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Abstract

Objective

Lemna minor has attracted attention as a promising plant platform for the production of
recombinant human proteins due to its rapid growth, simple morphology and easy cultivation.
However, the inherent differences in N-glycosylation pathways between plants and humans,
particularly the presence of plant-specific sugar residues such as a-(1,3)-fucose, pose a major
limitation to the commercial use of this system for the production of human recombinant proteins.
In this study, to eliminate this plant-specific sugar, the gene encoding the o-(7,3)-
Sfucosyltransferase (FucT) in L. minor was targeted for knock out using the CRISPR/Cas9 genome

editing system.
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Materials and methods

To induce targeted mutations in the FucT gene in L. minor, the sequence of the target gene was
retrieved from databases and validated in Iranian native L. minor using PCR and sequencing. The
sgRNA was designed using bioinformatics tools and synthesized as complementary forward and
reverse oligonucleotides. After annealing and formation of the double-stranded structure, the
sgRNA was cloned into the pPRGEB32 plasmid. The recombinant construct was transferred into
Agrobacterium tumefaciens. Transgenic L. minor lines were generated by Agrobacterium-
mediated transformation. The successful transfer of the construct and the induction of mutations
at the target site in the FucT gene were confirmed by PCR amplification and validated by DNA
sequencing analysis.

Results

Putative transgenic lines of L. minor were successfully regenerated 6 to 8 weeks after

transformation mediated by 4. tumefaciens. Sequence analysis of the edited target regions in the

genetically modified plants was analyzed by PCR amplification, Sanger sequencing and
bioinformatic tools to detect and characterize nucleotide insertions and deletions (INDELs).
Analysis of the sequence chromatograms showed that biallelic and chimeric mutations were
induced in some of the plants.

Conclusions

The CRISPR/Cas9 system induced mutations in the FucT gene of L. minor. The edited lines
showed no obvious phenotype. Although genomic mutations at the target site were confirmed by
sequencing, conclusive proof of complete knockout of the FucT gene and changes in the
glycosylation pattern requires further analyses at the protein and glycan levels in future studies.
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Introduction

Duckweed (L. minor), a small aquatic monocotyledon of the Lemnaceae family (Heenatigala
& Hou, 2024), is an ideal model for biological study and biotechnological applications such as
recombinant protein production (Pasos-Panqueva et al., 2024; Sosa et al., 2024). Using plants for
molecular farming is challenging due to N-glycosylation. Unlike mammals, plants have N-
glycans that contain specific sugars, such as a-(1,3)-fucose and B-(1,2)-xylose, which can trigger
allergic or immunological reactions in humans (Mammedov & Gun, 2022; Strasser, 2022). To
address this issue, scientists have focused on eliminating plant glycosyltransferases, specifically
a-(1,3)-fucosyltransferase (FucT) and B-(1,2)-xylosyltransferase (XyIT). These enzymes add o-
(1,3)-fucose and B-(1,2)-xylose sugars to the N-glycan chains of glycoproteins (Harmoko et al.,
2016; Sim et al., 2018). CRISPR/Cas9 technology, as a precise and effective method, is the best
strategy for modifying glycan structures in plants. To induce targeted mutations in the FucT gene
of L. minor, a recombinant vector based on the CRISPR/Cas9 system was designed in this study.

Molecular analyses were conducted to identify FucT gene mutations in transgenic lines.

Materials and methods

Sterile duckweed (L. minor) samples were obtained from the duckweed plant collection of
the National Institute of Genetic Engineering and Biotechnology (Taghipour et al., 2022). Based
on the FucT mRNA sequence deposited in NCBI (DQ789145), forward and reverse primers
(FFucT and RFucT1, Table 1) were designed to amplify the first and second exons of the FucT
gene in the native Iranian duckweed. The genomic DNA was extracted from sterile L. minor
(Lodhi et al., 1994). PCR was performed to amplify exons 1 to 2 of the FucT gene. The PCR
products were sequenced and the results were compared with the wild-type gene sequence using
SnapGene 3.2.1 software. Based on the sequence of the first exon, the sgRNA was designed using
online software tools such as Cas-Designer (Park et al., 2015) and CRISPOR (Concordet &
Haeussler, 2018). The secondary structures of the sgRNA candidates were predicted using the
RNAstructure 5.8 (Reuter & Mathews, 2010). Complementary forward and reverse
oligonucleotide sequences of the selected sgRNA were chemically synthesized (Sinaclon, Iran).
The sgRNA precursor oligonucleotides ligation was performed according to the protocol of Xie
& Yang (2013). To confirm the successful formation of the double-stranded sgRNA,
electrophoresis was performed on a 12% TBE polyacrylamide gel (SDS-free) (Green &
Sambrook, 2020). The sgRNA was cloned into the Bsal restriction site of the pPRGEB32 plasmid
and the ligation was transformed into competent £. coli DH50, (Sambrook & Russell, 2001). The
recombinant E. coli colonies which grow on kanamycin medium were verified by colony PCR

and subsequently on purified plasmid with specific primers (R32 and FsgRNA, Tables 1 and 2)
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and sequencing. The authentic recombinant plasmid was transferred into A. tumefaciens strain

EHA101 using the freeze-thaw method (Holsters et al. 1978). The recombinant Agrobacterium
was confirmed by colony PCR with specific primers (R32 and FsgRNA, Tables 1 and 2).
Recombinant Agrobacterium was cultured in liquid LB medium (50 mg/L. kanamycin, 30 mg/L
rifampicin) at 28°C. Once the OD600 reached 0.5, The bacterial suspension (at ODgoonm= 0.5) was
pelleted by centrifugation (3000 rpm, 10 minutes) and then resuspended in 10 mL inoculation
medium (MS medium with 3% sucrose, 200 uM acetosyringone, pH 5.6). For callus induction
and regeneration of duckweed plants, the protocol described by Taghipour et al. (2024) and for
Agrobacterium-mediated transformation of calli, the method described by Liu et al. (2019) were
used. DNA was extracted from both transformed and non-transformed Lemna plants using the
Lodhi et al. (1994) method. PCR analysis was performed using specific primers (F32 and R32,
Table 1) to confirm the transfer of the T-DNA region. To analyse CRISPR-induced mutations,
PCR amplification was performed with primers flanking the target region (FFucT and RFucT]1,
Table 1). The PCR products were purified (High Pure PCR Product Purification Kit, Roche) and
sequenced in both directions (Biomagic Gene,Iran). The sequencing result was aligned using

SnapGene 3.2.1 software and compared with the wild-type sequence.

Results

The sequence submitted to NCBI (DQ789145) was validated by amplifying, purifying, and
sequencing a ~968 bp DNA fragment, which matched the reference entirely, confirming it as a
CRISPR-Cas9 target. After validation, sgRNA was designed using CRISPOR and Cas-Designer,
and its secondary structure was predicted with RNA Structure v5.8. Following synthesis and
ligation of precursor oligos, 12% TBE-PAGE confirmed successful duplex formation.
The pRGEB32-sgRNA plasmid was then constructed, verified by colony PCR using primers R32
and FsgRNA, and subsequently sequenced. The confirmed plasmid was introduced into
Agrobacterium, which was likewise verified via colony PCR. Calli were generated from sterile
duckweed fronds and transformed with recombinant Agrobacterium. Subsequently, on
regeneration-selective media, transgenic L. minor regenerated from the calli. Using primers
FFucT and RFucT1, the FucT gene fragment (968 bp) was amplified to determine indels in
transgenic lines. Sequencing of the purified PCR product showed indels at the target site
compared to the wild-type plant. Sequence analysis revealed that transgenic lines exhibited both
chimeric and biallelic mutations. GEAR tool (Rausch et al., 2020) was used to deconvolute
overlapping traces. Lines 13 and 22 exhibited biallelic edits: each had a 1 bp insertion in one allele

and a 12 bp deletion in the other.
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Conclusions

Duckweed is considered a promising platform for recombinant protein production
(Heenatigala and Hou, 2024). The presence of plant-specific sugars, in particular a-(1,3)-fucose,
in N-glycosylation pathways creates challenges for the development of human therapeutic
proteins in plants (Gdritzer et al., 2022). A key strategy to overcome these problems is the
engineering of the N-glycosylation pathway, in particular by targeting plant glycosyltransferases
such as FucT (Bosch et al., 2013). To introduce mutations in the FucT gene in L. minor, a
recombinant gene construct was developed for this purpose. Sequence analysis of the FucT gene
in transgenic duckweed lines showed that both alleles of this gene contained targeted mutations.
Under in vitro culture conditions, the genome-edited plant lines in this study showed no
significant differences in viability, phenotype, or growth compared to non-transgenic (wild-type)
plants. While sequencing confirmed target-site mutations, further analysis at the protein and

glycan levels is needed to confirm complete FucT gene inactivation.

Author contributions
AHS and KS conceived and supervised the project, and finalized the manuscript. SSHB
performed the experiments and analyzed the data, wrote the first draft of the manuscript. ET, NR

contributed to plant collection. ET, NR contributed to plant transformation.

Data availability statement

Not applicable.

Ethical considerations
This investigation did not involve human or animal subjects; thus, ethical approval was not

needed. The authors avoided data fabrication, falsification, plagiarism, and misconduct.

Funding
This research only technically was supported by National Institute of Genetic Engineering

and Biotechnology (NIGEB).

Conflict of interest

The authors declare no conflict of interest.

139



3, & S.29b5 (5598 i gu Aloxo @,. @
JA{AJ’}',’,),’_\./ gl o’U/fr”";”
“ TYYA-—580e 1Sy 2SI UL TIYA-5Y48 silo L i

OF 30 Medad s sl jalkiie a4 SERNA saly Sy ol JWSI g Cl b« &b
ot 35 s 83! b ] Swas obS 43 j/ldud/pi L jo5 i a—(1<1Y)

Sl (Sl @3lo

it (o olSimgly (LS (gloodygl b s 09,5 ((55)gliS (555115 0ASm g} (55 )5LS (55055 (6555 ey
s_shojaei@nigeb.ac.ir :aeblly o)l pl ¢ o5 5y9ld Cons 9 K55

ol Wiy Jde

(OIRE 4538 Gy 5 ST g (o oSy ¢ 2L (clood gl B Cnsj 09)5 (553l (555 00y ol
salman@nigeb.ac.ir :asbl], .,

SRR

oiigee o olKtimgsy LS (slaod gl B Cuyj 095 ((65)9ltS (559515 015k, ¢ 55,9 LS (555iSTigm (558> g2y

e_taghipour@nigeb.ac.ir :aebll, ¢l ()l 05«6 )sld Cunnj 9 S5

3y Loy

oditen (slo ol 3y LS (sLn0d )5l )8 Can5 09,5 (65)5liS (599 0aSuing Ry «(55y5LiS (8559 gm (58> g2l

nima.rad@ut.ac.ir :aebl, « )yl ¢l w5 (5,9ld Cons 9 K53

ool (S

5 ] i (sl oSty (LS (sloedygl )b a0, ¢35l (£5PgSIne 0aSimeRy okl i Jgtune ot
kasra@nigeb.ac.ir :asbLl) ¢yl o) 25 «(5sld Con

VEMNNR i id b VNl oss 2ol Bl il )b VAN sedl s gl

sAS>
LS e S lgieas (lol cusS cubls g ool HlS Lo @y A3, o (Lemna minor) ol Swie olS :da

N yoe )3 39250 slacglis (Jo cpl b sl a5 15 argh d)90 Sl S 5g slapnSyn Mg sy by

i (ol 332)8 55 gwll (3950 598 98 0—(Ve¥) sle ool (slaid jois 059 (bl g (lalS o (gaw 595


https://orcid.org/0000-0003-1460-3155
https://orcid.org/0000-0002-9984-7441
https://orcid.org/0009-0000-6098-3799
https://orcid.org/0000-0003-3079-7009

RN,

VY{+0 ‘O‘)Ko.ﬁgu&,étg ‘:Gle

wamsml,

(LS 8B ol Bl pslaieds (imgty (nl ) WS (oo Sl (JeSUge (55ygliS ) Sl S g s nBgn )l Wy
95 oilpg wlble I odliwl L Lo minor  olS » (FucT) jléuily 56595 0—(VY) mpl oaiS 30, o5
)5 1,8 am CRISPR/Cas9

5 &l el odly gleolSl 5l a5 Jlgv lawl L. minor olS 3 FucT 5 > diedan Lias Sl jolaieds 1 w9y 9 g0
o)yl oS L SERNA s 5 0l g sl o)) og L. minor ,> a5 5,90 4l o b Jlg g PCR 5 ealizl b
STy 31 g o e (S5 glS 931 S S JoSe (pogSine g 9 pdir (Lo gl 9198l 90 @ 5 (b (Sl sy
e 3 E. Colii 575k 43155 oS g ol 3 lobilun PRGEB32 sy 3 ol 42 33 e S5 5 JL
wolgs 13 .c8,5 ool pgy xSl ST 5l ookl b o Suwde olS 5w,ly5 .05 Jaxe Agrobacterium tumefaciens 4
5 pbul JIg s 9 PCR 30yl 5l FucT o5 Ban anb ) ond sl slajins U1 g ojle sl anb

L A. tumefaciens  gdawlgas 5 JEs! 5 e ain AL S (o] Swse cou,ly Jeasl glagpY o550 aulb iqls
5 bl PCR jloslatal b ¢ (S5 0ad (gjpgcud LS 13 Jalpg Bua asl Jlgs Jilod 5 435 .48 plosil cuddge
bl 5,8 0ol FuceT o5 55 |, (INDELS) (598595 )3 9 Bl slains gloil go85 ¢ Siloyoislan (slnjulbl plosl
I B Soyels g (biallelic) Mg slaias Wl coge CRISPR/Cas9 ailob oS sl jlis lapl Sgsleg S 58>
ol 0d LS

obS FucT 5 3l s 390 Jowo 1> Cuwl diwslyy CRISPR/CASY piuus oS 3> (i Limgsy ol ol 35 55 Ao
40l 50 o5 slata 89 42100005 Lt 363 511y (65,b it oad Shlpg slagnY S bl e ¢l Ssse
1030 ik eSS 6oS) > o FUCT 5 I gals (b i1 W] 98 a5 g | i
sl o] Slalllae ) HSUS 5 i s )3 eSS

iyl 56568 0=(VY) «y0muD joSu5-N (CRISPR/Cas9 :lae jlgauls

gy :lio £

il JUil g s (ol (VF+0) gy Slaionl o 31, epled] yor 85 eisln e ololakis 33l sl ool 25Uan]
i 03litwl b o] Saode oS )3 jLawdl s JjeSes 0—(Ve¥) )5 0 Liedin i dbul jelaie 4 SERNA sl Sl

NOFIYD (YIVA ¢ 0)oliS” ¢ 5alaiSTian dloeo .y S

Publisher: Shahid Bahonar University of Kerman & Iranian

@ @ Biotechnology Society.
© the authors

141



RN,

(V€20 oyl oF 5 lowd VA 293) (5559LiS (55998 gur o

wamsml,

dodilo
5 opodle I S olgea Lemnaceae odlgls 4 slie pl 5 laJSS LS (Duckweed) o Swae
2 &S Cool 465 YV Jols o3l -l (Heenatigala and Hou, 2024) 305 0 45l ol ,5 )8 lals oy 5Ss oS
.Sree et al., 2016) Wolffia 4 Spirodela, Landoltia, Lemna, Wolffiella :x555 o (sandib ol juis zb
e 53wl 03,8 b (659ld Can g (ol Cunj Oladllas (gl args b alS 4]y o Sse wdlgls opl )3 g4
Glosg ol cilons ouiSTyy los yuolpuw 3 oS £aite (gaisS W iy L Lemna s Lemnaceae oolgls slo i
pasio s Sie s & L. minor 445 (Pasos-Panqueva et al., 2024) cuul ooy (olaid] 568 4 ole Slidxs
o S flgieay ‘umli;‘;ilpﬂ byl s o cusS Clapas g @y Ady ( BLS (ool jld L (Koo ojlul dlas 5l s 28 4
Sosa et al., 2024; Yang et ) 54 o0 43l oS 55 slo pSg p Mo3 diile 4l gl Canss slod )8 (clyy Jlosl Jio
e ol Gl Sliee Olyea lalS 1 eslatl sl (JeSUse (55,9LiS e sl I (S Jl ul L (al, 2021
M5, (Mammedov & Gun, 2022) cul M 55505-N 031940 (slaon 5 5 o (51 yoanno 13 Sglis e 55 sl
ot bylSS AN 3l ) jebl; B=(VF) 5 558 0=(1F) ot ol (elaid (ol LS (il (elo Jsks
o 3,55 &8, ¢lp (Strasser, 2022; Mercx et al., 2017) a8 sll lusl 1 o301 L el slagunl s5lgs
Oliie (LS sbailebs 13 (29)s lagySan Mg > hlsliey 5 LS o el jiSISN Slacsglss 4 by
Jiskls B-(0¥) 5 (FUCT) Shauslys isSsh 0-(1F) ofzgts ool Jrindly JojsSi ol Sleo 5 1y 355 55,08
S0 255 4 jolali B=(1e¥) 5 55558 AV clasid (13938 Jstuwo ity a3l (il o33 Bglase (XYIT) 5l il 5
N o wiipe oplply (Harmoko et al., 2016; Sim et al., 2018) suwe oS msSlS o SKIS-N 18
SO nsSlS W55 5> She (o Nl oo XVIT 9 FUCT (logyj Sl b ilogisals Gl ) ohigdr 0osmdljoSls
CRISPR v 555 (59w ;I (Harmoko et al., 2016; Dicker & Strasser, 2015) wsb Sl Ggllas oS 595
oLigpliy dmasgh Al go e S poine ) pS 38> bl il ((Sladot pliaie 0aiSTy Sagpatlly oS sl SC)
2 o pS (sdites (538 | st 5l 03,8 ol B psif )3 Dl S Rla SIS Sl ealitl Sl gl
B polie Slolis 4 B 5 uS o Jos g Sh o e el [ g5l G lgie 4 &S il o CRISPR s
e by pgif dadin ialpg Bl 5 0ad zolae boyf (ol (383 walals )3 Wiai )18 (5)ll gl g g 9 oDy Lo
a5 Cas9 mpl il oris JSiis Lol e3> 93 5 CRISPR/Cas9 «liln .(Kazemipour et al., 2025) 1S’ o ol
|y Uitlpy Ban 4ol & o] Colin didsy 45 (SERNA) Sas8 loinly RNA S 5 15 o i) |, JsSgo 208 S i

opl g 03,8 colim abais o] 41, Cas9 wpl DNA 3568 JoKo anb 4 Jlasl LSgRNA wnlp ol 5 )l o 5

142



RN,

1€00 o )Sod g Sl oloeds

wamsml,

0,k9> Jlail (sl 363 Lpora i (SlopuailSe | Jghes ¢ 2Bl 5l oy A8 00 Sl DNA > (gl 93 (b G a3l
ey (2] &5 T 1 icand (NHET) (et o sl L awa 3 ps (il oS o o3lil DNA (claais,
Sy i el Vgame Sl ol 2950 Sy Joee y3 (INDELS) )3 b i sla e 4 oo il acanl las
Ban ) sbsels BMasl b 0l Jlbyd 4 ocie Cales ) g 00d Luydej cibss 938 sbul 5 (Frame-shift) jL oulss
ly 2yl g 585 oylpl olgieas CRISPR/Cas9 (¢ ylis dbwly ol 55 .(Asmamaw & Zawdie, 2021) 5,5 -
Colo BGun ol Giagh 10 .Cuol 03)S pald HlalS 13 b SIS JLd by Mol gl (awlie Cusyd wicdin o555 Gl g
xS oy b Lo minor oS y> o5 cnl Galng o (FUCT) jhdudly LjsSs8 0~(1F) ()5 3> e Sbml Caa oo 5 J3U
by s PCR Jaisly bl bl e Jlonl anwlig (lals )3 (55 il como (o) 9 CRISPR/Cas9 s, )

Ly, 9 3190

30 ol Sense ALS 515 (L MINOP) ] Sense ) sntines 1530 J sl g A9 (5,91 o2
(Taghipour et al., 2022) ¢.8,5 1,8 oslitul 5y50 g 45 (559ld Comnj 9 B} widigen (o olKiimng}s 5o

siaban Ol jglaiods TFUCT oy 3 B Joxo B! 5551 siun] g (37950 HUb L Seilo yiilans oL
52555 5 syt 3y9m 3 oS53 0 (V) 5 iy Sl 1) CRISPR/CaSO tlaba s g Joe
Paysan-Lafosse et al., ) oL )3 oad cblis claolSls ¢ (03, Khas slapogd bl (clp wopl ol (soumlginel
o093 5l o s ol slae ST spSdua 4l SGRNA slib o5l mul .c8)8 )18 goxiws 3,90 InterPro (2023
2 i doml g Bl g 750 lagiee Son ©yge 3 &5 98 e el (sl (pl S gl 0rd glulid (63,Slas
ol 5 63, 5bos (glaegd Al 39 obisS adgl Jolpe 53 ks & Jol> (3555 (Frame-shift) ;L (ulgs <old oz le
25 ol e sy 4 20 9 23,5 5o 5wl Jlub

Sasse digai )3 (FuUcT) Jai 3,90 o) B3l 3l lisabl glato 4y 3 il 19 B an b B3 5wl g (o2 Ll
] Sase agy oSal g NCBI ool ool 1 FueT 55 MRNA & by ki o)) oy oyl
ooSme g g i (6l )S5LET cosalcumday (gl Jlgs 4y slitwl b .cd )3 )15 o yen jUT cou g gyl (WWW.lemna.org)
AL gliges | 0935 DNA s 03 ()b FucT 0 pg> 5 Jsl 09351 2555 sln (1 Js> RFucTl 5 FFucT)
DNA coaS b glsawl (VQF) Lodhi et al. 5oy (wlol o ((aBislojl byl bolps )5 oads cusS) L. minor

255 sl osd 2l gl Sel b PCR (2Sly o 5 sy 0 sogihy yiSmsl SaS' b g 58T 5 (55, 12 00 gl et

143



RN,

(V€20 oyl oF 5 lowd VA 293) (5559LiS (55998 gur o

wamsml,

ozl b g o 0 I b ol ol 5 oy g5 s slys PCR &Y guases 15 plosl FUCT 35 pos 6 Jl cloyssS]
515 4ol g awslio Snap Gene 3.2.1 ,lj3le 5 ;|

S FueT o5 Jsl 098! Jg wloly SgRNA slb ¢l :(sgRNA) lual, RNA calw g o1)b
o3lizl (Concordet & Haeussler, 2018) CRISPOR 4 (Park et al., 2015) Cas-Designer Ml la)ljélp
38> 3UT cov eus ol SgRNA Jlg (Off-targets) op5 a5l 2,6 slagip oble, J8ls 4 jolaieds .05
Cas- oMl 3l 51 oslil b L. minor olS psi5 JS ply 5 i 5,50 I oglaie cnl gl 285 51,5 (Slo sl
G5l e sl pas dlaws oy eSS olul Gl sla el )b .8 )3 J1\8 eoxiue 350 (Bae et al., 2014) OFFinder
L) ol S pg55 & ool 5l 05 wlas PAM JIg jglone o] jlcdn Y )3 o529 pgi3 JS' > (Mismatch)
S5l 115 sl 35 p355 S el 5 GASHSS i yed ol 9250 Lemna.org ool > 5 015 o 5 (minor
3 .c8)5 )18 ey p 3,90 (Reuter & Mathews, 2010) RNAstructure I3l 5 b 3 (ooleiin SERNA 4 5
A5l SERNA 32 o 458 5L 5 copllals (635155 (slachil s Sy pae smnlin GC o bl il
il 3 88 eizmen a8 Jlol (0lnl) oSl €80 & 8L el o] JoSo (5Sas 5 55 (5335205 939l laJlsh
sy > Bsal 3l wan oSl > (silodibuor gl JoSo slaJlgs (5Sae 5 9pdy slaadglS5isSl O 4l
(2013) Xie & Yang Joallygiwd 3o SERNA jlo iw slanssdlS 568l Jlasl (Y Jois) 2i ol pPRGEB32
b TBE J5 (s9) 52 wtiges 5,099 580 31 5008, 4 SERNA pogSan g gty slavaidy Jlasl sl (sl .y plos
(Green & Sambrook, 2020) i sslizwl ( SDS 38 ) VY 2o )> e ST

Silodiluon joliieds PRGEB32 by tewdly (gjlwoslel sl :CRISPR/Cas9 cuS g ojlw Céluw
deowdl 53 SERNA ilodiluer 103w odliiw] b (ilo bs cas Bsal oaiSsgizme m3l jl SgRNA
5l odliwl L DHSOL 49w E. €Oli dxiinns sla Jsho (50,15 ¢ (2013) Xie & Yang JS5g, wle! » pPRGEB32
ol cuiS bame (g9, p 4Bl Ly E. coli gla IS .yl plosl (2001) Sambrook & Russell sl gl y5g,
3,5 )15 byl 3y50 PCR IS gy s (Y 5 ) Jsis FSERNA 5 R32) olasl ol 55T 51 onlial b ppalobls
L) Sy glgel 5l e 9 ang ald cuiS PCR sl cote sl o575l egjlotibunss cono 5yl Gliabl sl
5l eslizwl b g PCR 59, b ol <uS g Lol ;3L (High Pure Plasmid Isolation, Roche <o ;I eslazal
5406 b JI5 5 polaid] glo joly

A & iS5y hendly oile JEl dlyy iaxiewe @92 55,51 glaghw 4y S T8 ey JUI

A5 odlatel wlo )59y 9 Yoo duo Vo mundS I8 5l oalitnl b igd g slessil g, 5| EHAL01 & 4w tumefaciens

144



RN,

1€00 o )Sod g Sl oloeds

wamsml,

2 p%f))y M% > ‘WLQL)‘S d9L> u;bwl Ja;.?:.o K9y ¥ LDLS)SL cuss )I o (Holsters et al., 1978)

5 a0l 3,90 (Y 5V oo FSERNA 4 R32) jawdly olais] sln 35l s PCR IS 9051 51 ookt b poy Sy ST
b S

alo cuS Lo )3 a5 300 55 o3l 5ol ps2 Sy ST (681 gl (2 S (ygmmilpwgm (550 23]
123 YA 5103 35 (cmarolizy ) 2t p )5 oo T 5 el 2 )3 )5 o 8+) Sl conlin il (s LB
485 Ve e &y (658 Ggmuiliwge 0.0 & i Laoe (ODs00) )98 23 Oliee s 51 mg 08 030> €S ogeadis
Lo 203 ¥ (g5l MS cuiS laes) bl Laome il o Ve )0 38k g 5 Josda il 4B 3 593 Yove sy b
855 )8 HPleSIl Kb olKud 3 0fl (slas L A8 sl g A5 bole (PH 07 5 (1950 jwginl )V g0g,Sse ¥+
b a5 L s /e /A adlae ol il can 68k cuslie ODG00

bae )3 o byl (o St (LS sladiges (o5 g8 Anlys el jglaiess 1 ol Swis oLS 51 wglls W
2,4~ (LS 1y slaosiiS eulais o yondy MS Lo ol cetS Lases gl oS 5 55 0l S ogll$ glall o35 oS
i PH 5 15 03938] Lo &y 5 doy> ¥ Al L )50 gy ;Y g05,Se 10 clale L BAP 5 Ygog, S VIO el LD
(Taghipour et al., 2025) 15,5 a5 O/A (55, S 51 I i oo

el el I T St 0lS @ 005 (S sy ojlo Jlis] sl 1ol Swas o wgllS 5y )5
b pebtone wlod ol Sse clanild 5l Jols claogdls wulp cpl > i odliwwl A tumefaciens , s
MR g 423 VO (slod 13 5ymaliS ¥e (S8 L gl gl plos )3 4883 A o 4y 9 03355118 (0L S (ygmsliwg
baes ol i Jiie S b Lages 4y b oollS ¢ s 18,5 )3 48> ¥ Gto 4y W jlo s edols] 53 5 150 o3
WVg0g,540 Yoo g BAP Yg09,S0e V/0 ¢ 2,4-D ;¥ 05,500 V0 ,8T dop3 +/A 5)5lo do 3 ¥ (g9l> g 005 4y MS 4l
ogmabes 42,3 YO (slod 53 (S5 Laslps )3 S SBUI > oS oles 1008 oalais B/F (59, o PH g 292 13950 g
(Liu et al., 2019) s.s 5,l0S

B3 it ol S o & oS (A an 0,55 plad] | g 1815 (o S (LS 55
b ey 4 BAP §2,4-D s, claodiSpudas 9 BT aopd +/A )8l 3o yd ¥ Jolis g o0 ags MS ab p Lo o]
Sdo g 433 YO Cob (slod )3 g (So)U ) Wadiges .13)5 waais O/A I PH g 391 )Y 909,500 VI 5 10 (slaclale

9 BAP ;Y505 S0 ¥ ()51 0o 0V (g5l MS ey oo 4 o550 Sl o adiged (w0 (5,105 atan Hlp>

(Taghipour et al., 2025) sui Jite Cpuwlog,San }Sits 5 pid oo o p,5 oo 0 clale
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F32) pRGEB32 . 55 dawdly olais] ol Sl L PCR 3T T-DNA ab Jsl ab cgs .05 pbsl (VAAY)
1,551 5l oozl L PCR (CRISPR i Lawsgs o sbms] sl jigs (e yskate &y i plosl (V Joas R32 4
5,81 J5 59y 32 PCR &Y guammo 939 5iSUl 5l s g 2 plosl (V Jodo RFUCT1 g FFUCT) Liolyg Chum anl b\l
(High Pure PCR Product Purification, Roche cus” jl eslazwl ) J5 3 gl seiol <S5l oalitnl b ja5 350 (slassly
L Snap Gene 3.2.1 )33 b by gols a3 Jlo) (o)) o Semopls €555 & J5 0ness (sl 5 55k ls

W dwa.slsbo 9 ubb)rvfb > °l-.‘.5 » S L)) L,J‘y

03] 3,90 (wgSne 9 9 gy (51,5 5101 o5 .Y Jgua

Table 1. The sequences of forward and reverse specific primers

Siel Jig Sielpb o)loud
Primer sequence Primer name Number
5'ATGGCCACCTCTGCTG3' FFucT 1
5'GTCGTGCATTATCAAGATTATTCTCC3' RFucT1 2
5'CTGTTCAGCGTCATTTACCAG3' RFucT 3
5'AGCGGATAACAATTTCACACAGG3' F32 4
5'CGAATTTGTGGACCTGC3' R32 5
cou g b

S pgis 3 FucT o5 Jgl 09551 Jly como I Gluebl jolaio 4 2l g B (39551 Jlgf Como amli
RFucT1 4 FFucT (sla,S;lel 5l oolitl b b apli (0y265 &y 4 NCBI ool olb j3 3¢90 Jlgs ol 092
5 95 31 9 3855 eolaidl job 4 5l cinr VA )8 sk 4 0] (el pod 5 Jol 0935T Jeld Ll 3590 DNA adkab
b ioped 5 bl guls 45 by g sjlopals PCR Jsamo it 3k o)l dgb 5l oy () JSi3) A5 odnlito
|, (DQ789145 : s> 0,1s) NCBI > 3990 Jgi L FuCT 55 Js) 5555 s JolS 3 ClustalW ) oolical
by s ol el o
bl 2 SGRNA b (gl Sose o FucT o Jsl 09581 Jlg como 5l el | ey SERNA (21,1
Vb3 yShoe 4 (aliwd sl (Gl (55 by 9 Sl )l Sl (oS il Jlisls (GC o) 4l slajlme

(Y Jgaz) 2 plol
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968 bp

FFucT ==

Ladder Mix 100bp dsﬁ}o OI9 )§3Lwd H Oy PCR b FucT O3 P99 9 Jg, 09;' ,,”..SS .\J&w
DNA (595 » FucT 35 095 9 Jg! (19551 PCR Jgaxo :¥'s ¥ (4w {(Thermo Fisher Scientific)

Soilowd pgui 13 )5 5T Jlail Joxo (DNAdgos W8lE) o JpiS 1€ g o] Swas obS 0993
Cowl o 831> i S (Wid8 L

Figure 1.PCR amplification of exons 1 and 2 of the FucT gene. Lane 1: 100 bp DNA ladder
(Thermo Fisher Scientific); Lanes 2 and 3: PCR products of exon 1 and exon 2 amplified

from L. minor genomic DNA. The primer binding sites are indicated by black arrows in the

VosS!

Exonl

YosS!
Exon? |

= RFucTl

FucT 1000 bp <« [N 968 bp

schematic diagram

clustalw.aln

CLUSTAL 2.1 multiple seguence alignment

FucTNCBI
FucT

FucTNCBI
FucT

FucTNCBI
FucT

FucTNCBI
FucT

FucTNCBI
FucT

FucTNCBI
FucT

& Swas ol 3 o5 ool Jol 099351 J195 U NCBI 5 o ol FuceT (5 Jgl 59557 (s po .Y JSd
ClustalW jl sslw! b ol ol 0g0
Figure 2. The first exon of the FucT gene from NCBI (Acc. No. DQ789145) was aligned using

ATGGCCACCTCTGCTGCTGGATGACTCTCAACGCLGGTGGCAGGGTCGGGGGCAGGAGGAGT
ATGGCCACCTCTGCTGCTGGTACTCTCAACGCCGGTGGCAGGGTCGGGGGCAGGAGGAGT

R R R R R R R R R R R R R R R R R R R T AR RN TR ST R AT RS R E TR TR E ST RS

TGGGTCAGATTRCTTCCCTTCTTTGTGTTGATGCTGGTGGTAGGGGAGATCTGGTTCLTC
TGGGTCAGATTGCTTCCCTTCTTTGTGTTGATGCTGGTGGTAGGGGAGATCTGGTTCCTC

EETEERETEFTE PR R R R R R R R R R T R RN TR T R ET RS R E TR TR E T RS

GGGCGGCTGGATGTGGTCAAGAACGCCGCTATGGTTCAAAACTGGACTTCCTCCCACTTG
GGGCGGCTGGATGTGGTCAAGAACGCCACTATGGTTCAAAACTGGACTTCCTCCCACTTG

R R R R R R R R R R R R R S R R T T R AT RS R ET RS R E TR TR E T RS

TTTTTCTTACCAGTTTCTTCCTACACGTGGTCCGAGACCGTCAAGGAGGAAGAGGATTGC
TTTTTCTTACCAGTTTCTTCCTACACGTGGTCCGAGACCGTCAAGGAGGAAGAGGATTGC

R R R R R R R N R R R R R R T R AR T T XA TS XTI RS R ETRT R TR

AAGGACTGGCTGGAAAGAGTAGATGCGGTCGATTACAAGAGAGATTTCCGTGTGGAACCC
AAGGACTGGCTGGAAAGAGTAGATGCGGTCGATTACAAGAGAGATTTCCGTGTGGAACCC

R R R R R R R R R R R R T R X R T T R A I T XIS RET RS R ETES

GTTCTGGTAAATGACGCTGAACAGG
GTTCTGGTAAATGACGCTGAACAGG

HEEEEEXETEF TR TR E R

ClustalW with the first exon of the same gene from native Iranian duckweed.
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b e a5 0d Swie 9 ) RNA Structure )lj8ls 5 L cocie SGRNA w4 gb jbsbo (opl 0 0gde

sty S gtlS oSl Jlasl 1Sl plosl g 8l 51 oy (1 US5) 29550 bl (] 50 3,8kes sl a5 gllae
(¥ US3) 15 2wl o0 WY weM ST L TBE 5 (g5, p piSlg ol (g b 4y 93 Jlail como SgRNA

couo PRGEB320usdly 13 SERNA (giludiluad 5| g 105 1599 (5 pannd 35 dnowly 85l Sl Lo U

(0 JSSs) 18 4ol FsgRNA g R32 olais! sla S5l 5l oolizwl L PCR IS ol b oS g dpowsdly Lo

o Swas olS FucT (yj 55 Swdad i W1 gl sgRNA jlw i Wi glS 53e5W1.Y Jous
Table 2. sgRNA precursor oligonucleotides for targeted mutation of the FucT gene in
duckweed

SgRNA Jlg
GCuao SgRNA J4b
SgRNA sequence

GC percent SgRNA length
5 ———» 3

FsgRNA 5'GGCAACGCCGGTGGCAGGGTCGG3'

75 20
RsgRNA 5'AAACCCGACCCTGCCACCGGCGT3'

>3
S
& D
&2
o -
@ =
@ <
g 10
T
oca@ oSO ©®
7\0 IS P 1

RNAStructure ;133! o, USgRNA 455l ,Ualw i VIS
Figure 3. Prediction of the secondary structure of sgRNA using RNAStructure software
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sk TBE J5 (59 2 5145 95 SERNA g (wgSae g 9 puley (S5 gllS 93651 5989 5SU1 (59501 € S
oveSre dindy i€y SERNA g iy dindy 1Y ygiuw £51ady 95 SERNA 1Y (ygiw /)Y aaoMy,ST
Ladder Mix 100 bp (Thermo Fisher Scientific) Jog0 y;9 255U ¥ g ¢ SgRNA

Figure 4. Electrophoresis pattern of double-stranded sgRNA with forward and reverse
oligonucleotides on a 12% TBE polyacrylamide gel. Lane 1: Double-stranded sgRNA; Lane
2: sgRNA reverse strand; Lane 3: sgRNA forward strand; 100 bp DNA Ladder Mix (Thermo
Fisher Scientific)

sgRNA

5’-GGCAACGCCGGTGGCAGGGTCGG-3
3’-TGCGGCCACCGTCCCAGCCCAAA-5’

FsgRNA
-
U3p Ubi P
&= l
R32 Ll 1000 bp
pRGLEB32

sl 500 bp

184 bp

SIS T Y g FsgRNAg R32 sl 55K 51 oalins! U PCR &I Jguazme 5989 S .0 JSUS
Thermo Fisher ) Ladder Mix 100bp  Jss0 (339 sl 1A g oS yigi (5 05w saly  Jlois!
] B 0315yl bod  Swio Ky 4 SGRNA  J1g3 .(DNA digos a3l8) hiw J5iiS ¥ (ygiuw ¢(Scientific
Gilwdilmod sl (Wilbaws aduin 30,8 SOy & ol 50 (gilwdilued sl JoSo b Jlgs
Jlail e Cawl 80355 diwad 3 o Jubiiune S ©y90 4 PRGEB32 spousdly ;3 sgRNA
Wiloawd 8315 Wi 30,8 gl W8 U 5 b )55
Figure 5. Electrophoresis of Colony PCR Product Using R32 and FsgRNA Primers. Lanes
1-6: Putative colonies containing the recombinant gene construct; Lane 7: Negative control
(Sample without DNA); Lane 8: 100 bp DNA Ladder Mix (Thermo Fisher Scientific). The
sgRNA sequence is shown in black. The plasmid's complementary cloning sites are indicated

in red. red arrows indicate primer binding sites, and the blue rectangle marks the sgRNA
cloning site in the pRGEB32 plasmid.
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2 2l St (lawgllS S 59 55 ojle gl perySlig ST (658l S | g 1 ot] S ol Byl
(rest) colyol e 4 b wglS oy ¥ cusdS 5 o bl Js! iS ob lote 4 (g 9 A 03 )8 il lae
(F JKs) ass,5 51,8 0 mg/ml cdale b pslog,Sd (K055 (gols 01550 basme 9y p cdtin dw | o g ok Jiiie

b Jitte san lapiale]] ool (sl 5] 1S5 b 4 g (el slail B) cou,ly plals 15k 5l pm

Agrobacterium tumefaciens by o1 Swas olS  JSu,ly g Cdl CulS Jalpe T JSS
Swas b gl g8 51 w5 LSl (&) pRGEB32 S yigi (J5 05w Jols EHAL01 &g
ol gl o a4y (GuiS o b 1 JWEDT G ey w5155 gl () (i wgll baure 53 o
B baumo )3 o Svas (ilyh 21330 () aileals Sl (2153 Juniliy b (o2 odgi 9 83,5 Al

Cowl 0l asudo (Subo U L (2135L

Figure 6. Tissue culture stages and duckweed transformation with Agrobacterium
tumefaciens strain EHA101 carrying the recombinant pRGEB32 gene construct: (A) Callus
formation from sterile duckweed fronds on callus induction medium; (B) Transformed calli
grew and formed regenerating masses after transfer from the co-cultivation medium to the
rest medium. The black arrow indicates regeneration of duckweed fronds on selective
regeneration medium.

il 9> 9 (Bl ] Cliebl sl il prg GcnY w5l Sl (o Swwse LS ()

5 £l (V Jgdor R32 5 F32) 5 ojles oland] (slo S5l L PCR iy o)l ol Sote ololS pgi5 50 (35
DNA wabad  polats] glo S5l ol b Jols PCR Jsamo 10,5 55395580 000\ 5,67 J5 g5, 2 o ol Jsane
SERNA 5 Cas9 (g y 018 jo) I 22y (55 03l suol Cubse 39,5 01imd (L 45 3905 iS5 ) Ly e £VF Jsbo o,
OlS o33 3 Ban (slagy] (JIg5 )3 0 ol (S Sl (o) 2 yglateds SV JS8) sl olS poi5 a0 FUCT ()5 4 bogaye
Oiwlpg G oy iS5 gl (V gt RFUCT] g FFucT) olais! ¢lo )55l LPCR 28y 5l ool ol Sase
g 55> yp slp (A A) 2 saltio 58T 5 g9y 5l i WA o5 ol b Jlai 550 Wil g L el
RFucT g FFucT (sla S5l b JIg css sl 5 pad5s 5 9y 5155 2050 slail (al g Bun 4ol (su5gtlS's

a5 Jlol (1 Jpa2)
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Y I € gy PCR L ol ol Swwss S 0935 53 oS 555 (5 0jlw jpde amli Y JSGS
039 )fol.awu H Y ‘T-DNA "\?"9 969‘)‘)3' Swas dlbl.; uoy) DNA S99y » PCR ng
SwowMy) STy Cute J S Y ygiw Ladder Mix 100bp (Thermo Fisher Scientific) JoSge
Swas bt; ‘599.’) DNA 9y » PCR ng) ouS‘s ‘:blo J,:JS Y Y f(pRGEB32 u.§,394

Cowl B 8315 i 30,8 (Wild b Silowd pguad 15 )5 58T Jlail Jomo o oniing
Figure 7. Confirmation of recombinant gene construct integration into the genome in the of
transgenic duckweed plants by PCR. Lanes 4-13: PCR product from transgenic duckweed
plants genomic DNA carrying T-DNA; Lane 1: 100 bp DNA Ladder Mix (Thermo Fisher
Scientific); Lane 3: Positive control (recombinant pRGEB32 plasmid); Lane 2: Negative

control (PCR product from wild-type duckweed genomic DNA). The primer binding sites
are indicated by red arrows in the schematic diagram

561 5,90 () e lyipet oS JIg b dslio )b 51 SnapGene 3.2.1 Jlile 5 5l oslizl L b g5 gl

PFucT o5 0 Ban (g ob g mls 385 Judoo g 45506 .05 wob ca59ilS g (claddlsl g lacbis dgng g 8,5 1,3
Bl SSw el ol Gl |y S yorlS s (Biallelic) T g5 e slosSl aily o S ol Giliso (clapysY
(Rausch et al., 2020) 15 eslaz! (https://www.gear-genomics.com) GEAR g, g il ob JIg pl,Sg5leg S
ol S poalS aLS elaiyY lonits o0l L Ky poalS slocyY bl el Seileg S 5 b Jlgs 4 by e cclodls
sreladipo jobody o35 Bam Joxo 13 ol (sl Jolo 51 5 e 45 395 o0 MBI SlalS 4 CRISPR L o555 el 5
S5 5 ) 3550 LS S5 & xie el pl 1ol Bl S 3 I Jsbe b oS Sl 3 o ol
el ol Ty T g3 s VY 9 WY LalS Y 99 did Coglite (glaaig b o Jsko 51 Lbogle Lol g 039 sSanl
S cdn Sz WG A Y o el glite W 5o 15 e g9 bl elond e Sl o5 o g0 o s )
86 5,5 W1 g ls] 3l s Ky s TGS 655 VY oY 53 codyi ad 4 0 b |y jb s VY Gl s T
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Mutant lines Mutation Events at Target Site Detected Mutations MutationType
sgRNA PAM
1 FucTi3 FucT22 22
WT AACGCCGGTGGCAGGG-TCGG +1 bp
FucT13 Allelel AACGCCGGTGGCAGGGTTCGG 12b _Umﬁl
Allele2 AACGC CGG P Biallelic

L

WT  AACGCCGGTGGCAGGG-TCGG

+1b
FucT22 Allelel AACGCCGGTGGCAGGGTTCGG 12 lfp .um)’.
Allele2 AACG TCGG Biallelic
& f l
|
| | [ AN
i
_},/7 U(\/M\J‘M!\ VY \'\ / VUV |
all (<)
(A) -

Ll g g & Swas B ewY (5 FucT (o5 d Sad a4l JU Jgi 9 PCR Joaso 5989 wSII A JSUS
4l b Iy i adped (o) Swas glagn¥ ;5 (5L uda ATA ) Sl 5)90 anlad iS5 ()
o) i B yild ¢ i g o Swie U duslio 43 il g o Swas w45 FucT (5 0 du
CLaiglS s g Cuwl b s sadglSss suidd Wi ghatin bahs (Cuwl A8l puti sdasiidS o

Wil 0 00l Wislyprg W1 Jgi 4 0 saidd Wi je,8
Figure 8.PCR product electrophoresis and target region sequencing of the FucT gene in
edited duckweed lines. (A): amplification of the desired fragment (968 bp) in duckweed lines
(B): Sequence alignment of the target region of the FucT gene in edited and wild-type

duckweed lines.; Arrows indicate altered nucleotides. Dashed lines represent deleted
nucleotides, and red nucleotides indicate insertions in the sequence

Sy ol e S opadesSISN s > 5553 0-(1F) a5l oliats) (sloss y5ui 6 S does0

i s pSBun 5,k il s opl (wiine dU(GOritzer et al., 2022) 355 o guwine Slusl Sloyd (sla gy o5
ol sl > (Bosch et al., 2013) sl Sl wiwww opl gjlodine sy Hoo 3 paly Slg o JUCT 35l g0
«ly CRISPR/Cas9 &bols p i S5y 55 ojle S cilo & L. minor ol3 y 55,05 b yols jimgh « i
ailpg slacpY » FucT o5 Jg 30605 Jols gols ccwl aslsy (FucT) jhéwily b isSs8 a—(1:1) o3 5> it 2]
elolis el o 3 cnl T 93 y» > diedan cla yigs Wl 9o CRISPR/Cas9 wilobs a5 ol ojlis ol Sawose
Sglise Cmlo b (it o> Jtus yobo & FUCT o5 P 93 0 ol )5 450V 9 (oY 55 (g (i slosSl
oo 4 byl waeyi 9 (DSB) (clawdy 93 (glacasis sl ;5 piumw (pl caslio 3,Sas (sbsS wWlors (a3l Bls ¢ z,0)
55 IS 5als 1 lsabl Jpan 333 5 b rdlyise (NHED) lavad i (5l JLil (sosnf yoms b 1 S
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