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1. Introduction
Alfalfa (Medicago sativa L.) is an important forage crop 
cultivated in many countries around the world to supply 
hay, grazing, silage, cover crop, and green manure. It is a 
widely adopted perennial crop that fixes soil nitrogen and 
is known as a main source of feed for livestock with a good 
amount of protein (15%–22%) and a well-balanced amino 
acid profile (Heuze et al., 2012). Alfalfa is cultivated on 
more than 650 thousand ha in Turkey, which represents 
2.1% of the world alfalfa cultivation area (Turkish 
Statistical Institute, 2017). 

Alfalfa in vitro regeneration is highly affected by the 
genotype and its influence on regeneration is far greater than 
the culture media (Oelck and Schieder, 1983). Earlier alfalfa 
in vitro regeneration was mostly based on callus formation; 
however, the intervening phase of callus formation is not 
preferred in regeneration attempts due to losses in genetic 
fidelity. In vitro induction of callus in alfalfa crop is 
generally initiated with the addition of 2,4-D and kinetin 
growth regulators to the regeneration medium (Tabe et 
al., 1995; Samac and Austin-Phillips, 2006; Zhang et al., 
2010). However, other PGRs, such as α-naphthaleneacetic 

acid (α-NAA) and 6-benzilaminopurin (BAP), have also 
been included to initiate callus formation. Subsequent 
transfer of produced callus to regeneration medium with 
different nutritional composition induces organogenesis 
and defines its pattern. Generally, transfer to PGR-free 
regeneration medium induces somatic embryos and 
embryo development (Walker et al., 1978). Differentiation 
ability of the produced callus depends on the PGR levels 
of the initial callus-inducing medium, as well as on the 
genotype of the donor plant.

Genetic improvement of crop plants has been 
considered by farmers to produce high-yielding varieties 
for centuries. To overcome the taxonomical hurdles of 
gene transformation across species, which is a common 
issue in conventional breeding programs, recombinant 
DNA technology and in vitro plant transformation 
methods have been developed; since that time, numerous 
successful studies have been reported (reviewed in Bakhsh 
et al., 2015).     

Plant in vitro regeneration is deemed an important 
step in the development of genetically modified crops. 
Regeneration frequency and genetic transformation of 
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alfalfa have been studied by using different explants and 
growth regulators (Zhang et al., 2010; Kumar et al., 2012; 
Liu et al., 2013). Combination and concentration of growth 
regulators, photoperiod, pH, carbohydrates, and other 
growth supplements are among the determinative in vitro 
regeneration factors in different crops (Özcan et al., 1993; 
Özcan et al., 1996; Khabbazi et al., 2017; Ergül et al., 2018). 

Genetic improvement of alfalfa is crucial due to its 
importance as a main source of feeding. Since the first 
report (Deak et al., 1986), several attempts have been made 
to incorporate useful genes into alfalfa genome through 
Agrobacterium-mediated genetic transformation method. 
Improvement towards insect resistance (Tohidfar et al., 
2012), enhanced salt tolerance (Jin et al., 2010; Zhang 
and Wang, 2015), improved nutritional quality (Avraham 
et al., 2005), and yield through delay in leaf senescence 
(Calderini et al., 2007) and phosphate uptake (Ma et 
al., 2012) are among the successful studies. Recently, 
genetically modified alfalfa has been commercialized 
by Monsanto. Glyphosate-tolerant and low-content 
guaiacyl (G) lignin varieties of alfalfa were produced by 
farmers in the USA and Canada in 2016. In the first year 
of commercialization, the US farmers planted 1.2 million 
ha of herbicide-tolerant and 21 thousand ha of low-lignin 
alfalfa crop (ISAAA, 2016).    

This study was conducted to evaluate and improve 
the in vitro regeneration potential of different explants of 
alfalfa when treated with different plant growth regulators 
(PGR). To examine the effect of genotype on regeneration, 
Nimet and Savaş cultivars were used. Moreover, to 
investigate the genetic transformation efficiency of the 
cultivars Agrobacterium tumefaciens mediated genetic 
transformation was carried out. The results of this study 
contribute to future gene transformation and genetic 
improvement studies of the alfalfa crop. 

2. Materials and methods
2.1. Plant material and bacterial source
The seeds of 2 Turkish cultivars of alfalfa, Nimet, and Savaş, 
were supplied by the Central Research Institute for Field 
Crops, Turkey. A. tumefaciens strain GV2260 harboring 
the pBin19_GUS-INT/nptII binary vector was provided by 
the Department of Field Crops, Ankara University (Figure 
1A).
2.2. Surface sterilization and plant in vitro regeneration 
Alfalfa seeds were surface-sterilized with 1.5% commercial 
bleach plus a few drops of TWEEN® 20 for 20 min and 
subsequently rinsed thoroughly with sterile double 
distilled water 3 times for 5 min. Seeds were germinated on 
cultivation medium containing 1× Murashige and Skoog 
(1962) medium (MS 4.43 g/L; Caisson Labs, Smithfield, 
UT, USA), 30 g/L sucrose, and 5 g/L plant agar (Duchefa 
Biochemie, Haarlem, the Netherlands) at 24 °C in the dark. 

After 3 days, the germinated seeds were transferred to the 
growth chamber and incubated under 16/8-h photoperiod 
at 24 °C for 7 days. The light was provided in the intensity 
of 25 μmol photons m–2 s–1 and was supplied by cool-white 
fluorescent lamps. Cotyledonary node, hypocotyl, and 
root crown explants were dissected from young seedlings 
in aseptic conditions and transferred to regeneration 
medium (MS: 4.43 g/L, sucrose: 30 g/L, plant agar: 7 g/L) 
supplemented with BAP (0.00, 0.25, 0.30, 0.35, 0.40, 0.45, 
0.50, 0.75, 1.00, 1.25, or 1.50 mg/L), BAP–IBA (BAP: 0.00, 
0.25, 0.50, 0.75, 1.00, 1.25, or 1.50 mg/L accompanied with 
IBA: 0.06 mg/L), or TDZ (0.00, 0.15, 0.25, 0.35, 0.45, or 
0.55 mg/L). 

Five pieces of explant were cultivated in each magenta 
box and the experiment was performed in 5 replications. 
Explants were incubated in a growth chamber under 
16/8-h photoperiod at 24 °C. The light was provided in 
the intensity of 25 μmol photons m–2 s–1 and was supplied 
by cool-white fluorescent lamps. Shoot regeneration 
frequency for each PGR treatment was calculated based 
on the percentage of explants producing shoots in 5 
replications. The mean number of shoots per explant was 
calculated for each treatment by determining the average 
number of regenerated shoots from the total cotyledonary 
explants in 5 replications (Figures 1B–1E). The results 
were collected after 3–4 weeks and the data were subjected 
to completely randomized factorial designs (MSTAT-C 
program, Michigan State University, USA); mean values 
were compared by Duncan’s test at 0.05 level of significance.
2.3. In vitro rooting and ex vitro acclimatization
After 3–4 weeks, the well-developed shoots were excised, 
transferred to rooting medium (MS 2.2 g/L, sucrose 30 
g/L, IAA 1 mg/L, plant agar 5 g/L), and maintained in 
a growth chamber for 3–4 weeks (Figure 1F). Healthy 
plantlets with well-developed roots were selected for ex 
vitro acclimatization. Autoclaved soil–peat moss mixture 
was prepared in equal ratio (1:1). Prior to acclimatization, 
the roots were washed with tap water to remove the agar. 
The plantlets were cultivated in plastic pots and covered 
with a transparent polyethylene bag. They were then 
transferred to a growth chamber with a relative humidity 
of 50% and 25 °C temperature. During the first 2 weeks 
the plants were briefly exposed to air with 3-day intervals 
(Figure 1G). The pots were watered once a week with 100 
mL of tap water. Gradually, the bags were removed and 
the plants were exposed to air. After adaption, the plants 
were transferred to the greenhouse and continued to grow 
under ambient light at 15–25 ± 2 °C (Figure 1H).  
2.4. Agrobacterium-mediated gene transformation 
A. tumefaciens strain GV2260 harboring the pBin19_GUS-
INT/nptII binary vector was used in the transformation 
experiments. Both of the GUS and nptII genes were driven 
by the 35S promoter and cloned upstream of the nopaline 



98

NOFOUZI et al. / Turk J Agric For

synthase (NOS) terminator. A short intron fragment was 
cloned downstream of the GUS gene to inhibit the gene 
expression in Agrobacterium. A. tumefaciens was cultured 
under kanamycin (50 mg/L) and rifampicin (20 mg/L) 
selection pressure. Prior to inoculation, the OD600 of the 
bacterial culture was adjusted to 0.6. 

The seedlings were germinated and a total of 210 
cotyledonary node explant pieces (for each cultivar) were 
excised aseptically in 1 cm pieces and wounded with the 
aid of a scalpel. The explants were inoculated in 25-piece 
groups with a suspension of A. tumefaciens cells (GV2260) 
for 30 min. The infected explants were then transferred to 
cocultivation medium (acetosyringone 100 mM, MS 4.4 
g/L, sucrose 30 g/L, plant agar 5 g/L) and maintained at 
25 °C for 48 h.
2.5. Plant regeneration in selection medium (T0)
The explants were cultivated in regeneration medium (MS 
4.43 g/L, sucrose 30 g/L, BAP 1.25 mg/L, IBA 0.06 mg/L, 
plant agar 7 g/L) under kanamycin selection pressure (50 
mg/L). To suppress bacterial growth, 400 mg/L Duocid® 
(ampicillin sodium) was added to the regeneration 
medium. Prior to cultivation, the explants were immersed 
in 5 mg/mL Duocid® solution for a couple of minutes and 
gently blotted on sterile filter paper. Five explants were 
cultivated in each magenta box. They were incubated in 
a growth chamber under 16/8-h photoperiod at 24 °C. 
After 5 weeks, the regenerated shoots were transferred to 
rooting medium (MS 2.2 g/L, sucrose 30 g/L, IAA 1 mg/L, 
plant agar 5g/L). After 4 weeks, the rooted plantlets were 
acclimatized as described before.
2.6. Molecular evaluation of T0 putative transformants
T0 putative transgenic individuals were analyzed to 
detect the transferred nptII gene. The regenerated plant 
leaves were ground in liquid nitrogen and genomic 
DNA was extracted (Lefort et al., 1998). The quality 
and quantity of the extracted DNA were evaluated 
through 1% agarose gel electrophoresis and using 
NanoDrop® ND-1000 spectrophotometer (Thermo 
Fisher Scientific Inc., Waltham, MA, USA). Polymerase 
chain reaction (PCR) was performed to detect the 
transgene in plants. The nptII forward and reverse 
primers (5’-TTGCTCCTGCCGAGAAAG-3’ and 
5’-GAAGGCGATAGAAGGCGA-3’) were designed using 
the Unipro UGENE v1.24.0 program (Okonechnikov 
et al. 2012) and ordered to synthesize (Integrated DNA 
Technologies Inc., Coralville, IA, USA). T100™ Thermal 
Cycler (Bio-Rad Laboratories Inc., Singapore) was used 
in the assay. PCR was carried out by using GoTaq™ G2 
Flexi DNA Polymerase, preceded by 3 min of initial 
denaturation (94 °C) and followed by 30 s denaturation 
(94 °C), 30 s annealing (56 °C), and extension at 72 °C for 
1 min. The reaction was ended with a final extension at 72 
°C for 10 min. To determine the transformation efficiency, 

the percentage of PCR-positive individuals was calculated 
by taking into account the total number of inoculated 
explants (210 explants).
2.7. GUS assay
To assess GUS activity in T0 transformants, the 
histochemical GUS assay was carried out (Jefferson et al., 
1987). GUS staining of A. tumefaciens-infected plants was 
implemented by using 5-bromo-4-chloro-3-indolyl β-D-
glucuronide sodium salt (X-Gluc). Leaf tissues were treated 
with 1 mL of staining solution containing 100 mM sodium 
phosphate (pH 7.0), 10 mM EDTA, 0.1% Triton X-100, 
and 1 mM X-Gluc. Samples were incubated overnight at 
37 °C. After staining, the solution was replaced with 70% 
ethanol to detect the GUS activity in a couple of hours 
(Figure 1I). To determine the transcription efficiency, the 
percentage of GUS-positive individuals was calculated 
by taking into account the total number of inoculated 
explants (210 explants).

3. Results
Three explant sources were used to evaluate the 
direct in vitro regeneration potential of alfalfa tissues. 
Amongst the explants, cotyledonary nodes regenerated 
successfully; however, hypocotyl and root crown explants 
failed to regenerate in the applied PGR concentrations. 
Cotyledonary nodes showed variant shoot regeneration 
frequency, whereas the other explants either produced 
callus or became brownish and developed necrotic 
tissues and therefore were removed from the study. After 
Agrobacterium inoculation, the regeneration, rooting, 
and ex vitro acclimatization were completed in 11 weeks, 
which is a significant improvement in comparison to 
previous studies.
3.1. Effects of BAP on shoot regeneration 
Unlike Nimet cultivar, in which shoot regeneration 
frequency was slightly affected by different concentrations 
of BAP, Savaş cultivar responded intensively to BAP 
treatment; the shoot regeneration frequency of Nimet 
varied between 80%–100%, while it was 46.67%–100% 
for Savaş. Based on the results, Savaş cultivar exhibited 
irregular responses to BAP treatments, whereas Nimet 
followed a more stable pattern (Table 1). 

The mean number of shoots per explant varied in the 
range between 0.95 to 5 and 1 to 8.50 shoots for Nimet 
and Savaş cultivars, respectively. Shoot length decreased 
up to 92% in explants treated with BAP in both cultivars 
(Table 1). 

Based on the obtained data (Table 1), significant 
differences were observed between Nimet and Savaş 
cultivars when subjected to BAP; Nimet was a superior 
cultivar in terms of shoot regeneration frequency; however, 
Savaş had a better response in terms of the mean number 
of shoots per explant. We did not record a significant 
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difference between the cultivars’ mean shoot lengths when 
treated with BAP. 
3.2. Effects of BAP–IBA interaction on shoot regeneration 
To study the effect of cytokinin/auxin interaction on 
alfalfa in vitro regeneration, the regeneration medium 
was supplemented with BAP and IBA. BAP was added 
in the range of 0.0 to 1.5 mg/L and was accompanied 
by the consonant amount of 0.06 mg/L IBA. The results 
revealed that BAP–IBA interaction hardly affected the 
shoot regeneration frequency in Nimet cultivar; whereas 
Savaş shoot regeneration frequency varied between 80% 
and 100% (Table 2). 

The highest mean numbers of regenerated shoot per 
explant for Nimet and Savaş cultivars were recorded in 
treatments of 1.25 and 0.25 mg/L BAP (simultaneously 
supplemented with 0.06 mg/L IBA) and resulted in 6.66 
and 4.33 shoots, respectively. 

BAP–IBA interaction showed a significant difference 
between Savaş and Nimet cultivars in terms of shoot 
regeneration frequency and mean number of shoots per 
explant. Comparing the results proved that Nimet has a 
better response to BAP–IBA interaction (Table 2).
3.3. Effects of TDZ on shoot regeneration
The regeneration frequency of neither Nimet nor Savaş 
cultivar was affected by TDZ treatment in the range of 
0.00–0.55 mg/L (Table 3). The highest mean number of 
regenerated shoots per explant in Nimet was achieved 
when the regeneration medium was supplemented with 
0.55 mg/L TDZ; whereas, this amount was 0.15 mg/L for 
Savaş cultivar. No significant difference was observed in 
the highest number of regenerated shoots when explants 
were subjected to TDZ or BAP–IBA. The highest mean 
number of regenerated shoots for Nimet (6.33 shoots) 
and Savaş (4.46 shoots) was achieved when explants were 
subjected to 0.55 and 0.15 mg/L TDZ, respectively. 

Although TDZ treatment encouraged shoot 
regeneration, it showed a significant inhibitory effect on 
shoot elongation. Shoot lengths of Nimet (7.50 cm) and 
Savaş (6.50 cm) cultivars were reduced to below 1 cm after 
TDZ treatment.  

Data analyses showed that TDZ treatment of 
cotyledonary node explants causes a significant difference 
between Nimet and Savaş cultivars in terms of shoot 
regeneration frequency, mean number of shoots per 
explant, and mean shoot length. In this regard, Nimet was 
the superior cultivar in comparison with Savaş (Table 3).
3.4. Regeneration and PCR assay 
Following A. tumefaciens inoculation and selection under 
kanamycin pressure, 125 (Savaş) and 95 (Nimet) shoots 
were regenerated, remarking that shoot regeneration 
frequency was decreased to 59.52% (Savaş) and 45.23% 
(Nimet) in comparison to uninfected explants. Genomic 

DNA of putative transformants (T0) was extracted and 
confirmed through spectrophotometry and agarose 
gel electrophoresis. Among the 125 (Savaş) and 95 
(Nimet) regenerated shoots only 15 and 20 shoots were 
positive for the nptII gene, respectively (Figure 1J). Gene 
transformation efficiency was determined at 7.14% (Savaş) 
and 9.52% (Nimet) based on the PCR assay.    
3.5. GUS evaluation
The histochemical GUS reporter system was conducted 
to examine gene expression efficiency as well. Gene 
expression efficiency was determined at 3.33% and 6.19% 
for Savaş and Nimet explants, respectively. Amongst 15 
and 20 PCR-positive plants of Savaş and Nimet cultivars, 
only 7 and 13 plants were positive according to GUS assay, 
respectively. 

4. Discussion 
Genetic transformation and plant tissue culture are 
deemed an important step in the improvement of yield 
and quality of crops; however, alfalfa has been long 
considered recalcitrant to tissue culture (Somers et al., 
2003). Alfalfa in vitro regeneration frequency significantly 
contributes to the success of plant transformation. In vitro 
regeneration of the crop is affected by different factors 
such as plant genotype and explant source (Ding et al., 
2003). Due to different responses of genotypes to in vitro 
regeneration, development of genotype-independent 
protocols is required. To date, there have been numerous 
studies conducted to study the in vitro regeneration of 
alfalfa. In vitro regeneration via callus formation and 
somatic embryogenesis was commonly considered in early 
reports (Tabe et al., 1995; Moursy et al., 1999; Iantcheva 
et al., 1999; Samac et al., 2004; Deavours and Dixon, 
2005; Gupta et al., 2006). In previous studies, different 
explants such as leaf tissue, petioles, cotyledonary nodes, 
and shoot segments were deployed to evaluate the alfalfa 
regeneration efficiency (Deak et al., 1986; Chabaud et al., 
1988; Nagl et al., 1997; Ding et al., 2003). Besides, factors 
including Agrobacterium strain, explant age, cocultivation 
period, and plant genotype are determinative in gene 
transformation (Chabaud et al., 1988; Du et al., 1994). 
There are different genotypes cultivated worldwide 
depending on local conditions. However, the effect of 
genotype on regeneration is significant; therefore, the 
transformation efforts are limited to particular genotypes 
(Thomas et al., 1992). We surveyed the direct in vitro 
regeneration potential of two invaluable Turkish cultivars 
when subjected to lower concentrations of cytokinins. The 
influence of genotype on shoot regeneration frequency 
and number of regenerated shoots was significant. 

In the current study, the effect of explant source 
on regeneration efficiency was verified. We used three 
different parts of the plant (cotyledonary node, hypocotyl, 
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Figure 1. In vitro regeneration and molecular evaluation of transgene in alfalfa plants. The schematic represents the T-DNA region on 
the pBin19 plasmid (A). Cotyledonary nodes responded differently to shoot regeneration when subjected to PGR free (B), BAP (C), 
BAP–IBA (D), and TDZ (E) containing cultivation media. Following the regeneration, the shoots were rooted (F), and the regenerated 
shoots were gradually acclimatized (G and H). GUS assay revealed the GUS gene activity in transformed plants (I). PCR evaluated the 
nptII gene transformation frequency in putative transgenic plants (J).
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and root crown) to determine the influence of explant 
source on regeneration. Cotyledonary node was the 
only explant type developing shoot buds without an 
intervening callus phase; whereas in the applied range of 
PGRs, other explants swelled and either produced calli or 
necrotic tissues. To incorporate the effect of genotype on 
regeneration, two local cultivars of Nimet and Savaş were 
selected. Significant differences were observed between 
the cultivars in terms of shoot regeneration frequency 
and the number of regenerated shoots. According to 
the results, Nimet cultivar exhibited a better response 
with regular changes relating to regeneration frequency 
when compared to Savaş (Tables 1 and 2). The results 

validated the effect of genotype on regeneration which was 
previously reported by Zhang et al. (2010).  

Zhang et al. (2010) studied the in vitro regeneration 
of alfalfa via indirect organogenesis. Cotyledons, 
cotyledonary nodes, and hypocotyls were subjected to 2,4-
D and zeatin to initiate callus formation. They obtained 
a differentiation frequency of 26%–39% after the calli 
were transferred to shoot regeneration medium. In vitro 
regeneration of alfalfa via direct induction of shoot buds 
is more desirable since the intermediate phase of callus 
formation is eliminated and genetic fidelity could be 
maintained when compared to indirect regeneration. 
The effects of BAP, kinetin, and TDZ were later studied 

Table 1. Effects of different concentrations of BAP on in vitro regeneration of cotyledonary node explants of alfalfa. 

BAP 
(mg/L)

Shoot regeneration
frequency (%)

Mean number of
shoots per explant

Mean shoot
length (cm)

Nimet Savaş Nimet Savaş Nimet Savaş

0.00 100.0 a 100.0 a 0.95 h 1.00 h 7.50 a 6.50 b
0.25 100.0 a 93.33 ab 5.00 b 4.66 bc 0.87 de 1.03 de
0.30 100.0 a 100.0 a 3.10 efg 2.90 efg 0.84 de 0.98 de
0.35 80.0 bc 46.67 d 3.73 de 1.43 h 0.55  e 2.15 c
0.40 100.0 a 60.00 d 2.66 fg 8.50 a 0.80 de 0.50 e
0.45 100.0 a 76.67 c 3.20 efg 2.83 efg 0.94 de 0.80 de
0.50 100.0 a 100.0 a 3.20 efg 4.13 cd 0.81 de 1.32 d
0.75 90.00 abc 50.00 d 2.83 efg 2.50 fg 0.95 de 0.70 e
1.00 100.0 a 88.33 abc 2.83 efg 2.26 g 1.06 de 0.93 de
1.25 100.0 a 86.67 abc 2.73 fg 3.28 def 2.26 c 0.56 e
1.50 100.0 a 100.0 a 2.86 efg 3.40 def 0.69 e 0.88 de
Mean 97.27 A 81.97 B 3.01 B 3.35 A 1.57 A 1.49 A

Table 2. In vitro regeneration of alfalfa cotyledonary node explants when subjected to different concentrations 
of BAP–IBA.

BAP–IBA
 (mg/L)

Shoot regeneration
frequency (%)

Mean number of
shoots per explant

Mean shoot
length (cm)

Nimet Savaş Nimet Savaş Nimet Savaş

0.00–0.00 100.0 a 100.0 a 0.95 f 1.00 f 7.50 a 6.50 b
0.25–0.06 100.0 a 83.33 bc 5.66 b 4.33 cd 0.87 cd 0.96 cd
0.50–0.06 100.0 a 100.0 a 5.00 bc 3.93 d 0.79 cd 0.98 cd
0.75–0.06 93.33 ab 83.33 bc 5.53 b 2.66 e 0.53 d 0.73 cd
1.00–0.06 93.33 ab 80.00 c 4.08 d 2.43 e 0.56 d 0.96 cd
1.25–0.06 93.33 ab 86.67 bc 6.66 a 3.75 d 1.26 c 0.66 d
1.50–0.06 93.33 ab 100.0 a 5.66 b 3.93 d 1.06 cd 0.98 cd
Mean 96.19 A 90.47 B 4.79 A 3.15 B 1.80 A 1.68 A
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in alfalfa regeneration; Kumar et al. (2012) explored the 
effects of cytokinins on in vitro direct regeneration of 
shoot apical meristems accompanied by some parts of 
cotyledonary leaves and hypocotyl. They studied the effect 
of BAP in the range between 1 and 4 mg/L with intervals 
of 1 mg/L. We decreased the BAP intervals to 0.15–0.25 
mg/L to elucidate the precise effect of low concentrations 
in regeneration. Cotyledonary nodes were treated with 
BAP in the range of 0.25–1.5 mg/L (Table 1). We recorded 
the mean number of 5 and 8.50 shoots per explant in the 
media containing 0.25 and 0.40 mg/L BAP for Nimet and 
Savaş cultivars, respectively, which showed a significant 
increase (2 times higher) in similar range when compared 
to the previous study (Kumar et al., 2012). 

The results verified the effect of genotype and PGR 
concertation on regeneration frequency and the number 
of regenerated shoots. However, no significant difference 
was observed in terms of shoot elongation between 
cultivars when they were treated with BAP. In the applied 
range of 0.15–0.55 mg/L TDZ, we noticed the effect 
of genotype on regeneration (Table 3). While the best 
response of Nimet cultivar was recorded at 0.55 mg/L 
TDZ (mean number of 6.33 shoots per explant), Savaş 
demonstrated the highest shoot induction at 0.15 mg/L 
(mean number of 4.46 shoots per explant). Unlike BAP 
treatment, the effect of genotype on shoot elongation 
was significant when subjected to TDZ. We attempted to 
further explore the effect of BAP on in vitro regeneration 
of alfalfa when accompanied with IBA. 

BAP–IBA interaction increased the number 
of regenerated shoots of Nimet to more than 59% 
when compared to IBA-free cultivation medium; the 
regeneration medium supplemented with 1.25 mg/L of 
BAP and 0.06 of IBA regenerated an average number of 
6.66 shoots per explant, whereas the number was 2.73 in 
IBA-free medium containing 1.25 mg/L of BAP (Table 
2). However, there was no significant difference observed 

in the number of regenerated shoots regarding Savaş 
cultivar, which emphasizes the influence of genotype on 
regeneration beside the growth regulator interactions. 
Despite the satisfying effect of BAP–IBA interaction in 
Nimet cultivar, elongation of the regenerated shoots was 
hindered by 44% in comparison to regeneration medium 
supplemented with only BAP; however, in Savaş cultivar, 
there was no significant change observed. BAP–IBA 
treatment increased the number of regenerated shoots 
per explant in Nimet to 35% more than in Savaş cultivar.  

Ding et al. (2003) studied the effect of TDZ and 
NAA interaction on in vitro regeneration of alfalfa. 
They subjected the cotyledonary explants to TDZ/NAA 
combination and accordingly reported a shoot induction 
frequency of 85%; however, the number of regenerated 
shoots was not reported. Shoot induction frequency 
varied between 67% and 93% in Kumar et al. (2012) 
study. In our study, treatment of cotyledonary nodes 
with BAP, BAP–IBA, and TDZ resulted differently in 
two cultivars of Nimet and Savaş (Tables 1–3). While the 
shoot regeneration frequency of Nimet varied between 
96% and 98%, the value was 81%–94% in Savaş cultivar. 
Lie et al. (2009) surveyed the effect of TDZ/AgNO3 on 
shoot induction of alfalfa. They achieved the highest mean 
number of shoots (5.9 shoots) when hypocotyl explants 
were treated with 0.025 mg/L of TDZ along with 3.0 mg/L 
of AgNO3.   

The treatment of explants with plant growth regulators 
caused stunted growth of regenerated shoots, which is in 
agreement with previous studies (Khalafalla and Hattori, 
1999; Neves et al., 2001; Tefera and Wannakrairoj, 2006; 
Kumar et al., 2012).

In the current study, cotyledonary nodes were inoculated 
with A. tumefaciens strain GV2260. The regeneration 
frequency of the infected explants was recorded as 59.52% 
and 45.23% for Savaş and Nimet cultivars, respectively. In 
comparison to uninfected control explants, Agrobacterium 

Table 3. Effects of different concentrations of TDZ on in vitro regeneration of alfalfa cotyledonary node explants.

TDZ
(mg/L)

Shoot regeneration
frequency (%)

Mean number of
shoots per explant

Mean shoot
length (cm)

Nimet Savaş Nimet Savaş Nimet Savaş

0.00 100.0 a 100.0 a 0.97 d 1 d 7.50 a 6.50 b
0.15 100.0 a 93.33 a 4.15 b 4.46 b 0.96 c 0.66 c
0.25 100.0 a 93.33 a 4.02 b 3.43 bc 0.57 c 0.83 c
0.35 100.0 a 93.33 a 1.18 d 2.45 c 0.53 c 0.50 c
0.45 100.0 a 93.33 a 0.11 d 1.00 d 0.92 c 0.69 c
0.55 93.33 a 93.33 a 6.33 a 2.66 c 0.79 c 0.83 c
Mean 98.88 A 94.44 B 2.79 A 2.5 B 1,88 A 1,67 B



103

NOFOUZI et al. / Turk J Agric For

inoculation and kanamycin selection pressure reduced the 
shoot regeneration up to 27.15% (Savaş) and 48.1% (Nimet); 
however, the regenerated shoot numbers of 125 (Savaş) 
and 95 (Nimet) were still high numbers of regenerated 
shoots after inoculation. Some of the nontransformed 
plantlets escaped the kanamycin selection pressure, which 
could be due to the rapid regeneration of plantlets from 
meristematic tissues (Kumar et al. 2012). The putative T0 
transgenic plantlets were subjected to PCR, and based 
on the PCR results, gene transformation frequency was 
evaluated as 7.14% (Savaş) and 9.52% (Nimet). Moreover, 
the gene expression was assayed by GUS reporter system. 

The results indicated that 3.33% (Savaş) and 6.19% (Nimet) 
of the regenerated shoots expressed the GUS gene. 

This study evaluated the effects of lower concentration 
of PGRs on direct in vitro regeneration of two Turkish 
cultivars with the aim to improve alfalfa in vitro 
regeneration and gene transformation. According to the 
results, cotyledonary node was the only explant type that 
successfully regenerated the highest number of shoots in 
vitro when subjected to 0.40 mg/L of BAP. The effect of 
genotype on regeneration was notable. The results of this 
study could be used in future in vitro regeneration and 
genetic transformation of alfalfa.
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