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Abstract: The production of healthy propagating material of the potato (Solanum tu-
berosum L.) is based on in vitro micropropagation. In vitro conditions, however, can cause
stress leading to reduced quality, growth and development of in vitro plantlets. The ef-
fects of aeration and chemical additives on the in vitro growth and development and qual-
ity of potato plantlets were investigated. Four different jar closure types were tested, i.e.,
an intact metal cap (control), two layers of semi-permeable plastic foil, a metal cap with a
single hole, or a metal cap with three holes. Under tightly sealed conditions (intact metal
cap) the effects of silver nitrate (2.0 mg L) and 1-naphtylacetic acid (0.1 mg L) alone or
in combination with each other, meta-topoline (0.1 mg L), ascorbic acid (10.0 mg L),
salicylic acid (0.1 mg L), jasmonic acid (0.1 mg L) and glutamic acid (0.3 mg L") were
studied. Morpho-physiological parameters were measured at the end of the subculture.
Leaf development was a good indicator of the presumed ethylene effect. The development
and quality of the plantlets were best in cultures sealed with three-holed caps. Of the
chemicals applied, only the presence of silver nitrate resulted in high-quality plantlets.
The combined application of silver nitrate and 1-naphthaleneacetic acid promoted root
growth and development.

Keywords: ethylene; leaf development; plant quality; rooting; silver nitrate; stress;
tissue culture

1. Introduction

Plant tissue cultures (PTCs) need to be isolated from the external environment to
maintain them under sterile conditions and avoid desiccation of the plant material. How-
ever, the environment in a PTC is basically different from the natural environment of
plants [1]. A number of abiotic stress factors, including mainly high humidity, carbon di-
oxide (COz) level, endogenously produced ethylene (ETH) and other organic products,
the type and size of plant material, the composition of the culture medium used, the qual-
ity and quantity of light, and its duration affect the growth parameters, development and
viability of cultured plant tissue. If the level of a factor is outside the normal tolerance
range of a plant species, it will cause stress to it [2,3].

The excess water in the culture media is high compared to the normal soil conditions
of plants. In the airspace of a closed culture vessel, the relative humidity can reach 95-
99% [4]. This environment may cause developmental disorders, tissue and organ degen-
eration, like a poorly developed wax layer on the surface of plantlets and open stomata.
Plant cells may absorb too much water, and organs become malformed and lose their
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original functions. As a result, leaves and stems become bigger and swollen, often becom-
ing translucent, a phenomenon called hyperhydricity. Callus production, the develop-
ment of undifferentiated parenchymatic, highly vacuolated cells, also occurs. A high hu-
midity environment reduces the evaporation of plant material, thereby modifying the ab-
sorption of ions from the culture medium. These processes decrease the plant quality and
viability and may even lead to the death of the plant material [3,5]. Potato (Solanum tu-
berosum L. cv. Superior) plantlets in a hermetically sealed vessel showed the above-de-
scribed symptoms in the study by Park et al. [6]. However, plantlets have grown healthy
in a vented culture vessel, and also in a sealed culture vessel, when in the latter, potassium
permanganate, as an ETH absorbent, was present [6].

COz is also present in PTCs. In traditional tissue culture techniques, when sugar is
present in tissue culture media, the plant metabolism is mixotrophic. Potato plantlets use
both sugar and CO: as carbon sources in vitro, during the light period [7]. CO:z level in the
airspace of PTC varies according to the state of their photocycle, the type and growth state
of the plant material and the actual sugar level in the culture media. Low levels of CO:
(CO: starvation) reduced the growth of lily (Lilium orinetalis L. cv. Santander) and Ara-
bidpsis thaliana L. Heynh. plantlets in vitro and resulted in an increased amount of reactive
oxygen species (ROS) [2].

Accumulation of ETH in the PTC vessel deteriorates the quality of the plant, reduces
its growth, regeneration potential and viability. Therefore, we need to eliminate it or limit
its amount. To decrease or eliminate these harmful gaseous material, we need to ensure
some aeration of tissue cultures, without the possibility of contamination [1,8].

In summary, in addition to other microenvironmental factors such as photoenviron-
ment, temperature, or medium components, etc., it is necessary to control the ethylene,
COz levels and relative humidity in the airspace of culture vessels to reduce stress and
ensure normal in vitro growth and development.

Although potatoes can be grown easily under tissue culture conditions in vitro using
various explant types and several culturing techniques, it is also sensitive to culturing
conditions, which may decrease the yield and regeneration potential of explants [9]. Pota-
toes, similar to other plants, are very sensitive to poorly ventilated culturing conditions.
Chanemougasoundharam et al. [10] studied the difference between hermetic and non-
hermetic closure types, applying aluminum foil, cotton plugs and plastic caps on culture
tubes. Potato cultures covered with aluminum foil suffered from symptoms of poor ven-
tilation, such as decreased leaf size, smaller shoot length with a bigger diameter (swollen
shoots) and the presence of extra roots from shoots. Healthy development, higher chloro-
phyll content and dry mass were detected by using cotton plugs or plastic caps. Silver
nitrate (AgNOs) can regulate the activity of ethylene [11]. The use of AgNOs in the con-
centration of 2 mg L in semi solid MS (Murashige and Skoog) medium [12] decreased
the symptoms of excessive amounts of ethylene (epinasty, hyperhydricity) and showed
the optimal stem length and bigger leaf area compared to the plantlets grown on a control
MS medium without AgNOs [13]. Another study revealed the importance of aeration in
potato in vitro micropropagation, when sealed cultures suffered from stress symptoms,
like hyperhydration and reduction in growth parameters, but cultures with diffusive ven-
tilation by semi-permeable plastic foil had less symptoms. Symptoms caused by poor aer-
ation conditions can be decreased by the application of 3 uM AgNOs added to the culture
medium. No symptoms were registered in the case of forced ventilation, even if 1-amino-
cyclopropane-1-carboxylic acid (ACC) (2 uM), an ethylene precursor, was added to the
medium. In vitro tuberization was also considerably higher in the case of forced ventila-
tion [14]. In the case of the multiplication of gloxinia (Sinningia speciosa Baill.) in vitro,
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shoot regeneration tendency could be improved significantly by the application of eth-
ylene inhibitors, such as silver thiosulphate (STS), aminoethoxyvinylglycin (AVG) and co-
balt chloride [15].

Plant growth regulators (PGRs) have a very important function in plant response to
environmental stresses. The level of abscisic acid (ABA) in plant tissues indicates the stress
level of plants. It is proven that jasmonic acid (JA) and ETH play a key role in plant defense
against environmental stress factors [16-19], but cytokinins, auxins, gibberellins and
brassinosteroids are also involved in the response to abiotic stresses [20-22]. A novel study
revealed that in vitro cultured potato plantlets were in serious stress when their level of
ABA was much higher than in greenhouse-grown plants [23]. Salicylic acid (SA) is also an
important signaling molecule in plant responses to various biotic and abiotic stressors. SA
regulates the expression of stress-related genes in plant defense; thus, it helps to improve
the plant’s immunity to different stress factors. SA can also regulate the effect of other
PGRs, especially JA and ETH via signaling pathways. Subsequently, SA helps to improve
the yield of plant material (for, e.g., fruits) under stress conditions [24-26].

From the above studies, it can be concluded that aerating the vessels [10,11,14] or
supplementing the medium with various chemicals [12,13,15] that cause a decrease in eth-
ylene levels could effectively improve the regeneration, organogenesis, growth and qual-
ity of potato plantlets. Furthermore, other chemicals, such as various PGRs [20-22,24-26],
which are involved in plant stress mitigation, can potentially be used to produce healthy,
high-quality in vitro plantlets.

The aim of this study was to develop simple methods for producing high-quality in
vitro potato (Solanum tubersum L. cv. Desirée) plantlets during both in vitro culture
maintenance and propagation material production by reducing the potentially harmful
effects of using tightly sealed culture vessels. To achieve this goal, the effects of aeration
and some inorganic and organic chemical additives, including PGRs, on the quality and
in vitro growth and developmental parameters of potato plantlets were investigated.

2. Materials and Methods
2.1. Plant Material and Experimental Design and Conditions

In vitro nodal cultures of potato (Solanum tuberosum L. cv. Désirée) were maintained
on MS medium, complemented with 3% saccharose but without PGRs. The pH was set to
5.7-5.8 prior to autoclaving. Culture media were sterilized using an autoclave at 121 °C
and 1.2 bar pressure for 20 min. All cultures were kept in a culture room at a temperature
of 23 + 2 °C and a 16/8 photoperiod provided via a 1:1 mix of daylight and warm white,
fluorescent lamps in a vertical position, resulting in a light intensity of 80-106 umol s
m2,

Plant multiplication was performed on a PGR-free medium using single-node seg-
ments to obtain sufficient plant material for the experiments. Each jar contained 5 nodal
segments as explants on 70 mL of medium per jar, with a volume of 390 mL.

In the first experiments, different closure types of jars were tested. The various clo-
sures were as follows: (C1.) an intact, undrilled metal cap, without holes, i.e., control; (C2.)
two layers of semi-permeable plastic foil; (C3.) a metal cap with only one hole; or (C4.) a
metal cap with three holes. Metal caps were drilled with a drill bit (5 mm in diameter),
and sponges were applied across the holes to avoid contamination and desiccation of the
PTCs.

In the second experiments, additional chemicals were applied in the medium alone
or in combination under tightly closed conditions, i.e., applying intact, airtight metal caps
without holes (C1.). The applied chemicals were the following: (1) silver nitrate (AgNOs),
2.0 mg L, (2) 2.0 mg L' AgNO:s in combination with NAA (1-naphtylacetic acid) (0.1 mg
L), (3) NAA, 0.1 mg L, (4) MTP (meta-topoline; 6-(3-hydroxybenzylamino)purine), 0.1
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mg L, (5) VIT-C (ascorbic acid), 10.0 mg L, (6) SA (salicylic acid), 0.1 mg L, (7) JA
(jasmonic acid), 0.1 mg L, (8) GLU (glutamic acid), 0.3 mg 1-'. All of the additional chem-
icals were filter sterilized and added to the medium after autoclaving.

2.2. Data Collection and Statistical Analysis

Data were collected at the end of the subculture, after 4 weeks. Shoot number (SN),
shoot length (SL) (mm) per explant, node number of shoots (NN), leaf size (LS) (mm?) of
the fourth apical leaves, root number (RN), root length (RL) (mm) of plantlets, shoot
weight (SW) (mg), root weight (RW) (mm), and tuber number (TN) per jar were measured.
Measurements were made from 10 jars and each jar contained 5 nodal segments as ex-
plants.

SPSS for Windows software (SPSS® version 21.0) was used for statistical analysis.
One-way ANOVA followed by Duncan’s test at p < 0.05 was applied to analyze the data
of both experiments to compare the effect of different treatments.

3. Results
3.1. Effect of Culture Aeration

Different aeration of the cultures caused significant growth and developmental
changes in plantlets (Table 1). Significantly, most shoots (SN: 1.3 + 0.09) were produced in
cultures covered with two layers of plastic foils (C2.) (Figure 1B). Other coverage methods

were not significantly different from the control.

Figure 1. Effect of aeration of cultures on the growth and development of in vitro potato plantlets
((A): control; tightly closed coverage, (B): plastic foil coverage, (C): one-hole-caps coverage, (D):

three-hole-caps coverage).

The SL was significantly higher in cultures covered with drilled caps (C3. and C4.)
(Figure 1C,D) compared to closed cultures. It was significantly highest in cultures covered
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with three-holed caps (C4.) (52.4 + 2.6 mm) (Figure 1D). In cultures covered with one-
holed caps (C3.) (Figure 1C), SL was significantly higher (42.4 + 1.6 mm) than values of
control cultures (23.1 £ 1.1 mm) (C1.). In cultures covered with plastic foil (C2.), SL was a
bit lower than in totally closed control cultures, but the difference was not significant.

The difference in node numbers of regenerated shoots (NN) was small. NN was sig-
nificantly the highest under closed conditions (7.4 + 0.4) (C1.); however, it was the same
in all of the drilled-capped cultures (C3. and C4.) but lower than in tightly closed jars. The
plastic foil coverage (C2.) resulted in the lowest NN, but a statistically significant differ-
ence was proven only between the one-hole-capped (C3.) and plastic foil-covered (C2.)
cultures.

Table 1. Mean values of measured parameters with standard errors in aeration experiment. Meas-
urements are followed by letters that indicate significantly (p < 0.05) different values between treat-
ments according to ANOVA and Duncan tests (abbreviations: SN: shoot number, SL: shoot length,
NN: nodal number, LS: leaf size, RN: root number, RL: root length, SW: shoot weight, RW: root
weight, TN: tuber number).

LS

Type of Jar Closure SN SL NN (mm?2 of 4th RN RL SW RwW ™
ypP . (pes/shoot)  (mm/shoot)  (pcs/shoot) apical leaf) (pes/plantlet) (mm/plantlet)  (mg/jar) (mg/jar) (pcsfjar)
Tightly closed (C1.)  1.0+002b 231:1lc 7.4+04a 0b 28+02b 94+10b 442:26c 72+215¢ 0b
Fé‘;s;lc foilcoverage 3. g08a  19.6413c 54+04c 29:08b 35:04b 186+31b 634+45c 163+30c 0.04+006b
“hole-capped

One-hole-cappe 1.0+0.02b 424+16b 65+02b 903+6a 7.0+04a 654+3.6a 2060+12.0b 119.0+10.5b 03+0.03a
coverage (C3.)
Three-hole-capped

ree-hole-cappe 11+004b 524+26a 60+02bc 950+7.8a 79+04a 719+47a 262.0+182a 2040+17.0a 0.3+0.06a
coverage (C4.)

The main effect of closed conditions was the development of strongly rudimentary
leaf blades that cannot be measured practically (0 mm?). Plastic foil coverage (C2.) had a
similar inhibitory effect on leaf growth (LS: 2.9 + 0.8 mm?) as the undrilled, metal cap cov-
erage (C1.). The effects of coverage with drilled caps (C3. and C4.) resulted in healthy leaf
morphology and size. The highest leaf size was 95.0 + 7.8 mm? in cultures covered with
three-holed caps (C4.). However, the differences in LS between the cultures covered with
the two types of drilled caps were very low and non-significant.

The number of roots per plantlet (RN) was significantly higher (7.0 + 0.4 and 7.9 + 0.4)
in cultures covered with drilled caps (C3. and C4) in comparison with the RN of closed
control cultures (C1.) (2.8 £ 0.2) or in plastic foil covered cultures (C2.) (3.5 + 0.4). Numer-
ically, the highest RN could be achieved by applying three-holed caps (C4 (7.9 + 0.4). How-
ever, the number of holes on caps (C3. and C4) did not result in significantly different
RNs.

Length of roots (RL) was also significantly the highest (65.4 + 3.6 mm, 71.9 + 4.7 mm)
in cultures covered with drilled caps (C3. and C4.) compared with closed control cultures
(C1.) (9.4 + 1.0 mm) or with plastic foil covered (C2.) cultures (18.6 + 3.1 mm).

SW also showed a positive correlation with aeration. The lowest SW could be meas-
ured in closed control cultures (C1.) (44.2 + 2.6 mg). It was higher in value (63.4 + 4.5) in
cultures covered with plastic foil (C2.) but was statistically not significant from control
cultures. Drilled-capped cultures (C3. and C4.) gave much higher SWs. It was 206 = 12.0
mg per jar with one-holed caps (C3.) and 262.0 + 18.2 mg per jar with three-holed caps (4.)
were applied, respectively. SW was significantly the highest in response to the application
of three-holed caps.

RW followed the same tendency as SW. The lowest RW was measured in closed cul-
ture conditions (C1.) (7.2 £ 21.5 mg). Root mass doubled in cultures covered with plastic
foil (C2.), but the measured mean of RW was not significantly different from the mean RW
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value of closed cultures. RW was closely related to the degree of aeration. Cultures re-
sulted in 119.0 + 10.5 mg root mass per jar when they were covered with one-holed caps
(C3.) and 204.0 + 17.0 mg per jar when three-holed caps (C4.) were applied. The last one,
the three-holed cap coverage (C4.), resulted in significantly the highest root mass (RW).

No tubers were observed in closed control cultures (C1.). Cultures covered with one-
holed caps (C3.) resulted in a few tubers but this was not significantly different from the
control ones. Significantly, about tenfold higher amounts of tubers were produced in cul-
tures covered with three-holed caps (C4.) or in cultures covered with plastic foil (C2.); the
difference between the two covering methods was not significant.

3.2. Effects of Additional Chemical Additives in the Medium

In this part of our experiments, all cultures were under tightly closed conditions, cov-
ered with intact, undrilled caps (C1.). Applying additional chemicals in the medium sig-
nificantly altered the growth and development of in vitro potato plantlets (Table 2).

Regarding the number of newly produced shoots (SN), the cytokinin (MTP) treated
cultures (Figure 2G) gave the maximum SN value (1.9 + 0.4). A high value was detected
in response to the treatment of AgNOsapplied in combination with NAA (1.6 = 0.1) (Fig-
ure 2C) and to the JA treatment (1.6 + 0.1) (Figure 2E), respectively. MTP, AgNOs+NAA
or JA resulted in significantly higher amounts of shoots than were observed in the control
cultures (1.2 £ 0.06) (Figure 2A). All other additional chemicals resulted in a similar SN to
the control one.

The length of shoots (SL) was the highest from the impact of JA (29.2 + 1.1 mm) (Fig-
ure 2E), and it was the same from the impact of NAA alone (28.8 + 1.0 mm) (Figure 2D) or
GSH (26.4 £ 0.8 mm) (Figure 2H). The differences between them were not significant, but
all of them were significantly higher compared to the values of control cultures (23.2 +
1.1). AgNOs, MTP or SA treatment (Figure 2B, G, I) resulted in significantly lower SL than
the control treatment, but the treatment of silver nitrate led to the lowest SL (13.2 £ 0.9).

The NNs of regenerated shoots were the highest after JA treatment (11.5 +0.6) (Figure
2E). High NNs were detected after NAA treatment (Figure 2D) as well. GSH treatment
(Figure 2H) resulted in the same NN as the control one (7.4 + 0.4) (Figure 2A). All other
treatments resulted in significantly lower NNs, but the treatment with AgNOs was the
lowest among them (3.0 + 0.2) (Figure 2B).

AgNOs had the greatest effect on LS (leaf blade size). The highest leaf size resulted
from the AgNOs treatment when it was applied alone (12.1 + 3.0 mm?) (Figure 2B).
AgNOsapplied in combination with NAA (Figure 2C), resulted in only half the dimension
of leaf size (6.3 + 2.2 mm?), but this value was also significantly different from the values
of untreated (control) cultures (Figure 2A), where practically no leaf blades were measur-
able.

JA treatment (Figure 2E) yielded the highest number of roots (RN) (11.7 + 0.7), but
the treatment with NAA (Figure 2D) resulted in high amounts of roots (10.7 + 0.6) as well.
NAA applied in combination with AgNOs (Figure 2C), also stimulated root production
but in a much lower degree than NAA alone (5.5 + 0.7). GSH (Figure 2H). Similarly to
NAA, in combination with AgNOs, it also increased the RN, albeit to a lesser extent, but
it was significantly higher than the value measured in control cultures (2.8 + 0.2) (Figure
2A).

The length of roots (RL) was notably the highest in cultures containing AgNOs ap-
plied in combination with NAA (33.5 + 4.9 mm) (Figure 2C); however, NAA treatment
alone (Figure 2D) resulted in the same value. JA treatment (Figure 2E) also elevated the
length of roots significantly (20.8 + 1.0) in comparison with the treatment of GSH. The
treatment of GSH (Figure 2H) also resulted in moderately but significantly higher RL (16.9
£ 1.3) than the control cultures (9.4 £ 1.0) (Figure 2A).
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Figure 2. Effects of additional chemicals on the growth and development of in vitro potato plantlets
((A): control, i.e.,: no additional additives, (B): AgNO:s treatment, (C): combination of AgNOs and
NAA, (D): NAA treatment, (E): JA treatment, (F): vitamin C treatment, (G): MTP treatment, (H):
GSH treatment, (I): SA treatment).
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Table 2. Mean values of measured parameters with standard errors of the shoot treatment experi-
ment. Measurements are followed by letters that indicate significantly (p < 0.05) different values
between treatments according to ANOVA and Duncan tests (abbreviations: AgNOs+NAA: silver
nitrate, in combination with NAA (1-Naphthaleneacetic acid), NAA: 1-Naphthaleneacetic acid, JA:
jasmonic acid, SA: salicylic acid, AgNOs: silver nitrate, MTP: meta-topoline, GSH: glutathione, SN:
shoot number, SL: shoot length, NN: nodal number, LS: leaf size, RN: root number, RL: root length,

SW: shoot weight, RW: root weight, TN: tuber number).

LS
Chemical SN SL ( ci\/zﬁoot (mm? of ( csljl\iant (mmlelant- SW RW TN
Additives (pes/shoot) (mm/shoot) P ) 4th apical p Iert) ) IeI’Z) (mgfjar)  (mgfjar)  (pcsfjar)
leaf)
no additives 1+02c 232+1.1b 74+04b 0O0c 28+02d94+1.0de442+26e 72+15d Oc

1.6+0.09 21.1+0.09

AgNOs+NAA 7 o 40203d63:22b55207b335:49a 90.6493b47.9+102c03007a
132007 104 + 0. 10.7 £ 0.

NAA 3;20 288+10a 0 ;05 0oc M ;06 333420a1246+70al233+80a Oc
16+0.1 115+0. 117407

JA 6a+b0 292+1.1a 5a+ 06 ¢ a+ 07 08+10b1394+772972473b  0c

524005

SA 104002¢ 150£12d ~7 Oc 27+05d 49+09e 425+33e 2.0+0.7d 0.02+0.02c
12+0. 132417 55545,

AgNOs £0.06 135 100d 3.0402d 121434 23403d o2F 35£58 £1.10d 01+005b

blc C,d d,e
3.6+04

VIT-C 09+0.05¢200+15bc59+04c Oc T 82:10de434540e 94216d  Oc

MTP 19+04a 185+07c 55402¢12+02c22403d79+14de 729+52¢ 71+15d  Oc

GSH 1.0£0.02c 264+08a 83+03b Oc 4‘9bic0'3 16'?;1‘3 70‘3 33‘8 175423d  Oc

Treatment with JA (Figure 2E) resulted in the highest shoot mass (SW) (139.4 + 7.7
mg), but treatment with NAA alone (Figure 2D) gave similar results (124.6 + 7.0). NAA
applied in combination with AgNOs (Figure 2C), caused a lower value (90.6 + 9.3) than
previous treatments. The treatment with MTP or GSH (Figure 2G-H) gave the same results
(729 £5.2,70.9 + 3.8), and they caused a higher SW than was detected in control cultures

(9.4 + 1.0) (Figure 2A).

The weight of the roots (RW) was significantly the highest in cultures treated with
NAA alone (123.3 = 8.0 mg) (Figure 2D). JA (Figure 2E) strongly increased the RW (97.2 +
7.3 mg) as well. RW was also considerably high in cultures treated with a combination of
NAA and AgNO:s (47.9 = 10.2 mg) (Figure 2C), but it was less than half of the result pro-
duced with NAA alone. Only GSH (Figure 2H) enlarged the RW to a higher degree, but
the difference from values of control cultures or from the results of other treatments was

not significant.

The highest TN was observed in the presence of AgNOs, in combination with NAA
(0.3 +0.07) (Figure 2C), but tubers were also produced in the presence of AgNOs alone (0.1
+0.05) (Figure 2B). The latest was also significantly higher than in control cultures (Figure
2A), where the tuber number was zero. SA (Figure 2I) stimulated the production of tubers,
but to a very small extent (0.02 + 0.02). No tubers developed in response to any other

treatments.
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4. Discussion
4.1. Effect of Culture Aeration

The average SN was significantly higher than one in the case of plastic foil coverage,
but other treatments did not modify it. This may be explained due to the partial permea-
bility of the plastic foil, resulting in different air compositions in the culture vessels com-
pared with other treatments.

The average SL was much higher in cultures covered with drilled caps in comparison
with the results of plastic foil or undrilled caps coverage. Plantlets developed in tightly
closed cultures showed slight signs of hyperhydricity and developmental disorders, such
as slightly swollen stems, leaf degeneration, fewer and shorter roots, and callus produc-
tion (Figure 1A). These results correlate with earlier findings [14], when increasing the
ventilation of vessels improved the in vitro growth of potatoes, increased stem length,
reduced hyperhydricity, and leaf epinasty did not occur. This phenomenon may be ex-
plained by faster removal of the ethylene produced by the plant from the culture container
in response to increased aeration [14,27,28]. The higher NN counted in closed cultures can
presumably be due to the presumed accumulation of ethylene in culture vessels, and also
correlates with the literature [10]. In the relevant study by Chanemougasoundharam et al.
[10], the type of closure affected the number of leaves in a genotype-dependent manner;
however, when the aeration was increased due to the closure type, the number of leaves
increased as well. The ethylene accumulation in closed culture vessels spectacularly af-
fected the growth and size of the leaf surface. Leaves could not be developed well, or their
growth was rudimentary, with no visible leaf surface in cultures capped with tightly
closed, undrilled caps. Increased aeration likely led to reduced ethylene and humidity
levels in the airspace of the jars, leading to healthier growing leaves with a larger leaf area.
This finding was consistent with the studies of others [14,27], as diffusive and forced aer-
ation resulted in a 3-5-fold increase in leaf area in potato in vitro cultures [14], while leaf
expansion was reduced by about half in an in vitro culture of Ficus lyrata Warb. in closed
cultures compared to ventilated ones [27]. The average number of roots (RN) correlated
with the aeration level of vessel closure and accordingly with the presumed level of eth-
ylene [14]. The minimum number of roots was formed in tightly closed cultures. Only a
little bit more roots were developed in the case of plastic foil coverage compared to tightly
closed control cultures. Drilled cap coverages resulted in the highest RN [29]. The number
of roots was proportional to the number of holes in drilled caps.

The presumably accumulated ethylene in culture vessels highly affected the average
length of roots (RL). It was the shortest in the case of tightly closed culture vessels. Plastic
foil coverage resulted in longer roots than the control did. However, it was significantly
higher in cultures covered with drilled caps and was also proportional to the number of
drilled holes. The inhibitory effect of accumulated ethylene on root growth was also de-
tected by others [14,29]. Both diffusive and forced ventilation increased the root length of
in vitro potato plantlets 3-5-fold, respectively [14]. Root elongation is regulated by cross-
talk between ethylene and auxin, as was demonstrated in Arabidopsis thaliana, and high
levels of ethylene can inhibit it [29].

The ethylene, presumably accumulated in tightly closed culture vessels, negatively
affected the shoot growth; therefore, the shoot mass (SW) was also the lowest in this case.
The plastic foil coverage resulted in a slight increase in SW, which can be explained by the
partial permeability of the plastic foil. The differences were also the greatest in the case of
drilled cap coverage; SW was multiple times higher compared to closed control cultures,
and was proportional to the number of drilled holes [27]. The average RW showed the
same tendency as it did in SW.
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The presumed accumulation of ethylene in culture vessels due to their closure obvi-
ously blocked the in vitro tuber development as well [14,30]. Accordingly, cultures cov-
ered with plastic foil or with three-holed caps showed higher TN.

In summary, aeration, especially the use of drilled caps, improved the quality and
development of potato seedlings. Ventilation had a dual effect, contributing to the re-
moval of excess water, thereby reducing the relative humidity, and removing ethylene
from the airspace of the jars.

4.2. Effects of Additional Chemical Additives in the Medium

Of the chemicals applied in culture media, MTP increased the number of newly de-
veloped shoots (SN) to the greatest extent. This is not surprising because MTP is a type of
cytokinin and, thus, can promote the formation of new shoots [31]. NAA applied in com-
bination with AgNO:s or JA, also promoted the development of new shoots, but to a lesser
extent than MTP. The shoot-induction promoting effect of JA is well-known [32]. JA also
promoted shoot branching. The presence of silver ions can decrease not only the ethylene
production [33], but also the sensitivity of ethylene receptors to ethylene, because silver
ions bind to the ethylene receptors irreversibly displacing copper ions [34]. NAA, a kind
of auxin, can also modulate ethylene production and may help to mitigate the abiotic and
biotic stresses [21] Furthermore, it may promote the growth of various plant parts, as it
enhances stem length, leaf area, root elongation, etc. [35]. The growth promotion of NAA
and the ethylene inhibitory effect of silver ions may interact synergistically to affect the
number of newly developed shoots (SN). Single applications of NAA or AgNOs could
enhance the SN, but to a lesser extent (Table 2).

The SL was the highest on the medium containing JA or NAA, but they were de-
formed, and their leaves were rudimentary (Figure 2D,E). JA has a complex effect; it may
promote both the shoot and root growth, and it has a role in the defense against abiotic
and biotic stresses [18]. GSH also promoted SL, but to a lesser extent. Glutathione pro-
motes cell proliferation and controls cell regeneration via the GSH-GSSG redox pair sys-
tem and helps to mitigate the stress reaction of plants [36]. The presence of silver ions
shortened the SL compared to the control cultures. It may be a result of the decreased
sensitivity of shoot cells to ethylene caused by silver ions [34], considering that a high
amount of ethylene induces the extra elongation of shoots [37]. While MTP promoted the
growth of new shoots, in parallel, it decreased the length of the shoots. SA or VIT-C also
decreased the SL, to a lesser extent, presumably due to their stress-mitigating effects when
the putatively increased ethylene level had caused an abiotic stress [26,38].

The number of nodes (NN) was also the highest when culture media contained JA or
NAA. These additives also promoted the development of new nodes. The elongation of
shoots by JA has a shoot-induction-promoting effect [21,32]. The presence of GSH in cul-
ture medium also increased the NN, but to a lesser extent. The presence of silver ions in
culture medium decreased the NN; this may also be in connection with the decreased
sensitivity of shoot cells to ethylene by silver ions [37]. SA, MTP or VIT-C decreased the
number of nodes similarly, as well as the SL.

Silver ions had an obvious effect on the development of leaves, especially on the size
of the leaf surface. On media, which contained silver ions, healthy leaves were developed,
whereas in the presence of both NAA and AgNO:s, there were fewer leaves with a smaller
surface. In control cultures, only immature leaves were developed with no measurable
surfaces, which is supposedly due to the presence of ethylene and its accumulation in
closed cultures [13].

The number of roots (RN) was significantly increased in the cultures that contained
JA or NAA. NAA is an auxin-type PGR; thus, it stimulates the development of roots [39].
JA, together with ethylene and auxins, controls the root development [40,41]. NAA, in
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combination with AgNOs, resulted in a lower root number, while AgNOs, when applied
alone, had no effect on the root number. GSH increased the root number to a lesser extent.
This may be caused by the cell proliferation, growth promotion and stress mitigation ca-
pability of GSH [36].

The root length (RL) was the highest in the presence of NAA when applied in com-
bination with AgNOs, but the difference was not significant when NAA was applied
alone. JA increased the RL only to a lesser extent. GSH elevated the root elongation to a
lesser extent. AgNOs, applied alone, also promoted root elongation, which may be in con-
nection with the decreased sensitivity of shoots to ethylene caused by silver ions [29].

JA elevated the SW to the greatest extent, which was followed by NAA treatment. JA
can stimulate the expansion of potato tuber cells by increasing the water uptake and may
also be in other cells of the potato plants [42]. NAA applied in combination with AgNOs,
also elevated it, but to a lesser extent compared to the former treatments.

The RW increased most significantly from NAA, having an auxin effect, followed by
JA. The presence of AgNO:s also increased it.

Higher amounts of tubers were produced when NAA was combined with AgNOs. It
may be assigned both to the ethylene-action-inhibitory effect of silver ions and to the
growth-promoting effect of NAA. Tuber production increased only to a lesser extent in
the presence of AgNOs alone. SA also increased it to a lesser extent, in accordance with
earlier studies on its effect on tuber production [43]. SA also has an ethylene inhibitory
effect [44]. No tuber was formed on the control medium because the presumed ethylene
accumulation in the cultures inhibited its development [30]. JA treatment was also able to
enhance tuber production in earlier studies [45], but in our present experiments, this effect
could not be detected.

In summary, the growth and development, as well as the quality, of potato plantlets
in tightly sealed culture jars can be improved by the application of AgNOs alone or in
combination with NAA. The former can be recommended in the subcultures of the prop-
agation phase, and the latter in the last subculture before acclimatization, as the combined
application of AgNOs and NAA improved rooting.

5. Conclusions

The harmful effects of ethylene, which presumably accumulates in tightly sealed jars,
on potato plant development and growth were prevented in our experiments in two ways:
either by ventilating the lids using one- or three-holed caps or by adding chemicals, like
AgNOs or the combination of NAA and AgNOs;, to the culture medium. Increased aera-
tion of in vitro potato cultures improved the quality of plant material compared to control
cultures covered with undrilled, tightly closed caps. Passive aeration through caps con-
taining three holes with a sponge proved to be significantly the best for all of the measured
morpho-physiological parameters, especially the leaf size, and resulted in well-devel-
oped, healthy shoots. One-holed caps coverage may also be preferable, because the differ-
ence between the effects of one- and three-holed caps on the majority of morpho-physio-
logical parameters of in vitro potato plantlets was not significant. Applying plastic foil
caused fewer differences in measured parameters compared to the control. The effect of
passive aeration using drilled caps was presumably doubled; it may have contributed to
reducing the humidity in the jars, and it also facilitated the removal of excess ethylene
from the airspace of the jars.

Under tightly closed culture conditions, leaf development was the best when silver
ions in the form of AgNOs was present in the culture medium alone (without any other
additives), resulting in a well measurable leaf size (12.1 + 3 mm?), while the value of the
root number (2.3 + 0.3) was below that of the control (2.8 + 0.2), and the root length (13.2 +
1.7 mm) was also remained low (control was 9.4 + 1.0 mm). Shoot length (13.2 + 0.9 mm)
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was also under the level of the control (23.2 + 1.1 mm). Silver ions, combined with NAA,
also elevated the number of developed leaves, but to a lesser extent than it was in the
previous treatment. However, they resulted in higher root number (5.5 + 0.7) and the high-
est root length (33.5 + 4.9 mm) compared to the results of control cultures (RN: 2.8 + 0.2,
RL: 9.4 + 1.0 mm).

The current experiments allowed for a comprehensive comparison of the effects of
simple types of culture aeration with the use of various chemicals, including potentially
effective PGRs, to improve the quality and development of in vitro potato plantlets. The
effects of these factors on in vitro plants have not been investigated so widely, with only
a few factors being compared in a single experiment. As a result, this study describes very
simple methods for improving the quality, growth and development of in vitro potato
plantlets under various culture conditions. They are cost-effective and widely applicable,
as they are based on either passive aeration or the application of very simple chemicals in
the culture medium. Passive aeration with drilled caps was able to eliminate excess water
and ethylene from the airspace of the jars, while the addition of AgNOs alone, or in com-
bination with NAA, was able to reduce the effect of excessive ethylene. We can conclude
that, if possible, using culture vessels with one- or three-holed caps is the most recom-
mended way to produce high-quality in vitro potato plantlets because the aeration had a
greater effect on the plant development and quality than chemicals used in the culture
media. When plant material is cultured under tightly closed lids, the application of addi-
tional chemical substances is recommended. The application of silver ions in the culture
media of potato plantlets is preferable for culture maintenance. However, for acclimation,
the combination of silver ions and NAA seems to be the best due to its higher root induc-
tion capability.
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Abbreviations

The following abbreviations are used in this manuscript:

PTC Plant tissue culture

cOo2 Carbon dioxide

ROS Reactive oxygen species
ETH Ethylene

AgNOs  Silver nitrate

ACC 1-aminocyclopropane-1-carboxylic acid
STS Silver thiosulphate

AVG Aminoethoxyvinylglycin
PGR Plant growth regulator
NAA 1-Naphthaleneacetic acid
ABA Abscisic acid

JA Jasmonic acid

SA Salicylic acid

MTP Meta-topoline (6-(3-hydroxybenzylamino)purine)
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GSH Glutathione
VIT-C Ascorbic acid

References

1. Jackson, M.B. Aeration stress in plant tissue cultures. In Liquid Culture Systems for In Vitro Plant Propagation; Hvoslef-Eide, A.K., Preil,
W., Eds. Springer: Dordrecht, The Netherlands, 2005; pp. 459—473. https://doi.org/10.1007/1-4020-3200-5_35.

2. Askari, N.; Aliniaeifard, S.; Visser, R G.F. Low CO: levels are detrimental for in vitro plantlets through disturbance of photosynthetic
functionality and accumulation of reactive oxygen species. Horticulturae 2022, 8, 44. https://doi.org/10.3390/horticulturae8010044.

3. Nguyen, Q.T.; Kozai, T. Environmental effects on the growth of plantlets in micropropagation. Environ. Control Biol. 1998, 36, 59-75.

4. Chen, C. Humidity in Plant Tissue Culture Vessels. Biosyst. Eng. 2004, 88, 231-241. https://doi.org/10.1016/j.biosystemseng.2004.02.007.

5. Polivanova, O.B.; Bedarev, V.A. Hyperhydricity in Plant Tissue Culture. Plants 2022, 11, 3313. https://doi.org/10.3390/plants11233313.

6.  Park, SW,; Jeon, ].H,; Kim, H.S,; Park, Y.M.; Aswath, C.; Joung, H. Effect of sealed and vented gaseous microenvironments on the
hyperhydricity of potato shoots in vitro. Sci. Hort. 2004, 99, 199-205. https://doi.org/10.1016/S0304-4238(03)00097-9.

7. Wolf, S;; Kalman-Rotem, N.; Yakir, D.; Zrv, M. Autotrophic and heterotrophic carbon assimilation of in vitro grown potato (Solanum
tuberosum L.) plants. ]. Plant Physiol. 1998, 153, 574-580. https://doi.org/10.1016/S0176-1617(98)80206-X.

8.  Zobayed, S.M.A. Aeration in plant tissue culture. In Plant Tissue Culture Engineering. Focus on Biotechnology; Gupta, S.D., Ibaraki, Y.,
Eds.; Springer: Dordrecht, The Netherlands, 2008; Volume 6, pp. 313-327. https://doi.org/10.1007/978-1-4020-3694-1_16.

9.  Vinterhalter, D.; Dragicevi¢, I; Vinterhalter, B. Potato in vitro culture techniques and biotechnology. Fruit Veg. Cereal Sci. Biotech. 2008,
2,16-45.

10. Chanemougasoundharam, A.; Sarkar, D.; Pandey, S.K.;1, Al-Biski, F.; Helali, O.; Minhas, J.5. Culture tube closure-type affects potato
plantlets growth and chlorophyll contents. Biol. Plant. 2004, 48, 7-11. https://doi.org/10.1023/B:BIOP.0000024268.20248.33.

11. Kumar, V.;Parvatam, G.; Ravishankar, G.A. AgNOs— A potential regulator of ethylene activity and plant growth modulator. Electron.
J. Biotech. 2009, 12, 8-9. https://doi.org/10.2225/vol12-issue2-fulltext-1.

12.  Murashige, T.; Skoog, F. A Revised medium for rapid growth and bio assays with tobacco tissue cultures. Physiol. Plantarum 1962, 15,
473-497. https://doi.org/10.1111/j.1399-3054.1962.tb08052.x.

13.  Ticona, S.A.; Oropeza, M. Effect of culture medium consistence and silver nitrate on micropropagation of two potato (Solanum tu-
berosum) cultivars. Rev. Colomb. Biotecnol. 2013, 15, 55-62,. https://doi.org/10.15446/rev.colomb.biote.v15n2.41265.

14. Zobayed, S.M.A.; Armstrong, J.; Armstrong, W. Micropropagation of Potato: Evaluation of closed, diffusive and forced ventilation on
growth and tuberization. Ann. Bot. 2001, 87, 53-59. https://doi.org/10.1006/anbo.2000.1299.

15.  Chae, S.C; Kim, H.H,; Park, S.U. Ethylene inhibitors enhance shoot organogenesis of gloxinia (Sinningia speciosa). Sci. World J. 2012,
2012, 859381. https://doi.org/10.1100/2012/859381.

16. Wu, J,; Chen, Y,; Xu, Y.; An, Y,; Hu, Z; Xiong, A.; Wang, G. Effects of jasmonic acid on stress response and quality formation in
vegetable crops and their underlying molecular mechanisms. Plants 2024, 13, 1557. https://doi.org/10.3390/plants13111557.

17.  Wang, Y.; Mostafa, S.; Zeng, W.; Jin, B. Function and mechanism of jasmonic acid in plant responses to abiotic and biotic stresses. Int.
J. Mol. Sci. 2021, 22, 8568. https://doi.org/10.3390/ijms22168568.

18. Kaminska, M. Role and activity of jasmonates in plants under in vitro conditions. Plant Cell Tissue Organ Cult. 2021, 146, 425-447.
https://doi.org/10.1007/s11240-021-02091-6.

19. Wang, J.; Song, L.; Gong, X,; Xu, J.; Li, M. Functions of jasmonic acid in plant regulation and response to abiotic stress. Int. J. Mol. Sci.
2020, 21, 1446. https://doi.org/10.3390/ijms21041446.

20. Ciura, J.; Kruk, J. Phytohormones as targets for improving plant productivity and stress tolerance. J. Plant Physiol. 2018, 229, 32-40.
https://doi.org/10.1016/j.jplph.2018.06.013.

21.  Zhang, Q.; Gong, M.; Xu, X,; Li, H.; Deng, W. Roles of auxin in the growth, development, and stress tolerance of horticultural plants.
Cells 2022, 11, 2761. https://doi.org/10.3390/cells11172761.

22, Singh, H,; Bhat, J.A.;, Singh, V.P.; Corpas, F.J.; Yadav, S.R. Auxin metabolic network regulates the plant response to metalloids stress.
J. Hazard. Mater. 2021, 405, 124250. https://doi.org/10.1016/j.jhazmat.2020.124250.

23.  Raspor, M.; Motyka, V.; Ninkovi¢, S.; Dobrev, P.IL; Malbeck, J.; Cosié, T.; Cingel, A.; Savi¢, ].; Tadi¢, V.; Dragicevi¢, I1.C. Endogenous
levels of cytokinins, indole-3-acetic acid and abscisic acid in in vitro grown potato: A contribution to potato hormonomics. Sci. Rep.
2020, 10, 3437. https://doi.org/10.1038/s41598-020-60412-9.

24. Song, W.; Shao, H.; Zheng, A.; Zhao, L.; Xu, Y. Advances in roles of salicylic acid in plant tolerance responses to biotic and abiotic
stresses. Plants 2023, 12, 3475. https://doi.org/10.3390/plants12193475.

25.  Li, A;Sun, X,; Liu, L. Action of salicylic acid on plant growth. Front. Plant Sci. 2022, 13, 878076. https://doi.org/10.3389/fpls.2022.878076.



Agronomy 2025, 15, 1470 14 of 14

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

Vicent, M.R.S,; Plasencia, J. Salicylic acid beyond defence: Its role in plant growth and development. J. Exp. Bot. 2011, 62, 3321-3338.
https://doi.org/10.1093/jxb/err031.

Jackson, M.B.; Abbott, A.J.; Belcher, A.R,; Hall, K.C.; Butler, R.; Cameron, J. Ventilation in plant tissue cultures and effects of poor
aeration on ethylene and carbon dioxide accumulation, oxygen depletion and explant development. Ann. Bot. 1991, 67, 229-237.
https://doi.org/10.1093/oxfordjournals.aob.a088127.

levinsh, G.; Kruzmane, D.; Rusite, E.; Arente, G.; Gertnere, D. Modulation of Solanum tuberosum L. morphogenesis and antioxidative
status in a stem explant culture by limitation of gas exchange: Putative effects of ethylene. J. Plant Physiol. 2000, 156, 717-723.
https://doi.org/10.1016/50176-1617(00)80237-0.

Ivanchenko, M.G.; Muday, G.K.; Dubrovsky, J.G. Ethylene-auxin interactions regulate lateral root initiation and emergence in Ara-
bidopsis thaliana. Plant |. 2008, 55, 335-347. https://doi.org/10.1111/j.1365-313X.2008.03528.x.

Vreugdenhil, D.; Van Dijk, W. Effects of ethylene on the tuberization of potato (Solanum tuberosum) cuttings. Plant Growth Regul. 1989,
8, 31-39. https://doi.org/10.1007/BF00040914.

émeringai, J; Schrumpfova, P.P.; Pernisova, M. Cytokinins—Regulators of de novo shoot organogenesis. Front Plant Sci. 2023, 14,
1239133. https://doi.org/10.3389/fpls.2023.1239133.

Singh, B.; Kajla, B.; Nain, S.; Singh, B.; Singh, N. A review on the effects of jasmonates on plants grown under in vitro conditions. Afr.
J. Biomed. Res. 2024, 27, 1723-1731. https://doi.org/10.53555/AJBR.v27i4S5.3925.

Shin, ] W.; Kim, S.; Choi, ].H.; Kim, C.K. Effect of silver nanoparticles and antioxidants on micropropagation of Rosa hybrida ‘Sahara’
via nodal culture. J. Plant Biotechnol. 2024, 51, 219-227. https://doi.org/10.5010/JPB.2024.51.021.219.

McDaniel, B.K,; Binder, B.M. Ethylene receptor 1 (ETR1) Is sufficient and has the predominant role in mediating inhibition of ethylene
responses by silver in Arabidopsis thaliana. |. Biol. Chem. 2012, 287, 26094-26103. https://doi.org/10.1074/jbc.M112.383034.

Zhao, Y. Auxin biosynthesis and its role in plant development. Annu. Rev. Plant Biol. 2010, 61, 49-64. https://doi.org/10.1146/annurev-
arplant-042809-112308.

Yeung, E.C.; Belmonte, M.F.; Tu, L.T.T; Stasolla, C. Glutathione modulation of In vitro development. In Vitr. Cell. Dev. Biol. Plant 2005,
41, 584-590. https://doi.org/10.1079/IVP2005683.

Cardoso, J.C. Silver nitrate enhances in vitro development and quality of shoots of Anthurium andraeanum. Sci. Hort. 2019, 253, 358
363. https://doi.org/10.1016/j.scienta.2019.04.054.

Paciolla, C.; Fortunato, S.; Dipierro, N.; Paradiso, A.; De Leonardis, S.; Mastropasqua, L.; de Pinto, M.C. Vitamin C in plants: From
functions to biofortification. Antioxidants 2019, 8, 519. https://doi.org/10.3390/antiox8110519.

Qin, H; Huang, R. Auxin controlled by ethylene steers root development. Int. J. Mol. Sci. 2018, 19, 3656.
https://doi.org/10.3390/ijms19113656.

Xu, P.; Zhao, P.X,; Cai, X.T.; Mao, J.L.; Miao, Z.Q.; Xiang, C.B. Integration of jasmonic acid and ethylene into auxin signaling in root
development. Front. Plant Sci. 2020, 11, 271. https://doi.org/10.3389/fpls.2020.00271.

Qin, H.; He, L.; Huang, R. The coordination of ethylene and other hormones in primary root development. Front. Plant Sci. 2019, 10,
874. https://doi.org/10.3389/fpls.2019.00874.

Takahashi, K.; Fujino, K.; Kikuta, Y.; Koda, Y. Expansion of potato cells in response to jasmonic acid. Plant Sci. 1994, 100, 3-8.
https://doi.org/10.1016/0168-9452(94)90127-9.

Delgado, H.L.; Ian, M.; Scott, LM. Induction of In vitro tuberization of potato microplants by acetylsalicylic acid. J. Plant Physiol. 1997,
151, 74-78. https://doi.org/10.1016/S0176-1617(97)80039-9.

Leslie, C.A.,; Romani, RJ. Inhibition of ethylene biosynthesis by salicylic acid. Plant Physiol. 1988, 88, 833-837.
https://doi.org/10.1104/pp.88.3.833.

Pelacho, A.M.; Mingo-Castel, A.M. Jasmonic acid induces tuberization of potato stolons cultured in vitro. Plant Physiol. 1991, 3, 1253—
1255. https://doi.org/10.1104/pp.97.3.1253.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.



