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Abstract
Key message Overexpression of cotton cellulose synthase like D3 (GhCSLD3) gene partially rescued growth defect of 
atcesa6 mutant with restored cell elongation and cell wall integrity mainly by enhancing primary cellulose production.
Abstract Among cellulose synthase like (CSL) family proteins, CSLDs share the highest sequence similarity to cellulose syn-
thase (CESA) proteins. Although CSLD proteins have been implicated to participate in the synthesis of carbohydrate-based 
polymers (cellulose, pectins and hemicelluloses), and therefore plant cell wall formation, the exact biochemical function of 
CSLD proteins remains controversial and the function of the remaining CSLD genes in other species have not been deter-
mined. In this study, we attempted to illustrate the function of CSLD proteins by overexpressing Arabidopsis AtCSLD2, -3, 
-5 and cotton GhCSLD3 genes in the atcesa6 mutant, which has a background that is defective for primary cell wall cellulose 
synthesis in Arabidopsis. We found that GhCSLD3 overexpression partially rescued the growth defect of the atcesa6 mutant 
during early vegetative growth. Despite the atceas6 mutant having significantly reduced cellulose contents, the defected cell 
walls and lower dry mass, GhCSLD3 overexpression largely restored cell wall integrity (CWI) and improved the biomass 
yield. Our result suggests that overexpression of the GhCSLD protein enhances primary cell wall synthesis and compensates 
for the loss of CESAs, which is required for cellulose production, therefore rescuing defects in cell elongation and CWI.

Keywords GhCSLD3 · Atcesa6 mutant · Cellulose · Cell elongation · Cell wall integrity (CWI) · Transgenic Arabidopsis

Introduction

Plant cell walls largely determine plant cell morphology 
and provide mechanical supports against biotic and abiotic 
stresses (Landrein and Hamant 2013; Malinovsky et al. 
2014; Le Gall et al. 2015; Hamann 2015). All actively grow-
ing plant cells are surrounded by the thin and pectin-rich 
primary cell wall (PCW) mainly consisting of cellulose, pec-
tins and hemicelluloses. The synthesis of wall polymers are 
tightly regulated with the formation of new cell walls during 
cell division and expansion, the synthesis of plant cell wall 
polymers in return determines cell size and number, there-
fore the size of an organ/tissue. In addition, differentiating 
cells that have completed size expansion need to remodel 
their wall structure for their particular functions (e.g. xylem 
vessel cells). These plant cells might deposit new layers of 
material (secondary cell wall, SCW) in the inner face of 
the PCW, which is more enriched with lignin and xylan to 
better support mechanical strength (Somerville et al. 2004; 
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Mohnen 2008; Doblin et al. 2010; Harholt et al. 2010; Keeg-
stra 2010; Scheller and Ulvskov 2010; Schuetz et al. 2013; 
Wang et al. 2016; Hu et al. 2018a, b, c). Cellulose, composed 
of β-1,4-linked glucan chains, is synthesized by a group of 
CESAs proteins forming a CSC (cellulose synthase com-
plex) at the plasma membrane (Peng et al. 2002; Li et al. 
2013; Schneider et al. 2016). In Arabidopsis, CESA1, -3, 
and -6, or one of four CESA6-like proteins (AtCESA2, -5, -6 
and -9) form the primary wall CSC, while CESA4, -7 and -8 
are essential members for secondary wall CSC (Taylor et al. 
2003; Desprez et al. 2007; Persson et al. 2007; McFarlane 
et al. 2014).

CSLs include genes with high sequence similarity with 
the CESA genes. Members of the CSL family proteins par-
ticipate in wall polymer synthesis, belong to glycosyltrans-
ferase 2 (GT2) for the synthesis of β-1, 4-linked polysac-
charide backbones (Richmond and Somerville 2000; Burton 
et al. 2006; Farrokhi et al. 2006; Suzuki et al. 2006; Doblin 
et al. 2010). Up to 50 CSL members have been reported from 
different plant species (Hazen et al. 2012; Yin et al. 2014; 
Schwerdt et al. 2015; Kaur et al. 2017; Li et al. 2017; Zou 
et al. 2018). These proteins are classified into nine subfami-
lies, among which the CSLD gene family is most similar 
to the CESA family and have the most ancient intron/exon 
structure (Richmond and Somerville 2000). CSLD genes 
identified in different species are functionally divided into 
three categories: (i) genes mainly expressed in mature pollen 
and important for pollen germination and pollen tube elon-
gation, e.g. AtCSLD1 and AtCSLD4 (Bernal et al. 2008); (ii) 
AtCSLD2, AtCSLD3, OsCSLD1 and ZmCSLD5, predomi-
nantly expressed in roots. Mutations in these genes cause 
root defects, such as csld3-1, rhd7-1 and rhd7-4 defective for 
root hair tip growth (Favery et al. 2001; Wang et al. 2001; 
Kim et al. 2006; Bernal et al. 2008; Penning et al. 2009; Hu 
et al. 2018b); (iii) expressed in various tissues, influence 
leaf morphogenesis, plant architecture, e.g. AtCSLD5, OsC-
SLD4, ZmCSLD1 and GhCSLD6 (Bernal et al. 2007; Li et al. 
2009; Hu et al. 2010; Wu et al. 2010; Li et al. 2017). Some 
third category genes also affect cell division (Hunter et al. 
2012; Yoshikawa et al. 2013; Gu et al. 2016). In addition, 
AtCSLD2, -3 and -5 (including GhCSLD3, a cotton ortholog 
to AtCSLD3) are expressed in all organs at various develop-
mental stages, indicating they may have multiple functions 
(Bernal et al. 2008; Yin et al. 2011; Hu et al. 2018b).

Numerous studies have shown that the CSLD proteins 
are involved in plant cell wall carbohydrate-based polymer 
biosynthesis: PtrCSLD2 has been shown to influence the 
synthesis of SCW polysaccharides in poplar (Samuga and 
Joshi 2004); misexpression of AtCSLD5 resulted in reduced 
xylan and homogalacturonan in Arabidopsis (Bernal et al. 
2007), downregulation of OsCSLD4 (AtCSLD5 homolog) in 
rice led to alterations of arabinoxylan (Li et al. 2009); Ver-
hertbruggen et al. (2011) provided evidence for AtCSLD2, 

AtCSLD3 and AtCSLD5 in mannan synthesis. However, sev-
eral studies indicated that CSLD proteins may be involved 
in cellulose synthesis in certain tissues. When the activi-
ties of AtCESA were repressed in the isoxaben-habituated 
Arabidopsis suspension-cultured cells, AtCSLD5 was highly 
up-regulated along with a large accumulation of β-glucan 
(Manfield et al. 2004) and NaCSLD1 was reported for β-1, 
4-glucan synthesis in Nicotiana A (Doblin et al. 2010). AtC-
SLD3 represents distinct (1, 4)-β-glucan synthase activity 
during tip growth in root-hair cells. The AtCSLD3 protein 
resides in apical plasma membranes through a swap of the 
CSLD3 catalytic domain with the corresponding region of 
CESA6 (Park et al. 2011). Our recent study showed that AtC-
SLD3 and GhCSLD3 overexpression significantly increased 
cellulose production in the roots and stems of Arabidopsis 
(Hu et al. 2018b).

Although there is evidence supporting the roles of CSLD 
proteins in the synthesis of cellulose or non-cellulosic 
polysaccharides, the exact biochemical function of CSLD 
proteins in a particular plant species remain controversial. 
In this study, we used heterologous overexpression of the 
cotton CSLD3 gene in a particular genetic background, the 
atcesa6 mutant. We found that GhCSLD3 overexpression 
rescued cell elongation and CWI by substantial improvement 
in the synthesis of cellulose, therefore providing genetic 
evidence that GhCSLD3 and AtCESA6 may play a similar 
role in cellulose or cellulose-like polysaccharide synthesis 
in plants.

Materials and methods

Plant materials and growth conditions

Columbia ecotype (Col-0) was used as Arabidopsis WT in 
this study. Homozygous T-DNA insertion mutant of Arabi-
dopsis atcesa6 (SALK_004589) was identified by Hu et al. 
(2018c), and amplification and analysis of the GhCSLD3 
gene from Gossypium hirsutum L. was done in our previ-
ously published work (Hu et al. 2018b). The homozygous 
lines of p35S::AtCESA6/WT and p35S::GhCSLD3/WT were 
obtained in our previously published work (Hu et al. 2018a, 
b). For vector construction, complete AtCSLD2, -3, -5 and 
GhCSLD3 CDS driven by the D35S promoter were cloned 
into the binary vector pD1301s to generate the binary plas-
mid. Transgenic plants were generated by introduction of 
the plant expression construct into an Agrobacterium tume-
faciens strain GV3101 and transformation was performed by 
floral dipping (Zhang et al. 2006). The overexpression con-
structs and empty vector were transformed into the atcesa6 
mutant. T1 Arabidopsis transgenic seedlings were selected 
on half-strength Murashige and Skoog growth medium (1/2 
MS medium) medium containing 50 mg/L hygromycin and 
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confirmed by qRT-PCR (Real-time quantitative reverse tran-
scription polymerase chain reaction). More than three hygro-
mycin-resistant lines (independent transformation events) for 
each construct were selected as homozygous. Phenotypic 
characterization was performed using T5 homozygous trans-
genic lines. The information of primers used in this study 
was listed in Supplemental Table S1.

Arabidopsis seeds were surface sterilized using 75% etha-
nol for 4 min and 10% sodium hypochloride with 0.01% 
Triton X-100 for 3 min, washed in sterile water several times 
then imbibed at 4 °C in the dark in sterile water containing 
0.1% agar for 3 days and germinated on plates containing 
1/2 MS media (1% sucrose; pH 5.8) in 1% agar. Plates were 
incubated in a near vertical position at 22 °C under light 
growth conditions (16 h light/8 h dark) for photomorpho-
genesis or dark growth conditions (24 h dark) for skoto-
morphogenesis. The seedlings were transplanted to the soil 
after the second real leaf was clearly visible. To ensure the 
accuracy of the individual experiments, all of the seeds were 
harvested from the plants which were grown simultaneously 
and under same conditions.

Measurement of root and hypocotyl growths

Root and hypocotyl growth was measured as described 
previously (Hu et al. 2018a, b, c), with some minor modi-
fications that the root hairs of 6-day-old light-grown (L6) 
seedlings were imaged using light microscopy (Leica S6 D, 
Leica DFC295 digital camera). Arabidopsis seedlings were 
scanned using a HP Scanjet 8300 scanner at 600 dpi, the 
hypocotyl lengths of vertically grown seedlings were meas-
ured from the hypocotyl base to the apical hook and the root 
length was measured from root tip to hypocotyl base using 
the freely available ImageJ 1.32j software (https ://image 
j.nih.gov/ij/ or http://rsb.info.nih.gov/ij/).

For images of epidermal cell patterns, 9-day-old dark-
grown (D9) hypocotyls (2nd to 6th cells in the basal part) 
and 9-day-old light-grown (L9) roots (the fully expanded 
cells in the elongation zone, EZ; the cells in differentiation 
zone, DZ) were mounted in chloral hydrate and imaged 
using differential interference contrast (80i; Nikon, Japan). 
The EZ of the root was measured between the meristematic 
zone (MZ, indicated by small and closely aligned cortical 
cells) and the DZ (indicated by the formation of root hairs). 
Epidermal cell lengths in recorded images were quantified 
using Image J1.32j.

To count number of cortical cells, L9 root tips were 
mounted in chloral hydrate and imaged using differential 
interference contrast (80i, Nikon). Root meristem size was 
highlighted as the distance between the quiescent center 
(QC) and the transition zone (TZ; indicating the position of 
the first elongating cortical cell), and the number of cortical 

cells was counted in a file extending from QC to TZ (Beem-
ster and Baskin 1998).

All experiments were performed using at least three bio-
logical replications (reps) and at least 30 seedlings were 
measured per biological rep. LSD (Least Significant Dif-
ference) test (P < 0.01) were used for statistic comparisons.

RNA isolation and qRT‑PCR analysis

L6 Arabidopsis seedlings were grown on 1/2 MS medium 
and collected under liquid nitrogen. Total RNA was iso-
lated from the collected tissues using Trizol reagent (Inv-
itrogen, Carlsbad, CA, USA). The RNA concentration was 
determined using NanoDrop ND-1000 spectrophotometer 
(Thermo Scientific) and about 10 μg RNA for each sample 
was transcribed into cDNA. First-strand cDNA was obtained 
using OligodT and M-MLV reverse transcriptase (Promega, 
Madison, WI, USA). qRT-PCR amplification was carried 
out on a Bio-Rad MyCycler thermal cycler with SYBER 
Premix ExTaq (TakaRa, Tokyo, Japan) according to the 
manufacturer’s instruction, and AtGAPDH was used as the 
internal control. The PCR thermal cycle conditions were 
used as follows: one cycle of 95 °C for 2 min, followed by 
45 cycles of 95 °C for 15 s, 58 °C for 15 s and 72 °C for 25 s. 
The expression value of AtGAPDH was defined as 100, and 
the expression levels of genes were normalized accordingly. 
All of the primers used in these assays were listed in Sup-
plemental Table S1, and the assays were carried out in three 
biological reps with three technical reps. LSD test (P < 0.01) 
were used for statistic comparisons.

Observation of cell wall structures 
under transmission electron micrographs (TEM)

TEM was used to observe cell wall structures in the xylary 
fiber cells of the first inflorescence stems of 7-week-old 
plants as described previously (Hu et al. 2018a, c). Simply, 
the samples were post-fixed in 2% (w/v) osmium tetrox-
ide  (OsO4) for 1 h after extensively washing in PBS and 
embedded with Super Kit (Sigma-Aldrich). Sample were 
cut into sections of 50–80 nm thick with an Ultracut E ultra-
microtome (Leica) and picked up on formvar-coated cop-
per grids. After post-staining with uranyl acetate and lead 
citrate, the specimens were viewed under a Hitachi H7500 
transmission electron microscope.

Immunolocalization of glycan epitopes

4-week-old petioles and 7-week-old Arabidopsis inflo-
rescence of 1st internode were cut into sections of 8 μm 
thick by paraffin slicer (RM2265, Leica). For immunolabel-
ling, transverse sections were incubated with 3% w/v milk 
protein in 1 × PBS (MP/PBS) for 1 h. Sections were then 

https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
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incubated with monoclonal antibodies diluted in MP/PBS 
(JIM5, diluted by 1:10; others, diluted by 1:5. http://glyco 
mics.ccrc.uga.edu/wall2 /antib odies /antib odyHo me.html) 
for 1 h. After washing with PBS, sections were incubated 
with anti-mouse-IgG, linked to fluorescein isothiocyanate 
(FITC; Sigma) and diluted 1:1000 in 1 × PBS for 1 h and 
then observed. Counterstaining was performed with Calco-
fluor White M2R fluorochrome (fluorescent brightener 28; 
Sigma; 0.25 μg/mL in  dH2O). Immunofluorescence was 
observed with an epifluorescence microscope (Olympus 
BX-61, Retiga-4000DC digital camera) equipped with the 
following filter sets: 330–385/450 nm (excitation/emission; 
ex/em) for visualizing Calcofluor white stained cell walls, 
460–490/520 nm (ex/em) for green emission of the FITC 
fluorochrome as described previously (Hu et al. 2018b). 
Antibodies used in this study included JIM5, CCRC-M38, 
CCRC-M99 and CCRC-M147 against partially methyl-
esterified homogalacturonan, de-esterified homogalactu-
ronan, xyloglucans and xylan, respectively (Pattathil et al. 
2010; DeMartini et al. 2011). The fluorescence intensity in 
recorded images were quantified using Image J1.32j.

Plant height and dry weight measurement

The homozygous lines were transplanted into soil as indi-
vidual plant per basin; the plants were grown in a glasshouse 
at 22 °C under light-grown condition (16 h light:8 h dark) for 
7 weeks in a fully randomized experimental design. The plant 
height was measured from the basal stem to the peaks of the 
mature Arabidopsis plants. Harvested 7-week-old inflores-
cence stems per plant, then dried under suitable temperature 
(55 °C) for 3–5 days, and weighed by analytical balance. 
Three biological replications were performed for each experi-
ment and more than 30 plants were measured for each geno-
type. LSD test was used for statistic comparisons (P < 0.01).

Plant cell wall fractionation and determination

Plant cell wall fractionation were described previously 
(Jin et al. 2016), with some minor modifications. Powder 
(40 mesh, 0.1–1.0 g) samples from D9 seedlings through 
vacuum freeze drying were washed twice with 5.0 mL of 
phosphate buffer and twice with 5.0 mL of distilled water 
to remove soluble sugars. The remaining pellet was stirred 
with 5.0 mL of chloroform–methanol (1:1, v/v) for 1 h at 
40 °C and washed twice with 5.0 mL of methanol, followed 
by 5.0 mL of acetone. The pellet was then washed once with 
5.0 mL of distilled water to remove lipids. The remaining 
pellet was added to a 5.0 mL aliquot of dimethylsulfox-
ide (DMSO)-water (9:1, v/v), vortexed for 3 min and then 
rocked gently on a shaker overnight. After centrifugation, 
the pellet was washed twice with 5.0 mL of DMSO-water, 
and then with 5.0 mL of distilled water three times to remove 

starch. The remaining pellet was defined as crude cell wall 
(cell wall-enriched fraction).

The remaining pellet were then treated with 0.5% (w/v) 
ammonium oxalate (AO) for 1 h at 100 °C, and the superna-
tants were collected for determination of free pentose, hexose 
and uronic acid, and combined as AO-extractable wall poly-
mers (pectic-enriched fraction). The remaining pellet was 
treated with 4 M KOH and 1.0 mg/mL sodium borohydride for 
1 h at 25 °C, and the combined supernatants were used as KOH 
extractable hemicelluloses. The remaining pellet was extracted 
with  H2SO4 (67%, v/v) for 1 h at 25 °C and the supernatants 
were collected for determination of free hexoses and pentoses 
as cellulose-enriched fraction and non-KOH extractable hemi-
celluloses. The KOH and non-KOH extractable hemicelluloses 
put together as hemicellulosic-enriched fraction.

Total lignin was determined as described by Sun et al. 
(2017). At least three biological replications were performed. 
LSD test was used for statistic comparisons (P < 0.01).

Colorimetric determination of hexoses, pentoses 
and uronic acids

UV–Vis Spectrometer (V-1100D, Shanghai MAPADA 
Instruments Co., Ltd., Shanghai, China) was used for hex-
oses, pentoses and uronic acids assay. Hexoses were detected 
by anthrone/H2SO4 method (Fry 1988), pentoses were meas-
ured by orcinol/HCl (Dische 1962), and total uronic acids 
were assayed by m-hydroxybiphenyl/NaOH (Fry 1988). 
As the high pentose levels affect the absorbance reading at 
620 nm for hexoses assay, the deduction from pentoses was 
carried out for a final hexoses calculation by using a series of 
xylose concentrations for plotting the standard curve referred 
for the deduction, which was verified by GC–MS analysis. 
All experiments were conducted in biological triplicate.

Determination of monosaccharide composition 
of non‑cellulosic polysaccharides by GC–MS

The dry biomass powder (40 mesh) samples (0.1–1.0 g) 
removed soluble sugars, lipids and starches. Then, the pel-
lets were hydrolyzed in 2 M trifluoroacetic acid (TFA) and 
the neutral sugars were determined by GC–MS as described 
previously (Xu et al. 2012), with some minor modifications. 
Three biological replications were performed. LSD test was 
used for multiple comparisons (P < 0.01).

TFA and myo-inositol were purchased from Aladdin Rea-
gent Inc. Acetic anhydride and acetic acid were obtained from 
Sinopharm Chemical Reagent Co., Ltd. 1-methylimidazole 
was purchased from Sigma-Aldrich Co. LLC. Monosaccha-
ride standards including l-rhamnose, l-arabinose, l-fucose, 
d-xylose, d-galactose, d-glucose and d-mannose, were 
obtained from Sinopham Chemical Reagent Co., Ltd.

http://glycomics.ccrc.uga.edu/wall2/antibodies/antibodyHome.html
http://glycomics.ccrc.uga.edu/wall2/antibodies/antibodyHome.html
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Acid hydrolysis: The pellets were hydrolyzed in 2.5 mL 
TFA (2 M) were heated in a sealed tube at 121 °C in an auto-
clave (15 psi) for 1 h. Myo-inositol (200 μg) was added as the 
internal standard. The supernatant was dried under vacuum at 
38 °C to remove TFA.

Derivatisation of monosaccharides to alditoal acetates: Dis-
tilled water (800 μL) and a freshly prepared solution of  NaBH4 
(400 μL, 100 mg/mL in 6.5 M aqueous  NH3) were added to 
each sample. Sample was capped, mixed well and incubated at 
40 °C for 30 min. Excess  NaBH4 was decomposed by adding 
acetic acid (800 μL). 400 μL. Sample was then moved into a 
25 mL glass tube. Acetic anhydride (4 mL) was added to the 
tube and the solution mixed again. Then 1-methylimidazole 
(600 μL) was added. After mixing, the sample was allowed to 
stand for 10 min. Excess acetic anhydride was decomposed by 
adding distilled water (10 mL). Then dichloromethane (3 mL) 
was added, mixed gently, centrifuged (2000×g, 10 s) for phase 
separation. After removing the upper phase, the sample was 
washed with distilled water (3 × 20.0 mL). The collected lower 
phase was dehydrated by adding with anhydrous sodium sul-
fate and stored at − 20 °C until analyzed by GC–MS (SHI-
MADZU GCMS-QP2010 Plus).

GC–MS Analytical Conditions: Restek Rxi-5  ms, 
30 m × 0.25 mm ID × 0.25 μm df column. Carrier gas: He. 
Injection Method: Split. Injection port: 250 °C, Interface: 
250 °C. Injection Volume: 1.0 μL. The temperature program: 
from 170 °C (held for 12 min) to 220 °C (held for 8 min) at 
3 °C/min. Ion source temperature: 200 °C, ACQ Mode: SIM. 
The mass spectrometer was operated in the EI mode with ioni-
zation energy of 70 eV. Mass spectra were acquired with full 
scans based on the temperature program from 50 to 500 m/z 
in 0.45 s. Calibration curves of all analytes routinely yielded 
correlation coefficients 0.999 or better.

Microscopy observation

The 1st inflorescence stems of 7-week-old Arabidopsis were 
embedded with the 4% agar and then cut into sections of 
80 μm thick by a microtome (VT1000S, Leica). Stem sec-
tions were stained in Calcofluor White M2R for 3 min and 
then rinsed, mounted in water, and observed and photographed 
under epifluorescence microscopy (Olympus BX-61, with 
Retiga-4000DC digital camera).

Results

Overexpression of the GhCSLD3 gene leads 
to partially recovered seedling growth 
of the atcesa6 mutant

Recently, we showed that AtCSLD3 and GhCSLD3 
play a similar role in Arabidopsis root-hair growth (Hu 

et al. 2018b). In this study, we selected T5 plants that 
are homozygous and overexpressed AtCSLD2, -3, -5 or 
GhCSLD3 in the atcesa6 mutant background to further 
investigate the function of GhCSLD3. In this study, the 
transgenic plants transformed with empty vector in the 
background of cesa6 (EV/cesa6) were taken as biological 
controls [the EV/cesa6 line has been proved to be equal to 
the cesa6 mutant in our previous work (Hu et al. 2018c), 
thus here we described the EV/cesa6 lines directly to the 
cesa6 mutant below]. The transcript levels of the GhC-
SLD3, AtCSLD2, -3 and -5 genes were verified to be ele-
vated by qRT-PCR (Supplementary Fig. S1). Interestingly, 
the transcript levels of GhCSLD3 in p35S::GhCSLD3/
cesa6 transgenic seedlings were significantly elevated 
(Supplementary Fig. S1a), while the transcription levels 
of AtCSLD2, -3 and -5 genes did not change obviously 
(Supplementary Fig. S1b–d).

The cesa6 mutant had a severe defect during seedlings 
growth; however, this defect was largely recovered by het-
erologous overexpression of the cotton GhCSLD3 gene 
(Fig. 1a; Supplementary Fig. S2), in particular for the 
swollen root phenotype (Fig. 1b). However, over expres-
sion of the AtCSLD2, -3, -5 genes could not rescue the 
swollen root defects of the cesa6 mutant (Fig. 1b). Dur-
ing dark or light conditions, the p35S::GhCSLD3/cesa6 
transgenic seedlings showed longer hypocotyl or root 
length compared with the cesa6 mutant, but it was still 
significantly shorter than that of the Col-0/WT (Fig. 1c, 
d). These data showed that heterologous overexpression of 
GhCSLD3 could partially recover cesa6 seedling growth.

Overexpression of GhCSLD3 increases primary wall 
cellulose production in the background of the cesa6 
mutant

Because AtCESA6 mutations cause primary wall cellulose 
synthesis defects (Fagard et al. 2000; Desprez et al. 2007; 
Persson et al. 2007; Hu et al. 2018c), this study examined 
whether GhCSLD3 overexpression could recover primary 
wall cellulose synthesis in the background of the cesa6 
mutant using seedlings grown for 9 days under dark con-
ditions (D9, a typical material for the PCW). We took D9 
seedlings and examined their wall polymer composition 
by step-wise extraction. The cellulose-enriched fraction 
content in p35S::GhCSLD3/cesa6 transgenic lines was 
higher compared with that of the cesa6 mutant, but lower 
than that of the WT (Fig. 2a). However, the relative levels 
of pectic- and hemicellulosic-enriched fractions in the 
p35S::GhCSLD3/cesa6 lines were quite similar to that 
of the EV/cesa6 and WT (Fig. 2b, c). Moreover, using 
pectin-specific antibody, we found that the distribution 
of methyl-esterified homogalacturonan (as revealed by 
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JIM5 antibody) and demethyl-esterified homogalactu-
ronan (as revealed by CCRC-M38) were similar among 
WT, EV/cesa6 and p35S::GhCSLD3/cesa6 lines of the 

transverse sections of 4-week-old petioles (pectin-rich 
PCW dominated) (Supplementary Fig. S3a); therefore, 
it was the fluorescence intensity of the recorded images 

Fig. 1  Phenotypes of Arabidopsis seedlings. a 6-day-old light-
grown (L6) seedlings grown on 1/2 MS media. Bars, 2 mm. b Root 
hair patterns of L6 seedlings as shown in (a). Bars, 1 mm. c 9-day-
old dark-grown (D9) and 9-day-old light-grown (L9) WT, EV/cesa6 
and p35  s::GhCSLD3/cesa6 transgenic seedlings grown on 1/2 MS 
media. Bars, 5 mm. d Measurements of hypocotyls and roots lengths 
of seedlings shown in (c). Homozygous Arabidopsis seeds germi-
nated and grown on 1/2 MS media for corresponding days under dark 
(24 h dark) or light (16 h light:8 h dark) conditions. WT as wild type 
(Col-0); EV/cesa6 as transgenic plants transformed with empty vec-
tor in the background of cesa6 mutant; The p35S::AtCSLD2/cesa6, 

p35S::AtCSLD3/cesa6, p35S::AtCSLD5/cesa6 and p35S::GhCSLD3/
cesa6 were the transgenic plants that over expressed AtCSLD2, AtC-
SLD3, AtCSLD5 and GhCSLD3 genes in the background of cesa6 
mutant, respectively; Data indicated the mean ± SE of three biologi-
cal replicates (n ≥ 50 seedlings were measured for each replicate); 
LSD (least-significant difference) tests were used for multiple com-
parisons. Different letters above bars indicate that the means differ 
according to ANOVA (analysis of variance) and LSD tests (P < 0.01). 
Percentage value (%) calculated by subtraction against WT divided 
by WT

Fig. 2  Cell wall compositions in D9 seedlings of WT, EV/cesa6 and 
p35S::GhCSLD3/cesa6. a Relative content of cellulose-enriched frac-
tion. b Relative content of pectic-enriched fraction. c Relative content 
of hemicellulosic-enriched fraction. Data indicated the mean ± SE 

of three biological replicates; LSD test was used for multiple com-
parisons (P < 0.01). Percentage value (%) calculated by subtraction 
against WT divided by WT
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(Supplementary Fig. S3b), consistent with the hemicellu-
losic-enriched fraction level data (Fig. 2c). Above all, the 
results suggest that over-expression of the GhCSLD3 gene 
may mainly increase primary wall cellulose production in 
the background of the cesa6 mutant. 

Overexpression of GhCSLD3 enhances cell 
elongation in the background of the cesa6 mutant

To define the function of GhCSLD3 for primary cell wall 
synthesis and cell division/elongation, we measured epider-
mal cell length from the D9 hypocotyls, and determined cell 
numbers in cell division zones of the L9 roots (Fig. 3a, b). 
In the D9 hypocotyls, the cesa6 mutant had significantly 
shorter epidermis cells compared with the WT. This defect 
was partially recovered in p35S::GhCSLD3/cesa6 lines, but 
still significantly shorter than that of the WT (Fig. 3c). The 
cell numbers of the L9 root meristems were not significantly 

different among the WT, EV/cesa6 and p35S::GhCSLD3/
cesa6 lines (Fig. 3d), yet the length of the epidermis cells 
both in the elongation and differentiation zones of the L9 
roots were significantly higher in the p35S::GhCSLD3/cesa6 
lines than in the EV/cesa6, but still more than 30% lower 
than in the WT (Fig. 3e–g). Hence, these results suggest 
that the partial phenotype rescue of cesa6 by heterologous 
overexpression of p35S::GhCSLD3 mainly improved cell 
elongation instead of cell division. 

Overexpression of GhCSLD3 fully recovers plant 
growth in the background of the cesa6 mutant

Our previous study showed that enhanced primary wall 
synthesis can promote secondary wall synthesis (Hu et al. 
2018a, c), so we continued to study the effect of GhCSLD3 
overexpression on overall plant growth. We measured the dry 
biomass of 7-week-old Arabidopsis plants and surprisingly 

Fig. 3  Measurements of cell length and cell numbers. a Hypoc-
otyl basal longest epidermal cells of D9 WT, EV/cesa6 and 
p35S::GhCSLD3/cesa6 seedlings using DIC microscopy. Bars, 
100  μm. b Cell numbers in L9 root apical meristem (Nomarski 
images, meristem boundary by arrowheads) using DIC microscopy. 
Bars, 100 μm. c Quantitative analysis of cell length as shown in (a). 
d Quantitative analysis of cell numbers as shown in (b). e epidermal 

cells in L9 root differentiation zone using DIC microscopy. Bars, 
200 μm. f Quantitative analyses of cell lengths in L9 root elongation 
zone. g Quantitative analysis of cell length as shown in (e). Data indi-
cated the mean ± SE of three biological replicates (n ≥ 30 seedlings 
were measured for each replicate); LSD test was used for multiple 
comparisons (P < 0.01). Percentage value (%) calculated by subtrac-
tion against WT divided by WT
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found that p35S::GhCSLD3/cesa6 fully restored plant 
growth (Fig. 4a, b). By stem section and calcofluor staining, 
we showed that the irregular expanding pith cells (paren-
chyma cells) in the cesa6 mutant could be almost completely 
recovered (Fig. 4c). The cesa6 mutant exhibited an incom-
plete cell wall phenotype in the xylary fiber (xf) cells (Hu 
et al. 2018c); however, plant cell walls of the xf cells from 
the transgenic p35S::GhCSLD3/cesa6 lines were completely 
normal (Fig. 4d). Seven-week-old p35S::GhCSLD3/cesa6 
transgenic plants showed similar plant height and dry weight 
to that of the WT, whereas cesa6 mutant had 47% and 41% 
reduced plant height and dry weight, respectively (Fig. 4e, 
f). Thus, overexpression of the GhCSLD3 gene in the cesa6 
mutant background could fully complement the endogenous 
gene for plant growth and xylem SCW formation.

Overexpression of GhCSLD3 causes a distinct 
secondary cell wall composition in the background 
of the cesa6 mutant

While p35S::GhCSLD3/cesa6 transgenic plants fully recov-
ered biomass, we determined the wall polymer composi-
tion to define the influence of GhCSLD3 on the synthesis 
of particular wall components (Fig. 5 and Supplementary 

Fig. S4). The p35S::GhCSLD3/cesa6 transgenic plants had 
significantly increased levels of relative cellulose-enriched 
fraction and decreased lignin level compared with the cesa6 
mutant, while the levels of relative pectic- and hemicellu-
losic-enriched fractions were not significantly changed 
(Fig. 5a–d). Compared with the WT, the cesa6 mutant had 
decreased levels of cellulose-enriched fraction (by 15%) and 
slightly increased levels of pectic-enriched fractions (by 
about 5%) and hemicellulosic-enriched fractions (by about 
3%), but there was no difference in lignin level (Fig. 5a–d). 
Based on wall polymer changes, the reduced dry weight of 
the cesa6 mutant might be attributed mainly to defects at the 
cellulose level, instead of other wall polymers.

Because both cesa6 and p35S::GhCSLD3/cesa6 trans-
genic plants had slightly increased pectic- and hemicel-
lulosic-enriched fraction level compared with the WT 
(Fig. 5b, c), we further used glycan-specific antibodies 
(JIM5 and CCRC-M38 for pectin, and CCRC-M147 for 
xylan of hemicellulose) to check changes on wall poly-
mer distribution (Fig. 5e). We found that the cesa6 mutant 
and p35S::GhCSLD3/cesa6 transgenic plants showed 
brighter signal with JIM5 or CCRC-M38 than those from 
the WT (Fig. 5e). Thus, it was the fluorescence intensity 
of the recorded images (Fig.  5f), consistent with their 
higher pectin level (Fig. 5b). The signal from CCRC-M147 

Fig. 4  Plant growth phenotypes and cell wall observations in the 
mature plants of WT, EV/cesa6 and p35S::GhCSLD3/cesa6 lines. a, 
b Plant growth phenotypes. Bars, 5 mm (a), 15 mm (b). c Transverse 
sections of 7-week-old 1st internode stems were observed under epif-
luorescence microscopy using Calcofluor staining. Calcofluor (white) 
stains the cell wall (β-glucans); PCW, primary cell wall; SCW, sec-
ondary cell wall; co, cortex; ph, phloem; ve, vessel; xf, xylary fiber; 

if, interfascicular fiber. Bars, 100 μm. d Observations of the scleren-
chyma cell walls in xf tissues in the 1st internode stems as shown 
in (c) using TEM. Bars, 1  μm. e, f Plant height and dry weight of 
7-week-old mature stems. Data indicated the mean ± SE of three bio-
logical replicates (n ≥ 30 plants were measured for each replicate); 
LSD test was used for multiple comparisons (P < 0.01). Percentage 
value (%) calculated by subtraction against WT divided by WT
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for xylan was also slightly increased in the cesa6 mutant 
and p35S::GhCSLD3/cesa6 transgenic plants (Fig. 5e, f). 
Moreover, based on monosaccharide composition analysis 
of non-cellulosic polysaccharides (mainly including pectic- 
and hemicellulosic-enriched fractions) from mature stems 
(Supplementary Fig. S4), the p35S::GhCSLD3/cesa6 plants 
showed higher xylose (Xyl) and mannose (Man), but lower 
arabinose (Ara), galactose (Gal) and glucose (Glu) com-
pared with the cesa6 mutant. Hence, despite the fact the 
p35S::GhCSLD3/cesa6 transgenic plants having similar dry 
weights to the WT (Fig. 4f), they had distinct wall polymer 
compositions (Supplementary Fig. S4). Therefore, over-
expression of GhCSLD3 could phenotypically compensate 
for the loss of CESA for the synthesis of cellulose in the 
cesa6 background, resulting in similar plant dry weight but 
a distinct wall composition, similar to that in the WT.

Discussion

CSLD may be involved in primary cellulose 
biosynthesis in a particular case

Plant CSLD proteins have the highest sequence similarity 
to CESAs among other members of the CSL family pro-
teins (Richmond and Somerville 2000). A gradually growing 

body of research supports CSLDs being involved in the 
biosynthesis of cellulose or cellulose-like polysaccharides 
(Manfield et al. 2004; Doblin et al. 2010; Park et al. 2011). 
Our recent study showed that both the levels of AtCSLD3 
and GhCLSD3 were positively correlated with cellulose con-
tents, indicating a potential role of CSLD3 in cellulose syn-
thesis (Hu et al. 2018b). The atcesa6 is a well-characterized 
mutant defective in cellulose biosynthesis of PCWs. In this 
study, we overexpressed native AtCSLD2, -3 and -5 genes, 
and heterologous GhCSLD3 genes in the background of the 
cesa6 mutant to study the functional relationship of CSLD 
proteins and their role in cellulose synthesis and primary 
cell wall formation. Interestingly, our result indicated that 
heterologous over-expression of GhCSLD3 could largely 
improve cellulose contents and rescue the growth defects in 
cesa6 seedlings (Figs. 1, 2; Supplementary Fig. S2), which 
is also consistent with our findings of increased cellulose 
levels by GhCSLD3 overexpression in the Col-0 background 
(Hu et al. 2018b). We found that GhCSLD3 overexpression 
did not change the transcription levels of native AtCSLD2, -3 
and -5 genes (Supplementary Fig. S2), which suggests that 
increased transcription levels of GhCSLD3 is the primary 
stimulating factor for plant growth in the cesa6 background.

Regarding why only heterologous overexpression of 
GhCSLD3 could rescue the phenotype of cesa6 mutant, we 
hypothesize that heterologous gene might trigger specific 

Fig. 5  Plant cell wall compositions in the mature stems of WT, EV/
cesa6 and p35S::GhCSLD3/cesa6 plants. a Relative content of cellu-
lose-enriched fraction. b Relative content of pectic-enriched fraction. 
c Relative content of hemicellulosic-enriched fraction. d Relative 
content of lignin. e Immunofluorescent labeling of seven-week-old 
1st internode stems using plant cell wall glycan-directed monoclonal 
antibodies (mAbs). JIM5, CCRC-M38 and CCRC-M147 antibody 

against partially methyl-esterified Homogalacturonan, de-esterified 
homogalacturonan and xylan respectively; Antibody distribution was 
shown in green; Calcofluor (white) stains the cell wall (β-glucans). 
Bars, 100 μm. f The fluorescence intensity of images as shown in (e). 
Data indicated the mean ± SE of three biological replicates; LSD test 
was used for multiple comparisons (P < 0.01). Percentage value (%) 
calculated by subtraction against WT divided by WT
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cell wall modification. It is possible that GhCSLD3 could 
merely substitute for the lack of AtCESAs (in this case AtC-
esA6) in primary cellulose synthesis under particular cir-
cumstances. Indeed, the transcript levels of AtCESA1 and 
-3 in p35S::GhCSLD3/cesa6 transgenic seedlings were sig-
nificantly elevated (Supplementary Fig. S5), yet it remains 
uncertain whether GhCSLD3 can replace AtCESA6 to form 
a primary cell wall CSC with AtCESA1 and -3 proteins. 
Because neither cell suspension culture nor motif replace-
ment could reflect natural plant growth situations (Manfield 
et al. 2004; Doblin et al. 2010; Park et al. 2011; Yang et al. 
2016), our heterologous overexpression of the GhCSLD3 
gene driven by the D35S promoter in the cesa6 background 
provides a good system for studying the function of CSLD 
proteins in cellulose synthesis, especially for PCWs. Recent 
studies indicate that CSL family genes are more highly 
expressed in diploids than tetraploids (Zou et al. 2018); 
therefore, it is possible that heterogeneous expression of the 
cotton CSLD gene in Arabidopsis may lead to stimulation of 
primary cellulose biosynthesis by an unknown mechanism. 
Meanwhile, we compared the root lengths among seedlings 
of WT, p35S::GhCSLD3/cesa6, p35S::AtCESA6/cesa6 (Hu 
et al. 2018c), p35S::GhCSLD3/WT (Hu et al. 2018b) and 
p35S::AtCESA6/WT (Hu et al. 2018a) to test the effect of 
the D35S promoter (Supplementary Fig. S6). The results 
were consistent with previous reports that full restoration 
to the WT level was observed in p35S::AtCESA6/cesa6 
lines (overexpressing the AtCESA6 gene in the background 
of the ceas6 mutant), which indicated that the D35S pro-
moter was equivalent to the gene-specific promoter (AtC-
ESA6’s promoter) in this case. The p35S::AtCESA6/WT 
(30.08 ± 0.15  mm) lines had the longest root length, 

followed by p35S::GhCSLD3/WT (25.13 ± 0.15 mm), WT 
(p35S::AtCESA6/cesa6; 21.41 ± 0.11 and 20.51 ± 0.20 mm) 
and p35S::GhCSLD3/cesa6 (15.10 ± 0.27 mm). Thus, we 
speculate that AtCESA6 possesses a stronger ability to pro-
mote the growth of young plants compared with GhCSLD3 
in the same background and driven by the same promoter, 
which explains why over-expression of the GhCSLD3 gene 
only partially recovered seedling growth of the cesa6 mutant 
(Fig. 1; Supplementary Fig. S1). Despite overexpression 
of native AtCSLD2,-3 and -5 genes driven by the D35S 
promoter not being able to rescue the defect of the cesa6 
mutant, it remains to be examined if overexpression using 
a tissue-, developmental- or gene-specific promoter would 
give different results.

Cellulose content has a positive impact on plant 
growth by enhancing cell elongation and CWI

As plant cell walls determine plant cell size and shape, 
changes in cell morphology are largely correlated with 
modification of existing cell walls and/or deposition of 
newly synthesized cell-wall materials (Cosgrove 2005). 
Cellulose biosynthesis of primary cell walls can stimu-
late cell elongation and seedling growth (Caño-Delgado 
et al. 2003; Fagard et al. 2000; Chen et al. 2010; Bis-
choff et al. 2011; Fujita et al. 2013; Chen et al. 2016; Hu 
et al. 2018a, b, c). Based on our result of GhCSLD3 over 
expression resulting in increased cell elongation in the 
cesa6 background, we propose a model that links primary 
cellulose production and cell elongation for the partial 
growth rescue in p35S::GhCSLD3/cesa6 transgenic lines 
from the cesa6 mutant background (Fig. 6). This model 

Fig. 6  A hypothetical model highlights that GhCSLD3 may play a 
similar role to AtCESA6 by increasing primary cellulose production 
and cell elongation for partially restored seedling growth and sequen-
tially fully restored CWI and biomass production in the transgenic 

Arabidopsis cesa6 mutant that over expressed GhCSLD3 gene. The 
cartoon at the bottom quoted from the previously published article 
(Hu et al. 2018c)
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highlights that an increased cellulose level in the PCW 
could positively regulate the synthesis of cellulose and 
non-cellulosic polysaccharides in the SCW, leading to an 
almost full restoration of CWI in p35S::GhCSLD3/cesa6 
transgenic plants and increased dry mass back to the WT 
level. This model not only interprets why the defects of the 
cesa6 mutant could be fully recovered by the over expres-
sion of cotton GhCSLD3, but also indicates the dominant 
influence of cellulose level on CWI and plant biomass 
production.

Although we found distinct changes in cell wall com-
positions among WT, cesa6 and p35S::GhCSLD3/cesa6 
plants, their plant cell wall structures are most likely dif-
ferent (Fig. 5 and Supplementary Fig. S4). With the cur-
rent data, it is difficult to envision how the PCW cellulose 
level influences the SCW wall polymer deposition and 
CWI. The TEM technique alone is not sensitive enough 
to distinguish wall structure differences, not to mention 
the arbitrary effects during sample preparation. However, 
we observed small amounts of complete cell walls in the 
cesa6 mutants as we mentioned before (Hu et al. 2018c), 
suggesting that most disrupted walls in the mutant are not 
due to sample preparation. Statistically we believe that over 
expression of GhCSLD3 in the cesa6 background mutant 
could restore CWI.

Our previous study showed that silencing of AtCesA6 or 
heterologously overexpressing GhCSLD3 distinctively regu-
lated expression of a bunch of wall synthesis genes (Hu et al. 
2018a, b, c). Large scale gene expression studies, such as 
genomic-wide expression comparisons in WT, cesa6 mutant 
and p35S::GhCSLD3/cesa6 transgenic plants may provide 
more information about gene regulation in different genetic 
backgrounds, which will give insight into how PCW synthe-
sis affects such processes as SCW synthesis, CWI, and plant 
biomass production.

Acknowledgements This work was supported by grants from the 
National Natural Science Foundation of China (31670296, 31771837) 
and China Postdoctoral Science Foundation (2018M642803).

Author contributions HH and RZ designed project, completed major 
experiments and wrote manuscript with contributions of all the authors. 
YT and CP contributed to the plant growth and qRT-PCR analysis. LW 
participated in biochemical analysis. YW participated in immunofluo-
rescent labeling. SF and PC were involved in discussions throughout 
the project. XD co-supervised experiments. LP interpreted data and 
finalized the manuscript.

Compliance with ethical standards 

Conflict of interest The authors declare that they have no conflict of 
interest.

References

Beemster GT, Baskin TI (1998) Analysis of cell division and elonga-
tion underlying the developmental acceleration of root growth in 
Arabidopsis thaliana. Plant Physiol 116:1515–1526. https ://doi.
org/10.1104/pp.116.4.1515

Bernal AJ, Jensen JK, Harholt J, Sorensen S, Moller I, Blaukopf C, 
Johansen B, de Lotto R, Pauly M, Scheller HV, Willats WG (2007) 
Disruption of ATCSLD5 results in reduced growth, reduced xylan 
and homogalacturonan synthase activity and altered xylan occur-
rence in Arabidopsis. Plant J 52:791–802. https ://doi.org/10.1111/
j.1365-313X.2007.03281 .x

Bernal AJ, Yoo CM, Mutwil M, Jensen JK, Hou G, Blaukopf C, 
Sørensen I, Blancaflor EB, Scheller HV, Willats WG (2008) 
Functional analysis of the cellulose synthase-like genes CSLD1, 
CSLD2, and CSLD4 in tip-growing Arabidopsis cells. Plant 
Physiol 148:1238–1253. https ://doi.org/10.1104/pp.108.12193 9

Bischoff V, Desprez T, Mouille G, Vernhettes S, Gonneau M, Hofte 
H (2011) Phytochrome regulation of cellulose synthesis in 
Arabidopsis. Curr Biol 21:1822–1827. https ://doi.org/10.1016/j.
cub.2011.09.026

Burton RA, Wilson SM, Hrmova M, Harvey AJ, Shirley NJ, Medhurst 
A, Stone BA, Newbigin EJ, Bacic A, Fincher GB (2006) Cellu-
lose synthase-like CslF genes mediate the synthesis of cell wall 
(1, 3; 1, 4)-beta-d-glucans. Science 311:1940–1942. https ://doi.
org/10.1126/scien ce.11229 75

Caño-Delgado A, Penfield S, Smith C, Catley M, Bevan M (2003) 
Reduced cellulose synthesis invokes lignification and defense 
responses in Arabidopsis thaliana. Plant J 34:351–362. https ://
doi.org/10.1046/j.1365-313X.2003.01729 .x

Chen SL, Ehrhardt DW, Somerville CR (2010) Mutations of cellulose 
synthase (CESA1) phosphorylation sites modulate anisotropic cell 
expansion and bidirectional mobility of cellulose synthase. Proc 
Natl Acad Sci USA 107:17188–17193. https ://doi.org/10.1073/
pnas.10123 48107 

Chen S, Jia H, Zhao H, Liu D, Liu Y, Liu B, Bauer S, Somerville CR 
(2016) Anisotropic cell expansion is affected through the bidirec-
tional mobility of cellulose synthase complexes and phosphoryla-
tion at two critical residues on CESA3. Plant Physiol 171:242–
250. https ://doi.org/10.1104/pp.15.01874 

Cosgrove DJ (2005) Growth of plant cell wall. Nat Rev Mol Cell Biol 
6:850–861. https ://doi.org/10.1038/nrm17 46

DeMartini JD, Pattathil S, Avci U, Szekalski K, Mazumder K, Hahn 
MG, Wyman CE (2011) Application of monoclonal antibodies 
to investigate plant cell wall deconstruction for biofuels produc-
tion. Energy Environ Sci 4:4332–4339. https ://doi.org/10.1039/
c1ee0 2112e 

Desprez T, Juraniec M, Crowell EF, Jouy H, Pochylova Z, Parcy F, 
Höfte H, Gonneau M, Vernhettes S (2007) Organization of cellu-
lose synthase complexes involved in primary cell wall synthesis in 
Arabidopsis thaliana. Proc Natl Acad Sci USA 104:15572–15577. 
https ://doi.org/10.1073/pnas.07065 69104 

Dische Z (1962) Color reactions of carbohydrates. In: Whistler RL, 
Wolfrom ML (eds) Methods in carbohydrate chemistry. Academic 
Press, New York, pp 477–512

Doblin MS, Pettolino F, Bacic A (2010) Plant cell walls: the skeleton 
of the plant world. Funct Plant Biol 37:357–381

Fagard M, Desnos T, Desprez T, Goubet F, Refregier G, Mouille G, 
McCann M, Rayon C, Vernhettes S, Höfte H (2000) PROCUSTE1 
encodes a cellulose synthase required for normal cell elongation 
specifically in roots and dark-grown hypocotyls of Arabidopsis. 
Plant Cell 12:2409–2424. https ://doi.org/10.1105/tpc.12.12.2409

https://doi.org/10.1104/pp.116.4.1515
https://doi.org/10.1104/pp.116.4.1515
https://doi.org/10.1111/j.1365-313X.2007.03281.x
https://doi.org/10.1111/j.1365-313X.2007.03281.x
https://doi.org/10.1104/pp.108.121939
https://doi.org/10.1016/j.cub.2011.09.026
https://doi.org/10.1016/j.cub.2011.09.026
https://doi.org/10.1126/science.1122975
https://doi.org/10.1126/science.1122975
https://doi.org/10.1046/j.1365-313X.2003.01729.x
https://doi.org/10.1046/j.1365-313X.2003.01729.x
https://doi.org/10.1073/pnas.1012348107
https://doi.org/10.1073/pnas.1012348107
https://doi.org/10.1104/pp.15.01874
https://doi.org/10.1038/nrm1746
https://doi.org/10.1039/c1ee02112e
https://doi.org/10.1039/c1ee02112e
https://doi.org/10.1073/pnas.0706569104
https://doi.org/10.1105/tpc.12.12.2409


 Plant Molecular Biology

1 3

Farrokhi N, Burton RA, Brownfield L, Hrmova M, Wilson SM, Bacic 
A, Fincher GB (2006) Plant cell wall biosynthesis: genetic, bio-
chemical and functional genomics approaches to the identification 
of key genes. Plant Biotechnol J 4:145–167. https ://doi.org/10.11
11/j.1467-7652.2005.00169 .x

Favery B, Ryan E, Foreman J, Linstead P, Boudonck K, Steer M, Shaw 
P, Dolan L (2001) KOJAK encodes a cellulose synthase-like pro-
tein required for root hair cell morphogenesis in Arabidopsis. 
Gene Dev 15:79–89. https ://doi.org/10.1101/gad.18880 1

Fry SC (1988) The growing plant cell wall chemical and metabolic 
analysis. Longman, London, pp 95–97

Fujita M, Himmelspach R, Ward J, Whittington A, Hasenbein N, Liu 
C, Truong TT, Galway ME, Mansfield SD, Hocart CH, Wasteneys 
GO (2013) The anisotropy1 D604N mutation in the Arabidopsis 
cellulose synthase1 catalytic domain reduces cell wall crystallinity 
and the velocity of cellulose synthase complexes. Plant Physiol 
162:74–85. https ://doi.org/10.1104/pp.112.21156 5

Gu F, Bringmann M, Combs JR, Yang J, Bergmann DC, Nielsen E 
(2016) Arabidopsis CSLD5 functions in cell plate formation in 
a cell cycle-dependent manner. Plant Cell 28:1722–1737. https ://
doi.org/10.1105/tpc.16.00203 

Hamann T (2015) The plant cell wall integrity maintenance mecha-
nism-concepts for organization and mode of action. Plant Cell 
Physiol 56:215–223. https ://doi.org/10.1093/pcp/pcu16 4

Harholt J, Suttangkakul A, Scheller HV (2010) Biosynthesis of pectin. 
Plant Physiol 153:384–395. https ://doi.org/10.1104/pp.110.15658 
8

Hazen SP, Scott-Craig JS, Walton JD (2012) Cellulose synthase-like 
genes of rice. Plant Physiol 128:336–340. https ://doi.org/10.1104/
pp.01087 5

Hu J, Zhu L, Zeng D, Gao Z, Guo L, Fang Y, Zhang G, Dong G, 
Yan M, Liu J, Qian Q (2010) Identification and characterization 
of NARROW AND ROLLED LEAF 1, a novel gene regulating 
leaf morphology and plant architecture in rice. Plant Mol Biol 
73:283–292. https ://doi.org/10.1007/s1110 3-010-9614-7

Hu H, Zhang R, Feng S, Wang Y, Wang Y, Fan C, Li Y, Liu Z, Sch-
neider R, Xia T, Ding SY, Persson S, Peng L (2018a) Three 
AtCesA6-like members enhance biomass production by distinc-
tively promoting cell growth in Arabidopsis. Plant Biotechnol J 
16:976–988. https ://doi.org/10.1111/pbi.12842 

Hu H, Zhang R, Dong S, Li Y, Fan C, Wang Y, Xia T, Chen P, Wang 
L, Feng S, Persson S, Peng L (2018b) AtCSLD3 and GhCSLD3 
mediate root growth and cell elongation in downstream of ethyl-
ene response pathway in Arabidopsis. J Exp Bot 69:1065–1080. 
https ://doi.org/10.1093/jxb/erx47 0

Hu H, Zhang R, Tao Z, Li X, Li Y, Huang J, Li X, Han X, Feng S, 
Zhang G, Peng L (2018c) Cellulose synthase mutants distinctively 
affect cell growth and cell wall integrity for plant biomass produc-
tion in Arabidopsis. Plant Cell Physiol 59:1144–1157. https ://doi.
org/10.1093/pcp/pcy05 0/49210 18

Hunter CT, Kirienko DH, Sylvester AW, Peter GF, McCarty DR, Koch 
KE (2012) Cellulose synthase-like D1 is integral to normal cell 
division, expansion, and leaf development in maize. Plant Physiol 
158:708–724. https ://doi.org/10.1104/pp.111.18846 6

Jin W, Chen L, Hu M, Sun D, Li A, Li Y, Hu Z, Zhou S, Tu Y, Xia T, 
Wang Y, Xie G, Li Y, Baowei B, Peng L (2016) Tween-80 is effec-
tive for enhancing steam-exploded biomass enzymatic saccharifi-
cation and ethanol production by specifically lessening cellulase 
absorption with lignin in common reed. Appl Energy 175:82–90. 
https ://doi.org/10.1016/j.apene rgy.2016.04.104

Kaur S, Dhugga KS, Beech R, Singh J (2017) Genome-wide analysis 
of the cellulose synthase-like (Csl) gene family in bread wheat 
(Triticum aestivum L.). BMC Plant Biol 17:193. https ://doi.
org/10.1186/s1287 0-017-1142-z

Keegstra K (2010) Plant cell walls. Plant Physiol 154:483–486. https 
://doi.org/10.1016/j.cub.2017.05.025

Kim H, Park PJ, Hwang HJ, Lee SY, Oh MH, Kim SG (2006) Brassi-
nosteroid signals control expression of the AXR3/IAA17 gene in 
the cross-talk point with auxin in root development. Biosci Bio-
technol Biochem 70:768–773. https ://doi.org/10.1271/bbb.70.768

Landrein B, Hamant O (2013) How mechanical stress controls micro-
tubule behavior and morphogenesis in plants: history, experi-
ments and revisited theories. Plant J 75:324–338. https ://doi.
org/10.1111/tpj.12188 

Le Gall H, Philippe F, Domon JM, Gillet F, Pelloux J, Rayon C (2015) 
Cell wall metabolism in response to abiotic stress. Plants 4:112–
166. https ://doi.org/10.3390/plant s4010 112

Li M, Xiong G, Li R, Cui J, Tang D, Zhang B, Pauly M, Cheng Z, Zhou 
Y (2009) Rice cellulose synthase-like D4 is essential for normal 
cell-wall biosynthesis and plant growth. Plant J 60:1055–1069. 
https ://doi.org/10.1111/j.1365-313X.2009.04022 .x

Li A, Xia T, Xu W, Chen T, Li X, Fan J, Wang R, Feng S, Wang Y, 
Wang B, Peng L (2013) An integrative analysis of four CESA iso-
forms specific for fiber cellulose production between Gossypium 
hirsutum and Gossypium barbadense. Planta 237:1585–1597. 
https ://doi.org/10.3390/plant s4010 112

Li Y, Yang T, Dai D, Hu Y, Guo X, Guo H (2017) Evolution, gene 
expression profiling and 3D modeling of CSLD proteins in cot-
ton. BMC Plant Biol 17:119. https ://doi.org/10.1111/j.1365-
313X.2009.04022 .x

Malinovsky FG, Fangel JU, Willats WG (2014) The role of the cell wall 
in plant immunity. Front Plant Sci 5:178. https ://doi.org/10.3389/
fpls.2014.00178 

Manfield IW, Orfila C, McCartney L, Harholt J, Bernal AJ, Schel-
ler HV, Gilmartin PM, Mikkelsen JD, Paul Knox J, Willats WG 
(2004) Novel cell wall architecture of isoxabenhabituated Arabi-
dopsis suspension-cultured cells: global transcript profiling and 
cellular analysis. Plant J 40:260–275. https ://doi.org/10.1111/
j.1365-313X.2004.02208 .x

McFarlane HE, Doring A, Persson S (2014) The cell biology of cel-
lulose synthesis. Ann Rev Plant Biol 65:69–94. https ://doi.
org/10.1146/annur ev-arpla nt-05021 3-04024 0

Mohnen D (2008) Pectin structure and biosynthesis. Curr Opin Plant 
Biol 11:266–277. https ://doi.org/10.1016/j.pbi.2008.03.006

Park S, Szumlanski AL, Gu F, Guo F, Nielsen E (2011) A role for 
CSLD3 during cell-wall synthesis in apical plasma membranes 
of tip-growing root-hair cells. Nat Cell Biol 13:973–980. https ://
doi.org/10.1038/ncb22 94

Pattathil S, Avci U, Baldwin D, Swennes AG, McGill JA, Popper Z, 
Bootten T, Albert A, Davis RH, Chennareddy C, Dong R, O’Shea 
B, Rossi R, Leoff C, Freshour G, Narra R, O’Neil M, York WS, 
Hahn MG (2010) A comprehensive toolkit of plant cell wall gly-
can-directed monoclonal antibodies. Plant Physiol 153:514–525. 
https ://doi.org/10.1104/pp.109.15198 5

Peng L, Kawagoe Y, Hogan P, Delmer D (2002) Sitosterol-beta-gluco-
side as primer for cellulose synthesis in plants. Science 295:147–
150. https ://doi.org/10.1126/scien ce.10642 81

Penning BW, Hunter CT 3rd, Tayengwa R, Eveland AL, Dugard CK, 
Olek AT, Vermerris W, Koch KE, McCarty DR, Davis MF, 
Thomas SR, McCann MC, Carpita NC (2009) Genetic resources 
for maize cell wall biology. Plant Physiol 151:1703–1728. https 
://doi.org/10.1104/pp.109.13680 4

Persson S, Paredez A, Carroll A, Palsdottir H, Doblin M, Poindexter P, 
Khitrov N, Auer M, Somerville CR (2007) Genetic evidence for 
three unique components in primary cell-wall cellulose synthase 
complexes in Arabidopsis. Proc Natl Acad Sci USA 104:15566–
15571. https ://doi.org/10.1073/pnas.07065 92104 

Richmond TA, Somerville CR (2000) The cellulose synthase superfam-
ily. Plant Physiol 124:495–498

https://doi.org/10.1111/j.1467-7652.2005.00169.x
https://doi.org/10.1111/j.1467-7652.2005.00169.x
https://doi.org/10.1101/gad.188801
https://doi.org/10.1104/pp.112.211565
https://doi.org/10.1105/tpc.16.00203
https://doi.org/10.1105/tpc.16.00203
https://doi.org/10.1093/pcp/pcu164
https://doi.org/10.1104/pp.110.156588
https://doi.org/10.1104/pp.110.156588
https://doi.org/10.1104/pp.010875
https://doi.org/10.1104/pp.010875
https://doi.org/10.1007/s11103-010-9614-7
https://doi.org/10.1111/pbi.12842
https://doi.org/10.1093/jxb/erx470
https://doi.org/10.1093/pcp/pcy050/4921018
https://doi.org/10.1093/pcp/pcy050/4921018
https://doi.org/10.1104/pp.111.188466
https://doi.org/10.1016/j.apenergy.2016.04.104
https://doi.org/10.1186/s12870-017-1142-z
https://doi.org/10.1186/s12870-017-1142-z
https://doi.org/10.1016/j.cub.2017.05.025
https://doi.org/10.1016/j.cub.2017.05.025
https://doi.org/10.1271/bbb.70.768
https://doi.org/10.1111/tpj.12188
https://doi.org/10.1111/tpj.12188
https://doi.org/10.3390/plants4010112
https://doi.org/10.1111/j.1365-313X.2009.04022.x
https://doi.org/10.3390/plants4010112
https://doi.org/10.1111/j.1365-313X.2009.04022.x
https://doi.org/10.1111/j.1365-313X.2009.04022.x
https://doi.org/10.3389/fpls.2014.00178
https://doi.org/10.3389/fpls.2014.00178
https://doi.org/10.1111/j.1365-313X.2004.02208.x
https://doi.org/10.1111/j.1365-313X.2004.02208.x
https://doi.org/10.1146/annurev-arplant-050213-040240
https://doi.org/10.1146/annurev-arplant-050213-040240
https://doi.org/10.1016/j.pbi.2008.03.006
https://doi.org/10.1038/ncb2294
https://doi.org/10.1038/ncb2294
https://doi.org/10.1104/pp.109.151985
https://doi.org/10.1126/science.1064281
https://doi.org/10.1104/pp.109.136804
https://doi.org/10.1104/pp.109.136804
https://doi.org/10.1073/pnas.0706592104


Plant Molecular Biology 

1 3

Samuga A, Joshi CP (2004) Cloning and characterization of cel-
lulose synthase-like gene, PtrCSLD2 from developing xylem 
of aspen trees. Physiol Plant 120:631–641. https ://doi.
org/10.1111/j.0031-9317.2004.0271.x

Scheller HV, Ulvskov P (2010) Hemicelluloses. Ann Rev Plant Biol 
61:263–289. https ://doi.org/10.1146/annur ev-arpla nt-04280 
9-11231 5

Schneider R, Hanak T, Persson S, Voigt CA (2016) Cellulose and cal-
lose synthesis and organization in focus, what’s new? Curr Opin 
Plant Biol 3:9–16. https ://doi.org/10.1016/j.pbi.2016.07.007

Schuetz M, Smith R, Ellis B (2013) Xylem tissue specification, pattern-
ing, and differentiation mechanisms. J Exp Bot 64:11–31. https ://
doi.org/10.1093/jxb/ers28 7

Schwerdt JG, MacKenzie K, Wright F, Oehme D, Wagner JM, Harvey 
AJ, Shirley NJ, Burton RA, Schreiber M, Halpin C, Zimmer J, 
Marshall DF, Waugh R, Fincher GB (2015) Evolutionary dynam-
ics of the cellulose synthase gene superfamily in grasses. Plant 
Physiol 168:968–983. https ://doi.org/10.1104/pp.15.00140 

Somerville C, Bauer S, Brininstool G, Facette M, Hamann T, Milne 
J, Osborne E, Paredez A, Persson S, Raab T, Vorwerk S, Youngs 
H (2004) Toward a systems approach to understanding plant-cell 
walls. Science 306:2206–2211. https ://doi.org/10.1126/scien 
ce.11027 65

Sun D, Alam A, Tu Y, Zhou S, Wang Y, Xia T, Huang J, Li Y, Zahoor 
Wei X, Hao B, Peng L (2017) Steam-exploded biomass sacchari-
fication is predominately affected by lignocellulose porosity and 
largely enhanced by Tween-80 in Miscanthus. Bioresour Technol 
239:74–81. https ://doi.org/10.1016/j.biort ech.2017.04.114

Suzuki S, Li L, Sun YH, Chiang VL (2006) The cellulose synthase 
gene superfamily and biochemical functions of xylem-specific cel-
lulose synthase-like genes in Populus trichocarpa. Plant Physiol 
142:1233–1245. https ://doi.org/10.1104/pp.106.08667 8

Taylor NG, Howells RM, HuttlyAK Vickers K, Turner SR (2003) Inter-
actions among three distinct CesA proteins essential for cellulose 
synthesis. Proc Natl Acad Sci USA 100:1450–1455. https ://doi.
org/10.1073/pnas.03376 28100 

Verhertbruggen Y, Yin L, Oikawa A, Scheller HV (2011) Mannan syn-
thase activity in the CSLD family. Plant Signal Behav 6:1620–
1623. https ://doi.org/10.4161/psb.6.10.17989 

Wang X, Cnops G, Vanderhaeghen R, De Block S, Van Montagu M, 
Van Lijsebettens M (2001) AtCSLD3, a cellulose synthase-like 
gene important for root hair growth in Arabidopsis. Plant Physiol 
126:575–586. https ://doi.org/10.1104/pp.126.2.575

Wang Y, Fan C, Hu H, Li Y, Sun D, Peng L (2016) Genetic modifi-
cation of plant cell walls to enhance biomass yield and biofuel 

production in bioenergy crops. Biotechnol Adv 34:997–1017. 
https ://doi.org/10.1016/j.biote chadv .2016.06.001

Wu C, Fu Y, Hu G, Si H, Cheng S, Liu W (2010) Isolation and charac-
terization of a rice mutant with narrow and rolled leaves. Planta 
232:313–324. https ://doi.org/10.1007/s0042 5-010-1180-3

Xu N, Zhang W, Ren S, Liu F, Zhao C, Liao H, Xu Z, Huang J, Li Q, 
Tu Y, Yu B, Wang Y, Jiang J, Qin J, Peng L (2012) Hemicelluloses 
negatively affect lignocellulose crystallinity for high biomass 
digestibility under NaOH and  H2SO4 pretreatments in Miscanthus. 
Biotechnol Biofuels 5:58. https ://doi.org/10.1186/1754-6834-5-58

Yang W, Schuster C, Beahan CT, Charoensawan V, Peaucelle A, 
Bacic A, Doblin MS, Wightman R, Meyerowitz EM (2016) 
Regulation of meristem morphogenesis by cell wall synthases in 
Arabidopsis. Curr Biol 26:1404–1415. https ://doi.org/10.1016/j.
cub.2016.04.026

Yin L, Verhertbruggen Y, Oikawa A, Manisseri C, Knierim B, Prak L, 
Jensen JK, Knox JP, Auer M, Willats WG, Scheller HV (2011) 
The cooperative activities of CSLD2, CSLD3, and CSLD5 are 
required for normal Arabidopsis development. Mol Plant 4:1024–
1037. https ://doi.org/10.1093/mp/ssr02 6

Yin Y, Johns MA, Cao H, Rupani M (2014) A survey of plant and algal 
genomes and transcriptomes reveals new insights into the evo-
lution and function of the cellulose synthase superfamily. BMC 
Genomics 15:1–15. https ://doi.org/10.1186/1471-2164-15-260

Yoshikawa T, Eiguchi M, Hibara K, Ito J, Nagato Y (2013) Rice slender 
leaf 1 gene encodes cellulose synthase-like D4 and is specifically 
expressed in M-phase cells to regulate cell proliferation. J Exp Bot 
64:2049–2061. https ://doi.org/10.1093/jxb/ert06 0

Zhang X, Henriques R, Lin S, Niu Q, Chua NH (2006) Agrobacterium-
mediated transformation of Arabidopsis thaliana using the floral 
dip method. Nat Protoc 1:641–646. https ://doi.org/10.1038/nprot 
.2006.97

Zou X, Zhen Z, Ge Q, Fan S, Liu A, Gong W, Li J, Gong J, Shi Y, 
Wang Y, Liu R, Duan L, Lei K, Zhang Q, Jiang X, Zhang S, Jia 
T, Zhang L, Shang H, Yuan Y (2018) Genome-wide identifica-
tion and analysis of the evolution and expression patterns of the 
cellulose synthase gene superfamily in Gossypium species. Gene 
646:28–38. https ://doi.org/10.1016/j.gene.2017.12.043

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1111/j.0031-9317.2004.0271.x
https://doi.org/10.1111/j.0031-9317.2004.0271.x
https://doi.org/10.1146/annurev-arplant-042809-112315
https://doi.org/10.1146/annurev-arplant-042809-112315
https://doi.org/10.1016/j.pbi.2016.07.007
https://doi.org/10.1093/jxb/ers287
https://doi.org/10.1093/jxb/ers287
https://doi.org/10.1104/pp.15.00140
https://doi.org/10.1126/science.1102765
https://doi.org/10.1126/science.1102765
https://doi.org/10.1016/j.biortech.2017.04.114
https://doi.org/10.1104/pp.106.086678
https://doi.org/10.1073/pnas.0337628100
https://doi.org/10.1073/pnas.0337628100
https://doi.org/10.4161/psb.6.10.17989
https://doi.org/10.1104/pp.126.2.575
https://doi.org/10.1016/j.biotechadv.2016.06.001
https://doi.org/10.1007/s00425-010-1180-3
https://doi.org/10.1186/1754-6834-5-58
https://doi.org/10.1016/j.cub.2016.04.026
https://doi.org/10.1016/j.cub.2016.04.026
https://doi.org/10.1093/mp/ssr026
https://doi.org/10.1186/1471-2164-15-260
https://doi.org/10.1093/jxb/ert060
https://doi.org/10.1038/nprot.2006.97
https://doi.org/10.1038/nprot.2006.97
https://doi.org/10.1016/j.gene.2017.12.043

	Cotton CSLD3 restores cell elongation and cell wall integrity mainly by enhancing primary cellulose production in the Arabidopsis cesa6 mutant
	Abstract
	Key message 
	Abstract 

	Introduction
	Materials and methods
	Plant materials and growth conditions
	Measurement of root and hypocotyl growths
	RNA isolation and qRT-PCR analysis
	Observation of cell wall structures under transmission electron micrographs (TEM)
	Immunolocalization of glycan epitopes
	Plant height and dry weight measurement
	Plant cell wall fractionation and determination
	Colorimetric determination of hexoses, pentoses and uronic acids
	Determination of monosaccharide composition of non-cellulosic polysaccharides by GC–MS
	Microscopy observation

	Results
	Overexpression of the GhCSLD3 gene leads to partially recovered seedling growth of the atcesa6 mutant
	Overexpression of GhCSLD3 increases primary wall cellulose production in the background of the cesa6 mutant
	Overexpression of GhCSLD3 enhances cell elongation in the background of the cesa6 mutant
	Overexpression of GhCSLD3 fully recovers plant growth in the background of the cesa6 mutant
	Overexpression of GhCSLD3 causes a distinct secondary cell wall composition in the background of the cesa6 mutant

	Discussion
	CSLD may be involved in primary cellulose biosynthesis in a particular case
	Cellulose content has a positive impact on plant growth by enhancing cell elongation and CWI

	Acknowledgements 
	References




