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Abstract
Key message The HbCAld5H1 gene cloned from Hevea brasiliensis regulates the cambial activity, xylem differentia-
tion, syringyl–guaiacyl ratio, secondary wall structure, lignification pattern and xylan distribution in xylem fibres 
of transgenic tobacco plants.
Abstract Molecular characterization of lignin biosynthesis gene coniferaldehyde-5-hydroxylase (CAld5H) from Hevea brasil-
iensis and its functional validation was performed. Both sense and antisense constructs of HbCAld5H1 gene were introduced 
into tobacco through Agrobacterium-mediated genetic transformation for over expression and down-regulation of this key 
enzyme to understand its role affecting structural and cell wall chemistry. The anatomical studies of transgenic tobacco plants 
revealed the increase of cambial activity leading to xylogenesis in sense lines and considerable reduction in antisense lines. 
The ultra-structural studies showed that the thickness of secondary wall (S2 layer) of fibre had been decreased with non-
homogenous lignin distribution in antisense lines, while sense lines showed an increase in S2 layer thickness. Maule color 
reaction revealed that syringyl lignin distribution in the xylem elements was increased in sense and decreased in antisense 
lines. The immunoelectron microscopy revealed a reduction in LM 10 and LM 11 labelling in the secondary wall of antisense 
tobacco lines. Biochemical studies showed a radical increase in syringyl lignin in sense lines without any significant change 
in total lignin content, while S/G ratio decreased considerably in antisense lines. Our results suggest that CAld5H gene plays 
an important role in xylogenesis stages such as cambial cell division, secondary wall thickness, xylan and syringyl lignin 
distribution in tobacco. Therefore, CAld5H gene could be considered as a promising target for lignin modification essential 
for timber quality improvement in rubber.

Keywords Coniferaldehyde-5-hydroxylase · Hevea brasiliensis · Xylogenesis · Cell wall structure · Lignin · S/G ratio · 
Xylans

Introduction

Lignin is an important biopolymer, which imparts structural 
and mechanical support to plant cell wall. The properties 
such as rigidity and hydrophobicity of the cell wall have 
been attributed to lignin content, which facilitates water 
transport through vascular tissues and mechanical defence 
to the plant against pathogens (Vanholme et al. 2008; Li 
and Chapple 2010). Lignin also represents the second most 
abundant biopolymer on earth after cellulose, which con-
stitutes about 30% of the total biomass produced in the bio-
sphere and form the major form of carbon sink due to its 
resistance to biodegradation (Boudet et al. 2003; Carocha 
et al. 2015). Being an integral part of xylem cell wall, lignin 
plays a crucial role in growth, development and survival of 
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terrestrial vascular plants by providing mechanical rigidity 
and hydraulic conductivity under various biotic and abiotic 
stress conditions. The biosynthesis of lignin involves the oxi-
dative polymerization of three hydroxycinnamyl alcohol pre-
cursors namely p-coumaryl, coniferyl and sinapyl alcohols 
and its composition varies between different plant species. 
The dicotyledonous plant has mainly guaiacyl and syringyl 
lignin units derived from coniferyl and sinapyl alcohols, 
respectively, and differ in their degree of hydroxylation and 
methoxylation in their aromatic ring (Boerjan et al. 2003). 
This result in different types of intermonomeric linkages 
between monomers within the lignin polymers and the lignin 
monomeric composition is likely to be the key element of 
several properties of lignin and cell wall (Ralph et al. 2019; 
Gui et al. 2020). The composition of lignin monomeric units 
has a critical role in wood properties and due to the resist-
ance to chemical degradation by highly condensed guaiacyl 
units, lignin is a major hurdle in industrial processing of 
wood biomass for paper and pulp manufacturing, bioethanol 
production etc. (Hallac et al. 2010; Li et al. 2010; Garcia 
et al. 2014). Therefore, understanding the genetic regulation 
of syringyl:guaiacyl (S/G) ratio for exploring the potential of 
genetic engineering to tailor lignin monomeric composition 
has been a major focus of research in tree biotechnology.

Several genes involved in lignin biosynthetic path-
way such as cinnamate-4-ligase (4CL), cinnamaldehyde 
dehydrogenase (CAD), cinnamoyl CoA reductase (CCR ), 
coumarate-O-methyl transferase (COMT), ferulate-5-hy-
droxylase (F-5-H) have been studied extensively over last 
2 decades and found effective in altering lignin content and 
monomeric composition in many plant species (Vanholme 
et al. 2008). Recent research revealed that apart from these 
genes which function in the upstream of lignin biosynthetic 
pathway, coniferaldehyde-5-hydroxylase (CAld5H) plays a 
major role in diverting the immediate precursor of guaiacyl 
lignin, coniferaldehyde into sinapaldehyde, the precursors of 
syringyl lignin pathway through a 5-hydroxylataion followed 
by 5-methoxylation coffeoate-O-methyl transferase (COMT) 
(Osakabe et al. 1999). These authors also reported that in the 
absence of coniferaldehyde, CAld5H can catalyse conversion 
of ferulate into 5-hydroxyferulate suggesting the potential 
role of CAld5H gene in ferulate metabolism also. Garcia 
et al. (2014) reported the restoration of syringyl lignin in 
the Arabidopsis fah1-2 mutants transformed with CAld5H. 
The co-transformation experiments proved that CAld5H 
and COMT are the most efficient enzymes in regulating S/G 
ratio in higher plants as they function in the downstream 
of lignin specific pathway and their reaction products are 
the most likely to enter monolignol pathway (Chiang 2006). 
The CAld5H gene from Eucalyptus and rice are also demon-
strated to be very efficient in increasing syringyl monomer 

ratio in lignins (Garcia et al. 2014; Takeda 2017). Therefore, 
CAld5H could be the most efficient target gene in tree bio-
technology research for engineering plant cell wall chemis-
try for future needs.

In the present study, we characterized CAld5H genes from 
Hevea brasiliensis, a tropical deciduous tree species, used as 
a primary source of natural rubber but it also bears immense 
timber value for various industrial applications. We isolated 
two isoforms of this gene and designated as HbCAld5H1 
and HbCAld5H2. After examining the expression levels in 
various tissues, the HbCAld5H1 was used as a candidate 
gene for molecular cloning and transformation into Nico-
tiana tabacum to assess the impact of down-regulation and 
overexpression of the gene on xylogenesis, structure and 
lignin chemistry.

Materials and methods

Cloning and transformation of N. tabacum

The CAld5H gene from Hevea brasiliensis (Clone RRII 105) 
was amplified from the genomic DNA as well as cDNA 
derived from young stem (second internode) total RNA, 
using gene specific primers (details of the primers listed in 
Table S1). The amplified genes were cloned into pGEM-T 
Easy Vector (Promega USA) for sequence characterization 
of recombinant plasmids. For plant transformation experi-
ments, the sense and antisense constructs of HbCAld5H1 
gene were made by cloning the gene fragments into inter-
mediate vector pRT101 and complete cassette into pCAM-
BIA1301 (Fig. S1). The sense construct consists of full 
length (1.542 kb) CAld5H cDNA. Two antisense constructs 
CAS-A and CAS-B having sizes of 842 bp and 473 bp, 
respectively, are the reverse sequences of nucleotides 156 
to 628 (CAS-B) and 696 to 1538 (CAS-A) in CDS regions of 
full length HbCAld5H1 gene. The plasmids were introduced 
into Agrobacterium tumefaciens (LBA4404). The details of 
the sequence used for antisense construct are provided in the 
supplementary method 1. Leaf disc derived from 8-week-
old Nicotiana tabacum plants were transformed by Agro-
bacterium carrying pCAMBIA1301-sense and antisense 
HbCAld5H1 constructs. Untransformed wild type (WT) 
tobacco plants served as controls. ß-glucuronidase (GUS) 
analysis of transformants and their hygromycin (50 mg/l) 
resistance were used as selective agents during in vitro plant 
regeneration. Transformed plants were grown in vitro for 6 
weeks and then transferred to soil and grown to maturity 
in the green house. T0 transformants were allowed to self-
pollinate to obtain homozygous lines. T1 seeds were har-
vested and subjected to selection on germination medium 
containing hygromycin.
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Molecular characterization of transgenic plants

Ten GUS-positive independent transformants were regener-
ated with HbCAld5H1 sense construct, while 25-independ-
ent transformants were regenerated with HbCAld5H1 anti-
sense construct. Of these, three independent transformants 
(3-month-old) from each HbCAld5H1 sense and antisense 
constructs (CAS-A and CAS-B) were selected along with 
wild-type (WT) plants and analysed by PCR and southern 
blotting. The HbCAld5H1 gene specific primers were used 
for PCR confirmation of transgenic tobacco plants with 
HbCAld5H1 sense and antisense transgenes. For southern 
blotting, genomic DNA was digested with SacI, which had 
no cutting site in the transgene HbCALd5H1, separated by 
agarose gel electrophoresis and blotted onto nylon mem-
branes (Hybond N, Amersham Biosciences, UK) using 
standard protocols (Sambrook and Russell 2001). DNA 
amplified with gene specific primers from pCAMBIA-sense 
and antisense HbCAld5H1 (CAS-A and CAS-B) plasmids 
were used as probes after labelling with DIG DNA Label-
ling and Detection System (Boehringer Mannheim GmbH, 
Germany). The visualization of the probe-target hybrid was 
achieved by a chemiluminiscent assay using the DIG lumi-
nescent detection kit protocol (Roche, Diagnostics GmbH, 
Germany).

Expression of CAld5H transgene was quantified by qPCR. 
Total cDNA was used as the template for q-RT-PCR. The 
cDNA was prepared from the total RNA extracted from the 
leaves of WT and transgenic tobacco plants according to 
the manufacturer’s protocol of Ambion cDNA Kit (Thermo 
Scientific, USA). The qRT-PCR results were measured using 
7500 SDS software (Applied Biosystems, USA). Tobacco 
β-actin, considered to be one of the most suitable reference 
genes in terms of stability for real-time PCR experiments 
(Bustin 2002; Schmidt and Delaney 2010) has been used 
as a reliable reference gene to find out the expression levels 
of CAld5H gene in transgenic tobacco (Chen et al. 2019). 
Therefore, the expression levels of tobacco β-actin gene as 
the reference gene with actin specific primers were quanti-
fied in parallel with the target genes as the internal control. 
Three biological samples and triplicate technical qRT-PCR 
reactions for each combination of primers and samples were 
analysed. Expression fold-change was calculated as  2−∆∆Ct 
for each replicate.

Light microscopy

For general histology, transverse sections (1–2 µm thick) 
taken with a diamond knife from the LR White embedded 
samples using an ultra-microtome (Leica UMO7, Germany) 
were stained with 0.05% toluidine blue O (Berlyn and Mik-
she 1976). Sections were examined and photographed using 
Leica microscope (DM200) with a Canon digital camera 

(DM 150). For histochemical analysis, hand sections taken 
from stem and leaf tissues of control and transgenic lines 
were stained with toluidine blue O for general histology, 
phloroglucinol-HCl for lignin localization (Speer 1987) and 
Maule’s reaction (Meshitsuka and Nakano 1979) for syrin-
gyl lignin localization. Stained sections were observed and 
photographed using Leica DM200 microscope (Germany). 
Stem samples from control, lignin up- and down-regulated 
plants were macerated to measure the length and width 
of fibres and vessel elements. Small matchstick size stem 
pieces were macerated by incubating in Jeffrey’s fluid (Ber-
lyn and Miksche 1976). After thorough washing in water, the 
macerated elements were stained with safranin O (Sigma, 
S-2255) before mounting in 50% glycerol. The length and 
width of fibres and vessel elements were measured with an 
ocular micrometer scale mounted in a research microscope. 
For each parameter, 100 readings were taken from randomly 
selected elements and they were statistically analyzed to 
determine the mean values.

Transmission electron microscopy

Suitably trimmed (2 × 5 mm size) secondary xylem tis-
sues 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, tis-
sues were dehydrated in graded series of ethanol (30–95%, 
15 min each, pure ethanol × 3, each for 20 min) and embed-
ded in LR white resin as described elsewhere (Pramod et al. 
2019). Transverse ultrathin sections having 70–80 nm thick-
ness were prepared from the LR white embedded blocks 
using an ultra-microtome (Ultracut E, Leica, Germany) 
with a diamond knife and mounted on nickel grids. Sec-
tions were stained with 0.1%  KMnO4 in citrate buffer for 
45 min at room temperatures for lignin (Donaldson 1992). 
For immunolabelling, ultrathin sections of 90 nm thickness 
were taken from the LR white embedded blocks mounted 
on nickel grids. After suspension of the grids in 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 with LM10 or LM11 
antibodies (1:20 dilution in buffer A) for 2 days at 4 ˚C. 
The labelling method was same for xyloglucan except the 
grids were incubated with goat anti-mouse secondary anti-
body labelled with 5 nm colloidal gold particle (BB Interna-
tional, UK). 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 the LM10 
antibody (1:20 dilution in buffer ‘A’). For the control, some 
sections were also incubated only with secondary antibody. 
Finally, the grids were washed in six changes of buffer ‘A’ 
for 15 min each, followed by washing with distilled water. 
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Ultrathin sections were post-stained with 1%  KMnO4 for 
30 min, washed in three changes of distilled water for 10 min 
each. All sections were examined under a transmission elec-
tron microscope (TEM, JEOL JEM 2100, Japan) at an accel-
erating voltage of 120 kV.

Lignin analysis

Standard protocols were followed for Klason lignin con-
tent (Dence 1992) and determination of lignin composition 
by thioacidolysis–gas chromatography with flame ioniza-
tion detection of TMS derivatives (Lapierre et al. 1995). 
Detailed description of the methodology has been provided 
in Method S1.

Statistical analysis

Student’s t test was carried out to determine statistically sig-
nificant differences of anatomical and biochemical param-
eters at 0.05 confidence level using Sigmastat software (Ver-
sion 3.5, San Jose, CA, USA).

Results

Isolation and sequence characterization of CAld5H 
cDNA and genomic clones

Both the genomic DNA fragment and cDNA encoding 
CAld5H were PCR amplified, cloned and characterized 
from Hevea brasiliensis. The genomic DNA was 1.93 kb 
in size with one intron of 393 bp. PCR products of cDNA 
showed two isoforms of the gene having a size of 1.9 kb 
and 1.5 kb (Fig. S2). Both full length genomic and cDNA 
sequences were submitted to the NCBI GenBank under the 

accession numbers KY930624 and KY930625, respectively. 
The HbAld5H nucleotide showed 80% sequence homology 
with Populus trichocarpa CAld5H gene. The protein pre-
diction from Hevea genome using FGENESH revealed that 
HbCAld5H1 encodes a protein of 513 amino acids with a 
molecular weight of 57.05 kDa and the theoretical pI (iso-
electric point) of the protein is 6.25. Encoded amino acid 
sequence of HbCAld5H1 searched against the NCBI data-
base showed the existence of a putative conserved domain, 
cytochrome P450, which belongs to CrypX superfam-
ily involved in biosynthesis, transport, and catabolism of 
secondary metabolites. Phylogenetic analysis of the gene 
sequence showed homology with a number of sequences 
from plant species including F5H and other cytochrome fam-
ily genes. Multiple sequence alignment of HbCAld5H1 with 
reported CAld5H sequences revealed identities ranging from 
70–80%. The amino acid sequence showed 82% sequence 
identity with CAld5H1 gene of Populus trichocarpa (Fig. 1). 
The CAld5H protein sequence displayed all the character-
istic features of a plant P450 protein including heme-bind-
ing ligands (PFGSGRR) towards C terminus, proline-rich 
sequence motif PPGPKGLP, stop transfer sequence etc. 
(Fig. 2). Though HbCAld5H1 has high similarity with P450 
genes such as ferulate-5-hydroxylase (F5H), the N-terminal 
34 amino acid sequence of HbCAld5H1 is highly divergent 
from the F5H as it contains a hydrophobic region typical 
of the uncleavable signal peptide for anchoring P450 pro-
tein to the endoplasmic reticulum membrane (Fig. 2). The 
relative expression of HbCAld5H1 was analysed in different 
tissues of Hevea using RT-PCR and a comparison was made 
by keeping leaf as reference (Fig S4). Transcript levels of 
HbCAld5H1 was relatively more in the 2nd–3rd internodal 
region (IN-1) where secondary growth is just in the begin-
ning stage and in internodes 4–5 (IN-2 with complete ring 
of secondary xylem).

Fig. 1  Phylogenetic analysis of 
predicted HbCAld5H1 protein 
with known sequences of 
CAld5H protein of other species
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Molecular characterization of transformants

The PCR amplification of transgenes from the genomic 
DNA of all positive transformants showed bands of 1542 bp 
for HbCAld5H1 sense, 842 bp for CAS-A and 484 bp for 
CAS-B transgenes (Fig. S2). The same were not noticed in 
WT plants. The marker genes, GUS and hptII (hygromycin) 

were also amplified from transgenic lines using gene spe-
cific primer for these genes (Fig. S2). The autoradiogram 
generated after exposing the Southern blot to the X-ray film 
showed hybridization signal for each putative sense and anti-
sense HbCAld5H1 transgenic plant samples (Fig. S3) except 
in WT plants. The hybridization signals on the blot indicated 
the gene integration in all transgenics.

Fig. 2  The predicted amino acid sequence of HbCAld5H1 showing 
N-terminal signal peptide (a). The multiple sequence alignment of 
predicted protein showing conserved domains of cytochrome p450 
family, the proline-rich domain (b) and conserved heme-binding 
ligand sequence (c). APR63733.1: Populus tomentosa CAld5H2, 

ACC63880.1: Populus trichocarpa CAld5H, ACC63881.1: Populus 
trichocarpa CAld5H1, AFZ78544.1; Populus tomentosa CAld5H, 
AVL25155.1: Hevea brasiliensis CAld5H; AAD48912.1: Liq-
uidambar styraciflua Ald5H, BAJ47545.1: Eucalyptus globulus, 
ABS53040.1: Leucaena leucocephala 
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RT‑PCR analysis and CAld5H gene expression 
in transgenic tobacco

RT-PCR analysis and CAld5H gene expressions were per-
formed on 3–4-month-old, three independent lines each of 
CAld5H sense antisense (CAS-A and CAS-B) along with 
untransformed controls acclimatized in the green house. 
RT-PCR displayed less transcript levels in antisense lines 
compared to sense lines in the leaf tissue (Fig. 3). This indi-
cates the down- and up-regulation of CAld5H gene, respec-
tively, in transgenic lines. All the three lines each of CAS-A 
and CAS-B transgenic lines exhibited different amounts of 
reduction levels in CAld5H expression compared to WT. 
The reduction in gene expression level was more apparent 
in CAS-B (473 bp) compared to CAS-A (842 bp) suggesting 
the reduced length of antisense RNA may be more effective 
in suppression of gene expression. A variation in degree of 
silencing of CAld5H gene expression was also evident in 
individual transgenic lines generated using the same anti-
sense construct either CAS-A or CAS-B.

Phenotypic changes in CAld5H sense and antisense 
transgenic tobacco lines

The primary transformants did not show much phenotypic 
variation during in vitro development. However, after trans-
fer to green house, the transgenic plants showed distinct 
variations in leaf morphology. The sense plants showed an 
increase in leaf size, in contrast, it was reduced significantly 
in antisense plants compared to that of WT plants (Fig. 4). 
The sense plants exhibited robust leaf growth and develop-
ment compared to antisense lines.

Anatomy and lignification pattern in the leaf tissue

The transverse sections from the leaf mid rib tissue of WT 
and transgenic lines stained with toluidine blue revealed 
the lignified vascular tissue consisting of protoxylem and 
metaxylem elements (Fig. 5). Although sense plants mani-
fested a greater number of xylem elements in radial rows, 
their cell walls were thinner and often deformed in com-
parison with that of control and antisense lines. The cell 
wall of xylem vessels appeared wavy or pointed at corners 
compared to intact round to oval-shaped vessels found in 
the control plants. Weisner reaction revealed the relatively 
thicker, lignified secondary walls in the primary xylem ele-
ments of antisense plants (both CAS-A and CAS-B lines), 
however, the sense line showed thin cell walls with less 
lignin. Maule’s reaction of these tissues revealed the pres-
ence of guaiacyl units in the thicker secondary cell walls of 
proto- and metaxylem elements of WT and antisense lines 
(Fig. 5). The thinner secondary walls of primary xylem ele-
ments in the sense plants also displayed presence of guaiacyl 
lignin. These results suggest that the amount of guaiacyl 
lignin units is reduced by decreasing the secondary wall pro-
portion of primary xylem elements in the vascular tissue of 
leaf tissue when CAld5H gene was overexpressed. On the 
contrary, the increase in number of radial extents of xylem 
elements in the sense plants suggest enhanced xylogenesis 
and vascular tissue differentiation with a greater number of 
cells and less secondary cell wall volume. The primary func-
tions of leaf tissue (photosynthesis and transport of primary 
metabolites) are performed by chlorenchymatous and sieve 
cells while mechanical and conductive functions considered 
of secondary importance. Therefore, enhanced meristematic 
activity and vascular tissue differentiation could be better for 
growth and development of leaf tissue in relation with their 
specific functional dynamics compared to stem and root tis-
sues. On the other hand, it is vital to examine the effect of 
CAld5H overexpression on secondary growth in stem tissue 
where mechanical and conductive functions are of priority 
in nature.

Anatomy and lignification pattern in the stem

The cambial zone of WT plants consisted of 3–5 cell lay-
ers. The sense plants showed 3–4-layered cambial zone 
in which active anticlinal and periclinal divisions were 
evident (Fig. 6). The reduced number of cambial cell lay-
ers in CAS-A and CAS-B (1–2 cambial cell layers) sug-
gest cambial activity and xylogenesis has been reduced in 
CAld5H antisense lines (Fig. 6). The tissue composition 
and cell wall thickness of xylem cells also exhibited a sig-
nificant change between WT and transgenic lines. The sec-
ondary xylem showed high density of solitary vessels in 
WT plants while transgenic lines revealed higher density 

Fig. 3  Relative expression of CAld5H1 gene in sense and antisense 
(CAS-A and CAS-B) transgenic lines (L1, L2, L3) of N. tabacum. 
The statistically significant changes are represented by asterisk 
(P ≤ 0.005). Control untransformed wild-type tobacco



133Plant Cell Reports (2021) 40:127–142 

1 3

of multiple vessels (group of vessels in radial or tangen-
tial row). The sense lines showed thick walled fibres, in 
contrast to significantly reduced secondary wall thickness 
in antisense lines (Fig. 6) in comparison with WT plants. 
The dimensional changes in the xylem cells showed a high 
variation among different transgenic lines (Table 1). The 
fibre length and vessel element size increased significantly 
in sense plants while it was reduced in antisense lines 
especially in CAS-B lines (Table 1). Vessel width also 
decreased in antisense lines suggesting cell wall expansion 
and elongation of xylem elements has been altered due 
to decreased expression of CAld5H gene. The anatomi-
cal data suggest that the change in the extent of expres-
sion of CAld5H gene has impacted important stages of 
xylogenesis such as cambial cell division, cell expansion 

and secondary wall deposition. While Weisner reaction 
revealed that the vessel cell wall has more staining inten-
sity (Fig. 7a), a negative reaction for Maule’s reaction sug-
gests relative richness of guaiacyl lignin units in these 
cells. On the other hand, fibre cell wall showed positive 
colour reaction (red colour) from fibres secondary wall 
due to the presence of more syringyl monolignol units 
(Fig. 7e). An increase in lignified secondary wall region 
(Fig. 7b) rich in syringyl units (Fig. 7f) was noticed in the 
sense lines. The antisense lines displayed an increase in 
the vessel density with more guaiacyl lignin units (Fig. 7c, 
d). The fibre cell wall in the antisense lines also exhibited 
relatively weak response to Maule’s reaction (Fig. 7g, h) 
suggesting the decrease in syringyl monolignol biosynthe-
sis following down-regulation of CAld5H gene.

Fig. 4  Phenotypic changes (a) and leaf morphology (b) of control, sense, antisense A (CAS-A) and antisense B (CAS-B) lines of transgenic 
tobacco plants. Scale bar = 2 cm
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Transmission electron microscopy

The ultrathin sections contrasted with KMnO4 revealed the 
variation in distribution between WT and transgenic lines 
of tobacco. The secondary xylem fibres showed maximum 
lignin distribution in the compound middle lamellae (CML), 
S1 and S3 layers (Fig. 8a, e). The thickness of S2 layer 
increased in the sense lines alongside lignin distribution in 
these wall layers compared to that of WT (Fig. 8b). The 
CML region also exhibited relatively higher lignin distribu-
tion in sense plants (Fig. 8f). The CAS-A lines revealed a 
reduction in the thickness of secondary wall (SW), espe-
cially the volume of S2 layer decreased significantly. Lignin 
distribution was mainly confined to the cell corners and 
CML region (Fig. 8c, g) and decreased lignin concentration 
was noticed in the secondary wall (Fig. 8c). The CAS-B 
antisense lines showed decrease in secondary wall thickness 
and presence of large electron translucent region in the S2 
layer (Fig. 8d) suggesting very specific difference in spa-
tial distribution of lignin. The CML and cell corner regions 
appeared electron dense in CAS-B lines (Fig. 8h) suggesting 
that the secondary wall lignification is affected by down-
regulation of CAld5H.

Immunolocalization of xylans

Immunoelectron microscopy using LM 10 and LM 11 anti-
bodies revealed the variation in distribution of less and 
highly substituted xylans in the secondary wall of xylem 
fibres in WT, sense and antisense lines of N. tabacum. 
The low substituted xylan displayed a uniform distribution 
throughout the secondary wall of control plants (Fig. 9a). 
The sense plants showed an increase in the density of gold 
particles suggesting an increase in xylan distribution follow-
ing overexpression of CAld5H gene. Contrarily, antisense 
lines revealed a decrease in gold particle density (Fig. 9c, 
d). Variation in xylan distribution was more apparent in the 
S2 layer of fibre secondary wall of CAS-B lines in which 
very low density of gold particle distribution was evident. 
The LM11 labelling revealed that the distribution of gold 
particles in the secondary wall were relatively abundant in 
the bending region near cell corners of WT plants (Fig. 10a, 
e). No significant variation was noticed in the distribution 
pattern of gold particles between WT and transgenic lines 

(both sense and antisense lines) suggesting highly substi-
tuted xylans are less affected with the regulation of CAld5H 
gene (Fig. 10a–h).

Lignin content and monomeric composition

The Klason lignin content did not show any significant vari-
ation. While the increase in total lignin content between WT 
and sense lines was about 5%, the reduction between WT 
and antisense 2–5% (Table 2). Thioacidolysis data revealed 
the relative yield of S lignin in sense lines compared to that 
of G lignin. In antisense lines, a decrease in S lignin content 
was noticed (Table 2). Therefore, the S/G ratio has increased 
in sense lines (1.74–1.9), while it decreased significantly in 
antisense lines CAS-A (1.2–1.3) and CAS-B (1.10–1.31) in 
comparison with WT plants (1.4).

Discussion

Molecular characterization of the nucleotide and amino acid 
sequences of HbCAld5H1 gene showed significant level 
of homology with other known sequences from dicotyle-
donous trees such as P. trichocarpa. Hevea CAld5H also 
showed a high sequence identity with three rice CAld5Hs 
isoforms (Takeda et al. 2017). This suggests that the CAld5H 
sequences are highly conserved among different families 
of monocots and dicots. The high expression levels of 
HbCAld5H1 in different tissues of H. brasiliensis undergo-
ing active cell division and differentiation such as internodes 
of 1-year-old stem and 20-year-old main trunk regions sug-
gest the active role of this gene in xylogenesis. The structure 
and chemistry of xylem tissues in tobacco has several char-
acteristics similar to that of wood from dicotyledonous trees. 
Tobacco plants produce considerable amount of secondary 
xylem containing vessels, fibres (both libriform and fibre 
tracheids), axial and ray parenchyma. Therefore, tobacco is 
considered as a good model system to study wood formation 
and cell wall chemistry in higher plants. The lignin biosyn-
thetic pathway genes in tobacco have not been completely 
identified and annotated. The bioinformatics analysis of 
HbCAld5H1 against whole genome shotgun assembly and 
transcriptome data of N. tabacum showed high similarity 
regions. The mRNA sequence of cytochrome P450.84A 
family gene (NM 0013256668.1) from tobacco showed the 
highest similarity to HbCAld5H1 (77%) and also exhibited 
homology with F5H genes from Lycopersicum esculentum 
(AF150881.1) and Camptotheca acuminata (AY621153.1). 
Thus, the sequence homology analysis of whole genome 
and transcriptome data from tobacco strongly suggest the 
presence of CAld5H gene. The conserved region present in 
the HbCAld5H1 gene used for antisense construct showed 

Fig. 5  The transverse sections of leaf tissue from control and trans-
genic lines (Sense, CAS-A and CAS-B) stained with toluidine blue 
O for general histology, Weisner reaction for lignification pattern and 
Maule’s reaction for syringyl lignin distribution. Note the greater 
number of radial rows of primary xylem elements with thin second-
ary wall and less lignin content in sense plants compared to that of 
control plants while thicker secondary walls with more guaiacyl 
lignin units in the xylem elements of antisense lines. DV deformed 
vessel. Scale bar = 25 µm

◂
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more than 90% similarity with cytochrome P450 family gene 
sequence of tobacco.

Phenotypic changes associated with HbCAld5H1 
gene manipulation is not detrimental to plants

Manipulation of CAld5H gene in transgenic tobacco induced 
some morphological changes in the leaf and stem but those 
changes were not severe to cause any serious impact on 
plant growth and development. Reduction in lignin con-
tent can cause severe negative impacts on plant growth and 
phenotype. Down-regulation of lignin biosynthetic path-
way genes often resulted in the reduction of lignin and the 
plants showed high vulnerability to embolism, infertility, 
stunted growth, shoot dieback and mortality (Voelker et al. 
2011; Bonawitz and Chapple 2013). Genetic manipulation 
of lignin biosynthetic pathway resulted in high degree of 
changes in S/G monolignol composition which does not 
compromise plant fitness (Reddy et al. 2005; Stewart et al. 
2009; Bonawitz and Chapple 2013; Anderson et al. 2015). 
To find a mechanistic explanation for the growth phenotypes 
from normal to highly dwarfed, resulting from lignin modifi-
cation, Ha et al. (2019) performed a combined transcriptome 
and metabolome analysis in Medicago truncatula. Their 
data revealed that there were no altered transports or accu-
mulation of toxic compounds in such plants where lignin 

Fig. 6  a–h Light microscopy of transverse section of the stem tis-
sue of control and transgenic lines of N. tabacum showing changes 
in cambial zone cells (a–d) and secondary xylem tissue (e–h) charac-
teristics. Note the wide cambial zone (vertical bar) in control (a) and 
sense plants (b) compared to narrow zone in CAS-A (c) and CAS-B 

(d) lines. The secondary xylem of control plant (e) showing the pres-
ence of solitary vessel compared to thick walled narrow vessels in 
sense plants (f). Note the thin walled fibers and multiple vessels in the 
antisense lines (CAS-A and CAS-B). V Vessels, MV multiple vessels. 
Scale bar = 50 µm

Table 1  Anatomical characteristics of xylem elements in the control 
and transgenic tobacco lines. Measurements are taken in µm

Significantly different values are represented by asterisk (*) and mean 
values are significantly different at P ≤ 0.05

Sample Fibre length Fibre width Vessel 
element 
Length

Vessel element 
width

Control 1 580 ± 15 18.5 ± 1 350 ± 18 25 ± 2
Control 2 560 ± 21 19.2 ± 0.8 385 ± 12 28 ± 2.2
Sense 1 552 ± 30 19.8 ± 0.7 410 ± 36* 30 ± 4*
Sense 3 678 ± 18* 19 ± 2 485 ± 32* 31 ± 3.5*
CAS A1 439 ± 25* 17 ± 1* 305 ± 16* 21 ± 1.5*
CAS A2 535 ± 25* 19 ± 0.9 320 ± 22 32 ± 2.8*
CAS B1 502 ± 23* 18 ± 2 166 ± 10* 19.8 ± 0.7*
CAS B4 475 ± 22* 17 ± 2* 157 ± 20* 19.8 ± 0.75*
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modifications were noticed. They suggested that alteration 
in resource allocation is the key for such phenotypic dif-
ferences. Although HbCAld5H1 modulation did not cause 
any serious defects leading to mortality, certain phenotypic 
changes in the morphology of leaves (broad and thick leaves 
in sense opposed to small leaf size in down-regulated lines) 
and stem thickness were noticed in transgenic tobacco lines. 
Takeda et al. (2017) reported a visible growth depression 
after overexpression of Oryza sativa Coniferaldehyde-
5-hydorxylase1 gene (OsCAld5H1) in rice. The expression 
pattern of two forms of HbCAld5H in different tissues of H. 
brasiliensis showed relatively a higher transcript level in the 
leaf tissue (our unpublished data). Therefore, we postulate 
that the morphological changes in the leaf could be associ-
ated with changes in the transcript level after down-regula-
tion or up-regulation of HbCAld5H1. Anatomical studies on 
stem and leaf also suggested a higher meristematic activity 
after overexpression of CAld5H1 gene in tobacco. However, 
the exact mechanism of control over meristematic activity in 
leaf and stem tissues by CAld5H1 remains obscure.

The CAld5H‑overexpression regulates cambial 
activity, xylogenesis, structure and chemistry 
of xylem cell wall

The important role of CAld5H gene expression on xylogen-
esis, cell wall structure and chemistry were evident from 
distinct changes in the anatomy and histochemistry of the 
leaf and stem cells of N. tabacum. The sense plants were 
characterized by the presence of a wide cambial zone with 
active cell divisions, more radial extent of secondary xylem, 
and thicker fibre secondary wall rich in syringyl lignin. On 
the contrary, the antisense plants displayed narrow cambial 
zone with less amount of xylem composed of fibres with thin 
secondary wall rich in guaiacyl lignin units. Previous reports 
on down-regulation of CCR  and CAD gene expressions have 
also showed less cambial activity and xylem production in 
transgenic tobacco plants (Prashant et al. 2011; Sirisha et al. 
2011). The recent investigation on wood anatomy of trans-
genic poplar down-regulated for lignin biosynthesis genes 
(CAD, C3H and C4H) revealed that the fibre wall thickness 
had been reduced remarkably compared to that of wild-type 
plants (Miller et al. 2019). Therefore, it is postulated that 

Fig. 7  a–h Transverse sections from the stem stained with phloro-
glucinol–HCl (a–d) and Maule’s reaction (e–h) showing variation in 
lignin distribution pattern between control and transgenic lines of N. 
tabacum. Control plants showing high amount of lignin (a) with more 
guaiacyl monolignol units (e) in the vessel cell wall of control plants. 

Note the increase in secondary wall thickness (b) and more amount of 
syringyl lignin units (f) in the sense lines. The increase in vessel den-
sity (c, d) and decrease in syringyl lignin distribution in xylem ele-
ments of antisense lines CAS-A (c, g) and CAS-B (d, h). Scale bar; 
a–d = 50 µm; e–f = 25 µm
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reduction in activity of lignin biosynthesis genes might have 
a direct effect on secondary wall deposition in wood tissue 
as it represents the major volume of lignified cell wall. It is 
interesting to note that the impact of gene expression on cell 
wall thickness is tissue specific in tobacco plants. The leaf 
tissue of sense plants showed an increase in xylem tissue 
with relatively thin cell walls compared to WT plants. The 
leaf xylem tissue mainly constitutes proto- and metaxylem 
vessel elements rich in guaiacyl lignin. The vessel cell walls 
rich in guaiacyl lignin is more recalcitrant than syringyl 

lignin and this feature believed to play an important role in 
their primary function of water conduction (Xu et al. 2006; 
Pramod et al. 2013). Syringyl lignin, on the other hand, 
found abundantly in the thicker secondary wall especially 
in fibres which is the constituent of secondary xylem. We 
did not detect much change in the cell wall chemistry of 
vessel walls in the stem tissues of both sense and antisense 
transgenic tobacco lines. The xylem specific expression of 
Liquidambar styraciflua CAld5H (LsCAld5H) in transgenic 
poplar reported to be more apparent in the fibre cells at the 

Fig. 8  a–h Transmission electron micrographs from the transverse 
section of secondary xylem fibres in the stem tissue of control and 
transgenic lines of N. tabacum showing lignin distribution in the 
secondary wall (a–d) and compound middle lamella regions. Note 
the relatively more lignin distribution in SW and compound middle 

lamellae of control (a, e) and sense (b, f) plants compared to that of 
antisense lines. The antisense line CAS-B is showing electron translu-
cent areas in the S2 layer of SW (d) representing depletion of lignin 
distribution in these regions. Note the compound middle lamellae of 
CAS-B line showing electron dense region (h). Scale bar = 1 µm
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periphery of secondary xylem (Li et al. 2003). Therefore, 
CAld5H activity could be more specific towards syringyl 
monolignol composition in the fibre secondary walls. This 
tissue specificity also ensures the structural and functional 
integrity of cell wall of other cell types. The fibre specific 
suppression of lignin biosynthesis in F-LS transgenic pop-
lar lines resulted in significant reduction of CAld5H expres-
sion compared to vessel specific suppression lines (V-LS) 

suggesting lignin biosynthesis genes are modified through 
fibre specific or vessel specific manner (Gui et al. 2020).

The TEM analysis of ultrathin sections contrasted with 
 KMnO4 revealed distinct change in the lignin deposition in 
the secondary wall of transgenic lines. The down-regula-
tion of CAld5H resulted in the reduction of S2 wall layer 
thickness and inhomogenous distribution of lignin within 
this wall layer. On the contrary, overexpression of CAld5H 
increased the secondary wall thickness and uniform lignin 

Fig. 9  a–d Immunolocalization of less substituted xylans (LM10 antibody) in the cell wall of fibres from stem tissue of control and transgenic 
lines of N. tabacum. Note the decrease in gold particle density in the S2 layer of secondary wall in CAS-B line (d). Scale bar = 1 µm

Fig. 10  a–h Immunolocalization of less substituted xylans (LM11 
antibody) in the cell wall of fibres from stem tissue of control and 
transgenic lines of N. tabacum. Note the significant change in density 

of gold particles in the bending region of secondary cell wall (e–h) 
between control and transgenic lines. Scale bar = 1 µm
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distribution. Up-regulation of LsCAld5H gene in poplar 
caused rapid secondary wall thickening and acceleration of 
syringyl lignin deposition (Li et al. 2003). The fibre specific 
suppression of LTF1 gene revealed 35–45% reduction in 
secondary cell wall thickness of xylem fibres in transgenic 
poplar lines (Gui et al. 2020). Down-regulation of LlCCR  in 
tobacco caused an increase in S2 layer proportion with less 
reactivity to KMnO4 and high reactivity to PATAg staining 
due to less lignin and more polysaccharide units, respec-
tively (Prashant et al. 2011). In general, S lignin distribution 
is mainly confined to secondary wall of hard wood fibres and 
S2 layer represents the thickest layer among three SW layers. 
Reduction in S2 layer could be a structural consequence of 
syringyl lignin. As pointed out by Gui et al. (2020), lignin 
modification in cell specific manner can be more promis-
ing for improvement of wood biomass production without 
growth penalty.

The lignin‑xylan relationship

The major part of plant biomass in hard wood trees is rep-
resented by secondary cell walls of xylem fibres. In general, 
hemicelluloses interact with cellulose microfibrils, form a 
stable network while lignin interacts with hemicelluloses. 
However, the monomeric level organization of hemicel-
lulose and lignin into a dynamic three-dimensional matrix 
structure in the secondary wall of xylem elements is poorly 
understood. In the present study, a significant decrease in 
low substituted xylan epitope labelling (ls ACG Xs) was 
noticed in fibre secondary wall with reduced syringyl lignin 
content in CAld5H-deficient transgenic tobacco lines. In 
VND 7 mutant lines of Arabidopsis, the secondary cell wall 
assembly during ectopic protoxylem vessel differentiation is 
reported to be characterized by cellulose independent depo-
sition of xylan-lignin organization (Takenaka et al. 2018). 
The study on physical nature of lignin interactions with other 

wall polysaccharides using solid state NMR spectroscopy 
also revealed the existence of abundant electrostatic inter-
action between lignin with the polar motifs of xylan (Kang 
et al. 2019). During enzymatic hydrolysis, the accessibil-
ity of cellulose in secondary walls has been proposed to be 
significantly influenced by their xylan and lignin contents 
(Chang and Holtzapple 2000; Biswal et al. 2014). Davison 
et al. (2006) reported that the xylan acid hydrolysis yields 
were inversely proportional to the syringyl/guaiacyl (S/G) 
ratio. Our histochemical and immunolabelling results sug-
gest the possibility of strong interaction between low sub-
stituted xylan and syringyl lignin in the secondary wall of 
xylem fibres. A detailed investigation on interaction of ls 
ACG Xs and syringyl lignin will be very useful for further 
genetic engineering research on cell wall chemistry aimed 
to optimize the post-harvest processing of lignocellulosic 
biomass for various industrial and commercial applications 
such as biofuels and biomaterials.

HbCAld5H1‑induced change in lignin content 
and monolignol composition

The down-regulation or overexpression of HbCAld5H1 gene 
in tobacco did not result in any significant change in the total 
lignin content. On the other hand, the thioacidolysis data 
revealed that the syringyl lignin content has been altered. 
It has increased significantly in sense, while it decreased 
in antisense lines. Genetic manipulation of OsCAld5H1 
gene in rice plants did not alter the total lignin, while thio-
acidolysis and NMR analysis revealed G lignin enrichment 
in down-regulated lines while up-regulation resulted in S 
lignin enrichment in lignin (Takeda et al. 2017). In trans-
genic poplar, overexpression of LsCAld5H resulted in a 2.5-
fold increase in S/G ratio without any significant influence 
on total lignin (Li et al. 2003). Our results are in agreement 
with the previous reports on the role of CAld5H gene in 
increasing S/G ratio without altering total lignin content. 
The increased S/G ratio is highly promising from industrial 
perspective, especially in improving downstream processing 
of lignocellullosic biomass, such as the efficiency of chemi-
cal pulping and pulp bleachability of poplar (Hutley et al. 
2003) and also improved sugar fermentation both in Arabi-
dopsis and poplar (Li et al. 2010; Shi et al. 2016).

The functional validation in heterologous system suggests 
that HbCAld5H1 could be an ideal target gene for altering 
chemistry of lignocellulosic biomass in Hevea trees for com-
mercial and industrial applications such as timber, biofuel, 
paper and pulp.
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