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Salinity and drought stress, which combines a lack of water and sodium toxicity, are more of the prob-
lems faced by plants and agricultural crops in newly reclaimed lands. Therefore, the direction of our
research is to produce salinity-tolerant plants to increase the productivity of crops under conditions of
salt stress. Potato callus was studied using different concentrations of NaCl (0.0, 50, 75, 100, 125, 150
and 200 mM). Shoot induction was obtained from callus treated with MS medium containing 4.0 and
5.0 mg l�1 TDZ + 0.5 mg l�1 GA3 with NaCl up to 125 mM and 150 mM for Rosetta and Victoria, respec-
tively. When plantlets were cultured on MS medium containing 3.0 mg l�1 kinetin and 1.0 mg l-1paclobu-
trazol (PBZ) with 80 or 90 g l

�1
sucrose after two months gave a good microtuber per explant of Rosetta

and Victoria cultivar which gave number of microtuber/plantlet (1.85) and (2.40) when plantlets treated
with 125 mM and 150 mM NaCl of Rosetta and Victoria cultivar, respectively. In general, the results were
shown in each treatment of NaCl and that amounts of proline at 125 and 150 mMNaCl were significantly
more than 0.0, 50, 75 and 100 mM NaCl. This result is related to the role of proline in the osmotic adjust-
ment of a higher concentration of salinity. The results showed that the amounts of sodium increased with
increasing the salt concentration, but the amount of potassium decreased and also increased the Na+/K+
ratio with increasing the salt concentration. This research is important for in vitro potato plant regener-
ation, which requires optimization before genetic transformation can be achieved.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Potato (Solanum tuberosum L.) belongs to the family Solanaceae
are grown worldwide. Potato is used as most important food for
the largest number of worldwide population (Gowayed et al.,
2017; Hossain 1994) and is most suiting as biofortified crop to
combat malnutrition in small and marginal farming community
(Mitra, 2012). Potato tubers are a valuable food source since they
are cheap and contain a variety of minerals (Martínez-Ballesta
et al., 2010). The potato tuber dietary protein helps to reduce blood
cholesterol by increasing the circulation of cholesterol levels
(Gambuti et al., 2016). Hunger levels are on the rise, with nearly
690 million people suffering from undernourishment in 2019, or
about 60 million more people than in 2014 (FAO, 2020), therefore,
the interest in improving potato productivity in quantity and qual-
ity and raising its nutritional value has become a duty by agricul-
tural organizations around the world in order to reduce the
percentage of hunger.

In Saudi Arabia, the production area is approximately 19.149
thousand hectares, with a total production of 482.205 thousand
tons (FAO, 2018). Environmental conditions (salt, drought, heat)
in arid regions, such as Saudi Arabia, are generally adversely affect
plant productivity including potato (Liao et al., 2016). Potato plant
varieties a are usually very sensitive to environmental stresses, it
has been classified as a moderately salt sensitive, thresholds rang-
ing from 1.5 to 3.0 dS/m, due to short and shallow root systems.
However, there exists a genotypic variation, among potato geno-
types, to salt stress. There is a great loss in crop and plant product
development when the potatoes grown in soil containing concen-
trations of 20–35 mm of sodium chloride (Rahman et al., 2008;
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Sajid and Aftab, 2014). Plant breeding techniques were heavily
used during the green revolution to develop plants with desirable
traits such as increased yield, higher nutritional value, and toler-
ance to abiotic and biotic stress (Ahmer et al., 2020). Screening
and selection of potato cultivars growing in farm of diverse salt
levels is an important step in breeding program to afford resources
for enhancing the production of potato under harsh environments
(Mousavi et al., 2020), however, examining the field performance
of potato genotypes under these stresses are often inconclusive.
Field trial is normally associated with non-uniform moisture avail-
ability and temperature fluctuations during the growing season.
This method also requires a considerable amount of space, time,
effort, equipment, and planting material (Metwali et al., 2015).
Thus, plant breeders aim to develop plant salt tolerance by lower-
ing the negative effect of salt stress on plant through different new
biotech strategies such as tissue culture.

Previous studies indicated the effectiveness of tissue culture
technology in the selection of cells tolerant to salt and also the
interpretation of many cellular mechanisms that contribute to salt
tolerance based on biochemical and physiological studies
(Davenport et al., 2003; Gossett et al., 1996; Gu et al., 2004;
Lutts et al., 2004; Olmos and Hellín, 1996; Wikandari et al.,
2021). Culturing small plant growing tips, such as shoot apex, in
the lab on specific nutrient media has a lot of potential for manip-
ulating plants in vitro for the production of new varieties, and it is a
great tool for studying many different aspects of plant develop-
ment and growth under controlled conditions (Twaij et al. 2020).
Shankhdhar et al. (2000) and Miki et al. (2001) indicated the
importance of these selected strains in producing regenerate salt
tolerant plants. In potatoes in particular, the production of micro-
tubers as alternative end product of micropropagation through
in vitro tissue culture conditions is one of the most important goals
of those interested in this field to produce and storage of valuable
seed potato, germplasm storage and exchange (Badoni and
Chauhan, 2009; Estrada et al., 1986). The microtubers are of length
10–12 mm and diameter ranging between 4 and 7 mm and weight
not exceeding 280 mg (Ranalli, 2007).Since the production of the
minitubers in greenhouse or pre-elite tubers in the field is consid-
ered and still a controversial, the alternative to this was to improve
the production of the microtubers through tissue culture tech-
niques (Coleman et al., 2001; Ranalli et al., 1994). Furthermore, it
will be one of the limiting factors for potato improvement using
other biotechnology techniques such as regeneration of potato
transgenic plants and cryopreservation, without achieving an effi-
cient propagation and homogeneity protocol in vitro for all vari-
eties of potatoes (Idowu et al., 2009; Metwali et al., 2020;
Reetika et al., 2019). Thus, the development of an effective protocol
for micropropagated potato plantlets under normal and salt stress
conditions will be one the main objectives of this research.

On the other hand, most research confirmed that proline accu-
mulation is one of the most commonmetabolic responses to plants
under salinity stress and are effective markers for selection)Sobieh
et al., 2019). The hypothesis that proline acts as an alternate
resource for carbon and nitrogen, helps to reduce oxidative dam-
ages, and stabilize DNA and membrane protein (Szabados and
Savoure, 2010). Moreover, several nutrients such as K+ is an essen-
tial element that is important for the regulation of cell division, cell
cycle progression (Wu et al., 2018) and pH homeostasis (Ahmad
and Maathuis, 2014). Loss of K+ and Na+ toxicity that causes defi-
ciency uptake of K+ from soil was reported in previous studies as
a common phenomenon in plants under salt stress (Hanin et al.,
2016; Hmidi et al., 2018). It is noticed that K+ and Na+ are key
determinants of salinity tolerance due to their ability to determine
tissue and cytosolic Na+/K+ ratios (Isayenkov and Maathuis, 2019)).

The research objective of this study was interested in finding an
optimization protocol for in vitro multiplication and microtuber-
2542
ization of potato and mechanical way to tolerate salinity using
morphological, physiological and biochemical markers at the cellu-
lar and organ levels. The developed protocol will assist in obtaining
genetically improved potato cultivars.
2. Materials and methods

2.1. Plant material and surface sterilization

The tubers were cultured in the green house at 25 �C of potato
(Solunumtuberosum) cvs. Victoria and Rosetta. Rosetta and Victoria
cultivars considered as a sensitive cultivars to salinity. The nodal
stem segments (2.0 cm length) were cut from field grown plants
within 8–10 weeks. The surface of the node segment explants were
first sterilized by washing under running tap water and the surface
sterilized by immersion in 70% alcohol for one minute. After that,
the explants were washed with sterile distilled water three times
to remove traces of alcohol, then dipped in a 25% (volume / vol-
ume) sodium hypochlorite solution with two drops of liquid soap
for 20 min and then finally rinsed five times with sterile distilled
water. Explants were transferred to Murashige&Skoog’s mineral
salts containing 100 mg l-1myo-inositol, 10 mg l�1, thiamine-
HC1, 0.5 mg l-1nicotinic acid, 0.5 mg l-1pyridoxine-HC1, 2.0 mg l-1-
glycine, 0.1 mg l

�1
6-benzylaminopurine (BAP), 0.05 mg l�1 indole-

3-butyric acid (IBA), 1.0 mg l-1paclobutrazol (PBZ), 30 g l-1sucrose
and 2.5 g l-1phytagel (Murashige and Skoog, 1962).
2.2. Callus induction

For the callus production, the leaves were removed from 3 to 4-
weeks-in vitro-grown plantlets of potato (Solanum tuberosumL.),
then cultured on Murashig and Skoog medium containing different
concentrations of NAA, 2, 4-D in combination of kinetin and BAP.
The MSmediumwas adjusted for pH 5.8. All samples are incubated
in a culture room and kept in the dark at 25 ± 2� C. Callus appears 4
to 5 weeks after incubation of leaf explants. Callus is transferred
every two weeks on the same medium. Callus formation (%) and
relative water content (%) [(callus fresh weight- callus dry weight)/
(callus dry weight) � 100] were estimated after one month accord-
ing to Farshadfar et al. (2012). The fresh weight of callus was dried
in an oven at 65� C for 48 h to calculate the dry weight of the callus.
2.2.1. In vitro regeneration of potato (Solanum tuberosum L.)
The calli were transferred to a new callus stimulation medium

every 28 days and then incubated in the dark for further prolifera-
tion and multiplication for three months, the frequency of callus
induction was determined and well-developed calli were selected
and transplanted onto the regeneration media. MS medium con-
tains BAP at a concentration of (0.5–5.0 mg l�1) alone or with a
concentration of 0.5 mg l�1 kinetin and (1.0–5.0 mg l�1) TDZ alone
or with a concentration of 0.5 mg l�1 GA3 for shoot induction when
calli were incubated at 25 ± 2 �C with a light period of 16 hrs
(Nistor et al., 2010).
2.2.2. In vitro tuberization
After shoot proliferation, plantlets were grown in 250 ml jars

containing 50 ml of ½ strength MS liquid medium containing dif-
ferent concentrations of (0.0–5.0 mg l�1) kinetin in combination
with (1.0 mg l�1) paclobutrazol (PBZ) and different concentrations
(50–90 g l�1) sucrose, the plantlets were incubated under complete
darkness at 20 �C for 15 days and then transferred to at 25 ± 2 �C
under complete darkness for the duration of 6 weeks. The percent-
age of microtubers number/ plantlets and microtubers weight/
plantlets (gm) was calculated according to Ali et al. (2018). The
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harvested microtubers were cold stored and used as minitubers
seed for greenhouse.

2.3. Imposition of salinity

The MS medium which represent the best recommended com-
bination derived from the establishment stage, as well as levels of
salinity stress NaCl as (0.0, 50, 75, 100, 125, 150 and 200 mM)
under laboratory conditions, using in vitro regeneration for both
potato cultivars. Two pieces of callus were transferred into each
concentration, each subculture were incubated for one month.
The calli used in the experiment is gradually shifted to the different
concentrations of NaCl. Each experiment was consisted of three
replications and repeated two times. The relative growth rate
and shoot regeneration percentage was calculated. After a month
the relative growth rate of callus was calculated as the (FMf -
FMi)/FMi. FMf is final fresh masse and FMi is initial fresh mass
(Errabii et al., 2006).

2.4. Determination of free proline content

Determination of proline content derived from the leaves of
potato (Solunum tuberosum) plants with sodium chloride by mea-
suring the amount of color obtained from the reaction of proline
with ninhydric acid (McMannus et al., 2000) was performed in this
study. We used a SmartSpecTM 3000 Bio-Rad spectrophotometer at
518 nm and proline concentration was determined from a standard
curve and calculated on the basis of fresh weight.

2.5. Na+ and K+ analysis

Leaf and callus tissues were dried at 60 �C for at least 5 days,
10 ml of aqueous sulfosalicylic acid at 3% concentration are applied
to 0.01 g of dried callus and leaf powder for 24 h at 4 �C, then the
extracted sample is purified with Whatman No. 1 filter paper-
andthe dried ground leaf tissues (200 mg) were added to 5 ml
HNO3, and the solution was filtered through Whatman filter paper
42 to final volume of 50 ml. Sodium and potassium content were
measured by flame photometer following the procedure of
Skooget al. (2007).

2.6. Statistical analysis

Statistical analysis of all experiments was completely random-
ized design with four replicates. Statistical analysis using tech-
nique of variance analysis (ANOVA) by multiple range tests is
used to analyze the recorded data (Steel et al. 1997). The means
Photo 1. Leaf explants were excised from 3 to 4 week-in vitro-grown shoots of potato (S
containing0.1 mg l�1 BAP, 0.05 mg l�1 IBA and 1.0 mg l-1PBZ for callus induction (A). Callu
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significance was compared by applying the (L.S.D.) and the test is
done at a 5% probability level.
3. Results

3.1. Callus induction and in vitro shoot regeneration

In the present study, the complete regeneration was success-
fully achieved using in vitro leaf explants of potato (Solunum
tuberosum) cultivars Victoria and Rosetta through callus culture
(Photo 1 A). Leaf explants induced callus on MS medium accompa-
nied with dissimilar applications of 2, 4-D + kinetin or NAA + BAP
as shown in Table 1. The result showed that, the highest callus for-
mation percentage was 83.50% for Rosetta cultivar and 93.40% for
Victoria cultivar on MS medium including 1.5 and 2.0 mg l�1 2, 4-D
with 0.5 mg l-1kinetin, respectively (Photo 1 B). While, MS medium
supplemented with 3.0 mg l�1 NAA with 0.5 and 1.0 mg l-1BAP was
recorded (73.50 and 78.00%) of callus formation percentage for cvs.
Rosetta and Victoria, respectively comparing with other treat-
ments. It is worth noting that, these hormone combinations were
the best in recording highest values for both RWC and calls forma-
tion. Also, at 1.5 or 2.5 mg l�1 2,4-D with 0.5 mg l�1 kinetin the
optimum rate (++++) of callus formation degree was recorded of
both cultivars in addition to 3.0 mg l�1 NAA with 0.5 mg l-1BAP
for cv. Rosetta only (Table 1). In contrast, combination 0.5 mg l�1

NAA with 0.5 mg l-1BAP recorded minimum values of callus induc-
tion percentage (17.0%; 12.5%) and RWC (16.35%; 11.78%) in cvs.
Victoria and Rosetta, respectively. It is noted that no shoot regen-
eration growths were recorded either when 2–4-D and NAA
applied alone at 0.5 or 3.0 mg l�1 and 0.5 or 5.0 mg l�1,
respectively.

The callus obtained from in vitro leaf was transferred to the
regeneration media containing 0.5 or 5.0 mg l�1 of BAP individual
or with 0.5 mg l�1 kinetin and 1.0 or 5.0 mg l�1 TDZ individual or
with 0.5 mg l�1 GA3. Observation of shoot regeneration was
recorded from callus as shown in Table 2. The result showed that,
the highest percentage of shoot regeneration (87% and 89.5%) was
showed on MS medium supplemented with 4.0 or 5.0 mg l�1 TDZ
with 5.0 mg l�1 GA3 in Rosetta and Victoria, respectively (Photo 2).
The highest mean number of shoots (4.92) and mean shoot length
(2.52 cm) for cv. Victoria occurred on 4 mg l�1 TDZ and 0.5 mg l�1

GA3. While, the highest mean numbers of shoots (4.85) induced
from callus and mean of shoot length (2.49 cm) for cv. Rosetta
on 5 mg l�1 TDZ + 0.5 mg l�1 GA3. The results indicated that the
addition of BA individual at 0.5 or 1.0 at mg l�1 scored zero value
for all the studied traits while the TDZ succeeded in being effective
in the in case of using it alone (Table 2).
olanumtuberosumL.) cultivars Victoria and Rosetta and was cultured on MS medium
s formed on MS medium supplemented with 2.0 mg l�1 2,4-D and 0.5 mg l�1 Kin (B).



Table 1
Influence of plant growth regulators concentrations on callus formation percentage, relative water content (%) and degree of regeneration of potato (Solunum tuberosum) cvs.
Victoria and Rosetta via in vitro leaf explants after 4 weeks.

Growth regulators (mg l-1) % of Callus formation Relative water content (RWC) Degree of callus formation

2,4-D Kinetin cv. Rosetta cv. Victoria cv. Victoria cv. Rosetta cv. Victoria cv. Rosetta

0.5 0.0 42.50 ± 0.55f 38.75 ± 0.13g 40.25 ± 0.28e 36.50 ± 0.69g + +
1.0 0.0 56.35 ± 0.88e 67.25 ± 0.83d 45.75 ± 0.38e 63.35 ± 0.42d ++ ++
1.5 0.0 72.15 ± 0.87c 79.25 ± 0.45b 69.50 ± 0.66d 73.15 ± 0.55c ++++ +++
2.0 0.0 78.25 ± 0.35b 72.30 ± 0.92c 72.45 ± 0.29c 69.25 ± 0.49d ++++ +++
2.5 0.0 68.75 ± 0.40d 61.45 ± 0.27d 61.25 ± 0.50d 49.50 ± 0.33e ++ +++
3.0 0.0 58.50 ± 0.22e 53.50 ± 0.77e 46.25 ± 0.91e 44.75 ± 0.30f ++ ++
0.5 0.5 51.50 ± 0.55e 58.25 ± 0.51e 49.25 ± 0.66e 52.00 ± 0.18e ++ ++
1.0 0.5 61.75 ± 0.35d 71.50 ± 0.92c 58.25 ± 0.35e 65.00 ± 0.33d +++ ++
1.5 0.5 78.25 ± 0.49b 83.50 ± 0.14a 63.75 ± 0.28d 78.25 ± 0.26b ++++ ++++
2.0 0.5 93.40 ± 0.84a 78.00 ± 0.88b 83.70 ± 0.41a 71.00 ± 0.55c ++++ ++++
2.5 0.5 80.25 ± 0.75b 69.25 ± 0.39d 74.25 ± 0.44c 63.50 ± 0.39d +++ ++++
3.0 0.5 63.25 ± 0.22d 60.00 ± 0.54d 59.00 ± 0.15e 56.50 ± 0.62e ++ ++

NAA BAP
0.5 0.5 17.00 ± 0.22j 12.50 ± 0.77k 16.35 ± 0.53j 11.78 ± 0.77k + +
1.0 0.5 22.00 ± 0.15h 20.25 ± 0.52i 20.50 ± 0.55i 18.40 ± 0.15j + +
2.0 0.5 30.25 ± 0.65g 27.25 ± 0.93h 28.92 ± 0.16g 25.00 ± 0.73h + +
3.0 0.5 71.50 ± 0.29c 73.50 ± 0.48c 69.40 ± 0.28d 70.80 ± 0.39c ++++ +++
4.0 0.5 69.50 ± 0.81d 72.00 ± 0.52c 63.25 ± 0.71d 68.35 ± 0.42d +++ +++
5.0 0.5 61.00 ± 0.44d 66.25 ± 0.65d 58.15 ± 0.14e 62.25 ± 0.64d ++ ++
0.5 1.0 20.50 ± 0.25i 18.75 ± 0.33j 18.75 ± 0.59j 16.20 ± 0.26j + +
1.0 1.0 27.50 ± 0.39h 24.35 ± 0.39h 22.45 ± 0.48h 21.50 ± 0.19i + +
2.0 1.0 32.35 ± 0.24g 29.00 ± 0.25g 27.50 ± 0.50g 23.40 ± 0.47h + +
3.0 1.0 78.00 ± 0.88b 69.25 ± 0.66d 75.00 ± 0.17b 60.15 ± 0.35d +++ ++++
4.0 1.0 73.25 ± 0.94c 71.50 ± 0.23c 70.05 ± 0.30c 67.00 ± 0.59d +++ +++
5.0 1.0 63.45 ± 0.15d 67.00 ± 0.19d 57.50 ± 0.95e 60.75 ± 0.36d ++ ++

Values are means ± standard error of three replicates from two experiments. For each cultivar, bars with the same letters are not significantly different at P � 0.05 level.
Degree of calls formation are visually estimated assmall callus (+); moderate callus (++); massive callus (+++); quite massive callus (++++).

Table 2
Effect of BAP and TDZ alone or in combination with kinetin and GA3 in MS medium on shoot regeneration from leaf derived callus of potato (Solunum tuberosum) cvs. Victoria and
Rosetta after five weeks.

Growth regulators (mg 1–1) % of shoot regeneration Mean number of shoots/callus Mean shoot length (cm)

BAP Kinetin cv.Victoria cv.Rosetta cv.Victoria cv.Rosetta cv.Victoria cv.Rosetta

0.5 0.0 00.0 ± 0.00i 00.0 ± 0.00i 00.0 ± 0.00h 00.0 ± 0.00h 00.0 ± 0.00h 00.0 ± 0.00h
1.0 0.0 00.0 ± 0.00i 00.0 ± 0.00i 00.0 ± 0.00h 00.0 ± 0.00h 00.0 ± 0.00h 00.0 ± 0.00h
2.0 0.0 15.0 ± 0.43h 13.5 ± 0.13h 0.85 ± 0.66g 0.78 ± 0.43g 0.75 ± 0.59f 0.55 ± 0.25g
3.0 0.0 35.0 ± 0.55f 28.0 ± 0.17g 1.25 ± 0.41e 1.05 ± 0.75f 1.00 ± 0.72e 0.95 ± 0.22f
4.0 0.0 57.5 ± 0.76d 48.5 ± 0.36e 1.85 ± 0.27e 1.25 ± 0.26e 1.40 ± 0.33d 1.35 ± 0.39d
5.0 0.0 64.5 ± 0.54c 60.0 ± 0.77d 2.25 ± 0.26d 1.38 ± 0.44e 1.25 ± 0.92d 1.05 ± 0.31e
0.5 0.5 00.0 ± 0.00i 00.0 ± 0.00i 00.0 ± 0.00h 00.0 ± 0.00h 00.0 ± 0.00h 00.0 ± 0.00h
1.0 0.5 17.5 ± 0.29h 12.0 ± 0.15h 1.25 ± 0.18e 0.98 ± 0.80g 1.00 ± 0.29e 1.18 ± 0.82e
2.0 0.5 34.5 ± 0.81f 30.0 ± 0.22f 1.73 ± 0.22e 1.05 ± 0.57f 1.32 ± 0.48d 1.45 ± 0.77d
3.0 0.5 55.0 ± 0.49d 69.5 ± 0.27d 2.62 ± 0.35d 2.72 ± 0.71d 1.55 ± 0.43c 1.75 ± 0.12c
4.0 0.5 78.5 ± 0.33b 67.5 ± 0.19d 3.25 ± 0.52c 1.45 ± 0.50e 1.85 ± 0.26c 1.62 ± 0.40c
5.0 0.5 69.0 ± 0.89c 62.0 ± 0.45d 2.75 ± 0.49d 1.28 ± 0.11e 1.05 ± 0.79e 1.00 ± 0.64e

TDZ GA3
1.0 0.0 22.5 ± 0.42g 21.0 ± 0.29g 2.25 ± 0.18d 1.60 ± 0.38e 0.78 ± 0.19f 0.58 ± 0.54g
2.0 0.0 45.5 ± 0.39e 40.0 ± 0.35e 2.50 ± 0.26d 2.25 ± 0.88d 0.98 ± 0.88f 0.75 ± 0.23f
3.0 0.0 66.0 ± 0.55c 64.0 ± 0.43d 3.72 ± 0.55c 3.60 ± 0.37c 1.25 ± 0.37d 1.05 ± 0.76e
4.0 0.0 84.5 ± 0.69a 70.0 ± 0.66c 4.00 ± 0.29b 3.95 ± 0.11c 1.55 ± 0.40c 1.25 ± 0.55d
5.0 0.0 72.0 ± 0.83b 74.5 ± 0.28b 3.85 ± 0.43c 3.78 ± 0.62c 1.39 ± 0.85d 1.48 ± 0.39c
1.0 0.5 38.0 ± 0.22f 28.0 ± 0.57g 2.35 ± 0.32d 1.75 ± 0.44e 2.15 ± 0.25b 1.94 ± 0.77c
2.0 0.5 52.0 ± 0.59d 48.0 ± 0.46e 2.75 ± 0.74d 2.35 ± 0.90d 2.32 ± 0.44b 1.99 ± 0.42c
3.0 0.5 74.0 ± 0.38b 70.0 ± 0.34c 3.95 ± 0.42c 3.75 ± 0.71c 2.45 ± 0.61a 2.08 ± 0.13b
4.0 0.5 89.5 ± 0.26a 75.0 ± 0.93b 4.92 ± 0.51a 4.62 ± 0.47a 2.52 ± 0.37a 2.30 ± 0.55b
5.0 0.5 78.0 ± 0.18b 87.0 ± 0.79a 4.60 ± 0.30a 4.85 ± 0.58a 2.18 ± 0.77b 2.49 ± 0.36a

Values are means ± standard error of three replicates from two experiments. For each cultivar, bars with the same letters are not significantly different at P � 0.05 level
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3.2. In vitro production of microtubers

Plantlets were used as explants to produce in vitro microtubers
in culture media containing half strength (MS basal media) using
various levels of sucrose (50; 60; 70 ;80 and 90 g/l) with different
2544
concentrations of KIN (mg/l) and their combinations on in vitro
microtubrization for both tested potato cultivars are illustrated
in Table 3. The highest percentage of microtuber per explant
(92.0 and 99.0%) was observed on MS medium supplemented with
3.0 mg l�1 kinetin and 1.0 mg l-1paclobutrazol (PBZ) with 80 g l�1



Photo 2. In vitro shoot regeneration was recorded from callusof potato (SolanumtuberosumL.) cultivars Victoria and Rosetta. (A) Matured somatic embryos derived from callus
cultured on MS medium containing with 4.0 mg l�1 BAP and 5.0 mg l�1 Kin. (B) Adventitious shoot onMS medium containing 4.0 mg l�1 TDZ and 5.0 mg l�1 GA3after 4 weeks.
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sucrose after two months of Rosetta cultivar and 90 g l�1 sucrose of
Victoria cultivar, respectively. While, the highest number of micro-
tuber/explant (5.45 and 5.80) was observed on the same medium
for both Rosetta and Victoria cultivars, respectively.
3.3. Callus proliferation and plant regeneration response to NaCl stress

NaCl-tolerant calli were obtained by gradual selection to evalu-
ate the effect of NaCl on different parameters as mentioned in
materials and methods section. The gradual selection process
resulted in the establishment of NaCl-tolerant callus lines showing
a good cell proliferation, in spite of callus growth rate decreased
with the increase of salt concentration on culture medium. All cal-
lus tissue did not possess the ability to grow under concentrations
of salts beginning from 175 and 200 mM of cv. Victoria and
150 mM of cv. Rosetta (Fig. 1 and Photo 3) (see Photo 4).
3.4. Propagation of microtuber potato seeds under salt stress

The effect of different NaCl concentrations on the number of
microtuber per plantlet and microtuber weight per plantlet (mg)
of potato cultivars Victoria and Rosetta were cultured on MS med-
ium supplemented with 3.0 mg l�1 kinetin, 1.0 mg l-1paclobutrazol
(PBZ) and 90 g l�1 sucrose as shown in Table 4 and Fig. 2 (See Photo
4).
3.5. Sodium and potassium ions content

The results showed that the sodium content of callus and leaves
increased with increasing concentrations of NaCl in the medium,
and the level of potassium in callus and leaves decreased signifi-
cantly in both cultivars (Table 5). The Na+ content in the treat-
ments increased between 30 times with regard to 0.0 mMNaCl of
both cultivars. The highest content of Na+ (60.00 and 62.7 mM)
and lowest content of K+ (4.70 and 5.25 mM) were detected under
NaCl at 125 mM for cvs. Victoria and Rosetta in case of leaves and
callus, respectively. Regarding the Na+/K+ content, it was found
that, it recorded the highest values in the cv. Victoria comparing
to cv. Rosetta in the case of leaves, while it was fluctuating
between the two cultivars in the case of callus (Table 2). The high-
est percentage of Na+/K+ (17.83 and 25.67) was recorded in the
150 mM treatment of the cv. Victoria in the case of leaves and cal-
luses respectively.
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3.6. Proline content

The general pattern of proline in leaves of two cultivars was rel-
atively increased as salt concentration increased (Fig. 3). The high-
est amount of proline (81.7 mg/100 g F.W.) was observed at
150mMNaCl of Victoria cultivar. However, the highest amount of
proline (68.3 mg/100gF.W.) was observed at 125 mMNaCl in leaf
of Rosetta cultivar compared with other treatments. While, the
amounts of proline in leave of non-treated plantlets were less than
treated plantlets.

4. Discussion

The success in finding a protocol for the regeneration of potato
plants by using leaf explant in vitro depends on a variety of factors,
the most important of which are cultivars and combinations of
PGRs following by composition of artificial medium, type of
explants, season, plant physiology and growth conditions under
growth chamber (Abeuova et al., 2020). Consequently, this study
is concerned with finding the most appropriate PGRs combinations
to obtain a high percentage of plant regeneration indirectly
through the tissues of callus and in the presence of two variables;
the plant variety used and combination of PGRs. The results
showed that the values of callus induction %, RWC and degree of
callus formation are varied between the two used cultivars under
study, also, the application of PGRs affected the callogenesis
(Table 1). Application of 2,4-D combined with kin at (1.5 + 0.5)
mg l-1 and (2.0 + 0.5) mg l�1 are the best doses comparing to other
treatments to enhance the callus induction %, RWC and degree of
callus formation of cv. Victoria and cv. Rosetta, respectively. Our
results are in agreement with studies demonstrating that 2, 4-D
is an important plant hormone for callus induction (Metwali
et al., 2020).

Also, the findings of Sané et al. (2012) and Rathore et al. (2020)
have confirmed the importance of genotype and the structure of
the cultivation induction media over the callus induction. Com-
pared to other auxins, hypotheses developed to explain the posi-
tive action of 2, 4-D that could be due to inhibition of the
DRT102 protein, which is responsible for stimulating cell division
and DNA replication. Hypotheses developed to explain the positive
action of 2, 4-Duse compared to other auxins may be due to
inhibiting the DRT102 protein, which is responsible for stimulating
cell division, DNA replication (Pasternak et al., 2002) and lead to
decrease in the number of cells. Moreover, the effect of 2, 4-D
has been explained on the basis thatit acts as a signal cascade
trigged to start a hyperpolarization of membrane polypeptides



Table 3
The effect of different levels of sucrose and the best concentrations of kinetin with 1.0 mg l-1PBZon the microtubrization stage of potato (Solunum tuberosum) cvs. Victoria and
Rosetta after two months.

Kin (mg l�1)

Tr. 0.0 2.0 3.0 5.0

Parameters Sucrose (g
l�1)

Victoria Rosetta Victoria Rosetta Victoria Rosetta Victoria Rosetta

% of explant formed
microtuber

50 16.0 ± 0.50k 14.0 ± 0.32k 22.0 ± 0.19j 20.0 ± 0.25j 37.0 ± 0.66i 42.0 ± 0.44h 38.0 ± 0.19i 32.0 ± 0.55i

60 28.0 ± 0.22j 25.0 ± 0.18j 38.5 ± 0.49i 32.5 ± 0.47i 55.0 ± 0.32g 72.5 ± 0.22e 52.0 ± 0.15g 50.0 ± 0.28g
70 54.0 ± 0.43g 51.0 ± 0.33g 68.0 ± 0.77f 63.0 ± 0.61f 72.0 ± 0.55e 81.5 ± 0.56d 70.0 ± 0.31e 77.0 ± 0.33d
80 64.5 ± 0.28f 62.0 ± 0.54f 79.0 ± 0.92d 71.0 ± 0.39e 87.5 ± 0.87c 92.0 ± 0.77b 80.0 ± 0.40d 83.0 ± 0.76c
90 73.0 ± 0.84e 71.5 ± 0.66e 86.5 ± 0.55c 83.0 ± 0.63d 99.0 ± 0.49a 89.0 ± 0.45b 91.0 ± 0.88b 79.5 ± 0.47d

No. of microtuber/explant 50 1.95 ± 0.24k 1.52 ± 0.19k 2.20 ± 0.25i 2.05 ± 0.55i 2.80 ± 0.26h 2.50 ± 0.33h 2.65 ± 0.53h 2.35 ± 0.33i
60 2.60 ± 0.55h 2.40 ± 0.33h 3.65 ± 0.61f 3.45 ± 0.83g 3.75 ± 0.35f 3.55 ± 0.15f 3.25 ± 0.44g 3.00 ± 0.26g
70 2.75 ± 0.39h 2.50 ± 0.42h 4.00 ± 0.43e 3.85 ± 0.60f 4.70 ± 0.91c 4.87 ± 0.73c 4.60 ± 0.16d 4.50 ± 0.85d
80 3.40 ± 0.52g 3.25 ± 0.65g 4.35 ± 0.77e 4.05 ± 0.85e 4.95 ± 0.66c 5.45 ± 0.38a 4.82 ± 0.62c 4.75 ± 0.77c
90 3.87 ± 0.66f 3.65 ± 0.72f 4.90 ± 0.49c 4.50 ± 0.77d 5.80 ± 0.46a 5.20 ± 0.84b 5.25 ± 0.55b 4.98 ± 0.22c

Microtuber weight/explant
(mg)

50 255 ± 0.50h 230 ± 0.75h 380 ± 0.19g 368 ± 0.26g 437 ± 0.25f 470 ± 0.15e 390 ± 0.44g 378 ± 0.62g

60 362 ± 0.35g 360 ± 0.44g 389 ± 0.22g 378 ± 0.33g 480 ± 0.39e 499 ± 0.26e 405 ± 0.72f 415 ± 0.39f
70 480 ± 0.38e 369 ± 0.38g 498 ± 0.71e 470 ± 0.39e 525 ± 0.41d 560 ± 0.85c 518 ± 0.17d 509 ± 0.48d
80 495 ± 0.59e 472 ± 0.65e 528 ± 0.50d 515 ± 0.46d 615 ± 0.88b 675 ± 0.46a 548 ± 0.54d 535 ± 0.59d
90 522 ± 0.40d 505 ± 0.78d 568 ± 0.49c 550 ± 0.29c 690 ± 0.60a 635 ± 0.80b 579 ± 0.61c 575 ± 0.73c

Values are means ± standard error of three replicates from two experiments. For each cultivar, bars with the same letters are not significantly different at P � 0.05 level

Fig. 1. Effect of different NaCl concentrations on the a) relative growth rate of callus after one month and b) shoot regeneration percentage of potato (Solunum tuberosum) cvs.
Victoria and Rosetta.
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Photo 3. Shoot regeneration from callus of potato (Solunumtuberosum) under salt stress.Shoot formed onMSmedium containing5.0 mg l�1 TDZ and 5.0 mg l�1 GA3 under 125
mMNaCl (A) plantlets formed MS medium containing3.0 mg l-1Kin and 1.0 mg l�1 PBZunder 125 mMNaCl (B).

Photo 4. In vitro production of microtubers on MS medium supplemented with 3.0 mg l�1 Kin and 1.0 mg l�1 PBZ with 90 g l�1 sucrose under 125 mMNaCl of potato
(SolanumtuberosumL.) cultivars Victoria and Rosetta after one months (A) and after two months (B).

Table 4
Sodium and potassium content in callus of potato (Solunum tuberosum) cvs. Victoria and Rosetta subjected to different concentrations of NaCl.

NaClconcentrations (mM) K + content (mg.g–1 DW) Na + content (m.g–1 DW) Na+/K+ index

Victoria Rosetta Victoria Rosetta Victoria Rosetta

0.0 11.45 ± 0.18a 10.85 ± 0.28b 2.25 ± 0.48f 2.05 ± 0.72f 0.20 ± 0.28i 0.19 ± 0.37i
50 9.75 ± 0.59c 10.05 ± 0.47b 15.90 ± 0.33e 15.42 ± 0.56e 1.63 ± 0.50h 1.53 ± 0.49h
75 9.18 ± 0.74c 9.15 ± 0.55c 36.40 ± 0.19e 38.90 ± 0.39e 3.97 ± 0.35g 4.25 ± 0.33f
100 7.90 ± 0.38d 7.78 ± 0.25d 44.35 ± 0.59d 49.25 ± 0.88d 5.61 ± 0.76e 6.33 ± 0.65d
125 5.60 ± 0.39e 5.25 ± 0.48e 59.25 ± 0.38c 62.73 ± 0.29a 10.58 ± 0.49c 11.95 ± 0.88b
150 3.45 ± 0.42f 00.00 ± 0.00g 61.50 ± 0.65b 00.00 ± 0.00g 17.83 ± 0.72a 00.00 ± 0.00j
175 00.00 ± 0.00g 00.00 ± 0.00g 00.00 ± 0.00g 00.00 ± 0.00g 00.00 ± 0.00j 00.00 ± 0.00j
200 00.00 ± 0.00g 00.00 ± 0.00g 00.00 ± 0.00g 00.00 ± 0.00g 00.00 ± 0.00j 00.00 ± 0.00j

Values are means ± standard error of three replicates from two experiments. For each cultivar, bars with the same letters are not significantly different at P � 0.05 level.
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(Zuo et al., 2002). On the other hand, both potato cultivars main-
tained relatively high RWC (>50%) in most of the treatment with
2, 4-D and Kin comparing to treatment with NAA and BAP (Table 1).
Etienne et al., (1991) and Aldhebiani et al., (2018) mentioned that
the water state in callus is an apparently important contributing
factor for the initiation of somatic embryogenesis, and RWC has
been identified as a suitable physiological marker of its embryo-
genic state.
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The current study showed that the combination of TDZ + GA3
was superior to combination of BAP + Kinetin in encouragement
to obtain high values for each ofshoot length, shoot regeneration
and number of shoots/callus at all the treatments and significantly
affecting these traits (P � 0.05) (Table 2). Application of TDZ
(4.0 mg l�1) + GA3 (0.5 mg l�1) was the optimal for obtaining high
values of the previous traits. Such findings contradict previous
studies which indicated the superiority of BA over TDZ for the axil-



Fig. 2. The effect of different NaCl concentrations on the number of microtuber/plantlet (a) and microtuber weight/plantlet (b) of potato (Solunum tuberosum) cvs. Victoria
and Rosetta were cultured on MS medium supplemented with 3.0 mg l-1 kin, 1.0 mg l-1PBZ and 90 g l-1 sucrose.

Table 5
Sodium and potassium content in leaves of potato (Solunum tuberosum) cvs. Victoria and Rosetta subjected to different concentrations of NaCl.

NaClconcentrations (mM) K + content (mg g–1 DW) Na + content (m g–1 DW) Na+/K+ index

Victoria Rosetta Victoria Rosetta Victoria Rosetta

0.14 ± 0.24h 0.17 ± 0.29h 1.87 ± 0.56j 2.98 ± 0.38i 13.62 ± 0.59b 17.65 ± 0.45a 0.0
1.27 ± 0.32g 1.66 ± 0.45f 12.35 ± 0.25h 17.35 ± 0.24g 9.76 ± 0.44d 10.84 ± 0.82c 50
3.73 ± 0.14e 4.02 ± 0.71d 33.50 ± 0.44f 41.25 ± 0.55e 8.98 ± 0.62e 10.25 ± 0.38c 75
6.40 ± 0.66c 6.11 ± 0.91c 42.58 ± 0.39e 49.70 ± 0.39d 6.65 ± 0.72f 8.14 ± 0.25e 100
12.20 ± 0.35c 12.63 ± 0.85b 57.35 ± 0.19c 60.00 ± 0.48b 4.70 ± 0.49g 4.75 ± 0.75g 125
00.00 ± 0.00i 25.67 ± 0.72a 00.00 ± 0.00k 68.80 ± 0.68a 00.00 ± 0.00i 2.68 ± 0.59h 150
00.00 ± 0.00i 00.00 ± 0.00i 00.00 ± 0.00k 00.00 ± 0.00k 00.00 ± 0.00i 00.00 ± 0.00i 175
00.00 ± 0.00i 00.00 ± 0.00i 00.00 ± 0.00k 00.00 ± 0.00k 00.00 ± 0.00i 00.00 ± 0.00i 200

Values are means ± standard error of three replicates from two experiments. For each cultivar, bars with the same letters are not significantly different at P � 0.05 level
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lary shoot multiplication of potato, in which no multiple shoots
were observed on TDZ-supplemented medium (Mohamed et al.,
2007) and a combination of BA and Kin as cytokines was reported
as an enhanced reaction in state of shoots/explant, shoot length
and no. of leaves in several potato cultivars comparing to TDZ
(Kumlay and Ercisli, 2015; Mengs et al., 2018). The results of the
present study are in agreement with Pérez-Tornero et al. (2000)
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and Mutasim et al. (2010) who reported that the best results for
regeneration percentages and proliferation of the shoot were
obtained with thidiazuron (TDZ) instead of 6-benzylamino-
purine (BAP). TDZ is considered one of the best growth regulators
to obtain large number of potato plantlets and shoot induction of
callus under stress conditions comparing with other growth regu-
lators such as BA (Khalafalla et al., 2010). Also, previous study indi-



Fig. 3. Effect of different NaCl concentrations on proline content (mg/100 g fresh weight) in potato (Solunum tuberosum) cvs. Victoria and Rosetta.
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cated the efficiency of TDZ to enhance Agrobacterium-mediated
transformation in Petunia hybrid (Thirukkumaran et al., 2009). Sev-
eral potato studies have employed BAP and NAA as growth regula-
tors, however, cell regeneration efficiency was low under salt
stress, so this hormone was used to induce cells to produce
embryos and shoots. Because the higher the regeneration effi-
ciency after incubation with bacteria, the better the efficiency of
genetic transformation, the current work will be highly valuable
in employing agrobacterium as a gene transfer method. In addition,
TDZ alone or in combination with GA3 had significant difference at
(P� 0.05) in shoot regeneration, number of shoots/callus and shoot
length (Table 2). The relatively broad spectrum role for GA3, at
lower concentration, on cell enlargement and cell division was also
reported in previous study (El Far, 2007), the author found that nei-
ther IAA, NAA, nor GA3 enhanced shoot proliferation in potato but
GA3was the only hormone that best enhance shoot elongation. The
action of GA3 on elongating cells may be attributed to the hypoth-
esis that GA3 may works to increase the hydrolysis of starch to
sugar, causing a decrease in the water potential inside the cells,
which in turn helps to allow more water to enter the cell and
increasing the plasticity of the cell walls, causing the elongation
of the cells (Kumlay and Ercisli, 2015).

The variable response between cv. Victoria and cv. Rosetta are
detected under most of the treatments (Table 2). Roodbar-shojaei
et al. (2010), the authors documented that the responses of differ-
ent cultivars to the same culture were different, because of differ-
ences of genotypes, and similarities were because of growth
regulators and genotypes similarities. The hypothesis that
explained the difference of interaction of different cultivars in a
response to give the same effect to the studied traits with the uni-
fication of all cultivation conditions could be dueto variation in the
rate of endogenous growth regulators of each cultivars (Schween
and Schwenkel, 2003).

In vitro microtuberization in potato is influenced by several fac-
tors including PGRs, sucrose and genotype (Abeuova et al., 2020;
AL-Hussaini et al., 2015; Mohapatra, 2018). This can be explained
by the fact that sucrose is converted to starch during microtuber
development and the accumulation of starch contributes to an
increase in size and weight of microtubers. In the present work,
various levels of sucrose (50; 60; 70; 80 and 90 g l�1) with different
concentrations of Kin (0, 2, 3, 4 mg l�1) and their combinations
were applied (Table 3). Our results showed that the percentage
of explant formed microtuber, no. of microtuber / explant and
microtubers weight / explants achieved the highest value on the
media supplemented with Kin 3 mg l�1 and sucrose at 80 or
90 g l�1 in both cv Rosetta and cv. Victoria, respectively.
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Uranbey, (2005) and Yagiz et al. (2020) defined that the degree
of cell sensitivity towards the regulators, origin of explants and
endogenous levels of PGRs are assumed to be the factors that
determining the best concentration of Kin in culture media. On
the other hand, Motallebi-Azar et al. (2013) stated that the high
concentrations of sucrose, which are essential for induction of
microtuber, serve as energy source via the osmotic effect. Visser
et al. (1994) reported that when sucrose converts to starch, the
coordination of genes expression due to starch and protein biosyn-
thesis increases cell division and rapid expansion of stolon ends.
According to Mashhad and Moeini, (2015), it was reported that
the use of BAP and kinetin improved potato microtuber production
by reducing the time required to start microtuberization, increas-
ing the number of microtuber per explant and increase the weight
and diameter of microtuber. This outcome is further confirmation
for our results.

The selection of cultivars of potato, either in vitro or in vivo,
under stresses conditions of salinity is often done in many experi-
ments using NaCl, where Na+ and Cl ions are the most destructive
elements exposed to salinity stress (Flowers et al., 2014). The pres-
ence of sodium chloride in the plant growth medium leads to often
induces secondary stresses (Al Kharusi et al., 2017). The in vitro
selection pattern for salt tolerant cultivars based on NaCl is less
time consuming and allowing quick identification of tolerant culti-
vars (Mousavi et al., 2020). In the current study, screening of both
cv Rosetta and cv. Victoria under different concentration of NaCl
(0.0, 50, 75, 100, 125, 150, 175, 200 mM) was tested by measuring
growth markers such as % of shoot regeneration, no. of microtu-
ber/plantlet, microtuber weight/plantlet, RWC and biochemical
marker such as Na+, K+, Na+/ K+, proline. There was a significant
inhibition of NaCl on values of traits except Na+, Na+/K+,and proline
(Table 4, 5 and Figs. 1-3). The growth of both cultivars was inhib-
ited by increasing NaCl treatment, but cv Rosetta growth was com-
pletely stopped and died below 150 mMNaCl concentration. This
effect may be attributed to NaCl, which inhibits the absorption of
water and mineral elements by the roots, resulting in the lack of
growth requirements of the plant and the appearance of symptoms
based on the resistance of each plant (Munns, 2002). Furthermore,
the results proved that the effect of salt treatment gave the same
results, whether using callus or leaves cultures (Table 4, 5). There-
fore, this research recommends selection at the cell levelin vitro. In
the current study increasing K+ values have a direct correlation
with increased concentration of NaCl and cv. Victoria has a highest
value of K+ compared with cv. Rosetta. This may be due to K +,
which is an essential ionsthat control the electrolyte leakage and
consequently maintains membrane integrity (Anschütz et al.,
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2014). In several investigations, Na+, K+ and K+/Na+ ratio are
reported to be a physiological marker that determinate the salt
stress tolerance (Craig and Moller, 2010; Horie and Schroeder,
2004).

To date, there is very little information on the effect of salinity
on the development of potato microtuberand quality characteris-
tics (Zhang et al., 2005). In the current study the mean number
and fresh weight of microtubers in the two cultivars were also
decreased significantly with an increase in saline levels. From the
results, Fig. 2, it is inferred that the relationship between salinity
levels with tuber number and tuber weight is an inverse relation-
ship, suggesting that increased salt minerals level reduce the num-
ber of micro-tubers. The harmful effects of salinity on
microtuberization of potato cultivars may have been explained in
the previous studies as a result of: 1) reduction in osmotic poten-
tial (Pour et al., 2010); 2) reduction of water content and nutrient
uptake (Silva et al., 2001). Ebadi and Iranbakhsh (2011) stated that
the reduction in tuber weight with increased number of tubers is
due to the decrease in each tuber’s share of photosynthetic mate-
rials transferred from the leaves.

In terms of biochemical parameters, NaCl treated potato plant
exhibited significant proline elevation relative to plants under con-
trol conditions (Fig. 3). Enhance proline synthesis in stressed plants
was detected in several studies (Fan et al., 2015; Mosaad et al.,
2020; Naseem and Bano, 2014; Rabie and Almadini, 2005). The
hypothesis that the increase in the proline content under abiotic
stress may be refer to the effect of amino acid proline in maintain-
ing the cell water status; thereby, helping the plant to cope and
decrease the osmotic potential with the salinity stress (Al-
Mansoori et al., 2006; Mousavi et al., 2020).

5. Conclusions

In conclusion, we have developed a system for Solunum tubero-
sum regeneration from in vitro leaf explants under salt stress. The
application of the protocol to in vitro regeneration using TDZ was
better than BAP of shoot induction. Potato two cultivars differed
significantly in their tolerance to salt stress. Victoria cultivar is
more tolerant to salt stress than Rosetta cultivar when cultured
on MS medium supplemented with 150 mMNaCl. It will facilitate
research into the production of stable salt-tolerant plants of potato
from in vitro selected cells. It may be of economic importance in
arid and semi-arid lands of the world and the development of
new non-traditional programs for potato breeding. Furthermore,
the studied cultivars may be suitable for selection and cultivation
in the newly reclaimed land.
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