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Objective: Canola (Brassica napus L.) is a major source of edible oil, but its
production is severely affected by osmotic stresses such as drought and salinity.
Glycine betaine (GB) plays a key role in stress tolerance, yet many crops
including canola cannot accumulate it. This study aimed to transfer
the SoBADH gene from spinach into canola to enhance GB biosynthesis and
improve osmotic stress tolerance.

Methods: The synthesized SoBADH gene was cloned into pUCS57, digested
with Sall and Ndel, and ligated into pRI201-AN wusing T4 ligase. The
recombinant vector was transferred into Agrobacterium tumefaciens via freeze-
thaw  method. Canola  cotyledonary explants were  inoculated
with Agrobacterium, and transgenic plants were regenerated on kanamycin-
containing medium.

Results: The presence of the SoBADH gene was confirmed by PCR analysis,
and its expression was verified by RT-PCR. Osmotic stress tolerance was
evaluated using 20% PEG6000 (-0.7 MPa). The results showed that transgenic
plants exhibited a 60% increase in glycine betaine content compared to control
plants and displayed greater leaf development and greener color under osmotic
stress.

Conclusion: Transfer of the SoBADH gene into canola effectively enhances GB
accumulation and osmotic stress tolerance, offering a practical approach for
developing drought- and salt-tolerant cultivars for sustainable agriculture.
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Introduction

Canola (Brassica napus L.) is an allotetraploid species (2n=38) originating from interspecific
hybridization between B. oleracea and B. campestris. It is predominantly self-pollinating (over 70%)
with approximately 20-30% cross-pollination (Safavi Fard et al., 2020). Canola seed contains 40-45%
oil, making it the third most important source of edible vegetable oil worldwide (Jonoubi et al., 2004b;
Khalatbari et al., 2021). Drought stress is recognized as the most critical limiting factor for canola
production globally (Wang et al., 2026).

Plants are continuously affected by multiple abiotic stresses including drought, salinity, and extreme
temperatures. Among adaptive mechanisms, glycine betaine (GB) accumulation has emerged as a key
strategy for stress tolerance (Chen et al., 2025; Basit et al., 2025). GB is a osmoprotectant that
contributes to cellular homeostasis through osmotic balance regulation, ROS scavenging, antioxidant
defense enhancement, and membrane stabilization (Ali et al., 2020). In higher plants, GB biosynthesis
primarily occurs via two-step choline oxidation catalyzed by choline monooxygenase and betaine
aldehyde dehydrogenase (BADH) (Chen et al., 2025). GB also protects photosystem Il complexes and
reduces oxidative damage (Ali et al., 2020; Rosas-Rodriguez & Valenzuela-Soto, 2021).

Despite the crucial role of GB, many crop plants including canola lack the ability to accumulate this
compound (Larher et al., 2003; Rosas-Rodriguez & Valenzuela-Soto, 2021). Although canola exhibits
trace amounts of GB under normal conditions, it cannot significantly increase GB levels in response to
osmotic stress (Selvaraj et al., 1995), making it an ideal model for genetic engineering of the GB
biosynthesis pathway (Basit et al., 2025). Recent studies have successfully transferred BADH genes
from various sources into different plants, including SQBADH from Suaeda glauca to Arabidopsis (Jin
et al., 2024) , HUBADH from Hylocereus undatus to Arabidopsis (Qu et al., 2023), AhRBADH from
Atriplex hortensis to soybean (Yu et al., 2023), and FId/BADH co-transformation into walnut (Makari
Deligani et al., 2025). Given the increasing global need for enhanced food production (Tiwari et al.,
2022), this study aimed to transfer the spinach SoOBADH gene into canola using Agrobacterium
tumefaciens and evaluate osmotic stress tolerance in transgenic plants.

Method

Gene synthesis and E. coli transformation: The spinach SOBADH gene (accession number U69142.1)
was synthesized by Shingene (South Korea) and cloned into pUC57. E. coli DH5a competent cells were
transformed using the heat shock method (Sambrook & Russell, 2001), and transformants were selected
on ampicillin-containing LB medium.

Subcloning into pRI201-AN and Agrobacterium transformation: The SOBADH gene was excised from
pUC57 using Ndel and Sall and ligated into pRI201-AN using T4 ligase. Recombinant plasmids were
transformed into E. coli DH5a and selected on kanamycin. The construct was then transferred into
Agrobacterium tumefaciens using the freeze-thaw method (Sambrook & Russell, 2001) and selected on
kanamycin and rifampicin.

Plant transformation and regeneration: Canola seeds were germinated on hormone-free MS medium
(Murashige & Skoog, 1962). Cotyledonary explants from 7-day-old seedlings (73% regeneration
frequency) were inoculated with Agrobacterium suspension (OD650=1.0) at 1:1 dilution for 60 seconds,
co-cultivated for 48 hours in darkness, then transferred to shoot induction medium containing 3 mg I-1
benzyladenine, 250 mg I-1 cefotaxime, and 5 mg I-1 kanamycin (Jonoubi et al., 2005). Green
kanamycin-resistant shoots were transferred to shoot maturation medium (10 mg I-1 kanamycin) and
then to root induction medium (2 mg I-1 IBA, 15 mg I-1 kanamycin).

Molecular confirmation: Genomic DNA was extracted using a DENAzist DNA lIsolation Kit. RNA was
extracted using a TOPAZ GENE Mini Kit. PCR and RT-PCR analyses were performed using SOBADH-
specific primers. cDNA synthesis was carried out using a YEKTA TAJHIZ AZMA cDNA Synthesis
Kit.

Osmotic stress and GB quantification: Osmotic stress was induced using 20% PEG6000 ( 0.7 MPa)
(Michel & Kaufmann, 1973). Glycine betaine content was measured using the periodide method (Grieve
& Grattan, 1983). Absorbance was read at 365 nm using a UV-Vis spectrophotometer.
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Results

Construction of SoOBADH expression vector: Colony PCR and restriction digestion confirmed the
presence of the 1668 bp SoBADH fragment in pUC57 (Figure 1). Digestion with Ndel and Sall released
the 1668 bp fragment from both pUC57 and pRI201-AN (Figure 2). Colony PCR and restriction
digestion of recombinant E. coli colonies confirmed successful subcloning (Figure 3). PCR analysis of
Agrobacterium colonies confirmed successful transfer of the pRI201-AN-SoBADH construct (Figure
4).

Plant transformation and regeneration: Optimal transformation efficiency was achieved using 7-day-old
cotyledonary explants with 1:1 bacterial dilution and 60-second inoculation (Figure 5). Transgenic
plants remained green on kanamycin-containing medium, while non-transgenic shoots bleached.
Molecular confirmation in transgenic plants: PCR analysis revealed the 1668 bp band in kanamycin-
resistant plants, confirming successful gene transfer (Figure 6). RT-PCR analysis confirmed transgene
expression at the mRNA level (Figure 7).

Glycine betaine accumulation: Transgenic plants showed a 60% increase in GB content compared to
wild-type plants under both normal and osmatic stress conditions. Morphological observations revealed
greater leaf development and greener color in transgenic plants under -0.7 MPa PEG6000 stress (Figure
8, Graph 1).

Discussion

Successful construction of the pRI201-AN-SoBADH expression vector and its transfer into canola was
molecularly confirmed. Optimal regeneration from 7-day-old cotyledonary explants (73%) corresponds
with previous reports demonstrating superior regeneration potential of cotyledon explants (Jonoubi et
al., 2005). Optimization of bacterial concentration (1:1) and inoculation time (60 seconds) effectively
balanced transformation efficiency and contamination control (Imani & Kogel, 2020).

The presence of the 1668 bp band in PCR and confirmation of expression by RT-PCR demonstrated
successful transgene integration and transcription. Effective selection using kanamycin (based on NPTII
gene) agrees with previous studies (Jonoubi et al., 2005). Successful BADH expression is the primary
prerequisite for enhanced GB biosynthesis (Chen et al., 2025; Basit et al., 2025).

Transgenic plants exhibited a 60% increase in GB content and improved morphology under PEG-
induced stress. These findings are consistent with GB's protective mechanisms as a compatible osmolyte
that maintains cell turgor, stabilizes PSII complexes, and protects membranes (Ali et al., 2020; Rosas-
Rodriguez & Valenzuela-Soto, 2021; Basit et al., 2025). Comparison with similar studies confirmed
consistency across different gene sources and target plants, including SgBADH in Arabidopsis (Jin et
al., 2024), HUBADH in Arabidopsis (Qu et al., 2023), AhBADH in soybean (Yu et al., 2023), FId/BADH
in walnut (Makari Deligani et al., 2025), and BvBADHL1 in tobacco (Wei et al., 2026).

The greener color and enhanced leaf development under stress indicate GB's protective role on the
photosynthetic apparatus. GB stabilizes the oxygen-evolving complex of PSII and facilitates D1 protein
repair (Chen et al., 2025; Basit et al., 2025). Studies on tea plants (Zhou et al., 2025) and Poncirus
trifoliata (Ming et al., 2024) further confirmed that GB accumulation enhances antioxidant enzyme
activity and reduces ROS. Degtyarenko et al. (2025) demonstrated that alternative betaines also reduce
oxidative stress markers.

Conclusions

This study successfully constructed the pRI1201-AN expression vector containing the spinach SoOBADH
gene and transferred it into canola via Agrobacterium tumefaciens. Transgene integration and expression
were confirmed by PCR and RT-PCR. Transgenic plants exhibited a 60% increase in GB content. These
findings correspond with previous reports demonstrating that BADH overexpression consistently
enhances GB accumulation regardless of gene source or target plant species. Future perspectives include
field performance evaluation, investigation of stable transgene inheritance, and co-transformation with
complementary genes. This approach represents an effective step toward developing canola cultivars
with improved drought and salinity tolerance.
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Figure 1. Confirmation of the SoBADH gene within the pUCS57 vector by colony PCR and enzymatic
digestion. Lanes 1 to 5: 1668 bp fragment indicating the presence of the SoBADH gene in the pUC57 vector;
Lane 6: 1 kb DNA ladder; Lane 7: Recombinant plasmid without enzymatic digestion showing 4110 bp;

Lane 8: Enzymatic digestion of pUCS57 vector with Ndel and Sall restriction enzymes releasing
the SoBADH gene fragment.
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Figure 2. Electrophoresis pattern of enzymatic digestion products of pUCS57 containing
the SoBADH gene and pRI201-AN vector with Ndel and Sall restriction enzymes. A: Lane 1: Digested
pUCS7 vector and SoBADH gene fragment; Lane 2: Digested pRI201-AN vector; Lane 3: 10 kb DNA
ladder. B: Gel recovery products; Lane 1: SoBADH gene fragment; Lane 2: pRI201-AN vector digested
with Ndel and Sall.
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Figure 3. Confirmation of the presence of the SoBADH gene in the pRI201-AN vector by colony
PCR and enzymatic digestion in recombinant E. coli. Lanes 1 to 5: Colony PCR from E. coli with
MI13 vector primers. Observation of a band of approximately 3 Kb confirmed bacterial
recombination. ; Lane 6: Negative control (PCR product without template); Lane 7: Positive control
(PCR product of pUCS57 vector containing the SoBADH gene); Lane 8: 10 kb DNA ladder; Lane 9:
Recombinant pRI201-AN vector without enzymatic digestion; Lanes 10 and 11: Recombinant
pRI201-AN vector digested with Sall and Ndel restriction enzymes showing the presence of the
SoBADH gene fragment.
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Figure 4. Confirmation of pRI201-AN-SoBADH in Agrobacterium tumefaciens. Lanes 1-
4: Agrobacterium harboring pRI-SoBADH, Lane 5: Negative control (4. tumefaciens without vector);
Lane 6: Positive control (pUCS57-SoBADH); Lane 7: 10 kb marker.

o eyl QRS bl 5 il

S Sl 4 90,00 e MS al e g9l> Sjalex Lo (o (Brassica napus L.) 1315 ool (g 5w slo,ds
i3l ao s o ige 055, 10 5 V i sleazals 5l Jol> glad Sy slacaiSTos o 51(OA JSKE) was ools S aian
il Co slaas SS slad sloS 5l g ,0) ) el Cawd 4 o b asls ades VYT Lojs, ¥V slacusTlas
S ed gl (Kzel 5l om (OB JSio) o soliw! pRI-SOBADH sondy (1,5 Agrobacterium tumefaciens |,
Vi Cll g osg cand 5 JWET e VY slad; ws S aseine wiliie slac, b pg S ST (Jske (gl b
cels 500505 J S BB ounSUsin S 51 Jgore slocdale b g 009 b jlows pgo iSLg ST Lo  Sogll l5e
Gae a4 LB e sl> a4 Siadl e Vi) Caand b (Jokos (ygumilowgan 5l gl 51 aiads co 009l slacaiSlos Bi>
Sl 0 sl iS e e o el FA oo a0 pg 1S Lg STL oot anie] slacaSTos ol eolatwl dls a sl £+
(OC i) was ooy Jlams! s bllS § S T (gl )lo azlis gl lasre 4y aigad oo3¥ loy b 5l o i85 )1)3
Caglin CpasleblS Gl Jule a4y s axziles NPTID 5 gol> 55 )Ll cdb,o b cou )y sads olh5L bl
S 5 S ¢ bl 4y s Jozss pae o 4 ooy 1558 laasls a5 Jl> o caiiles (BL S5 jaw g ools las
(OD JSs) s Bas G 5l e g ol Slsd I L aniu S5, 4 ools cuws i 1 095

sasls 18 s 0 b wad Jaine unleblS iy clale b asls oy laos 4y s LU @ gl s sloasli
Looad o6 ady) sl e 4y bdiges doasld devgi g ol 5l Gw (OB JSa)ais 5 Bis dl> o (] j0 a5 08
a5 Wog Ao, gl 4y o8 ety s (Ll ol oliai, laoee jo ol cliSTly s bl 5 pnS g

g Cd,8 Ojgo Sou Ll LS a4 Slows gl Ol o9 5 ale e ol jo g il o LblS 4 ceoglie 5 lyls
(OF JSo) asles iy ol aciuilys oo o )l lals



VPO Y oylosis MY 0590 (inant j pgde 40 (o (sloaisly V¥

il 039, Cain glad Sy slacnSlas B (&y8lex e o ool cuiS sla,d A Sl olS LSis ol 0 S8
aLs Gl Lasms ) 00t aiSly onalalilS 4y polie jos sloasls (C vasls il Lams 15 pgy Shy 5T pgeilisges b s
@Sl ol e 50 bl @ pglie jw sloasli (B (paslllS jgam 10 00l dphw Cou )l e sloasls (D ol
hiadny bme 50 abblS 4 pglie ool ol55L s LS (F
Figure 5. Transgenic plant growth stages. A) Seeds on germination medium; B) 7-day-old cotyledon
explants inoculated with Agrobacterium on shoot induction medium; C) Green kanamycin-resistant
shoots on selective shoot induction medium; D) Bleached non-transgenic shoots under kanamycin

selection; E) Green kanamycin-resistant shoots on shoot maturation medium; F) Green regenerated
kanamycin-resistant plants on root induction medium.
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Figure 6. Confirmation of SOBADH gene transfer in transgenic plants by PCR using SoBADH-specific
primers. Lanes 1-3: amplification of the expected 1668 bp fragment, indicating the transgenic nature of
the kanamycin-resistant green plants. Lane 4: positive control (pUC vector containing the SOBADH

gene). Lane 5: negative control (non-transgenic Brassica napus plant). Lane 6: 10 kb molecular weight
marker.
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Figure 7. Analysis of SoBADH expression by RT-PCR with specific primers. Lane 1: 10 kb marker;

Lane 2: Positive control (pUC-SoBADH); Lanes 3-5: 1668 bp band in green resistant plants
confirming SoBADH expression in transgenics; Lane 6: Negative control (non-transgenic canola).
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Figure 8. Comparison of canola plants under osmotic stress conditions of -0.7 MPa. A) Non-
transgenic wild-type shoot; B) Transgenic shoot harboring the SoBADH gene showing greater leaf
development and greener color, indicating enhanced tolerance to osmotic stress conditions.
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Graph 1. Analysis of glycine betaine content in non-transgenic wild-type canola plants and

transgenic canola plants harboring the SoBADH gene under control conditions and osmotic stress of
-0.7 MPa.
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