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ABSTRACT

Potato propagation through tubers and seed is an inefficient way of propagation thus we propose an alternative
method in this study which is in vitro propagation. Plantlets were raised from True Potato Seeds (TPS) in test
tubes containing 10 mL of Murashige Skoog (MS) medium. Subculturing was done after every 21 days and after
four subsequent subculturing, when there was an adequate quantity of stock material, uninodal cuttings of about
3-4 mm in length were prepared from in vitro proliferated potato plants by excising leaves of 1-2 mm on each
side of the node. Prepared uninodal cuttings were cultured on ¥ strength MS medium for root primordia devel-
opment. The selected uninodal cuttings with root primordia were encapsulated with sodium alginate solution
(3.5% (w/v), mixed with 1.25% charcoal and different concentration of fungicide (thiophanate methyl, sigma)
to enhance the viability percentage of synthetic seed. Furthermore, these encapsulated uninodal cuttings were sub-
jected to different storage intervals to check maximum storage. Results showed that optimum dose for fungicide is
150 mg/L as it resulted in good viability percentage, shoot number, shoot length, rooting percentage, root number,
root length and ideal for bead formation with sodium alginate. Similarly, results revealed that encapsulated unin-
odal cuttings can be stored at a temperature of 4°C up to 45 days with a survival rate of 63.33%. Encapsulated
uninodal cutting stored for 60 days showed a poor viability percentage of about 43.03%. It can be concluded that
optimum dose of 150 mg/L with storage time of 45 days should be used to get a better outcome for synthetic
potato seed production.
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1 Introduction

Potato (Solanum tuberosum), the annual herb of the family Solanaceae, is the fourth most important food
crop grown worldwide with annual production approaching 370 MT [1]. Owing to its nutritional benefits, it
is a high-value cash crop. Potato contains carbohydrates, proteins, minerals, vitamins (B and C), and dietary
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fiber [2—4]. In conventional systems, seed potato tubers are utilized for propagation [5], being an inefficient
approach with a low rate of multiplication along with a high risk of catching various diseases and pests.
Therefore, a rapid multiplication system like in vitro propagation can solve some of the problems
associated with conventional propagation methods [6,7]. Tissue culture has revolutionized seed potato
production in some countries by increasing potato yield and mass multiplication of virus-free potato
seedlings [8,9]. Among in vitro propagation techniques, synthetic seed technology can eliminate
approximately 100% of viruses in seed production [10—12]. Similarly, this technique could be a viable
option under changing climates, where the occurrence of extreme events is more prevalent [13].

Synthetic seeds are defined as artificially encapsulated somatic embryos, shoot buds, cell aggregates, or
any other tissue that can be used for sowing as a seed. They should possess the ability to transform into plants
under in vitro or ex-vitro conditions and retain this potential even after storage [ 14]. There has been a growing
interest in the production and use of synthetic seed technology due to the advantages of producing genetically
identical planting material for easy handling, transportation, and storage (<1 cm), as well as offering a new
option for the maintenance of elite germplasm [15]. The use of synthetic seeds has been long considered a
promising alternative to conventional potato propagation, but little has been accomplished to develop
synthetic seeds in this crop [14,16]. Therefore, the present study was designed to investigate the effect of
different concentrations of thiophanate methyl (TM) fungicide and storage interval on synthetic seed
production of potato using alginate-mediated nutrient encapsulation of in vitro grown uninodal shoot
segments. Key objectives of this study were the evaluation of the optimum dose of fungicide for the
encapsulation and the appropriate storage period for potato synthetic seeds.

2 Materials and Methods

2.1 In Vitro Synthetic Seed Production

In vitro established cultures are required for the preparation of synthetic seeds. Plantlets were raised from
True Potato Seeds (TPS), and 5% (v/v) NaOCI was used to eradicate the chances of contamination in TPS.
After sterilization, seeds were sown in test tubes containing 10 mL of Murashige Skoog (MS) medium (MS
macro and microelements) (Sigma-Aldrich, Saint Louis, MO, USA) supplemented with 100 mg/L. myo-
inositol, 0.5 mg/L nicotinic acid, 0.5 mg/L pyridoxine, 0.1 mg/L thiamine, 30 g/L. sugar, and 7 g/L agar.
Germination percentage, vigor, and growth rate of seedlings were recorded after emergence. From in vitro
grown plantlets, shoots of about 1.5 cm in length were excised and cultured in jars containing 40 mL MS
medium supplemented with 150 mg/L. myo-inositol, 0.5 mg/L nicotinic acid, 0.5 mg/L pyridoxine,
0.5 mg/L thiamine-HCl, 0.5 mg/L biotin, 1.0 mg/L Ca-pantothenate, 2 mg/L glycine, 1 mg/L GAj3, 30 g/L
sugar, and 7 g/L agar. Subculturing was done after every 21 days and after four subsequent subculturing,
when there was an adequate quantity of stock material, uninodal cuttings of about 3—4 mm in length were
prepared from in vitro proliferated potato plants by excising leaves of 1-2 mm on each side of the node.
Prepared uninodal cuttings were cultured on ' strength MS medium for root primordia development. The
medium was supplemented with 0.25 mg/L IBA, 100 mg/L brilliant black, 10 g/L sucrose, 5 g/L glucose,
and 7 g/L agar. The selected uninodal cuttings with root primordia were encapsulated with sodium
alginate (medium viscosity, Sigma A-2033) solution (3.5% (w/v), mixed with 1.25% charcoal and
different concentration of fungicide (thiophanate methyl, sigma) to enhance the viability percentage of
synthetic seed (Table 1). Encapsulation was followed by complexation with 1.1% (w/v) CaCl, enriched
with artificial endosperm composed of /2 MS (macro and micro) medium for 35 min. After complexation,
the alginate capsules were washed twice for 15 min, each time with autoclaved rinse solution consisting
of the artificial endosperm. This experiment was conducted with five treatments, each comprising three
replications and 10 synthetic seeds per replication.
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Table 1: Encapsulating media for the synthetic seed of potato

Treatments  Sodium alginate composition

T, Sodium alginate (3.5%) + charcoal (1.25%)

T, Sodium alginate (3.5%) + charcoal (1.25%) + fungicide (thiophanate methyl, 50 mg/L)
T; Sodium alginate (3.5%) + charcoal (1.25%) + fungicide (thiophanate methyl, 100 mg/L)
Ty Sodium alginate (3.5%) + charcoal (1.25%) + fungicide (thiophanate methyl, 150 mg/L)
Ts Sodium alginate (3.5%) + charcoal (1.25%) + fungicide (thiophanate methyl, 200 mg/L)

The optimum level of TM fungicide was evaluated for better conversion and viability of synthetic seeds.
Alginate media was provided with different concentrations of TM and prepared synthetic seeds were stored
for 15 days. The best resulting dose of TM was further used to evaluate the viability percentage of synthetic
seeds at 4°C for different time intervals of 0, 15, 30, 45, 60, and 75 days after encapsulation. Seeds in the
control treatment were sown directly on germination media without giving any storage after
encapsulation. After storage at different time intervals, synthetic seeds were sown on MS medium
supplemented with 100 mg/LL myo-inositol, 0.5 mg/L nicotinic acid, 0.5 mg/L pyridoxine, 0.1 mg/L
thiamine, 1 mg/L GAj, 30 g/L sugar, and 7 g/L agar. The data were calculated for germination
percentage, and growth rate was measured on a weekly basis by recording viability, number of leaves,
shoot length (cm), number of nodes, and conversion ability. After four weeks, rooting of synthetic seeds
in terms of rooting %, the number of roots per plantlets, root length (cm), and rooting index. The rooting
index is a measure through which the effect of length and number of roots on the performance of roots
can be evaluated. Longer roots with less number per synthetic seed are not desirable, whereas shorter
roots with a greater number of roots perform better as well-established rooting necessary for the success
of plantlets. The pH of the whole media used in this study was maintained at 5.8 and cultures were
incubated at 25 + 1°C under a 16/8 h photoperiod (2,000 lux) with white fluorescent tubes (Philips TL
40W/54).

2.2 Statistical Analysis

Statistical analysis of the data was carried out using ANOVA and differences among treatment means
were compared by using the least significance difference (LSD) test at a 5% probability level [17].
Pearson correlation coefficient (r) was used to study the pairwise relationship between measured traits.

3 Results

3.1 Culture Establishment

Data regarding contamination revealed that there was a 92% survival rate with a vigor rate of 6.12, and
only 8% of total seeds were infested. Plantlets attained an average height of 2.1 cm and 3.12 leaves in the first
week, while, 4.19 cm height of shoots and 5.19 leaves was recorded in the second week. In the third week,
plantlets attained a height of 6.7 cm with seven leaves on the shoot (Fig. 1).

3.2 Evaluation of Optimum Dose of Thiophanate Methyl

3.2.1 Viability Percentage

Data showed significant results in terms of viability and growth rate of synthetic seeds stored at 4°C for
15 days. The viability percentage increased gradually from 60% to 80% (Table 2) in synthetic seeds from
0 mg/L (T,) to 150 mg/L (T,4) respectively (Fig. 2) with increasing fungicide concentrations. A Marked
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Figure 1: Number of leaves and shoot length (cm) of potato plants sown on Murashige and Skoog medium

Table 2: Effect of different concentrations of thiophanate methyl on viability percentage, number of shoots,
and shoot length (cm) of potato synthetic seed

Treatments Viability % Number of shoots Shoot length (cm)
T; (0 mg/L) 60.00bc 0.73¢ 1.55¢d

T, (50 mg/L) 66.67c 1.07a 1.29d

T5 (100 mg/L) 69.67b 0.97b 2.83b

T, (150 mg/L) 80.00a 0.77d 4.24a

Ts (200 mg/L) 45.00d 0.60e 2.15¢

LSDs., 11.18 0.5979 0.6061

Note: Any two means not sharing a letter differ significantly at p < 0.05.

Figure 2: Maximum viability percentage (80%) of synthetic seeds at 150 mg/L TM (Ty)
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decline (45%) in the viability and growth rate of potatoes due to the higher concentration of TM at 200 mg/L
(Ts) in encapsulated media was observed.

3.2.2 Shoot Number and Shoot Length (cm)

Statistical analysis showed a significant effect of different concentrations of TM incorporated in
encapsulation medium on shoot number and shoot length of plantlets derived from synthetic seed. In the
control treatment shoot number was 0.73 with a shoot length of 1.55 cm (Table 2). More number of
shoots, i.e., 1.07 at 50 mg/L (T,) (Fig. 3a) and maximum shoot length, i.e., 4.24 cm (Fig. 3b) was
recorded at 150 mg/L (T4) after which there was a marked decline (Table 2). Moreover, higher
concentration (200 mg/L) of TM decreased shoot number up to 0.60 and shoot length reduced to 2.15 cm.

(a)

!b"@.

Figure 3: Maximum (a) shoot number (1.07) at 50 mg/L (T,) and (b) shoot length (4.24 cm) derived from
synthetic seeds added with 150 mg/L of TM (T4) sown on Murashige and Skoog medium after 15 days of
storage interval

3.2.3 Rooting Percentage, Root Number and Root Length (cm)

Significant results were obtained in the case of rooting percentage, number, and length of roots (Table 3).
Best rooting percentage of 73.33% was recorded at 150 mg/L (T4) with a maximum root number of 4.70 and
root length of 2.29 cm (Fig. 4). Declining trend was noticed at suboptimal (<150 mg/L) and supraoptimal
(>150 mg/L) concentrations.

Table 3: Effect of different concentrations of thiophanate methyl to enhance the rooting percentage, number
of roots, and root length (cm) of potato synthetic seed

Treatment Rooting % Number of roots Root length (cm)
T, (0 mg/L) 57.00bc 3.763ab 0.823d
T, (50 mg/L) 60.00ab 2.430cd 0.516cd

(Continued)
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Table 3 (continued)

Treatment Rooting % Number of roots Root length (cm)
T5 (100 mg/L) 70.67b 3.330bc 1.523c
T4 (150 mg/L) 73.33a 4.700a 2.290a
Ts (200 mg/L) 40.00c 2.093d 2.040b
LSDso, 13.92 1.087 0.5782

Note: Any two means not sharing a letter differ significantly at p < 0.05.

(a)

3

Figure 4: Maximum (a) root number (4.70) and (b) root length (2.29 cm) observed at 150 mg/L (T,)

3.3 Storage Intervals
3.3.1 Viability Percentage

Different storage intervals affected the viability percentage of synthetic seeds. Results showed that
83.33% (Table 4) was the maximum viability percentage that was obtained in synthetic seeds sown just
after encapsulation (control treatment). Beyond 45 days (S;) storage, there was a significant decline in
viability percentage (63.33%), and synthetic seeds at 60 and 75 days (S4 and Ss) of storage interval

showed poor viability percentage of 59.33% and 43.03%, respectively (Table 4).

Table 4: Effect of different storage intervals on viability percentage, shoot number, and shoot length (cm) of

potato synthetic seed

Treatments Viability %  Number of Shoot length Number of Number of
(storage age shoots (cm) leaves nodes
intervals)

So (0 days) 83.33a 0.93abc 10.58a 8.07a 8.07a

S; (15 days) 75.00ab 0.83bc 8.08b 7.33b 7.33b

(Continued)
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Table 4 (continued)

Treatments Viability %  Number of Shoot length Number of Number of
(storage age shoots (cm) leaves nodes
intervals)

S, (30 days) 70.00b 1.00ab 7.51¢c 6.54c 6.54c¢

Sz (45 days) 63.33bc 1.10a 5.05d 5.57d 5.57d

S4 (60 days) 59.33¢ 0.73¢ 4.59¢ 4.52¢ 4.52¢

Ss (75 days) 43.03d 0.57d 3.29f 3.49f 3.49f
LSDs, 6.401 0.1799 0.6016 0.4571 0.4571

Note: Any two means not sharing a letter differ significantly at p < 0.05.

3.3.2 Shoot Number

Potato plants develop a single shoot on each node as it has no axil to develop a side shoot. Results in
Table 4 illustrate the maximum outcome regarding the shoot number of 1.10 after 45 days (S;) (Fig. 5a),
while a minimum number of shoots (0.57) was obtained at 75 days (Ss) (Fig. 5b).

Figure 5: Number of shoots regenerated from synthetic seeds sown on Murashige and Skoog medium (a)
maximum (1.10) at 45 days of storage interval (S3) (b) minimum (0.57) at 75 days of storage interval (Ss)

3.3.3 Shoot Length (cm)

ANOVA showed a significant effect of storage intervals on shoot length at p < 0.05 (Table 4). The
controlled treatment (0 days) gave maximum shoot length, i.e., 10.58 cm (Fig. 6a), and with increasing
storage intervals, shoot length decreased markedly. A declining trend was observed with increasing the
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storage interval from 15 to 75 days. The storage interval of 75 days (Ss) resulted in reduced plant height
(3.29 cm) (Fig. 6b) which showed that increased storage intervals have a negative effect on the shoot length.

(a) (b)
, 3
»
“ B
' \
> 44

4 }\L

Figure 6: Shoot length regenerated from synthetic seeds sown on Murashige and Skoog medium (a)
maximum (10.58 cm) at 0 days (Sp) (b) minimum at (3.28 cm) 75 days of storage interval (Ss)

|

3.3.4 Number of Leaves and Nodes

The number of leaves and nodes is the same because each node produces a leaf. Significant results were
obtained in terms of the number of leaves and nodes per synthetic seed as affected by storage interval.
Marked differences were observed between the control (0 days) and other storage intervals (15, 30, 45,
60, and 75 days) in terms of producing the number of leaves and nodes. The maximum number of leaves
and nodes were recorded in controlled treatment, i.e., 8.07 (Table 4) (Fig. 7a). There was a gradual
decrease in the number of leaves and nodes up to different storage intervals. Therefore, shoot length
affects the number of leaves and nodes; smaller shoots give a smaller number of leaves and nodes
(Fig. 7b), while larger shoots give a larger number of leaves and nodes.

3.4 Rooting

3.4.1 Rooting Percentage

The rooting percentage of plantlets derived from synthetic seed was maximum in the control treatment
(0 days), i.e., 86.67% (Table 5). The results of different storage intervals (0, 15, 30, 45, 60, and 75 days)
differed significantly from each other. It was observed that the rooting percentage of plantlets derived
from synthetic seeds decreased with an increase in storage intervals. A maximum rooting level of 76.6%
was obtained in synthetic seeds sown after 15 days (S;) of storage interval. In comparison, a minimum
rooting level (54%) was observed in synthetic seeds kept for 75 days (Ss) of storage interval. There was a
decreasing trend in the case of rooting percentage up to 45 days (Ss), and after that there were highly
poor results.
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Figure 7: Number of leaves and nodes regenerated from synthetic seeds sown on Murashige and Skoog
medium (a) maximum (8.07) at 0 days (Sp) (b) minimum (3.09) at 75 days (Ss) of storage interval

Table 5: Effect of different storage intervals on rooting percentage, root number, and root length (cm) of
potato synthetic seed

Treatments Rooting % age Number of roots Root length (cm) Rooting index
So (0 days) 86.67a 7.12ab 7.95a 56.59ns

S (15 days) 76.67b 8.00a 7.51b 60.08

S, (30 days) 70.00bc 6.30b 7.00c 441

S5 (45 days) 63.33cd 5.14c 6.47d 34.21

S4 (60 days) 57.67de 4.59d 5.10e 23.40

Ss (75 days) 54.00e 3.46e 2.50f 8.96

LSDso, 5.869 0.4373 0.3557 1.3851

Note: Any two means not sharing a letter differ significantly at p < 0.05.

3.4.2 Number of Roots and Root Length (cm)

Synthetic seeds stored for 15 days (S,) produced a maximum number of roots (8.00) (Fig. 8a) followed
by a controlled treatment (0 days) that has shown non-significant difference in terms of producing the number
of roots (7.12). Prolonged storage interval decreased the number of roots (Fig. 8b), and a substantial
difference was observed with each increase in the number of days. Whereas maximum root length was
recorded in the control treatment (0 days), reaching 7.95 cm (Fig. 9a) while 75 days (Ss) produced
minimum root length (2.59 cm) (Fig. 9b), there was a rapid decline in results obtained as with increased
storage interval root length significantly dropped (Table 5). Root length significantly decreased with an
increase in storage interval as 15 days of storage interval produced a root length of 7.51 cm followed by
indicative less root length of 7.00 cm in 30 days of storage. With the increase in storage interval from
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30 to 45 days, root length reduced to 6.47 cm, and when the synthetic seed was stored for 60 days, the root
length decreased even more and reached up to 5.10 cm. Decreased root length with the increase in storage
interval could be attributed to the poor response of synthetic seed for long-term storage.

Figure 8: Number of roots regenerated from synthetic seeds sown on Murashige and Skoog medium (a)
maximum at 15 days (S,) of cold storage (b) minimum at 75 days (Ss) of cold storage

Figure 9: Root length (cm) of plantlets regenerated from synthetic seeds sown on Murashige and Skoog
medium (a) maximum (7.95 cm) at 0 days (Sp) (b) minimum (2.59 cm) at 75 days (Ss) of cold storage
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3.4.3 Rooting Index

Maximum rooting index obtained in S; (15 days), i.e., 60.08 (Table 6) while S5 (75 days) gave a
minimum rooting index (of 8.96) (Table 6). Results indicated that synthetic seed placed at 15 days of
storage produced good roots whereas rooting index per plantlets decreased adversely at 75 days of
storage interval.

Table 6: Correlation analysis among different variables under different storage intervals

NOS NOL NON NOR RL RP RI SL
NOL 0.58
pv 0.01
NON 0.58 1
pv 0.01 0
NOR 0.45 0.93 0.93
pv 0.00 0.00 0.00
RL 0.67 0.91 0.91 0.85
pv 0.01 0.00 0.00 0.00
RP 0.46 0.97 0.97 0.88 0.87
pv 0.05 0.00 0.00 0.00 0.00
RI 0.55 0.98 0.98 0.97 0.91 0.93
pv 0.01 0.00 0.00 0.00 0.00 0.00
SL 0.45 0.97 0.97 0.87 0.86 0.99 0.92
pv 0.06 0.00 0.00 0.00 0.00 0.00 0.00
VP 0.60 0.98 0.98 0.91 0.91 0.94 0.96 0.95
pv 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Note: Where NOL: number of leaves, pv; probability value p < 0.05, NON: number of nodes, NOR: number of roots, RL: root length, RP: rooting
percentage, RI: rooting Index, SL: shoot length, and VP: viability percentage. The pair(s) of variables with positive correlation coefficients and p
values below 0.050 tend to increase together. For the pairs with negative correlation coefficients and p values below 0.050, one variable tends to
decrease while the other increases. For pairs with p values greater than 0.050, there is no significant relationship between the two variables.

3.5 Correlation Analysis

Scatterplot was used to build a relationship between the number of roots and shoots under different
storage intervals and fungicides treatments. A positive relationship was observed among the number of
roots and shoots in response to different storage intervals (Fig. 10). The regression equation obtained was
y = 3.8299x + 2.4732 with R? of 0.80. A Negative relationship was observed between the number of
roots and shoots under different fungicides treatments. The equation obtained was y= —1.0194x +
4.1221 with R* = 0.30 (Fig. 11). Furthermore, Pearson correlation analysis was used to elaborate
relationship among different study variables in response to different storage intervals and fungicides
treatments (Tables 6 and 7).
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Figure 10: Relationship between the number of shoots with roots under different storage intervals
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Figure 11: Relationship of the number of shoots with roots under different fungicides treatments

Table 7: Correlation analysis among different variables under different fungicides treatments

NOS NOR RL RP SL
NOR —-0.17
pv 0.05
RL —0.56 0.31
pv 0.01 0.02
RP 0.48 0.75 0.06
pv 0.01 0.00 0.05
SL —-0.23 0.70 0.83 0.57
pv 0.03 0.00 0.00 0.00
VP 0.46 0.76 0.07 0.97 0.60
pv 0.02 0.00 0.05 0.00 0.00

Note: Where NOS: number of shoots, pv; probability value p < 0.05, NOR: number of roots, RL: root length, RP: rooting percentage, SL: shoot length
and VP: viability percentage. The pair(s) of variables with positive correlation coefficients and p values below 0.050 tend to increase together. For the
pairs with negative correlation coefficients and p values below 0.050, one variable tends to decrease while the other increases. For pairs with p values
greater than 0.050, there is no significant relationship between the two variables.
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4 Discussion

Fungicides such as PPM, carbendazine, and TM are being used to control the contamination of
synthetic seeds [18]. After a meticulous study on fungicides, TM was found to be effective and
therefore used in this study [19]. TM dose evaluated for better growth and viability of synthetic seed
after this research was 150 mg/L. However, our findings are optimum for potatoes, and may not be
applicable to other crops; thus, there is a need for further investigation to find out the interaction of in
vitro plant tissue of other species with different levels of TM. Yugar et al. [20] reported that higher
concentrations reduced viability while lower concentrations of fungicide along with charcoal increased
the viability of the synthetic seed. Tomlin [21] showed that micronuclei could be induced by TM but
they did not reveal any centromeric signal, revealing clastogenic action (disruption or breakage, as of
chromosome) of TM. Moreover, it was observed that cellular proliferation was delayed, and the
frequency of apoptotic cells was increased as a function of the concentration of TM as cellular
proliferation delayed viability percentage. Higher concentration of fungicides is considered metabolic
inhibitors because they inhibit electron transport chain (etc.), enzymes, nucleic acid, proteins, and sterol
synthesis, therefore, decreasing the viability of synthetic seeds [22]. The poor performance of synthetic
seeds with a higher concentration of TM might be due to the variability in fungicide protective action to
the persistence of active ingredients in the plant tissues [23]. Ganapathi et al. [24] concluded that the
fungicide carbendazine proved better in controlling the contamination of synthetic seeds from
microorganisms. Similarly, Micheli et al. [25] reported that the addition of PPM in the encapsulation
matrix enhances the conversion of synthetic seeds in apple rootstock. Moreover, it was observed that
PPM reduced the sprouting and conversion of synthetic seeds in citrus, and it also suppressed in vitro
shoot regeneration and proliferation of other plants [26]. Fungicides are supposed to induce
morphogenetic and organogenetic responses in encapsulated cutting [27].

In this study, the reduction in shoot number and shoot length was due to the higher concentration of
fungicides, as they hinder nucleic acid and protein synthesis by inhibiting DNA and RNA synthesis
(nuclear division) and disrupting cell division and cellular metabolism. Moreover, it slower down, etc.,
along the cytochromes by reducing mitochondrial respiration and blocking the cytochrome bcl complex.
Cell wall production is affected by sterol inhibition due to fungicide (dimethomorph) application leading
towards poor cell division and hence results in less number and stunted shoots [22]. TM is a systemic
fungicide affecting cell division and it was observed that TM has cytotoxic and cell-transforming
activities [28]. Moreover, Yugar et al. [20] suggested that the incorporation of TM to avoid contamination
is an appropriate strategy to increase the number of shoots. When TM was incorporated with an
appropriate quantity (150 mg/L), its influence was positive and gave maximum shoot number and length.
Gardi et al. [29] found beneficial effects of adjuvants on the growth of synthetic seeds increasing shoot
length and number. Since the main hindrance in synthetic seed technology was the unipolar (only shoot
primordia) nature of cuttings taken for encapsulation which was resolved afterward by root induction
treatments with suitable auxins [30]. Rooting of synthetic seed also depends on the morphology of the
plant part taken for encapsulation. As shoot length increases, auxin concentration inside the plant increase
and more ethylene is produced, resulting in maximum root length and a greater number of roots. Ethylene
enhances [AA transport in cells of the epidermis and central cylinder of plant tissues which arbitrate its
basipetal and acropetal movements [31]. Inhibited root growth might be related to oxygen deficiency in
the gel matrix and the release of detrimental metabolites [18].

Storage of synthetic seed is employed for the conservation and exchange of germplasm for longer periods
of time and for long-distance transportation. The optimum storage period is desirable in synthetic seeds,
without loss of their viability significantly, so, basic purpose of this study was to find out the optimum
period of storage with a high level of viability to store synthetic seeds efficiently after preparation up to
storage. Although there was a declining trend in terms of viability percentage and maintained at a
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reasonable level, i.e., up to 45 days, and this could be attributed to the accretion of certain endogenous
chemicals accumulated during cold storage, but the viability was not lost completely [32].

In our study, better results up to certain period (45 days) could be linked with the accumulation of
polyamines in the cells of encapsulated cuttings. Previously, it was observed that 15 days of cold storage
increased endogenous spermidine content, which plays an important role in cell protection [33].
Furthermore, it was reported by Shen et al. [34] that polyamines are induced by cold storage, having a
further role in membrane protection and cellular function. The accumulation of polyamines is one of the
typical responses of plant resistance to cold storage [35]. Polyamines have a considerable influence on the
growth and differentiation of plant cells and tissues [36]. They stabilize the cellular membrane by binding
with negatively charged cellular components such as nucleic acid, proteins, and phospholipids which help
in germination by promoting cell division. Manipulation of polyamines level in the cuttings inhibits the
rise of protease activity, or it can be concluded that the integrity of the membrane is preserved by
preventing degradation from cytoplasmic or vascular proteases [37]. Singh et al. [38] reported a reduction
in survival rates with increased storage time which suggested that conditions during storage could reduce
the viability and vigor of encapsulated propagules. Along with storage intervals, certain co-factors
(inclusion of nutrients in alginate matrix, storage conditions, and type of encapsulated cuttings) can also
be highlighted in terms of affecting the viability of synthetic seed, as all of these factors work in
association with each other. It was assumed that any rate of decline in viability percentage observed
among encapsulated cuttings stored at low temperatures may have resulted because of inhibited
respiration of plant tissues due to alginate cover. The performance of synthetic seed is supposed to be
affected by restricted oxygen diffusion, increased ethylene production, and the hindrance of coating
material for shoot and radical emergence [39].

According to Ballester et al. [32], one of the most important factors that can influence the success of cold
storage (4°C) is the physiological state of explants at the time of being placed in cold storage. Storage effects
increased viability in the case of woody species like in olives [40] or Cedrela odorata [41], but our results
were different from these reports, as the plant used in this research was herbaceous. The reason for this
contradiction could be that the plant was sensitive to cold storage. However, our results can be in line
with the results acquired in other solanaceous plants like tomato, as Porter [42] reported that storage of
encapsulated cuttings failed to produce viable plants. Furthermore, West et al. [43] observed that the
viability percentage of synthetic seed decreased over time as a result of nutrient depletion within the
synthetic seed. Protrusion of the cutting from the surface of the gel matrix due to incomplete coverage of
cutting by the sodium alginate in a few synthetic seeds is the most common problem of less viability
level [43]. As the cuttings come under the effect of cold storage, they are dehydrated and viability
decreases. Detrimental effects include desiccation, susceptibility to shearing forces, early emergence, and
necrosis [44]. RNA degradation leads to a lack of signal in cell, resulting in tissue deterioration and
reduction of biological activity during storage. Porter [42] observed that storage of synseeds for 15 and
30 days resulted in a significantly lower survival and conversion rates.

Encapsulated cuttings remained responsive for cold storage for up to 45 days, after which there was a
significant decline in terms of viability percentage. Similarly, Naik et al. [30] concluded that after 30 days of
storage at 4°C, there was a decrease in viability, whereas 60 days of storage led to a complete loss in the
viability of synthetic seeds. This might be due to reduced respiration as a result of alginate coating,
because in storage, encapsulated cuttings need to perform their metabolic activities, and termination in
this due to any factor would cause a poor viability of shriveled or shrunken cuttings. To avoid this
problem, charcoal was added in encapsulated media in this research, as many researchers opine that
charcoal increases porosity and, ultimately, aeration. Whereas addition of charcoal in encapsulated media
increases its conversion ratio and synthetic seeds start sprouting even within the storage interval. For
instance, Kumar et al. [39] reported enhanced germination and conversion to a maximum extent by
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adding charcoal to the alginate matrix, which increased the diffusion of gases, nutrients, and respiration of
tissues. West et al. [43] stated that storage interval has no negative effect on the conversion of encapsulated
bud and hence, the number of shoot development. The shoot number was unaffected by the storage condition
because all nodes produce one shoot each, regardless of the storage time. The development of more, or a
smaller number of shoots depends on the morphology of the encapsulated cutting. Storage intervals have
no effect on the number of shoots, but possibilities could be withdrawn for the development of more
number of shoots when encapsulated media was provided with growth hormone [45].

The inclusion of energy-giving substances like sucrose could not be neglected in affecting the
performance of explants as encapsulation media was provided with sucrose because it has its role along
with storage interval. The addition of sucrose might be logical for the development of a smaller number
of shoots, as sucrose gives osmotic stress to the plant. Mamiya et al. [19] reported that an increase in
osmotic stress by the addition of sucrose inhibited shoot growth. Nieves et al. [46] studied that sucrose
has two main roles under in vitro conditions, that is, a carbon source and an osmotic agent. A high level
of osmotic stress has been associated with cellular plasmolysis and a high level of endogenous abscisic
acid (ABA) [46].

Moreover, Nieves et al. [46] also found that osmotic stress has a role in ABA production and synthesis of
proline, other amino acids, and sugars or protein. Depletion of nutrients occurs from artificial endosperm due
to leakage into the external medium during storage interval, whereas nutrients have a marked role in the
development of the number of shoots. Moreover, it was observed by Tsvetkov et al. [47] that storage
efficiencies of encapsulated micro cuttings could be improved by the addition of nutritive ingredients
during storage, as during long-term storage, encapsulated cuttings require a continuous supply of mineral
nutrients to store their energy reserves for the cell developmental process on sowing after storage. In our
studies, since encapsulated cuttings were subjected to cold storage at 4°C, perhaps low temperature
ceased the growth activities of the encapsulated cutting [48]. Hence, the most important and evident
factor in reducing the shoot length of plantlets after different storage intervals could be the temperature at
which synthetic seeds were placed. Previous results revealed that a temperature of 20°C is better for
preservation as reported by Maruyama et al. [41] and Nassar [48]. Low temperature of 5-15°C is not
suitable for synthetic seed as it loses viability, leading to poor shoot length [49].

Many crops are cold sensitive and hence lead to the failure of the shoots like in the tomato crop observed
by Porter [42]. Therefore, the most probable reason for reduced shoot length during long-term storage could
be the storage temperature, which was 4°C, and it might cause physical dysfunction in synthetic seeds at this
temperature [48]. Cold sensitivity is the premeiotic DNA synthesis or G2-early leptotene, chiasmata are
formed, an event during cold storage predetermines whether the chiasmata were formed or not [50].
Conversion of starch to sugar after exposure to the low temperature for longer period may cause the plant
to undergo the phenomenon of low-temperature sweetening (LTS), causing reduction in shoot length
[51,52]. Moreover, Son et al. [53] reported that starch degrading activities by starch degrading enzymes,
including o-amylase, iso-amylase, f-amylase, a-glucosidase, and phosphorylase could be noticed after
exposure to the cold storage. With the increase in storage interval, all reserves in cells are used in
respiration, so there is a lack of energy reserves which might be the factor for a decrease in the number
of leaves and nodes. Ding et al. [54] stated that with increasing storage temperature and storage interval,
carbohydrates declined rapidly. Hence it can be recognized as a key declining factor for a smaller number
of leaves and nodes. Certain physiological changes occur within the cells of the encapsulated cutting at
low temperatures that reroutes towards the development of a smaller number of leaves and shoots. At a
low-temperature, direct binding of the polyamines to the membranes, prevents lipid peroxidation and
proteolytic attack and slows down ethylene synthesis through inhibition of 1-aminocyclopropane-I-
carboxylic acid (ACC) synthase by restricting the accumulation of ACC-synthase transcripts leading
towards improper metabolic activities [55].
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Starch degradation during long-term storage at low temperatures could be highlighted for the reduction
in the number of leaves and nodes. As it was reported by Sowokinos et al. [56] and Soon et al. [57] that starch
inside the cells starts mortifying by starch-degrading enzymes (a-amylase, isoamylase, f-amylase, a-
glucosidase, and phosphorylase) directed towards less starch accumulation and hence less biomass
production for developing a greater number of leaves and nodes. Restricted metabolic activities during
storage could also be outlined for this reduction in the number of leaves and nodes. During cold storage,
enzyme induction and the massive transfer of reaction substrates and products in and out of subcellular
organelles could be reasoned for control of metabolic responses inside the cells [58]. Degradation of
RNA had occurred during storage, leading towards reduced biological activities and disrupting the cell
cycle, hence, less photosynthetic activities. Low yields of RNA inside the tissues of encapsulated cuttings
are liable to necrosis [42]. Long-term cold storage accumulates unidentified chemical, causing local
disturbance in the cambium connection, which may result from growth suspension [53]. All of these can
be focused on less number of leaves after long-term storage. Long-term storage could be made successful
by the application of carbon source, such as sugar provided in endosperm solution focused. Earlier, it was
observed by Agarwal et al. [59] that carbon sources play an important role in various biological
functions. It acts as a growth-promoting factor and induces secondary embryogenesis by providing
osmotic stress but inhibits the chlorophyll content, and hence, reduces photosynthesis. Less
photosynthetic activity hence produces less number of leaves and nodes after long-term storage at low
temperature. These results suggest that nutrient loss from beads with increasing storage interval might be
the cause for poor root development. This supposition agrees with the findings of West et al. [43], who
stated that an increase in storage time resulted in the exhaustion of nutrients from the alginate matrix that
decreases regeneration quality.

The most plausible reason for the good rooting percentage in the control treatment was that synthetic
seeds were sown just after preparation without any storage treatment, as demonstrated by Porter [42] in
tomato crops. The effect of long-term storage can be improved by the addition of charcoal and fungicide
(TM) to obtain maximum roots. The darkening effect of media enhances rooting; considering this key
factor, the encapsulated media was provided with charcoal which, in collaboration with other constituents,
increase the porosity of the alginate matrix that provides more aeration, and also provides the dark effect
for root growth [60]. The beneficial effect of activated charcoal on plantlets regenerated from synthetic
seed may also be attributable to their ability to absorb unwanted exudes such as 5-
hydroxymenthylfurfural (a toxic breakdown product of sucrose formed during autoclaving) and other
harmful phenolic oxidation products [41]. The oxidation process is essential and helpful for the rooting
process. Besides this Kumar et al. [39] found that the inclusion of activated charcoal in the synthetic
endosperm increased the diffusion of gases, nutrients, and respiration which enhanced the germination
and conversion of synthetic seeds to the maximum extent.

Previous studies on synthetic seeds, in general, showed that cold storage favored rooting as better root
length might be due to its effect on alterations in the biosynthesis, transport, and catabolism of IAA [61].
These reports are consistent with our findings and imply up to a certain extent, i.e., 45 days, after which
discrepancies from these early reports were found in our results. The possible reason for this diversion in
results could be the sensitivity of the encapsulated cuttings for cold storage because different crops
perform differently for the storage interval and storage condition. Results in this study are consistent with
the findings of Porter [42] on tomato crop for its performance after storage interval. These results support
our results in this regard that both potato and tomato are closely related crops belonging to the same
family (Solanaceae) having very close genera therefore the same effect could be obtained in both after
different storage intervals. Hence, it is concluded that the effect of storage interval is specie specific, and
our findings could not match with the results of previous studies obtained in woody species [62].
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Storage intervals are supposed to affect the rooting percentage of synthetic seeds as Machii et al. [63]
elucidated that 30 days of storage interval at 4°C gave better root development in the synthetic seed of
mulberry, but potato remained less responsive for storage intervals because with the increase in the
number of days rooting percentage frequency was lowered. For better response and to obtain success in
synthetic seeds, certain treatments worked out like along with storage interval and condition, pre-
encapsulation treatment of cuttings with IBA was practiced, which gave favorable results; however, the
frequency of root development although remained at a lower level in synthetic seeds stored for a longer
time period (60 and 75 days) even after pretreatment. Because of this IBA treatment remains successful
for a certain time limit, i.e., for 45 days, after which the rooting percentage dropped down but did not
lose completely. Haq et al. [64] stated that IBA increased cambial growth at the base of micro cuttings
resulting in the differentiation of root primordial and ultimately leading towards maximum rooting
percentage. Results obtained in this study are in line with the work of West et al. [43] who reported that
as storage time increases root length of plantlets derived from synthetic seed decreased in a linear
fashion. Maximum root length in control treatment could be correlated with IBA applied for root
induction. Once root primordia develop in cuttings after which, remarkable metabolic activities of tissues
start leading toward root growth. In these activities particularly peroxidase (PER) enzyme in the cells
catalyze the lignification in the cell wall leading to cell elongation, an evident process during rooting
[65]. Furthermore, this can also be mentioned here that the addition of nutrients (sugar) in artificial
endosperm solution used for coating the cuttings also positively affected the root length as it serves as an
external source of energy used for root development and elongation.

The significant reduction in root length and the number of roots can be associated with the loss of
nutrients from the encapsulation media by seeping them into the external substratum. Husen et al. [66]
stated that sugars are utilized during root growth, which is indicated by the loss of carbohydrates from
the rooting zone of cuttings and, therefore, exogenous application of nutrients was considered a must for
further increase in root length. Moreover, this was documented by Gardi et al. [29] that supplemental
nutrients are required for encapsulated cuttings because of the reduced photosynthesis and increased
respiration. Aeschabacher et al. [67] found that the formation of adventitious roots is a high energy-
requiring process involving cell division causing predetermined cells to switch from their morphogenetic
path to act as mother cells for the root primordia development. Encapsulated cuttings are the living
bodies detached from plants undergoing metabolic activities in cells without any stop and hence lead
towards loss of storage carbohydrates after some time. But the elongation process cannot be completed
without the availability of energy in the form of storage reserves, therefore, decreased root length. An
increase in the level of putrescine in cells in response to polyamines could be reasoned for less root
development [68]. The reason for the reduction in root length with an increase in the number of days
could be attributed to the loss of viability of encapsulated cuttings as storage interval increases.
Moreover, Haissig [69] articulated that root primordial initiation endorsed the carbohydrate reserves in the
micro cuttings, which are the principal source of energy for its formation. Lack of reserves and loss of
viability of the encapsulated cuttings might be the driving factor for the decrease in root length.

Cell division and cell enlargement are the indicative features during root development and growth and
are supposed to trigger tissue sensitivity for root formation and elongation. However, cell division and cell
elongation are both high energy-requiring processes, as reported by Thrope [70]. Similarly, Custodio et al.
[71] also reported that root formation and growth is a high energy-demanding process. Encapsulated cuttings
excised from the plant have no contact with the plant, which is a source of energy, so for long-term storage,
exogenous energy is needed to retain its condition. As it was obvious from the previous works that, root
formation, and elongation is an energy-requiring process, while encapsulated cuttings are deprived of
sufficient energy [72—76]. So, the addition of nutrients is required with the passage of time; nutrients
deplete from the alginate matrix, hence, there is less root elongation. Media used in this study was not
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provided with any plant growth regulator except sucrose, but previous studies revealed that sucrose induces
osmotic stress and has no effect on root growth. Hence it can be concluded that the unavailability of the
energy-providing compound during the storage interval leads to poor root growth and less root length.

5 Conclusion

This study provided evidence that contamination of synthetic seeds could be controlled by using
fungicides such as PPM, carbendazine, and TM. The recommended optimum level of TM for better
growth and viability of synthetic seeds is 150 mg/L. Hence it is recommended that Sodium alginate
(3.5%) + charcoal (1.25%) + fungicide (thiophanate methyl, 150 mg/L) should be used to get higher
viability percentage, more number of shoots and maximum shoot length as well as other study traits.
Scatterplot showed a positive relationship among the number of roots and shoots in response to different
storage intervals while negative under different fungicides treatments. Hence optimum dose of fungicides
should be used to get a better outcome for synthetic potato seed production.
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