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Abstract

One of the most critical factors in maintaining healthy in vitro axillary apple shoot cultures is the cytokinin content of
the medium. The effects of two cytokinins applied in the medium, thidiazuron and 6-benzylaminopurine riboside, each
applied in a quantity of 4.5 uM, were studied on mRNA transcription of in vitro apple shoots. Transcriptomic response
of in vitro apple shoots was investigated at two time points; at 48 h and 4 weeks (at the end of the subculture) after the
cytokinin application by mRNA-seq, bioinformatics analysis, GO annotation and KEGG mapping. This study revealed that
different expression intensities of DEGs were related to TF families (mainly WRKY, MYB, AP2/ERF, bHLH) associated
with plant growth and development, in addition to enzymes involved in genetic and environmental information processing,
cell motility, the zeatin biosynthesis, the tryptophan metabolism, the phenylpropanoid biosynthesis, and cutin, suberin,
and wax biosynthesis. A putative roadmap based on changes in gene expression intensity that may be in association with
various in vitro apple shoot development and growth disorders caused by different cytokinin supplies was conceived.

Key message

Transcription related to environmental information processing changed by both cytokinins, but differently. Only TDZ
affected significantly the cell motility and DNA replication compared to the control group. Transcriptomic changes were
in connection with the shoot characteristics.

Keywords Plant hormone signal transduction - Zeatin biosynthesis - DNA replication - Transcription factors -
Malus % domestica Borkh.
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Introduction

Apple (Malus % domestica Borkh., Rosaceae family), is one
of the most economically important fruit crops, which is
widely grown in temperate climate zones of the world (Baldi
et al. 2024). Apples are a rich source of many essential phy-
tonutrients, such as minerals, vitamins, antioxidants, dietary
fibres, organic acids and sugars (Oyenihi et al. 2022), as a
result of having been developed by many technologies of
breeding and preservation (Itana and Habib 2022). Apples
offer numerous health benefits, and their consumption pre-
vents cardiovascular diseases as atherosclerosis and coro-
nary artery disease (Ferretti et al. 2014), reduces the risk of
diabetes, and also provides anti-asthmatic and anti-allergic
effects (Mierczak and Garus-Pakowska 2024).

Micropropagation represents a widely known method for
plant production, conservation and improvement, and has
the highest currently available capacity to multiply the plant
material all over the year irrespective of cultivation season
(Shi et al. 2021). In vitro micropropagation of apples has
played a remarkable function in the production of geneti-
cally uniform, healthy, pathogen-free scions and rootstocks,
and in quick, mass propagation of fruit trees with suitable
traits (Dobranszki and Teixeira da Silva 2010; Kumar et al.
2023; Abdalla and Dobranszki 2024). Tissue culture meth-
ods have been successfully applied for the propagation of
various Malus species (Butiuc-Keul et al. 2010; Teixeira da
Silva et al. 2019) and have been broadly used for providing
multiple clones of apple scions and rootstocks (Bhatti and
Jha 2010).

Shoot multiplication is one of the key processes, and the
most important aspect of an efficient micropropagation pro-
tocol (Kaur et al. 2018). The success and usefulness of an
apple micropropagation protocol for commercial produc-
tion in large scale largely depends on the mode and rate of
shoot multiplication because this is a key phase in whether
in vitro shoots of a suitable quantity and quality (suitable for
rooting) can be produced (Dobranszki and Teixeira da Silva
2010). The efficacy of shoot multiplication is influenced
by several factors, such as genotype, media composition
as well as in vitro environmental conditions. However, the
main controllers of the process are cytokinins (CKs); their
type plays a decisive role in the in vitro shoot development
(Magyar-Tabori et al. 2010; Dobranszki 2014; Teixeira da
Silva et al. 2019).

Cytokinins are phytohormones and there are some plant
growth regulators (PGRs) with cytokinin-like activity that
regulate a great variety of biological processes and affect
plant growth and development, including cell division, pro-
liferation and differentiation, shoot branching, growth, and
development of both shoots and roots (Dobranszki 2014;
Hu and Shani 2023). Thidiazuron (TDZ), as one of the most
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active cytokinin-like substances, could stimulate in vitro
shoot multiplication of a wide range of apple scions and
rootstocks (reviewed in: Dobranszki and Teixeira da Silva
2010). Although TDZ is one of the most active cytokinin-
like substances, in woody plants it may cause a series of
undesirable side-effects when applied exogenously (Huette-
man and Preece 1993). In many cases, the formation of
large shoot clumps, fasciated, dwarf shoots were observed
and some of these shoots seemed to be adventitious, which
is unfavourable in true-to-type micropropagation protocols
(Hazarika 2006; Polivanova and Bedarev 2022). Moreover,
it had a strong after-effect on rooting by inhibiting the root
formation of in vitro shoots propagated on TDZ-containing
medium (Huetteman and Preece 1993; Dobranszki and
Teixeira da Silva 2010). TDZ was the most efficient CK for
enhancing the number of shoots/explants in apple scion cv.
Husvéti Rozmaring, but resulted in shoots of low quality as
they were stunted and thickened with small leaves (Abdalla
and Dobranszki 2024).

Beyond TDZ, some sugar conjugates of aromatic CKs,
such as 6-benzylaminopurine riboside (BAR), were proven
to be very active in the in vitro shoot growth and devel-
opment of apple (Dobranszki and Teixeira da Silva 2010;
Vyli¢ilova et al. 2020). BAR is an N°-riboside derivate of
6-benzylaminopurine that is biologically active (Vyli¢ilova
et al. 2020). It can be used with better efficiency than 6-ben-
zylaminopurine (BA), i.e. a better multiplication rate could
be achieved, and in vitro shoots developed on BAR-contain-
ing medium did not show the disorders occurring in case of
TDZ-induced in vitro shoots. Moreover, rooting inhibition,
which is a very frequent side-effect after application of TDZ
and BA, cannot be detected (Dobranszki and Teixeira da
Silva 2010).

The effects of TDZ and BAR on in vitro shoot develop-
ment of apple are well documented, but the transcriptomic
changes underlying them are still unexplored. The aim of
this study was to investigate the transcriptomic response of
in vitro apple shoots induced on medium containing TDZ
or BAR.

Materials and methods

Plant material, in vitro growing conditions and
sample collection

20-mm-long shoot explants from in vitro maintained shoot
cultures of apple (Malus x domestica Borkh. cv. Husvéti
rozmaring) were used as the source for the experiments.
In vitro shoots served as explant source were maintained
on medium containing MS macro- and micronutrients
and vitamins (Murashige and Skoog 1962) supplemented
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with 2.22 uM 6-benzylaminopurine (BA), 0.49 uM indole
butyric acid (IBA), 0.58 uM gibberellic acid (GAj;), 3%
(w/v) sucrose, and 0.7% (w/v) agar-agar. Before autoclav-
ing for 20 min, at 121 °C and 10° Pa, the pH of the medium
was adjusted to 5.8. Each culture vessel contained 70 ml of
medium and five shoot explants. Shoot cultures were grown
at 23 £2 °C; under 16/8 photoperiod, at light intensity of
106 pmol s 'm2. However, in the last subculture before
the experiments, shoots were grown in vitro on cytokinin-
free medium to avoid the after-effects of cytokinin in the
experiments.

4-week-old in vitro shoots grown on cytokinin-free
medium were separated from in vitro mother shoots, cut
into 20-mm-long segments and placed on experimental
media. Except for the cytokinin content, the experimental
media were the same as the medium used for maintenance
described above. Three different cytokinin-containing media
were used during the experiments; medium without cytoki-
nin (control), media containing 4.5 uM thidiazuron (TDZ)
and 4.5 uM 6-benzylaminopurine riboside (BAR), respec-
tively. Culture conditions were the same as were applied for
maintenance of shoot cultures. Shoots were collected from
experimental cultures two times; 48 h after placing in vitro
shoot explants on the experimental media (48 h) and at the
end of the subculture, at 4th week (4 wks). Plant materi-
als were collected from three different culture vessels from
each cytokinin treatment. Collected samples were stored at
— 80 °C until RNA isolation.

Isolation of mRNA and sequencing

Total RNA was purified from the samples as three biologi-
cal replicates each using Quick-RNA™ Plant Miniprep kit
(Zymo Research, Irvine, CA, USA) based on the manufac-
turer’s protocol. The purity and quantity of the isolated RNA
samples were assessed via microcapillary electrophoresis
using an Implen n50 nanophotometer (Implen, Munich,
Germany) and by fragment analysis with an Agilent Bio-
analyzer 2100 system using RNA 6000 Nano kit (Agilent,
Santa Clara, CA, USA).

Following mRNA library preparation protocol (poly A
enrichment and cDNA library construction), paired-end
150 bp strategy was applied to sequence the samples using
[llumina Sequencing Platform of NovaSeq X Plus Series
(PE150). All raw sequences have been deposited into the
NCBI Gene Expression Omnibus (GEO) repository under
GSE287596 accession number.

Bioinformatic analysis and functional annotation of
dataset

Quality control of raw sequence reads were carried out with
fastp software. After adapter and low quality base removal,
the clean reads were mapped to the GCA 004115385.1
Malus domestica reference genome using Hisat2 (v2.0.5).
Gene level read quantification was performed with feature-
Counts (v1.5.0-p3).

Differential expression analysis was conducted with the
DESeq2 R package (v.1.20.0), and differentially expressed
genes (DEGs) were defined by the adjusted p-value (FDR)
<0.05 and log,(Fold Change) >3.

Gene enrichment analysis was performed with the clus-
terProfiler package (v.3.8.1) using the gene set for all genes
that were analyzed for significant differences and annotated
to the GO or KEGG database as background genes. GO
terms and pathways with adjusted p-value <0.05 were con-
sidered significantly enriched. Visualization of the enriched
GO terms were carried out with OmicsBox.

Results

Assessment of global changes in RNA expression
profile

The expression intensity of 32,834 genes including their
promoters and coding regions were assessed in three com-
parisons based on exogenous cytokinin concentration
(TDZ, BAR or without cytokinin) of the shoot multiplica-
tion medium, i.e. TDZ vs. control (no cytokinin added),
BAR vs. control and BAR vs. TDZ. A heat map based on
the expression intensity of genes was generated (Table S1;
Fig. S1). A total of 69, 10 and 53 sequences were signifi-
cantly up- or down-regulated 48 h after in vitro cultivation
in comparisons of TDZ vs. control, BAR vs. control and
BAR vs. TDZ, respectively. By the end of the subculture (4
th week), the number of significantly up- or down-regulated
sequences increased to 1,536, 2,161, and 795 in the same
comparisons, respectively (Table 1). Volcano plots gener-
ated based on cytokinin supply (control, TDZ, BAR) and
sampling time (48 h, 4 wks) show up- and down-regulated
genes for each comparison (TDZ vs. control, BAR vs. con-
trol and BAR vs. TDZ) (Fig. S2).

Considering all, up- or down-regulated DEGs; at 48 h,
three DEGs were identical in comparisons of TDZ vs. con-
trol and BAR vs. control, while 20 DEGs in comparisons of
TDZ vs. control and BAR vs. TDZ. There was no identical
DEG in comparisons of BAR vs. control and BAR vs. TDZ.
However, the number of identical DEGs increased by the
4th week. The values were 745, 261 and 183 in comparisons
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Table 1 Number of significantly up or down-regulated DEGs, in TDZ vs. Control, BAR vs. Control and BAR vs. TDZ comparisons 48 h and 4
weeks after culturing in vitro shoots on shoot multiplication media containing different types of cytokinin (TDZ or BAR) or no (control) cytokinin

Treatment comparisons TDZ-Control comparison

BAR-Control comparison

BAR-TDZ comparison

1 Up-regulated genes | Down-regulated 1 Up-regulated genes | Down-regulated 1 Up-regulated | Down-
genes genes genes regulated
genes
48 h 19 50 3 45 8
4 weeks 1439 97 1401 760 60 735
a TDZ48HvsK48H Bar48HvsK48H b TDZ4WvsK4W Bar4WvsK4w
45 3 6 502 5 4205
1 28
20 0 261 183
32 323
Bar48HvsTDZ48H BFANVETOZAY
c Bar4WvsBar48H
Bar4WvsTDZ4W
TDZ4WvsTDZ48H 1017 173 Bar48HvsTDZ48H
131 <A 1
19 3
526 15
151 10
2 5

Fig.1 Distribution of significantly differentially expressed genes based
on comparisons of TDZ vs. control and BAR vs. control, and BAR
vs. TDZ, 48 h (a) and 4 weeks (b) after various cytokinin supplies
applied in the shoot multiplication medium of in vitro apple (cv. Has-

of TDZ vs. control and BAR vs. control, TDZ vs. control
and BAR vs. TDZ, and BAR vs. control and BAR vs. TDZ,
respectively (Fig. 1a, b). The number of identical DEGs was
presented in multiple comparisons in Fig. 1c; a total of five
DEGs were identical considering all comparisons.
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véti rozmaring) shoots, as well as in multiple comparison (¢) including
all sampling times and cytokinin supplies (TDZ: thidiazuron; BAR:
6-benzylaminopurine riboside)

Changes in biological processes, cellular
components, and molecular function

Assessment of the most important processes related to
molecular function, cellular components and biological
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processes was carried out based on comparing significant
up-, and downregulation in various comparisons (Fig. S3).
Significantly enriched Gene Ontology terms among the
DEGs were identified based on an adjusted p-value thresh-
old of <0.05.

48 h after placing shoot explants on various cytokinin-
(TDZ- or BAR-) containing medium, only two biological
processes were affected compared to control (i.e. shoots
from cytokinin-free medium). DEGs were limited to two
biological processes, a cytokinin metabolic process and a
hormone metabolic process in 50-50%. Three cellular com-
ponents were affected, the cell wall, the apoplast and the
peroxisome in 40, 40 and 20%, respectively. TDZ appli-
cation affected mainly (> 10%) four out of ten molecular
functions, i.e. cytokinin dehydrogenase activity (10.3%),
heme binding (13.8%), iron ion binding (13.8%) and flavin
adenine dinucleotide binding (13.8%). In case of BAR sup-
ply, four molecular functions were affected, i.e. cytokinin
dehydrogenase activity (33.3%), flavin adenine dinucleo-
tide binding (33.3%), terpene synthase activity (16.7%) and
magnesium ion binding (16.7%) (Fig. S3).

At the end of the subculture (4 wks) three biological pro-
cesses were affected after both cytokinin treatments. TDZ
affected DEGs related to the phosphorelay transduction
system, the regulation of cyclin-dependent serine/threonine
kinase activity and microtubule-based movementin31.7,9.8
and 58.5%, respectively, while BAR affected the biological
processes of the response to oxidative stress, cell wall orga-
nization and the response to auxin in 40, 21.8 and 38.2%,
respectively. As for cellular components, in case of BAR
supply, only the photosystem I (100%) was affected, while
in case of TDZ supply, the nucleosome (32.3%), the pho-
tosynthetic membrane (25.8%), the apoplast (16.1%), the
cell wall (16.1%) and the proton-transporting ATP synthase
complex, coupling factor F(o) (9.7%). DEGs were related
to five molecular functions (hydrolase activity, hydrolyzing
O-glycosyl compounds in 25.4%, heme binding in 25.4%,

microtubule motor activity in 17.4%, microtubule bind-
ing in 19.6% and in electron transfer activity in 12.3%) 4
weeks after TDZ treatment, while to six ones (heme binding
in 20.3%, hydrolase activity, hydrolyzing O-glycosyl com-
pounds in 18.4%, DNA-binding transcription factor activ-
ity in 19.6%, oxidoreductase activity, iron ion binding in
14.6% and hexosyltransferase activity in 12.3%) 4 weeks
after BAR treatment (Fig. S3).

When comparing BAR vs. TDZ, DEGs were found in
three biological processes (the glucan metabolic process in
42.9%, the amine metabolic process and cell wall modifica-
tion in 28.6-28.6%), connected to two cellular components
(the cell wall and the apoplast in 50-50%) and only one
molecular function (xyloglucan: xyloglucosyl transferase
activity). In 4-week-old shoots, however, six biological
processes were affected by DEGs; mainly (> 20%) micro-
tubule-based movement, the phosphorelay transduction sys-
tem and chromosome organization, while in less extent (<
15%) DNA replication initiation, the cytokinin metabolic
process and the hormone metabolic process. All DEGs
related to nucleosomes (Fig. S3).

Transcription factor-related up- and down-
regulated DEGs

Identification of DEGs related to transcription factors (TFs)
was assessed using NCBI and GO descriptions. Based on
Hong (2016), these TFs were grouped into TF families for
easier transparency (Fig. 2; Table S1).

When comparing treated (either with BAR or TDZ)
plants to the control group at the 48 h mark, no significant
TF DEGs were detected. However, after 48 h of cultivation,
analyzing BAR vs. TDZ groups, only one TF, the ARATH
Transcription factor ORG2, a member of the bHLH (basic
helix-loop-helix) TF family, was significantly up-regulated.
Compared to the control group, when the medium contained
TDZ after 4 weeks, 21 TF DEGs in the bHLH family were

BAR 4wks vs. Control 4wks TDZ 4wks vs. Control 4wks BAR 4wks vs. TDZ 4wks
T i . s w1 s s a5 0 s 0 0 5 0 15 20 25 a5 a0 5 0 0 5 10 15 0 2
2 N - 0 - K 1l - 0
-u AP2 I 0 AP2 I = AP2 [
Y| B3 o o B3 K8 o B3 o
< B[ bHin | I o oHiy | I o [N | bHLH | 2
S [ bze | 0 bzip | 4 3 bZIP 0
0 coH2 M1 0 coHz (1M > 0 C2H2 0
o [ Ezriop | 5 o[ E2FDP_| 0 o| E2FDP | o
10 ErF | I 1o 2 [l err [ 3 s ERF |l 1
1 0] _c2dike | 2 0 G2-like | 4 1 [|_G2-like 0
0 GatA M1 0 Gata | 2 2 [ [ __GATA o
o cras W1 o[ _Gras |o o GRAS | o
0 HB-other |l 2 0 HB-other 0 0 HB-other 0
s wsF  |MH: 3 [ usk | 2 -4 HSF 0
-1 [l [mikc_maps |l 2 o [MiKc mADS| o 1 [ [MIkC_mADS |l 1

0/|m-type MADS| il 1 0 |M-type MADS| 0 0 [M-type MADS|| 0
- [N | vys | I ey | wye | | MYB 0
0| MYB-related - 3 0 | MYB-related |l 2 ol . MYB-related | 0
2 [ ~Nac [ S 0 NAC | 2 [l NAC 0
1l NF.YB 0 o _NFvB o o[ NF-YB 0
o ([ Rrav [N 2 0 rav__ N1 o RAV. 0
e e e
o wme—% o Trihelix | NI 4 1 l[_Trihelix | o
| R ol wrky [H: o [ [ wrkY | o

Fig. 2 Transcription factors (TFs) affected by cytokinin treatments grouped based on TF families at 4 weeks in comparisons of treatments (BAR;
TDZ) vs. Control and both cytokinin treatments to each other (TDZ: thidiazuron; BAR: 6-benzylaminopurine riboside)
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up-regulated, and in the BAR vs. control comparison only
18 TFs were up-regulated, meanwhile four TFs were down-
regulated. Drawing a parallel between the BAR and TDZ
groups at the 4-week mark, six bHLH TFs were down-regu-
lated and two DEGs were up-regulated (Fig. 2).

4 weeks after cultivating in vitro shoots on BAR-con-
taining media compared to the control group, 10 ERF
(ethylene-responsive factor) TFs were up-, and 10 were
down-regulated. However, at the same time, in the TDZ vs.
control comparison only three TFs were up-, and two were
down-regulated. If we compare the TDZ and BAR groups,
only one ERF TF was up- and three were down-regulated.
In both BAR and TDZ groups compared to control, the AP2
(APETALAZ2) TF-s were up-regulated by the 4 th week (six
and seven DEGs, respectively). On the contrary, regard-
ing the BAR vs. TDZ comparison, three TFs were down-
regulated at the same time. There was no difference in the
expression of RAV (related to ABI3 and VP1) TFs com-
paring BAR and TDZ at 4 weeks, but regarding the BAR
vs. control comparison, two TFs were up-, and eight were
down-regulated, and as for the TDZ vs. control comparison,
only one TF was up-regulated (Fig. 2).

After 4 weeks of in vitro cultivation of shoots on media
supplemented with BAR vs. control, 16 MYB (myeloblas-
tosis) TFs were up- and eight were down-regulated, while
regarding the TDZ vs. control comparison, 14 TFs were up-,
and one was down-regulated. Five MYB TFs were down-
regulated by the 4 th week comparing BAR vs. TDZ (Fig. 2).

No TFs from the WRKY family were affected by BAR
after 4 weeks compared to the control group, and only one
TF was up-regulated in the TDZ vs. control comparison.
Regarding the BAR vs. TDZ comparison, six WRKY TFs
were down-regulated, respectively (Fig. 2).

KEGG mapping of up- and down-regulated DEGs

48 h after cultivation of in vitro shoots on different media
with various cytokinin content, up-, and down-regulation
of metabolic processes related to DEGs were detected. In
response to TDZ supply in the medium, three metabolic pro-
cesses were affected. 25%, 25% and 50% of DEGs related to
the biosynthesis of unsaturated fatty acids, sesquiterpenoid
and triterpenoid biosynthesis, and zeatin biosynthesis, were
up- or down-regulated, respectively. However, in response
to BAR supply only DEGs related to zeatin biosynthesis
was altered.

After 4-week-long in vitro shoot cultivation, not only
did the application of various cytokinins in the plant tis-
sue culture medium affect the metabolic processes, but they
even act on cell motility, genetic information processing
and environmental information processing as well (Table 2;
Table S2).
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4 weeks after culturing shoots on TDZ-containing
medium, all 118 DEGs mapped to different pathways were
up-regulated. More than 70% of all up-regulated DEGs was
related to the plant hormone signal transduction (33%),
motor proteins (20%) and phenylpropanoid biosynthesis
(18%). In addition, pentose and glucuronate interconver-
sions (16 DEGs, 18%)), fatty acid degradation (9 DEGs, 8%)
and DNA replication (9 DEGs, 8%) were up-regulated in
response to the TDZ in the medium (Table 2).

When the medium contained BAR, 4 weeks after cultur-
ing shoots on it, 10 pathways were affected both by up- or
down-regulation. A total of 122 up-regulated and 80 down-
regulated DEGs were mapped by using KEGG (Table 2).
Plant hormone signal transduction was the most affected
pathway (26% of DEGs related to this pathway), with
41 up-, and 14 down-regulated DEGs encoding nine and
seven enzymes, respectively. (Table S2; Fig. S4). 14-15%
of DEGs (both up-, and down-regulated) were related to
phenylpropanoid biosynthesis, and the starch and sucrose
metabolism, respectively. In addition, other pathways,
such as ABC transporters, the biosynthesis of various plant
secondary metabolites, the cutin, suberine and wax bio-
synthesis, the cyanoamino acid metabolism, the galactose
metabolism, pentose and glucuronate interconversions and
the zeatin biosynthesis, were significantly affected (in 5-8%
of all DEGs, respectively).

Up- and down-regulated DEGs related to metabolic
processes

Eight DEGs could be detected 48 h after placing the shoot
explants on TDZ-containing medium. They were related
to the biosynthesis of unsaturated fatty acids, sesquiterpe-
noid and triterpenoid biosynthesis and zeatin biosynthesis.
The biosynthesis of unsaturated fatty acids was attenuated
by down-regulation of two DEGs (stearoyl-[acyl-carrier-
protein] 9-desaturase 6, chloroplastic-like, EC:1.14.19.2
1.14.19.11 1.14.19.26, and peroxisomal acyl-coenzyme A
oxidase 1, EC:1.3.3.6, respectively), while sesquiterpenoid
and triterpenoid biosynthesis was elevated by up-regulation
of two DEGs related to the biosynthesis of germacrene D
(EC:4.2.3.75: germacrene D synthase-like). Zeatin biosyn-
thesis was affected multiple. A DEG related to two enzymes
(EC:2.5.1.27 and EC:2.5.1.112, adenylate isopentenyltrans-
ferase-like) that catalyze the synthesis of isopenthenyl-
AMP, -ADP and -ATP were down-regulated, while three
DEGs related to the cytokinin dehydrogenase 4-like enzyme
(EC:1.5.99.12) were up-regulated. The latter, up-regulated
enzyme acts as a cytokinin-oxidase (Table 2; Table S2; Fig.
S4).

Only two DEGs could be detected 48 h after shoot explants
were put onto BAR-containing medium. They encode the
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Table 2 Number of significantly up (1)-, and down (| )-regulated DEGs, as well as the number of enzymes they encode (in brackets) based on the
KEGG mapping, related to the metabolic and information processing pathways, as well as cell motility

Pathways 48 h 4 weeks
TDZ vs. BAR vs. BAR vs. TDZ vs. BAR vs. Control BAR vs. TDZ
Control Control TDZ Control
Metabolic processes
ABC transporters 1103) l6()
Biosynthesis of unsaturated fatty acids 12
)
Biosynthesis of various plant secondary 16(4) 16(3)
metabolites
Cutin, suberine and wax biosynthesis 17(8) 134
Cyanoamino acid metabolism 17@2) 18(3) 13 18(3)
ey
Fatty acid degradation 19@3)
Galactose metabolism 14(2) 1903) 1 8(5)
Pentose and glucuronate interconversions 116 (3) 112(2) 14 19@3)
Phenylpropanoid biosynthesis 121(6) 1193) [12(5) 121
(10)
Sesquiterpenoid and triterpenoid biosynthesis 12
ey
Starch and sucrose metabolism 115(6) | 14(6)
Tryptophan metabolism 19Q2)
Zeatin biosynthesis 13 1 12 T1(1) 1403) 11 15()
(€ ¢ Q)
Cell motility
Motor proteins 124 (6) 116
Q]
Genetic information processing
DNA replication 19 (7/4) 113
(11/5)
Environmental information processing
Plant hormone signal transduction 139 (14) 141(09) |14(7) 13 125

G (109

cytokinin dehydrogenase 4-like enzyme (EC:1.5.99.12)
that catalyzes the oxidation of cytokinins, and similarly to
48 h after the application of TDZ, they were up-regulated
(Table 2; Table S2; Fig. S4).

The TDZ content of the medium led to the modifica-
tion of gene expression intensity in DEGs related to three
metabolic processes when compared to the control shoots
grown on cytokinin-free medium. In fatty acid degradation,
three enzymes (alcohol dehydrogenase 1-like (EC:1.1.1.1),
aldehyde dehydrogenase (EC:1.2.1.3), long chain acyl-CoA
synthetase 4 (EC:6.2.1.3)) encoded by nine up-regulated
DEGs were affected. The pentose and glucuronate intercon-
versions pathway was affected by up-regulation of 16 DEGs
encoding three enzymes (pectate lyase 8 (EC:4.2.2.2),
pectinesterase 53 (EC:3.1.1.11); sorbitol dehydrogenase-
like (EC:1.1.1.14)). The highest number of DEGs were
related to phenylpropanoid biosynthesis among metabolic
processes; each of them were up-regulated. They encode
six enzymes (caffeic acid 3-O-methyltransferase-like,
(EC:2.1.1.68 2.1.1.4), caffeoyl shikimate esterase-like
(EC:3.1.1.-), peroxidase 64-like (EC:1.11.1.7), peroxidase

64-like (EC:1.11.1.7), caffeoyl-CoA O-methyltransferase
At4 226220 (EC:2.1.1.104), mannitol dehydrogenase iso-
form X1 (EC:1.1.1.195)). Their up-regulation may shift the
biosynthesis of phenylpropanoids towards the end products
of syringil lignin, guaiacyl lignin and p-hydroxyl-phenyl
lignin (Table S2; Fig. S4).

Seven metabolic processes were affected after 4-week-
long subculture in in vitro shoots grown on BAR-contain-
ing medium compared to the ones grown on cytokinin-free
medium (control). Both up- and down-regulated DEGs were
detected in all affected metabolic processes (Table 2).

DEGs encoding different ABC transporters were up- and
down-regulated. ABC B (EC:7.6.2.2), ABC C and ABC
G family members were up-regulated, while PDR was
down-regulated. In the various plant secondary metabo-
lites pathway, the nicotianamine synthase-like enzyme
(EC:2.5.1.43) and beta-glucosidase (EC:3.2.1.21) were
down-regulated, while bifunctional 3-dehydroquinate dehy-
dratase (EC:4.2.1.10), shikimate dehydrogenase, (1.1.1.25),
and S-adenosylmethionine synthase 1 (EC:2.5.1.6) were up-
regulated (Table S2; Fig. S4).
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Ten DEGs were affected in cutin, suberine and wax bio-
synthesis. DEGs encoding cytochrome P450 77 A3-like,
cytochrome P450 86 A8, fatty acyl-CoA reductase 3-like
(EC:1.2.1.84), omega-hydroxypalmitate O-feruloyl trans-
ferase (EC:2.3.1.188) and protein HOTHEAD were up-reg-
ulated, while DEGs encoding 86B1, 86 Al and 94 Al-like
of cytochrome P450 were down-regulated (Table 2; Table
S2; Fig. S4).

In the cyanoamino acid metabolism, eight DEGs related
beta-glucosidase 40 (EC:3.2.1.21) were either up- or down-
regulated. DEGs encoding L- 3-cyanoalanine synthase 1
(EC: 4.4.1.9), (R)-mandelonitrile lyase 2-like (EC:4.1.2.10)
enzymes were down-regulated, while DEGs encoding
beta-glucosidase 12-like (EC:3.2.1.118) enzyme were
up-regulated.

In the galactose metabolism, four up- and three down-
regulated DEGs were identified. Reactions catalyzed by
alpha-galactosidase 1-like (EC:3.2.1.22) and ATP-dependent
6-phosphofructokinase 6-like (EC:2.7.1.11) enzymes were
up-regulated, while reactions caralyzed by probable galacti-
nol-sucrose galactosyltransferase 6 (EC:2.4.1.82), galactinol
synthase 1-like (EC:2.4.1.123) and acid B-fructofuranosidase
2 (EC:3.2.1.26) were down-regulated (Table 2; Table S2; Fig.
S4).

In the pentose and glucoronate interconversions pathway,
12 up-regulated and 4 down-regulated DEGs were detected.
Accordingly, in the pathway, reactions catalyzed by pectate
lyase (EC:4.2.2.2) and pectinesterase (EC:3.1.1.11) were up-
regulated, while polygalacturonase (EC:3.2.1.15) catalyzed
reaction was down-regulated (Table 2; Table S2; Fig. S4).

Concerning the metabolic processes, the most affected
DEGs were related to the phenylpropanoid biosynthesis (31
DEGs up- or down-regulated), and starch and sucrose metabo-
lism (29 DEGs up- or down-regulated). In phenolpropanoid
biosynthesis reactions catalyzed by caffeoyl shikimate ester-
ase-like (EC:3.1.1.-), peroxidase 64-like (EC:1.11.1.7), and
probable mannitol dehydrogenase isoform X1 (EC:1.1.1.195)
were up-regulated, while reactions catalyzed by 4-couma-
rate—CoA ligase-like 9 (EC:6.2.1.12), anthocyanidin 3-O-glu-
cosyltransferase 5-like (EC:2.4.1.111), cytochrome P450
98 A2 (EC:1.14.14.96), trans-cinnamate 4-monooxygenase
(EC:1.14.14.91) and shikimate O-hydroxycinnamoyltransfer-
ase-like (vinorin synthase) (EC:2.3.1.133) were down-regu-
lated (Table 2; Table S2; Fig. S4).

In the starch and sucrose metabolism, 29 DEGs were up-
or down-regulated. Reactions of the pathway catalyzed by
acid beta-fructofuranosidase 2 (EC:3.2.1.26), alpha-amylase
3 (EC:3.2.1.1), glucose- 1-phosphate adenylyltransferase
small subunit 2 (EC:2.7.7.27), isoamylase 3 (EC:3.2.1.68),
ectonucleotide  pyrophosphatase/phosphodiesterase  family
member 3-like (EC: 3.6.1.9), and alpha-trehalose-phosphate
synthase [UDP-forming] 9 (EC:2.4.1.15) were down-regulated.
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However, reactions catalyzed by 4-alpha-glucanotransferase
(EC:2.4.1.25), beta-glucosidase 40 (EC:3.2.1.21), endogluca-
nase 25-like (EC:3.2.1.4). glucan endo- 1,3-beta-glucosidase 5
(EC:3.2.1.39), granule-bound starch synthase 1 (EC:2.4.1.242)
and sucrose synthase (EC:2.4.1.13) were up-regulated (Table 2;
Table S2; Fig. S4).

The zeatin biosynthesis was affected by the down-regulation
of DEGs encoding cytokinin dehydrogenase 4-(EC:1.5.99.12),
cytokinin hydroxylase-like and zeatin O-glucosyltransferase-
like (EC:2.4.1.215) enzymes, and by the up-regulation of
DEGs encoding adenylate isopentenyltransferase (EC:2.5.1.27,
2.5.1.112) (Table 2; Table S2; Fig. S4).

When comparing the effects of BAR vs. TDZ on the expres-
sion intensity of DEGs related to various metabolic processes,
down-regulated DEGs were detected in the galactose metabo-
lism, pentose and glucuronate interconversions, the phenylpro-
panoid biosynthesis and the tryptophan metabolism. However,
in the cyanoamino acid metabolism and the zeatin biosynthe-
sis, both up- and down-regulated DEGs were detected (Table 2;
Table S2; Fig. S4).

Up- and down-regulated DEGs related to
information processing pathways and cell motility

When TDZ was applied in the medium, even cell motility
(motor protein) and genetic information processing (DNA
replication) were up-regulated in 4-week-old shoots. Cell
motility was affected by the up-regulation of DEGs encoding
kinesins (kinesin-like protein KIN- 12B, KIN- 5B, KIN- 7B,
KIN- 8B isoform X1) and microtubule (tubulin alpha chain
(TUBA), tubulin beta chain (TUBB)). As for DNA replication,
DEGs encoding alpha catalytic subunit and epsilon subunit B
of DNA polymerase (EC:2.7.7.7), small subunit of DNA pri-
mase (EC:2.7.7.102), DNA replication ATP-dependent heli-
case/nuclease DNA2 (EC:5.6.2.3 3.1.-.-) and DNA replication
licensing factor MCM2-like (EC:5.6.2.3) (in MCM complex)
were up-regulated (Table 2; Table S2; Fig. S4). Neither of
these pathways were affected after BAR application (Table 2).
Accordingly, when comparing BAR vs. TDZ applications,
DEGs of kinesins and microtubule proteins related to the cell
motility, moreover, DEGs encoding alpha catalytic subunit and
epsilon subunit of DNA polymerase, helicase and MCM com-
plex related to DNA replication were down-regulated (Table 2).

Application of any investigated cytokinin affected the envi-
ronmental information processing, i.c. DEGs related to plant
hormone signal transduction in 4-week-old in vitro shoots,
but in a different way depending on the cytokinin applied
(Table 2). In response to TDZ in the medium, all 39 detected
DEGs were up-regulated. DEGs encode to 14 proteins, such
as auxin transporter-like proteins (3 and 15 A-like), [AA20-
like (AUX/TAA) and SAURS0-like auxin-responsive proteins
(SAUR), BTB/POZ domain and ankyrin repeat-containing
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protein NPR2-like, cyclin-D3 - 1-like (CYCD3), ETHYLENE
INSENSITIVE 3-like 1 protein (EIN3), histidine kinase 3-like,
auxin response factor 9-like (ARF), probable indole- 3-acetic
acid-amido synthetase GH3.1, protein TIFY 10 A-like, pseudo
histidine-containing phosphotransfer protein 5-like, serine/
threonine-protein kinase BSK2-like and two-component
response regulator ARRS (Table 2; Table S2; Fig. S4).

When BAR was in the medium, 55 DEGs related to plant
hormone signal transduction were detected (41 up- and 14
down-regulated) in 4-week-old in vitro shoots. These DEGs
encode the following proteins: abscisic acid receptor PYRI1-
like, auxin response factor 9-like, auxin-induced protein 15
A-like, auxin-responsive protein IAA20-like (AUX/ITAA),
SAURS50, and SAUR71-like (SAUR), DELLA protein GAI-
like, ETHYLENE INSENSITIVE 3-like 1 protein (EIN3),
ethylene-responsive transcription factor 1B-like, histidine
kinase 3-like, indole- 3-acetic acid-induced protein ARG7,
pathogenesis-related protein 1-like, probable indole- 3-acetic
acid-amido synthetase GH3.1, protein phosphatase 2 C 56-like,
protein TIFY 10 A-like, pseudo histidine-containing phos-
photransfer protein 5-like, two-component response regulator
ARRI-like isoform X1, and two-component response regula-
tor ARRS (Table 2; Table S2; Fig. S4).

In BAR vs. TDZ comparison, 25 DEGs in the plant hor-
mone signal transduction pathway were down-regulated. They
encode 10 proteins/enzymes (ETHYLENE INSENSITIVE
3-like 1 protein (EIN3), histidine kinase 3-like, pathogenesis-
related protein 1-like, probable indole- 3-acetic acid-amido
synthetase GH3.1, protein FD, protein phosphatase 2 C 56-like,
pseudo histidine-containing phosphotransfer protein 5-like,
transcription factor TGA7, two-component response regulator
ARRS, and SAURS50-like auxin-responsive proteins (SAUR)).
In addition, three DEGs encoding the ethylene-responsive
transcription factor 1B-like (ERF1), the SAUR71-like auxin-
responsive protein (SAUR) and the auxin-induced protein 15
A-like protein were up-regulated (Table 2; Table S2; Fig. S4).

Discussion

TDZ and BAR supplementation in the culture medium affected
apple in vitro shoot development differently, as described in
several previous studies (Huetteman and Preece 1993; Dobran-
szki and Teixeira da Silva 2010; Magyar-Tabori et al. 2010;
Teixeira da Silva et al. 2019; Abdalla and Dobranszki 2024).
Consistent with these earlier findings on in vitro shoot develop-
ment, the morphology of the developed new shoots was differ-
ent, on cytokinin-free, TDZ-containing and BAR-containing
media (Fig. 3). The present study revealed some transcriptomic
changes behind the various shoot development and develop-
mental disorders caused by different CK-supply of the multi-
plication media. The developmental characteristics observed

on different CK-containing media were related to the differ-
ent expression intensities of genes encoding TFs and enzymes
involved mainly in genetic and environmental information pro-
cessing, cell motility, the zeatin biosynthesis, the tryptophan
metabolism, the phenylpropanoid biosynthesis, and cutin,
suberin, and wax biosynthesis (Fig. 3).

In 4-week-old in vitro apple shoots, the type of CK applied
in the multiplication medium affected the expression intensities
of some genes related to the plant hormone signal transduc-
tion (Table 2; Fig. 3; Table S2; Fig. S4). DEGs encoding auxin
transporter-like (auxin transporter-like 3 and 15 A-like) proteins
were upregulated in shoots grown on TDZ-containing medium
compared to control shoots grown on CK-free medium while
that was not detectable in response to BAR. Cellular/tissue
accumulation of auxin regulates all aspects of plant growth and
development in the course of which it is regulated by different
transport processes (Hammes et al. 2022). Furthermore, in TDZ
vs. control comparison signal transduction pathways leading to
cell enlargement and plant growth (early response auxin genes,
like genes of AUX/IAA, SAUR, ARF, indole- 3-acetic acid-
amido synthetase GH3.1) (Staswick et al. 2005; Dreher et al.
2006; Lietal. 2016; Zhang et al. 2021), cell division and shoot
initiation, ubiquitin mediated proteolysis (BTB/POZ domain
and ankyrin repeat-containing protein NPR2-like) were up-
regulated. In addition, up-regulation of DEG related to CYCD3
can activate the G1/S phase transition in response to the hor-
mone signal cytokinin (Riou-Khamlichi et al. 1999; Menges
et al. 2006) supporting cell division. In shoots grown on BAR-
containing medium, however, there was no change detected in
the expression intensity of the DEG encoding CYCD3. This is
consistent with finding that DEGs encoding enzymes related to
DNA replication were up-regulated in TDZ-applied medium
compared to the control, but down-regulated when BAR was
applied compared to TDZ application in 4-week-old shoots.
Exogenous cytokinin application (to some organs that nor-
mally lack this hormone) has been demonstrated to induce cell
division and cytokinins have been linked to all stages of the cell
cycle (reviewed in D’Agostino and Kieber 1999; Frank and
Schmiilling 1999; den Boer and Murray 2000). In Arabidop-
sis, cytokinin rapidly up-regulates the expression of CYCD3, a
cyclin that plays a key role in the regulation of plant cell divi-
sion both in vitro and in vivo (Soni et al. 1995; Riou-Khamlichi
et al. 1999). Cytokinins may also play a role in the G2/M tran-
sition (Hare and Staden 1997; Francis 2011; Lipavska et al.
2011). The up-regulation of other proteins affected the jasmo-
nate signaling (protein TIFY 10 A-like, Chini et al. 2007) and
brassinosteroid mediated signaling (serine/threonine-protein
kinase BSK2-like, Afzal et al. 2008) pathways and cytokinin
perception and phosphorelay (histidine kinase 3-like, histidine-
containing phosphotransfer protein 5-like; ARRS) (To et al.
2007; Abriata et al. 2017). In the BAR vs. control comparison,
in the pathways leading to cell enlargement and plant growth,
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{ Fig. 3 Putative roadmap of main transcriptomic responses of in vitro
apple (Malus * domestica Borkh.) cv. Husvéti rozmaring shoots
cultured on medium supplemented with either thidiazuron (TDZ) or
6-benzylaminopurine riboside (BAR). Effects of TDZ are indicated
with blue colors while effects of BAR are indicated with red colors
(arrows, box color of transcription factors, and description of shoot
morphology). Detailed description is in the text

out of early response auxin genes AUX/IAA, SAUR, ARF and
others involved in the response to auxin (like indole- 3-acetic
acid-induced protein ARG7) were upregulated similarly as in
TDZ treatment. However, on the contrary, GH3 was downreg-
ulated. The GH3 enzyme catalyzes the synthesis IAA-amino
acid conjugates and thus participates in plant auxin homeo-
stasis by removing excess free auxin (Staswick et al. 2005).
It’s down-regulation may have led to a change in the ratio of
CK and auxin in BAR-treated shoots compared to both TDZ-
treated and control shoots. In contrast to the effect of TDZ,
BAR caused the down-regulation of the DEG of EIN3, which
acts as a TF, regulating ethylene response pathway (Chao et al.
1997). It’s down-regulation down-regulated the pathway lead-
ing to ubiquitin mediated proteolysis in BAR-treated shoots
compared both to control and TDZ-treated shoots. The latter
process plays an important role—among others—in the regula-
tion of TFs and the abundance and desensitization of receptors,
thus in the signal transduction of cytokinins, auxins and other
plant hormones (Frugis and Chua 2002). The ERF subfamily
of APETALA2/Ethylene Responsive Factor (AP2/ERF) fam-
ily TFs is involved in floral development and also enhances
abiotic stress tolerance via exhibiting different response pat-
terns under abiotic stresses. The AP2 subfamily plays a vital
role in organ architecture and development in plants (includ-
ing leaf and embryotic development) (Kerstens et al. 2020).
Transmissions between developmental stages, hormone signal-
ing and stress responses are regulated by the ethylene signaling
pathway, which is under control or supervision—not exclu-
sively—by the RAV subfamily (Alonso and Stepanova 2004).
Cytokinin perception (histidine kinase 3-like) was up-regulated
in BAR treatment when compared to the control, similarly as
in TDZ treatment. However, both cytokinin perception and
phosphorelay (histidine kinase 3-like, histidine-containing
phosphotransfer protein 5-like; ARRS) were down-regulated
in BAR treatment compared to TDZ-treatment. In response
to exogenous BAR supply, the up-regulation of the DEG
encoding the DELLA protein GAl-like suggested that exog-
enous BAR affected gibberellin (GA) signaling and homeo-
stasis (Fukazawa et al. 2014), microtubules (MTs) dissociation
(Locascio et al. 2013), which could not be detected in TDZ
treatment. Different GA signaling upon exogenous TDZ and
BAR treatment may also have contributed to the different mor-
phology and development of newly developed in vitro apple
shoots after 4 weeks of subculture. This process is related to
other findings of this study that in the TDZ-supplied medium,
up-regulated DEGs relating to motor proteins were detected in

4-week-old shoots compared to the control, while in the BAR-
supplied medium, the down-regulation of these was detected
(Table 2; Table S2; Fig. S4). Cortical microtubules (CMTs),
located in the cell cortex in non-dividing cells (Lucas and
Shaw 2008), play an important role in delivering and deposit-
ing new cell wall components and maintaining the cell shape
(Hashimoto 2015; Elliott and Shaw 2018). The regulation of
the CMT network involves type-B response regulators (ARRSs)
that mediate cytokinin signalization in Arabidopsis. Increasing
cytokinin activity (either endogenously or exogenously) has an
effect on the dynamics of the microtubular cytoskeleton; CMTs
are reorganized earlier before differentiation (Montesinos et al.
2020). The up-regulation of certain genes related to DNS repli-
cation and motor proteins when supplying TDZ may have been
aresult of the connection existing between cytokinin signaliza-
tion and the regulation of the cell cycle and microtubules.

Plant bHLH TFs were highly affected by the supply of
exogenous CK, either BAR or TDZ (Fig. 2). They are involved
in a wide range of biological processes including growth and
development, hormone signaling, cellular differentiation, envi-
ronmental interactions/adaptation, and play a regulatory role in
the response to various stresses (Zhai et al. 2016; Hong 2016;
Li et al. 2021). Furthermore, bHLH TFs also regulate complex
physiological processes (incorporating biomass, lignin, antho-
cyanin and flavonoid biosynthesis) and have a vital role in hor-
mone signal transduction involving jasminoic acid, salicylic
acid, ethylene, gibberellin, auxin and abscisic acid (Murre et al.
1989; Feller et al. 2011; Kazan and Manners 2013).

The WRKY TF family participates in several physiologi-
cal and developmental processes including plant hormone
signaling, is involved in various stress responses, and also
takes part in numerous cytoplasmic and nuclear processes
(e.g. signaling events from organelles or the cytoplasm to
the nucleus) (Wani et al. 2021). WRKY TFs were detected
to be upregulated in response to exogenous TDZ-supply
(Fig. 2).

The expression intensity of genes involved in the zeatin bio-
synthesis in in vitro apple shoots was significantly influenced
by the CK content of the culture medium, to a CK-dependent
extent (Table 2; Table S2; Fig. S4). Addition of exogenous
CKs, either TDZ or BAR, to the culture medium led to the
increase of the expression intensity of DEGs encoding the
cytokinin dehydrogenase 4-like enzyme (EC:1.5.99.12) 48 h
after shoot explants being placed on CK-containing medium
(Table 2; Table S2; Fig. S4). This enzyme catalyzes the oxida-
tion of CKs. This finding is consistent with previous studies
where transient increases in cytokinin oxidase/dehydrogenase
activity were observed in plant tissue cultures of other plants
after application of exogenous CKs (Chatfield and Armstrong
1986; Motyka et al. 2003; Schmiilling et al. 2003). Further-
more, DEGs related to the synthesis of isopenthenyl-AMP, iso-
penthenyl-ADP and isopenthenyl-ATP were down-regulated
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upon TDZ supply, ultimately leading to a down-regulation
in the iPMP-dependent biosynthetic pathway of endogenous
trans-zeatin (Astot et al. 2000) (Table 2; Table S2; Fig. S4).
However, in 4-week-old shoots grown on TDZ containing
medium, no changes in the expression intensities of genes
related to the zeatin biosynthesis were detected. On the con-
trary, BAR supply affected the zeatin biosynthetic pathway in
4-week-old shoots compared to shoots grown on both the CK-
free and the TDZ-containing media. BAR-containing medium
inhibited the oxidation (i.e. degradation) and the O-glycosyl-
ation (i.e. inactivation) (Schmiilling 2004) of endogenous CK
(zeatin) by the down-regulation of DEGs encoding cytokinin
dehydrogenase 4-(EC:1.5.99.12), cytokinin hydroxylase-like
and zeatin O-glucosyltransferase-like enzymes EC:2.4.1.215),
in 4-week-old shoots (Table 2; Table S2; Fig. S4). Thereby
it may have contributed to a higher level of endogenous cis/
trans-zeatin compared to shoots grown on CK-free or even on
TDZ-containing media. In shoots grown on TDZ-containing
medium the CK degradation was down-regulated while DEGs
related to the synthesis of isopenthenyl-AMP/ADP/ATP were
up-regulated compared to shoots grown on BAR-containing
medium (Fig. 3).

Changes in the tryptophan metabolism may be impor-
tant for the endogenous hormone balance and homeostasis
in plants since tryptophan being a common precursor of both
melatonin and indoleacetate biosynthesis (Posmyk and Janas
2009; Erland and Saxena 2018). The type of CK applied in the
culture medium modified the pathway; the formation of both
melatonin and indolacetate were down-regulated in 4-week-
old shoots grown on BAR-containing medium compared to
ones grown on TDZ-containing medium, via the down-regu-
lation of DEGs encoding indole- 3-pyruvate monooxygenase
YUCCA2-like (C:1.14.13.168) and caffeic acid 3-O-methyl-
transferase-like (EC:2.1.1.68 2.1.1.4) (Table 2; Table S2; Fig.
S4). As melatonin is a master regulator and indoleacetate is an
auxin in plants, this metabolic process is closely linked to the
regulation of plant growth and development (Fig. 3) (Erland et
al. 2015; Arnao and Hernandez-Ruiz 2019).

Changes in the ultrastructure of the cuticle may lead to
abnormal uptake, transport and evaporation of water thus
causing hyperhydricity or other disorders affecting mainly
the leaves and stems of the explants (Hazarika 2006; Poliva-
nova and Bedarev 2022). High concentrations of cytokinins
can also lead to hyperhydricity resulting in shorter internodes,
thickened stems, fragile and twisted leaves as shown in Fig. 3
regarding TDZ (Beisson et al. 2012). The BAR content of
the medium shifted the cutin, suberine and wax biosynthesis
towards long-chain wax ester (wax biosynthesis), common
cutin and suberin monomers (polyhydroxy-fatty acid, o,m-
dicarboxylic acid), and compounds of long-chain fatty acids,
such as 10,16-dihydoxypalmitate and 16-feruloyoxypalmitic
acid (Table 2; Table S2; Fig. S4). The shoots derived from
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BAR-containing medium were elongated compared to the ones
on TDZ-containing medium (Fig. 3), resulting in a higher sur-
face area expansion. The cuticular composition and wax load
in general remain constant during elongation, which entails our
observation in the case of BAR-supplied medium that the bio-
synthetic flux shifting into cutin, suberine and waxes closely
matched this surface area expansion (Suh et al. 2005). Fur-
thermore, over- (or under-) expression of TFs (mainly AP2/
ERF and MYB TFs) involved in cuticle biosynthesis, which
was observed in both CK treatments, but in a different way,
may have induced cuticle composition and structure changes
and also negatively influenced plant development (Figs. 2, 3)
(Nikolai et al. 2014; Licausi et al. 2010). The MYB TF family
is involved in the regulation of plant growth and development,
biotic/abiotic stress resistance, organogenesis, signaling path-
ways, metabolite (e.g. anthocyanin) biosynthesis and acting as
a link between different phytohormones while also regulating
their levels (Wu et al. 2024).

Between organs, cell types, cell layers, developmental
stages and different growth conditions, the amount, and to a
lower extent the composition of lignin units (radicals) differs
widely (Boerjan et al. 2003; Rinaldi et al. 2016; Meents et al.
2018; Cesarino 2019). Perturbations of lignin biosynthesis is
often caused by changes in the environmental conditions (f.e.
hypolignification as a cause of hyperhydricity in in vitro cul-
tures) (Polivanova and Bedarev 2022). Production of guaiacyl
lignin, 5-hydroxyguaiacyl lignin, syringin and p-hydroxyphe-
nyl lignin, that are capable of spontaneous polymerization
to lignin, were down-regulated regarding the shoots derived
from BAR-containing medium compared to the effect of TDZ
(Table 2; Table S2; Fig. S4). Regarding the modulation of cell
wall features and chemical composition, phytohormones, such
as CKs, are involved in cell wall development regulation for
wood formation (Jang and Choi 2018). These observations
further prove that different CKs have dissimilar effects on lig-
nin biosynthesis and wood formation in vascular plants. Fur-
thermore, upon hormonal signaling by CKs, MYB and NAC
TFs, that are also regulators of the lignin pathway (Xiao et al.
2021; Li et al. 2024), were differentially expressed in response
to both CK-supplies, either BAR or TDZ (Fig. 2). The detected
changes in the expression intensity of genes linked to the phen-
ylpropanoid biosynthesis may be one of the reasons of growth
and developmental disorders obtained upon various CK- sup-
plies, mainly in the case of TDZ in our study (Fig. 3).

It is still worth mentioning that BAR supply affected the
starch and sucrose metabolism and galactose metabolism in
4-week-old shoots, while TDZ- supply did not affect them. On
the contrary, TDZ supply modified the fatty acid degradation
via its up-regulation but BAR-supply did not affect it. In addi-
tion, the pentose glucoronate pathway was affected by both
CKs differently (Table 2; Table S2; Fig. S4).
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Experiments regarding the CK content of the shoot mul-
tiplication medium have been focusing on the morphologi-
cal, physiological and biochemical changes (Huetteman and
Preece 1993; Hazarika 2006; rewieved in Dobranszki and
Teixeira da Silva 2010; Dobranszki 2014; Polivanova and
Bedarev 2022; Hu and Shani 2023; Abdalla and Dobran-
szki 2024), however, their transcriptomic background was
not covered yet. The present investigation provided evi-
dence for the transcriptomic changes within in vitro apple
shoots in response to exogenous CK supply. The present
study allowed us to create a putative roadmap of transcrip-
tomic changes (Fig. 3) in in vitro apple shoots in response
to different CK supplies which may contribute to better
understanding the molecular background of in vitro shoot
developmental characteristics, and growth and developmen-
tal disorders.
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