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Abstract

In vitro mutagenesis approach using gamma irradiation has its proven advantages over conventional breeding methods, since
the same exhibits more potential for mutation induction (with desirable traits) with minimal negative effects, within a short
time-span, in various plant species. Present study reports an assessment of sensitivity of stevia to gamma irradiation in order
to optimize the irradiation doses [median lethal dose (LDs,) and median growth reduction dose (GRs,) along with LD,s,
LD5, GR,s5, and GR;5] for induced mutagenesis. Nodal segments from in vitro-regenerated stevia shoots were exposed at
six different doses of gamma irradiations (5, 10, 15, 20, 25, and 30 Gy). The irradiated nodal segments were then cultured
on Murashige and Skoog basal medium supplemented with 1.5 mg/L meta-Topolin and 1 mg/L indole-3-butyric acid along
with the control (non-treated) explants for 3 weeks to assess the effect of irradiation on multiple shoot-root formation. Upon
exposure to different gamma ray doses from 5 to 30 Gy, a gradual and morphological trait-specific differential decline of
in vitro growth was detected. The individual as well as the cumulative impact of gamma irradiation doses on the growth
and development traits were assessed using hierarchical clustering heat map (based on ward distance matrix) and principal
component analyses. In addition, based on the probit analysis on trends of gamma irradiation effect, the LD,s s, ;5 values
were calculated to be 9.1, 18.2, and > 30 Gy, respectively. On the other hand, GR,5 5o ;5 values were calculated to be in
between 7.1-12.6 Gy, 15.8-21.3 Gy, and 25.5 to way beyond 30 Gy, respectively. On studying the response of all the in vitro
growth traits, it was deduced that in order to induce desirable mutations and also to develop novel mutants with adequate
survival rate, the optimum irradiation dose (from LD,s 5, 75 or GRy5 50 75 values) should be calculated based on LD5y/GRs,
which was determined to be 15-20 Gy in stevia. Hence, this optimum dose can be utilized to produce a higher percentage of
beneficial mutations, resulting in maximal desirable genetic diversity in M, V, and its subsequent generations.
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Abbreviations MS  Murashige and Skoog
GR  Growth reduction mT  meta-Topolin

Gy Gray

IBA Indole-3-butyric acid

LD Lethal dose Introduction

Stevia (Stevia rebaudiana Bert.) is a perennial, highly val-
ued medicinally and industrially important short-day plant
belonging to Asteraceae family, with diploid chromosome
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recently, owing to its flavour and several other medici-
nal properties associated with its leaves that makes it one
of the most valuable plants around the globe (Gantait et al.
2015, 2018; Srivastava and Chaturvedi 2022; Subrahman-
yeswari et al. 2023a). The demand for this plant is increasing
rapidly day by day in various pharmaceutical, industrial and
food sectors, in several well-developed as well as developing
nations (Ahmad et al. 2021). Recently, the main concern of
the plant breeders’ remains the development of new varieties
with improved traits including enhanced steviol glycosides
content. However, researchers are continuously exploring
the ways to increase the glycosides content of stevia via dif-
ferent biotechnological strategies (Libik-Konieczny et al.
2021; Laha et al. 2023).

Spontaneous mutations usually result in heritable vari-
ations. However, the frequency of spontaneous mutations
is quite low in higher plants, ranging from 107> to 10~% per
loci (Jiang and Ramachandran 2010). Hence, there is a need
to induce mutations with the aid of physical and chemical
mutagens that generate novel genetic variations, and the
mutants thus generated with desired characteristics can be
identified and selected (Mba et al. 2010; Wolabu and Tadege
2016). Conventional propagation of stevia brings several
limitations with it such as poor germination, inadequate set-
ting, and incompatibility of seeds due to less pollinators and
deficient rooting from cuttings, resulting in limited produc-
tion of plant propagules (Gantait et al. 2015). Hence, in vitro
mutagenesis has proven to be a feasible alternative to tradi-
tional breeding strategies for inducing desired changes in
several traits, owing to its easy-handling of large sample size
in short time-span and limited space. This breeding strategy
enables the screening and selection of the desired mutants
with better agro-economic features in plants (Khursheed
et al. 2015, 2016; Laskar et al. 2018). Selection of an appro-
priate mutagen is a crucial step during in vitro mutagen-
esis programme. The chemical mutagens are more likely
to cause point mutations, whereas, physical mutagens are
likely to promote chromosomal aberrations and rearrange-
ment. The chemical mutagens have been considered to be
extremely toxic. On the other hand, physical mutagens have
far fewer negative impacts on health (Guha Mallick et al.
2022). According to Mba et al. (2010), gamma ray acts as an
efficient electromagnetic radiation since it penetrates deeper
into target plant tissue and it is also less detrimental, non-
particulate in nature, highly accessible, reproducible and
causes high rate of mutations.

There are numerous reports published on in vitro mass
propagation of stevia by various researchers to date, but
there are only a few reports available on development of
new variant via in vitro mutagenesis. Most of the available
reports found to be dealt with the irradiation of seeds, calli
and their performance under ex vitro conditions (Pande and
Khetmalas 2011; Khalil et al. 2015; Ali et al. 2019; Abdullah

et al. 2021; Abdullateef et al. 2023). During a gamma rays
dose-dependent study, Khan et al. (2016) exposed the leaf
explants to different doses of radiation (9.5, 19, 28.5, 37.5,
and 47 Gy), among them 9.5 Gy was found to be effective
resulting in high-frequency mutagenesis whereas, higher
doses caused tissue browning and death of the explants.
Interestingly, there is merely one report available on the irra-
diation of in vitro-regenerated shoot tips and nodal segments
of stevia to different gamma ray doses (10-80 Gy) in which
post irradiation growth response of explants was observed
via a few growth parameters such as survival rate, shoot
length, number of shoots and leaves per explant. The median
lethal dose (LDs) that was obtained during that study was
29 Gy (Nurhidayah et al. 2014). Chiew et al. (2019) studied
the impact of gamma radiation on shoot tip explants of AKH
L1 variety and found that the LD, was around 23 Gy.

Prior to initiation of any large-scale mutation breeding
experiment, LD, and median growth reduction (GR5,) need
to be determined and standardized (Layek et al. 2022). In
that context, the optimum dose of mutagens must be cho-
sen, since the responses of each gene differs depending on
the type and rate of mutagen (Laskar et al. 2015). These
doses are recommended to be precisely determined because
they increase the likelihood of achieving higher rates of
mutations in the desired (positive) direction (Khalil et al.
2014). Lower gamma irradiation doses have a negligible
influence on the genome, and higher doses cause undesired
changes, making it difficult to fulfil the desired mutagen-
esis (Alvarez-Holguin et al. 2019). An interesting method
for achieving the expected mutations is via optimization of
GRj5, that determines 50% reduction in the plant growth
parameters when exposed to any source of irradiation. Due
to the known fact that GR5, does not induce plant mortality,
it may be utilized to successfully produce desired mutant
plants. However, induction of mutagenesis and optimization
of LDs, and GRs, was found to be species-, variety- and
even genotype-dependent (Guha Mallick et al. 2022; Hazra
et al. 2022). Rate of success of induced mutagenesis mostly
depends on the use of optimal dose of mutagenic agents
(Hazra et al. 2021; Layek et al. 2022), irrespective of the
crop species involved. Nonetheless, recent studies showed
that when utilizing gamma irradiation, the dose range below
and beyond the LDs;, (LD, and LD,5) and GR5, (GR,5 and
GR5) was crucial for determining the appropriate dose for
high frequency mutagenesis (Muhammad et al. 2021; Gha-
semi-Soloklui et al. 2023).

To date, there is no report available on in vitro mutagen-
esis via radio-sensitivity assessment and optimization of
LD,s 50,75 and GR,5 54 75 doses in stevia, to the best of
our knowledge. Therefore, it is very crucial to ascertain the
optimum effective dose of mutagen that can be pertained to
induce desirable alterations with minimal unwanted effects
eventually to ensure the success of mutational induction.
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There is lack of comprehensive data regarding the impact
of in vitro mutagenesis on the various growth parameters
of stevia, using the in vitro-regenerated nodal segments as
explant. Keeping all of these in view, the main objective of
the present report is optimization of dose of gamma irradia-
tions for induction of mutations in stevia using nodal seg-
ments as explant source.

Materials and Methods
Plant Material and In Vitro Culture Establishment

Approximately, two-week-old shoot tip were excised from
a year-old full-grown mother plant (BSR-2021-01), a geno-
type that was obtained via vegetative propagation and was
procured from the germplasm collection of All India Co-
ordinated Research Project on Medicinal and Aromatic
Plants & Betelvine, Bidhan Chandra Krishi Viswavidyalaya,
West Bengal, India. Actively growing shoot tips of 3—4 cm
size were chosen for culture establishment. The excised
shoot tip explants were washed with double-distilled water
for three times. The explants were then immersed in 0.2%
(w/v) Bavistin® solution for about 1 h to mitigate the fun-
gal contamination and washed thoroughly thrice with auto-
claved double-distilled water (following Subrahmanyeswari
et al. 2023b). The next phase of disinfection procedure was
completed under the laminar air-flow cabinet. The explants
underwent treatment with different disinfectants, start-
ing with 10% (v/v) Tween-20 for 5 min, 20% (v/v) sodium
hypochlorite for 5 min, 1% (w/v) cetrimide for 5 min, 70%
(v/v) ethyl alcohol for 30 s, and 0.1% (w/v) mercuric chlo-
ride (Merck Life Science Pvt. Ltd., India) for 5 min. After
each treatment with disinfecting agents, the explants were
rinsed thoroughly twice with sterile double-distilled water.
The disinfected explants were dried on sterile blotting papers
to remove excess water and trimmed down to~ 1.5 cm,
prior to the inoculation. The explants were inoculated in
multiple shoot-root regeneration medium i.e. full-strength
Murashige and Skoog (MS) (Murashige and Skoog 1962)
basal medium (HiMedia Laboratories Pvt. Ltd., India)
comprising 3% (w/v) sucrose, 0.7% (w/v) agar, 0.02% (w/v)
myo-inositol, along with 1.5 mg/L meta-Topolin (mT) and
1 mg/L indole-3-butyric acid (IBA) for obtaining multiple
shoot—root formation (following Subrahmanyeswari et al.
2023Db). Prior to autoclaving the prepared medium at 1.1 kg/
cm? pressure at 121 °C temperature for about 20 min, the pH
of the medium was maintained at 5.7 (often by adding 0.1 N
NaOH or 0.1 N HCl). All the in vitro experimental cultures
were incubated in the growth chamber under aseptic envi-
ronment by maintaining 23 +2 °C temperature, 60% relative
humidity, 16-h photoperiod illuminating with white light
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emitting diodes under 50 pmol/m?/s photosynthetic photon
flux density.

Exposure to Gamma Irradiation

The in vitro-regenerated nodal segments obtained from
multiple shoot-root regeneration medium at their two-
week growth stage were exposed to different doses of
gamma rays (5, 10, 15, 20, 25 and 30 Gy), using °Co
based Gamma cell 2000 (GC-2000) blood irradiator as a
source at Bhabha Atomic Research Center (BARC), Mum-
bai, India; and the non-irradiated nodal segments (0 Gy)
served as a control. The effective dose rate at the time
of irradiation was about 6.16 Gy/min. Based on this, the
explants were exposed to different doses. After irradia-
tion, the samples were kept in dark overnight since sudden
exposure of irradiated samples to light would enhance the
production of reactive oxygen species and might develop
irradiation sickness in the exposed plants.

Revival of Irradiated Nodal Segments via Multiple
Shoot-Root Formation and Proliferation

The irradiated nodal segments were incubated in same
regeneration medium for assessing the effect of irradia-
tion on multiple shoot-root induction and proliferation.
In order to optimize the LD,s, LD, and LD, as well
as GR,s, GR;,, and GR,5 doses, the cultures were closely
monitored for 3 weeks; and days to de novo shoots initia-
tion, number of shoots, length of shoots (mm), number
of leaves, number of days for root initiation, number of
roots, and length of roots (mm) were recorded during their
growth period.

Collection of Data and Statistical Analysis

The experiments were laid out in a completely rand-
omized design (CRD) and was performed in 10 replicates
with 70 samples (nodal segment explants) per treatment
in order to minimize experimental error. The collected
data were subjected to one-way analysis of variance
(ANOVA), using SPSS (version26.0, SPSS Inc., Chicago,
IL, USA) software. The significant variation between the
treatments data (mean + standard error) was computed
applying Tukey’s test at P =0.05 level. Furthermore,
in order to assess individual as well as the cumulative
impact of gamma irradiation doses on the growth and
development traits, the hierarchical clustering heat map
and principal component analyses (PCA) were carried
out using Metaboanalyst and PAST4.02 software package
(Hammer et al. 2001). Probit analysis was carried out to
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estimate the LD,s, LD, and LD-s, as well as GR,5, GR5,
and GR,5 doses and these were calculated on the basis of
equation given by Busvine (1971) using STAR software
(Statistical Tool for Agricultural Research, R-packages,
ver. 1.5 STAR 2.0.1, International Rice Research Insti-
tute, Los Banos, Philippines).

Results and Discussion
Impact of Gamma Irradiation on Growth Parameters
Shoot Initiation, Multiplication and Elongation

The earliest fresh shoot initiation was recorded in the
control (non-irradiated) (3.9 days). Shoot initiation was
recorded in 5.1 days from the explants that were exposed
to 5 Gy, and in 18 days from the 30 Gy-irradiated explants
(Table 1). It was observed that increase in irradiation dose
prolonged the fresh shoot initiation in irradiated explants.
On an average, the maximum number (8.1) of shoots was
noticed in the control (Fig. 1a, b) followed by 5 Gy (6.1
shoots) (Fig. 1c, d), 10 Gy (5.9 shoots) (Fig. le, f) and
15 Gy (5 shoots) (Fig. 1g, h). Induction of the mini-
mum number (1.7) of shoots were observed when the
explants were exposed to 30 Gy (1.7 shoots) followed
by 25 Gy (2.1 shoots) (Fig. 1k, 1) and 20 Gy (4.1 shoots)
(Fig. 14, j). Similar trend was observed by Chiew et al.
(2019) who reported that there was no new shoot for-
mation from the stevia shoot tip explants when exposed
to 40 and 50 Gy doses, in addition, a gradual decline
in shoot number was observed from 10 to 30 Gy. In the
present study, the maximum shoot elongation (48.6 mm)
was recorded in control, followed by 5 Gy (38.9 mm).
With an increase in gamma irradiation doses (from 5 to
30 Gy), a significant decline in the shoot length (from

38.9 to 18.1 mm) was observed as well (Fig. 1; Table 1).
Such variation in the shoot length of the irradiated ste-
via plants may be the result of physiological and genetic
damage/changes brought on by the gamma irradiation as
suggested by Khalida et al. (2022).

Leaf Growth and Proliferation

The maximum number (19.4) of leaves per shoot clump was
recorded in control and the minimum number was recorded
(4.8) in 30 Gy dose. With the rise in gamma irradiation
doses (from 5 to 30 Gy), the number of leaves produced
per shoot clump decreased gradually from 17 to 4.8 num-
ber per shoot clump (Fig. 1; Table 1). Drying and yellow-
ing of leaves were observed after 1 week of exposure in
30 Gy- followed by 25 Gy-irradiated explants, whereas after
15 days, partial yellowing of leaves was noticed in 20 Gy-
and 15 Gy-irradiated explants. The minimal drying of leaves
was observed in 10 Gy- as well as 5 Gy-irradiated explants
in the 3™ week. Chiew et al. (2019) reported similar results
wherein inadequate development of the regenerated leaves
and necrosis of the explants were noticed, upon exposure to
higher doses of gamma irradiation (50 Gy).

Root Formation, Multiplication and Elongation

The earliest (7.4 days) root induction was observed in con-
trol whereas, the most delayed root formation (18.5 days)
was recorded in 25 Gy dose. With an increase in gamma
irradiation doses from 5 to 25 Gy, a gradual delay in root for-
mation was observed (from 8.4 to 18.5 days). There was no
root formation when the explants were exposed to the high-
est dose of gamma irradiation (30 Gy) (Fig. 1m, n). The
maximum number (6.1) of roots were induced in control
whereas, only single root was induced in each plant exposed
to 25 Gy. Likewise, the most elongated roots (20.8 mm)
were noticed in control and the minimum root elongation

Table 1 Influence of gamma irradiation doses on in vitro multiple shoot—root initiation and proliferation of stevia (Stevia rebaudiana Bert.) (at

3-week growth stage)

Gamma Days to de No. of shoots Length of shoots No. of leaves Days to root initia-  No. of roots Length of roots (mm)
irradiation  novo shoot (mm) (per shoot tion

(Gy) initiation clump)

0 (Control) 3.9+03e¢ 8.1+0.7a 48.6+49a 194+16a 74+05e 6.1+05a 208+13a

5 5.1+£0.5de 6.1+05ab 389+39ab 170+28a 8.4+0.5 de 4.8+0.8ab 203+2.1a

10 72+05d 59+05b 340+33 a-c 16.3+2.0 ab 10.1+0.4 ¢ 4.1+0.7ab 17.3+1.8 ab

15 99+05¢ 50+05b 33.6+29a-d 157+1.9ab 12.1+0.7b 4.0+0.8ab 13.2+1.3bc

20 13.1+05b 4.1+08bc 24.1+4.8b-d 92+1.1cd 17.6+04 a 32+0.7bc 10.7+1.7 bc

25 17.3+05a 21+05cd 21.7+24cd 8.6+1.4cd 185+03a 1.1+0.1cd 88+1.7c

30 18.0+0.8 a 1.7£04d 18.1+2.2d 48+0.8d - - -

Data represent mean of 10 replicates with 70 samples (nodal segment explants) per treatment

Data (mean + standard error) for each column with different alphabets are significantly different according to Tukey’s test at P =0.05
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Fig. 1 Influence of different
doses of gamma irradiations

on degree of in vitro de novo
multiple shoot-root growth of
stevia (Stevia rebaudiana Bert.)
in MS medium supplemented
with 1.5 mg/L mT plus 1 mg/L
IBA (3-weeks growth). a, b

0 Gy (control), ¢, d 5 Gy, e, f
10 Gy, g, h 15 Gy, i, j 20 Gy, k,
125 Gy, m, n 30 Gy

(8.8 mm) was recorded in 25 Gy-irradiated explants (Fig. 1;
Table 1). Eventually, with a rise in gamma irradiation doses
from 5 to 25 Gy, the root elongation declined steadily (from
20.3 to 8.8 mm).

Higher doses of gamma irradiation proved to be detri-
mental for growth and development of the irradiated-plants
(Guha Mallick et al. 2022). Generally, the plants exposed to
ionising radiation typically show retardation of morphologi-
cal and growth characteristics. Dose-dependent inhibition of
various growth parameters is typically seen with rising doses
of gamma irradiation and occasionally results in complete
death of irradiated propagules, as well as reduces the pos-
sibility of production of novel mutants (Layek et al. 2022).
On the same context, Hazra et al. (2022) reported that there
was linear decline in seed germination and in shoot elon-
gation, with an increase in the gamma irradiation doses in
five genotypes of tomato. Similar finding was reported by
Ghasemi-Soloklui et al. (2023), wherein, with increase in
gamma irradiation doses (from 10 to 50 Gy) a decrease in
the plant height and root number of ex vitro-grown grape
vines was observed. Our results are consistent with the
previous findings of Nurhidayah et al. (2014) and Chiew

@ Springer

et al. (2019) which establish that upon exposure to gamma
irradiations from 10 to 50 Gy and from 10 to 80 Gy, respec-
tively, the in vitro growth and developmental traits of stevia
declined gradually. However, both the reports did not give
any information about the rooting characteristic as well as
GRy, for the individual traits and they studied merely the
impact of gamma doses on stevia shoot tips.

Cumulative Impact of Gamma Irradiations
on Different In Vitro Growth Traits

Hierarchical Clustering Heat Map

Such heat map, which is based on ward distance matrix,
explained how the different gamma irradiation doses were
clustered into groups based on their similarity in perfor-
mance in one way. In the another way it explained, based on
the individual response to different irradiation doses how
different morphological traits were clustered (Fig. 2). In this
heat map, different growth parameters were represented on
the Y-axis while the gamma irradiation doses were plotted
on the X-axis. The lowest value in the heat map is indicated
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Fig. 2 Hierarchical clustering heat map based on ward distance matrix of the gamma irradiation-affected in vitro de novo shoot-root growth
traits of stevia (Stevia rebaudiana Bert.) in MS medium supplemented with 1.5 mg/L mT plus 1 mg/L IBA (3-weeks growth)

by dark blue, the highest value by brilliant red, and the mid-
range values by their relevant transition gradients. From the
hierarchical clustering heat map, it was observed that there
were two main groups. In the first main group there were
two sub-groups. The control (0 Gy) was classified under
the first sub group whereas, the second sub-group consisted
of 5, 10, and 15 Gy doses. In the second sub-group, the
performance of 5 Gy was better than the higher doses (10
and 15 Gy) in respect of all the growth and developmental
traits. Similarly, in the second main group, two sub-groups
were observed wherein, 20 and 25 Gy doses were grouped
under the first sub-group and the 30 Gy dose alone com-
prised the second sub-group. By considering all the growth
traits, it was observed that the performance of control was
superior and 30 Gy dose was inferior in comparison to the
all other doses. On the other hand, it was observed that the
days to shoot initiation and days to root initiation traits were
categorized under first main group, which meant that upon
exposure to gamma irradiation doses, the performance of
plants in respect to these traits were almost similar. In the
second main group, three sub-groups were formed. In the
first sub-group, shoot length and number of leaves were clus-
tered, then in the second sub-group, number of shoots and
number of roots were clustered. Finally, root length trait was
assigned under the third sub-group (Fig. 2). From two-way
clustering pattern, it can be deduced that the control was
superior than other treatments in terms of all the concerned
growth traits. It also explained the reducing effect of higher
doses on the growth related traits. Similar to the present
study, Ghasemi-Soloklui et al. (2023) explained the impact
of different gamma irradiation doses on various growth traits
of grape cuttings grown under ex vitro conditions using

cluster analysis wherein, they clustered the five different
gamma irradiation doses along with the control, and stated
that the control was superior than the other treatments in
terms of all the growth and developmental traits.

Principal Component Analysis

PCA or dimensionality reduction method is a tech-
nique that minimizes the complexity of large data sets,
improving data interpretability without reducing informa-
tion thereby, allowing the visualization of complex data
sets. In the present study, PCA depicted the information
regarding the association and the influence of gamma irra-
diation doses on multiple shoot-root initiation and pro-
liferation traits of stevia (Fig. 3). The analysis retrieved
two main component axes, component 1 and component 2
accounted with 82.3% and 15.7%, respectively (out of total
100% variation). The length of shoots, length of roots, and
number of leaves were found to be the largest contributor
to component 1 based on the scree plot and loading values.
Similarly, for component 2, the number of days to root
initiation and length of roots was observed to be the fac-
tor with the greater significance. It was observed that 20
and 25 Gy doses were the maximum influencers and were
positively correlated for the days to de novo shoot initia-
tion trait. On the other hand, 15 Gy was found to be the
maximum influencer for the number and length of roots.
Similarly, 10 Gy was the maximum influencer for the num-
ber of leaves; whereas, 5 Gy and 0 Gy (control) were the
maximum influencers for the length of shoots. Out of all
six gamma irradiation doses, 30 Gy was positioned far
away from all the growth parameters indicating that for
the above-mentioned growth traits this dose was negatively
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Fig. 3 Principal component
analysis (scattered plot/bi-plot)
explaining the association of
gamma irradiation doses (in
connection to their individual

154
DRI

influence) with individual
in vitro de novo shoot-root
growth traits of stevia (Ste-
via rebaudiana Bert.) in MS
medium supplemented with

@5 Gy

=y
(=]

20 Gy

n

LR

1.5 mg/L mT plus 1 mg/L IBA
(3-weeks growth) [DSI days
to fresh shoot initiation, NS
number of shoots, LS length
of shoots (mm), NL number of

Component 2 (15.7%)

-30.0 -22.5 -15.0

T NE—106
N

s 5 (7Y 225 30.0
Control

leaves, DRI days to root initia-
tion, NR number of roots, LR
length of roots (mm)]

correlated and displayed the maximum negative influence.
It was quite interesting to note that the hierarchical cluster-
ing heat map based on ward distance matrix results con-
firmed the PCA as well. Similar kind of PCA was carried
out to study the influence of gamma irradiations in case of
grapes cv. Yaghouti wherein the PCA results confirmed the

Table 2 Probit analysis on effect of gamma irradiation on in vitro
survival %, days to shoot initiation, number of shoots, shoot
length, number of leaves, days to root initiation, number of roots

56
(A%

Component 1 (82.3%)

cluster analysis in terms of grouping the different gamma
irradiation doses (Ghasemi-Soloklui et al. 2023).

and root length in M,V, generation of stevia (Stevia rebaudiana
Bert.) grown in MS medium supplemented with 1.5 mg/L. mT plus
1 mg/L IBA (3-weeks growth)

Dose (Gy) logl0 of Survival Days to shoot initiation No. of shoots Shoot length
doses Corrected  Working Corrected  Working Corrected  Working Corrected ~ Working probit
mortal- probit reduction  probit reduction  probit reduction
ity % % % %
Control - - - - - - - - -
5 0.69 12 3.84 7.45 3.68 24.69 4.35 19.95 4.16
10 1 26 4.36 20.49 4.18 27.16 4.39 30.04 4.47
15 1.17 30 4.48 37.26 4.67 38.27 4.70 30.86 4.50
20 1.3 48 4.94 57.14 5.17 49.38 4.98 50.41 5.01
25 1.39 60 5.25 83.22 5.93 74.07 5.63 55.34 5.13
30 1.47 79 5.78 87.57 6.12 79.01 5.79 62.75 5.32
Dose (Gy) loglO of No. of leaves Days to root initiation No. of roots Root length
doses Corrected  Working Corrected  Working Corrected  Working Corrected ~ Working probit
reduction  probit reduction  probit reduction  probit reduction
% % % %
Control - - - - - - - - -
5 0.69 12.37 3.93 7.93 3.67 21.31 4.22 2.40 3.02
10 1 15.97 4.02 21.42 4.22 32.78 4.55 16.82 4.05
15 1.17 19.07 4.17 37.30 4.68 34.42 4.60 36.53 4.65
20 1.3 52.57 5.06 80.95 5.83 47.54 4.93 48.55 4.96
25 1.39 55.67 5.14 88.09 6.14 81.96 5.84 57.69 5.19
30 1.47 75.25 5.65 - - - - - -
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Fig.4 Probit analysis on effect
of gamma irradiation on in vitro
survival %, days to shoot initia-
tion (DSI), number and length
of shoots, number of leaves,
days to root initiation (DRI),
number and length of roots

in M, V, generation of stevia
(Stevia rebaudiana Bert.) in
MS medium supplemented with
1.5 mg/L mT plus 1 mg/L IBA
(3-weeks growth). The point

of intersection of horizontal
and vertical lines indicate the
logarithmic value of the a LD,
and GR,s, b LD5, and GRs, ¢
LD,5 and GR;5 doses, and by
taking the antilogs of those val-
ues the effective LD, s, ;5 and
GRy5. 50,75 doses were deduced
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Probit Analysis

In order to optimize gamma irradiation doses, the probit
analysis on effect of gamma irradiation on several growth
traits in MV, generation of stevia with their corresponding
corrected reduction % and working probit was presented in
Table 2. According to Dowlath et al. (2021), ionising radia-
tion may trigger the generation of peroxyl radicals in the
cell membranes, disrupting ion cross-membrane transport
and creates radiation sickness in the exposed plants. Ionising
radiation disrupts the cellular proteins, resulting in reduction
or entire loss of protein functioning that leads to imbalance
of numerous critical metabolic and biochemical pathways.
Elevated oxidants generation disrupts the redox state of the
cells, accelerates the cell ageing and, in some cases, death.
Such findings conceptualized the necessity of calculation of
optimal gamma irradiation doses.

All the irradiated explants subjected to different doses
exhibited varied mortality % (corrected), with the lowest
being 12% when exposed to 5 Gy. The mortality (corrected)
rate found to have increased (12-79%) with an increase in
the gamma irradiation doses (5-30 Gy) (Table 2). How-
ever, all the control explants did not show any mortality.
The recent findings of Chiew et al. (2019) is in support to
our report wherein the survival rate of stevia was inversely
related to the irradiation doses. The impact of gamma irra-
diation on several growth traits in M, V, generation of stevia
was depicted using probit analysis graphs (Fig. 4a, b, c) as
well. In these graphs, the X-axis represents the logarithm
concentration of doses whereas, the Y-axis indicates the
probit of kill/injury. Here, the intersection of horizontal
and vertical lines represents the logarithmic value of the
LD,s and GR,5 (Fig. 4a), LDs, and GRs, (Fig. 4b), as well
as LD;5 and GR;5 (Fig. 4¢) doses, and the LD,5 5, 75 and
GR,s 50, 75 were computed by considering the antilog of
those values. Probit analysis revealed a linear decline in the
above mentioned in vitro growth and developmental traits of
stevia with increasing gamma irradiation doses (Fig. 4a, b, c)
and it was supported by the R? coefficient values. Likewise,
in a recent report, probit analysis for the length of shoots and
roots along with seedling emergence traits exhibited a pro-
gressive decline with increase in gamma irradiation doses in
case of okra under laboratory conditions (Hazra et al. 2021).

In the present study, LD,s s, 75 values were found to be
9.1, 18.2, and > 30 Gy, respectively. In terms of GR assess-
ments, GR,5 was found to be in between 7.1-12.6 Gy for
all the traits; likewise, GR5, was found to be in between
15.8-21.3 Gy. However, GR;5 ranged from 25.5 to way
beyond 30 Gy. From this observation, it can be suggested
that LD,5/GR,5 was inflicting more damage that might
increase the frequency of mutation but the isolation of
desired utilizable mutants will decrease; on the other hand,

@ Springer

LD,s/GR,5 might prove to be a suboptimal dose that would
fail to create phenotypic variation (Hazra et al. 2021).
Hence, from the present study, it can be concluded that
dose optimization using gamma irradiation should be carried
out via determination of LDs,/GRj,. After considering all
the responding traits towards gamma irradiation, the LDsy/
GR5, values were calculated to be in between 15-20 Gy for
the in vitro culture of stevia. Our results were found to be
nearly comparable to the previous report of Chiew et al.
(2019) wherein they stated that the LD5, was obtained at
23 Gy in AKH L1 variety of stevia.

The magnitude of dose-dependent growth retardation,
however, varied substantially, based on the traits as well.
On that context, it was found that the GR,s 5 75 values for
the different growth traits significantly varied indicating that
there was differential mutagenic response of different growth
parameters upon exposure to different doses of gamma irra-
diation. Such differential mutation rates among the plantlets
subjected to varied amounts of ionising radiation brought in
differences in plant growth and development when compared
with non-radiated propagules (Guha Mallick et al. 2022). On
the same context, Alphonse et al. (2022) studied the influ-
ence of gamma irradiation on in vitro-regenerated shoots in
Gentiana kurroo Royle and reported enhanced production of
its key secondary metabolite (gentiopicroside) via an opti-
mum gamma ray exposure (10 Gy) in the successive gen-
erations (subcultures) in comparison to their non-irradiated
counterparts.

Conclusion

The current research found that exposure of in vitro-regen-
erated nodal segments of stevia to varied doses of gamma
irradiation resulted in differential response in terms of the
morphology and growth traits. Upon exposure to lower dose
of gamma irradiation (5 Gy), the growth and developmental
pattern of stevia shoots was almost similar to the control.
However, the highest gamma dose (30 Gy) had a negative
effect (yellowing, drying of leaves and complete inhibi-
tion of root development) on morphological growth traits
and recorded maximum death rate in comparison to other
intermediate doses. With gradual increase in the irradia-
tion doses, a progressive decline in the growth and devel-
opmental traits were observed. The individual as well as
the cumulative impact of gamma irradiation doses on the
growth and development traits were evaluated via the hier-
archical clustering heat map based on ward distance matrix
and principal component analyses. Taking into account all of
the in vitro stevia growth attributes, the optimum irradiation
dose fell in between 15 and 20 Gy. Hence, this optimum dose
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determined in the present study can be useful in producing
the desired mutations (including improvement of steviol gly-
cosides content) and to create novel mutants with optimum
survival rate with a little detrimental impact in M, V, and
subsequent in vitro generations of stevia.
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