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greater than the untreated control. The present study postu-
lated that gamma radiation induced metabolic changes and 
easy-to-achieve putative mutant comprised with the high 
amount of 20-hydroxyecdysone.
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Introduction

Phytoecdysteroids (PE) are triterpenoids that possess 
enormous biomedical potential against various diseases 
(Gorelick-Feldman and others 2008). 20-hydroxyecdysone 
(20HE) is commonly found in numerous plant families 
and has potential in human medicine (Lafont and Dinan 
2003). Other rarer ecdysteroid analogs may also possess 
interesting biological properties (Bathori and Pongracz 
2005). Current evidence has proven that lipophilic Leuzea 
carthamoides root extracts include a major phytoecdyster-
oid, 20HE-inhibited human breast adenocarcinoma MCF-7 
cells (Gaube and others 2008). Toth and others (2008) 
reported the importance of 20HE as a curative agent for 
muscle atrophy and it increased body mass and muscle 
fiber growth. Ho and others (2015) reported that Microso-
rum grossum extracts containing the main bioactive com-
ponents of 20HE can be used as innovative active cosmetic 
ingredients providing UV-protective effects for human der-
mal fibroblasts.

Many plants contain significant amounts of the 20HE, 
which has potential therapeutic value in human medicine. 
A perennial herb, Rhaponticum carthamoides, has been 
used for centuries in eastern parts of Russia and is known 
for its rich source of 20HE as the most abundant ecdyster-
oid in various parts of the plant in the range of 0.03–1.51% 

Abstract Abiotic stress in the form of gamma irradia-
tion has been shown a potent inducer of oxidative stress in 
plant cell cultures which produce higher amounts of com-
mercially important secondary metabolites. In the pre-
sent study, the impact of low doses of gamma irradiation 
on growth and accumulation of 20-hydroxyecdysone of 
Sesuvium portulacastrum was investigated. Shoot cultures 
were established on Murashige and Skoog medium supple-
mented with indole-3-acetic acid (0.5 mg  L−1) and N6-ben-
zylaminopurine (2.0  mg  L−1). Mutations were induced in 
tissue culture by treating multiple shoots at low doses of 
gamma irradiation in the range from 5 to 40  Gy. In  vitro 
cell growth and 20-hydroxyecdysone were assessed dur-
ing  M1T1,  M1T2,  M1T3, and  M1T4 generations. A gamma 
radiation dose of 20 Gy was calculated as 50% of the lethal 
value  (LD50). The survival rates of multiple shoot cultures 
exposed to high doses were gradually reduced in the course 
of increased order of generations. High-gamma irradiation 
doses were harmful to growth and 20-hydroxyecdysone 
production. The accumulation of 20-hydroxyecdysone 
of 0.139  mg/plant dry weight was significantly two-fold 
higher than non-irradiated shoot cultures. The stressed 
shoots increased 13-fold 20-hydroxyecdysone at 20 Gy dur-
ing the  M1T4 generation compared to the yield of the  M1T1 
generation. The ex vitro plants produced 0.321  mg/plant 
dry weight of 20-hydroxyecdysone which was remarkably 
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(Kokoska and Janovsk 2009). Rufaie and others (2011) 
reported that considerable amounts of 20HE were isolated 
from Taxus wallichiana, Cupressus tularosa, and Datura 
stramonium plant extracts and the highest quantity was 
obtained in T. wallichiana. It has been recently found that 
Chenopodium quinoa macerated seeds secreted 491 µg g−1 
of 20HE and showed the highest level of biological activity 
(Graf and others 2014). Seasonal and geographical condi-
tions influence the content of 20HE in different tissue types 
of wild Ajuga bracteosa (Kayani and others 2014). Fronds 
and rhizomes of Microsorum grossum extracts contain 
20HE as the main bioactive molecule and can be used as 
an adaptogenic compound to protect the skin against oxida-
tive stresses (Ho and others 2015). Similarly, fronds of the 
fern Microsorum scolopendria are a rich source of 20HE 
(0.20%) and widely used in traditional medicine (Snogan 
and others 2007). 20HE is the common and major ecdyster-
oid in plants and the biosynthetic pathway has been studied 
in Achyranthes japonica which suggested that biosynthesis 
of 20HE is not restricted to a particular organ or growth 
stage of plants (Bakrim and others 2008; Boo and others 
2010) and hairy root cultures of Ajuga sp. (Fujimoto and 
others 2000). The biosynthetic and metabolic transforma-
tions of ecdysones have been studied by the amalgamation 
of mevalonic acid and cholesterol into the Sesuvium por-
tulacastrum plant (Sipahimalani and others 1972). Bathori 
and others (1999) achieved the highest concentrations of 
2.3% of 20HE in Serratula coronate during the flowering 
period. 20HE is metabolically stable and found in a variety 
of plant families and participates in plant defenses against 
herbivorous insects, rather than as a phytohormonal role 
(Schmelz and others 2000; Dinan 2001).

Gamma rays are ionizing radiation, and high doses 
are harmful due to the generation of free radicals which 
cause serious damage to the cells. Conversely, low doses 
of gamma irradiation have been used to improve cell 
growth and enhance production of high-value life-saving 
drugs in plant cell cultures (Kim and others 2013; Ful-
zele and others 2015). The morphological, biological, 
and physiochemical changes caused by gamma radiation 
exposure in a large range of plants have been studied by 
many researchers (Kovacs and Keresztes 2002; Kim and 
others 2004; Wi and others 2005). Apparently, low-dose 
gamma irradiation improved varieties of many crops, that 
is, papaya, banana, sugarcane, potato, and strawberry 
(Hang and Chau 2010; Gloria and Adao 2013; Oloriz 
and others 2011; Das and others 2000; Breitfellner and 
others 2002) have been developed. Also, gamma radia-
tion has been used for the selection of putative mutants 
in  vitro and ex vitro for crop improvement and nowa-
days mutation induction has become a well-known tool 
in plant breeding programs that can deliver the exist-
ing germplasm and improve cultivars in certain specific 

traits (Hung and Johnson 2008; Sun and others 2007). 
The putative mutant OASA2 of rice is a variety enriched 
with a high level of amino acids developed from irradi-
ated callus cultures (Kim and others 2005). In an earlier 
study, gamma irradiation significantly stimulated shi-
konin production and increased total shikonin yields by 
400% at 16  Gy in suspension cultures of Lithospermum 
erythrorhizon (Chung and others 2006). Fulzele and oth-
ers (2015) demonstrated that the application of low doses 
of gamma rays acts as abiotic stress to plant tissue lead-
ing to the beneficial effects of enhanced anticancer drug 
camptothecin production in cell cultures of Nothapodytes 
foetida. Hasbullah and others (2012) reported that cell 
and organ cultures of Gerbera jamesonii were strongly 
influenced by the gamma radiation dose. Low doses of 
gamma irradiation increased the number of shoots in 
Cucumis melo, whereas the number of shoots decreased 
with increasing doses of irradiation (15 and 20 kRs) 
(Venkateshwarlu 2008).

The commercial market of phytoecdysteroids has proven 
the immense importance of their therapeutic applications, 
specific biological activities, and clarifying claims of ana-
bolic potency. Also, it has been used as a muscle enhancer 
in various commercial botanical supplements available in 
the global markets such as Magnum Thrust from Magnum 
Nutraceuticals (Canada) and Ecdysten from ThermoLife 
(USA). Phytoecdysteroid improves the quality and quan-
tity of silk production at the commercial level in the seri-
culture industry (Keshan and others 2000; Trivedy and 
others 2006). The administration of low concentrations of 
ecdysone influenced silk gland cells and caused a benefi-
cial effect on silk yield and suggested that phytoecdyster-
oid treatment, if applied at an appropriate concentration, 
could boost the sericulture industry as well as the economy 
of silkworm rearing (Srivastava and Upadhyay 2013). 
Recently, plant extracts of Cupressus tularosa contain phy-
toecdysteroid (β-ecdysone) have been applied in sericulture 
industry as a crop saver (Rufaie and others 2015). Further-
more, in plants, 20HE is a major molting hormone of inver-
tebrates and acts as a defensive substance against insects 
and plant-parasitic nematodes (Soriano and others 2004).

The progressive demand of 20HE in dietary supple-
ments, for crop saving and for applications in the sericul-
ture industry, is continuously increasing in the global mar-
kets. Therefore, it is obligatory to fulfill the global demand 
of 20HE by alternative and attractive systems. The use of 
low doses of gamma irradiation to enhance the secondary 
metabolite production level has previously been investi-
gated by other researchers. However, the effects of low 
doses of gamma irradiation on shoot cultures of S. portu-
lacastrum to achieve cell lines containing high amounts 
of 20HE have not been studied methodically earlier. In 
the present investigations, we have systematically studied 
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the influence of low doses of gamma irradiation stress on 
improvement of 20HE production in in  vitro cell cultures 
during different generation periods.

Materials and Methods

Plant Materials

Plant materials of S. portulacastrum were collected from a 
coastal area of Navi Mumbai, India. Plant specimens were 
authenticated from the Botanical Survey of India, Pune, 
India. Axillary buds were used as a source of explants for 
initiation of shoot cultures. Explants were kept under run-
ning tap water for 30 min before disinfection. After 30 min, 
plant materials were treated with Dettol for 3 min and sub-
sequently surface-sterilized with 70% ethyl alcohol (v/v) 
for 3 min followed by  HgCl2 (0.1% w/v) solution for 2 min. 
Finally, surface-sterilized plant materials were rinsed sev-
eral times with sterile water and transferred aseptically onto 
solid Murashige and Skoog (MS) (Murashige and Skoog 
1962) medium.

Culture Media and Conditions

MS medium was supplemented with indole-3-acetic acid 
(0.5  mg  L−1), N6-benzylaminopurine (2.0  mg  L−1), and 
3% w/v sucrose. The pH of the medium was adjusted to 
5.8 with 0.1  N NaOH/HCl before autoclaving. Culture 
medium was autoclaved at 121 °C at 15 lbs for 20  min. 
Cultures were incubated at 25 ± 1 °C under 16/8 h light and 
dark photoperiod conditions (40 μmol m−2 s−1, cool white 

fluorescent tubes). The cultures were maintained on similar 
media compositions and subcultured after every 4  weeks. 
After a period of almost 6 subcultures, established shoot 
cultures were taken up for further study.

Gamma Irradiation

Four-week-old in vitro shoot cultures were irradiated at dif-
ferent doses in the range of 5, 10, 15, 20, 25, 30, 35, and 
40 Gy. Shoots of uniform length 3–4 cm having 5–6 nodes 
were inoculated in plant tissue culture bottles (n = 6 per 
bottle). The irradiation was carried out in a uniform source 
of 60Cobalt 1.164  Gy  min−1 (Gamma chamber, Bhabha 
Atomic Research Centre, Mumbai, India) at room tem-
perature. The schematic pictorial representation is shown 
in Fig. 1. The non-irradiated shoot cultures were taken as 
controls. After being exposed at different irradiation doses, 
the cultures were transferred onto MS medium of the same 
media constituents and maintained at 25 ± 1 °C for 16  h 
with light provided by cool white fluorescent tubes to pro-
vide 40  μmol  m−2  s−1 light intensity. To study the effect 
of gamma irradiation, irradiated shoot cultures were sub-
cultured every 4  weeks, and the growth characteristics 
and 20HE contents for four subcultures denoted as  M1T1, 
 M1T2,  M1T3, and  M1T4 generations were evaluated. As for 
observation of irradiated shoot cultures, at the end of the 
4-week culture period, total fresh weights, dry weights, and 
quantification of 20HE of the shoots were determined and 
recorded. All experiments were repeated thrice with the 
same number of replicates and values are mean ± S.E. of 
three independent experiments.

Fig. 1  A schematic representation of the selection of in  vitro and ex vitro putative mutant containing a high concentration of 20-hydroxy-
ecdysone via gamma irradiation



922 J Plant Growth Regul (2017) 36:919–930

1 3

Determination of Radiation Sensitivity Test

The radiation sensitivity test was executed on multiple 
shoot cultures of S. portulacastrum. The survival rate of 
irradiated and non-irradiated shoot cultures was measured 
after subsequent fourth subcultures.

Acclimation of Plantlets

Almost 100 plantlets obtained from each generation 
were transferred to polyethylene bags containing garden 
soil:sand:cow dung (3:1:0.5). The plants were grown under 
the shed at 24 ± 1 °C for 4  weeks. After a month, plants 
were harvested and evaluated for their heights, biomass, 
and subsequently analysis for 20HE. A hundred shoot cul-
tures were used in each treatment and experiments were 
repeated thrice.

Extraction of 20‑Hydroxyecdysone

In vitro shoots of the  M1T1,  M1T2,  M1T3, and  M1T4 gen-
erations were harvested and analyzed separately for 20HE 
contents. 20HE was extracted by a microextraction pro-
cess to minimize loss of sample. In brief, harvested bio-
mass materials were dried in an oven at 55 °C for 16 h and 
powdered by a Wiley Mill (Model No. 4276, Thomas Sci-
entific, USA). The dried powdered material (100 mg) was 
transferred to polypropylene microcentrifuge (Eppendorf) 
tubes and mixed with methanol (1 ml) followed by sonica-
tion at 33  KHz for 10  min. After sonication, the samples 
were centrifuged at 12,000×g for 5  min. The supernatant 
was transferred to clean glass vials and applied directly to a 
high-performance liquid chromatography (HPLC).

Quantification of 20‑Hydroxyecdysone

An isocratic analytical HPLC was performed on a JASCO 
liquid chromatography (PU-2080 Plus, Japan) equipped 
with an autosampler injector (AS-2055 plus Japan) with 
a 20-µl sample loop and a variable wavelength detec-
tor (Model No. UV-2075 plus, Japan). The HPLC col-
umn was a Merck Millipore RP  C8 (particle size 5  µm, 
4.6 mm × 150 mm) packed column. The mobile phase for 
20-hydroxyecdysone elution was methanol:water (60:40, 
v/v) at a flow rate of 1  ml  min−1 and UV detection at 
245 nm. Data collection and integration were accomplished 
using Chrompass software. A 1  mg  ml−1 stock solution 
of standard 20HE in methanol was prepared. For the cali-
bration curve, 2–10  µl of standard solution of 20HE was 
applied in triplicate onto the HPLC. The peak areas were 
recorded and a calibration curve of 20HE was prepared by 
plotting peaks area against concentrations. The slope and 
intercept value for the calibration curve was Y = 22,358 
X + 994.76 (R2 = 0.999). Linearity was studied by least 
square linear regression analysis of peak areas obtained 
after application of different concentrations of standard 
20HE solution in linearity ranges between 0.1 and 10 µg. 
No interference with 20HE was observed by using the 
methanol:water solvent as a mobile phase (Fig.  2). This 
method is sensitive and accurate with good reproducibility. 
Validation of the quantitative method was performed with 
the samples for five times. The results of the five injec-
tions from the same samples at the five concentrations 
(0.1–0.5  µg) showed similar retention time. A retention 
time of 20-hydroxyecdysone was 4.21 min. Peak identifica-
tion was carried out on the basis of the standard sample of 
20HE (Sigma, USA).

Fig. 2  HPLC analysis showing the presence of 20-hydroxyecdysone in Sesuvium portulacastrum extracts
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Growth Measurement

Fresh weights (FW) and dry weights of the cultures were 
determined by following the methods as described else-
where (Fulzele and others 1995). In brief, after harvest, 
shoot cultures were gently pressed on filter papers (What-
man No. 1) to remove excess water for the determina-
tion of fresh weight (FW). Cultures were dried to con-
stant weight in an oven at 55 °C for 16 h to obtain the dry 
weight (DW).

Statistical Analysis

The differences of mean values on growth and 20HE 
yield values were determined by one-way analysis of 
variance (ANOVA). All experiments were carried out in 
triplicate and values are mean ± S.E. of three independent 
experiments.

Results and Discussion

Radiation Sensitivity Test

The radiation sensitivity results were based on the sur-
vival percentage of irradiated and non-irradiated in vitro 
cell cultures. Shoot cultures exposed to various dosages 
of gamma irradiation or non-irradiated shoots showed a 
100% survival rate at the first in vitro subcultures  (M1T1 
generation). We observed a significant percentage reduc-
tion in the survival rate of in vitro shoots with increased 
gamma irradiation doses during the  M1T1,  M1T2,  M1T3, 
and  M1T4 generations. In the present study, the lethal val-
ues  (LD50) were observed based on the reduction of the 
survival rate of the shoot cultures after exposure to differ-
ent doses of gamma irradiation and compared with non-
irradiated cultures. The survival percentage of irradiated 
shoots to reach 50% as lethal values for gamma irradia-
tion was 20 Gy as interpolated from the graph in Fig. 3. 
These results were in accordance with the radiation sen-
sitivity test performed by Kiong and others (2008) who 
reported that gamma doses also decreased the survival 
percentage of plantlets of Orthosiphon stamineus. The 
optimum irradiation dose that induced maximum muta-
tion with minimum damage to the shoot cultures, in the 
present work,  LD50 value was 20 Gy. In accordance with 
our results, the lethal values have been studied by Kan-
garasu and others (2014) whereby  LD50 was determined 
by reduction of survival cuttings of Manihot esculenta 
crantz at different measurements on gamma-treated mate-
rial compared to untreated control.

Effects of Gamma Irradiation on Regeneration 
of Shoot Numbers and Shoot Length During the  M1T1 
Generation

A steady decline was found in shoot heights and num-
bers of multiple shoots regenerated from irradiated shoot 
cultures exposed at different irradiation doses. The maxi-
mum numbers of shoots were regenerated when exposed 
to 10 Gy of irradiation. Non-irradiated shoot cultures pro-
duced 3.88 multiple shoots, whereas irradiated shoots at 
10  Gy regenerated 6.6 shoots in 1  month  (M1T1 genera-
tion). Conversely, abnormalities were formed in the shoot 
when shoot cultures were exposed in the range from 25 to 
40 Gy. As such, the results of the current study indicated 
that high-gamma doses totally reduced regeneration of 
shoots and formed stunted and abnormal shoots, whereas 
low doses improved shoot regeneration 70% more com-
pared to non-irradiated shoots (Fig.  4). The results in the 
present study were supported by Sakr and others (2013), 
who reported that gamma irradiation at low doses increased 
the number of shoot cultures of Dracaena surculosa. Like-
wise, a similar observation was reported by Hasbullah 
and others (2012), on the effects of gamma irradiation on 
shoots regenerated from irradiated cultures of G. jamesonii. 
Authors have broadly studied and observed that the num-
ber of shoots was drastically reduced when cultures were 
exposed to high irradiation doses, whereas low doses influ-
enced regeneration and obtained 6.6 regenerated shoots. 
Also, lower doses of gamma irradiation influenced shoot 
regeneration efficiency in multiple shoots of Cucumis melo, 
whereas high doses reduced the shoot formation indicat-
ing their sensitivity to gamma radiation (Venkateshwarlu 
2008). Although the irradiation doses for the in vitro cell 
cultures varied, Kumari and others (2013) reported that 
shoot regeneration decreased gradually with the increase 
in radiation dose and the shoots that developed were small, 

Fig. 3  Percentage reduction in survival rate of in vitro shoot cultures 
exposed to different doses of gamma radiation compared with non-
irradiated shoots  (LD50 = 50% lethal dose)
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less vigorous with retarded growth similar to the results 
obtained in the present study. Similarly, gamma irradia-
tion augmented plant regeneration capability in cultures 
of Eleusine coranna (Pius and others 1994) and improved 
shoot organogenesis in Helianthus annuus (Encheva and 
others 1993). Recently, Al-Safadi and Elias (2011) reported 
that low doses of gamma irradiation influenced shoot 
growth, whereas exposure at high doses showed an adverse 
effect.

As shown in Fig.  4, a stimulation of shoot length was 
observed when shoot cultures of S. portulacastrum were 
exposed at different low doses of gamma irradiation. This 
study revealed that the shoot length was 5.64 cm at 10 Gy, 
which is 54% more than that of non-irradiated shoot cul-
tures. At high doses of gamma irradiation, the lengths of 
shoots were reduced by 45% compared to non-irradiated 
cultures. These results were in a parallel with Al-Safadi and 
Elias (2011) who reported that shoot length of Capparis 
spinosa was significantly increased at 10 Gy of gamma irra-
diation. A stimulatory effect of low doses of gamma irradi-
ation on shoot cultures of S. portulacastrum was observed 
in this study and is a well-corroborated phenomenon that 
has previously been reported by many researchers in sev-
eral other crops. George and Rao (1980) reported that shoot 
growth of Brassica juncea was stimulated at the low dose 
of gamma irradiation. Borzouei and others (2010) observed 
stimulating effects on the shoot length of Triticum aestivum 
following gamma irradiation. Shoot length declined up to 
46% as the radiation dose increased.

Hasbullah and others (2012) reported that a significant 
decline was observed in the length of irradiated shoot 

cultures of G. jamesonii exposed at high doses when com-
pared to non-irradiated cultures. The similar observation 
has been observed in the present study in that 54% length 
of S. portulacastrum shoots at 10 Gy dose of gamma irra-
diation and then shoot length was reduced at high doses. 
In addition, high doses of gamma irradiation were reported 
to be harmful in several studies such that of Tshilenge-
Lukanda and others (2013) who reported that high doses of 
gamma irradiation reduced plant height and the number of 
leaves of Arachis hypogaea.

In the present study, we observed that high doses of 
gamma irradiation molded deformed leaves, whereas low 
doses favored positive effects (Fig. 5). Similarly, Hung and 
Johnson (2008) reported that increased doses of irradiation 
at 80 Gy produced deformed leaves and treatment of low 
doses showed no major differences in shoot growth of Was-
abia japonica. In fact, as previously mentioned by many 
researchers, high doses of gamma radiation retarded growth 
and development; mutagenic effectiveness was increased 
with the increased dose of gamma radiation and low doses, 
in general, were found to be more efficient in causing less 
cell damage (Rohani and others 2012; Caro-Melgarejo and 
others 2012). According to the results obtained in the pre-
sent study, shoot morphology, shoot height, and number 

Fig. 4  Effects of low doses of gamma irradiation on shoot regenera-
tion and shoot height of S. portulacastrum in MS medium supple-
mented with indole-3-acetic acid (0.5  mg  L−1) and N6-benzylami-
nopurine (2  mg  L−1). The observation was obtained from triplicate 
determinations. These results were representative from three inde-
pendent replicates (±SE) Fig. 5  The phenotypes of the control and shoot cultures of S. portu-

lacastrum exposed to different doses of gamma irradiation: 1-month-
old cultures after gamma irradiation treatment and the effects of low 
doses of gamma irradiation on growth of S. portulacastrum shoot 
cultures on MS medium supplemented with indole-3-acetic acid 
(0.5 mg L−1) and N6-benzylaminopurine (2 mg L−1) during the  M1T1 
generation. The observation was obtained from triplicate determina-
tions. These results were representative from three independent rep-
licates (±SE)
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of shoots were impaired by high doses of gamma irradia-
tion, which were consistent with the research of El-Shakhs 
and others (2007) and Smelkova and others (1999) who 
reported that high doses of gamma rays showed reduced 
stunted leaves and reduced plant heights of Picea abies, 
Larix deciduas, and Pinus sylvestris, whereas low doses of 
gamma rays favored most positive effects upon growth.

The abiotic stress of gamma radiation at different doses 
can alter or damage plant cells and even affect the mor-
phology, anatomy, biochemistry, and physiology of plants 
(Wi and others 2007). In recent years, a number of articles 
have addressed that low doses of gamma irradiation could 
be used as harmless and stimulatory effects to improve 
growth, whereas higher doses of ionizing radiation reduced 
the mitotic activity (Mohajer and others 2014). Kiong and 
others (2008) found that radiation intensified plant sensitiv-
ity to gamma rays and decreased the number of endogenous 
growth regulators via either breakdown or lack of synthesis 
due to radiation. In the present study, enhancement of shoot 
numbers and shoot heights were stimulated at low doses of 
gamma irradiation intensity, whereas similar effects were 
retarded above at 25 Gy onwards. From the results of the 
present study, it can be concluded that the effects of gamma 
irradiation on shoot height and number of shoots varied 
between different dose treatments, and shoot cultures have 
the ability to tolerate high doses of gamma irradiation.

Effects of Gamma Irradiation on Multiple Shoot 
Cultures During the  M1T1 Generation

The efficiency of shoot growth showed variation when 
exposed to low doses of gamma irradiation in the range 
from 5 to 40 Gy. A significant stimulation of growth rate 
was observed at low doses in the range from 5 to 20 Gy and 
thereafter drastically reduced the growth rate when exposed 
to high doses during the  M1T1 generation. Maximum bio-
mass was obtained when the shoots were exposed to the 
5 Gy radiation dose compared to non-irradiated shoot cul-
tures. In the present study, low doses favored shoot growth 
and achieved 2.1  g FW biomass, which is higher than 
non-irradiated shoot cultures. However, biomass of 0.52 
and 0.51  g FW obtained from shoots were irradiated at 
25 and 40 Gy, respectively, which is almost 67% less than 
that of non-irradiated shoot cultures (Fig.  5). In addition, 
there were no significant morphological abnormalities 
observed in the irradiated cultures at low doses and non-
irradiated shoot cultures. Similar results were reported by 
Ling and others (2010), whereby cell cultures of Orthosi-
phon stamineus exposed to low doses were not affected in 
growth rate and showed the highest increase in fresh weight 
(202%), whereas cultures exposed at higher doses exhibited 
the lowest increase in fresh weight. Earlier many research-
ers have investigated that treatment with higher gamma 

irradiation doses was harmful, whereas low doses showed 
stimulatory effects. As observed in the present study, it has 
been reported by Ling and others (2008) that plant growth 
increased at low doses in Citrus sinensis, whereas inhibi-
tion occurred when radiation intensities increased. The 
present results were in parallel with Al-safadi and others 
(2011) who reported that gamma irradiation at 10 Gy stim-
ulated the growth of shoots up to 200% and increased shoot 
rooting percentage from 75 to 100%. According to Bajaj 
(1970), high doses of gamma irradiation caused inhibi-
tion of tissue culture growth along with the failure of RNA 
synthesis and subsequently the failure of protein synthesis. 
Gamma rays belong to ionization radiation, which gener-
ates free radicals and high doses pose harmful effects on 
plant morphology, anatomy, biochemistry, and physiology 
depending on the irradiation level. Our results are in line 
with Venkateshwarlu (2008) who reported that the num-
ber of shoots and root lengths of Cucumis melo decreased 
with the increasing dosage of gamma irradiation and no 
significant changes were found in the morphology of phe-
notypes of plants when irradiated with relatively low doses 
of gamma rays.

Effects of Gamma Irradiation on 20HE Production 
During  M1T1 to  M1T4 Generations

The production of valuable commercial products through 
plant cell culture technology has been a challenging sub-
ject for many researchers. The ecdysteroid 20HE is a ster-
oid hormone and valuable secondary metabolite produced 
abundantly in S. portulacastrum. Thus, to enhance the 
production of 20HE, selection of a putative mutant using 
gamma-irradiated shoots was subsequently subjected to the 
estimation of secondary metabolites during different gener-
ations. By comparing the production, significant variation 
has been observed during the successive four in vitro sub-
cultures  (M1T1,  M1T2,  M1T3, and  M1T4 generations) and it 
was found that low doses of gamma irradiation enhanced 
the production of 20HE (Fig. 6).

In the  M1T1 generation, 20HE production was not cor-
related with increased doses of gamma irradiation. An 
inhibitory effect was observed at the intermediate gamma 
radiation dose of 25  Gy, whereas there was a significant 
stimulation of production at lower doses in the range of 
5 to 20 Gy and even at high doses of 30 to 40 Gy during 
the  M1T1 generation. Data in Fig.  6 showed that maxi-
mum 20HE production of 0.078 mg/plant dry weight was 
recorded in non-irradiated shoots, whereas at 25  Gy, the 
minimum concentration of 0.0041 mg/plant dry weight of 
20HE obtained which was 19-fold less compared to con-
trol. The high-gamma irradiation dose of 40  Gy showed 
a concentration of 20HE of 0.026  mg/plant dry weight, 
which was 36% lower than that of non-irradiated shoot 
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cultures. However, in the  M1T1 generation, the gradual 
increase of the concentration of 20HE was not associated 
with increased doses of gamma irradiation. This study 
found that the significant variation of 20HE produced at 
different doses of gamma irradiation during the first sub-
culture in the  M1T1 generation was consistent with the 
research of Kiong and others (2008) who have demon-
strated a similar type of variation using gamma irradiation 
of Orthosiphon stamineus at various doses. The authors 
further documented that the concentration of rosmarinic 
acid production was variable at different doses of gamma 
irradiation and the maximum rosmarinic acid concentration 
was achieved at 30 Gy, whereas the variation in the yield of 
34, 32 and 23% at 10, 60, and 70 Gy was not parallel with 
increased doses of gamma irradiation. From the present 
study, it can be concluded that the free radicals generated in 
plants during irradiation may act as stress signals and may 
elicit stress responses in cell cultures and therefore varia-
tions in yield were obtained at different doses of gamma 
irradiation. The results of this study showed abiotic stress 
during the first subculture after irradiation which activated 
stress conditions by the impact of different radiation doses.

HPLC was performed after the irradiation and subse-
quent subcultures after each generation of a month; the 
level of 20HE in the irradiated shoot cultures was sig-
nificantly lower than the control in the  M1T1 generation. 
However, the 20HE concentration of irradiated shoots was 
increased during  M1T2,  M1T3, and  M1T4 generations and 
becomes higher than the control as non-irradiated shoot 
cultures. Maximum 20HE was produced by irradiated 

shoots at 20  Gy (0.139  mg/plant); non-irradiated shoot 
cultures produced 0.064 mg/plant dry weight (Fig. 6). The 
stressed shoots had 13-fold increases in 20HE at the irra-
diation dose of 20 Gy in the  M1T4 generation, compared to 
the yield at 20 Gy in the  M1T1 generation. This phenom-
enon is probably due to the instant oxidation of the com-
pounds, thus playing an antioxidant role by reducing the 
free radicals and the reactive oxygen species induced by 
irradiation (Larson 1988; Urbain 1996). Data obtained by 
other authors like Al-Safadi and others (1990) showed that 
the stimulating effect of gamma radiation on product syn-
thesis was prompt because it increased the mitotic division 
of cultured cells. The positive effect of low doses of gamma 
irradiation on 20HE production by shoot cultures was due 
to the stimulatory effects of cell division or the alteration of 
metabolic processes affecting synthesis of phytohormones 
or nucleic acid (Hanan and others 2011). In addition, irra-
diated shoot cultures synthesized maximum amounts of 
20HE at the optimal dose of 20 Gy of gamma irradiation, 
which was relatively higher than seeds and seedlings in 
terms of showing the stimulatory effects of gamma radia-
tion because seeds and seedlings are generally more sensi-
tive to gamma irradiation than in vitro cell cultures (Bajaj 
and others 1970; Borzouei and others 2010). There were 
no significant changes in plant height between different 
irradiation treatments compared to the control in the  M1T3 
and  M1T4 generations. Similar results were recorded with 
in vitro shoot tips of Dracaena surculosa (Sakr and others 
2013). The present study revealed that the production of the 
target compound was influenced by gamma irradiation and 

Fig. 6  Effects of low doses of gamma irradiation on plant height and 
accumulation of 20-hydroxyecdysone in shoot cultures of Sesuvium 
portulacastrum in MS medium supplemented with indole-3-ace-
tic acid (0.5  mg  L−1) and N6-benzylaminopurine (2  mg  L−1) dur-

ing  M1T1,  M1T2,  M1T3, and  M1T4 generations. The observation was 
obtained from triplicate determinations. These results were represent-
ative from three independent replicates (±SE)
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achieved a high amount of 20HE compared to non-irradi-
ated shoot cultures, which was consistent with the report 
by El-Beltagi and others (2011) indicating that irradiated 
callus cultures of Rosmarinus officinalis enhanced the 
secondary metabolite production of rosemary compared 
to untreated callus cultures. Likewise, Chung and others 
(2006) reported that shikonin production was the highest at 
the gamma irradiation dose of 20  Gy, with recorded pro-
duction greater than non-irradiated callus cultures of Lith-
ospermum erythrorhizon.

Improvement of secondary metabolites by using low 
doses of gamma irradiation has previously been reported 
by several researchers. Fulzele and others (2015) reported 
that the 20 Gy dose level of gamma irradiation influenced 
cell growth by two-fold and also product synthesis and 
achieved 0.098% dry weight camptothecin and 0.0043% 
dry weight 9-methoxy camptothecin, which is 20-fold more 
than that of non-irradiated callus cultures of Nothapodytes 
foetida. Likewise, results of the present study of increased 
20HE content in shoots due to exposure to ionization radia-
tion is in agreement with the findings of Jaisi and others 
(2013) who reported a fourfold increase in plumbagin by 
root cultures of Plumbago indica when exposed to gamma 
radiation at a dose level of 20 Gy. Recently, Khalil and oth-
ers (2015) observed that a low dose of gamma irradiation 
to callus cultures of Stevia rebaudiana enhanced stevioside 
content.

In the present study, the concentration of 20HE in the 
 M1T1 generation was less as compared to in vitro shoots in 
the  M1T4 generation. The experimental data showed that 
the accumulation of 20HE in irradiated shoots was not suc-
cessively constant in all the generations studied. However, 
irradiated shoot cultures increased the level of 20HE con-
stantly during subsequent generations. Our results are in 
agreement with Urbain (1996) who reported that the syn-
thesis of polyphenolic acids of irradiated plants increased 
after a few days and this phenomenon occurred probably 
due to the immediate oxidation of polyphenolic acids.

Effect of Gamma Irradiation on Ex Vitro Growth 
and 20HE Production

After four subsequent in vitro subcultures of gamma irra-
diation, shoots were transferred to paper cups to evalu-
ate the content of 20HE in putative mutants ex vitro. To 
evaluate the plant height of ex vitro plants of S. portu-
lacastrum, plant height of irradiated shoots was two-fold 
less than non-irradiated shoots, whereas the concentration 
of 20HE was found in the increased order at low doses of 
gamma irradiation. The concentrations of 20HE of the ex 
vitro plants obtained from non-irradiated shoots produced 
0.214  mg/plant dry weight 20HE, whereas the ex vitro 
plants obtained from irradiated shoots exposed to 20  Gy 

comprised 0.321  mg/plant dry weight 20HE which was 
66.6% more than controls and 30-fold more than that of the 
 M1T1 generation (Fig. 7). From the present results, we have 
achieved a putative mutant, which contained high amounts 
of 20HE and large-scale propagation is under shade house. 
This study revealed that the maximum amount of 20HE was 
produced by ex vitro shoots irradiated at 20 Gy, which was 
consistent with the study of Hung and Johnson (2008) who 
reported that isothiocyanate levels of ex vitro plants from 
shoots with 20 Gy of gamma rays were significantly greater 
than those of the plants derived from non-irradiated shoot 
cultures of Wasabia japonica. Also, Ocimum basilicum 
mutants obtained by using different doses of gamma radia-
tion showed variation in rosmarinic acid and total protein 
concentrations (Guirgis and others 2007). Mutagenesis by 
means of gamma rays has played an important role in con-
structing putative mutants with improved properties which 
can produce higher amounts of commercially important 
metabolites (Sanada 1988). In accordance with our results, 
it could be suggested that low doses of gamma irradiation 
are a promising tool to achieve putative mutants comprised 
with high concentrations of secondary metabolites.

Effects of Gamma Irradiation on Survival Rate 
of In Vitro and Ex Vitro Shoot Cultures

The putative mutants derived from shoot cultures exposed 
at different doses were acclimatized. The present results 
revealed that the survival rates of multiple shoots exposed 
at higher doses of gamma irradiation were gradually 
reduced in the course of increased order of in vitro genera-
tion. Multiple shoots subjected to exposure at various doses 
of gamma irradiation showed variations in survival rate. 

Fig. 7  Accumulation of 20-hydroxyecdysone and plant height of 
1-month-old putative mutant ex vitro plants obtained from in  vitro 
shoot cultures of Sesuvium portulacastrum in MS medium sup-
plemented with indole-3-acetic acid (0.5  mg  L−1), N6-benzylami-
nopurine (2  mg  L−1) exposed to low doses of gamma irradiation. 
The observation was obtained from triplicate determinations. These 
results were representative from three independent replicates (±SE)
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The survival rate of irradiated shoots was decreased with 
increased doses of gamma irradiation. However, all irradi-
ated shoots at various doses showed 100% survival in the 
 M1T1 generation (Fig. 6). Multiple shoots exposed at higher 
doses in the range from 30 to 40 Gy were not able to sur-
vive in the  M1T2 generation, whereas shoots subjected to 
exposure at 5 to 20 Gy exhibited significant survival rates 
during consequent in  vitro generation and ex vitro condi-
tions (Fig. 8). It can be concluded that the impact of higher 
doses could not be tolerated by shoot cultures for a long 
time and caused in vitro shoots to become yellow and die. 
To evaluate the survival rate of ex vitro plants under shade, 
around 80% of the ex vitro plants originated from 20  Gy 
survived, whereas 96, 96, 92, and 88% survival percentages 
of plants were obtained from control, 5, 10, and 15  Gy, 
respectively.

Unlike our evaluation, Sakr and others (2013) reported 
that 100% in  vitro survival of Dracaena surculosa plants 
was recorded at low doses and the survival rate decreased 
at high doses of gamma irradiation. Likewise, increasing 
the intensity of gamma irradiation was found to negatively 
affect the survivability of callus and plant regeneration 
(Hossain and Alam 2001) and plantlets of Anubias congen-
sis (Tangpong and others 2009). This study indicated that 
the survival rate of ex vitro plants increased with decreased 
doses of gamma irradiation. Similar results have been dem-
onstrated by Kangarasu and others (2014) who reported a 
reduction in the survival percentage of Manihot esculenta 
crantz stem cuttings with the increased doses of gamma 
irradiation.

In conclusion, low doses of gamma irradiation have 
proven to be feasible, environmentally friendly, and a low-
cost technology that can lead to the efficient selection of 

putative mutants to enhance secondary metabolites. In the 
present study, a low dose of gamma irradiation was found 
to be an effective and resourceful tool to improve the yield 
of ecdysteroid 20-hydroxyecdysone. The  LD50 dose based 
on the percent reduction in survival after exposure with 
gamma irradiation at different doses was 20  Gy for the 
in vitro multiple shoot cultures of S. portulacastrum. The 
content of ecdysteroid 20-hydroxyecdysone was 66% more 
in ex vitro plants obtained from shoots exposed to 20 Gy 
than control. Our findings have established a high-yielding 
putative mutant, which contained high amounts of 20HE 
and we are presently beginning propagation on a large scale 
under a shade house for commercial use. These results 
proved to be encouraging for future research on the selec-
tion of putative mutants capable of enhancing the product 
yield of target compounds of important medicinal plants 
containing high-value bioactive compounds.
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