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ABSTRACT

Brassinosteroids are a developing group of growth regulators. They are a group of steroid hormones involved
in plants’ physiological and developmental processes. Among other things, they are responsible for cell wall
regeneration or cell elongation. This experiment aimed to examine the effect of rooting stimulants on rhi-
zogenesis in cuttings of two deciduous shrub species: Philadelphus *Virginal® and Hydrangea paniculata
’Limelight’. Aqueous solutions of indole-3-butyric acid (IBA) at 200 mg L, Brassinolide (BL) at 0.05% and
24-epibrassinolide (24epiBL) (0.05%) were used in this study. The results obtained showed that both auxin
and both of the brassinosteroids used increased the percentage of rooted cuttings almost twice, the degree of
rooted cuttings and root length — for BL + IBA — longer roots than the control by 41% in jasmine and by 59%
in hydrangea. The growth regulators applied during the rooting of cuttings also caused changes in the organic
compound content of plant tissues and the activity of oxidative stress enzymes. The studies and results sug-
gest that brassinosteroids may soon replace the popular rooting stimulants.
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INTRODUCTION

Brassinosteroids are an increasing group of growth
regulators that regulate developmental processes in
ornamental plants. They are steroid compounds that
were first isolated from pollen rape (Brassica napus),
from which the name is also derived. According to lit-
erature reports, these hormones are found in all plants
— at higher or lower levels [Ali 2019]. These com-
pounds are located mainly in stem growth pods [Frid-
man and Savaldi-Goldstein 2013], pollen or seeds [Li
et al. 2021]. In plants, they are responsible for cell di-
vision; additionally, it has been shown that they often
have a crucial function in root formation and growth.
However, their high concentrations can cause inhibi-
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tion of differentiation and elongational growth of root
meristem cells [Wei and Li 2016, Godinez-Mendoza
et al. 2023]. Brassinosteroids are also characterised
by a high spectrum of plant protection against biotic
and abiotic stresses acting on them, such as drought,
salinity and increased heavy metal content [Tanveer et
al. 2018]. In addition, they are involved in shoot elon-
gation, ethylene induction or photosynthetic enzymes
[Siddiqui et al. 2018].

Numerous genes are responsible for the plant re-
sponse to brassinosteroids, most of which are co-reg-
ulated by gibberellins, or primarily auxins. Genetic
studies and plant physiological analyses show that the
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combination of this group of regulators with auxins
synergises gene expression, resulting in the elongation
growth of cells [Nemhauser et al. 2004]. Bao et al.
[2004] confirm in their study that brassinosteroids can
regulate auxin transport in the plant by accelerating it,
resulting in lateral solid root development.

The brassinosteroid group includes, e.g. brassin-
olide (BR1), castasterone (BR2), dolicholide (BR3),
teasterone (BR8), 28-norbrassinolide (BR14), 28-ho-
mobrassinolide (BR17), 24-epibrassinolide (BR27),
secasterone (BR38), 28-nortyphasterol (BR49), se-
casterol (BR53) [Bager et al. 2019]. The most com-
mon rooting preparations are 3 of these, brassinolide,
24-epibrassinolide and 28-homobrassinolide, which
are applied as a spray with a water solution or as an
additive to media in vitro [Gomes 2011].

To demonstrate the relevance of the use of this
group of growth regulators in the vegetative propaga-
tion of ornamental deciduous shrubs, this article pres-
ents several aspects of the effects on the development
of the root system, as well as on the changes occurring
in plant tissues in terms of organic substances, using
the example of selected shrub species: hydrangea and
jasmine.

MATERIAL AND METHODS

The research was carried out over two grow-
ing seasons in 2021 and 2022. The research used
one-year-old one-node shoot cuttings obtained from
7-year-old shrubs: Philadelphus (jasmine) ‘Virgin-
al’ and Hydrangea paniculata (bouquet hydrangea)
‘Limelight’, which were placed in polystyrene boxes
filled with a mixture of peat, coconut fibre and perlite
at a ratio of 2:1:1 and a pH of 6.0. Aqueous solutions
of 3 growth regulators: indole-3-butyric acid (IBA) at
a concentration of 200 mg-L~!, a 0.05% BL solution
or 24epiBL (Sigma Aldrich®, St. Louis, MO, USA),
which was pre-dissolved in 95% ethanol, or a combi-
nation of brassinosteroids and IBA auxin, were used
as stimulators of root system production in the form of
a single spray at the time the cuttings were placed in
the medium (Fig. 1). The concentrations used in the
experiment were chosen based on previous prelimi-
nary studies and available literature sources.

After all the combinations had been applied, the
polystyrene containers and the cuttings were placed in
plastic tunnels where a spraying and shading system
was installed. The temperature during rooting ranged
from 25-31°C during the day to 15-20°C at night.
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Fig. 1. Scheme of the experiment — cuttings placed in the substrate sprayed with (from left) control — distilled water,
IBA—200 mg-L™!, BL - 0.05%, BL—0.05% + IBA — 200 mg-L, 24epiBL — 0.05% and 24epiBL 0.05% + IBA — 200 mg-L™!
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After seven weeks, the percentage and degree
of rooted cuttings were scored. For this purpose,
a 5-grade rating scale was determined to define an ad-
equately developed root ball (Tab. 1).

In addition, several biochemical analyses were car-
ried out to investigate the effect of the growth regula-
tors used on changes in the content of organic com-
pounds. All biochemical analyses were performed in
triplicate. Samples of leaf blades were stored at —84°C
until the analyses were carried out.

Chlorophyll and carotenoid content — plant ma-
terial (0.5 g) was ground in a mortar with quartz sand
and 5 mL of 80% cold acetone. The extracts obtained
were then filtered through filter paper into 50 mL vol-
umetric flasks and filled up to the mark with acetone.
After obtaining clear filtrates, the absorbance was
measured spectrophotometrically with the spectro-
photometer UV-1601 PC (Shimadzu, Columbia, MD,
USA) at four wavelengths — 470, 646, 652 and 663 nm
[Lichtenthaler and Wellburn 1983].

Total sugars content — 0.5 g of sample (3 of each
species) was ground with a mortar in hot 80% ethanol.
It was then centrifuged in a centrifuge for 20 minutes
at 20,000 rpm at 4°C. After centrifugation, the super-
natant had to be transferred into resealable tubes and
supplemented to 25 mL with ethanol (80%). For analy-
sis, 100 pl of the extract was taken, 1 mL of 5% phenol
was added, and 5 mL of sulphuric acid (H,SO,, 96%)
was added. After mixing, the solutions were allowed
to incubate for 20 minutes. After the time had elapsed,
the absorbance was measured against a standard curve
for glucose at 490 nm [Dubois et al. 1956].

Free amino acid content — 0.2 mL of the super-
natant obtained from grinding the plant material for
sugar analysis — was taken into resealable measuring
tubes, and 0.8 mL of ethanol (80%) was added. Then

Table 1. Evaluation of root system development

0.5 mL of 0.2 mM sodium cyanide in acetate buffer,
pH 5.3-5.4, and 0.5 mL of ninhydrin were added. The
prepared solutions were mixed and incubated in a wa-
ter bath (100°C) for 15 minutes. After this, the tubes
were removed, and 5 mL of isopropyl alcohol was
added to the warm tubes. After pouring, the mixtures
were allowed to cool. Once thoroughly cooled, the ab-
sorbance was measured at 570 nm against a standard
curve for leucine [Rosen 1957].

Soluble protein content — 0.1 mL of each super-
natant obtained from grinding the plant material for
the sugar analysis was taken into tubes, and 5 mL of
Bradford reagent was added. After thorough mixing,
it was allowed to incubate for 5 minutes at room tem-
perature. After the time had elapsed, absorbance was
measured at 595 nm [Bradford 1976].

Hydrogen peroxide (H,0,) — samples of plant
material (from each species and each combination
of three samples) were ground in K-phosphate buf-
fer using a mortar. After mashing and pouring into
plastic tubes, they were centrifuged for 20 min at
20,000 rpm at 4°C. The supernatants obtained were
collected in glass tubes, from which the extract was
taken for further steps. 0.1 mL of each extract was
taken into glass tubes and made up to 0.5 mL with
K-phosphate buffer. To the resulting solution, 0.5 mL
of 0.1 M K-phosphate buffer and 1 mL of 1 M potas-
sium iodide (KI) had to be added. The mixture was
mixed and incubated in the dark for one hour. When
the time had elapsed, the absorbance was measured
at 390 nm [Siedlecka 2010].

Catalase activity (CAT) — supernatants obtained
during the H,O, determination were used for the anal-
ysis. The tubes had to be divided into two groups, of
which 0.05 mL of each extract was taken and then sup-
plemented with 0.45 mL K-phosphate buffer. To the

Degree of rooting of the cuttings Score
Unrooted cuttings 1
1-2 single roots without visible root ball 2
3—4 slightly branched roots and medium-sized root ball 3
6-10 branched roots and well-developed root ball 4
>10 well-branched roots, well-developed root ball 5
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group of tubes marked ‘A’, 1 mL of 0.1 M K-phos-
phate buffer was added, and to the other group ‘B’,
1 mL of H,0, in buffer (65 uM) was added. Sample ‘K’
(control) was still prepared; 1.5 mL of 0.1 M K-phos-
phate buffer was poured in, and sample ‘C’, where
0.5 mL of 0.1 M K-phosphate buffer was mixed with
1 mL of H,O, in buffer (65 uM). All tubes had to be
incubated in the dark for 10 min. After this time, 1 mL
of 32.5 mM ammonium molybdate was to be added to
all of them and mixed. After thorough mixing, absor-
bance was measured at 405 nm [Goth 1991].

All collected results were statistically analysed us-
ing Statgraphics Centurion XVI software (Statgraph-
ics Technologies, Inc., The Plains, VA, USA). For all
parameters, a one-way analysis of variance was per-
formed, and Tukey’s multiple comparisons test was used
to group the means at a significance level of a = 0.05.

RESULTS

Brassinosteroids and root system development.
Studies conducted by the authors show that using both
the brassinosteroids—BL and 24epiBL alone and in
combination with auxin IBA results in improved root-
ing of cuttings. The results presented in Table 2 show
that the regulation of rhizogenesis depends mainly on
the species. The highest results for the percentage of
rooted cuttings were obtained in the case of hydrangea
‘Limelight” in 2022, as the three combinations where
plants were treated with BL, BL + IBA, and 24epiBL
resulted in 70% and higher. The number of rooted
cuttings between the different combinations differed
slightly in the second species — jasmine. However,
compared to the control, the values were higher by up
to 36.6% concerning the control.

The results obtained for the two deciduous shrub
species tested show that the interaction of brassino-
steroids with auxin IBA, but mainly BL and 24epiBL
alone, improves root ball development, where this was
confirmed in both years of the study (Tab. 3 and Fig. 2).
There was a noticeable difference in the 2022 hydran-
gea cuttings in the combination where 24epiBL was
applied, as the degree of rooting increased by 20%
compared to the control.

The length of individual roots is also an essential
parameter in the structure of the root system. The ex-
periment proved that the use of brassinosteroid growth
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regulators as rooting stimulants resulted in faster root
growth in length (Tab. 4 and Fig. 3). The longest roots
in both 2021 and 2022 were characterised by BL +
IBA-treated cuttings in jasmine, with approximately
41% longer roots than in control, and in hydrangea BL
+ IBA and 24epiBL, with approximately 59% longer
root systems in cuttings of both combinations relative
to the others. However, all cuttings from the brassino-
steroid-treated combinations had longer roots than the
control cuttings.

Biochemical changes in cuttings under brassino-
steroid treatments. In a study conducted on two de-
ciduous shrub species, additional treatment of cuttings
with brassinosteroids was found to increase chloro-
phyll content, but this depended on the species. For
jasmine, the value increased only in the combination
where 24epiBL was used — by more than 12% in 2022
compared to the control. Hydrangea cuttings respond-
ed better to the brassinosteroid treatment, as, rela-
tive to untreated cuttings, the highest contents were
observed in the combinations using BL and 24epiBL
(10% and 7% more) in 2022. Furthermore, applying
IBA and its combination with BL in 2022 increased
young hydrangea plants’ chlorophyll content by 6%
(Tab. 5).

The highest content of carotenoids in both years
of the study was observed in the combination where
the cuttings were treated with 24epiBL, in jasmine by
48%, and in hydrangea by 12% more compared to the
control (2022). For the second plant, carotenoid con-
tent increased in the BL and BL + IBA combinations
in 2022 — above 2 mg-g! d.w. (Tab. 5).

The study conducted on the two deciduous shrub
species showed that the applied growth regulators
worked better in hydrangea (Tab. 6). An increase in
total sugars in jasmine in 2022 was noticed in the com-
binations 24epiBL + IBA — by 31% and 24epiBL — by
38% more than the control. The same parameter tested
in hydrangea in 2022 gave much more effective results,
as all combinations, except BL, showed a significant
increase in sugar concentration. However, the highest
result was observed in material taken from cuttings
treated with 24epiBL, which was 39% higher than the
control (2022). Besides, the content of this compound
in hydrangea compared to jasmine was higher by up to
13 times — for the 24epiBL combination.
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Fig. 2. Effect of brassinosteroids and IBA on root length and degree of rooting in Philadelphus ‘Virginal® cuttings.
From left: 1 — control, 2 —IBA, 3 —BL, 4 — BL + IBA, 5 — 24epiBL and 6 — 24epiBL + IBA

The research showed that in 2022, in jasmine, the
only combination that increased free amino acid con-
centration was the one where the cuttings were treated
with BL, but this was higher than the control by only 5%
(Tab. 6). A similar situation, where BL but also BL+IBA
caused an increase in the content of these compounds,
was observed in hydrangea in both years of the study;
for BL, it increased by 4% relative to the control, while
for BL + IBA, it increased by 8% (year 2022).

It is interesting to note that although jasmine cut-
tings in all combinations rooted very well, the protein
content regarding the control was lower in both years
of the experiments, in some cases decreasing in con-
tent by up to 3 times (24epiBL + IBA — 2022). In con-
trast, the opposite effect of the growth regulators was
observed in hydrangea, which caused an increase in
protein content in both years. The highest result was in
the combination where cuttings were treated with BL
with IBA — over 58% more than in the control in 2021
and 2022 (Tab. 6).
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In jasmine, due to the low H,O, in all combinations
using growth regulators, CAT activity was at a lower
level concerning the material taken from control cut-
tings in both years of the study. However, there was an
increase in H,0O, concentration in hydrangea, except in
the combination where the cuttings were sprayed with
BL + IBA — 22% less relative to the control — year
2022. In the same year for this combination, as well
as in those using BL alone and 24epiBL, CAT activity
increased significantly relative to the control. Only in
the combinations of IBA (2022) and its combination
with 24epiBL (2022) was there no change in the activ-
ity of this oxidative stress enzyme (Tab. 7).

DISCUSSION
Brassinosteroids and root system development
A well-developed and healthy root system plays

a vital role in the proper development and growth of
plants. It is primarily responsible for holding the plant
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in the substrate, providing the necessary mineral sub-
stances with water, and synthesising plant hormones
that promote root development. Auxins and brassino-
steroids show such effects [Lv et al. 2018]. They are
the ones that, at low concentrations, stimulate the cells
of the root apical meristem to divide and elongate the
growth of cuttings [Brosa 1999].

Using brassinosteroids while rooting both hydran-
gea and jasmine showed that the percentage of rooted
cuttings increased regarding control cuttings. Exper-
iments have already been conducted on coniferous
plants in which treatment with brassinosteroids during
the rooting process of spruce — Picea abies (L.) — cut-
tings had positive effects by accelerating the initiation
of root system development [Ronsch et al. 1993].
Pacholczak et al. [2021] obtained similar results for
barberry (Berberis thunbergia "Maria’ and ‘Red Rock-
et’) cuttings. The applied brassinosteroids and the
combination with IBA resulted in an improved per-
centage of rooted cuttings. In addition, the degree of
rooting of cuttings obtained the highest results in com-
binations using brassinosteroids with IBA. Regarding
the experiment carried out by the authors, confirma-
tion was obtained that using brassinosteroids improves
the root system’s structure in ornamental shrubs.

The length of the root system can also contribute
to the proper growth and development of cuttings. The
authors’ work noted the critical role of the growth reg-
ulators, particularly the high importance of brassino-
steroids. In both hydrangea and jasmine, root length
increased relative to the length measured in control
cuttings; however, the highest average lengths were
those in which regulators from the brassinosteroid
group were applied. Current studies on the effects of
this group of plant hormones indicate that they have a
significant effect on the length of the root system, as
reported in cucumber (Cucumis sativus L.) cuttings af-
ter application of 24epiBL — an increase in root length
of more than 66% compared to the control [Xia et al.
2009] and in apple (Malus hupehensis Rehd.) cuttings
treated with BL — a twice more extended root system
[Mao et al. 2017] were noted.

Biochemical changes in cuttings under brassino-
steroid treatments Compounds in plant tissues, es-
pecially plant pigments [Khaleghi et al. 2012], sugars
[Husen 2012] or proteins [Han et al. 2009], play an
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essential role in successful root and shoot/leaf growth.
Studies have strongly suggested that the content of in-
dividual organic compounds depends on the species.
In addition, applying growth regulators produced dif-
ferent effects depending on the genotype studied.

Plant pigments play a crucial role in the proper
functioning of plants. Chlorophyll is responsible for
absorbing light, converting it into the energy needed
for proper photosynthesis [Khaleghi et al. 2012]. The
concentration of this plant pigment largely depends
on the species and, above all, the cultivar, so the lev-
els measured in plant tissues are different. Moreover,
many changes in content are caused by external factors
occurring during growth or rooting [Fini et al. 2010,
Tribulato et al. 2019]. During a two-year study, we
observed that using brassinosteroids as rooting stim-
ulants and improving rooting efficiency increases the
essential plant pigments such as chlorophyll. Spray-
ing with 24epiBL increased the chlorophyll content
in cucumber plants [Xia et al. 2009]. A positive effect
of brassinosteroid application on chlorophyll content
was also shown in cucumber cuttings studied by Yu et
al. [2004] and Indian nickel Cajanus cajan (L.) Mill-
sp. [Dalio et al. 2011].

Other pigments contained in the plant are carot-
enoids, which respond to oxidative stress affecting
plants. Their increased accumulation protects plant
cells against photo-oxidative damage and heat stress
[Rosas-Saavedra and Stange 2016]. In the experiment,
it was observed that the application of brassinosteroids
allowed an increase in the carotenoid content of plant
tissues; however, the levels in the different combina-
tions varied according to the species treated. For ex-
ample, in jasmine, the level of carotenoids was the
highest in combination treated by IBA, 24epiBL and
24epiBL + IBA, but in hydrangea, in every combina-
tion level of these pigments was lower than the con-
trol. Changes in the level of carotenoids were correlat-
ed with treated species. Moreover, such a relationship
was already apparent in the available literature, even
at the variety stage. Studies on two flax varieties (Li-
num usitatissimum L.) treated with brassinosteroids
showed that one variety responded by increasing ca-
rotenoid content in seedlings, while the other respond-
ed by decreasing it [Amraee et al. 2020]. Applying
different concentrations of 24epiBL in serpentine
horsegram seeds (Vigna unguiculata L. Walp.) in-
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creased the concentration of these plant pigments
[Lima and Lobato 2017].

Another critical aspect of plant tissue structure is
sugars, responsible for enzymatic regulation. They in-
fluence the regulation of many growth processes, cell
differentiation, vegetative plant growth or flowering
processes. These compounds act as building materials
in plant cells and have structural or protective functions
[Husen 2012]. Our experiment confirmed the benefi-
cial effect of brassinosteroids on the content of the total
sugars. It was observed that a practical effect, in par-
ticular, fell for the combination using 24epiBL, both in
hydrangea and jasmine. Similar results were obtained
by Prakash et al. [2003], who found brassinosteroids to
be responsible for the increase in sugar levels in Ara-
chis hypogaea L. Pacholczak et al. [2021] in their study
presented an identical effect. They observed an increase
in sugar levels of barberry ‘Maria’ and ‘Red Rocket’
varieties. Also, cucumber plants treated with 24-epiBL
had higher sugar levels than the others [Xia et al. 2009].

Free amino acids are other essential compounds
responsible for plant tissue regeneration under stress
factors [Vardhini 2014]. They accumulate in plants
and are crucial in regulating ion transport, opening
stomatal apparatuses, or detoxifying heavy metals. In
addition, they influence the synthesis and activity of
certain enzymes and gene expression [Rai 2002]. In
the jasmine and hydrangea, brassinosteroids, particu-
larly BL, were observed to improve the accumulation
of free amino acids. Amraee et al. [2020] found in their
study that this group of compounds, the brassinos-
teroids, can beneficially affect plant tissues’ free amino
acid content. Androgen binding proteins (ABP), which
were found, among others, in the cell membrane, were
auxin receptors and, as a result, proteins in plants have
had an essential effect on rhizogenesis [Effendi and
Scherer 2011]. Proteins play a significant role in the
reconstruction of missing tissues. Their content large-
ly determines the success of the rooting process of cut-
tings [Han et al. 2009]. Our two-year study has shown
the varied effects of brassinosteroids on the content
of proteins. The plant material analysed showed that
the effect of this group of growth regulators strongly
correlates with the species to which it is applied. For
example, in jasmine, the highest level was observed
in the combination without any growth regulators, but
in hydrangea, the effects were different because the
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level of soluble protein was higher than the control
in all the treatments. In the literature, differences are
also observed at the cultivar level. For example, an ex-
periment conducted by Amraee et al. [2020] on two
varieties of L. usitatissimum found that the application
of 24epiBL caused a decrease in protein concentration
in one of the varieties (TN-97-1), while in the other, it
was maintained at a comparable level to the control. A
study on rice (Oryza sativa L.) seedlings showed that
the soluble protein content increased compared to con-
trol plants after applying brassinosteroid compounds
[Anuradha and Rao 2001].

The balance of compounds produced during stress
factors is essential in adequately rooting cuttings. One
of these is H,O,, which adversely affects metabolic
processes in the plant [Bajguz and Hayat 2009]. The
typical CAT reaction involves the dismutation of an
H,O, molecule to water and oxygen. Cellular organ-
elles exhibiting this enzyme’s high activity are peroxi-
somes [Mhamdi et al. 2010]. In their study, the authors
observed that the H,O, content and the correlated CAT
activity were species-dependent. The application of
growth regulators in the rhizogenesis process in jas-
mine had a positive effect, as the H,O, content was de-
creased in our experiment. However, a variable effect of
brassinosteroid application on H,O, accumulation and
CAT activity was noted in hydrangea. The results of
Behnamnia et al. [2009] show that higher brassinolide
concentrations strongly reduce H,O, levels. Zhu et al.
[2016] observed that applying a brassinosteroid growth
hormone improved CAT synthesis in tomato cuttings.

CONCLUSIONS

Studies carried out by the authors of this paper
demonstrate that the application of hormones from
the brassinosteroid group (brassinolide and 24-epi-
brassinolide) improves the rooting quality of cuttings
— jasmine (Philadelphus) ‘Virginal’ and bouquet hy-
drangea (Hydrangea paniculata) ‘Limelight’. In addi-
tion, many biochemical studies confirmed these regu-
lators” ability to modify the content of specific plant
tissue-building compounds and the activity of stress
enzymes. It is due to external conditions, particularly
in cuttings during rooting, which are exposed to water
deficit or temperature fluctuations.

It should be noted that the experiments and analy-
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ses carried out provide a basis for further analysis of
the interaction of brassinosteroids with other growth
regulators, such as the auxin IBA used in the study. In
addition, it becomes crucial to understand the changes
occurring in plant tissue structures.

THE SOURCE OF FUNDING

Wiadystaw Grabski’s Main Library, Warsaw Uni-
versity of Life Sciences, Warsaw, Poland.
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