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Abstract
Wheat (Triticum aestivum L.) is a staple food that plays a significant role in human nutrition due to its
high nutritional value. The development of an effective in vitro regeneration system is a prerequisite for
achieving rapid Agrobacterium-mediated genetic transformation in wheat. In this study, the tested
concentrations and combinations of picloram, 2,4-D, dicamba, and IAA in mature embryo cultures of Kırik
and Palandöken 97. While analyzing CFR (%) and CW (%) and gene expression for 6 different media, ECR
(%), RECR (%), RE (number), and the effects of 12 hormone-free and IAA-supplemented media were
evaluated following somaclonal variation. Furthermore, following gene transfer optimization, the
pGFPGUSPlus vector was introduced into 10-day-old calli via “Agrobacterium-mediated transformation,”
and HPTII, GUS, and mRNA expression were analyzed by qRT-PCR in selected T0 plants. According to the
results, MS4-1 and MS1-1 generally had the greatest effects on ECR, RECR, and RE among the media,
while MS2-1 and MS2-2 generally had the least. In both varieties, the WOX4 gene response peaked at 14
DAI and decreased by 28 and 42 DAI. LEC1 expression peaked at 42 DAI, while the BBM1 and TaSERK
genes showed high expression at 14 and 28 DAI, respectively. MS4 was selected as the most effective
medium for all genes. In both Kırik and Palandöken-97, the MS1-1, MS3-1, and MS4-1 media showed the
closest similarity to the parent plant. As a result of gene transfer, 12 To plants were selected. Line 11
exhibited the highest response in both GUS and HPTII. Expression levels were higher than in the control
in all 12 lines. Overall, the tests revealed that Kırik and MS4 emerged as effective media for rapid gene
transfer. Optimized in vitro regeneration and transformation protocols enhance the effectiveness of
biotechnological approaches in wheat breeding, thereby making significant contributions to sustainable
agriculture.

1. Introduction
Wheat (Triticum aestivum L.) is the most essential staple crop among all cereals. With its high nutritional
value and contribution to a significant portion of protein intake, it is the most important product
produced worldwide, especially for human nutrition [1–3].

Globally, cultivated agricultural land is decreasing due to global warming and anthropogenic impacts [4,
5]. This situation is negatively impacting wheat yield and quality. To address this problem, various
agronomic practices and breeding programs have been developed and used to produce important
agricultural products [6]. Meeting the increasing food supply while the world population grows is a global
priority for researchers [7]. Classical breeding programs have been established to develop wheat
varieties tolerant of various biotic and abiotic stress factors, and success has been achieved [8, 9]. By
using classical breeding methods, genes affecting quantitative characters have been transferred.
However, many problems, such as linkage, may be encountered with this method, and the breeding
period in cultivar development may take a long time [10]. Plant genetic engineering or biotechnological
methods offer effective alternatives to address these problems [11, 12].

Page 2/40



In the field of genetic engineering, genes are transferred into plant cells cultured using tissue culture
methods [10]. In recent years, significant advances have been made in the field of genetic engineering
and biotechnology in monocotyledonous (monocot) model plants. However, the complex, polyploid
genome of wheat, a monocot plant, poses challenges for achieving high transformation efficiency.
Therefore, the development of an effective regeneration system is a prerequisite for achieving
successful gene transfer in wheat via Agrobacterium [13–16]. Somatic embryogenesis (SE) and
organogenesis are the two primary regeneration systems in plant tissue culture [12, 17, 18]. SE is the
most effective regeneration system in genetic transformation studies. This system involves processes
regulated by a set of genes (WOX, LEC, BBM, and SERK) that confer embryogenic capacity to somatic
cells [19, 20]. It has been reported that the SERK, LEC, and WUS-like genes play significant roles in
transcriptional regulation and signaling pathways during SE [21]. In particular, LEC1 and BBM1 are crucial
for embryo differentiation and maturation [22].

Explant type, genotype, and nutrient medium content are the most important factors influencing the
success of plant regeneration [18, 23]. In wheat genetic transformation studies, immature and mature
embryos, anthers, and young spikes are commonly used as explant types. Another important factor
affecting the success of plant regeneration studies is the composition of the culture medium. The
culture medium generally contains macroelements, microelements, plant growth regulators (auxin,
cytokinin, gibberellin, ethylene, etc.), vitamins, organic components, solidifying agents (if semi-solid), and
sucrose [24]. Plant growth regulators (PGRs) play a significant role among all these components. Indole-
3-acetic acid (IAA), 2,4-dichlorophenoxyacetic acid (2,4-D), picloram, and dicamba are the most
commonly used PGRs in wheat [25, 26]. These PGRs play a role in processes such as cell division, callus
formation, tissue differentiation, and the development of adventitious roots and shoots from callus. They
are also known to be effective in regulating the propagation and regeneration of roots and shoots [13,
27].

In plants grown in vitro, components of the culture medium are a common source of genetic or
epigenetic changes [28]. While genetic changes refer to cytogenetic abnormalities and alterations in
DNA sequences, epigenetic changes involve modifications in gene expression. This phenomenon is
defined as somaclonal variation in plant tissue culture systems [29]. Somaclonal variation is a critical
parameter that must be considered in terms of micropropagation and genetic engineering when
selecting an effective regeneration system [30]. Somaclonal variation may limit the use of transgenic
plants in the functional analysis of cloned genes whose functions have not yet been defined [31]. To this
purpose, somaclonal variation has been identified to date using various molecular marker methods
(RFLP, RAPD, ISSR, SSR, and SCOT) [32, 33]. Among these, the sequences surrounding the ATG start
codon in the plant genome provide a simple, highly reproducible, and practical molecular marker system
that has been successfully used in many plant species [34–36].

This study aims to develop a reliable and effective in vitro regeneration system for wheat using mature
embryos as explants, supported by endosperm. In this context, the effects of different culture media on
regeneration were evaluated comparatively for two different wheat varieties, and MS4 was determined to
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be the most suitable regeneration medium. Among the two varieties, a rapid, efficient gene transfer
system was implemented to enhance reproducibility in transformation and breeding studies. In this
context, the focus was on evaluating tissue culture parameters, gene expression, and the genetic
stability of plants regenerated. Furthermore, the plants obtained through gene transfer were evaluated.

2. Materials and methods

2.1. Optimization of In Vitro Plant Regeneration

2.1.1. Plant material and sterilization
In this study, dry seeds of Kırik bread wheat and Palandöken-97 varieties were used as explant sources.
Mature embryos with endosperm support obtained from dry seeds were used as explants. To begin the
sterilization process, the seeds were first treated with 70% ethanol for 5 minutes, followed by a 20%
commercial bleach solution containing 5% sodium hypochlorite for 25 minutes [37].

2.1.2. In Vitro Regeneration Protocol and Culture
Conditions
The mature embryos of the seeds were divided into six parts (2 horizontal, 1 vertical) without separating
from the endosperm. These were then placed in six different medium (MS1, MS2, MS3, MS4, MS5, and
MS6) (Table 1) containing MS [38] medium, 20 g/l sucrose, 2 g/l phytagel, and 1.95 g/l MES [(2-(N-
morpholino) ethanesulfonic acid)] and different concentrations and combinations of plant growth
regulators, to optimize in vitro regeneration. These media were cultured in the dark at 25 ± 1°C for 21
days. At the end of this period, callus formation rate (CFR) (%) [(number of calluses/number of explants)
x100], fresh callus weight (CW) (%) (total callus weight/number of calluses) were calculated. Callus
samples showing embryogenic characteristics at the end of day 21 were cultured for 16 hours at a
photoperiod of 60 µmol/m2 s and a temperature of 25 ± 1°C in two different regeneration media
(hormone-free callus formation medium and callus formation medium containing 1 mM IAA). Since
embryogenic structures were more clearly evaluated a few days after the samples were placed in this
medium, the embryogenic callus ratio (ECR) (%) [(number of embryogenic calluses/number of explants)
x 100] was calculated at this stage. On the 14th day of continuing the same culture, green formations
were observed on the embryogenic calluses, and on this day, the responding embryogenic callus ratio
(RECR) [(number of embryogenic calluses forming seedlings / number of explants) x 100] was
measured. Plant number per explant (regeneration efficiency) (RE) (number) was calculated.
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Table 1
The medium used and the content of that medium

Medium Code Composition

MS1 MS + 12.0 mg/L Dicamba + 0.5 mg/L IAA

MS2 MS + 8.0 mg/L 2,4-D

MS3 MS + 2.2 mg/L Picloram + 5.0 mg/L 2,4-D

MS4 MS + 4.4 mg/L Picloram + 1.0 mg/L 2,4-D

MS5 MS + 5.0 mg/L Picloram + 2.2 mg/L 2,4-D

MS6 MS + 6.6 mg/L Picloram + 1.5 mg/L 2,4-D

2.1.3. Gene Expression Analysis
Expression of WOX4, LEC1, BBM1, and TaSERK genes was detected by RT-qPCR in samples collected 14,
28, and 42 days after the initiation of the in vitro regeneration process (DAI). Total RNA isolation was
performed using Trizol® Reagent (Invitrogen Life Technologies). At the end of RNA isolation, RNA was
qualitatively and quantitatively determined by measuring the A260/280 O.D. on a Nanodrop and visualized

on a 1.2% agarose gel. For the purpose of generating cDNA from total RNA, the RevertAid First Strand
cDNA Synthesis Kit (Catalog Number: K1621, Thermo Scientific, United States) was effectively applied.
To determine gene expression levels, the generated cDNA was used. The Rotor-Gene Q system (Qiagen,
Germany) was used in conjunction with the EnTurbo™ SYBR Green PCR SuperMix (ELK Biotechnology,
Denver, USA, #EQ001). The final reaction mix (20 µL), consisting of 2 µL of diluted cDNA sample, 10 µL
of EnTurbo™ SYBRGreen, 0.4 µL of forward and reverse primers (100 pmol), 0.4 µL of ROX, and RNase-
free H2O, was used for the qPCR experiment. The reaction conditions were set to 40 cycles of 95°C for 5
min, 95°C for 5 s, 50–65°C for 30 s, and 72°C for 30 s. A list of the genes used in the research is provided
in Table S1. Primers were designed according to the data obtained from the study by Sharma and
Khurana [39], Singh et al [40], and Ucar et al (2025). GUS, HPTII, and NPTII primers were designed using
the web-based Integrated DNA Technologies (IDT) PrimerQuest Tool. The size and specificity of each
amplicon were determined using agarose gel electrophoresis and melting curve analysis. The actin gene
was used to assess normalization of expression for WOX4, LEC1, BBM1, TaSERK-1, -2, -3, -4, -5, -6, -8, -10,
-11, and − 12 genes. Melting curve analysis was used to successfully validate specific PCR results. Gene
expression levels were measured using the 2−ΔΔCt method by Livak and Schmittgen [41]. The data’s
means and standard deviation values were obtained using four replicates, and three biological replicates
were visualized with Origin 2021b software (OriginLab Corporation, Northampton, MA, USA).

2.1.4. Assessment of Somaclonal Variation
The genetic stability of the plants obtained in the study was determined using the SCoT molecular
marker technique. For SCoT analysis, random leaf samples were selected and collected from four
replicates of 12 media. Plant samples obtained from the germination of both varieties were used as a
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control group. A bulk DNA sampling strategy was applied in the study (Reyes-Valde et al. 2013). Leaf
samples were frozen in liquid nitrogen and stored at -80°C until DNA isolation. DNA isolation was
performed using the cetyltrimethylammonium bromide (CTAB) technique [42]. DNA purity and quantity
were determined using a Nanodrop spectrophotometer (Thermo Scientific Multiskan Go), and the DNA
samples were stored at -20°C. SCoT primers were determined as a result of a literature search [43]. A
total of 14 SCoT primers were used in the study (Table S2). These primers were those that showed a
high-quality amplification profile in the test of 30 SCoT primers (Xia et al. 2016). SCoT-PCR was
performed according to Taq DNA Polymerase 2X Master Mix (AMPLIQON, APQ-A140301). The PCR
reaction was performed using a total volume of 15 µl containing 8 µL Taq DNA Master Mix, 1 µL (10 ng)
genomic DNA, 5 µL ddH2O, and 1 µL primer. The SCoT-PCR conditions were as follows: 95°C for 5 min,
94°C for 1 min (for 40 cycles), 54–63°C for 1 min (primer binding phase), 72°C for 1.5 min, and 72°C for
10 min extension phase, and finally the program was terminated at 4°C for 10 min. Then, 10 µl of
amplified PCR products were mixed with 3 µl of 6× gel loading dye and loaded onto a 1.5% agarose gel
(containing 5 µl of ethidium bromide). Electrophoresis was then performed in 1X TBE (Tris-borate-EDTA)
buffer for 1.5 hours at 70 V, and DNA bands were visualized by UV transillumination.

2.2 Agrobacterium tumefaciens‑mediated transformation
2.2.1. Preparation of component cells of Agrobacterium tumefaciens AGL1 strain and transformation
of the pGFPGUSPlus vector into the AGL1 strain

Bacteria obtained from a single bacterial colony were propagated overnight. A 1 ml aliquot was taken
from this suspension culture, 40 ml of LB low-salt medium was added, and the mixture was incubated at
28°C at 200 rpm for 4 hours. Then, when the culture OD600 value reached 0.8-1.0, it was placed on ice
and centrifuged at 4°C to collect the cells. The resulting pellet was resuspended in 10% sterile glycerol to
prepare competent cells. Next, 80 µl of AGL1 competent cells and 5 µl of plasmid were combined in a
cuvette. The pGFPGUSPlus plasmid (Vickers et al. 2007) was transferred to AGL1 cells via
electroporation using the Bio-Rad GenePulser system (2.5 kV, 25 µF, 400 Ω). The entire cuvette was then
transferred into a 1.5 ml microcentrifuge tube and incubated at 28°C for 3 hours at 200 rpm in a shaker.
Then, 150 µl was dropped onto LB agar containing 50 mg/ml kanamycin at different points, and the
plates were separated in Drigalski’s medium. It was incubated at 28°C for 2 days. The first colonies
began to appear after 36 hours. Colony PCR was performed using HPTII primers to identify positive
colonies containing the pGFPGUSPlus vector, with Taq DNA Polymerase 2X Master Mix (Ampliqon, APQ-
A140301) according to the manufacturer’s instructions. The identified positive colonies were grown in LB
low-salt medium at 28°C for transformation into wheat plants.

2.2.2. Gene Transfer to the wheat (Triticum aestivum L.)
plant using the Agrobacterium-mediated transformation
method
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Based on data from in vitro regeneration optimization studies conducted in the first phase, two varieties
and six methods were compared for plant regeneration via callus induction. The evaluations revealed
that the variety with the highest success rate was Kırik, and the most effective method was MS4. This
combination was used throughout the gene transfer studies. Furthermore, the media and their
components used in the gene transfer process in wheat are shown in Table 2. Kırik wheat seeds were
sterilized and cultured in MS4 medium. Ten-day-old calluses were used for gene transfer. The calluses
were separated from the seeds and transferred to an inoculation medium containing Agrobacterium
(OD600=0.8) and incubated in the dark at room temperature for 15 minutes. At the end of the incubation
period, the calluses were dried for 5 minutes using Whatman filter paper moistened with the co-
cultivation medium (Table 2). The calluses were then transferred to the restring medium and cultured for
5 days at 25°C in the dark. Then, cowered with thin paper (to reduce light intensity), they were placed in
selection medium at a 16:8 light cycle and left for 5 days. After 5 days, the papers were removed, and
calluses with green dots were transferred to regeneration medium. In this medium, they were cultured at
25°C under a 16/8 hour light cycle until green shoots 5 cm long were obtained. To encourage rooting of
the resulting shoots, they were transferred to magenta boxes containing rooting medium and cultured at
25°C under a 16/8-hour light cycle.

Table 2
Components and their compositions used in the gene transfer process in wheat

Components CFM IM CCM RM SM PRM RM

MS Salt (g) 4.3 0.43 0.43 4.3 4.3 4.3 4.3

MS Vitamin (1000x) (mL) 1 1 1 1 1 1 1

Sucrose (g) 30 15 15 30 30 30 30

Glucose (g) - 10 10 - - - -

Picloram [mL (1 mg/mL)] 4.4 - - 4.4 - - -

2.4-D (mg) 1.0 - - 1.1 - - -

IAA [mL (1 mg/mL)]         5.75   1

MES Hydrate (g) 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Hygromycin (mg) - - - - 25 25 25

Cefotaxime (mg) - - - 150 150 150 150

Acetosyringone (µM)   200 200        

Phytagel (g) 2 - - - 2 2 2

Agar (g) - - - 7 - - -

CFM; Callus Formation Medium, IM; Inoculation Medium, CCM; Co-cultivation Medium, SM; Selection
Medium, RM; Restring Medium, PRM; Plant Regeneration Medium, RM; Rooting Medium
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2.2.3. Verification of positive plants
The presence of T0 plants in the selection medium was verified by PCR and RT-qPCR using HPTII primers

(Table S1). The PCR reaction components and conditions were as previously described.

2.3. Statistical Analysis
The study was planned according to a Completely Randomized Design with four replicates, each petri
dish containing 15 endosperm-supported embryos. Statistical analysis of tissue culture parameter data
was performed using Minitab 19. Differences between means were determined at the 5% significance
level using the Tukey multiple-comparison test. All graphical presentations, including bar graphs and
correlation heat maps, were prepared using Origin 2025b software and GraphPad Prism 9 to present the
findings more effectively. For the SCoT amplification bands, a binary matrix of presence (1) or absence
(0) was generated using the Total Lab TL120 computer program. The obtained data were analyzed using
the NTSYSpc 2.11 software package. The similarity coefficient using the SIMQUAL module. A
dendrogram was constructed from the similarity coefficients using the UPGMA (unweighted pair-group
method using arithmetic mean) method in the SAHN module. The polymorphism information content
(PIC), discrimination power (D), and resolution power (R) were calculated for each primer.

3. Result

3.1. Plant Tissue Culture Characteristics
CFR (%) was found to be insignificant in terms of variety, but significant (p < 0.01) in terms of M and V ×
M (Table S3). When comparing all media in the Kırik in terms of CFR (%), 150% was observed in MS1,
MS4, MS5, and MS6, while 36.6% was observed in MS2 and 76.66% in MS3. When Palandöken-97 was
evaluated, a CFR of 150% was observed in MS1, MS3, and MS4 media, whereas a decrease in CFR was
observed in MS2 and MS6 (Fig. 1).

According to Table 3, CW (%) was found to be insignificant for M, but significant (p < 0.01, p < 0.05) for V
and V × M interaction. In the Kırik variety, MS4 medium had the highest CW value at 1.4 mg, while in the
Palandöken-97 variety, MS1 and MS3 media had the highest values at 1.23 mg (Table S3).

Embryogenic calli have a compact, dispersible, and shiny appearance. Calli with this structure were
considered embryogenic. The interaction effect of media on ECR was significant (p < 0.01) (Table S3). In
both varieties, the highest ECR value was measured in MS4-1 medium. When the varieties were
evaluated within themselves, the ECR value (146,66%) was higher in the Kırik. The lowest ECR value was
observed in the Kırik under MS1-2 medium (36,66%), while the Palandöken-97 showed the lowest value
under MS2-2 medium (30%) (Fig. 2).

While V and M alone were found to be significant (p < 0.01) in terms of RECR, the V x M interaction was
insignificant (n) (Table S3). In both varieties, the highest RECR value was recorded in the MS4-1 medium,
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and this value was higher in the Palandöken-97 variety. The highest RECR value was followed in
decreasing order by the MS4-2 medium and the Palandöken-97 variety (133.33%) in both genotypes, and
by the MS1-1 medium (123.33%) in one genotype. The lowest RECR value was measured in the
Palandöken-97 variety in the MS2-1 and MS2-2 media (Fig. 2).

Regarding RECR, the interaction between V, M, and V × M was recorded as significant (p < 0.01) (Table
S3). In both varieties, the highest RE value was found in MS4-1 (4.7 number) and MS4-2 (4.5 number)
media for the Kırik, and in MS2-1 medium for the Palandöken-97 (Fig. 2).

The relationships between CFR (%) and CW (mg), and between ECR (%) and RECR (%) and RE (number)
are shown using a scatter matrix (Fig. 4A, B, C, and D). The distribution and correlation of these
parameters were examined across media and varieties (Kırik and Palandöken-97). The histograms in the
graphs show the distributions of the variables, while the scatter plots and confidence ellipses reveal the
relationships between the two parameters. The relationships between CFR (%) and CW (mg) are shown
across media and varieties. When the results obtained in the media were examined, it was found that the
relationship between CFR and CW varied across media. Pearson correlation coefficients showed a weak
negative relationship in MS1 and MS2 media with r = -0.35 and r = -0.27, respectively, while a positive
relationship was detected in MS3 (r = 0.35), MS4 (r = 0.54), MS5 (r = 0.32), and especially MS6 (r = 0.83)
media. These results indicate that the CFR (%) ratio also increases. When considered in terms of
varieties, a moderately positive relationship (r = 0.61) was determined between CFR and CW in the Kırik,
while a strong negative relationship (r =-0.72) was found in the Palandöken-97 (Fig. 4A, B).

The relationships between ECR (%), RECR (%), and RE (Number) are shown by media and variety. When
examining results across media, it was observed that the relationships between ECR and RECR varied by
medium. When Pearson correlation coefficients were examined, a positive relationship was observed
among medium MS1 (r = 0.45), MS2 (r = 0.39), MS3 (r = 0.36), MS4 (r = 0.33), MS5 (r = 0.29), and MS6 (r = 
0.27). The correlation coefficients between ECR and RE were generally lower. This decrease varied
across media. Similarly, the relationships between RECR and RE appeared as weak positive correlations.
A strong positive correlation was observed between ECR and RECR in both varieties (Kırik: r = 0.92;
Palandöken-97: r = 0.91). The relationship between ECR and RE was found to be moderately positive in
the Kırik (r = 0.51) and more positive in the Palandöken-97 (r = 0.69). The correlation between RECR and
RE was r = 0.61 in the Kırik and r = 0.71 in the Palandöken-97 (Fig. 4C, D).

3.2. Relative Expression Analysis of Genes
Somatic embryonic structure first appeared on day 14 DAI in almost all media in both varieties, and
WOX4 gene expression was observed to increase at this time in all media. Moreover, a significant
decrease in expression level was observed at 28 and 42 DAI compared to 14 DAI. Conversely, LEC1 gene
expression level was generally higher at 42 DAI. In both varieties, the highest LEC1 gene expression
levels were determined in MS4 medium 14, 28, and 42 DAI. BBM1 gene expression levels were almost
similar in both varieties, with the highest expression levels at 28 DAI in MS4 medium. The lowest
expression levels were observed in MS2 and MS3 medium (Figs. 5 and 6).
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The expression of TaSERK1, TaSERK2, TaSERK3, and TaSERK4 genes was higher at 28 DAI compared to
other days. The increases and decreases in these genes were almost similar in the Kırik and Palandöken-
97 varieties. In the Kırik, TaSERK1, TaSERK2, and TaSERK4 showed the highest expression at 28 DAI in
the MS4 medium, whereas TaSERK3 showed higher expression in the MS1 medium. In Palandöken-97,
all these genes showed their highest expression at 28 DAI in MS4 medium. Basal expression of these
genes was low at 42 DAI (Fig. 7, 8).

The expression levels of TaSERK-5, TaSERK-6, and TaSERK-8 genes showed significant variation in both
varieties, depending on medium and time factors. The highest expression was observed at 28 DAI,
followed by a significant decrease at 42 DAI. In particular, TaSERK-6 expression levels decreased
considerably in MS2 in the Palandöken-97. Overall, it was determined that MS4 was the medium where
these genes were most active (Figs. 9 and 10).

The expression profiles of TaSERK-10, TaSERK-11, and TaSERK-12 genes were similar in both varieties.
Similar increases in gene expression were observed at 14 and 28 DAI. The MS4 medium significantly
affected the expression levels of TaSERK-10, TaSERK-11, and TaSERK-12. This medium was prominent at
all culture times (14, 28, and 42 DAI). A significant decrease in the levels of these genes was observed at
42 DAI in almost all varieties and in the medium (Figs. 11 and 12).

Correlations were established among WOX4, LEC1, BBM1, and members of the TaSERK gene family
(Fig. 13A). An examination of the correlation matrix revealed that the WOX4 gene showed positive
correlations with several TaSERK genes (r = 0.22–0.56). Similarly, WOX4 also showed negative
correlations with LEC1 and BBM1 (r = -0.50 and r = -0.11, respectively). Furthermore, the relationship
between WOX4 and the other genes was statistically significant (p ≤ 0.05). While LEC1, BBM1, and
TaSERK-1, -2, -3, and − 5 showed a negative relationship, the relationships with other genes were positive.
It was found that the BBM1 gene had a positive correlation (r = ≈ 0.46–0.68) with most members of the
TaSERK gene family. When the TaSERK genes were examined, Pearson correlation coefficients ranged
from 0.60 to 0.96, indicating a strong positive correlation among them. Most of these relationships
among the TaSERKs were statistically significant (p ≤ 0.05).

Two different scatter plots were created to examine the distribution of genes (Fig. 13B). Figure 14 shows
that the gene data exhibit a wide distribution. A large portion is concentrated in the 0–80 range, while
some exceed 100. It is noteworthy that the TaSERK genes have a much wider range than the WOX4,
LEC1, and BBM1 genes, reaching values up to 120–180. Values for WOX4, LEC1, and BBM1 genes are
concentrated in the low and medium ranges. Overall, this distribution reveals variation heterogeneity in
gene expression levels. In the graph, each symbol represents up to 11 observations with the same value.

Another dot plot (Fig. 13C) shows that, when considered, there are striking differences in gene
expression levels. The TaSERK-1, TaSERK-2, and TaSERK-3 genes have a wide distribution, while the
WOX4, LEC1, and BBM1 genes are confined to a limited area. In the graph, each symbol represents up to
7 observations with identical values.
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3.3. Somaclonal variation
The genetic stability of the Kırik and Palandöken-97 varieties was evaluated using the SCoT molecular
marker technique. In the study, 20 primers were tested on the control plant, and 14 SCoT primers
showing the best amplification (Table S2) were used to evaluate the genetic stability of regeneration
plants from 12 different media, including one control. The gel image of some SCoT primers used in the
study is shown in Table S2. When the genetic stability of the Kirik variety was evaluated, an average of
26.28 bands per primer and a total of 368 DNA bands were obtained. The highest number of bands, 33,
was obtained with the SCoT-6, -8, and − 17 primers, while the lowest, 18, was observed with the SCoT-18
primer. The number of polymorphic bands (PB) ranged from 17 to 31, while the number of monomorphic
bands (MB) ranged from 1 to 8. The polymorphism rates (P%) of the primers were highest in SCoT-27
with 96.88% and lowest in SCoT-6 with 75.76%. The PIC values of the primers ranged from 0.342 to
0.512. The highest PIC value, 0.512, was observed for primer SCoT-28. On the other hand, primer SCoT-
27 had the highest resolution power (R) with 4.50, while primer SCoT-21 had the highest discrimination
power (D) (Table S4). Regarding the genetic stability of the Palandöken-97 variety, a total of 367 DNA
bands were detected, averaging 26.21 per primer. The highest number of bands was measured in SCoT-6
and SCoT-8 (33). The total number of monomorphic bands (MB) was 4, with an average of 0.28. The
number of polymorphic bands was calculated as 25.92. The polymorphism rate was quite high in the
Palandöken-97 variety, reaching 100% with all SCoT primers except SCoT-12, -10, and − 24. The PIC
values ranged from 0.29 to 0.33, and those for all primers were similar. On the other hand, the highest
discrimination power (D) was observed with the SCoT-21 primer (0.71), and the highest resolution power
was observed with the SCoT-8 primer (5.41) (Table S5).

The genetic relationship between the media was obtained using a dendrogram generated with NTSYS-pc
2.1 software, based on the UPGMA algorithm with a SIMQUAL similarity coefficient (B). In the Kırik, the
similarity coefficient between the media ranged from 0.62 to 0.73. The similarity coefficients between
the plants grown on the media and the parent ranged from 0.63 to 0.73. The highest similarity to the
parent plant was observed in MS1-1 medium (0.73), followed by MS3-1 and MS4-1 (0.72). The least
similarity was shown in the MS2-2 medium (0.63) (Table S6). In Palandöken 97, the similarity coefficient
between the plants obtained from the media and the parent plant ranged from 0.63 to 0.74. Again,
among these plants, the closest medium to the parent plant in terms of similarity was medium MS1-1
(0.74), while the furthest was medium MS4-2 (0.63) (Table S7).

Figures A and B show the Principal Coordinates Analysis (PCoA) results for the media belonging to the
Kırik and Palandöken-97. Examining the graph, it is noteworthy that samples MS3-1 and MS0, as well as
MS4-1 and MS1-1, are close together in the Kırik variety. In contrast, samples MS2-2 and MS6-1 are
located further apart from the others. Among the media belonging to the Palandöken-97 variety, samples
MS3-1 and MS0, as well as MS5-1 and MS5-2, are particularly close. This indicates a high similarity
between these media. However, the further apart the medium MS2-2 is, the more different its distribution
is within the dataset (Figure S1A, B).
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3.4 Molecular Confirmation of Positive Transgenic Plants
Using HPTII Gene-specific Primers

3.4.1. Confirmation of the presence of the HPTII and GUS
sequence by PCR
To confirm T-DNA integration in the plants, PCR analysis was performed using genomic DNA from 12 T0

lines (regenerated plants) derived from different explants (Fig. d). PCR amplification using HPTII primers
revealed the presence of a 191-bp fragment for NPTII and a fragment ranging from 200 to 500 bp for
HPTII (Fig. b). To validate the test’s accuracy, control DNA from wheat that had not undergone any
transgenic manipulation was used, and the PCR results showed no bands (Fig. b).

3.4.2. Expression analysis of HPTII gene in transgenic
lines by RT-PCR
RNA was isolated from the plants identified as positive in the PCR validation, and HPTII expression was
examined by RT-PCR. The results indicated that HPTII elicited a response in all 12 T0 lines, except the NT
(non-transformed control), and that the highest response to HPTII was observed in Line 11. Furthermore,
the results showed that Line 8 (1.32) exhibited the lowest response to GUS, while Line 9 (2.42) and Line
12 (1.43) exhibited the lowest responses to HPTII compared to the others (Fig. 14).

4. Discussion
Food security is one of the key challenges the world will face in the coming years. To mitigate the
adverse effects of climate change and other factors, food production on existing arable land must be
sustainably increased [44, 45]. Although breeding programs in recent years have led to a steady increase
in production, the desired yield improvements have not yet been fully achieved. Therefore,
biotechnological and molecular genetic methods are increasingly used to support breeding programs
aimed at developing higher-yielding crops [46–48]. Plant tissue culture techniques play a significant role
in facilitating genetic engineering, enabling rapid development of new breeding lines and varieties, and
increasing crop productivity. Research on improving wheat using biotechnological tools is limited [49,
50]. The development of a reliable in vitro plant regeneration procedure for this important cereal is a
prerequisite for its improvement through genetic transformation [51–53].

The success of an effective regeneration system depends on many factors, including genotype, explant
type, culture medium content, and PGRs [54, 55]. Explant type directly affects the plant's growth capacity
and morphogenetic response under in vitro conditions. In this study, endosperm-supported mature
embryos were used as explants due to their structural stability, ability to maintain physiological integrity
from the start of culture, and availability throughout the year (Figs. 1 and 2). The presence of endosperm
tissue creates a suitable microenvironment by supporting nutrient transport, hormonal balance, and
cellular signal transduction between the embryo and surrounding tissues, thus effectively increasing
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culture success [56, 57]. Furthermore, this physical and chemical linkage maintains intrinsic auxin and
cytokinin gradients, thereby conferring totipotency [58]. This result will facilitate the transformation of
embryogenic tissues into complete plantlets.

The presence of PGRs in the medium affects every stage of the in vitro regeneration process [59].
Takamori et al. [60] reported promoting callus development by rapidly altering cellular metabolism. Our
results were consistent with this scientific evidence. In our study, auxin-rich media induced callus
formation in mature embryos supported by endosperm (Figure). In particular, the Kırik variety had the
greatest effect on the MS4 medium’s CFR (%) and CW (mg). Embryogenesis is induced by transferring
callus obtained in an auxin-supplemented medium to a fresh culture medium containing low
concentrations of PGRs or none at all [61]. In our study, callus tissues exhibited a greater number of
embryogenic structures in a hormone-free medium (Fig. 1).

It was observed that callus tissues derived from the MS4 medium (4.4 mg/L picloram + 1.0 mg/L 2,4-D)
exhibited high ECR (%), RECR (%), and RE (number) values in both the Kırik and Palandöken-97. In the
second stage, the hormone-free and low-auxin (IAA)-containing MS4-1 and MS4-2 media increased
embryogenic induction (Fig. 2). In contrast, although the MS6 medium contained 6.6 mg/L picloram + 1.5
mg/L 2,4-D, the efficacy of ECR and RECR was reduced in this medium. This finding was considered a
significant indicator of how different combinations and concentrations of PGRs affect in vitro
regeneration efficiency. Picloram is a synthetic auxin analog of indole-3-acetic acid (IAA), an endogenous
plant hormone. Intracellularly, it activates the auxin signaling pathway by binding to the TIR1/AFB
receptor complex. As a result of this binding, Aux/IAA proteins, which suppress the expression of auxin
response genes, are rapidly degraded by ubiquitin-proteasomes. Thus, Auxin Response Factors (ARFs)
are released, increasing the expression of auxin-sensitive genes. High concentrations of picloram
activate this signaling pathway uncontrollably, leading to an imbalance in hormonal intermodulation and
disrupting tissue differentiation [62–65]. It has been suggested that this situation may be one reason the
RECR (%) ratio was low in our study, despite the high auxin levels in the IAA and MS4-2 media used for
the Kırik variety. Therefore, picloram, when applied exogenously at appropriate concentrations, can
effectively promote cell proliferation and, ultimately, be used effectively in embryogenesis processes and
plant regeneration. In other plant species, picloram has also been effective in inducing embryogenesis at
different concentrations: 2–4 mg/L in peach palm [66] and 7.5 mg/L in barley [67]. Barro et al. [68]
reported in their study on wheat and barley that picloram induced more callus formation than 2,4-D.
Furthermore, Aydin et al. [37] and Mahmood et al. [69] reported that various plant growth regulators (2,4-
D, dicamba, IAA, NAA, picloram, BAP, and TDZ) in wheat have significant effects on all vital stages of
plant regeneration (callus formation, embryogenesis, and plant establishment).

On the other hand, a positive relationship has been observed between the media in terms of ECR (%),
specifically [MS1 (r = 0.45), MS2 (r = 0.39), MS3 (r = 0.36), MS4 (r = 0.33), MS5 (r = 0.29), and MS6 (r = 
0.27)] (Fig). This result may indicate that an increase in the ECR ratio enhances the media’s regeneration
capacity. A decrease in correlation coefficients has been observed between ECR and RE, and between
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RECR and RE. This situation demonstrates that RE is not solely dependent on ECR or regeneration
capacity but can also be influenced by factors such as culture medium and genotype (Fig. 4).

The finding showed a high positive correlation between ECR and RECR across varieties (Kırik r = 0.92;
Palandöken-97 r = 0.91), while moderate positive correlations were observed between ECR and RE and
between RECR and RE. These findings were interpreted as indicating a strong relationship between ECR
and RE, which varied depending on the genotype (Fig. 4).

The SE technique has been successfully applied in the Agrobacterium-mediated gene transfer system.
Genes such as SERK, WOX, LEC, and BBM1 regulate the SE process (totipotency, redifferentiation) [70–
72]. Part of the research has shown that WOX regulates gene transcription during the initial induction
phase of embryogenesis and, through this key role, acts as an inducer of somatic embryogenesis; that
the BBM1 gene is involved in the formation and development of somatic embryos; and that LEC genes
initiate the transition from somatic embryo to plant [19, 71, 73–75]. Our results were consistent with
these studies. In particular, it was observed that WOX exhibited distinct responses at 14 DAI in both
varieties and under nearly all conditions, whereas the response decreased as callus age increased (28
and 42 DAI). Similarly, Nic-Can et al. [76] and Haecker et al. [77] reported WOX4 expression at the onset
of embryogenic development. The BBM1 gene generally showed high expression during the mature
embryo stage (28 DAI), whereas the LEC1 gene showed high expression during the transition to the plant
stage (42 DAI). Ucar and Aydın [78] found nearly identical responses of these genes in the Kırik wheat
variety across callus ages.

Many studies have demonstrated that the SERK gene family (TaSERK-1, -2, -3, -4, -5, -6, -7, -8, -9, -10, -11,
and − 12) serves as a tissue-level marker for cells capable of somatic embryogenesis in
monocotyledonous plants [79–81]. In this study, embryogenic cell formations were obtained at 14 and
28 DAI, and TaSERK gene expression was highest in both varieties on these days. This result
demonstrated that the MS4 medium, which had the highest ECR and RECR ratios, promoted the
expression of TaSERK genes. Previous studies [80, 82–84] supported our findings. Singla et al. [85]
emphasized that the TaSERK1 gene in wheat is expressed during the embryogenic stage and in somatic
tissues. Several studies [86–89] supported these findings by stating that the presence of auxin-based
PGRs (2,4-D, picloram, dicamba, and IAA) transforms calli into a totipotent state capable of
embryogenesis, and that SERK genes, by being expressed at this stage, preserve the pluripotent capacity
in vascular tissues. According to our results, the expression profiles of SERK genes generally decreased
at 42 DAI, the plant transition stage, in both varieties. This result provided evidence that SERK genes play
a role in embryogenic development.

WOX4 generally showed a negative correlation with other genes (LEC1 r = -0.50; BBM1 r = -0.11). LEC1
showed a negative correlation with BBM1 and some TaSERK genes. In contrast, a positive correlation (r 
≈ 0.39–0.79) was found between BBM1 and most TaSERK genes (Fig.). Again, TaSERK genes largely
exhibited positive correlations. These results suggest that genes exhibiting genotype-, callus age-, and
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medium-condition-dependent positive correlations may be part of common regulatory networks in SE
and regeneration processes.

One key factor in the development of an effective regeneration system is the occurrence of somaclonal
variation in regenerative plants [90]. This is an undesirable situation, particularly in gene transfer studies,
as it can lead to random and uncontrolled genetic changes beyond the intended gene transfer. The
resulting variations may mask the effect of a specific gene or lead to mis-expression, causing genotypic
and phenotypic inconsistencies and the emergence of undesirable morphological traits in plants
regenerated from calli, somatic embryos, and organ cultures [91]. In the study, somaclonal variation was
evaluated separately within each variety across growth media. Regenerative plants obtained from
various media were screened for genetic variation using the SCoT approach. SCoT markers were used to
detect somaclonal variations in species such as Stevia rebaudiana Bertoni [90], Calligonum polygonoides
[92], Rheum ribes L. [36], and Rumex hastatus [9].

The polymorphism rate observed in this study ranged from 96.88% to 75.76% (Table S4). It is believed
that the likely cause of polymorphism is the stress induced in the regenerative plants by all components
present under in vitro culture conditions [31, 93]. Reactive oxygen species (ROS) generated by stress
lead to genomic instability [94, 95]. In both the Kırik and Palandöken-97 varieties, the MS1-1 (12.0 mg/L
dicamba + 0.5 mg/L IAA), MS3-1 (2.2 mg/L picloram + 5.0 mg/L 2,4-D), and MS4-1 (4.4 mg/L picloram + 
1.0 mg/L 2,4-D) media. The other media showed less similarity. It was hypothesized that this result was
due to an excess of exogenous auxin, in addition to endogenous auxins, which continuously and
uncontrollably activated the signaling pathway, leading to variations [62, 63].

Gene transfer via Agrobacterium is the most commonly used method in plant genetic transformation
studies and has been successfully applied in many plant species and in highly complex genomes [96–
99]. Cereal crops, and wheat in particular, have very large (̴17 Gbp) [100, 101]and highly complex
genomes, which have caused them to lag behind dicotyledonous plants in Agrobacterium-mediated gene
transfer studies. Therefore, to achieve efficient genetic transformation in monocotyledonous species
such as wheat, an effective plant regeneration system and an appropriate transformation protocol are
required. In this study, based on data obtained from in vitro regeneration optimization studies, the variety
Kırik was identified as having the highest success rate, and MS4 was determined to be the most
effective method; this combination was used throughout the gene transformation studies.

Just as it is important to develop an effective in vitro regeneration system for genetic transformation
studies, it is also crucial to ensure the efficient integration of T-DNA into plant DNA using the
Agrobacterium-mediated gene transfer method, thereby increasing transformation efficiency. Gene
transfer into plants using the Agrobacterium method generally consists of the following stages: bacterial
preparation, inoculation, co-cultivation, and selection. In this process, factors such as Agrobacterium
density, acetosyringone (AS) concentration, inoculation and co-cultivation conditions, and the antibiotics,
BBDs, and their concentrations used in the selection stage influence wheat gene transfer. In every plant
species, optimizing each of these factors is a fundamental requirement for successful gene transfer
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[102–104]. Just as it is important to develop an effective in vitro regeneration system for genetic
transformation studies, it is also crucial to ensure the efficient integration of T-DNA into plant DNA using
the Agrobacterium-mediated gene transfer method, thereby increasing transformation efficiency. Gene
transfer into plants using the Agrobacterium method generally consists of the following stages: bacterial
preparation, inoculation, co-cultivation, and selection. In this process, factors such as callus age,
Agrobacterium density, acetosyringon (AS) concentration, inoculation and co-cultivation conditions, as
well as the antibiotics and PGRs used in the selection stage, influence wheat gene transfer. In every plant
species, the optimization of each of these factors is a fundamental requirement for successful gene
transfer [102–104].

In this study, 10-day-old calli were used. Similarly, studies have reported that young calli possess higher
transformation and regeneration capacities [105–107]. Agrobacterium tumefaciens is activated by
signals such as acetosyringone (AS) secreted by wounded plants, which induces the vir genes and
transfers the T-DNA into the plant cell [108]. Since cereals are not natural hosts, 200 µM AS was used in
inoculation and co-cultivation media for the induction of vir genes in this study (Table). IAA (5.75 µM)
was used in the selection medium to enhance plant formation. It was hypothesized that this was due to
the rapid induction of Aux/IAA genes [109]. We obtained 12 T0 plants from the selection medium and
determined transformation efficiency using HPTII and GUS (Fig). Gene expression was increased in all 12
plants compared to control plants.

5. Conclusion
In this study, the effects of six different MS media (MS1–MS6) on in vitro responses, gene expression
patterns (WOX4, BBM1, LEC1, and the TaSERK family), and somaclonal variation in the wheat varieties
Kırik and Palandöken-97 were comprehensively evaluated. The results revealed that the composition of
culture media significantly influenced callus induction, regeneration capacity, and gene expression
profiles. Among the tested media and varieties, Kırik and MS4 exhibited favorable effects on both
morphogenic responses and gene responses associated with embryogenesis.

Based on these findings, the MS4 medium was selected to facilitate Agrobacterium-mediated rapid
transformation of the Kırık variety. Successful integration of the transformation was confirmed using
primers specific to the NPTII and GUS genes, thereby validating the efficiency of the transformation
system.

Overall, this study highlights the critical role of optimizing in vitro culture media in enhancing
regeneration efficiency and transformation success. The combined evaluation of morphogenic,
molecular, and genetic stability parameters provides a robust framework for improving genetic
transformation protocols in wheat.
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Figure 1

The effect of media conditions on A) CFR (%) and B) CW (%) at Kırik and Palandöken-97.

CFR: Callus formation rate, CW: Callus formation rate
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Figure 2

The effect of media conditions on A) ECR (%), B) RECR (%), and C) RE (number) at Kırik and Palandöken-
97.

ECR: Embryogenic callus ratio, RECR: responding embryogenic callus ratio, RE: regeneration efficiency

Page 28/40



Figure 3

Schematic representation of the effect of different culture media on the regeneration process in Triticum
aestivum: (a) initial culture stage, (b) callus induction, (c), (e), (g), and (h) somatic embryos (SE) and
embryonic calli (EC) (arrows indicate SE and EC; MS1, MS4, and MS5 media), (d) amorphous (non-
regenerating) callus (AC) (arrows indicate AC; MS2 medium), (f), (i), and (j) responsive embryogenic
callus (REC) (arrows indicate REC), (k) regenerated plants.
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Figure 4

Scatter matrix among tissue culture parameters under different MS media and varieties. A) Correlation
between callus formation rate (CFR) (%) and callus weight (CW) (%) across MS media (MS1–MS6). B)
Genotype-based comparison (Kırik and Palandöken-97) of CFR and CW. C) Relationships among
embryogenic callus rate (ECR) (%), regeneration capacity (RECR) (%), and regeneration efficiency (RE)
(number) under different media conditions. D) Genotype-based correlations among ECR, RECR, and RE.
Ellipses represent the distribution and strength of correlations, and Pearson correlation coefficients are
indicated within the plots.
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Figure 5

RT-qPCR analysis of WOX4, LEC1, and BBM1 genes in the Kırik under different MS media (MS1–MS6) at
14, 28, and 42 DAI. A) WOX4, B) LEC1, and C) BBM1
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Figure 6

RT-qPCR analysis of WOX4, LEC1, and BBM1 genes in the Palandöken-97 under different MS media
(MS1–MS6) at 14, 28, and 42 DAI. A) WOX4, B) LEC1, and C) BBM1
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Figure 7

RT-qPCR analysis of TaSERK-1, -2, -4, -3 genes in the Kırik under different MS media (MS1–MS6) at 14,
28, and 42 days DAI. A) TaSERK-1, B) TaSERK-2, and C) TaSERK-3, D) TaSERK-4
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Figure 8

RT-qPCR analysis of TaSERK-1, -2, -4, -3 genes in the Palandöken-97 under different MS media (MS1–
MS6) at 14, 28, and 42 DAI. A) TaSERK-1, B) TaSERK-2, and C) TaSERK-3, D) TaSERK-4
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Figure 9

RT-qPCR analysis of TaSERK -5, -6, -8 genes in the Kırik under different MS media (MS1–MS6) at 14, 28,
and 42 DAI. A) TaSERK-5, B) TaSERK-6, and C) TaSERK-8.
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Figure 10

RT-qPCR analysis of TaSERK -5, -6, -8 genes in the Palandöken-97 under different MS media (MS1–MS6)
at 14, 28, and 42 DAI. A) TaSERK-10, B) TaSERK-11, and C) TaSERK-12.
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Figure 11

RT-qPCR analysis of TaSERK -10, -11, -12 genes in the Kırik under different MS media (MS1–MS6) at 14,
28, and 42 DAI. A) TaSERK-10, B) TaSERK-11, and C) TaSERK-12.
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Figure 12

RT-qPCR analysis of TaSERK -10, -11, -12 genes in the Kırik under different MS media (MS1–MS6) at 14,
28, and 42 DAI. A) TaSERK-10, B) TaSERK-11, and C) TaSERK-12.
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Figure 13

Gene plots: A) Correlation, B) Stacked dot plot, and C) Dot plot.
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Figure 14

Schematic representation of gene transfer to Kırik using Agrocabterium. a) Confirmation of positive
colonies using the NPTII primer b) Confirmation of positive plants using the HPTII primer c) HPTII d)
Relative expression of GUS genes in transgenic plants e) Transgenic plants obtained in the selection
medium.

M: marker, NT: non-transgenic, PC: positive control, NC: negative control, TP: transgenic plant, AP:
albino plant
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