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Abstract

One of the most prominent features of xylem conducting cells is the deposition of secondary walls. In Arabidopsis,
secondary wall biosynthesis in the xylem conducting cells, vessels, has been shown to be regulated by two VASCULAR-
RELATED NAC-DOMAIN (VND) genes, VND6 and VND7. In this report, we have investigated the roles of five additional
Arabidopsis VND genes, VND1 to VND5, in regulating secondary wall biosynthesis in vessels. The VND1 to VND5 genes were
shown to be specifically expressed in vessels but not in interfascicular fibers in stems. The expression of VND4 and VND5 was
also seen specifically in vessels in the secondary xylem of the root-hypocotyl region. When overexpressed, VND1 to VND5
were able to activate the expression of secondary wall-associated transcription factors and genes involved in secondary wall
biosynthesis and programmed cell death. As a result, many normally parenchymatous cells in leaves and stems acquired
thickened secondary walls in the VND1 to VND5 overexpressors. In contrast, dominant repression of VND3 function resulted
in reduced secondary wall thickening in vessels and a collapsed vessel phenotype. In addition, VND1 to VND5 were shown
to be capable of rescuing the secondary wall defects in the fibers of the snd1 nst1 double mutant when expressed under the
SND1 promoter. Furthermore, transactivation analysis revealed that VND1 to VND5 could activate expression of the GUS
reporter gene driven by the secondary wall NAC binding element (SNBE). Together, these results demonstrate that VND1 to
VND5 possess functions similar to that of the SND1 secondary wall NAC and are transcriptional regulators of secondary wall
biosynthesis in vessels.
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Introduction

Vascular plants have two specialized tissues, xylem and phloem,

for the transport of water and food throughout the plant body.

The conducting cells in the xylem are tracheary elements that are

further grouped into two types, tracheids and vessels. Tracheids

are the first type to evolve and are found in seedless vascular plants

and gymnosperms, whereas vessels were proposed to have evolved

from tracheids and are found in angiosperms [1]. Xylem

formation involves a series of complex developmental events,

including differentiation of procambial/cambial cells into xylem

mother cells, cell elongation, secondary wall thickening and

programmed cell death. Molecular and genetic analyses have

uncovered a number of important genes controlling the various

developmental events of xylem formation [2]. One of the best-

studied events of xylem formation is secondary wall thickening in

which a cascade of transcription factors has been revealed to be

involved.

A transcriptional network involving NAC and MYB transcrip-

tion factors has been demonstrated to regulate secondary wall

biosynthesis in both vessels and fibers [3,4]. In this network, a

group of closely-related NACs, namely secondary wall NACs

(SWNs), function as the top master switches capable of activating

the entire secondary wall biosynthetic program [5–16]. SWNs

bind to the 19-bp SNBE (Secondary Wall NAC Binding Element)

sequences and directly activate the expression of not only

downstream transcription factors but also a number of genes

involved in secondary wall biosynthesis and programmed cell

death [17–19]. Among the SWN-activated transcription factors,

MYB46/MYB83 in Arabidopsis and their orthologs in other

species act as the second-level master switches that are also able to

activate the entire secondary wall biosynthetic program [20–28].

Two other MYBs, MYB58 and MYB63 that are direct targets of

MYB46/MYB83, have been shown to specifically regulate the

expression of genes in the lignin biosynthetic pathway [28]. The

available evidence indicates that the transcriptional regulation of

secondary wall biosynthesis involves a multi-leveled feed-forward

loop regulatory structure, in which SWN and MYB master

switches together with their downstream transcription factors

function concertedly in the activation of secondary wall biosyn-

thetic genes for cellulose, xylan and lignin [17,29].

In Arabidopsis, five SWN genes, including VND6 (VASCU-

LAR-RELATED NAC DOMAIN PROTEIN6), VND7, NST1
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(NAC SECONDARY WALL THICKENING PROMOTING

FACTOR1), NST2 and SND1 (SECONDARY WALL-ASSO-

CIATED NAC DOMAIN PROTEIN1), have been functionally

characterized. VND6 and VND7 are specifically expressed in

vessels and their dominant repression causes an inhibition of

secondary wall thickening in vessels, indicating that they are

transcriptional regulators of secondary wall biosynthesis in vessels

[5]. Simultaneous mutations of NST1 and NST2 cause a loss of

secondary wall thickening in anther endothecium, leading to an

anther dehiscence defect [6]. NST1 and SND1 function redun-

dantly in regulation of secondary wall biosynthesis in both xylary

fibers and interfascicular fibers [8,9]. Overexpression of any of

these five SWNs is able to activate secondary wall biosynthetic

genes for cellulose, xylan and lignin, leading to ectopic deposition

of secondary walls in normally parenchymatous cells. It is evident

that Arabidopsis recruited multiple SWNs as transcriptional

activators of secondary wall biosynthesis in various secondary

wall-forming cell types [3].

Five additional VND genes, namely VND1, VND2, VND3,

VND4 and VND5, have previously been shown to be upregulated

during xylem differentiation in Arabidopsis in vitro cultured cells

[5]. Promoter-reporter gene analysis revealed the expression of

VND1, VND2 and VND3 genes in procambial cells and that of

VND4 and VND5 in vessels. However, no ectopic deposition of

secondary walls was observed in the overexpressors of these VNDs

[5]. Therefore, it is unclear whether VND1 to VND5 are involved

in regulating secondary wall biosynthesis or other processes during

xylem development. In this report, we show that VND1 to VND5
are specifically expressed in vessels, and when overexpressed, they

are able to activate the expression of secondary wall biosynthetic

genes for cellulose, xylan and lignin and concomitantly induce

ectopic deposition of secondary walls. We also demonstrate that

VND1 to VND5 are capable of complementing the secondary wall

defects in the snd1 nst1 double mutant when expressed under the

SND1 promoter. Furthermore, transactivation analysis revealed

that VND1 to VND5 were able to activate b-glucuronidase (GUS)

reporter gene expression driven by SNBE. Our results establish

that VND1 to VND5 are SWNs involved in the transcriptional

activation of secondary wall biosynthesis in vessels.

Results

VND1 to VND5 are specifically expressed in developing
vessels

VND1 to VND5 genes are closely grouped together with SWNs,

including VND6, VND7, NST1, NST2 and SND1 (Fig. 1A).

Expression analysis showed that they were all expressed in various

Arabidopsis organs, among which the stems exhibited the highest

level of expression (Fig. 1C). Examination of their expression in

laser-microdissected cells from stems revealed that VND1 to

VND5 were specifically associated with xylem cells but not

interfascicular fibers or pith cells (Fig. 1B). To further reveal their

expression patterns at the cell-type level, we generated VND-GUS

reporter gene constructs and transformed them into wild-type

Arabidopsis plants. To ensure that the VND-GUS reporter gene

expression represents the endogenous VND expression patterns, a

3-kb 59 upstream sequence, the entire exon and intron region and

a 2-kb 39 downstream sequence of each VND gene was used to

create the VND-GUS reporter constructs. Examination of the

stems of transgenic plants revealed that the GUS staining for

VND1 to VND5 was evident only in the developing vessels of

protoxylem in elongating internodes (Fig. 2A, C, E and Fig. 3A,

B). At this stage of the stem development, secondary wall

thickening is only seen in the protoxylem but not in the

interfascicular fibers [30]. In nonelongating internodes of stems

in which secondary wall thickening occurs in both xylem and

interfascicular fibers [30], the GUS staining for VND1 to VND5
was prominent in developing vessels in the metaxylem (Fig. 2B, D,

F and Fig. 3D, E). In the root-hypocotyl region where extensive

secondary growth occurs, the GUS staining for VND4 and VND5
was specifically seen in developing vessels but not in xylary fibers

in the secondary xylem (Fig. 3C, F). GUS staining for VND1 to

VND3 was not evident in the root-hypocotyl region. At least 10

independent transgenic lines showing GUS staining for each

construct were examined and all of them had vessel-specific

expression albeit with different GUS staining intensity. These

results demonstrate that the VND1 to VND5 genes are specifically

expressed in vessels, an expression pattern similar to that of VND6
and VND7. The discrepancy of VND expression patterns between

this work and a previous report [5] is most likely due to the VND
sequences used for GUS reporter gene assay. The previous work

used only the VND promoter sequences [5], which may not

contain all the cis-elements required for vessel-specific expression

since cis-elements for tissue-specific expression may reside

intragenically [31]. We used in this work the whole VND gene

sequences, which should contain all the cis-elements required for

their spatial expression.

Overexpression of VND1 to VND5 causes ectopic
deposition of secondary walls

To find out whether VND1 to VND5 are transcriptional

activators of secondary wall biosynthesis, we investigated whether

their overexpression could induce ectopic secondary wall deposi-

tion. The full-length cDNAs of VNDs were ligated downstream of

the cauliflower mosaic virus (CaMV) 35S promoter in a binary

vector and the expression constructs were transformed into wild-

type Arabidopsis plants. It was noticed that the transgenic

seedlings of VND overexpressors had smaller rosettes with curly

leaves (Fig. 4A), a phenotype similar to that observed in SND1

overexpressors [7]. This finding indicated that similar to SND1,

overexpression of VND1 to VND5 might induce ectopic

deposition of secondary walls, thus causing the curly leaf

phenotype. To verify this possibility, we examined the curly leaves

of VND overexpressors for ectopic secondary walls. In wild-type

leaves, secondary wall thickening and lignification were only seen

in the veins (Fig. 4B, C). In contrast, ectopic secondary walls with

helical and reticulated patterns were evident in many mesophyll

and epidermal cells of VND overexpressors (Fig. 4D to J). In

addition to the smaller rosettes, VND1 to VND5 overexpressors

also had shorter inflorescence stems (Fig. 5A). Cross sections of

stems of VND overexpressors showed ectopic deposition of

secondary walls in many normally parenchymatous cells compared

to the wild type in which secondary wall deposition was only seen

in the xylem and interfascicular fibers (Fig. 5B to M). Further

histological staining (Fig. 5H to M) revealed that VND overex-

pression induced ectopic deposition of all the three major

secondary wall components, including lignin, xylan and cellulose.

Consistent with the ectopic deposition of secondary walls,

VND1 to VND5 overexpression resulted in a significant elevation

in the expression of secondary wall biosynthetic genes, as

evidenced by the induction of nine representative secondary wall

genes including three cellulose synthase genes (CesA4, CesA7 and

CesA8) [32], three genes required for xylan biosynthesis (FRA8,

PARVUS and IRX9) [33,34,35], and three lignin biosynthetic

genes (CCoAOMT1, PAL1 and HCT) (Raes et al., 2003, [36])

(Fig. 6). Because ectopic deposition requires induction of all

secondary wall biosynthetic genes, it is reasonable to predict that

VND overexpression activate all the genes required for ectopic
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secondary wall deposition. In addition, overexpression of VNDs

except VND2 activated the expression of genes involved in

programmed cell death as evidenced by the elevation of three

representative programmed cell death genes (XCP1, RNS3 and

BFN1) [37] (Fig. 6), indicating that VNDs also regulate pro-

grammed cell death during vessel development.

The finding that VND1 to VND5 are able to induce ectopic

deposition of secondary walls prompted us to examine whether

they activate the same downstream transcription factors as SND1.

A number of transcription factors, including SND3, MYB46,

MYB83, MYB58, MYB63, MYB85, MYB103, and KNAT7, have

previously been shown to be induced by SND1 [28,38].

Quantitative PCR analysis revealed that the expression of these

transcription factors was highly induced in VND1 to VND5

overexpressors albeit to various levels (Fig. 7). The increased

expression level of corresponding VNDs in their overexpressors

was confirmed by quantitative PCR analysis (Fig. 5B). These

findings suggest that VND1 to VND5 activate the secondary wall

biosynthetic program via the same transcriptional network as

SND1.

Dominant repression of VND3 results in an inhibition of
secondary wall thickening in vessels

The results shown above indicate that VND1 to VND5 together

with VND6 and VND7 likely play redundant roles in regulating

secondary wall biosynthesis in vessels. To further verify the

functional roles of VND1 to VND5 in secondary wall biosynthesis,

we employed the dominant repression approach to examine the

effects of inhibition of VND functions on secondary wall

deposition. VND3 was selected as a representative and it was

fused with the dominant EAR repressor domain to create the

dominant repressor construct, which was transformed into wild-

type Arabidopsis. The transgenic plants were confirmed for the

expression of VND3 dominant repressor transgene by reverse-

transcription PCR. It was found that transgenic plants expressing

the VND3 dominant repressor driven by the CaMV 35S promoter

Figure 1. Phylogenetic and gene expression analyses of VNDs. (A) Phylogenetic relationship of VND1 to VND5 together with other
Arabidopsis secondary wall NACs. The phylogenetic tree was constructed with the neighbor-joining algorithm using the neighbor-joining method in
MEGA5.2 (Tamura et al., 2011). Bootstrap values resulted from 1,000 replicates are shown at the nodes. (B) Quantitative PCR analysis showing the
expression of VND1 to VND5 in different cell types isolated from Arabidopsis inflorescence stems. The expression of each VND in pith cells was set to
1. (C) Quantitative PCR analysis showing the expression of VND1 to VND5 in different organs. The expression of each VND in the organ with the lowest
expression was set to 1. Error bars denote SE of three biological replicates.
doi:10.1371/journal.pone.0105726.g001
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had much smaller rosettes and a reduction in shoot growth

compared with the wild type (Fig. 8A, B). The rosette leaves also

exhibited a mild wilty phenotype, which is reminiscent of that

shown by the secondary wall defective mutant, fra8 [33].

Examination of leaf veins showed that the helical secondary wall

thickening in veins was much less prominent in the VND3

dominant repressor than in the wild type (Fig. 8C, D). Further-

more, a deformation of vessels was evident in the stems of the

VND3 repressors compared with the wild type (Fig. 8E, F), a

phenotype that is common in secondary wall-defective mutants

[33,35,39].

VND1 to VND5 are functional homologs of SND1 and
NST1

The finding that VND1 to VND5 are able to activate the same

transcription factors as SND1 suggests that they are functional

homologs of SND1. To substantiate this hypothesis, we tested

whether expression of VND1 to VND5 could complement the

secondary wall defects in the snd1 nst1 double mutant.

Figure 2. The expression patterns of VND1, VND2 and VND3 in Arabidopsis stems. The expression constructs containing the VND1, VND2
and VND3 genes linked with the GUS reporter gene were transformed into the Arabidopsis plants and the first generation of transgenic plants was
examined for GUS activity. (A, C, E) Cross sections of elongating internodes showing GUS staining (blue) for VND1 (A), VND2 (C) and VND3 (E) only in
developing vessels in the protoxylem. (B, D, F) Cross sections of non-elongating internodes showing GUS staining for VND1 (B), VND2 (D) and VND3 (F)
in developing vessels in the metaxylem. co, cortex; if, interfascicular fiber; mx, metaxylem; px, protoxylem. Bar in (A) = 115 mm for (A) to (F).
doi:10.1371/journal.pone.0105726.g002

VND1/2/3/4/5 Regulate Secondary Wall Biosynthesis

PLOS ONE | www.plosone.org 4 August 2014 | Volume 9 | Issue 8 | e105726



Simultaneous mutations of SND1 and NST1 genes caused a loss

of secondary walls in interfascicular fibers and xylary fibers in

stems, leading to a pendent stem phenotype due to reduced stem

strength [8,9]. Expression of VND1 to VND5 driven by the 3-kb

SND1 promoter in the snd1 nst1 double mutant rescued the

pendent stem phenotype (Fig. 9A) and partially or fully restored

stem strength (Fig. 9B). Cross sections of stems showed that VND1

to VND5 expression in the snd1 nst1 double mutant restored the

formation of lignified secondary walls in fibers (Fig. 9C to I). These

results provide another line of evidence demonstrating that VND1

to VND5 are functional homologs of SND1 involved in

transcriptional regulation of secondary wall biosynthesis.

VND1 to VND5 are capable of activating the SNBE-driven
GUS reporter gene

To provide further evidence that VND1 to VND5 activates the

expression of genes involved the regulation and biosynthesis of

secondary walls, we employed the transactivation analysis in

Arabidopsis leaf protoplasts. It was found that VND1 to VND5

significantly induced the expression of the GUS reporter gene

Figure 3. The expression patterns of VND4 and VND5 in Arabidopsis stems and the root-hypocotyl region. The expression constructs
containing the VND4 and VND5 genes linked with the GUS reporter gene were transformed into the Arabidopsis plants and the first generation of
transgenic plants was examined for GUS activity. (A, D) Cross sections of elongating internodes showing GUS staining (blue) for VND4 (A) and VND5
(D) only in developing vessels in the protoxylem. (B, E) Cross sections of non-elongating internodes showing GUS staining for VND4 (B) and VND5 (E)
in developing vessels in the metaxylem. (C, F) Cross sections of the root-hypocotyl region showing GUS staining in developing vessels in the
secondary xylem. co, cortex; if, interfascicular fiber; mx, metaxylem; px, protoxylem; sx, secondary xylem; ve, vessel; xf, xylary fiber. Bar in (A) = 96 mm
for (A) to (F).
doi:10.1371/journal.pone.0105726.g003
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Figure 4. Ectopic deposition of lignified secondary walls in epidermal and mesophyll cells in leaves of VND1 to VND5
overexpressors. (A) Three-week-old plants of the wild type and VND overexpressors (VND-OE). Note the upward curled leaves in the VND
overexpressors. (B) and (C) Differential interference contrast (DIC) image (B) and lignin autofluorescence image (C) of a wild-type leaf. Note that
lignified secondary walls were only present in veins (ve). (D) and (E) DIC image (D) and lignin autofluorescence image (E) of leaf mesophyll cells of
VND3 overexpressors showing ectopic wall thickening and the corresponding lignin signal, respectively. (F) and (G) DIC image (F) and lignin
autofluorescence image (G) of the leaf epidermis of VND4 overexpressors showing ectopic wall thickening and the corresponding lignin signal,
respectively. (H) to (J) Ectopic lignin deposition in leaf epidermal (H and J) and mesophyll (I) cells in VND1 (H), VND2 (I) and VND5 (J) overexpressors.
Bar in (B) = 29 mm for (B) to (G).
doi:10.1371/journal.pone.0105726.g004
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driven by the promoter of MYB46, a second-level master regulator

of secondary wall biosynthesis, and the promoters of six secondary

wall biosynthetic genes, CesA7, CesA8, FRA8, IRX9, 4CL1 and

CCoAOMT1 (Fig. 10A, B). These chosen genes for transactivation

analysis are induced by VNDs and should represent genes

involved in secondary wall biosynthesis. This result corroborates

with the finding that VND1 to VND5 are capable of activating the

entire program of secondary wall biosynthesis as shown in the

VND1 to VND5 overexpressors (Figs. 4–6).

The SWNs, including SND1, NST1, NST2, VND6 and VND7,

have previously been demonstrated to bind to a 19-bp semi-

palindromic SNBE sequence to activate the expression of their

direct target genes [17]. To determine whether VND1 to VND5

also activate their direct targets via the SNBE sites, we tested their

ability to activate the SNBE-driven GUS reporter gene.

Cotransfection of the VND effector construct and the SNBE-

driven GUS reporter construct into Arabidopsis leaf protoplasts

revealed that VNDs efficiently activated the SNBE-driven GUS

reporter gene (Fig. 10A, C), suggesting that they share similar

direct target genes with other SWNs and bind to the SNBE sites to

activate their expression.

Discussion

Previous studies have demonstrated that five Arabidopsis SWN

genes, namely SND1, NST1, NST2, VND6 and VND7, are

transcriptional regulators of secondary wall biosynthesis in various

secondary wall-forming cell types [3,4]. The Arabidopsis genome

has five additional NAC genes, VND1 to VND5, which belong to

Figure 5. Overexpression of VND1 to VND5 causes ectopic deposition of secondary wall components in transgenic Arabidopsis
stems. Cross sections of stems were stained for lignin with phloroglucinol-HCl, xylan with the LM10 xylan antibody, and cellulose with Calcofluor
White. (A) VND1 to VND5 overexpression caused a reduction in shoot growth compared with the wild type. (B) Quantitative PCR analysis showing
VND expression in their overexpression lines. The expression level of corresponding VND genes in the wild type is set to 1. Error bars denote SE of
three biological replicates. (C) to (H) Lignin staining of stem sections showing ectopic lignin deposition in epidermis, cortical cells or pith cells (arrows)
in VND overexpressors (D to H) compared with the wild type (C). (I) to (K) Xylan staining of stem sections showing ectopic xylan deposition in
epidermal and cortical cells (arrows) in VND3 (J) and VND4 (K) overexpressors compared with the wild type (I). (L) to (N) Cellulose staining of stem
sections showing ectopic cellulose deposition in epidermal and cortical cells (arrows) in VND3 (M) and VND4 (N) overexpressors compared with the
wild type (L). co, cortex; ep, epidermis; if, interfascicular fiber; pf, phloem fiber; pi, pith; xy, xylem. Bars = 220 mm in (C) to (H) and 182 mm in (I) to (N).
doi:10.1371/journal.pone.0105726.g005
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the same subgroup as SWNs. Although their expression has been

shown to be induced during in vitro xylem differentiation [5], the

actual functions of these VNDs are unknown. Our present study

has established that VND1 to VND5 are vessel-specific secondary

wall NACs regulating secondary wall biosynthesis and pro-

grammed cell death during vessel development, which further

contributes to the complexity of the transcriptional regulation of

secondary wall biosynthesis in different cell types (Fig. 11).

We have demonstrated that VND1 to VND5 are capable of

activating secondary wall biosynthetic genes and concomitantly

inducing ectopic deposition of secondary walls when overex-

pressed, indicating that they are transcriptional regulators of

secondary wall biosynthesis. Our findings provide the first line of

genetic evidence that VND1 to VND5 are SWNs controlling

secondary wall biosynthesis (Fig. 11). Gene expression analysis

showed that similar to that of VND6 and VND7 [5,38], the

expression of VND1 to VND5 is vessel-specific, indicating that

secondary wall formation in vessels is regulated by these 7

functionally redundant VND genes. The high redundancy of

VND genes in controlling secondary wall biosynthesis in vessels

might signify the importance of vessels in plant survival because

secondary wall defects in vessels are detrimental to plant growth

[35,39]. The possibility that VNDs may have differential roles in

regulating secondary wall biosynthesis in vessels of different organs

and have differential activation strength toward their target genes

could not be excluded. Indeed, expression analysis showed that

VNDs have variations in their expression levels in different organs

(Fig. 1C) and in particular, only VND4 and VND5 exhibit a high

level of expression in vessels of the root-hypocotyl (Fig. 3),

indicating that these 7 VNDs are expressed at different levels in

vessels of different organs. In addition, it has previously been

shown that VND6, VND7 and SND1 differentially activate their

target genes [17,18], probably due to their differential binding

affinities to the SNBE sites present in the promoters of their target

genes. Similarly, VND1 to VND5 may also have differential

binding affinities toward SNBE variants and thereby differential

activation of their target genes, which may provide a mechanism

to fine-tune the cell wall composition of xylem vessels or adapt the

developmental program to changing conditions.

We have also demonstrated that VND1 to VND5 are able to

restore the secondary wall defects in the snd1 nst1 double mutant.

This finding indicates that although VND1 to VND5 are vessel-

Figure 6. Overexpression of VND1 to VND5 induces the
expression of genes involved in secondary wall biosynthesis
and programmed cell death. Three-week-old plants of the wild type
and VND overexpressors were used for isolation of RNA, which was
used for gene expression analysis employing the quantitative PCR
approach. The expression level of the gene of interest in the wild type
was set to 1. Error bars denote SE of three biological replicates.
doi:10.1371/journal.pone.0105726.g006

Figure 7. Overexpression of VND1 to VND5 induces the
expression of secondary wall-associated transcription factors.
Three-week-old plants of the wild type and VND overexpressors were
used for isolation of RNA, which was used for gene expression analysis
employing the quantitative PCR approach. The expression level of the
gene of interest in the wild type was set to 1. Error bars denote SE of
three biological replicates.
doi:10.1371/journal.pone.0105726.g007
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specific and SND1 is fiber-specific, they likely activate many of the

same downstream target genes and thereby regulate the biosyn-

thesis of secondary walls (Fig. 11). Indeed, expression analysis

showed that VND1 to VND5 regulate the expression of the same

downstream transcription factors as SND1. Furthermore, they

were found to be able to activate the same SNBE sites as SND1.

These findings further corroborate the hypothesis that although

different SWNs regulate secondary wall biosynthesis in different

cell types, they all bind to common SNBE sites albeit with different

affinities to differentially activate their direct target genes [17].

This hypothesis is also supported by previous studies showing that

SWNs from other species, including poplar, rice, maize,

Brachypodium, all bind to the SNBE sites [11,14–16].

Secondary wall biosynthesis and programmed cell death are the

final two processes during vessel formation. Previous studies of

target genes of VND6 and VND7 have shown that both of these

processes are regulated by VND6 and VND7 [17–19]. Our

finding that VND1 to VND5 are also able to induce the expression

of genes involved in both secondary wall biosynthesis and

programmed cell death further supports the idea that VND1 to

VND5 together with VND6 and VND7 function redundantly in

regulating secondary wall biosynthesis and programmed cell death

during vessel formation. The exception is VND2 that appears to

have little activation of programmed cell death genes. Because

some SWNs have previously been shown to exhibit differential

binding affinities to SNBE variants [17], it is likely that VND2

may have a low binding affinity toward SNBE sites in the

promoters of programmed cell death genes and thereby little

activation of these genes. Further investigation of how these VND

genes are specifically induced during vessel development will

enrich our understanding of the molecular mechanisms underlying

vascular development.

Methods

Quantitative PCR Analysis
Total RNA from different organs and cell types was isolated

with a Qiagen RNA isolation kit (Qiagen). The seedlings used

were 5 days old. Leaves and roots were from 6-week-old plants.

Stems from 6-week-old plants were divided into top, middle and

bottom parts, which represent the rapidly elongating internodes,

internodes near cessation of elongation and non-elongating

internodes, respectively. Different cell types, including interfascic-

ular fibers, xylem and pith cells, were isolated from stems of 6-

week-old plants using PALM microlaser system (PALM Microlaser

Technologies). First strand cDNAs were synthesized from the total

RNA treated with DNase I and then used as a template for PCR

analysis. The real-time quantitative PCR was performed with the

QuantiTect SYBR Green PCR kit (Clontech) using first strand

cDNAs as templates. The PCR primers for VND1 are 59-

gctcgatgtccataacatcaatgg-39 and 59-tcaattatcaaatacgcaaatcccaat-

39, those for VND2 are 59-acggattggagagcactcgataaa-39 and 59-

tcaaacatgtaaatccctatataagtc-39, those for VND3 are 59-accttcaatg-

catcgatgatgatc-39 and 59-ttagtcttctccactcatcaaaaattg-39, those for

VND4 are 59-tggaccaagtcacagactggagag-39 and 59-tcacttccatagat-

caatctgaca-39, those for VND5 are 59-ttagcaatgatgaagaggctgcag-39

and 59-ctagagatcaatctgacaacttga-39. The PCR primers for second-

ary wall-associated transcription factors and secondary wall

biosynthetic genes were according to Zhong et al. [7]. The

Figure 8. Dominant repression of VND3 causes a reduction in
secondary wall thickening and an alteration in vessel mor-
phology in the xylem. (A) Three-week-old plants of the wild type
(WT) (top) and VND3 dominant repressors (VND3-DR) (middle and
bottom). Note that some leaves of the VND3-DR plants exhibited a wilty
phenotype (arrows). (B) Dominant repression of VND3 causes a
reduction in shoot growth. (C) and (D) Phloroglucinol staining of leaf
veins of the wild type (C) and the VND3 dominant repressor (D). Note
the much less-prominent staining of lignified secondary walls in the
veins of the VND3 dominant repressor compared with the wild type. (E)
and (F) Cross sections of stems showing the xylem bundles of the wild

type (E) and the VND3 dominant repressor (F). Note the reduced
secondary wall thickness and deformed vessel morphology in the VND3
dominant repressor compared with the wild type. ve, vessel. Bars
= 11 mm in (C) and (D) and 46 mm in (E) and (F).
doi:10.1371/journal.pone.0105726.g008
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relative expression level of each gene was calculated by

normalizing the PCR threshold cycle number of each gene with

that of the EF1a reference gene in each sample. The data were the

average of three biological replicates.

GUS reporter gene analysis
The VND1 to VND5 genes containing a 3-kb 59 upstream

sequence, the entire coding region and a 2-kb 39 downstream

sequence were PCR-amplified and used to create the GUS

Figure 9. Functional complementation by VND1 to VND5 of the secondary wall defects in the fibers of the Arabidopsis snd1 nst1
double mutant. (A) Expression of VND1 to VND5 driven by the SND1 promoter rescued the pendent stem phenotype exhibited by snd1 nst1. (B)
Expression of VNDs in snd1 nst1 resulted in a partial restoration of stem strength. Each bar represents the breaking force of the inflorescence stem of
individual plants. (C) Cross section of a wild-type stem showing lignified secondary walls in the xylem and interfascicular fibers. (D) Cross section of an
snd1 nst1 stem showing the lignified secondary walls in the xylem but an absence of lignified secondary walls in the interfascicular fibers. (E) to (I)
Expression of VND1 (E), VND2 (F), VND3 (G), VND4 (H) and VND5 (I) in the snd1 nst1 mutant restored the lignified secondary walls in the interfascicular
fibers. The bottom parts of stems of 8-week-old plants were sectioned and stained for lignin with phloroglucinol-HCl. if, interfascicular fiber; xy, xylem.
Bar in (C) = 92 mm in (C) and (I).
doi:10.1371/journal.pone.0105726.g009
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reporter constructs. The GUS gene was inserted in frame right

before the stop codon of each VND gene. The constructs were

transformed into wild-type Arabidopsis by Agrobacterium-mediat-

ed transformation and the first generation of transgenic plants was

analyzed for GUS activity as described previously [33].

Overexpression and dominant repression
The full-length cDNA of VND1 (PCR amplified with primers

59-atggagccaatggaatcttgt-39 and 59-tcaattatcaaatacgcaaatcccaat-

39), VND2 (59-atggaatcggtggatcaatca-39 and 59-tcaaacatgtaaatccc-

tatataagtc-39), VND3 (59-atgatgaaggttgatcaagat-39 and 59-

ttagtcttctccactcatcaaaaattg-39), VND4 (59-atgaattcattttcccacgtc-39

and 59-tcacttccatagatcaatctgaca-39), and VND5 (59-atgaattcgtttt-

cacaagtacct-39 and 59-ctagagatcaatctgacaacttga-39) was ligated

downstream of the CaMV 35S promoter in pBI121 to create

VND overexpression constructs (VND-OE). The VND dominant

repression constructs (VND-DR) were generated by fusing the full-

length VND cDNA in frame with the dominant EAR repression

sequence [40], which was ligated downstream of the CaMV 35S

promoter in pBI121. The VND-OE and VND-DR constructs

were transformed into wild-type Arabidopsis by Agrobacterium-

mediated transformation. For each construct, at least 60 transgenic

Arabidopsis plants were generated for phenotypic analyses.

Histology
For light microscopy, stem segments embedded in low viscosity

(Spurr’s) resin (Electron Microscopy Sciences) were cut into 1-mm-

thick sections with a microtome and stained with toluidine blue

[41]. Presence of lignin was visualized by staining the sections with

phloroglucinol-HCl or using a UV fluorescence microscope [7].

Secondary wall cellulose was stained by incubating sections with

0.01% Calcofluor White [42]. Under the conditions used, only

secondary walls exhibited brilliant fluorescence. Xylan was

detected by using the monoclonal LM10 antibody against xylan

and fluorescein isothiocyanate-conjugated goat anti-rat secondary

antibodies [43].

Complementation of the Arabidopsis snd1 nst1 mutant
The full-length cDNA of VND1 to VND5 driven by the 3-kb

SND1 promoter were cloned into the pGPTV vector and

introduced into the Arabidopsis snd1 nst1 double mutant [8].

More than 60 transgenic plants were generated for each construct

and at least 8 complemented snd1 nst1 double mutant plants that

exhibited normal growth as the wild type were chosen for

examination of stem strength and restoration of secondary walls in

fibers. For stem strength analysis, basal parts of the main

inflorescence of 8-week-old plants were measured for the breaking

force using a digital force/length tester [44]. The breaking force

was calculated as the force needed to break apart a stem segment.

Transactivation Analysis
To test the ability of VND1 to VND5 to activate the promoters

of secondary wall-associated transcription factors and secondary

wall biosynthetic genes, the reporter construct containing the GUS

reporter gene driven by a 1.5-kb promoter of the gene of interest

and the effector construct containing VNDs driven by the CaMV

Figure 10. VND1 to VND5 activate the expression of the
secondary wall NAC binding element (SNBE)-driven GUS
reporter gene. (A) Diagrams of the effector and reporter constructs
used for the transactivation analysis. 3xSNBE1, three copies of the 19-bp
SNBE1 sequence as shown below the diagram. (B) Transactivation
analysis showing the induction by VND1 to VND5 of the GUS reporter
gene expression driven by the promoters of MYB46, CesA7, CesA8, FRA8,
IRX9, CCoAOMT1 and 4CL1. (C) Transactivation analysis showing that
VND1 and VND5 effectively activated the expression of the SNBE-driven

GUS reporter gene. Arabidopsis leaf protoplasts were transfected with
the reporter and effector constructs and after incubation, the
transfected protoplasts were lysed and analyzed for the GUS activity.
The control is the GUS activity in protoplasts transfected with the
reporter construct and an empty effector construct without VNDs and
taken as 1. Error bars are the SE of three biological replicates.
doi:10.1371/journal.pone.0105726.g010
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35S promoter were co-transfected into Arabidopsis leaf protoplasts

[45]. To test the ability of VNDs to activate the SNBE site, the

reporter construct containing the GUS reporter gene driven by

three copies of SNBE sequence and the effector construct

containing VNDs driven by the CaMV 35S promoter were co-

transfected into Arabidopsis leaf protoplasts. Another construct

containing the firefly luciferase gene driven by the CaMV 35S

promoter was included in each transfection for determination of

the transfection efficiency. After 20-hr incubation, protoplasts

were lysed and the supernatants were subjected to assay of the

GUS and luciferase activities [46]. The GUS activity was

normalized against the luciferase activity in each transfection,

and the data are the average of three biological replicates.

Statistical Analysis
The experimental data of the quantitative PCR analysis and

GUS activity assay were subjected to statistical analysis using the

Student’s t test program (http://www.graphpad.com/quickcalcs/

ttest1.cfm), and the quantitative difference between the two groups

of data for comparison in each experiment was found to be

statistically significant (p,0.001).

Accession numbers
The Arabidopsis Genome Initiative locus identifiers for genes

used in this study are VND1 (At2g18060), VND2 (At4g36160),

VND3 (At5g66300), VND4 (At1g12260), VND5 (At1g62700),

SND1 (At1g32770), NST1 (At2g46770), NST2 (At3g61910,

VND6 (At5g62380), VND7 (At1g71930), SND2 (At4g28500),

and SND3 (At1g28470).
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Figure 11. Diagram of the transcriptional network regulating secondary wall biosynthesis in different secondary wall-forming cell
types in Arabidopsis. The results from this report add VND1 to VND5 on the list of secondary wall NAC master switches controlling secondary wall
biosynthesis. SWNs expressed in various secondary wall-forming cell types activate the second-level MYB master switches and other downstream
transcription factors, which together activate secondary wall biosynthetic genes and thereby lead to secondary wall deposition. SWNs also directly
activate genes involved in programmed cell death during vessel formation.
doi:10.1371/journal.pone.0105726.g011

VND1/2/3/4/5 Regulate Secondary Wall Biosynthesis

PLOS ONE | www.plosone.org 12 August 2014 | Volume 9 | Issue 8 | e105726

http://www.graphpad.com/quickcalcs/ttest1.cfm
http://www.graphpad.com/quickcalcs/ttest1.cfm


References

1. Mauseth JD (1988) Plant Anatomy (Menlo Park, California:The Benjamin/

Cummings Publishing Company, Inc).
2. Zhang J, Nieminen K, Serra JAA, Helariutta Y (2014) The formation of wood

and its control. Curr Opin Plant Biol 17: 56–63.
3. Zhong R, Lee C, Ye Z-H (2010) Evolutionary conservation of the transcriptional

network regulating secondary cell wall biosynthesis. Trends Plant Sci 15: 625–

631.
4. Handakumbura PP, Hazen SP (2012) Transcriptional regulation of grass

secondary cell wall biosynthesis: playing catch-up with Arabidopsis thaliana.
Front Plant Sci. 3: 74.

5. Kubo M, Udagawa M, Nishikubo N, Horiguchi G, Yamaguchi M, et al. (2005)

Transcription switches for protoxylem and metaxylem vessel formation. Genes
Dev 19: 1855–1860.

6. Mitsuda N, Seki M, Shinozaki K, Ohme-Takagi M (2005) The NAC
transcription factors NST1 and NST2 of Arabidopsis regulates secondary wall

thickening and are required for anther dehiscence. Plant Cell 17: 2993–3006.
7. Zhong R, Demura T, Ye Z-H (2006) SND1, a NAC domain transcription

factor, is a key regulator of secondary wall synthesis in fibers of Arabidopsis.

Plant Cell 18: 3158–3170.
8. Zhong R, Richardson EA, Ye Z-H (2007b) Two NAC domain transcription

factors, SND1 and NST1, function redundantly in regulation of secondary wall
synthesis in fibers of Arabidopsis. Planta 225: 1603–1611.

9. Mitsuda N, Iwase A, Yamamoto H, Yoshida M, Seki M, et al. (2007) NAC

transcription factors, NST1 and NST3, are key regulators of the formation of
secondary walls in woody tissues of Arabidopsis. Plant Cell 19: 270–280.

10. Zhong R, Lee C, Ye ZH (2010) Functional characterization of poplar wood-
associated NAC domain transcription factors. Plant Physiol 152: 1044–1055.

11. Zhong R, McCarthy RL, Lee C, Ye Z-H (2011) Dissection of the transcriptional
program regulating secondary wall biosynthesis during wood formation in

poplar. Plant Physiol 157: 1452–1468.

12. Ohtani M, Nishikubo N, Xu B, Yamaguchi M, Mitsuda N, et al. (2011) A NAC
domain protein family contributing to the regulation of wood formation in

poplar. Plant J. 67: 499–512.
13. Zhao Q, Gallego-Giraldo L, Wang H, Zeng Y, Ding SY, et al. (2010) An NAC

transcription factor orchestrates multiple features of cell wall development in

Medicago truncatula. Plant J 63: 100–114.
14. Zhong R, Lee C, McCarthy RL, Reeves CK, Jones EG, et al. (2011)

Transcriptional activation of secondary wall biosynthesis by rice and maize NAC
and MYB transcription factors. Plant Cell Physiol 52: 1856–1871.

15. Valdivia ER, Herrera MT, Gianzo C, Fidalgo J, Revilla G, et al. (2013)
Regulation of secondary wall synthesis and cell death by NAC transcription

factors in the monocot Brachypodium distachyon. J Exp Bot 64: 1333–1343.

16. Yoshida K, Sakamoto S, Kawai T, Kobayashi Y, Sato K, et al. (2013)
Engineering the Oryza sativa cell wall with rice NAC transcription factors

regulating secondary wall formation. Front Plant Sci. 4: 383.
17. Zhong R, Lee C, Ye Z-H (2010) Global analysis of direct targets of secondary

wall NAC master switches in Arabidopsis. Mol Plant 3: 1087–1103.

18. Ohashi-Ito K, Oda Y, Fukuda H (2010) Arabidopsis VASCULAR-RELATED
NAC-DOMAIN6 directly regulates the genes that govern programmed cell

death and secondary wall formation during xylem differentiation. Plant Cell 22:
3461–3473.

19. Yamaguchi M, Mitsuda N, Ohtani M, Ohme-Takagi M, Kato K, et al. (2011)
VASCULAR-RELATED NAC-DOMAIN7 directly regulates the expression of

a broad range of genes for xylem vessel formation. Plant J 66: 579–590.

20. Zhong R, Richardson EA, Ye Z-H (2007) The MYB46 transcription factor is a
direct target of SND1 and regulates secondary wall biosynthesis in Arabidopsis.

Plant Cell 19: 2776–2792.
21. McCarthy RL, Zhong R, Ye Z-H (2009) MYB83 is a direct target of SND1 and

acts redundantly with MYB46 in the regulation of secondary cell wall

biosynthesis in Arabidopsis. Plant Cell Physiol 50: 1950–1964.
22. Ko JH, Kim WC, Han KH (2009) Ectopic expression of MYB46 identifies

transcriptional regulatory genes involved in secondary wall biosynthesis in
Arabidopsis. Plant J 60: 649–665.

23. McCarthy RL, Zhong R, Fowler S, Lyskowski D, Piyasena H, et al. (2010) The

poplar MYB transcription factors, PtrMYB3 and PtrMYB20, are involved in the
regulation of secondary wall biosynthesis. Plant Cell Physiol 51: 1084–1090.

24. Zhong R, McCarthy RL, Haghighat M, Ye Z-H (2013) The poplar MYB master

switches bind to the SMRE site and activate the secondary wall biosynthetic
program during wood formation. PLoS One 8: e69219.

25. Goicoechea M, Lacombe E, Legay S, Mihaljevic S, Rech P, et al. (2005)

EgMYB2, a new transcriptional activator from Eucalyptus xylem, regulates
secondary cell wall formation and lignin biosynthesis. Plant J 43: 553–567.

26. Patzlaff A, McInnis S, Courtenay A, Surman C, Newman LJ, et al. (2003)

Characterization of a pine MYB that regulates lignification. Plant J 36: 743–754.

27. Bomal C, Bedon F, Caron S, Mansfield SD, Levasseur C, et al. (2008)
Involvement of Pinus taeda MYB1 and MYB8 in phenylpropanoid metabolism

and secondary cell wall biogenesis: a comparative in planta analysis. J Exp Bot
59: 3925–3939.

28. Zhou J, Lee C, Zhong R, Ye Z-H (2009) MYB58 and MYB63 are

transcriptional activators of the lignin biosynthetic pathway during secondary
cell wall formation in Arabidopsis. Plant Cell 21: 248–266.

29. Zhong R, Ye Z-H (2012) MYB46 and MYB83 bind to the SMRE sites and

directly activate a suite of transcription factors and secondary wall biosynthetic
genes. Plant Cell Physiol 53: 368–380.

30. Ye Z-H, Freshour G, Hahn MG, Burk DH, Zhong R (2002) Vascular

development in Arabidopsis. Int Rev Cytol 220: 225–256.

31. Sieburth LE, Meyerowitz EM (1997) Molecular dissection of the AGAMOUS
control region shows that cis elements for spatial regulation are located

intragenically. Plant Cell 9: 355–365.

32. Taylor NG, Gardiner JC, Whiteman R, Turner SR (2004) Cellulose synthesis in
the Arabidopsis secondary cell wall. Cellulose 11: 329–338.

33. Zhong R, Pena MJ, Zhou G-K, Nairn CJ, Wood-Jones A, et al. (2005)

Arabidopsis Fragile Fiber8, which encodes a putative glucuronyltransferase, is
essential for normal secondary wall synthesis. Plant Cell 17: 3390–3408.

34. Lee C, Zhong R, Richardson EA, Himmelsbach DS, McPhail BT, et al. (2007)

The PARVUS gene is expressed in cells undergoing secondary wall thickening
and is essential for glucuronoxylan biosynthesis. Plant Cell Physiol 48: 1659–

1672.

35. Lee C, Teng Q, Huang W, Zhong R, Ye Z-H (2010) The Arabidopsis family
GT43 glycosyltransferases form two functionally nonredundant groups essential

for the elongation of glucuronoxylan backbone. Plant Physiol 153: 526–541.

36. Raes J, Rohde A, Christensen JH, Peer YV, Boerjan W (2003) Genome-wide
characterization of the lignification toolbox in Arabidopsis. Plant Physiol 133:

1051–1071.

37. Avci U, Petzold HE, Ismail IO, Beers EP, Haigler CH (2008) Cysteine proteases
XCP1 and XCP2 aid micro-autolysis within the intact central vacuole during

xylogenesis in Arabidopsis roots. Plant J 56: 303–315.

38. Zhong R, Lee C, Zhou J, McCarthy RL, Ye ZH (2008) A battery of
transcription factors involved in the regulation of secondary cell wall biosynthesis

in Arabidopsis. Plant Cell 20: 2763–2782.

39. Brown DM, Zeef LAH, Ellis J, Goodacreb R, Turner SR (2005) Identification of
novel genes in Arabidopsis involved in secondary cell wall formation using

expression profiling and reverse genetics. Plant Cell 17: 2281–2295.

40. Hiratsu K, Mitsuda N, Matsui K, Ohme-Takagi M (2004) Identification of the
minimal repression domain of SUPERMAN shows that the DLELRL

hexapeptide is both necessary and sufficient for repression of transcription in
Arabidopsis. Biochem Biophy Res Commun 321: 172–178.

41. Burk DH, Zhong R, Morrison WHIII, Ye Z-H (2006) Disruption of cortical

microtubules by overexpression of green fluorescent protein-tagged a-tubulin 6
causes a marked reduction in cell wall synthesis. J Integr Plant Biol 48: 85–98.

42. Hughes J, McCully ME (1975) The use of an optical brightener in the study of

plant structure. Stain Technol 50: 319–329.

43. McCartney L, Marcus SE, Knox JP (2005) Monoclonal antibodies to plant cell
wall xylans and arabinoxylans. J Histochem Cytochem 53: 543–546.

44. Zhong R, Taylor JJ, Ye Z-H (1997) Disruption of interfascicular fiber

differentiation in an Arabidopsis mutant. Plant Cell 9: 2159–2170.

45. Sheen J (2001) Signal transduction in maize and Arabidopsis mesophyll

protoplasts. Plant Physiol 127: 1466–1475.

46. Gampala SS, Hagenbeek D, Rock CD (2001) Functional interactions of
lanthanum and phospholipase D with the abscisic acid signaling effectors VP1

and ABI1-1 in rice protoplasts. J Biol Chem 276: 9855–9860.

VND1/2/3/4/5 Regulate Secondary Wall Biosynthesis

PLOS ONE | www.plosone.org 13 August 2014 | Volume 9 | Issue 8 | e105726


