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• Background and Aims Development of the velamen radicum on the outer surface of the root epidermis is 
an important characteristic for water uptake and retention in some plant families, particularly epiphytic orchids, 
for survival under water-limited environments. Velamen radicum cells derive from the primary root meristem; 
however, following this development, velamen radicum cells die by incompletely understood processes of pro-
grammed cell death (PCD).
• Methods We combined the use of transmission electron microscopy, X-ray micro-tomography and transcrip-
tome methods to characterize the major anatomical and molecular changes that occur during the development and 
death of velamen radicum cells of Cymbidium tracyanum, a typical epiphytic orchid, to determine how PCD occurs.
• Key Results Typical changes of PCD in anatomy and gene expression were observed in the development of 
velamen radicum cells. During the initiation of PCD, we found that both cell and vacuole size increased, and sev-
eral genes involved in brassinosteroid and ethylene pathways were upregulated. In the stage of secondary cell wall 
formation, significant anatomical changes included DNA degradation, cytoplasm thinning, organelle decrease, 
vacuole rupture and cell wall thickening. Changes were found in the expression of genes related to the biosyn-
thesis of cellulose and lignin, which are instrumental in the formation of secondary cell walls, and are regulated 
by cytoskeleton-related factors and phenylalanine ammonia-lyase. In the final stage of PCD, cell autolysis was 
terminated from the outside to the inside of the velamen radicum. The regulation of genes related to autophagy, 
vacuolar processing enzyme, cysteine proteases and metacaspase was involved in the final execution of cell death 
and autolysis.
• Conclusions Our results showed that the development of the root velamen radicum in an epiphytic orchid was 
controlled by the process of PCD, which included initiation of PCD, followed by formation of the secondary cell 
wall, and execution of autolysis following cell death.

Key words:  Epiphytic orchids, programmed cell death (PCD), root tip, velamen radicum, X-ray computerized 
tomography, transmission electron microscopy.

INTRODUCTION

The velamen radicum – a spongy tissue usually composed of 
multiple layers of dead cells on the outer surface of the epi-
dermis of plant roots – is found throughout the monocotyledons, 
but is more common in epiphytic orchids (Pridgeon, 1987; Zotz 
et al., 2017). It has been assumed to be an important adaptive 
characteristic of epiphytic orchids by providing a temporary but 
highly accessible reservoir of water for absorption (such as via 
precipitation or flow of canopy leachates) and the reduction of 
water loss (Benzing et al., 1982; Pridgeon, 1987). The velamen 
radicum is also considered to support nutrient uptake (Zotz 
and Winkler, 2013), and provide an important protective role 
against UV-B radiation (Chomicki et  al., 2015). In addition, 
structures of the velamen radicum are highly diverse across 

different orchid genera, including variation in the number of 
cell layers as well as the absence or presence of thickening of 
the helical cell wall (Porembski and Barthlott, 1988). Velamen 
radicum structures are therefore useful traits to define rela-
tionships between various orchid taxa (Figueroa et al., 2008; 
Aybeke, 2012; Pedroso-de-Moraes et al., 2012). Despite these 
essential roles provided by the velamen radicum for epiphytic 
orchids and many studies focusing on its function, structure and 
comparative taxonomy, the developmental process of the ve-
lamen radicum remains poorly understood.

The cells of the velamen radicum develop from the primary 
root meristem, afterwards developing a secondary cell wall 
and, ultimately, obligate cell death occurs (Pridgeon, 1987). 
Although the maturation process of the velamen radicum has 
been identified as an example of developmental programmed 
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cell death (PCD), there is little understanding of how through 
changes in anatomy, and how at the molecular level the process 
is precipitated and regulated. Some forms of developmental 
PCD involve complete disappearance of the cell walls, which 
occurs inter alia in aerenchyma, endosperm and the mesophyll 
in senescent leaves and petals (Bozhkov et al., 2005; Rogers, 
2005, 2006; Gunawardena, 2008). In contrast, there are other 
examples where the cell walls are modified only slightly, even 
undergoing increased thickening, such as in vessels and fibres 
of the xylem (Escamez and Tuominen, 2014; Ruzicka et  al., 
2015). Because both velamen radicum and xylem cells end up 
with thickened cell walls after going through developmental 
PCD, the process differs substantially from developmental PCD 
of aerenchyma or endosperm. We therefore hypothesize that the 
developmental process of the velamen radicum is similar to that 
observed in xylem vessels and fibres.

The process of developmental PCD in xylem vessels and 
fibres includes three, tightly linked phases: (1) the initiation 
phase; (2) the formation of the secondary cell wall; and, ul-
timately, (3) autolysis following cell death. During initiation, 
transcription factors belonging to NAC- (nascent polypeptide-
associated complex) domain proteins act as major switches 
of xylem cell differentiation (Kubo et  al., 2005; Ko et  al., 
2006; Zhong et  al., 2006; Ohashi-Ito et  al., 2010). Among 
them, vascular-related NAC-domain 6 (VND6) and VND7 
are expressed preferentially in potential cells of vessels, thus 
governing their formation (Ohashi-Ito et al., 2010). In contrast, 
secondary wall-associated NAC-domain protein 1 (SND1) is 
a principal regulator of fibre formation (Mitsuda et al., 2005; 
Ko et  al., 2006). In addition, several hormones are involved 
in inducing the initiation phase of PCD in xylem, such as 
brassinosteroids (Yamamoto et al., 1997; Du et al., 2020) and 
ethylene (Pesquet and Tuominen, 2011).

Secondary cell wall formation in xylem is largely due to the 
biosynthesis of cellulose and lignin, and the biosynthesis of 
cellulose is tightly coupled with cytoskeleton-related factors 
(Oda et al., 2005; Lacayo et al., 2010; Carteni et al., 2014). For 
example, cortical microtubules beneath the plasma membrane 
localize the cellulose synthase complexes which form the key 
enzyme of cellulose synthesis (Taylor et al., 2000). For lignifi-
cation, H2O2 is involved in peroxidase-mediated oxidative poly-
merization of cinnamyl alcohols to lignin (Novo-Uzal et  al., 
2013). It has also been suggested that lignification is strongly 
reduced when gibberellin biosynthesis is inhibited, indicating 
that gibberellins are involved in activating the polymerization 
of lignin precursors (Tokunaga et al., 2006).

During the final phase of autolysis, a typical plant PCD pro-
cess is cytoplasmic degradation by autophagy, which includes 
formation of autophagosomes aiming at the vacuole (Bassham 
et  al., 2006; van Doorn and Papini, 2013). Vacuolar integ-
rity plays a central role in autolysis in xylem vessels, because 
breakdown of the tonoplast can lead to leakage of hydrolytic 
enzymes from the vacuole, resulting in rapid degradation of 
organelles and nuclear DNA (Kuriyama, 1999; Obara et  al., 
2001). Among the proteins regulating vacuole integrity, vacu-
olar processing enzyme (VPE) is particularly expressed during 
cell death (Hatsugai et al., 2004; Rojo et al., 2004; Nakaune 
et  al., 2005). In addition, various cysteine proteases such as 
xylem cysteine proteinase 1 (XCP1) and XCP2 have been im-
plicated in the control of xylem PCD (Fukuda, 2000). Nucleases 

and RNases can also be responsible for the autolysis of xylem 
vessels (Ito and Fukuda, 2002).

Although the phases of maturation of both vessels and fibres 
are similar, there are some differences between these two tis-
sues. For example, the differentiation of vessel elements oc-
curs close to the cambium, but in fibres this differentiation 
occurs relatively far from the cambium (Courtois-Moreau 
et  al., 2009). In the velamen radicum, there have been no 
studies indicating the position of the developmental pro-
cess in root tips. To quantify the process, we used the root 
tip of the epiphytic orchid Cymbidium tracyanum, whose 
large size allows spatial separation of the various develop-
mental stages of the velamen radicum. We applied several 
novel tools to examine the major anatomical and molecular 
changes that occur during the developmental PCD of the 
velamen radicum, including a combination of transmission 
electron microscopy (TEM), X-ray micro-tomography, and 
transcriptome methods.

MATERIALS AND METHODS

Plant materials

We examined the developmental PCD of the velamen radicum 
in large-sized root tips of the epiphytic orchid Cymbidium 
tracyanum. This species grows on tree trunks in the sub-tropical 
forests of south-western China at altitudes ranging from 1200 
to 2000 m above sea level. To minimize the potential effects of 
developmental differences among individuals of various ages 
on our experimental results, we selected 30 mature individ-
uals of approximately uniform size. We planted these individ-
uals in plastic pots containing a bark mixture in a greenhouse 
at Xishuangbanna Tropical Botanical Garden, southern Yunnan 
Province, China. The growing conditions were characterized by 
temperatures ranging from 25 to 33 °C, relative humidity be-
tween 60 and 90 %, and in 20 % full sunlight.

We defined the root ‘tip’ as the part of the root that extends 
from the physical end (tip) to the point where the colour of the 
velamen radicum changes to opaque white. To eliminate the 
effect of PCD in the root cap, we removed the distal 7 % of the 
total root tip, and then we divided the rest of the remaining root 
tip into three equal parts (i.e. proximal third, middle third and 
distal third). The thickness of the velamen radicum in the distal 
third was 150–350 µm, in the middle third it was 350–450 µ m, 
and in the proximal third it was approx. 450 µ m (Fig. 1).

Anatomy of the velamen radicum

We examined light microscopy images of transverse sections 
of the velamen radicum and photographed them using a digital 
camera mounted on a LeicaDM2500 microscope (Leica 
Microsystems Vertrieb GmbH, Wetzlar, Germany). We took the 
photographs at ×40 magnification to observe changes in cell 
size, the position of nuclei in the cells and the secondary cell 
wall of the velamen radicum.

For the observation from TEM, we excised pieces from 
a portion of the three sections of the velamen radicum in the 
root tip. Upon excision, we quickly infiltrated them in a 2.5 
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% glutaraldehyde fixative for at least 12 h, and then post-fixed 
them in 1 % osmic acid for 2 h before dehydrating them further 
in an ethanol and acetone series. After embedding the samples 
in LR white resin for 1 h, we obtained cross-sections using an 
ultramicrotome (Leica-R), staining each section afterwards with 
uranyl acetate and lead citrate. We viewed the ultrathin sections 
at magnifications of ×2000 to ×4000 using a JEOL JEM-1011 
transmission electron microscope (JEOL Ltd, Tokyo, Japan) 
and then photographed the sections using an Olympus-SIS 
Mega view digital camera (Olympus Soft Imaging Solutions 
GmbH, Münster, Germany).

X-ray micro-computerized tomography scanning

We scanned six root tips (after cap removal) using X-ray 
micro-computerized tomography (Skyscan1275, Bruker, 
Belgium), with X-ray source settings of 50  kV and 200 μA. 
We recorded approx. 1000 images during each scan of around 
30 min duration, across 180° comprising increments of 0.25°. 
We reconstructed the two-dimensional (2-D) tomographic pro-
jections into a single 3-D volume that we then split into approx. 

1400 image slices using NRecon software. We analysed these 
reconstructed 2-D transverse images in Image J software to cal-
culate the ratio of mature dead cells to living cells in the ve-
lamen radicum. We separated mature dead cells and living cells 
based on their differences in relative mass attenuation coeffi-
cients that we translated into an intensity value for each voxel.

Using Image J, we converted the reconstructed 2-D trans-
verse images to a binary format to calculate the total area of the 
dead part of the velamen radicum. To detect the image showing 
the onset of maturity, we identified the first image where the 
voxel intensity value changed from one image to the next in the 
sequence. We named this first image ‘1’ (meaning there were 
no dead areas visible in this image). To detect the first image 
showing full maturity of the velamen radicum, we identified the 
image where the total area of the dead section was no longer 
increasing. We named this image ‘10’, with the total area of dead 
section defined as area10. We divided this maturing section be-
tween image ‘1’ and ‘10’ into nine sections of equal length, and 
we obtained the eight images where each section in this region 
met (i.e. we named these eight images from ‘2’ to ‘9’, respect-
ively), with the area of the dead section in each image defined as 
area2, area3… and area9. We thus defined the ‘mature’ propor-
tion as the arean:area10 ratio (where n = 1–9). Because each re-
constructed 2-D transverse image had its reconstructed number 
which gradually increased from the proximal to the distal parts 
of the root tip, we were thus able to define the total length (l) 
of the root tip (except for the root cap) by calculating the total 
number (N) of images between the apex image after excising 
the root cap and the end image for development of the velamen 
radicum (l = Napex – N10). We defined the position of eight im-
ages by length (ln) respectively, and calculated the total number 
of images between two images as Napex – Nn, (where n = 1–9) 
(Fig. 2A). We were also able to calculate the proportional length 
(l) of the maturing section as the ln:l ratio (where n = 1–9).

RNA sequencing, data processing and gene annotation

We peeled the velamen radicum of the three equal root tip 
parts (i.e. distal third, middle third and proximal third) with 
a knife. We extracted total RNA from each sample using the 
TIANGENRNA prep Pure kit (catalogue DP441, Beijing, 
China) according to the manufacturer’s recommendations. We 
used a total of 1.5  μg of RNA per sample as input material 
for RNA-Seq library construction. We generated sequencing 
libraries using NEBNext Ultra RNA Library Prep Kitfor 
Illumina (NEB, USA) following the manufacturer’s recom-
mendations, to which we added index codes. We purified frag-
ments of 250–300 bp in length with the AMPure XP system 
(Beckman Coulter, Beverly, USA), and assessed library quality 
on the Agilent Bioanalyzer 2100 system. After cluster gener-
ation, we sequenced the library preparations with an Illumina 
Hiseq 2000 platform, and obtained clean reads by removing 
reads containing poly-N strings and low-quality reads from the 
raw data, from which we calculated the Q20 and Q30 values, 
GC contents and sequence duplication of the cleaned data.

We undertook transcriptome assembly using the Trinity 
method (Grabherr et  al., 2011). We mapped clean reads 
back to the assembled transcriptome, and then obtained read 
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Fig. 1. Morphological and anatomical observations of the root tip from 
Cymbidium tracyanum. (A) Morphology of one root tip and three parts of the 
samples (distal third, middle third and proximal third); (B) cross-section of 
the velamen radicum from the distal third; (C) cross-section of the velamen 
radicum from the middle third; (D) cross-section of the velamen radicum from 
the proximal third; (e) cross-section of the velamen radicum from the mature 

part.
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counts for each gene from the mapping results. We annotated 
gene function based on the following databases: Nr (NCBI 
non-redundant protein sequences), Nt (NCBI non-redundant 
nucleotide sequences), Pfam (Protein family), KOG/COG 
(Clusters of Orthologous Groups of proteins), Swiss-Prot (a 
manually annotated and reviewed protein sequence database), 
KO (KEGG Orthology database) and GO (Gene Ontology). 
We used KOBAS (Mao et al., 2005) software to test the en-
richment of differentially expressed genes (DEGs) in KEGG 
pathways.

Quantitative real-time PCR

To confirm the accuracy of the differentially expressed pat-
terns observed in the transcriptome in this study, we randomly 
selected one gene that was upregulated in the middle third vs. 
the distal third, one that was downregulated in the middle third 
vs. the distal third, one that was upregulated in the proximal 
third vs. the distal third, one that was downregulated in the 
proximal third vs. the distal third, one that was upregulated 
in the proximal third vs. the middle third and one that was 
downregulated in the proximal third vs. the middle third (i.e. 
six genes in total) for quantitative real-time PCR (qRT-PCR) 
analysis.

We used the total RNA used from the transcriptome to 
synthesize single-stranded cDNAs for qRT-PCR analysis 
using the Prime-Script™ RT Reagent Kit with gDNA Eraser 
(TaKaRa, Dalian, China). We undertook qRT-PCR analysis 
using SYBR Premix Ex Taq™ II (TaKaRa, Dalian, China) on 
a CFX96 Touch Real-Time PCR System (Bio-Rad, California, 
USA) according to the manufacturer’s protocol. We used the 
actin gene as an internal reference for calculating relative ex-
pression with the 2–ΔΔct method. We analysed each sample in 
triple biological and technical replicates. The specific primers 
used for qRT-PCR analysis are listed in Supplementary data 
Table S1.

Statistical analysis

We undertook a differentially expressed analysis of two posi-
tions with three biological replicates using the DESeq package 
(1.10.1) in R (Love et al., 2014), and determined the DEGs in 
the digital gene expression data by using a model based on the 
negative binomial distribution. We adjusted the resulting Type 
I  error probabilities (P) using the Benjamini and Hochberg’s 
approach to correct for the false discovery rate. We assigned 
genes with an adjusted Padj < 0.05 found by DESeq as differen-
tially expressed.

RESULTS

Anatomical traits of the velamen radicum

Using light microscopy, we observed changes in cell shape, the 
position of nuclei and the formation of secondary, wall-like stri-
ations during the process of cell death. During early differenti-
ation of the distal third of the velamen radicum, the cells were 
small and spherical, with the nuclei in the centre of the cell. 
As development progressed in the middle third, the cells of the 
velamen radicum increased in size, with their nuclei pressed 
against the cell wall by pressure from the large vacuole. At the 
final stage of development in the proximal third, the cell walls 
of the velamen radicum were thickened by long strands of cel-
lulose and lignin that formed a mesh-like appearance (Fig. 3A).

According to TEM, during early differentiation, the cells 
in the distal third had dense cytoplasm with a high density of 
various organelles and several small vacuoles. At this stage, the 
appearances of the nuclei, mitochondria and ribosomes were 
normal. In the middle third, with increasing vacuole size, the 
cytoplasm seems to decrease and the nuclei are pushed against 
the cell wall. With the deposition of secondary cell wall material 
in the proximal third, the nucleus became rounder in shape, 
suggesting that the vacuole was providing less pressure fol-
lowing vacuolar rupture. Secondary images from the proximal 
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Fig. 2. Maturation process of the velamen radicum. (A) Reconstructed 2-D longitudinal section of the root tip from X-ray computerized tomography scans; (B) 
reconstructed 2-D transverse section of the velamen radicum of varying degrees of development from X-ray computerized tomography scans; (C) the mature pro-
portion varies with ln:l10; the grey dashed lines show the change of six individuals, and the black dashed line shows the modified exponential model incorporating 
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third show a cell of the velamen radicum at the last stage of 
maturation with final autolysis of all cell contents (Fig. 4C).

According to the X-ray micro-computerized tomography, we 
found that the maturation process occurred gradually from the 
outside to the inside of the velamen radicum when observed 
from longitudinal and transverse perspectives (Fig.  2A, B). 
Moreover, there was an exponential increase in the proportion 
of mature cells as the length ratio (ln:l) increased (Fig.  2C). 
The average (from six individual root tips) percentage of ma-
ture cells at l1:l where autolysis began was 80 % (Fig.  2C), 
indicating that the autolysis process makes up a small propor-
tion of the maturation process.

De novo assembly and comparative analysis of RNA-Seq data

In total, 491 875 666 raw reads were generated from the three 
replicates of the distal, middle and proximal thirds. After fil-
tering adapters as well as low-quality sequences, we observed 
a total of 479 757 230 clean reads in the three sections. The six 
libraries generated 71.96 Gb of clean bases, the base average 
error rate was 0.03 % and the average Q20 and Q30 values were 
97.11 % and 92.29 %, respectively. The average GC content was 

46.78 % (Supplementary data Table S2). A total of 302 669 695 
transcripts were generated with an average length of 1135 bp 
based on Trinity software. We then assembled 161 444 unigenes 
whose length distribution ranged from 201 to 17 618 bp. Among 
the transcripts, the N50 and N90 values were 2267 and 400 bp, 
respectively, whereas the values were 2424 and 591 bp among 
the unigenes (Supplementary data Table S3). The sequencing 
data were uploaded to the Sequence Read Archive (SRA) of the 
NCBI under accession numbers SRR9610213, SRR9610220, 
SRR9610221, SRR9610309, SRR9610311, SRR9610313, 
SRR9610315, SRR9610316 and SRR9610317.

Functional annotation and analysis of differentially 
expressed genes

In total, the transcriptome sequencing of all nine samples re-
sulted in the annotation of 117 090 unigenes, accounting for 59.07 
% of all unigenes in the Nr database (Supplementary data Table 
S4). A total of 60.5 % exhibited close homology with sequences 
of Dendrobium catenatum, followed by Phalaenopsis equestris 
(21.8 %), Apostasia shenzhenica (2.6 %), Ricinus communis (1.0 
%) and Elaeis guineensis (0.8 %) (Supplementary data Fig. S1a).  
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We identified a total of 4273 DEGs in the comparison of 
the middle and distal third of the root tip, comprising 1679 
upregulated and 2594 downregulated DEGs. We identified 874 
DEGs in the comparison of the proximal third and distal third, 
comprising 517 upregulated and 357 downregulated DEGs. 
Finally, we identified 7140 DEGs in the comparison of the prox-
imal third and middle third, comprising 3197 upregulated and 
3943 downregulated DEGs (Supplementary data Fig. S2a–c).  
In addition, the DEG clustering constructed using the kmeans 
method revealed ten sub-clusters (Supplementary data Fig. S3).  
The comparative analysis between the middle third vs. the 
distal third, the proximal third vs. the distal third and the prox-
imal third vs. the middle third transcriptomes showed that the 
transcription of 1515 DEGs were only detectable in the middle 
third vs. the distal third, 4005 DEGs were only detectable in 
the proximal third vs. the distal third and 205 DEGs were only 
detectable in the proximal third vs. the middle third; 124 DEGs 

were common to all detections from the comparison groups 
(Supplementary data Fig. S1b). The expression patterns of all 
the selected genes were consistent with the results of the RNA-
Seq analysis (Supplementary data Fig. S4), suggesting that our 
transcriptomic data are valid and reliable.

Regulatory genes related to programmed cell death of the 
velamen radicum

We compared the differences in the expression of genes 
likely to be involved in initiation of PCD of the velamen 
radicum. Subclasses of the NAC-domain proteins play an im-
portant role in PCD of the xylem (Kubo et al., 2005; Ko et al., 
2006; Zhong et al., 2006; Ohashi-Ito et al., 2010). We subjected 
all unigenes to analysis of potential NAC-domain proteins, 
finding 32 genes belonging to sub-classes of NAC-domain 
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Fig. 4. Changes in expression of transcripts involved in programmed cell death (PCD) and anatomy of cell death. (A) Expression heat maps for transcripts 
mapped to regulation of autophagy; (B) expression heat maps for vacuolar processing enzyme (VPE); (C) TEM observation of cells of the velamen radicum from 
three parts of the root tip (i.e. the distal third, middle third and proximal third); (D) expression heat maps for metacaspase; (E) expression heat maps for xylem 
cysteine proteinase (XCP) detected through differentially expressed gene analysis. Yellow or blue represents upregulated or downregulated, grey with yellow or 
blue arrowheads indicates that the genes were upregulated or downregulated, but the Padj was ≥0.05. The scale bar represents the log2 fold change in differentially 

expressed genes.
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proteins, which might qualify as candidates for the master 
switches during development of the velamen radicum (Table 1). 
Several hormones were involved in inducing xylem cell death, 
with brassinosteroids and ethylene being the most important 
(Yamamoto et  al., 1997; Pesquet and Tuominen, 2011; Du 
et al., 2020). We mapped a total of eight genes to the signalling 
pathways of brassinosteroids and ethylene. Among these genes, 
that encoding the ethylene receptor (ETR) located in the endo-
plasmic reticulum was upregulated in the middle third com-
pared with the distal third of the velamen radicum (Fig.  5). 
We found that four of five genes related to respiratory-burst 
NADPH oxidase and two catalase isozymes were upregulated 
with the development of the velamen radicum cells, while two 
superoxide dismutases were downregulated in both the middle 
and proximal third compared with the distal third (Fig. 6).

Cellulose, lignin, cutin and suberin are thought to be in-
volved in the patterning of the secondary cell wall, with cel-
lulose synthase being the principal enzyme in the process of 
cellulose biosynthesis (Oda et al., 2005; Lacayo et al., 2010; 
Carteni et  al., 2014). We found 37 genes that were the sub-
units of cellulose synthase; compared with the distal third, 33 
genes were upregulated in the middle third or proximal third 
(Fig. 3B). Cytoskeleton-related factors are possibly involved in 
pre-defining the architecture of secondary cell wall thickening; 
cortical microtubules localize the cellulose synthase com-
plexes at the edges of secondary cell wall thickenings (Taylor 
et al., 2000), and we found 37 genes differentially expressed 
as microtubule-associated proteins during the development of 
the velamen radicum (Supplementary data Fig. S5). Given that 
phenylpropanoid is the monomer of lignin, we found 149 genes 
mapped to the phenylpropanoid biosynthesis pathway. Among 
them, phenylalanine ammonia lyase (PAL) is the principal en-
zyme of biosynthesis of phenylpropanoid, of which the eight 
genes we identified as responsible were all upregulated during 
the process of maturation. Cinnamyl-alcohol dehydrogenase 
(CAD) and ferulate-5-hydroxylase (F5H) are also important 
enzymes in biosynthesis, and these showed similar trends of ex-
pression to PAL (Fig. 7). We also found that six genes mapped 
to cutin biosynthesis were upregulated (Supplementary data 
Fig. S6).

The final step of PCD of the velamen radicum cell is to 
initiate cell death and autolysis. Cytoplasmic degradation by 
autophagy is likely to be fundamental for plant PCD. Indeed, 
we found that eight of 12 genes mapped to the regulation of 
autophagy were upregulated in the middle or proximal third 
compared with the distal third of the velamen radicum (Fig. 4A). 
VPE contributes to vacuolar collapse, and we found five genes 
responsible for VPE that were all upregulated during PCD in 
the middle or proximal third compared with the distal third 
(Fig. 4B). Metacaspases are a class of cell death-associated pro-
teases; compared with the distal third, two metacaspases were 
upregulated in the middle third or proximal third (Fig. 4D).

DISCUSSION

We have described in detail the maturation process of the ve-
lamen radicum in the roots of epiphytic orchids, showing that 
it is an example of developmental PCD (Pridgeon, 1987). 
By using TEM and light microscopy, we found that cell and 

vacuole size increased, DNA degraded, the cytoplasm and or-
ganelles decreased, the vacuoles ruptured and cell walls thick-
ened with the development of the velamen radicum. These are 
the anatomical features of typical autophagic PCD (van Doorn 
and Woltering, 2005). According to longitudinal and transverse 
perspectives using X-ray micro-computerized tomography, 
we showed that the final process of autolysis occurred grad-
ually but exponentially from the outside to the inside of the 
velamen radicum. Changes in the expression of genes encoding 
cytoskeleton-controlled cellulose synthase complexes, PAL, 
VPE, cysteine proteases and metacaspase in particular indicate 
that these processes play important roles in molecular control 
of the processes: initiation of PCD, formation of the secondary 
cell wall and execution of autolysis in velamen radicum devel-
opment (Fig. 8).

Initiation of programmed cell death

As we hypothesized that the developmental process of the 
velamen radicum is similar to that of xylem vessels and fibres, 
we investigated DEGs of sub-classes of NAC-domain proteins 
that could be candidates for the master switches of develop-
mental PCD in the velamen radicum. Transcription factors be-
longing to NAC-domain proteins control the transformation of 
xylem cell differentiation (Kubo et  al., 2005; Mitsuda et  al., 
2005; Ko et al., 2006; Zhong et al., 2006). Among them, VND6 
and VND7, both of which are preferentially expressed in their 
potential vessel cells (Kubo et al., 2005), have been found to in-
duce the differentiation of metaxylem and protoxylem vessels. 
In contrast, secondary wall-associated NAC-domain protein 1 
(SND1) is involved in the differentiation of fibre cells (Mitsuda 
et al., 2005; Ko et al., 2006). A series of transcription factors 
play an important role downstream of SND1, and ultimately 
lead to the formation of the secondary cell wall (Zhong et al., 
2007, 2008; Zhou et al., 2009). We were not able to identify 
transcription factors of VND6, VND7 or SND1, but we found 
32 genes belonging to sub-classes of NAC-domain proteins 
(Table 1).

Brassinosteroids and ethylene are among the most important 
plant hormones involved in the initiation of xylem cell death. 
Brassinosteroids have been discovered to be involved in cell dif-
ferentiation of Zinnia elegans cells (Yamamoto et al., 2001; Du 
et al., 2020), and vessel differentiation has also been successfully 
triggered in cell suspension (Kubo et al., 2005) and tissue culture 
(Kwon et al., 2010) of Arabidopsis thaliana via the addition of 
brassinolide, a synthetic brassinosteroid. Furthermore, expression 
of genes associated with PCD was not observed when Z. elegans 
cells were treated with an inhibitor of brassinosteroid synthesis 
(Yamamoto et  al., 1997). Consequently, brassinosteroids have 
been thought to regulate vessel differentiation (Yamamoto et al., 
1997, 2001; Kubo et al., 2005), or to initiate vessel PCD (Kwon 
et al., 2010). Moreover, brassinosteroids could affect the thick-
ening patterns of vascular bundle cell walls (Ibanes et al., 2009; 
Carlsbecker et  al., 2010; Fabregas et  al., 2010). Although we 
found that seven genes mapped to the brassinosteroid signalling 
pathway, the expression patterns were not identical, which might 
indicate that brassinosteroid signalling in the velamen radicum 
was not specific to PCD (Fig. 5).
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Ethylene participates in regulation of developmental and 
inducible forms of cell death, such as during senescence and 
aerenchyma formation (Wang et  al., 2002), and it can con-
trol the signalling of PCD at the early and late stages during 
vessel differentiation (Pesquet and Tuominen, 2011; Pesquet 
et  al., 2013). Among the ethylene signalling pathway genes, 
we found that the ETR (located in the endoplasmic reticulum) 
was upregulated during development of the velamen radicum 
(Fig.  5). Nitric oxide, which links ethylene signalling to cell 
death, is a bioactive signal factor contributing to processes 
related to secondary cell wall lignifications during PCD 
(Gabaldon et al., 2005; Gomez Ros et al., 2006). It has been 
suggested that transcription factors and the activity of some of 
the enzymes in lignin biosynthesis are possible targets of nitric 
oxide action (Gabaldon et al., 2005; Gomez Ros et al., 2006).

Formation of the secondary cell wall

Cellulose and lignin are the main components involved in 
the process of thickening of the secondary cell wall of xylem 

vessels and fibres (Oda et  al., 2005; Lacayo et  al., 2010; 
Carteni et al., 2014). We also observed, using TEM and light 
microscopy, that cell walls of the velamen radicum were thick-
ened at the final stage of development, which probably oc-
curred via the accumulation of cellulose and lignin (Fig. 4A). 
Cytoskeleton-related factors controlling the orientation of de-
posited cellulose microfibrils (Paredez et al., 2006; Wightman 
and Turner, 2008) have been hypothesized to be involved in 
pre-defining the architecture of thickening of the secondary 
cell wall. Among them, microtubule-associated proteins are 
also essential for the localization and patterning of the sec-
ondary cell wall in the vessels formed from differentiating 
A. thaliana cells (Oda et al., 2005; Lacayo et al., 2010; Carteni 
et al., 2014). Fukuda (1987) also reported changes in tubulin 
synthesis and of the genes encoding tubulin during vessel dif-
ferentiation,. We found that 25 genes coding for microtubule-
associated protein (Supplementary data Fig. S5) and 12 
genes coding for tubulin (Supplementary data Fig. S7) were 
upregulated during the development of the velamen radicum. 
In addition, cortical microtubules, located beneath the plasma 
membrane, delineated the formation of the secondary cell wall 

Ethylene

Brassinosteroid

Endoplasmic reticulum (ER) Cluster-29574.74294

Cluster-29574.95401

Cluster-29574.73225

Fruit ripening
senescence

Ubiquitin-mediated
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Fig. 5. Differentially expressed genes were mapped to brassinosteroid and ethylene signal transduction pathways in the KEGG database. Yellow or blue represents 
upregulated or downregulated, grey with yellow or blue arrowheads indicates that the genes were upregulated or downregulated, but the Padj was ≥0.05. The scale 

bar represents the log2 fold change in differentially expressed genes.
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in xylem vessels by localizing cellulose synthase complexes, 
which are the main enzymes associated with cellulose syn-
thesis (Baskin, 2001). We observed 37 genes in total as the 
sub-units for cellulose synthase; compared with the distal third 

of the root tip, 33 genes were upregulated in the middle and 
proximal third (Fig.  3B). All of these changes indicate that 
cytoskeleton-controlled cellulose involved in the formation of 
the secondary cell wall is an important part of the process of 
PCD in the velamen radicum. This is also consistent with pre-
vious results showing that cells that would have developed into 
the velamen radicum have cortical microtubules organized into 
parallel arrays, and cellulose deposition at that position was 
associated with changes in the microtubules from an oblique 
pattern to a bundled and regularly spaced array in the roots of 
epiphytic orchids (Idris and Collings, 2014).

Lignin is one of the largest potential phenylpropanoid carbon 
sinks in plant tissues (Vogt, 2010), and we found 149 genes 
mapped to the phenylpropanoid biosynthesis pathway (Fig. 7). 
Phenylpropanoid metabolism relies on PAL via phenylalanine 
deamination (Kao et al., 2002). We found that eight genes in-
volved in PAL were all upregulated during the development of 
the velamen radicum. Cinnamyl alcohol dehydrogenase (CAD) 
is an NADPH-dependent enzyme, reducing derivatives from 
phenylpropenyl aldehyde, with the latter mainly becoming pre-
cursors of lignins and lignans (Anterola and Lewis, 2002). We 
determined that genes coding for CAD had similar trends of 
expression to PAL, being upregulated compared with the distal 
third (Fig. 7). Stewart (2009) found that overexpression of F5H 
led exclusively to a change to syringyl-lignin, suggesting an 
important role for F5H in the structure and physical functioning 
of lignin. We also observed upregulated trends of F5H during 
velamen radicum development (Fig. 7). Early H2O2 synthesis 
in living cells has been suggested as necessary for lignification 
in the earlier and later stages of secondary cell wall formation; 
H2O2 synthesis is also involved in the peroxidase-mediated oxi-
dative polymerization of cinnamyl alcohols to lignin (Liu et al., 
1999). We found that four of five genes of respiratory-burst 
NADPH oxidase and two catalase isozymes were upregulated 
during the development of cells from the velamen radicum 
(Fig. 6), possibly helping in the formation of the secondary cell 
wall in the velamen radicum.
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Fig. 6. Expression heat maps for catalase, superoxide dismutase and NADPH 
oxidase detected through differentially expressed gene analysis. Yellow or 
blue represents upregulated or downregulated, grey with yellow or blue arrow-
heads indicates that the genes were upregulated or downregulated, but the 
Padj was ≥0.05. The scale bar represents the log2 fold change in differentially 

expressed genes.
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Execution of cell death and autolysis
By light microscopy and TEM, we observed gradual enlarge-

ment and finally rupture of the vacuoles (Fig. 4C). It has been 
previously suggested that the final stage of PCD comprises 
two tightly linked phases: (1) execution of cell death and (2) 
autolysis (Ruzicka et al., 2015), with vacuolar integrity typic-
ally playing a central role in controlling these two processes of 
autophagic PCD (Fukuda, 1997; Obara et al., 2001; van Doorn 
and Woltering, 2005; Courtois-Moreau et al., 2009; Iakimova 
and Woltering, 2017).

With the rupture of the vacuolar membrane, the onset of 
autophagy is typical in the final phase of developmental PCD. 
Due to such rupture, a lot of hydrolases leak into the cytoplasm, 
resulting in complete degradation of the cytoplasm and cell walls 
in some cases (Matile and Winkenbach, 1971; Fukuda, 1997). 
Nevertheless, autophagic mechanisms have been suggested to 
accelerate death or to reduce the chances of death, meaning a 
dual function of autophagy in regulating PCD. In A. thaliana, 
knockout mutations of autophagy genes lead to early leaf sen-
escence, meaning that autophagy does not promote PCD but 
instead protects the cells against it (Liu and Bassham, 2012). 
In contrast, autophagy is required for the PCD in cells induced 
by hormones and differentiated into xylem (Kwon et al., 2010). 
Autophagy-related (ATG)-8 is central in the regulation of 
autophagy, adhering to the developing autophagic membranes 
by lipidation (Li and Vierstra, 2012). We found that ubiquitin-
like conjugating enzyme ATG-10 was downregulated in the 
proximal third compared with the distal third of the velamen 

radicum (Fig. 4A). ATG-10 connects ATG-12 to ATG-5 via an 
isopeptide bond assembled by a parallel conjugation pathway 
involving ATG-8 (Li and Vierstra, 2012). Moreover, nine of 12 
genes mapped to the regulation of autophagy were upregulated 
during the development of the velamen radicum, possibly 
indicating the dual role of autophagy in the process.

It has been assumed that VPE is one of the hallmarks of 
autophagic PCD because it emerges in almost all known forms 
of the process (van Doorn and Woltering, 2005; van Doorn 
et al., 2011). Indeed, VPE plays a role in the post-translational 
modification of a variety of vacuolar proteins, and it might 
contribute to vacuolar collapse during cell death in xylem ves-
sels (Hatsugai et al., 2015). During secondary development of 
fibres, Courtois-Moreau (2009) also demonstrated upregulation 
of VPE. We determined that five genes coding for this enzyme 
were all upregulated preceding PCD of the velamen radicum 
(Fig.  4B). As such, determining the possible involvement of 
VPE in the process will clarify the control of PCD in the ve-
lamen radicum.

Through X-ray micro-computerized tomography, we clearly 
observed that the final process of autolysis occurred grad-
ually from the outside to the inside of the velamen radicum 
(Fig.  2). Several hydrolytic activities contribute to this pro-
cess, including detected activity from endonucleases (Thelen 
and Northcote, 1989; Aoyagi et  al., 1998), several RNases 
(Thelen and Northcote, 1989; Ye and Droste, 1996) and pro-
teases (Beers and Freeman, 1997; Woffenden et  al., 1998). 
Among them, cysteine proteases are thought to be the main 
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Fig. 8. Proposed diagrammatic representation of developmental programmed cell death in the velamen radicum. CAD, cinnamyl-alcohol dehydrogenase; CAT, 
catalase; F5H, ferulate-5-hydroxylase; PAL, phenylalanine ammonia lyase.
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executors of cellular autolysis (Minami and Fukuda, 1995; 
Funk et al., 2002; Avci et al., 2008; Bollhoner et al., 2012). 
Arabidopsis thaliana xylem cysteine proteinase 1 (XCP1) 
and XCP2, localized mainly to the vacuole, are specifically 
expressed in vessels (Zhao et  al., 2000; Funk et  al., 2002). 
During root vessel differentiation, both XCP1 and XCP2 par-
ticipate in cytostromatic micro-autolysis before vacuole rup-
ture and in protoplast mega-autolysis after vacuole rupture 
(Avci et  al., 2008). We also found one xylem cysteine pro-
teinase downregulated in the middle third compared with the 
distal third of the velamen radicum (Fig. 4E). Metacaspases 
are plant cell death-linked proteases which are structurally 
similar to animal caspases (Suarez et  al., 2004; He et  al., 
2008). The loss of function of xylem-specific A.  thaliana 
metacaspase 9 (AtMC9) leads to defects in vessels and the 
post-mortem autolysis of vessels (Bollhöner et  al., 2012). 
During the latter stages of xylem maturation in Populus, 
upregulation of a homologue of AtMC9 occurs (Courtois-
Moreau et  al., 2009). Bollhöner et  al. (2012) examined the 
potential linkage of AtMC9 and XCP1/XCP2, showing that 
XCP2 appears as a target of AtMC9 in vitro, and after ana-
lysing the triple mutant atmc9 xcp1 xcp2, showed that AtMC9 
regulates the activity of several unidentified, papain-like cyst-
eine proteases (Bollhöner et  al., 2012). We found that two 
metacaspases were upregulated in the middle third or the 
proximal third compared with the distal third (Fig. 4D), which 
could implicate metacaspase in PCD of the velamen radicum.

Conclusions

We have determined that the process of PCD of the velamen 
radicum in epiphytic orchids includes three tightly linked steps: 
(1) initiation of PCD; (2) formation of the secondary cell wall; 
and (3) execution of autolysis following cell death (Fig.  8). 
During initiation of PCD, we found several genes involved in 
brassinosteroid and ethylene signalling pathways which may 
play major roles. For the formation of the secondary cell wall 
during the process of PCD, cytoskeleton-controlled cellulose 
biosynthesis is an essential precursor, and lignin governed by 
PAL and NADPH oxidase are also important components. We 
also discovered that the process of cell autolysis in the velamen 
radicum is rapid, and the regulation of autophagy, VPE, cyst-
eine proteases and metacaspase are likely to play an important 
role in the final execution of cell death and autolysis. These 
results therefore improve our understanding of the specific pro-
gress of this process involved in developmental PCD in the ve-
lamen radicum of epiphytic orchids. Further research, based 
on investigation of how the process of developmental PCD 
changes with the environmental conditions, is still required to 
understand the mechanisms underlying ecological adaptations 
of epiphytic orchids.
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