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a  b  s  t  r  a  c  t

Our  previous  study  of the  Arabidopsis  mur3-3  mutant  and  mutant  plants  in  which  the  mur3-3  pheno-
types  are  suppressed  (xxt2mur3-3,  xxt5mur3-3,  xxt1xxt2mur3-3  and  35Spro:XLT2:mur3-3)  showed  that
hypocotyl  cell  elongation  is decreased  in  plants  that synthesize  galactose-deficient  xyloglucan.  To  obtain
genome-wide  insight  into  the  transcriptome  changes  and  regulatory  networks  that  may  be  involved  in
this decreased  elongation,  we  performed  digital  gene  expression  analyses  of the  etiolated  hypocotyls  of
wild  type (WT),  mur3-3  and  the  four suppressor  lines.  Numerous  differentially  expressed  genes  (DEGs)
were  detected  in  comparisons  between  WT  and  mur3-3  (1423),  xxt2mur3-3  and  mur3-3  (675),  xxt5mur3-
3  and  mur3-3  (1272),  xxt1xxt2mur3-3  and  mur3-3  (1197)  and 35Spro:XLT2:mur3-3  vs  mur3-3  (121).  550
overlapped  DEGs  were  detected  among  WT  vs  mur3-3,  xxt2mur3-3  vs  mur3-3,  xxt5mur3-3  vs  mur3-3,  and
xxt1xxt2mur3-3  vs  mur3-3  comparisons.  These  DEGs  include  46  cell  wall-related  genes,  24  transcription
factors,  6 hormone-related  genes,  9 protein  kinase  genes  and  9 aquaporin  genes.  The  expression  of all
of the  550  overlapped  genes  is  restored  to near  wild-type  levels  in  the  four  mur3-3  suppressor  lines.

qRT-PCR  of  fifteen  of  these  550 genes  showed  that their  expression  levels  are  consistent  with  the digital
gene  expression  data. Overexpression  of some  of  these  genes  (XTH4,  XTH30,  PME3,  EXPA11,  MYB88,  ROT3,
AT5G37790,  WAG2  and  TIP2;3)  that  are  down-regulated  in  mur3-3  partially  rescued  the  short  hypocotyl
phenotype  but  not  the  aerial  phenotype  of mur3-3,  indicating  that  different  mechanisms  exist  between
hypocotyl  cell  elongation  and  leaf  cell  elongation.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction
Xyloglucan is a hemicellulosic polysaccharide present in the
rimary cell walls of all land plants studied to date [1,2]. Arabidop-
is and numerous other flowering plants synthesize a XXXG-type

Abbreviations: DGE-seq, digital gene expression sequencing; WT,  wild type;
O, Gene Ontology; DEGs, differentially expressed genes; GTs, glycosyltransferases;
PKM, reads per kilobases per million reads; KEGG, kyoto encyclopedia of genes and
enomes; TFs, transcription factors; BR, brassinosteroids; WGCNA, weighted gene
o-expression network analysis.
∗ Corresponding author.
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xyloglucan [3,4] in which two of the �-d-xylosyl residues (X side
chain) attached to the �-glucan backbone are often substituted at
O-2 with a �-d-Galp residue (L side chain: XLXG, XXLG and XLLG).
The Gal residue of the L side chain adjacent to the unsubstituted G
is often substituted at O-2 with a �-l-Fucp residue (F side chain:
XXFG and XLFG) [4].

The Arabidopsis glycosyltransferases (GTs) involved in xyloglu-
can side chain biosynthesis have been identified [5–10]. These
GTs include two XYLOGLUCAN XYLOSYLTRANSFERASES (XXT1 and
XXT2) that add xylosyl residues to the glucan backbone [9], XXT5
may  also participate in this process but is not essential [10].
XYLOGLUCAN L-SIDE CHAIN GALACTOSYLTRANSFERASE2 (XLT2)

adds Gal to the middle Xyl (L side chain) [5], whereas MURUS3
(MUR3) adds Gal to the Xyl adjacent to the unbranched Glc (L side
chain) [6]. FUCOSYLTRANSFERASE1 (FUT1) adds a Fuc residue to

dx.doi.org/10.1016/j.plantsci.2017.01.005
http://www.sciencedirect.com/science/journal/01689452
http://www.elsevier.com/locate/plantsci
http://crossmark.crossref.org/dialog/?doi=10.1016/j.plantsci.2017.01.005&domain=pdf
mailto:xuzc1110@163.com
mailto:menglihua@yeah.net
mailto:shidc@qibebt.ac.cn
mailto:zhougk@qibebt.ac.cn
mailto:tian15288861055@163.com
mailto:hahn@ccrc.uga.edu
mailto:mao@ccrc.uga.edu
mailto:kongyingzhen@caas.cn
dx.doi.org/10.1016/j.plantsci.2017.01.005


ience 2

t
u
x

G
a
m
i
u
b
W
t
t
n
r
h
d
i
r
a
m
c
l
W
p
t
W
s
(
w
c
a
3
c
i
a
s

t
a
o
x
X
a
d
m
s
i
o
t
n
i

t
t
c
w
l
a
g
e
t

p
n
c

Z. Xu et al. / Plant Sc

he MUR3Gal (F side chain) [7]. The XLFG, XXXG and XXFG sub-
nits account for 43%, 25% and 24%, respectively of Arabidopsis
yloglucan [11].

Arabidopsis plants carrying mutations that affect individual
Ts have altered xyloglucan structure or content [5,8,12–15]. The
mounts of Fuc substitution are reduced by at least 98% in the fut1
utant, yet the plants grow normally and the strength of their walls

s comparable with wild type (WT) [12]. The XLXG and XLFG sub-
nits are almost completely absent in the xlt2 mutant xyloglucan,
ut there are only subtle phenotypic difference between xlt2 and
T [5]. In xxt1, xxt2 and xxt5 mutants the xyloglucan content of

he wall is reduced by approximately 10%, 32% and 50%, respec-
ively, compared with WT  [8,13]. The xxt1 and xxt2 mutants have
o visible morphological phenotype [13] whereas xxt5 forms short
oot hairs that have bubble-like extrusions at their tip and roots that
ave altered morphology [15]. Somewhat surprisingly, the xxt1xxt2
ouble mutant, which lacks detectable amounts of xyloglucan in

ts cell wall [13], only exhibits modest phenotypes including short
oot hairs with bulging bases [13], somewhat shorter hypocotyls
nd stems, and altered cellulose microfibril organization [14]. The
echanical properties of xxt1xxt2 cell walls including wall stiffness,

reep and stress relaxation also differ from WT  [16]. Neverthe-
ess, the xxt1xxt2 mutant, which is typically a little smaller than its

T,  counterpart develops normally [16]. The mur3 mutants have
leiotropic phenotypes [17]. Plants carrying the S470L (mur3-1) or
he A290 V (mur3-2) point mutation in MUR3 are visibly similar to

T  plants [6,18]. However, these mutants are leaky as they synthe-
ize xyloglucan containing discernible amounts of the F side-chain
XXFG and XLFG subunits) [19]. By contrast, mur3-3 and mur3-7,
hich are T-DNA knock-out lines of MUR3,  are dwarfed with a

abbage-like growth phenotype, form shorter etiolated hypocotyls,
nd have a endomembrane aggregation phenotype [17]. The mur3-

 has also been reported to be hypersensitive to salt stress [20] and
onstitutively resistant to infection by Hyaloperonospora parasit-
ca [21]. The xyloglucan from mur3-3 plants is composed of XXXG
nd XLXG subunits and contains no detectable amounts of the F
ide-chain [19].

Our previous study established that most of the mur3-3 pheno-
ypes, including short hypocotyls, curled leaf and endomembrane
ggregation is rescued by knocking out XXT2 or XXT5 individually
r by knocking out both XXT1 and XXT2 [19]. The xxt2mur3-3 and
xt5mur3-3 mutants produce xyloglucan that is still composed of
XXG and XLXG subunits, but the XLXG subunit accounts for 60%
nd 72% of the xyloglucan subunits, respectively, which is almost
ouble its abundance in mur3-3 [19]. This result suggests that the
ur3-3 phenotype results from the reduced abundance of the XLXG

ubunit. This notion is support by the finding that overexpress-
ng XLT2 in mur3-3 (35Spro:XLT2:mur3-3) increased the abundance
f the XLXG subunit and suppressed the mur3-3 mutant pheno-
ypes. We  also found that the growth of mur3-3 was restored to
ear normal by abolishing their ability to synthesize xyloglucan by

ntroducing the xxt1xxt2 double mutation (xxt1xxt2mur3-3).
The lack of a strong phenotype in the xxt1xxt2 double mutant

hat forms no discernible amounts of xyloglucan has challenged
he hypothesis that the strength and extensibility of the primary
ell wall is controlled by a cellulose-xyloglucan load-bearing net-
ork [22]. The near normal appearance of this mutant has also

ed to questions about the role of xyloglucan in plant growth
nd development. Based on our previous data we proposed that
alactose-deficient xyloglucan is dysfunctional and that its pres-
nce in the cell wall is more deleterious to cellular processes than
he complete absence of xyloglucan.
There is increasing evidence that changes in wall structure are
erceived by the cell and then relayed to the cytosol to elicit
umerous responses [23]. Several proteins that may  sense cell wall
hanges have been described including the receptor-like kinase
58 (2017) 156–169 157

THESEUS [24], and the pectin-binding wall-associated kinases [25];
however, the cellular signaling pathways involved are largely
unknown [26]. The mur3-3 mutant provides a unique opportunity
to increase our understanding of how changes in cell wall polysac-
charide biosynthesis and structure affect plant growth. However, it
is not known how a seemingly small change in the structure of sin-
gle cell wall polysaccharides can lead to substantial growth defects.
To address this question, we performed digital gene expression
analysis on the etiolated hypocotyls of WT and mur3-3 plants as
well as four mutant plants (xxt2mur3-3, xxt5mur3-3, xxt1xxt2mur3-
3 and 35Spro:XLT2:mur3-3) in which the mur3-3 phenotypes are
suppressed.

2. Materials and methods

2.1. Plant materials, seeds sterilization and growth conditions

All Arabidopsis plants used in this study were in the
Columbia (Col-0) background. The homozygous T-DNA insertion
mutant lines mur3-3 (At2g20370; Salk 141953), xxt2mur3-3 (XXT2,
At4g02500; SALK 101308), xxt5mur3-3 (XXT5, AT1G74380; GK-
411G05), xxt1xxt2mur3-3 (XXT1, At3g62720;  SAIL 785 E02) and the
XLT2 over-expression line 35Spro:XLT2:mur3-3 were generated as
described previously [19]. Seeds were treated with aq. 10% NaClO
for 5 min and then washed three times with sterile water. Ster-
ilized seeds were transferred to ½ strength Murashige and Skoog
agar and kept in the dark for 48 h at 4 ◦C. The seeds were then grown
for 5 days at 20 ◦C in the absence of light. Three replicates of ster-
ilized seeds were prepared for each genotype. Approximately 200
hypocotyls were randomly selected from each of the three repli-
cates and immediately frozen in liquid nitrogen prior to total RNA
isolation for DGE sequencing. For hypocotyl length measurement,
images of at least ten seedlings of each genotype were obtained
using a Canon 5D Mark III digital camera. The length measurement
of hypocotyls was performed using ImageJ software [27].

2.2. RNA extraction, preparation of digital expression libraries
and Illumina sequencing

Total RNA was extracted with QIAGEN RNeasy
®

Plant Mini Kit
(QIAGEN, Cat. NO. 74903). DNase was used to digest genomic DNA.
RNA purity was  assessed using a NanoPhotometer

®
spectropho-

tometer (IMPLEN, CA, USA). The amounts of RNA were measured
using a Qubit

®
RNA Assay Kit (Life Technologies, CA, USA) and

RNA integrity was assessed using a RNA Nano 6000 Assay Kit of
the Bioanalyzer 2100 system (Agilent Technologies, CA, USA). A
total of 3 �g purified RNA from each plant line was used to gen-
erate the Illumina sequencing libraries using a NEBNext

®
UltraTM

RNA Library Prep Kit for Illumina
®

(NEB, USA) following the manu-
facturer’s recommendations. The libraries were sequenced using a
Illumina Hiseq 2000/2500 platform by Beijing Novogene Bioinfor-
matics Technology Co. Ltd (Beijing, China).

2.3. Analysis of digital gene expression reads and identification of
expressed genes

The raw data was  filtered to eliminate reads containing adapter,
ploy-N and low quality reads. The Q20, Q30 and GC content of
the cleaned data were then calculated to determine the quality of
the reads. The single-end clean reads were then mapped to the
A. thaliana reference genome using TopHat v2.0.9 [28]. Only reads

with a perfect match or at most two bases of mismatch were per-
mitted in the alignment. HTSeq v0.6.1 was used to calculate the
number of reads mapped to each gene (read counts data) [29]. Reads
Per Kilobases per Million mapped reads (RPKM), which considers
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The mur3-3 mutant has a significantly shorter hypocotyl
length than WT.  Hypocotyl length is restored to near normal
in each of the four suppressor lines (Fig. 1). To investigate
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he effect of sequencing depth and gene length for the read counts
t the same time and is currently the most commonly used method
or estimating gene expression levels in DGE analysis [30], was used
o estimate the expression level of each gene. In this study, the
xpressed gene was defined by RPKM value greater than 1.

.4. Differential expression analysis

Prior to differential gene expression analysis for each sequenced
ibrary, the read counts data were adjusted by the TMM  method
31]. Differential expression analysis of two libraries was per-
ormed using the DEGSeq R package (1.12.0) [32]. The P-values,
hich indicate significant differences of transcript accumulation
as adjusted using the Benjamini and Hochberg method [33]. A

ombination of the corrected P-value <0.005 and the absolute value
f log2(fold change) ≥1 were used as the thresholds to assess the
ignificance of differences in gene expression.

.5. GO, KEGG and MapMan enrichment analysis and gene
lassification analysis

GO functional categories were assigned to the differentially
xpressed genes using the web-based agriGO tools [34]. GO
nrichment analysis of DEGs was implemented using singular
nrichment analysis (PAGE) by comparing a query list of differen-
ially expressed genes to a background gene set (FDR <0.05 was
s criteria). KOBAS software [35] was used for pathway enrich-
ent analyses by testing the statistical enrichment of DEGs in KEGG

athways. MapMan tool [36] was used for overview of metabolic
athways, regulatory processes and biotic stress processes.

.6. Annotation of TFs and cell wall-related genes

TF family members were annotated based on a published
ata [37]. Cell wall-related genes were annotated based on the
urdue Cell-Wall-Genomics Database (http://cellwall.genomics.
urdue.edu/).

.7. Promoter conserved motifs and WGCNA analysis

72 down-regulated and 30 up-regulated DEGs in mur3-3
ompared with WT  and the four suppressor lines were used
or promoter conserved motifs analysis. 2 kb length promot-
rs of the 102 overlapped DEGs were analyzed using the web
ased tool (http://www.bioinformatics2.wsu.edu/cgi-bin/Athena/
gi/home.pl). The occurrence of detected conserved motifs was fur-
her screened using the P-value result (P-value result <0.05 was
s criteria). The weighted gene co-expression network analysis
WGCNA) was performed in R using the WGCNA package, as previ-
usly described [38]. Differentially expressed genes including cell
all-related genes, hormone-related genes, TFs, genes encoding

he kinase protein, aquaporin and chlorophyll a-b binding protein
ere used to construct an unsupervised co-expression based simi-

arity matrix using Pearson’s correlation coefficient. The R package
GCNA version 1.35 was then used to create the networks [38],
hich were visualized with Cytoscape 3.2 [39].

.8. Plant transformation and complementation test

A total of 11 DEGs including cell wall-related genes, TFs,
ormone-related genes, kinase genes and an aquaporin gene, which
ere down-regulated in mur3-3 compared with WT  and the sup-

ressor lines were overexpressed in mur3-3. The full-length CDS
equences of each gene were cloned into the XbaI and KpnI sites
ownstream of the cauliflower mosaic virus 35S promoter in the
Cam35tlegfps2#4 vector [19]. The constructs were introduced
58 (2017) 156–169

into Agrobacterium strain GV3101, and the bacteria were used to
transform mur3-3 mutant plants by a floral dip transformation
method [40]. Transgenic plants were selected by growth on ½
strength MS  medium containing hygromycin (15 mg/L). The pres-
ence of the transgene was  confirmed by PCR using the gene-specific
primer paired with vector-specific primer. The hygromycin resis-
tant T1 transgenic plants and mur3-3 seedlings were then grown
in controlled-environmental growth chambers at 19 ◦C with a
16-h-light and 8-h-dark cycle for phenotype observation. Seeds
treatment and hypocotyl measurement of T2 transgenic plants
were the same as described in 2.1 above.

2.9. Quantitative RT-PCR

RNA for qRT-PCR analysis was  extracted from the hypocotyls of
six plants as described above. First-strand cDNA was  synthesized
from 1 �g of DNA-free RNA using a TransScript

®
One-Step gDNA

Removal and cDNA Synthesis SuperMix Kit (TransGen, AT311-02)
according to the manufacturer’s instructions. The qRT-PCR mix-
ture (20 �L total volume) contained 10 �L of SYBR Green super
mix  (Roche Diagnostics GmbH, Mannheim, Germany), 3 �L of each
primer (2 �M),  1 �L of cDNA, and 3 �L of RNase-free water. The
reactions were performed on an Applied Biosystems 7500 Real-
Time PCR system according to the manufacturer’s instructions. All
reactions were performed in three biological replicates with three
technical replicates each. Expression was calculated as 2−��Ct [41]
and normalized to that of the TUBLIN gene. The primer sets were
designed using Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/
primer-blast/) to avoid non-specific amplification. Primers used in
this study were shown in Supplementary file 1.

3. Results

3.1. DGE library sequencing and mapping sequences to the
reference genome
Fig. 1. Etiolated hypocotyl length of WT,  xxt2mur3-3, xxt5mur3-3, xxt1xxt2mur3-
3,  35Spro:XLT2:mur3-3 and mur3-3. Hypocotyls from at least ten seedlings of each
of  the six plant lines were measured. Data shown are average +/− SD. (Student’s
two-tailed t-test with mur3-3; ** P < 0.01).
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Table  1
Summary of reads numbers based on DGE-seq of the six plant lines and the number of reads mapped to the genome.

Sample name Wild type mur3-3 xxt2mur3-3 xxt5mur3-3 xxt1xxt2mur3-3 35Spro:XLT2:mur3-3

Raw reads 15225291 10980105 16935349 11712348 10403746 12378356
Clean reads 14789989 10793421 16686602 11551898 10225651 12207798
Clean ratio 97.14% 98.30% 98.53% 98.63% 98.29% 98.62%
clean bases (Mb) 740 540 830 580 510 610
Q20  (%) 99.04 98.96 99.03 98.95 99.03 98.84
GC  content (%) 45.26 45.92 45.48 45.31 45.65 45.48
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Total mapped reads 14350871 10446763 162136
Mapping ratio 97.03% 96.79% 97.17%

he gene expression patterns in these six plant lines, RNA was
xtracted from the hypocotyls and sequenced using the Illu-
ina Hiseq 2000/2500 platform. After the removal of adaptor

equences, duplicate sequences, ambiguous reads and low-
uality reads we obtained broadly similar numbers of cleaned
eads from WT  (14789989), mur3-3 (10793421), xxt2mur3-3
16686602), xxt5mur3-3 (11551898), xxt1xxt2mur3-3 (10225651),
nd 35Spro:XLT2:mur3-3 (12207798) (Table 1). The average per-
entage ratio of clean reads was 98.25% among the six libraries.
he average Q20 percentage of the six libraries was 98.98% and
he average GC was 45.52% (Table 1). Saturation and mean cov-

rage analysis results showed that the DGE-seq data reads were
istributed uniformly over the transcript and that their qual-

ty was suitable for quantitative expression analysis (Fig. S1).
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ig. 2. The distribution of gene expression levels. The X axis represents the different plan
ost  of the genes are expressed at low levels. Only a small number of genes are highly ex
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96.72% 96.69% 96.59%

The cleaned reads from WT  (14350871), mur3-3 (10446763),
xxt2mur3-3 (16213637), xxt5mur3-3 (11172751), xxt1xxt2mur3-3
(9887405), and 35Spro:XLT2:mur3-3 (11790956) were mapped to
the A. thaliana genome with mapping ratios between 96.6% and
97.2% (Table 1). Similar numbers of genes were identified for WT
(18123), mur3-3 (18384), xxt2mur3-3 (18242), xxt5mur3-3 (18100),
xxt1xxt2mur3-3 (18101), and 35Spro:XLT2:mur3-3 (18468). A total
of 19,549 genes were expressed in all six plant lines of which 16,938
were overlapped (Supplementary file 2). Based on the RPKM data,
only a small proportion of the genes were highly expressed. For
example, only 61 of the 18123 WT genes had an expression value

of more than 3 (log10 (RPKM + 1)) (Fig. 2). All six libraries had simi-
lar RPKM distributions, which suggest that their transcript profiles
are comparable (Fig. 2).
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t lines and the Y axis is the log10 (RPKM + 1) gene expression category (>0 and <5).
pressed. All six libraries have similar expression patterns.
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Fig. 3. The number of differently expressed genes in mur3-3 compared with WT,
xxt2mur3-3,  xxt5mur3-3, xxt1xxt2mur3-3 and 35Spro:XLT2:mur3-3. A: Up-regulated
DEGs in WT,  xxt2mur3-3, xxt5mur3-3, xxt1xxt2mur3-3 and 35Spro:XLT2:mur3-3
compared with mur3-3. B: Down-regulated DEGs in WT,  xxt2mur3-3, xxt5mur3-3,
x
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Fig. 4. Hierarchical cluster analysis of gene expression based on log ratio RPKM
data (log10(RPKM + 1)). Green represents the lowest expression and red represents

xxt1xxt2mur3-3 vs mur3-3 were “hydrolase activity, acting on acid
anhydrides, in phosphorus-containing anhydrides”, “hydrolase
xt1xxt2mur3-3 and 35Spro:XLT2:mur3-3 compared with mur3-3.

.2. Overview of differentially expressed genes

To identify key genes involved in hypocotyl cell elongation in the
yloglucan-related mutants, we selected genes that are differen-
ially expressed by using a corrected P-value <0.005 and an absolute
alue of log2 (fold change) ≥1 as the thresholds. Of the 1423 DEGs
hat differed between WT  and mur3-3, 676 were up-regulated and
47 were down-regulated. 19 DEGs were uniquely expressed in
T and 50 in mur3-3 (Fig. 3, Supplementary file 3). In the compari-

on between xxt2mur3-3 and mur3-3, 283 DEGs were up-regulated
nd 392 were down-regulated. Only two genes were uniquely
xpressed in mur3-3 (Fig. 3, Supplementary file 3). Similar numbers
f DEGs were up- (613) or down-regulated (659) in xxt5mur3-3 vs
ur3-3, with 15 uniquely expressed in xxt5mur3-3 and 17 in mur3-3

Fig. 3, Supplementary file 3). In the xxt1xxt2mur3-3 vs mur3-3 com-
arison 574 DEGs were up-regulated and 623 down-regulated, with
0 uniquely expressed in xxt1xxt2mur3-3 and 38 in mur3-3 (Fig. 3,
upplementary file 3). 79 DEGs were up-regulated and 42 down-
egulated in the 35Spro:XLT2:mur3-3 vs mur3-3 comparison, but
o genes were uniquely expressed in either plant (Fig. 3, Supple-
entary file 3). Together the results of our analyses identified 887

p-regulated and 914 down-regulated genes whose expression was
ignificantly different in the five comparisons. The up- and down-
egulated genes can be clearly distinguished in the hierarchical
lustering map  which classified 1801 differential expression genes
ased on the RPKM value (Fig. 4). It is notable that xxt1xxt2mur3-3
ost closely resembles WT,  as these two lines differed by only 99
EGs (Supplementary file 3). Thus, the elimination of xyloglucan

ay  have less effect on gene expression than the formation of a

ysfunctional xyloglucan.
highest expression. Each column represents one of the six plant lines. Rows repre-
sent transcriptional units. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

3.3. GO and KEGG annotation of differentially expressed genes

We  next used GO and KEGG assignments to annotate the
differentially expressed genes to reveal their potential func-
tions. Numerous significantly enriched GO terms of biological
process, molecular function and cellular component were cat-
egorized in comparisons of mur3-3 with WT (151), xxt2mur3-3
(159), xxt5mur3-3 (197), and with xxt1xxt2mur3-3 (131) (Supple-
mentary file 4, Fig. 5). No significantly enriched GO terms were
categorized in the comparison of mur3-3 with 35Spro:XLT2:mur3-
3. In the cellular component category, “plastid”, “plastid part”,
“chloroplast”, and “organelle part” were significantly enriched
(p-value < 0.05) in comparisons of mur3-3 with WT,  xxt2mur3-
3, xxt5mur3-3, and with xxt1xxt2mur3-3 (Supplementary file 4,
Fig. 5). However, in the molecular function category, the top
four enriched GO terms showed difference among these four
comparisons. “Structural constituent of ribosome”, “structural
molecule activity”, “oxygen binding”, and “transferase activity,
transferring glycosyl groups” were dominantly enriched in WT vs
mur3-3. However, the four most dominant enriched GO terms in
activity, acting on acid anhydrides”, “nucleoside-triphosphatase
activity”, and “pyrophosphatase activity”. GO terms related to
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ig. 5. Functional categories of DEGs in the Gene Ontology. The top four of the most
nd  cellular component were analyzed in the comparisons of mur3-3 with WT,  xxt2

tetrapyrrole binding”, “passive transmembrane transporter activ-
ty”, “substrate-specific channel activity” and “channel activity”

ere enriched in xxt2mur3-3 vs mur3-3, which is a little difference
ith the most dominantly enriched four GO terms in xxt5mur3-3 vs
ur3-3 “transcription factor activity”, “DNA binding”, “transcrip-

ion regulator activity”, and “structural constituent of ribosome”
Supplementary file 4, Fig. 5). In the biological process category,
immune system process”, “immune response”, “innate immune
esponse”, and “photosynthesis” were dominantly enriched both
n WT  vs mur3-3 and xxt1xxt2mur3-3 vs mur3-3. However, the
op four enriched GO terms in xxt5mur3-3 vs mur3-3 were “pho-
osynthesis”, “immune system process”, “immune response”, and
cellular metabolic process”. “Photosynthesis”, “cellular metabolic
rocess”, “metabolic process”, and “cellular process” were domi-
antly enriched in xxt2mur3-3 vs mur3-3, which showed a little
ifference with xxt5mur3-3 vs mur3-3 (Supplementary file 4, Fig. 5).

n addition, we observed that the vast majority DEGs which
nriched into immune response related GO terms were down-
egulated in WT,  xxt1xxt2mur3-3 and xxt5mur3-3 compared with
ur3-3 (Supplementary file 5).

DEGs from comparisons of mur3-3 with WT  (897),
xt2mur3-3 (517), xxt5mur3-3 (827), xxt1xxt2mur3-3 (80) and
5Spro:XLT2:mur3-3 (84) were mapped to 97, 79, 92, 87 and 31
EGG pathways, respectively (Supplementary file 6). The top

wenty significantly enriched KEGG pathways of each comparison
re shown in Fig. S2. Metabolic pathways (average 22% of total
apped DEGs of every comparison) and the biosynthesis of sec-
ndary metabolites (average 12% of total mapped DEGs of every
omparison) were most represented by the DEGs. Notably, we  also
bserved that pathways related to “brassinosteroid biosynthesis”
nd “plant hormone signal transduction” were enriched in all five
cantly enriched (p-value <0.05) GO terms of biological process, molecular function
3, xxt5mur3-3 and xxt1xxt2mur3-3.

comparisons. These annotations provide a valuable resource for
investigating specific processes, functions and pathways related
with cell elongation.

3.4. Differential expression genes involved in cell wall synthesis
and modification

A total of 127 DEGs related to cell wall synthesis or modification
showed different transcript levels in a comparison between mur3-
3, WT  and the four suppressor lines. This included genes encoding
xyloglucan endotransglucosylase/hydrolases (XTHs), expansins,
pectin methyl esterases (PMEs), arabinogalactan-proteins (AGPs),
peroxidases, ß-galactosidase, cellulose synthases and glucan
endo-1,3-beta-glucosidase (Supplementary file 7). Comparisons
of mur3-3 with WT,  xxt2mur3-3, xxt5mur3-3, xxt1xxt2mur3-3 or
35Spro:XLT2:mur3-3 identified 18 DEGs that included three XTHs
(XTH4, XTH17 and XTH30), four AGPs (AGP5, AGP22,  AGP24 and
FLA13), three PMEs (PME3, PME16 and PME35) as well as EXPA8,
PER53, BCB1 and COMT1. All of these genes were up-regulated in WT
and the four suppressor lines compared with mur3-3 except AGP5,
PER53 and BCB1, which were down-regulated in WT and four sup-
pressor lines compared with mur3-3. An additional 28 DEGs were
detected in comparisons of mur3-3 with WT,  xxt2mur3-3, xxt5mur3-
3, or xxt1xxt2mur3-3 and included six AGPs (AGP1, AGP4, AGP7,
AGP13, AGP14 and AGP21), two EXPAs (EXPA6 and EXPA11), two
PMEs (PME34 and PME41), two  PERs (PER64 and PER72),  two  BGALs
(BGAL4 and BGAL8)  as well as CESA2,  CSLA9,  XTH33,  E13A, ENL2,

GLPQ3, ATRABE1B.  These DEGs were all up-regulated in WT  and four
suppressor lines compared with mur3-3 except AGP1, ATRABE1B,
EXPA6, GLPQ3,  PME41 and ENL2, which were down-regulated in
WT and four suppressor lines compared with mur3-3. The remain-
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Table 2
Cell wall-related DEGs that differed significantly in comparisons of mur3-3 with WT,  xxt2mur3-3, xxt5mur3-3, xxt1xxt2mur3-3 and 35Spro:XLT2:mur3-3.

log2.Fold change.

WT xxt2mur3-3 xxt5mur3-3 xxt1xxt2mur3-3 35Spro:XLT2:mur3-3
Type  Gene ID vs vs vs vs vs Gene Name

mur3-3 mur3-3 mur3-3 mur3-3 mur3-3

Cell wall AT5G53250 2.76 2.63 3.03 3.00 1.70 AGP22
AT5G40730 2.43 1.96 2.33 2.36 1.20 AGP24
AT1G35230 −5.29 −2.49 −4.48 −6.00 −1.69 AGP5
AT5G20230 −6.93 −2.02 −4.82 −6.74 −1.73 SAG14
AT5G63800 1.81 1.47 1.52 1.47 1.01 BGAL6
AT1G76790 3.04 1.73 1.83 2.31 1.49 IGMT5
AT1G08500 2.30 2.17 2.20 2.17 1.37 ENODL18
AT2G40610 3.08 2.24 2.48 2.21 1.59 EXPA8
AT5G44130 2.14 1.81 2.43 2.56 1.57 FLA13
AT2G32990 2.03 1.65 1.81 1.99 1.65 GH9B8
AT4G35160 2.84 2.28 2.75 3.21 1.65 ASMT
AT5G06720 −2.92 −1.25 −2.68 −4.41 −1.23 PRX53
AT2G43050 2.70 2.13 2.53 2.42 1.50 PMEPCRD
AT3G14310 1.46 1.37 1.53 1.51 1.12 PME3
AT3G59010 5.77 4.42 5.06 4.68 4.00 PME61
AT1G65310 1.78 1.71 1.97 2.01 1.00 XTH17
AT1G32170 2.68 2.36 2.36 2.16 1.45 XTH30
AT2G06850 2.22 2.10 2.21 2.08 1.19 XTH4

TFs  AT1G04240 1.99 1.74 2.02 1.73 1.02 IAA3
AT2G02820 2.72 2.19 2.48 2.22 2.11 MYB88
AT2G29660 1.68 1.36 1.63 1.52 1.29 –

Chlorophyll a-b AT1G29910 −3.77 −2.49 −3.54 −2.19 −1.42 LHCB1.2
binding protein AT1G29920 −3.64 −3.96 −2.80 −2.07 −1.32 LHCB1.1

AT1G29930 −2.99 −2.14 −2.87 −2.20 −1.11 LHCB1.3
AT2G34430 −6.01 −4.30 −5.71 −4.13 −1.46 LHCB1.4

Hormone AT5G35735 −1.72 −1.10 −1.88 −1.89 −1.03 –
AT2G34500 2.63 2.07 2.09 2.10 1.32 CYP710A1
AT2G34490 4.15 2.59 2.77 3.23 2.85 CYP710A1
AT4G36380 2.07 1.73 1.82 1.95 1.28 ROT3

Protein kinase AT5G37790 3.19 2.52 3.13 2.98 1.79 –
AT3G15356 3.18 2.29 2.48 2.44 1.86 –

Aquaporin AT4G23400 3.15 2.41 2.95 2.86 1.71 PIP1;5
AT5G60660 4.62 4.15 4.59 4.77 3.19 PIP2;4

3.43 

2.91 
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AT4G17340 3.62 2.91 

AT5G47450 2.64 2.55 

ng 81 cell wall-related DEGs were detected in other comparison
airs. 48 were up-regulated and 33 down-regulated in WT  and four
uppressor lines compared with mur3-3.

.5. Differential expression genes involved in transcriptional
actors

Transcription factors (TFs) have a key role in controlling gene
xpression in plants. We  identified 130 differentially expressed TFs
hat belong to 24 different families including AP2-EREBP,  ARF/Aux-
AA, bZIP, MYB, WRKY,  bHLH, C2H2, C2C2 (Zn), NAC and Homeobox
Supplementary file 8). Three TFs (IAA3, MYB88 and a member of
he C2H2 gene family) were all up-regulated in WT  and the four
uppressor lines compared with mur3-3. 21 TFs were differentially
xpressed in comparisons between mur3-3 and WT,  xxt2mur3-
, xxt5mur3-3 or xxt1xxt2mur3-3. Two ARF/Aux-IAA TFs (IAA6 and
AA17), four bHLH TFs (BH036, BH078,  BH151 and AT2G40820),
wo Homeobox TFs (HAT1 and HAT2), MYB86 and NAC100 were
p-regulated in WT,  xxt2mur3-3, xxt5mur3-3 or xxt1xxt2mur3-3
ompared with mur3-3. By contrast, three C2C2 (Zn) TFs (COL6, COL8
nd COL16), two C2H2 TFs (ZAT8 and ZAT12)  were down-regulated
n WT,  xxt2mur3-3, xxt5mur3-3 or xxt1xxt2mur3-3 compared with
ur3-3. The remaining 106 TFs detected in comparisons between
ur3-3 and the other lines, included 83 that were up-regulated

nd 23 that were down-regulated in WT  or some suppressor lines
ompared with mur3-3.
3.84 2.22 TIP2;2
3.14 1.43 TIP2;3

3.6. Detection of overlapped DEGs

The “cabbage-like” phenotype of mur3-3 is suppressed by pre-
venting xyloglucan synthesis (xxt1xxt2mur3-3) or by increasing
the abundance of the XLXG subunit (xxt2mur3-3, xxt5mur3-3 and
35Spro:XLT2:mur3-3). To explore the underlying mechanism of
suppression, we  used Venn map  statistical analysis to identify the
overlapped DEGs (Fig. 6). A total of 102 overlapped DEGs were iden-
tified in comparisons of mur3-3 with WT,  xxt2mur3-3, xxt5mur3-3,
xxt1xxt2mur3-3 or 35Spro:XLT2:mur3-3. 72 were up-regulated and
30 were down-regulated in WT  and four suppressor lines com-
pared with mur3-3 (Supplementary file 9, Fig. 6A). 18 of these
genes, including XTH4, XTH17,  XTH30,  PME3, PME61,  EXPA8,  AGP5,
AGP22 and AGP24 are involved in cell wall biosynthesis or modifica-
tion. Almost all of these cell wall-related DEGs were up-regulated
(Table 2). 95% of the DEGs (115/121) detected in 35Spro:XLT2:mur3-
3 vs mur3-3 were also detected in WT  vs mur3-3 (Supplementary
file 3).

A total of 550 overlapped DEGs were identified in comparisons
of mur3-3 with WT,  xxt2mur3-3, xxt5mur3-3 or xxt1xxt2mur3-3. 227
were up-regulated and 323 were down-regulated in comparisons
with mur3-3 (Supplementary file 9, Fig. 6B). 24 TFs and 46 cell
wall-related DEGs, which include the 18 cell wall-related DEGs as
described above, were identified. In addition, 6 auxin and brassi-

nosteroids (BR) related genes, 9 protein kinase genes, 9 aquaporin
genes and 18 chlorophyll a-b binding protein genes were identi-
fied. Notably, most of cell wall-related DEGs, TFs, hormone-related
genes, protein kinase and aquaporin genes were up-regulated in
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Fig. 7. Overview of 550 overlapped DEGs involved in different metabolic and reg-
ulatory processes visualized by MapMan. A: Overview display of DEGs assigned
to  metabolism. CHO, carbohydrates; OPP, oxidative pentose phosphate pathway;
TCA, tricarboxylic acid cycle. B: Overview display of DEGs assigned to regulatory
processes. C: Overview display of DEGs assigned to biotic stress processes. Genes
significantly up- and down-regulated in WT and suppressor lines compared with
mur3-3 are indicated in red and green, respectively. Scale bars display log2-fold
he numbers of overlapped DEGs detected in comparisons of mur3-3 with WT,
xt2mur3-3,  xxt5mur3-3 and xxt1xxt2mur3-3. The Venn diagrams include both up-
nd  down-regulated genes.

T  and suppressor lines compared with mur3-3, whereas all of
he chlorophyll a-b binding protein genes were down-regulated in

T and suppressor lines compared with mur3-3.  Visualization of
he 550 DEGs using MapMan revealed a clustering of these genes
nto metabolic pathways (Fig. 7A), regulatory processes (Fig. 7B),
nd biotic stress processes (Fig. 7C). Most cell wall-related genes,
rotein modification genes, hormone-related genes and PR-protein
enes were up-regulated relative to mur3-3, while all the light reac-
ion related genes were down-regulated relative to mur3-3.

.7. Conserved promoter motifs analysis

Conserved motifs in gene promoters typically indicate related
unctions of a cluster of genes. To explore the potential variance of
ene function between the up- and down-regulated DEGs, we ana-
yzed the conserved promoter motifs of the 102 overlapped DEGs
etected in the comparison pairs of WT,  xxt2mur3-3, xxt5mur3-3,
xt1xxt2mur3-3 and 35Spro:XLT2:mur3-3 vs mur3-3. A total of 27
nd 12 conserved promoter motifs were significantly enriched in
p- and down-regulated DEGs (P-value < 0.05), respectively (Sup-
lementary file 10). A TATA-box, CARGCW8GAT, T-box promoter,

box promoter, ABRE-like binding site and Z-box promoter motifs
ere detected in most of the up- and down-regulated DEGs. 21

nd 6 conserved promoter motifs were specifically detected in up-
nd down-regulated DEGs, respectively. For example, MYB1AT, the
YB4 binding site and W-box promoter motifs, GAREAT, MYCA-
ERD1 and AtMYC2 BS in RD22 conserved promoter motifs were
pecifically enriched in up-regulated DEGs. SV40 core promoter
otif, ACGTABREMOTIFA2OSEM and GADOWNAT were enriched

n down-regulated DEGs.
changes. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

3.8. Complementation test
We selected 11 DEGs down-regulated in mur3-3 relative to
WT and the four suppressor lines to investigate their role in
cell elongation. The DEGs encode cell wall-related proteins, TFs,
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ormone-related proteins, protein kinases and aquaporins (Sup-
lementary file 11). Each DEG was overexpressed in mur3-3 to
etermine if they rescued the mur3-3 phenotype. At least 20 trans-
enic lines were generated for each gene. The aerial portions of
he transgenic lines and mur3-3 were indistinguishable (data not
hown) suggesting that the leaf growth phenotype cannot be res-
ued by expressing any of these genes individually. Two transgenic
ines (35Spro:IAA6:mur3-3 and 35Spro:IAA17:mur3-3) had shorter
ypocotyls than mur3-3 (Fig. 8). By contrast, the mur3-3 short
ypocotyl phenotype was partially rescued by overexpressing four
ell wall-related genes (XTH4, XTH30,  PME3 and EXPA11), a TF
MYB88), a hormone-related gene (ROT3), two protein kinase genes
AT5G37790 and WAG2)  and a aquaporin gene (TIP2;3) (Fig. 8). Thus,

ifferences may  exist in cell elongation mechanism in adult plants
nd in hypocotyls.
ur3-3 mutant. A: The hypocotyl phenotypes of mur3-3 lines over expressing XTH4,
yl length of WT,  mur3-3 and transgenic lines. Between 10 and 15 hypocotyls were

 t-test with mur3-3; ** P < 0.01).

3.9. Co-expression networks underlying the hypocotyl elongation

The 46 cell wall-related genes, 24 TFs, 6 hormone-related genes,
9 kinase genes, 9 aquaporin genes and 18 chlorophyll a-b bind-
ing protein genes showed different expression levels in mur3-3
compared with WT,  xxt2mur3-3, xxt5mur3-3 or xxt1xxt2mur3-3
(Supplementary file 9). Complementation test showed that ele-
vating some of these genes that were down-regulated in mur3-3
partially rescued the hypocotyl phenotype (Fig. 8). We  constructed
a global co-expression network of these genes by using WGCNA
to explore the potential correlations of these DEGs with the reg-
ulation of cell elongation. These results showed that most of the
cell wall-related genes including XTH33,  EXPA6,  PRX53,  BGL2 and

ENODL2 co-expressed with TFs, hormone-related genes and genes
encoding protein kinases, aquaporins, and chlorophyll a-b binding
proteins (Supplementary file 12, Fig. 9).
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In addition, among these co-expression DEGs, the TFs MYB55
AT4G01680), BBX17 (AT1G49130), RING1 (AT5G10380) and
T3G46080, hormone-related genes CYP710A2 (AT2G34490)
nd ROT3 (AT4G36380) had expression patterns (WT  >
xt5mur3–3 > xxt2mur3–3 > mur3-3) similar to genes encoding
quaporin proteins PIP1;1 (AT3G61430), PIP2;2 (AT2G37170),
IP2;4 (AT5G60660) and TIP2;2 (AT4G17340) and kinase proteins
T3G15356 and GPK1 (AT3G17420) (Supplementary file 9, Sup-
lementary file 12). The expression level trend of these DEGs is
orrelated with the abundance of the XLXG subunit in the plants,
ndicating that expressions of the DEGs are correlated with the
resence of the dysfunctional xyloglucan. This result further sup-
orts our previous conclusion that the mur3-3 phenotype results
rom the reduced amounts of the XLXG subunit.

.10. Quantitative real-time PCR analysis

To validate the differential DEG data obtained by Illumina Hiseq
000/2500 platform sequencing we used qRT-PCR analyses of

leven cell-wall related DEGs, one TF and three protein kinase DEGs
elected randomly from the 550 overlapped DEGs detected from
omparisons of mur3-3 with the other plants (Fig. 6B). The qRT-PCR
xpression patterns of these fifteen DEGs exhibited similar expres-
cell wall-related genes, TFs, hormone genes, protein kinase genes, aquaporins and
es and the size of the circle represents the quantity of connection joints with other

sion patterns with DGE-seq (Fig. 10A). Linear regression analysis
showed a significant correlation (R2 = 0.9323), which indicates good
reproducibility between transcript abundance generated by DGE-
seq and the expression profiles obtained from the qRT-PCR data
(Fig. 10B).

4. Discussion

To our knowledge, our study is the first to provide a large-scale
assessment of the transcriptomes of plants carrying mutations in
GTs known to be involved in the synthesis of xyloglucan. This study
provides a foundation for understanding the underlying mecha-
nism of how changes in xyloglucan structure affect cell elongation.

Cell wall synthesis and remodeling are key steps in the assem-
bly of a functional cell wall and thus have important roles in
regulating cell elongation and division. Several genes involved in
these two  processes including those encoding glycoside hydrolases,
expansins, carbohydrate lyases, peroxidases, laccases, AGPs, fas-
ciclin AGPs (FLAs), PMEs, PMEIs, GHs, XTHs, beta-galactosidases,

cellulose and callose synthase genes (Supplementary File 7) were
identified in our study and found to be differentially expressed.

Xyloglucan and pectin have been proposed to have key roles in
determining the mechanical properties of the primary cell walls
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42] and thus are important for normal cell elongation. Thus, it
s not unexpected that genes encoding PMEs (5) and XTHs (3)

ere present as overlapped DEGs in pairwise comparisons of
T vs mur3-3, xxt2mur3-3 vs mur3-3, xxt5mur3-3 vs mur3-3 and

xt1xxt2mur3-3 vs mur3-3. Many of these genes were also identi-
ed to have important roles during cell elongation and hypocotyl
rowth in transcriptomics or proteomics studies of elongating Ara-
idopsis hypocotyls [43–45]. Our complementation test supports
his notion since overexpression of XTH4, XTH30,  PME3 and EXPA11
artially rescued the length of mur3-3 hypocotyls (Fig. 8).

It is intriguing that the xxt1xxt2mur3-3 mutant, which lacks
yloglucan in its cell walls has gene expression profiles that most
losely resemble WT  (Supplementary file 2). This adds support to

ur previous proposal that the absence of xyloglucan has a less
eleterious effect on plant growth than the presence of xyloglucan
ith a dysfunctional structure [19]. In comparison to mur3-3, the

xpression level of more than 80% of DEGs in WT  vs mur3-3 reverted
 genes. A: The relative expression values representing log2 (fold change) among
DGE-seq and 2−��CT values were used in qRT-PCR for fold-change calculation. B:

 data.

to WT  levels in xxt2mur3-3, xxt5mur3-3, xxt1xxt2mur3-3 and even
35Spro:XLT2:mur3-3 (Supplementary file 13), which suggests that
in these suppressor lines the mur3-3 phenotypes are suppressed
through similar pathways and that the galactose-deficient xyloglu-
can or galactose-deficient xyloglucan oligosaccharides signal the
cellular changes and thus affect cell elongation.

4.1. Auxin and BR may contribute to mur3-3 hypocotyl
elongation defect

Auxin regulates many aspects of plant growth and development
[46]. This hormone controls transcription by rapidly modulating
the levels of short-lived Aux/IAA proteins [47]. In the SCFTIR1/AFB-

auxin-Aux/IAA auxin signaling transduction model, auxin triggers
Aux/IAA degradation and de-repression of ARF activity, enabling
promoter activation for gene expression [47]. In our study, we
found that IAA3, IAA6 and IAA17 were significantly down-regulated
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n mur3-3 compared with WT  (Supplementary file 8) together with
he down-regulation of XTHs, PMEs and AGPs (Table 2, Supplemen-
ary file 7). It is notable that the expression levels of the three
ux/IAAs genes in the mur3-3 suppressor lines revert to WT  lev-
ls (Supplementary file 2). Several hormones, including auxin and
R, have been proposed to mediate their effects on cell elongation
ia alteration of wall architecture [48]. Thus, it is possible that the
hanges in cell wall-related DEGs are regulated by changes in IAA.

Several studies have reported that seedlings of the gain-of-
unction mutants shy2-2/iaa3, shy1/iaa6 and axr3/iaa17 have short
ypocotyls and curled leaves and that genes encoding XTHs, PMEs,
nd AGPs are repressed [49–52]. The XTH17,  AGP22,  and AGP4 genes
hat are repressed in axr3/iaa17 were also repressed in mur3-3
ompared with WT.  Additional experiments are required to ver-
fy if gain-of-function of IAAs and knock down of IAAs inhibit
lant growth through similar pathways. Notably, our overexpres-
ion experiments showed that IAA6 and IAA17 do not rescue, but
nhance the mur3-3 short hypocotyl phenotype further implicat-
ng the complex regulatory mechanism of auxin during hypocotyl
longation.

Brassinosteroids are a class of hormones that regulate numer-
us aspects of plant growth and development [53]. These hormones
re perceived by BRI1, which then activates the TFs BZR1/2 through
nhibition of BIN2, a GSK3-like kinase. BZR1/2, also regulates numer-
us other genes including many involved in cell wall-biosynthesis
nd remodeling [54,55]. Previous studies reported that many BR
iosynthetic mutants including det2, dim, dwarf1,  cbb1, brd1, lka
nd lkb have short hypocotyls, petioles, and stems, and small
eaves [56–59] suggesting that the dwarfism in BR biosynthetic and
R-insensitive mutants results from reduced cell elongation. Con-
istent with previous studies, we found that three genes involved
n sterol biosynthetic (ROT3, CYP710A2 and CYP710A1)  were down-
egulated in mur3-3 compared with WT,  xxt2mur3-3, xxt5mur3-3,
xt1xxt2mur3-3 and 35Spro:XLT2:mur3-3. Since most BR biosyn-
hetic genes are believed to be under negative feedback control
y BR signaling [48], it is possible that the elongation defects in
ur3-3 result in part from elevated BR signaling. A previous study
as reported that inhibition of PME  activity leads to a reduction of
ectate in the cell wall, which may  trigger BR signaling. Elevated BR
ignaling is the main cause of the abnormal phenotype when PME
ctivity is disturbed [48]. Consistent with such studies, we  found
hat PME3, PME16,  PME34 and PME35 were all down-regulated
n mur3-3 relative to WT  (Table 2). Thus, in mur3-3, the reduced
xpression of PMEs may  result in elevated BR signaling which then
eads to the “cabbage-like” phenotype. Evidence to support this
otion was obtained by complementation tests, which showed that
he short hypocotyl phenotype of mur3-3 is partially rescued in
he 35Spro:PME3:mur3-3 and 35Spro:ROT3:mur3-3 transgenic lines
Fig. 8).

.2. TFs and receptor kinase proteins that possibly responsible for
ypocotyl elongation defect in mur3-3

Plasma membrane-localized receptor-like kinases (RLKs) have
een suggested to be the primary candidates for sensing changes in
ell wall integrity [23]. Wall associated kinases (WAKs) that have a
ighly conserved serine/threonine protein kinase domain on their
ytoplasmic domain and the Catharanthus roseus RLK1 (CrRLK1)
ike protein family are two of the best-studied potential cell wall
ntegrity receptors [60,61]. In our study, we identified 9 kinases in
he 550 overlapped genes, including the CrRLK1-like family member
ERCULES1 (HERK1) and 8 serine/threonine protein kinases. Fur-
her experiments are required to verify whether these two  RLKs
re involved in sensing changes in cell wall mechanics that result
rom altered xyloglucan structure. Indeed, our data showing that
verexpression WAG2 or At5g37790 partially rescued the mur3-3
58 (2017) 156–169 167

short hypocotyl phenotype suggests that kinases do have a role in
xyloglucan signal sensing and transduction.

Identifying TFs responsible for the mur3-3 short hypocotyl phe-
notype is required to elucidate the underlying mechanism that
control cell elongation. In our study, several TFs gene families
including bHLH, MYB, homeobox,  BZR, NAC, Sigma70-like and the tri-
helix family were identified (Supplementary file 8). Overexpression
of MYB88 partially rescued the mur3-3 hypocotyl phenotype, sug-
gesting that one or more of these TFs are potential candidates for
the cell elongation defect observed in mur3-3 hypocotyls.

4.3. Aquaporins may facilitate cell elongation

Plant cell growth requires the irreversible increase in the sur-
face area of the cell wall. This process requires an internal turgor
pressure, which is generated by water uptake into the cell [62–64].
To maintain turgor during cell wall expansion, water movement
through cell membranes is enabled by water channels referred to
as aquaporins [65]. Aquaporins are integral membrane proteins
that form pores which facilitate water transport at a rate higher
than diffusion. The increased accumulation of aquaporins likely
allows water to enter a cell at an accelerated rate, leading to a
higher turgor pressure that drives cell elongation. Consistent with
this hypothesis, a previous report showing that transgenic tobacco
overexpressing an Arabidopsis plasma membrane aquaporin gene
(PIP1b), are taller than WT as a consequence of the increased length
and number of internodes [66]. We found that seven PIPs and
two TIPs aquaporin genes were up-regulated in WT  and the four
suppressor lines compared with mur3-3 (Supplementary file 9),
suggesting that these proteins may help maintain a higher turgor
pressure to facilitate the normal cell elongation. This notion was
supported by complementation tests showing that overexpressing
TIP2;3 in mur3-3 promoted cell elongation. On the other hand, it has
been reported that in Arabidopsis roots auxin suppresses the tran-
scription of several PIP and TIP genes including PIP1;1,  PIP1;5,  PIP2;1,
PIP2;2,  PIP2;4,  PIP2;7,  TIP2;2 and TIP2;3 [67]. These 8 genes also
appeared in the 550 overlapped DEGs and were down-regulated
in mur3-3 compared with WT and the suppressor lines (Supple-
mentary file 9). Thus we  suggest that the lower expression of these
aquaporin genes in mur3-3 is due to an elevated auxin signal since
IAA3, IAA6, IAA17 were significantly down-regulated in mur3-3.

4.4. The elevated immune response in mur3-3

Plant cell walls serve as physical barriers against pathogen
entry, however, phytopathogenic fungi, bacteria, and nematodes
secrete enzymes that can break the integrity of the plant cell
wall [68]. Pectic enzymes, including polygalacturonases (PGs),
pectate lyases (PELs) and PMEs are typically the first cell wall
degrading enzymes secreted by fungal and bacterial pathogens
during the initial stages of infection [69]. Xyloglucan, the pre-
dominant hemicellulosic polysaccharide in the primary walls of
dicots and non-graminaceous monocots, is fragmented by micro-
bial xyloglucan-specific endoglucanases (XEGs) [68]. Plant cells
have membrane-localized receptors that perceive the molecules
generated by the cell wall-degrading enzymes in damaged tissues
[70] and activate plant immune responses [71,72]. In our study, we
found that several GO terms, including “immune system process”,
“immune response” and “innate immune response” were enriched
in mur3-3 compared with WT  or xxt1xxt2mur3-3. The latter two
terms were also enriched in mur3-3 compared with xxt5mur3-3
(Supplementary file 4, Fig. 5). Most of the DEGs enriched in these GO

terms were up-regulated in mur3-3 compared with WT or suppres-
sor lines (Supplementary file 5) indicating that the dysfunctional
xyloglucan in mur3-3 activates severe immune response, although
further studies are needed to clarify the underlying mechanism.
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The esterification status of pectin can affect cell wall degrad-
bility by microbial enzymes. Genetic and molecular evidence has
ndicated that pectin methyl-esterification has a critical role in a
lant’s defence against pathogens [73]. Studies in Arabidopsis and
heat have shown that lower levels of PME  activity is correlated
ith an increase of pectin esterification and a concomitant decrease

n susceptibility to the pathogen [74,75]. In our data, several genes
ncoding PMEs were down-regulated in mur3-3 compared with WT
nd the suppressor lines (Supplementary file 7). The constitutive
esistance of mur3-3 petioles to infection by H. parasitica [21] may
esult from elevated expression of these immune response genes
nd the decreased expression of PME  genes.

. Conclusions

Our DGE-seq data provides insights into the molecular basis of
ow modifying a cell wall polysaccharide may  lead to reduced cell
longation. Structural changes to cell wall xyloglucan must be per-
eived and then relayed to the cytosol where they cause changes in
he expression of numerous genes related to cell wall metabolism,
Fs, hormones, receptor kinases and aquaporins. Our study illus-
rates how combining knowledge of mutant cell wall structure with
ene expression data and bioinformatics provides new insight into
he molecular mechanism underlying plant cell elongation.
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