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Abstract

Xylan is the major plant hemicellulosic polysaccharide in the secondary cell wall. The transcription
factor KNOTTED-LIKE HOMEOBOX OF ARABIDOPSIS THALIANA 7 (KNAT7) regulates
secondary cell wall biosynthesis, but its exact role in regulating xylan biosynthesis remains unclear.
Using transactivation analyses, we demonstrate that KNAT7 activates the promoters of the xylan
biosynthetic genes, IRREGULAR XYLEM 9 (IRX9), IRX10, IRREGULAR XYLEM 14-LIKE (IRX14L),
and FRAGILE FIBER 8 (FRAS). The knat7 T-DNA insertion mutants have thinner vessel element
walls and xylary fibers, and thicker interfascicular fiber walls in inflorescence stems, relative to wild-
type (WT). KNAT7 overexpression plants exhibited opposite effects. Glycosyl linkage and sugar
composition analyses revealed lower xylan levels in knat7 inflorescence stems, relative to WT; a
finding supported by labeling of inflorescence walls with xylan-specific antibodies. The knat7 loss-of-
function mutants had lower transcript levels of the xylan biosynthetic genes IRX9, IRX10, and FRAS,
whereas KNAT7 overexpression plants had higher mRNA levels for IRX9, IRX10, IRX14L, and FRAS.
Electrophoretic mobility shift assays indicated that KNAT7 binds to the IRX9 promoter. These results

support the hypothesis that KNAT7 positively regulates xylan biosynthesis.
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INTRODUCTION

The secondary cell wall consists primarily of cellulose, hemicellulose, and lignin in approx. equal
proportions. Xylan is the major hemicellulose component in secondary walls of most dicots and
monocots, and consists of a linear backbone of B-(1-4)-linked D-xylosyl (Xyl) residues and a-linked
(+/- OMe (methyl)) glucuronic acid (GlcA) side branches (Scheible and Pauly 2004; Zhang and Zhou
2011; Pauly et al. 2013). Additionally, a distinct tetrasaccharide sequence, 4-B-D-xylose-(1-3)-a-L-
rhamnose-(1-2)-a-D-galacturonic acid-(1-4)-D-xylose is present at the reducing end of the xylan
backbone, in gymnosperms and dicots (Johansson and Samuelson 1977; Andersson et al. 1983; Pefa
et al. 2007).

In Arabidopsis thaliana, IRREGULAR XYLEM 9 (IRX9), IRX10, IRREGULAR XYLEM 9-LIKE
(IRX9L), IRX10, IRXIOL, IRX14, and IRXI4L are involved in xylan backbone extension, whereas
FRAGILE FIBER 8 (FRAS), FRAS8 HOMOLOG (F8H), IRXS8, and PARVUS are associated with the
biosynthesis of the xylan reducing end tetrasaccharide (Brown et al. 2007, 2009; Lee et al. 2007a,
2007b, 2009, 2012c; Wu et al. 2009, 2010; Jensen et al. 2014; Urbanowicz et al. 2014). Addition of
GIcA side chains, in the Arabidopsis xylan, is mediated by GLUCURONIC ACID SUBSTITUTION
OF XYLAN 1 (GUX1), GUX2, and GUX3 (Mortimer et al. 2010; Lee et al. 2012a; Bromley et al.
2013) and approx. 60% of the GIcA side chains are methylated, at O-4, a process catalyzed by
GLUCURONOXYLAN METHYLTRANSFERASE 1 (GXM1), GXM2, and GXM3 (Lee et al. 2012b;
Urbanowicz et al. 2012). Four REDUCED WALL ACETYLATION (RWA) genes and ESKIMO 1 (ESKI)
are involved in acetylation of the xylan main chain, at O-2 and O-3 (Lee et al. 2011; Xiong et al. 2013;
Yuan et al. 2013). IRXI5 and IRXI5L may be involved in xylan biosynthesis, but their precise
functions remain unclear (Brown et al. 2011; Jensen et al. 2011). Recent studies revealed that the
cytosolic UDP-Xylose synthases (UXSs) for UDP-Xylose substrate biosynthesis and UDP-Xylose
transporters (UXTs) for UDP-Xylose transport from cytosol to Golgi lumen were also involved in

xylan backbone elongation (Kuang et al., 2016; Zhao et al., 2017).
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Xylem differentiation provides a model system for cell wall studies; this differentiation forms
conductive vessel elements and supportive fiber cells. After xylem cell differentiation, secondary wall
biosynthesis commences, involving deposition of cellulose, hemicellulose, and lignin, and results in
strengthened walls. Many classes of transcription factors (TFs) function in xylem differentiation,
including AUXIN/INDOLEACETIC ACID (Aux/IAA), AUXINRESPONSE FACTOR (ARF), class
I HOMEODOMAIN LEUCINE-ZIPPER (HD-ZIP III), and the basic helix—loop—helix (bHLH) TFs
TARGETS OF MONOPTEROSS (TMOS5) and LONESOME HIGHWAY (LHW) (Ohtani et al. 2016).

A systematic analysis of high-spatial-resolution gene expression datasets and yeast one-hybrid
screens indicated that the E2Fc TF, which is upstream of VASCULAR RELATED NAC-DOMAIN
PROTEIN6 (VND6) and VND7, might be the top-level master regulator of secondary wall
biosynthesis (Taylor-Teeples et al. 2015). NAC (NAM, ATAF1/2, and CUC2) TFs are also master
regulators of secondary wall biosynthesis. Of these, VNDI1-VND7 regulate secondary wall
biosynthesis in vessels (Kubo et al. 2005; Yamaguchi et al. 2008; Zhou et al. 2014), whereas NAC
SECONDARY WALL THICKENING PROMOTING FACTOR1 (NST1), NST2 and
NST3/SECONDARY WALL-ASSOCIATED NAC DOMAIN PROTEIN1 (SNDI1) control this
process in fibers (Zhong et al. 2006; Mitsuda et al. 2007; Zhong and Ye 2015).

Two MYB TFs, MYB46 and MYBS3, act as second-level regulators (Zhong et al. 2007; Ko et al.
2009; McCarthy et al. 2009) to activate a battery of downstream TFs, including SND2, SND3,
MYB20, MYB42, MYB43, MYB52, MYB54, MYB58, MYB63, MYB69, MYB85, MYB103, and
KNAT7 (Zhong et al. 2008; Zhong and Ye 2012; Taylor-Teeples et al. 2015), which consequently
regulate the biosynthesis of cellulose, xylan, and lignin (Zhong and Ye 2014). Regulation of the lignin
monolignol biosynthetic pathway genes by MYB TFs has been well characterized since most of these
genes contain AC cis-elements in their promoters (Hatton et al. 1995; Boerjan et al. 2003; Zhong et al.
2010a), but the regulation of xylan synthesis remains unclear.

KNAT7 is one of eight Arabidopsis KNOTTEDI-LIKE HOMEBOX (KNOX) genes, and it has
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been postulated to play a role regulating secondary cell wall biosynthesis (Li et al. 2012). KNAT7
expression increases in concert with secondary cell wall development in the Arabidopsis inflorescence
stem (Ehlting et al. 2005; Zhong et al. 2008); its dominant repression causes a reduction in secondary
cell wall thickening in both vessel elements and fibers (Zhong et al. 2008). The knat7 T-DNA
insertion mutants exhibit inward collapsed vessel elements (irx phenotype) and lower levels of xylose
in inflorescence stems compared to wild-type (WT) (Brown et al. 2005). These knat7 mutants have
thinner vessel element cell walls, in inflorescence stems, a reduced xylem:phloem ratio in secondary
thickened hypocotyls and abnormally thick radial cell walls in seed coat epidermal cells (Romano et
al. 2012). Furthermore, in virus-induced Nicotiana benthamiana (Nb) KNAT7-silenced and NbDKNAT7
RNAI plants, fiber cell walls are thinner and transcript levels of some cellulose, xylan, and lignin
biosynthetic genes are reduced, whereas the opposite is observed in NbKNAT7 overexpression plants
(Pandey et al. 2016). Dominant repression of the KNAT7 homolog, Gossypium hirsutum KNOTTEDI -
LIKE (GhKNLI) results in significantly shorter fibers and thinner fiber cell walls, relative to WT
cotton (Gong et al. 2014).

KNAT7 acts as a transcriptional repressor that negatively regulates secondary cell wall
biosynthesis (Li et al. 2011, 2012; Bhargava et al. 2013; Liu et al. 2014). It represses VP16-activated
transcription of the f-GLUCURONIDASE (GUS) reporter gene (Li et al. 2011) and the expression of
the GUS reporter gene driven by —46 base pair (bp) Cauliflower mosaic virus (CaMV) 35S promoter
(Bhargava et al. 2013). The knat7 mutants have thicker fiber cell walls, higher lignin content and
higher expression levels of many secondary cell wall biosynthetic genes in inflorescence stems,
whereas KNAT7 overexpression (KNAT7-OE) leads to thinner cell walls in interfascicular fibers (Li et
al. 2012). KNAT?7 interacts with BEL1-LIKE HOMEODOMAIN 6 (BLH6) and the KNAT7-BLH6
protein complex operates as a repression module in secondary wall formation by directly repressing
the expression of INTERFASCICULAR FIBERLESS 1 (IFLI) (Liu et al. 2014). IFLI loss-of-function

mutants have abnormal fibers and vessel elements in inflorescence stems (Zhong and Ye 1999).
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However, one study showed that b[h6 mutants contain less lignin relative to WT (Cassan-Wang et al.
2013).

Although previous work reported that KNAT7 regulates secondary cell wall biosynthesis, a
detailed analysis focused on hemicellulosic xylan has not been conducted. Here, we report that
KNAT7 activates the promoters of IRX9, IRX10, IRXI14L, and FRAS. Xylan content and expression
levels of IRX9, IRX10, and FRAS8 decrease in knat7 mutants, whereas expression levels of IRX9,
IRX10, IRX14L, and FRAS increase in KNAT7-OE plants. In addition, we establish that KNAT7 can
bind to the IRX9 promoter. These results support the hypothesis that KNAT7 positively regulates

xylan backbone biosynthesis and directly induces IRX9 expression.

RESULTS

KNAT?7 activates the promoters of IRX9, IRX10, IRX14L, and FRAS8

To screen TFs regulating xylan biosynthesis, in Arabidopsis, we conducted transactivation analyses of
TFs that regulate secondary cell wall biosynthesis. We engineered effector constructs by fusing the TF
genes downstream of the CaMV 35S promoter, and engineered reporter constructs by fusing the
promoters of IRX9, IRX9L, IRX10, IRXI0L, IRX14, IRX14L, FRAS, and F8H in front of the FIREFLY
LUCIFERASE (FLUC) reporter gene (Figure 1A). The reference construct contained the RENILLA
LUCIFERASE (RLUC) reporter gene downstream of the CaMV 35S promoter (Figure 1A). The
promoter lengths used for IRX9, IRX9L, IRX10, IRXIOL, IRX14, IRXI4L, FRAS, and F8H were 2,045,
1,432, 825, 2,514, 2,855, 541, 2,501, and 2,502 bp, respectively, upstream from the start codon, based
on distances from upstream genes. The effector, reporter, and reference constructs were co-transfected
into Arabidopsis leaf protoplasts for transactivation analyses. These assays indicated that KNAT7
significantly induced expression of the FLUC reporter gene driven by the promoters of IRX9, IRX10,

IRX14L, and FRAS, but not IRX9L, IRX10L, IRX14, and F8H (Figure 1B).
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Xylan content analysis of knat7 mutants

Based on the finding that KNAT7 activates the promoters of the major xylan backbone biosynthetic
genes IRX9, IRX10, IRX14L, and FRAS (Figure 1B), we next investigated whether KNAT7 affects
xylan content in Arabidopsis. To this end, we identified a T-DNA insertion mutant allele of KNAT7
(SALK_110899) that exhibited a similar phenotype to other independent T-DNA insertion mutant
alleles of KNAT7 (Li et al. 2012). The full transcript of KNAT7 was undetectable in plants
homozygous for the knat7 allele, based on reverse transcription-polymerase chain reaction (RT-PCR)
assays (Figure 2A).

Xylan content of the alcohol-insoluble residue (AIR) fraction of 7-week-old knat7 mutant lower
inflorescence stems was analyzed by enzyme linked immunosorbent assay (ELISA) with the
monoclonal LM10 (rat immunoglobulin class IgG2c) and LMI11 (class IgM) antibodies that
specifically recognize xylan (McCartney et al. 2005). Here, we determined that the xylan content was
decreased by 14% in knat7 relative to WT plants (Figure 2B). Non-cellulosic monosaccharide
composition was also analyzed; Xyl and GIcA content was decreased in knat7 mutants compared to
WT (Figure 2C). Glycosyl linkage analysis indicated that the xylan content in mature inflorescence
stems from the knat7 mutants was decreased by 17% relative to WT plants (Table 1). To further verify
the defect in xylan content in knat7 mutant plants, compared to WT, '"H-NMR spectra of the purified
xylo-oligosaccharides obtained from the AIR fractions showed that mutants had more (4-OMe) GIcA
side chains (Figure 2D). Therefore, knat7 mutants contained less xylan but had a higher (4-OMe)

GIcA side chain content.

KNAT?7 regulates secondary cell wall formation
A previous study reported that the knat7 T-DNA insertion mutants (SALK_002098) had thicker
interfascicular and xylary fiber cell walls, but thinner vessel element cell walls in inflorescence stems,

and there was a striking decrease in the thickness of secondary walls in interfascicular fibers of
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KNAT7-OE plants compared to WT (Li et al. 2012), which is seemingly at odds with our observation
that knat7 mutants contained less xylan (Figure 2; Table 1). To elucidate in more detail how KNAT7
regulates secondary cell wall biosynthesis, we examined cross-sections taken from the base of
inflorescence stems of 6-week-old knat7 mutants and KNAT7-OE plants. The full-length coding
sequence of KNAT7 was fused downstream of the CaMV35S promoter in a binary vector and the
expression constructs were transformed into WT plants and knat7 mutants to generate KNAT7-OE
plants and conduct complementation experiments. KNAT7 expression levels and anatomical
phenotypes of the transgenic plants were assayed in the 6-week-old T, generation. RT-PCR indicated
that KNAT7 was over-expressed in KNAT7-OE plants (Figure 3A) but its expression was similar to
WT in 35S:KNAT7/knat7 plants (Figure 3B).

Vessel element, xylary fiber and interfascicular fiber cell wall thicknesses were measured
under high magnification light microscopy on toluidine blue stained thin sections. The vessel elements
in inflorescence stems of knat7 mutants exhibited an irx type phenotype, which could be rescued by
KNAT7 expression driven by CaM V35S (Figure 3C). The knat7 mutants had thinner vessel element
and xylary fiber secondary cell walls in inflorescence stems than WT plants, whereas KNAT7-OE
plants showed the opposite phenotype (Figure 3C; Table 2). There was a >25% increase in cell wall
thickness of interfascicular fibers in the knat7 mutants and a decrease in thickness in KNAT7-OE

plants compared to WT (Figure 3C; Table 2).

KNAT?7 regulates expression of IRX9, IRX10, IRX14L, and FRAS

We next investigated the expression of IRX9, IRX9L, IRX10, IRXIOL, IRX14, IRXI4L, FRAS8, and
F8H in the lower half of inflorescence stems of 6-week-old knat7 mutant and KNAT7-OE plants by
quantitative real-time PCR (qRT-PCR). Gene expression of IRX9, IRX10, and FRAS was significantly
down-regulated in the knat7 mutant, but unchanged for the other genes tested (Figure 4A). KNAT7-

OE plants showed increased expression of IRX9, IRX10, IRX14L, and FRAS (Figure 4B).
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KNAT7 binds to the IRX9 promoter

KNAT7 activates expression of the FLUC reporter gene driven by the /RX9 promoter (Figure 1B), and
regulates IRX9 expression, in vivo (Figure 4), leading us to examine whether it binds to the /RX9
promoter. Unfortunately, using the electrophoretic mobility shift assay, the protein—probe complexes
and long free probes could not be effectively separated by electrophoresis. Consequently, we
performed transactivation analyses with reporter constructs containing 5’ deletions of the IRX9
promoter to identify the possible KNAT7 binding region. These assays indicated that the DNA
fragment located between —492 and —1 bp relative to the start codon was effective for activation by
KNAT?7 (Figure 5A). There appears to be a KNAT7 binding element between —492 and —1,041 bp,
which causes a significant decrease in activation between the —1,041 to —1 bp and the —492 to —1 bp
fragments. Further 5’ deletion of approximately 100 bp from the —492 bp position indicted that the
=209 to —1 bp fragment was activated by KNAT7, even though the level of activation was much lower
than the —325 to -1 bp fragment. However, the —116 to —1 bp fragment was not activated by KNAT7
(Figure 5A). These results suggested that the =209 to —117 bp fragment contained the KNAT7 binding
element.

Next, we performed EMSA using biotin-labeled =209 to —157 bp and —169 to =117 bp fragments
of the IRX9 promoter and recombinant GLUTATHIONE S-TRANSFERASE (GST)-KNAT?7 fusion
protein. However, no mobility shift was observed (Figure 5B). Based upon the transactivation
analyses we concluded that the —209 to —1 bp fragment contained most of the KNAT7 binding
element, whereas the =325 to —1 bp fragment contained the entire element. We then conducted EMSA
with the biotin-labeled —236 to —184 bp IRX9 promoter fragment and here we observed that the
recombinant KNAT7 protein bound to the /RX9 promoter fragment and caused a mobility shift
(Figure 5C). This mobility shift gradually diminished as the concentration of competing unlabeled

IRX9 promoter fragment increased, and was not seen when the IRX9 promoter fragment was
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incubated with GST alone. This indicated that the direct binding of KNAT7 to the /RX9 promoter was

specific.

DISCUSSION

Despite the importance of xylans as components of the secondary cell wall, the transcriptional
regulation of xylan biosynthesis is less fully understood than that of cellulose or lignin. In this study,
we show that KNAT7 activates the expression of four xylan biosynthetic genes, IRX9, IRX10, IRXI4L,
and FRAS based on the following lines of evidence. First, KNAT7 activates expression, in leaf
protoplasts, of the FLUC reporter gene driven by the IRX9, IRX10, IRX14-L, or FRAS promoters
(Figure 1B). Second, IRX9, IRX10, and FRAS8 expression is significantly reduced in knat7 mutants
(Figure 4A). Third, IRX9, IRX10, IRX14L, and FRAS expression is induced by over-expression of
KNAT7 (Figure 4B). Given that IRX14-L expression was not reduced in knat7 mutants, we can
hypothesize that it is activated by other TFs (Figure 3B). However, previous studies on knat7 mutants
showed that knat7 mutants also have increased /RX9 and FRAS expression, while levels of IRX10 are
similar to WT (Li et al. 2012). Another study showed that knat7 mutants expressed more /RX9, almost
equal IRX9L and FRAS, and less IRX10 relative to WT plants (Liu et al. 2014). MYB46 is known to
directly activate IRX/4L expression (Zhong and Ye 2012) and positively regulate the expression of
IRX9 and FRAS8 (Zhong et al. 2007; Ko et al. 2009). Transactivation analyses for MYB46 (Figure S1)
are in accordance with these earlier studies and, hence, consistent with our transactivation analyses of
KNAT?7.

Based on our EMSA, KNAT7 appears to induce /RX9 expression by binding directly to the /RX9
promoter (Figure 5C). This is consistent with KNAT7 and IRX9 expression patterns; both are
expressed in stem and root cells undergoing secondary wall formation (Pefia et al. 2007; Zhong et al.
2008; Liu et al. 2014), indicating they likely function in these same cell types. As KNAT7 directly

induces IRX9 expression, our findings suggest that KNAT7 is a transcriptional activator, rather than a
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repressor, as reported by others (Li et al. 2011; Bhargava et al. 2013). We propose that binding of the
GD-KNAT?7 fusion protein to the Gal4 sequence likely hinders LD-PV6 fusion protein binding to the
adjacent LexA sequence. This results in a decrease in GUS reporter gene expression in transactivation
analyses (Li et al. 2011), since PV6 is a known strong transactivation domain (Zuo et al. 2000). If the
transactivation activity of KNAT7 is weaker than the —46 bp CaMV 35S promoter, the binding of the
GD-KNAT?7 fusion protein to the Gal4 sequence may also affect the function of the adjacent —46 bp
CaMV35S promoter, causing a decrease in GUS reporter gene expression in these analyses (Bhargava
et al. 2013).

Our results are in conflict with the proposal that KNAT7 negatively regulates secondary cell wall
biosynthesis as a transcriptional repressor (Li et al. 2011, 2012). Moreover, the expression of KNAT7
is directly activated by the transcriptional activators SND1 and MYB46, which are positive master
regulators of secondary cell wall biosynthesis, and the phenotype of KNAT7 dominant repression
mutants is similar to both SND1 and MYB46 dominant repression mutants, namely reduced
secondary wall thickness in both vessel elements and fibers in inflorescence stems (Zhong et al. 2006,
2007, 2008; Zhong and Ye 2012). Therefore, we conclude that KNAT7 is unlikely to be a
transcriptional repressor.

Based on our studies, KNAT7 positively regulates xylan biosynthesis. In support of this
hypothesis, knat7 mutants had decreased xylan contents (Figures 2B-D; Table 1), and some xylan
biosynthetic genes (IRX9, IRX10, and FRAS8) had reduced expression in KNAT7 loss-of-function
mutants, and other genes (IRX9, IRX10, IRX14L, and FRAS8) had enhanced expression in KNAT7-OE
lines compared to WT plants (Figure 4). Furthermore, this KNAT?7 function is consistent with findings
from studies involving NbKNAT?7, as xylan content decreased in virus-induced NbKNAT?7-silenced
and NDKNAT7 RNAI plants, and increased in the NbKNAT7 over-expression plants (Pandey et al.
2016). In addition, previous studies have indicated that an intact xylan synthase complex (XSC),

comprised of IRX9, IRX10, and IRX14, is responsible for xylan biosynthesis (Zeng et al. 2016).
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Although there were only minor effects on IRX/0 and IRX14 expression, knat7 and KNAT7-OE
strongly affected IRX9 expression (Figure 4), suggesting that control over xylan biosynthesis might
occur through modulation of IRX9 levels in the XSC.

Contrary to KNAT7 positively regulating xylan biosynthesis, we determined that knat7 mutants
contain a greater amount of lignin compared to WT (Figure S2; the lignin content was measured by
pyrolysis gas chromatography-mass spectrometry). It has been reported that knat7 mutants contain
more lignin, and consistent with this finding, a suite of lignin biosynthetic genes involved in
secondary wall deposition is up-regulated in knat7 mutants (Li et al. 2012, Liu et al. 2014).
Consequently, KNAT7 could negatively regulate lignin biosynthesis.

In our study, knat7 mutants had thinner vessel element and xylary fiber cell walls, but thicker
interfascicular fiber cell walls, in inflorescence stems compared to WT, and KNAT7-OE plants
exhibited the opposite phenotype (Figure 3; Table 2). These findings are not in complete concordance
with the earlier study of Li et al. (2012). Taken together with the observation that knat7 seed coat
epidermal cells have abnormally thick radial cell walls (Romano et al. 2012), it would appear that
KNAT?7 does not simply activate or repress every component of the secondary wall equally. Rather, it
differentially induces or represses the deposition of various components in specific cell types.
Recently, the E2Fc TF (Taylor-Teeples et al. 2015), which can bind to promoters of VND6, VND7
and MYB46, was shown to be a positive activator of secondary cell wall biosynthesis, whereas it is
also a negative regulator of endo-reduplication (del-Pozo et al. 2002, 2006). Thus, E2Fc functions in
different transcriptional complexes to have seemingly opposite effects. It is, therefore, possible that
KNAT?7 functions in a similar manner: either as an activator or repressor, depending upon the
composition of the complex in different tissue/cell types.

We have demonstrated that KNAT7 directly activates IRX9 expression and also activates /RX10,
IRX14L, and FRAS expression. These findings enrich our understanding of the transcriptional network

involved in the regulation of xylan biosynthesis (Figure 6). In this network, VND6, VND7, SNDI,
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NST1, and NST2, the master regulators of secondary wall biosynthesis, directly activate the
expression of TF genes MYB46, MYBS3, and KNAT7 and xylan biosynthetic genes IRX10, IRXI4L,
and PARVUS (Zhong et al. 2008, 2010b; McCarthy et al. 2009). MYB46 and MYB&3, the second-
level regulators, directly activate the expression of KNAT7 and the xylan biosynthetic gene /RX/4L

(Zhong et al. 2012). KNAT?7 acts as the master downstream TF.

MATERIALS AND METHODS
Plant material and growth conditions
Arabidopsis thaliana (L.) Heynh ecotype Columbia-O (Col-0) was used as the WT plant, and for
construction of the mutants and transgenic lines. Plants were grown at 22°C with a 16/8 h (light/dark)
photoperiod at approximately 120 umol m? sec™ light on soil. The T-DNA insertion mutant allele of
KNAT7, SALK_110899, designated knat7, was identified using the SIGnal database
(http://signal.salk.edu/) and seeds were obtained from the Arabidopsis Biological Resources Center
(ABRC, Columbus, OH, USA). KNAT7 gene-specific primers (5'-AAGCCTGATATGCCCTTACGC-
3, 5-GCTTCAAAGAACAGCTGCAAC-3") and the T-DNA-specific primer LBbl.3 (§'-
ATTTTGCCGATTTCGGAAC-3') were used for PCR genotyping.

WT and knat7 plants were used for transformation by Agrobacterium tumefaciens GV3101 using
the floral dip method (Clough and Bent 1998). Transgenic plants were selected by Basta and
confirmed by RT-PCR. Phenotypes of transgenic plants were examined in the T1 and T2 generations

and at least two lines with similar phenotypes were obtained and results were representative.

Vector construction
The coding sequences of TF genes were cloned into the pUGW?2 vector to generate effector constructs.
The promoters of the xylan backbone biosynthetic genes were cloned into the pUGW35 vector to

produce reporter constructs. For the KNAT7-OE construct, the coding sequence of KNAT7 was cloned

This article is protected by copyright. All rights reserved


http://signal.salk.edu/pBIN-pROK2.txt-new

into the pEarleyGate100 vector. The 249 bp terminal coding sequence of KNAT7 was cloned into the
pGEX-4T-2 vector downstream of the GST coding sequence to construct the GST-KNAT7 expression
construct. The cloning primers were shown in Table S1. The vectors above were constructed using

Gateway Technology (Walhout et al. 2000).

Transactivation analyses

The effector, reporter, and reference constructs were co-transfected into Arabidopsis leaf protoplasts
(Yoo et al. 2007). After 16 h of incubation, protoplasts were lysed and the supernatants assayed for
FLUC and RLUC activities with the Dual-Luciferase Reporter Assay System (Promega, Madison, WI,

USA). FLUC activity was normalized against RLUC activity in each transfection.

RT-PCR and qRT-PCR analyses

Total RNA was isolated using a plant RNA kit (Omega, Norcross, GA, USA) according to the
manufacturer’s protocol. Then, 1 pg total RNA was purified from DNA and reverse transcribed into
first strand cDNA with the PrimerScript RT Reagent Kit with gDNA Eraser (Takara, Kyoto, Japan)
according to the manufacturer’s protocol. RT-PCR was conducted with first-strand cDNA as the
template. The QRT-PCR was performed with the SYBR Premix Ex Taq Il (Takara) on LightCycler480
Real-Time PCR System (Roche, Basel, Switzerland). All primers for RT-PCR and qRT-PCR were
shown in Tables S2 and S3. The expression level of each gene was normalized to PP2AA3 according

to the comparative AACT method.

ELISA
The lower inflorescence stems of 7-week-old plants were harvested. Alcohol-insoluble residues (AIR)
were prepared by extracting the samples with 96% (v) ethanol at 70°C for 30 min and then air dried

(Pettolino et al. 2012). A total of 5 mg dry AIR was treated overnight with 1 mL 1 M KOH at room
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temperature. The supernatant was neutralized with acetic acid. A total of 50 pL neutralized solution
was applied to 96-well plates (Costar 3590, Corning, New York, USA) and dried to the well surfaces
by evaporation overnight at 37°C. The plates were blocked with 200 pL of 1% (w/v) instant non-fat
dry milk in wash buffer (50 mM Tris-HCI, pH 7.6, containing 100 mM sodium chloride) for 1 h.
Blocking agent was removed by aspiration, and 50 pL solution of LM10 or LM11 monoclonal
antibodies from rat (Plant Probes, Leeds, UK) were added to each well and incubated for 1 h at room
temperature. Supernatant was removed and wells were washed (3x) with 300 uL of 0.1% (w/v) instant
non-fat dry milk in wash buffer. Peroxidase-conjugated goat anti-rat IgG (Sigma, San Francisco, CA,
USA) was diluted 1:5,000 in wash buffer, and 50 pL was added to each well and incubated for 1 h.
Wells were then washed (5x) with 300 puL of wash buffer. The 3,3',5,5'-tetramethylbenzidine substrate
solution was freshly prepared and 100 puL was added to each well. After 20 min, the reaction was
stopped by adding 100 pL of 2 M sulfuric acid to each well. The absorbance of each well was

measured at 450 nm using a model 680 microplate reader (BIO-RAD, Hercules, CA, USA).

Determination of non-cellulosic monosaccharide composition
AIR from the lower inflorescence stems of the 7-week-old plants was prepared. The non-cellulosic
monosaccharide composition of the AIR was analyzed, as previously described (Ebert et al. 2015;

Meélida et al. 2015).

Glycosyl linkage analysis
Glycosyl linkage composition was performed on the AIR, as described by Pettolino et al. (2012) on a
Hewlett-Packard 6890 gas chromatograph with a Hewlett-Packard 5973 mass spectrometer (Agilent)

equipped with a BPX 70 column (25 m x 0.22 mm inner diameter, film = 0.25 pm, SGE).

NMR spectroscopy
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AIR was suspended in 4 M KOH containing 1% (w/v) NaBH4 and stirred at room temperature for 24
h. The suspensions were passed through a glass-fiber filter, and the filtrates were acidified to pH 5
with glacial acetic acid, extensively dialyzed (3,500 Mr cutoff tubing) against running deionized water,
and lyophilized. The dry powders were dissolved with ddH,O and degraded by B-endoxylanase.
Purified xylan oligosaccharides were dissolved in 0.6 mL DO (99.9%) and transferred to a 5 mm
NMR tube. NMR spectra were recorded at 298 K with an Inova-600 MHz NMR spectrometer.
Chemical shifts were measured relative to the internal standard acetone at & 2.225. Two-dimensional

gCOSY, HSQC and HMBC spectra were recorded using standard pulse sequences provided by Varian.

Microscopy
Stem fragments (1 cm) from the bottom of the inflorescence stems were fixed in 3% agarose, before
40-um thick sections were cut with a microtome and stained with 0.05% toluidine blue for light

microscopy. The cell wall thickness of at least 100 cells was measured in light micrograph images.

EMSA

The carboxy-terminal 82 amino acids of KNAT7 containing the homeodomain were fused in-frame
with GST and expressed in Escherichia coli. The recombinant GST-KNAT7 protein and GST protein
were purified using Glutathione Sepharose 4 Fast Flow (GE Healthcare, Little Chalfont, UK). The 3’
end biotin-labeled /RX9 promotor fragments were incubated with 5 pg of either KNAT7-GST or GST
protein in the binding buffer (50 mM Tris-HCI, pH 8.0, 150 mM KCI, 1 mM dithiothreitol (DTT), 1
mM ethylene diaminetetraacetic acid (EDTA)) for 30 min. For competition analyses, unlabeled
promoter fragments were included in the binding reactions in either 15 or 30 fold molar excess
relative to the labeled probes. Polyacrylamide gel electrophoresis was used to separate the KNAT7-
bound and unbound DNA probes and then the DNA were electro-blotted onto a nylon membrane and

detected using the chemiluminescent method.
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Pyrolysis GC/MS

Milled lower inflorescence stems (1.5 mg) of 7-week-old plants were pyrolysed in an EGA/PY-3030D
pyrolyzer (Frontier Laboratories, Saikon Koriyama, Japan) connected to a QP2010 GC/MS system
(Shimadzu, Kyoto, Japan) with a DB-5 capillary column (30 mm x 0.25 mm x 0.25 um, Agilent,
Santa Clara, CA, USA). The pyrolysis was initially set at 200°C and held for 1 min, then increased to
600°C at 20°C min™' and held for 10 sec. The GC temperature was started at 40°C and held for 2 min,
then increased to 280°C at 5°C min™ and held for 10 min. The carrier gas was helium with a flow of 2
mL min~'. The mass spectra of each compound were identified according to the Wiley and National
Institute of Standards and Technology (NIST) libraries. Peak molar areas were calculated for each
compound (by dividing the peak area by the respective molecular weights) and the total molar areas

were normalized.
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SUPPORTING INFORMATION

Figure S1. MYB46 activates the promoters of xylan biosynthetic genes

Transactivation analyses showing the effects of MYB46 on the induction of the FLUC reporter gene
driven by the promoters of IRX9, IRX9-L, IRX10, IRX10-L, IRX14, IRX14-L, FRAS, or FSH. The
FLUC relative activity in protoplasts transfected with no effector construct was used as a control and
set to one. Mean and standard error (SE) were from three biological replicates. Values significantly
different from the controls are marked with asterisks (*P < 0.05 and **P < 0.01; t-test).

Figure S2. Analysis of lignin content in WT and knat7 plants

Lignin content from the lower half of inflorescence stems taken from 7-week-old plants. Data are
mean and SE from three biological replicates (*P < 0.05; t-test).

Table S1. Primer sequences for cloning genes and promotors

Table S2. Primer sequences for RT-PCR

Table S3. Primer sequences for qRT-PCR
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Figure legends:

Figure 1. KNATY7 activates the promoters of the major xylan biosynthetic genes

(A) Diagrams of the effector, reporter, and reference constructs used for the transactivation analyses.
The effector constructs contain the coding sequences of the TF driven by the CaM V35S promoter. The
reporter constructs consist of the FLUC reporter gene driven by the promoters of the IRX9, IRX9L,
IRX10, IRXIOL, IRX14, IRX14L, FRAS, and FSH genes. The reference construct contains the RLUC
reporter gene driven by the CaM V35S promoter. (B) Transactivation analyses showing the effects of
KNAT?7 on the induction of the FLUC reporter gene driven by the promoters of IRX9, IRX9L, IRX10,
IRXI0L, IRX14, IRX14L, FRAS, and F8H genes. The FLUC relative activity in protoplasts transfected
with no effector construct was used as a control and set to one. Mean and SE were from three
biological replicates. Values significantly different from the controls are marked with asterisks (*P <

0.05 and **P < 0.01; r-test).

Figure 2. Cell wall sugar analyses of knat7 mutant and WT plants

(A) RT-PCR analysis of KNAT7 expression in WT and knat7 plants. ACTIN 2 (ACT2) was used as a
positive control. (B) Relative abundance of xylan epitopes detected by ELISA. Mean and SE were
from three biological replicates. (C) Non-cellulosic monosaccharide composition of total cell wall
extracts. Each sample consisted of 20 pooled individuals and data represented mean and SE of five
technical replicates. Values expressed in mol%. GalA, galacturonic acid. (D) Partial 600-MHz 'H
NMR spectra of acidic xylo-oligosaccharides generated by B-endoxylanase digestion of the 4 M
KOH-soluble fractions from the stems of WT and knat7 plants. For all data, values significantly

different from WT plants are marked with asterisks (*P < 0.05 and **P < 0.01; s-test).

Figure 3. Effects of KNAT?7 loss-of-function and overexpression on secondary wall thickening

(A, B) RT-PCR analysis of KNAT7 expression in WT, KNAT7-OE and 35S: KNAT7/knat7 plants.
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ACT2 was used as a positive control. The numbers refer to different transformed lines. (C) The
vascular bundles (up) and interfascicular fibers (down) of WT, knat7, KNAT7-OE and 35S:
KNAT?7/knat7 plants. Stem cross sections were taken from the bases of the inflorescence stems of 6-

week-old plants and stained with toluidine blue. Bars = 30 pm.

Figure 4. qRT-PCR expression profiling of xylan biosynthetic genes in krnat7 mutants and
KNAT7-OE plants

(A) Expression of xylan biosynthetic genes in lower inflorescence stems of knat7 mutants relative to
WT plants. (B) Expression of xylan biosynthetic genes in lower inflorescence stems of KNAT7-OE
plants relative to WT. The expression level of each gene in the WT plant was set to unity. PROTEIN
PHOSPHATASE 2A SUBUNIT A3 (PP2AA3) was used as the reference gene. Each sample consisted
of pooled stems from 8-10 plants. Mean and SE were from three biological replicates. Values

significantly different from the WT plants are marked with asterisks (*P < 0.05 and **P < 0.01; ¢-test).

Figure 5. KNAT?7 binds to the IRX9 promoter

(A) Transactivation analyses showing KNAT7-activated expression of the FLUC reporter gene driven
by the corresponding /RX9 promoter deletions. The left panel illustrates various deletions of the /RX9
promoter (—1,506 to —1bp from the start codon). FLUC relative activity in protoplasts transfected with
no effector construct was used as a control and set to one. Mean and SE were from three biological
replicates. Values significantly different from the controls are marked with asterisks (*P < 0.05 and
**P <0.01, r-test). (B) EMSA of KNAT7 binding to the biotin-labeled —209 to —157 bp and —169 to
—117 bp fragments of the /RX9 promoter. The faint band (marked with an asterisk) above the probe is
non-specific product. (C) EMSA of KNAT?7 binding to a 53 bp fragment (located between —236 and
—184 bp relative to the start codon) of the IRX9 promoter. The position of the binding band is labeled

with an arrow. For competition analyses, unlabeled DNA fragments (competitors) in either 15-fold (+)
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or 30-fold (++) molar excess, relative to the labeled probes, were included in the reactions. GST was

used as a control protein.

Figure 6. Model for the role of KNAT?7 in the regulation of xylan biosynthesis

VND6, VND7, SND1, NST1, and NST2 are the master regulators of secondary wall biosynthesis.
MYB46 and MYBS83 act as second-level master regulators. IRX9, IRX9L, IRX10, IRX10L, IRX14
and IRX14L are involved in xylan backbone extension, whereas FRAS, F8H, IRXS8, and PARVUS are
associated with biosynthesis of the xylan reducing end. Solid arrows represent direct transcriptional
activation and dotted arrows represent transcriptional activation that has not been demonstrated to be

direct.
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Table 1. Glycosyl linkage composition (mol%) in the AIR fractions of WT and knat7 Arabidopsis

stems
Glycosyl linkage WT knat7
Total Cellulose 47.53 50.9
1,4-Glc 47.53 50.9
Total heteroxylan 254 21.04
1,4-Xyl (p) 18.2 15.8
1,2,4-Xyl (p) 1.43 1.03
1,3,4-Xyl (p) 0.67 0.3
1,2,3,4-Xy1 (p) 5.1 39
Total heteromannan 7.1 7.27
1,4-Man (p) 2.57 2.7
1,4,6-Man (p) 0.5 0.47
1,4-Glc (p) 2.57 2.70
1,4,6-Glc (p) 0.5 0.47
t-Gal 0.97 0.93
Total xyloglucan 11.03 11.2
1,4,6-Glc (p) 2.30 2.33
1,4-Glc (p) 23 2.33
1,2-Xyl (p) 2.03 1.77
1,2-Gal (p) 1.6 1.57
t-Fuc (p) 0.3 0.5
t-Xyl 2.5 2.7
Total callose 0.07 0.3
1,3-Glc (p) 0.07 0.30
Total arabinan 1.83 2.03
1,5-Ara (f) 1.63 1.73
1,2,5-Ara (f) 0.2 0.3
Total type I AG 1.63 1.33
1,4-Gal (p) 1.63 1.33
Total type I AG 0.67 0.73
1,6-Gal (p) 0.3 0.3
1,2-Ara (f) 0.2 0.17
1,3,6-Gal (p) 0.17 0.27
Total RG I/II 0.13 0.07
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1,2-Rha (p) 0.03 0
1,2,4-Rha (p) 0.09 0.07
Total 95.26 94.87

Each dataset represents the mean of three biological replicates, each performed in duplicate (technical
replicates). Glc, glucose; Ara, arabinose; Man, mannose; Gal, galactose; Fuc, fucose; Rha, rhamnose;

AG, arabinogalactan; RG, rhamnogalacturonan.
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Table 2. Secondary cell wall thickness in the lower inflorescence of 6-week-old WT, knat7 and

KNAT7-OE Arabidopsis stems

Vessel element Xylary fiber Interfascicular fiber
Genotype ) ) )

wall thickness (um) wall thickness (pm) wall thickness (um)
WT 1.14 £0.18 1.04 £0.13 1.29 £0.20
knat7 0.91 £0.14*** 0.89 +0.08*** 1.64 £0.21***
KNAT7-OE 1.24 £0.15*** 1.13 £0.09*** 1.12 £0.15***

Data are mean + standard deviation (SD) from at least 100 cells measured from light micrographs of

the base of inflorescence stems. *** indicates significance (z-test) at the P < 0.001 level from WT

plants.
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