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Abstract

Freezing triggers extracellular ice formation leading to cell dehydration and deforma-

tion during a freeze–thaw cycle. Many plant species increase their freezing tolerance

during exposure to low, non-freezing temperatures, a process termed cold acclima-

tion. In addition, exposure to mild freezing temperatures after cold acclimation

evokes a further increase in freezing tolerance (sub-zero acclimation). Previous trans-

criptome and proteome analyses indicate that cell wall remodelling may be particu-

larly important for sub-zero acclimation. In the present study, we used a combination

of immunohistochemical, chemical and spectroscopic analyses to characterize the cell

walls of Arabidopsis thaliana and characterized a mutant in the XTH19 gene, encoding

a xyloglucan endotransglucosylase/hydrolase (XTH). The mutant showed reduced

freezing tolerance after both cold and sub-zero acclimation, compared to the Col-0

wild type, which was associated with differences in cell wall composition and struc-

ture. Most strikingly, immunohistochemistry in combination with 3D reconstruction

of centres of rosette indicated that epitopes of the xyloglucan-specific antibody

LM25 were highly abundant in the vasculature of Col-0 plants after sub-zero acclima-

tion but absent in the XTH19 mutant. Taken together, our data shed new light on the

potential roles of cell wall remodelling for the increased freezing tolerance observed

after low temperature acclimation.
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1 | INTRODUCTION

Freezing is a severe stress for plants, which is accompanied by a phase

transition from liquid water to ice crystals in the tissues. Ice crystalli-

zation takes place in the intercellular spaces (Pearce & Willison, 1985).

The different chemical potential between intracellular water and

extracellular ice leads to the growth of ice crystals at the expense of

intracellular water and a concomitant loss of cell volume (Hincha,

Heber, & Schmitt, 1990; Steponkus, 1984; Takahashi, Li, Nakayama,

Kawamura, & Uemura, 2013). The chemical and mechanical properties

of the cell wall will strongly influence cell deformation induced by

extracellular freezing and the extent of freeze–thaw damage

(Pearce, 1988). In addition, recent work suggests that changes in the

properties of the cell wall, elicited by changing environmental condi-

tions, may be sensed by plasma membrane-bound receptor-like

kinases that may then in turn elicit signalling cascades that result in

changes in wall composition and properties (Gigli-Bisceglia,

Engelsdorf, & Hamann, 2020; Johnson, Gidley, Bacic, & Doblin, 2018;

Voxeur & Höfte, 2016). In general, the primary plant cell wall is made

up of a network of cellulose microfibrils that are embedded in and

connected to a matrix of hemicelluloses (such as heteroxylans, hetero-

glucans, heteromannans) and pectins, consisting of acidic

(homogalacturonans, and rhamnogalacturonans I and II) and neutral

(arabinans and type 1 (arabino)galactans) components and several

(glyco)proteins.

Many plant species increase their freezing tolerance upon expo-

sure to low, non-freezing temperatures (cold acclimation, CA). Previ-

ous studies have demonstrated a multitude of changes in gene

expression, protein, metabolite and lipid composition during CA (see

Guy, Kaplan, Kopka, Selbig, & Hincha, 2008; Thomashow, 2010;

Hincha, Espinoza, & Zuther, 2012; Knight & Knight, 2012; Ding, Shi, &

Yang, 2019 for comprehensive reviews). Additionally, exposure to

mild, non-damaging freezing temperatures subsequent to CA evokes

enhanced freezing tolerance and is referred to as sub-zero acclimation

(SZA) (Le, Engelsberger, & Hincha, 2008; Le, Pagter, & Hincha, 2015;

Livingston, 1996; Livingston & Henson, 1998; Livingston, Van,

Premakumar, Tallury, & Herman, 2007; Olien, 1984; Takahashi

et al., 2019; Trunova, 1965).

The freezing tolerance of the Arabidopsis accession Columbia-0

(Col-0) is approximately 2–4�C higher after 1–2 weeks of CA at 4�C

than in the non-acclimated state (NA) (Hannah et al., 2006; Uemura,

Joseph, & Steponkus, 1995; Zuther, Schulz, Childs, & Hincha, 2012).

The plants gain a further 3–4�C of freezing tolerance after SZA treat-

ment at −3�C for 3 days (Le et al., 2008; Takahashi et al., 2019). The

molecular basis of SZA is not well understood. No significant increases

in the cellular content of compatible solutes such as sugars and pro-

line have been observed during SZA (Le et al., 2008) and there is little

overlap between changes in gene expression profiles after CA and

SZA (Le et al., 2008, 2015). These results indicate that the higher

freezing tolerance acquired during SZA is attained by mechanisms dif-

ferent from CA.

Transcriptome analysis of Arabidopsis leaves during SZA indi-

cated an over-representation of cell wall-related genes among

significantly up-regulated genes (Le et al., 2015). These included the

xyloglucan endotransglucosylases/hydrolases (XTHs) XTH18 and XTH19,

which were significantly upregulated at all three timepoints (8 h,

1 day, 3 days) of SZA investigated in this study. This is in accordance

with changes in the extracellular proteome of Arabidopsis leaves after

3 days of SZA, in particular affecting the abundance of several pectin

methylesterases (PMEs), pectin methylesterase inhibitors (PMEIs), and

XTHs (Takahashi et al., 2019). In parallel, an increase in total cell wall

amount after CA, as well as structural and compositional changes in

the cell walls during both CA and SZA was observed (Takahashi

et al., 2019). CA-induced increases of cell wall content, thickness and

rigidity have also been reported in other plant species (Domon

et al., 2013; Griffith, Huner, Espelie, & Kolattukudy, 1985; Kubacka-

Zębalska & Kacperska, 1999; Rajashekar & Burke, 1996; Rajashekar &

Lafta, 1996; Solecka, Zebrowski, & Kacperska, 2008; Weiser,

Wallner, & Waddell, 1990) and may be accompanied by the modifica-

tion of pectins and hemicelluloses (Kubacka-Zębalska &

Kacperska, 1999; Willick, Takahashi, Fowler, Uemura, &

Tanino, 2018). In addition to changes in the cell wall itself, composi-

tional changes of apoplastic solutes such as fructans (Livingston &

Henson, 1998; Trunova, 1965; Valluru, Lammens, Claupein, & Van

den Ende, 2008; Valluru & Van den Ende, 2008) and the accumulation

of antifreeze and ice binding proteins (Duman & Olsen, 1993; Grif-

fith & Yaish, 2004) have been described for the apoplast during CA.

There is, however, only limited information available on how

changes in cell wall composition and structure influence plant freezing

tolerance. Studies of knockout mutants have shown that reduced con-

tent of lignin in the secondary cell wall of Arabidopsis is associated

with increased freezing tolerance after CA (Ji et al., 2015). On the

other hand, inactivation of a gene encoding an enzyme catalysing the

first step in the conversion of GDP-mannose to GDP-fucose (MUR1;

GDP-D-mannose-4,6-dehydratase), the nucleotide sugar donor for

the biosynthesis of cell wall fucose-containing polysaccharides, results

in lower fucose levels in cell walls, leading to reduced boron-

dependent dimerization of pectic domains in rhamnogalacturonan II

and reduced leaf freezing tolerance after CA (Panter et al., 2019). Fur-

ther, overexpression of a PMEI in Arabidopsis results in lower PME

activity and reduced freezing tolerance in NA plants (Chen

et al., 2018). To the best of our knowledge, no corresponding data on

SZA have been published.

In the present study, we focus on xyloglucan, a primary compo-

nent of hemicellulose of dicots, and the gene XTH19 encoding a

xyloglucan-modifying enzyme. Xyloglucan binds non-covalently to cel-

lulose and forms a xyloglucan-cellulose network (Park &

Cosgrove, 2015; Rose, Braam, Fry, & Nishitani, 2002). XTHs are

responsible for the cleavage and/or rearrangement of the xyloglucan

backbone via endotransglucosylase or endohydrolase activities

(Eklöf & Brumer, 2010; Rose et al., 2002). Xyloglucan has been consid-

ered as a crucial component of the primary plant cell wall, regulating

wall extensibility during growth and development. This hypothesis

remains controversial as xyloglucan mutants display only moderate

growth defects (Park & Cosgrove, 2015). The XTH19 gene was identi-

fied as SZA-induced in a previous study (Le et al., 2015). In this
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context, we evaluate the freezing tolerance of T-DNA insertion

mutants of the four closely related genes XTH17 to XTH20 under dif-

ferent acclimation conditions and provide detailed analysis of cell wall

composition and properties of the xth19 mutant. Our results suggest

that the compositional and architectural/organizational changes of

the cell wall observed after both CA and SZA may play a role for

increasing freezing tolerance and highlight the functional role of

XTH19 via xyloglucan remodelling in these cell wall responses.

2 | MATERIALS AND METHODS

2.1 | Plant cultivation and determination of
freezing tolerance

The Arabidopsis thaliana ecotype Columbia-0 (Col-0) was used as wild

type (WT) in this study. The T-DNA insertion mutants xth17

(SALK_015077; AT1G65310), xth18 (SALK_025862C; AT4G30280),

xth19 (SALK_034274; AT4G30290) and xth20 (SAIL_575_H09;

AT5G48070) and the corresponding promoterXTH::GUS expression

lines were obtained according to Vissenberg et al. (2005) and Osato,

Yokoyama, and Nishitani (2006), and from the Arabidopsis Biological

Resource Centre (ABRC). T-DNA insertion in the target genes was

confirmed by polymerase chain reaction (PCR) amplification

(Figure S1). All primers used in PCR are listed in Table S1.

Plants were grown in soil in a greenhouse at 20�C during the day

and 18�C during the night until 35 days after sowing (non-acclimated

plants, NA) as described previously (Takahashi et al., 2019). Plants

were then transferred into a growth chamber at 4�C with a 16 h pho-

toperiod (90 μmol m−2 s−1) for an additional 7 days (cold acclimation,

CA). For SZA and extended cold acclimation (CA+), whole rosettes

from CA plants were placed in the bottom of 500 mL glass vials con-

taining 20 mL distilled water and immediately placed into a

temperature-controlled silicon oil bath (Huber, Offenburg, Germany)

at −3�C (SZA) or 4�C (CA+) for 3 days in the dark (Takahashi

et al., 2019). During the entire incubation at −3�C, we did not visually

observe ice crystallization in the vials. This material was used for sub-

sequent immunohistochemistry and isolation of cell wall mate-

rial (CWM).

Freezing tolerance of detached leaves was determined as the

LT50 using an electrolyte leakage assay (Thalhammer, Hincha, &

Zuther, 2014). In this case, detached leaves were incubated in glass

tubes, with their petioles placed in distilled water, for SZA and CA+

treatments. For the freezing treatment, ice crystallization was induced

at −1�C for NA, CA and CA+, and at −3�C for SZA (Takahashi

et al., 2019).

2.2 | Immunohistochemistry

Leaves (leaf number 5 from the youngest fully developed leaf) were

cut into strips and put into freshly prepared fixative solution (10 mL

10% paraformaldehyde, 250 μL 25% glutaraldehyde, 2.5 mL 10x PBS,

12.25 mL H2O). Tissues were immersed under vacuum for 1 h and fix-

ative was discarded. Samples were vacuum infiltrated again for 3 h

with fresh fixative. Samples were then washed three times with PBS

for 30 min at 4�C. Tissues were dehydrated by sequential immersion

in increasing concentrations of ethanol (30%–100%, v/v) at 4�C and

then embedded in LR White resin (Electron Microscopy Science,

Hatfield, PA) at 4�C by incubation with increasing concentrations of

LR white in ethanol. Leaf samples were placed in gelatin capsules filled

with LR white and incubated at 60�C for at least 3 days to polymerize

the resin. Ultrathin sections at 250 nm were cut with a Leica Ultrami-

crotome UC6 (Leica Microsystems, Wetzlar, Germany). Sections were

incubated for 30 min in blocking buffer containing 3% (w/v) skimmed

milk powder in PBS and then rinsed with PBS. Subsequently, the sec-

tions were incubated for 2 h in primary antibodies (PlantProbes,

Leeds, United Kingdom) diluted 1:10 with PBS. Sections were then

rinsed in PBS and subsequently incubated for 1 h in Alexa Fluor

488-tagged secondary antibody (Invitrogen, Waltham, MA) diluted

100x in PBS. Cell walls were stained with 0.1% Calcofluor White in

PBS for 2 min. Sample imaging was performed with an epi-

fluorescence microscope (BX-61, Olympus, Tokyo, Japan).

For the investigation of the centre of rosettes in Arabidopsis, WT

and xth19 plants after NA, CA, CA+ and SZA were processed using a

microwave-assisted protocol as described by Livingston, Tuong,

Haigler, Avci, and Tallury (2009) with some modifications. Tissues

were dehydrated in solutions containing a 5% increment of ethanol,

from 70% to 100% (v/v) at 32�C and 600 watts for 10 min at each

step followed by clearing with xylene. Whole plants including part of

the leaf blades, petioles, stem and roots were embedded in paraffin

(Paraplast Plus, Ted Pella Inc., Redding, CA) overnight. The embedded

samples were sectioned the following day at a thickness of 10 μm

using a Leica RM2255 microtome (Leica Biosystems, Wetzlar, Ger-

many). Sections were floated and dried overnight on 1 mm glass slides

(Gold Seal Rite-On Frosted Slides, Ted Pella Inc., Redding, CA) using a

0.35% (v/v) Elmer's Carpenter's Wood glue (Elmer's, Westerville, OH).

Preliminary testing revealed no effect on fluorescence signal from the

dilute glue solution.

To prepare for immunohistochemistry, the sectioned samples

were de-paraffinized and rehydrated as described by Crosby

et al. (2017). Paraffin-infiltrated tissues were placed in xylene twice

for 10 min each. They were then placed in a 1:1 xylene: ethanol solu-

tion and a series of graded ethanol: water solutions (from 100%–50%

ethanol, in 10% increments) for 5 min each. To insure that all samples

were subjected to identical conditions during imuno-histochemistry,

eight sections derived from all four treatments of both WT and xth19

plants were included on the same slide.

Various concentration and incubation times with Toluidine Blue

O (Biggs, 1985) were tested to optimize conditions that would mini-

mize auto-fluorescence but not the antibody signal. Optimum parame-

ters were 3 h in 0.5% (w/v) Toluidine Blue O blue at room

temperature. Slides were then rinsed three times in phosphate-

buffered saline solution containing 0.05% Tween 20 (PBST) and were

subsequently incubated for 1 h in a blocking solution of 3% (w/v)

bovine serum albumin in PBST. LM25 primary antibody diluted 1:10
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in blocking solution was added to cover all sections on a slide. Sec-

tions were incubated in the primary antibody solution overnight at

room temperature in a sealed container. Slides were then rinsed three

times with PBST and incubated for 4 h at room temperature with the

fluorescently labelled (Alexa Fluor 488) secondary antibody diluted

1:100 in blocking solution. Slides were then rinsed three times in

PBST and subsequently dehydrated through an ethanol series (50%–

100%, 10% increments) before they were mounted with Permount

(Fisher Scientific, Pittsburgh, PA) and covered with a cover-glass.

Images were captured at an exposure time of 1 s (at F5.6) with a

Canon Rebel consumer grade camera mounted on a Nikon Eclipse 50i

fluorescence microscope at 200X using a Nikon GFP/F Long Pass fil-

ter set with an excitation wavelength of 450–490 nm and a barrier at

500 nm. Images of sections for use in 3D reconstruction were impo-

rted into Adobe After Effects (Adobe Systems Inc., San Jose, CA) and

processed using a technique described previously (Livingston &

Tuong, 2014). Briefly, background colour (black) was digitally removed

from each image; images were then manually aligned with each other

and separated in z-space. Video S1 is a sequence of all 90 images used

in the 3D reconstruction in Video S2. Each image is labelled with the

number of the corresponding section to allow easy retrieval so that

higher magnification images can be captured. Once images were dis-

tributed in z-space, animation parameters were applied to produce

the 3D visualization of the antibody signal shown in Video S2.

2.3 | GUS staining

Histochemical analysis to detect GUS reporter enzyme activity was per-

formed as described by Jefferson, Kavanagh, and Bevan (1987) with

some modifications (Bolt, Zuther, Zintl, Hincha, & Schmülling, 2017).

2.4 | Isolation and fractionation of CWMs

CWM was extracted from frozen, ground tissue by sequential extrac-

tion with 80% (v/v) ethanol, acetone and methanol as described by

Takahashi et al. (2019). Starch was removed by α-amylase digestion.

Cell wall polysaccharides were precipitated with ethanol at −20�C for

1 h, pellets were washed three times with ethanol and then air-dried

to generate the alcohol-insoluble residue (AIR).

Approximately 30 mg of CWM was transferred into a screw-

capped microtube for sequential cell wall fractionation as follows:

(1) 50 mM 1,2-diaminocyclohexane tetraacetic acid (CDTA, adjusted to

pH 6.5 with NaOH), (2) 50 mM Na2CO3 (supplemented with 20 mM

NaBH4), (3) 4 M KOH (supplemented with 20 mM NaBH4). Each

extraction was performed at 4�C for 12 h and repeated twice. The final

pellets were washed three times with distilled water. Na2CO3 and KOH

fractions were acidified to pH 5.0 with acetic acid. All four fractions

were dialyzed with Spectra/Por dialysis tubes (MWCO: 3.5 kDa, Spec-

trum Laboratories, Rancho Dominguez, California) for 3 days at 4�C

against distilled water, which was exchanged every 12 h. All fractions

were dried by lyophilization (Christ, Osterode, Germany).

Around 1 mg of all five fractions (CWM, CDTA, Na2CO3, KOH

and insoluble) was transferred into screw-capped microtubes and sub-

jected to further compositional analysis. Three biological replicates of

each treatment (NA, CA, SZA and CA+) were prepared for both WT

and xth19.

2.5 | Alditol acetate-based analysis of cell wall
monosaccharides

Neutral non-cellulosic monosaccharide composition of all cell wall

fractions was determined by gas chromatography–mass spectrometry

(GC–MS). Aliquots (100 μL) of supernatants after TFA hydrolysis as

described previously (Takahashi et al., 2019) were dried on a heating

block under N2 gas. Subsequently, monosaccharides were converted

to alditol acetates as described (Albersheim, Nevins, English, &

Karr, 1967; Neumetzler, 2010). Detection was performed with an

Agilent (Waldbronn, Germany) 6890N GC System coupled with ALeco

Pegasus III Mass Spectrometer (Leco, Mönchengladbach, Germany).

Peaks were annotated by comparison with reference substances.

Absolute amounts were determined by comparison with calibration

curves obtained from dilution series of reference substances (see

Takahashi, Zuther, & Hincha, 2020 for details).

2.6 | Analysis of cell wall polysaccharides

AIR material was prepared as described previously (Albersheim

et al., 1967; Neumetzler, 2010) which was adapted from Sims, Munro,

Currie, Craik, and Bacic (1996) as well as Kim and Carpita (1992). The

acetic/nitric protocol was adapted from Updegraff (1969). Linkage

analysis was performed as outlined in Pettolino, Walsh, Fincher, and

Bacic (2012).

2.7 | ATR-FTIR spectroscopy

The FTIR spectra were obtained from dry powder of CWM and the

different cell wall fractions using a PerkinElmer Spectrum GX

(Waltham, MA) infrared spectrometer equipped with a Golden Gate

single reflection diamond ATR system (Specac Ltd., Orpington, Kent,

United Kingdom) as described in Takahashi et al. (2019).

2.8 | Statistical analysis

All experiments were conducted with at least three biological repli-

cates as detailed in the figure legends.

Statistical significance was determined by Student's t test for

two-group comparison and Tukey–Kramer test for multiple compari-

sons at the p < .05 level. The data from FTIR analysis were Pareto-

scaled for principal component analysis (PCA) using the prcomp func-

tion in the R software.
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(b)

(a)

F IGURE 1 Abundance of the XTH19 protein and tissue expression pattern of XTH17 to XTH20. (a) Normalized abundance of the XTH18 and
XTH19 protein under non-acclimated (NA) conditions and after 1 week of cold acclimation at 4�C (CA), after subsequent sub-zero acclimation at
−3�C for 3 days (SZA) and after prolonged cold acclimation at 4�C for 3 days after CA (CA+). Data were extracted from a proteomic analysis of
the extracellular matrix published in Takahashi et al. (2019). Bars represent means of three biological replicates ±S.E.M. (b) Histochemical analysis
of the expression patterns of promoterXTH::GUS constructs for the XTH17, XTH18, XTH19 and XTH20 promoters. The length of the promoter
fragments (in kb) is indicated in the figure. Plants were grown at NA condition for 35 days and at CA condition for additional 7 days followed by a
SZA or CA+ treatment for 3 days. Fully developed fifth leaves from plants after different treatments were used to visualize promoter activity by
GUS staining assay
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3 | RESULTS

3.1 | The SZA-responsive protein XTH19 is
required for full acclimation during CA and SZA

In all experiments reported in this study, in addition to NA, CA and

SZA, an extended cold acclimation treatment of 3 days at 4�C (CA+),

as described in our previous study, was applied (Takahashi

et al., 2019). Since CA rosettes were detached from soil-grown plants

and then incubated at −3�C for 3 days in the dark for the SZA treat-

ment, this could influence the results obtained after SZA. Therefore,

CA+ samples were detached and treated in parallel with SZA samples,

but at 4�C. The differences of the normalized abundances of XTH18

and XTH19 in the ECM proteome between either CA or CA+, and

SZA were not statistically significant, but a trend of accumulation of

these proteins was observed (Figure 1a). An additional proteome anal-

ysis showed similar results, with statistically significant differences in

XTH18 and XTH19 protein abundances between SZA and CA, but no

significant differences between SZA and CA+ (Figure S2). A previous

transcriptomic study indicated that both the XTH18 and XTH19 gene

were significantly induced during SZA (Le et al., 2015).

XTH18 and XTH19 showed similar SZA responses and are mem-

bers of a small gene family that also includes the phylogenetically

closely related genes XTH17 and XTH20 (Vissenberg et al., 2005),

while XTH22, XTH31 and XTH33 responded differently to CA and

SZA treatments and are phylogenetically more distant to each other.

Therefore, in this study, we concentrated on the most promising

XTH gene subgroup consisting of XTH17, XTH18, XTH19 and

XTH20. Transgenic Arabidopsis plants expressing the β-glucuroni-

dase (GUS) gene under the control of approximately 1–1.5 kb of the

XTH17 to XTH20 promoters (Vissenberg et al., 2005) were exposed

to acclimation treatments to determine the expression patterns of

these genes in mature leaves (Figure 1b). While XTH17 and XTH20

were only weakly expressed throughout the leaves under all investi-

gated conditions, XTH18 and XTH19 were mainly expressed in the

leaf veins under NA, CA and CA+ conditions. However, expression

increased and spread throughout the leaves during SZA, indicating a

potential role of the corresponding proteins in the acclimation

process.

To test whether the XTH17 to XTH20 genes play a role in plant

CA and/or SZA, homozygous T-DNA insertion lines (Osato

et al., 2006) (Figure S1) were compared to Col-0 WT plants. Osato

et al. (2006) described that the T-DNA insertion mutants of xth17

(SALK_015077), xth19 (SALK_034274) and xth20 (SAIL_575_H09)

exhibited altered expression of the target genes. xth17 showed less

than 10%, and xth19 showed 66% less expression of the respective

genes, compared to WT (Osato et al., 2006). On the other hand, the

XTH20 gene showed a four-fold increase in expression in the xth20

mutant. Expression of the XTH18 gene in the xth18 mutant was not

reported (Osato et al., 2006).

Freezing tolerance of detached leaves from WT, xth17, xth18,

xth19 and xth20 was evaluated using a well-established electrolyte

leakage assay (Thalhammer et al., 2014). While xth20 showed no dif-

ference in freezing tolerance compared to WT under any of the accli-

mation conditions, xth17 and xth18 exhibited approximately 1�C

lower freezing tolerance (i.e., higher LT50) than WT after CA, but not

after CA+ (Figure 2). On the other hand, xth19 showed significantly

less freezing tolerance under all conditions. In particular, the largest

difference between WT and xth19 was observed after SZA (2.44�C).

This decrease of freezing tolerance was not due to a general physio-

logical impairment of the plants, as xth19 exhibited no differences in

rosette diameter from WT and had a slightly higher fresh weight

(Figure S1c,d). xth19 had slightly broader leaves than WT, but overall

morphology was unaltered (Figure S1e).

F IGURE 2 Freezing tolerance of xth
mutants. Influence of T-DNA insertions in
the XTH17, XTH18, XTH19 and XTH20
genes on the freezing tolerance of
Arabidopsis leaves. Freezing tolerance is
expressed as LT50 from electrolyte
leakage assays in NA, CA, SZA and CA+
conditions. Error bars indicate ±S.E.M.
(n = 4) and significant differences
between WT and mutants under the same
conditions (Student's t test) are marked by
asterisks
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3.2 | XTH19 affects the composition of cell wall
polysaccharides

Since XTH19 is an enzyme that remodels the xyloglucan chains, we

next investigated the influence of the mutation in XTH19 on cell wall

composition (Figure S3). As reported previously (Takahashi

et al., 2019), the amount of total CWM was increased during CA, but

was not further changed during either SZA or CA+ in WT Col-0. The

same pattern was also observed in the xth19 mutant. Further, a

sequential extraction of the CWM was carried out to separate pectin

(1,2-diaminocyclohexane tetraacetic acid (CDTA) and Na2CO3 frac-

tions), hemicellulose (KOH fraction) and an insoluble fraction con-

taining mainly cellulose. This analysis revealed no differences in the

proportions of these fractions between WT and xth19.

Changes in the monosaccharide composition of the non-cellulosic

cell wall polysaccharides were analysed by alditol acetate-based GC–

MS analysis following TFA hydrolysis (Figure S4 and Table S2). In the

WT, Ara and Gal were increased in the unfractionated CWM and in

F IGURE 3 Cell wall monosaccharide and polysaccharide composition in WT and xth19 under different acclimation conditions. The fraction
(mol%) of each monosaccharide (a) and polysaccharide (b) composing the total cell wall material are shown. Error bars indicate ±S.E.M. (n = 3).
Significant differences (Student's t-test) between NA and the other acclimation conditions in WT are marked with black asterisks. Significant
differences between WT and xth19 under each condition are marked with red asterisks. AG and RG indicate arabinogalactan and
rhamnogalacturonan, respectively, while Glc A and Gal A denote glucuronic and galacturonic acid
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the CDTA fractions after SZA compared with CA (Figure 4a,b, Taka-

hashi et al., 2019). In the xth19 mutant, the unfractionated CWM and

the pectin-rich Na2CO3 fraction contained higher proportions of Xyl

than the WT under both CA and SZA conditions (Figure S4a, c). Inter-

estingly, the hemicellulose fraction (Figure S4d) showed no significant

differences in monosaccharide composition between WT and xth19,

indicating that the mutation did not result in overall compositional

changes.

Methylation-based linkage analysis of the polysaccharide com-

position of CWM (Pettolino et al., 2012) provided complementary

information about monosaccharide composition (Figure 3a and

Table S3) and also allowed us to determine the composition and

abundance of the individual wall polysaccharides of the CWM after

solvent extraction. In agreement with the alditol acetate-based anal-

ysis, we found only minor changes in monosaccharide composition

in WT under the different acclimation conditions. It should, however,

be noted that the TFA hydrolysates used for alditol acetate-based

analysis did not contain Glc derived from crystalline cellulose, mak-

ing a direct comparison unfeasible. This is particularly relevant for

the observed increase in Glc in the xth19 mutant compared to WT

(Figure 3a) that was not observed by alditol acetate-based analysis

and corresponds to an increase in cellulose content evident from

polysaccharide compositional analysis (Figure 3b and Table S3). We

also observed a significant decrease in homogalacturonan (acidic

pectin) content in the mutant, in particular under acclimation condi-

tions. This can be related to the decrease in GalA content in the

mutant compared to WT. Heteromannan (a hemicellulose) content

was strongly increased during both SZA and CA+ in the WT,

suggesting that this response is not specifically evoked by SZA, but

rather by a prolonged acclimation treatment. On the other hand, in

xth19, this increase occurred during CA, while it was maintained dur-

ing SZA and CA+ (Figure 3b).

Since xyloglucan is the substrate of XTH19 enzymatic activity, we

have highlighted xyloglucan linkage composition in detail in Figure 4. The

total amount of xyloglucan in xth19was significantly decreased compared

toWTunder all acclimation conditions, but not underNA conditions, while

the alditol acetate-based method showed different tendencies (Figure S4

and Table S2) probably due to different analytical procedures. The

decrease in xyloglucan was reflected in an overall decrease in both

1,4,6-Glcp and 1,4-Glcp, which aremajor components of themain chain of

xyloglucans, in xth19 under acclimation conditions. The content of Xyl

(both 1,2-Xylp and t-Xyl), on the other hand, was unaffected under CA+

and SZA by the xth19mutation, although Xyl is also amajor component of

xyloglucan. On the other hand, xth19 had higher 1,2-Xylp and lower t-Xyl

content during NA and CA. These results indicate that the mutation in

XTH19 induced only minor changes in unfractionated CWM composition,

most prominently the reduction in xyloglucan content from about 12% to

about 9%of CWMand differences in xyloglucan structure.

3.3 | XTH19 affects structural properties of cell
walls under acclimation conditions

The small compositional differences between cell walls ofWT and xth19

plants could give rise to structural and architectural changes, such as dif-

ferences in non-covalent interactions between different polysaccharides

that may influence mechanical and rheological properties of cell walls,

thus linking composition to freezing tolerance. To assess structural and

architectural properties of the cell walls and their component fractions

under different acclimation conditions, we performed ATR-FTIR spec-

troscopy, which is sensitive to compositional and structural differences.

We analysed the spectra by PCA (Figure 5). In CWM isolated from either

WT or xth19, all acclimated samples were separated from NA samples

along PC1, which explained about 46% and 54% of the total variance in

F IGURE 4 Linkage analysis of xyloglucan components in WT and xth19. The fraction of total xyloglucan (see Figure 3b) and of each
xyloglucan component was calculated relative to the total cell wall material. Error bars indicate ±S.E.M. (n = 3). Significant differences between
NA and the other acclimation conditions in WT are marked with black asterisks. Significant differences between WT and xth19 under each
condition are marked with red asterisks. t and (p) indicate terminal and pyranose, respectively
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(c)

(d)

(f)

(b)

(e)

(g)

F IGURE 5 Principal component analysis (PCA) of FTIR spectra obtained from cell wall fractions isolated from leaves of WT and xth19 planta
under NA, CA, SZA and CA+ conditions. Dry total cell wall material and the four different cell wall fractions (compare Figure S4) were subjected
to ATR-FTIR spectroscopy. Score plots from PCA analysis of the spectra are shown for principal component (PC) 1 and PC2. The fraction of the
total variance explained by each PC is indicated in parenthesis. PCA for total cell wall material prepared from WT (a) and xth19 (b) were
performed separately and in addition on the complete dataset (c). Combined PCA was further performed with the FTIR spectra of the CDTA (d),
Na2CO3 (e), KOH (f) and insoluble (g) fractions
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the data from WT and mutant, respectively (Figure 5a,b). The samples

from acclimated plants (CA and CA+) were separated along PC2,

explaining about 17% (WT) and 30% (xth19) of the total variance. The

SZA samples from WT plants were separated from the CA+ samples

along PC1, while this separation was less pronounced in xth19.

When the spectra obtained from WT and xth19 samples were sub-

jected to a joint PCA, a similar separation according to the different treat-

ments was observed (Figure 5c). In addition, CWM samples from NA and

SZA-treated plants showed a clear separation between WT and mutant

plants. When the four cell wall fractions were separately subjected to ATR-

FTIR analysis and the spectra submitted to PCA, no differences between

WT and xth19 were apparent in the pectin-enriched CDTA and Na2CO3

fractions (Figures 4e and 5d). Score plots of spectra obtained from

hemicellulose-rich KOH-soluble cell wall fractions, however, showed a clear

separationbetween the genotypes byPC1 (Figure5f), indicating an influence

of XTH19 activity on the structure of these polysaccharides. The insoluble

fractions indicated no clear differences between WT and mutant, however,

WTNAand xth19CAsamples formed two separate clusters (Figure 5g).

3.4 | XTH19 is involved in the distribution of
xyloglucan epitopes detected by the LM15 and LM25
antibodies

Since the results described above clearly indicate both compositional

and structural differences in the hemicellulose fraction of the cell

walls between WT and xth19 plants under acclimation conditions, we

conducted an immune-histochemical analysis of specific hemicellulose

epitopes. We used the LM15 (Marcus et al., 2008) and LM25

(Pedersen et al., 2012) antibodies, which respectively recognize XXXG

(X = xylose bound to G unit; G = glucose) and XXXG/XXLG/XLLG

(L = galactose bound to X unit) structural motifs in xyloglucan.

F IGURE 6 Immunohistochemical staining of xyloglucan recognized by the LM15 and LM25 antibodies in leaf vein tissue. Transverse sections
of leaf vein tissues were prepared from leaves of WT and xth19 plants after different acclimation treatments. Plants were grown at NA condition
for 35 days and at CA condition for additional 7 days followed by a SZA or CA+ treatment for 3 days. Sections were subjected to
immunofluorescence detection of xyloglucan epitopes recognized by the LM15 and LM25 antibodies. Bound antibodies were visualized by a
secondary antibody coupled to the Alexa Fluor 488 dye and are indicated in green. Cell walls were highlighted in blue by Calcofluor White. Scale
bars indicate 50 μm. Magnification was the same in all panels. Corresponding images of leaf mesophyll tissues are shown in Figure S5
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Immunofluorescence images of transverse sections of leaf vein tissues

are shown in Figure 6. In WT, patterns of LM15 and LM25 signals

were very similar among all acclimation conditions. In contrast, both

LM15 and LM25 signals were strongly increased in xth19 specifically

after SZA. The same patterns were observed in leaf mesophyll tissues

(Figure S5).

(a)

(b)

F IGURE 7 Legend on next page.
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In addition to fully developed leaves, also centres of rosettes

were examined using the LM25 antibody. It has been shown that ice

propagation within plants is at least partially controlled by cell wall

characteristics in the tissue connecting roots and shoots, such as the

crown tissue in monocots (Livingston et al., 2013; Willick et al., 2018)

and central parts of Arabidopsis rosettes including younger leaves and

hypocotyls are crucial for the survival of plants after freeze–thaw

damage (Takagi et al., 2003). This ice propagation is one of the deter-

minants of plant freezing tolerance (Livingston et al., 2013; Livingston

et al., 2018b). LM25 immunofluorescence signals were ubiquitously

distributed in centres of the WT rosette under all conditions except

for SZA (Figure 7a), where labelling was largely limited to the central,

vascular part of the tissue. On the other hand, the LM25 immunofluo-

rescence in the tissues of xth19 after SZA was ubiquitous, and not

clearly different from the pattern observed under all other conditions,

except CA+ (Figure 7a). After SZA, weak autofluorescence was

observed in young leaves, but not in the vasculature, while under all

other conditions no autofluorescence was detectable (Figure S6). To

gain deeper insight into the spatial distribution of LM25 epitopes in

the centres of rosettes, fluorescence images were obtained from

90 sequential longitudinal sections of a tissue from a WT plant

exposed to SZA (Video S1). The images were then used to reconstruct

a 3D image (Figure 7b and Video S2). The localization of the immuno-

fluorescence supports our conclusion that under SZA XXXG/XXLG/

XLLG epitopes are predominantly detectable in the vasculature of the

WT tissues.

4 | DISCUSSION

4.1 | T-DNA insertion in XTH19 affects freezing
tolerance

Among the four investigated XTH genes (XTH17–XTH20) only XTH19

was induced by 24 h of CA treatment (Tenhaken, 2015). However,

after 3 days of CA, XTH17 was significantly downregulated and

XTH20 upregulated, while XTH18 and XTH19 no longer showed sig-

nificant differences in expression compared to NA (Zuther

et al., 2019). After 3 days of SZA after CA, only XTH18 and XTH19

were significantly upregulated compared to CA (Le et al., 2015). Based

on published (Takahashi et al., 2019) and newly obtained apoplast

proteome data, the amounts of XTH18 and XTH19 tended to increase

during SZA (Figures 1a and S1). Among other members of the XTH

protein family, XTH22, XTH31 and XTH33 were also identified as sig-

nificantly (CA-(XTH22) or SZA-(XTH31 and XTH33)) induced proteins

in the extracellular matrix (ECM) proteome of the Arabidopsis acces-

sions Col-0 and N14 (Takahashi et al., 2019).

Likewise, promoter::GUS assays showed increased expression of

XTH18 and XTH19 during SZA, but not after 7 days of CA, in agree-

ment with the transcript analysis after 3 days (Zuther et al., 2019).

However, only xth19 showed reduced freezing tolerance under these

conditions. The xth19 mutant has a T-DNA insertion at the end of the

30 UTR and has already been used in previous studies (Osato

et al., 2006; Wilson et al., 2015). Expression of XTH19 is not strongly

repressed in this mutant (Osato et al., 2006) and the mutant did not

show morphological or developmental differences to the WT in either

roots or leaves. This has also been observed in another mutant allele

(Osato et al., 2006; Pitaksaringkarn et al., 2014). It has been specu-

lated that insertion of the T-DNA in the 30 UTR may stabilize the

mRNA and therefore xth19 may behave like an overexpression line

(Wilson et al., 2015). However, XTH19 overexpression results in faster

hypocotyl elongation, a thicker hypocotyl, a >65% increase in wall

material and different cell wall biomechanics (Miedes et al., 2013).

Since we did not observe corresponding phenotypes in xth19, we find

it unlikely that this mutation leads to overexpression. Unfortunately,

we were not able to detect unique peptides of XTH19 in either WT or

mutant plants in the present study, as the amino acid sequences of

XTH19 and XTH18 proteins that are encoded by a tandem repeat

gene pair are very similar (92%).

4.2 | Potential role of XTH19 in xyloglucan
remodelling

Xyloglucan endotransglucosylases/hydrolases (XTHs) play a role in

the remodelling of cell wall hemicellulose by either hydrolysing or

remodelling xyloglucans (Rose et al., 2002). XTH enzymes have two

possible activities, acting as endotransglucosylases (XET) and

xyloglucan endohydrolases (XEH) (Eklöf & Brumer, 2010; Rose

et al., 2002). XEH activity only catalyses xyloglucan degradation, while

XET can play roles in both integration of newly synthesized xyloglucan

into cell wall polysaccharides and suppression of xyloglucan accumula-

tion (Herbers, Lorences, Barrachina, & Sonnewald, 2001; Miedes,

Herbers, Sonnewald, & Lorences, 2010; Rose et al., 2002; Zhu

et al., 2012). XTH19 only exhibits XET activity (Maris et al., 2011). Sig-

nificantly, it is cold adapted and maintains 70% of its maximal activity

F IGURE 7 Immunohistochemical staining of xyloglucan recognized by the LM25 antibody in centres of Arabidopsis rosettes. Longitudinal
sections prepared from centres of WT and xth19 rosettes, including shoot apical meristems, were subjected to immunofluorescence detection

using the LM25 antibody (compare Figure 6). Plants were grown at NA condition for 35 days and at CA condition for additional 7 days followed
by a SZA or CA+ treatment for 3 days. The xyloglucan epitopes are indicated as green fluorescent color. (a) Images of immunofluorescence of
longitudinal sections of tissues from WT and xth19 under the different acclimation conditions. Scale bars indicate 1 mm. (b) Internal LM25
epitope distribution shown as a 3D image reconstructed from 90 longitudinal sections of a WT tissue from a plant exposed to sub-zero
acclimation conditions (SZA). Corresponding autofluorescence images of WT and xth19 are shown in Figure S6. 3D images from different angles
can be found in Video S1 and all sequential images constituting the 3D image are shown in Video S2
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at 4�C, which is the highest activity at this temperature among the

investigated enzymes (XTH12, XTH13, XTH17, XTH18 and XTH19)

(Maris et al., 2011). This makes it suitable for cell wall remodelling at

low temperatures. Both, our data on cell wall composition and the

ATR-FTIR data from WT and xth19 cell walls imply that there is a

potential role of XTH19, in particular during SZA leading to acquired

freezing tolerance in plants.

4.3 | Structural and compositional changes of
xyloglucan during acquisition of freezing tolerance

In WT leaves, immuno-histochemical analysis using the xyloglucan

epitope-specific antibodies LM15 and LM25 (Pedersen et al., 2012)

revealed only subtle changes during CA and SZA. In agreement with

this finding, the amount of xyloglucan was not significantly changed in

WT leaves under any acclimation condition. The minor changes in the

distribution of LM15 and LM25 epitopes after CA and SZA may be

masked by other cell wall polysaccharides such as the acidic pectic

homogalacturonan (HG) (Marcus et al., 2008). The amount of HG was

significantly lower after SZA and CA+ compared to NA and CA, which

may have led to structural rearrangements in the interactions of

xyloglucan and HG, resulting in the subtle changes in both LM15 and

LM25 epitopes. Heteromannan may also have masking effects like

HG as one of the major hemicellulosic polysaccharides, similar to

xyloglucan.

Altered xyloglucan deposition as revealed by the LM15 and

LM25 antibodies in xth19 leaves compared to WT were only observed

after SZA. Although after CA treatment no corresponding differences

between the genotypes were observed, ATR-FTIR analysis showed

differences in the hemicellulose-rich KOH fractions between WT and

xth19. In addition, freezing tolerance was significantly decreased in

xth19 under both CA and SZA. Compositional analysis of cell wall

polysaccharides supported these results, as both the amount of total

xyloglucan and of its major backbone residues (1,4,6-Glcp and

1,4-Glcp) were lower in xth19 after both CA and SZA treatments.

Interestingly, the effect of the xth19 mutation on other major compo-

nents of xyloglucan such as 1,2-Xylp and t-Xyl was different from that

on Glc residues, suggesting that both, backbone and side chains of

xyloglucans were affected by the mutation. Glc residues of the

xyloglucan backbone are partly substituted by O-acetylation on Glc

residue that are not xylosylated (Pauly & Keegstra, 2016). The O-

acetylation status of the β-1,4-linked glucan backbone in xyloglucan

may change during CA and SZA in xth19 leading to reduced propor-

tions of 1,4,6-Glcp and 1,4-Glcp without changes of other xyloglucan

components; these residues are not identified during the base-

catalysed methylation reaction for linkage analyses as this removes

the O-acetyl residues. These changes can also be associated with the

motif frequency in the xyloglucan sequence, which may influence rec-

ognition by LM15 and LM25 antibodies. Opposite tendencies of link-

age analysis and immunohistochemical results during CA and SZA in

the xth19 mutant may be due to O-acetylation status of xyloglucan

and/or masking effect of HG described above. Taken together, these

results suggest that structural and compositional properties of

xyloglucan were one of the reasons for the reduced freezing tolerance

in the mutant.

On the other hand, microscopic results did not show any marked

difference between WT and the mutant during NA and CA. However,

freezing tolerance was decreased by the mutation in XTH19 in these

conditions. Other cell wall components exhibited differences between

WT and xth19 under NA and CA, such as arabinan, HG and cellulose.

These results suggest that altered xyloglucan modifications and/or

interactions between cell wall components due to loss of XTH19

activity might have indirect effects on other cell wall components that

contribute to differences in freezing tolerance. Furthermore, a previ-

ous study demonstrated that mutation of XTH21 in Arabidopsis leads

to decreased average molecular weight of xyloglucan and reduced cel-

lulose content (Liu, Lu, Zhang, Liu, & Lu, 2007). The mutants of XTH21

and HAP5A, an upstream regulator of XTH21, display decreased basal

freezing tolerance (Shi et al., 2014). Therefore, not only the amount of

xyloglucan, but also the length of main and/or side of xyloglucan can

influence the properties of a variety of cell wall components and asso-

ciated changes in biomechanics and architecture might have certain

effects on the basal and/or acquired freezing tolerance. In agreement

with this conclusion, a mutant lacking xyloglucan (xxt1/xxt2) in Ara-

bidopsis shows altered cell wall mechanical properties (Cavalier

et al., 2008; Park & Cosgrove, 2012), including higher plastic and elas-

tic deformability. Similarly, research using cellulose and cellulose/

xyloglucan composites suggests that xyloglucan cross-links between

cellulose microfibrills increase the stiffness of the cellulose matrix

(Bonilla, Lopez-Sanchez, Gidley, & Stokes, 2016). Treatment of such

cellulose/xyloglucan composites with a recombinant XET enzyme

leads to increases in deformability due to architectural

rearrangements without a reduction in xyloglucan content (Chanliaud,

De Silva, Strongitharm, Jeronimidis, & Gidley, 2004). Interestingly,

Zhang, Tang, Vavylonis, and Cosgrove (2019) reported that cell wall

properties such as stiffness, elastic and plastic deformability can be

altered independently of each other, potentially giving plants the abil-

ity to fine-tune the properties of their walls according to different

environmental conditions. It has been hypothesized that a potential

role of XET enzymes could be to facilitate shape changes in cells with-

out loss of mechanical strength (Chanliaud et al., 2004). We would like

to extend this hypothesis to suggest that the ability to reversibly

change shape during the dehydration-rehydration cycle that invariably

occurs during a freeze–thaw cycle is important for cell wall behaviour

during freeze-stress and is one of the factors that ultimately deter-

mine plant freezing tolerance.

In addition, changes of primary cell wall composition and proper-

ties, particularly changes in pectin, are considered to be involved in

the regulation of ice propagation during freezing (Kubacka-Zębalska &

Kacperska, 1999; Rajashekar & Lafta, 1996; Solecka et al., 2008;

Stefanowska, Kura�s, Kubacka-Zębalska, & Kacperska, 1999; Willick

et al., 2018), while changes in xyloglucan have not been implicated

before. Studies using infrared video thermography showed that ice

crystal formation proceeds from roots to shoots along the xylem ves-

sels (Hacker & Neuner, 2007; Livingston, Tuong, Hoffman, &
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Fernandez, 2018a; Livingston, Tuong, Murphy, et al., 2018b; Neuner,

Xu, & Hacker, 2010; Wisniewski, Lindow, & Ashworth, 1997). The

most striking result of our immuno-histochemical analysis is the find-

ing that in the centre of WT rosettes the LM25 epitopes are concen-

trated in the vasculature after SZA, while they remain diffusely

localized in the xth19 mutant. However, it should be noted that bio-

chemical analyses of cell wall components reflect the amount of

xyloglucan as a total of the cell wall fraction and immunohistochemis-

try results can be affected by masking of epitopes by other cell wall

polysaccharides such as pectin (Marcus et al., 2008). Therefore, inter-

actions between xyloglucan and other cell wall polymers, regulated by

XTH19, might be one of the factors for acquisition of plant freezing

tolerance during acclimation periods. Detailed observations of freez-

ing tolerance and ice propagation behaviour in soil grown plants will

be needed to ascertain the role of XTH19 in regulating ice crystal

propagation after SZA and its role in freezing tolerance.
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