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Although significant progress has been made on Agrobacterium-mediated wheat transfor-
mation, current methodologies using immature embryos as recipient tissues are labor inten-
sive, time consuming and expensive. The use of mature embryos as explants is increasingly 
being recognized as an optimal method for developing regenerable cell lines during wheat 
transformation. Therefore, we have developed an Agrobacterium-based transformation pro-
tocol using mature embryos while adjusting several factors that influence genetic transfor-
mation efficiency. In this study, we focussed on acetosyringone concentrations, genotypes 
and different types of mature embryos (intact or longitudinally halved-embryos or frag-
mented into four latitudinal pieces) used as a source of explants for the genetic transforma-
tion. A. tumefaciens strain EHA101 harboring the plasmid vector pTF101.1 carrying the 
barley HVA1 gene and bar-selectable marker gene were used. Mature intact-embryos and 
longitudinally halved-embryos yielded the highest number of putative transgenic plantlets on 
the selection medium. However, no plantlets were obtained from latitudinal fragmented 
mature embryos. ‘Amal’ and ‘Rajae’ genotypes regenerated the highest number of putative 
transgenic plants and 200 μM acetosyringone was found to be the optimal concentration for 
their transformation. A total of 47 transgenic plants were selected with 11 plantlets showing 
resistance to leaf painting. Molecular analysis revealed that 1% and 0.66% of T0 regenerated 
plantlets were successfully transformed and carried the HVA1 gene for the ‘Amal’ and 
‘Rajae’ genotypes, respectively. Additional analysis shows the transgene is stably inherited 
in the T1 generation. Based on the results, we conclude that among the influencing factors 
tested, genotypes, mature embryo explant types and acetosyringone concentration contribute 
significantly to the success of bread wheat transformation.
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Introduction

Wheat (Triticum aestivum L.) is a major global staple food crop that is grown in more 
than 17% of the cultivable land and is consumed by almost 40% of the global population 
(Peng et al. 2011). Wheat fulfils 21% of the total calorie and 20% of the protein require-
ments of more than 4.5 billion people in developing countries (Braun et al. 2010). Over 
the years, wheat improvement has attracted considerable attention from plant breeders 
whose efforts have been primarily focussed on increasing the yield potential, quality 
characteristics, resistance to biotic stresses, and tolerance to abiotic stresses depending on 
regional requirements of the crop (Ji et al. 2013). Although conventional wheat breeding 
contributed significantly in wheat improvement, incorporating modern biotechnologies, 
specifically transgenic approaches could contribute towards more rapid development of 
improved cultivars. 

Genetic transformation is a promising alternative to conventional breeding for the 
introduction of genes into plants (Xing et al. 2008) such as bar gene (Áy et al. 2012). The 
first fertile transgenic wheat plants were developed by Vasil et al. (1992), using the mi-
croprojectile bombardment transformation method. Subsequently, several improvements 
were made to the method and used for wheat genetic transformation (Pastori et al. 2001; 
Pellegrineschi et al. 2002; Áy et al. 2012). Agrobacterium-mediated transformation has 
been shown to be more effective than biolistic gun because of low copy insertions of  
T-DNA with minimal rearrangement (Shrawat and Horst 2006). Immature embryos have 
been the preferred explant for both bread and durum wheat transformation (Jones et al. 
2005). Vishnudasan et al. (2005) and Patnaik et al. (2006) tested mature embryos as 
starter of wheat explants with limited success. Therefore, it appears that gene delivery 
method based on the use of mature embryos is an excellent system for Agrobacterium-
mediated transformation as they are not only convenient due to their ease of availability 
but also for handling large numbers within a reasonable time aiding the recovery of 
transgenics.

Several key factors, such as genotype, explant, acetosyringone, media composition, 
length of pre-culture, co-cultivation, selection markers and bacterial strain, have been 
reported to affect the efficiency of Triticum genus transformation (Wu et al. 2003; Jones 
et al. 2005). Recently, Ishida et al. (2014) reported that the list of key factors influencing 
wheat transformation is similar to those studied in other cereals. In this study, we exam-
ined the advantages of mature embryos as starter explants for Agrobacterium-mediated 
transformation of bread wheat to transfer the barley HVA1 gene. We also modified sev-
eral factors to improve the transformation process to enhance the number of transformed 
plants, such as, genotypes, different types of mature embryo explants and concentrations 
of acetosyringone.
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Materials and Methods

Plant materials 

Mature embryos were obtained from four Moroccan genotypes (‘Achtar’, ‘Amal’, ‘Meh-
dia’ and ‘Rajae’). The seeds were procured from the Experimental Research Station of 
National Institute of Agronomic Research (INRA) at Marchouch, Morocco. These geno-
types were previously selected for their high regeneration capacity in vitro (Aadel et al. 
2016).

Preparation of bacterial culture for co-inoculation 

The A. tumefaciens strain EHA101 harboring the pTF101.1 plasmid used for transforma-
tion has been described in detail by Abdelwahd et al. (2013). The plasmid carries a linked 
selectable marker/herbicide resistance bar gene (phosphinothricin acetyl transferase 
gene) and the barley HVA1 gene. Four days prior to the inoculation experiment, Agrobac-
terium cells harboring pTF101.1 were streaked onto the YEP solid medium supplemented 
with 100 mg/L spectinomycin and grown for 3 days at 28 °C. A single colony was sub-
cultured in 5 ml YEP liquid medium at 28 °C for 2 days in a shaking incubator (set at 250 
rpm), followed by the addition of 45 ml of fresh YEP liquid medium and a further growth 
for 5 h. In all the experiments, bacterial cell densities were adjusted to an optical density 
(OD600nm = 0.7) using a spectrophotometer immediately before embryo infection.

Preparation of mature embryo explants for co-inoculation with Agrobacterium cells

Mature wheat seeds were sterilised with 70% ethanol for 2 min, and then immersed in a 
2.4% bleach (sodium hypochlorite) containing a few drops of Tween-20 for 30 min at 
25 °C. After being rinsed with sterile distilled water three times, the seeds were soaked in 
sterilized water overnight. The mature embryo tissues were prepared 3 different ways for 
co-inoculation with Agrobacterium cells supplemented with different concentrations of 
acetosyringone as follows.

– Intact-mature embryos isolated from the freshly imbibed seeds with a sharp knife 
and cultured with scutellum side up on the induction medium (Iraqi et al. 2005), modified 
by (Aadel et al. 2016) for callus formation. The mature embryos were incubated for four 
days in dark conditions at 25 °C before co-inoculation with Agrobacterium.

– Mature embryos were removed from the freshly imbibed seeds, cut into two halves 
longitudinally along the embryonic axis and used directly for co-inoculation with Agro-
bacterium.

– Mature embryos were gently fragmented into four latitudinal pieces with a sharp 
blade and cultured on the same induction medium used for intact-mature embryo ex-
plants. They were incubated for 7 to 10 days under dark conditions at 25 °C before co-
inoculation with Agrobacterium.

The Agrobacterium cells were harvested by centrifugation at 3500 rpm for 10 min at 
room temperature. The pellet was gently suspended in the inoculation medium as de-
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scribed in Wang et al. (2009), and supplemented with varying concentrations of acetosy-
ringone (0, 100, 200 and 400 μM) immediately before inoculation. Control explants were 
soaked in MS liquid medium without bacteria and acetosyringone. The prepared halves 
mature embryos or callus tissues derived from the intact-mature embryos and fragment-
ed-embryos were inoculated by immersion in bacterial suspension and incubated for  
15 min at room temperature and the explants were dried with sterile filter paper. The ex-
plants were transferred into fresh co-cultivation medium as described by Wang et al. 
(2009) and incubated at 28 °C in dark conditions for 2–3 days.

Selection and regeneration

After co-cultivation, the explants were transferred to selective callus induction medium 
supplemented with 2 mg/L picloram, 100 mg/L casein hydrolysate, 3 mg/L of phosphino-
thricin (PPT) and 250 mg/L of the antibiotic cefotaxime and incubated at 25 °C in dark 
conditions for 40 days. Calli that survived to phosphinothricin (PPT) selection were trans-
ferred to selective regeneration medium containing 2 mg/L Kinetin, 0.1 mg/L geberillic 
acid and incubated in the presence of light. The surviving regenerated plantlets were 
transferred for rooting into 1/2 MS-free medium supplemented with 3 mg/L of phosphi-
nothricin (PPT). Plants showing resistance to PPT were transplanted into soil filled pots 
and grown in a green-house.

Leaf painting assay

Herbicide resistance of the putative transgenic wheat plants was determined by painting 
plant leaves of plants at the fifth leaf stage with basta (0.3%), and observations were re-
corded after 7 days. Plants were scored as susceptible or resistant according to the degree 
of leaf desiccation after 7 days (Pellegrineschi et al. 2002).

Statistical analysis

A randomized complete block design (RCBD) was used with 4 genotypes, 4 concentra-
tions of acetosyringone and three types of mature embryo explants conducted in three 
replicates with 100 explants for each genotype, concentration of acetosyringone and dif-
ferent types of embryo explants. For the analysis of surviving callus and resistant plant-
lets to selective agent phosphinothricin (PPT), Analysis of Variance (ANOVA) was per-
formed using the General Linear Model (GLM) procedure in SAS (SAS Institute 1985).

 DNA analysis of transgenic plants 

Genomic DNA was isolated from the young leaves of putative transgenic plants T0 and 
the positive T1 progeny of T. aestivum using a modified CTAB procedure (Udupa et al. 
1998). Detection of the bar gene, 35S promoter sequences and barley HVA1 gene in all 
the putative transgenic plants was performed by PCR amplification using 20 μl solution 
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containing 50 ng DNA template, 1x Taq DNA polymerase buffer, 200 μM of each dNTP, 
0.5 pmol of the respective primers, and 0.6 unit of Taq DNA polymerase (Promega). 
Primer pairs used to detect the bar gene (402 bp) were 5’ GTCTGCACCATCGTCAACC 
3’ (forward primer) and 5’GAAGTCCAGCTGCCAGAAAC 3’ (reverse primer). Primer 
pairs used to detect the 35S (195 bp) gene were 5’ GCACAATCCCACTATCGTTCGC 3’ 
(forward primer) and 5’ TCCGTCCACTCCTGCGGTTC 3’ (reverse primer). Primer 
pairs used to assay for the barley HVA1 gene (290 bp) were 5’AGCTAGATCGTGAGA-
CGAAG3’ (forward primer) and 5’ CCTGCGCCGTCTCGTACGTCTT 3’ (reverse  
primer). DNA amplifications were performed in a thermo-cycler (Master Cycler, Eppen-
dorff, Germany) for both primers (bar and 35S) denaturation at 94 °C for 4 min, followed 
by 30 cycles of 1 min at 94 °C, 1 min at 58 °C, 2 min at 72 °C, and a final 10 min exten-
sion at 72 °C. The PCR program for primers for the barley HVA1 was set at 94 °C for 3 
min for one cycle; the following 35 cycles of 30 s at 94 °C, 30 s at 55.5 °C, and 45 s at 
72 °C; one cycle at 72 °C for 10 min; and the final cycle at 4 °C. The reaction mixture was 
loaded directly onto a 1.2% (w/v) agarose gel and 8% (w/v) polyacrylamide gel, stained 
with ethidium bromide, and visualized with UV light (306 nm). The amplified transgene 
product size was compared with the positive control and the plasmid. 

Results

Effect of mature embryo explants types, genotypes and acetosyringone concentrations 
on transformation efficiency

This study focussed on determining the role of three factors that may affect the transfor-
mation efficiency using three mature embryo explant types (intact or longitudinally 
halved-embryos or fragmented into four latitudinal pieces), four Moroccan genotypes and 
four concentrations of acetosyringone. A total of 14,400 embryos were transformed using 
the Agrobacterium-mediated transformation method (Table S1*). The frequencies of re-
sistant calli were highest using intact-mature embryo (ranged = 4.33 to 9.26%), followed 
by longitudinally halved-embryos, which varied from 3.20% to 8.8%. Our observations 
indicate that the ‘Amal’ genotype was more sensitive to Agrobacterium infection using 
intact-mature embryo (range = 7.66 to 9.26%). Furthermore, longitudinally halved-em-
bryos could be used for the ‘Rajae’ genotype and proved to be a good acceptors for Agro-
bacterium infection (ranged = 8.13 to 8.80%) (Table S1). The addition of 200 µM aceto-
syringone to Agrobacterium culture significantly improved callus resistant frequencies 
(range = 8.80% to 9.26%) for both explant types with the ‘Rajae’ and ‘Amal’ genotypes, 
respectively. 

Development and identification of T0 transgenic plants

The resistant plantlets regenerated after 3 to 4 days post incubation in the selective regen-
eration medium (Fig. 1e). The frequencies of resistant plantlets for the four genotypes 

*Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
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Figure 1. Different phases of transgenic plant development derived from the bread wheat genotypes ‘Amal’ and 
‘Rajae’ of mature embryos after co-cultivation with Agrobacterium tumefaciens. (a) intact-mature embryo 
derived from genotype ‘Amal’, (b) co-cultivation of the longitudinally halved-mature embryos with 
Agrobacterium derived from genotype ‘Rajae’, (c) PPT resistant calli derived from intact-mature embryo with 
genotype ‘Amal’ after 40 days of culture on selection medium, (d) survivor embryogenic calli on selection 
medium from genotype ‘Amal’ with intact-mature embryo, (e) regeneration of putative transgenic plantlet 
derived from genotype ‘Amal’ with intact-mature embryo, (f) resistant plantlet after selection with 3 mg/l of 
PPT on rooting medium from genotype ‘Amal’ with intact-mature embryo, (g) untransformed plantlets, (h) 
results of (PPT) leaf paint assay on T0 transgenic plants of genotype ‘Rajae’ derived from the longitudinally 
halved-mature embryo, negative control (NT) and transformant (T) 7 days after Basta panting (0.3%), (i) accli-
mation of putative transformed plants, (j) transgenic T0 plant morphologically normal set seeds in a growth 
greenhouse, (k) morphologically normal transformed mature seeds derived from the wheat genotype ‘Amal’ 

with intact-mature embryo
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using intact-mature embryo varied from 0 to 6.93% (Table S1). For the longitudinally 
halved-mature embryos, the frequencies of the resistant plantlets were varied from 0.53 
to 11.62%; the ‘Achtar’ genotype did not regenerate any plant using longitudinally 
halved-mature embryos.  Moreover, no plantlets were obtained from the ‘Rajae’ genotype 
using intact-mature embryo (Table S1). No plantlet regeneration was observed in recipi-
ent tissues prepared from fragmented-mature embryos (4 pieces) with the four tested 
genotypes (data not shown). The control medium, without acetosyringone, resulted in 
significantly low level of resistant plantlets using intact-mature embryos and longitudi-
nally halved-mature embryo (0.46 to 1.33%; Table S1). On the other hand, highest level 
of resistant plantlets were obtained using 200 µM of acetosyringone concentration in both 
the wheat genotypes of ‘Rajae’ with the longitudinally halved-mature embryo (11.62%);  
and the ‘Amal’ genotype with an intact-mature embryos (6.93%; Table S1).

A total of 47 PPT-resistant plantlets were finally regenerated from the resistant calli, 
28 plantlets were derived from intact-mature embryos. Nineteen plantlets derived from 
the longitudinally halved-mature embryos were transplanted into the soil in the green-
house for acclimatization (Fig. 1i). The upper surfaces of leaflets were painted with Basta 
(PPT herbicide 0.3%). After 7 days, we demonstrated the expression of the PPT herbi-
cide-resistance bar gene. Among the 47 plants, 11 painted plants remained green, while 
the untransformed controls showed necrosis and yellowed and died (Fig. 1h). The PCR 
experiments (Figs 2, 3) amplified the expected sizes for the bar gene (402 bp), 35S gene 
promoter (195 bp) and the HVA1 gene (290 bp). Three T0 plants regenerated from the 
genotype ‘Amal’ with intact-mature embryo were positive,  and two T0 plants regenerated 
from the genotype ‘Rajae’ with the longitudinally halved-mature embryo with 200 μM of 
acetosyringone were positive and carried the desired the HVA1 gene. The transformation 
efficiency was calculated as the number of transgenic plants obtained plants surviving 
PPT-selection and PCR-positive for the bar gene, 35S, and HVA1 devided by the total 
number of mature seeds used to prepare the recipient tissues × 100 (Pastori et al. 2001; 
Pellegrineschi et al. 2002) (Table S1). Based on the PCR results, the transformation effi-
ciency of T0 plants for the two genotypes varied from 1% with ‘Amal’ from intact-mature 
embryo to 0.66% with the genotype ‘Rajae’ from the longitudinally halved-mature em-
bryo with the same concentration of acetosyringone 200 μM.

Figure 2. Amplification products obtained from a PCR of genomic DNA of T0 transgenic bread wheat plants 
with 35S and bar gene specific primers which successfully amplified the expected 195 bp and 402 bp gene 
fragment. M: Marker 100 bp, P: plasmid (pTF101.1), C+: positive control, C–: negative control (water), 1–2–3: 
transformed plants from intact-mature embryo of genotype ‘Amal’, 4–5: transformed plants from the longitu-
dinally halved-mature embryo from genotype ‘Rajae’, 6–7: negative control of genotypes ‘Amal’ and ‘Rajae’
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Analysis of progeny T1 plants

The T0 plants that showed positive results with PCR analysis were germinated in Petri 
dishes containing absorbent paper pre-wetted with 1000 µl sterile water at room tempera-
ture. They were then planted in pots in a greenhouse to produce T1 generation plants of 
bread wheat. PCR reactions were used to assess the inheritance of the HVA1, 35S and bar 
genes in the T1 generation of bread wheat derived from the genotypes ‘Amal’ and ‘Rajae’. 
The results of PCR analysis for HVA1, 35S and bar genes using genomic DNA of T1 
plants confirmed the inheritance of all three genes in the T1 generation (Fig. 4, S1). The 
T1 progeny appeared to be normal phenotypically and similar in morphology to seed-de-
rived control plants.

Figure 3. Molecular confirmation of genetic transformation of T0 transgenic genotypes of ‘Amal’ and ‘Rajae’ 
using target primer HVA1. 1–2–3: genomic DNA from leaf tissues of T0 transgenic plants of genotype ‘Amal’ 
derived from intact-mature embryos, 4–5: transgenic plant from genotype ‘Rajae’ derived from longitudinally 
halved-mature embryo, 6: negative control of genotype ‘Amal’, C–: negative control (water), C+: positive con-

trol, P: plasmid (pTF101.1), M: Marker100 bp

Figure 4. PCR analysis of progeny T1 transgenic bread wheat plants using target primer HVA1. M: Marker 50 
bp, P: plasmid (pTF101.1), C+: positive control; C–: negative control (water), 1–3–4: genomic DNA from leaf 
tissues of three T1 transgenic plants of genotype ‘Amal’, 6–8–10: Genomic DNA from leaf tissues of three T1 
transgenic plants of genotype ‘Rajae’, 2–5: genomic DNA from non-transgenic plant as a negative control from  

genotypes ‘Amal’ and ‘Rajae’, 7–9: non transformed plants of genotypes ‘Amal’ and ‘Rajae’
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Discussion

Advances in wheat genetic transformation are slow as compared to those in rice and 
maize, partially due to the low efficiency of plant regeneration in wheat tissue culture 
(Shrawat and Horst 2006). In this study, we have addressed one problem in wheat genetic 
engineering, which is the low efficiency of plant regeneration in wheat tissue culture 
transformed by Agrobacterium. Several studies have been conducted on optimizing con-
ditions for improved Agrobacterium-mediated genetic transformation in this major crop 
(Patnaik et al. 2006), but the transformation efficiency has remained low even when mod-
el cultivars were used (Cheng et al. 1997). 

In this study, we developed an Agrobacterium based wheat genetic transformation 
system using the calli derived from intact-mature embryos and longitudinally halved-
mature embryos as recipient tissues. The significant difference observed in transforma-
tion efficiency (Table S1) reflects the effect of genotype and types of embryo explants. 
Similar results have been reported by Wang et al. (2009) for the effect of embryo explant 
types on the transformation efficiency. 

In this study, the mature embryos with different types of embryo explants and the cal-
lus derived from them showed various levels of sensitivity after being infected with 
Agrobacterium supplemented with different concentrations of acetosyringone (Table 
S1). Based on the callus survival rate and the recovery of plants, we deduce that the cal-
lus derived from intact-mature embryos were higher than the longitudinally halved-ma-
ture embryo and were generally more suitable recipient tissues for Agrobacterium-medi-
ated T-DNA transfer in wheat. Furthermore, no surviving calli and no regenerated plants 
were observed for the fragmented-mature embryo (data not shown). The concentration 
of acetosyringone in the inoculation medium plays an important role in Agrobacterium-
mediated wheat transformation and should be optimized for each explant type and geno-
type.

The success of the Agrobacterium-mediated transformation differs greatly at various 
concentrations of acetosyringone and its interaction with various genotypes and explant 
embryo types. A maximum resistant plant was found in co-cultivation media containing 
200 µM acetosyringone for both the bread wheat genotypes, i.e. 11.62% for the genotype 
‘Rajae’ with longitudinally halved-mature embryo explants and 6.93% for ‘Amal’ with 
intact-mature embryo explants (Table S1). The need for acetosyringone has been previ-
ously reported for rice; barley and wheat explant types (He et al. 2010). According to the 
PCR data, the transformation efficiencies were 0.66% for the genotype ‘Rajae’ with lon-
gitudinally halved-mature embryo and 1% for the genotype ‘Amal’ with intact-mature 
embryos (Table S1). The transgenic wheat plants were derived by using intact-mature 
embryos from the genotype ‘Amal’ and the longitudinally halved-mature embryo with the 
genotype ‘Rajae’; show a stable and heritable event (Fig. 4, S1). Most of the transformed 
plants were fertile and morphologically normal similar to those reported by Wang et al. 
(2009). Our results show a significant improvement compare to those reported for Agro-
bacterium-mediated transformation using immature embryo (Liu et al. 2011; Ahmadpour 
et al. 2015). 
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In summary, we successfully introduced the barley HVA1 gene via Agrobacterium into 
bread wheat. Further analysis for tolerance to water stress tolerance and salt tolerance in 
T2 and subsequent generations will be performed. In addition, we were able to highlight 
some key points involved in the successful transformation of wheat by Agrobacterium 
tumefunciens. We showed that transformation efficiency depended mainly on the geno-
type, type of embryo explants used and the concentration of acetosyringone. However, 
further optimization of these factors may eventually lead to the development of a robust 
and more efficient Agrobacterium transformation protocol using mature embryos.
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Electronic Supplementary Figure S1. PCR analysis of some progeny of transgenic bread wheat plants. The 
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from plants of T1 genotype of ‘Amal’ and ‘Rajae’. M: Marker 50 bp, P: plasmid (pTF101.1), C+: positive con-
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