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Abstract
Plant growth regulators play a key role in cell wall structure and chemistry of woody plants. Understanding of these regulatory
signals is important in advanced research on wood quality improvement in trees. The present study is aimed to investigate
the influence of exogenous application of 24-epibrassinolide (EBR) and brassinosteroid inhibitor, brassinazole (BRZ) on
wood formation and spatial distribution of cell wall polymers in the xylem tissue of Leucaena leucocephala using light and
immuno electron microscopy methods. Brassinazole caused a decrease in cambial activity, xylem differentiation, length
and width of fibres, vessel element width and radial extent of xylem suggesting brassinosteroid inhibition has a concomitant
impact on cell elongation, expansion and secondary wall deposition. Histochemical studies of 24-epibrassinolide treated
plants showed an increase in syringyl lignin content in the xylem cell walls. Fluorescence microscopy and transmission
electron microscopy studies revealed the inhomogenous pattern of lignin distribution in the cell corners and middle lamellae
region of BRZ treated plants. Immunolocalization studies using LM10 and LM 11 antibodies have shown a drastic change
in the micro-distribution pattern of less substituted and highly substituted xylans in the xylem fibres of plants treated with
EBR and BRZ. In conclusion, present study demonstrates an important role of brassinosteroid in plant development through
regulating xylogenesis and cell wall chemistry in higher plants.
Keywords Brassinosteroids · Wood formation · Secondary wall · Cell wall chemistry

Introduction
Xylogenesis represents one of the dynamic developmental
processess by which xylem elements are produced from the
vascular meristem [vascular cambium] through a complex
coordination of cell division, differentiation, tissue patterning and growth across tissues and organs (Larson 1994;
Du et al. 2020). The secondary xylem produced in trees is
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mainly responsible for providing mechanical support and
conduction of water. The tissue composition, structure and
chemistry of cell wall are considered to be the major determitants of functional properties of secondary xylem (wood)
in higher plants. Understanding the complex mechanism of
xylogenesis process is important from scientific, applied and
biotechnological perspectives, because biomaterials, such as
cellulose and lignin in xylem, represent the prominent part
of the terrestrial biomass, and therefore, play an important
role in carbon cycle (Boudet et al. 1995). On the other hand,
the regulation of vascular development is one of the major
unresolved issues of plant developmental biology (Dengler
2001).
Plant hormones have been identified as key regulators
in longitudinal and radial growth by influencing cambial
acitivity and tissue differentiation process in higher plants
(Du et al. 2020). Among these, auxins, gibberellins and
cytokinins are reported to play an active role in cell division, elongation and differentiation process (Sharma and
Zheng 2019; Camargo et al. 2018; Butto et al. 2020). These

Journal of Plant Growth Regulation (2022) 41:404–416

hormones are known to maintain a distinct concentration
gradients across vascular tissues (Immanen et al. 2016), thus
regulating the different stages of secondary growth in plants
(Du et al. 2020).
Brassinosteroids (BRs) are plant-specific steroid hormones demonstrated to have an important function in many
aspects of plant growth and development (Divi and Krishna
2009; Nolan et al. 2020). These are reported to play a role
in photomorphogenesis (Song et al. 2009), leaf angle inclination (Wada et al. 1984), seed germination (Steber and
McCourt 2001), leaf senescence and abscission (Fedina
et al. 2017), stomatal development (Tae-Wuk et al. 2012),
root gravitropism (Retzer et al. 2019), regulation of cell
elongation and division (Minami et al. 2019; Liu et al. 2019)
and vascular differentiation (Tian et al. 2018). Yamamoto
et al. (1997) demonstrated the role of BRs on secondary
cell wall formation and cell death during tracheray element
differentiation in Zinnia system.
The majority of studies on the regulatory effect of BRs on
vascular growth is mainly derived from primary tissue based
model systems such as Zinnia and Arabidopsis while the
complex biology of secondary growth in woody plants is not
yet fully explored (Du et al. 2020). There are a few studies to
reveal the role of BRs in various developmental processes of
xylogenesis in temperate tree species (Hyunjung et al. 2014;
Noh et al. 2015; Gao et al. 2019). It is well known that phytohormonal regulation of xylem differentiation process has
a concomitant effect on the structure and chemistry of secondary walls. However, there is little information available
on the role of BRs in secondary wall structure and chemistry during secondary xylem formation in tropical species.
Therefore, the present study is aimed to investigate the effect
of exogenous application of 24-epibrassinolide (EBR) and
its inhibition by brassinazole on developmental changes and
cell wall chemistry during xylogenesis in L. leucocephala
(Fabaceae). L. leucocephala is a tropical, ever green tree
species with enormous value for wood which is a promising
raw material for paper and pulp industry in India. Hence,
the information on hormonal regulation of secondary cell
wall structure and chemistry of L. leucocephala wood is
necessary for exploring the industrial potential of this plant.

Material and Methods
Plant Material and Treatment
Seeds collected from L. leucocephala growing in the premises of Kerala Agriculture University, Padanekkad campus were selected for the present study. The stock solution
(20 µM) of 24-epibrassinolide (EBR) and Brazinazole
(BRZ) (Sigma-Aldrich, Germany) were prepared by dissolving the powder initially in absolute ethanol and make
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up final volume with distilled water. For the experiments,
EBR was further diluted to the concentrations of 0.2 µM,
1 µM, 2 µM, 3 µM and 4 µM. The dilution of BRZ used in
experiment was 0.1 µM, 2 µM, 5 µM, 10 µM and 20 µM.
Seeds were soaked in concentrated H
 2SO4 for 3–5 min for
softening the hard seed coat, and then washed with running
tap water for 3–4 min. Seeds were allowed to germinate on
a filter paper irrigated with different concentrations of EBR.
The seedlings measuring 2–3 cm long were transferred to
small plastic containers filled with mixture of cocopit and
soil. Hormone solutions were added to the soil everyday
while distilled water was provided to the control seedlings.
L. leucocephala seedlings (control) showed sufficient secondary growth within 30–50 days. After 50 days of treatment, plants were collected and subjected to histological,
histochemical and ultrastructural studies.

Light Microscopy
For general histology, samples were fixed in formaldehyde—acetic acid—alcohol (FAA) and embedded in paraffin following routine procedures (Berlyn and Miksche 1976).
Transverse sections of 15–20 μm thick taken with a rotary
microtome were stained in 1% safranin followed by Astra
Blue and finally mounted in DPX after passing through
alcohol-xylene series. For histochemical analysis, hand cut
transverse sections taken from freshly collected samples
were used. For lignin localization, sections were treated with
5% (W/V) phloroglucinol in 10.1 M HCl/ethanol (25/75)
(V/V) for 5 min (Vallet et al. 1996). Mäule reaction was
used for localizing syringyl lignin units in the cell walls.
Sections were left in 1% KMnO4 for 5 min, washed with
distilled water, followed by treatment with 1NHCl for 1 min.
After washing with distilled water sections were treated with
ammonia for 1 min and mounted in 5% glycerol (Mehitsuka
and Nakano 1979).
For measuring the length and width of xylem fibers and
vessel elements, match stick size stem pieces collected after
50 days of hormonal treatment were macerated in Jeffery’s
fluid (1:1 ratio of 10% H
 NO3 and 10% potassium dichromate). The separated elements were stained with Safranin O
and mounted in 50% glycerol. For each parameter, 50 readings were taken from randomly selected elements using an
ocular micrometer scale. Statistical analysis of anatomical
parameters was performed by the analysis of variance followed by Tukey’s HSD post-hoc test at 0.05 confidence level
using JMP 7 program (SAS Institute Inc., Cary, NC, USA).
For fluorescence microscopy, fresh hand cut sections
stained in 0.1% acriflavine were used to measure the lignin
autoflorescence at green excitation (λexc = 510–560 nm).
The images were recorded using a Leica DM Epifluorescence microscope with DFC 325 Digital Camera (Germany).
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Transmission Electron Microscopy
Suitably trimmed (2 × 5 mm size) stem tissues were fixed in
a mixture of 0.1% glutaraldehyde and 4% paraformaldehyde
in 50 mM sodium cacodylate buffer for 4 h at room temperature. After washing in buffer, tissues were dehydrated in a
graded series of ethanol and embedded in LR white resin
(Pramod et al. 2019). For lignin localization, 70–80 nm thick
transverse sections were cut with a diamond knife using an
ultra-microtome (Ultracut E, Leica, Germany). Sections
mounted on nickel grids were stained in 0.1% KMnO4 in
citrate buffer for 45 min at room temperature (Donaldson
1992).
For immunogold labelling, 90 nm thick sections were collected on nickel grids. After exposing to buffer ‘A’ (composition: Tris-buffered saline containing 1% bovine serum
albumin and 0.1% NaN3, pH 8.2) for 30 min at room temperature, the grids were incubated in LM10 or LM11 antibodies
(Plantprobes, UK, 1:20 dilution in buffer A) for 2 days at
4 °C. After three washings with buffer A for 15 min each, the
grids were incubated with goat anti-rat secondary antibody
labelled with 10-nm colloidal gold particles (BB International, UK) for 2 h at room temperature. For control, sections
were incubated only with secondary antibody. Finally, the
grids were washed in six changes of buffer ‘A’ for 15 min
each, followed by washing in distilled water. All the sections
were examined under a transmission electron microscope
(TEM, JEOL 1420) at an accelerating voltage of 120 kV.

Results
Effect of EBR and BRZ on Cambial Activity
and Xylogenesis
The one month old seedling showed a thick cylinder of secondary xylem surrounded by relatively thin radial layers of
secondary phloem (Fig. 1a). The phloem was encircled by
patches of pericycle fibres followed by 2–3 layers of cortex,
single layer of hypodermis and an outer layer of epidermis.
The fusiform initials in the cambial zone showed active periclinal divisions towards both xylem and phloem (Fig. 1b).
Secondary xylem was composed of fibres, solitary and radial
multiple vessels, ray and apotracheal parenchyma (Fig. 1c).
EBR induced enhancement of xylogenesis was evident
from the increase in radial extent of xylem with increase
in concentration of exogenously applied hormone (Fig. 1d,
Table 2). The radial extent of xylem increased significantly
between control and lower concentration (650 µm) of EBR
while no significant variation between higher concentration like 1.5 ppm and 2 ppm (830 µm). Cambial zone cells
actively divide and differentiate towards both xylem and
phloem (Fig. 1e). Seedlings treated with 0.1 ppm EBR had
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xylem tissue with multiple vessels and thick walled fibers
(Fig. 1f). Xylogenesis was enhanced following treatment
with 0.5 ppm EBR. Fiber walls appeared more thicker in
seedlings treated with 1 ppm EBR. Maximum radial extent
of xylem was observed in plants treated with higher concentration (2 ppm) of EBR (Fg 1f).
Exogenous application of BRZ showed a pronounced
affect on xylogensesis. Secondary xylem development was
inhibited at 2 µM concentration (Fig. 1g), while at 5 µM
treated plants showed a complete ring of 2–3 layered vascular cambium with no distinct lignified xylem elements
(Fig. 1h). The xylem fibres near the cambial zone showed
thin secondary walls indicating inhibition of secondary wall
deposition by BRZ. Although, fully differentiated vessels
were observed in the xylem, which is a diagnostic feature
of secondary xylem, the fiber walls remain poorly lignified
giving the appearance of incomplete ring of xylem. Similar
pattern of xylem development was also observed in plants
treated with 20 µM BRZ (Fig. 1i).

Effect of EBR and BRZ on Dimensional Changes
in the Xylem Elements
Fiber length decreased in EBR treated plants in a dose
dependent manner while fiber width did not show any significant variation (Table 1). The length and width of vessel elements increased significantly in EBR treated plants
(Table 1). The maximum length and width of vessel elements was found in 2 ppm treated plants indicating elongation and expansion of vessel elements are related to higher
concentration of EBR. Apparently, vessels appeared less
in number in plants treated with EBR 0.1–1.5 ppm, however their frequency increased significantly in plants treated
with 2 ppm EBR. Fiber wall thickness increased in EBR
treated seedlings in a dose dependent manner. A significant
increase in radial extent of xylem was observed in the plants
treated with higher concentration of EBR indicating active
xylogenesis.
The length of xylem fibres decreased significantly in BRZ
treated plants in a dose dependent manner (Table 2). The
length of vessel elements increased significantly from lower
concentration to higher concentration of BRZ treated seedlings (Table 2). A significant difference in vessel element
width was noted between treated (BRZ 50 µM and BRZ
1 µM) and control plants.

Effect of EBR and BRZ on Pattern and Distribution
of Lignin
Epi-fluorescence microscopy revealed the autofluorescence
of lignified walls of xylem elements and pericycle fibres in
the cortex (Fig. 2a). The richness of guaiacyl lignin monomeric units in vessel walls was detected by the high intensity
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Fig. 1  a–i Transverse sections from the stem of control (a,b,c), EBR
treated (d,e,f) and BRZ treated (g,h,i) seedlings of L. leucocephala
a One month old seedling showing secondary growth as a thick
cylindrical xylem ring b A wide cambial zone (CZ) of control plants
with differentiating phloem (on upper side of CZ) and xylem elements (on lower side of CZ) c Xylem showing fibres, parenchyma and
thick walled metaxylem tracheary elements (arrow) d Stem showing
a thick cylinder of secondary xylem formed following EBR treatment
e EBR treated stem showing active cambial zone with differentiat-
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ing xylem f The secondary xylem of EBR treated stem showing thick
walled fibres and vessel elements g BRZ treated stem showing a relatively thin secondary xylem ring and a wide cambial zone h A narrow
cambial zone showing presence of fusiform and ray initials and less
xylem differentiation i The continuous ring of vascular cambium and
isolated lignified xylem groups in the BRZ treated plants. Note the
inhibitory effect on the fibre secondary wall development and lignification. Scale bar = a,d, g = 50 µm; b,e,h = 20 µm; c,f,i = 25 µm
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Table 1  Anatomical
characteristics of seedlings of
Leucaena leucocephala treated
with different concentrations
of EBR
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Control
CCL
REX
FL
FW
VEL
VEW

EBR 0.2 µM
a

3 ± 1.2
61 ± 14b
1429 ± 150a
20 ± 0.5ab
276 ± 29ab
29 ± 5ab

a

3 ± 0.8
65 ± 8a
1452 ± 162a
20 ± 2bc
248 ± 26b
26 ± 4bc

EBR 1 µM

EBR 2 µM

EBR 3 µM

a

a

a

3 ± 0.6
91 ± 9a
1360 ± 199ab
20 ± 0.2ab
282 ± 3ab
27 ± 4ab

3 ± 0.5
93 ± 9a
1037 ± 160c
19.5 ± 1.5c
290 ± 27ab
20 ± 0.8c

3 ± 0.7
87 ± 10a
1156 ± 148bc
20 ± 1.5a
338 ± 34a
25 ± 3bc

EBR 4 µM
3 ± 0.5a
89 ± 9a
1251 ± 151ab
20 ± 0.5ab
298 ± 32ab
33 ± 4a

CCL Cambial cell layers (number), REX Radial extent of xylem, FL Fiber length, FW Fiber width, VEL
Vessel element length, VEW Vessel element width. Statistical analysis was performed by Tukey’s HSD test
(P ≤ 0.05) and identified groups were defined with letters a,b and c
Statistical analysis was performed by Tukey’s HSD test (P ≤ 0.05) and means sharing same letters are significantly not different from each other (row wise)
Table 2  Anatomical
characteristics of seedlings of
Leucaena leucocephala treated
with different concentrations
of BRZ

CCL
REX
FL
FW
VEL
VEW

Control

BRZ 0.1 µM

BRZ 2 µM

BRZ 5 µM

BRZ 10 µM

BRZ 20 µM

3 ± 1.2a
61 ± 14a
1429 ± 150a
20 ± 0.5a
276 ± 29a
29 ± 5a

3 ± 0.2a
58 ± 8a
821 ± 101b
20 ± 0.8a
258 ± 26a
28 ± 4ab

3 ± 0.2ab
57 ± 9ab
677 ± 120c
20 ± 0a
174 ± 22b
26 ± 4abc

3 ± 0.5ab
52 ± 9b
650 ± 67c
20 ± 0.5a
184 ± 28b
24 ± 0.8bc

2 ± 0.7ab
48 ± 10b
620 ± 98 cd
20 ± 0a
154 ± 25b
24 ± 3bc

2 ± 0.5b
39 ± 9b
511 ± 92d
19 ± 0.2ab
152 ± 22b
22 ± 4c

CCL Cambial cell layers (number), REX Radial extent of xylem, FL Fiber length, FW Fiber width, VEL
Vessel element length, VEW Vessel element width. Statistical analysis was performed by Tukey’s HSD test
(P ≤ 0.05) and means sharing same letters are significantly not different from each other (row wise)

of fluorescence signals compared to that of fibres (Fig. 2b).
The analysis of lignification pattern in control plants using
Weisner reaction revealed more lignin concentration in vessel wall (Fig. 2c). The Mäule reaction showed the syringyl
lignin rich fibre walls while guaiacyl units were predominent
in vessel and parenchyma cell walls (Fig. 2d).
Fluorescence microscopy and histochemical methods
revealed the influence of exogenous EBR on lignification
pattern in L. leucocephala. The intensity of fluorescence was
relatively less in the xylem cylinder of 0.1 ppm EBR treated
plants compared to that of control ones (Fig. 2e). Similar
pattern of fluorescence, staining pattern for Weisner and
Mäule reaction from vessels and fibres confirmed the presence of more syringyl lignins in their cell walls (Fig. 2f, g,
h). This unusual pattern of lignin monomer distribution was
also noticed in fibres and vessel walls of seedlings treated
with higher concentrations of EBR.
The inhibitory effect of BRZ on xylogenesis was also
reflected in the cell wall lignification pattern. Fluorescence
microscopy showed scattered groups of lignified xylem elements separated by non-lignified cells (Fig. 2i). Vessel wall
showed high fluorescence intensity indicating the presence
of highly condensed lignin units (Fig. 2i). Weak staining
intensity for Weisner reaction was evident from the stem
of seedlings treated with 2 µM BRZ (Fig. 2j). Mäule reaction also showed the presence of more guaiacyl units in the
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vessel wall (Fig. 2h). However, there was no change in the
heterogenous nature of lignin monomeric units between the
walls of fibres and vessel elements. Although lignin monomeric composition did not show variation compared to other
treatments, the fluorescence intensity decreased drastically
from the xylem cylinder of plants treated with 5 µM BRZ.
Exogenous application of higher concentration of BRZ lead
to more inhibitory effect on xylogenesis. The secondary wall
thickness and lignin deposition reduced significantly resulting in weak fluorescence signals from the elements of scattered xylem groups.

Ultra‑Structural Changes and Lignification Pattern
The TEM analysis of ultrathin sections contrasted with
K MnO 4 revealed the ultrastructural changes in the cell
wall and distribution pattern of lignin in plants treated
with EBR and BRZ. The control plants showed fibres with
lignin rich, electron dense regions in the compound middle
lamellae, cell corners, S
 1 and S
 3 wall layers of secondary
wall (Fig. 3a). An increase in the thickness of secondary wall was evident in the EBR treated plants (Fig. 3b).
The lignin distribution was more in the compound middle
lamellae (CML) region however, a uniform electron density pattern was observed throughout the secondary wall
(Fig. 3b). The xylem fibres in the plants treated with BRZ
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◂Fig. 2  a–k Epi-fluorescence and bright field images from stem trans-

verse sections of control (a-d), EBR treated (e–h) and BRZ treated
(i-k) plants showing pattern of lignin distribution. c, g and j = Weisner
reaction; d, h and k = Mäule reaction. a Autoflurescence of lignified
elements in secondary xylem ring and arcs of pericyclic fibres distributed in cortex. b Enlarged view from ‘a’ showing relatively more
autofluorescence from vessel wall (V) c Weisner reaction showing
intense staining in the vessel and fibre cell walls d Secondary xylem
following Mäule reaction showing distribution of syringyl units in
the fibre secondary walls e Intense autofluorescence from the lignified secondary xylem cylinder f Enlarged view from ‘e’ showing fluorescence from vessel (V) and fibre walls g Weisner reaction showing
intense lignification in the cell walls of fibres and vessels. Arrows
indicate more lignin distribution in the cell corners h Mäule reaction showing incorporation of syringyl lignins in the walls of vessels
(arrowheads, V) and fibres (arrows) i Relatively weak autoflurescence
from xylem cylinder and pericyclic fibres j Weisner reaction showing inhomogenous lignin distribution pattern in the xylem elements
k Mäule reaction showing weak staining from the thin cell wall of
xylem elements Scale bar = a,e,i = 100 µm; b,f,c,d,g,h,j,k = 25 µm

showed relatively thin secondary wall, electron translucent
regions in the cell corners (Fig. 3c, f), CML (Fig. 4c) and
S1 layer of the secondary wall (Fig. 3d, e). These changes
suggest the secondary wall thickness and lignin distribution have been altered in response to of BRZ treatment.

Immunolocalization of Xylans
The LM10 labelling revealed the distribution pattern of
low substituted xylans (Ls ACG Xs) in xylem fibres. The
control plants showed strong labelling throughout the secondary wall while less gold density was evident in the
CML regions (Fig. 4a). The EBR treated plants showed
an increase in gold particle distribution especially in the
CML region (Fig. 4b). The BRZ treated plant also showed
strong Ls ACG Xs labelling from tangential and radial
secondary wall regions (Fig. 4c-e) while weak labelling
was noticed in the CML region (Fig. 4d, e).
The highly substituted xylans (hs ACG Xs) labelled
with LM 11 monoclonal antibodies revealed a strong labelling from the secondary wall region of xylem fibres from
control plants (Fig. 5a). The density of gold was more
evident in the bending region of secondary wall suggesting relatively more hs ACG Xs distribution in this region
(Fig. 5a). The EBR treated plants showed strong hs ACG
Xs labelling from secondary wall (Fig. 5b, c), CML and
cell corners (Fig. 5d). The LM11 labelling of BRZ treated
plants showed a decrease in the hs ACG Xs labelling in
the secondary wall especially inner wall layers. The strong
labelling was mainly confined to the S1 layer of fiber wall
(Fig. 5e). The bending region of secondary wall also
showed a weak labelling (Fig. 5f) suggesting BRZ treatment negatively influences the hs ACG Xs distribution in
the cell wall of xylem fibres.
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Discussion
The present study demonstrated that the exogenous application of 24-epibrassinolide (EBR) have a predominant
effect on xylogenesis and anatomical structure of xylem
elements of L. leucocephala. The application of low
concentration of EBR enhances cell division in cambial
zone, whereas, its higher concentration results in rapid
cell differentiation resulting in more xylem formation.
Earlier studies also indicate the role of EBR in cell division and differentiation process in cultured tuber explants
of Jerusalem artichoke (Clause and Zurek 1991), onion
root tip cells (Howel et al. 2007), tobacco BY-2 cell suspension culture (Miyazawa et al. 2003) and Arabidopsis (Cheon et al. 2010). Elevated brassinosteroid levels
resulted in enhancement of secondary growth and tension
wood formation while inhibition of BR synthesis resulted
in decreased secondary vascular tissue differentiation in
poplar (Du et al. 2020). Hence, enhancement of cambial
cell division in EBR treated stem of L. leucocephala is in
agreement with earlier reports on stimulatory effects of
BR on cell division. The increase in radial extent of xylem
following treatment indicates that BR enhances secondary
xylem differentiation in L. leucocephala. In Zinnia system,
BRs regulate the expression of several genes associated
with xylem formation (Fukuda 1997). BRs have been identified in cambial scrapings of Pinus sylvestris (Kim et al.
1990). The coordinated function of BR and BRs and XET
(Xyloglucan endotransglycosylase) in xylem formation
reported to be evident from higher levels of BRV1 expression in paratracheary parenchyma cells surrounding vessel
elements in soyabean epicotyls (Oh et al. 1998). The BR
deficient Arabidopsis mutant (cpd) exhibits unequal division of the cambium, producing more phloem fibers at the
expanse of xylem cells (Szekeres et al. 1996). BRs may be
involved in deciding which differentiated cells (phloem or
xylem cells) are formed from cambial cells (Nagata et al.
2001). Brassinazole has reported to be the only specific
brassinosteroid biosynthesis inhibitor (Asami and Yoshida
1999). In the present study, the exogenous application of
BRZ resulting in reduction in radial extent of xylem suggests its inhibitory effect on xylogenesis. Earlier studies
also indicate the inhibitory role of brassinazole in the
development of secondary xylem in L. sativam (Nagata
et al. 2001) and in Cress plants (Nagata et al. 2001). The
restoration of BRZ induced morphological changes by the
application of brassinolide in Arabidopsis suggested that
brassinazole exhibits its effect by reducing the supply of
brassinolide in the plant (Asami et al. 2000).
Brassinosteroids are believed to be one of the wellknown promoters of cell expansion. The EBR induced
xylem in L. leucocephala showed relatively elongated
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◂Fig. 3  a–f TEM images from transverse sections of xylem tissue of

control (a), EBR (b) and BRZ (c–f) treated plants of L. leucocephala.
(KMnO4 contrasting). a Lignin distribution in the compound middle
lamellae of a fiber. Note the secondary wall with more lignin distributed in the S1 and S3 wall layers. b Thick secondary walls of adjacent
of fibers showing less electron density. Note the electron dense compound middle lamellae region. c Relatively thin secondary walls and
electron translucent cell corner region (arrow) of fibres. d The electron translucent areas between S
 1 and S2 regions of secondary wall
indicating poor lignin distribution e & f Inhomogenous lignin distribution between S1 and S2 layers (e, at arrows) and cell corner middle
lamellae region (f, at arrows) of fibres. Scale bar- 1 µm

and wider vessel elements indicating enhancement of
cell expansion. Promotion of cell expansion through BRregulated expression of genes involved in cell wall modifications, cellulose biosynthesis, ion and water transport
and cytoskeleton rearrangements have been demonstrated
in genetic studies and microarray analysis (Clouse and
Sasse 1998; Kim and Wang 2010) and many of the genes
in this classification have also been shown to be direct
target of the BZR1 and BES1 transcription factors (Guo
et al. 2009; Xie et al. 2011; Yu et al. 2011). The inhibition
of brassinosteroid biosynthesis by exogenous application
of brassinazole also indicates the important role played
by brassinosteroid in cell elongation during xylogenesis.
BRZ treatment resulted in decrease in the fiber length and
width. The reduced length of vessel elements also suggests that elongation of xylem elements is affected in BRZ
treated plants. The contradictory results on cell dimension in the seedlings of L. leucocephala treated with EBR
and BRZ demonstrates the important role of brassinosteroids in the elongation growth of cells during xylogenesis.
The increase in fiber wall thickness and lignification is
evident in the EBR induced secondary xylem of L. leucocephala. On the other hand, BRZ treatment resulted in
reverse effect on secondary wall thickness and lignification
in secondary xylem elements. The inhibitory effect of BRZ
was more apparent in the secondary wall development and
lignifcation of xylem fibre in L. leucocephala. The histochemical analysis suggests that the exogenously applied
EBR reduces condensed lignin units and increased the syringyl lignin units. Fluorescence microscopy has also revealed
the weak fluorescence signals from secondary wall suggesting the change in lignin monomeric composition rather than
a inhibitory effect of lignin biosynthesis by EBR treatment.
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Previous studies also demonstrate that BRs are involved in
regulation of lignin and cellulose biosynthesis during xylogenesis in plants (Sun et al. 2014; Jin et al. 2017; Gao et al.
2019).
The effect of epibrassinolide (EBR) on biosynthesis of cell
wall components have been reported in Arabidopsis (Schrick
et al. 2004; Xie et al. 2011), Liriodendron tulifera (Jin et al.
2017) and poplar (Gao et al. 2019). In the present study, the
major changes observed after EBR and BRZ treatment was
variation in the distribution pattern of syringyl lignin, low
substituted and highly substituted xylans. The distribution
of xylan and syringyl lignin was more in the secondary wall
of EBR treated fibres while they have been decreased in the
BRZ treated plants. In Liriodendron, the EBR was reported
to affect expression of lignin biosynthesis genes and alter the
hemicellulose composition (Jin et al. 2014). In poplar, exogenous application of EBR resulted in an increase of xylan,
galactan and arabinan content (Gao et al. 2019). We also found
a similar change in the distribution pattern of xylan and lignin
in L. leucocephala. Xylan forms the major hemicellulose
component in the secondary wall of hard wood elements. The
variation in syringyl lignin distribution appears to be in correspondence with xylan suggesting a possible cross interaction
between xylan and syringyl lignin monomers in the secondary
cell wall. Plausibly, EBR may influence the monolignol ratio
in cell wall by changing the hemicellulose composition. Our
results are in agreement with Gao et al (2019) who proposed
EBR regulates the cell wall integrity by altering hemicellulose
and pectic network.

Conclusion
The present study demonstrates that the exogenous application
of 24-epibrassinolide has a predominant effect in enhancing
the important stages of xylogenesis such as cambial cell division, cell elongation, secondary wall thickness and deposition
of xylan and syringyl monolignol units. The reverse effect in
these developmental stages following exogenous application
of EBR inhibitor, brassinazole also suggests the importance of
brassinosteroid in xylem development and cell wall chemistry
in L. leucocephala. The effect on secondary wall thickness
and xylan-lignin chemistry warrant the significance of detailed
studies to unravel the regulatory mechanism of BR in developing woodiness in trees.
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Fig. 4  a–e Immunolocalization of low substituted xylans (Ls ACG
Xs) in the control (a), EBR (b) and BRZ (c–e) treated plants. a The
fiber walls showing dense labelling for Ls ACG Xs throughout the
secondary wall. Note the weak labelling in compound middle lamellae region. b Fiber showing a strong Ls ACG Xs labelling in sec-
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ondary walls and CML regions (c–e). Intense Ls ACG Xs labelling
at radial (c) and tangential (d) region of fiber secondary walls. Note
the weak labelling in the cell corner and compound middle lamellae
regions (e). Scale bar = 1 µm
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Fig. 5  a–e Immunolocalization of highly substituted xylans (hs ACG
Xs) in the control (a) and plants treated with EBR (b–d) and BRZ (e,
f). a Intense labelling for hs ACG Xs from secondary wall of fibers.
Note relatively more density of gold particles at the bending region of
secondary wall. b–e Fiber walls showing hs ACG Xs labelling from
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secondary wall (b) and cell corner middle lamellae regions (c, d). e–f
Weak labelling of hs ACG Xs from secondary wall regions of fibers.
Note the strong labelling mainly confined to the S
 1-S2 transition zone.
The bending region of the secondary wall and cell corners also show
weak hs ACG Xs labelling (f). Scale bar = 1 µm
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