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Abstract: Tomato (Lycopersicon esculentum Mill.) as the most economically important vegetable crop
worldwide has been investigated intensively for the development of new and improved varieties.
Most of these technologies require efficient protocols for in vitro regeneration and propagation of
plant material. In the present study, an efficient and reproducible in vitro regeneration system for
five Romanian tomato genotypes (cvs. ‘Capriciu’, ‘Darsirius’, ‘Kristin’, ‘Pontica’ and ‘Siriana’) has
been established. The tomato genotypes were selected based on their horticultural and economically
valuable traits. To study the in vitro morphogenic response, various explants, such as cotyledons,
cotyledonary nodes, hypocotyls, leaf explants, internodes, stem nodes and apical buds have been
selected. The highest efficiency in terms of direct shoot organogenesis was obtained in cv. ‘Capriciu’
(98% for apical buds and 94% for stem nodes) on culture media with zeatin and indole-3-butyric acid.
One advantage of this regeneration procedure is beside its feasibility in handling, the high percentage
of regenerated shoots and their rooting. The present protocol contributes to the existing information
regarding the response of tomato cultivars to in vitro culture conditions.

Keywords: genotypes; plant growth regulators; regeneration

1. Introduction

Plant tissue cultures are used for various purposes among them clonal multiplication,
conservation, international germplasm exchange or to create improved commercial cul-
tivars [1]. Tissue culture technology is an important requisite in breeding programs for
development and selection of new cultivars with improved horticultural traits. In recent
decades, genetically uniform varieties have replaced cultivars and landraces in traditional
agro-ecosystems well adapted to local conditions, therefore it is important to preserve these
cultivars which may be further used for selection of quality features [2].

Tomato (Lycopersicon esculentum Mill.), an important horticultural crop cultivated all
over the world is known as a major source of essential nutrients [3]. It is one of the most
extensively studied species not only for their importance as crop species but also as model
system for molecular, physiological [4], genetic integrity [5,6], Raman spectroscopy [7],
cryopreservation [6], ultrastructural studies [8], genetic transformation [9], and genome
editing [10]. In the last decade the interest in tomato research has significantly increased
especially due to its anti-cancer and anti-oxidative properties [11]. It is known that the
improvement of various traits by conventional breeding requires long-lasting activity,
while in vitro techniques can be a potential solution to assist breeding by manipulating
desired traits.

In vitro tomato cultures have been successfully used in some biotechnological appli-
cations [12–14], for breeding purposes by somatic embryos [15] and to obtain virus-free
high-value commercial cultivars [16]. In vitro regeneration of tomato shoots was induced
by direct and indirect organogenesis [17–19] or through somatic embryogenesis [20]. There
are many factors that affect the in vitro regeneration capacity of tomato plants, of which the
most important are: the genotype, explant type, culture media composition, concentration
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of plant growth regulators, intensity and quality of light, photoperiod and temperature [14].
Considering the diversity of parameters, optimization of tissue culture system key factors
is essential to achieve high efficiency and reproducibility of a certain approach.

Thus, the aim of this research was to establish an efficient direct organogenesis protocol
for five Romanian tomato genotypes starting from seeds.

2. Materials and Methods
2.1. Plant Material

Five tomato (Lycopersicon esculentum Mill., cvs. ‘Capriciu’, ‘Darsirius’, ‘Kristin’, ‘Pon-
tica’ and ‘Siriana’) genotypes (Figure 1a–e) created and approved in Romania have been
selected to study the morphogenic response to in vitro cultures of various explant types
based on their horticultural and economically valuable traits:

• cv. ‘Capriciu’—created at S.C.D.L. Buzău (Romania) and approved in 2007. Is drought
tolerant and has good storage resistance. Has indetermined growth is suitable for
fresh consumption or trade.

• cv. ‘Darsirius’—created at S.C.D.L. Buzău and approved in 2009. Has reduced number
of seeds and is resistant to specific tomato diseases and nematodes. Has determined
growth, intended for processing.

• cv. ‘Kristin’—created at S.C.D.L. Buzău and approved in 2006. Is resistant to transport
and storage, has a determined growth and is suited for processing.

• cv. ‘Pontica’—created at I.C.D.L.F. Vidra (Romania) approved in 1988 and re-homologated
in 2009. Has reduced number of seeds and is considered highly productive. Has a
determined growth and is suitable for processing.

• cv. ‘Siriana’ (F1 hybrid)—created at S.C.D.L. Buzău and approved in 2006. Is a hybrid
with high adaptability to environmental conditions and resistant to transport and
storage. Has indetermined growth and is suitable for fresh consumption.

The seeds have been provided by the Research and Development Institute for Veg-
etable and Flower Growing Vidra, Romania.
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Figure 1. Tomato genotypes used for initiation of in vitro cultures starting from seeds. (a) cv.
‘Capriciu’; (b) cv. ‘Darsirius’; (c); cv. ‘Kristin’; (d) cv. ‘Pontica’; (e) cv. ‘Siriana’. Size bars = 1.0 cm.

2.2. Seed Germination—Establishment of In Vitro Cultures

Seed health status was assessed using a stereomicroscope in order to remove empty,
small or damaged seeds. To test the germination capacity, two years old mature seeds
were germinated under ex vitro conditions. Seeds were first washed under tap water and
transferred to Petri dishes (25 seeds/dish with 10 cm diameter) on moistened filter paper.
The seeds in covered Petri dishes were randomly stored in darkness for 5 days (at 24 ± 1 ◦C)
and then transferred (dish lid was removed) under light conditions (16 h light/8 h dark
photoperiod and 36 µmol m−2 s−1 photosynthetic active radiation) at 24 ± 1 ◦C (Figure 2a).

For the in vitro germination tests, seed surface disinfection was carried out as follows:
washing under tap water (1 h), dipping in 75% commercial Clorox (active chlorine content
5%) solution for 15 min and thorough rinsing with sterile distilled water. The seeds were
then transferred for germination in 300 mL Erlenmeyer flasks (10 seeds/flask) on half-
strength culture medium (1/2 MS) [21] supplemented with 20 g L−1 sucrose and solidified
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with 7.6 g L−1 agar (Figure 2b). The medium pH was adjusted to 5.7 before autoclaving
(20 min at 121 ◦C). The in vitro germination conditions were similar to those described for
ex vitro germination.
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Figure 2. Tomato seed germination. (a) ex vitro seed germination (cv. ‘Kristin’); (b) in vitro seed
germination (cv. ‘Kristin’). Size bars = 1.0 cm.

2.3. Morphogenic Response of Various Explants

Based on preliminary experiments related to the efficiency of various plant growth
regulators on shoot regeneration from various explants, a MS medium supplemented with
1.5 mg L−1 zeatin (Z) and 0.2 mg L−1 indole-3-butyric acid (IBA), 20 g L−1 sucrose and
7.6 g L−1 agar (pH as mentioned above) was selected for further studies (unpublished data).

To identify the highest in vitro regeneration frequency the following explants have
been studied: (a) cotyledons, (b) cotyledonary nodes, (c) hypocotyls, (d) leaf explants,
(e) internodes, (f) stem nodes and (g) apical buds. The explants were excised on 25th day
from seedlings resulted from in vitro germinated seeds. The length of cotyledonary nodes,
hypocotyls, internodes, stem nodes and apical buds was approximately 1–1.5 cm, while
cotyledons and leaf explants (both excised from the central part) had approximately 1 cm2

(Figure 3). Leaf explants and cotyledons were placed with the abaxial side towards the
medium surface, hypocotyls, internodes were placed parallel to the medium surface, while
cotyledonary nodes, stem nodes and apical buds were placed vertically into the solid
culture medium.
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Figure 3. Explants used for in vitro regeneration experiments. (a) 1—hypocotyl; 2—cotyledon;
3—cotyledonary node; (b) 1—stem node; 2—leaf explant; 3—internode; 4—apical bud. Bars 1 cm.
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2.4. Direct Shoot Organogenesis from Stem Nodes and Apical Buds

Due to the promising results obtained in shoot regeneration from stem nodes and
apical buds, the effects of various cytokinins on these explants were further studied. For
this purpose, seedlings (resulted from in vitro germinated seeds) were micropropagated
(two successive subcultures each at 30 days) to serve as source of explants. Stem nodes and
apical buds (both approximately 1–1.5 cm in length) were transferred to 100 mL Erlenmeyer
flasks on MS culture medium supplemented with the following cytokinins: 1.5 mg L−1

thidiazuron (TDZ) (V1), 1.5 mg L−1 Z (V2), 1.5 mg L−1 kinetin (K) (V3) or 1.5 mg L−1

N6-benzyladenine (BA) (V4), each in combination with 0.2 mg L−1 IBA, 20 g L−1 sucrose
and 7.6 g L−1 agar at pH 5.7. MS culture medium without PGRs was used as control
(V0). For induction of shoots the samples were transferred and maintained in light and
temperature conditions as mentioned for seed germination, throughout the experiments.

2.5. Assessment of Germination and Regeneration

The following characteristics have been assessed:

(a) ex vitro and in vitro germination percentage and the mean germination time;

The total germination percentage (TGP) was calculated using the following equation:

TGP (%) = G/n × 100

where G = the number of germinated seeds by the end of the experiment; n = the total
number of tested seeds.

Mean germination time (MGT) was calculated using the equation:

MGT = ∑ (n × d)/N

where n = number of seeds germinated every five days for a period up to 25 days;
d = number of days from the beginning of the experiment; N = total number of seeds
germinated at the end of the experiment [22].

The germination experiments followed a completely randomized design, with five
replications of 10 seeds each (50 seeds/cultivar). Germination was considered complete
once the protruded radicle reached 1 cm in length [23].

(b) in vitro regeneration rates of various explants;
(c) in vitro shoot regeneration percentages of stem nodes and apical buds on culture

media with various cytokinins;
(d) height of shoots (resulted from stem nodes and apical buds) and length of primary

roots. The measurements were made using a ruler.
(e) explants (%) forming callus. Visual observations on callus morphology, color, texture

were recorded and the callus diameter was measured.

Parameters (b–e) were assessed on the 45th day of culture. For each explant type and
culture medium variant, 5 jars (3 explants/jar, 15 explants in total) were used in each of
the three replicates per treatment. The experiments were repeated twice. The results were
expressed as mean values ± standard deviation (SD).

2.6. Statistical Analyses

Data expressed as percentages were arcsin transformed prior to statistical analysis.
Data were subjected to one-way analysis of variance (ANOVA) using SPSS (v.11.5 for
Windows). Duncan multiple-range test was used to compare differences between means.

The Student t-test was applied to evaluate significant differences between ex vitro
and in vitro germination of seeds, and differences in the MGT between the two procedures
within a cultivar. Differences were considered statistically significant at p ≤ 0.05. In addition
to the statistical analyses the Pearson’s correlation coefficient was determined between
the height of shoots and the length of roots for each cultivar on the four culture medium
variants using the Excel spreadsheet software (v16.0 Microsoft).
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3. Results
3.1. Seed Germination—Establishment of In Vitro Cultures

Although, the TGP among cultivars varied, there were no significant differences
between ex vitro and in vitro germination procedures within a cultivar (Table 1). Similarly,
no significant differences were recorded in the MGT within the same cultivar between
germination conditions tested (Table 1).

Table 1. Ex vitro and in vitro germination of tomato seeds, 25 days after transfer to germination substrate.

Germination TGP (% ± SD) * MGT (Days)

‘Capriciu’ ex vitro 91.0 ± 3.5 9.6
in vitro 87.0 ± 1.7 11.5

‘Darsirius’
ex vitro 68.0 ± 4.8 13.1
in vitro 71.6 ± 3.5 15.4

‘Kristin’
ex vitro 77.3 ± 5.5 15.3
in vitro 78.6 ± 2.1 15.6

‘Pontica’
ex vitro 91.3 ± 2.1 12.3
in vitro 89.0 ± 2.7 14.8

‘Siriana’
ex vitro 75.0 ± 3.9 17.9
in vitro 72.6 ± 3.8 15.7

* Data represent mean values (±SD); TGP—Total germination percentage; MGT—Mean germination time; No
significant differences were obtained between treatments within a cultivar (Student t-test, p ≤ 0.05).

3.2. Morphogenic Response of Various Explant Types

All genotypes showed indirect shoot regeneration from hypocotyls, internodes and
leaf explants. Hypocotyls and internodes displayed swollen edges with yellowish and
respectively green callus formed after approximately 10–15 days (Figure 4a). Leaf explants
started to form shoots after 25 days in culture (Figure 4b). In cotyledonary nodes (Figure 4c),
stem nodes (Figure 4d–g), and apical buds (Figure 4h) direct shoot regeneration was
recorded whereas callus was induced at the base of explants.
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Figure 4. Morphogenic response of various explant types after 45 days in culture. (a) internodes
(i) and hypocotyl (hy) (cv. ‘Kristin’); (b) leaf explant (cv. ‘Kristin’); (c) cotyledonary nodes (cv.
‘Kristin’); (d) stem nodes (cv. ‘Kristin’); (e–g) stem nodes (cvs. ‘Capriciu’, ‘Darsirius’ and ‘Pontica’);
(h) apical buds (cv. ‘Siriana’). Explants were grown on MS with 1.5 mg L−1 Z + 0.2 mg L−1 IBA. Size
bars = 1.0 cm.

After 45 days in culture the various explants showed significant differences in regen-
eration percentages within a cultivar (Table 2). Thus, apical buds displayed significantly
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higher regeneration percentages in all cultivars compared to most of the explants tested.
The cultivar with the highest regeneration rates was cv. ‘Kristin’ (90% apical buds and 84%
stem nodes). The lowest shoot formation rates in all cultivars were obtained for cotyledons
(between 8% in cv. ‘Siriana’ and 11% in cv. ‘Capriciu’) (Table 2).

Table 2. In vitro shoot regeneration of various explants after 45 days in culture.

Cultivar Cotyledons Cotyledonary
Nodes Hypocotyls Leaf

Explants Internodes Stem Nodes Apical
Buds

‘Capriciu’ 11.6 ± 1.6 e,* 19.6 ± 2.6 d 15.3 ± 3.5 de 36.6 ± 3.0 c 21.3 ± 2.1 d 73.0 ± 3.5 b 84.3 ± 3.1 a

‘Darsirius’ 9.00 ± 1.6 e 10.3 ± 1.6 e 11.6 ± 2.3 e 34.0 ± 3.0 c 20.3 ± 2.3 d 68.3 ± 3.6 b 78.3 ± 1.9 a

‘Kristin’ 10.3 ± 1.7 c 14.3 ± 1.4 c 16.3 ± 2.1 c 25.6 ± 3.1 b 10.6 ± 1.9 c 84.6 ± 4.1 a 90.0 ± 2.1 a

‘Pontica’ 9.30 ± 1.6 e 15.0 ± 1.8 cde 10.6 ± 2.2 de 21.3 ± 3.1 c 16.6 ± 1.7 cd 70.0 ± 3.8 b 82.3 ± 3.1 a

‘Siriana’ 8.30 ± 2.0 d 14.6 ± 1.9 d 11.0 ± 2.8 d 22.3 ± 2.9 c 8.00 ± 2.2 d 67.3 ± 4.8 b 77.3 ± 2.3 a

* Data represent mean values (% ± SD). Values followed by the same letter, within a row, are not significantly
different (p ≤ 0.05). Explants were grown on MS medium with 1.5 mg L−1 Z + 0.2 mg L−1 IBA.

3.3. Direct Shoot Organogenesis from Stem Nodes and Apical Buds

Due to the convincing positive results obtained with stem nodes and apical buds
in terms of shoot regeneration, these two explant types were further used to study the
effects of various cytokinins on direct shoot organogenesis. A comparison of stem nodes
and apical buds grown on various culture media variants showed significant differences
regarding the effects of cytokinins on the two explant types (Tables 3 and 4). For instance,
in all cultivars the cytokinin that lead to the highest frequency of regenerating stem nodes
and apical buds was Z, although, the differences were not always significantly different
(Tables 3 and 4), (Figure 5a–j). The height of shoots and length of primary roots varied
significantly according to the cytokinin used. The Pearson’s correlation coefficients between
height of shoot and length of roots are shown in Table 5. In stem nodes, the height of shoots
had positive correlation with the length of roots in cv. ‘Darsirius’ (0.84), and a negative
correlation in cv. ‘Pontica’ (−0.25). In apical buds the correlation was strong positive cv.
‘Capriciu’ (0.96), and cv. ‘Kristin’ (0.98) (Table 5). Rooting was observed in all genotypes
(for both explant types) even on medium without PGRs (V0) (Figure 5a,b). In both explants
a high number of lateral branches was observed in all cultivars; these roots could not be
counted and their length could not be measured (Figure 5a–j). The roots were formed
regardless of genotype and hormonal treatment always from the explants and not from the
callus developed at explant base (Figure 6a,b,h,i). Some cultivars showed adventitious root
formation in particular on stems developed from apical buds explants (Figure 6a,g,i).

A common issue observed in both explant types was spontaneous callus formation at
the base of the explants (Figure 6a–j). Stem nodes showed a higher percentage of callus
formation compared to apical buds (Table 6). The percentage of apical buds forming callus
ranged between 9% on medium with K (V3) (cv. ‘Pontica’) and 35% on medium with BA
(V4) (cv. ‘Kristin’) (Table 6). For stem nodes the highest percentage of callus induction was
40% on V4 (cv. ‘Kristin’). The nature and size of callus varied widely according to cultivar
and medium composition (Table 6).
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Table 3. Direct shoot organogenesis from stem nodes on culture media with different cytokinins.

Cultivar Medium Explants Regenerating Shoots
(% ± SD) *

Height of Shoots
(cm ± SD)

Length of Primary Roots
(cm ± SD)

‘Capriciu’

V0 65.5 ± 1.4 b 8.7 ± 0.5 a 6.1 ± 0.6 b

V1 78.8 ± 2.3 b 7.8 ± 0.7 b 6.4 ± 0.6 b

V2 94.4 ± 1.3 a 6.2 ± 0.7 c 3.0 ± 0.7 c

V3 73.3 ± 1.6 b 4.0 ± 0.4 d 6.2 ± 0.7 b

V4 77.7 ± 1.7 b 7.5 ± 0.5 b 10.8 ± 0.9 a

‘Darsirius’

V0 63.3 ± 1.4 c 5.7 ± 0.5 b 3.8 ± 0.5 d

V1 71.1 ± 1.4 bc 9.3 ± 0.6 a 15.6 ± 0.7 a

V2 82.2 ± 1.1 a 5.2 ± 0.5 bc 3.5 ± 0.4 d

V3 72.2 ± 0.8 abc 9.1 ± 0.5 a 9.8 ± 0.5 b

V4 76.7 ± 1.5 ab 4.5 ± 0.6 c 5.7 ± 0.8 c

‘Kristin’

V0 52.2 ± 1.0 c 8.4 ± 0.7 a 6.6 ± 0.8 a

V1 65.6 ± 1.5 b 4.8 ± 0.5 c 3.7 ± 0.3 c

V2 84.4 ± 1.3 a 2.7 ± 0.5 e 3.0 ± 0.3 d

V3 68.9 ± 1.8 b 5.6 ± 1.0 b 4.4 ± 0.4 b

V4 70.0 ± 1.6 b 3.7 ± 0.2 d 2.8 ± 0.5 d

‘Pontica’

V0 58.9 ± 0.8 b 4.7 ± 0.6 c 2.7 ± 0.8 d

V1 81.1 ± 1.5 a 2.5 ± 0.5 e 18.2 ± 1.5 a

V2 88.9 ± 2.1 a 3.8 ± 0.4 d 7.2 ± 0.5 c

V3 62.2 ± 1.3 b 5.9 ± 0.6 b 11.4 ± 0.6 b

V4 80.0 ± 1.6 a 8.5 ± 0.9 a 10.3 ± 0.9 b

‘Siriana’

V0 56.7 ± 1.0 b 9.5 ± 0.6 b 5.5 ± 0.4 a

V1 82.2 ± 1.6 a 6.5 ± 0.3 c 6.0 ± 0.4 a

V2 84.4 ± 2.2 a 3.5 ± 0.6 e 2.4 ± 0.9 b

V3 73.3 ± 1.5 a 12.5 ± 0.6 a 5.4 ± 0.7 a

V4 74.4 ± 1.8 a 4.8 ± 0.6 d 6.1 ± 0.7 a

* Data represent mean values (±SD). Values followed by the same letter, within the same row and studied aspect,
were not significantly different (p ≤ 0.05).

Table 4. Direct shoot organogenesis from apical buds on culture media with different cytokinins.

Cultivar Medium Explants Regenerating Shoots
(% ± SD) *

Height of Shoots
(cm ± SD)

Length of Primary Roots
(cm ± SD)

‘Capriciu’

V0 68.8 ± 1.8 b 12.0 ± 0.4 a 7.2 ± 0.5 a

V1 80.0 ± 1.4 b 2.6 ± 0.3 bc 5.8 ± 0.4 b

V2 97.7 ± 0.5 a 2.4 ± 1.7 bc 5.1 ± 1.0 b

V3 81.1 ± 0.7 b 1.5 ± 1.3 c 1.1 ± 0.9 d

V4 80.0 ± 2.0 b 3.0 ± 0.4 b 3.2 ± 0.6 c

‘Darsirius’

V0 64.4 ± 1.6 c 10.0 ± 1.3 b 6.6 ± 0.9 b

V1 76.7 ± 1.0 abc 4.4 ± 1.2 c 5.7 ± 2.5 b

V2 88.9 ± 2.1 a 15.7 ± 2.1 a 4.9 ± 1.2 b

V3 74.4 ± 1.2 bc 8.8 ± 2.4 b 14.8 ± 4.1 a

V4 78.8 ± 2.1 ab 3.9 ± 1.0 c 7.6 ± 0.9 b

‘Kristin’

V0 61.1 ± 1.3 c 10.4 ± 0.9 a 6.2 ± 0.7 a

V1 71.1 ± 1.2 bc 3.2 ± 1.0 b 2.3 ± 0.9 b

V2 90.0 ± 1.4 a 3.1 ± 0.6 bc 2.6 ± 0.7 b

V3 76.7 ± 1.4 b 11.1 ± 1.4 a 6.2 ± 1.5 a

V4 75.5 ± 1.2 b 2.0 ± 0.4 c 1.9 ± 0.8 b

‘Pontica’

V0 68.9 ± 2.1 b 6.3 ± 0.5 a 6.5 ± 1.2 c

V1 84.4 ± 0.8 a 6.9 ± 0.9 a 9.5 ± 1.3 a

V2 91.1 ± 1.2 a 5.0 ± 1.4 b 1.8 ± 0.6 d

V3 68.9 ± 1.6 b 6.7 ± 0.6 a 7.8 ± 1.1 b

V4 81.1 ± 1.7 ab 6.0 ± 0.9 ab 2.1 ± 0.7 d

‘Siriana’

V0 62.2 ± 1.2 b 6.2 ± 0.8 a 3.9 ± 0.5 b

V1 85.6 ± 2.3 a 4.0 ± 0.7 bc 1.1 ± 0.6 c

V2 87.8 ± 1.7 a 4.7 ± 1.2 b 3.4 ± 0.5 b

V3 76.7 ± 1.6 ab 3.2 ± 0.7 cd 4.9 ± 0.6 a

V4 78.8 ± 2.2 a 2.8 ± 0.8 d 5.5 ± 0.7 a

* Data represent mean values (±SD). Values followed by the same letter, within the same row and studied aspect,
were not significantly different (p ≤ 0.05).
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Figure 5. Shoot regeneration and rooting of stem nodes and apical buds on culture media with
various cytokinins. (a) cv. ‘Pontica’ apex (V0); (b) cv. ‘Pontica’ nodes (V0); (c) cv. ‘Capriciu’ apex (V1);
(d) cv. ‘Capriciu’ nodes (V1); (e) cv. ‘Siriana’ apex (V2); (f) cv. ‘Siriana’ nodes (V2); (g) cv. ‘Kristin’
apex (V3); (h) cv. ‘Kristin’ nodes (V3); (i) cv. ‘Darsirius’ apex (V4); (j) cv. ‘Darsirius’ nodes (V4).
Arrows represent adventitious roots. Size bars = 1 cm.

Table 5. Correlation coefficients on shoots height and roots length of analyzed tomato genotypes.

Cultivar Explants Pearson’s Coefficient

‘Capriciu’ stem nodes 0.25
apical buds 0.96

‘Darsirius’
stem nodes 0.84
apical buds −0.55

‘Kristin’
stem nodes 0.78
apical buds 0.98

‘Pontica’
stem nodes −0.25
apical buds 0.87

‘Siriana’
stem nodes 0.50
apical buds −0.12
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Figure 6. Callus development on culture media with different cytokinins. (a) cv. ‘Capriciu’ apical
bud (V1); (b) cv. ‘Capriciu’ stem node (V1); (c) cv. ‘Darsirius’ apical bud (V2); (d) cv. ‘Darsirius’ stem
node (V2); (e) cv. ‘Kristin’ apical bud (V4); (f) cv. ‘Kristin’ stem node (V4); (g) cv. ‘Pontica’ apical bud
(V4); (h) cv. ‘Pontica’ stem node (V4); (i) cv. ‘Siriana’ apical bud (V3); (j) cv. ‘Siriana’ stem node (V3).
Bars 1 cm.

A common issue observed in both explant types (on media with cytokinins) was
spontaneous callus formation at the explant base (Figure 6a–j). No callus development
was observed in none of the tested explant types on culture medium without PGRs (V0).
Various cytokinins lead to significant differences regarding the percentages of explants
forming callus (Table 6). In stem nodes of cv. ‘Kristin’ 39% of explants showed callus
formation on medium with BA (V4), whereas in apical buds the percentage of explants
forming callus ranged between 9% on medium with K (V3) (cv. ‘Pontica’) and 34% on
medium with BA (V4) (cv. ‘Kristin’) (Table 6). The nature and size of callus varied widely
according to cultivar and medium composition (Table 6). Especially on medium with TDZ
(V1), calluses of cv. ‘Capriciu’ were nodular, extremely compact, almost lignified with a
yellow-green colour (Figure 6a,b). Callus with the same appearance but less compact was
present in cv. ‘Siriana’ on culture medium with K (V3) (Figure 6i,j). Cultivars ‘Kristin’ and
‘Pontica’ displayed friable callus with a dark-brown colour (Figure 6e–h).
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Table 6. Callus formation from stem nodes and apical buds grown on culture media with
different cytokinins.

Cultivar Medium

Stem Nodes Apical Buds

Callus Formation
(% ± SD) *

Callus Diameter
(cm ± SD)

Callus Formation
(% ± SD) *

Callus Diameter
(cm ± SD)

‘Capriciu’

V0 0 e 0 e

V1 14.0 ± 2.2 d <0.5 10.4 ± 2.10 d <0.5
V2 38.8 ± 2.6 a 0.5–1.0 25.4 ± 4.6 b 0.5–1.0
V3 25.8 ± 4.9 b 0.5–1.0 21.0 ± 2.9 bc 0.5–1.0
V4 25.6 ± 3.6 b >1.0 19.6 ± 5.1 c >1.0

‘Darsirius’

V0 0 f 0f

V1 22.6 ± 3.2 bc <0.5 13.2 ± 3.3 e <0.5
V2 18.6 ± 4.0 cd 0.5–1.0 12.6 ± 3.0 e 0.5–1.0
V3 18.4 ± 4.3 cd <0.5 15.2 ± 3.3 de <0.5
V4 26.0 ± 3.7 a 0.5–1.0 18.6 ± 2.7 cd 0.5–1.0

‘Kristin’

V0 0 f 0f

V1 20.4 ± 3.3 d <0.5 17.6 ± 4.3 de <0.5
V2 21.4 ± 3.9 d 0.5–1.0 15.6 ± 3.8 e <0.5
V3 31.4 ± 3.8 c <0.5 20.6 ± 3.2 d 0.5–1.0
V4 39.6 ± 3.4 a >1.0 34.8 ± 4.4 ab >1.0

‘Pontica’

V0 0 e 0 e

V1 30.4 ± 4.3 a <0.5 25.8 ± 3.5 ab <0.5
V2 30.0 ± 3.1 a 0.5–1.0 22.0 ± 4.1 b 0.5–1.0
V3 22.0 ± 4.7 b >1.0 9.80 ± 1.9 d 0.5–1.0
V4 20.6 ± 5.1 b >1.0 14.4 ± 2.1 c >1.0

‘Siriana’

V0 0 f 0 f

V1 17.6 ± 4.7 d <0.5 12.8 ± 3.2 e <0.5
V2 29.6 ± 2.3 b >1.0 24.6 ± 4.2 c 0.5–1.0
V3 35.2 ± 3.5 a 0.5–1.0 24.4 ± 3.4 c 0.5–1.0
V4 22.4 ± 3.8 c >1.0 16.0 ± 2.1 de >1.0

* Data represent mean values (±SD). Values followed by the same letter, within the same row were not significantly
different (p ≤ 0.05) (comparison was performed between stem nodes and apical buds within the same cultivar).

4. Discussion

Considering the economic value of the targeted Romanian cultivars that had not
been previously studied, the development of an efficient regeneration protocol is essential.
Therefore, in the present study, the morphogenic response (shoot, root, and callus formation)
of various explants (cotyledons, cotyledonary nodes, hypocotyls, leaf explants, internodes,
stem nodes and apical buds) to in vitro culture conditions was investigated. Based on
the obtained results, subsequently a direct shoot organogenesis protocol from stem nodes
and apical buds was established after testing the explants reaction on culture media with
various cytokinins. Development of effective in vitro micropropagation protocols to obtain
high-quality tomato plants could significantly reduce the market value of seedlings, which
became expensive, especially for the valuable cultivars. Such plant biotechnology tools
opened great opportunities for genetic engineering of tomatoes [24]. Plant regeneration
from cultured tissues is genetically controlled and factors such as the age and physiological
condition influences the response of explants to in vitro culture conditions [25]. It was
shown that high germination rates are important to obtain homogenous sets of shoots
used for the induction of tissue cultures [26]. There were no significant differences in
TGP and MGT between ex vitro and in vitro germination conditions within the same
cultivar. However, overall high germination percentages were registered, varying between
68–91% (cvs. ‘Darsirius’ and ‘Capriciu’) for ex vitro conditions and 71–89% (cv. ‘Darsirius’
and cv. ‘Pontica’ for in vitro germination tests. The shortest MGT was obtained in cv.
‘Capriciu’ for both ex vitro (9 days) and in vitro (11 days) germination procedures. It was
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reported that the MGT in tomato under ex vitro conditions was 20% lower when zinc
oxide nanoparticles with a certain size and concentration were used [27] or when priming
treatments were applied [28].

There are a broad range of studies showing that in vitro tomato regeneration was
dependent on the genotype, type of explants, age, type and concentration of plant growth
regulators, and growth conditions [29–31]. For example, high proliferation efficiency was re-
ported for hypocotyls [4,32,33], nodal explants [34], cotyledonary leaves and nodes [35,36],
and petiole explants [37]. Our results confirmed that among the explant types studied,
apical buds and stem nodes displayed the highest percentage of response in all cultivars.
On the other hand, we obtained lower regeneration percentages, for hypocotyls (between
10% in cv. ‘Pontica’ and 16% cv. in ‘Kristin’), internodes (between 8% cv. ‘Siriana’ and 21%
cv. ‘Capriciu’), and cotyledonary nodes (up to 19% cv. ‘Capriciu’), results that confirm
that the explant type influences the in vitro regeneration efficiency. A successful plant
regeneration system has been reported from different tomato explant types on medium
supplemented with TDZ and auxin [38]. In contrast, the medium fortified with TDZ did
not improve regeneration in various explants in tomato, while Z showed the best results
concerning multiple shoot induction [39].

In our study, we obtained the highest efficiency in terms of direct shoot organogenesis
from apical buds (98% cv. ‘Capriciu’) on culture media with Z and IBA. Some authors
reported 80% direct shoot regeneration from tomato shoot tips grown on MS medium with
Z and IAA [40]. Other studies showed high shoot regeneration of apical buds on media
supplemented with K and BA [41]. It was underlined that TDZ inhibits root formation in
in vitro grown tomato [36]. In the studied cultivars rooting occurred for stem nodes and
apical buds on media containing TDZ and IBA. Some authors reported high number of
roots per shoot on culture media without PGRs [42]. Similarly, we obtained rooting in all
genotypes (for both explant types) even on medium without PGRs. Some cultivars showed
adventitious root formation mainly on stems developed from apical buds. It was shown
that IBA, the most common exogenously applied plant growth regulator, has a greater
ability to promote adventitious root formation than IAA [43].

Indirect organogenesis via callus in tomato was reported [30]. Callus induction for
various purposes from different explants, such as internodes [44], cotyledon explants [45],
and hypocotyls [46] was studied. In the present study, callus formation at the explants base
was a spontaneous effect of the in vitro culture (on media with a cytokinin and IBA), which
did not influence direct shoot organogenesis. It was shown that callus formed at the base of
nodal explants did not suppress regeneration of shoots and had no further consequences on
growth of tomato plants [17]. Nevertheless, direct organogenesis from explants is the best
option for multiplication as it leads to the generation of true-to-type plants [47]. To preserve
all the traits of the cultivars genetic uniformity is of paramount importance especially
for micropropagation. However, further studies are necessary to assess if morphological
changes that could arise following ex vitro acclimatization of seedlings till ripening.

5. Conclusions

The present study describes a direct organogenesis protocol from stem nodes and
apical buds in five Romanian tomato cultivars. It can be concluded that the response of
different tomato genotypes and explants on various culture media was different in terms of
organogenesis. Optimal direct shoot bud induction was obtained in cv. ‘Capriciu’ using a
solid MS medium supplemented with 1.5 mg L−1 Z and 0.2 mg L−1 IBA for both apical
buds and stem nodes. Establishment of highly efficient regeneration protocol for these
commercially valuable cultivars is definitely justified. Based on the promising results in
all mentioned parameters we anticipate that these five Romanian tomato genotypes will
represent new resources for improved breeding varieties and approaches and research
towards preserving local cultivars.
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