llow s for gene ed iting to b e c a rrie d o ut outsid e o f a se ptic co nditions,

w hic h is a c onsid era ble a dv anta g e. Ke y ele m ents of gene e dit ing system s c onsist of C a s

enzym es a nd guide RNA s (g RNA ), c a n be d ire ctly intro duce d into som a tic c ells o r se edlings of

soil-grow n p la nts. T he C RIS PR -C a s9 sy stem then pe rform s it s functio n o f m od ifying the ta rge t
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ge nes, re sulting in a lte red ge ne e xp ressio n. The se a ltered shoo ts ca n the n gro w into full pla nts

w ith t he de sired gene tic m o dific ations. This ope ns up the po ssibility o f direc tly ed iting c rop s

in fie ld c ondit ions, w ithout the ne ed for sterile e nvironm ents, thus sim p lifying the pro cess and

red ucing the resourc es re quire d (Malik et al., 2024).

CHALLENGES FACED BY CRISPER-CAS 9

W hile C RIS PR-C a s9 Ha s resha pe d geno me e dit ing, it d oes co m e w ith sev era l disa d va nta ge s

w he n a pplied to p la nts. O ne o f the m a in c once rns is the po tentia l fo r off-ta rge t effe cts, w here

the C a s9 prot ein m ay c ut unintend ed re gions of the ge nom e tha t resem b le the ta rge t

seq uence , le a ding to unw a nte d ge netic c hang es (son et al., 2022). A dditiona lly , the e fficiency

of C RIS PR -C a s9 ca n v a ry significa ntly be tw ee n plant spec ie s, w ith som e b eing m ore resista nt

to genom e ed iting due to c om ple x geno me s or diffic ultie s in re ge ne ra tion thro ugh tissue

culture. T he d epe nde nc e on tissue c ulture for pla nt reg ene ration is a nother cha llenge , as it is

la bo ur-intensiv e, sp ec ies-spe cific , a nd tim e-co nsum ing (Chen et al., 2024). Furtherm o re, tissue

culture c a n re sult in som a c lona l va ria tion, w hich com p lic at es the se lec tio n of g enetica lly

ed ite d p la nts. Inco m ple te or unst ab le ge ne ed its are also a c once rn, a s m utat ions introd uc ed

by C RIS PR m a y no t a lw a ys re sult in the de sired p he notyp e or b e sta bly inherited a cro ss

ge nera tio ns (Adane et al., 2024).

A nothe r r isk is insertiona l m uta gene sis, w here unint ende d insertions or de letions m ay

oc cur d uring the DN A re pa ir p roc ess, introducing a d ditio na l m uta tions. T he reg ula tory and

M ora l d ile m m as surro und ing the use of C RIS P R-C a s9 in pla nt s a lso po se sig nific a nt ba rrie rs,

w ith unce rta inty reg a rding the c la ssifica tion a nd regula tion of g enetica lly e dite d cro ps, w hic h

m a y be subjec t to stric t G M O reg ula tions (Ramesh et al., 2024). M ore ov er, uninte nded

phe notypic e ffec ts m a y a rise due to the c om plexity o f p la nt ge nom es, as intera c tions betw een

ed ite d gene s a nd A lte ra tions in othe r regions of the g enom e m ig ht result in unexpec ted

outc om es. O ur lim ited und ersta nding of pla nt g enom e s, pa rtic ula rly in c om plex or po lyploid

spe cie s, furthe r com p lic a tes the a c cura cy of g ene mo dific ation (Ikram 2024).

No netheless the co st o f C RIS PR -C a s9 itself ha s de cre a sed, the infra structure , e xp ertise , and

co ntrolled env ironm e nt s req uired for its a p plic a tion rem a in costly, l im iting its a cc essib ilit y,

pa rticula rly fo r sm a ll-sc ale fa rm ers or resea rc hers in de ve lop ing regions. La stly, there a re

co nce rns a bout horizonta l g ene tra nsfe r, w he re edited ge ne s c ould pot entia lly tra nsfe r to

pe sts, w e ed s, or m icrob es, lea ding to ec olo gic al issue s such a s the de ve lo pm ent o f resista nce

or ge ne flow to w ild rela tive s. O v era ll , d espite its po tentia l, C RIS PR -C a s9 in p la nts fa ce s

cha llenge s tha t m ust be a ddre ssed t o rea lize its full p rom ise in a griculture (Mahfouz et al.,

2014).
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