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Abstract

Background: Artocarpus heterophyllus is an important tropical agroforestry species that bears multiple applications.
However, the population of this species is reduced due to various anthropogenic activities. For this reason, in vitro
approach is needed to propagate or conserve this species as in vivo propagation methods face various obstacles. In
this respect, the present investigation was undertaken to produce genetically stable jackfruit trees through in vitro
technology. In vivo grew shoot tips were harvested on Murashige and Skoog (MS) medium containing several plant
growth regulators to achieve this.

Results: The 6-benzylaminopurine (BAP) at the concentration of 1.5 mg L, indole-3-butyric acid (IBA) at 0.5 mg

L', and a-naphthaleneacetic acid (NAA) at 0.1 mg L' in combination on MS media yielded superior shoot response
(94.44%), longest shoot length (4.02 cm), and the maximum number of shoots per explant (4.78). They were further
multiplied by repeated subculturing on the same media composition and the third subculture resulted in a maximum
number of shoots (5.92) with the largest shoot length (5.85 cm). Among the different media screened for rooting, the
Y4 MS media yielded 94.44% rooting response, the longest root length (3.78 cm), and the maximum number of roots
per shoot (8.44) with 0.1 mg L NAA, 0.5 mg L IBA and 0.1 mg L™ BAP in combination. Primary hardening showed
88.89% of plant survival under greenhouse conditions after 4 weeks of incubation having a sterilized mixture of gar-
den soil and vermiculite mixture (1:1, w/w). It increased to 90.60% after the secondary hardening process in a vermic-
ulite-soil mixture (2:1; w/w). No polymorphism was detected on random amplification of polymorphic DNA (RAPD)
profiling between the mother plant and hardened plants, indicating high genetic stability among the clones.

Conclusions: This is the first report of the genetic fidelity study of in vitro grown regenerants of A. heterophyllus. This
study established a micropropagation protocol for genetically uniform in vitro regeneration of this species to supply
plant resources to various industries or conservation of elite germplasm.

Keywords: Acclimatization, Agroforestry, Establishment of culture, Genetic fidelity, Genetic uniformity, Importance of
jackfruit, In vitro rooting, Media screening, Somaclonal variation, Subculture

Background

The jackfruit tree (Artocarpus heterophylius L.) is locally
known as “kanthal” in Bengali and belongs to the mul-
berry family, Moraceae. This species is believed to have
its origin in the Malayan rain forests and Western Ghats
of India [27, 37]. This woody, monoecious, fast-growing,
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large, evergreen tree is developed over time and proved
to be one of the most broadly distributed tree species
in many tropical and subtropical countries of the world
[37]. As the time spent away, it has adapted and appre-
ciated a wider delivery in many humid tropics such as
Indonesia, China, Thailand, Sri Lanka, Philippines, and
portions of Africa, Costa Rica, Brazil, the Caribbean
islands, Suriname, Australia, and Florida [19, 37]. In Asia,
the family Moraceae has 60 genera and contains 1400
species [30]. Jackfruit, perhaps the most far and wide-
circulated tree species in the genus Artocarpus, enjoys a
leading position in tropical agroforestry predominantly
on account of its multiple applications and willingness
to fit in with other crop forms [27, 37]. This species is
valued for its heavy yields of nutritious fruits and dura-
ble wood [2]. The jackfruit tree is easily identified from
other trees based on its unique fruit which is the largest
edible tree-born fruit (Getting up to 50 kg in weight and
90 cm in length) among the cultivated plants [25, 37]. It
provides higher production of fruits than any other tree
species in the world [2]. The jackfruit tree is eco-friendly
and produces pesticide-free fruit as the tree has no seri-
ous pests and diseases [18]. A mature tree produces up
to 700 fruits (0.5-50 kg weight) per year (during sum-
mer) when staple food grains are little delivered [3, 25].
The low-cost price and availability make the jackfruit to
be the “poor man’s food” during the summer when the
food supply is inadequate [29, 42, 50]. Due to the large
size, six to eight members of a family can easily satisfy
their hunger by eating one jackfruit at a time [8]. Jackfruit
often takes a position in the regular diet in many places,
and it is consumed by each class of people [24]. Jackfruit
is rich in calories (84%), carbohydrates, proteins, vita-
min A (540 IU), B and C complex, several minerals (iron,
calcium, and phosphorus), and high amounts of protein,
thiamin, riboflavin, calcium, and carotene [25, 33, 37, 42].
Jackfruit is broadly applied for preparing jams, jellies,
chips, nectar, desserts, baby foods, biscuits, bread, and
beverages like squash and wine [18]. Moreover, raw jack-
fruit is recommended for diabetic patients, owing to its
antidiabetic assets. Having the presence of a low glucose
level and fibrous nature, jackfruit is extensively acknowl-
edged by diabetologists as a correct food source for dia-
betic patients [18]. There are many as 100—500 seeds (2
to 4 cm long) per single fruit, representing 8—15% of the
total fruit weight. Normally, jackfruit seeds are vivipa-
rous in nature. These seeds are consumed in a roasted,
boiled, or steamed manner or taken as a snack. Addition-
ally, the seed flour is applied in the preparation of bis-
cuits, sweets, and bread [12]. Apart from these, the seed
contains Jacalin (a lectin protein) which is representative
of more than 50% of the proteins of the jackfruit crude
seed extract and bears various biological importance
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[30]. Jacalin effectively binds to human IgA, and different
types of monosaccharides like D-galactose and T-antigen
[18, 31]. In this respect, Jacalin has a great demand for
immunological research purposes. Besides this, it has
numerous health assistances like antioxidant, antican-
cer, and anti-aging properties [18]. The ripe fruit could
be eaten either fresh or preserved in syrup whereas the
unripe fruit is consumed as a vegetable. For these back-
grounds, the jackfruit is announced as the state fruit of
Kerala state (India) in March 2018 [18]. Furthermore, the
jackfruit enjoys the crown as the national fruit of Bangla-
desh [25]. Besides the pleasant jackfruit, it is essentially
cultivated for timber and fodder production also. It pro-
duces excellent timber with better durability and struc-
tural assets [46]. The wood of this species is applied for
the production of durable strong furniture, fuel, fodder,
etc. The jackfruit tree along with its fruit is also globally
used in different Yunani and Ayurvedic medicinal prepa-
rations. The roots are applied to treat diarrhea, and the
leaves are allowed for skin diseases and as an antidote to
snake bites. Furthermore, the literature survey found that
various preparations of different parts of this plant were
rich in phenolic compounds, aryl benzofurans, stilbe-
noids, and flavonoids which displayed a large medicinal
activity like antimicrobial, antineoplastic, antioxidant,
anti-inflammatory, and hypoglycemic effects [12]. Apart
from these, the leaf and young shoots of this species are
one of the best fodders for domestic animals, especially
goats. In connection with this, the freshly grown shoots
along with leaves are sold in markets of West Bengal state
as well as other states of India, Bangladesh, etc. Apart
from these several medicinal and socioeconomic values,
this tree contributes numerous functions to preserve the
environment. This species serves as an important com-
ponent for the sustainable development of soil through
the prevention of soil erosion and the betterment of soil
[42]. For these multiple usages of the Jackfruit tree, this
species is nominated as deserving of priority attention by
the International Centre for Underutilized Crops (ICUC)
and the Commonwealth Science Council (CSC) to
develop research plans for promoting the conservation,
processing, and cultivation of this species [35]. However,
indiscriminate and unscientifically cutting of this tree is
noticed in a large number for timber production which in
turn will reduce its population [18]. In this circumstance,
it is very essential to conserve the jack trees for future use
and the maintenance of biodiversity.

The jackfruit is a highly cross-pollinated tree. There-
fore, maintenance of the genetic integrity of propa-
gated plants is difficult through seeds as well as sexual
propagules [5, 25]. For this reason propagation of the
jackfruit plant from seeds is not widely accepted [8].
Moreover, germination of the tree from seeds is very
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much harder after a little time of storage of seeds as
fresh seeds have a short shelf-life [2, 18, 33]. For their
cross-pollination nature, high variation (heterozygosis)
is noticed among the species of seedling origin. Apart
from this, plantlets from seeds acquire a longer rota-
tion time to achieve a fruit-bearing period than those
trees circulated by vegetative approaches. Furthermore,
trees germinated via seeds raise needlessly taller than
those propagated via the vegetative process, which has
constrained in managing and harvesting process. The
conventional vegetative propagation methods are gen-
erally difficult, uneconomic, time-consuming, seasonal
dependent, and mostly unsuccessful [8, 25]. The trees
that have grown via vegetative propagation display
dwarfism and are likely to produce branches at small
ages which resulted in low-quality timber with a small
trunk. In this way, this technique has drawbacks for the
efficient and commercial level of propagation of this
species. In this context, the tissue culture technique is
the most appropriate, suitable, and better alternative to
various in vivo methods to produce true-to-type plant-
lets all over the year in a short period. Generally, woody
tree species are known to be recalcitrant in nature for
micropropagation because it causes explant brown-
ing due to the secretion of phenolic compounds, takes
longer periods to complete their establishment, has low
in vitro response, etc. [41]. However, several reports
are available on the micropropagation of A. heterophyl-
lus using higher concentrations of different hormones,
lacking clonal fidelity study [2, 5, 33]. The chance of
somaclonal variation (A phenomenon that occurred
during in vitro study) in woody tree species is much
higher than in other plant species because it can take
a long rotation time [54, 68]. The somaclonal variation
depends on the medium used, different hormone con-
centrations, and culture conditions [32]. The basic prin-
ciple of tissue culture is the production of true-to-type
plants. So, it is vital to certify clonal fidelity for long-
term economic settlement. For the detection of soma-
clonal variation, many methods (morphological and
physiological treatment, biochemical, and karyotyp-
ing) exist, but most of these have their limits. The PCR-
based molecular marker technology such as RAPD
(random amplification of polymorphic DNA) is advan-
tageous in many ways like independency of environ-
mental factors, requires a little amount of DNA without
involving a radioactivity test, easy to perform, fast, reli-
able, cheapest, and able to detect genetic variation in
closely related species, such as two near-isogenic lines
[14, 68].

Keeping these constraints in thoughts, the present
study was formulated for the clonal fidelity investigation
of in vitro grown plants through molecular markers like
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RAPD for establishing a particular micropropagation sys-
tem for the production of genetically identical and stable
plants before it is released for commercial purposes.

Methods

Plant material and explant preparation

The shoot tips were collected from healthy and juvenile
shoots of a mature fruit-bearing jackfruit tree (approxi-
mately 33 years old) grown in the experimental field of
the department of botany, University of Kalyani. The
shoot tips were excised from branches and placed in
water to bring into the laboratory. The explants were
washed under running tap water, then dipped in 0.5%
Bavistin (BASF India Ltd., Thane Maharastra, India) solu-
tion for 5 min and cleaned three times with double dis-
tilled sterile water. The explants were then shifted in an
autoclavable jar with 0.1% HgCl, solution (Himedia, Kol-
kata, West Bengal, India) for 8 min and washed 3 times
with sterile distilled water under laminar airflow.

Culture media and conditions for in vitro shooting

and rooting experiments

The components or chemicals for media and plant
growth regulators used in the tissue culture study were
procured from Himedia. After sterilization, the shoot tips
were cut into 1.2 cm long and incorporated into a steri-
lized Murashige and Skoog (MS) medium [44] having
pH 5.7, sucrose 3%, and agar 0.8%. The culture medium
containing the explant was incubated at 25 £ 2 °C under
white fluorescent light (80 pmol m? s Philips, India)
following 16-h light and 8-h dark cycles with 60 to 65% of
relative humidity.

Shoot induction and multiplication

For shoot induction, the explants were cultured on full-
strength MS medium supplemented with various con-
centrations of cytokinins like 6-benzylaminopurine
(BAP) and 6-furfuryl-amino purine (Kn) at the concen-
tration of 0.5 to 2 mg L' and auxins like Indole-3-butyric
acid (IBA) and a-naphthaleneacetic acid (NAA) at the
concentration of 0.1 to 0.5 mg L' were tested singly or in
combination.

Induction of root of micropropagated shoots

For rooting experiments, regenerated shoots from
in vitro grown explants were excised and transferred to
full strength, %- and %-strength MS medium supple-
mented with different concentrations of auxins (IBA,
NAA) like 0.1 to 0.5 mg L' and cytokinins (BAP, Kn) at
the concentrations of 0.05 to 0.1 mg L', The results of
shooting and rooting experiments were noted after 45
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days of incubation. The subculturing was done after 30
days of intervals on the same media and compositions.

Acclimatization and field establishment

After shooting and rooting experiments, the rooted
small plantlets were taken out, washed to remove agar,
and acclimatized initially to the ex vitro controlled envi-
ronment (primary hardening). For this procedure, they
were introduced into plastic pots (7.5-cm diameter)
with sterilized garden soil and vermiculite mixture (1:1)
in a restricted environment chamber at 25 & 2 °C under
16-h/8-h photoperiod and relative humidity of 75 to 85%.
Plants were watered with 1/8 MS basal salt solution with
a hand sprayer without sucrose and inositol on alternate
every three days for 2 weeks. After 2 weeks, the potted
plantlets were placed into a greenhouse under 50% shade
provided by Agro shade net (B&V Agro Irrigation Co.,
India). In the greenhouse, they provided a 10-h photoper-
iod light intensity of 200 pmol m™ s, relative humidity
of 70%, and 28 + 2 °C-25 =+ 2 °C day/night temperature.
Three comparable experiments were carried out for pri-
mary hardening each with thirty-three plantlets, and the
percentage of survival was recorded after 3 weeks.

In the secondary hardening process, the primarily
hardened plants were further transplanted in earthen
pots in a vermiculite-soil mixture (2:1; w/w) in the field
conditions. In the experimental field, they provided a 30
to 40% of relative humidity, about 12 h day'1 photoperiod,
300—-400 pmol m™ s irradiance (shaded sunlight), and
35+ 2°C/30 £ 2 °C day/night temperature. Each second-
ary hardening experiment was repeated three times with
thirty-nine replicates each, and the percentage of survival
was observed after 4 weeks of transferring into the field.

Molecular analysis

The genetic stability of the micropropagated hardened
plants was assessed with PCR-based RAPD analysis. For
this experiment, the mother plant as well as randomly
selected eleven in vitro-raised hardened plants were
evaluated.

Extraction of DNA

The genetic fidelity of micropropagated plantlets was car-
ried out using PCR-based molecular markers like RAPD.
Total DNA extraction was performed from leaves (100
mg) of micropropagated hardened plants and their donor
mother plant according to the guidelines of Ghosh et al.
[22]. The characterization of isolated DNA was con-
ducted with a UV-VIS spectrophotometer (UV-3600i,
Shimadzu Corporation, Kyoto Japan) and electrophoresis
on 0.8% agarose gel.
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Primer selection and reproducibility

Initially 27 (10-mer) arbitrary decamer RAPD primers
were randomly approved for screening of the PCR stand-
ardization which was procured from Bangalore Genei
Pvt. Ltd., Bangalore, India. The reproducibility of the
PCR products was evaluated using selected primers with
different DNA samples isolated at different times inde-
pendently from the mother and hardened plants which
were amplified at different times. The comprehensive
description of the RAPD primers used in this study was
shown in Table 1.

RAPD analysis

All the reagents and chemicals necessary for PCR were
obtained from Bangalore Genei Pvt., Ltd., Bangalore
India. The PCR reaction was employed in a thermal
cycler (Perkin Elmer, Gene Amp thermal cycler 2400) in
an absolute volume of 25 pL, containing 25 ng template
DNA, 10 picomoles of primer, 200 pM of each of the
four dNTPs, 2.5 pL Taq buffer (10 mM Tris HCI pH 9.0,
50 mM KCI), 10 mM MgCl,, and 0.2 unit of Taq DNA
polymerase. The mixed samples were treated with initial
denaturation for 3 min at 94 °C, followed by 30 cycles
of 1 min at 94 °C, 1 min at 36 °C, and an extension for
2 min at 72 °C with a final extension of 7 min at 72 °C.
The eight pL of amplified PCR product was separated
by gel electrophoresis on a 1.5% agarose gel stained with
0.5 pg pL! ethidium bromide. Finally, the separation of
DNA was photographed with a gel documentation sys-
tem (UVITEC, Cambridge, UK). The range of the sepa-
rated PCR products was determined using a 100-3000
bp DNA ladder.

Experimental design and statistical analysis

The full experiments were set up in a completely rand-
omized block design (CRBD). There were 12 replicates
per treatment, and all treatment was repeated three
times. The data were evaluated with a one-way analysis
of variance (ANOVA) using the SPSS version 25. The sig-
nificant variances among the treatments were calculated
using Duncan’s multiple range tests (DMRT). The treat-
ment values were recorded as the mean & SE. For RAPD
analysis, only consistently reproducible and well-resolved
bands ranging from 100 to 3000 bp in size were manu-
ally scored. The genetic associations were estimated by
computing the Jaccard’s similarity coefficient (J) for pair-
wise evaluations according to the portion of shared bands
yielded by the RAPD markers. The similarity matrix was
subjected to the cluster analysis of the unweighted pair
group method with arithmetic averages (UPGMA). From
these observations, a dendrogram was prepared using
NTSYS-pc version 2.1 software [53].



Kader et al. Journal of Genetic Engineering and Biotechnology

(2022) 20:145

Page 5 of 14

Table 1 List of random amplification of polymorphic DNA (RAPD) primers, their sequence motifs, total number, and size of the
amplified loci used for determination of genetic integrity of hardened and mother plants of Artocarpus heterophyllus L.

Slno Primer code Primer sequence (5’-3') Number of Total number of Number of Range of
amplified loci bands amplified polymorphicband amplification
(bp)
1 OPS-01 AAATCGGAGC 2 24 0 750-1500
2 0PS-02 GGTCCCTGAC 3 36 0 300-1200
3 OPS-03 GTCCTACTCG 2 24 0 800-1480
4 OPS-04 TGCGCGATCG 3 36 0 400-1500
5 OPS-05 AGTCAGCCAC 4 48 0 300-2000
6 OPS-06 AATCGGGCTG 2 24 0 700-1500
7 OPS-07 AACGTACGCG 4 48 0 300-2000
8 OPS-08 GCACGCCGGA 2 24 0 800-1500
9 OPS-09 AGGGGTCTTG 5 60 0 500-2000
10 OPS-10 TTATCTTGAC 2 24 0 450-1350
11 OPS-11 GGGTCTCGGT 4 48 0 300-2000
12 OPS-12 CGGTTGGTTA 3 36 0 250-600
13 OPS-13 AGAGCCGTCA 2 24 0 300-1000
14 OPS-14 CGGTATTATGC 5 60 0 550-1000
15 OPS-15 AGCCGTGGAA 6 72 0 100-2500
Total 49 588
Average 3.27 39.2
Results 30 days of culture. The shoot regeneration capability was

Shooting experiments

The explant preparation and surface sterilization proce-
dures described here yielded nearly 100% aseptic cultures
in vitro (data not shown). No shoot formation occurred
on the medium without any growth regulators even after
1 month of inoculation (Table 2), but when the explants
were exposed to MS medium formulated with cytokinins
and auxins at different concentrations and combinations
or alone showed variation in the regeneration percentage
and number of shoots formation. The concentration and
type of cytokinins and auxins used significantly affected
the percentage of regenerated shoots, shoot number, and
shoot length. Different experiments of shooting are dis-
played in Table 2. The shoot tips started to break after
3—4 days of inoculation (Fig. 1a). From Table 2, it is found
that BAP at the concentration of 1.5 mg L, IBA at 0.5
mg L}, and NAA at 0.1 mg L™ in combination yielded
maximum shoot (Fig. 1b, ¢) induction rate (94.44%),
highest average shoot length (4.02 cm), and the number
of the shoot (Fig. 1d, e) per explant (4.78).

Effect of subculture on shoot multiplication

Induced shoots were multiplied by repeatedly subcultur-
ing the micro shoots on shoot multiplication medium
(MS media supplemented with 1.5 mg L' BAP, IBA at
0.5 mg L'}, and NAA at 0.1 mg L in combination) after

observed up to the sixth subculture passage (Table 3).
From Table 3, it is found that the maximum number of
shoots (5.92) with the largest shoot length (5.85 cm) was
found in the third subculturing period (Figs. 1f and 2a)
and reduced thereafter.

Effect of different plant growth regulators on in vitro
rooting of microshoots

The formation of roots from micro shoots is essential to
facilitate their establishment in soil. Auxins motivate the
happening of adventitious roots in many plant species.
Therefore, in this study, the effects of auxins (IBA and
NAA) on the rooting of regenerated shoots were exam-
ined (Table 4). Rooting experiments were performed
after shoots from the third subculture passage were
transferred to different strengths of MS media like full-
strength MS medium, half-strength (}2) MS medium, and
quarter strength (%) MS medium supplemented with 0.1
mg L7 IBA and without growth regulator in all media.
The results of this experiment displayed that there was
no formation of roots without a plant growth regulator.
Apart from this, the full-strength MS medium with 0.1
mg L7 IBA also showed no root formation even after 1
month of inoculation. However, among the different
strengths of MS media screened for rooting (Table 4),
the % MS media with 0.1 mg L™ IBA was found to be
best for rooting experiments including the percentage
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Table 2 The effects of different cytokinins and auxins on initiation and growth of shoots from shoot tips using the full strength of

Murashige and Skoog medium of Artocarpus heterophyllus L.

Types and concentrations of plant growth regulators (mg L") % of shoot response Number of shoots per Shoot length (cm)
explant
BAP Kn NAA IBA
0 0 0 0 0000 00400° 0000
0.5 0 0 0 22.2240.07° 1200° 1.38+0.059°
1 0 0 0 33.3340.079°°% 1.1940.067° 1.8340.052¢f
15 0 0 0 44.4440.,084°9¢faN 1.3340.08 1.93+0.0519¢9
2 0 0 0 38.8940.082°¢df 1.5340.084 169400270
0 05 0 0 16.6740.063%° 1.2840.076° 148+0.047°
0 1 0 0 27.7840.076¢ 13140078 244 475"
0 15 0 0 36.1140.08710cdf 1.3340.08° 2.4440.554"
0 2 0 0 30.56£0.078° 1.4440.084< 1.540.035
05 0.1 0 0 41.67-0,083°9fa" 2.2240.07" 1.9240.04%¢f9
1 0.1 0 0 58.33£0.083¢fnikim 2.560.122" 1.62:4£0.064°
1 02 0 0 69.4440.0787Imn 2.83+0.152¢ 2,230,047
15 0.1 0 0 58.3340.083¢fnikim 2.6140.128" 2.4440.026"
15 0.2 0 0 83.33+£0.063™ 3.6940.153M"° 26600287
15 0.5 0 0 77.7840.07™" 3.8640.145" 3.2640.038™
2 05 0 0 69.4440.0787Imn 3.36+0.081M 2.56+0.061
0.1 05 0 0 36.1140.0870cf 1.360.081°< 1.5740.058°
0.1 1 0 0 52.7840.08495fiK 1.6940.143%f 2.0540.06%"
0.2 1 0 0 63.8940.0819NKIm 2.31+0.1119 1.62:£0.042°<
0.1 15 0 0 47 22-+0,0849¢fank 1.67+0.16% 2.2740.0529"
0.2 15 0 0 7540.073Km" 2.67+0.08" 2.76+0.051K
05 15 0 0 7540.0734m" 4.4240.184P 2.8940.055<™
05 2 0 0 52.78£0.0849¢9NK 2.86+0.133 2.2740.0859"
1 0 0.1 0.1 69.4440.0787Imn 240.138° 3.13+0.029'™"
15 0 0.2 0.2 81.0840.065™ 2.9240.193 3.1240.036™"
15 0 0.5 0.1 80.56£0.066™" 3.7540.14" 34440.063"
1.5 0 0.1 0.5 94.44+40.039" 4.7840.1459 4.0240.044°
2 0 0.1 05 61.1140.0821hikIm 3.33+0211M 343+0.041"
2 0 0.5 05 61.110.082fchikim 3.7840.16™ 3.2240.082™
0 1 0.1 0.1 5040.085d°9"k 2.3140.1049" 2.3840.047"
0 15 0.2 0.2 66.6740.08"KIM 2.5640.151" 2.28+0,079"
0 15 0.5 0.1 72.2240.076K™" 2.0640.138%9 3.2640.06™
0 15 0.1 05 80.56£0.067™" 3.9440.138™ 34640.053"
0 2 0.1 05 72.2240.076K™" 3.6440.208™ 3.1740.132'm"
0 2 0.5 05 69.4440.0787Imn 340.138™ 2.9140,0534m
15 0.5 0.1 0.1 7540.0734m" 40640.132° 34640.049"

Here, BAP 6-benzylaminopurine, Kn 6-furfuryl-amino purine, NAA a-naphthaleneacetic acid, IBA Indole-3-butyric acid. Each mean value followed by the same letter

does not differ significantly according to Duncan’s multiple range test (p < 0.05). Marked in bold is the treatment that yielded the best result

of root response (27.78%), number of roots per cutting
(2.42), and for average root length (0.69 + 0.02 cm). From
Table 4, it is shown that the combination of 0.1 mg L™
NAA, 0.5 mg L™ IBA, and 0.1 mg L™} BAP exhibited a
superior level of root response (94.44%), the maximum
number of roots per shoot (8.44), and the highest average
length of root (3.78 cm).

Acclimatization and field establishment

The fruitful acclimatization of micropropagated plants
and their succeeding transfer to the field is a fundamental
step in the commercial exploitation of in vitro technol-
ogy. In this present study, the whole plantlet regenera-
tion was obtained within 200 days of culture. Primarily
the plants were acclimatized to the ex vitro controlled
environment in plastic cups having a sterilized mixture
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Fig. 1 In vitro clonal propagation of Artocarpus heterophyllus L. a Initiation of the breakdown of shoot tip on full-strength Murashige and Skoog
(MS) medium supplemented with 6-benzylaminopurine (BAP) at the concentration of 1.5 mg L7, Indole-3-butyric acid (IBA) at 0.5 mg L', and
a-naphthaleneacetic acid (NAA) at 0.1 mg L' in combination after 3-4 days of inoculation. b Initiation of the shoot (shown with black arrows)

on MS medium formulated with BAP at the concentration of 1.5 mg L, IBAat 0.5 mg L', and NAA at 0.1 mg L™ in combination after 12 days of
inoculation. ¢ A shoot having a leaf on MS medium formulated with BAP at the concentration of 1.5 mgL”, IBA at 0.5 mg L', and NAA at 0.1 mg
L" in combination after 22 days of inoculation. d Initiation of shoots on MS medium formulated with BAP at the concentration of 0.5 mg L™ and
6-furfuryl-amino purine (Kn) at the concentration of 1.5 mg L™ after 8 days of culture. e Shoots having multiple leaves on MS medium formulated
with BAP at the concentration of 0.5 mg L™ and Kn at the concentration of 1.5 mg L' after 22 days of culture. f Enlargement of shoot and leaf after
the first subculture period on MS medium supplemented with 1.5 m gL BAP, IBA at 0.5 mg L', and NAA at 0.1 mg L' in combination

i

of garden soil and vermiculite mixture (1:1, w/w) for
primary hardening. After 4 weeks of primary harden-
ing, the mean survival percentages of the potted plants
were 88.89% (Table 5). After 1 month of primary hard-
ening, randomly selected thirty nine successfully primary
hardened plants were shifted to earthen pots contain-
ing a vermiculite-soil mixture (2:1; w/w) under green-
house conditions for the secondary hardening process.
About 90.60% of plants subjected to secondary hardening

Table 3 Effect of repeated subcultures of microshoots on full-
strength Murashige and Skoog medium supplemented with 1.5
mg L' 6-benzylaminopurine, Indole-3-butyric acid at 0.5 mg L,
and a-naphthaleneacetic acid at 0.1 mg L™ on shoot proliferation
of Artocarpus heterophyllus L.

Subculture Number of shoots/ Shoot length (cm)
explant

First 4674008 4324003

Second 49740.13%® 4.92+40.04°

Third 5.9240.14¢ 5.85+0.04¢

Fourth 5.3940.16° 5.1840.05°

Fifth 53140.11% 4940,03°

Sixth 5.1940.09% 5.140.03¢

Each value represents the mean =+ SE of three repeated experiments. Each
mean value followed by the same letter does not differ significantly according
to Duncan’s multiple range test (p < 0.05). Marked in bold is the treatment that
yielded the best result

survived after 60 days and could be grown in pots kept in
a greenhouse or under open conditions (Fig. 2c).

RAPD analysis

It is of capital importance to assess the genetic stability
of the regenerated hardened plant prior to determining
the success of an in vitro protocol. In this context, finger-
printing profiles of the hardened plants and the donor
plant were done by RAPD markers to check whether the
plantlets were genetically stable or transformed. DNA
from randomly selected 11 micropropagated hardened
plants of jackfruit trees was compared with the DNA of
the mother plant to confirm the genetic stability. In the
present investigation, a total of 27 RAPD primers were
executed for initial screening, among them, only 15 prim-
ers displayed clear and reproducible loci. The total num-
ber of scorable loci for all RAPD primers varied from 2
to 6 (Table 1). The 15 primers employed in this analysis
generated 49 scorable loci with an average of 3.27 frag-
ments per primer. Every primer yielded a unique set of
amplification products ranging in size from 100 to 2400
bp. A total of 588 bands (number of samples analyzed x
number of scorable loci) were yielded by 15 RAPD mark-
ers, and all bands were found to be monomorphic. No
polymorphism was detected during the RAPD profiling
of the donor mother plant with in vitro raised micropro-
pagated hardened plants (Fig. 3). The similarity matrix
revealed that the pair-wise assessment of the hardened
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Fig. 2 Micropropagation of Artocarpus heterophyllus L. a Enlargement and induction of new shoot and leaf after the second subculture period in
Murashige and Skoog (MS) medium supplemented with 1.5 mg L™ 6-benzylaminopurine (BAP), Indole-3-butyric acid (IBA) at 0.5 mg L™, and NAA at
0.1 mg L™ in combination. b Well development of roots in quarter strength of MS medium supplemented with 0.5 mg L IBAand 0.1 mg L™ BAP in
combination. ¢ Six-month-old secondary hardened plants in earthen pots

plants and the mother plant was 1, demonstrating 100%
resemblance. This established the true-to-type nature of
the tissue culture grew regenerants and certified that the
hardened plants were free from any somaclonal variation.
Through PCR-based RAPD analysis, it was established
that the uniformity of the regenerated plants was sus-
tained, indicating high genetic stability among the clones.

Discussions

Shooting experiments

The type of explant applied in micropropagation is a
crucial step in tissue culture studies due to several fac-
tors, like juvenility vs. maturity, inherent slow-growing
pattern, exogenous and endogenous microbial infec-
tion, the occurrence of phenolic compounds, long com-
plex life cycles, and genetic differences [25]. Studies by
Amany et al. [3] and Harb et al. [25] showed that the
shoot tip was more efficient in shoot multiplication
studies rather than inter nodal segments with this spe-
cies. Moreover, Harb et al. [25] reported that shoot tips
had more survival rate percentage and less phenolic
contamination of explants than nodal segments in all
seasons. A similar result was also reported by several
authors all over the world with this species [2, 7, 38].
Table 2 shows that BAP and Kn both singly or in com-
bination encouraged the production of axillary shoots
in various concentrations. This may be due to cytokinin
is known as one of the vital hormones for plant growth
and development that is known to encourage cell

division and differentiation of various plant parts. This
type of growth regulator also participated in various
physiological activities like activation of RNA, protein
synthesis, and various enzyme activities [21]. Table 2
also showed that BAP alone has much more effects on
the percentage of shoot response than Kn alone. The
superiority of BAP over Kn was also documented by
various authors with this species [4, 5, 25]. BAP causes
reinvigoration of mature tissues and causes bud induc-
tion which is a prerequisite for cloning mature trees
[73]. Furthermore, it is reported that BAP can surpass
dominance which can affect the breakdown of dor-
mancy of lateral buds and stimulate shoot formation.
The addition of a lower concentration of auxins along
with higher concentrations of cytokinin has tremen-
dous effects on shoot multiplication. In this study, the
addition of a lower concentration of auxins (IBA and
NAA) along with a higher concentration of cytokinin
accelerated the shoot multiplication investigation. This
type of result may agree with other authors on this spe-
cies [2, 3].

Effect of subculture on shoot multiplication

For large-scale commercial multiplication, a cost-effec-
tive process is very necessary. Subculturing of micro-
shoots significantly improved multiple-shoot induction
and direct organogenesis. Earlier in vitro studies of this
species mostly focus on different medium composi-
tions other than propagation medium for subculturing,
to facilitate the multiplication of in vitro shoots [3, 4, 8,
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Table 4 The effects of various auxins and cytokinins on the initiation and growth of in vitro roots on different strengths of Murashige
and Skoog medium of induced micro shoots of Artocarpus heterophyllus L.

Media Types and concentrations of plant growth % of root response Number of roots/cutting Root length (cm)
regulators (mg L")

NAA IBA BAP Kn
MS 0 0 0 0 0000? 00400° 00=400?

%A MS 0 0 0 0 00400° 00400° 00400°

V4 MS 0 0 0 0 00400? 00400° 00400?

MS 0 0.1 0 0 00=£00° 002007 002007

% MS 0 0.1 0 0 13.8940.058°° 1.3340.08° 0.2840.034°
Va MS 0 0.1 0 0 27.7840.076° 242401224 0.6940.02¢
V4 MS 0.15 0 0 0 22.2240.07%¢ 23340.08° 0.44+0.015°
V4 MS 0.2 0 0 0 22.2240.07%¢ 2.64-0.15°% 0.47+0.022°
V4 MS 05 0 0 0 38.8940,082°%f 3.4240.2120N 0.76£0.022¢
Va MS 0 0.15 0 0 33.3340.08b% 24740101 0.844:0.008¢
V4 MS 0 0.2 0 0 63.89-0.0819MK 3.0840.23 750" 1.140038°

V4 MS 0 0.5 0 0 61.1140,08219Nik 3.1140.137°f" 1.340.041°19
Va MS 05 0.1 0 0 58.334:0.083Ni 3.540.149" 1.5540.052"
Va MS 0.1 05 0 0 66.6740.089Mk 49240.146¢ 2.2140.058"
Va MS 0.1 0 0.05 0 22.2240.07%¢ 1.8140.096° 1.2140.041¢
V4 MS 0.2 0 0.05 0 33.3340.08b°% 16240.081° 1.524:0.056"
V4 MS 05 0 0.1 0 58.334:0.083N 2.7540.092°%" 2.3340.049¢
Ve MS 0 0.1 0.05 0 33.3340.08°°% 54240.254™ 1.362:0.042
Va MS 0 0.2 0.05 0 47.2240.084%°f" 4944036 2674005™
V4 MS 0 0.5 0.1 0 66.6740.089"k 6£0.21" 3.01£0.049"
V4 MS 0.1 0 0.05 0.05 44444008490 33140217 1.1740.062¢
Va MS 0.2 0 0.05 0.05 55.5640.084¢fN 3.6440.29' 1.2740.043¢
V4 MS 05 0 0.1 0.1 55.562£0,084°/" 340.15%f9N 2,070,068
V4 MS 0 0.1 0.05 0.05 75+0.073M 364017 1.2640.041°
Va MS 0 0.2 0.05 0.05 83.3340.063" 4174020 17740068
V4 MS 0 0.5 0.1 0.1 77.78+0.07M 556402 2.3640.052'
Va MS 0.1 0 0 0.05 63.894:0.0819"k 2.8640.16°949 14440039
V4 MS 0.2 0 0 0.05 69.4440.0789"K 4224023 1.844:0.092'
Va MS 05 0 0 0.1 69.4440.0789"K 35+40.11h 2.3540.0414
Va MS 0 0.1 0 0.05 72.224:0.076" 2.5640.09°% 1.79+0.066'
Va MS 0 0.2 0 0.05 72.2240.076" 5.240.23" 2.194:0.094%
Va MS 0 05 0 0.1 72.224:0.076" 5.1440.11¢ 26-4007™

V4 MS 0.1 0.1 0.05 0.05 75+0.073M 5.03+0.14¢ 2.66-£0.088™
Va MS 0.2 0.2 0.05 0.05 72.2240.076" 5.9540.32™" 3.1740.042°
V4 MS 05 0.5 0.1 0.1 69.4440.0789"K 6.0840.22" 3.5540.046°
V4 MS 05 0.1 0.1 0 75+0.073M 7.1740.23° 3.5740.044°
Ya MS 0.1 0.5 0.1 (] 94.4440.039' 8.44+0.13P 3.78+0.0689
V4 MS 05 0.1 0 0.1 83.3340.063" 8.03+0.18° 3.48+0.088°
V4 MS 0.1 0.5 0 0.1 86.1140.058" 733+0.21° 3.41+0.057°

Here, NAA a-naphthaleneacetic acid, IBA Indole-3-butyric acid, BAP 6-benzylaminopurine, Kn 6-furfuryl-amino purine. Each value represents the mean =+ SE of three
repeated experiments. Each mean value followed by the same letter does not differ significantly according to Duncan’s multiple range test (p < 0.05). Marked in bold
is the treatment that yielded the best result

25, 33]. However, the present investigation employed the  approach does not need any addition of extra compound
same media composition for the establishment of shoot or depletion of medium component for shoot multiplica-
induction and their subsequent multiplication. This tion. In this respect, the present protocol was found to be
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Table 5 Acclimatization of Artocarpus heterophyllus L. even though the cultures may degenerate [28, 69]. This
happened may be due to additional time in a culture that
copes with repeated subculturing can increase multipli-

Experiment Primary hardening Secondary hardening

Plant % of Plant %ofsurvival  (ation efficiency, which can further facilitate incomplete

transferred survival transferred after 3 weeks . .
after 3 development [20]. Moreover, the horizontal position of
weeks explants may improve shoot number which was reported
Experiment 33 o788 39 9718 earlier in the micropropagation of a woody tree species.
1 The shoot enhancement problems that took place after
Experiment 33 8485 39 8974 the third subculture may be due to the enrichment of
2 cytokinin in media. Other reasons might also be associ-
Experiment 33 93.94 39 94.87 ated such as the higher level of moisture in the culture
3 and/or the existence of ethylene, and the time taken to
Mean 88.89+1.7 90.60 +2.3 transfer cultures. In this circumstance, Torregrosa and

Bouquet [69] stated that more than three subculture
phases led to the formation of abnormal shoots and a
sharp reduction in the multiplication capacity of the axil-
lary bud explants.

easy, fast, reliable, and attractive for significant shoot bud
induction and multiplication. Moreover, it was reported
that the application of different medium compositions
rather than propagation medium makes the in vitro pro-
cess long, cumbersome, and inefficient [9]. To support
the observations of the present study, a similar type of
results was also coined by Patel et al. [47] and Shekha- . - . .. .
8 . o manipulating the rooting efficiency. Previous reports
wat et al. [59] for Caralluma edulis and Morinda citrifo- L . : .
of in vitro rooting of this species were mostly found

lia species, respectively. They reported the.enhancement to be best on %-strength MS media [7, 8, 25, 38]. The
of shoot numbers per explant up to the third subculture

stage. In connection with this, it was documented that
shoot multiplication events are enormously altered by
the number and duration of subcultures. Sequential sub-
culture events in cytokinin-enriched media improve the
shoot multiplication efficiency in many plant species

Effect of different plant growth regulators on in vitro
rooting of microshoots
The strength of the MS medium is a vital feature in

present study too exhibited rooting on half-strength
MS media. However, the superior level of in vitro
rooting was achieved with %-strength MS media. This
type of result was coined by Chaturvedi et al. [15] with
Azadirachta indica. Among the two different types

b

Fig. 3 Polymerase chain reaction (PCR) amplification products were obtained with random amplified polymorphic DNA (RAPD) primers. M for the
mother plant, 1-11 represent the micropropagated hardened plants, and MA for the DNA ladder. a PCR amplification with RAPD primer OPS-01.

b PCR with RAPD primer OPS-02. ¢ PCR with RAPD primer OPS-05. d PCR with OPS-07. e PCR with RAPD primer OPS-11. f PCR with RAPD primer
OPS-15
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of auxins examined, the IBA had a more pronounced
effect on in vitro rooting than NAA. This finding may
correlate with the findings of other authors on this
species [4, 5, 8, 25]. The possible reason for IBA’s bet-
ter efficiency could be because IBA is more stable at
room temperature and also upon autoclaving [45]. A
few reports like Amin and Jaiswal [4] and Ara et al.
[5] showed that the micro cuttings produced roots
in vitro in the absence of auxins. Unlike this obser-
vation, the present study displayed that there was no
formation of roots without any growth regulators in
all strengths of the MS media tested. Moreover, there
was no stimulation of the root on the full strength
of MS media complemented with 0.1 mg L' IBA.
Repeated subculture into fresh medium gradually
enhanced rooting frequency because repeated subcul-
turing may alter the physiological state and progres-
sively rejuvenate the shoot, which in turn encourages
better rooting.

RAPD analysis

In long-lasting tree species, where adverse effects are
expressed in the field only after years, this may be eco-
nomically unsuccessful. Therefore, true-to-type propa-
gation of the designated woody species is preferred.
Clonal fidelity and genetic stability study of tissue cul-
ture material for several utilities including forestry
may help to cut the extensive field-testing trials [26,
55]. To assess this, the most reliable approaches are the
molecular marker technology that identifies the change
depending on the defined regions of DNA or DNA poly-
morphisms [36]. This was most probably due to soma-
clonal variations which may appear because of cell cycle
disorders caused by exogenously functional growth reg-
ulators particularly 2,4-dichlorophenoxyacetic acid (2,4-
D) which is used as auxin and is known to be a mutagen
[26, 48, 55, 64], changes in chromosome structure
(duplications, translocations) or in chromosome number
(leading to polyploidy) [17], DNA damage and mutation,
change in DNA methylation patterns [49], gathering of
mutations (activation of transposons) over a period of
time and increased mutation rate per cell-generation
over time [52], and modification of cell’s capability to
repair mutated and damaged DNA [39]. Furthermore, it
is documented that tissue culture standardizes a physi-
ological strain which is characterized by the interfer-
ence of normal developmental panels that can ultimately
lead to several types of deviations at the nucleotide
sequence level [13]. Being a complex developing pro-
cedure, somatic embryogenesis may be associated with
the variation-induced fault in any desired characters and
involves the combined action of many genes [26]. Sev-
eral influences like the number of subcultures, genotype,
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time of culture, explant source, the genetic mosaicism
and level of ploidy, media composition, and the most
important pattern of regeneration, i.e., involving cal-
lus phase or direct organogenesis can promote in vitro
mutability [1, 36, 55, 56, 61, 72]. Normally, to evalu-
ate genetic stability, various molecular techniques have
been employed, but probably, the most frequently used
and conclusive are RAPD, ISSR (Inter-simple sequence
repeat), and AFLP (amplified fragment length polymor-
phism) due to their robustness and huge screening of
the genome [16]. Literature studies revealed that RAPD
is very much attractive over them in the detection of
genetic variability as for its technical simplicity, requires
only small amounts of DNA, relatively low cost, and is
quick to perform [34, 55, 70]. Furthermore, an additional
benefit is that this method can be applied to diverse spe-
cies without prior genetic knowledge. Due to this rea-
son, this technique is widely applied for evaluating clonal
fidelity and genetic stability of micropropagated plants
in a number of genera. RAPD endorsed the absence of
somaclonal variation in micropropagated plant mate-
rial reported earlier for several tree woody species like
Acacia auriculiformis [71], Ficus religiosa [63], and a
well-known medicinal plant Azadirachta indica [6], etc.
Likewise, some researchers have also noted polymor-
phism in micropropagated plants through RAPD mark-
ers like Beta vulgaris [43], Robinia pseudoacacia [11],
Cineraria maritime [67], etc. The RAPD markers can
generate a higher number of bands, thereby constructing
an additional representative sample of the genome than
is possible with allozyme [58]. Moreover, RAPD provides
numerous benefits over restriction fragment length
polymorphism (RFLP) in various ways like no previous
cloning of DNA sequences is obligatory, requires very
little amount of plant tissue, and is associated with a
rapid DNA extraction procedure [26, 51]. RAPD marker
exposes DNA polymorphism as practices primers of
random sequences that examine for complementarities
in the genome and variances in the amplification pat-
terns. This is proposed that DNA bands probably char-
acterize repetitive sequences [23, 40]. The variation and
or polymorphism in repetitive DNA sequences has nor-
mally been detected during plant tissue culture studies
[57, 65]. The tissue culture stress may give rise to devia-
tions at privileged sites, like repetitive DNA, thereby
stimulating transposons. With respect to decreasing
the amount of somaclonal deviation to a commercially
adequate level, this is suggested that multiplication and
subcultures should be restricted to 1000 plantlets per
explant, and micropropagated hardened plants should
be screened in the nursery for initial recognition of vari-
ations [36]. Regeneration of plants from organized mer-
istems is allowed to be the most trustworthy technique
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of micropropagation, as they are noted to be resistant
to genetic deviation induced by in vitro techniques [60].
The plantlets that were achieved from current research
were obtained from explants with a view to escaping
long periods of unorganized mass (callus) development.
Apart from this, this study also avoided the use of 2,4-D
and substituted it with NAA and IBA which are con-
sidered as less mutagenic than 2,4-D [26]. In addition
to this, this study exhibited the maximum shoot multi-
plication within the third subculture period which can
be considered a “safe level” of multiplication. There are
numerous kinds of DNA deviation that RAPD primers
are unable to identify, including repetitions of chromo-
somes or genes and happening of occasional point muta-
tions [26]. These deviations, however, are very tough to
identify by any recent approach of DNA assay in related
sceneries. These outcomes accomplished that no soma-
clonal variant could be noticed according to this proto-
col, using the RAPD fingerprinting technique. Like this
study, the dendrogram based 100% true-to-type nature
of clones to their donor plant was also reported earlier
by Sreedhar et al. [66], Bhatia et al. [10], and Singh et al.
[62] for Vanilla planifolia, Gerbera jamesonii, and Den-
drocalamus asper species, respectively.

Conclusion

This is the first report of the genetically stable micropro-
pagation protocol of Artocarpus heterophyllus (Jackfruit
tree) using shoot tip as an explant. This study exposed
that multiple shoot bud stimulation and regeneration of
A. heterophyllus were controlled by suitable cytokinin
and auxin concentrations and a combination of plant
growth regulators. The process of in vitro rooting cou-
pled with immediate hardening reduced the time of the
micropropagation protocol and made the protocol more
economical. Due to the endorsement of genetic sustain-
ability, this technique seems to be steady and supports
that micropropagated plantlets are true to the type of the
donor mother plant. This study set up an effective and
reliable micropropagation protocol for in vitro regenera-
tion of A. heterophyllus to guarantee large-scale propaga-
tion towards a sustainable supply of plant resources to
the various industries or conservation of elite germplasm.
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