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Abstract: Potatoes (Solanum tuberosum L.) constitute one of the most economically important annual
crops. In terms of tissue culture, potato microtubers (MTs) have a number of advantages over
conventional plants. These advantages include their small size, which greatly facilitates storage,
transport, and germplasm exchange compared to in vitro plants. One effective solution for the
production and mass propagation of healthy MTs is the use of temporary immersion systems (TISs). In
this study, in a SETIS™ system containing kinetin/gibberellic acid (GA)/indole-3-butyric acid (IBA)
hormones, we investigated the effects of different nutrient media on the morphological characteristics
of potato explants and MTs. We determined the optimal cycling duration (3 h) with an immersion
frequency of 2 min. The results revealed that the optimal nutrient medium for culturing single-node
potato explants in a SETIS™ bioreactor was the M7 medium containing kinetin (2 mg/L), GA
(0.5 mg/L), and IBA (0.5 mg/L). The optimal nutrient medium for obtaining potato MTs was the
M1 medium (hormone-free) with a high concentration of sucrose (9%) at 18 °C under dark growing
conditions. Thus, a universal nutrient medium, employed in a bioreactor, was selected for the mass
propagation of potato MTs for both domestic and foreign potato varieties.

Keywords: potato (Solanum tuberosum L.); microtubers; temporary immersion system; varieties;
nutrient medium; immersion frequency

1. Introduction

According to the Food and Agriculture Organization (FAO) database, potatoes (Solanum
tuberosum L.) are one of the most important food crops grown worldwide, with an annual
global production of more than 470 million tons [1]. Potatoes play a key role in crop pro-
duction, ensuring food security, notably in Kazakhstan, where up to 700 thousand tons of
seed potatoes are required annually [2]. In addition to seed potatoes grown in the country,
about 30 thousand tons of seed potatoes are imported each year, with about 80% of these
coming from the Netherlands through private companies [3].

According to figures from 2023, potatoes occupied 187.8 thousand hectares in Kaza-
khstan, with the gross harvest amounting to 3788.1 thousand tons. At the same time,
the 2023 yield was only 20.5 t/ha [2]. In industrial production, potatoes are vegetatively
propagated using seed tubers, which makes them highly vulnerable to viral infections and
seed-borne disease transmission [4].
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Today, the use of healthy, virus-free seeds is one of the key objectives in successful
potato production [5,6]. Certified seed systems typically start with minitubers, which are
produced from healthy in vitro plants under controlled conditions. However, the main
limiting factors for minituber seed potato production are the low multiplication rate and
adaptation problems after transplantation into open fields [7]. Microtubers (MTs) are
miniaturized seed materials weighing between 24 and 280 mg [8]. As MTs are produced
under controlled conditions, the risk of contamination is very low, making them an ideal
starting material for seed tuber production. MTs are suitable for medium-term storage and
are therefore excellent multiplication materials [9]. They can also be planted directly into
soil and grown all year round [10]. In vitro propagated potato seedlings are commonly
used for tuber production in seed potato production programs [11]. In vitro MT production
aids in addressing challenges such as virus-free seed potato storage, important variety
conservation, and healthy genetic material sharing [10,11]. MTs can be produced, stored for
a year, and then immediately transported to markets without the need for transplantation
to a fresh environment and subsequent acclimatization [12]. Therefore, MTs have been
proposed as an alternative source of first-generation seed potatoes derived from tissue
culture; such an approach solves problems during the transplanting of vegetative seedlings
from in vitro to in vivo conditions and addresses storage issues [13].

One of the solutions for producing healthy seed potatoes is the use of temporary
immersion systems or bioreactors (TISs/TIBs), which are becoming increasingly popular
among biotechnological methods for large-scale crop micropropagation [14]. These systems
improve nutrient availability and prevent physiological changes and cell deformation [15].
This allows for optimizing the conditions for a specific culture and improving regeneration
protocols by adjusting the immersion frequency, which is usually a few minutes. It is
necessary to use bioreactors capable of providing adequate controlled conditions for the
physiological growth and development of different types of cultures.

In recent years, many studies have been conducted using various immersion systems,
including RITA® systems (Cirad, Vitropic, France) [16], temporarily immersed modular
bioreactors BIoMINT™ I and II (Getzersdorf, Austria) [17,18], the Monobloc Advance Tem-
porary immersion bioreactor system MATIS® (CIRAD, Montpellier, France) [16], gravity
immersion bioreactors (BIGs) [19], temporary immersion bioreactors (TIBs) [15,20], and
SETIS™ systems (Vervit, Zelzate, Belgium) [21].

The SETIS™ system offers ample space for illumination and includes a silicone
frame with a stainless-steel mesh (0.9 mm pore size), which facilitates the manipulation of
different culture media. It also has a reservoir for storing up to 3 L of a culture medium [22].
These characteristics make this system an attractive option for potato cultivation and MT
production [23]. The use of bioreactors presents significant opportunities. Among these, the
temporary immersion system (TIS), which includes SETIS™ systems, has emerged as the
most widely adopted choice [24,25]. TIS plant production can aid in addressing growing
labor costs and worker shortages. It offers much faster and cheaper plant multiplication of
a comparable or even better quality than agar cultures [19,26]. Additionally, the production
time is much shorter. After four months of production using agar cultures, 195 plants can
be produced starting from just 10 [27].

One of the key factors affecting the growth and development of potato plants in the
bioreactor is the nutrient medium [20], various combinations and modifications of which
contribute to the efficiency of potato plant microclonal propagation [20]. The formation of
plants with a developed root system plays a key role in the process of clonal micropropaga-
tion. A strong root system has a positive effect, allowing more nutrients to be assimilated
and MTs to be formed. An important aspect of developing a strong root system, key to
the success of MT production, is the use of phytohormones to stimulate the rhizogenesis
process in single-node potato cuttings. In one study, many MTs were generated on nutrient
media containing a high concentration of sucrose [8]. Meanwhile, morphological character-
istics such as plant height (PH), root length (RL), number of internodes (NNs), weight per
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plant (WP), microtuber diameter (DM), number of microtubers per plant (NMP), and total
microtuber weight (TW) were highly dependent on potato genotype [28].

Many studies have been carried out to determine explant types, as well as the influence
of nutrient media on MT formation [29,30]. Practically speaking, for each variety, it is
necessary to select the optimal conditions for cultivating potato plants. However, there
are no studies describing the mass production of healthy potato seed material on a single
optimized nutrient medium for cultivating explants and MT production.

Due to the low quality of domestic seed and planting material, as well as the inade-
quate national controls, 95% of potato seeds in Kazakhstan come from abroad [31].

The objective of this study was to develop an optimal protocol for the mass production
of potato MTs in the SETIS™ system for both domestic and foreign potato varieties and to
evaluate their morphological characteristics.

2. Materials and Methods
2.1. Plant Materials and Growth Conditions

The plants of 8 potato varieties were used as plant material: 4 varieties of Dutch
origin (Minerva, Romano, Aladdin, and Soprano), 2 varieties of German origin (Gala and
Natasha), and 2 varieties of domestic origin (Aksor and Tobol). Potato plants were obtained
as described previously [32]. Potato plants were grown under the following conditions:
25°C, 16 h/8 h (light/dark) light cycle, 244 umol m~2 s~! of warm white lights, and 50%
relative humidity. Figure 1 shows a flowchart detailing the protocol’s various steps.

Plant materials
(Potato seed
material (tubers))

23-26°C, 16/8 h (day/night), 244 ;'lmol m~2 s-1 of warm white lights

MS nutrient medium with vitamins, [ Apical meristem (0.1-0.2
3% sucrose without hormone \ mm)

23-26°C, 16/8 h (day/night), 244 imol m-2 s-1 of warm white lights

sucrose, Kinetin 2 mg/L, GA 0.5 mg/L, IBA In vitro plants

MS nutrient medium with vitamins, 3% {
2 mg/L

1 month
23-26°C, 16/8 h (day/night), 244 umol m-2 s-1 of warm white lights

Cultivation of Single
9 One hundred explants,

node POtajto each consisting of a single
Explants in node (1-3 cm)
SETIS™

Morphological characterization measurement 1 month
(Plant height, Root length, Number of nodes)

18°C, Dark room

MS nutrient medium with Potato microtubers
vitamins, 9% sucrose, without Rk ™
hormones in SETIS
Morphological characterization measurement (weight per plant,
diameter of microtuber, number of microtubers per plant, total weight) 1.5-2 month

STM

Figure 1. Flowchart detailing the different production steps for potato microtubers in a SETIS'™ system.



Agronomy 2024, 14, 1782

40f17

2.2. Apical Meristem Cultivation

Potato tubers were grown under controlled conditions in a greenhouse at 23-26 °C
with a 16/8 (day/night) light regime, 244 umol m~2 s~ ! of warm white lights, and 50-60%
humidity. After the plants reached 20 cm, the shoot tops were cut off, washed under
running water, and disinfected with 1:1 bleach solution (2.5% active chlorine) for 10 min in
a laminar flow chamber. The explants were then washed with 70% ethyl alcohol (EtOH)
for 5 s, after which the explants were washed 5 times with sterile distilled water. The
shoot apical meristem, consisting of the apical cone and one to two leaf primordia, was
isolated under a microscope (Premiere SMZ-05, USA) in a laminar flow chamber (ESCO,
Changi, Singapore). Isolated apical meristems of 0.1-0.2 mm were transplanted onto
4.43 g/L of a Murashige and Skoog (MS) nutrient medium with vitamins (PhytoTechnology
Lab, Lenexa, KS, USA) [33], containing 0.8% agar (Santa Cruz Biotechnology, Dallas,
TX, USA), 3% sucrose (Sigma-Aldrich Chemie GmbH, Steinheim, Germany), 2 mg/L
kinetin (AppliChem GmbH, Darmstadt, Germany), and 40 mg/L ribavirin (PhytoLab
GmbH & Co. KG, Vestenbergsgreuth, Germany); the pH was adjusted to 5.8-6.0 before
autoclaving. Apical meristems underwent weekly subculturing onto the MS nutrient
medium as described above. After one month, the obtained regenerants were transplanted
onto 4.43 g/L of the MS nutrient medium with vitamins and 3% sucrose without hormones;
the pH was adjusted to 5.8-6.0 before autoclaving. Apical meristems were grown under
the following conditions: 25 °C, 16 h/8 h (light/dark) light cycle, 244 pmol m~2 s~ ! of
warm white lights, and 50% relative humidity. After one month, the obtained regenerants
were cloned for the further propagation and cultivation of single-node explants in the
SETIS™ system.

2.3. Cultivation of Single-Node Potato Explants in SETIS™

One hundred explants, each consisting of a single node (1-3 cm) obtained from
cloned regenerants, were cultured for 1 month in sterile SETIS™ system (Vervit, Zelzate,
Belgium) vessels consisting of two parts (culture and nutrient), each with 1000 mL of
the nutrient medium. The medium contained 4.43 g/L of the Murashige and Skoog
medium with vitamins [33], 3% sucrose, 2 mg/L kinetin, 0.5 mg/L IBA (Sigma-Aldrich
Chemie GmbH, Steinheim, Germany), and 0.5 mg/L GA (PhytoLab GmbH & Co. KG,
Vestenbergsgreuth, Germany); the pH was adjusted to 5.8-6.0 before autoclaving (Table 1).
A SETIS™ bioreactor connected to an automatic air pressure regulator (0.5 bar) was
placed under temperature conditions of 23-26 °C, 16/8 h (day/night) light cycle, and
244 umol m~2 s~ ! of warm white lights. The nutrient medium was replaced three times
a month. To select the optimal nutrient conditions for PH, RL, and NN, the Gala variety,
which is widely cultivated in Kazakhstan and abroad, was selected. The Gala variety was
cultured using seven different nutrient media of MS, with different cycles (1, 3, and 5 h) at
immersion frequencies of 2 min, and the addition of kinetin, GA, and IBA.

Table 1. Nutrient media for potato explant cultivation.

. Hormones (mg/L) TIS—Immersion Frequency
Media . . .
Kinetin GA IBA (2 min Immersion)
1h
M1 0 0 3h
5h
1h
M2 0.5 0 3h
5h
1h
M3 0 0 3h

5h
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Table 1. Cont.

Hormones (mg/L) TIS—Immersion Frequency

Media

Kinetin GA IBA (2 min Immersion)

M4

1h

0.5 0 3h
5h

M5

1h

0 0.5 3h
5h

Meé

1h

0.5 0.5 3h
5h

M7

1h

0.5 0.5 3h
5h

2.4. Potato MTs in SETIS™

After 1 month of culturing, the nutrient medium was replaced in order to obtain
potato MTs (Table 2). The SETIS™ bioreactor was placed in a dark room at 18 °C and
connected to an automatic air pressure regulator (0.5 bar). The explants were cultured for
1.5-2 months until MTs formed. The nutrient medium was changed three times per month.
After optimizing the immersion frequency (3 h) and selecting the optimal nutrient medium
for cultivating single-node explants (M7) and forming potato microtubers in a SETIS™
bioreactor (M1), we introduced seven more potato varieties.

Table 2. Nutrient media for obtaining potato microtubers.

Hormones (mg/L) TIS—Immersion Frequency
Kinetin IBA (2 min Immersion)

1h
M1 0 0 3h
5h
1h
M2 0 2 3h
5h
1h
M3 2 0 3h
5h
1h

M4 2 2 3h
5h

Media

2.5. Statistical Analysis

Significant results were tested using two-way analysis of variance (ANOVA) and a
post hoc Duncan’s Multiple Range Test [34]. The a priori significance level was established
at p <0.05. A principal component analysis (PCA) was performed using the JMP pro
17 software (JMP Statistical Discovery LLC, Cary, NC, USA) and SPSS Statistics 27 soft-
ware (IBM) software packages. A Pearson’s correlation analysis was completed using
the ggcorr function, prepared using the GGally package Ver. 2.2.1 in RStudio version
2024.04.2+764 software (www.rstudio.com, accessed on 13 August 2024) developed by the
R Core Team [35]. All of the data analyses were performed for three biological repeats
(n = 100) per treatment (media/immersion frequency), and the values shown in the figures
represent the average values of these. Sample variability is given as the mean =+ SD.


www.rstudio.com
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3. Results
3.1. Selection of the Optimal Nutrient Medium for Cultivating Single-Node Potato Explants
in SETIS™

As shown in Figure 2, higher values for plant PH, RL, and NN were observed when
immersed in the nutrient medium every 3 h (Figure 2D-F). Thus, with the M7 nutrient
medium, the PH reached 17.23 £+ 1.2 cm, the RL was 29.9 + 1.8 cm, and the NN was
12.6 & 0.5 pes. This was followed by the M4 and M6 nutrient media, where the PH was
12.7 & 0.9 cm and 14.6 £ 0.6 cm, the RL was 26.2 + 1.5 cm and 26.2 & 1.4 cm, and the NN
was 9.0 = 0.0 pcs and 8.6 £ 0.5 pcs, respectively.

- Ml =2 M3 mm M5
o M2 == M4 =m M6

= M7
40
_
£ - H
CJ
= =]
= 3 b b
A = he e
e bl
H S c
= S
S 4
-
5

Immersion frequency (h)

Figure 2. Morphological characteristics of potato plants depending on different nutrient media
and immersion frequencies of Gala potato variety. (A) Single-node potato explants obtained from
one-month cloned regenerants (1-3 cm). (B) Active growth of potato plants (2-3 weeks). (C) Rack
with SETIS™ bioreactors (3—4 weeks). (D) Plant height. (E) Root length. (F) Number of nodes. Data
are means + standard deviations of three biological replicates. M1 (without hormones), M2 (kinetin
0mg/L, GA 0.5mg/L, IBA 0 mg/L), M3 (kinetin 2 mg/L, GA 0 mg/L, IBA 0 mg/L), M4 (kinetin
2mg/L, GA 0.5mg/L, IBA 0 mg/L), M5 (kinetin 0 mg/L, GA 0 mg/L, IBA 0.5 mg/L), M6 (kinetin
0 mg/L, GA 0.5 mg/L, IBA 0.5 mg/L), and M7 (kinetin 2 mg/L, GA 0.5 mg/L, IBA 0.5 mg/L).
Scale bar: 1 cm. According to the Duncan test, different letters above the bars indicate significant
differences (p < 0.05).

The results showed that immersion for 1 and 5 h resulted in low PH, RL, and NN.
In comparison, after 3 h of immersion, the PH value of the M7 nutrient medium was
57.8 and 26.1% higher than those after 1 and 5 h of immersion, respectively. The RL after
3 h immersion was about 30% higher than that after 1 and 5 h of immersion, respectively,
whereas the NN was 44.7 and 18.4% higher than that at 1 and 5 h of immersion, respectively.

The lowest PH, RL, and NN of all the nutrient media were in the hormone-free (control)
medium M1 regardless of immersion time.

The results of the two-factor analysis of variance revealed a strong significance
(p < 0.001) in terms of the nutrient media (M) and immersion frequency (I) regarding
PH (26.7 and 61.4%), RL (34.9 and 34.7%), and NN (48.3 and 24.5%). The M x I interaction
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PC2 (5.4 %)

showed a significant relationship (p < 0.001) with PH (5.9%) and NN (11.2%), but there was
no significant difference in RL (9.2%) (Table S1).

The principal component analysis (PCA) confirmed that, after 3 h of immersion, nu-
trient medium M7 resulted in the maximum potato explant growth and development.
Figure 3A shows that the PCA explained 96.5% of the total variation, with PC1 explaining
91.1% and PC2 explaining 5.4%. The Pearson’s correlation analysis showed that nutri-
ent media and immersion frequency were positively correlated with PH, RL, and NN
(Figure 3B). A strong correlation was observed between PH and RL (r = 0.714, p < 0.001),
PH and NN (r = 0.789, p < 0.001), and RL and NN (r = 0.686, p < 0.001).

B
Root length [RL]s R L B
. M2(I-3) o
M5(I 11_} MG-1), 1, . . Mag=3), aM6(1-3)
(i) ,\15‘1_5‘-' "M5(-5) _sM#G-5)_————— Plant height [PR] & )
Mi(-1 D " Ai PH
“M7(iber ofnodes [NNJe
|F ke k% %
Media %k %k %kk

PC1 (91.1 %)

Figure 3. Principal component analysis (PCA) (A). (B) Pearson’s correlation analysis examining
morphological characteristics under different nutrient media and immersion frequencies. The blue
and red colors correspond to positive and negative correlations, respectively. IF—immersion fre-
quency; PH—plant height; RL—root length; and NN—number of nodes. *, p < 0.05; **, p < 0.01; and
***, p <0.001.

Thus, we concluded that, by immersing potato explants every 3 h and adding kinetin/
GA/IBA hormones, it is possible to obtain full-grown plants with a well-developed root system.

3.2. Selection of the Optimal Nutrient Medium for Potato MT Formation in SETIS™

Similarly to the optimization of nutrient media for cultivating single-node potato
cuttings, we conducted an experiment to select the optimal nutrient media for potato MT
formation in a SETIS™ bioreactor. Microtuber WP, DM, NMP, and TW were selected as
the main morphological characteristics to be analyzed. Again, we used the Gala variety
and cultivated it on four different MS nutrient media with different cycles (1, 3, and 5 h)
and 2 min immersions with the addition of kinetin and IBA (Figure 4).

It was found that the best microtuber WP, DM, NMP, and TW of the MTs were achieved
with a 3 h immersion frequency and M1 nutrient medium (Figure 4C-F). With nutrient
medium M1 (without hormones), the WP reached 1.6 & 0.03 g, the NMP was 8.33 £ 0.5 pcs,
and the TW of the MTs was 34.0 & 1.7 g. However, the DM was the smallest, amounting to
1.3 + 0.3 cm in M1 and M2, whereas DM values of 1.7 + 0.05 cm and 1.8 + 1.1 cm were
observed in M3 and M4, respectively.
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Figure 4. Morphological characteristics of potato plants depending on different nutrient media
and immersion frequencies of Gala potato variety. (A) Potato microtubers in SETIS™ bioreactor
(2-3 weeks). (B) Microtuber formation in SETIS™ bjoreactor (34 weeks). (C) Weight of microtubers
per plant. (D) Diameter of MT. (E) Number of microtubers per plant. (F) Total weight. (G) Harvested
microtubers (4 weeks). Data are means + standard deviations of three biological replicates. M1
(without hormones), M2 (kinetin 0 mg/L, IBA 2 mg/L), M3 (kinetin 2 mg/L, IBA 0 mg/L), and M4
(kinetin 2 mg/L, IBA 2 mg/L). Scale bar: 1 cm. According to the Duncan test, different letters above
the bars indicate significant differences (p < 0.05).

In the M1 nutrient medium, the microtuber WP values at immersion frequencies of
1 and 5 h were 24-34% lower than that at 3 h immersion. The NMP in M1 was 28 and 48%
higher compared with 1 and 5 h of immersion. The TW of the MTs for a 3 h immersion was
23 and 60% higher. The DM was 0.8-1.3 cm in most varieties.

The two-factor analysis revealed a strong significance between the nutrient media
and microtuber WP (19.2%) and DM (18.2%) (p < 0.01), as well as between the nutrient
media and the NMP (34.4%) and TW (39%) of the MTs (p < 0.001). Immersion frequency
also showed a strong significance (p < 0.001) with all the parameters, namely microtuber
WP (52.5%), DM (46.2%), NMP (43.8%), and TW (33.3%) (Table S2). However, nutrient
media (M) and immersion frequency (I) did not have a significant effect on the microtuber
WP (3.6%), DM (2.6%), and NMP (7.9%), although they had a strongly significant effect
on the TW (20.9%) of the MTs. Thus, we concluded that, with an immersion frequency of
3 h and the addition of kinetin/IBA hormones, potato MTs can be produced en masse in a
SETIS™ bioreactor.

The principal component analysis (PCA) confirmed that, among the four media,
nutrient medium M1 at an immersion frequency of 3 h was the most effective in producing
potato MTs. Figure 5A shows that the PCA explained 96.9% of the total variation, with PC1
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explaining 75.5% and PC2 explaining 21.4%. The Pearson’s correlation analysis showed
a negative correlation between the nutrient media and microtuber WP, NMP, and TW,
whereas immersion frequency showed a positive correlation with all the parameters studied
(Figure 5B). A strong correlation was observed between the WP and NMP (r = 0.756,
p <0.001) and the NMP and TW (r = 0.828, p < 0.001).

PC2 (21.4 %)

B
4
3 Diameter of? mi.crotubers [DM] TW
2
NMP
ME(1-3)  TMAE-3)
1
sM3(1-3) M2¢-3)
o a Wei W 1.0
sM4(-1) " NS  Weightper plant [WF], DM ||
0 aM2(1- e 05
3(1-1)sM2(I-1) e o0
MoCL S T Numberof microtubers per plant [NMPJe
sM1(I-1)
1 WP = fedk s
aM1(1-5) MI1(I-3), -,
Total \\'e’ght [TW]
2
IF X * * *
-3
. Media * *
-4 3 2 -1 1 2 3 4

PC1 (75.5 %)

Figure 5. Principal component analysis (PCA) (A). (B) Pearson’s correlation analysis between mor-
phological characteristics under different nutrient media and immersion frequencies. The blue and
red colors correspond to positive and negative correlations, respectively. [F—immersion frequency;
WP—weight of microtubers per plant; DM—diameter of microtuber; NMP—number of microtubers
per plant; and TW—total weight. *, p < 0.05; **, p < 0.01; and ***, p < 0.001.

As a result of our work on MT production, we found that the hormone-free nutrient
medium was the best for MT formation.

3.3. Introduction of Potato Varieties into SETIS™

As can be seen from Figure 6, almost all potato varieties had similar PH, RL, and NN.
PH and RL were the highest in the Romano variety, at 17.2 £ 1.0 cm and 31.4 & 1.4 cm,
respectively (Figure 6A,B). However, the maximum number of internodes (NN) was ob-
served in the Natasha variety, with 14.3 £ 0.5 pcs (Figure 6C), while the minimum PH was
found in the Minerva and Aladdin potato varieties, with 14.5 &+ 0.7 cm and 15.2 & 0.6 cm,
respectively. An RL of 26.2 £ 1.9 cm and 26.7 & 2.6 cm was observed in the Aladdin and
Natasha varieties, respectively.

The microtuber WP values did not differ significantly among all potato varieties
(Figure 6D). There was variation in the DM values; this was largest in the Aksor va-
riety (1.6 £ 0.2 cm), followed by the Soprano and Natasha varieties at 1.5 £ 0.15 cm
and 1.4 & 0.2 cm, respectively (Figure 6E). There was also a slight difference in the NMP,
whereby the highest values were for the Aladdin variety (9.33 & 0.5 pcs) and the lowest
values for the Tobol and Minerva varieties (7.33 £ 0.5 pcs) (Figure 6F). The TW in all
varieties ranged from 31.9 to 37.5 g (Figure 6G).

According to the PCA, the first two components, PC1 (34.9%) and PC2 (25.4%), made
the most significant contribution, accounting for 60.3% of the total variance in the potato
morphological parameters and thus confirming the trend in the results (Figure 7A). The
results revealed that the optimized nutrient medium and immersion frequency had the
most significant effect on varieties such as Aksor, Soprano, Natasha, Romano, and Minerva;
they had a less significant effect on the Aladdin and Tobol varieties. A high positive
correlation was observed between PH and DM (r = 0.483), RL and TW (r = 0.501), and NN
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and WP (r = 0.734), whereas a negative correlation was identified between RL and NMP

(r=—0.515), WP and NMP (r = —0.533), and DM and TW (r = —0.547) (Figure 7B).
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Figure 6. Morphological characteristics of plants of seven potato varieties. (A) Plant height. (B) Root
length. (C) Number of nodes. (D) Weight of microtubers per plant. (E) Diameter of microtuber.
(F) Number of microtubers per plant. (G) Total weight. All morphological characterization data were
collected after 4-5 weeks of culturing in the SETIS™ system. Data are means =+ standard deviations
of three biological replicates. According to the Duncan test, different letters above the bars indicate
significant differences (p < 0.05).
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Figure 7. Principal component analysis (PCA) (A). (B) Pearson’s correlation analysis between mor-
phological characteristics under different nutrient media and immersion frequencies. The blue and

red colors correspond to positive and negative correlations, respectively. [F—immersion frequency;
PH—plant height; RL—root length; NN—number of nodes; WP—weight of microtubers per plant;
DM—diameter of microtuber; NMP—number of microtubers per plant; and TW—total weight.
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4. Discussion
4.1. Selection of the Optimal Nutrient Medium for Cultivating Single-Node Potato Explants
in SETIS™

Potatoes (Solanum tuberosum L.) are considered the fourth largest staple crop after rice,
wheat, and corn. As such, potato growing is one of the key branches of crop production dic-
tating food security in Kazakhstan [31,36]. In vitro culture has become of great importance
in potato maintenance and selection and in creating a healthy bank of varieties [37-40]. As
is widely known, the basis of modern, elite potato seed production in developed economy
countries is the production of high-quality pre-basic healthy material [41]. The use of
isolated apical meristems and clonal micropropagation in in vitro methods allows us to
ensure potato varieties are free from viral infections [42].

Time immersion bioreactors are a valuable option for producing potato microtubers.
This method not only induces more tubers than using a solid medium but also increases
tuber size and weight [43]. Using time immersion bioreactors improves the quality and
reduces the costs of seed potato cultivation [44]; yields and productivity in seed and
commercial potato farms can thus be increased. Temporary immersion systems can also
be used for the mass multiplication of regenerant plants during the planting season. This
technology opens up new possibilities for commercial laboratories involved in potato seed
production, as the resulting microtubers support long-term storage and can be transplanted
without the need for acclimatization. SETIS™ bioreactors offer many advantages over
other methods of culturing plant tissue. These advantages include reducing the risk of
contamination, saving costs on gelling agents, and providing a homogeneous nutrient
medium. Erol et al. reported that bioreactor systems performed better at the rooting stage
compared to solid culture [45]. However, this technology requires further modification
in order to improve and increase potato tuber yield by optimizing the nutrient media,
cultivation conditions, and immersion frequencies.

Liquid cultures are currently considered more effective for a number of species, includ-
ing potato MT production, compared to semi-solid nutrient media [46—48]. Recent studies
have shown that bioreactors can be successfully used for potato micropropagation [10,49]
and that they can also be easily used in liquid cultivation for the mass propagation of
vegetable, woody, fruit, ornamental, and medicinal plants [50,51].

In this study, we took single-node potato segments and placed them in a SETIS™
bioreactor. A previous study [9] showed that single-node potato segments are more effective
than double-node segments in potato MT formation. We optimized various nutrient media
and examined their effects on plant growth and development in a SETIS™ bioreactor. Thus,
we studied the effects of seven MS nutrient media with kinetin, GA, and IBA hormones,
aiming to explore their influence on morphological characteristics like PH, RL, and NN.

As a result, it was revealed that potato plants cultivated with the M7 nutrient medium
and kinetin/GA/IBA hormones had well-developed aerial parts and root systems. In
general, and based on our results, it was found that kinetin/GC or GC/IMC had a positive
effect on the growth and development of potato explants. In their absence, however,
few morphological characteristics were observed. According to the results of the two-
factor analysis of variance, morphological indices of PH, RL, and NN on the M7 nutrient
medium showed a strong significance (p < 0.001) compared to others. In this study, we
used IBA as an auxin, facilitating the obtaining of complete potato plants in a SETIS™
bioreactor. In comparison to IAA (indole-3-acetic acid), IBA is much more effective in
inducing lateral and adventitious plant roots [52], stimulating the accelerated growth and
elongation of the stem. Previous studies confirm that the presence of various auxins and
cytokinins in nutrient media has a positive effect on potato plant root formation, growth,
and development [53,54]. Currently, research in this field is focused predominantly on the
effects of kinetin [55], BAP [29], GA [56], chlorochlorine chloride (CCC) [57], zeatin [58], or
a combination thereof [59,60].

For the purpose of discovering the optimal growth and explant culture in the biore-
actor, we used different immersion frequencies (1, 3, and 5 h), with the results showing
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that an immersion frequency of 3 h significantly influenced all of the studied morpho-
logical characteristics (p < 0.001). Our data are consistent with previous research on the
different immersion frequencies in various crops [15,61,62], including potatoes [26], and
the explant immersion time was found to have influenced the morphological characteris-
tics. It is known that overly long immersion causes hyperhydricity in plants [63], while
overly brief immersion has been shown to be insufficient for potato explant growth and
development [15].

4.2. Selection of Optimal Nutrient Medium for Potato MT Formation in SETIS™

We carried out work to optimize four nutrient media for the Gala potato variety.
The hormones kinetin and IBA were used to optimize potato MT production, in addition
to different immersion cycles (1, 3, and 5 h) with an immersion frequency of 2 min, in
order to obtain MTs in a SETIS™ bioreactor. Based on the results, it was revealed that
a hormone-free nutrient medium (M1) with a high sucrose concentration (9%) was most
effective for MT production. An immersion cycle of 3 h was optimal for MT formation.
The studied morphological characteristics were microtuber WP, DM, NMP, and TW, and a
strong correlation was revealed between the nutrient medium, and WP and DM (p < 0.01)
and between the nutrient medium, and NMP and TW (p < 0.001).

Today, many researchers are studying the effects of hormones on MT formation,
with hormones having a significant influence on tuber initiation and growth in potato
plants [58,64,65]. Therefore, the effects of various growth regulators on MT reproduction
have been extensively studied, showing that the number of MTs increases significantly in
the presence of kinetin [66], 6-Benzylaminopurine (BAP) [67], and chlorochlorine chloride
(CCCQ) [68] when rapid MT production is the goal. Moreover, the addition of succinic acid
with BAP [64,69], zeatin [70], and thidiazuron [71] has similar effects on plant develop-
ment to that of kinetin [72], thus promoting MT formation and growth. In our study on
the Gala variety, MT formation did not require the addition of hormones. The data in
this study are consistent with that of previous research, confirming that a hormone-free
nutrient medium promotes an increase in the number of MTs in potatoes [73]. Many
studies indicate that low concentrations of sucrose reduce the MT growth rate [74], while
a high sucrose concentration, on the contrary, has a positive effect on growth and the
amount of potato MT formation [75]. Some studies reported a significant difference in the
immersion time of potato plants in obtaining MTs, which significantly affected the morpho-
logical characteristics [76]. In our case, the immersion cycle also had a strong correlation
(p < 0.001) with WP, DM, NMP, and TW. There are many studies on the optimization of the
immersion frequency in SETIS™ bioreactors, both in potatoes [77,78] and in various other
crops [21,79,80].

4.3. Introduction of Potato Varieties into SETIS™

An optimized nutrient medium that allows potatoes to grow regardless of their geno-
type and origin is needed for the mass propagation of potatoes. Previous studies have
mainly examined the effect of growing media on a specific potato genotype [81,82]. Thus,
after optimizing nutrient media for cultivating single-node explants and optimizing potato
MT production in a bioreactor, we introduced seven genotypes into a SETIS™ bioreactor.
Thereafter, the morphological characteristics of potatoes of various origins were studied.
According to the results, it was revealed that the PH of the Romano, Soprano, and Natasha
genotypes was the highest at 17.2 = 1.0 cm and 16.7 + 0.5 cm. The highest RL values
were demonstrated by the genotypes Romano, Soprano, and Minerva at 31.4 & 1.4 cm,
31.0 = 0.7 cm, and 31.0 = 2.5 cm, respectively. With respect to the NN indicator, the Natasha
genotype was identified as having a value of 14.3 £ 0.5 pcs. Many researchers report the
use of sucrose for enhanced in vitro potato tuberization, especially in high concentra-
tions [83,84]. In this study, we used nutrient media with 9% sucrose to obtain MTs. These
were then studied for their morphological characteristics: WP, DM, NMP, and TW. The
WP value for all genotypes was in the range of 1.4-1.6 g. DM varied and ranged between
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1.0 and 1.6 cm across all genotypes; similar results are reported in other studies [85-87].
The maximum NMP value was recorded for the Aladdin genotype, with approximately
nine pieces, while the minimum number was in the Tobol genotype (seven pieces). The
highest TW value was 37.5 £ 4.0 g in the Romano genotype; this was about 36.6 g in the
Minerva, Aladdin, and Soprano genotypes. These results are in agreement with recent
studies where a high sucrose content (8%) increased the germination rate, size, and number
of microtubers compared to low concentrations of sucrose (non-osmotic) [88]. According
to the PCA, the lowest indicator values for all studied morphological characteristics were
in the Aladdin and Tobol genotypes. The Pearson’s correlation analysis showed a high
positive correlation among the potato genotypes, which had r = 0.734 between the number
of internodes and the WP. RL was also positively correlated (r = 0.501) with TW. NN and RL
are important for obtaining potato MTs [89]. According to our results, a negative correlation
was identified between the NMP and RL (r = —0.515), as well as the WP (r = —0.533). Some
studies found no significant difference between NMP and RL, including TW [90,91].

5. Conclusions

The obtained results indicate that, for most genotypes, SETIS™ is an effective system

for producing mass quantities of potato MTs. Our research outcomes show that it is
possible to obtain fully fledged plants with a well-developed root system in 2-3 months
by using a nutrient medium, the M7 medium (kinetin/GA/IBA) and the M1 medium
(without hormones), with a high sucrose concentration (9%), which is effective for mass
MT production. A 2 min immersion frequency and a 3 h nutrient cycle are optimal for most
potato genotypes. Thus, for both domestic and foreign potato varieties, the obtained results
can be used as a universal method for mass MT production. In the future, further studies
will provide an alternative to the commercial cultivation of not only potatoes but also other
economically important plants.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/agronomy14081782/s1, Table S1: Two-way ANOVA indicating effect of
different nutrient media (M), immersion frequency (I), and their interactions (M x I) on plant height
(PH), root length (RL), and number of nodes (NN) of Gala potato variety; Table S2: Two-way ANOVA
indicating effect of different nutrient media (M), immersion frequency (I), and their interactions
(M x I) on weight per plant (WP), diameter of microtuber (DM), number of microtubers per plant
(NMP), and total weight (TW) of Gala potato variety.
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