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The Arabidopsis NAC transcription factor
NST2 functions together with SND1 and NST1
to regulate secondary wall biosynthesis in fibers
of inflorescence stems
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Transcriptional regulation of secondary wall biosynthesis in Arabidopsis thaliana has been shown to be mediated by
a group of secondary wall NAC master switches, including NST1, NST2, SND1 and VND1 to VND?7. It has been shown
that VND1 to VND7 regulate secondary wall biosynthesis in vessels, NST1 and NST2 function redundantly in anther
endothecium, and SND1 and NST1 are required for secondary wall thickening in fibers of stems. However, it is unknown
whether NST2 is involved in regulating secondary wall biosynthesis in fibers of stems. In this report, we demonstrated
that similar to SND1, NST2 together with NST1 were highly expressed in interfascicular fibers and xylary fibers but not in
vessels of stems. Although simultaneous mutations of SND7 and NST1 have been shown to result in a significant
impairment of secondary wall thickening in fibers, a small amount of secondary walls was deposited in fibers during the
late stage of stem development. In contrast, simultaneous mutations of SND1, NST7 and NST2 led to a complete loss of
secondary wall thickening in fibers. These results demonstrate that NST2 together with SND1 and NST1 regulate

secondary wall biosynthesis in fibers of stems.

Introduction

Secondary walls are mainly deposited in tracheary elements
and fibers of vascular plants, and they constitute the bulk of
plant lignocellulosic biomass targeted for biofuel production.’
Understanding how secondary walls are constructed will pro-
vide knowledge foundation for genetic modification of plant
biomass tailored for biofuel production. Secondary walls in
dicot species are mainly composed of cellulose, xylan and
lignin, and their biosynthesis requires coordinate expression
of the biosynthetic genes of these secondary wall components.
Molecular and genetic analyses have revealed that the coordi-
nate activation of secondary wall biosynthetic genes is
mediated by a transcriptional network.? In this network, the
top-level master switches, secondary wall NACs (SWNs), act
together with the second-level MYB master switches to turn
on the expression of downstream transcription factors and
secondary wall biosynthetic genes. SWNs and secondary wall
MYB master switches have been functionally characterized in
a number of vascular plants and available evidence indicates
that their roles in regulating secondary wall biosynthesis are
evolutionarily conserved.”™
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In  Arabidopsis thaliana, 10 SWNs, including NSTI,
NST2, SND1 (also called NST3) and VNDI1 to VND7,
have been shown to regulate secondary wall biosynthesis in
various secondary wall-forming cell types. VNDI to VND7
are vessel-specific SWNs and their dominant repression causes
a loss of secondary wall thickening in vessels.””'® NST1 and
NST2 regulate secondary wall thickening in anther endothe-
cium as their simultaneous mutations lead to a loss of sec-
ondary wall thickening in anther endothecium and an anther
dehiscence defect.'’ SND1 and NST1 have been shown to
control secondary wall thickening in interfascicular fibers and
214 and in the valve endocarp layer
and vascular bundles of siliques.'” It is currently unknown

xylary fibers of stems'

whether NST2 plays any role in regulating secondary wall
biosynthesis in fibers of stems.

During our study of gene expression of secondary wall NACs
in various tissues, we found that NVS72 showed an expression
profile similar to those of SNDI and NST1, i.e., they are most
highly expressed in stems than other organs, which prompted us
to investigate a role of NST?2 in regulating secondary wall biosyn-
thesis in stems. In this report, we show that NS72 together
with VST exhibit fiber-specific expression in stems. We further
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demonstrate that although simultaneous mutations of SNDI and
NSTI result in a significant loss of secondary wall thickening in
fibers, simultaneous mutations of SND1, NSTI and NST2 are
required to achieve a complete loss of secondary wall thickening
in fibers. Our results provide genetic evidence demonstrating
that NST2 functions together with SND1 and NST1 to regulate
secondary wall biosynthesis in fibers of stems.
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Results and Discussion

The ten Arabidopsis SWNs are phylogenetically grouped into
2 subgroups, SND1, NST1 and NST2 being in one and VND1
to VND7 in another (Fig. 1A). Quantitative PCR analysis
showed that similar to SNDI and NST1, NS12 was predomi-
nantly expressed in stem internodes near cessation of elongation
and non-elongating internodes (Fig. 1B) in which metaxylem
and interfascicular fibers undergo massive secondary wall deposi-
tion."® Further expression analysis in microdissected cells of
stems revealed that NS72 was highly expressed in both interfas-
cicular fibers and xylem cells with a greater level in interfascicular
fibers, a pattern resembling those of SNDI and NST1 (Fig. 1C).
These findings raise the possibility that NST2 might be involved
in regulating secondary wall biosynthesis in fibers as are SND1
and NST1.

A previous expression analysis using NS72 promoter-GUS
reporter gene showed little GUS signal in stems,'' indicating
that the promoter sequence used may not contain all the cis-ele-
ments required for the proper expression of the endogenous
NST2 gene since some cis-elements for certain genes may be
located intragenically.'” To further ascertain the cell-type specific
expression pattern of NS72 observed by quantitative PCR analy-
ses, we employed the entire NS72 gene sequence, including a
3-kb 5’ upstream sequence, the entire exon and intron region,
and a 2-kb 3’ downstream sequence, to perform GUS reporter
gene expression analysis. Examination of GUS expression in
transgenic plants showed that the GUS staining was only present
in interfascicular fibers but not in vessels of the protoxylem in
elongating internodes of stems (Fig. 2A). In non-elongating
internodes where secondary wall deposition is evident in interfas-
cicular fibers and in vessels and xylary fibers of the metaxylem,
the GUS staining was prominent in interfascicular fibers and
xylary fibers but not in vessels (Fig. 2B). These results demon-
strate that VS72 is expressed in both interfascicular fibers and
xylary fibers in stems, implicating its possible role in regulating
secondary wall biosynthesis in these cell types. In the root-hypo-
cotyl region where extensive secondary growth occurrs, the GUS
staining was seen in the secondary phloem but not in the second-
ary xylem (Fig. 2C). Since fiber cells are present in the secondary
phloem of the root-hypocotyl region, it is possible that NST2 is
involved in regulating secondary wall biosynthesis in phloem
fibers in the root-hypocotyl region.

Figure 1. Expression analysis of NST2 in comparison with SND7 and NST1
in various organs and cell types. (A) Phylogenetic relationship of second-
ary wall NAC master switches from Arabidopsis and Populus trichocarpa
(Ptr). The phylogenetic tree was constructed with the neighbor-joining
algorithm using the neighbor-joining method in MEGA5.2."® Bootstrap
values are shown in percentages at the nodes. The 0.1 scale denotes
10% change. (B) Quantitative PCR analysis showing the predominant
expression of NST2, SNDT and NSTT in stems. The expression of each
gene in seedlings was set to 1. (C) Quantitative PCR analysis showing the
expression of NST2, SND1 and NSTT in both interfascicular fibers and
xylem cells isolated from Arabidopsis inflorescence stems. The expression
of each gene in pith cells was set to 1. Error bars denote SE of 3 biologi-
cal replicates.
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NSTI was previously reported to be expressed in both fibers  and vessels.'"'* However, simultancous mutations of SNDI and
and protoxylem vessels in stems based on the NST1 promoter- NST7T only affected secondary wall thickening in fiber cells but
GUS reporter gene expression analysis, which led to the sugges- not that in vessels. Therefore, it is important to discern whether
tion that NST1 regulates secondary wall thickening in both fibers  NST'1 is expressed in both fibers and vessels. GUS reporter gene

Elongating internode

Non-elongating internode

Root-hypocotyl

Figure 2. Fiber-specific expression of NST2 and NST1 in Arabidopsis stems and root-hypocotyl region. The NST2 and NSTT genes were fused with the GUS
reporter gene to generate the expression constructs, which were transformed into Arabidopsis plants. The first generation of transgenic plants was used
for examination of GUS activity (shown as blue). (A and D) Cross sections of elongating internodes showing specific expression of NST2-GUS (A) and
NST1-GUS (D) in developing interfascicular fibers. (B and E) Cross sections of non-elongating internodes showing specific expression of NST2-GUS (B)
and NSTT-GUS (E) in interfascicular fibers and xylary fibers (red arrows) but not in vessels (black arrows). (C and F) Cross sections of the root-hypocotyl
region showing expression of NST2-GUS in the secondary phloem (C) and NST7-GUS in the secondary xylem (F). The inset in (F) is an enlarged portion of
the secondary xylem showing GUS staining in xylary fibers but not in vessels. co, cortex; if, interfascicular fiber; mx, metaxylem; px, protoxylem; sx, sec-
ondary xylem; ve, vessel; xf, xylary fiber. Bar in (A) = 145 pm for (A) to (F).
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expression analysis using the entire NS7/ gene sequence, includ-
ing a 3-kb 5’ upstream sequence, the entire exon and intron
region, and a 2-kb 3’ downstream sequence, revealed that NS7'7
was specifically expressed in interfascicular fibers and xylary fibers
but not in vessels in stems (Fig. 2D and E). In the root-hypocotyl
region, NST1 expression was prominent in developing xylary
fibers but not in vessels in the secondary xylem (Fig. 2F). These
results demonstrate that similar to SNDI [12] and NS72
(Fig. 2A and B), NST1 is specifically expressed in fiber cells in
stems, which is consistent with the observation that the snd! nst1
double mutant only showed defective secondary wall thickening
in fibers. It also indicates that like that of NS72, the promoter
sequence of NST7 used in the previous studies [11,14] does not
contain all the cis-elements required for its proper expression.
Id be interesting to find out what cis-elements are responsible
for fiber-specific expression of NS71 and NS72.

We next investigated a role of NST2 in regulating secondary
wall biosynthesis in fibers of stems. Single mutation of SNDI,
NST1 or NST3 does not cause apparent defects in secondary
wall thickening.""'>'* The snd1 nstl double mutant had a pen-
dent stem phenotype (Fig. 3) due to a loss of secondary wall
thickening in both interfascicular fibers and xylary fibers in
stems.'>'* Closer examination of stems revealed that although
secondary wall thickening was not seen in interfascicular fibers
and xylary fibers of 7-week-old sndl nstl double mutant
(Fig. 4B),">" various degrees of secondary wall thickening was
observed in interfascicular fibers of 9-week-old sndl nstI mutant
plants (Figs. 4C-E). It was noted that patches of interfascicular
fiber cells had secondary walls albeit with a much lesser degree of
thickening compared with the massive secondary wall thickening
in the fibers of wild-type stems (Fig. 4A). This finding suggests
that another SWN may play a redundant role in regulating the
secondary wall thickening of interfascicular fibers. To find out
whether NST2, which is highly expressed in fiber cells as shown
in Figure 2, plays such a role, we created sndl nstl nst2 triple
mutant. The mutant plants exhibited the same pendent stem
phenotype as the sndl nstl double mutant (Fig. 3A). Examina-
tion of stems of 9-week-old sndl nstl nst2 triple mutant revealed
no secondary wall thickening in interfascicular fibers and xylary
fibers (Fig. 4F), indicating that NST2 is responsible for the par-
tial deposition of secondary walls in the interfascicular fibers of
9-week-old sndl nstl double mutant. In addition, it was noticed
that although the snd1 nstl double mutant was as fertile as the
wild type, the triple mutant was sterile (Fig. 3B) due to anther
indehiscence caused by the mutations of NS77 and NS72."!

In summary, we have demonstrated that like SNDI, both
NSTI and NST2 are specifically expressed in interfascicular fibers
and xylary fibers in stems and that simultaneous mutations of all
these 3 SWNs are required for a complete loss of secondary wall
thickening in fibers. Our findings provide genetic evidence indi-
cating that NST?2 together with SND1 and NST1 are involved
in regulating secondary wall biosynthesis in fibers. The fact that
only a small amount of secondary walls was deposited in the
fibers of the sndl nstl double mutant during the late stage of
stem development indicates that NST2 plays a minor role in the
regulation of secondary wall biosynthesis in fibers. However,
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expression of NST?2 driven by the SND1 promoter could rescue
the secondary wall defects of the snd 1 nstI double mutant,'® indi-
cating that the endogenous expression level of NST?2 is a primary
determinant of its functional significance in regulating secondary

Figure 3. Plant morphology of the snd1 nst1 double mutant and the
snd1 nstl nst2 triple mutant. Seven-week-old (A) and 9-week-old (B)
snd1 nst1 double mutant and snd1 nst1 nst2 triple mutant showing pen-
dent stem phenotype compared with the wild type (WT). The inset in (B)
shows the sterile inflorescence of the snd1 nst1 nst2 triple mutant com-

pared with the wild type and the snd1 nst1 double mutant.
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wall biosynthesis in fibers. It is now apparent that regulation of
secondary wall biosynthesis in Arabidopsis inflorescence stems
involves all 10 SWNs, vessel-specific VND1 to VND7 and fiber-
specific SND1, NST1 and NST2. Their roles in regulating

secondary wall biosynthesis are largely interchangeable since it
has been demonstrated that expression of any of the 10 SWNs
driven by the SND1 promoter is capable of rescuing the second-
ary wall defects of the snd1 nst1 double mutant.'®'®

Figure 4. Complete loss of secondary wall deposition in fibers of the snd7 nst1 nst2 triple mutant. Cross sections of stems were stained for lignin (shown
as red) with phloroglucinol-HCI. (A) Nine-week-old wild type showing thick lignified walls in interfascicular fibers, xylary fibers and vessels. (B) Seven-
week-old snd1 nst1 double mutant showing an absence of lignified walls in interfascicular fibers and xylary fibers. (C-E) Nine-week-old snd1 nst1 double
mutant showing various degrees of lignified walls in interfascicular fibers. (F) Nine-week-old snd1 nst1 nst2 triple mutant showing a complete absence of
lignified walls in interfascicular fibers and xylary fibers. if, interfascicular fiber; ve, vessel; xf, xylary fiber. Bars = 115 pum.
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Materials and Methods

Plant growth conditions

Plants were grown in a greenhouse with supplemental lights
under 14-h-light/10-h-dark cycles. Common garden potting soil
was used for growing plants with biweekly application of plant
fertilizers.

Quantitative PCR analysis

Total RNA was isolated from different organs and cell types
with a Qiagen RNA isolation kit (Qiagen). The seedlings used
were 5 d 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 interfas-
cicular fibers, xylem and pith cells, were isolated from stems of
6-week-old plants using PALM microlaser system (PALM
Microlaser Technologies). Total RNAs were first converted into
first strand cDNAs, which served as templates for real-time quan-
titative PCR analysis with the QuantiTect SYBR Green PCR kit
(Clontech). The PCR primers for SND1 were 5’-actccaagcaaactc-
gatttctct-3' and 5'-tacagataaatgaagaagtgggtc-3'; those for NST1
were 5'-gcttaacggacccacatcatattc-3'  and  5'-ttatccactaccattcga-
cacgtg—3'; those for NST2 were 5’—tcaacaactgccacgtcagcaaag—3/
and 5'-ttatccactaccgttcaacaagtg-3'. The relative expression level
was calculated by normalizing the PCR threshold cycle number
of each gene with that of the EF/a reference gene. The data were
the average of 3 biological replicates.

GUS reporter gene analysis

The NSTI or NST2 gene containing a 3-kb 5’ upstream
sequence, the entire coding region, and a 2-kb 3’ downstream
sequence was used for gene expression analysis with the GUS
reporter gene. The GUS gene was inserted in frame right before
the stop codon of these genes, and then cloned into pBI101
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