www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Histological and molecular insights
In to in vitro regeneration pattern
of Xanthosoma sagittifolium
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EraV. Malhotra?, S. Rajkumar? & Pragati Misra3

A study on the effect of various phytohormonal combinations on in vitro propagation of Cocoyam
[Xanthosoma sagittifolium (L.) Schott] was conducted to develop an improved and efficient in vitro
regeneration protocol for its mass multiplication. Histological analysis to understand the in vitro
regeneration pattern and genetic fidelity assessment of regenerated plants were also carried out.
Single shoots excised from in vitro established cultures of X. sagittifolium were used as explants.
Among the 32 different phytohormonal combinations tested, indirect organogenesis with intervening
callus phase was observed on majority of the media combinations. Meristematic clump formation was
optimally achieved on all the tested media combinations with maximum 43.54 + 0.51 shoot primordia
on MS medium containing 0.2 mg/L BAP + 0.1 mg/L NAA followed by 36.44 +0.76 shoot primordia

on MS medium having 2.5 mg/L TDZ. Micro-morphological analysis of different morphogenetic
structures revealed that the regeneration of cocoyam is well executed via meristematic nodules,
shoot primordia formation that may evolve in to proper shoots. Adventitious shoots (>2 cm) were
successfully (100.00 + 0.00%) rooted on the half-strength MS medium containing IBA (0.05-1.0 mg/L)
and IAA (0.05-0.5 mg/L). The number of roots ranged from 0.78 + 0.31 on the control half-strength MS
medium to 13.94 + 0.46 on half-strength MS supplemented with 1.0 mg/L IBA. Considering somaclonal
variations as a potential restriction to in vitro multiplication of plants, genetic stability was assessed
using 40 ISSR primers. The PCR amplification profiles obtained from all the tested propagules

(calli, meristematic clumps, regenerated plantlets) were similar to the mother plants indicating the
homogeneity of the individuals raised through the regeneration protocol reported here.

Cocoyam [Xanthosoma sagittifolium (L.) Schott] is a monocotyledonous, herbaceous, perennial and vegetatively
propagated plant of the family Araceae. It is commonly known as “Arrow elephant ear”, “cocoyam” or “Tania”
which produces edible, starch-rich underground corms. It originated from tropical America and is cultivated
in some countries such as Nigeria, Ghana, Cameroon, India, etc. in Asia and Africa as a subsistence food crop'.
Cocoyam is rich in vitamin B6, copper, carbohydrates, iron and potassium. It is one of the plants with the lowest
allergy potential. Consuming cocoyam can increase energy, maintain sugar levels, promote and maintain intes-
tinal health and prevent high blood pressure. In some countries like Africa, it is also used as a remedy against
burns?. Its life cycle starts with shoot emergence and ends with corm formation and includes three growth
phases; (i) the first phase which lasts for about 5 months, contains initial 2 months of slow growth. In this phase,
sprouting and maximum leaf development take place in the presence of rainfall; (ii) the second phase of around
2 months involves vigorous shoot formation. The plant attains maximum height in this phase; (iii) the third and
last phase embraces the development of corms and cormels under dry conditions®. Overall, mature plants can
produce a large amount of foliage in the first 6-9 months, and produce up to 10 or more corms within 10 months*.

Preserving cocoyam under field conditions is risky because diseases or natural catastrophes can cause the loss
of genetic resources. Cocoyam is propagated through its corms that enhance the risk of pathogen distribution.
The major diseases of Xanthosoma are the Dasheen mosaic caused by the virus and cocoyam root rot disease
(CRRD) caused by Pythium myriotylum. The pathogen can affect the plant at different growth stages; early
infection leads to stunting and dieback of plants whereas late infection causes chlorosis and reduced yields. The
disease can result in yield loss of up to 100% under conducive environmental conditions*®. In vitro propagation
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technique is a possible solution to the major problems of vegetatively propagated plants associated with pathogen
dissemination and subsequent loss of vigour and productivity’, health and quality®’. The ideal concentration and
combination of plant growth regulators (PGRs) required for in vitro propagation are different from species to
species, genotype to genotype and explant source. The composition of PGRs needs to be optimized accurately to
achieve an effective rate of multiplication for a genotype'’. In micropropagation, it is very important to establish
the hormonal balance for each phase of the developmental process’.

Limited studies are available on in vitro shoot multiplication, somatic embryogenesis, and tuberization of
cocoyam using Murashige and Skoog medium supplemented with various hormone combinations including ben-
zylaminopurine (BAP), kinetin, thidiazuron (TDZ), 2,4-dichlorophenoxyacetic acid (2,4-D), indole-3- butyric
acid (IBA), and 1-naphthalene acetic acid (NAA)'"'2. Further none of these studies analysed the histological
changes and genetic stability of developing propagules during in vitro propagation. The present study reports
an improved in vitro propagation protocol through meristematic nodule formation in the species for the first
time. Histological evaluation to decipher the regeneration pattern of the in vitro culture system and molecular
study to ascertain the genetic integrity of regenerated plantlets are also done. Available literature shows that
the major limiting factors in any micropropagation protocol are the rate of shoot multiplication and genetic
uniformity of regenerated plants. Therefore, the present study was undertaken to analyze the effect of different
hormone combinations on Xanthosoma sagittifolium multiplication, understand its in vitro regeneration pat-
tern through micro-morphological evaluation of different morphogenetic structures and devise an optimum
protocol for producing genetically uniform planting material in large numbers. This is the first study on the
micro-morphological evaluation of in vitro multiplication of X. sagittifolium along with molecular analysis for
assessment of the genetic integrity of regenerants.

Results and discussion

Direct organogenesis was not achieved, and callusing was observed on majority of the media combinations
except on basal MS medium and MS supplemented with either 0.5 mg/L BAP or 0.2 or 0.5 mg/L kinetin. Dif-
ferent cytokinins resulted in varied regeneration responses of either meristematic clump formation or shoot
formation (Fig. 1). Explants inoculated on different culture media combinations started to swell within 2 weeks,
while the meristematic clumps were induced after 6 weeks. Meristematic clumps were formed on all the tested
media combinations with maximum of 43.54 +0.51 shoot primordia induced on MS medium containing 0.2 mg/L
BAP +0.1 mg/L NAA followed by 36.44 +0.76 shoot primordia on MS medium having 2.5 mg/L TDZ (Table 1,
Fig. 2a). Different cytokinins responded differently with respect to meristematic clump formation with TDZ
having highest median value (around 20) for the number of meristematic nodule or shoot primordia followed by
BAP combination (Fig. 1a). A previous study by Wada et al.’* reported direct organogenesis with multiplication
rate of 4.5-4.83 shoots/ explant on MS media with 2.5 mg/L BAP and 0.5 mg/L NAA.

Earliest shoot induction was witnessed on MS medium with 0.5 mg/L BAP +0.01 mg/L NAA (within 6 weeks)
followed by MS+ 0.5 mg/L BAP +0.05 mg/L NAA (within 8 weeks) and MS+0.5 mg/L BAP +0.2 mg/L NAA
(within 12 weeks). Shoot induction percentage varied between 38.69 + 1.82 on basal MS medium to 100% on six
media combinations that include MS media supplemented with 0.5 or 1.0 mg/L kinetin and MS media having
0.5 mg/L BAP combined with various concentrations of NAA (0.01-0.2 mg/L). No shoot induction was observed
on 12 media combinations containing phytohormone TDZ either alone or in a combination of BAP (Table 1,
Fig. 2b). Highest median value of shoot induction percentage was obtained with media combination having
BAP +NAA followed by kinetin (Fig. 2b).

Significant variation in shoot number was observed on different media combinations with a minimum of
2.39+0.28 shoots on MS medium with 5.0 mg/L BAP and maximum of 13.44 +0.26 shoots on MS+0.5 mg/L
BAP +0.05 mg/L NAA. No shoots only meristematic clumps were formed on media combinations having TDZ
either alone or in combination with BAP (Table 1, Fig. 1b). On media containing BAP and kinetin, the number
of shoots ranged between 2.39 +0.28 to 6.06 + 0.34, whereas a significant increase in shoot number was observed
on media supplemented with BAP + NAA (Table 1, Fig. le, f). In the box plot graph, the highest median value
was observed in MS media having BAP + NAA followed by MS media with BAP, indicating a relatively higher
shoot number on media containing BAP hormone in comparison with other hormones (Fig. 2¢). Shoot length
varied between 0.58 +0.06 cm on MS medium with 0.2 mg/L kinetin and 1.98 +0.18 cm on MS medium having
0.5 mg/L BAP +0.01 mg/L NAA (Table 1, Fig. 2d). Median values for shoot length for MS media supplemented
with BAP or BAP + NAA was found to be almost similar (Fig. 2d) whereas, a significantly lower median was
observed for MS media with kinetin.

Medium combination (MS + 0.5 mg/L BAP +0.05 mg/L NAA) yielding the best multiplication response was
tested in 5 other accessions of X. sagittifolium (Table 2). Among tested accessions, the number of shoot primordia
ranged between 40.78 +1.13 to 53.65 + 1.86 and shoot numbers varied from 10.33+0.82 to 18.46 +1.46 with a
mean number of 45.41 shoot primordia and 14.79 shoots.

Based on higher shoot length, four media combinations containing MS with 0.5 mg/L NAA and BAP con-
centrations from 0.01 to 0.2 mg/L were tested further for shoot elongation. The shoot elongation was best on
MS+0.5 mg/L BAP +0.01 mg/L NAA with an average shoot length of 4.18 cm (Fig. 1g). This was followed by
3.56 cm shoot length on MS + 0.5 mg/L BAP +0.05 mg/L NAA, and 2.68 cm on MS + 0.5 mg/L NAA +0.1 mg/L
BAP after 12 weeks of explant inoculation (Fig. 1h).

In vitro propagation has been frequently utilized for the mass multiplication of vegetatively propagated
species in less time and space. The success of any micropropagation protocol depends upon the right choice of
nutrient media and plant growth hormones. In Xanthosoma, nutrient media supplemented with different plant
growth regulators (PGRs) including cytokinins BAP, kinetin, and TDZ, used alone or in combination with either
each other or auxins IBA, and NAA have been tried to achieve optimal multiplication. Different morphogenic
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Figure 1. In vitro multiplication response of Xanthosoma sagittifolium (Scale bar=1.25 cm), where (a,

b): meristematic clumps obtained on MS+0.2 mg/L BAP +0.1 mg/L NAA and MS+2.5 mg/L TDZ; (¢, d):
meristematic clumps/ shoots obtained on MS +2.0 or 2.5 mg/L BAP; (e-f): shoots multiplied on MS+0.5 mg/L
BAP +0.01 or 0.05 mg/L NAA; (g-h): plantlets elongated on MS+0.5 mg/L BAP +or 0.01 or 0.05 mg/L NAA.

responses have been reported in the previous reports'"!2 In the present study, the use of different cytokinins
has resulted in initial callus induction with subsequent formation of meristematic clumps containing shoot
primordia. The highest number of shoot primordia was achieved on media containing 0.2 mg/L BAP +0.1 mg/L
NAA and 2.5 mg/L TDZ. The shoot primordia when cultured singly on media with BAP + NAA produced proper
shoots. These results are consistent with the study by Sama et al."', in which the use of 20 uyM BAP and 2 uM TDZ
in nutrient media (semi-solid or stationary liquid) resulted in higher multiplication rates. Similar to our find-
ings, they described short and stunted shoots on media containing TDZ whereas proper elongated shoots were
obtained on BAP. Similarly, Wada et al."* reported the best multiplication response (4.56 and 4.83 shoots in green
tannia and purple tannia, respectively) on the MS media having 2.5 mg/L BAP and 0.5 mg/L NAA. Contrary
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Culture media
composition (Basal Meristematic clumps Shoot induction % Number of shoots Shoot length in cm
S.no MS + phytohormones) Concentration (mg/L) | (Mean +SE) (Mean + SE) (Mean + SE) (Mean + SE)
Control (Basal MS) - 4.44+0.34° 38.69+1.82" (38.46) 3.2240.24° 1.05+0.15¢%"
BAP 0.5 13.61£0.52¢" 65.45+2.4 (54.00) 6.06+0.34* 1.48+0.13
1.0 16.17+0.927 46.57 +1.2¢ (43.03) 4724024 1.23+0.53'
1.5 18.39+1.35k 55.87+1.274 (48.37) 4.11+0.29% 0.84 +0.16%"
2.0 28.72+0.88° 84.74+1.88" (67.00) 3.78+0.22™ 1.06+0.14¢%
2.5 23.57+0.61™ 61.27 £1.18%(51.51) 3.56+0.20° 1.02£0.141%"
5.0 20.56 +0.47d¢f 68.34+2.12f. (55.76) 2.39+0.28¢ 0.83+0.134%
TDZ 0.5 26.67+0.77" 0.00+0.00* (0.00) 0.00+0.00° 0.00+0.00°
1.0 22.39+0.58' 0.00+0.00* (0.00) 0.00+0.00° 0.00£0.00*
15 17.83+0.84% 0.00+0.00? (0.00) 0.00+0.00 0.00+0.00
2.0 14.28+0.58" 0.00+0.00* (0.00) 0.00+0.00° 0.00+0.00°
2.5 36.44+0.76 0.00+0.00* (0.00) 0.00+0.00° 0.00+0.00*
5.0 19.72+0.82% 0.000.00? (0.00) 0.00+0.00 0.00+0.00*
BAP+TDZ 1.0+0.5 15.11+0.54 0.00+0.00* (0.00) 0.00+0.00° 0.00+0.00°
1.0+2.0 18.56+0.54* 0.00+0.00* (0.00) 0.00+0.00° 0.00+0.00*
2.0+1.0 12.33+0.61"% 0.000.00? (0.00) 0.00+0.00 0.00+0.00*
1.5+2.5 10.17+0.34<e 0.00+0.00* (0.00) 0.00+0.00° 0.00+0.00°
25+1.5 8.61+0.58" 0.00+0.00* (0.00) 0.00+0.00° 0.00+0.00°
2.5+2.5 7.72£0.39° 0.00+0.00* (0.00) 0.00+0.00° 0.00+0.00*
Kinetin 0.2 11.56+0.46% 77.75+1.854¢" (61.85) 4.28+0.23¢ 0.58+0.06"
0.5 7.28+0.16" 100.00 +0.00' (90.00) 5.33+0.23h 0.76+0.07 <
1.2 14.39£0.62" 100.00£0.00' (90.00) 3.61+£0.22 0.630.04%
2.0 9.61+0.46 64.54+1.43% (53.45) 3.39+0.16 0.84+0.60%"
BAP+NAA 0.20+0.01 3.78+0.375 51.38+1.234 (45.79) 1.67+0.11° 0.93 +0.06%8
0.2+0.05 15.72+0.619 58.43 +1.51d° (49.85) 4.55+0.24°% 1.34+0.19i
0.2+0.1 43.54+0.5059 73.57+1.76 % (59.06) 5.72+0.23 1.05+0.198
0.5+0.01 12.44+0.315 fg 100.00+0.00' (90.00) 9.83+0.29" 1.98+0.17¢%
0.5+0.05 9.78+0.712% 100.00+0.00' (90.00) 13.44+0.26° 1.16+0.18"
0.5+0.1 16.56+0.335° 100.00 +0.00' (90.00) 6.56+0.18% 1.28+0.12
0.5+0.2 18.83+0.532% 100.00 +0.00' (90.00) 4.94+0.198 1.06+0.188
0.1+0.15 14.67 £0.498™ 96.84+1.86' (79.75) 7.17+0.27! 1.03+0.14%"
BAP +Kinetin 2.5+2.5 10.94+0.551d¢f 0.00+0.00* (0.00) 0.00+0.00° 0.00+0.00*

Table 1. Effects of different phytohormone combinations on in vitro multiplication of Xanthosoma
sagittifolium. Data represents mean + SE of six replicates per treatment in three repeated experiments. Means
within the same column followed the different letters are significantly different according to Duncan’s multiple
range test (DMRT) at 5% level. Arc sine transformation values are given in parentheses.

to our results, the exogenous application of BAP on two Xanthosoma varieties'® resulted in a lower in vitro
regeneration response as compared to controls. The best elongation achieved in this study on MS+0.5 mg/L
BAP+0.01 mg/L NAA with an average shoot length of 4.18 cm is corroborative with the earlier report'? with
the lengthiest shoot (3.92-4.36 cm) on the MS media + 5.0 mg/L BAP + 1.0 mg/L Kn+0.5 mg/L NAA. A dif-
ferent study' utilizes a customized liquid bioreactor (temporary immersion culture system) for cocoyam mass
multiplication and reported a highest proliferation rate, number of leaves per plant and plant weight on using
20 mg/L sucrose in liquid culture medium.

Histological analysis. Histological analysis was conducted on various proliferating structures induced dur-
ing in vitro multiplication to develop a basic understanding of regeneration pattern. Initially a callus-like struc-
ture was observed that either produced meristematic clumps through meristematic nodules formation (Fig. 3a)
or shoots (Fig. 3b). Micro-morphology of the initial callus-like structure revealed it to contain multiple meris-
tematic zones with compact areas of dense smaller meristematic cells surrounded by larger cells (Fig. 3c). These
meristematic zones grew further to give rise to small protrusions on the tissue surface to form pre-meristematic
nodule with actively dividing meristematic cells (3d). These pre-meristematic nodules gradually enlarged to
produce meristematic nodules or shoot primordia (Fig. 3e, f) exhibiting tunica-corpus organization. Numer-
ous meristematic nodules or shoot primordia containing clear apical meristem surrounded by leaf primordial
were visible on the meristematic clumps (Fig. 3g, h). Asynchronous adventitious shoot formation was observed
displaying shoot primordia at different developmental stages ranging from early protrusion to well-developed
shoot and leaf primordia (Fig. 3g). Shoot primordia differentiated to form organized shoot with several leaves
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Figure 2. Box plots representing the effect of different media combinations on; (a) number of shoot primordia
per meristematic clump, (b) shoot induction percentage, (c) number of shoots per explant and (d) shoot length

in cm.
Number of shoot primordia

S.no. | Accession name | (Meanz+SE) Number of shoots (Mean +SE) | Shoot length (cm) (Mean + SE)
1 1C0812549 42.865+1.348° 16.842+1.142¢ 1.128+0.104°

2 1C0582686 40.783£1.134* 13.634+1.248" 0.644+£0.126*

3 1C0582687 46.238 £1.582°¢ 18.464 +1.4354 1.278 £0.145°¢

4 1C0009605 43.524 +1.456" 14.678 £1.375° 1.120+0.138°

5 1C0582690 53.647 +1.864¢ 10.333+0.825* 1.040+0.115°

Table 2. In vitro multiplication response of five Xanthosoma accessions on optimized culture medium
(MS+0.2 mg/L BAP+0.1 mg/L NAA). Data represents mean * SE of six replicates per treatment in three
repeated experiments. Means within the same column followed the different letters are significantly different
according to Duncan’s multiple range test (DMRT) at 5% level.

and leaf primordia (Fig. 3g, i). No proper root meristem was observed and all the apical meristems were seen
attached with a broad tissue base thus ruling out the possibility of somatic embryogenesis (Fig. 3g).

Our results show that the regeneration of cocoyam is through shoot primordia formation that may develop
in to proper shoots. On the majority of cytokinin concentrations (TDZ, kinetin, BAP) used in the present study,
an intervening callus phase was observed that initially converted to meristematic nodules and finally formed
meristematic clumps containing numerous shoot primordia (supplementary Fig. 1c-e). On medium with BAP,
the shoot formation occurs from the shoot primordia and therefore, on these media adventitious shoots, shoot
primordia, and meristematic nodule could be observed in different developmental stages suggesting asynchro-
nous development. Whereas, on medium containing, TDZ (alone or with BAP) these shoot primordia failed to
convert in to shoots and remained in form of meristematic clumps. No somatic embryogenesis was observed
on any of the tested media combinations. Similar to a study on tree peony', the regeneration of Xanthosoma
involved four distinct phases that included callus with multiple meristematic regions, pre- nodules, meristematic
nodules and shoot primordia. Formation of meristematic nodules either directly or indirectly via callogenesis has
been reported in a number of species including Acacia mangium'®, Eucalyptus globulus'”, Humulus lupulus'®'?,
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Root Induction percentage (%)

Figure 3. Histological evaluation of in vitro regeneration of Xanthosoma sagittifolium (Scale bar =100 um);
where (a). pre-meristematic nodules (b). shoot organogenesis (c). Meristem mass containing small area of
dense, small cells shown by yellow arrows; (d-e). Pre-meristematic (d) and meristematic nodules (e) in form

of small protrusions at the surface of meristematic clumps shown by red arrows; (f). shoot primordia with clear
apical dome (AM) and leaf primordia (LP); g. meristematic clump showing different stages of adventitious
shoot formation; h. growing meristem to form shoots; (i). adventitious shoots containing apical meristem (AM),
vascular tissues (V) and leaves (L).

Populus euphratica®, Sclerocarya birrea®' etc. Analogous observations have been made in a study on Elliottia
racemosa®?, in which in vitro regeneration from leaf explants took place via shoot organogenesis on a medium
containing TDZ and IAA. They have also observed multiple meristematic zones in subepidermal cell layers.

Rooting and acclimatization. Efficient rooting plays an important role in the successful acclimatization
of in vitro plantlets. Roots are responsible for the absorption of water and essential nutrients that are required
for plant growth and development. For rooting, single shoots (>2 cm) having 2-3 leaves were placed on different
media containing various concentrations of auxins IAA, IBA and NAA. Root induction varied from 27.78 + 1.86
to 100.00 £ 0.00%. Hundred percent root induction was observed on all the tested concentrations of IBA (0.05-
1.0 mg/L) whereas a gradual increase in root induction percentage (44.44 +1.2-100.00+0.00%) was obtained
with increasing NAA hormone concentration (0.05-1.0 mg/L) with a median value of around 60% (Fig. 4a). Use
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Figure 4. Box plots representing the effect of different media combinations on; (a) root induction percentage,
(b) number of roots per shoot.

Scientific Reports |

(2023) 13:5806 | https://doi.org/10.1038/s41598-023-33064-8 nature portfolio



www.nature.com/scientificreports/

of JAA resulted in 100.00+0.00% root induction in the concentration range of 0.05-0.5 mg/L and a significant
decline (66.67 +1.43%) was seen after increasing the concentration to 1.0 mg/L (Table 3, Fig. 4a).

The number of roots varied between a minimum of 0.778 £0.31 on basal MS medium to a maximum
13.94+0.46 on MS having 1.0 mg/L IBA (Table 3, Fig. 5a, b). Among tested auxins, NAA was found to be the
least responsive (1.44+0.29 to 3.83+0.15 roots) with lowest median value (Fig. 4b) and IBA to be the best
(4.44+0.15 to 13.94+0.46 roots) in terms of root numbers (Table 3). With IAA (0.05-1 mg/L), the number of
roots ranged between 3.11+0.18 and 7.77 £ 0.43 with a median value of around 5.8 which is similar to the median
obtained with IBA concentrations.

Auxins especially IAA, IBA and NAA have been frequently utilized for in vitro adventitious root initiation
and development®. In vitro rooting process is dependent upon a number of factors that includes genetic factors,
culture media composition and endogenous/ exogenous concentration of plant growth hormones?*?. Adventi-
tious root formation involves three basic steps including root induction, root initiation and root elongation.
A hundred percent root induction achieved in the present report is higher than the previous report in which
93.3% root initiation was observed in green tannia on MS+2 mg/L IBA and 86.7% initiation in purple tannia on
a medium having 2 mg/L NAA. In line with the result obtained in green tannia, IBA was found to be superior
to IAA and NAA in terms of root induction in the present report. In context to root numbers, 1 mg/L IBA gave
the best response (13.94 roots) which is again higher than the previous report (~ 6 roots) on a medium contain-
ing 2 mg/L IBA. As has been reported earlier also, auxin supplementation was found necessary for better and
enhanced in vitro rooting in X. sagittifolium”'%2,

The rooted plantlets were taken and washed under running tap water to remove any traces of the medium. For
hardening, the washed plantlets were planted in pots containing autoclaved soilrite and kept under a controlled
atmosphere of mist chamber with 25+ 1 °C temperature and 75% relative humidity (Fig. 5¢). The multiplied
plantlets were successfully hardened on soil (Fig. 5d, e) with a survival rate of 83.33% which is better or at par
with the ex vitro survival rate of green tannia (76.7%) and purple tannia (83.3%) reported earlier'2.

Genetic integrity assessment. During in vitro multiplication, higher multiplication pressure due to the
application of exogenous plant growth hormones especially synthetic ones tends to induce somaclonal varia-
tions. Somaclonal variation is a serious limitation for large scale in vitro clonal propagation of plants. The major
causes of somaclonal variations are chromosomal rearrangement, single gene mutations, activation of transpos-
able elements, DNA methylation etc. Molecular markers have been frequently utilized for capturing the genetic
variations induced during in vitro propagation or conservation of plants in form of discrete banding patterns.
PCR-based single primer amplification reaction (SPAR) methods including random amplified polymorphic
DNA (RAPD) and inter simple sequence repeats (ISSR) have been regularly used for genetic fidelity assessment
of in vitro propagates”~>!. The SPAR methods need no prior sequence information, are simple, economic, rapid
and require small quantities of DNA?.

In the present study, different cytokinins namely BAP, TDZ, kinetin and auxins including IAA, IBA, NAA
were used for shoot multiplication and root induction, respectively. Therefore, molecular profiling of the induced
callus, meristematic clumps and in vitro regenerated plantlets on optimized media was done utilizing 40 ISSR
primers to detect any variations with reference to mother plants. Out of 40 tested primers, 25 gave scorable ampli-
fication (62.5%). A total of 91 monomorphic bands were witnessed with 25 primers thus yielding an average of
3.64 bands per primer. A maximum number of bands (7) was obtained with primer UBC855, whereas, primers
UBC858, UBC829 and UBC834 gave a single amplicon (Table 4). The size of amplicons obtained from these 25

Half strength
LR L (It Number of roots/ shoot
S. no. IAA |IBA | NAA | Rootinduction % (Mean+SE) | (Meanz+SE) Root length in cm (Mean + SE)
0.00 |0.00 |0.00 27.78+1.86* (31.81) 0.78+0.31* 0.82+0.13*
0.05 100.00 +0.00¢ (90.00) 5.44+0.29f. 1.2240.22%<d
0.10 100.00 +0.00¢ (90.00) 7.77+0.43¢ 1.71+£0.4%
0.50 100.00 +0.00¢ (90.00) 3.1140.18<¢ 1.27 +0.4220<d
1.00 66.67 +1.43 (54.74) 6.39+0.28f. 1.53+0.414
0.05 100.00 +0.00¢ (90.00) 4.44+0.15¢ 1.32£0.37%¢
0.10 100.00 +0.00¢ (90.00) 9.61+0.20" 2.13+0.48¢
0.50 100.00 +0.00¢ (90.00) 5.78 +0.24f. 1.31+0.32%d
1.00 100.00 +0.00¢ (90.00) 13.94+0.46' 5.16+0.82f.
0.05 44.44+1.21% (41.81) 1.67 £0.58% 1.47 £0.44°<¢
0.10 61.11+1.18" (51.42) 1.44+0.29° 1.21+0.27%d
0.50 83.33+2.434(65.90) 2.44 +0.45b 1.04 +0.28%¢
1.00 | 100.00+0.00¢ (90.00) 3.83+0.15% 0.94+0.22®

Table 3. Effects of different auxins on in vitro rooting response of Xanthosoma sagittifolium. Data represents
mean * SE of six replicates per treatment in three repeated experiments. Means within the same column
followed the different letters are significantly different according to Duncan’s multiple range test (DMRT) at 5%
level. Arc sine transformation values are given in parentheses.
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Figure 5. Root induction and acclimatization response of in vitro multiplied shoots (Scale bar=2 cm), where
(a, b): in vitro rooting, (c): 1 week old, hardened plantlet on soilrite, (d): 8 weeks old, hardened plantlet, (e):
16 weeks old plantlet.

primers ranged between 110 to 996 bp. Scoring data analysis revealed 100% similarity of all the tested samples
(calli, meristematic clumps, regenerated plantlets) with mother plants that confirms the genetic uniformity of
in vitro plant material during all multiplication stages on optimized media. Similar PCR amplification profiles
of mother plants and in vitro multiplying samples (Fig. 6) indicates that no genetic variations are induced at the
tested loci due to the use of optimized phytohormone concentrations.

Contrasting results have been reported in a study conducted to analyze the genetic integrity of in vitro raised
Nepenthes khasiana Hook. f. plantlets of three generations on optimized shoot/ root multiplication medium,
where a progressive increase in genetic variation from 5.65 in first regeneration to 10.87% in third regenera-
tion was reported?. The variation in the study might be induced due to enhanced exposure to high cytokinin
(2.5 mg/L kinetin + 2.0 mg/L BAP) and high auxin (2.0 mg/L NAA) concentrations during shooting and root-
ing, respectively. Few other studies have also reported genetic instability due to polymorphic PCR amplification
profiles in Codonopsis lanceolate Dictyospermum ovalifolium and Spilanthes calva®->*.

Our results are consistent with a recent report®! on genetic stability evaluation of in vitro raised Ficus carica
var. Black Jack plantlets using woody plant medium containing 20 uM BAP + 8 uM IAA under different light
treatments (normal fluorescent white light and four different LED spectra) that showed significant (97.87%)
similarity using ISSR markers. The minor polymorphism in the report was attributed to the error dynamics of
a PCR process.
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S. no. Primer code | Primer sequence (5-3’) | Annealing temperature (°C) | Total no. of bands | Band size range (bp)
1S6 (GA),C 51.2 5 110-486
187 (GT)sA 50.7 NA NA
IS8 (AG),C 51.2 5 199-515
1S9 (TG), TA 54.1 2 262-920
1S10 C(GA), 49.2 Smear Smear
1811 (CA),G 52.5 5 166-560
IS12 (GT)4C 52.5 NA NA
IS61 (GA), T 54.1 4 267-594
1S53 (AG),C 54.1 4 177-418
1S65 (AG); T 52.5 Smear Smear
UBC859 (TG)gRC 51.2 4 239-996
UBC824 (TC)sG 50 2 298-495
UBC861 A(CCA),CC 56.6 5 250-736
UBC858 (TG)4RT 52.5 1 215
UBC870 (TGC), 51.2 Smear Smear
UBC825 (AC)y T 52.5 3 230-424
UBC826 (AC)C 52.5 3 192-600
UBCS828 (TG)sA 50 Smear Smear
UBCS829 (TG),C 50 1 237
UBC831 (AT)sYA 37 NA NA
UBC832 (AT),YC 37 NA NA
UBC833 (AT)sYG 42.8 NA NA
UBC834 (AG),YT 52.5 1 234
UBC835 (AG)sYC 52.5 5 142-722
UBC836 (AG)sYA 50 4 243-688
UBC840 (GA),YT 50 5 197-573
UBC841 (GA),YC 53.6 NA NA
UBC842 (GA)YG 54.1 4 276-499
UBC843 (CT),RA 50 NA NA
UBCB846 (CA)sAT 50 3 175-328
UBC847 (CA)sAC 50 5 194-684
UBC848 (CA)sAG 50 4 164-589
UBC849 (GT);CA 50 Smear Smear
UBC850 (GT)sCC 50 4 110-590
UBC851 (GT),CG 50 Smear Smear
UBC852 (TC)sRA 50 Smear Smear
UBC853 (TC);AT 50 2 203-396
UBC854 (TC)sAG 50 Smear Smear
UBC855 (AC),CT 50 7 125-750
UBC856 (AC),CA 50 3 335-650

Table 4. Detailed information and amplification profile of the ISSR primers used in the study.

Conclusion

An efficient in vitro regeneration protocol for obtaining genetically homogeneous plantlets with high multiplica-
tion rates (43.54 shoot primordia, 13.44 shoots per culture vessel) that can be used for large scale in vitro clonal
propagation of X. sagittifolium is reported here. With this rate of multiplication and if 10 culture vessels are used,
a total of 18,490 shoot primordia and 1800 shoots can be obtained in a time span of 10 months. To the best of
our knowledge, this is the first report on meristematic nodule formation, micro-morphological evaluation and
genetic fidelity assessment during in vitro multiplication of X. sagittifolium. Regeneration pattern deciphered
through histological analysis can further be exploited to enhance the rate of shoot formation. Moreover, this
potentially effective protocol can be used to develop further techniques for plant improvement of Cocoyam

including genetic transformation/ genome editing.
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Figure 6. ISSR profile of primer (a) UBC848, (b) UBC858, (c) UBC836 and (d) IS53 in Xanthosoma
sagittifolium; where 1-3: mother plants, 4-6: calli, 7-9: meristematic clumps obtained on MS+0.2 mg/L

BAP +0.1 mg/L NAA, 10-12: meristematic clumps obtained on MS + 2.5 mg/L TDZ, 13-15: plantlets multiplied
MS+0.5 mg/L BAP +0.05 mg/L NAA, 16-18: regenerated plantlets, M: 100 bp DNA ladder.
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Materials and methods

Explant source. Phenotypically similar and healthy in vitro established cultures of Xanthosoma sagit-
tifolium accessions 1C0582689, 1C812549, IC582686, 1C582687, 1C9605 and IC582690 were used as explant
source. The in vitro cultures utilized for this study were already maintained on culture medium (MS+0.5 mg/L
BAP +0.1 mg/L NAA) under the standard culture room conditions of culture room at Tissue Culture and Cryo-
preservation Unit (TCCU), ICAR-National Bureau of Plant Genetic Resources (NBPGR), Pusa Campus, New
Delhi. Single shoots (~0.5 cm) excised from above mentioned cultures were sub-cultured individually on to the
same culture medium in glass culture tubes (25x 150 mm; Borosil, India) for obtaining enough mother stock
cultures to conduct various experiments during the present study (supplementary Fig. 1a). All experiments were
performed in accordance with relevant guidelines and regulations.

Nutrient media and culture conditions. Nutrient culture medium comprised of basal MS (Murashige
and Skoog medium) salts along with 3.0% (w/v) sucrose as a carbon source and 0.8% (w/v) agar (Hi-media,
India) as a gelling agent. The culture media pH was adjusted to 5.8 prior to autoclaving at 121 °C and 1.05 kg cm™
pressure for 18 min. All the cultures were incubated in culture room at 25 + 2 °C with light intensity 40 umol 2 s™*
for 16 h/8 h light/dark photoperiod provided by cool white, fluorescent tubes (Philips, India).

Shoot multiplication. Shoots (0.5-1.0 cm) excised from in vitro multiplied cultures of accession IC0582689
were used as explant (supplementary Fig. 1b) for assessing the effects of different culture media combinations on
in vitro shoot multiplication. A total of thirty two culture media supplemented with various concentrations of
BAP, kinetin (Kn), TDZ and NAA either alone or in combination were used for the present study. Full strength
basal MS medium free from plant growth regulators was used as control. The details of different culture media
combinations are presented in Table 1.

Invitro rooting.  Well-developed healthy microshoots (2-3 cm) bearing 2-3 leaves were harvested carefully
from culture tubes and inoculated on to half strength MS media supplemented with various concentrations of
auxins including Indole-3-acetic acid (IAA), Indole-3-butyric acid (IBA) or a-naphthalene acetic acid (NAA) for
inducing roots (Table 3). Half strength basal MS medium free from plant growth regulators was used as control.

Hardening and acclimatization. Invitro regenerated plantlets possessing well developed shoot and roots
were carefully taken out from the culture tubes and thoroughly washed under running tap water to remove the
traces of adherent culture medium from root surfaces. The plantlets were transferred to 10 cm diameter plastic
pots filled with autoclaved soilrite (Glasil Scientific Industries, New Delhi, India). The pots were moistened with
¥5-MS liquid medium devoid of organic supplements on every alternative day for at least 2 weeks and later regu-
larly watered. All potted plantlets were covered with transparent polythene bags having two to three small holes
for maintaining humidity. Polybags were removed after 2 weeks, and the plantlets were transferred to the soil and
maintained under greenhouse conditions.

Histological studies. Histological studies were performed on different morphogenetic structures®
obtained during in vitro multiplication. For this, the tissue samples were fixed in freshly prepared FAA (forma-
lin-acetic acid-ethanol) for 24 h and stored in 70% alcohol at 4 °C. Samples were dehydrated in alcohol series
(30%, 50% and & 70% v/v) followed by tert-Butyl alcohol (TBA) series (55%, 75%, 85%, 95% and 100% v/v)
through definite time gap. Samples were then transferred to TBA and Paraffin oil (1:1 v/v) and left for 24 h, then
shifted to TBA: Paraffin oil: paraffin wax (1:1:1) combination and kept in oven at 62 °C for 48 h followed by three
changes of pure wax. Samples were embedded in paraffin and bee wax mixture. Serial sectioning was done by
motorized Leica RM 2165 microtome and wax ribbons were adhered to glass slides by applying Haupt’s fluid (1 g
gelatin, 2 g phenol crystals and 15 ml glycerin, 85 ml distilled water). Spreading of sections was done on hot plate
at 60 °C and kept for drying at room temperature for about 2 weeks. De-paraffining of sections was done by dip-
ping the slides overnight in xylene, and subsequently stained with safranin (1%) and fast green (1%). Prepared
section slides were observed under Leica DM6 B microscope and photographs were taken using attached digital
camera (Leica DFC7000 T) with the help of Leica application suite X software.

Statistical analysis. The shoot multiplication data was recorded after 20 weeks of explant inoculation on
culture media, whereas the rooting data were recorded after 12 weeks. The data is expressed as mean + standard
error (Mean + SE). All the experiments were conducted in three replications. Arc sine transformation was per-
formed on percent data. The effects of different treatments on various growth parameters were quantified and
the significance of difference among means was determined by ANOVA by using SPSS version 16 (SPSS Inc.
Chicago, USA) followed by Duncan’s Multiple Range Test (DMRT) at 5% level of significance.

Molecular profiling to detect somaclonal variations. Inter simple sequence repeat (ISSR) markers
were used to analyze the genetic stability of in vitro multiplied plantlets. For the purpose, genomic DNA was
extracted from 18 in vitro samples that included 3 randomly selected mother plants (plantlets used as explant
source) and three samples each from the callus, the meristematic clumps obtained on MS medium containing
0.2mg/L BAP +0.1 mg/L NAA and MS with 2.5 mg/L TDZ, shoots multiplied on MS + 0.5 mg/L BAP +0.05 mg/L
NAA and regenerated plantlets (shoot elongation on MS+0.5 mg/L NAA +0.01 mg/L BAP followed by rooting
on MS having 1.0 mg/L IBA), using modified method of Moller et al.”’”.
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DNA quality and quantity was assessed using NanoDrop 1000 (Thermo Fischer Scientific, USA). Forty ISSR
primers were used in the study (Table 4). After optimization of PCR conditions for each primer (Table 4),
individual PCR reaction [10 pL reaction volume containing 1X reaction mixture (One PCR™, GeneDireX Inc.
USA), 10 uM primer and 40 ng template DNA] was carried out in a thermal cycler (Gene Pro, Hangzhou Bioer
Technology Co., China) programmed to: initial denaturation at 94 °C for 5 min, followed by 37 cycles of dena-
turation at 94 °C (30 s), primer annealing at 37-56.7 °C (45 s) and primer extension at 72 °C (60 s) and a final
extension at 72 °C for 5 min.

Amplification profiles were visualized on a Gel Documentation System (GenoSens 2100, Clinx Science Instru-
ments Co., China) and data was recorded. The size of the PCR amplicons separated on 2.5% agarose gel was
estimated using 100 bp DNA ladder.

Data availability
All data generated or analysed during this study are included in this published article.

Received: 20 February 2023; Accepted: 6 April 2023
Published online: 10 April 2023

References

1. Giacometti, D. C. & Leon, ]. Tannia. Yautia (Xanthosoma sagittifolium). In Neglected Crops: 1492 from a Different Perspective (eds
Hernaldo, J. E. & Ledn, J.) 253-258 (Plant Production and Protection Series No. 26 FAO, 1994).

2. Street, R. A. & Prinsloo, G. Commercially important medicinal plants of South Africa: a review. J. Chem. 2013, 1-16 (2013).

3. Ubalua, A. O. Cocoyam (taro and tannia): staples with untapped enormous potentials-a review. Plant Knowl. J. 5(1), 27-35 (2016).

4. Langeland, K. A, Cherry, H. M., McCormick, C. M. & Craddock Burks, K. A. Identification and Biology of Non-native Plants in
Florida’s Natural Areas 2nd edn, 138-157 (University of Florida, 2008).

5. Agueguia, A. Constraints of cocoyam Xanthosoma sagittifolium (L.) cultivation in Cameroon. in Proceedings of the 1st National
Workshop on Cocoyam 72-76 (1987).

6. Nzietchueng, S. Root rot of Xanthosoma sagittifolium caused by Pythium myriotylum in Cameroon. In Proceedings, Sixth Symposium
of the International Society for Tropical Root Crops, 21-26 February 1983, 173-180 (International Potato Center (CIP) Lima, 1984).

7. Paul, K. K. & Bari, M. A. Protocol establishment for micropropagation and in vitro callus regeneration of Maulavi Kachu (Xan-
thosoma sagittifolium L. Schott) from cormel axillary bud meristem. J. Plant Sci. 2(4), 398-406 (2007).

8. Ko, C., Kung, J. & Mc Donald, R. In vitro micropropagation of white dasheen (Colocassia esculenta). Afr. J. Biotech. 7(1), 41-43
(2008).

9. Vilchez, J., Rivas, Y., Albany, N., Molina, M. & Martinez, L. Effect of the N6 -Benzylaminopurine on in vitro multiplication of
cocoyam. Schott). Rev. Fac. Agrono 26, 212-222 (2009).

10. Gomes, E, Simoes, M. & Lopes, M. L. Effect of plant growth regulators and genotype on the micropropagation of adult trees of
Arbutus unedo L. (strawberry tree). New Biotechno. 27, 882-892 (2010).

11. Sama, A. E., Hughes, H. G., Abbas, M. S. & Shahba, M. A. An efficient in vitro propagation protocol of Cocoyam [Xanthosoma
sagittifolium (L.) Schott]. Sci. World J. 2012, 346595 (2012).

12. Wada, E. & Feyissa, T. In vitro propagation of two Tannia (Xanthosoma sagittifolium (L.) Schott) cultivars from shoot tip explants.
Plant Tissue Cult. Biotech. 31(1), 25-34 (2021).

13. Onwubiko, N. C., Ehirim, O. F,, Onuoha, E. R. & Onyia, V. N. Micropropagation of cocoyam (Xanthosoma sagittifolium) using
different levels of benzylaminopurine (BAP). Int. J. Agric. Rural Dev. 15(3), 1253-1257 (2012).

14. Niemenak, N., Noah, A. M. & Omokolo, D. N. Micropropagation of cocoyam (Xanthosoma sagittifolium L. Schott) in temporary
immersion bioreactor. Plant Biotechnol. Rep. 7, 383-390 (2013).

15. Xu, L., Cheng, F. & Zhong, Y. Efficient plant regeneration via meristematic nodule culture in Paeonia ostii ‘Feng Dan’. Plant Cell
Tissue Organ Cult. 149, 599-608 (2022).

16. Xie, D. & Hong, Y. In vitro regeneration of Acacia mangium via organogenesis. Plant Cell Tissue Organ Cult. 66, 167-173 (2001).

17. Trindade, H. & Pais, M. S. Meristematic nodule culture: a new pathway for in vitro propagation of Eucalyptus globulus. Trees 17,
308-315 (2003).

18. Batista, D., Ascensio, L., Sousa, M. J. & Pais, M. S. Adventitious shoot mass production of hop (Humulus lupulus L.) var. Eroica
in liquid medium from organogenic nodule cultures. Plant Sci. 151, 47-57 (2000).

19. Fortes, A. M. & Pais, M. S. Organogenesis from internode-derived nodules of Humulus lupulus var. Nugget (Cannabinaceae):
histological studies and changes in the starch content. Am. J. Bot. 87, 971-979 (2000).

20. Ferreira, S., Batista, D., Serrazina, S. & Pais, M. S. Morphogenesis induction and organogenic nodule differentiation in Populus
euphratica Oliv. leaf explants. Plant Cell Tissue Organ Cult. 96, 35-43 (2009).

21. Moyo, M., Finnie, ]. E. & Van Staden, J. In vitro morphogenesis of organogenic nodules derived from Sclerocarya birrea subsp.
caffra leaf explants. Plant Cell Tissue Organ Cult. 98, 273-280 (2009).

22. Woo, S. M. & Wetzstein, H. Y. Morphological and histological evaluations of in vitro regeneration in Elliottia racemosa leaf explants
induced on media with thidiazuron. J. Am. Soc. Hort. Sci. 133(2), 167-172 (2008).

23. Guan, L. et al. Auxin regulates adventitious root formation in tomato cuttings. BMC Plant. Biol. 19(1), 1-16 (2019).

24. Mazri, M. A., Meziani, R., Elmaataoui, S., Alfeddy, M. N. & Jait, F. Assessment of genetic fidelity, biochemical and physiological
characteristics of in vitro grown date palm cv. Al-Fayda. Vegetos. 32, 333-344 (2019).

25. Mazri, M. A, Naciri, R. & Belkoura, I. Maturation and conversion of somatic embryos derived from seeds of olive (Olea europaea
L.) cv. Dahbia: occurrence of secondary embryogenesis and adventitious bud formation. Plants 9, 1489 (2020).

26. Wokabi, J. N. in Establishment of an in vitro micropropagation protocol for farmer preferred cocoyam (Colocasia esculenta (L.) Schott)
and (Xanthosoma sagittifolium (L.) Schott) cultivars grown in Kenya. MSc. Thesis, Applied Sciences of Kenyatta University, Nairobi,
Kenya (2012).

27. Devi, S. P,, Kumaria, S., Rao, S. R. & Tandon, P. Single primer amplification reaction (SPAR) methods reveal subsequent increase
in genetic variations in micropropagated plants of Nepenthes khasiana Hook. F. maintained for three consecutive regenerations.
Gene 538(1), 23-29 (2014).

28. Butiuc-Keul, A., Farkas, A. & Cristea, V. Genetic stability assessment of in vitro plants by molecular markers. Stud. Univ. Babes-
Bolyai Biol. 51(1), 107-114 (2016).

29. Michalowski, E. & Lema-Ruminska, J. ISSR markers in the genetic diversity of chrysanthemum plants derived via somatic embryo-
genesis. Zesz. Probl. Postgp. Nauk. Rol. 594, 17-25 (2019).

30. Rohela, G. K., Jogam, P, Bylla, P. & Reuben, C. Indirect regeneration and assessment of genetic fidelity of acclimated plantlets
by SCOT, ISSR, and RAPD markers in Rauwolfia tetraphylla L.: an endangered medicinal plant. BioMed. Res. Int. 2019(1), 1-14
(2019).

Scientific Reports |

(2023) 13:5806 | https://doi.org/10.1038/s41598-023-33064-8 nature portfolio



www.nature.com/scientificreports/

31. Parab, A.R,, Lynn, C. B. & Subramaniam, S. Assessment of genetic stability on in vitro and ex vitro plants of Ficus carica var. black
jack using ISSR and DAMD markers. Mol. Biol. Rep. 48, 7223-7231 (2021).

32. Guo, W. L. et al. Genomic instability in phenotypically normal regenerants of medicinal plant Codonopsis lanceolate Benth. et
Hook. E, as revealed by ISSR and RAPD markers. Plant Cell. Rep. 25, 896-906 (2006).

33. Chandrika, M., Thoyajaksha Rai, V. R. & Kini, K. R. Assessment of genetic stability of in vitro grown Dictyospermum ovalifolium.
Biol. Plant. 52, 735-739 (2008).

34. Razag, M., Heikrujam, M., Chetri, S. K. & Agrawal, V. In vitro clonal propagation and genetic fidelity of the regenerants of Spilanthes
calva DC using RAPD and ISSR marker. Physiol. Mol. Biol. Plants. https://doi.org/10.1007/s12298-012-0152-4 (2012).

35. Malik, S. K. & Kalia, R. Role of micromorphological, histochemical and histological approaches in morphogenetic studies. In In
vitro Conservation and Cryopreservation of Tropical Fruit Species (eds Chaudhury, R. et al.) (IPGRI Office for South Asia New Delhi
India/ NBPGR, New Delhi, 2003).

36. Nishiwaki, M., Fujino, K., Koda, M. Y. K. & Kikuta, Y. Somatic embryogenesis induced by the simple application of abscisic acid
to carrot (Daucus carota L.) seedlings in culture. Planta 211, 756-759 (2000).

37. Moller, E., Bahnweg, G., Sandermann, H. & Geiger, H. A simple and efficient protocol for isolation of high molecular weight DNA
from filamentous fungi, fruit bodies, and infected plant tissues. Nucleic Acids Res. 20, 6115-6116 (1992).

Acknowledgements
The authors are thankful to the Director, ICAR-NBPGR, New Delhi (India) for providing necessary facilities
for the present work.

Author contributions

S.B. conceptualized, designed, supervised the study and prepared the manuscript. S.S. and M.K.S. executed the
tissue culture experiments. P.P. and R.S. performed histological evaluation. PJ. conducted molecular study. E.V.M.
and P.M. helped in data analysis and manuscript editing.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-33064-8.

Correspondence and requests for materials should be addressed to S.B.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:5806 | https://doi.org/10.1038/s41598-023-33064-8 nature portfolio


https://doi.org/10.1007/s12298-012-0152-4
https://doi.org/10.1038/s41598-023-33064-8
https://doi.org/10.1038/s41598-023-33064-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Histological and molecular insights in to in vitro regeneration pattern of Xanthosoma sagittifolium
	Results and discussion
	Histological analysis. 
	Rooting and acclimatization. 
	Genetic integrity assessment. 

	Conclusion
	Materials and methods
	Explant source. 
	Nutrient media and culture conditions. 
	Shoot multiplication. 
	In vitro rooting. 
	Hardening and acclimatization. 
	Histological studies. 
	Statistical analysis. 
	Molecular profiling to detect somaclonal variations. 

	References
	Acknowledgements


