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Introduction

Cucumber (Cucumis sativus L.) is one of the most economically important crops among the Cucurbitaceae family. The
development of high-quality hybrid cucumber varieties has greatly contributed to early maturity, enhanced drought
resistance, better fruit uniformity, and increased yield. These hybrids are typically produced using homozygous pure
lines, which are traditionally generated through recurrent selfing over multiple generations—a time-consuming and
labor-intensive process. However, recent advances in genome editing have introduced a transformative pathway: the
induction of haploids and doubled haploids , offering a rapid route to completely homozygous lines within one or two
generations. While haploid and doubled haploid production has been reported in various crop species, the
Cucurbitaceae family has lagged behind, with only limited successful applications of CRISPR/Cas9 technology for
haploid induction. In particular, the application of CRISPR to target the centromeric histone H3 gene (CenH3), a gene
with a pivotal role in chromosome segregation during cell division, remains largely unexplored in cucumber. This study
aimed to investigate the feasibility of using CRISPR/Cas9 to induce targeted mutations in the CenH3 gene in cucumber.
The long-term objective was to assess whether such mutations could serve as a basis for developing haploid inducer
lines—a vital tool in modern cucumber breeding programs.

Materials and Methods

To design a targeted genome editing construct, CenH3 sequences from cucumber and Arabidopsis thaliana were aligned
using the Histone Database (HPD). A conserved motif (ALQEAAE) within the histone fold domain was identified, and
a specific guide RNA (gRNA) targeting the alanine codon within this region was selected. The corresponding single-
guide RNA (sgRNA) was cloned into the pDE-Cas9 vector, which was subsequently introduced into Agrobacterium
rhizogenes to facilitate plant transformation. A composite plant system was employed, whereby cucumber seedlings
were inoculated with A. rhizogenes carrying the CRISPR construct. Hairy root formation was induced, and genomic
DNA was extracted from transformed root tissues. PCR amplification and DNA sequencing were used to confirm the
presence of the CRISPR construct and to detect mutations in the target site of the CenH3 gene.

Results

From a total of 700 inoculated cucumber explants, approximately 70% developed hairy roots. PCR screening confirmed
successful integration of the CRISPR/Cas9 construct in 10 samples. DNA sequencing of three positive samples revealed
three distinct mutations in the CenH3 gene, all within 11 nucleotides of the protospacer adjacent motif (PAM) site.
These mutations included single nucleotide substitutions leading to either amino acid changes or silent mutations.
Notably, one of the detected mutations resulted in a T-to-G transition, changing a codon encoding phenylalanine to
serine, while another induced a thymine-to-adenine transition, modifying the encoded tyrosine. A third mutation
occurred but did not alter the amino acid sequence. All mutations were located in close proximity to the PAM site,
which is consistent with known CRISPR/Cas9 cleavage patterns.

Discussion

This study represents the first successful application of CRISPR/Cas9-mediated mutagenesis of the CenH3 gene in
cucumber. The induced mutations, although not immediately lethal, demonstrate the potential of CenH3 as a target for
haploid induction. Prior studies in other species, such as carrot and Arabidopsis, have shown that mutations in CenH3
can lead to genome elimination and the generation of haploid progeny. However, the high resistance of cucumber to
haploid induction—possibly due to the gene structure and the scarcity of optimal PAM sites—presents a significant
challenge. The limited number of targetable sites near the functional domain of CenH3 in cucumber contrasts with more
flexible systems in crops like carrot, where diverse guide RNAs can be designed for efficient cleavage. This
underscores the importance of identifying alternative CRISPR systems or engineering novel PAM recognition variants
to enhance editing efficiency in cucurbits. Despite the technical success in generating targeted CenH3 mutations, the
study could not confirm haploid induction in the transformed cucumber plants. Nevertheless, the results open new
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avenues for future research into optimizing transformation systems and testing the phenotypic consequences of CenH3
disruption in subsequent generations.

Conclusion

This research provides a proof-of-concept for CRISPR/Cas9-mediated editing of the CenH3 gene in cucumber, laying
the groundwork for potential development of haploid inducer lines in Cucurbitaceae. The successful induction of three
mutations in the target gene suggests that, with further optimization, this strategy may be harnessed to accelerate
cucumber breeding programs. Given the challenges in achieving effective PAM positioning and the essential role of
CenHa3 in cell viability, alternative CRISPR systems or multiplexed editing approaches may be necessary to enhance the
haploid induction efficiency in this recalcitrant species.
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Table 1: Guid-RNA Structure Elements

e 3 CENH3 (g 05 5lus O g 35 il g 10Kad 5 ol jne Sy

Element Sequence

Anchor CG
ACTGGTTACCACGAAACATCGGTATATATTT

Promoter CGTCAATAAAGAAGTGAGCGAATGGCTACAC
CCTGCGTTTTAAGCATTCTTTTTTCTTTAGTAT
TCGAATA

BamHlI site GGATCC

guide-RNA GCTCTTCAGGAAGCAGCAGAA

Scaffold CGTGGCTGAGCCACGGTGAAAAAGTTCAACTA

TTGCCTGATCGGAATAAAATTGAACGATAAAGATCGAGATTTTG

Jlasl (G’ S Guide-RNA JIga bows sl
dol g b sy Jlg o(56) pDE-Casd Ossa O
sl < PCR O sty b s 8 PCR
'F-5-GCGCAGCCTGAATGGCGAATGG-3 sla S;lel
Jsb) 'R-5-CCCAATACGCAAACCGCCTCTCC-3
S S e a (SASS Ve S s
e Ol 4 DNA iy oo V2 Olis 0 PRU oS e
Ayl s 352 s Soe Skn Oln w0300 1 5 s S
Wi3s 0 Dodads 5 peseed 4255 20 gles b adsl g5l
s 00 glos s U T ey LT ULl ad>
e VY gl o aids Ve Sdens g 5T 5 e
4 S s e
BamHI o 51 Laur 5 vin (5 5m0 53 3 i o U poamme
o ol iS5 slacand JL 51 55 osle B cd S 18
I3 A0 35 L ah3s YO dany e 5l eeis a3 5
Al Gl A 550 S Ay S 3’)@ J5 s
30555 e b S Y0 e sdoee 55 Ll U g axkd

A Thermo Fisher =5 & =8 31 eslaxal b

Fig. 1. Composite plant preparing and inoculating Steps: A. Growing seedlings in a growth chamber B. Inoculating
with rhizogenesis C. Growing cuttings in culture medium D. Removing the lower part of the root for DNA extraction

Colwailuen Y-Y
PUCLO L 053 5 s <S,3 hawg 35 ol
a5 el ol Bl S s IS
A iz ol daiee DH5-alpha g4 5 (6 Y57 6/ (5 SL
Jsw 4 PUC19 3G Jlsl 51 .y .(Chang et al., 2017)
B s saiylS it a0 S 5 i
CiS e 555 SSL Sl s Sen Vo Olgeas Glais ) e
53 p S ke Vo) b el S ST gl Ll LB
DB e a3 TV les s aiped A iy (1)
or SAL oS L) e el VSl s S
B3G5 esle sl PUCLO 56 sl b ol .ias
S 5 Ay el S 5 esliad b (6 81 (el
Loy (2t s S A B me 3 ol A GeneAll
A esls 3 (thermo) sl IS, b BamHI ﬁjﬂ

AT AL 55 SIS s STy J s

1. Electrophoresis
2. Run



Verg &M}j}gg/ \Y-Y Qbu'?.\o/r}é ZJL"‘:'/(".".‘Q-’%'U’./L;&"; Q‘-\:‘J_QS &5)-91:”.

PDE-Cas9 L L aels L0+ slaas b= ol pws Gl 5
GAL g 05 (S5 s 8) dd s s aakd (g5l
Ol g D232 0ilS Jdoay 5 255 Gldl el 0535 5o
Al 53 sl el b5 3L 4230 sy Jphe 55
Glp s oS 53 55 05 Bl 4 Ghse oSt iz
O3 PDE-Cas9 3L L caals VY slaas S cpl o)y
(53 05 8) A el JUis Aol b dals Olgeas )5 axkd
Load b 8 K5 s dald Olgeas madls 05 4edd (ol

(e o55)

o edls (5lad ol ) =Y
G iy e i LS Jime oSl 4 baa e
gl Al cliSty s Jee 3 eolgs wised 5 3
Q! gyt (12 ki il CTAB 55 & 2y, GDNA
éu;;ui 5P B Jlasl aob (gl s eslizul PCR 51 03
R-5- , 'F-5-GCTCCCTAGGCCTGTTATCC -3
Ai eslizel  GCAATGGAATCCGAGGAGGT -3
s Sl as s~ JSKE @Al e cpl s s Sl
i N0 eagdoe 53 b 3L old Oly 5 Jime 3
Gl Al edds Oly b Jame 15 558 e sl 5L
G s Al gl bS5l ) 5l aalss edalie
i oslial 55 p3 038 3 deandl JUEl 5 Aol
55 o3k 05l PDE-Cas9 3L a5 syl 3 ool 5k
@b S B gl p L il e s b s
35 g0 odalie

aia; gl Sl gamlio 5 psm 03 S L wsn
Al liienr o33 098 s AL pad Jseme 5 (s
7 Hp Sl AT s las s Il 5 il a3
dry Sute ladised ) Jsl oy S ladised p 55 o
S 53 (R 53 0 8 Jue £00) iS55 e b pdned
(53 p Sk V) el SSde sl s
DI ke bl Bl s sy L) e n skl
SRS 5SS b Gl pmes Ld oS,
bgn Bl s CISTs 55w es S Sladisad e sl

o:Li:..J L;’L:L;‘j; Ls‘f} C‘J?J.w‘ dj 6}) )\ w @b.s “

VovoA Jsb L PDE-Cas9 ey 51 86 gl
Lot ealinnl g SUs ST e S JBU Olgeas Glicr
<ol 03 gt b “ s
s BamHI ﬁjﬂ 31 eslizal L chttps://www.addgene.org
Jsb b 8L 5 Gl VEVEY JIVY00A syl slasl o
A 688w gl EIVE

ol by BU a4 s Al s
K (F30 Sl 3 4wl hittps://nebiocalculator.neb.com
w1 Sl elial b Jlail s sl (36 waxkd) av 4,
el o3l USG5, b s Thermo Fisher s 2 55
A 00w GRS1s lome 51 s oo iy Olgea A2
SASL AL 5 gy Sl Sl de S i dates S5l
slad e ol Kale a3 YV gl s cole K Sds
Sl sl Llr LB how sy Axies
Ve s i (i 6)§ka Vor) e lo g 2l
23S 515 s syse b glS A, (sl

G O okl il 08 Slbl Gl
F- sl S5l 51k opl gl . eslizwl Colony-PCR
R-5'- 5 '5- CGGGATCCACTGGTTAC -3
TV asks iS5 gl s 'GGATCCCAAAATCTCGATC-3
A eslizal sl S sl s 08 Jlasl glos 53 (3L i
50555/ 3,81 05 o) dsed A 51 s Sen 0 Olpe
R

0 05 Jusl gl p ATCC wysm ' sl pa Lo ST 5
J sk Weise et al., 2013 a5, 5 eslanal b . eslazal olS
Jime 6 SL a4 Dl 5 4l pisnl pa Sl ST dnis

A

S ol w05 st -y
oo S e panl e sl ST oS0 JUl gl
5 b b s ol 3 () S A aslind S S
Fanet) >5 o o3lital aals =25 5 agd Sl el 5, =D
28 NBO Lot 50 Voo slies ke ol gl (al., 2020
05 g saslsy g0 S 4w olS @ 05 JWl s g s A

S a5l by Saibye bos Sl olS 655 55 68U buy

1. Agrobacterium rhizogenes


https://www.addgene.org/
https://nebiocalculator.neb.com/#!/ligation

(B-Y S5) 55 3b Cim Y10 e3sdoms s &S ek 3,
A gl 5 s e, oS b s

I3 Bamhl ﬁ}ﬂ (s o> PDE-Cas9 Landly
Coond 4 Glate 5L S VE o3 5dus 53 AL g3 a3 S
eslizal 3,50 J3U Ol peas 4 55 PDE-Cas9 ooy Lol
JS8) As G a8 V0 engdone 53 UL S 5B S 1
(Cl- 4,C2-Y

Sl iS ke (5, Jlail peame (55l lacs S
oS Li,y cole VT 5l o Lus el K pm ol
A edalie

J5 sy s ks obs,y Hskwea PCR O J e
05 (g5l Sladad (DT [SK2) ad (IS 5,485
Faarl $SL Lss (3k S YO0 e sdee 3 ALl
S s A e S ST ol e 4 (U 5
B CiShme G5 o3 S LA gla OsS el N

..JJJ}.! odalie

cee 3 CeNHB (g 05 Sl O st 05 ol g 101,00 5 (2l ne (A
Lasergene 4l MegAlign i3l 5 L oL JI5 =l s

J._.:w)fq;b‘j\.:;-\jdap)r.a

Cow '}@Lﬁ Al

SASL a4 G5 o5l Jlal Y

el 1Tl ey 2l Qi detes s she 4 35 05l
S LB cis b gy o SL sbosls A
BamMHL w5l Ly an 5l oy AS ) S 5]
03505 53 b A (IG5 01 U5 (65 o gaes
SV, (Waye | >3 EPE VA WILEPL S A S VAR INP-5 GV S R T
(A-Y JS2) Al s

L;“'.’.J"T r..,a.h 9 ﬁﬁ PCR .la.»..:jj ol J)‘_g M aJu')bﬁjb
«63b S YV 0ashs & PCR J pzs 2h Sam AL
5 ankd ool s Y Gedgdeee 3 anks (S

J‘)J “ L;lﬂ.:ﬁ Jul; W xY 6)[.: - Ve ($o3 gd>s

Fig. 2: (A) Band at 215 bp from the digestion of the PUC19 vector extracted from bacteria (B) Band at 215 bp from the
insert sequence (C1) Band from the vector fragment and the isolated fragment at 14 kb and 1500 bp, respectively (C2)
Fragment between the two red lines isolated by the enzyme (D) Band at 215 bp from the clone containing the insert
sequence (E) Band at 400 bp from plants inoculated with the vector without the insert (F) Band at 615 bp from the

extract extracted from the plant

Q&5 JSFsn won ol 5 o3 J 054 L
))}Aw“\J)ﬁ om@w‘@) g:,.:.'a'_’,d Jals Q‘y&@)
(F-Y Jg-w) YRV 6)[4 [GIVES 63 gl 42 JuL’ LS‘)‘;
EF e s JEEl S5, lls & sl ol mls ol
93 09 S 43 &S wbadd cals; sy ghe s Ve Jll
U;éuwﬁéuﬁ)l{aﬁam%tPCRL_LM';TC:;.L;
U VY uﬁjw ER 4...~.1L2.A YEpY Y o

S aw

(F 19

oSl b Hisrls pa Sl ST g oS mdli XY

5
JS2) A eslid oy cospelS ) 5l el el sl
S aals frr s Ol S5 sla oo ok .()
Bl hls 35 5m L g 0l mdlS =5 ankad (g5 UL
RS 5 Uil Sl oS sy b S V0 sl
L oS wals Vo 5 E-Y JSK2) s olS s s ankd ige



Verg dumAJ")ﬁL_i‘/ \Y-Y Qlaﬁnp/rjb EJW/M‘;M.\L?/@\; Ql-\.;JJS JJJB

aw dols 5 Jyl g el o3 S s AS S S 5 el
et 3L 0T 53 5 ol 0303 5 PAM b 51 5,8 5
A I Y o I S PLO PV PRV
3b e 4 e 5 el eols 45 PAM a5l (U34S 5
Mool 53 e e el eld sl & g
o3ls &5 S wwsl sl JI55 53 5 PAM ahais 3| (g5 208 5

ol

b N5 b Ty
Sl 53 mon 1 POR sy by s el oSl 51 g
L € g0d w53 B S 13 05050 5,50 LS slad sk 3
MS S lams 53 et gad 4 by o slaals ;) Al salin
Sl PCR Jpams cl e s SA55 55 bl ol
(¢ JS2) 50 bl eni S Gb S S
Fo o b aw > S e 5Ll sdaline LG

Fig. 3: Rhizogenesis-inoculated cutting (right) non-rhizogenesis-inoculated cutting (left)
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Fig. 4: Mutations in the CenH3 gene sequence is marked in red. (Alignment was performed using MegAlign software)
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Fig. 5: Location of PAM compared to mutation site
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