
Ride to cell wall: Arabidopsis XTH11, XTH29 and XTH33
exhibit different secretion pathways and responses to heat
and drought stress

Monica De Caroli , Elisa Manno, Gabriella Piro* and Marcello S. Lenucci

Dipartimento di Scienze e Tecnologie Biologiche e Ambientali, Universit�a del Salento, Lecce 73100, Italy

Received 6 October 2020; revised 16 April 2021; accepted 23 April 2021; published online 1 May 2021.

*For correspondence (e-mail gabriella.piro@unisalento.it).

SUMMARY

The xyloglucan endotransglucosylase/hydrolases (XTHs) are enzymes involved in cell wall assembly and

growth regulation, cleaving and re-joining hemicellulose chains in the xyloglucan–cellulose network.

Here, in a homologous system, we compare the secretion patterns of XTH11, XTH33 and XTH29, three

members of the Arabidopsis thaliana XTH family, selected for the presence (XTH11 and XTH33) or

absence (XTH29) of a signal peptide, and the presence of a transmembrane domain (XTH33). We show

that XTH11 and XTH33 reached, respectively, the cell wall and plasma membrane through a conventional

protein secretion (CPS) pathway, whereas XTH29 moves towards the apoplast following an unconven-

tional protein secretion (UPS) mediated by exocyst-positive organelles (EXPOs). All XTHs share a com-

mon C-terminal functional domain (XET-C) that, for XTH29 and a restricted number of other XTHs (27, 28

and 30), continues with an extraterminal region (ETR) of 45 amino acids. We suggest that this region is

necessary for the correct cell wall targeting of XTH29, as the ETR-truncated protein never reaches its

final destination and is not recruited by EXPOs. Furthermore, quantitative real-time polymerase chain

reaction analyses performed on 4-week-old Arabidopsis seedlings exposed to drought and heat stress

suggest a different involvement of the three XTHs in cell wall remodeling under abiotic stress, evidenc-

ing stress-, organ- and time-dependent variations in the expression levels. Significantly, XTH29, codifying

the only XTH that follows a UPS pathway, is highly upregulated with respect to XTH11 and XTH33,

which code for CPS-secreted proteins.
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INTRODUCTION

The physico-chemical properties of the primary cell wall in

angiosperm strongly affect organ growth and adaptation to

a changing environment full of stimuli. Cell wall architecture

responds to a general model in which crystalline cellulose

microfibrils are embedded in an amorphous network of

polymers (hemicelluloses, pectins and structural proteins)

and secreted enzymes (Cosgrove, 2005). The integrated

activity of these enzymes prompts a coordinated, selective

and dynamic remodeling of the complex polymeric network

and mediates all events implied in cell expansion and

growth, as well as many physiological processes, including

fruit ripening, organ abscission and biotic/abiotic stress

responses (Rose et al., 2002). In this context, xyloglucans

(XGs) and the enzyme family of endotransglucosylase/hy-

drolases (XTHs), involved in in muro polysaccharide

metabolism, have been proposed to play a significant role

in the assembly, disassembly and remodeling of the cellu-

lose/XG network (Miedes et al., 2013; Nishitani and

Vissenberg, 2006; Thompson and Fry, 2001).

The XGs are hemicellulosic polysaccharides of variable

length and side-chain patterns constituting the major poly-

mers of the growing primary cell walls of dicots and non-

commelinoid monocots (Fry, 1989; Gibeaut et al., 2005;

Hayashi, 1989; Schultink et al., 2014). For a long time XGs

were thought to cover most of the cellulose microfibrils,

preventing their association with one another and simulta-

neously acting as the major load-bearing tether between

adjacent microfibrils (Cosgrove, 2001; Fry, 2004; Scheller

and Ulvskov, 2010). Recent studies report that only a

minority of XGs interact with cellulose, forming coil-

shaped fine spots resembling ‘biomechanical hot spots’
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that control wall extension (Park and Cosgrove, 2012; 2015;

Wang et al., 2013), and that binding preferentially occurs at

the hydrophobic surface of cellulose (Cosgrove, 2018;

Zheng et al., 2018).

The XGs are also covalently linked to pectins (Popper

and Fry, 2008; Thompson and Fry, 2001) and proteoglycans

(i.e. the arabinoxylan pectin arabinogalactan protein,

APAP1) (Tan et al., 2013); significantly, their absence alters

cellulose biosynthesis and cellulose microfibril patterning,

supporting the role of cellulose–XG interactions in deter-

mining wall structure (Xiao et al., 2016).

The XTHs may act as XG hydrolases and/or XG endo-

transglucosylases (XETs), mediating both the integration

of newly secreted XGs into the wall and the remodeling of

pre-existing wall XGs (Ekl€of and Brumer, 2010; Rose et al.,

2002; Thompson and Fry, 2001). These activities generally

imply a homo-transglycosylation reaction involving XGs as

donor and acceptor substrates; however, hetero-

transglycosylating activity between different types of car-

bohydrate polymers has been reported in Arabidopsis,

Hordeum vulgare (barley) and Equisetum (Fry et al., 2008;

Herburger et al., 2020; Hrmova et al., 2007; Mohler et al.,

2013; Shinohara et al., 2017; Simmons and Fry, 2017; Sim-

mons et al., 2015).

Specific reviews resume the recent advances on XTH

structure, function, reaction mechanism, biochemistry and

phylogenesis (Cosgrove, 2005; Ekl€of and Brumer, 2010;

McGregor et al., 2017; Mellerowicz et al., 2008; Rose et al.,

2002); nevertheless, several key aspects on the function

and role of XTHs still need to be clarified. Among other

factors, the secretion route has scarcely been considered.

Cell wall proteins that contain a signal peptide (SP) are

synthesized in the endoplasmic reticulum (ER) and directed

to the apoplast through the endomembrane system, fol-

lowing conventional protein secretion (CPS). In plants, the

presence of CPS-independent pathways has been reported

and is referred to as unconventional protein secretion

(UPS). Different types of UPS exist and involve either ER

N-terminal SP-lacking proteins (leaderless secreted pro-

teins, LSPs) or SP-containing proteins but, in both cases,

their secretion bypasses the Golgi. UPS may also occur

through vesicular and non-vesicular transport. Non-

vesicular transport involves endomembrane compartments

such as vacuoles, multivesicular bodies and exocyst-

positive organelles (EXPOs) that fuse directly with the

plasma membrane and release their cargo in the apoplast

(Davis et al., 2016; Ding et al., 2014; Robinson et al., 2016;

Wang et al., 2017).

The presence of an N-terminal SP was predicted for all

33 XTHs identified in Arabidopsis (Ndamukong et al.,

2009), although an updated version of the SignalP 5.0 ser-

ver predicted its absence for XTH29. The leading role of SP

for correct entry into the secretory route was clearly

demonstrated for several XTHs. The 24-amino-acid

N-terminal sequence of Arabidopsis endoxyloglucan trans-

ferase A1 (EXGT-A1, now AtXTH4) was recognized as the

signal liable for ER targeting and, ultimately, apoplastic

secretion by heterologous expression of the GFP-tagged

fragment in Bright Yellow-2 (BY-2) Nicotiana tabacum (to-

bacco) suspension-cultured cells (Yokoyama and Nishitani,

2001a; 2001b). Using the same approach, the putative N-

terminal SPs of several Zea mays L. (maize) and Diospyros

kaki L. (persimmon) XTHs (ZmXTH1, DkXTH1, DkXTH2,

DkXTH6 and DkXTH8), fused to the GFP and transiently

expressed in onion cells, were shown to enter the secre-

tory pathway and eventually label the cell wall, similarly to

the corresponding full-length XTH-GFP constructs. Accord-

ingly, their fluorescent SP-truncated forms did not localize

in the secretory pathway and showed the same behavior

of the soluble GFP used as the control (Genovesi et al.,

2008; Han et al., 2016a; 2016b; 2015). In contrast to the

above reported XTHs, DkXTH7 was predicted to lack SP

and appeared dispersed throughout the cell, similarly to

the SP-truncated forms (Han et al., 2016a). No direct analy-

ses were performed on the putative N-terminal SP of an

XTH from Populus euphratica (PeXTH), nevertheless the

construct PeXTH-GFP labeled the cell wall and the Hechtian

strands of onion plasmolyzed cells, indicating that the pro-

tein enters the ER and is secreted to the apoplast, possibly

through the CPS pathway (Han et al., 2013). An original

role was reported for the N-terminal SP of XTH31, inter-

preted to be sufficient to confer plasma membrane local-

ization and, therefore, possibly functioning as a plasma

membrane-targeted SP (Zhu et al., 2012). Plasma mem-

brane localization was also suggested for XTH17, but no

emphasis was placed on the potential role of its predicted

N-terminal SP as no fluorescence was detected when the

sequence was fused to GFP and transiently expressed in

onion epidermal cells (Zhu et al., 2014).

In this article, we analyzed the secretion pattern of three

members (XTH11, XTH33 and XTH29) of the Arabidopsis

thaliana XTH family, by expressing their GFP/RFP-tagged

forms in Arabidopsis cotyledons. We show that XTH11 and

XTH33 reach their final localization through the CPS path-

way, whereas XTH29 moves towards the apoplast through

the UPS pathway, probably mediated by EXPOs. We also

report a different response of the three XTHs to drought

and heat stress in the root and aerial parts of Arabidopsis

seedlings.

RESULTS

On the basis of bioinformatic predictions (SignalP 5.0 ser-

ver, http://www.cbs.dtu.dk/services/SignalP/; TMpred ser-

ver, https://embnet.vital-it.ch/software/TMPRED_form.

html), XTH11, XTH33 and XTH29 were selected for the

presence/absence of characterizing motifs: (i) the pres-

ence of an SP (XTH11 and XTH33); (ii) the presence of a

transmembrane (TM) domain (XTH33); and (iii) the
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absence of ab SP (XTH29) (Figure 1). The fluorescent

variants of the three XTHs were constructed by fusing

the respective encoding cDNAs to gfp. The fluorescent

tag was linked to the C terminus, as none of the three

XTHs is predicted to have the x site of the glycosylphos-

phatidylinositol (GPI) anchor addition (predGPI software;

http://gpcr2.Biocomp.unibo.it/predgpi/). The resulting chi-

meras, XTH11-GFP, XTH33-GFP and XTH29-GFP (Fig-

ure S1), were transiently expressed in Arabidopsis

cotyledon epidermal cells and observed by laser scan-

ning confocal microscopy.

XTH11 and XTH33 move through the Golgi stacks and

reach the cell wall and the plasma membrane, respectively

XTH11-GFP labeled the ER, continuous to the nuclear

envelope, and small punctate structures colocalizing with

the ER and Golgi markers RFP-HDEL and ST52-mCherry,

respectively (Nelson et al., 2007) (Figure 2a–f). The confo-

cal observations and the colocalization quantitative param-

eters (Figure 2c,f; Table S1) are consistent with the

involvement of the conventional pathway in chimera secre-

tion. To better discern the fluorescent-labeled organelles,

confocal images at different scanning depths were

acquired: cell walls and vacuoles were captured at the

equatorial plane, whereas the other organelles were cap-

tured at more superficial confocal planes. XTH11-GFP also

clearly labeled the cell walls (Figure 2g), as confirmed by

colocalization with the cell wall protein Phaseolus vulgaris

polygalacturonase-inhibiting protein 2 (PGIP2) fused to

RFP (PGIP2-RFP; De Caroli et al., 2011a) (Figure 2g–i), the
absence of colocalization with the plasma membrane mar-

ker (pm-rk) (Nelson et al., 2007) in plasmolyzed cells with

respect to normal conditions (mock treatment) (Figure 2j–l

compared to Figure S2a–c) and the immunolocalization of

the chimera (approximately 56.5 kDa) in the isolated cell

wall protein fraction (Figure 2m). Significantly, the native

form of XTH11 was also immunolocalized in the cell wall

(Figure S3a), showing the same behavior of the fluorescent

tagged chimera.

Similar to XTH11-GFP, the transiently expressed XTH33-

GFP labeled the ER of Arabidopsis cotyledonal cells and

punctiform Golgi stacks, as verified by colocalization with

the corresponding RFP-HDEL and ST52-mCherry markers

(Figure 3a–f). Green fluorescence, merging with the red

signal of PGIP2-RFP, was clearly detectable at the equato-

rial plane (Figure 3g–i), indicating the presence of the chi-

mera in the cell wall. Nonetheless, upon plasmolysis of

Arabidopsis cotyledons, co-expression studies with pm-rk,

although confirming the association of XTH33-GFP with

the cell wall, also showed the simultaneous presence of

several green, fluorescent dots labeling discrete plasma

membrane domains (Figure 3j–l, mock treatment in Fig-

ure S2d–f). These observations agree with those reported

by Ndamukong et al. (2009), who identified XTH33 as a TM

protein in tobacco epidermal cells. Western blot analyses

confirmed the presence of XTH33-GFP in both the plasma

membrane and the cell wall (Figure 3m). Remarkably,

upon sodium dodecyl sulfate polyacrylamide gel elec-

trophoresis (SDS-PAGE) a mobility shift of the XTH33-GFP

extracted from the isolated membrane and cell wall frac-

tions was observed, possibly indicative of protein cleav-

age. The apparent molecular weight of the cell wall-

associated chimera was indeed substantially lower than

that of the membrane-bound XTH33-GFP (approximately

45 and 60 kDa, respectively). Moreover, a similar pattern

was revealed with an anti-XTH antibody in Arabidopsis

cotyledons transformed with the native form of XTH33

(Figure S3b), demonstrating that protein cleavage was not

artifactual. Two additional bands (approximately 33 and

15 kDa) were also visible in the membrane protein fraction,

probably matching, respectively, the entire and hydrolyzed

forms of XTH33 still associated to plasma membrane.

To confirm that XTH33 was cleaved at the plasma mem-

brane, two new constructs (secGFP-XTH33 and XTH33-

RFP) were generated, with GFP and RFP fused to the N and

C termini of the protein, respectively. Co-expression and

colocalization analyses showed both chimeras labeling the

cell periphery (Figure 4a–c); however, after plasmolysis,

the green and red tags overlapped at discrete dots on the

Figure 1. Schematic representation of the xyloglucan endotransglucosy-

lase/hydrolases (XTHs) analyzed. SP, signal peptide; TM, transmembrane

domain.

Figure 2. Expression of XTH11-GFP in Arabidopsis cotyledon epidermal cells.

XTH11-GFP labels the endoplasmic reticulum (ER) and Golgi stacks colocalizing with their respective markers RFP-HDEL (a–c) and ST52-mCherry (d–f). In the

equatorial plane, XTH11-GFP highlights the cell wall (g), colocalizing with cell-wall marker PGIP2-RFP (h, i). Plasmolyzed epidermal cells co-expressing XTH11-

GFP and the plasma membrane marker pm-rk shows the chimera in the cell wall (j–l). Western blot of the soluble (SOL), membrane (MEM) and cell wall (CW)

protein fractions extracted from epidermal cells expressing XTH11-GFP (m). Overlap coefficient (OC, after Manders) and R (Pearson’s correlation coefficient) val-

ues are reported in each merged image. Statistical data are reported in Table S1. Bands were revealed using an anti-GFP antibody. Scale bars: 20 lm (a–l).
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plasma membrane, whereas cell walls fluoresced exclu-

sively red (Figure 4d–f), probably as a result of the hydroly-

tic release of the RFP-tagged C-terminal domain of XTH33

in the cell wall (Figure 4g). In this regard, it is useful to

clarify that XTH33 is assumed to be a type-2 TM protein,

with the N-terminal domain in the cytosol and the

C-terminal domain in the wall (Figure S4). Indeed, the cat-

alytic domain of the protein, as well as the cysteine resi-

dues and the XET-C terminal extension region, follow the

TM domain and face the apoplast, where they perform

their functions (Ndamukong et al., 2009). This agrees with

our observation that cleavage of C-terminally tagged RFP

results in a cell-wall RFP signal. Based on the known

sequence of the 310 aa of the whole protein and the theo-

retical molecular weight (approximately 18 kDa) of the

released XTH33 C-terminal domain, we used the COM-

PUTE PI/MW tool (http://web.expasy.org/compute_pi/) to esti-

mate the approximate size of the apoplastic fragment. The

size of the apoplastic fragment was estimated to be

approximately 160 aa, indicating that protein cleavage

occurs near the 150th aa, downstream of the TM domain

(90–109 aa) and the conserved catalytic site (116–125 aa)

(Ndamukong et al., 2009), which remains associated with

the plasma membrane (Figure S4).

XTH29 reaches the cell wall through an unconventional

secretion pathway

The cell wall was the final destination of XTH29-GFP: in

fact, it colocalized with PGIP2-RFP (Figure 5a–c); did not

overlap with pm-rk after the plasmolysis of cotransformed

cotyledons (Figure 5d; mock treatment in Figure S2g–i);
and was detected as a band of the expected molecular

weight (approximately 68 kDa) in the fraction of cell wall

proteins (Figure 5e) also in the native form (Figure S3c).

Despite this, XTH29-GFP had a secretion pattern that sub-

stantially differed from the other XTHs analyzed. XTH29-

GFP labeled the nucleoplasm but not the ER and Golgi

stacks, in which they appeared to be excluded as no signal

overlap was detected with the specific organelle markers

(RFP-HDEL and ST52-mCherry, respectively) (Figure 5f–k).
To compare directly the different pattern of XTH29 and

XTH11, the red variant of XTH29 (XTH29-RFP) was con-

structed and co-expressed with XTH11-GFP. According to

our previous observations, a red-fluorescent nucleoplasm

was clearly distinguishable and delimited by the nuclear

envelope labeled green by XTH11-GFP (Figure 5l,m), cor-

roborating the entry of XTH11 in the ER and the exclusion

of XTH29. Moreover, both chimeras were colocalized at the

cell wall (Figure 5n).

Besides nucleoplasm and cell walls, XTH29-RFP labeled

small cytosolic punctate structures, frequently observed

close to the plasma membrane (Figures 6a and S5). These

compartments colocalized with the GFP-tagged Arabidop-

sis exocyst subunit Exo70 homolog E2 (Exo70E2-GFP), a

marker for EXPO (Figure 6b,c) (Wang et al., 2010). To dis-

cern more precisely the position of these small structures,

XTH29-RFP and Exo70E2-GFP cotransformed Arabidopsis

cotyledons were subjected to plasmolysis. Under these

conditions, other than in the cytosol, fluorescent punctate

structures, labeled with both XTH29-RFP and Exo70E2-

GFP, were observed within the extracellular space between

the cell wall and the retracted plasma membrane (Fig-

ure 6d–g). Similar compartments were first described in

plasmolyzed transgenic tobacco BY-2 and Arabidopsis cells

expressing Exo70E2-GFP, and interpreted as EXPO-

released single-membrane vesicles, relying also on the

weaker fluorescence intensity compared with double-

membrane EXPOs (Wang et al., 2010). Based on the

hypothesis of a possible involvement of EXPOs in the

sequestering and trafficking of XTH29-RFP, the fluorescent

pattern superimposed with the transmitted light image of

the plasmolyzed cell, observed in Figure 6(g), may be

schematically represented as in Figure 6(h). It has been

reported that Exo70E2 overexpression promotes EXPO for-

mation in plant cells (Ding et al., 2014). Consistently, the

average number of XTH29-RFP labeled punctate structures

in each epidermal cell increased from 7 � 3 to 55 � 10

when Exo70E2-GFP was co-expressed. EXPOs are assumed

to be unrelated to autophagosomes in physiological condi-

tions (Wang et al., 2010), and thus XTH29 turnover should

occur independently of autophagic processes. In accor-

dance, no colocalization was observed when Exo70B1-GFP,

a specific marker of autophagosomes (Kulich et al., 2013),

and XTH29-RFP were co-expressed in Arabidopsis cotyle-

dons (Figure S6). Furthermore, XTH11-RFP and XTH33-RFP

did not show colocalization with Exo70E2-GFP (Figure S7).

When endotransglucosylase (XET) activity was assessed

in vitro by the dot blot assay (Fry, 1997) on wild-type and

transformed Arabidopsis cotyledons, quantifiable signals

were detected in all samples, with those constitutively

overexpressing each of the three XTHs or the correspond-

ing GFP-tagged forms under the cauliflower mosaic virus

(CaMV) 35S promoter showing much more intense fluores-

cence than the wild type (Figure S8a). The variation of XET

activity, calculated as pixel intensity percentage relative to

wild type (Figure S8b), was above 630% in all transformed

samples, indicating that the overexpression of native and

GFP-tagged XTHs not only leads to the synthesis of func-

tional enzymes, but also strongly increases the XET activity

compared with untransformed cotyledons.

Brefeldin A affects XTH11 and XTH33, but not XTH29,

secretion

Brefeldin A (BFA) susceptibility is commonly used to dis-

tinguish CPS from UPS, as the two pathways are, respec-

tively, sensitive or insensitive to the drug (Robinson et al.,

2016; Zhang et al., 2011). In our experiments, BFA clearly

perturbed the secretion pattern of both XTH11-GFP and
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Figure 3. Expression of XTH33-GFP in Arabidopsis cotyledon epidermal cells.

XTH33-GFP is visible in the endoplasmic reticulum (ER) and in the Golgi, where it is colocalized with ER (RFP-HDEL) (a–c) and with Golgi (ST52-mCherry) mark-

ers (d–f). (g–i) Co-localization of XTH33-GFP and the cell wall marker PGIP2-RFP. In plasmolyzed cells, XTH33-GFP is detected both in the cell wall and in some

discrete dots at the plasma membrane (j), colocalizing with the plasma membrane marker pm-rk (k, j). Western blot of the soluble (SOL), membrane (MEM) and

cell wall (CW) protein fractions extracted from epidermal cell expressing XTH33-GFP (m). Overlap coefficient (OC, after Manders) and R (Pearson’s correlation

coefficient) values are reported in each merged image. Statistical data are reported in Table S1. Bands were revealed using anti-GFP antibody. Scale bars: (a–i)
20 lm; (j–l) 5 lm.
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XTH33-GFP. In fact, 30 min after drug administration, the

punctate appearance of the Golgi apparatus, labeled by

both chimeras and colocalizing with ST52-mCherry (Fig-

ure 7a–c, g–i), was lost in favor of the formation of BFA

compartments (Figure 7d–f, j–l). In contrast, no change

occurred in the distribution pattern of XTH29-GFP in the

presence of BFA (Figure 7m,p), despite clear evidence for

perturbation in Golgi organization, labeled by ST52-

mCherry (Figure 7n,o,q, and r). Control tests with DMSO

without BFA did not show any effect (Figure S9). Taken

together, the results fully support a CPS route for XTH11

and XTH33 and a UPS route for XTH29, which lacks a

canonical SP, and as a result is insensitive to BFA.

XTH29, depleted of the C-terminal 45-amino-acid domain,

does not reach the cell wall and is not recognized by

EXPOs

To identify the putative domain involved in the recognition

and sequestration of XTH29 by EXPOs, XTH29 was aligned

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) with the Arabidop-

sis protein S-adenosylmethionine synthetase 2 (SAMS2),

demonstrated to follow an EXPO-mediated exocytosis

pathway (Wang et al., 2010). Despite that the total align-

ment score between XTH29 and SAMS2 was very low

(<40%), the XTH29 region between 325 and 334 aa shared

50% identity with the 235–244 aa of the SAMS2 domain.

Figure 4. XTH33 is hydrolyzed at its C terminus and this fragment ends up on the cell wall.

(a–c) Co-localization of the chimeras secGFP-XTH33 and XTH33-RFP. (d–f) Plasmolyzed cells cotransformed with secGFP-XTH33 and XTH33-RFP. (g) Graphic rep-

resentation of the hydrolysis of the N- and C-fluorescent tagged chimeras. Overlap coefficient (OC, after Manders) and R (Pearson’s correlation coefficient) val-

ues are reported in each merged image. Statistical data are reported in Table S1. Scale bars: (a–c) 20 lm; (d–f) 5 lm.

© 2021 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd,

The Plant Journal, (2021), 107, 448–466

454 Monica De Caroli et al.

https://blast.ncbi.nlm.nih.gov/Blast.cgi


This sequence was found to be part of an extra-terminal

region (ETR, approximately 45 aa), distinctive for a

restricted number of XTHs (XTH27, 28, 29 and 30), located

outside the functional C-terminal domain (XET-C) present

in all XTHs (Johansson et al., 2004) (Figure S10). Thus, the

GFP-fluorescent ETR truncated form of XTH29 (XTH29T-

GFP) and the RFP-fluorescent fragment (F) covering the last

45 aa (RFP-45aaF) were constructed (Figure S1) and tran-

siently expressed in Arabidopsis cotyledons.

XTH29T-GFP exhibited a typical cytosolic fluorescent

pattern, labeling both scattered cytoplasm and nucleo-

plasm (Figure 8a), with no overlapping with ER and Golgi

markers (Figure S11). But, in contrast to XTH29-GFP, the

truncated form was never observed in the wall and no

colocalization was obtained when it was co-expressed with

XTH29-RFP (Figure 8a–d). Confocal observations were con-

firmed by Western blot analyses of the proteins extracted

from XTH29T-GFP transformed cotyledons. Indeed, the

Figure 5. XTH29-GFP reaches the cell wall, bypassing the endoplasmic reticulum (ER) and the Golgi.

(a) XTH29-GFP labels the cell wall. (b, c) Colocalization of XTH29-GFP and the cell wall marker PGIP2-GFP. (d) Plasmolyzed cells cotransformed with XTH29-GFP

and pm-rk. (e) Western blot analysis shows the presence of XTH29-GFP in the cell wall protein fraction extracted from epidermal cells expressing XTH29-GFP.

XTH29-GFP colocalizes neither with the ER marker RFP-HDEL (f–h) nor with the Golgi marker ST52-mCherry (i–k). (l–n) Co-expression of XTH11-GFP and XTH29-

RFP. Overlap coefficient (OC, after Manders) and R (Pearson’s correlation coefficient) values are reported in each merged image. Statistical data are reported in

Table S1. Scale bars: (a–c) 20 lm; (d, f–n) 5 lm.
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XTH29T-GFP band was found in the fraction of cytosolic

soluble proteins, but not in the cell wall or the membrane

fractions (Figure 8e). Moreover, no red fluorescent punctae

were visible in the XTH29T-RFP transformed cotyledons,

even after a long incubation period (>72 h) or co-

expression with Exo70E2-GFP (Figure 8f–h). Similarly, RFP-

45aaF strongly labeled the nucleoplasm, whereas no punc-

tate structures and apoplast were labeled after prolonged

observations (Figure S12). Altogether, the results indicate

that the 45-aa ETR domain is necessary, but not sufficient,

for the correct targeting of XTH29 towards the cell wall and

to prompt protein sequestration into the EXPOs.

XTH11, XTH33 and XTH29 show different responses to

drought and heat stress

The different secretion patterns of XTH11, XTH33 and

XTH29 are possibly related to their distinct involvement

in specific physiological responses. To verify this hypoth-

esis, we monitored the expression levels of the three iso-

forms in the roots and aerial part (shoots, epicotyl and

leaves) excised from 4-week-old Arabidopsis seedlings

subjected to drought or heat stress. In response to

drought stress, the XTHs analyzed exhibited distinct

expression patterns also in terms of organ specificity

(Figure 9a; Table S2). Compared with control (un-

stressed) seedlings, XTH11 expression in the aerial part

did not show any significant change, neither after 2 nor

4 h of stress; increased expression (log2 fold change of

between 2 and 4) was, instead, evident in the roots

already after 2 h. XTH33 was drastically downregulated

(log2 fold change of between �4 and �7) by drought in

the aerial part, but not in the roots, where the fold

change was not significant. In the roots, XTH29 was

upregulated (log2 fold change of >4) after 2 h, but down-

regulated (log2 fold change of between �2 and �4) after

4 h of stress. No significant variation in the expression of

XTH29 was, instead, observed in the aerial part. An

organ-dependent variability in the expression of XTH

genes was also evident in response to heat stress (Fig-

ure 9b; Table S2). After 2 and 4 h at 42°C, XTH11 expres-

sion was strongly upregulated in the roots (log2 fold

change of between 4 and 7), but not in the aerial part.

XTH33 was upregulated in the roots (log2 fold change of

between 6 and 2) and downregulated in the aerial part

(log2 fold change of between �5 and �4). XTH29 was

upregulated in both roots (log2 fold change of >6) and

aerial parts (log2 fold change of >4), but with different

timing (after 2 and 4 h of heat stress, respectively).

Figure 6. Co-localization of XTH29-RFP and Exo70E2-GFP.

Arabidopsis cotyledon epidermal cells co-expressing (a) XTH29-RFP and (b) Exo70E2-GFP; (c) merged. (d–f) Plasmolyzed cotyledon epidermal cells co-

expressing XTH29-RFP and Exo70E2-GFP. (g) Transmitted light detector (T-PMT) image. (h) Graphic representation of panel g: XTH29-RFP ( ) is sequestered by

exocyst-positive organelles (EXPOs), marked by Exo70E2-GFP ( ) in the inner and outer membranes. Overlap coefficient (OC, after Manders) and R (Pearson’s

correlation coefficient) values are reported in each merged image. Statistical data are reported in Table S1. Scale bars: (a–c) 20 lm; (d–g) 5 lm.
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DISCUSSION

Membrane trafficking is central to building up and remod-

eling the plant cell wall. Although matrix polysaccharides

(pectins and hemicelluloses) are synthesized in the Golgi,

but secreted proteins (structural and enzymatic) are

cotranslationally translocated into the ER and modified

afterwards in the Golgi, both components are assumed to

reach the plasma membrane and, eventually, the cell wall

through a conventional secretion pathway mediated by

vesicles budding from the trans-Golgi network (Cosgrove,

2005; Kim and Brandizzi, 2014; 2016; Sinclair et al., 2018).

However, the large body of evidence for the existence of a

UPS, as an alternative to the CPS and Golgi-independent

transport, pushes for more targeted investigations into the

mechanisms of protein delivery to the apoplast (Davis

et al., 2016; Ding et al., 2014; Drakakaki and Dandekar,

2013; Robinson et al., 2016; Wang et al., 2017).

In this study, we provide clues that three members of

the Arabidopsis family of XTHs, XTH11, XTH33 and XTH29,

enzymes involved in the in muro remodeling of XGs, are

secreted following different routes and molecular mecha-

nisms. We also evidence a different involvement of the

three XTHs in the cell response to drought and heat stress.

XTH11 and XTH33 reach their destination through a CPS

pathway, whereas XTH29 undergoes a UPS route

Bioinformatic analyses predict that all AtXTHs possess the

N-terminus leader sequence required to enter the CPS

pathway. XTH29 makes an exception and is hypothetically

classified as LSP (SignalP 5.0 server). Thus, the secretion

Figure 7. Effect of brefeldin A (BFA) on the secretion of the xyloglucan endotransglucosylase/hydrolases (XTHs) analyzed.

BFA (100 lM) affects the secretion pattern of XTH11-GFP (a–f), XTH33-GFP (g–l) and that of the colocalizing Golgi marker ST52-mCherry. BFA does not change

the fluorescence distribution of XTH29-GFP (m, p), affecting the pattern of the co-expressed Golgi marker ST52-mCherry. Overlap coefficient (OC, after Manders)

and R (Pearson’s correlation coefficient) values are reported in each merged image. Statistical data are reported in Table S1. Scale bars: 5 lm.
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pattern of XTH29 was compared with that of XTH11 and

XTH33 by expressing the GFP-tagged forms of the three

proteins in Arabidopsis cotyledons. Our results show that

both XTH11-GFP and XTH33-GFP, passing through the

Golgi stacks, undergo a CPS pathway, although it cannot

be excluded that they may bypass the trans-Golgi network,

Figure 8. The truncated form of XTH29 neither

reaches the cell wall nor is sequestered by EXPOs.

(a) Co-expression of XTH29T-GFP and XTH29-RFP

shows the presence of XTH29T-GFP scattered in the

cytoplasm and the nucleoplasm (white arrow) but

not in the cell wall, which appears empty between

two contiguous cells. (b–d) XTH29-RFP labels cell

wall (yellow arrow, b) and does not colocalize with

XTH29-GFP (c), as confirmed by plasmolysis test

(d). (e) Western blot analysis shows XTH29T-GFP in

the soluble protein fraction. (f–h) Co-expression of

XTH29T-RFP and Exo70E2-GFP show no-

localization of the two chimeras. (OC, after Man-

ders) and R (Pearson’s correlation coefficient) val-

ues are reported in each merged image. Statistical

data are reported in Table S1. Scale bars: (a–c, f–h)
20 lm; (e) 5 µm.

Figure 9. Expression pattern of XTH11, XTH33 and

XTH29 in response to drought and heat stress.

Quantitative real-time polymerase chain reaction of

XTH11, XTH33 and XTH29 in roots and aerial parts

of a 4-week-old Arabidopsis seedlings subjected to

drought (a) and heat (42°C) (b) stress for 2 and 4 h.

The expression of XTH genes is reported as tran-

script inhibition level (log2 of fold change) with

respect to time 0 (control). The results of three inde-

pendent biological and three technical replicates

are presented with box plots (middle bar, median;

box limits, upper and lower quartiles; whiskers,

min. and max. values).
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as recently reported (Elliot et al., 2020). On the contrary,

XTH29-GFP reaches the cell wall through a very different

secretion pattern, labeling very small punctate structures

that are distinct from the Golgi stacks.

The characteristics of XTH29, revealed by the predictive

model and confocal microscopy observations, fully satis-

fies the attributes required for a protein to follow the UPS

pathway indicated by Regente et al. (2012), as it lacks an

SP, does not possess TM domains for ER and Golgi,

bypasses the Golgi and is BFA insensitive. Several LSPs

have been reported in plants, usually by secretome studies

(Agrawal et al., 2010). Most of them seem related to stress

or pathogen infection responses, but some also appear to

be involved in plant growth and development processes.

The sunflower protein jacalin-related lectin (Helja) was the

first extracellular LSP protein predicted to undergo a UPS

(Pinedo et al., 2012). Similarly, SAMS2, another LSP pro-

tein involved in lignin methylation, was proposed as a

cargo of EXPO by immunoelectron microscopy observa-

tions and colocalization with the specific marker Exo70E2

(Wang et al., 2010). Furthermore, three Arabidopsis galac-

tosyltransferases (GALT14A, GALT29A and GALT31A),

expressed in tobacco, were localized in the EXPOs, other

than in the Golgi, suggesting a role of EXPO in the biosyn-

thesis of arabinogalactans (Poulsen et al., 2014). Exo70 is

one of the eight protein subunits of the exocyst complex,

evidenced in yeasts, mammals and plants (H�ala et al.,

2008; Saeed et al., 2019). In Arabidopsis, it has over 23 par-

alogs with possible specific and distinct roles during secre-

tion (Z�arsk�y et al., 2009; 2020). Exo70E2 has been

specifically identified in vesicles involved in unconven-

tional exocytosis (Wang et al., 2010). EXPO, the double

membranes of which are labeled by Exo70E2, was shown

to fuse with the plasma membrane, releasing a single-

membrane-bound vesicle containing SAMS2 as cargo

(Wang et al., 2010; 2017). In this article, we show that the

fluorescent EXPO marker Exo70E2-GFP colocalizes with the

XTH29-RFP-labeled punctate structures present in the cyto-

sol, near the plasma membrane, and in the extracellular

space between the plasmolyzed plasma membrane and

the cell wall. On the contrary, the XTH29-labeled compart-

ments were distinct from autophagosomes (tagged by

Exo70B1). Therefore, EXPO could mediate XTH29 secretion

through a UPS pathway. Doubts on the biological function

of Exo70E2 have been raised, as its subcellular localization

might be an artifact of the 35S promoter-driven overex-

pression. Furthermore, some authors believe that Exo70E2

compartments are a form of autophagosome related to a

specific subtype of autophagic process, the so-called secre-

tory autophagy pathway, connected to UPS and involving

exosome production (Z�arsk�y et al., 2020). Undoubtedly,

autophagosomes and EXPO are morphologically similar

and, although their specific markers (ATG8 and Exo70E2,

respectively) do not colocalize in physiological conditions,

both accumulate in the vacuole upon autophagy induction,

suggesting that they are somehow related (Lin et al., 2015;

Robinson et al., 2016). Recently, evidence has been pro-

vided on the possible role of AtNBR1-mediated selective

autophagy for regulating exocyst homeostasis in plants. In

contrast to the direct AtExo70B2–AtATG8 binding, an indi-

rect AtExo70E2–AtNBR1–AtATG8 interaction for the recruit-

ment to autophagosomes has been hypothesized for

AtExo70E2 recycling (Ji et al., 2020). However, we have

never found fluorescence linked to Exo70E2 or XTH29 in

the vacuole, so that the problem of recycling Exo70E2 and/

or EXPO involved in UPS trafficking to the cell wall

remains an interesting point to be explored. Although, in

our experimental system, XTH29-RFP and Exo70E2-GFP

were overexpressed under the control of the 35S promoter,

the precise overlapping of their fluorescent secretion pat-

terns towards the wall strongly suggests a strict relation-

ship between the proteins. As reported for SAMS2, we

propose that XTH29 is the cargo of EXPO (or secretory

autophagosomes) that mediate the UPS of proteins with

specific roles in the dynamic remodeling of the plant cell

wall.

Some peculiar characteristics have been reported for

EXPO formation and their protein cargo secretion pattern.

Exo70E2 is known to play a specific and crucial role in

EXPO formation in plants and animals; in fact, the overex-

pression of Exo70E2 induces EXPOs in plant and human

embryonic kidney (HEK293A) cells (Ding et al., 2014). Simi-

larly, we observed a clear increase of the number of EXPOs

when Exo70E2-GFP and XTH29-RFP were co-expressed. On

the contrary, the fluorescent pattern described for SAMS2

seems, in some details, different from that of XTH29-GFP.

In Arabidopsis protoplast observations, over 48 h was

required to move from a general cytosolic distribution of

SAMS2-GFP to a punctate pattern colocalizing with

Exo70E2-mRFP (Wang et al., 2010). In Arabidopsis cotyle-

don epidermal cells, XTH29-GFP showed, instead, a punc-

tate pattern starting early in its expression and the punctae

became more evident when Exo70E2 was co-expressed. In

agreement, Poulsen et al. (2014) described no scattered

cytoplasmic distribution for AtGALT31A. These differences

in the early pattern of EXPO protein cargo could depend

on the experimental system used (i.e. protoplasts or epi-

dermal tissues); however, it is very difficult to speculate on

these aspects as the molecular mechanisms of protein

recruitment by EXPOs are yet to be understood.

The multiple alignment analysis of XTH29 and SAMS2

showed a similarity of about 50% in the ETR of approxi-

mately 45 aa of XTH29, common to a restricted number of

XTHs and located downstream of XET-C (Johansson et al.,

2004). The ETR 45-aa domain appears to play a determi-

nant role in XTH29 apoplast targeting; in fact, its depletion

prevented the truncated protein from reaching the final

destination and being sequestrated by EXPOs.
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Significantly, the fluorescent construct of the ETR fragment

(RFP-45aaF) showed a typical cytosolic pattern, indicating

that the isolated terminal XTH29 domain, although needed,

has no sufficient information to address a protein to the

wall or allow protein recruitment by EXPOs.

The subcellular localization of XTH11, XTH29 and XTH33 is

different

Another important point that distinguishes the three XTHs

is their final localization. According to Ndamukong et al.

(2009), our results confirmed that XTH33 is associated with

the plasma membrane, unlike XTH11 and XTH29 that stably

localize in the cell wall. Similarly to XTH33, XTH17 and

XTH31 are known to target the plasma membrane, where

they might function as a dimer to modify the newly secreted

XGs (Zhu et al., 2012; 2014). XGs undergo transglycosyla-

tion immediately after cell wall release. Two different sets

of XTHs operate integrational or restructuring processes

involved in the in muro incorporation of newly synthesized

XGs and in the reorganization of pre-existing wall-bound

XGs, respectively (Thompson and Fry, 2001; Vissenberg

et al., 2000). The great number of XTH genes in plants and

their diversified expression profiles hint at the distinct phys-

iological roles of these proteins in cell wall dynamics (Bec-

nel et al., 2006). Plasma membrane-associated XTHs (i.e.

XTH17, XTH31 and XTH33) are likely to function in integra-

tional processes of newly secreted XGs, whereas cell wall

XTHs (e.g. XTH11 and XTH29) are possibly involved in the

remodeling of the cellulose/XG network.

To gain a deeper insight into the role of XTH33, we

assessed its possible release into the wall. Confocal

images of plasmolyzed Arabidopsis cotyledons clearly evi-

denced the presence of XTH33 in both the plasma mem-

brane and the cell wall. This was confirmed by Western

blot analyses, which also indicated the existence of a trun-

cated form of XTH33 within the wall. By constructing two

different XTH33 chimeras carrying GFP or RFP fused to

the N- or C-termini, respectively, we found that, upon

plasmolysis, the cell wall was exclusively marked by the

red tag linked to the C-terminus, indicative of XTH33

cleavage. Comparing the aa sequence and the molecular

weight of the XTH33 truncated form, the active catalytic

motif was deduced to remain attached to the plasma

membrane domain of the protein and not to the hydro-

lyzed C-terminus released in the cell wall. The XET-C

domain of Angiosperm XTHs is characterized by the pres-

ence of four cysteine residues supposed to enhance pro-

tein stability through the formation of disulfide bridges. It

also seems to have a role in the recognition and guidance

of XG substrates to the active site (Johansson et al.,

2004). This motif is strongly conserved during plant evolu-

tion, also being present in Selaginella XTH1, where disul-

fide bond reduction was demonstrated to reduce the

activity of XET (Van Sandt et al., 2006). The XTH33

fragment released in the cell wall includes the XET-C

domain and the cysteine residues (Figure S4); thus, its

elimination may represent a post-transcriptional mecha-

nism to change protein affinity for XGs and control XET

activity. Significantly, the plausible distribution of XTH33

at discrete areas of the plasma membrane, probably in

correspondence with particular cell wall domains and

under the control of specific cleavage enzymes, is an

attractive hypothesis that deserves further investigation. It

is worth noting that the truncated form of XTH33 was also

detected in Arabidopsis cotyledons transformed with the

native form of the protein, indicating that cleavage is not

related to an aberrant recombinant protein. Furthermore,

when tested for functionality, all native and GFP-tagged

XTHs analyzed showed XET activity (Figure S8).

XTH11, XTH29 and XTH33 are differentially expressed in

heat and drought stress responses

Quantitative real-time polymerase chain reaction (RT-

qPCR) analyses revealed different gene transcription levels

for the three XTHs in the root and aerial parts of Arabidop-

sis seedlings, and in response to heat and drought stres-

ses. Despite that a low correlation between transcriptome

and proteome is widely recognized, the different secretion

pathways followed by the XTHs analyzed could be related

to a differential involvement of the three proteins in cell

wall remodeling in response to stress. Nevertheless, fur-

ther integrated investigations are required to confirm this

assumption. In the root, heat stress caused a high and

immediate increase in the expression of all three XTH

genes, especially after the initial 2 h of treatment. This

increase was very relevant for XTH29 reported to be

expressed at very low levels in Arabidopsis plants

(Yokoyama and Nishitani, 2001a). Several studies demon-

strated that the root is more sensitive to heat stress than

are the other plant organs (Janni et al., 2020; Le Gall et al.,

2015; Liu and Huang, 2005). Therefore, an overexpression

of all three XTH genes in the root could be related to their

involvement in a rapid heat stress response, which subse-

quently affects the whole plant. An increased expression of

XTHs seems required to promote cell wall strengthening

by increasing XG lengths and helping plants to adapt to

high temperatures by reinforcing the connections between

primary and secondary walls (Baumann et al., 2007; Iurlaro

et al., 2016; Yang et al., 2006). In the root, drought stress

affected the expression of only XTH11 and XTH29 isoforms

with, once again, a significant over-regulation of XTH29 in

the first 2 h of treatment, which might, thus, play a specific

role in the response to stress in this organ. In the aerial

part of seedlings, XTH29 was overexpressed after 4 h of

heat stress, whereas XTH33 was strongly downregulated

by both heat and drought stress, with responses similar to

those reported for XTH6, XTH9, XTH15 and XTH16 (Clauw

et al., 2015).
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In physiological conditions, XTH11 was reported to be

mainly expressed in the roots (Yokoyama and Nishitani,

2001a). We found that, in the same organ, XTH11 expres-

sion was differentially upregulated by heat and drought

stress. Heat stress also induced a root-specific overexpres-

sion of XTH33, although in Arabidopsis it was found to be

predominantly expressed in the green siliques (Yokoyama

and Nishitani, 2001a). XTH33 is one of the few proteins of

the XTH family localized at discrete domains of the plasma

membrane and is hypothesized to act in the modification

and integration of newly secreted XGs, as discussed

above. If this hypothesis is correct, the integration of newly

synthesized XGs into the wall may represent a root-

specific response to heat stress. Although XTH29 expres-

sion is very limited in all Arabidopsis organs (Yokoyama

and Nishitani, 2001a), our results showed a differential

overexpression of the gene, depending on organ and

stress typology, with the exception of the aerial parts sub-

jected to drought stress, where no significant fold change

was recorded. Thus, XTH29 may play a role in response to

severe stress, as is assumed for most LSPs undergoing a

UPS pathway (Davis et al., 2016; Ding et al., 2014; Robin-

son et al., 2016; Wang et al., 2017). It is plausible that the

XTH29 UPS prompts a higher stress response than XTH11

and XTH33 CPS, taking part in specific and diversified rear-

rangements of the cellulose/XG network. Accordingly, dif-

ferent roles in persimmon fruit cell wall modifications have

been proposed for DkXTH6 and DkXTH7, showing diversi-

fied and opposite expression levels in mature and growing

tissues. Significantly, the proteins differ in having an SP or

not (Han et al., 2016a). The secretion patterns of the two

DkXTHs were not analyzed; therefore, we can only suppose

that the absence of the SP is indicative of a UPS for

DkXTH7. Similar to our results on XTHs, the different trans-

port mechanisms of DkXTHs are likely related to the action

specificity of the proteins in the cell wall. In fact, the

opposing expression patterns of the proteins suggest that

DkXTH6 takes part in cell wall restructuring and that

DkXTH7 is involved in cell wall assembly, indicating their

special roles in persimmon fruit softening (Han et al.,

2016a).

In summary (Figure 10), comparing the secretion pat-

terns of three XTH family members involved in the

in muro remodeling of the XG network, we showed that

XTH11 and XTH33 reach their site of action (the cell wall

and the plasma membrane, respectively) through a con-

ventional secretion pathway; on the contrary, XTH29, a

predicted LSP, undergoes an unconventional route involv-

ing EXPOs. Our knowledge of the molecular mechanisms

controlling unconventional secretion remains poor: the

results obtained on the role of the last 45-aa domain of

XTH29, which is necessary but not sufficient for cell wall

targeting through EXPO, may help future investigations

characterize the unconventional secretion of XTH29. The

assumption that plants respond to stress by the secretion

of a high number of LSPs resulted from a proteomic

approach (Agrawal et al., 2010; Ding et al., 2014). In this

article, we provide evidence that XTH29, known to be

poorly expressed in physiological conditions (Yokoyama

and Nishitani, 2001a), is significantly upregulated by

drought and thermal stress, evidencing a possible role for

UPS-secreted XTH29 as reported for most LSPs undergo-

ing unconventional secretion (Wang et al., 2017).

EXPERIMENTAL PROCEDURES

Plasmid construction

Arabidopsis XTH11 (AT3G48580), XTH29 (AT4G18990) and
XTH33 (AT1G10550) were purchased from The Arabidopsis
Information Resource (TAIR, https://www.arabidopsis.org). The
cDNAs (50 ng) were amplified by PCR to introduce BamHI and
NheI restriction sites in each gene, using the primers reported
in Table S3. The BamHI/NheI fragments were introduced into

Figure 10. Schematic representation of Arabidopsis XTH11, XTH33 and XTH29 showing different secretory routes and their involvement in stress responses.
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GFP/RFP-containing vectors (De Caroli et al., 2015) to obtain the
constructs listed in Figure S1. XTH33 was also amplified to
introduce SalI and PstI restriction sites and the obtained frag-
ment was introduced into the secGFP-PMEI1 vector, where sec
is an Arabidopsis chitinase ER SP (De Caroli et al., 2011b). The
construct secGFP-XTH33 was obtained. To obtain XTH29T-GFP/
RFP, the NheI restriction site was inserted before the coding
region for 45aaF and the resultant BamHI/NheI fragment was
introduced into a GFP-containing vector (De Caroli et al., 2015).
The coding region for 45aaF was amplified, introducing SalI and
SacI restriction sites, and cloned in the RFP-Rab11 construct
(Rehman et al., 2008). All constructs were checked by sequenc-
ing (Eurofins Genomics, https://www.eurofinsgenomics.eu). All
constructs were inserted as BamHI/KpnI fragments in the plant
binary vector (Haseloff et al., 1997) with CaMV 35S-driven
expression. Agrobacterium tumefaciens (strain LBA4404) was
used for transient gene expression and in Arabidopsis seedling
cotyledons using the Fast Agro-mediated Seedling Transforma-
tion (FAST) method (Li et al., 2009).

Plant growth for co-cultivation and stress treatments

For co-cultivation experiments, A. thaliana (Col-0) seedlings were
grown as previously reported (Lionetti et al., 2017). Arabidopsis
(Col-0) seeds (approx. 30 per experiment), vernalized at 4°C in the
dark for 24 h, were germinated on modified Murashige and Skoog
(MS, 1.1 g L�1 salts, 10 g L�1 sucrose, 8 g L�1 agar) and grown
for 5–6 days. They were soaked in the same Petri dish with 10 ml
of co-cultivation medium (modified MS without agar, 0.1 mM ace-
tosyringone, 0.005% Silwet L-77) supplemented with exponentially
grown Agrobacterium tumefaciens cells at a final density of
OD600 = 0.5, equivalent to 6 9 108 colony forming units (cfu) ml–1.
Co-cultivation was carried out in darkness at the same tempera-
ture as seedling growth for 48–72 h before microscopic observa-
tions. For cotransformation experiments, an equal amount of two
transformed Agrobacterium was added at a final density of
OD600 = 0.5 (6 9 108 cfu ml–1).

For heat and drought stress treatments, sterile A. thaliana
seeds (10 per experiment), vernalized at 4°C in the dark for 24 h,
were placed vertically on square Petri dishes (120 9 120 mm)
containing modified MS (2.2 g L�1 salts, 1% sucrose, 1% agar)
at 21°C, with a cycle of 16 h of light (100 lE) at 22°C followed
by 8 h of dark at 18°C. For dehydration experiments, 4-week-old
seedlings were carefully transferred to new Petri dishes contain-
ing a well water-moistened (control) or dry (stressed) Whatman
No. 1 filter paper for 2 and 4 h, at 21°C, in the dark. Heat stress
treatment was induced on the 4-week-old seedlings incubated at
22°C (control) and 42°C (stressed) in the dark for 2 and 4 h. In
both dehydration and thermal experiments, the condition of
darkness was preferred to avoid any possible interference
between light and stress responses. At the end of the incubation
period, root and aerial parts of the seedlings were excised from
control and stressed seedlings, immediately surface-dried on
Whatman No. 1 filter paper, weighed and then frozen in liquid
nitrogen.

For BFA (Sigma-Aldrich, http://www.sigmaaldrich.com) treat-
ment, transformed Arabidopsis seedlings were treated by immer-
sion in a solution of BFA (dissolved in DMSO) at the final
concentration of 100 lM, as reported by De Caroli et al. (2020).
Control tests were carried out under normal conditions (mock
treatments) and with DMSO.

Plasmolysis was induced by the incubation of seedling in 1 M

NaCl hypertonic solution for 10 min.

Enzyme extraction, preparation of XXXGol-

sulforhodamine conjugate (XXXGol-SR) and biochemical

assay of extracted XET activity

XTH11, XTH29, XTH33, XTH11-GFP, XTH29-GFP, XTH33-GFP
secGFP-XTH33 and wild-type (WT) cotyledons were processed for
enzyme extraction, as reported by Fry et al. (2008). Samples were
homogenized by a Potter–Elvehjem glass homogenizer in 20 vol-
umes (w/v) of ice-cold extraction buffer (10 mM CaCl2, 300 mM
succinate (Na+, pH 5.5), 20 mM ascorbate, 15% v/v glycerol and 3%
w/v polyvinylpolypyrrolidone) and extracted for 2 h at 4°C with
constant shaking. The extracts were filtered on Miracloth� (EMD
Millipore, now Merck, https://www.merckmillipore.com) and cen-
trifuged at 12 000 g for 5 min. The supernatants (crude enzyme
extracts) were stored in single-use aliquots at �80°C.

The xyloglucan heptasaccharide XXXG (10.62 mg; 10 mmol)
from Megazyme (https://www.megazyme.com) was reductively
aminated to convert the reducing terminal glucose moiety to 1-
amino-1-deoxyglucitol, and then fluorescently labeled by the reac-
tion of the amino group with lissamine rhodamine sulfonyl chlo-
ride to form a stable sulphonamide conjugate (XXXGol-SR),
according to the method described by Fry (1997).

A reaction mixture formed by mixing each crude XTH extract
(10 ll), 1% tamarind XG solution (5 ll) and 6 mM XXXGol-SR
(5 ll) was incubated for 18 h in the dark at room temperature
(22°C). Control samples were prepared adding the extraction buf-
fer instead of the crude XTH extracts to the mixture. After incuba-
tion, 5 ll of the reaction mixture was dried on a Whatman filter
paper No. 3 (Whatman, now Cytiva, https://www.cytivalifescience
s.com). To de-stain the background, the paper was washed under
tap water for 16 h. The dried paper was examined under an ultra-
violet lamp (k = 254 nm). The XET activity of the extracted XTH is
indicated by a pale pink spot emitting an intense orange fluores-
cence. Images were acquired with a digital camera (Coolpix 8800;
Nikon, https://www.nikon.com) in a dark room at the highest reso-
lution (8.0 Megapixel). The emitted fluorescence was quantified
with IMAGEJ (National Institutes of Health, https://imagej.nih.gov/ij/)
as absolute pixel intensity. After subtracting the average non-
specific fluorescence of controls from all samples, variations in
XET activity were expressed as pixel intensity percentage relative
to weight sample, the average intensity of which was arbitrarily
assigned an XET activity value of 100%.

Confocal laser scanning microscopy

Transiently transformed Arabidopsis cotyledons were observed
by a confocal laser scanning microscope (LSM 710; Zeiss, http://
www.zeiss.com). Observations were performed as described in De
Caroli et al. (2014). The distribution of each fluorescent protein
was observed in 3 < n < 5 independent transformation experi-
ments. The confocal images were acquired at different scanning
depths (Figure S13) and the most representative among them
were chosen and processed using PHOTOSHOP 7.0 (Adobe, https://
www.adobe.com). The evaluation of the EXPO number was car-
ried out counting the intracellular compartments in 12 confocal
sections of equivalent areas acquired by the same transformed
cotyledon. This counting was performed for three independent
experiments. The results are presented as the mean values �
standard deviations.

For quantitative colocalization analyses, the overlap coefficient
(OC, after Manders) and the Pearson’s correlation coefficient (R)
were evaluated on 15 confocal images using the Zeiss LSM 710
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software (CO-LOCALIZATION VIEW) and reported for each merged
image. OC indicates an actual overlap of the signals and repre-
sents the true degree of colocalization, with values ranging from 0
to +1; R provides information about the similarity in shape
between the two patterns, with a value range of �1 to +1 (Zinchuk
et al., 2007).

Protein extraction, phase separation and immunoblotting

analyses

Transformed cotyledons were crushed in a pre-cooled Eppen-
dorfTM Micropestle (ThermoFisher Scientific, https://www.thermof
isher.com) with liquid nitrogen until a fine powder was obtained.
The powder was suspended in homogenization buffer (40 mM

Hepes-NaOH buffer, pH 7.5, 10 mM imidazole, 1 mM benzamidine,
5 mM 6-aminohexanoic acid, 10 mM dithiothreitol and 1 mM

phenylmethylsulfonyl fluoride). The homogenate was centrifuged
at 800 g for 10 min at 4°C. The resulting pellet, consisting of cell
walls and cell debris, was sequentially treated with 1 ml of
homogenization buffer (three times), 1 ml of chloroform/methanol
(1/1 v/v; 10 times) and acetone (three times). De-lipidated cell walls
were suspended in phenol:acetic acid:water (2:1:1 w/v/v) and stir-
red twice for 20 min each at 70°C. After centrifugation (8700 g,
10 min) the extracted non-covalently bound cell wall (CW) pro-
teins present in the supernatant were precipitated with 0.1 M

ammonium acetate in methanol overnight (Lenucci et al., 2006).
The supernatant, representing the protein intracellular fraction,
including endomembrane compartments and organelles, was pre-
cipitated with 80% acetone at �20°C overnight and centrifuged at
10 000 g for 10 min at 4°C. The resulting pellet was suspended in
1.5 ml of TBS (10 mM Tris-buffer, pH 7.5, 0.15 M NaCl, 1 mM EDTA)
containing 2% (v/v) Triton X-114 and partitioned into detergent
and aqueous phases by temperature-induced phase separation
(32°C) for 3 min and, successively, centrifuged at 10 000 g for
20 s. The aqueous phase, enriched with soluble (SOL) proteins,
was collected and precipitated with 80% acetone at �20°C over-
night. The detergent phase, enriched with membrane (MEM)-
bound proteins, was re-extracted three times with 1.5 ml of TBS
containing 0.06% Triton-X114 (De Caroli et al., 2011b). Protein con-
centration was determined as described by Bradford (1976). An
identical quantity of SOL, MEM and CW protein fractions (10 lg
per line) was subjected to SDS-PAGE and Western blotting. Anti-
GFP (1:5000 v/v) (Molecular Probes, now ThermoFisher Scientific,
https://www.thermofisher.com) and anti-XTH (Agrisera, https://
www.agrisera.com) were used in TBS +1% skimmed-milk powder.
All primary antibodies were combined with anti-rabbit secondary
antibodies coupled to peroxidase (1:10 000 v/v) (Sigma-Aldrich).
Protein bands were enhanced with the ECLTM Western Blotting
Analysis System (GE Healthcare, http://www.gehealthcare.com)
and their molecular weight was measured using an image ana-
lyzer (EDAS 290; Kodak, https://www.kodak.com) and the software
1D 3.6. Each experiment was independently repeated three times
for each fusion protein.

Standard RNA procedures and RT-qPCR

Total RNA was isolated from the roots and aerial parts of 4-week-
old seedlings subjected or not to different stresses for 0 (control),
2 and 4 h, as previously reported (Iurlaro et al., 2016). RT-qPCR
analysis was performed using SYBR Green fluorescent detection
in a CFX96 Real-Time System Cycler (Bio-Rad, https://www.bio-
rad.com) with three biological and three technical replicates per
sample. The primer sequences used are reported in Table S4. The
PCR program was as follows: 10 min at 95°C; 50 cycles of 15 s at
95°C, 20 s at 60°C and an increment of 0.5°C every 0.5 s from 65°C

to 95°C. The specificity of PCR products was checked in a melting-
curve test. The Arabidopsis actin 2 (act2, AT3G18780), actin8
(act8, AT1G49240) and EF1a (AT1G18070) genes are tested as ref-
erence genes. All genes under stress conditions and during 0–4 h
had a variation coefficient below 0.1, which is described as negli-
gible variation under stress conditions in Arabidopsis, according
to Czechowski et al. (2005). The EF1a gene was chosen as the ref-
erence gene because it showed the lowest variation coefficient
among the genes (Table S5). Differences in gene expression
between treated and untreated samples were considered signifi-
cant when the expression was at least doubled (greater than or
equal to twofold upregulation) or halved (less than or equal to
twofold downregulation), according to Chen et al. (2007).
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Figure S1. Schematic representation of the fusion proteins ana-
lyzed in this study.

Figure S2. Arabidopsis cotyledon epidermal cells co-expressing
the analyzed fusion proteins and the plasma membrane marker
pm-rk under control conditions (mock treatments).

Figure S3. Western blot of xyloglucan endotransglucosylase/hy-
drolase (XTH)11, XTH33 and XTH29.

Figure S4. Predicted hydrolysis site of XTH33.

Figure S5. Fluorescence distribution of XTH29-RFP.

Figure S6. Co-expression of XTH29-RFP and Exo70B1-GFP.

Figure S7. Co-expression of XTH11-RFP or XTH33-RFP with
Exo70E2-GFP.

Figure S8. Xyloglucan endotransglucosylase (XET) activity in wild-
type and transformed Arabidopsis cotyledons.

Figure S9. Arabidopsis cotyledon epidermal cells co-expressing
the analyzed fusion proteins and the ST52-mCherry Golgi marker
in control conditions (mock treatments) and in presence of DMSO
(1% v/v).
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Figure S10. Extra-terminal region (ETR) of XTH29.

Figure S11. The truncated form of XTH29 does not colocalize with
the endoplasmic reticulum (ER) and Golgi markers.

Figure S12. Fluorescence distribution of RFP-45aaF.

Figure S13. Z-stack images of entire cells expressing XTH11-GFP.

Table S1. Mean � standard deviation of the overlap coefficient
(OC, after Manders) and the Pearson’s correlation coefficient (R) of
the reported merged images, evaluated on 15 confocal acquisi-
tions.

Table S2. Amplification output values are expressed as 2-ΔCq � SD
for XTH11, XTH33 and XTH29 mRNAs (in control condition and
after drought and heat stress), and are considered as proportional
to the amount of mRNA target according to Schmittgen and Livak
(2008).

Table S3. Primers for plasmid construction.

Table S4. Primers for gene expression analysis.

Table S5. Tested reference genes.
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