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Abstract
Portulaca oleracea is an important medicinal plant, which is a source of pharmacologically active molecules such as 
β-Carotene, ascorbic acid, and Omega-3 fatty acids. The present research focuses on the development of an efficient pro-
tocol for micropropagation and Agrobacterium-mediated genetic transformation of P. oleracea. Callus induction, somatic 
embryogenesis, and plant regeneration from stem and leaf explants were investigated at various concentrations of kinetin 
(Kin) and 6-Benzylaminopurine (BAP) alone or in combination with indole-3-acetic acid, 1-Naphthaleneacetic acid and 
2,4-Dichlorophenoxyacetic acid (2,4-D). Direct differentiation of somatic embryos from leaf explants occurred on the MS 
medium supplemented with 1.5 mg/L BAP under dark conditions. The embryos were transferred to the same medium with-
out growth regulators under 16 h light/8 h dark cycles. In this medium, germinated somatic embryos rapidly developed into 
healthy plantlets with shoots and roots. Several parameters such as pre-culture of explants, co-cultivation period, wounding 
of explants, type of explants and bacterial strains were studied to optimize transformation efficiency. Different kanamycin 
concentrations were assessed for the selection of transgenic plants. Agrobacterium tumefaciens strains LBA4404 and GV3101, 
harbouring the GUS gene on pBI121 binary vector, were used for plant transformation and strain LBA4404 was found to 
be more efficient. The results indicated that use of leaf as explant, pre-culture of explants for 7 days, co-cultivation period 
for 4 days at 25 ± 2 °C and wounding of leaf explants produced the best transformation results. Expression, integration and 
inheritance of GUS reporter gene were confirmed by histochemical and molecular analyses.
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Abbreviations
2,4-D  2,4-Dichlorophenoxyacetic acid
AS  Acetosyringone
BAP  6-Benzylaminopurine

CaMV35S  Cauliflower mosaic virus 35S
Cx  Cefotaxime
IAA  Indole-3-acetic acid
Kin  Kinetin
Km  Kanamycin
MS  Murashige and Skoog
NAA  1-Naphthaleneacetic acid
X-Gluc  5-Bromo-4-chloro-3-indolyl β-D-glucuronide

Introduction

Portulaca oleracea L. (purslane), a member of Portu-
lacaceae family, is an annual herbaceous plant with suc-
culent leaves and stems. Purslane as a popular weed is dis-
tributed in the tropical and subtropical regions of the world. 
Purslane is considered quite nutritious because it contains 
high amounts of omega-3 fatty acids, vitamins A and C, 
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and also it is a rich source of calcium, iron, magnesium and 
potassium. Fresh stems and leaves of purslane are eaten as a 
vegetable (Petropoulos et al. 2016; Uddin et al. 2014). Purs-
lane is mostly used as an herbal medicine; it is utilized as 
an antioxidant, antidiabetic, antimicrobial, antiseptic, anti-
diuretic, analgesic, muscle relaxant, etc. (Delfan-Hosseini 
et al. 2017; Naeem and Khan 2013). Purslane is consider-
ably important in the food and pharmacology industries 
for its diverse chemical constituents, including flavonoids, 
alkaloids, polysaccharides, fatty acids, terpenoids, sterols, 
proteins, vitamins, and minerals (Zhou et al. 2015). Thus, 
it is necessary to establish a reliable regeneration system 
and transformation protocol for mass micropropagation and 
metabolic engineering for this species.

In vitro micropropagation (or plant tissue culture) is an 
efficient method for rapid and mass production of plants 
under controlled conditions. Plant tissue culture plays an 
effective role in plant conservation, mass propagation, modi-
fication and improvement of plant secondary metabolite pro-
duction (Thorpe 2007). Somatic embryogenesis is an effi-
cient alternative method to speed up the process of plants 
proliferation. Plant propagation by somatic embryogenesis 
not only play an important role in mass micropropagation, 
but also can act as a powerful tool for genetic improvement 
of any plant species (Parimalan et al. 2011). Tissue culture 
protocols have been developed for a wide range of medicinal 
plants with the aim of producing valuable natural substances 
and gene transformation (Chandore et al. 2010; Huang et al. 
2017; Khan et al. 2015; Mohan et al. 2017; Rout et al. 2000; 
Witbooi et al. 2017). There are only a few reports on the 
tissue culture of P. oleracea. These include callus induc-
tion (Safdari and Kazemitabar 2009), direct shoot regen-
eration from nodal (Sharma et al. 2011b; Shekhawat et al. 
2015), shoot tip and petiole (Safdari and Kazemitabar 2009) 
explants. Thus far, there is no efficient and comprehensive 
protocol for micropropagation of purslane and somatic 
embryogenesis of purslane has never been reported. Safdari 
and Kazemitabar (2009) did not provide an efficient protocol 
for embryogenic callus induction and failed to regenerate 
plants from callus. Other reports are about direct organogen-
esis and are not suitable for gene transfer via Agrobacterium 
tumefaciens.

Agrobacterium tumefaciens is a Gram-negative bacteria 
that cause tumors in plants by transferring bacterial DNA 
(T-DNA) into the plant genome. The ability of Agrobacte-
rium to transfer genes into plants, is used in genetic engi-
neering for plant improvement. Agrobacterium-mediated 
transformation has become a tool to transfer favorable traits 
to crop plants to enhance quantitative and qualitative char-
acteristics of agricultural production (Ziemienowicz 2014). 
In terms of purslane transformation reports, in vitro induc-
tion of hairy roots from cotyledon explants of purslane was 
reported using A. rhizogenes (Moghadam et al. 2011). A 

patent relating to Agrobacterium-mediated transformation 
of purslane was issued, but no experimental data confirming 
the transformation were reported in the patent. According to 
our literature survey, there are no reports for the transforma-
tion of P. oleracea via A. tumefaciens.

In this study, we aimed to develop a simple and efficient 
Agrobacterium-mediated transformation and regeneration 
system for purslane using somatic embryogenesis.

Materials and methods

Explant source

Seeds of P. oleracea were obtained from Pakan Bazr Com-
pany, Isfahan, Iran. The seeds were thoroughly washed in 
running tap water and were surface sterilized by dipping in 
70% (v/v) ethanol for 30 s, followed by 1.5% (v/v) sodium 
hypochlorite for 15 min. The surface sterilized seeds were 
thoroughly washed three times with sterile distilled water. 
Seeds were cultured on full strength Murashige and Skoog 
(1962) medium (MS) supplemented with 3% (w/v) sucrose 
and 0.7% (w/v) plant agar (Duchefa Biochemie, Haarlem, 
The Netherlands).The pH of the medium was adjusted to 
5.80 ± 0.02 with 0.1 N NaOH or 0.1 N HCl before auto-
claving at 121 °C for 20 min. The cultures were main-
tained at 25 ± 2 °C under 16 h light/8 h dark photoperiod at 
65 µmol m−2 s−1 provided by cool white fluorescent lights. 
The germinated seeds were grown into plantlets and in vitro 
grown plantlets were used as explant source.

Callus induction

The leaf (0.5 × 1 cm) and stem (1–1.5 cm in length) seg-
ments were cultured on full strength MS medium supple-
mented with 3% (w/v) sucrose, 0.7% (w/v) plant agar and 
various concentrations of BAP (0.5–2.0 mg/L) alone or in 
combination with 2,4-D (0.5–2.0 mg/L) for callus induction. 
The pH of the medium was adjusted to 5.80 ± 0.02 prior to 
autoclaving. Ten explants were placed on each callus induc-
tion medium with six replications. All in vitro cultures were 
incubated at 25 ± 2 °C in darkness. Callus initiation from 
explants was observed about a week after culture.

Direct and indirect somatic embryogenesis

For indirect somatic embryogenesis, non-embryogenic 
calli obtained from leaf and stem explant were transferred 
on full strength MS medium supplemented with 3% (w/v) 
sucrose, 0.7% (w/v) plant agar and different concentrations 
of Kin and BAP (0.5, 1, 1.5, 2, 2.5, 3, 4, 5 and 6 mg/L) alone 
or in combination with IAA and NAA (0.1, 0.2, 0.3 and 
0.4 mg/L). Six replicates with ten explants each were used 
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for each treatment. Cultures were then transferred to growth 
chamber and maintained at 25 ± 2 °C under 16 h light/8 h 
dark photoperiod at 65 µmol m−2 s−1 light intensity.

Under aseptic condition, leaf and stem of the in vitro 
plantlets were excised and inoculated on full strength MS 
medium supplemented with 3% (w/v) sucrose and 1.5 mg/L 
BAP. The medium was solidified with 0.7% (w/v) agar and 
the pH of the medium adjusted to 5.80 ± 0.02 before auto-
claving. Leaf discs were placed with adaxial side in contact 
with medium, whereas stem segments (1–1.5 cm in length) 
were placed horizontally on the medium. The cultures were 
maintained in a growth chamber at 25 ± 2 °C under dark con-
dition (for 3 weeks in darkness then transfer to 16 h ligth/8 h 
dark photoperiod) or in 16 h light/8 h dark photoperiod treat-
ment using white fluorescent lights (65 µmol m−2 s−1 light 
intensity). The experiment was arranged in a completely 
randomized design with six replications, each replication 
(plate) consisted of ten explants.

Plant acclimatization

Healthy regenerated plantlets with well-developed roots 
were removed from the culture vessel. The roots were care-
fully washed under running tap water to remove adhering 
culture media. The plantlets were transferred to plastic cups 
containing autoclaved mixture of sand, soil and vermicu-
late (1:2:1). All plants were covered with transparent plastic 
cups to provide a high relative humidity. The plants were 
kept in the growth chamber under controlled conditions at 
25 ± 2 °C under 16 h light/8 h dark photoperiod provided 
by cool white fluorescent tubes. To harden the plants, the 
plastic cups covering the plants were opened gradually (by 
punching holes) during this period of time. The plants were 
regularly watered with liquid fertilizer (N:P:K 20:15:15) at 
4-day intervals. After 2 weeks of culture, the plants were 
transferred to the greenhouse and exposed to natural daylight 
conditions without temperature control. The acclimatization 
period was 15–20 days, depending on each individual plant. 
These experiments were repeated twice, and 50 plants were 
cultivated each time.

Bacterial strain, plasmid and culture conditions

Agrobacterium tumefaciens strains LBA4404 and GV3101, 
harbouring the binary vector pBI121, with the T-DNA 
region consisting of the GUS gene driven by the Cauli-
flower Mosaic Virus 35S (CaMV35S) promoter, were used 
for transformation. The Agrobacterium strains were streaked 
out and incubated on solid LB medium supplemented with 
50 mg/L kanamycin (Km) and 25 mg/L rifampicin for 2 days 
at 28 °C, then, the single bacterial colonies were isolated 
and inoculated into 10 mL of liquid LB medium containing 
50 mg/L Km and 25 mg/L rifampicin and grown overnight at 

28 °C on rotary shaker at 150 rpm until the OD600 reached 
approximately 0.6–1.0. The Agrobacterium culture was cen-
trifuged at 5000 rpm at 4 °C for 5 min. Then, the Agrobacte-
rium pellet was resuspended (OD600 = 0.6) in full strength 
MS liquid medium (pH 5.6) supplemented with 2% (w/v) 
sucrose and 100 µM acetosyringone (AS) and incubated at 
25 °C for 4 h.

Plant transformation

Callus and leaf explants were gently shaken in the bacte-
rial suspension for 30 min and transferred on co-cultivation 
medium (1/2MS medium supplemented with 2% (w/v) 
sucrose, 0.7% (w/v) plant agar, 1.5 mg/L BAP and 100 µM 
AS at pH 5.4) at 25 ± 2 °C in darkness. After co-cultivation, 
explants were washed three times with sterile water contain-
ing 500 mg/L cefotaxime (Cx), twice in sterile water and 
blotted dry on sterile filter paper. Then, they were trans-
ferred to regeneration medium (full strength MS medium 
supplemented with 3% (w/v) sucrose, 0.7% (w/v) plant 
agar, 1.5 mg/L BAP at pH 5.8) containing 250 mg/L Cx 
and 200 mg/L Km. The cultures were placed in darkness for 
3 weeks followed by 16 h light/8 h dark photoperiod. The 
experiment was arranged in a completely randomized design 
with five replications, each replication (plate) consisted of 
15 explants.

Optimization of kanamycin concentration 
for selection of putative transformed shoots

The tolerance limits of the leaf and callus explants to kan-
amycin was assessed prior to Agrobacterium-mediated 
transformation. The explants were cultured on regeneration 
medium (full strength MS medium supplemented with 3% 
(w/v) sucrose, 0.7% (w/v) plant agar, 1.5 mg/L BAP) sup-
plemented with different concentration of kanamycin (0, 50, 
100, 150, 200, 250 and 300 mg/L) to determine the con-
centration of kanamycin needed for the effective selection 
of transgenic shoots. Kanamycin was filter sterilized and 
added to the medium after autoclaving when the temperature 
dropped down to 40 °C.

Evaluation of factors influencing transformation

A range of parameters was evaluated, and each experiment 
included five replicates of fifteen explants each. The param-
eters included the length of pre-culture period (0, 1, 2, 3, 4, 
5, 6, 7, 8, 9 or 10 days) of explants in regeneration medium 
prior to infection, wounding of explants (created with sterile 
hypodermic needle), and length of the co-cultivation period 
(2, 3, 4, 5 or 6 days). All of the parameters were evaluated 
and optimized on the percentage of inoculated explants that 
regenerated on selection medium.
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Statistical analysis

All the data were analyzed using analysis of variance 
(ANOVA) performed with SPSS 16.0 software for a com-
pletely randomized design (CRD). Duncan’s multiple range 
test was used to distinguish the differences in treatments.

Histochemical staining assay

In this experiment, histochemical GUS assay was conducted 
according to Jefferson (1987). Fresh leaves of putative trans-
formed and non-transformed plants were incubated for 72 h 
at 37 °C in GUS assay buffer consisting of 1 mM 5-bromo-4-
chloro-3-indolyl β-D-glucuronide (X-Gluc), 10 mM EDTA, 
0.1% Triton X-100 and 100 mM sodium phosphate (pH 7.0). 
The leaves were then fixed on 96% ethanol to clear chlorophyll.

Molecular analysis

Molecular analysis was performed on putative transgenic 
and control plants by PCR and southern hybridization. Plant 
genomic DNA was extracted as described by Japelaghi et al. 
(2011) from fresh leaf tissue of the  T0 and  T1 generations. 
PCR was run with specific forward and reverse primers (GUS 
F: 5′ATA CCG AAA GGT TGG GCA GG3′ and GUS R: 3′ ATA 
ACG GTT CAG GCA CAG CA5′) of the GUS gene (1182 bp). 
The PCR reactions were performed in a 20 µL volume contain-
ing 10 µL PCR mastermix (Fermentas), 0.30 µM each of for-
ward and reverse oligonucleotide primer, 25 ng genomic DNA 
and nuclease-free water. The PCR conditions were: 95 °C for 
5 min followed by 35 cycles at 95 °C for 60 s, 65 °C for 30 s, 
and 72 °C for 40 s. The amplified product was analyzed by 
electrophoresis in 1.2% (w/v) agarose gels.

Southern blot analysis was carried out to confirm the 
integration of uidA gene in the plant genome. About 15 µg 
of genomic DNA from putatively transformed plants, 
untransformed plants and DNA of pBI121 were separately 
digested with EcoRI restriction enzyme for 20 h at 37 °C. 
The digested DNA was separated by electrophoresis on 1% 
(w/v) agarose gels and subsequently transferred onto a N+-
nylon membrane according to Sambrook et al. (1989). The 
PCR product of uidA gene was labeled with [α-32P]dCTP 
as a probe for southern hybridization and the hybridization 
reaction was performed for 16 h at 65 °C.

Results and discussion

Callus induction and indirect somatic 
embryogenesis and plant regeneration

Callus formation from both explant types started after 
7 days of culture in MS medium supplemented with various 

concentrations of BAP and 2,4-D (Fig. 1a–c). In this study, 
callus induction frequency occurred in approximately 
13.3–100% of explants, depending on explant type and con-
centration of plant growth regulators (data not shown). The 
results indicated that callus formation significantly varied 
depending on explant type (data not shown). Compara-
tively, stem responded better than leaf for callus induction. 
Endogenous levels of plant growth regulators and polar 
plant hormone transport within the explant can influence 
callus induction. Several exhaustive studies have shown that 
auxins, gibberellins, cytokinins and abscisic acid transport 
through the vascular tissue (phloem and xylem) (Dutt and 
Grosser 2009; Michniewicz et al. 2007). Therefore the stem 
has more endogenous hormones than the leaf. These results 
may suggest that the endogenous hormone levels affect the 
callus induction ability of explants derived from different 
organs, and frequency of callus induction was enhanced by 
the addition of plant growth regulators in culture medium. 
Similar results showing variations among explant types with 
respect to callus induction have also been reported in other 
plants like Allium hirtifolium (Farhadi et al. 2017), A. chin-
ense (Yan et al. 2009), and Saussurea obvallata (Dhar and 
Joshi 2005).

The callus derived from leaf and stem explants were 
transferred to full strength MS medium supplemented with 
various concentrations of BAP and Kin alone or in combina-
tion with NAA or IAA under 16 h light/8 h dark photoperiod 
to investigate their potential for somatic embryogenesis and 
shoot regeneration (data not shown). The formation of glob-
ular somatic embryos was observed on the surface of callus 
after 5 weeks of culture (Fig. 1d). Results showed that type, 
concentration, and interaction of plant growth regulators sig-
nificantly affected somatic embryogenesis and shoot regen-
eration from calli (data not shown). It is well known that 
plant growth regulators are indispensable factor for induc-
tion, differentiation, and development of somatic embryos. 
However, the type and concentration of plant growth regula-
tors for somatic embryogenesis varies in different plant spe-
cies (Chitra Devi and Narmathabai 2011; Feher et al. 2003; 
Jha et al.2007; Prakash and Gurumurthi 2010). The type 
of cytokinin and its interaction with auxin play important 
role in somatic embryogenesis and shoot regeneration of P. 
oleracea. In this experiment BAP was essential factor for 
efficient plant regeneration, whereas kinetin inhibited the 
formation of somatic embryos and adversely affected plant 
regeneration (Fig. 1h). The stimulating effect of BAP on 
shoot regeneration has been reported for several plants (Lu 
2005; Prakash and Gurumurthi 2010; Swamy et al. 2014). 
Tiwari et al. (1998) reported that BAP had more signifi-
cant effect than kinetin at the same concentration for shoot 
induction.

There were significant differences among various levels of 
BAP for somatic embryo formation and plant regeneration. 
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In the present investigation, various concentrations of BAP 
(0.5–6 mg/L) were tried and among them, 1.5 mg/L BA 
proved to be the best concentration for efficient plant regen-
eration. Lower concentrations of BAP (0.5 and 1 mg/L) 

failed in somatic embryo formation: morphologically, cal-
lus changed into a compact mass and was green in color, 
whereas higher concentrations of BAP (> 2.5 mg/L) led to 
the formation of hyperhydric shoots with morphological 

Fig. 1  Callus induction, somatic embryogenesis and plant regenera-
tion of P. oleracea. a and b Callus induction from leaf explant, c cal-
lus induction from stem explant, d cluster of various developmental 

stages of somatic embryos, e cotyledonary stage of somatic embryo, 
f somatic embryo germination, g normal plant regeneration, h abnor-
mal plant regeneration and i abnormal plant with hyperhydric leaves
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abnormalities (Fig. 1i). Regeneration via organogenesis was 
preliminarily reported in P. oleracea (Safdari and Kazemi-
tabar 2009; Sharma et al. 2011b; Shekhawat et al. 2015) but 
indirect somatic embryogenesis and plant regeneration from 
callus in this plant has never been reported. Manipulation of 
the composition and concentration of plant growth regulators 
is the first step in primary experimental approach to obtain 
optimal condition for in vitro plant regeneration from callus 
(Gomes et al. 2010). Therefore, the unusual abnormalities 
observed during plant regeneration are often affected by the 
imbalances of plant growth regulator (Ramage and Williams 
2004). Quiala et al. (2012) reported that a high concentra-
tion of BAP in the medium could induce abnormal plants 
with hyperhydric leaves and also in vitro shoot morphology 
was greatly affected by BAP concentration. Although the 
mechanism for hyperhydricity remains to be elucidated, sev-
eral studies indicate that the alterations in plant morphology 
caused by changes in cytokinin levels were accompanied by 
ectopic expression of Knotted-like homeobox (knox) genes. 
It has been reported in tobacco that alteration in TobH1 gene 
expression induced abnormal shoot morphology (Ramage 
and Williams 2004).

In the present experiment, it was evident that the embryo 
formation was significantly influenced by the interaction 

between BAP and NAA. A similar response was reported on 
somatic embryogenesis and plant regeneration of Phelloden-
dron amurense (Azad et al. 2009). NAA had an important 
effect on improving the frequency and quality of somatic 
embryogenesis. The highest rate of somatic embryogenesis 
was obtained on MS medium containing 1.5 mg/L BAP and 
0.2 mg/L NAA. On this medium, 27.78 ± 4.91% cultured 
calli produced somatic embryos with a mean number of 
28.4 ± 4.43 embryos per 1 g callus (Table 1). Similar to the 
present observation, a low auxin and high cytokinin level 
stimulated embryogenesis in Tylophora indica (Sahai et al. 
2010), Eucalyptus camaldulensis (Prakash and Gurumurthi 
2010) and Miscanthus giganteus (Kim et al. 2010). The 
positive effect of auxin on somatic embryogenesis has been 
observed in other plant species and it is presumably due to 
the effect of auxin on regulation of WUS expression that 
is required for shoot/root apical meristem formation during 
somatic embryogenesis (Cheng et al. 2010, Su et al. 2011, 
2015). Bakhshaie et al. (2010) reported that the combination 
and concentration of NAA and BAP affected the number of 
somatic embryos. However, the results showed that the com-
bination of IAA and BAP was unable to improve the somatic 
embryo formation. Although there are several reports that 
exogenous auxins inhibit somatic embryogenesis (Chée 

Table 1  Effect of various 
concentrations of plant growth 
regulators (mg/L) on percentage 
of normal plant regeneration 
and number of regenerated plant 
from per explant of P. oleracea 

The same letter indicates no significant difference among treatments (P < 0.05) using New LSD’s test. Val-
ues mean of six replicates ± SE

BAP NAA

0.0 0.1 0.2 0.3 0.4

Percentage of normal plant regeneration from explant
 0.0 0.0 ± 0.0d 0.0 ± 0.0d 0.0 ± 0.0d 0.0 ± 0.0d 0.0 ± 0.0d

 0.5 0.0 ± 0.0d 0.0 ± 0.0d 0.0 ± 0.0d 0.0 ± 0.0d 0.0 ± 0.0d

 1.0 0.0 ± 0.0d 0.0 ± 0.0d 0.0 ± 0.0d 0.0 ± 0.0d 0.0 ± 0.0d

 1.5 11.11 ± 2.52c 16.67 ± 3.01b 27.78 ± 4.91a 0.0 ± 0.0d 0.0 ± 0.0d

 2.0 0.0 ± 0.0d 0.0 ± 0.0d 0.0 ± 0.0d 0.0 ± 0.0d 0.0 ± 0.0d

 2.5 0.0 ± 0.0d 0.0 ± 0.0d 0.0 ± 0.0d 0.0 ± 0.0d 0.0 ± 0.0d

 3.0 0.0 ± 0.0d 0.0 ± 0.0d 0.0 ± 0.0d 0.0 ± 0.0d 0.0 ± 0.0d

 4.0 0.0 ± 0.0d 0.0 ± 0.0d 0.0 ± 0.0d 0.0 ± 0.0d 0.0 ± 0.0d

 5.0 0.0 ± 0.0d 0.0 ± 0.0d 0.0 ± 0.0d 0.0 ± 0.0d 0.0 ± 0.0d

 6.0 0.0 ± 0.0d 0.0 ± 0.0d 0.0 ± 0.0d 0.0 ± 0.0d 0.0 ± 0.0d

Number of regenerated plant from per explant
 0.0 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0c

 0.5 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0c

 1.0 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0c

 1.5 9.0 ± 3.79b 10.8 ± 5.61b 28.4 ± 4.43a 0.0 ± 0.0c 0.0 ± 0.0c

 2.0 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0c

 2.5 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0c

 3.0 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0c

 4.0 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0c

 5.0 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0c

 6.0 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0c
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and Cantliffe 1989; Fujimura and Komamine 1979; Viktor 
Nørgaard and Krogstrup 1991), some authors have reported 
that auxins have a positive effect on somatic embryogenesis 
and improve somatic embryogenesis (Filippov et al. 2006, 
Su et al. 2009). These disagreements may be due to differ-
ences in the type of auxin as well as plant species. In this 
experiment, NAA and IAA had a very different response to 
somatic embryogenesis. It has been reported that the abil-
ity of cassava (Manihot esculenta) genotypes to produce 
somatic embryos was influenced by the type and concentra-
tion of auxin (Rossin and Rey 2011).

The globular embryos of P. oleracea developed into coty-
ledonary shaped embryos (Fig. 1e) and then regenerated into 
rooted plantlets (Fig. 1f, g). The regenerated plantlets were 
gradually acclimatized and successfully established in the 
soil under natural conditions, with a survival rate of 100%.

Direct somatic embryogenesis

A successful and efficient system for high frequency of 
somatic embryogenesis and shoot regeneration from leaf 
explant of purslane has been established in this study. Leaf 
and stem explants were inoculated on MS medium sup-
plemented with 1.5 mg/L BAP to induce direct somatic 
embryos. After 3  weeks of culture, somatic embryos 
developed from the surface of leaf explants (Fig. 2a, b) 
and grew further to torpedo (Fig. 2c) and cotyledonary 

stages (Fig. 2e). Somatic embryos were transferred on 
plant growth regulator-free MS medium and developed 
into rooted plantlets (Fig. 2f). This is the first report on the 
direct somatic embryogenesis of P. oleracea.

The explant source had varying effects on the effi-
ciency of somatic embryogenesis. Leaf explant gave bet-
ter response for direct somatic embryogenesis. All leaf 
explants produced somatic embryos on MS medium con-
taining 1.5 mg/L BAP at both darkness and light condition 
(Fig. 2a, b), whereas stem explants failed to exhibit embry-
ogenic response and produced callus in the same medium 
and conditions (Fig. 2d). The potential of somatic embryo-
genesis and plant regeneration of various explants from the 
same mother plant are very diverse, mainly depending on 
the level of endogenous hormones, age and type of tissue 
as well as the capacity of cell division and differentia-
tion. The level of different endogenous phytohormones of 
various explants is a critical factor influencing the require-
ments of exogenous growth regulators (Deo et al. 2010; 
Jiménez 2005; Kim et al. 2010).

The light conditions significantly affected somatic embry-
ogenesis. Our results indicate that more somatic embryos 
were formed when leaf explants were incubated in com-
plete darkness (for 3 weeks) than under 16 h light/8 h dark 
photoperiod. In dark pretreatments, there was an average of 
133.53 ± 9.33 somatic embryos per leaf explant compared 
with 38.87 ± 1.81 in the light.

Fig. 2  Somatic embryogenesis and plant regeneration of P. olera-
cea, a and b formation of somatic embryo from leaf explant, c tor-
pedo stage of somatic embryo, d callus induction from stem explant, 

e cotyledonary stage of somatic embryos, f multiple shoots developed 
from leaf-derived somatic embryos, g acclimatized plant
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Cellular differentiation of explants depends on cell capac-
ity for developmental plasticity, which is highly regulated by 
environmental and endogenous factors as well as their inter-
action. At in vitro conditions, light and hormones are key 
factors that regulate plant growth and development depend-
ently or independently from one another. Physiological data 
suggest that plant hormones have molecular interaction with 
light during plant growth and development (Alabadí and 
Blázquez 2009). Various studies have indicated that light 
may modulate auxin-signalling pathways and many auxin-
regulated genes can also be regulated by light (Tian and 
Reed 2001). The molecular mechanisms for mediating light-
dependent stimulation or inhibition of somatic embryogen-
esis is not completely determined (Gaj 2004). Chung et al. 
(2010), reported that light plays a decisive role in induc-
tion and morphogenesis of somatic embryos (Chung et al. 
2010). The influence of light on plant morphogenesis may 
be related to the effect of light on stimulating or inhibiting 
the production of different endogenous substances (such as 
hormones). Suzuki et al. (2004) reported that pre-treatment 
of explants in the dark (for 10–30 days) leads to increase in 
endogenous cytokinin levels from 3- to 7- fold (Suzuki et al. 
2004). It has been reported that IAA synthesis was greatly 
stimulated by light (Zelená 2000). In this experiment, the 
light may have increased auxin synthesis and high level of 
auxin (for example IAA) probably had negative effect on 
somatic embryogenesis of P. oleracea.

Nato et al. (2000) showed that light had a significant role 
in the expression of G protein during somatic embryogen-
esis of wheat. G proteins are important signal transducing 
molecules in cells that enables cells to sense and respond to 
changes in their environment. It has been determined that G 
proteins influence a variety of signalling events in plants and 
are responsible for transducing a wide variety of extracel-
lular signalling molecules including hormonal transduction 
pathway (Hooley 1999). It has been reported that darkness 
reduces the level of inhibitory compounds from tissues in the 
culture medium. Dibax et al. (2005) reported that darkness 
reduced the negative effects of phenolic compounds and, 
consequently, reduced necrosis of explants.

In summary, this study established a protocol for effi-
cient regeneration of purslane via direct somatic embryo-
genesis. The comparison of direct and indirect somatic 
embryogenesis indicated that the direct route of morpho-
genesis resulted in plantlet production in a shorter time 
(50–55 days from explant to plantlets in soil) than the indi-
rect route (85–95 days). In this pathway, somatic embryos 
can be developed directly from the explants without an 
intermediate callus stage, thus shortening of the process of 
somatic embryogenesis and plant regeneration. The high-
est somatic embryos per explant were obtained in direct 
somatic embryogenesis compared with indirect embryo-
genesis (133.53 ± 9.33 and 28.4 ± 4.43, respectively). Also, 

in direct somatic embryogenesis abnormal phenotypes were 
not observed in the regenerated plants. It has been suggested 
that direct somatic embryos have a unicellular origin result-
ing in a greater genetic and cytological uniformity (Zhang 
et al. 2001).

Evaluation of kanamycin effects on regeneration 
rate

Efficient selection of transgenic material is a necessary 
prerequisite for successful plant transformation via Agro-
bacterium. In this study, kanamycin was chosen as a selec-
tion agent, because the binary vector pBI121 contained the 
neomycin phosphotransferase (nptII) gene. Leaf and callus 
explants were cultured on regeneration medium containing 
different levels of kanamycin (0, 50, 100, 150, 200, 250 and 
300 mg/L) to determine a suitable level of the kanamycin 
for selecting transformed shoots. Our results indicated that 
as kanamycin concentrations increased, somatic embryogen-
esis was significantly impaired. The 250 mg/L of kanamycin 
significantly inhibited shoot regeneration, but did not lead 
all the explants to browning and, death within 6 weeks. At 
the high dose of kanamycin (300 mg/L), all explants turned 
brown gradually and died in the weeks following the first 
3 weeks. Therefore, 250 mg/L of kanamycin was observed 
to be the optimum concentration to select the transformed 
shoots (Fig. 3a, b).

Optimization of transformation parameters

In order to optimize conditions for purslane transformation, 
various factors affecting gene delivery were evaluated. This 
is the first report investigating factors influencing the genetic 
transformation of P. oleracea. The transfer and integration of 
T-DNA into the host genome are influenced by several fac-
tors including plant genotype, explant type, plasmid vector, 
bacterial strain, composition of culture medium, co-cultiva-
tion duration, and tissue wounding (Ziemienowicz 2014).

Pre‑culture of explants

The first parameter found to influence T-DNA delivery into 
purslane genome was the pre-culture of leaf and callus on 
regeneration medium before inoculation and co-cultivation 
with Agrobacterium. Prior to co-cultivation with Agrobac-
terium, leaf and callus explants were cultured on regenera-
tion medium for a period varying from 0 to 10 days. The 
transformation frequency was significantly affected by the 
pre-culture period. Results indicated that explants without 
pre-culture or with short pre-culture periods became necrotic 
and died on the selection medium after 2 weeks. Extension 
of pre-culture time would increase the percentage of regen-
eration explants and 7 days of pre-culture was found to be 
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the most effective for the improvement of transformation 
efficiency for both explants of purslane. However, the induc-
ing frequency of kanamycin-resistant shoots decreased when 
the duration of pre-culture was more than 8 days (Fig. 3c). 
The beneficial effect of pre-culture treatment of purslane 
may be attributed to the presence of plant growth regula-
tors in the regeneration medium. Plant growth regulators 
promote cell division and the actively dividing cells are the 
most amenable to delivery and integration of T-DNA (An 
1985).

Co‑cultivation period

The co-cultivation duration is a crucial factor which is 
pre-requisite for the development of efficient Agrobac-
terium-mediated transformation protocol to get higher 
percentage of transgenic plants. In this step, T-DNA is 
incorporated into host genomic DNA. The periods of 
co-cultivation differed according to plant species and 
varying from 1 to 7 days (Yang et  al. 2010). In most 
plant species, 2–3 days co-cultivation is most optimal 

Fig. 3  Optimization of factors influencing transformation frequency 
based on regeneration rate of explant, number of km-resistant shoots 
per explant, and GUS expression on purslane. a and b Kanamy-

cin concentration, c pre-culture duration, d co-cultivation period, e 
wounding of explant, and f explant types
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because longer periods have frequently resulted in bacte-
rial overgrowth (Dutt and Grosser 2009). Therefore, we 
compared the effect of different co-cultivation periods 
on transformation efficiency. In the present study, co-
cultivation was carried out for 2–6 days at 25 ± 2 °C in 
darkness. Extension of the co-cultivation period signifi-
cantly enhanced the number of kanamycin resistant shoots 
per leaf explants. The optimum transformation frequency 
was obtained when the leaf explants and Agrobacterium 
were co-cultivated for 4 days, while 6 day co-cultivation 
did not increase transformation efficiency in leaf explants 
and resulted in bacterial overgrowth and tissue necrosis 
(Fig. 3d). In shorter co-cultivation period, few explants 
were regenerated on selection medium and few shoots 
were obtained per explant (2.7 and 4.3 shoots per explant 
in 2 and 3 days, respectively, data not shown). During 
co-cultivation of explants and Agrobacterium, the pro-
teins encoded by vir genes that are essential for the trans-
fer of the T-DNA are induced, resulting in a significant 
increase in transformation efficiency (Dutt and Grosser 
2009). Results indicated that co-cultivation duration did 
not have significant effect on transformation efficiency 
in callus explant (Fig. 3d). It has been reported that the 
optimum duration of co-cultivation is dependent on the 
explants genotype (Lu et al. 2007).

Wounding of explants

Wounding the explants prior to bacterial infection was 
also observed to play an important role in enhancing the 
transformation efficiency. Data showed that wounding 
of leaf explant significantly increased the efficiency of 
explants transformation. The maximum amount of regen-
eration and the highest number of kanamycin resistant 
shoots were observed on leaf explant wounded by hypo-
dermic needle (Fig. 3e). Inducing wounds in the explant 
causes the secretion of low molecular weight compounds 
(acetosyringone and α-hydroxyacetosyringone) from 
the wound sites of the explants. These compounds are 
recognized specifically by the Agrobacterium as signal 
molecules that facilitate transfer of Agrobacterium genes 
across the plant cell wall, subsequently, stimulating the 
induction of vir genes, and ultimately, leading to increase 
in the transformation efficiency (Stachel et al. 1985). 
Wounding of the meristematic region induces meristem 
reorganizations that leads to formation of large transgenic 
sectors and enhanced recovery of transformants (Saini 
and Jaiwal 2007). However, in callus explant, wounding 
was not necessary for transfer of the T-DNA into the host 
cell and transformation was best achieved using intact and 
non-wounded callus (Fig. 3e).

Agrobacterium strains

We determined the effect of two different Agrobacterium 
strains, namely, LBA4404 and GV3101 on transformation 
efficiency. The A. tumefaciens strain significantly influ-
enced the transformation efficiency. The highest transfor-
mation frequency (72.22%) was obtained when the leaf 
explants were infected for 30 min with A. tumefaciens strain 
LBA4404. Whereas, A. tumefaciens strain GV3101 induced 
necrosis in explant and failed to cause transformation. Agro-
bacterium strains differed from each other in their ability to 
transfer T-DNA and vir proteins to the explant cell (Jiang 
et al. 2003). The chromosomal and virulence genes involved 
in T-DNA transfer may differ between strains which can 
affect gene transformation capacity (Collado et al. 2015). 
Vir genes code many proteins which play essential roles in 
Agrobacterium-mediated transformation process. Some vir 
proteins stay in the bacterium and mediate T-DNA transfer 
into plant cells, whereas the others are secreted by the bac-
terium into the host cell. It has been shown that delivering 
of T-DNA and vir proteins into the host cell causes expres-
sion of their genes which are involved in defense responses, 
cell division, and growth, chaperones, and primary and 
secondary metabolism (Jiang et al. 2003). Although the 
exact molecular function of many of these host proteins is 
still unknown, transferring of T-DNA into the host genome 
requires both Agrobacterium and host proteins. Tzfira et al. 
(2002) reported that VirE2 can interact with the plant tran-
scription factor VIP1, which might facilitate T-DNA inte-
gration into the host genome. Overexpression of VIP1 in 
Arabidopsis can increase transformation efficiency (Tzfira 
et al. 2002). Different bacterial strains may stimulate expres-
sion of various host genes, which induce negative or posi-
tive effects on gene transformation efficiency. The effect of 
Agrobacterium strain on transformation efficiency has been 
reported by various authors (Gutiérrez et al. 1997; Sharma 
et al. 2011a).

Explant types

The efficiency of Agrobacterium-mediated transformation 
of purslane was strongly related to explant types. Compared 
with callus, the leaf was the most efficient explant for trans-
formation and rapid shoot regeneration was achieved from 
putative transformed leaf explant (Fig. 3f). The percent-
age of transgenic plant regeneration from leaf and callus 
explant (Fig. 4a–d) was 72.22% and 13.89%, respectively. 
During genetic transformation, the number of regener-
ated plants per infected explant was sharply reduced. The 
number of putative transgenic shoots regenerated per leaf 
explants was 10.3 ± 3.3 (Fig. 3f). Infection of explants by 
Agrobacterium reduces the regeneration ability. The regen-
erative capacity of explants to produce whole plants is an 
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essential prerequisite for genetic transformation of plants 
via Agrobacterium (Dai et al. 2013; Pozueta-Romero et al. 
2001). Various tissues and cell types from a plant widely 
differ in their in vitro organogenic potential and response to 
genetic transformation. Mukeshimana et al. (2013) reported 
that Agrobacterium strain and explant tissues are important 
factors for Agrobacterium infection and plant regeneration. 
The interaction between Agrobacterium strain and host cells 
affects virulence ability of Agrobacterium (Mukeshimana 
et al. 2013). The transformation capacity of different Agro-
bacterium strains varies depending on tissue type. Some of 
the important crops hardly respond to genetic manipulation 
via Agrobacterium, mainly due to their genetic restriction 
associated with the resistance to Agrobacterium infection 
and their inability to regenerate in vitro (Shrawat and Lörz 
2006). In this study, leaf explants displayed a higher capac-
ity for embryogenesis and shoot regeneration than callus 
explants. (Fig. 4f). Therefore, leaf explant might be more 
suitable for transformation due to their higher capacity for 
in vitro organogenesis. The low percentage of transforma-
tion efficiency of callus could be due to the observation that 
callus cells are not suitable for somatic embryogenesis and 
plant regeneration. The effect of explant on increasing trans-
formation efficiency depends on the competency of explant 

cells for T-DNA delivery and the subsequent recovery of 
explant cells (Ziemienowicz 2014).

GUS histochemical analysis

To confirm GUS gene expression, histochemical GUS assay 
was done in the leaves from the putatively transformed plants 
(regenerated plant on selective medium containing kanamy-
cin) and non-transformed plants (wild plant). Staining for 
GUS expression revealed an intense blue color in leaves of 
transformed plants (Fig. 4f) whereas no such blue coloration 
was observed from non-transformed plants (Fig. 4e). The 
GUS assay confirmed the presence of GUS in the transgenic 
plants in 42 out of 45 regenerants (93.3%). The results of the 
GUS histochemical assays indicated that the uidA gene was 
expressed in the transformed plants.

Molecular analysis

Further confirmation of uidA gene integration into the GUS 
positive plants was confirmed by PCR and southern blot 
hybridization. PCR and Southern blot hybridization were 
performed using the genomic DNA isolated from GUS posi-
tive plants, wild plant and pBI121 plasmid. The presence 

Fig. 4  Genetic transformation of P. oleracea by Agrobacterium-medi-
ated transformation, a putatively transformed plant that regenerated 
from leaf explant, b putatively transformed plant that regenerated 

from callus, c in  vitro regenerated transgenic plant, d flowering of 
transgenic plant e GUS expression in T0 plants (control plant), f GUS 
expression in T0 plants (transgenic plant)
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of amplified fragment of 1128 bp (Fig. 5 lines 6 & 7) in 
samples from GUS positive plants and pBI121 plasmid con-
firmed the presence and integration of the uidA gene into the 
P. oleracea genome. Wild plant genomic DNA did not show 
any amplified fragment (Fig. 5 line 5).

To confirm the T-DNA integration and copy number into 
the purslane genome, genomic DNA from leaves of PCR-
positive plants was digested with EcoRI and hybridized 
with the probe prepared by using PCR-amplified product 
of uidA gene. DNA obtained from wild plants was used as 
a negative control. Southern hybridization provided copy 
numbers of the uidA gene in the genome of the putative 
transgenic plantlets and confirmed that transgenic plants had 
2–3 copies of the transgene (Fig. 6 line 3, 4). No hybridiza-
tion signal was observed in non-transformed control plants 
(Fig. 6 line 2). Southern blot analyses of selected transgenic 
plants (in  T2 generation) confirmed the successful integra-
tion and inheritance of transgenes in the genome of purslane 
by Agrobacterium-mediated transformation.

Conclusion

We have developed an efficient protocol for in vitro plant 
regeneration and Agrobacterium-mediated transformation 
of P. oleracea via direct and indirect somatic embryogene-
sis. An efficient and rapid in vitro regeneration system is a 
prerequisite to develop transgenic plants of any species via 
Agrobacterium-mediated transformation. The induction 
of somatic embryogenesis requires the establishment of the suitable environmental conditions and favorable plant 

growth regulators. Our results indicate that in vitro plant 
regeneration from indirect somatic embryos is more dif-
ficult with low regeneration efficiency and takes a longer 
time when compared to direct somatic embryogenesis 
from leaf explant. The direct somatic embryogenesis is an 
important tool to achieve large-scale production of plants 
in a short time. Under optimal regeneration conditions, we 
have developed an efficient system for the successful trans-
formation of P. oleracea by optimizing different param-
eters considered crucial for successful transformation. The 
comparison of direct and indirect somatic embryogenesis 
for Agrobacterium-mediate transformation of P. oleracea 
indicated that the highest transformation efficiency and the 
most rapid production of transgenic plants were obtained 
with direct somatic embryogenesis.
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