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Abstract
Key message Our work focuses on understanding the lifetime and thus stability of the three main cellulose synthase 
(CESA) proteins involved in primary cell wall synthesis of Arabidopsis. It had long been thought that a major means 
of CESA regulation was via their rapid degradation. However, our studies here have uncovered that AtCESA proteins 
are not rapidly degraded. Rather, they persist for an extended time in the plant cell.
Abstract Plant cellulose is synthesized by membrane-embedded cellulose synthase complexes (CSCs). The CSC is com-
posed of cellulose synthases (CESAs), of which three distinct isozymes form the primary cell wall CSC and another set of 
three isozymes form the secondary cell wall CSC. We determined the stability over time of primary cell wall (PCW) CESAs 
in Arabidopsis thaliana seedlings, using immunoblotting after inhibiting protein synthesis with cycloheximide treatment. 
Our work reveals very slow turnover for the Arabidopsis PCW CESAs in vivo. Additionally, we show that the stability of 
all three CESAs within the PCW CSC is altered by mutations in individual CESAs, elevated temperature, and light condi-
tions. Together, these results suggest that CESA proteins are very stable in vivo, but that their lifetimes can be modulated 
by intrinsic and environmental cues.

Keywords Arabidopsis thaliana · Cellulose synthase · Western blot · Primary cell wall · CESA · Cycloheximide · Protein 
lifetime

Introduction

In the primary cell walls (PCWs) of plants, cellulose deposi-
tion is critical for controlling cell growth and morphogen-
esis, providing resistance against turgor pressure and con-
straining the uniaxial growth of many cell types (Cosgrove 
2005). Cell wall assembly, and the associated synthesis of 

cellulose, is an energy-demanding process and is the pre-
dominant sink of carbon fixed by photosynthesis (Verbančič 
et al. 2017). Cellulose biosynthesis occurs only at the plasma 
membrane (PM), such that removal or insertion of CESAs 
into the PM provides a means for the plant cell to control 
cellulose biosynthesis, and thus cell growth, shape, and mor-
phogenesis (Paredez et al. 2006). This process is thought 
to involve a wide range of parameters (Li et al. 2014) that 
include: the residence time of cellulose synthases (CESAs) 
at the PM, the half-life of CESAs, proteins that mediate 
CESA endo- and exocytosis, and post-translational modi-
fications to direct these processes (Guerriero et al. 2010).

With regards to CESA’s presence at the PM, visualization 
of fluorescent protein-CESA (FP-CESA) fusions allow esti-
mates of a residence time of approximately 15 min (Paredez 
et al. 2006). However, it is difficult to follow these particles 
for longer periods due to: (i) photobleaching, (ii) the high 
density of particles in the membrane and Golgi, and (iii) 
the movement of particles around the cylindrical shape of 
the plant cell (Paredez et al. 2006). Using measurements of 
FP-CESA particle density and insertion rates, CESA resi-
dence time at the PM has been estimated at only 7–8 min, 
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with an increase to approximately 15 min upon disrup-
tion of the actin cytoskeleton (Sampathkumar et al. 2013). 
These data are consistent with CESA insertion into the PM, 
a maximally 15 min “round” of biosynthesis, followed by 
removal of CESA from the PM. In addition to trafficking 
processes, CESA lifetime, from synthesis to degradation, is 
also thought to help determine the residence time of CESAs 
at the PM. CESA proteolysis enforces a maximum potential 
residence time at the PM as PM residence requires available 
CESAs, although CESA lifetime and PM residence time are 
not necessarily directly co-dependent.

The in vivo half-residence times at the PM and half-
lives, i.e., the amounts of time required for half of a given 
population of proteins to be internalized or degraded, of 
CESAs have been measured several times, each in different 
systems by slightly disparate means, but commonly by the 
use of cycloheximide to block protein synthesis. Analysis 
of cycloheximide-treated moss and Oocystis by electron 
microscopy revealed the loss of more than 50% of rosette 
cellulose synthesis complexes (CSCs) from the PM by 
30 min of cycloheximide treatment (Robinson and Quader 
1980; Rudolph et  al. 1989). When cotton ovules were 
treated with cycloheximide, more than 50% of CESA was 
degraded within 30 min, as assayed by immunoblotting of 
total membrane protein (Jacob-Wilk et al. 2006). These data 
suggest that both PM residence time and half-life are short 
for CESAs in plant cells, consistent with the idea that pro-
teolytic degradation of CESAs provides a means to directly 
control CESA residence time at the PM and therefore rates 
of cellulose synthesis.

The CESAs required for cellulose synthesis in PCWs 
include CESA1, CESA3, and CESA6/6-like isoforms, in an 
equimolar stoichiometry consisting of at least 18 CESAs, 
each over 120 kDa (Desprez et al. 2007; Gonneau et al. 
2014; Newman et al. 2013; Persson et al. 2007). Addition-
ally, KORRIGAN and potentially other protein components 
are also present within the CSC, together representing over 
2 MDa of polypeptide (Vain et al. 2014). Our research, pre-
sented herein, examines the in vivo stability/protein turnover 
of PCW CESAs in Arabidopsis thaliana. To investigate fac-
tors that may influence CESA protein stability, we utilized 
three cesa mutants, mre1, rsw1-1, and prc1-1. The mre1 
allele of CESA3 (G916E) results in plants with a mild root 
elongation defect in both light- and dark-grown seedlings, 
with adult plants also being significantly dwarfed (Benfey 
et al. 1993; Pysh et al. 2012). In the temperature-sensitive 
rsw1-1 allele, CESA1 (A549V), incubation at the restric-
tive temperature (30 °C) results in defects in crystalline cel-
lulose biosynthesis and cell elongation as well as loss of 
CSCs from the PM (Williamson et al. 2001a, b). The prc1-1 
allele, CESA6 (Q720Stop) results in dark-grown hypocotyls 
displaying severe defects in cell elongation (Bischoff et al. 
2011; Desnos et al. 1996). In addition to analysis of these 

three cesa mutants, environmental conditions (elevated tem-
perature and light vs. dark-grown) were also tested for their 
affect on CESA half-life. Using these genetic and environ-
mental parameters, the levels of PCW CESAs were deter-
mined by western blotting using mono-specific antibodies 
after inhibition of protein synthesis with cycloheximide. 
This allowed us to examine the in vivo nature of CESA pro-
tein stability as well as the impact of mutations, light, and 
elevated temperature on protein levels. Our results show 
that, for PCWs in Arabidopsis seedlings, CESA proteins 
are longer lived than prior estimates in other systems with 
minimal impact by mutations in CESA and significant nega-
tive influence of elevated temperature.

Materials and methods

Plants and growth conditions

Seeds were obtained from the Arabidopsis Biological 
Research Center (ABRC, Ohio State, http://www.arabi 
dopsi s.org); wild type Arabidopsis of the Columbia ecotype 
(CS70000) and CESA mutants in the Col background 
rsw1-1  (CESA1A549V; CS6554), prc1-1  (CESA6Q720Stop; 
CS297) (Arioli et al. 1998; Fagard et al. 2000). The mre1 
 (CESA3G916E, also known as je5) line was kindly provided 
by Chris Somerville (Benfey et al. 1993; Pysh et al. 2012). 
Seeds were sterilized with 30% bleach, 0.1% Triton X-100 
and then sown on vertical agar plates containing one-half 
strength Murashige and Skoog Basal Salts (MS) and 1% 
sucrose, overlaid with cellophane. Plates were vernalized 
at 4 °C for at least 2 days. For dark-grown seedlings, plates 
were wrapped in aluminum foil and placed in a growth 
chamber at 22 °C for 4 days. Light-grown seedlings were 
grown at 22 °C with 18 h days for 7 days prior to cyclohex-
imide assays.

Antibody generation and specificity

CESA1 antibody generation was described previously (Hill 
et al. 2014). Using the same procedure as with Anti-CESA1, 
Anti-CESA3, Anti-CESA6, and Anti-KOBITO were gener-
ated by Covance (http://www.covan ce.com) using New Zea-
land White rabbits as the host. Each antibody population 
was raised in a single rabbit injected with a suite of peptides 
(Figure S1, Table S1). Individual peptides were conjugated 
to Sulfo-link resin (Thermo, http://www.therm ofisc her.com) 
and used to affinity purify specific antibodies to each epitope 
from total rabbit serum. Epitope-specific antibodies were 
then tested for sensitivity and specificity by immunoblotting 
to protein extracted from WT, YFP-CESA1, CFP-CESA3, 
or the CESA6 null mutant prc1-1. Anti-CESA1, Anti-
CESA3.2, Anti-CESA6.1, and Anti-KOBITO were chosen 
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for their sensitivity and specificity for use in all other immu-
noblots detailed within this work.

Generation of YFP‑CESA1 and CFP‑CESA3 lines

A YFP-CESA1 construct was generated by first amplifying 
approximately 2.5 kb of the CESA1 promoter region with 
primers 5′TTG TAA AAC GGG CGC CCC AAG TCC ACT 
GAG GAG CCC C3′ and 5′CCT GCA GTA TCG ATG CGG CCG 
CCG CAG CCA CCG ACA CAC3′, which was then cloned into 
SacII and NotI digested pORE-O4, via a SLiCE reaction, 
to create pORE-O4 [ProCESA1] (Coutu et al. 2007; Zhang 
et al. 2012). CESA1 cDNA (RIKEN pda17001, http://www.
brc.riken .go.jp) was amplified with primers 5′TCA GTA 
GCG GCC GCC ATG GAG GCC AGT GCC GGC3′ and 5′ CTA 
CTG CAG CTA AAA GAC ACC TCC TTT GCC 3′, digested 
with NotI and PstI, then ligated into NotI and PstI digested 
pORE-O4[ProCESA1] to create pORE-O4[Pro1:CESA1]. 
sYFP was amplified from pPLV18 (ABRC stock CD3-1674, 
http://www.arabi dopsi s.org) with primers 5′GGT CTC CGG 
CCC ATG ACT AGT AAG GGC GAG GA3′ and 5′GGT CTC 
CGG CCG CCT TGT ACA GCT CGT CCA TG3′, digested with 
BsaI, and ligated into NotI digested pORE-O4[Pro1:CESA1] 
to create pORE-O4[Pro1:sYFP:CESA1] (Rybel et al. 2011). 
pORE-O4[Pro1:sYFP:CESA1] was then introduced into the 
heterozygous, gametophytic lethal CESA1 TDNA allele 
cesa1-1 (ABRC stock CS848759, http://www.arabi dopsi 
s.org) by the floral dip method (Clough and Bent 1998). 
Segregation of the YFP-CESA1 transgene and CESA1 
TDNA insertion led to the isolation of a line containing 
YFP-CESA1 in a cesa1 null background.

A CFP-CESA3 construct was generated by first ampli-
fying approximately 2.5 kb of the CESA3 promoter region 
with primers 5′TGG GGC CCA ACG TTC TCG AGA ACT 
CGC TTT CTC TCA G3′ and 5′CCT GCA GTA TCG ATG 
CGG CCG CTT GTC ACT TAG TTG CTT CCA ACA3′, which 
was then cloned into XhoI and NotI digested pORE-O3 
vi a SLiCE reaction, to create pORE-O3[ProCESA3] 
(Coutu et  al. 2007; Zhang et  al. 2012). CESA3 cDNA 
(ABRC stock C104938, http://www.arabi dopsi s.org) was 
amplified with primers 5′ACG CGG CCG CCA TGG AAT 
CCG AAG GAGA3′ and 5′CTT CTG CAG TCA ACA GTT 
GAT TCC ACA TTC C3′, digested with NotI and PstI, then 
ligated into NotI and PstI digested pORE-O3[ProCESA3] 
to create pORE-O3[Pro1:CESA3]. sCFP was amplified 
from pPLV21 (ABRC stock CD3-1677, http://www.arabi 
dopsi s.org) with primers 5′GGT CTC CGG CCC ATG ACT 
AGT AAG GGC GAG GA3′ and 5′GGT CTC CGG CCG 
CCT TGT ACA GCT CGT CCA TG3′, digested with BsaI, 
and ligated into NotI digested pORE-O3[Pro3:CESA3] to 
create pORE-O3[Pro3:sCFP:CESA3] (Rybel et al. 2011). 
pORE-O3[Pro3:sCFP:CESA3] was then introduced into 
the heterozygous, gametophytic lethal CESA3 TDNA 

allele cesa3-1 (ABRC stock SALK_014134, http://www.
arabi dopsi s.org) by the floral dip method (Clough and 
Bent 1998). Segregation of the CFP-CESA3 transgene 
and CESA3 TDNA insertion led to the isolation of a line 
containing CFP-CESA3 in a cesa3 null background.

With both YFP-CESA1 and CFP-CESA3, the transgenic 
constructs result in a FP-CESA protein fusion with a 3× 
alanine linker between the FP and initial methionine of 
the CESA.

Assays with cycloheximide

Seedlings (100–200 mg) were gently removed from plates 
and placed in 50 mL conical tubes containing 4.85 mL 
of fresh 1/2X MS + 1% sucrose media, with each tube 
consisting of a single biological replicate. To each tube, 
150 µL of 10 mg/mL cycloheximide was added, for a final 
cycloheximide concentration of 1 mM, this marked T = 0. 
At the indicated time, three biological replicates (tubes) 
were taken, media was removed by filtration in a Buchner 
funnel, and the seedlings were snap-frozen in liquid nitro-
gen in labeled microcentrifuge tubes. At the completion of 
the assay, tubes were stored at − 80 °C until protein extrac-
tion could be performed. As CESA half-life was unknown, 
6–8 time points were taken for each assay, a preliminary 
half-life test was done, and 4–5 time points covering the 
full range of CESA decay were selected for analysis, as 
only five would fit on each gel. Quantification of immu-
noblot band intensity was plotted versus time to visualize 
time-dependent protein decay. These values were fitted 
to an exponential function, which was used to calculate 
approximate half-life values.

Protein isolation

Samples were removed from − 80 °C storage and 200 µL 
of 10% trichloroacetic acid (TCA) dissolved in acetone was 
added to each tube. Samples were then ground using a small, 
blue microcentrifuge pestle and 800 µL of 10% TCA/Ace-
tone was then added. Protein was then extracted as described 
previously (Wang et al. 2003, 2006). Final protein pellets 
were resuspended in 100–150 µL of 0.1× phosphate-buff-
ered saline containing 1% sodium dodecyl sulfate (SDS). 
Protein concentrations were measured in triplicate in 200 µL 
modified lowery assays in a 96 well plate format (Peterson 
1977). The protein concentration of each sample within a 
single cycloheximide assay was then equalized by dilution 
with PBS/SDS and 1 × SDS–PAGE loading buffer to a final 
concentration between 1 and 2.5 mg/mL, depending on trial. 
Diluted samples were then aliquoted and stored at − 20 °C 
until SDS–PAGE separation.

http://www.brc.riken.go.jp
http://www.brc.riken.go.jp
http://www.arabidopsis.org
http://www.arabidopsis.org
http://www.arabidopsis.org
http://www.arabidopsis.org
http://www.arabidopsis.org
http://www.arabidopsis.org
http://www.arabidopsis.org
http://www.arabidopsis.org
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Immunoblotting

Equal amounts of protein (between 18 and 30 µg, depending 
on trial) were separated by SDS–PAGE on 8% gels with a 
5% stacking gel (pH 8.8, 35% glycerol) (Laemmli 1970). As 
a load control, prior to transfer, selected gels were stained 
with Coomassie blue to assess equal loading of protein. One 
such gel is shown in Figure S2. Protein was transferred to 
0.1 µm pore nitrocellulose (Whatman Protran, http://www.
fisch ersci .com) in a wet tank transfer (Bjerrum Schafer-
Nielsen buffer with 20% Methanol) at 100 V for 2 h. Over-
night dried membranes were blocked in Tris-buffered saline 
containing 0.5% Tween-20. Washes, primary antibody, and 
secondary antibody (Goat anti-rabbit horseradish peroxidase 
conjugate, KPL 95058-730, http://www.kpl.com) dilutions 
were in TBST containing 0.25% Tween-20. Immunob-
lot development occurred through SuperSignal West Pico 
Chemiluminescent Substrate (Thermo, http://www.therm 
ofisc her.com) and visualization by exposure to CL-Xposure 
Film (Thermo, http://www.therm ofisc her.com). Films were 
digitized by with a standard flat-bed scanner and band inten-
sity was quantified by ImageJ software (NIH). Intensity val-
ues for biological triplicates were divided by the averaged 
T = 0 value to produce a normalized intensity value. These 
normalized values were then plotted against time, with error 
bars consisting of the standard deviation of the three biologi-
cal replicates, to produce a decay curve for CESA. Ubiquitin 
primary antibody was kindly provided by Abhinaya Srikanth 
(Santa Cruz Biotechnology; sc-8017, http://www.scbt.com).

Confocal microscopy

Seedlings expressing GFP-CESA3 in the Col background 
(Xiao et al. 2016) were grown and treated with cyclohex-
imide for 50 h as described above alongside a DMSO mock 
control. Growth conditions were the same as above for 
light and dark-grown seedlings with the exception that the 
light-grown seedlings were exposed to 16 h light per day 
rather than 18 h light. Following cycloheximide treatment, 
seedlings were mounted in 80 µL water on a microscope 
slide to which double-stick tape (3M Permanent) spacers 
were added on either side of the seedling, and covered with 
a 24 × 40 mm #1.5 coverslip (Corning). Z-stack images 
were acquired on a Zeiss Cell Observer SD spinning disk 
confocal microscope with a 100 × 1.40 NA oil-immersion 
objective at a 0.2 µm step size, using a 488 nm excitation 
laser and 525/50 nm emission filter to record GFP and YFP 
fluorescence. Images were acquired in the upper region 
of the hypocotyl in dark-grown seedlings and petioles of 
light-grown seedlings. Background was subtracted from raw 
Z series images in ImageJ with a rolling ball radius of 10 
pixels using the “sliding paraboloid” algorithm. Maximum 
projections were assembled in ImageJ.

Results

Generation of mono‑specific antibodies

To track CESA protein level changes, we first needed to 
generate mono-specific antibodies. Previously, we iso-
lated and affinity purified an antibody to Arabidopsis 
CESA1 (Hill et al. 2014). A similar approach was used to 
generate specific antibodies for the remaining two most 
important PCW CESAs, CESA3 and CESA6, as well as 
to KOBITO, a putative glycosyltransferase suspected to 
be involved in cellulose biosynthesis (Kong et al. 2012; 
Lertpiriyapong and Sung 2003; Pagant et al. 2002). For 
each antibody, multiple, unique peptide epitopes (Figure 
S1, Table S1) were synthesized and injected into rabbits 
for polyclonal antibody production. We affinity purified 
epitope-specific antibodies to CESA3 and CESA6 from 
serum, whereas an affinity purified mixed-epitope antibody 
preparation was used for KOBITO. Each CESA antibody 
(with the exception of CESA3.1 and CESA6.2) reacted 
with an approximately 120 kDa polypeptide correspond-
ing to full-length CESA in a wild-type protein extract 
(Fig. 1). To show specificity, we generated fluorescent 
protein-CESA (FP-CESA) fusions to shift the mass of 
either CESA1 or CESA3 (Fig. 1), transformed these into 
heterozygous cesa1 and cesa3 knockout lines, and isolated 
FP-CESA transformants that were homozygous knockouts, 
since cesa1 and cesa3 knockout alleles are gametophytic 
lethal and thus unavailable for demonstrating specificity 
(Persson et al. 2007). For both CESA1 and CESA3, when 
assessing FP-CESA lines, antibodies solely labeled the 
~ 150 kDa FP-CESA fusion protein with no reactivity 
in the ~ 120 kDa region, definitively showing that each 
of these antibodies reacts with no other CESA isoforms. 
For validation of CESA6 antibodies, we utilized prc1-1, 
a CESA6 (Q720Stop) null allele (Fagard et al. 2000). In 
prc1-1, we observed low levels of cross-reactivity in the 
120 kDa region, which could arise from minor cross reac-
tion with the closely related CESA2 or CESA5 isoforms 
(Fig. 1). Alternatively, the faint band we observed in prc1-
1 could be CESA6 protein resulting from read-through 
of the Q720Stop non-sense mutation. In either case, this 
minor signal observed in prc1-1 is negligible and does not 
disrupt our ability to detect and quantify CESA6 protein 
levels. Antibodies to the poorly-characterized KOBITO 
protein showed specific labeling of an approximately 
40 kDa polypeptide, presumed to be KOBITO (Fig. 1).

http://www.fischersci.com
http://www.fischersci.com
http://www.kpl.com
http://www.thermofischer.com
http://www.thermofischer.com
http://www.thermofischer.com
http://www.scbt.com
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CESAs are long‑lived in both dark‑ and light‑grown 
conditions

To assess the protein stability of CESAs in  vivo, we 
turned to the commonly-used cycloheximide-based assay 
to block protein synthesis in Arabidopsis seedlings and 
then observed protein level changes over time with immu-
noblotting. In line with previously reported methods, we 
transferred plate-grown seedlings to liquid media for treat-
ment with 1 mM cycloheximide (Chang et al. 2011; Gray 
et al. 2001; Jang et al. 2005; Kurepa et al. 2010; Qiao et al. 
2009; Salmon et al. 2008; Thomann et al. 2009).

We analyzed the decay of CESA 1, 3, and 6 protein levels 
over time, with three biological replicates for each isozyme 
per time point. Band intensity was normalized to the average 
intensity of zero-time samples. As controls, we also moni-
tored the levels of high molecular weight poly-ubiquitinated 
proteins (Ubn) and KOBITO. In addition, our previous work 
showed that the levels of the group of CESA isozymes 
responsible for secondary wall cellulose are coordinately 
inter-dependent (Hill et al. 2014). As also observed here (see 
below), over the time course, the average of all three CESAs 
displayed a correlated, time-dependent decay (Figure S3). 
Because of this, we show the average intensity of all three 
isozymes in the main figures. However, in the Supplemental 
Figures, each individual band intensity for the three repli-
cates for each isozyme is shown. Please note that the inten-
sity of the bands between each of the CESAs should not be 
used to draw conclusions about stoichiometry. The Western 
blot response for each isozyme is dependent, in part, on the 
titer of the antibody. Thus, despite some of the blots showing 
intensity differences between the isozymes, this cannot be 

Fig. 1  Specificity of CESA and KOBITO antibodies by immuno-
blotting. Equal amounts of protein (25  µg) from WT, YFP-CESA1, 
CFP-CESA3, and the cesa6ko (prc1-1) analyzed by immunoblotting. 
Anti-CESA1 recognizes the 120  kDa WT CESA1 and the 150  kDa 
YFP-CESA1 with virtually no other cross-reaction. Anti-CESA3.1 
failed to generate an acceptable response. Anti-CESA3.2 recognizes 
the 120  kDa WT CESA3 and the 150  kDa CFP-CESA3 with lit-
tle other cross-reactions. Anti-CESA6.1 and 6.3 both recognize the 
120  kDa WT CESA6 with very faint detection of a 120  kDa band 

in the cesa6ko background. This faint reaction could be from minor 
cross-reaction with the highly similar CESA2 or CESA5 or could be 
detection of very low levels of CESA6 resulting from read through 
of the CESA6 ochre mutation present in prc1-1. Anti-CESA6.2 failed 
to detect a protein at CESA6’s molecular weight. Anti-KOBITO 
specifically recognizes a 40 kDa polypeptide presumed to be endog-
enous KOBITO. For CESA3 and CESA6, Anti-CESA3.2, and Anti-
CESA6.1 were used throughout the rest of this work, as they provided 
the greatest sensitivity and specificity

Fig. 2  Time dependent decay of CESA (filled circle), KOBITO (filled 
square) and polyubiquitinated proteins  (Ubn) (inverted filled triangle) 
under dark-grown conditions. After the addition of cycloheximide, 
three biological replicates were taken at the indicated time points and 
immunoblot analysis with antibodies to CESA1, CESA3, CESA6, 
KOBITO, and high molecular weight polyubiquitinated proteins 
was used to track protein levels over time. The upper panel shows 
the immunoblots. The numbers on top of the blots indicate time in 
hours. The band intensities were quantified band intensity normalized 
to T = 0 average. The mean intensity for KOBITO, Ubn and all nine 
samples of the CESAs from each time point (three for each CESA) 
were then determined along with the standard deviation and plotted 
on the lower panel. Each lane contains 12 µg of protein
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interpreted as an argument against 1:1:1 stoichiometry. The 
1:1:1 stoichiometry of CESAs in both primary- and second-
ary-associated complexes has been previously established 
(Gonneau et al. 2014; Hill et al. 2014).

Figure 2 shows the Western blots for dark-grown wild-
type seedlings and the associated graph for the mean and 
standard deviation for the CESA 1, 3, and 6 band inten-
sities of the Western blot. The results show that over the 
time course up to 48 h, with the exception of  Ubn, the decay 
curves did not follow a first order exponential function. 
The CESA and KOBITO decay curve was relatively linear, 
and did not go through enough half-lives to allow accurate 
determination of the rate of decay. Thus, none of the decay 
curves, except for  Ubn, could be fit within statistically-
acceptable error to determine half lives. Instead, for the 
remainder of the study, protein stability will be qualitatively 
described in regards to relative longevity. The results show 
that over 80% of PCW CESA proteins are still present after 
48 h of cycloheximide treatment under dark-grown condi-
tions (band intensities for individual isozymes of dark-grown 
seedlings are shown in Figure S3a).

CESAs are differentially regulated by light (Bischoff et al. 
2011; Desnos et al. 1996); thus, we wanted to determine 
whether light conditions alter CESA stability. Relative to 
the results for dark-grown seedlings, CESA stability was 
reduced in light-grown seedlings (Fig. 3). For each of the 
CESAs, approximately 20% of the protein was detected after 
48 h of cycloheximide treatment (Fig. 3) (band intensities 
for individual isozymes of light-grown seedlings are shown 
in Figure S3b).

To verify the presence of CESAs in planta after exposure 
to cycloheximide, we imaged CESA3 tagged with GFP using 
spinning disk confocal microscopy (Paredez et al. 2006) to 
determine subcellular localization. Dark-grown seedlings 
expressing GFP-CESA3 displayed normal CESA localiza-
tion to the PM, Golgi, and vesicles in hypocotyl cells when 
incubated in a DMSO mock treatment for 50 h (Fig. 4a). 
However, seedlings treated with 1 mM cycloheximide for 
50 h only exhibited GFP-CESA3 signal in the Golgi, with 
little to no signal present at the PM (Fig. 4a). Despite the 
reduced stability of CESAs under light conditions (Fig. 3), 
light-grown seedlings had similar subcellular localiza-
tion patterns of GFP-CESA3 following 50 h DMSO or 
cycloheximide treatment as observed in dark-grown seed-
lings (Fig. 4b). These imaging data, together with the immu-
noblotting data, suggest that a population of CESAs persist 
within the Golgi, a subset of their typical subcellular loca-
tions, of Arabidopsis seedling cells after 50 h of cyclohex-
imide treatment regardless of light conditions.

Ubn species displayed a relatively quick decay in protein 
levels under both dark and light-grown conditions (Figs. 2, 
3). The decay rate for  Ubn in dark-grown seedlings exhibited 
single exponential decay and thus was fitted, and a rate of 
0.16 ± 0.05 h−1 was determined. This calculates to a half life 
of 4.7 h (Fig. 2). Under light conditions, the half life was 
approximately the same at 4.4 h (Fig. 3). This value for  Ubn 
half-life is in line with previous measures, confirming that 
normal protein-degradation is occurring in our cyclohex-
imide-treated plants (Kurepa et  al. 2010). In contrast, 
KOBITO showed no substantial decay in protein levels in 
either light- or dark-grown conditions (Figs. 2, 3). Together, 
these controls demonstrate that, within these assays using 
cycloheximide, protein degradation is not being inhibited 
(ubiquitinated proteins decay at the expected rate) and that 
the observed slow decay of CESA protein is not likely due to 
some systemic cause (such as cell death), since we also see 
little to no reduction in KOBITO protein levels.

Characterization of CESA protein stability 
under altered genetic and environmental conditions

Similar to observations for wild type, CESA longevity in 
mre1 (Figure S4a), rsw1-1 (Figure S4b) and prc1-1 (Figure 
S4c) mutants was greater in dark-grown conditions than in 
light-grown conditions. When each mutant was compared 
to wild type, relatively small differences were observed 
within the experimental time course (Fig. 5a). When grown 
at 22 °C, under dark-grown conditions, only the mre1 mutant 
exhibited a slightly greater decrease in CESA protein levels 
over time (Fig. 5a). When fitted to a single exponential to 
obtain a half life value, the error was too great to reveal any 
differences. Under light-grown conditions at 22 °C, again, 
the decay pattern was similar in all three mutants compared 

Fig. 3  Time dependent decay of CESA (open), KOBITO (open 
square) and polyubiquitinated proteins  (Ubn) (inverted open triangle) 
under light-grown conditions. Experimental conditions are identical 
to that described in the legend of Fig.  2 except the seedlings were 
light grown and each lane contains 30 µg of protein
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to wild type, with the possible exception of mre1, which 
exhibited a slight increase in the rate of decay for CESAs 
(Fig. 5b).

We also examined effect of temperature on CESA sta-
bility (this was performed in part because another mutant, 
rsw1-1, is temperature sensitive, see below). Elevated 
temperature (30 °C) substantially reduces CESA longev-
ity under dark-grown conditions in wild type seedlings 
(Figure S5a), mre1 (Figure S5b), rsw1-1 (Figure S5c) 
and pcr1-1 (Figure S5d). When compared to wild type, 

all three mutants, under dark-grown conditions at 30 °C, 
exhibited a more rapid decay of the PCW CESAs (Figure 
S5). When the mutants were compared to wild type under 
dark-grown conditions (Fig. 6a), surprisingly, the tempera-
ture sensitive mutant rsw1-1, did not exhibit as great of a 
decrease in CESA content over 24 h when compared to 
either the mre1 or prc1-1 mutants. The impact of elevated 
temperature on prc1-1 was more severe than for any other 
genotype. At 24 h, the prc1-1 mutant had only 16% of 
the CESA isozymes remaining. These results suggest that 

Fig. 4  Maximum projections of GFP-CESA3 fluorescence following 
50 h mock or 1 mM cycloheximide treatment of dark-grown (panel a) 
or light-grown (panel b) seedlings. Imaging in dark and light-grown 
seedlings was performed in at least six different seedlings per treat-
ment from at least two independent experiments. GFP-CESA3 was 

imaged in petioles of light-grown seedlings; similar results were 
observed in cells below the apical hook of dark-grown seedlings, and 
in the root elongation zone and hypocotyl of light-grown seedlings. 
Scale bars = 10 µm
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CESA6 might play a specific role in coping with elevated 
temperature, consistent with this isoform’s ability to pro-
vide tolerance to other stresses, such as salinity (Zhang 
et al. 2016).

Elevated temperature (30 °C) also decreased CESA lon-
gevity under light-grown conditions in wild type (Figure 
S6a), mre1 (Figure S6b), rsw1-1 (Figure S6c) and pcr1-
1 (Figure S6d) seedlings. However, when the mutants 
were compared to wild type under light-grown conditions 
(Fig. 6b), the differences observed under dark-grown con-
ditions (Fig. 6a) were not present. As mentioned above, 
the rsw1-1 mutation is in CESA1 (A549V) and results in 
a temperature-sensitive phenotype (Arioli et  al. 1998). 
As expected, when grown at the permissive temperature 
(22 °C), CESA protein stability in rsw1-1 is similar to that 
of wild type in both dark- and light-grown conditions (Figure 
S5). But surprisingly, we observed no differences between 

CESA longevity in rsw1-1 and wild type when grown at the 
non-permissive temperature of 30 °C (Fig. 6a).

Discussion

CESAs are long‑lived in vivo

This study aimed to characterize the in vivo longevity/
stability of Arabidopsis PCW CESAs under several envi-
ronmental and genetic conditions. Our data are consistent 
with three main conclusions: (i) perturbation of a single 
CESA isoform type has consequences for the entire CSC, 
(ii) CESA lifetime persists in vivo for much longer than 
inferred from previously characterized residence times 
at the PM, and (iii) elevated temperature causes a sub-
stantial reduction in CESA stability. As an example of 

Fig. 5  Comparison of CESA longevity of mutants compared to wild 
type seedlings under dark-grown (panel a) or light-grown conditions 
(panel b). Results are mean and standard deviation from 9 samples 
(3 CESA1, 3 CESAB and 3 CESA6 for each of the specified time 

points). For dark- and light-grown conditions, the symbols are wild 
type (filled circle, open circle), mre1 (inverted filled triangle, inverted 
open triangle), rsw1-1(filled square, open square) and prc1-1(filled 
diamond, open diamond)

Fig. 6  Comparison of CESA longevity of mutants compared to wild 
type seedlings at high temperature (30 °C) under dark-grown (panel 
a) or light-grown conditions (panel b). Results are mean and stand-
ard deviation from 9 samples (3 CESA1, 3 CESAB and 3 CESA6 for 

each of the specified time points). For dark- and light-grown condi-
tions, the symbols are wild type (filled circle, open circle), mre1 
(inverted filled triangle, inverted open triangle), rsw1-1(filled square, 
open square) and prc1-1(filled diamond, open diamond)
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how perturbation of one CESA impacts the other CESAs 
of a CSC, in mre1, although only CESA3 is mutated, the 
half-life of all three CESAs is similarly altered (Fig. 5a). 
Thus, destabilization of any one CESA isoform is capable 
of destabilizing the entire complex, resulting in its pro-
teolytic degradation, as a unit. This provides further evi-
dence that all three CESA isoforms are present in every 
cellulose synthesis complex (Desprez et al. 2007; Persson 
et al. 2007). For this reason, our data for CESA levels are 
presented as an average of CESAs 1, 3 and 6 in the main 
figures, and individually in the supporting information.

We recognize that there are limitations in using 
cycloheximide to determine the half-life of long-lived 
proteins, especially since extended exposure to cyclohex-
imide induces stress and, eventually, cell death (Yewdell 
et al. 2011). However, our data clearly show that CESAs 
are present in vivo for at least an order of magnitude 
longer than previously measured in cotton ovules (Jacob-
Wilk et al. 2006). However, there are several significant 
differences between experimental systems. Cotton ovules 
require more manipulation, culturing, and they are under-
going secondary cell wall cellulose biosynthesis, which 
uses a separate and distinct set of CESAs that might 
have biochemical properties that differ from those of the 
PCW CESAs studied here (Hill et al. 2014; Taylor et al. 
2003). Our data convincingly show that Arabidopsis PCW 
CESAs are long-lived in vivo.

CESAs of light‑grown seeding exhibit reduced longevity 
compared to dark‑grown

PCW CESAs are differentially regulated though light-
sensing to control mechanical properties of the cell wall 
(Bischoff et al. 2011; Desnos et al. 1996). In dark-grown 
seedlings, cell elongation after germination is extensive 
and rapid, as the plant expands upward in search of light 
(Fagard et al. 2000). This process requires unique and 
specific cell wall morphogenesis that is dependent on 
cellulose deposition (Bischoff et al. 2011; Desnos et al. 
1996). As such, cellulose biosynthesis must be differen-
tially regulated during this process. Analyses of CESA in 
light- and dark-grown seedlings reveal that, in every gen-
otype and condition tested, CESAs possess much greater 
longevity in the dark than in the light. This extended 
CESA longevity might provide an advantage to the rap-
idly elongating seedling, such as conservation of limited 
energy reserves by reducing the turnover of CESAs. How-
ever, this raises the question of why CESA longevity is 
seemingly limited in light-grown conditions, suggesting 
that there could be a trade-off or functional difference 
between CESAs with different half-lives.

Mutation in CESA and longevity for entire CSCs

Over the past two decades, forward genetic screens have pro-
duced a large collection of CESA missense mutations with 
varied, but poorly understood, effects on cellulose biosynthe-
sis (Desprez et al. 2002; Turner et al. 2001; Williamson et al. 
2001). Having developed an experimental system to quantify 
the half-life of CESAs, we utilized these assays to examine 
how certain mutations would affect CESA in vivo stability. 
For this, we chose three genotypes, each representing a dif-
ferent class of CESA mutation: the temperature-sensitive 
rsw1-1 mutation of CESA1 (A549V), the hypomorphic mre1 
allele of CESA3 (G916E), and the prc1-1 CESA6 null allele 
(Arioli et al. 1998; Benfey et al. 1993; Fagard et al. 2000). 
We hypothesized that the rsw1-1 allele would significantly 
reduce CESA in vivo longevity at the non-permissive tem-
perature, as this mutation causes the CSC to be degraded 
and be removed from the PM (Arioli et al. 1998). Instead, 
we observed that CESAs in rsw1-1 behaved like wild type, 
at both permissive and non-permissive temperatures. Thus, 
as reported by Arioli et al. (1998), while incubation at non-
permissive temperature (30 °C) in rsw1-1 disrupts CSC for-
mation and presence at the PM, our results here show it does 
not seem to hasten CESA degradation.

The data for the other two CESA mutants, mre1 and prc1-
1, do not indicate a major change in stability. While there 
may be a slight decrease, and this in turn might contribute to 
their phenotype, our data do not show statistically different 
CESA stability in these two mutants. However, if the muta-
tions cause a destabilization or re-localization of the CSC 
that affects biochemical activity and/or quaternary structure, 
these mutations might still affect cellulose synthesis activity 
without dramatically reducing CESA protein lifetimes.

Temperature has a pronounced negative effect 
on CESA stability

Surprisingly, increased temperature caused a more pro-
nounced reduction of CESA half-life than any mutation 
studied. For the wild type and all three mutants, CESA lon-
gevity was lower at 30 °C than at 22 °C under both light- 
and dark-grown conditions. Our results suggest that elevated 
temperature destabilizes the cellulose synthesis complex. 
Interestingly, it has been shown that wild type inflorescence 
stems display decreased cell-wall crystallinity and increased 
growth rates at 29 °C (Fujita et al. 2011), and on the molecu-
lar level, incubation at 29 °C results in a quadrupling of 
FP-CESA particle speed, but does not alter FP-CESA den-
sity at the PM (Fujita et al. 2011). Thus, at 29 °C, cellulose 
biosynthesis and cell elongation are more rapid, while cel-
lulose crystallinity is reduced (Fujita et al. 2011), but CESAs 
themselves are subject to more frequent proteolytic turnover.
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Long‑lived CESAs point to the existence 
of a recycling pathway

Existing CESA trafficking data indicate that the residence 
time of CSCs at the PM is relatively short, less than 15 min 
(Sampathkumar et al. 2013). This residence time at the PM is 
much shorter than our experimentally-determined half-life for 
CESA proteins. One possible explanation for this difference is 
that CESAs or CSCs can be “recycled” and synthesize many 
discrete cellulose molecules during their lifetimes. A signal 
might target CESAs for endocytosis, where they could then be 
subject to reactivation, modification, or quality control before 
being re-inserted into the PM for another “round” of cellulose 
biosynthesis. Consistent with this possibility, recent studies 
have shown that CESAs are removed from the PM via clathrin-
mediated endocytosis, targeted by either the µ2 or TWD40-2 
proteins (Bashline et al. 2013, 2015), and that CSCs are endo-
cytosed at night when sugar levels decline (Ivakov et al. 2017). 
However, the fate of CESAs (degradation or recycling) after 
µ2- or TWD40-2-dependent endocytosis is currently unclear 
(Bashline et al. 2013, 2015). The existence of two independ-
ent endocytosis pathways leaves open the possibility that one 
targets CESAs for degradation, whereas the other is used for 
CESA recycling.

Since CESAs do not seem to be subject to rapid proteolysis, 
the cell might instead use the addition and removal of post-
translational modifications to regulate CESA activity. In fact, 
it has been shown that the CESAs are phosphorylated in vivo 
and mimicking this phosphorylation, or ablating it, with site-
directed mutagenesis affects the mobility of PCW CESAs in 
the PM (Chen et al. 2010; Nuhse et al. 2004). Additionally, a 
recent report has shown that S-acylation of CESAs is required 
for their targeting or insertion into the PM (Kumar et al. 2016). 
The trafficking and post-translational pathways that regulate 
the synthesis of cellulose, the most abundant biopolymer on 
Earth, will be a fertile area for further research.
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