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ABSTRACT. In this study, we investigate the possibility of increasing the
survival rate and efficiency of the clonal propagation of Paulownia tomentosa
Steud. explants by improving plant biotechnology methods at the stage of in
vitro culture establishment. For this purpose, 5 fungicidal preparations
(«Topaz», «Fundazol», «Chorus», «Skor» and «Chinosol») are tested at the
plant material surface sterilization stage. The effect of different
concentrations (from 1.0 to 200.0 mg/l) of ascorbic acid in the culture
medium in reducing the oxidative stress of the explants at the primary stages
of clonal propagation is studied. The influence of agar concentration (0.8%
solid agar and 0.4% semi-solid agar) in the medium on multiple shoot
formation, shoot proliferation, and the survival rate of paulownia is
determined. As a result, an effective surface sterilization protocol, proper
concentrations of ascorbic acid (50.0-100.0 mg/l), the optimal concentration
of agar (0.4%) in the medium for plant growth improvement, and the suitable
cost efficiency of the biotechnological process are determined. The
described modifications contribute to a 48.3% reduction of fungal
contamination; improve the survival rate by 45.0%, 11.7%, and 8.3% at
different stages of optimization; accelerate shoot proliferation by 2.2 days;
and increase the number of shoots formed per explant by 0.5 by the
fourteenth day of cultivation. Based on the results obtained, at the initial
stages of P. tomentosa clonal propagation, we recommend the use of the
«Chorus» fungicide (1.4 g/l) as an additional stage of surface sterilization as
well as the addition of ascorbic acid to the Murashige and Skoog medium at
concentrations of 50.0—100.0 g/I and the employment of a semi-solid 0.4%
agar medium to increase the survival rate and efficiency of the in vitro
culture establishment process.
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INTRODUCTION

Paulownia tomentosa (Thunb.) Steud. is a fast-growing tree belonging to
the Paulowniaceae family, which includes more than 20 species (Barton et
al. 2007). Paulownia is famous as an ornamental plant owing to its profuse
flowering and is also used as a source of renewable energy and as a
material for manufacturing musical instruments, furniture, and household
items (Munaf et al. 2022). Under optimal conditions, the trunk of a tree
reaches 30-40 cm in diameter for only five years (Abou El-ghait et al.
2022). This species is well adapted and widely spread naturally and is
considered invasive in some countries of southern Europe (Yadav et al.
2013). However, paulownia plants obtained from seeds are characterized
by genetic heterogeneity and high susceptibility to diseases (Bergmann &
Moon 1997). In addition, the seeds are distinguished by slow germination,
loss of the germination rate within several months of storage, and slow
growth compared with propagation by cuttings (Rahman et al. 2013). The
existing valuable economic and ecological features of paulownia are
potentially useful for the cultivation of these plants in Ukraine, particularly in
the southern regions. Given that the field conditions in Ukraine are not
favorable enough for the manifestation of invasiveness of the species, the
controlled reproduction and cultivation of paulownia by clonal propagation
remain relevant. In vitro propagation makes it possible to obtain a large
amount of genetically homogeneous and healthy paulownia seedlings all
year round. Moreover, this method is rapid, convenient, and economical.
Nevertheless, aseptic cultivation has certain limitations that can reduce the
plant propagation rate. This is especially noticeable at the stage of in vitro
culture establishment as it is the primary step in the biotechnological
process (Cobrado & Fernandez 2016, Zarei et al. 2021). During the initial
stages of clonal micropropagation, many factors should be considered,
including the correct selection of the donor plant, explant type, season for
plant material selection, cultivation conditions, and protocols for the surface
sterilization of explants. Contamination is one of the most common
problems in paulownia propagation (Magar et al. 2016). Sometimes, even
with the successful elimination of microorganisms, explants still die during
the first days of cultivation because of the release of phenolic compounds,
the subsequent oxidation of which leads to the browning of the medium and
explant and blocks the transport of nutrients in plant tissues (Ishtiaq et al.
2013). In previous experiments (Tytarenko & Tesliuk 2021) on
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P. tomentosa in vitro culture establishment, we observed a high extent of
fungal contamination after the surface sterilization of explants using a
protocol effective for other plant species. In addition, as a woody plant,
paulownia released phenolic compounds into the medium, which led to the
death of explants, even in the uncontaminated medium. Thus, only a few
explants reached complete growth stability under aseptic conditions and
were suitable for subsequent passages. Possible ways to solve these
problems have already been studied. For example, the level of fungal
contamination of the medium can be reduced by adjustments in the surface
sterilization protocol of the plant material (Herman 2017), and phenol
oxidation can be alleviated by treatment with antioxidants (lrshad et al.
2018, Taghizadeh & Ganiji Dastjerdi 2021). In addition, optimization of the
primary stages of clonal propagation includes increasing the cost efficiency
of this process, which can be achieved both by increasing the propagation
rate and by using economically profitable reagents to reduce the cost of the
biotechnological process (Pozoga et al. 2019, Madzikane et al. 2022).
Thus, the aim of this study was to optimize the primary stages of P.
tomentosa clonal propagation by increasing the survival rate of explants
and the efficiency of standard plant biotechnology methods at the stage of
in vitro culture establishment.

MATERIALS AND METHODS

Plant material sterilization and culture conditions

Plants of paulownia grown in the open ground served as a plant material donor for
in vitro culture establishment. Shoots at the development stage 33-34, according to
the extended general BBCH-scale proposed by Hack et al. (1992), were used.
Nodal segments with apical or axillary buds were used to serve as the initial
explants. The selected paulownia shoots were cut into parts up to 6—7 cm in height.
The stipules and leaves were removed to prevent the risk of additional
contamination of the plant material and to improve the effectiveness of the
disinfection treatment. The surface sterilization of the selected material was carried
out according to a standard protocol (Tytarenko & Tesliuk 2021): 10 min of washing
in a soap solution, 8 min of exposure to 5% sodium hypochlorite, and 5 min of
treatment with 0.05% chlorhexidine digluconate. After each treatment step, the
explants were washed twice with sterile distilled water. This sterilization protocol
was considered a control option, and others had an additional stage after washing
with a soap solution: treatment of the plant material for 20 min in a solution of a
certain antifungal preparation. The following commercial preparations were used in
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the indicated concentrations: «Topaz» (penconazole 100.0 g/l, Syngenta AG) — 1.0
ml/l; «Fundazol» (benomyl 500.0 g/kg, PE Dobrynia, Ukraine) — 1.0 g/I; «Chorus»
(cyprodinil 750.0 g/kg, Syngenta AG) — 1.4 g/I; «Skor» (difenoconazole 250.0 g/l,
Syngenta AG) — 1.0 ml/l; and «Chinosol» (8-8-hydroxyquinoline sulfate 98%,
Shenzhen Horizon Industry Co. Ltd.) — 0.33 g/l. After surface sterilization, the
shoots were cut into segments with a part of the stem 0.3—0.5 cm from both sides
of the bud and cultured on a Murashige and Skoog (MS) medium (Murashige &
Skoog 1962) containing 25.0 g/l sucrose. The growth regulator 6-
benzylaminopurine (6-BAP) was added to the culture medium at a concentration of
1.0 mg/l. The incubation conditions of the plant material were the following: a
temperature at +24—26°C, a light intensity of 2,500 Ix, a relative humidity of 56%—
70%, and an 8/16 h photoperiod. Observations were performed over 14 days. The
plant material was evaluated for the presence of fungal contamination, and the
survival rate was measured. Each experimental group comprised 20 explants.

Effects of ascorbic acid

After establishing the optimal sterilization protocol, experiments were conducted to
reduce the oxidative stress of the plant material caused by the release of phenolic
compounds. Different concentrations of ascorbic acid were added to the MS
medium after autoclaving. The test concentrations in the experiment were 1.0 mg,
5.0 mg, 10.0 mg, 50.0 mg, 100.0 mg, and 200.0 mg of ascorbic acid per liter of the
medium, and the standard MS medium served as the control. Twelve explants
were planted for each medium type. Observations were performed over 14 days.
Two characteristics were determined at this stage: the survival rate of the explants
and shoot proliferation (number of days to shoot induction).

Influence of agar concentration

The last step in the primary-stage optimization of paulownia in vitro cultivation was
to determine the influence of agar concentration in the MS medium on the growth
and development of the explants. Solid agar media are usually used for cultivation
at all stages of P. tomentosa clonal propagation. However, our studies on other
plant species have shown high efficiency of multiple shoot induction, better
survival, and earlier initiation of proliferation in explants grown on a semi-solid
medium (Tytarenko & Tesliuk 2020). In addition, the preparation of a semi-solid
medium requires half the amount of agar, which is a rather expensive reagent.
Therefore, decreasing its concentration may reduce the cost of the seedlings. In
our study of the in vitro culture establishment of paulownia explants, we used a
solid MS medium with 0.8% agar as a control and an MS medium with 0.4% agar
as an experimental semi-solid option. Twenty explants were planted in each type of
medium and observed for 14 days. The survival rate, shoot proliferation, and
number of shoots formed per explant were evaluated.
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Statistical analysis

The plant material was randomly selected and distributed, and each experiment
was repeated at least three times. The data are presented as the mean values *
standard deviations. Statistical analysis was performed as one-way analysis of
variance (ANOVA), followed by Duncan’s multiple range test (DMRT) using the
Statistical Package for the Social Sciences software, version 29. Differences were
considered significant at p < 0.05.

RESULTS

Use of fungicides for surface sterilization

Three out of five experimental antifungal preparations reduced the
contamination of the medium at the stage of in vitro culture establishment
of P. tomentosa (Fig. 1A).

In paulownia, the fungal contamination of the medium with the control
explants was notably high and reached 65.0 £+ 5.0%. In the experimental
groups treated with «Chinosol», «Fundazol», and «Chorus», contamination
was lower by 43.3%, 36.7%, and 48.3%, respectively. At the same time,
«Chorus» and «Chinosol» did not statistically differ from each other in
terms of their influence and showed the lowest level of contamination in the
experiment. Contamination was higher with «Fundazol» but was still
significantly different from the control. In turn, the fungicides «Skor» and
«Topaz» did not prove to be effective in preventing contamination and
showed results at the same level as the control group. Another
characteristic that demonstrated the effect of fungicides was the
assessment of the explant survival rate (Fig. 1B). The survival of paulownia
explants in the control was at the level of 18.3 + 2.9%, and in the groups
exposed to fungicidal preparations, it increased by 30.0%, 26.7%, and
45.0% (for «Chinosol», «Fundazol», and «Chorus», respectively). At the
same time, the best effect was observed with the use of «Chorusy,
whereas «Fundazol» and «Chinosol» showed a slightly lower extent of
influence. The fungicides «Skor» and «Topaz» did not have a statistically
significant effect on the survival rate of the explants compared to that of the
control. Thus, the use of fungicides as an additional step in the sterilization
protocol of paulownia explants made it possible to significantly reduce the
level of visible fungal contamination and increase the survival rate during
the in vitro culture establishment of the plant material. «Chorus» (cyprodinil)
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was the most effective preparation for the micropropagation of paulownia.
Treatment with «Chorus» made it possible to control fungal contamination
at 16.7 £ 2.9%, and the survival rate in this case reached 58.3 + 2.9%. The
selected fungicide was included in the protocol for P. tomentosa explant
sterilization as an element of optimization in the clonal propagation of this
plant species.
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Figure 1. The effect of exposure to fungicides on A) the fungal
contamination (%) and B) the survival rate (%) of P. fomentosa
explants (14th day of cultivation); means with no letter in
common are significantly different (DMRT test; p < 0.05)

Modification of the medium composition with ascorbic acid

The next stage of this research was to determine the effect of ascorbic acid
added to the MS medium on reducing the oxidative stress of explants in
vitro. The results indicated that only three tested concentrations influenced
the survival rate and shoot proliferation of the paulownia explants (Table 1).
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Table 1. The survival rate and shoot proliferation of
P. tomentosa explants grown in the MS medium
supplemented with different concentrations of ascorbic acid
(Means with no letter in common are significantly different
(DMRYT test; p < 0.05))

Ascorbic acid Survival rate Shoot proliferation
concentration [mg/I] [%] [days to shoot induction]
0.0 (control) 56.7 £ 2.9% 9.2+0.5°
1.0 56.7 + 5.72° 9.1 £0.5%
5.0 58.3 + 5.72b 9.2+0.4°
10.0 63.3 +£ 2.9 8.3+0.2°
50.0 68.3 +2.9¢ 8.1+0.22
100.0 66.7 + 5.7°¢ 8.4 +£0.6%
200.0 51.7 +£2.92 9.8 +0.4°

Ascorbic acid at concentrations of 1.0 mg/l, 5.0 mg/l, and 200.0 mg/I did
not show a statistically significant difference from the control in any of the
analysed characteristics. In experimental groups, with the addition of 50.0
mg/l and 100.0 mg/l of the acid, an increase in survival rate by 11.7% and
10.0% was recorded, respectively. In addition, shoot proliferation occurred,
on average, 1.1 days and 0.8 days faster than the control in the MS
medium supplemented with 50.0 mg/l and 100.0 mg/l of ascorbic acid,
respectively. At a concentration of 10.0 mg/l, there was no effect on the
survival rate of the paulownia explants. In turn, shoot proliferation began
0.9 days earlier than in the control group, which was at the same level as
with the exposure to concentrations of 50.0 mg/l and 100.0 mg/I.

Fig. 2 shows the visual differences in the explants on the 8th and 14th

days of cultivation. The plant material cultured on the MS medium with 50.0
mg/l of ascorbic acid had a saturated green colour, and the development of
new shoots occurred faster (Figs. 2A and 2C). At the same time, most of
the explants in the control medium turned brown (Fig. 2B), showed stunted
growth, and formed shoots with a pale green colour (Fig. 2D).
Thus, for the initial stages of paulownia clonal propagation, it is
recommended to add ascorbic acid to the MS medium at concentrations
from 50.0 mg/l to 100.0 mg/l to improve the survival rate and accelerate
shoot proliferation.
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Agar concentration in the MS medium

As a result of further work, all the analysed characteristics were also
influenced by the concentration of agar in the MS medium during in vitro
culture establishment. A positive effect of the semi-solid medium (0.4%
agar) was determined on the shoot proliferation, multiple shoot formation,
and survival rate of paulownia explants in vitro. Fig. 3A shows that the
cultivation of plant material on the semi-solid medium increased survival by
8.3% compared to the solid medium.

Figure 2. The effect of ascorbic acid on P. fomentosa
explants: plant material on the 8th day of cultivation
on the MS medium supplemented with A) 50.0 mg/I
and B) 0 mg/l (control); explants on the 14th day of
cultivation with C) 50.0 mg/l and D) 0 mg/l (control).

In addition, cultivation on the semi-solid medium accelerated shoot
proliferation (Fig. 3B). On average, shoots on paulownia explants began to
develop 1.1 days earlier on the semi-solid medium than on the solid
medium, which not only expedited the clonal propagation process but also
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reduced electricity costs to ensure proper growth conditions for micro-
propagated plants.
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Fig. 3. The effect of agar concentration in the MS medium
on A) the survival rate of the explants (%), B) shoot
proliferation, and C) the number of formed shoots per
explant (after 14 days of cultivation).
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Additionally, unlike our previous modifications of paulownia propagation,
the change in agar concentration affected the number of shoots formed in
one explant (Fig. 3C). After two weeks of observation, on the solid MS
medium, an average of 1.3 £ 0.1 shoots per explant was formed, but on the
semi-solid medium, it amounted to 1.9 + 0.2 shoots. Multiple shoot
induction significantly increased the propagation rate of the plants as more
nodal segments could be obtained from one explant for subsequent
passages.

DISCUSSION

The results of our study demonstrated, for the first time, the graduated
optimization of the primary stages of P. tomentosa clonal propagation. This
included adjustments to the surface sterilization protocol and several
modifications of the culture medium composition. Our results correlate with
those of Al Ghasheem et al. (2018), where the use of fungicides for the
surface sterilization of explants was effective in preventing contamination.
In this study, 15% sodium hypochlorite had the best disinfecting effect.
However, in our previous experiments (Tytarenko & Tesliuk 2020), such a
high concentration of this disinfecting agent led to the necrosis and death of
the explants. Therefore, fungicides were more appropriate for paulownia in
such a case. In addition, a sterilization protocol with the inclusion of a
fungicide was used by Oo et al. (2018), which maintained the survival of
strawberry explants at 55%. In a study by Bharti et al. (2018), the survival
rate of tomato leaf explants after sterilization with a fungicide was 77%. In
the experiments with the addition of ascorbic acid to the medium, a rather
wide range of concentrations was tested, which was due to the diversity of
the literature data and large differences in the amounts of the acid used by
other researchers in similar experiments (Wu & du Toit 2004, Ishtiaq et al.
2013, Ndakidemi et al. 2014, Irshad et al. 2018). After obtaining the results,
our data were found to be most consistent with the study by Ghatas (2016),
who used ascorbic acid at a concentration of 100.0 mg/l as a component of
an antioxidant solution to treat explants before cultivation. This resulted in a
lower level of necrosis, reduced browning of the medium, and provided a
more saturated green colour of the explants, which we also observed in our
study. In addition, our research has shown better growth of paulownia
explants on the semi-solid MS medium supplemented with 0.4% agar. This
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could be due to the better aeration of the explants in a semi-immersed
state. A larger contact area created appropriate conditions for the growth
and development of explants. Also, phenolic compounds, which could still
be released by damaged plant tissues despite the antioxidant treatment,
were better absorbed and distributed deep into the mass of the medium
without concentrating directly near the explant, as in a solid medium. Thus,
we observed additional alleviation of oxidative stress. In the experiments of
Matos et al. (2020), the use of a semi-solid medium caused an increase in
the total dry and fresh weight of roots and shoots of microclones as well as
the propagation rate. Alkhateeb and Alturki (2014) also noted an increase
in the dry and fresh weights of plantlets grown in a non-solid medium. In
other experiments (Abdollahi et al. 2016), the agar concentration affected
callus induction in Cucumis sativus L. explants, but the results were
different depending on the plant variety. Thus, our results supplement and
expand the experience of using culture media with a reduced concentration
of the gelling agent and demonstrate the feasibility of using a semi-solid MS
medium for the initial stages of P. tomentosa clonal micropropagation. The
implemented optimization of the primary stages of paulownia in vitro
cultivation resulted in a 48.3% reduction of fungal contamination, improving
the survival rate by 45.0%, 11.7%, and 8.3% at different optimization
stages, accelerating shoot proliferation by 2.2 days, and increasing the
number of shoots formed per explant by 0.6 shoot (on the 14th day of
cultivation). During the experiments, it was possible to establish an effective
sterilization protocol for the plant material, optimal concentrations of
ascorbic acid to prevent excessive phenolic compound oxidation, and a
concentration of agar in the MS medium to accelerate the biotechnological
process and reduce its cost. The described optimization with the
aforementioned modifications is currently implemented in our research on
paulownia in vitro propagation and can be recommended for general use.

CONCLUSION

To increase the survival rate and efficiency of the P. fomentosa in vitro
culture establishment process, it is recommended to use the fungicidal
preparation «Chorus» (1.4 g/l) as an additional stage of explant surface
sterilization, supplement the MS medium with ascorbic acid (from 50.0 to
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100.0 mg/l), and use a semi-solid MS medium with an agar concentration of
0.4%.
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