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The plant cell wall is a complex poly-
saccharide network and performs 

important developmental and physi-
ological functions far beyond supplying 
the physical constrains. Plant cells have 
the ability to react to cell wall defects as 
exhibited by changes in gene expression, 
accumulation of ectopic lignin, stress 
responses and growth arrest. It is a major 
challenge to understand how plants 
sense and respond to wall integrity since 
very little is known about the signaling 
involved in the responses. Cellulose syn-
thase-like D (CSLD) proteins mediating 
the biosynthesis of a wall polysaccharide 
polymer make up a common subfamily 
to all plants. Recently, we have reported 
the functional characterization of 
CSLD4 in rice. Mutations in OsCSLD4 
show morphological alterations and 
pleiotropic effects on wall compositions 
and structure. Our study demonstrates 
that OsCSLD4 play a critical role in cell 
wall formation and plant growth. Here 
we show the subtle wall alterations by 
separating the culm residues into five 
fractions. Quantitative RT-PCR analysis 
further revealed that the expression of 
various genes involved in xylan synthe-
sis and cell cycle regulation was altered 
in mutant plants, as the responses to 
OsCSLD4 disruption. Therefore, plants 
may have fine sensory machinery to react 
to wall defects and modulate growth for 
adapting to the changes.

Introduction

The plant cell wall is a complex network 
of polysaccharides mainly containing 
cellulose, hemicelluloses and pectins.1 
Hemicellulosic polysaccharides, syn-
thesized and modulated by numerous 

putative glycosyltransferases (GT) or gly-
cosly hydrolases (GH), are macro mol-
ecules responsible for the crosslinking 
of cellulose microfibrils for providing a 
load-bearing matrix.2,3 Cellulose synthase 
like (CSL) genes belonging to an impor-
tant GT superfamily encode proteins 
presumed to catalyze the biosynthesis of 
various β-linked glycan backbones.3

Traditional biochemical techniques 
and identification of relative mutants 
are general ways for understanding the 
specific functions of CSLs. Using these 
approaches, the polysaccharides synthe-
sized by CSLA, CSLC, CSLF and CSLH 
have been discovered.4-7 However, the 
enzymatic activities of the other CSLs, 
such as CSLD, are less understood, even 
though several csld mutants have been 
reported in Arabidopsis and rice.8-13

Although the biochemical function of 
CSLD is still unknown, through identi-
fication of mutants in CSLD subfamily, 
all the CSLD members in Arabidopsis 
exhibit diverse developmental roles in root 
hair and pollen tube elongation and plant 
growth,8-13 indicating that the polysac-
charide synthesized by CSLDs is essential 
for plant growth. Increasing evidence has 
shown that plants have the ability to sense 
the wall perturbations and trigger a set of 
cellular changes, including growth inhibi-
tion, lignin ectopic accumulation and wall 
compositional alterations.1,14 In contrast to 
yeast, in which a cell-wall-integrity-signal-
ing pathway has been reasonably well char-
acterized,15,16 very little is known about the 
signaling involved in plants response to 
wall defects. We recently reported muta-
tion in OsCSLD4 causes pleiotropic effects 
on polysaccharides synthesis and plant 
growth.13 Here, we describe the altera-
tions in xylan synthesis and cell growth 
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CSL involved in xylan synthesis remains 
elusive, previous studies have identified 
five GTs required for its formation.19-21 
IRX7, IRX8 and PARVUS are probably 
responsible for the synthesis of a xylan 
primer, whereas IRX9 and IRX14 may be 
involved in xylan backbone production.21 
The reduced xylan content promoted us to 
explore the expression of IRX7, IRX14 and 
PARVUS homologs in oscsld4 mutant and 
wild-type plants. Their expression levels 
were unexpectedly upregulated (Fig. 1A), 
indicating that the rice plants may per-
ceive the defect in xylan and increase the 
expression of some genes involved in xylan 
synthesis as the compensatory reaction.

oscsld4 mutant also shows significant 
reduction in plant growth due to retarded 
cell cycle progression.13 Because OsCSLD4 
is mainly expressed in tissues undergo-
ing rapid growth, we therefore detected 
the expression of several genes involved in 
cell cycle regulation. As shown in Figure 
1B, two cyclins, three CDKs, and KRP1  
(Kip-Related Protein 1), which govern 
the key G

1
-to-S or G

2
-to-M transition 

points,22 were upregulated in mutant 
plants. However, E2F1, a transcription 
factor that is in the down-stream of CDK/
Cyclin complexes regulation pathway and 
activates the expression of S phase genes,22 
was downregulated in oscsld4. This result, 
as well as diverse functions of CSLDs 
let us reason that the polysaccharide 

sugars in these fractions. Because most 
arabinoxylan can be extracted by 1 N 
KOH, the decreased xylose in oscsld4 may 
also be a consequence of the reduced ara-
binoxylan solubility. Another major wall 
defect is a significant reduction in cellu-
lose content. Our report on its Golgi appa-
ratus localization suggests that OsCSLD4 
is unlikely to participate in the synthesis 
of crystalline cellulose occurring at the 
plasma membrane.13 Deficiency in the 
synthesis of polysaccharide matrix might 
result in aberrant assembly of nascent cellu-
lose microfibrils at the plasma membrane, 
which could, in turn, impede the further 
cellulose synthesis.17 The reduced cellu-
lose is thus one of the possible responses to 
OsCSLD4 disruption.

The pleiotropic polysaccharide modifi-
cations in oscsld4 are possible results of that 
plants adapt to the loss of one polysaccha-
ride component by altering the quantity of 
an alternative, or by modifying the struc-
ture of the wall.

The Expression of Genes Involved 
in Xylan Synthesis and Cell Cycle 
Regulation Is Altered in oscsld4

Xylan is a major component of hemicellu-
lose in dicot and monocot walls, which is 
believed to be synthesized by protein com-
plexes that include CSL proteins along 
with several GT and GH.18 Although 

in oscsld4 being translated into changes in 
gene expression, to understand how plants 
monitor the integrity of cell walls and pos-
sess roles in plant development.

Mutation in OsCSLD4 Causes 
Decreased Xylan and Cellulose 

Content in Mutant Culms

OsCSLD4 is an ortholog of AtCSLD5. 
The Arabidopsis atcsld5 knock out and 
T-DNA insertion mutants exhibited 
reduced growth and altered xylan levels.10 
Without chemical analysis of the wall, 
the direct or indirect alterations in wall 
composition resulted from the disruption 
of AtCSLD5 have not been evaluated in 
detail. To further characterize the board 
changes of polysaccharides in oscsld4, we 
sequentially extracted the wall residues 
from the wild-type and mutant culms and 
performed sugar compositional analysis 
in the five fractions. As shown in Table 1, 
a number of wall compositional changes 
were observed. Some sugars in oscsld4, 
such as arabinose, xylose and glucose, 
were slightly increased in the fractions 
of pectin digested with endopolygalatu-
ronase (EPG) plus pectin methylesterase 
(PME) or extracted with EGTA-Na

2
CO

3
. 

Contrastingly, xylose was decreased 
by ∼32.5% in hemicellulose fractions 
extracted with 1 N and 4 N KOH, result-
ing in the significantly decreased total 

Table 1. Monosaccharide compositional analysis of the wall fractions derived from culms of mutant and wild-type plants

Fractions RHA FUC ARA XYL MAN GLC GAL Total

EPG
WT 0.2 0.1 0.3 0.9 1.0 0.6 0.2 3.3

oscsld4 0.3 0.3 0.6 1.2 0.9 0.6 0.5 4.5

Na2CO3

WT 0.1 0.4 0.2 0.4 0.1 0.3 0.2 1.6

oscsld4 0.1 0.2 0.4 0.6 0.1 0.7 0.3 2.4

1 N KOH
WT 0.2 0.1 6.1 34.7 0.1 2.8 1.4 45.4

oscsld4 0.2 0.1 5.8 23.4 0.1 5.4 2.0 37.0

4 N KOH
WT 0.1 0.1 1.1 8.5 0.1 3.0 0.4 13.2

oscsld4 0.1 0.1 1.3 5.7 0.1 6.4 0.8 14.6

4 N insol
WT 294.7

oscsld4 252.6

Total
WT 0.5 0.7 7.8 44.5 1.2 301.4 2.2 358.2

oscsld4 0.7 0.8 8.2 30.9 1.2 265.7 3.7 311.2

The alcohol insoluble wall residues (AIR) were extracted from the second internodes of oscsld4 and wild-type culms; The destarched AIR was frac-
tioned sequentially with endopolygalacturonase (EPG) plus pectin methylesterase (PME), 50 mM Na2CO3, 1 N KOH, and 4 N KOH; The fractions 
were hydrolyzed with sulfuric acid and the alditol acetates were analyzed by GC-MS; The insoluble residue after 4 N KOH extraction was used to 
determine cellulose content by colorimetric assay; The results are given as means (mg g-1 of AIR) of four independent assays; The variance was not 
shown but is <15%.
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