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Abstract: Kohlrabi (Brassica oleracea var. gongylodes), with its edible stem tuber formed at the base of
the plant stem, presents a valuable source of nutrients. The potential effects of plant growth regulators
(PGRs), as well as various concentrations of different sugars on the in vitro development of kohlrabi were
studied. Ten-day-old kohlrabi seedlings were cultivated in vitro for 5 weeks at 18+2°C on half-strength
MS media containing different concentrations of carbon source such as sucrose, fructose, glucose, xylose
and mannitol, combined with or without specific plant growth regulators (N°-benzyladenine (BA),
gibberellic acid (GAs), 2,3,5-triiodobenzoic acid (TIBA)). Results showed no tuber formation in all
treatments, but growth and development of treated kohlrabi seedlings was significantly affected in a
distinctive manner, with a variety of morphological traits being altered in comparison to matching
controls.

Keywords: kohlrabi tissue culture; sugars; plant growth regulators; morphogenesis, de novo shoot
formation

INTRODUCTION

A wide range of species from the Brassicaceae family is recognized for their contribution to
human and animal nutrition [1]. Among them, Brassica vegetables are the most prevalent. They
contain little fat and are good source of vitamins, minerals and fiber. Kohlrabi (Brassica
oleracea var. gongylodes) is generally considered a less traditional vegetable in the garden,
however it is widely grown for the edible tuber formed at the lower part of the plant stem.

The capability of kohlrabi to accumulate assimilates in the aboveground stem is a
distinctive feature of this plant species, making it an interesting subject in studying the
mechanism of stem tuber formation. This process in kohlrabi normally takes place between the
3 and 5" nodes. It has been observed that the process begins with rapid divisions of the central
pith parenchyma cells [2]. These cells are capable of preserving meristematic activity for a long
period. Subsequently, zones of dividing cells expand higher and laterally, forming new centers of
active division. However, the mechanism of tissue swelling in kohlrabi, as well as regulation of
this process, are still poorly understood.

According to literature data, the development of plant storage organs is profoundly based
on the supply of assimilates from carbohydrate sources [3]. The process of photosynthesis and
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sink organ requirements are highly coordinated through metabolic regulation in which specific
sugar signalization plays a special role in different parts of plants.

The dominant form of sugar produced during photosynthesis is sucrose, which is also the
main transport sugar form in plants [4]. This disaccharide is translocated via the phloem to
storage organs such as young leaves and heterotrophic organs. Sucrose from these organs is used
either for growth or it accumulates in the form of sucrose or starch, thereby acting as a regulating
factor in the development and metabolism of storage organs [5].

In plant tissue culture media, sucrose is an extensively used carbohydrate resource and
previous studies have shown that it presents the most favorable carbon source [6]. Furthermore,
there are also reports of other sugars used as suitable carbon sources for in vitro culture of
different plants [7,8]. Alcohol sugars, such as mannitol, were shown to be good substitutes for
sucrose in vitro, serving as a rich carbon source and as an osmotic regulator as well [9].

Aside from being an appropriate carbon source for utilization by plantlets, an overload of
sucrose can be converted to starch in developing storage organs. Several studies have provided
evidence that increasing sugar concentration in the growth medium can promote the formation of
storage organs such as microtubers in Solanum tuberosum [10] and Xanthosoma sagittifolium
[11], the microrhizome in Zingiber officinale [12] and bulbs in Allium cepa L. [13]. Sugars have
also been shown to function as signaling molecules whose transduction pathways affect
metabolic and developmental processes [14]. Studies suggest that certain effects of sugar on the
growth and development of plants are products of interaction in hormonal regulation [6,15].

Investigations of the effect of plant hormones on kohlrabi stem swelling are rather scarce
[2]. Previous results have shown the possible involvement of plant hormones like gibberellins,
cytokinins or auxins in controlling the development of stem tubers in different species [16-19].
The development of a swollen stem in stem mustard (Brassica juncea var. tsatsai) is a complex
process, involving plant hormones such as GAs and cytokinins [18]. The interaction between
sucrose and GAs in tuber formation was investigated and GAs was reported to increase the flow
of assimilates into developing organs [16,20]. Studies have indicated that the translocation of
assimilates from source to storage organs might be under the control of plant hormones [21].
Furthermore, it has been shown that plant hormones also regulate the activities of invertases,
enzymes that catalyze the hydrolysis of sucrose into hexoses [22,23], and the development of
storage organs and assimilate accumulation is stimulated by changes in the hexoses/sucrose ratio
[24].

Over the last years, extensive research was conducted in order to identify the genes that
underlie the induction and development of storage organs in various food crops such as potato
[25], carrot [26], turnip [27] and radish [28]. Recently, a comparative transcriptomics study was
undertaken in which the patterns of gene expression of tubers in species of Brassica oleracea,
including kohlrabi, and Brassica rapa, were compared; the obtained findings revealed that genes
and pathways that participate in Brassica tuber development include lipoxygenases, sucrose
biosynthesis genes, as well as auxin metabolic genes [29].

The impact of PGRs on de novo organogenesis in kohlrabi has been recently studied, with
particular attention given to the cytokinins [30,31]. The most frequently used cytokinin for
inducing plant regeneration in vitro, including the Brassica genus [32-35], is N®-bezyladenine
(BA). This is consistent with our previous findings showing that the frequency of shoot
regeneration was highest on nutrient medium with BA or TDZ, when intact seedlings were used
as a starting material for induction of de novo organogenesis [30].
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For decades, in vitro culture has proven to be a convenient method for investigating
physiological processes in plants. The use of this type of biotechnological procedure offers
prospects for establishing a stable and reproducible model system for studying the mechanisms
underlying the storage of assimilates in plant stem, such as in kohlrabi stem swelling, including
hormonal interactions that initiate this process [2].

This study was conducted to investigate the effects of different concentrations of various
sugars as well as PGRs on in vitro growth and development of kohlrabi, with emphasis on the
possible induction of stem swelling as a step in the elucidation of this process. Investigation of
these interactions in kohlrabi has not been conducted to date.

MATERIALS AND METHODS
Plant material and culture conditions
Seeds of Brassica oleracea var. gongylodes, cultivar Vienna Purple, were surface sterilized with
a preliminary 5-min submersion in ethanol 70%, followed by 30 min in 30% commercial bleach
(4-6% NaOCI) with a drop of detergent (Fairy; Procter and Gamble, London, England) and a
final thorough rinsing of the seeds using sterile distilled water. Seeds were aseptically transferred
to 90 x 15 mm Petri dishes with a hormone-free basal medium containing Murashige and Skoog
(MS) mineral salts [36], Linsmaier and Skoog (LS) vitamins [37], 3% sucrose, 100 mg/l myo-
inositol and 0.6% agar, for germination.

Single 10-day-old seedlings were then placed in tubes (& 18 mm) with diversely enriched
half-strength MS (1/2 MS) media and cultivated in vitro for 5 weeks at 18+2°C and a 16 h light
photoperiod. Different concentrations of several types of sugar such as sucrose, fructose,
glucose, xylose and mannitol, were added to the media combined with PGRs (N°®-bezyladenine
(BA); gibberellic acid (GAs); 2,3,5-triiodobenzoic acid (TIBA; Supplementary Table S1). All
media were adjusted to pH 5.8 prior to autoclaving at 114°C and 80 kPa for 25 min. In all
experiments, 10 seedlings were used per treatment, and each treatment was repeated three times.
Data collection and statistical analysis
Data were collected after 5 weeks of different treatments. All percentage-data were subjected to
angular transformation (arcsin\VX) prior to analysis. After analysis, data were subjected to
inverse transformation for presentation. Statistical significance was determined by analysis of
variance (ANOVA) using SAS software (SAS Institute, 2004. SAS/STAT, ver. 9.1.SAS Institute
Inc., Cary, NC, USA). The mean values were separated by Fisher’s LSD post-hoc test at the 5%
level of probability.

RESULTS

The effect of applied carbohydrates alone or in combination with plant growth regulators on

kohlrabi in vitro growth and development was investigated. Results demonstrated different

responses regarding morphological characteristics, such as plant height, the appearance of the

leaves, stems and roots, as well as callus formation and shoot regeneration (Fig. 1A-F).

Plantlet height

Plantlet height was significantly decreased with application of higher concentrations of sucrose

(Fig. 2), particularly when 9% sucrose was added to the growth medium, compared to control

kohlrabi grown on standard 3% sucrose medium which exhibited normal morphology (Fig. 1A).
The addition of PGRs to the growth medium enhanced the height depression effect in the

case of B type media, as in B9, where the combination of high sugar concentration and 1 mg/L

BA + 1 mg/L TIBA induced the most significant maximum difference (Fig. 2). Further addition
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of GAs in C type media reduced the influence of BA and TIBA, so that the recorded plantlet
height was more similar to the control cultivated without PGRs (Fig 2).

When kohlrabi seedlings were grown on 9% sucrose, the addition of 1% glucose did not
affect plantlet height. However, S2 and S3 types of media that contained 1% of xylose and 1% of
xylose and fructose, respectively, had a negative impact according to ANOVA (Fig. 3A).

Mannitol also displayed a negative effect on plantlet height compared to the control, with
the strongest effect expressed at concentrations of 6% and 9% (Fig. 3B).

Leaf, stem and root morphology

Leaf desiccation was observed in kohlrabi plantlets grown in the presence of PGRs (Fig. 4A).
Almost all types of PGR-containing media had a similar effect, with about 40% of plantlets
displaying leaf dryness. The exception was C9 medium, reaching the highest percentage of
almost 80% of affected plantlets.

The addition of mannitol to the growth media ultimately induced severe damage to the
plantlet leaves, leading to complete desiccation in the M9 treatment (Fig. 1B). Furthermore,
mannitol and a high concentration of sucrose in combination with glucose, xylose and fructose
(M and S types of media, respectively) induced an alteration in leaf color from the normal green
(Fig. 1A) to dark blue-green (Fig. 1C).

All treatments, except control plantlets grown on K3 medium, exhibited a distinct
percentage of plantlets showing loss of stem coloration after five weeks of culturing (Fig. 1D).
At higher concentrations of sucrose (6% and 9%) in combination with PGRs, a larger number of
plantlets exhibited stem discoloration (up to 70%; Fig. 4B).

In addition, the highest percentage of plantlets with loss of stem coloration was noted in S1
medium (Fig. 5A). When kohlrabi plantlets were grown on M-type media, the values were
similar to those recorded for B and C types of media, with no significant differences with regard
to increasing concentrations of added mannitol (Fig. 5B).

All plantlets grown on S, B and C types of media exhibited changed root appearance, from
normal white (Fig. 1A) to brownish-yellow (Fig. 1C), with a total absence of root formation in
the majority of plantlets cultured on B6 and B9. M6 and M9 treatments significantly affected
root growth in the plantlets as well (Fig. 1B).

Callus formation and in vitro regeneration

Development of the callus on the stem bottom of the kohlrabi plantlets was observed in all
treatments, excluding K3. The highest number of plantlets forming a callus was recorded for
media containing PGRs (Fig. 6A). Shoot regeneration via the process of indirect organogenesis
was primarily documented in plantlets grown on the media enriched with PGRs (Fig. 1E, F),
with the best response observed in C3 plantlets that were treated with 1 mg/L BA, 1 mg/L TIBA
and 2 mg/L GAs in medium containing 3% sucrose (Fig. 6B).

DISCUSSION

Plants use carbohydrates as signaling molecules, which integrate the effect of environmental
conditions and plant developmental programs controlled by hormones [38-40]. A higher sucrose
concentration (6-12%) in growth media was shown to promote tuberization in potato [16,41,42]
and Gloriosa superb L. [43], and the induction of bulbs in garlic [44] and shallot [45]. Recent
findings [29] have confirmed that genes regulating sucrose biosynthesis are implicated in the
process of tuber development in kohlrabi. However, all carbon sources that were applied in our
experiments failed to induce tuber formation in kohlrabi plantlet stems after 5 weeks of in vitro
culturing.
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Cytokinins and gibberellins have also been associated with tuber formation in plants [46-
48]. They were shown to impact photosynthate transport and the partitioning of assimilates [49].
However, in some in vitro model systems such as kohlrabi in our study, no significant effects of
these two groups of PGRs on stem swelling and tuber formation were detected. Despite the
absence of stem thickening, the results presented here show that sugars alone or in combination
with growth regulators influenced kohlrabi growth and development in vitro, ultimately leading
to diverse responses in terms of morphological features such as plant height, the appearance of
leaves, stems, roots, as well as callus formation and shoot regeneration.

Plantlet height was decreased with higher concentrations of sucrose (in particular at 9%),
compared to control kohlrabi. Different concentrations of sugars, such as sucrose, have
previously been shown to affect normal growth and development of plant tissues and organs such
as leaves, tubers and adventitious roots [50,51]. These results and many other observations
highlight the importance of sugar signaling pathways in the regulation of plant growth [52,53].
Plant growth depends not only on available resources, but also on developmental and
physiological signals that require the monitoring of resource levels. Plants that grow more slowly
set aside their resources, possibly as reserves for unfavorable conditions [52].

It was suggested that the necessary conditions for kohlrabi stem swelling included the
presence of cytokinins and a low level of auxin [2]. The application of BA aborted stem
elongation and accelerated swelling. On the other hand, GAs applied with BA increased both
stem height and thickness, with or without the addition of auxin. In the work with stem mustard,
it was demonstrated that the application of GAs exhibited a profound effect on stem length,
which was over three times longer after GAs application than after BA treatment, and that the
stem diameter of microcuttings was significantly increased by BA in the absence of NAA
[18,46]. In addition, it was reported that the application of BA to tulip stem substantially
stimulated the thickening of all the internodes [54]. Presumably, aborted stem growth induced by
the presence of BA and TIBA in the medium containing 9% (or 6%) sucrose could be the first
step leading to stem swelling in kohlrabi plants grown in vitro.

Beside stem growth abortion, the application of PGRs induced leaf desiccation in kohlrabi
plantlets, with almost 80% of plantlets affected when grown on C9 medium. Leaf desiccation in
kohlrabi plantlets might be one of the factors that inhibited the priming of stem swelling signals.
It is well known that mobile signals are primed in the source leaf upon exposure to inductive
conditions. In Arabidopsis, FT is mobilized to the shoot apical meristem to activate flowering,
whereas in potato, StSP6A and StBEL5 are mobilized to the underground stolon tip, the site of
tuber formation [55]. Loss of stem coloration could also be observed in a certain number of
plantlets after five weeks of culturing on all treatments, apart from the control and the
combination of 6% and 9% sucrose with PGRs, which affected a larger number of plantlets. The
pigmentation pattern observed in plants occurs because of the spatial distribution and
accumulation of colored compounds, and may also be associated with structural changes to the
tissue [56]; thus, the discolored pattern in kohlrabi stem could be an indicator of structural
changes as well.

The use of PGRs in our in vitro experiments apparently did not induce stem thickening in
kohlrabi, but stimulated callus formation and de novo organogenesis. The callus was developed
on the kohlrabi stem after all applied treatments except in the control, and the strongest impact
was noted for media with PGRs. This trend was also observed for shoot regeneration via de novo
organogenesis that was only documented in plantlets grown on media enriched with PGRs. This
is in accordance with our earlier published results on the successful induction of de novo shoot
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organogenesis in kohlrabi hypocotyl explants and intact seedlings that were cultivated on media
supplemented with different types of cytokinin, with BA and TDZ being the most efficient [30].
In the present study, the best response in terms of shoot regeneration was observed in C3
plantlets that were treated with 1 mg/L BA, 1 mg/L TIBA and 2 mg/L GAs in the medium
containing 3% sucrose.

Carbohydrates serve as a carbon source to maintain the carbon supply as well as to
maintain the osmotic potential of cells. Sucrose is widely used in plant tissue culture due to its
very favorable effect on growth and its relatively low cost. There are also reports of the use of
other sugars as suitable carbon sources for in vitro culture of different plants [7,8]. Glucose and
fructose support growth of some plant tissues [57]; however, in our study, adding 1% xylose and
fructose to the growth medium with 9% sucrose negatively affected kohlrabi plantlet height.

Mannitol is considered to be a compatible solute that can accumulate to high
concentrations in plant cells but does not interfere with cell processes [58]. However, it may also
act as a scavenger of activated oxygen species, which can damage plant cells [59].
Supplementing nutrient media with mannitol revealed that increasing concentrations of this sugar
alcohol do not exert similar effects as other applied sugars. Mannitol induced osmotic stress and
negatively affected kohlrabi seedling growth, indicating that the effects of xylose, fructose and
sucrose are caused by alterations in osmotic potential. Loss of stem coloration, another altered
feature of kohlrabi observed in this study, also appeared on M and S media.

The original purple kohlrabi cultivar used in this study is known for its anthocyanin
accumulation in the leaf petiole and stem [60], with green as the normal color of leaves.
Mannitol and high concentrations of sucrose in combination with glucose, xylose and fructose
initiated changes in leaf color to dark blue-green, pointing to elevated synthesis and
accumulation of anthocyanin as a stress response, which is consistent with our previous research.
An earlier study demonstrated higher anthocyanin accumulation in cell suspension cultures of
poplar after subjection to osmotic stress with glucose and mannitol [61]. Different carbohydrates
have different effects on the biosynthesis of anthocyanin in different species, and sucrose is the
main carbohydrate stimulating anthocyanin coloration [62]. A high concentration of sucrose has
been shown to increase anthocyanin production in Pistacia chinensis leaves [63]. As a signaling
molecule [14], sugar can induce the expression of genes in the anthocyanin biosynthesis pathway
and promote the accumulation of anthocyanin [64].

Kohlrabi plantlets cultured on S, B and C, as well as M6 and M9 types of media, displayed
changes in root appearance. High concentrations of glucose were shown to shorten the root
meristematic zone in a dose-dependent manner [65]. Glucose reduces the size of the primary root
meristem by increasing the rate of meristematic cell differentiation and by positively regulating
the exit of cells from the primary root meristem into the elongation and differentiation zones.
These phenotypic changes correlated with a reduction in auxin level in the roots. Deficiency in
auxin transport protein BIG was shown to significantly sensitize the sugar-induced anthocyanin
accumulation and sugar-inhibited primary root growth [66].

CONCLUSIONS

After comparing all media used in this study, it can be concluded that B6 and B9 media are the
most potent media for further analyses of kohlrabi swelling considering their effects as follows:
impairment of root formation, reduction in plantlet height, the lowest percentage of desiccated
leaves, and the highest number of plantlets undergoing stem discoloration. Our results showed no
tuber development after any of the in vitro treatments. However, the applied sugars altered a



ACCEPTED MANUSCRIPT

variety of morphological aspects of kohlrabi growth and development in comparison to matching
controls, while the use of PGRs stimulated callus formation and de novo organogenesis. Further
investigation of the underlying mechanisms is necessary for a better understanding of stem
swelling in kohlrabi and the role of carbon source type, plant hormones and/or other factors in
this process.

Funding: This study was supported by the Ministry of Education, Science and Technological Development,
Republic of Serbia. Contract No. 451-03-68/2020-14/200007

Author contributions: SN and TC designed and wrote the manuscript, TC, JS, NG carried out the experiments, MR
and AC participated in the design of the figures and graphs, and performed the statistical analyses, BV critically
revised the manuscript.

Conflict of interest disclosure: The authors declare that they have no conflict of interest.

REFERENCES

1. Cardoza V, Stewart CN. Brassica biotechnology: progress in cellular and molecular biology. In Vitro Cell
Dev Biol-Pl. 2004;40:542-51.

2. Selman IW, Kulasegaram S. Development of the stem tuber in kohlrabi. J Exp Bot. 1967;18(56):471-90.

3. Sobeih WY. The photoperiodic regulation of bulbing in onions (Allium cepa L.). IV. The translocation of
14C-assimilate during bulbing in response to light and hormonal factors. J Hortic Sci. 1988;63:109-18.

4. Turgeon R. The sink-source transition in leaves. Annu Rev Plant Physiol Plant Mol Biol. 1989;40:119-38.

5. Farrar J. Regulation of shoot-root ratio is mediated by sucrose. Plant Soil. 1982;185:13-9.

6. Smeekens GSM. Sugar induced signal transduction in plants. Annu Rev Plant Physiol Plant Mol Biol.
2000;51:49-81.

7. Ondo Ovono P, Claire Kevers C, Dommes J. Effects of reducing sugar concentration on in vitro tuber
formation and sprouting in yam (Dioscorea cayenensis-D. rotundata complex) Plant Cell Tissue Organ
Cult. 2009;99(1):55-9.

8. Gabryszewska E. The effects of glucose and growth regulators on the organogenesis of Paeonia lactiflora
Pall. in vitro. J Fruit Ornam Plant Res. 2010;18(2):309-20.

9. De Paiva Neto VB, Campos Otoni W. Carbon sources and their osmotic potential in plant tissue culture:
does it matter? Sci Hortic. 2003;97:193-202.

10. Gopal J, Chamail A, Sarkar D. In vitro production of microtubers for conservation of potato germplasm:
effect of genotype, abscisic acid, and sucrose. In Vitro Cell Dev Biol-Pl. 2004;40:185-90.

11. Omokolo ND, Boudjeko T, Tsafack Takadong JJ. In vitro tuberization of Xanthosoma sagittifolium L.
Schott: effect of phytohormones, sucrose, nitrogen and photoperiod. Sci Hortic. 2003;98:337-45.

12. Zheng Y, Liu Y, Ma M, Xu K. Increasing in vitro microrhizome production of ginger (Zingiber officinale
Roscoe). Acta Physiol Plant. 2008;30:513-19.

13. Kastner U, Klahr A, Keller ERJ, Kahane R. Formation of onion bulblets in vitro and viability during
medium-term storage. Plant Cell Rep. 2001;20:137-42.

14. Price J, Laxmi A, Martin SKS, Jang JC. Global transcription profiling reveals multiple sugar signal
transduction mechanisms in Arabidopsis. Plant Cell. 2004;16:2128-50.

15. Rolland F, Baena-Gonzalez E, Sheen J. Sugar sensing and signaling in plants: conserved and novel
mechanisms. Annu Rev Plant Biol. 2006;576(1):675-709.

16. Xu X, van Lammeren AAM, Vermeer E, VVreugdenhil D. The role of gibberellin, abscisic acid, and sucrose
in the regulation of potato tuber formation in vitro. Plant Physiol. 1998;117:575-84.

17. Nishijima T, Sugii H, Fukino N, Mochizuki T. Aerial tubers induced in turnip (Brassica rapa var. rapa (L.)
Hartm.) by gibberellin treatment. Sci Hortic. 2005;105:423-33.

18. Xu Z, Wang Q-M, Guo Y-P, Guo D-P, Shah G A, Liu H-L, Mao A. Stem-swelling and photosynthate
partitioning in stem mustard are regulated by photoperiod and plant hormones. Environ Exp Bot.
2008;62:160-7.

19. Gupta A, Gupta R. K, Dhingra G. K., Kuriyal S, Lal S, Arya R. Variations in growth of tubers of field
grown Coleus barbatus as affected by different hormonal treatments African J Plant Sci. 2010;4(12):467-
73.



20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41,
42,
43.

44,

ACCEPTED MANUSCRIPT

Ross SD, Bollmann MP, Pharis RP, Sweet GB. Gibberellin A4/7 and the promotion of flowering in Pinus
radiata: effects on partitioning of photoassimilate within the bud during primordial differentiation. Plant
Physiol. 1984;76:326-30.

Roitsch T. Source-sink regulation by sugars and stress. Curr Opin Plant Biol. 1999;2:198-206.

Sokolova SV, Balashina NO, Krasavina MS. Activation of soluble acid invertase accompanies the
cytokinin-induced source-sink leaf transition. Russ J Plant Physiol. 2002;49:86-91.

Trouverie J, Thévenot C, Rocher JP, Sotta B, Prioul JL. The role of abscisic acid in the response of a
specific vacuolar invertase to water stress in the adult maize leaf. J Exp Bot. 2003;54:2177-86.

Borisjuk L, Rolletschek H, Wobus U, Weber H. Differentiation of legume cotyledons as related to
metabolic gradients and assimilate transport into seeds. J Exp Bot. 2003;54(382):503-12.

Roumeliotis E, Kloosterman B, Oortwijn M, Kohlen W, Bouwmeester HJ, Visser RGF, Bachem CWB. The
effects of auxin and strigolactones on tuber initiation and stolon architecture in potato. J Exp Bot.
2012;63:4539-48.

Wang GL, Huang Y, Zhang XY, Xu ZS, Wang F, Xiong AS. Transcriptome-based identification of genes
revealed differential expression profiles and lignin accumulation during root development in cultivated and
wild carrots. Plant Cell. 2016;35:1743-55.

Li J, Ding Q, Wang F, Zhang Y, Li H, Gao J. Integrative analysis of mRNA and miRNA expression
profiles of the tuberous root development at seedling stages in turnips. PLoS One. 2015;10(9): e0137983.
Mitsui Y, Shimomura M, Komatsu K, Namiki N, Shibata-Hatta M, Imai M, Katayose Y, Mukai Y,
Kanamori H, Kurita K, Kagami T, Wakatsuki A, Ohyanagi H, Ikawa H, Minaka N, Nakagawa K, Shiwa Y,
Sasaki T. The radish genome and comprehensive gene expression profile of tuberous root formation and
development. Sci Rep. 2015;5:10835.

Hearn DJ, O'Brien P, Poulsen TM. Comparative transcriptomics reveals shared gene expression changes
during independent evolutionary origins of stem and hypocotyl/root tubers in Brassica (Brassicaceae).
PLoS One. 2018;13(6):e0197166.

Cosi¢ T, Motyka V, Raspor M, Savi¢ J, Cingel A, Vinterhalter B, Vinterhalter D, Travni¢kova A, Dobrev
PI, Bohanec B, Ninkovi¢ S. In vitro shoot organogenesis and comparative analysis of endogenous
phytohormones in kohlrabi (Brassica oleracea var. gongylodes): Effects of genotype, explant type and
applied cytokinins. Plant Cell Tissue Organ Cult. 2015;121(3):741-60.

Cosi¢ T, Raspor M, Savi¢ J, Cingel A, Matekalo D, Zdravkovi¢-Kora¢ S, Ninkovi¢ S. Expression profiles
of organogenesis-related genes over the time course of one-step de novo shoot organogenesis from intact
seedlings of kohlrabi. J Plant Physiol. 2019;232:257-69.

Glendening TM, Sjolund R. In vitro propagation of kohlrabi from leaf explants. HortScience. 1988;23:772.
Khan MR, Rashid H, Ansar M, Chaudry Z. High frequency shoot regeneration and Agrobacterium-
mediated DNA transfer in Canola (Brassica napus). Plant Cell Tissue Organ Cult 2003;75:223-31.

Ghnaya AB, Charles G, Branchard M. Rapid shoot regeneration from thin cell layer explants excised from
petioles and hypocotyls in four cultivars of Brassica napus L. Plant Cell Tissue Organ Cult. 2008;92:25-30.
Abbasi BH, Khan M, Guo B, Bokhari SA, Khan MA. Efficient regeneration and antioxidative enzyme
activities in Brassica rapa var. turnip. Plant Cell Tissue Organ Cult 2011;105:337-44.

Murashige T, Skoog F. A revised medium for rapid growth and bio assays with tobacco tissue cultures.
Physiol Plantarum. 1962;15:473-97.

Linsmaier EM, Skoog F. Organic growth factor requirements of tobacco tissue cultures. Physiol Plantarum.
1965;18(1):100-27.

Koch KE. Carbohydrate-modulated gene expression in plants. Annu Rev Plant Physiol Plant Mol Biol.
1996;47:509-40.

Ramon M, Rolland F, Sheen J. Sugar sensing and signaling. Arabidopsis Book. 2008;6:e0117.

Eveland AL, Jackson DP. Sugars, signaling and plant development. J Exp Bot. 2012;63(9):3366-77.

Simko I. Sucrose application causes hormonal changes associated with potato tuber induction. J Plant
Growth Reg. 1994;13:73-77.

Prat S. Hormonal and daylength control of potato tuberisation. In: Davies PJ, editor. Plant hormones:
biosynthesis, signal transduction, action! 3" ed. Dordecht: Kluwer Academic Publishers; 2004. p. 538-60.
Kumar CN, Jadhav SK, Tiwari KL, Afaque Q. In vitro tuberization and colchicine content analysis of
Gloriosa superba L. biotechnology. 2015;14(3):142-7.

Zel J, Debeljak N, Ucman R, Ravnikar M. The effect of jasmonic acid, sucrose and darkness on garlic
(Allium sativum L. cv. Ptujski jesenski) bulb formation in vitro. In Vitro Cell Dev Biol-PI. 1997;33:231-5.



45.

46.

47,

48.

49.

50.

Sl

52.
53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

ACCEPTED MANUSCRIPT

Le Guen-Le Saos F, Hourmant A, Esnault F, Chauvin JE. In vitro bulb development in shallot (Allium cepa
L. Aggregatum Group): Effects of anti-gibberellins, sucrose and light. Ann Bot. 2002;89:419-25.

Guo DP, Jiang YT, Zeng GW, Shah GA. Stem swelling of stem mustard, as affected by temperature and
growth regulators. Sci Hortic. 1994;60:153-60.

Ewing EE. The role of hormones in potato (Solanum tuberosum L.) tuberization. In: Davies PG, editor.
Plant Hormones: Physiology, biochemistry and molecular biology. Dordrecht: Kluwer; 1995. p. 698-724.
Xue T, Guo L, Xue J-p, Song Y-x, Lu H-d, Zhang A-m, Sheng W. Study of the system of tuberous root
induction in vitro from Rehmannia glutinosa. Afr J Biotechnol. 2012;11(28):7202-7.

Brenner ML, Cheikh N. The role of hormones in photosynthate partitioning and seed filling. In: Davies PJ,
editor. Plant hormones, physiology, biochemistry, and molecular biology. 2" ed. Dordecht: Kluwer
Academic Publishers; 1995. p. 649-70.

Gibson Sl. Control of plant development and gene expression by sugar signaling. Curr Opin Plant Biol.
2005;8:93-102.

Asmono SL, Sari VK, Djenal A. The effects of different concentration of sucrose and various auxin on in
vitro shoot and microtuber formation of red potato (Solanum tuberosum, L. var Desiree). 1st International
Conference on Food and Agriculture 2018, ICoFA 2018; 20148 Oct 20-21; Nusa DuaBali, Indonesia.
Institute of Physics Publishing; 2018. 012002. (IOP Conference Series: Earth and Environmental Science;
Vol. 207).

Hannson J, Smeekens S. Sugar perception and signaling - an update. Curr Opin Plant Biol. 2009;12:562-7.
Dutt S, Manjul AS, Raigond P, Singh B, Siddappa S, Bhardwaj V. Key players associated with tuberization
in potato: potential candidates for genetic engineering. Crit Rev Biotechnol. 2017;37(7):942-57.

Saniewski M, Wegrzynowicz-Lesiak E, Goraj-Koniarska J, Gabryszewska E. Effect of benzyladenine (BA)
on auxin-induced stem elongation and thickening in tulip (Tulipa gesneriana L.). Acta Agrobot.
2016;69(1):1650.

Hannapel DJ, Sharma P, Lin T, Banerjee AK. The multiple signals that control tuber formation. Plant
Physiol. 2017;174:845-56.

Albert NW, Davies KM, Schwinn KE. Gene regulation networks generate diverse pigmentation patterns in
plants. Plant Signal Behav. 2014;9:e29526.

Bhjowani SS, Razdan MK. Plant Tissue Culture: Theory and Practice. Rev. edition. Elsevier; 1996. 766 p.
Patel TK, Williamson JD. Mannitol in Plants, Fungi, and Plant-Fungal Interactions. Trends Plant Sci.
2016;21(6):486-97.

Smirnoff N, Cumbes QJ. Hydroxyl radical scavenging activity of compatible solutes. Phytochemistry.
1989;28:1057-60.

Zhang Y, Hu Z, Zhu M, Zhu Z, Wang Z, Tian S, Chen G. Anthocyanin accumulation and molecular
analysis of correlated genes in purple kohlrabi (Brassica oleracea var. gongylodes L.). J Agric Food Chem.
2015;63(16):4160-9.

Tholakalabavi A, Zwiazek JJ, Thorpe TA. Effect of mannitol and glucose-induced osmotic stress on
growth, water relations, and solute composition of cell suspension cultures of poplar (Populus deltoides
var. Occidentalis) in relation to anthocyanin accumulation. In Vitro Cell Dev Biol-PI. 1994;30P:164-70.
Solfanelli C, Poggi A, Loreti E, Alpi A, Perata P. Sucrose-specific induction of the anthocyanin
biosynthetic pathway in Arabidopsis. Plant Physiol. 2006;140(2):637-46.

Song X, Guo H, Liu Y, Wan F, Zhang J, Chang X. Effects of salicylic acid and sucrose on pigment content
in Pistacia chinensis leaves. Sci Hortic. 2020;259:108783.

Hara M, Oki K, Hoshino K, Kuboi T. Enhancement of anthocyanin biosynthesis by sugar in radish
(Raphanus sativus) hypocotyl. Plant Sci. 2003;164:259-265.

Yuan T-T, Xu H-H, Zhang K-X, Guo T-T, Lu Y-T. Glucose inhibits root meristem growth via ABA
INSENSITIVE 5, which represses PIN1 accumulation and auxin activity in Arabidopsis. Plant, Cell
Environment. 2014;37:1338-50.

Zhang RX, Li S, He J, Liang YK. BIG regulates sugar response and C/N balance in Arabidopsis. Plant
Signal Behav. 2019;14(11):1669418.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Poggi%20A%5BAuthor%5D&cauthor=true&cauthor_uid=16384906
https://www.ncbi.nlm.nih.gov/pubmed/?term=Loreti%20E%5BAuthor%5D&cauthor=true&cauthor_uid=16384906
https://www.ncbi.nlm.nih.gov/pubmed/?term=Alpi%20A%5BAuthor%5D&cauthor=true&cauthor_uid=16384906
https://www.ncbi.nlm.nih.gov/pubmed/?term=Perata%20P%5BAuthor%5D&cauthor=true&cauthor_uid=16384906

ACCEPTED MANUSCRIPT

Figure Legends

Fig. 1. Kohlrabi plantlets cultivated in vitro for 5 weeks on different growth media containing
different concentrations of sucrose in combination with plant growth regulators A — Control
plantlets grown on K3 medium (3% sucrose). B — Plantlets grown on M9 (9% mannitol) medium
showing pronounced leaf desiccation. C — Dark blue-green leaves in plantlets grown on S2 (9%
sucrose, 1% glucose + 1% xylose) medium differ from normal, green leaves in control plantlets.
D — Loss of color in plantlet stems grown on B9 (9% sucrose + 1 mg/L BA + 1 mg/L TIBA)
medium. E — Shoot regeneration in plantlet grown on B3 (3% sucrose + 1 mg/L BA + 1 mg/L
TIBA) medium. F — Shoot regeneration on C3 (3% sucrose + 1 mg/L BA + 1 mg/L TIBA + 2
mg/L GAs) medium.

Fig. 2. Average height of kohlrabi plantlets measured after 5 weeks of in vitro culturing on
growth media containing different concentrations of sucrose combined with distinct growth
regulators. Data are the meantSE of three independent experiments with 10 replicates each.
Means marked with the same letter were not significantly different according to Fisher’s least
significant difference (LSD) test, P<0.05.

Fig. 3. Average height of kohlrabi plantlets measured after 5 weeks of in vitro culturing on
growth media containing (A) 9% of sucrose combined with 1% of glucose, xylose and fructose,
or (B) different concentrations of mannitol (3, 6, 9%), in comparison to control plantlets grown
on media with 9% or 3% sucrose, respectively. Data are the meanzSE of three independent
experiments with 10 replicates each. Means marked with the same letter were not significantly
different according to Fisher’s least significant difference (LSD) test, P<0.05.

Fig. 4. Effects of different types of growth media on development of kohlrabi plantlets after five
weeks of in vitro culturing. A — Percentage of plantlets with leaf desiccation. B — Percentage of
plantlets with discolored stem. Data are the mean£SE of three independent experiments. Means
marked with the same letter were not significantly different according to Fisher’s least
significant difference (LSD) test, P<0.05..

Fig. 5. Percentage of kohlrabi plantlets with discolored stem recorded after 5 weeks of in vitro
culturing on growth media containing (A) 9% sucrose combined with 1% glucose, xylose and
fructose, or (B) different concentrations of mannitol (3, 6, 9%), in comparison to control plantlets
grown on media with 9% or 3% sucrose, respectively. Data are the meantSE of three
independent experiments. Means marked with the same letter were not significantly different
according to Fisher’s least significant difference (LSD) test, P<0.05.

Fig. 6. Induction of callus and subsequent indirect organogenesis in kohlrabi plantlets after five
weeks of in vitro culturing on different growth media containing various concentrations of
sucrose in combination with plant growth regulators. A — Percentage of plantlets forming the
callus at the base of the stem plantlet. B — Percentage of plantlets with shoot regeneration. Data
are the meanzSE of three independent experiments. Means marked with the same letter were not
significantly different according to Fisher’s least significant difference (LSD) test, P<0.05.
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ial.pdf


http://serbiosoc.org.rs/NewUploads/Uploads/Cosic%20et%20al_5530_Supplementary%20Material.pdf
http://serbiosoc.org.rs/NewUploads/Uploads/Cosic%20et%20al_5530_Supplementary%20Material.pdf

Fig. 1.

ACCEPTED MANUSCRIPT

12



Plantlet height (cm)

Fig. 2.

L

ACCEPTED MANUSCRIPT

a
a
1 b
i c
1 de
| II| e
K3 K6 K9 B3 B6 B9

Type of medium

C3

(]3]

Cc9

13



Fig. 3.

>

Plantlet height (cm)

w

Plantlet height (cm)

ACCEPTED MANUSCRIPT

8-
a a
74
. b
(o]
5
4 4
3
2
1
0
K9 S1 S2 S3
10 - a
9
8
74
6
51 b
4
c Cc
3
2
1
0 T T
K3 M3 M6 M9

Type of medium

14



ACCEPTED MANUSCRIPT

<

o
-5

[ o [=] o o o o
~ © D < @ o~ -—

(%) uoneoaoisep Jes| YIm
sje|ueld Jo sbejusolad

B3

K9

K6

K3

m

(%) wa)s palojoosip Yyum
s)enue|d Jo abejuaolad

0 A

Cco

Cé

C3

B9

B6

B3

K9

K6

K3

Type of medium

Fig. 4.

15



ACCEPTED MANUSCRIPT

<C

ab

ab

T
(=]
co

T T T T T T T

o o o o o o o
~ © n =3 b} ~ -

0

(%) Wa)1s pa10joosIp Yim
sjoue|d jo abejusolead

S3

S2
a
a |

S1

K9

m

o
©

,
=3 =) o o o
e = o ~ -~

(%) Wa)s pal10joosIp YuUm
syepueld jo abejusolad

0

M9

Me

M3

K3

Type of medium

Fig. 5.

16



ACCEPTED MANUSCRIPT

<

cd

s

o
o
pt

o
(=]

(=]
0

70 -

o o o o
© 0 < o

(%) snjeod
Buiwio) syepueld Jo sbejusoled

T
o
o~

T
o
-—

0

Co

Ccé6

C3

B9

B6

B3

K9

K6

K3

m (%) uonelsusbal jooys psonpul
yum siepueld jo sbejusolad

Cco

Ccé

C3

B9

B6

B3

K9

K6

K3

Type of medium

Fig. 6.

17



	53. Dutt S, Manjul AS, Raigond P, Singh B, Siddappa S, Bhardwaj V. Key players associated with tuberization in potato: potential candidates for genetic engineering. Crit Rev Biotechnol. 2017;37(7):942-57.
	66. Zhang RX, Li S, He J, Liang YK. BIG regulates sugar response and C/N balance in Arabidopsis. Plant Signal Behav. 2019;14(11):1669418.



