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Editorial

Plant Cell Wall Plasticity under Stress Situations

Penélope García-Angulo 1,* and Asier Largo-Gosens 2,*
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2 Centro de Biotecnología Vegetal, Universidad Andrés Bello, Santiago 8370186, Chile
* Correspondence: pgara@unileon.es (P.G.-A.); asierlargogosens@gmail.com (A.L.-G.)

This Special Issue, entitled “Plant Cell Wall Plasticity under Stress Situations”, is
a compilation of five articles, whose authors deepen our understanding of the roles of
different cell wall components under biotic and abiotic stress.

The plant cell wall is mainly formed of complex polysaccharides, with multiple
interactions between the components that form a network which must be extensible, so
as to enable cell expansion, rigid, so as to resist compression and tension forces, and
modifiable in response to environmental changes.

Cellulose, the most abundant and resistant polysaccharide on earth, is the main
component of the cell wall. The cellulose scaffold is involved in a matrix formed of
polysaccharides, such as pectins and hemicelluloses, whose types and proportions vary
depending on the species, tissue, and cell type. The deposition of lignin—the second most
abundant polymer on earth—in secondary cell walls increases the resistance, leading to
growth cessation. All these polymers are crosslinked into the wall in a process that can
occur spontaneously and/or by the actions of different modifying enzymes. The control of
the synthesis of these cell wall components and/or the interactions between them gives this
structure a high plasticity, which is a key factor in the modulation of growth and defense
responses under different types of stress.

The evolution of the cell wall allows plants to colonize the land, acquiring the typical
erect appearance that allows them to grow taller in order to ensure the absorption of sun-
light. Among other important functions, the transport of water and nutrients throughout
the plant would not be possible without lignin, which enables the cell wall to be adequately
resistant, allowing for long-distance water transport. The deposition and coupling of lignin
in the cell wall are controlled by several enzymes, such as laccases and peroxidases. In the
first paper of this Special Issue [1], the authors demonstrate the existence of peroxidases
with high homology to those of angiosperms in a non-vascular plant, Physcomitrium patens.
Despite the lack of lignin in this moss, the study describes the discovery of novel class-III
peroxidases that could be involved in the biosynthesis of lignin-like polyphenols present in
the plant’s primitive water transport system. This discovery could be important for the
study of the evolution of lignin biosynthesis in vascular plants.

As we have previously mentioned, the cell wall is involved in the control and uptake
of water. The hydration capacity of this structure depends on its composition, which
eventually alters the water potential of the cell. In the second paper presented in this
Special Issue [2], the authors demonstrate, by means of in vitro experiments with bacterial
cellulose composites and plant cell wall components, such as pectins and hemicelluloses,
that the water potential and degree of hydration depend on the cell wall composition. The
authors also demonstrate that the presence of cell wall proteins facilitates wall rehydration
and swelling.

Due to the jellification capacity of pectins, researchers have always considered that
they play a key role in cell wall rehydration. In the third paper of this Special Issue [3],
based on the performance of in vitro and in vivo experiments, the authors demonstrate
that pectin cross-linking modifications involving calcium ions and/or boric acid alter

Plants 2022, 11, 2752. https://doi.org/10.3390/plants11202752 https://www.mdpi.com/journal/plants1
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the viscosity of pure pectin standards and prevent their water loss. These modifications
affect not only water retention in the cell wall but also its defense capacity against fungal
pathogens. In line with this study, the fourth paper [4] demonstrates how the cell wall
composition of Phaseolus vulgaris L. affects its enzymatic degradation, which ultimately has
an effect on the host’s susceptibility to Pseudomonas syringae pv. phaseolicola. Interestingly,
cell wall remodeling can be induced artificially by means of priming molecules which
increase the resistance of crops to diseases.

Plants modify their cell walls not only during growth and development but also when
they are under attack, and several enzymes are involved in this remodeling. In the fifth
paper included in this Special Issue [5], the authors review the latest knowledge regarding
the roles of plant β-glucanases in the remodeling and turnover of cell walls, as well as in
plant defense and adaptative responses.

The cell wall is a resistant but extremely dynamic cell compartment which controls
multiple functions, such as defense responses, growth control, water retention, and ion and
molecule exchange, among others. Due to its great diversity in terms of its components and
interactions, the cell wall has a wide variety of physicochemical and mechanical properties,
which means that this structure is very interesting with respect to the development several
useful applications. For instance, we wear cell walls, write on cell walls, eat and feed on
cell walls, produce heat by burning cell walls, and we can even build housing made of
cell walls. With this Special Issue, we encourage the further study of this important and
fascinating structure, and we hope that the reader enjoys and learns from reading it.

Author Contributions: All authors contributed equally to this article. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Physcomitrium (Physcomitrella) patens is a bryophyte highly tolerant to different stresses,
allowing survival when water supply is a limiting factor. This moss lacks a true vascular system, but
it has evolved a primitive water-conducting system that contains lignin-like polyphenols. By means
of a three-step protocol, including ammonium sulfate precipitation, adsorption chromatography on
phenyl Sepharose and cationic exchange chromatography on SP Sepharose, we were able to purify
and further characterize a novel class III peroxidase, PpaPrx19, upregulated upon salt and H2O2

treatments. This peroxidase, of a strongly basic nature, shows surprising homology to angiosperm
peroxidases related to lignification, despite the lack of true lignins in P. patens cell walls. Moreover,
PpaPrx19 shows catalytic and kinetic properties typical of angiosperm peroxidases involved in
oxidation of monolignols, being able to efficiently use hydroxycinnamyl alcohols as substrates. Our
results pinpoint the presence in P. patens of peroxidases that fulfill the requirements to be involved in
the last step of lignin biosynthesis, predating the appearance of true lignin.

Keywords: Physcomitrella; hydroxycinnamyl alcohols; plant evolution; peroxidase; abiotic stress

1. Introduction

Land colonization by plants and their subsequent diversification was one of the most
important events in the history of life. Terrestrialization forced plants to cope with new
stresses absent in the aquatic medium, such as UV light and limited water supply. To avoid
water loss, plants developed different strategies to accumulate water in their tissues, to
supply it or to minimize its loss. These first land plants, such as mosses, were poikilohydric,
whose water potential was equilibrated with surrounding water sources [1]. Likewise, the
first evolutionary radiation among land plants is related to the diversification of tracheids,
which appeared in vascular plants (tracheophytes), about 450 million years ago and they
have been defined as single-celled conduits with lignin in their cell wall [2]. Lignin is a
polyphenolic polymer that confers structural support and flexural stiffness to the aerial
part of the plant and provides water impermeability, including resistance against tensile
forces of water columns. Lignins are mainly formed from the oxidative coupling of three
p-hydroxycinnamyl alcohols: p-coumaryl, coniferyl and sinapyl alcohols (monolignols).
The cross-coupling reaction of monolignol radicals produces a hydrophobic heteropolymer
composed of p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) units [3].

Although lignin has traditionally been linked to vascular plants, polyphenols and
lignin-like compounds have been found in species without a true vascular system, such as
charophycean green algae [4] and bryophytes [5,6]. Lignin-like compounds are polyphe-
nolic polymers usually detectable with typical methods of lignin determination, such as
acetyl bromide or nitrobenzene oxidation, but unlike lignin, they lack β-O-4 bonds and
aryl-glycerol-β-aryl ether structures. The composition is very variable and in many cases

Plants 2021, 10, 1476. https://doi.org/10.3390/plants10071476 https://www.mdpi.com/journal/plants3
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unknown but not related to the three p-hydroxycinnamyl alcohols that are considered
markers for lignins. This finding implies that at least part of the phenylpropanoid pathway
that eventually led to lignin biosynthesis was present in algae, and the presence of lignin
in tracheids may only have involved the expression of those genes in a different type of
cell [7].

The last step of lignin biosynthesis, the oxidation of monolignols, is driven by lac-
cases [8] and peroxidases [9]. Secretory plant peroxidases (class III Prx) are heme-containing
glycoproteins that oxidize diverse substrates using hydrogen peroxide as an electron donor.
Peroxidases are usually rich in isoenzymes, generated from post-transcriptional and post-
translational modifications [10], with expression patterns usually dependent on develop-
ment and stress conditions, which make it difficult to assign specific functions to individual
peroxidase isoenzymes. Nonetheless, diverse responses to a plethora of stresses or growth
conditions have been reported, especially in Arabidopsis, indicating specific functions for
the different isoforms [9,11].

Physcomitrium (Physcomitrella) patens is a bryophyte used as a model organism for
evolutionary developmental biology and non-vascular plant studies. P. patens shows high
tolerance to different environmental cues, such as drought and osmotic and saline stresses,
which allows survival in periods when water supply is a limiting factor [12]. RedoxiBase
reports 53 class III peroxidases and four pseudogenes in the P. patens genome. However,
information about P. patens peroxidase functions is scarce. The best characterized peroxidase
is Prx34 (PpaPrx13 according to RedoxiBase nomenclature), which was reported to play a
role upon fungal attack and catalyze ROS production [13,14].

In this paper, we report the purification of one P. patens peroxidase, upregulated
upon salt and oxidative stresses. This enzyme was further purified and characterized,
showing homology to angiosperm peroxidases involved in lignification, and with a catalytic
efficiency against coniferyl alcohol, a precursor of lignin, of the same order as angiosperm
lignification-related peroxidases, despite the fact that P. patens does not contain lignin in its
cell walls.

2. Results

2.1. Abiotic Stress Strongly Modulates the Expression of a Basic Peroxidase in P. patens

P. patens is a moss that is highly resistant to abiotic stress, compared to other model
plants such as Arabidopsis thaliana, and is especially tolerant to desiccation [15], in line
with its phylogenetic position as a moss, and whose ancestors were early colonists of land
around 500 million years ago. This bryophyte is thus a useful tool to study responses
to abiotic stress. Peroxidases are enzymes known to change their expression pattern in
response to different types of stress [16,17]. Here, we selected different abiotic stresses
and monitored in a time course both peroxidase activity and isoform pattern from protein
extracts of P. patens gametophores grown in liquid medium. The results (Figure 1A) show
that H2O2 caused an early increase in peroxidase activity, peaking 1h after treatment.
The addition of ascorbic acid, a known H2O2 scavenger, returned peroxidase activity to
control levels. NaCl and salicylic acid (SA) also enhanced peroxidase activity 24 h after
treatment, going back to control levels afterwards. Mannitol slightly changed peroxidase
activity throughout the treatment. Although both osmotic and salt stress can be abscisic
acid (ABA) dependent, P. patens peroxidase activity in response to ABA treatment did
not mirror mannitol or salt stress responses, but strongly decreased from 8 h after the
hormone addition. Moreover, SA and mannitol led to the disappearance of a strongly basic
peroxidase isoform, which was instead induced by H2O2 and NaCl (Figure 1B, arrow). We
quantified free phenolics as a proxy to measure the stress caused by the different treatments.
H2O2, salt and mannitol treatments significantly enhanced the amount of total phenols in
P. patens gametophores (Figure 1C). Based on these results, we pursued the purification
and further characterization of a strongly basic peroxidase that was induced by H2O2 and
salt, two major stresses faced by the first plants that colonized land.
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A

B C

C         ABA       SA     H2O2 Asc NaCl Man

3.5
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pI

Figure 1. Salt and oxidative stress upregulate the expression of a basic peroxidase from P. patens.
(A) Time-course determination of peroxidase activity extracted from P. patens gametophores that
were subjected to different stress treatments: H2O2 with or without ascorbic acid (Asc), salt, mannitol
(Man), abscisic acid (ABA) and salicylic acid (SA). TMB was used as substrate and peroxidase activity
was normalized to control conditions at each time point (shown as a dashed line). (B) Effect at 24 h of
different treatments on peroxidase isoenzyme pattern revealed by IEF stained with 4-MN. C, control;
pI, isoelectric point. (C) Effect of stress treatments at 96 h on soluble phenolic content in P. patens
cultures. Data presented are average values ± SD of n = 3 experiments. Statistical analysis was
carried out with Duncan’s test, asterisks represent statistical differences from control (p < 0.05).

2.2. PpaPrx19 Is a 36 kDa Basic Peroxidase

We extracted total protein from P. patens gametophores grown in control conditions and
we then followed a three-step protocol for purification, including ammonium sulfate precipi-
tation, hydrophobic chromatography on phenyl Sepharose and cationic chromatography on
SP Sepharose. A fractionated precipitation with ammonium sulfate did not allow the partial
purification of the peroxidases of interest, which led us to consider just one fraction, precipi-
tating the proteins with 95% (NH4)2SO4. The fraction was pooled into phenyl Sepharose
chromatography, obtaining two major fractions of peroxidases (Figure 2A). The first eluted
fraction (F1) contained only acidic peroxidases, while F2 contained both neutral and basic
peroxidases and therefore was selected to continue the purification process (Figure 2). After
this step, the specific activity for F2 reached 266 nkat mg−1 protein (Table 1). The F2 was
then loaded into a cationic exchange chromatography, and the peroxidase bound to SP
Sepharose matrix was eluted with a linear gradient of 9.5–11.5 pH. Neutral peroxidases
were not retained in the matrix and only one peak of peroxidase activity was eluted, at
a pH of 10.9 (Figure 2A). The fraction arising from cationic chromatography migrated as
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two different bands of 36 and 46 kDa in SDS-PAGE electrophoresis, but an IEF showed
only one peroxidase with the pI value determined to be 10.04 (Figure 2B). The peptide
mass fingerprinting of the two resultant proteins enabled us to detect that the protein of
46 kDa corresponded to a lipase (accession number XP_001755452). The 36 kDa protein
was identified as a predicted protein (access number XP_001781554) which corresponded to
PpaPrx19 (according to RedoxiBase nomenclature).

A B

C

Figure 2. Purified PpaPrx19 is a strongly basic peroxidase. (A) Purification process of PpaPrx19,
including adsorption chromatography on phenyl Sepharose (upper panel, peak F2) and cationic
exchange chromatography on SP Sepharose (lower panel). Profiles of peroxidase activity and protein
are denoted either by a continuous or by a dotted line, respectively. (B) Protein fingerprint in SDS-
PAGE (left) and peroxidase isoenzyme pattern in IEF (right) of the crude extract (1) and the purified
peroxidase (2) SDS-PAGE and IEF were revealed using the silver staining method and 4-MN in
the presence of H2O2, respectively. (C) Dependence on pH of the purified PpaPrx19 activity. Data
presented are average values ± SD of n = 3 experiments.

Table 1. Purification of basic peroxidase PpaPrx19 from P. patens. Peroxidase activity was measured using TMB as substrate.

Peroxidase
Activity
(nkat)

Specific
Activity

(nkat mg−1 Protein)

Purification
Fold

Yield
(%)

95% (NH4)2SO4 precipitation 698 28 1 100
Phenyl Sepharose chromatography 483 266 10 69

SP Sepharose chromatography 218 23,644 850 31

We confirmed by RT-qPCR that PpaPrx19 was strongly induced after a treatment
with NaCl and that gene expression was modulated in response to other stresses such as
hydrogen peroxide and mannitol (Figure S1).

We also evaluated the dependence on pH of PpaPrx19 enzymatic activity, using a
different pH (4.0 to 9.0) in the reaction mixture. The purified peroxidase showed the highest
activity at pH 5.0, but it rapidly decreased at pH > 6 and showed no activity at pH above
7.0 (Figure 2C). These results do not differ from other peroxidases purified from different
sources, with the optimum pH between 4.5 and 6.5 [18–20]. pH is critical for peroxidase

6



Plants 2021, 10, 1476

activity because pH values outside the optimum prevent the heme from binding to the
active site of the enzyme [21].

2.3. PpaPrx19 Is Homologous to Peroxidases with a Role in Lignification

PpaPrx19 is 332 amino acids long, including a 26 aa N-terminal signal peptide, and it
is targeted to the secretory pathway according to analysis with SIGNALP [22] and TAR-
GETP [23] programs. The exon–intron pattern of PpaPrx19 is the second most abundant for
P. patens and classic for class III peroxidases, consisting in three exons and two introns [13].
In a BLAST search, PpaPrx19 showed the highest identity at the protein level with two other
P. patens peroxidases (PpaPrx18 and PpaPrx09) and the moss Tortula ruralis (Table 2). The
rest of the listed peroxidases belong to gymnosperms and angiosperms, and show identity
values below 50%, emphasizing the evolutionary distance among them and pointing out
the unique characteristics of this peroxidase, at the amino acid level.

Table 2. Comparison of PpaPrx19 mature protein sequence with other class III peroxidases. The most similar peroxidase
sequences based on BLASTP searches against the RedoxiBase database were used.

Prx Name Species Taxonomical Group Identity (%) E-Value

PpaPrx18 Physcomitrium patens Bryophyte 66 3 × 10−144

TruPrx01 Tortula ruralis (star moss) Bryophyte 65 3 × 10−133

PpaPrx09 Physcomitrium patens Bryophyte 61 1 × 10−124

CppPrx02 Citrus x Paradisi x Poncirus Angiosperm 49 3 × 10−97

PtaPrx102 Pinus taeda (loblolly pine) Gymnosperm 50 8 × 10−97

CsPrx62 Citrus sinensis Angiosperm 49 2 × 10−96

PabPrx05 Picea abies (Norway spruce) Gymnosperm 49 6 × 10−95

TsPrx15 Thellungiella salsuginea Angiosperm 47 1 × 10−94

BrPrx15-1 Brassica rapa Angiosperm 48 6 × 10−94

PtaPrx28 Pinus taeda (loblolly pine) Gymnosperm 46 9 × 10−94

PabPrx125 Picea abies (Norway spruce) Gymnosperm 48 4 × 10−93

GbPrx04 Ginkgo biloba Gymnosperm 49 6 × 10−93

Given these low identity values, we blasted PpaPrx19 against Arabidopsis peroxidases,
in order to infer a putative function. Most of the peroxidases with the highest identity
level have a reported role in lignification (Table 3). This was a surprising result, given that
P. patens has an internal water-conducting system constituted by hydroids and living cells
with thick walls [24] containing pre-lignin and lignin-like polyphenols but no true lignin
(defined as the polymerized compounds found in vascular plants) has been described [5,6].

Table 3. Reported function of Arabidopsis peroxidases which show highest homology to mature PpaPrx19 protein sequence
after a BLAST search with Redoxibase.

Peroxidase Name TAIR Gene ID Identity (%) E-Value Function Reference

AtPrx15 At2g18150 47 4 × 10−93 Lignification/abiotic stress [25]
AtPrx49 At4g36430 47 6 × 10−93 Lignification [26]
AtPrx53 At5g06720 46 1 × 10−92 Lignification [27]
AtPrx14 At2g18140 48 2 × 10−92 Biotic stress [28]
AtPrx22 At2g38380 47 5 × 10−91 Cold tolerance [29]
AtPrx52 At5g05340 48 1 × 10−89 Lignification [30]
AtPrx32 At3g32980 45 5 × 10−88 Cell elongation [31]
AtPrx34 At3g49120 45 7 × 10−88 Oxidative burst [32]

2.4. PpaPrx19 Shows High Affinity for Cinnamyl Alcohols

The homology that PpaPrx19 shows with peroxidases reportedly involved in lignifica-
tion, together with the reported presence of lignin-like polyphenols in P. patens, led us to
characterize this peroxidase based on its preferred substrates, using different well-known
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peroxidase substrates, including natural precursors of lignin monomers (Table 4). Ascorbic
acid is a typical substrate for class I (ascorbate) peroxidases but is poorly oxidized by
class III secretory peroxidases [33]. The oxidation of NADH by peroxidases has been
associated with cell wall loosening [34]. IAA is an in vitro peroxidase substrate and it has
been reported to be catalyzed in vivo in relation to cell growth [35]. Hydroxycinnamic
acids such as ferulic acid can be incorporated into suberin [36] and ferulate can also lead
to cross-linking of the cell wall [37]. Coniferyl and sinapyl alcohols are polymerized by
apoplastic peroxidases to form lignin [38]. Results showed that PpaPrx19 is able to use each
assayed substrate, except ascorbic acid and NADH, although IAA was a poor substrate for
PpaPrx19. This peroxidase is able to oxidize ferulic acid (0.53 ± 0.07 nkat μg−1 protein)
and sinapyl alcohol (0.08 ± 0.01 nkat μg−1 protein) but the highest activity is shown using
coniferyl alcohol as a substrate (1.46 ± 0.13 nkat μg−1 protein).

Table 4. Enzymatic activities (nkat μg−1 protein) of purified peroxidase PpaPrx19 in the presence of
different substrates. Data presented are average values ± SD of n = 3 experiments. n.d. not detected.

Substrate Peroxidase Activity

Ascorbic acid n.d.
NADH n.d.

Indole-3-acetic acid (IAA) 0.01 ± 0.00
Ferulic acid 0.53 ± 0.07

Coniferyl alcohol 1.46 ± 0.13
Sinapyl alcohol 0.08 ± 0.01

Trying to decipher a putative role in cinnamyl alcohol oxidation, we determined the
catalytic parameters of PpaPrx19 for coniferyl and sinapyl alcohols. To calculate the kinetic
constants, hydrogen peroxide was used at saturation levels (0.5 mM). The KM values were
calculated according to Lineweaver–Burk equations. For PpaPrx19, apparent KM values
were similar for both alcohols (16.7 μM for coniferyl alcohol and 20.8 μM for sinapyl
alcohol). However, Kcat is much higher for coniferyl alcohol, rendering a higher catalytic
efficiency (Kcat/KM), making coniferyl alcohol the best substrate (Table 5).

Table 5. Apparent KM, Kcat and Kcat/KM values for coniferyl alcohol (CA) and sinapyl alcohol (SA)
shown by PpaPrx19.

Substrate KM (μM) Kcat (s−1) Kcat/KM (μM−1 s−1)

CA 16.7 3940.0 235.8
SA 20.8 281.0 13.5

With these extraordinary biochemical characteristics in mind, we searched for struc-
tural determinants that define a particular type of isoenzyme, the syringyl peroxidases [39].
We aligned PpaPrx19 with peroxidases with experimental capacity for oxidizing sinapyl
alcohol, including ZePrx (the paradigmatic syringyl peroxidase); ATP A2 and HRP which
are unable to oxidize sinapyl alcohol; and the three peroxidases that show the highest
identity to PpaPrx19, as shown in Table 2. PpaPrx19 not only contains conserved residues
important for catalytic mechanisms and the amino acids required for coordination of two
Ca2+ ions (Figure 3), but it also presents most of the structural determinants of syringyl per-
oxidases (marked in red in Figure 3), which suggests that this peroxidase has no structural
restrictions to oxidizing sinapyl alcohol [39]. As a matter of fact, the PpaPrx19 catalytic
properties suggest this peroxidase shows a low KM for sinapyl alcohol and its ability to
oxidize this substrate in vitro (Table 5).
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PpaPrx19      ALTTDFYAKSCPRIHSIVKAEIKKAVNVEKRMAASLIRLHFHDCFVHGCDGSILLDS-IPGMDSEKFAPPNDRSARGYEAIDAIKVALEKACPRTVSCADILAIAYRDSAVEVGLVPEYP 119 
PpaPrx09      VLTTEFYDESCPEIYSIVKEEVQKAVEAEKRMAASLIRLHFHDCFVNGCDGSLLLDDPILGGTGEKLSRSNLNSTRGFEVIDTIKTRLESACPNTVSCADLLAIAARDSAVQVGLTDTYP 120 
TruPrx01      TLTSNFYDRSCPNIYSIVKAEIKKAVKDEKRMAASLVRLHFHDCFVQGCDASLLLDN-APGIISEKFSAANNNSARGYEVIDTIKAAVERACPRTVSCADILAIASRDSAVEVGLTPEYP 119 
CppPrx02      QLSPSFYSSTCPNVLNTIEDVLKKAFSSDIRIGASLIRLHFHDCFVNGCDASILLDS-TNTIDSEKFAAPNNNSARGFEVIDNMKTAVEKACPRVVSCADILTIAAERSVALSG-GPSWA 118 
TPX2          QLQLNFYAKSCPQAEKIIQDYVYKQIPNAPSLAAALLRMHFHDCFVRGCDGSVLLNFTSSTKNQTEKVAVPNQTLRGFSFIDGVKKAVEAECPGVVSCADIVALVARDSVVVTG-GPYWK 119 
ZePrx         QLSTTFYDTTCPTALSTIRTSIRSSVSSNRRNAALVIRLLFHDCFVQGCDASLLLSG-AGS----ERASPANDGVLGYEVIDAAKAAVERVCPGVVSCADILAVAARDASVAVG-GPSWT 114 
PabPrx04      QLTSTFYNKLCPTALSIVKAAVNKAVNNEKRMGASLLRLHFHDCFVNGCDGSILLDD-NSTFTGEKTALPNANSVRGFDVIDTIKTQVEAACSGVVSCADILAIVARDSVVQLG-GPTWT 118 
HRPC1         QLTPTFIDNSCPNVSNIVRDTIVNELRSDPRIAASILRLHFHDCFVNGCDASILLDN-TTSFRTEKDAFGNANSARGFPVIDRMKAAVESACPRTVSCADLLTIAAQQSVTLAG-GPSWR 118 
ATPA2         QLNATFYSGTCPNASAIVRSTIQQALQSDTRIGASLIRLHFHDCFVNGCDASILLDD-TGSIQSEKNAGPNVNSARGFNVVDNIKTALENACPGVVSCSDVLALASEASVSLAG-GPSWT 118 
               *   *    **     :.  : . .      .* ::*: ******.***.*:**.         :          *:  :*  *  :*  *  .***:*::::. . :    *    :  
 
 
PpaPrx19      VPFGRRDSLRAAPIAEVNLRLPGPDFDISTLKASFANQSLDE-RDLVALSGAHTIGRVRCQFVRL--F------LNDPGTNADFKKELA-RLCAPT-V-DAFTLQNLDLKTPDKFDNNYY 227 
PpaPrx09      VYFGRRDSLTAS-IDEANLRLPTPNSNYSVLKANFEFQGLDE-TDLIALSGAHTIGRVRCIVITV--S----NSSTDPNINAAFRDTLI-KACDTANGTIDPPLQNLDVKTPDKFDNNYF 231 
TruPrx01      VLFGRRDGTNASR-PLADRFLPGPGFTYEQLKQNFSAVGLDE-TDLVALSGAHTIGRVRCQLVRQ--F-----GVNIPDTNAEFRANLS-RACPDSSV-DFSKLLNLDLKTPDKFDNNYY 228 
CppPrx02      VPLGRRDSRTAN-RALANQNLPGPFDTLDVLKSSFRNVGLNDKFDLVALSGAHTFGRAQCQFFRGRLYDFNNTGKPDPTLDSTFLQQLR-KLCPQGG--NGGVLANFDVTTPDVFDNKYF 234 
TPX2          VPTGRRDGEISN-ASEALANIPPPTSNFSSLQTSFASKGLDL-KDLVLLSGAHTIGVSHCPSFSSRLYNFTGVWGKKSSLDSEYAANLKMKKCKSIN--DNTTIVEMDPESSSKFDLSYF 235 
ZePrx         VRLGRRDSTTSN-AAQAATDLPRGNMVLSQLISNFANKGLNT-REMVALSGSHTLGQARCIRFRGRIYNSTLR------IEPNFNRSLS-QACPPTG--NDATLRPLDLVTPNSFDNNYY 223 
PabPrx04      VLLGRRDSTTAS-LSAANNNIPSPASNLSALISSFTAHGLST-KDLVALSGGHTIGQARCTTFRARIYNESN-------IDTSFATSVK-SSCPSAG--GDNTLSPLDLATPTTFDNKYY 226 
HRPC1         VPLGRRDSLQAF-LDLANANLPAPFFTLPQLKDSFRNVGLNRSSDLVALSGGHTFGKNQCRFIMDRLYNFSNTGLPDPTLNTTYLQTLR-GLCPLNG--NLSALVDFDLRTPTIFDNKYY 234 
ATPA2         VLLGRRDSLTAN-LAGANSSIPSPVESLSNITSKFSAVGLNT-NDLVALSGAHTFGRARCGVFNNRLFNFSGTGNPDPTLNSTLLSTLQ-QLCPQNG--SASTITNLDLSTPDAFDNNYF 233 
              *  ****.  :     .   :*        :  .*   .*.   ::: ***.**:*  :*  .                 :      :    *          :  :*  :   ** .*: 
         
 
PpaPrx19      KNLRRGEGIIRSDQVLWSSEGT--HQKITKDFAENQENFFRQFIESSIKMGKIKPPPG-SPSEIRLNCHQANPRPLIEQVV--AVE------ 308  
PpaPrx09      KNLRRGEGVLTSDQTLQSTPGP--NVGIVKDFAKNKENFFTQYGLSSIKMGYIRPLTG-DQGEIRKNCRAVNSAPSSLVAYQ---------- 310  
TruPrx01      KNLRRGEGIILSDQTLQNTPGN--NQVLVKDFAQNQESFFRQFPISTIKMGNIGVVTDRSKGQIRVNCRFVNRPHSSSKSSLPGINHG---- 314  
CppPrx02      SNLRGRKGLLQSDQELFSTPGA-DTAAIVEDFGRNQTAFFKNFVTSMIRMGNLKPLTG-NQGEIRLNCRRVNGNSNIATRSSSSEGDLVSSF 324  
TPX2          QLVLRRKGLFQSDAALTTSAT---TKSFINQLVQGSVKQFYAEPGAMEKMGKIEVKTG-SAGEIRKHCAAVNS------------------- 304 
ZePrx         RNLVTSRGLLISDQVLFNADS---TDSIVTEYVNNPATFAADFAAAMVKMSEIGVVTG-TSGIVRTLCGNPS-------------------- 291  
PabPrx04      TDLGNRKGLLHSDQQLFSGGS---TNSQVTTYSANQNTFFTDFAAAMVKMGNISPLTG-TSGQIRKNCRKAN-------------------- 294  
HRPC1         VNLEEQKGLIQSDQELFSSPNATDTIPLVRSFANSTQTFFNAFVEAMDRMGNITPLTG-TQGQIRLNCRVVNSNSLLHDMVE--VVDFVSSM 323  
ATPA2         ANLQSNNGLLQSDQELFSTTGS-STIAIVTSFASNQTLFFQAFAQSMINMGNISPLTG-SNGEIRLDCKKVNGS------------------ 305  
                :   .*:: **  * .                .          :  .*. :    .   . :*  *   .                     

Figure 3. PpaPrx19 shows most of residues characteristic of syringyl peroxidases. Amino acid alignment of mature peroxi-
dase sequences, including those purified in this study (PpaPrx19), Arabidopsis thaliana ATP A2 (CAA68212), horseradish
peroxidase HRPC1 (AAA33377), Picea abies PabPrx04 (CAH10839), Zinnia elegans ZePrx (CAI54302), Solanum lycopersicum
TPX2 (AAA65636) and the three peroxidases that show the highest identity to PpaPrx19 (PpaPrx09, TruPrx01 and CppPrx02).
Conserved residues important for catalytic mechanisms are shaded in green, the calcium-binding sites are shaded in gray,
the S-S bridge-forming cysteines are shaded in yellow, putative N-glycosylation site of PpaPrx19 is shaded in blue and
structural determinants of syringyl peroxidases are shaded in red. Consensus symbols: ‘*’ indicates fully conserved residues,
‘:’ indicates conserved substitutions and ‘.’ indicates semiconserved residue substitutions.

2.5. PpaPrx19 Associates with Lignin Biosynthesis Enzymes and Cell Wall-Related Proteins

Finally, we searched for protein associations by means of STRING (string-db.org). This
program provides a network of predicted associations for a particular group of proteins
based on high-throughput experimental data, literature and database mining [40]. In the
case of PpaPrx19, it is located in the center of a network comprising 10 proteins (Figure S2),
which are listed as having unknown functions in the poorly annotated P. patens genome.
We then searched, for each predicted P. patens protein, its closest homolog in Arabidopsis.
The results are shown in Table 6. The proteins with the highest score are three cinnamyl
alcohol dehydrogenases (CADs) and one O-methyl-transferase (OMT). CAD participates in
the lignin biosynthetic pathway, catalyzing the conversion of cinnamyl aldehydes into their
corresponding alcohols. Unfortunately, the CAD proteins identified by STRING have not
been characterized biochemically, although they are known to be expressed in lignifying
tissues [41]. The associated OMT has been reported to have high affinity (in the μM range)
for a plethora of phenylpropanoids, such as coniferyl alcohol and aldehyde, as well as
quercetin [42].

We also performed an analysis in Phytozome (https://phytozome.jgi.doe.gov/pz/
portal.html; accessed on 8 July 2021) and searched for coexpression patterns with PpaPrx19.
The list (Table S1) comprises phenylalanine ammonia-lyase (PAL), the first enzyme of phenyl-
propanoid metabolism, which includes the branch that leads to lignin formation [3]. Other
enzyme-encoding genes are also coexpressed with PpaPrx19, such as β-1,3-glucanase-related
and exostosin heparin sulfate glycosyltransferase-related, both associated with remodeling
of the cell wall [43]. Moreover, the WRKY transcription factors have been reported to be
involved in the regulation of lignin deposition [44]. These associations support the putative
involvement of PpaPrx19 in the formation of lignin or lignin-like compounds.
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Table 6. List of proteins PpaPrx19 (PP1S306_37V6.1) has interactions with, based on STRING.

P. patens Protein ID A. thaliana Homolog Function Score

PP1S84_209V6.1 CADG AT1G72680.1 Cinnamyl alcohol dehydrogenase 0.650
PP1S126_185V6.1 CAD9 AT4G39330.1 Cinnamyl alcohol dehydrogenase 0.650
PP1S163_63V6.1 ELI3-2 AT4G37990.1 Cinnamyl alcohol dehydrogenase 0.650
PP1S56_71V6.1 OMT1 AT5G54160.1 O-methyltransferase 0.650

PP1S123_38V6.1 AT1G78780 PR protein 0.546
PP1S34_74V6.1 AT1G29850 DNA binding 0.546

PP1S141_102V6.3 MBF1A AT2G42680.1 Multiprotein bridging factor 0.531
CHI AT2G43590 Chitinase 0.521

PP1S96_94V6.1 MBF1B AT3G58680.1 Multiprotein bridging factor 0.400
PP1S35_215V6.1 MBF1B AT3G58680.1 Multiprotein bridging factor 0.400

3. Discussion

The cell wall is characteristic of all plant cells, although its composition varies depend-
ing on the cell type, the lineage and environmental conditions. Therefore, the plant cell
wall is essential for cell development and in responses to stress, being able to plastically
adapt to the cell’s needs. Several innovations that arose during plant evolution, such as
lignin and suberin, help to promote this plasticity. Lignin is thought to have emerged with
vascular plants 450 million years ago, but lignin-like or pre-lignin compounds have been
detected in bryophytes and algae [5,45]. The last step of lignin biosynthesis, the oxidation of
hydroxycinnamyl alcohols, is catalyzed by class III peroxidases. In this work, we report the
purification of a P. patens peroxidase, PpaPx19, with the ability to oxidize hydroxycinnamyl
alcohols (Tables 4 and 5). This characteristic is surprising not just because P. patens does
not lignify, but also because of the atypical kinetic properties shown by this peroxidase.
In our experiments, PpaPrx19 showed KM values for hydroxycinnamyl alcohols similar
to other peroxidases involved in lignification, from flowering and non-flowering plants.
While PpaPrx19 showed KM values of 16.7 and 20.8 μM for coniferyl and sinapyl alcohols,
respectively (Table 5), the gymnosperm Picea abies contains two basic peroxidases involved
in lignification with reported KM values for coniferyl alcohol of 16.7 and 23.2 μM [46]. In
angiosperms, KM values have been reported for zinnia (83 μM for coniferyl alcohol) and
tomato (11.4 μM for syringaldazine, a chemical analog of sinapyl alcohol) [47,48].

The use of catalytic efficiency (Kcat/KM) is preferable in order to compare diverse
enzymes and substrates, although very few peroxidase reports calculate this parameter
to evaluate enzyme kinetics. In the lycophyte Selaginella, two basic peroxidases show
values of 3.55 and 28.63 μM−1s−1 with coniferyl alcohol [20]. GbPrx09 from Ginkgo biloba,
a gymnosperm, showed values of 4.91 μM−1s−1 for coniferyl alcohol [17]. In dicots,
ZePrx from Z. elegans showed a Kcat/KM ratio for coniferyl alcohol of 1.20 μM−1s−1 [48]
and TPX1 (from tomato) showed a Kcat/KM for syringaldazine of 1.50 μM−1s−1 [47]. In
monocots, PviPRX9 from Panicum virgatum showed a Kcat/KM ratio for coniferyl alcohol of
1.60 μM−1s−1 [49].

The Kcat/KM value obtained for PpaPrx19 using coniferyl alcohol as a substrate is not
only higher than for peroxidases involved in lignification [48], but also for other enzymes
involved in phenylpropanoid metabolism, such as PAL (the first enzyme of the route, [50]),
CCR (the first committed enzyme of lignin biosynthesis, [51]) and CAld5H, involved in
last steps of lignin biosynthesis [52].

Moreover, our results indicate that PpaPrx19 is able to efficiently use sinapyl alcohol
as a substrate. While coniferyl alcohol is easily oxidized by most peroxidases, the capacity
of these enzymes to oxidize sinapyl alcohol is not such a common fact and defined a
new subgroup named syringyl peroxidases [39]. PpaPrx19 has most of the structural
determinants of this new subgroup [39] in the protein primary structure (Figure 3, shaded in
red). These structural motifs determine the syringyl oxidase activity shown by peroxidases,
but are absent in the two paradigmatic G peroxidases, ATP A2 and HRP A2 from Arabidopsis
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and horseradish, respectively. These structural motifs agree with the experimental capacity
of PpaPrx19 of oxidizing sinapyl alcohol in vitro.

All these data strongly suggest that the peroxidase PpaPrx19 may have been involved
in lignin biosynthesis, if such a pathway was present in P. patens, i.e., PpaPrx19 fulfills the
kinetic and structural requirements to oxidize coniferyl alcohol. The presence of an enzyme
involved in the biosynthetic route of a compound that appeared later in an evolutionary
context is not surprising. Thermospermine emerges as one example of a metabolite typical
of vascular plants recently described in non-vascular plants. The only reported function
for thermospermine is the regulation of xylem cell maturation, which makes the function
it may have in non-vascular plants unclear [53]. It is widely accepted that promiscuous
enzymes with several putative substrates are more likely to be recruited to novel metabolic
routes [54]. Therefore, a peroxidase with multiple substrates but with particular affinity
for coniferyl alcohol would be a good candidate to participate in what eventually would
constitute the pathway leading to lignin formation.

Several reports [55–57] indicate that the first appearance of the entire lignin biosyn-
thesis pathway enzymes (excluding the pathway that leads to syringyl lignin formation),
from the catalysis of phenylalanine to coniferyl alcohol formation, took place in mosses
(P. patens), regardless the fact that P. patens does not accumulate lignin in the cell wall.
Thus, the P. patens genome has all the genes necessary for the biosynthesis of lignin, and
according to the results presented in this paper, at least some of the enzymes are expressed
and functional, but the route does not take place and lignin is not polymerized. Nonethe-
less, a pre-lignin pathway has been recently suggested, revealing a role of caffeate units
for the formation of the P. patens cuticle, coupled with ascorbate metabolism [6]. This
finding suggests that the biosynthesis of lignin-like or pre-lignin compounds may not
originate from the precursors described for canonical lignin and that the enzymes involved
in its synthesis have broader specificity than the enzymes participating in true lignin from
vascular plants, making lignin evolution an exciting field to explore.

PpaPrx19 may have a function that in vascular plants was later derived for involve-
ment in lignification. This hypothesis is supported by its structural and kinetic homology
to peroxidases with an already described role in lignin biosynthesis, such as ZePrx [39,48],
and association with other enzymes of the lignin biosynthetic route. The appearance of a
primitive water-conducting system, together with stomata and cuticle, were innovations
developed by plants during the transition from water to land. Renault [6] already proved
the existence of a pre-lignin pathway involved in the formation of the P. patens cuticle.
Given all this, although the actual function of PpaPrx19 in P. patens physiology remains
unclear and should be further studied, it is likely involved in the remodeling of the cell wall
in response to environmental stress, based on this peroxidase ability of oxidizing phenolic
compounds and its upregulation upon several conditions related to water deficiency, the
paradigmatic stress for poikilohydric plants lacking a true vascular system.

4. Materials and Methods

4.1. Plant Material and Treatments

P. patens was provided by the Biotechnology Department of the Universidad Politécnica
(Madrid, Spain) and cultured as described previously [58]. P. patens gametophores were
maintained in solid medium under standard conditions in a growth chamber at 25 ◦C with
a 16 h photoperiod. For stress treatments, P. patens gametophores were grown in liquid
medium on a rotator shaker (130 rpm) and then transferred into medium supplemented
with 5 mM H2O2 (with or without 10 mM ascorbic acid), 250 mM NaCl, 250 mM mannitol,
10 μM abscisic acid (ABA) and 1 mM salicylic acid (SA), respectively [59–62].

4.2. Protein Extraction and Precipitation

Gametophore samples (400 g) were homogenized in 50 mM Tris-HCl buffer (pH 7.5)
containing 1 mM EDTA, 1 M KCl, and 0.05 g PVPP per g of tissue. The homogenate
was filtered through nylon layers and centrifuged at 27,000× g for 30 min at 4 ◦C. The
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supernatant was dialyzed on cellulose membranes. After protein precipitation with 95%
saturation ammonium sulfate, the precipitate was resuspended in 50 mM Tris-HCl pH 7.5
and dialyzed overnight against the same buffer.

4.3. Purification of PpaPrx19

Purification of P. patens peroxidase 19 was performed in the AKTA System (GE Health-
care, Barcelona, Spain). The dialyzed sample was concentrated in Amicon® Ultra (Merck
Millipore, Barcelona, Spain) and dissolved in 1.5 M (NH4)2SO4. In the first step, hy-
drophobic chromatography, proteins were separated on a phenyl SepharoseTM 6 Fast
Flow (GE Healthcare, Barcelona, Spain) 31.5 × 1.0 cm gel bed column at a flow rate
1.0 mL·min−1, and fractions of 5.0 mL were recovered. The eluent chromatography pro-
gram was as follows: from 0 to 160 min (100% A, 0% B), from 160 to 360 min (0% to 100% B)
and from 360 to 515 min (100% B), where buffer A was 50 mM Tris-HCl (pH 7.5) containing
1.5 M (NH4)2SO4, and buffer B was 50 mM Tris-HCl (pH 7.5).

The second step involved ion-exchange chromatography on SP Sepharose Fast Flow
(GE Healthcare). To do so, the peroxidase-enriched fractions obtained from the hydropho-
bic chromatography were dialyzed against 50 mM CAPS, (pH 9.5), and loaded on a
17.5 × 1.0 cm gel bed column equilibrated with 50 mM CAPS (pH 9.5), at a flow rate of
1.0 mL min−1. Fractions of 1.0 mL were recovered. The eluent chromatography program
was as follows: from 0 to 70 min (100% A, 0% B), from 70 to 170 min (0–100% B) and from
170 to 330 min (100% B), where buffer A was 50 mM CAPS (pH 9.5), and buffer B was
50 mM CAPS (pH 11.5).

4.4. Peroxidase Activity Determination

Peroxidase activity was determined in a spectrophotometer at 25 ◦C in a reaction
medium containing 50 mM sodium acetate buffer (pH 5.0) and 0.5 mM H2O2 with tetram-
ethylbenzidine (TMB) 0.1 mg·mL−1 as substrate (ε652 = 39.0 mM−1·cm−1).

Peroxidase activity was also calculated using different substrates: 100 μM coniferyl
alcohol (ε262 = 9.75 mM−1·cm−1), 100 μM sinapyl alcohol (ε271 = 4.14 mM−1·cm−1), 50 μM
ferulic acid (ε310 = 16.6 mM−1·cm−1), 200 μM indole-3-acetic acid (ε261 = 3.2 mM−1·cm−1),
1 mM ascorbic acid (ε290 = 2.8 mM−1·cm−1) and 150 μM NADH (ε340 = 6.22 mM−1·cm−1),
as described elsewhere [48,63]. For measuring peroxidase activity with ascorbic acid,
50 mM phosphate buffer (pH 7.0) was used.

The pH-dependent enzymatic activity was assessed using 50 mM sodium acetate
buffer for pH 4.0 to 6.0 and 50 mM Tris-HCl for pH 7.0 to 9.0, with TMB as substrate.

4.5. Kinetic Data Analysis

For determination of apparent KM, 5–100 μM (coniferyl alcohol) and 1–110 μM (sinapyl
alcohol) concentrations of each substrate were used in 50 mM sodium acetate buffer pH 5.0.
KM values were determined from the Lineweaver–Burk equation, a linear transformation
of the Michaelis–Menten equation.

4.6. Electrophoretic Analysis

Isoelectric focusing was performed on a Pharmacia Multiphor II system using Am-
pholine PAGplate (pH = 3.5–9.5) polyacrylamide gels according to the manufacturer’s
instructions (GE Healthcare). Peroxidase isoenzymes were stained with 4-methoxy-α-
naphthol (4-MN) in the presence of H2O2.

SDS-PAGE was performed on 10 % (w/v) polyacrylamide gels using a MiniProtean® 3
Cell electrophoresis kit (Bio-Rad Laboratories, Barcelona, Spain) and a pH 8.8 electrophore-
sis buffer composed of 192 mM glycine and 25 mM Tris containing 0.1% SDS. SDS-PAGE
was performed at 200 V for 40–45 min at room temperature. Proteins were stained with a
Plus One Silver Staining kit, according to the manufacturer’s instructions (GE Healthcare).
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4.7. Phenolic Compound Extraction and Quantification

Gametophores grown in liquid culture were harvested 96 h after treatment, ground
in liquid nitrogen and extracted for soluble phenolic content as previously described [17].
The quantitative determination of phenolics was performed using Folin–Ciocalteu reagent
with ferulic acid as standard.

4.8. Molecular Weight MALDI-TOF/TOF

The purified peroxidase was analyzed in a MALDI-TOF/TOF instrument as previously
described [20]. The search for peptide mass fingerprints and tandem MS spectra was
performed in the NCBInr database without taxonomy restriction. Mascot scores for all
protein identifications were higher than the accepted threshold for significance (at the
p < 0.050 level, positive rate measured to be 0.047).

4.9. Sequence Data Analysis

The presence of signal peptides was predicted using TargetP (http://www.cbs.dtu.
dk/services/TargetP/, accessed on 24 November 2020), Bacello (http://gpcr2.biocomp.
unibo.it/bacello/index.htm, accessed on 24 November 2020) and TargetLoc (http://abi.inf.
unituebingen.de/Services/MultiLoc/index_html, accessed on 24 November 2020). pI pre-
diction was carried out using Compute pI/MW tool from ExPASy (http://web.expasy.org/
compute_pi, accessed on 24 November 2020). A search for protein sequences homologies
was performed using BLASTP from Redoxibase (http://www.peroxibase.toulouse.inra.fr,
accessed on 4 February 2021) and protein alignments were carried out using Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/, accessed on 4 February 2021). Search for
N-glycosylation sites was performed using the NetNGlyc tool (http://www.cbs.dtu.dk/
services/NetNGlyc, accessed on 25 November 2020).

4.10. Gene Expression Analysis by RT-qPCR

Total RNA was isolated from gametophores grown in liquid medium, 24h after
treatment, with Trizol (Invitrogen, Madrid, Spain) essentially as described in [64]. cDNA
was synthesized from 200 ng of total RNA using the iScript™ cDNA Synthesis Kit (Bio Rad
Laboratories, Barcelona, Spain). For RT-qPCR, the constitutively expressed 18S gene
was used as a reference gene (Fwd 5′-GGACCGATAGGTCTGGGTAA-3′ and Rev 5′-
GCAATCCGAAAACTTCACCG-3′) and for PpaPrx19 amplification, the primers Fwd
5′- CTCACCACTGACTTCTACGC-3′ and Rev 5′-TGGGATGCTGTCCAAGAGTA-3′ were
used. The PCR reaction contained Bio-Rad 1x iQ SYBR Green Supermix, 0.3 μM primer
mix and 2.5 μg of cDNA for a 50 μL final volume. The PCR program comprised a 1 min
denaturation step at 94 ◦C followed by 40 cycles of amplification (94 ◦C for 30 s, 58 ◦C
for 45 s and 72 ◦C for 1 min) and a final elongation step of 6 min at 72 ◦C. Bio-Rad
Optical System Software 3.0 was used for data analysis, and relative expression values
were calculated from the resulting Ct values [65].

4.11. Network Construction of PpaPrx19

The Search Tool for the Retrieval of Interacting Genes/Proteins database (STRING v11)
was used to construct the network associated with PpaPrx19. The sequence of PpaPrx19
was loaded in the database and STRING generated a protein–protein interaction (PPI)
network with proteins that have interactions with the target protein. Interactions were
obtaining with medium confidence from curated databases and textmining.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants10071476/s1, Figure S1: Effect of different abiotic stresses on PpaPrx19 gene expression,
Figure S2: Graphical representation of the proteins PpaPrx9 (PP1S306_37V6.1) has interactions with.
Table S1. List of coexpression patterns obtained for PpaPrx19 in Phytozome (https://phytozome.jgi.
doe.gov/pz/portal.html), accessed on 8 July 2021.
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Abstract: The extensibility of synthetic polymers is routinely modulated by the addition of lower
molecular weight spacing molecules known as plasticizers, and there is some evidence that water
may have similar effects on plant cell walls. Furthermore, it appears that changes in wall hydration
could affect wall behavior to a degree that seems likely to have physiological consequences at water
potentials that many plants would experience under field conditions. Osmotica large enough to be
excluded from plant cell walls and bacterial cellulose composites with other cell wall polysaccharides
were used to alter their water content and to demonstrate that the relationship between water
potential and degree of hydration of these materials is affected by their composition. Additionally, it
was found that expansins facilitate rehydration of bacterial cellulose and cellulose composites and
cause swelling of plant cell wall fragments in suspension and that these responses are also affected by
polysaccharide composition. Given these observations, it seems probable that plant environmental
responses include measures to regulate cell wall water content or mitigate the consequences of
changes in wall hydration and that it may be possible to exploit such mechanisms to improve crop
resilience.

Keywords: plant cell wall composition; expansins; water stress; salt stress

1. Introduction

It is generally accepted that plant cells expand by slow irreversible deformation of
their cell walls as a result of stresses generated in the walls by the internal turgor pressure
of the cell [1], and thus their growth can be framed as a biomechanical interaction between
the properties of the wall of a cell and its turgor pressure. Water stress is expected to affect
plant growth as a result of effects on either wall stress or wall mechanical behavior.

The turgor pressure of a cell is determined by its internal osmotic pressure and the
water potential outside the cell. For a non-growing cell, it is simply the sum of these terms;
however, in a growing cell there must be an imbalance favoring water movement into
the cell, although the difference is likely to be slight at a cellular level. Because water
potential influences turgor pressure, it is clear that the water status of a plant can alter wall
stress and that this can affect the rate of plant growth; however, it should be noted that in
many cases the concentration of cellular solutes increases to maintain turgor pressure [2].
There are also many examples of the active modulation of wall mechanical properties in
response to signals associated with water stress or water stress itself (e.g., [3]). However,
even though water makes up the majority of the primary walls of plant cells by mass
(typically >80%, [4]), the direct effects of the water status of a plant on its wall properties
have been relatively unexplored. Given the proportion of primary cell walls of plants that
water comprises, it would be surprising if the volume that it occupies does not contribute
to the mechanical behavior of the wall.

There is good reason to expect that changes in the water content of plant cell walls
could affect their mechanical behavior directly. In polymer matrices, the free volume
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between polymer molecules is thought to have substantial effects on their properties and
behavior. This effect is routinely exploited to control the properties of plastics by the
addition of the smaller spacing molecules, termed plasticizers (e.g., [5]). Plant cell walls
comprise a composite of polymers, with the space between them generally occupied by
water (although water may be displaced by other materials in secondary wall deposi-
tion).Therefore, water appears analogous to plasticizers in synthetic plastics. For example,
pectin films become several-fold stiffer as their degree of hydration is reduced [6].

Tests of the effect of altering the water content on cell walls of rye coleoptiles [7] and
sunflower hypocotyls [8] by using osmotica have shown the rate at which walls extended
under constant load was reduced as water was removed from the walls and that these
effects occurred at water potentials that plants might be expected to experience under
“field” conditions (−0.4 MPa in sunflower). The tissue in both sets of experiments had been
frozen and thawed, and so the effects of reduced turgor pressure and of cellular responses
to the altered water potential could be excluded and the observed effects attributed solely
to direct effects of hydration on the cell walls. Substantial reductions in hydration were
found in tomato fruit pericarp cell wall material at even more moderate water potentials,
with hydration decreasing by more than 50% as the water potential was reduced from
0 MPa to −0.15 MPa [9].

If these effects occur in vivo, changes in wall hydration, spacing and tissue biome-
chanics as a result of plant water status would be expected to have a direct impact on plant
growth. Additionally, reducing the available space in the wall might impede the movement
of enzymes and other molecules within the wall [10] and amplify the water potential
gradients across tissues if apoplastic hydraulic conductivity decreases because of reduced
wall area (e.g., [11]). It would therefore be surprising if responses to water availability
do not include measures to maintain wall hydration or to mitigate the consequences of
changes. The exploration of such adaptations may shed light on plant responses to water
availability and perhaps also offer ways to maintain crop yields and improve resilience
when water supplies are limited.

Such measures might include changes in wall polysaccharide composition, structure or
charge to alter the relationship between wall water content and water potential, regulation
of the osmotic pressure, pH or ion concentrations in the wall space to maintain hydration,
or wall “loosening” to minimize any effects of hydration changes on extensibility.

One potential mechanism for controlling the water content of a cell wall is by altering
its composition. In principle, this might involve changes in which polysaccharides are
present or their relative proportions, but changes in polymer length and the number and
composition of branches may also alter these interactions. For example, the quantity of
water bound per monosaccharide unit of chitosan, alginate and cellulose in paper differs,
as does the way that this relationship changes with water activity [12], such that they
dehydrate at different rates as the water potential is reduced. In practice, the pectins in
the wall possess the greatest chemical and structural complexity and thus potentially offer
multiple mechanisms for modulating these relationships, as does the degree of esterification
of pectic acidic groups.

The primary factors determining this relationship between water potential (or water
activity) and the quantity of water associated with polymers are the space occupied by the
polymer (itself affected by polymer length, both the number and length of branches and
the mobility of polymer segments) and the strength of interactions between the polymer
functional groups and water [12]. Interactions with groups at chain ends (and therefore
the number of chain ends) may also be important [13]. All of these properties could
be modulated by alterations in wall biosynthesis or by enzymes acting upon existing
wall material.

In addition to the individual interactions between the polymers and water, the cell
wall as a whole has properties resulting from interactions between its polymer components,
conferring resistance to compression or conversely reducing chain separation or mobility.
It certainly seems that a number of wall components have roles in maintaining the spacing
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required for correct wall function [14]. This “scaffolding” may be necessary to prevent
lateral collapse of walls as they deform, but also potentially to prevent compression of walls
by the turgor pressures of adjacent cells pushing against one another in tissues exhibiting
tissue pressure/tension [15]. Such effects on hydration as a result of interactions between
polymers would be expected to include the “egg box” bridges formed by divalent cations
between pectic uronic acid groups [16] as well as factors affecting the strength of these
interactions, such as ionic strength and pH, if this alters the density of charged groups [9].

Cell wall enzymes offer more rapid mechanisms for modifying the relationship be-
tween water potential and wall water content than could be achieved by bulk changes
in wall composition. Many types of modification could have such effects, including (but
not limited to) changes in polymer molecular weight, degree of polysaccharide branching
and length of branches, the number of polymer ends, and the density of charged groups.
Another group of cell wall enzymes of considerable interest are the wall loosening proteins
known as expansins, because it has been observed that in addition to making plant cell
walls and other cellulosic materials more extensible at pH < 5.5 (e.g., [17]), expansins
also cause swelling in these materials [18,19]. It therefore seems likely that, in principle,
expansins could maintain or increase wall spacing under conditions of water stress.

The following experiments explore the effects of water potential on water content and
mechanical behavior and of wall composition and expansins, and the interaction between
them, upon these relationships in both plant materials and synthetic models of plant cell
walls based on bacterial cellulose. These data establish that the water potentials that plants
may experience under field conditions can directly affect the mechanical characteristics of
their cell walls in ways that would be expected to affect plant growth and development
in vivo and that these effects can be modulated by wall composition and expansin activity.

2. Results

In classical experiments, the pore size of plant cell walls was determined by observing
whether polyethylene glycols (PEGs) of a range of molecular weights caused plasmolysis
or cell collapse, called cytorrhysis [20]. Smaller Mw PEG molecules penetrated the cell wall
and exerted an osmotic pressure at the cell membrane, causing plasmolysis, whereas larger
Mw PEG molecules were excluded from the wall and caused cytorrhysis. However, osmo-
sis depends on the exclusion of solute, and so these experiments also demonstrated that
because PEG molecules with a molecular weight of >4 kDa could not penetrate plant cell
walls, they could be used to apply osmotic potentials to them and modify their water con-
tent. This method has previously been used to show that plant cell wall material becomes
less extensible if PEG is used to reduce its water content in constant-load extensiometer
(also known as creep) measurements [7,8,19]. Here, we examine the effects of reduced
water potentials generated using PEG on the retention of water and mechanical behavior
in bacterial cellulose and composites of bacterial cellulose with pectin and xyloglucan in
order to investigate the effects of incorporating these cell wall components.

Figure 1a illustrates examples of the effect of reducing the effective water potential of
buffers bathing the bisected frozen and thawed sunflower hypocotyls extending under an
applied load. In these experiments, the applied water potential was reduced from 0 MPa to
−0.62 MPa or was increased from −0.62 MPa to 0 MPa by exchanging control buffers and
buffers containing PEG 6000. Note that the solutes in the buffer should penetrate the wall
freely and therefore will not exert an osmotic potential on the wall. Reducing wall water
potential, and therefore water content, caused a transient increase in length, followed by a
substantial reduction in the long-term rate of extension most analogous to growth in its
rate and the period over which it occurs. Increasing the water potential caused a rapid
increase in the long-term extension rate after a short lag. It was reasonably common to
see a slight shortening of the cell wall material during this lag period (illustrated in detail
in Figure 1b, along with the initial increase in length when water content was reduced),
and so it seems likely that it mirrors the lengthening during reductions in water content
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(although of lesser magnitude) and that these effects result from lateral realignment of wall
components as the total volume in which they are contained changes.

Sample data from similar experiments using bacterial cellulose and bacterial cellulose
composite with apple pectin and tamarind xyloglucan (CPX) are shown in Figure 1c,d
respectively. In these experiments the buffers were exchanged twice so that either the
control buffer was replaced with buffer containing PEG for a period before returning the
strips to the control buffer or the buffer containing PEG was replaced for a period with the
control buffer before returning the strips to the buffer containing PEG. As for the sunflower
material, the PEG generated an osmotic potential of −0.62 MPa.

(a) 

(b) 

Figure 1. Cont.
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(c) 

(d) 

Figure 1. Effects of exchanging MES buffer for the same buffer containing PEG and the opposite
exchanges, altering the osmotic potential from 0 MPa to −0.62 MPa or from −0.62 MPa to 0 MPa
(a) and (b) on extension of cell walls from sunflower hypocotyls, (c) on bacterial cellulose and (d)
on bacterial cellulose composite with pectin and xyloglucan. Arrows indicate the times at which
osmotic potential was increased or reduced. Strain = Ln(Lt/L0), where Lt = length at time t and
L0 = length at plot time zero (these were lengths immediately before load was increased in plots
(a), (c) and (d) and lengths 12 min before buffers were exchanged in (b). (a) Sunflower hypocotyls
extending under an applied load of 0.196 N (applied at 0 h). Blue: 0 MPa → −0.62 MPa; Red:
−0.62 MPa → 0 MPa. (b) Detail of data in Figure 1a illustrating changes in strain immediately after
increasing or decreasing water potential. Blue: 0 MPa → −0.62 MPa; Red: −0.62 MPa → 0 MPa.
(c) Strips of bacterial cellulose extending under an applied load of 0.196 N (applied at 0 h). Blue:
−0.62 MPa → 0 MPa → −0.62 MPa; Red: 0 MPa → −0.62 MPa → 0 MPa. (d) Strips of bacterial
cellulose composite with pectin and xyloglucan extending under an applied load of 0.098 N (applied
at 0 h). Blue: −0.62 MPa → 0 MPa → −0.62 MPa; Red: 0 MPa → −0.62 MPa → 0 MPa.

Although the bacterial cellulose was much less extensible than the sunflower walls,
and the changes in rate of extension are therefore less clear than in the plant cell wall
material, the same broad effect of water content was observed.
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In CPX, long-term extension was substantially reduced when the water content of
the material decreased, as was seen in both the plant cell wall material and the bacterial
cellulose. However, the material was considerably more extensible than cellulose without
pectin and xyloglucan (note that these data are for a lower load than those for the sunflower
walls and bacterial cellulose) and exhibited substantial rapid extension after the initial
water potential changes, both when the osmotic potential was decreased and when it was
increased. The increase in length that occurred after strip hydration was decreased paral-
lels that seen in plant material and in bacterial cellulose alone, although it is considerably
enhanced compared to bacterial cellulose. In other experiments, strips of bacterial cellulose
composites, which included xyloglucan or other hemicelluloses (including lichenan and
mixed-linkage β-glucan), consistently narrowed to a much greater extent than strips of
bacterial cellulose or cellulose composite with pectins during constant load extensiometry,
suggesting that these hemicelluloses reduced the resistance of the material to lateral com-
pression (in engineering terms, an increase in their Poisson’s ratio, which is derived from
the ratio of lateral contraction to longitudinal extension as material is stretched (Poisson’s
ratio for extension in two directions = −dεlateral/dεlongitudinal, where dεlongitudinal is longi-
tudinal strain and dεlateral is lateral strain; dεlateral is negative because it is a contraction,
and so a negative sign is included to give a positive value for the Poisson’s ratio).

The extension when the strip water content was increased appears to be a different
process (or processes) and can be modelled extremely well (r2 > 0.99) by assuming processes
in which an initial extension rate decreases exponentially, reducing by a factor of e over a
period known as a retardation time (in engineering terms, Kelvin or Kelvin-Voigt elements
(a Kelvin element extends with a rate at time t = r0(e−t/τ), where r0 is the extension rate
of the element at time = 0 and τ = retardation time. Length at time t = r0 × τ(1 − e−t/τ),
which is obtained by integrating the previous equation with time). In this case, the model
employed two Kelvin elements with retardation times of approximately 5 min and approx-
imately 64 min. These are comparable to those found for creep of plant cell wall material
extending under a constant stress [21].

In such rheological models, the individual mathematical elements have often been in-
terpreted as corresponding to different processes by which the material extends (such as the
stretching of polymers and realignment of polymers). Therefore, the correspondences with
the model of creep in plant material suggests that this “released” extension may indicate
equivalent mechanisms of extension. If so, it appears that they were enhanced by incorpora-
tion of other wall polysaccharides into the bacterial cellulose matrix. The flow rates of both
Kelvin elements in cell walls from tomato fruit epidermis increased at lower pH and were
reduced by boiling, indicating that they may have been enhanced by expansins [21]; the
pattern of extension after the first increase in water potential also resembles that previously
reported in composites of bacterial cellulose treated with expansin [17].

The loss of water from pieces of bacterial cellulose, bacterial composite with apple
pectin (CP), and CPX at reduced water potentials was then determined by measuring
their change in weight with time after immersion in buffer containing PEG to give a water
potential of −0.62 MPa. These data are illustrated in Figure 2a,b, as is their recovery after
the pieces were returned to the control buffer without PEG. The proportional changes in
weight are summarized in Figure 3. It was consistently observed that none of the materials
recovered their original weight and water content completely after they were returned
to the buffer that did not contain PEG, exhibiting some degree of hysteresis until they
were treated with expansin (the cucumber α-expansin CsExp1 in Figures 2a and 3a) or
snail powder extract (in Figures 2b and 3b). Snail acetone powder from the visceral hump
of Helix pomatia has previously been reported to possess an expansin-like activity and to
contain proteins labelled by polyclonal antibodies to purified cucumber expansins [22];
thus, snail powder extracts were used as a second source of expansin activity.
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(a) 

(b) 

Figure 2. Time course of changes in hydration in pieces of bacterial cellulose (red circles), bacterial
cellulose composite with apple pectin (blue squares), and bacterial cellulose composite with apple
pectin and xyloglucan (green triangles) after the materials were immersed in buffer with an osmotic
potential of −0.62 MPa (at 0 h), then returned to control buffer (first arrow), and finally treated with
11.2 μg of α-expansin (second arrow in (a)) or 200 μL of snail powder extract (second arrow in (b)).
Error bars indicate S.D. (n = 3).

Such hysteresis has been seen in other studies of plant cell wall dehydration and rehy-
dration [4]. From these data it seems that space is lost during water removal and reswelling,
either because of additional interactions between the cellulose and other components in
the composites or because the forces driving reswelling are insufficient to fully restore the
original volume, or both, but that these factors can be negated by expansins.

It seems unlikely that that the differences between the materials were because of
variations in exclusion of the PEG (at least within the period of these experiments) because
the effect of a large but permeating osmoticum (PEG 1000) on sunflower cell walls was
initial water loss followed by partial recovery as the osmoticum diffused into the wall (see
Appendix A, Figure A1). This was not observed for these cellulose, CP, or CPX batches,
where recovery did not occur until after the materials were returned to the control buffer
(although it was seen in batches of bacterial cellulose or cellulose composite produced in
incubations of less than 120 h).
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(a) 

(b) 

Figure 3. Summary of changes in hydration in pieces of bacterial cellulose, bacterial cellulose composite with apple pectin
(CP), and bacterial cellulose composite with apple pectin and xyloglucan (CPX) as a percentage of initial weight (black fill),
after 180 min at −0.62 MPa (red fill), after 120 min in control buffer (blue fill), and after treatment with 11.2 μg of α-expansin
(green fill in (a)) or 200 μL of snail powder extract (green fill in (b)). Error bars indicate S.D. (n = 3).

Therefore, it seems that incorporation of xyloglucan substantially enhanced the effect
of lower water potentials on water content and the magnitude of these changes; this may
be reflected in the comparatively large rapid changes in length when water content of CPX
strips was increased and decreased for the first time (Figure 1d). There were variations
between batches of the cellulose and composites, and the CP batch used for the data in
Figures 2b and 3b retained water better than cellulose alone.

In other experiments, the composite produced using polygalacturonic acid (Sigma-
Aldrich, cat. No. 81325) lost considerably less water than the composite with apple pectin in
PEG solutions, giving an osmotic potential of −0.62 MPa for 180 min (composite with apple
pectin lost 34.11 ± 2.26% and composite with polygalacturonic acid lost 20.16 ± 2.61%).
This indication that charge density can affect these interactions raises the question of
whether apoplastic pH could also affect the wall volume by altering the proportion of
pectin uronic acid groups that possess a negative charge (this has been suggested by
observation of the effect of pH on hydration of tomato cell wall material [13]). Observations
of the effect of pH on the viscosity of apple pectin solutions/gels in the presence of Ca2+

from flow-through tests (Figure 4) and of its fluidity in inverted tubes (Appendix A,
Figure A2) appear to confirm that the properties of pectins are altered as pH is increased
within potentially physiological wall conditions between pH 4 and pH 6, and it seems
probable that this is because of Ca2+ cross-linking uronic acid groups.
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Figure 4. The effect of pH on time taken for 2% (w/v) solutions of apple pectin of pH 3.14, 3.67, 4.08,
4.63, 5.1, 5.62, and 6.13 containing 5 mM CaCl2 to flow between two graduations of a 1 mL glass
pipette. Error bars indicate S.D. (n = 3).

It is possible to observe the effect of expansin on the volume of plant cell walls from
an increase in the optical density (O.D.) of suspensions of fragments of cell wall mate-
rial in buffer. This is illustrated for fragments of wall material prepared from etiolated
sunflower hypocotyls in response to 14 μg of CsExp1 and 200 μL of snail powder ex-
tract in Figure 5a. The increase is extremely rapid and is largely complete within 2 min
of adding expansin. The mean change in optical density 2 min after treatment with
CsExp1, snail powder extract horseradish peroxidase (2 units), and hydrogen peroxide
(final concentration = 84 mM H2O2) are shown in Figure 5b. Note that the cell wall mate-
rial was boiled to inactivate endogenous expansins before homogenization. The effects of
peroxidase and hydrogen peroxide, both of which caused slight reductions in O.D., are
included for interest, because it has been reported that peroxidative cross-linking of cell
wall components such as extensins causes a reduction in cell wall volume [23].

To determine whether cell wall composition could affect this response, suspensions
prepared from leaves and petioles of Col-0, mur1-2, and mur2 Arabidopsis plants were
treated with CsExp1. Both the mur-1 and mur-2 mutants have cell walls with reduced fucose
content. MUR-1 encodes the GDP-D-mannose-4,6-dehydratase required for synthesis of
GDP-L-fucose [24] and MUR-2 for the fucosyltransferase 1 that fucosylates xyloglucan
in Arabidopsis [25]. Therefore, Arabidopsis mur1 mutants haven substantially reduced
fucose content in xyloglucan, rhamnogalacturonan I, rhamnogalacturonan II (RGII), and
arabinogalactan proteins, but in mur2 mutants the reduction is restricted to xyloglucans.
Although the leaf cell walls of mur1 mutants contain normal amounts of RGII, only half
forms the borate cross-linked dimer, whereas almost 95% of the RGII forms the borate
dimer in wild-type plants [26]. The mur1 phenotype can be rescued by treatment with
elevated levels of boron [26,27].
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(a) 

 
(b) 

Figure 5. Effects of addition of 14 μg CsExp1 expansin or 200 μL snail powder extract on swelling of cell wall fragments
from sunflower hypocotyls in suspension, measured by their effect on proportional O.D. at λ = 750 nm relative to initial
O.D. (a) Time course of change in O.D. after addition at 0 s of expansin (green circles) or 200 μL snail powder extract (red
squares). (b) Summary of O.D. change 2 min after addition of expansin (green fill), snail powder extract (red fill), 2 units of
horseradish peroxidase (blue fill), and H2O2 to give a final concentration of 84 mM H2O2 (yellow fill). Error bars indicate
S.D. (n = 3).

Under the growth conditions used, the Col-0 and mur2 plants appeared indistinguish-
able, but the mur1-2 plants were noticeably smaller. It was also observed that cell wall
fragments from mur1-2 plants exhibited less swelling in response to CsExp1 than those
from Col-0 and mur2 plants (Figure 6a).
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(a) 

 
(b) 

Figure 6. Effects of addition of 14 μg CsExp1 expansin on swelling of cell wall fragments from Col-0, mur1, and mur2
Arabidopsis leaves and stems suspended in buffer, measured by its effect on proportional O.D. at λ = 750 nm relative to
initial O.D. (a) Time course after addition of expansin at 0 s to Arabidopsis cell wall fragments from wild-type seedlings
(green circles), mur1-2 seedlings (without boric acid pretreatment, red squares; with boric acid pretreatment, red squares
with black border) and mur2 seedlings (blue triangles). (b) Summary of the O.D. increase 2 min after addition of expansin to
Arabidopsis cell wall fragments from wild-type seedlings (green fill), mur1-2 seedlings (red fill), fragments from mur1-2
seedlings pretreated with boric acid (red fill with hatching), and fragments from mur2 (blue fill). Error bars indicate S.D.
(n = 3).

No differences were observed between the effect of expansin on cell wall fragments
from Col-0 and mur2, and pretreating mur1-2 cell wall fragments with boric acid partially
restored swelling in response to expansin (Figure 6b), strongly suggesting that at least part
of the reduction in expansin-mediated wall swelling in material from mur1-2 seedlings was
because of its effect on the side chains of RGII and their capacity to form borate cross-linked
dimers [26–30]. These data also establish that, in principle, expansin-mediated swelling is
influenced by wall composition.
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3. Discussion

In addition to the well-established impacts of water stress on plant growth as a result
of reduced cell turgor pressure and active environmental responses, it is likely that there
are also previously unexplored effects of water deficits on cell wall polymer spacing and
wall mechanical behavior. Indeed, the function of some observed stress responses may be
in part to stabilize wall spacing or to compensate for changes.

As was noted in the introduction, such responses might include changes in wall com-
position as a result of de novo wall deposition or modification of existing wall components
as well as the action of expansins. Additionally, while pH might have a range of effects, it
notably affects expansin activity [31]. Ion concentrations could both cause osmotic effects,
and in the case of Ca2+ ions, mediate cross-linking between pectin uronic acid groups [9].

The results presented demonstrate a profound effect on wall water hydration at
reduced water potentials as a result of incorporation of xyloglucan into bacterial cellulose
composites; thus, polysaccharide composition can clearly determine relationships between
water potential and spacing in materials analogous to plant cell walls. The substantial short-
term changes in extension and changes in hydration in CPX compared to bacterial cellulose
alone hint that (at least in these materials) xyloglucan, and perhaps other hemicelluloses,
facilitate realignment of the cellulose under applied forces, whether extensive (from the
extensiometric data) or compressive (from the effects of water potential on water content).

However, as a result, incorporating xyloglucan into bacterial cellulose composites
substantially increased the effect of water potential on their degree of hydration, and so
(unless their effects are markedly different in plant cell walls) it seems likely that they (and
perhaps other hemicelluloses) are more likely to accentuate the effects of water potential on
spacing than to mitigate them (although if they facilitate realignment of wall components,
this may mitigate the mechanical effects of reduced spacing).

Perhaps the most obvious candidates for the role of maintaining hydration are the
pectins. Pectins are amongst the most structurally complex of the cell wall polysaccharides
and additionally carry varying charge density and distribution, depending on the degree
and distribution of esterification of the uronic acid groups. Therefore, pectic interactions
with one another and other wall components, variation in their size, degree, and nature of
branching, and the effects of ion concentrations and pH on them offer multiple mechanisms
for modulating hydration of the wall. It has indeed been found that specific modification
of rhamogalacturonan I (RGI) structure by introduction of a β-1,4-galactanase into potato
tubers increased the rate of water loss compared to controls and made the material more
brittle in mechanical compression tests [32]. We found that cellulose composites with
polygalacturonic acid that has been de-esterified retained a greater degree of hydration
at an osmotic potential of −0.62 MPa than composites with apple pectin, suggesting that
cross-linking can also strengthen the material against collapse. These experiments were in
the presence of Ca2+ ions, but incorporation of pectins into bacterial cellulose composites
increased their resistance to compression even without Ca2+, though they became less stiff
to shear oscillation [33].

Charged uronic acid groups could affect the relationship between volume and water
potential in a number of ways, including charge repulsion, cross-linking via divalent
metal ions [34,35], and generating osmotic pressures from cations immobilized by charge
interactions (a phenomenon known as the Donnan effect [35]). Hydration of tomato fruit
cell wall material was found to decrease with increasing concentration of NaCl (with the
greatest change between 0 and 2.5 mM) in 6 mM CaCl2 and in buffers with pH > 4.5 [9].
These observations suggest a complex relationship between pectic charge and volume
affected by Donnan effects at low ionic concentration as well as cross-linking by divalent
ions (most importantly Ca2+ in vivo). Increasing pH led to a reduction in wall swelling,
within ranges that might be expected in vivo (between pH 4 and pH 5). This is higher than
might have been expected from the pKa of polygalacturonic (which is typically reported as
<3.5; [9]) but is in accord with the data presented in Figures 4 and A2. Ca2+ cross-links form
cooperatively [36], and so effective cross-linking may depend on the probability that there
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are clusters of adjacent de-esterified uronic groups, “shifting” the pH at which cross-linking
is affected into physiological ranges.

3.1. Water Stress and Cell Wall Composition

If there is a direct effect of plant water potential on wall properties, it seems to be worth
examining examples of reported changes in cell wall composition, gene expression, and
enzyme quantity or activity in response to water stress for possible evidence of regulation
of wall hydration and spacing.

Changing wall composition in response to the reduction of water availability has
been reported in a number of instances. Several-fold increases in labelling of xyloglucan
and unesterified pectin have been reported during dehydration and rehydration in the
resurrection plant Craterostigma wilmsii [37], and an increase in arabinose-rich pectins and
arabinogalactan proteins have been found in a range of other resurrection plant species [38].
Less extreme examples include an increase in pectic branching in response to a water stress
of −0.5 MPa in walls of root tips of a drought tolerant cultivar of wheat, which was not
seen in a susceptible cultivar [39], and changes in the polysaccharide composition and
molecular weight distribution in cell walls of wheat coleoptiles in response to PEG-induced
water stress [40] (although the osmotic potential is not given, we estimate that it would
be approximately −0.5 MPa for the concentration of PEG specified). Of these, increasing
pectin branching is certainly one type of response that would be expected to maintain wall
hydration and spacing.

Researchers have also reported a range of changes in the activity of enzymes capable
of acting upon plant cell walls in response to water or osmotic stresses, and in many
cases these enzymes would be expected to be involved in remodeling the walls. For
example, it seems that xyloglucan transglycosylase-hydrolases (XTHs) and xyloglucan
endotransglycosylases (XETs), enzymes involved in modifying xyloglucan chain length,
often increase under these conditions. XET activities were found to increase in maize
roots close to the tip, where growth was maintained at extreme water deficit conditions
(−1.6 MPa), and both growth maintenance and increased XET activity required ABA [41].
Similar increases in XET have been observed in elongating regions of roots of wheat
seedlings [42] and in leaves of Lolium temulentum L. seedlings [3] experiencing water deficit.
Evidence that XTHs are involved in the adaptation of plant cell walls to conditions of
water deficit comes from the observation that expression of an XTH gene induced by a
range of abiotic stresses in hot pepper conferred resistance to drought and salt stresses in
tomato [43].

Whether such changes in XTH or XET activity will indeed affect wall water retention
under water stress is, at present, speculative and would be expected to depend on their
exact effects on chain length and number of ends. However, the data in Figures 1 and 2
suggest that xyloglucan can have a profound effect on these relationships.

3.2. Expansins and Wall Spacing

It is clear that expansins can increase wall spacing, and so the many reported cases of
expansins increasing under drought stress are striking. For example, changes in expression
in a range of expansins were found in potato in response to ABA and drought (as well as a
number of other plant hormones and abiotic stresses), with some genes being upregulated
and some downregulated [44]. Expansin activity and transcript levels of a number of
expansin genes were also observed to increase in response to a reduced water potential
(−1.6 MPa) in the regions of maize root tips where growth continued at these considerable
water stresses [45,46]. ABA and osmotic stress generated using PEG increased expression
of one expansin (EXP1) in elongating tissues of soybean during germination [47] and both
expansin activity and expression of one expansin gene (TaEXPA1) under moderate osmotic
stress in wheat leaves, an effect that was markedly greater in a drought-resistant cultivar
than one that is more susceptible to drought [48].

29



Plants 2021, 10, 1263

These changes could be to increase wall extensibility and thereby compensate for a
reduction in cell wall stress due to decreased turgor, but in many cases plant cells increase
cell osmotic pressure under conditions of reduced water availability so that turgor pressure
and wall stress are substantially unaffected [2,49,50] (although this is not always the case,
e.g., [51]). Another hypothetical possibility might be that expansin quantities increase
to offset a reduction in activity caused by the apoplastic alkalinization often associated
with water stress [52]. However, the data in Figures 2, 3, 5 and 6 show that expansins can
increase and restore cell wall spacing and that the magnitude of this effect depends on wall
composition. If this is the case, and reduced water potentials affect cell wall spacing, it
appears at least plausible that the functions of expansins under conditions of water stress
include maintenance or restoration of wall space or mitigation of the effects of spatial
constraint on wall stiffening, or both.

Spacing between cell wall components may also be lost as they realign during wall
deformation, and given the observed effect of expansins on hysteresis during dehydration
and rehydration cycles, it is conceivable that they play a role in controlling the strain
hardening that this could cause.

3.3. RGII

RGII comprises a very small proportion of plant cell walls [53], but the mur1 Arabidop-
sis mutants, in which its structure is altered, have a drastically dwarfed phenotype. The
mur1 phenotype can be substantially rescued by supplying boric acid; it seems that this is
because of a reduction in the borate diester cross-links formed between RGII domains via
apiose residues [27].

In the experiments reported here, we found that the swelling of cell wall fragments
from mur1-2 in response to expansin was inhibited compared to wall fragments from wild-
type plants. Partial restoration of the response by pre-treatment with boric acid strongly
suggests that the difference between wild-type and mur1 material was because of altered
RGII cross-linking. However, cell wall swelling and increased porosity have been reported
to result from boron deficiency [54,55].

This apparent contradiction could be because these experiments tested the change
in swelling of wall fragments rather than their absolute size, and so the reduced effect of
expansin could be because they were already more swollen than those from the control
seedlings. However, the observation that salt stress causes root cells to burst in mur1 [56]
and some other Arabidopsis mutants with altered RGII structure [57] suggests the possibil-
ity that under some conditions wall swelling might lead to excessive plasticization of the
walls. Na+ ions might cause such an effect if they become immobilized by interaction with
uronic acid groups and generate an osmotic pressure in the wall (a Donnan effect) or by
competing with Ca2+ ions for uronic acid groups, thereby reducing cross-linking between
pectins other than RGII [58].

Partial restoration of the expansin response by pre-treatment with boric acid strongly
suggests that the difference between the effect of expansin on wild-type (and mur2) and
mur1 material was because of altered RGII cross-linking. This may have been because the
fragment size was reduced by the pre-treatment, giving a lower baseline so that expansion
to the same final fragment size gave a greater proportional effect (it is hard to be sure
of this because some O.D. was always lost during the washing steps used to remove the
boric acid), but it may be worth considering whether RGII cross-linking also contributes
to the force required to drive cell expansin-mediated wall swelling and whether RGII
cross-linking may mediate a balance between compressive and expansive forces in plant
cell walls.

3.4. Summary

It appears that plant cell walls are plasticized by water and that water potentials
experienced under field conditions can alter wall water content to a degree that could
affect plant growth and development via this mechanism. If this is the case, then it is
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to be expected that adaptations to conditions of low water availability or environmental
fluctuations in water availability will include measures to maintain wall hydration or
mitigate the effects of water potential on wall spacing.

We believe that this model offers a novel perspective for interpreting the role of the cell
wall in plant adaptations to water stresses. A better understanding of such relationships
between plant cell wall composition, hydration, and biomechanics may shed light on a
relatively unexplored aspect of plant responses to their environment and offer new targets
for improving crop resilience in the Twenty-first century.

4. Materials and Methods

4.1. Plant Material

Sunflower seeds (Giant Yellow variety, Suttons seeds, Paignton, UK) were imbibed in
tap water overnight and then sown in pots containing water-saturated perlite (Silvaperl,
Gainsborough, UK). The plants were grown for 5 days at about 30 ◦C in pots covered with
a plastic pot lid and wrapped with aluminum foil to obtain etiolated hypocotyls.

Arabidopsis thaliana wild type (Col-0), mur-1-2 (N6244), and mur-2 (N8565) seeds (all
from The Nottingham Arabidopsis Stock Centre, University of Nottingham, Nottingham,
UK) were surface sterilized in 70% ethanol for 2 min and 5% sodium hypochlorite for
10 min, rinsed five times in distilled water, and then spread onto plates of half strength
Murashige and Skoog medium supplemented with 1% sucrose and 0.7% agar. The plates
were kept at 4 ◦C for 4 days in complete darkness for stratification and then grown for about
14 days under a 16 h light/8 h dark photoperiod and 23 ◦C/19 ◦C temperature regime.

4.2. Bacterial Cellulose and Bacterial Cellulose Composites

Bacterial cellulose was produced by culturing Komagataeibacter sucrofermentans (ATCC®

700178™, Promochem, London, UK) in 100 mL YGC medium (50 g L−1 glucose, 5.0 g L−1

yeast extract, 12.5 g L−1, CaCO3) in 250 mL Erlenmeyer flasks in static conditions for at
least 120 h at 26 ◦C. A long incubation was necessary to ensure that the pellicles were
dense enough to exclude PEG of Mw 6000 (PEG 6000). Composites of bacterial cellulose
with pectin were produced by the addition of 0.5% (w/v) pectin to the YGC medium, and
composites of bacterial cellulose with pectin and xyloglucan by addition of 0.25% (w/v)
pectin and 0.25% (w/v) xyloglucan to the YGC medium (apple pectin, Sigma-Aldrich,
Dorset, UK, cat. No. 76282, 70–75% esterified; tamarind seed xyloglucan, Megazyme
International, Ireland, Cat. No. P-XYGLN).

4.3. Expansin and Snail Powder Extract

Expansin was a gift from Professor Simon McQueen-Mason (University of York, York,
UK); it was the α-expansin CsExp1 expressed in tomato plants and dissolved in pH 4.5
35 mM MES/35 mM Acetate buffer containing 200 mM NaCl [59].

Snail powder extract was prepared by mixing 50 mg of snail acetone power from
the visceral hump of Helix pomatia (Sigma-Aldrich, Poole, Dorset, UK, Cat. No. S9764,
now discontinued) into 1 mL of MES buffer 10 mM MES buffer containing 5 mM KCl and
1 mM CaCl2 titrated to pH 5.0 with 1 M NaOH using a laboratory vortexer and incubating
for 10 min at room temperature before centrifuging for 10 min at 7200× g and collecting
the supernatant.

4.4. Extensiometry

Segments of 20 mm were cut from the top growing part of the sunflower hypocotyls,
longitudinally bisected using a double-edged razor blade, and then frozen using freezing
spray (R.A. Lamb, Eastbourne, UK). After 60 s, the segments were thawed in MES buffer.
The segments were then pressed between microscope slides wrapped with absorbent paper,
using about 2 kg of weight for 60 s, and returned to MES buffer. Segments of cellulose
or cellulose composite 2 mm × 1 mm in cross-section and about 10 mm in length were

31



Plants 2021, 10, 1263

cut from pellicles using a pair of razor blades held in a spaced block and transferred to
MES buffer.

Constant load extensiometry was carried out as described in [21]. Segments of plant
material, bacterial cellulose, or cellulose composite were fixed into a reservoir tube with
about 10 mm exposed between a clamp at the bottom of the tune and another clamp
attached to one arm of a counterweighted cantilever. The reservoir tube was then filled
with buffer. The exact initial length of the exposed portion of the segment was measured
using a magnifying eyepiece with a graticule (extensiometer custom built by the Biological
Sciences workshop at the Lancaster University, Lancaster, UK).

The counterweight positions were adjusted so that a negligible force was applied to the
samples for 20 min to allow them to settle, after which the force was increased in increments
of 0.098 N (10 g) by sliding the counterweights along the cantilever arms. The change in
length was measured using a linear variable displacement transducer (Schlumberger DFG
2.5 from RS Components Ltd., Corby, Northants, UK), which gave a voltage output based
on the position of a core balanced on the opposite end of the cantilever arm in relation to
the one to which the clamped segment was attached. The mean of 1000 individual readings
was recorded every 30 s by a Bede PCADH24 analogue input card (Bede Technology,
Jarrow, Tyne and Wear, UK). The extensiometer can be used to test up to six samples at
a time. All extensiometry experiments were conducted at least twice, using at least two
replicates of each treatment in each run. The data presented are examples of single tests,
because although the replicate data exhibited the same patterns of response, they are not
normally closely enough matched for pooling of multiple runs to be feasible.

The buffer used throughout (referred to as MES buffer) was 10 mM MES buffer
containing 5 mM KCl and 1 mM CaCl2, titrated to pH 5.0 with 1 M NaOH. The pH of buffers
containing PEG or other osmotica was adjusted to pH 5.0 after their addition. The effect of
changing the water potential on segment extension was observed by draining MES buffer
from the extensiometer reservoirs and replacing it with the same buffer containing PEG
6000 or by carrying out the opposite exchange. PEG osmotic pressure (and therefore water
potential) was determined by vapor pressure osmometry using a Vapor® 5520 osmometer
(Wescor Inc., South Logan, UT, USA). Melting point depression measurements of the
osmotic pressures of PEG solutions are higher than those made using vapor pressure [60],
but it has been plausibly argued that this is because of the effect of temperature on higher
order virial coefficients of the Van’t Hoff equation in PEG solutions and therefore that
measurements from melting point, which are necessarily at low temperatures, do not
accurately reflect the osmotic pressure under the measurement conditions [61], and vapor
pressure measurements were preferred. From these data, 0.27 g PEG 6000 g water−1 gave
an osmotic potential of −0.62 MPa.

4.5. Viscosity of Pectin Solutions

The viscosity of 2% (w/v) solutions of apple pectin (Sigma-Aldrich, cat. No. 76282,
70–75% esterified) containing 5 mM CaCl2 adjusted to the required pH by dropwise addi-
tion of 2 M KOH were tested by timing how long the solutions took to flow between two
graduations of a 1 mL graduated glass pipette. The same pipette was used throughout for
consistency and was wetted with the pectin solutions before measurements were carried
out. The viscosity of 2% (w/v) solutions of apple pectin (Sigma-Aldrich, cat. No. 76282,
70–75% esterified), containing 10 mM CaCl2 adjusted to the required pH by dropwise
addition of 2 M KOH, were also visualized by inverting capped disposable centrifuge tubes
for 5 min. Measurements were carried out at room temperature.

4.6. Measurement of the Effects of Water Potential on Water Content of Bacterial Cellulose and
Cellulose Composites

Segments of bacterial cellulose or cellulose composite, 2 mm × 1 mm in cross-section
and approximately 10 mm in length, were cut from the cellulose and cellulose composites
with a pair of razor blades held in a spaced block and transferred to MES buffer for at least
10 min at room temperature. Segments were then blotted quickly using absorbent paper
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to remove surface buffer, and their initial weight measured quickly using a microbalance.
The pieces were then transferred into Eppendorf tubes containing 800 μL of MES buffer
containing PEG 6000 solution (0.27 g PEG 6000 g water−1, giving an osmotic potential
of −0.62 MPa, determined using a Vapor® 5520 osmometer as noted above) and the
weight changes were measured at regular intervals for 180 min by removing the segments
from the buffer, quickly rinsing them in MES buffer without PEG to remove the viscous
PEG solutions, blotting them to remove surface liquid, and again weighing them before
returning them to the tubes of MES buffer with PEG. After 180 min, the pieces were
transferred to Eppendorf tubes containing 800 μL of control MES buffer without PEG to
rehydrate, and the weight changes again were recorded at regular intervals. Finally, 11.2 μg
of α-expansin or 200 μL of snail powder extract was added to the MES buffer, and any
further changes in weight were recorded.

4.7. Cell Wall Swelling Measurements from Optical Density

Cell wall fragments suspended in buffer were prepared from approximately 1 g of
segments from the top 2 cm of sunflower hypocotyls or approximately 1 g of Arabidopsis
seedling leaves and stems. The material was boiled for 90 s in distilled water to inactivate
endogenous expansins in the plant tissues and then homogenized in 10 mL of MES buffer
using a laboratory mixer/emulsifier at full speed for 5 min (Silverson Machines Ltd.,
Waterside, UK). The homogenized suspension was then centrifuged for 2.5 min at 650× g
to remove large pieces of material and then centrifuged again for 10 min at 1450× g to
pellet smaller cell wall fragments of cell wall. These were re-suspended in 10 mL MES
buffer. Fragments from Arabidopsis seedlings were pelleted by centrifugation at 1450× g
and resuspended in 10 mL MES buffer two further times to eliminate pigmentation in
the suspensions (although there was negligible absorbance from them at a wavelength of
750 nm).

The optical density of the fragments suspended in buffer at a wavelength of 750 nm
was determined using a spectrophotometer (Lambda 20, Perkin Elmer, Waltham, MA,
USA). The initial optical density of 1.0 mL in a disposable plastic cuvette was recorded for
30 s, after which expansin (CsExp1) or snail powder extract was added to the suspension.
The cuvette was then gently inverted to mix the solution and returned to the spectropho-
tometer, and the optical density was recorded for a further 120 s. The effects of horseradish
peroxidase (Sigma-Aldrich, P6140) and H2O2 on the optical density of suspensions from
sunflower hypocotyls were also tested.

4.8. Statistical and Mathematical Analysis

Where error bars are given, experimental data are presented as mean ± standard
deviation, calculated using Microsoft Office Excel (Microsoft Corporation, Redmond, WA,
USA). Strain at time t relative to time 0 are true strains calculated from Ln(Lt/L0), where Lt
is the segment length at time t and L0 is the length at time 0 (time 0 was immediately before
the stress applied to the segment was increased unless otherwise stated). Modeling and
parameterization of extensiometric data used the Microsoft Office Excel solver to minimize
the squares of differences between modeled and experimental data.
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Appendix A

Figure A1. Time course of weight changes in cell walls from sunflower hypocotyls exposed to a water potential of −0.62
MPa generated by an osmoticum able to permeate the wall rapidly (glucose, red circles), an osmoticum partly excluded
from the wall but expected to diffuse through it more slowly than water (PEG 1000, blue squares), and an osmoticum
substantially excluded from the wall (PEG 6000, green triangles).
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Figure A2. Image of tubes containing 2% (w/v) solutions of apple pectin of pH 3.03, 3.46, 3.99, 4.59, 5.05, 5.45, and 6.01
containing 10 mM CaCl2 five minutes after the tubes were inverted.
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Abstract: Cell wall structural modifications through pectin cross-linkages between calcium ions
and/or boric acid may be key to mitigating dehydration stress and fungal pathogens. Water loss was
profiled in a pure pectin system and in vivo. While calcium and boron reduced water loss in pure
pectin standards, the impact on Allium species was insignificant (p > 0.05). Nevertheless, synchrotron
X-ray microscopy showed the localization of exogenously applied calcium to the apoplast in the
epidermal cells of Allium fistulosum. Exogenous calcium application increased viscosity and resistance
to shear force in Allium fistulosum, suggesting the formation of calcium cross-linkages (“egg-box”
structures). Moreover, Allium fistulosum (freezing tolerant) was also more tolerant to dehydration
stress compared to Allium cepa (freezing sensitive). Furthermore, the addition of boric acid (H3BO3)
to pure pectin reduced water loss and increased viscosity, which indicates the formation of RG-II
dimers. The Arabidopsis boron transport mutant, bor1, expressed greater water loss and, based on the
lesion area of leaf tissue, a greater susceptibility to Colletotrichum higginsianum and Botrytis cinerea.
While pectin modifications in the cell wall are likely not the sole solution to dehydration and biotic
stress resistance, they appear to play an important role against multiple stresses.

Keywords: cell wall; pectin; calcium; boron; homogalacturonan; rhamnogalacturonan II; Botrytis
cinerea; Colletotrichum higginsianum; dehydration; Allium and X-ray microscopy

1. Introduction

As the threat of climate change rages on, the frequency of dehydration stress and the
risk posed by fungal pathogens is on the rise. These challenges are further complicated
by the sessile nature of plants, which must survive a range of a combination of abiotic
and biotic stresses. The cell wall serves as a barrier against stress, in addition to providing
critical mechanical and structural support to the plant [1,2]. The ability of the cell wall to
function in a range of mechanisms is dependent on the various components of the primary
cell wall, including cellulose, hemicellulose, proteins and pectin [3]. Except for grasses,
pectin is one of the most predominant components, comprising 30 to 50% of the cell wall dry
matter [3]. Therefore, the composition of pectin is integral to the growth, morphology and
development of the cell well, as well as in its ability to defend the plant against stress [4].
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Pectin, the most structurally complex polysaccharide found in nature, is a five-member
family currently considered to include: (1) Homogalacturonan (HG); (2) Rhamnogalac-
turonan I (RG-I); (3) Rhamnogalacturonan II (RG-II); (4) Xylogalacturonan (XGA); and
(5) Apiogalacturonan (AP) [4]. HG and RG-II account for approximately 65% and 10% of all
pectin, respectively, and have the unique ability to form more complex structures through
cross-linkages to other elements [4–6].

Under the prevailing view, calcium ions form cross-linkages to carboxylate ions in
demethylesterified galacturonic acid residues of HG [5,7]. The demethylesterifcation
of HG occurs by way of pectin methylesterases (PMEs) [7] and pectin methylesterase
inhibitors (PMEIs) provide negative feedback to PMEs [7]. In comparison, RG-II forms
cross-linkages with boric acid, creating RG-II dimers [8]. These borate–diol ester cross link
a boron atom and the apiosyl residue of side chain A in RG-II [8]. The formation of these
cross-linkages maintains structural stability by reducing porosity while enhancing tensile
strength and bound water in the cell wall fraction [9–16]. Increasing the quantity of bound
water within the cell wall maintains tissue hydration and turgor pressure in addition to
increasing cell wall rigidity [14]. Debra Mohnen’s group recently proposed a new model
for pectin structure consisting of a family of glycans (homoglycans, heteroglycans and
proteoglycans) [17] and therefore, aspects of the current cell wall models may need to be
reconsidered as more information emerges.

HG and RG-II have also been implicated as key forms of pectin in mitigating the
resistance to desiccation and drought stress in several species, such as green algae and
wheat cultivars [18–23]. This is likely the result of pectin forming hydrated gels, which in
turn may limit damage during dehydration stress [19]. The degree of pectin methylation
has also been linked to their ability to hold water, with reduced methylation increasing the
water holding capacity of pectin [12]. Willats et al. (2001) also found the addition of calcium
to pectin gels influences the water holding capacity, presumably as a result of “egg-box”
structures [12].

The analysis of the MUR1 gene has further implicated RG-II dimers as an important
aspect of the tolerance to freezing stress, tied to dehydration stress resistance [24]. Despite
these findings, there is a need for greater research regarding the role calcium and boron on
the structure–function of the cell wall in relation to dehydration stress resistance.

Previous research has additionally highlighted the important role that pectin plays in
allowing the cell wall to function as a barrier to Botrytis cinerea, a necrotrophic pathogen,
and Colletotrichum higginsianum, a hemibiotrophic pathogen. Lionetti et al. (2007) observed
increased resistance to B. cinerea in Arabidopsis as a result of the over-expression of PMEI1
and PMEI2 [25]. Other PMEIs have also been reported to increase plant resistance to B.
cinerea [26]. Interestingly, PMEs play a beneficial role in the immunity against B. cinerea,
despite the opposing nature of PMEIs and PME [27]. More generally, pectin has been
identified as a main target during a B. cinerea infection [28]. Petrasch et al. (2019) reported
that, during the process of a B. cinerea infection, the pathogen heavily degrades the cell wall
and, in particular, pectin [28].

PMEIs also play a role in the immune response during a C. higginsianum infection [29];
however, research within this area is limited. A study conducted by Engelsdorf et al.
(2017) found Arabidopsis pmei6-2 mutants had reduced susceptibility to C. higginsianum.
Reduced susceptibility may be indicative of a connection between the establishment of a C.
higginsianum infection and pectin content [29]. Nonetheless, further exploration into the
role of PMEIs and C. higginsianum is required.

Boron application has also been shown to play a positive role in B. cinerea infections
in a variety of species [30,31]. Qin et al. (2010) found boron application reduced the
germination of B. cinerea spores, reduced germ tube elongation and mycelial spread in
table grapes [30]. When paired with boron, calcium increased resistance to B. cinerea in
strawberry plants [31]. In addition, while there is no apparent research on the impact of
boron on C. higginsianum, borate was found to inhibit the germination of Colletotrichum
gleosporioides spores in mangos [32,33].
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Allium fistulosum and Allium cepa were selected based on their contrasting freezing-
induced dehydration stress tolerance. A. fistulosum is extremely tolerant to freezing stress,
withstanding temperatures as low as −40 ◦C, while A. cepa lacks this ability [34,35]. Both
species have easy to peel epidermal cell layers with a large cell size, making them an ideal
species for this investigation. Arabidopsis was selected based on the wide range of genotypic
mutant lines available and its close genetic relationship to Brassica rapa.

Since plants are often exposed to multiple stresses in the field, this study aims to
gain a further understanding into the influence of calcium, boron and PMEI on pectin
cross-linkages, and in turn, on the ability for the cell wall to act as a barrier against both
water loss and fungal pathogens. We hypothesized the application of calcium and/or boron
results in cell wall structural changes and increased resistance to both abiotic and biotic
stress in Allium species and Arabidopsis thaliana.

2. Method and Materials

2.1. Plant Material and Growth Conditions

A. fistulosum seeds and Yellow Sweet Spanish A. cepa seeds (Early’s Farm & Garden
Center, Saskatoon, SK, Canada) were grown in the Agriculture Greenhouses, University of
Saskatchewan (Saskatoon, SK, Canada) in 6” pots containing Sunshine Mix No. 4 (Sungro
Horticulture Canada Ltd. Seba Beach, AB, Canada) at approximately 25/22 ◦C (day/night)
under natural light supplemented with high pressure sodium lights (17 h photoperiod,
average 600 μmol m−2s−1). Watering (City of Saskatoon, SK, Canada, water) was applied
every second day during the spring/summer months and every third day during the
fall and winter months with 200 mL of 20–20–20 (NPK) fertilizer (150 g L−1) (Plant Prod,
Brampton, ON, Canada) weekly during the spring/summer months and twice weekly
during the fall/winter months. The experiment was arranged in a randomized complete
block design across the bench.

In addition, five A. thaliana genotypes were analyzed: three boron transporter mutants
(nip5;1-1 (SALK_122287C), nip6;1-2 (SALK_046323C) and bor1-3 (SALK_037312)), a pectin
methylesterase inhibitor over-expression mutant (p35S::PMEI5) and a wild-type (Col-0) line,
respectively [36–39]. The three boron mutants were obtained from the Arabidopsis Biological
Resource Centre (ABRC) (Columbus, OH, USA). The transgenic line overexpressing PMEI5
driven by the Cauliflower mosaic virus (CaMV) 35S promoter was provided courtesy
of Kerstin Müller [39]. Lines were genotyped according to Edwards et al. (1991), with
some modifications [40,41]. Gene specific primers were ordered from Integrated DNA
Technologies (Coralville, IA, USA) (Table S1).

Arabidopsis plants were grown in the Agriculture phytotron (Conviron, Winnipeg, MB,
Canada) under 20 ◦C constant temperature, 50% RH, 16 h photoperiod, with an irradiance
of 150 ± 10 m−2s−1, and watered every second day (City of Saskatoon, SK, Canada).
Two g/L fertilizer (20–20–20 NPK) was applied weekly.

2.2. Forms of Calcium and Boron Application

Calcium treatments of 100 mL of a 0.05 M CaCl2 (Fisher Scientific, Watham, MA,
USA) were applied every second day for four weeks as a soil drench. For pectin solutions
prepared with calcium or boron, 0.05 M of CaCl2 or H3BO3 were added directly during the
preparation of the pectin solution to ensure homogeneity.

2.3. Rheology

Two types of pectin were examined, TIC Pretested Pectin HM (69–75% methyla-
tion) [42] slow set (standardized with dextrose) (TIC Gums, White Marsh, MA, USA) and
GENU BETA pectin (55% methylation) [43] (standardized with EU non-GM beet sucrose)
(CP Kelco Atlanta, GA, USA). The HM pectin is derived from citrus pectin and as a result
has a high HG content and a lower RG content, making it similar to the pectin found within
the cell wall of Allium spp. [44,45]. GENU BETA pectin is produced from sugar beets, and
as such it has a higher RG-II content (~5% compared to 0.6%), making it more like the
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pectin found within Arabidopsis. Therefore, HG pectin was utilized as a proxy for Allium,
while GENU BETA pectin was selected as a proxy for Arabidopsis.

Pectin viscosity was measured using the AR G2 rheometer (TA Instruments, New
Castle, DE, USA) with the 40 mm smooth acrylic geometry. Measurements were taken
at 20 ◦C, 12 ◦C and 4 ◦C. Viscosity was also measured throughout the temperature ramp.
Prior to the first set of measurements at 20 ◦C, the sample was conditioned to 20 ◦C with a
soak time of 120.0 s−1 and a duration of 60.0 s−1. Viscosity measurements were then taken
for 300.0 s−1 with a shear rate of 0.11 s−1. The sampling rate for the measurements taken
was 10 s−1/pt. The temperature was then decreased to 12 ◦C at a rate of 5.0 ◦C/min, with
the shear rate remaining constant at 0.11 s−1. The sample was then conditioned with the
same soak time and duration as stated above. Viscosity measurements were also conducted
under the same conditions previously outlined. The temperature was decreased to 4 ◦C and
measurements of viscosity were performed as previously described above. The experiment
was repeated three independent times with four replicates of each treatment group per trial
(n = 12).

2.4. Texture Analysis

The force required to shear A. fistulosum sheaths was evaluated using the 10-blade
Allo–Kramer shearing compression cell, attached to the TMS-Pro Texture Press (Food
Technology Corp., Sterling, VA, USA) in the Shand lab at the University of Saskatchewan.
Calcium-treated plants received 100 mL soil drench of a 0.05 M CaCl2 solution every second
day for four weeks. Each measurement was performed using three 4 cm sections of A.
fistulosum sheaths, from the youngest leaf with the most developed sheath. The ligule and
the epidermal cell layer were left intact. The full-scale load was 1000 N, the crosshead speed
was 500 mm min−1. The shear force (in Newtons) required to shear 1 g of fresh sample
was calculated using Equation (1) [46]. The shear force was measured in N g−1 [46]. The
experiment was repeated three independent times, with four replicates per trial (n = 12).

Force Required to Shear Allium Sheaths =
peak shear f orce (N)

weight o f sheaths (g)
(1)

Equation (1). Force required to shear Allium fistulosum sheaths in N g−1.

2.5. Water Loss in Pure Pectin Standards

TIC Pretested Pectin HM (69–75% methylation) slow set (standardized with dextrose)
was used as a model for pectin within Allium and GENU BETA pectin (55% methylation)
(standardized with EU non-GM beet sucrose) was a model for Arabidopsis pectin. Treatments
consisted of pectin solutions at concentrations of 4% and 8%, with and without 0.05 M
of CaCl2 or 0.05 M of H3BO3. Overall, 12 different pectin solutions were examined with
4 replications per pectin solution treatment, and the experiment was repeated 3 times.

Gravimetric water loss on an analytical balance was recorded at hourly intervals over
0–6 h in the various pectin solutions. This timeline was selected following preliminary
experiments. Approximately 1 g of each of the pectin solutions was evenly pipetted into
Petri dishes from the center point. Throughout the course of the dehydration experiment,
the lids were kept off the Petri dishes to allow for evaporation. The temperature remained
constant at 23 ◦C, with a relative humidity of ~22%. The percentage water loss was
measured as per Equation (2).

Percentage Water Loss = (1 −
(

T0 weight
T(x)weight

)
× 100) (2)

Equation (2). Percentage water loss in pure pectin standards. Variable “T” is equal to
the mass of the plant tissue at a specified time point.
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2.6. Allium Dehydration Stress Tolerance

Dehydration tolerance was measured by first analyzing the percentage water loss
over 16–18 h using 4 cm sections of A. fistulosum and A. cepa sheaths obtained from the
youngest leaf with the most developed sheath. Both ends of the sheath were sealed with
Vaseline® and weighed to obtain a T0 weight. The sheaths were then dehydrated under
dark conditions at 23 ◦C and ~33% RH. Weights were recorded at 16 h and 18 h. Following
dehydration, the sheaths were wrapped in moist Kim Wipes and placed in 50 mL Falcon
tubes with the lid for 24 h. The percentage water loss was measured and calculated
(Equation (2)).

Following dehydration, viability was assessed based on the presence/absence of
protoplasmic streaming and staining using fluorescein diacetate (FDA). Epidermal cell
layers were peeled from the sheath prior to viability analysis. Protoplasmic streaming
was observed using a digital LEICA DM4 B microscope (Wetzlar, Germany) at 40× with a
LEICA DFC7000 T camera (Wetzlar, Germany). Protoplasmic streaming was quantified as a
percentage of viability across the epidermal cell layer (Equation (3)). The same microscope
was used to visualize epidermal cell layers at 40× following FDA staining.

Percent Cell Viability =
number o f cells with protoplasmic streaming

total number o f cells
(3)

Equation (3). Percent cell viability based on protoplasmic streaming. Total cell count
was measured by counting the number of cells within the frame at the 40× objective.

2.7. Arabidopsis Dehydration Stress Tolerance

Tolerance to dehydration stress was assessed by measuring percentage water loss
every hour over 10 h in the total above ground biomass of the various two-week-old
genotypes. An initial weight was recorded at 0 h and then every 2 h until 10 h. The
percentage water loss was measured and calculated (Equation (2)). The samples were kept
under dark conditions at 23 ◦C and ~33% RH. Prior to dehydration, the severed end of the
shoot was sealed using Vaseline®. Following dehydration, plants were rehydrated in 2 mL
sepia toned bottles with 100 μL of dH2O.

Viability following dehydration was assessed using electrical conductivity (Twin
Compact Meter, Horiba, Japan) by first adding 1000 μL of dH2O to the bottles ~24 h
following rehydration and then placing the bottles on the shaker for ~19 h at 23 ◦C. A
second total electrical conductivity measurement was then taken after placement in a
100 ◦C dry bath for 10 min and then vortexed. Percentage electrolyte leakage (μS/cm) was
measured and calculated (Equation (4)) [47].

Perecent Electrolyte Leakage =
(
(

Pre−Boil Conductivity Value
Post−Boil Conductivity Value

)
× 100)

T0 weight
(4)

Equation (4). Percent electrolyte leakage in Arabidopsis thaliana above ground biomass
following dehydration, where T0 was the time at 0 h.

The experiment was conducted under dark conditions to minimize the amount of
water lost through open stomata. Stomatal closure was confirmed using the Suzuki Univer-
sal Micro-Printing (SUMP) method [48]. SUMP discs and SUMP liquid were used to take
imprints of stomata, while a digital LEICA DM4 B microscope (Wetzlar, Germany) at 40×
with a LEICA DFC7000 T camera (Wetzlar, Germany) attached assessed the imprints.

2.8. Calcium Localization

Calcium was spatially localized within single epidermal cell layers obtained from
A. fistulosum using X-ray microscopy. Plants were grown and treated with calcium chlo-
ride as outlined above. The peeled epidermal layers were laid flat on Kapton tape and
were used for data collection at the Advanced Photon Source (APS) beamline (20-ID:
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Sector 20—Insertion Device Beamline) (Lemont, IL, USA). Characteristics of the X-ray
beam: incident energy—10 keV; sample scanning area—160 μm × 160 μm; scanning step
size—1 μm; and dwell time—10 milliseconds per pixel. A total of 10 vertical scan maps
were collected at a depth of every 2 μm into the sample [49].

Two-dimensional images were processed using PyMCA to fit the normalized average
spectra of all points on the map and to generate the calcium distribution map (Version
5.3.1) [50]. OriginPro (Northhampton, MA, USA) was then used to plot the calcium map
and to increase image quality by eliminating the saturated pixels. False color maps were
produced using rainbow color scheme in which the blue-to-red color gradient shows
low-to-high relative calcium concentrations.

The completed images were then analyzed using the “histogram” feature on ImageJ
(Version 1.53a) to gain a greater understanding into differences in RGB pixels between
control and calcium-treated epidermal cell layers.

2.9. Colletotrichum higginsianum Infection

C. higginsianum Sacc culture, isolate IMI349061, originating from Brassica rapa (CABI
Bioscience), was prepared as outlined in Liu et al. (2010) and Liu et al. (2007) [51,52].
Spores were suspended in ddH2O, with a final concentration of 106 spores/mL. Plants
were inoculated by applying multiple single 1 μL droplets of inoculant to the oldest leaf,
avoiding the mid-vein.

Throughout the course of infection, leaves were maintained on moist filter paper
in Petri dishes kept under a 16–8 h/light–dark period (150 ± 10 μmol m−2s−1) during
the first 2 and last 2 days of the period of infection, at the third day the plates were
transferred to complete darkness. Complete darkness was used to promote germination
of the appressorium, while the leaves were transferred back to a day/night light cycle on
days 4–5 to prevent chlorosis at approximately 20 ◦C throughout.

Infection was then evaluated every 24 h based on the percent total leaf area infected
(Equation (5)). The lesion area was measured using ImageJ (Version 1.53a).

Percent lea f area in f ected =

(
Lesion area

(
cm2) at T(x)

Total lea f area (cm2) at T(x)

)
× 100 (5)

Equation (5). Percent leaf area infected by Botrytis cinerea and Colletotrichum higgin-
sianum, where T(x) was the time point of interest.

2.10. Botrytis cinerea Infection

B. cinerea grown on potato dextrose agar (PDA) for 7 days at 22 ◦C was used to
inoculate four-week-old A. thaliana leaves [53]. The leaves were inoculated using a solu-
tion containing B. cinerea mycelium suspended in ddH2O, with a final concentration of
106 spores/mL. Three 1 μL droplets of the mycelium containing solution were applied
to one half of the leaf, while three 1 μL droplets of water were applied to the other half.
Caution was taken to avoid the leaf mid-vein. Throughout the course of infection (120 h),
the leaves were maintained on moist filter paper within sealed Petri dishes and kept the
dark at 23 ◦C throughout the course of infection.

The infection was evaluated based on the percent total leaf area infected (Equation (5)).

2.11. Statistical Analysis

Analyses related to shear force, water loss, protoplasmic streaming, electrolyte leakage,
and fungal pathogens were performed using ANOVA tests, with Tukey’s tests as a method
of post hoc analysis (p < 0.05). Two-tailed two-sample t-tests (p < 0.05) analyzed calcium
localization according to differences in RGB pigmentation and differences in the intensity
of green pixels following FDA staining.

Rheological results were analyzed using generalized additive models (GAMs). Models
were initially fit based on each fixed explanatory variable separately, prior to fitting models
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at all fixed explanatory variables together. Data were log-transformed. GAMs were gen-
erated using the gam function from the “mgcv” package [54,55]. The Akaike information
criterion (AIC) score was used when building models to select for the optimum model.
Function gam.check was used for model checking. GAMs were analyzed using ANOVA,
with F-tests. Figures of each GAM were individually created for each of the pectin solutions
using function “plot.gam”, in addition to the packages “mgcViz” and “rgl” [56,57]. The
package “devtools” was used to download the color palette, and “inauguration_2021” was
used for coloration figures [58].

All statistical analyses were performed with the RStudio statistical software (Ver-
sion 1.2.5033). In addition to the previous packages mentioned, “ggplot” and “ggplot2”
were also used [58].

3. Results

Pectin viscosity significantly (p < 0.05) increased under the application of boron alone
in both HM pectin and GENU BETA sugar beet (GB) pectin (Figure S1, Table S2). Boron
had a more pronounced impact on 8% HM pectin viscosity at 5 ◦C, increasing the viscosity
of HM pectin to just over 6000 Pa.s 5 ◦C compared to 8% GB pectin with boron, which had
an average viscosity of less than 4000 Pa.s at 5 ◦C (Figure 1). Boron also had a more notable
impact on HM pectin at 12 ◦C, with the trend only changing at 20 ◦C, when boron increased
GB pectin viscosity to levels greater than HM pectin viscosity (Figure 1). Interestingly,
calcium application alone did not have a significant effect on pectin viscosity (Table S2).
As outlined in Section 2.2, calcium and boron were added directly to the pectin solution.
However, calcium did have a significant effect on pectin viscosity when its influence was
considered in combination with increasing pectin concentration and temperature (Table S2).
The effect of boron on pectin viscosity remained significant when its effect was considered
in combination with increasing pectin concentration and temperature (Table S2).

Figure 1. Change in viscosity (Pa.s) as temperature (◦C) increased. Viscosity was analyzed across
two concentrations of pectin (4% or 8%), two types of pectin (high methylated citrus pectin or
GENU BETA sugar beet pectin) and with either calcium (0.05 M CaCl2), boron (0.05 M H3BO3) or no
additional element.

The analysis of the force required to shear A. fistulosum sheaths revealed the application
of calcium (applied as a soil drench) resulted in a significantly (p < 0.05) higher Allo–Kramer
shear force (265.0 N g−1), compared to A. fistulosum plants that had not received calcium
(210.6 N g−1) (Figure 2). This increase in shear force is representative of an increased
toughness within the sheaths. Toughness is a mechanical property that describes the ability
for a material to resist fracture [59,60]. The toughness of a material is influenced by both its
strength and ductility [59,60].
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Figure 2. The effect of calcium application on the force (N g−1) required to shear through Allium
fistulosum sheaths. Plants treated with calcium received 100 mL of a 0.05 M CaCl2 solution every
second day. See Table S3 for statistical analysis.

Calcium was spatially localized within A. fistulosum epidermal cell walls (Figure 3). X-
ray microscopy imaging showed that the exogenous application of calcium to A. fistulosum
increased the concentration of calcium within the cell layer, with the additional calcium
primarily localizing to the apoplast (Figure 3). The spatial localization of calcium to the
apoplast is evident in Figure 3B, where epidermal layer cell walls can be observed because
of increased calcium concentrations in the apoplast (more intense lighter blue color). This
calcium appears to be primarily distributed to the radial cell walls. These areas of interest
are identified using white arrows. Small flecks of white, light blue and green are also visible
across both Figure 3A,B. These, in addition to red flecks, which are more pronounced on
Figure 3B, represent calcium contamination and are not related to structures within the
cell layer.

Figure 3. 2D Calcium map obtained using the 20-ID beamline at the Advanced Photon Source,
Lemont, IL, and the X-ray microscopy technique. Calcium concentration is represented by color
changes within the map, with darker blue indicating a lower concentration of calcium to red indicating
a higher concentration of calcium. White arrows point to sample areas where calcium appears to
localize to the apoplast. (A) Single Allium fistulosum epidermal cell layer obtained from a control
plant without calcium treatment. (B) Single Allium fistulosum epidermal cell layer obtained from a
plant treated with a soil drench of 100 mL of a 0.05 M CaCl2 every second day for four weeks.
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In addition to increasing the toughness of A. fistulosum sheaths, calcium application
significantly (p < 0.05) reduced percentage water loss, as did increasing pectin concen-
trations (Figure 4B). An 8 percent high methylated citrus pectin with calcium (proxy for
Allium) lost the least amount of water after 6 h (48.5%), while 8% GENU BETA pectin with
calcium (proxy for Arabidopsis) had a water loss of 58.3% after 6 h (Figure 4A). However, the
effect of calcium in mitigating dehydration stress in Allium species tissue was not significant
(p > 0.05) (Table S4).

Figure 4. (A) Percent water loss over 6 h over a 6 h period for the 12 pectin solutions of interest.
Amongst the 12 solutions, there are two concentrations (4% or 8%), two pectin types (high methylated
(HM) citrus pectin or GENU BETA (GB) (sugar beet) pectin), and the addition of calcium (Ca) (0.05 M
CaCl2), boron (B) (0.05 M H3BO3) or no additional element. (B) Boxplot of average percent water
loss over a 6 h period for the 12 pectin solutions of interest. Amongst the 12 solutions, there are two
concentrations (4% or 8%), two pectin types (high methylated (HM) citrus pectin or GENUA BETA
(GB) (sugar beet) pectin), and the addition of calcium (Ca) (0.05 M CaCl2), boron (B) (0.05 M H3BO3)
or no additional element. See Tables S5 and S6 for statistical analysis.

The freezing-tolerant A. fistulosum was also significantly (p < 0.05) more resistant to
dehydration stress compared to the freezing-sensitive A. cepa (Figure 5B). After 17 h, A.
fistulosum sheaths had a percentage water loss of 27.1%, while sheaths obtained from A.
cepa lost 33.1% water (Figure 5A). A. fistulosum continued to lose less water as the period of
dehydration was extended from 16 h to 18 h, retaining 5.2% more water compared to A.
cepa (28.1% compared to 33.3%) (Figure 5A).

47



Plants 2022, 11, 385

Figure 5. (A) Percent water loss over 16–18 h in Allium fistulosum and Allium cepa. Plants treated
with calcium (CA) received 100 mL of a 0.05 M CaCl2 every second day for four weeks. Control
plants (NCA) did not receive calcium. (B) Boxplot showing average percent water loss over 16–18 h
in Allium fistulosum and Allium cepa sheaths. Each bar represents both control and calcium treated
plants combined. See Table S4 for statistical analysis.

In addition, epidermal cell layers from dehydrated and subsequently rehydrated
A. fistulosum sheaths had a significantly (p < 0.05) higher percentage viability based on
protoplasmic streaming compared to A. cepa (Figure 6B). After 16 h of dehydration, cell
layers obtained from A. fistulosum had a 57.6% viability compared to 7.1% in A. cepa
(Figure 6A). The trend of increased viability in A. fistulosum continued as the length of
dehydration was extended. After 18 h, A. fistulosum epidermal cell layers had 39.2%
viability while those obtained from A. cepa had a percent viability of 2.5% (Figure 6A).

In addition, there was a higher level of FDA-based “greenness” within calcium treated
cell layers, indicating an increased level of viability (Figures S2 and S3). Generally, cell
layers obtained from A. fistulosum also had a significantly (p < 0.05) increased level of
greenness compared to those obtained from A. cepa, indicating greater viability following
dehydration stress (Table S8). In addition, differences amongst other relationships were
also found to be statistically significant (p < 0.05) (Table S8).

Boron also significantly (p < 0.05) reduced water loss in pure pectin solutions (Figure 4B).
After 6 h, 8% GENU BETA pectin with boron (proxy for Arabidopsis) had a 59.7% water loss
compared to 63.7% for the GENU BETA pectin control (Figure 4A). While similar dehydra-
tion stress tolerance trends were observed in Arabidopsis boron transporter mutants, the
differences were non-significant (p > 0.05) (Figure 7B). Moreover, the over-expression of
PMEI5 did not significantly influence dehydration stress resistance (p > 0.05) (Figure 7B).
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Figure 6. (A) Percent protoplasmic streaming in Allium fistulosum and Allium cepa epidermal cell
layers following dehydration over 16–18 h. Plants treated with calcium (CA) received 100 mL of
a 0.05 M CaCl2 every second day for four weeks. Control plants (NCA) did not receive calcium.
(B) Boxplot showing percent protoplasmic streaming for Allium fistulosum and Allium cepa, following
a 16–18 h dehydration period. Each bar represents both control and calcium treated plants combined.
See Table S7 for statistical analysis.

However, mutations in boron transporters and the over-expression of PMEI5 were
found to influence the rate of infection for both fungal pathogens (Figure 7). The analysis of
the rate of B. cinerea infection amongst the genotypes of interest found bor1 to be the most
susceptible to the pathogen, consistently having the greatest percent area of infection from
1 dpi (days post-inoculation) (Figure 7). In general, the percentage of leaf area infected
in the bor1 leaves was significantly (p < 0.05) greater compared to all the other genotypes
of interest (Figure 7B). At 5 dpi, 100% of the bor1 leaf tissue was covered in a B. cinerea
lesion (Figure 7A). By comparison, nip6;1 had 60.7% of its leaf area infected, leaves obtained
from nip5;1 were 61.4% covered in a B. cinerea lesion, while p35S::PMEI5 leaves were 68.4%
infected (Figure 7A). Col-0 leaves were 71.4% covered by the lesion (Figure 7A).

In general, over the entire course of the infection, bor1 was also significantly (p < 0.05)
more susceptible to C. higginsianum compared to Col-0 (Figure 8B). At 5 dpi, over 60% of
bor1 leaf tissue was covered in a lesion caused by C. higginsianum, while all other genotypes
of interest had less than 40% of their leaf tissue covered by a lesion (Figure 8A). At 1 dpi, the
percentage leaf area covered by lesions from C. higginsianum was over 30% larger compared
to the other genotypes analyzed (Figure 8A).
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Figure 7. (A) Average lesion size on Arabidopsis thaliana leaves caused by Botrytis cinerea. Five geno-
types were examined (bor1 (boron transporter mutant), nip5;1 (boron transporter mutant), nip6;1
(boron transporter mutant), p35S::PMEI5 (PMEI overexpression), and Col-0 (wild type)) over a 0–120 h
period post-inoculation. (B) Boxplot showing average lesion size on Arabidopsis thaliana leaves caused
by Botrytis cinerea. Five genotypes were examined (bor1 (boron transporter mutant), nip5;1 (boron
transporter mutant), bor1 (boron transporter mutant), nip6;1 (boron transporter mutant), p35S::PMEI5
(PMEI mutant), and Col-0 (wild type)) over a 0–120 h period post-inoculation. Error bars represent
standard error. See Tables S9 and S10 for statistical analyses.
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Figure 8. (A) Average lesion size on Arabidopsis thaliana leaves caused by Colletotrichum higginsianum.
Five genotypes were examined (bor1 (boron transporter mutant), nip5;1 (boron transporter mutant),
bor1 (boron transporter mutant), nip6;1 (boron transporter mutant), p35S::PMEI5 (PMEI mutant),
and Col-0 (wild type)) over a 0–120 h period post-inoculation. (B) Boxplot showing average lesion
size on Arabidopsis thaliana leaves caused by Botrytis cinerea. Five genotypes were examined (bor1
(boron transporter mutant), nip5;1 (boron transporter mutant), bor1 (boron transporter mutant), nip6;1
(boron transporter mutant), p35S::PMEI5 (PMEI mutant), and Col-0 (wild type)) over a 0–120 h period
post-inoculation. Error bars represent standard error. See Tables S11 and S12 for statistical analyses.

4. Discussion

4.1. Mechanical Changes and Calcium Localization

The structural role that pectin plays in the cell wall is critical to a plant’s ability to with-
stand stress [4]. Within the cell wall, pectin is far from the only critical component. However,
what sets pectin apart from other components of the cell wall is the unique ability for HG
and RG-II to form complex structures through cross-linkages to other elements [5,7]. Both
the rheological results and those obtained from the analysis of shear force are suggestive
that structural changes occurred because of calcium and boron application. Furthermore,

51



Plants 2022, 11, 385

the addition of these elements likely resulted in the formation of “egg-box” structures and
RG-II dimers, as they are known to influence cell wall integrity, including rigidity and
tensile strength [6,7,61].

The notion that calcium–HG cross-links form within A. fistulosum epidermal cell walls
because of calcium application is further supported by images obtained from the Advanced
Photon Source (Lemont, IL, USA) using the 20-ID beamline, the X-ray microprobe technique
and X-ray fluorescence. These images clearly show an accumulation of calcium around
the cell walls of epidermal cells obtained from calcium treated A. fistulosum and are a
key piece of the puzzle in the narrative of the formation of “egg-box” structures. Within
plant cells, pectin is only found within the cell wall and is most highly concentrated in
the middle lamella and the primary cell wall [4]. Thus, the localization of calcium to the
cell wall/middle lamella region and the increased shear force suggest that the application
of calcium to A. fistulosum results in the formation of calcium–HG cross-links. Our next
step was to analyze how the likely formation of these structures, in addition to boron and
PMEIs, would influence dehydration stress resistance.

4.2. Dehydration Stress in Allium spp. and Pectin Proxy

In addition to causing structural changes within plant tissue, the formation of calcium–
HG cross-linkages has also been tied to reduced cell wall permeability [12]. Thus, it was
hypothesized the application of calcium would increase resistance to dehydration stress
tolerance by reducing percentage water loss.

Even though calcium was found to significantly (p < 0.05) reduce percentage water loss
in high methylated citrus pectin (proxy for Allium), the role calcium played on improving
dehydration stress resistance in A. fistulosum and A. cepa was non-significant (p > 0.05) and
is indicative of the complex nature of plants compared to pure systems. Nevertheless, pre-
vious studies have observed the efficacy of calcium application in enhancing drought stress
tolerance/resistance in species such as Beta vulgaris, Nicotiana tabacum and wheat [62–64].

The discrepancy between these previous findings and those within this paper may be
the result of a multitude of reasons, one of them being pore size. While the exact diameter
of pores within the A. fistulosum epidermal cell layer is not known, previous research has
found that, under cold acclimation, the diameter is reduced to less than 1.3 nm; however,
the diameter of a water molecule at 25 ◦C is ~0.27 nm (2.7 Å) [65,66]. Therefore, even if
permeability was reduced as a result of calcium application, the pore size was still larger
than that of a water molecule. The large volume of water within the sheaths of A. fistulosum
and A. cepa may also mask the effect of the calcium treatment.

Calcium is a complex element within plant systems, playing a role in a wide range of
functions, including acting as a signaling molecule [67]. In its role as a signaling molecule,
calcium has also been found to influence tolerance and resistance to drought stress in a
variety of species [63,64,68]. For example, Knight et al. (1997) observed changes in the
concentration of free calcium within cytosol during drought stress treatment in Arabidop-
sis [68]. More generally, the three main calcium sensors (1) calcineurin B-like protein; (2)
calmodulin, and calmodulin-like proteins; and (3) calcium-dependent protein kinases)
transduce Ca2+ signals, in turn causing the phosphorylation of a downstream target [69–76].
This ultimately results in a response to drought stress.

While calcium was unable (p > 0.05) to improve the overall resistance to dehydration
in either A. fistulosum or A. cepa, A. fistulosum was significantly (p < 0.05) more tolerant
to dehydration stress. A. fistulosum has also been found to be more tolerant to freezing-
induced dehydration as compared with A. cepa [34,35]. A. fistulosum tolerates temperatures
around −40 ◦C, while A. cepa lacks the ability to cold acclimate beyond −11 ◦C [34,35].
The connection between dehydration stress resistance and freezing stress tolerance is
critical in the face of climate change. While initially drought stress and freezing stress
may seem unrelated, both are tied to dehydration stress. During both drought stress and
freezing stress, loss of turgor pressure can occur as the cell loses water [77–79]. As a result,
cytorrhysis may occur beyond a tolerable limit. Oertli (1986) and Oertli et al. (1990) reported
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that the ability for the cell wall to resist cytorrhysis depends on the mechanical strength
of the cell wall [80,81]. Therefore, the ability to resist dehydration stress and to tolerate
freezing stress may be related to the mechanical strength of the wall within A. fistulosum.
Pectin is known to play a large role in the strength and stability of the cell wall [4].

4.3. Dehydration Stress in Arabidopsis and Pectin Proxy

Similar to calcium and HG, boron and RG-II have the ability to form cross-linkages,
which results in the formation of RG-II dimers [4–6]. Previous research by Panter et al.
(2019) examining the MUR1 gene in Arabidopsis found that the formation of these RG-II
dimers improves tolerance to freezing stress [24]. Since dehydration stress is associated
with freezing stress, it is plausible that RG-II dimers positively influence the water holding
capacity of pectin. Thus, the addition of boron to GENU BETA likely resulted in the
formation of RG-II dimers since the 8% GENU BETA pectin with boron lost significantly
(p < 0.05) less water after 6 h compared to 8% GENU BETA pectin without boron.

Boron was also found to influence dehydration stress resistance in Arabidopsis in the
various boron-transporter mutants. While none of the observed changes in dehydration
stress resistance were found to be significant (p > 0.05) amongst the three boron-transporter
mutants explored, bor1 lost the most water. Decreased resistance to dehydration stress in
bor1 compared to nip5;1 and nip6;1 may be the result of differences in the roles of the boron
transporters and further speaks to the importance of understanding the specific nature of
the transporters.

Briefly, NIP5;1 and NIP6;1 are localized in the plasma membrane and are involved in
borate transport [36,37]. NIP5;1 is also involved in arsenite transport [38]. In comparison,
BOR1 is localized in the cytoplasm, endosome and vacuole in addition to the plasma
membrane [38]. BOR1 is also involved in a wider range of functions, including detection
of nutrients, ion homeostasis and transmembrane transport, as well as borate transport
and response to boron-containing substances [38]. Therefore, a mutation in BOR1 may be
more deleterious. However, there is a lack of additional research exploring NIP, BOR or
other boron transporters in relation to dehydration stress resistance. Nonetheless, a range
of species, including maize, wheat and tomatoes, had enhanced drought stress tolerance as
a result of boron application [22,23,82,83]. This further implicates the importance of boron,
and likely its structural role in the ability to retain water.

In addition to calcium and boron, PMEIs are another important aspect of pectin
modifications and cell wall structure. PMEIs provide negative feedback on PMEs, in turn
controlling the ability for “egg-box” structure formation in addition to altering the cell wall
in a range of other structural ways [7]. The family of PMEIs within Arabidopsis is broad, and
currently includes 71 putative genes [7,84,85]. Despite a lack of significance (p > 0.05), our
results showed an over-expression of PMEI5 was beneficial in resistance to dehydration
stress, by way of reducing percentage water loss and electrolyte leakage.

While seemingly counterintuitive, given that the over-expression of PMEI would
reduce the formation of “egg-box” structures, research from An et al. (2008) supports
our findings [86]. They found the over-expression of CaPMEI1, a PMEI from peppers,
enhanced tolerance to drought stress [86]. This was attributable to an increased tolerance
to oxidative stress, which was observed in the CaPMEI1-OX Arabidopsis line, which may
in turn reduce the damage caused by stresses such as drought [86]. However, findings by
An et al. (2008) and those observed in this study stand in direct contrast to findings by from
Amsbury et al. (2016) and Yang et al. (2019), who found increased de-methylation of pectin
enhanced drought stress tolerance [86–88]. This may be the result of differences amongst
the various PMEIs.

4.4. Fungal Pathogens

Aside from abiotic stresses, biotic stresses also pose an immense threat to plants. Since
both categories of stress may occur at the same time, a common mechanism of defense
is critical to survival. The cell wall itself is the first line of defense and often serves as a
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signaling mechanism alerting plants to disease through pattern recognition receptors (PRRs)
and damage-associated molecular patterns (DAMPs) [89]. Pectin methylesterase (PME)
has long been associated with facilitated viral movement through the association between
viral-encoded mobility proteins (MPs) and PME in which PME specifically recognizes
binding domains of the viral MPs [90]. Lionetti et al. (2014) hypothesized once bound,
the PME-MP increase the diameter of the plasmodesmata through the loosening of the
callose and thereby facilitating greater viral movement [91]. They proposed that the
inhibitor, PMEI, inhibits viral movement due to the reduction in PME-MP, thereby limiting
the plasmodesmata dilation [91]. While the PMEI5 in our experiments did not show a
significant reduction in fungal spread, it could be due to differences in homologous traits
between the various PMEs and PMEIs. In Arabidopsis, there are 71 known PMEI genes and
66 known PME genes [7,85,92]. Given the large number of PMEs, it is highly plausible that
only specific PMEs interact with MPs. The ability for the cell wall to remodel in response to
viral pathogens is another critical component in defense, as it increases the strength of the
cell wall [93]. This process has been found to be an important mechanism of defense against
a variety of viral pathogens including halo blight disease in common bean, and Potato
virus [93–95]. PMEI and PME have both been found to mediate cell wall remodeling [96,97].
While this set of experiments did not specifically focus on cell wall modeling in relation to
viruses, the role of PMEI5 in connection with cell wall remodeling and defense against B.
cinerea and C. higginsianum should be explored further. The analysis of lesion size over the
course of 5 dpi for both B. cinerea and C. higginsianum demonstrated boron plays an integral
role in resistance against both pathogens. bor1 was significantly (p < 0.05) less resistant to B.
cinerea compared to the other genotypes of interest (nip5;1, nip6;1, p35S::PMEI5 and Col-0).
This is likely the result of structural changes within pectin, and more specifically RG-II,
given the findings of Petrasch et al. (2019) [28]. bor1 was also significantly (p < 0.05) less
resistant to C. higginsianum compared to Col-0. At 5 dpi, 100% of the total leaf area from
bor1 leaves was covered in a B. cinerea lesion. In comparison, leaves obtained from the other
genotypes had less than 72% of their total leaf area covered lesions.

Since the BOR1 transporter is more widely expressed within the plant compared to
NIP5;1 and NIP6;1, the bor1 genotype likely has a lower concentration of boron [36–38].
Thus, the reduced resistance to B. cinerea in bor1 compared to nip5;1 and nip6;1 may be the
result of a lower concentration of boron, as boron has been previously found to mitigate B.
cinerea infections [31].

Similarly, at 5 dpi following inoculation with C. higginsianum, 63.1% of the total bor1
leaf area were covered in C. higginsianum lesion, compared to an average of only 31.7% for
the other genotypes of interest. In addition to having twice the total leaf area covered in a
lesion at 5 dpi, as early as 1 dpi, the bor1 total leaf area covered in a C. higginsianum lesion
was over 30 times greater compared to the other genotypes of interest, suggesting boron
transported through the BOR1 channel is vital in the resistance to this disease. It is well
understood that boron plays a critical role in the structure of the cell wall and a mutation in
BOR1 would likely reduce the concentration of boron within the cell wall [98].

The reduced function of NIP5;1 and NIP6;1, in addition to the likelihood of redundancy
within the NIP family, may be responsible for differences in leaf tissue infections compared
to BOR1.

Furthermore, the over-expression of PMEI1, PMEI2, PMEI10, PMEI11 and PMEI12 has
been previously found to help to maintain the integrity of the cell wall in plants infected
with B. cinerea [26,27]. However, the over-expression of PMEI5 in the p35S::PMEI5 did
not significantly (p > 0.05) alter resistance to B. cinerea. Instead, leaves obtained from the
p35S::PMEI5 had the second greatest leaf area covered in B. cinerea lesions, after bor1. The
contrasting nature of these findings compared to those obtained during our experiments
may be the result of variation amongst PMEIs. PMEI5 belongs to Group 3 of PMEIs while
previously explored PMEIs belong to other groups [26]. Future studies should focus on
gaining a greater understanding into the differences between Group 1, 2 and 3 PMEIs.
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Moreover, the more substantial lesion spread at 1 dpi on bor1 leaves suggests weaker
cell walls within the bor1 genotype. C. higginsianum penetrates the cell wall of the host
through physical pressure without the use of enzymes, unlike B. cinerea [99]. The rapid
growth of lesions on bor1 leaves is indicative that C. higginsianum may have penetrated
the cell walls with less pressure, signaling potential weakness of the bor1 cell walls, likely
the result of lower concentrations of boron and in turn, a reduction in the number of
RG-II dimers. Differences in function for the BOR1 transporter in comparison to NIP5;1
and NIP6;1 may reflect the variation observed in the percentage leaf area infected. More
generally, while boron has been previously reported to act as an antifungal agent for a range
of species infected with Colletotrichum graminicola, to our knowledge, there are no studies
exploring NIP, BOR or any other B-transporters in relation to C. higginsianum [33,34].

5. Conclusions

While modifications in pectin do not allow the cell wall to form an impassable barrier,
these elements remain critical in the role of the cell wall as a barrier to stress. While our
findings on cell wall rheology, shear force, calcium localization and analysis of water loss
in pure pectin standards are indicative that “egg-box” structures and RG-II dimers likely
formed, this alone was not sufficient in significantly (p > 0.05) improving dehydration stress
tolerance. Variation was also observed with respect to resistance to the fungal pathogens
of interest, suggesting that while boron and PMEI5 likely play a role in resistance to
dehydration stress and fungal pathogens, the true picture appears to be far more nuanced.
Overall, our findings demonstrate the cell wall is not a silver bullet to dehydration stress or
fungal pathogens. Even so, the results of this study help to further our understanding of
the role of the cell wall as a physical barrier to both abiotic and biotic stresses.
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Abbreviations

AIC Score
Akaike Information Criterion (AIC). Used to select the optimal generalized additive
model. A lower value indicates a more optimal model.

BOR1 Boric acid channel: part of the BOR family.
CA Calcium Applied/ Calcium Treatment.
Cell Wall Within the context of this paper, this term also incorporates the middle lamella.

Empirical Distribution Factor. Distribution of a function, where a value of one is
EDF indicative of a linear relationship, while a value above one is indicative of a

non-linear relationship.
FDA Fluorescein Diacetate.

GAM
Generalized Additive Model. A generalized linear model where the effect of
predictive variables is captured using smoothing functions.

GB GENU BETA Pectin (Sugar Beet Pectin).
HG. Homogalacturonan.
HM High Methylated Citrus Pectin.
LM Low Methylated Citrus Pectin.
NCA No Calcium Applied/ No Calcium Treatment.
NIP5:1 Boric acid channel, part of the NIP family.
NIP6:1 Boric acid channel, part of the NIP family.
PMEI5 Pectin methylesterase inhibitor five, part of the PMEI family.
RG-II Rhamnogalacturonan II.
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Abstract: The cell wall (CW) is a dynamic structure extensively remodeled during plant growth
and under stress conditions, however little is known about its roles during the immune system
priming, especially in crops. In order to shed light on such a process, we used the Phaseolus vulgaris-
Pseudomonas syringae (Pph) pathosystem and the immune priming capacity of 2,6-dichloroisonicotinic
acid (INA). In the first instance we confirmed that INA-pretreated plants were more resistant to
Pph, which was in line with the enhanced production of H2O2 of the primed plants after elicitation
with the peptide flg22. Thereafter, CWs from plants subjected to the different treatments (non- or
Pph-inoculated on non- or INA-pretreated plants) were isolated to study their composition and
properties. As a result, the Pph inoculation modified the bean CW to some extent, mostly the pectic
component, but the CW was as vulnerable to enzymatic hydrolysis as in the case of non-inoculated
plants. By contrast, the INA priming triggered a pronounced CW remodeling, both on the cellulosic
and non-cellulosic polysaccharides, and CW proteins, which resulted in a CW that was more resistant
to enzymatic hydrolysis. In conclusion, the increased bean resistance against Pph produced by INA
priming can be explained, at least partially, by a drastic CW remodeling.

Keywords: bean; Pseudomonas; cell wall; plant defense; disease resistance; 2,6-dichloroisonicotinic
acid; INA

1. Introduction

In nature, plants are usually under biotic stress caused by different pathogens, making
their survival difficult [1]. To combat attackers, plants have developed a sophisticated
immune system, whose activation usually produces a decrease in yield and fitness [2], and
therefore it must be tightly regulated. In this immune system, the plant cell wall (CW) is
the first physical barrier to prevent the pathogen from progressing into the cell, having
the capacity for remodeling the architecture of its components and their physicochemical
properties [3–5].

Plant CW is a dynamic structure which surrounds every plant cell, determining
their shape and providing mechanical support to the protoplasts to counteract the tur-
gor pressure. Elongating cells are walled by the primary CW, a thin layer in continuous
change, mainly composed of a complex matrix of cellulose, pectins, and hemicelluloses,
and structural glycoproteins [6,7]. Cellulose is the main CW scaffold, which is composed of
numerous β-(1-4)-glucans tightly packed to form microfibrils, very resistant to enzymatic
hydrolysis. The hemicelluloses and pectins, commonly named as matrix polysaccharides,
are a group of several distinct polysaccharides [7]. Pectins are a group of complex acid
polysaccharides that are divided in three main domains by their occurrence: homogalac-
turonan (HG), rhamnogalacturonan I (RG-I), and rhamnogalacturonan II (RG-II). The
proportion of these pectin domains depends on species, tissue, and even cell type, with
the presence of minor pectic domains such as apiogalacturonan or xylogalacturonan. The
binding among these pectins results in complex macromolecular structures which form a
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hydrated gel phase where cellulose and hemicelluloses are embedded [8]. They are mostly
extracted from the CW by means of calcium chelators or hot water treatments. Hemicel-
luloses usually bind to the surface of the cellulose microfibrils, often bearing short side
branches, and are typically extracted under alkali incubation. Dominant hemicelluloses
in primary CW are xyloglucan (XG), xylan, or arabinoxylan (AX) depending on plant
species [9]. Accompanying polysaccharides, structural proteins such as hydroxyproline-
rich glycoproteins (HRGP) or arabinogalactan proteins (AGPs) are widespread in the CW
matrix [10,11]. When the cell stops growing, a strengthened secondary CW, mainly com-
posed of cellulose, hemicelluloses, and lignin, is deposited between preexisting primary
CW and the plasma membrane [12,13].

As plant morphogenesis ultimately depends on CW properties, this structure needs to
adapt to any cellular change at any developmental stage along the entire life of a plant [10].
These CW processes are tightly regulated to control the metabolism responsible of CW
remodeling. Firstly, the synthesis loci differ depending on the CW polymers. Cellulose
is synthesized at the plasma membrane [14], while matrix polysaccharides are deposited
throughout the secretory apparatus [15,16]. Secondly, the properties that these polymers
initially could confer to the matrix can be changed once they are deposited, by homo
and/or hetero-crosslinking and by modifying the pattern and/or degree of backbone
substitution. For instance, HG is synthesized in Golgi apparatus with most of its acidic
carboxyl groups methyl-esterified, however later on, by removing the methyl groups,
ionic bridges can be formed by calcium ions, establishing a network among HG chains [8].
RG-I and RG-II, which are pectins decorated with neutral sugars chains, are complex
polysaccharides whose abundance, cross-linking and substitutions are also regulated in
muro, depending on the development stage [8,17]. To gain resistance, RG-I backbone can
be enlarged, rendering a higher molecular weight of the polysaccharides. This can be also
achieved by cross-linking throughout borate diesters between the RG-II domains [17]. On
the other hand, typical modifications of dicotyledonous hemicellulosic glycans are the
presence of fucose or galactose residues attached to the XG backbone, which is important
during the cell elongation [18]. In the same way, extensins, which are HRGP, play a crucial
role in the structural and compositional CW plasticity, by forming intra- and intermolecular
cross-links [19].

CW remodeling serves to strengthen the CW, maintaining the plasticity to react to
environmental changes, being especially important under a pathogen attack. The role of
the CW components in defense has been attested in different works carried out with several
mutants mainly of the model species Arabidopsis thaliana (Arabidopsis), in which a specific
CW alteration translated into resistance or vulnerability against different diseases [20].
For example, the impairment of cellulose synthesis in an isoxaben-resistant mutant (ixr1,
also known as cev1) resulted in an enhanced resistance to fungal pathogens by means of
constitutive activation of some defensive pathways [21]. Similarly, Arabidopsis mutants
unable to synthesize cellulose in the secondary CW, as irx1-6, showed resistance against
the fungus Plectosphaerella cucumerina and the bacterium Ralstonia pseudosolanacearum [22].
The impairment in the callose deposition, observed in constitutively activated cell-death
(cad1-3) Arabidopsis mutants, produced an increment to Pseudomonas syringae susceptibil-
ity [23]. In the case of lignin, the overexpression of WRKY1 gene in rice, which increased
lignification and resulted in major resistance against Verticillium dahlia [24]. By contrast,
downregulation of the genes involved in lignin biosynthesis (hydroxycinnamoyl-CoA
shikimate quinate hydroxycinnamoyl transferase -HCT- or cinnamoyl-CoA reductase 1
-CCR1-), with alteration in lignin content and composition, triggered defense responses in
Arabidopsis [25]. Interestingly, the role of polysaccharide feruloylation in monocot Brachy-
podium and dicot Arabidopsis was also demonstrated by the transgenic expression of a
fungal feruloyl esterase in both species, which reduced mono and/or dimeric ferulic acids,
resulting in major susceptibility to Bipolaris sorokiniana and Botrytis cinerea, respectively [26].

Similar effects were found when matrix polysaccharides were altered. Arabidopsis
mutants repressed in glucuronate 4-epimerases genes (gae1 and gae6) had an impairment
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in galacturonic acid and showed less resistance to P. syringae pv. maculicola and Botrytis
cinerea [27]. In addition, Arabidopsis response regulator 6 mutant (arr6) was enriched in
pectins and showed more resistance to P. cucumerina but more susceptibility to R. pseu-
dosolanacearum [28]. Reductions in the content of galactomannans and in the decoration of
xyloglucan, observed in immutans (im) variegation of Arabidopsis, involved susceptibility
to P. syringae [29]. Finally, with respect to CW proteins, the reduced residual arabinose-2
(rra2) mutant, defective in extensin arabinosylation, could limit oomycete colonization
in Arabidopsis roots [19]. Other CW enzymes known to participate in pathogenesis are
pectin modified enzymes, such as pectin methylesterases (PME), which take part in the
demethylesterification of HG. An example is the infection of P. syringae pv. macuolicola in
Arabidopsis, which leads to an increment of PME activity [27]. Thus, pme17 Arabidopsis
mutants showed an increase in susceptibility to B. cinerea [30]. In the same way, PME
inhibitor (PMEI) mutants such as pmei10, pmei11, and pmei12 lead to immunity against
B. cinerea [31].

Apart from mutants, another strategy consists in comparing resistant and susceptible
wheat breeding lines to Fusarium graminearum. It was revealed that resistance could be due
to CW changes such as a higher content of lignin, a higher degree of arabinosylation on
xylans, and a higher degree and different pattern of methylesterification on pectins [32].

All these works were based on CW modified mutants or breeding lines that showed
susceptibility or resistance against pathogens, but their CW was already modified on these
genotypes, so the level of susceptibility was determined by a preformed structure that
in some mutants involved defensive pathways constitutively activated [20]. However,
much less is known about CW remodeling at a physiological stage after pathogen infection.
In this sense, most studies have focused on interactions with necrotrophic fungi or insects,
which produces mechanical damage in the CW by the release of CW degrading enzymes
(CWDEs) [26,32]. The main documented responses so far are the local deposition of
CW materials, known as papillae or the cross-linking among components of the matrix,
in order to hinder the access of the pathogens to the protoplast [22,31,32]. Recently, several
transcriptomic and proteomic analysis would indicate that CW remodeling is a widely
extended process in nature [33–36], however the detailed characterization of the changes
that take place in muro after bacteria attack remain poorly characterized.

Among other defense layers, it has been proposed that cellular defense responses
can be activated, but stronger, faster, and more efficiently, by means of the application
of different treatments, a phenomenon known as immune priming [37]. However, it is
not known whether, somehow, this immune priming conducts to the strengthening of
the CW, or the immunity triggers a remodeled CW capable to cope with a second attack
from pathogens. Over the past decades, several stimuli, compounds, or abiotic stresses
have been studied in order to produce priming [37–41]. This new state is reached by
changes at physiological, transcriptional, metabolic, and epigenetic levels, which can
hold priming throughout the entire life of a plant and can even be inherited by further
generations [42,43]. Among other compounds proposed to produce this long-term effect,
it is the functional salycilic acid (SA) analogue 2,6-dichloroisonicotinic acid (INA), the first
synthetic compound to induce defense responses in laboratory [39]. Recent studies have
proposed that INA enhances basal disease resistance in common bean (Phaseolus vulgaris
L.) by epigenetic changes that can even be inherited [41,43]. However, although it has been
described that the priming activator (R)-β-homoserine increased Arabidopsis CW defense
against H. arabidopsidis by enhanced callose deposition [41], there are no studies that focus
on CW remodeling after INA priming.

In this study, Riñón common bean was used. It is a widely cultivated variety in León
(Spain), under the protected geographic identification (PGI) “Alubia de la Bañeza-León”.
This variety is attacked by the biotrophic gamma-proteobacteria Pseudomonas syringae
pv. phaseolicola (Pph), causing halo blight disease [44–46], which causes yield losses of
up to 45%, with its main symptoms being general chlorosis, stunting and distortion of
growth [45]. Until now, disease control has mainly consisted in growing healthy seeds
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every season or replacing the susceptible varieties with others more resistant. This latter
alternative is not suitable when the susceptible variety cultivated has gastronomical and
economic interest, such as Riñón [45]. Riñón common bean has been previously described as
a Pph-susceptible variety [44], although the reasons behind this susceptibility are unknown.
A recent work from our group revealed that this bean variety is able to perceive the presence
of Pph but it is unable to produce an effective and fast defense response, at least in part
because of the lack of a quick SA peak production [47]. This is the reason why the use
of SA analogue, such INA, could help in the defense process against Pph. On the other
hand, there is no knowledge about CW remodeling after the Pph infection and it becomes
relevant because Pph is a CWDEs producer [48].

Taking all of this into account, the aims of the present work were to know: (1), if a
susceptible bean variety can remodel its CW after Pph inoculation, (2) if the application of
a priming compound, such as INA, has effects in CW remodeling, and finally, (3) if these
CW changes increased bean resistance against Pph. For these purposes, 15-day-old bean
plants were pretreated or not with INA, and 1 week after they were inoculated or not with
Pph. One-week post infection, the plants were collected and their CWs were extracted for
the subsequent analyses.

2. Results

2.1. INA Reduced Bean Susceptibility to Pph and Increased Flg22-Triggered Response

To determine whether the INA application was able to prime bean plants defense
as it was described before [42,49], the phenotypical symptoms after Pph inoculation
were recorded. Plants were grown in vitro, a system in which infection can be forced
through high pathogen concentration and humidity and without other environmental
stresses [50,51]. When plants were 2 weeks old, the experimental conditions were estab-
lished as follows: bean plants pre-treated with INA (INA) or not (Mock) were inoculated
with Pph (INA + Pph, and Mock + Pph, respectively) (Supplementary Figure S1A). The
observed disease symptoms were similar to those previously described [45]. Mock plants
grew without symptoms (Figure 1A), as their foliar color and development corresponded
with the normal growth of non-stressed plants. By contrast, Mock + Pph-inoculation
triggered general chlorosis, greasy appearance on leaves, and the development of necrotic
tissue areas, as shown in Figure 1B, indicating the susceptibility of these plants against
the pathogen. INA did not cause visible stress symptoms compared to Mock (Figure 1C).
Interestingly, foliar damage produced by the Pph inoculation was reduced considerably
in INA + Pph plants (Figure 1D). In this case, chlorosis was restricted to foliar margins,
and no greasy leaves appeared. Therefore, compared to Mock + Pph, INA + Pph plants
were more resistant to Pph, and showed a statistically smaller lesion area (Figure 1E), and
interestingly showed small necrotic spots in interveinal areas, which could be the result of
a hypersensitive response (highlighted area in Figure 1D), as has been observed in other
bean varieties resistant to Pph [52].

64



Plants 2021, 10, 1514

 
Figure 1. Phenotypic damage caused by the virulent bacteria P. syringae pv. phaseolicola (Pph) in common bean plants.
Entire plants and extended leaves are shown to compare symptoms in Mock (A,C) and INA-pre-treated plants (B,D), non-
(A,B) or Pph-inoculated (C,D). In panel D, a detail of the observed necrotic spots indicative of hypersensitive response
(pointed by an arrow) is shown. (E) Quantification of the lesion area. Data represent mean ± SE (n = 6) and statistically
differences, indicated by letters, were achieved according to t-Student test (p < 0.05). Pictures correspond to one experiment
representative of three independent ones with similar results.

In view of the results obtained, whether INA priming was able to modify the ability
of Riñón variety to trigger a general defense response was investigated. For this pur-
pose, reactive oxygen species (ROS) production in bean leaf disks was monitored by a
peroxidase/luminol-based assay (See Supplementary Figure S1B). This method is com-
monly used to reveal whether pathogen- or host-derived ligands are able to trigger early
immune hallmarks [53]. In our experimental system, the INA application did not trigger
a ROS production compared to mock (Figure 2). However, INA pre-treatment produced
the highest ROS peak after the addition of the bacterial-derived peptide flg22 (which
may mimic Pph inoculation). This suggested that INA did not induce a typical immune-
associated fast response such as ROS production but primed the bean cells for more intense
defense responses.
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Figure 2. Reactive oxygen species (ROS) production in bean leaf-disks subjected to different treat-
ments: water (Mock, green line), 100 μM INA (INA, blue line), 1 μM flg22 (flg22, red line), or 1 μM
flg22 after pre-treatment with 100 μM of INA (preINA + flg22, yellow line), and measured as rel-
ative light units (RLU) produced by Luminol reaction over the time. Total areas under the curves
were integrated, and resultant values are represented at the right side of the panel. Data represent
mean ± SE (n = 8) from one experiment representative of three independent ones with similar results.
Statistically significant differences, indicated by letters, were achieved according to one-way ANOVA
(p < 0.05), by post hoc Tukey test.

2.2. Pph Inoculation and INA Priming Produce Different CW Fingerprinting Than That Observed
in the Mock

Several recent evidence support a more prominent role of the CW in plant immunity
than previously believed, although the knowledge about plant CW remodeling after
pathogen infection and/or immune priming is scarce [4,5,22,26]. With this in mind, CWs
from Mock, Mock + Pph, INA and INA + Pph bean plants were extracted. Characterization
of whole CWs began with the non-invasive technique FTIR-spectroscopy, used to obtain
global fingerprints of the CW [54]. The FTIR spectra obtained were clustered in a Principal
Component Analyses (PCA), which separated the treatments in two groups (Mock and
the rest of the treatments) according to dimension 2, which explained 29.43% of variance.
In order to predict the putative CW components contributing to such segregation, the
wavenumbers whose values had a higher correlation with dimension 2 were extracted
and summarized in Table 1 together with their associated CW components. Several
wavenumbers were associated with RG-I, galactan and xyloglycan, (1148 and 1152 cm−1),
pectins (1232 and 1244 cm−1), uronic acids (1616–1628 cm−1), or with arabinogalactans
(1156 cm−1). In addition, the wavenumbers related to cellulose (1160 and 1164 cm−1)
and phenolics (1632 and 1720 cm−1) were also found. Next, difference spectra against
mock were calculated for each condition (Figure 3B). As a result, the profile between 1800
and 1170 cm−1 approximately, which referred among others to wavenumbers regarding
uronic acids and pectins, was similar among all conditions. By contrast, the region from
1170 to 800 cm−1 associated to RG-I, Galactan, Xyloglycan, Arabinogalactan and Cellulose
(Figure 3B, Table 1) only changed after INA pre-treatment (with or without further Pph
infection) when compared to mock.
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Figure 3. Cell wall fingerprinting. (A) Principal Component Analysis obtained from FTIR spectra of
crude cell walls extracted from leaves of Mock, Mock + Pph, INA, and INA + Pph common bean
plants. Each dot represents a biological replicate obtained in each of the 3 independent experiments
carried out. PCA is plotted with dimensions 1 and 2, which explained the 43.36% and 29.43% of the
total variance, respectively. (B) Average FTIR difference spectra obtained by digital subtraction of the
Mock CW spectra from the CW spectra of the other treatments.
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Table 1. FTIR wavenumbers (cm−1) with highest contribution to explain Dimension 2 as Cos2 Dim2
(Figure 1) and the CW component to which they are associated.

Wavenumber (cm−1) Cos2 Dim2 CW Component Reference

808–816 8.05 × 10−1–6.93 × 10−1 Unknown
1148 7.14 × 10−1 RG-I, Galactan, Xyloglucan [55]
1152 7.98 × 10−1 RG-I, Galactan, Xyloglucan [55]
1156 7.18 × 10−1 Arabinogalactan [55]
1160 6.90 × 10−1 Cellulose [56,57]
1164 7.39 × 10−1 Cellulose [58]
1192–1196 6.43 × 10−1–7.26 × 10−1 Unknown
1200 7.61 × 10−1 C = CH [59]
1204–1228 7.98 × 10−1–8.12 × 10−1 Unknown
1232 8.02 × 10−1 Pectin [60]
1236–1240 7.72 × 10−1–7.26 × 10−1 Unknown
1244 6.67 × 10−1 Pectin [59]
1472–1596 6.61 × 10−1–6.14 × 10−1 Unknown
1616 7.34 × 10−1 Free carboxyl uronic acid [55]
1620 7.15 × 10−1 Free carboxyl uronic acid [60]
1624 6.89 × 10−1 Free carboxyl uronic acid [60]
1628 7.24 × 10−1 Free carboxyl uronic acid [60]
1632 7.41 × 10−1 Phenolic ring [60]
1636–1648 7.57 × 10−1–6.35 × 10−1 Unknown
1720 6.09 × 10−1 Phenolic ester [57,60]

2.3. INA Priming Induced Quantitative Changes in CW Polysaccharides Not Observed after the
Pph Inoculation

To deepen into the CW changes after the Pph inoculation and the INA priming, the
cellulose content was measured in crude CWs. It should be taken into account that cellulose,
a major CW component, has been described to participate in defense and remodeling [20].
Besides, our results indicate that cellulose contributes to discriminate among treatments
after PCA of FTIR CW spectra (Table 1). Updegraff methodology confirmed that the INA
pre-treatment resulted in an increased crystalline cellulose content in both INA and INA +
Pph plants, which could indicate a CW reinforcement after priming, due to the fact that the
simple Pph inoculation of Mock did not alter the cellulose content significantly (Figure 4).

 
Figure 4. Cellulose content (μg per mg of dry weight CW) of the indicated treatments. Data represent
mean ± SE (n = 3). Statistical analysis was carried out by one-way ANOVA where letters indicate
differences by Tukey test (p < 0.05).

In order to explore the possibility of a CW reinforcement occurring after INA priming,
a sequential CW extraction of matrix polysaccharides was performed. During the CW frac-
tionation, pectic polysaccharides are commonly extracted in CDTA and Na2CO3 fractions,
while hemicelluloses are mainly extracted by incubation with different alkali (normally
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KOH or NaOH) concentrations, which extract hemicelluloses slightly (KI fraction) and
tightly (KII fraction) bound to cellulose and/or cross-linked (Cosgrove, 2018). The follow-
ing fractions recover polysaccharides tightly bound to cellulose (SnCR) and amorphous
cellulose (TFA) [61], respectively.

The Pph inoculation only had an effect in pectic fractions, producing an increment of
neutral sugars and uronic acids in CDTA fraction as well as an increment of uronic acids in
Na2CO3 fraction compared to mock (Figure 5). However, the INA pretreatment produced
dramatic changes in the neutral sugar distribution, by decreasing its content in CDTA,
Na2CO3 and SnCR fractions, and significantly increasing it in TFA fraction (Figure 5A).
The uronic acid content diminished in CDTA by INA pretreatment, but increased in pectic
(Na2CO3) and hemicellulosic (KII) fractions, as well as in the SnCR fraction (Figure 5B).
These results show a clear shift of polysaccharides from the CDTA fraction to others where
extracted polymers were linked to the matrix more strongly, thus suggesting changes in
their composition and/or structure. Interestingly, these CW changes observed in INA were
similarly observed after the Pph inoculation (INA + Pph).

Figure 5. Biochemical composition of CW fractions from Mock, Mock + Pph, INA and INA + Pph
inoculated common bean plants: (A) neutral sugars and (B) uronic acid content. Data represent
mean ± SE (n = 3). Statistical analysis was carried out by one-way ANOVA where letters indicate
differences by Tukey test (p < 0.05).
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Thereafter, the fractions were subjected to acid hydrolysis, and neutral sugar composi-
tion was determined by gas chromatography (Figure 6). After the INA pretreatment, no
neutral sugars were detected in CDTA and Na2CO3 fractions, probably due to an incre-
ment in the uronic acid to neutral sugar proportion in these fractions (Figure 5), which
makes the neutral sugar quantification difficult [62]. In these pectin-enriched fractions
(Figure 6A,B), the Pph inoculation produced increments in rhamnose (Rha) and arabinose
(Ara) concentrations, most likely arising from RG-I. Additionally, Ara and galactose (Gal)
also increased in SnCR and TFA fractions in Mock + Pph (Figure 6E,F), pointing also to an
enrichment in arabinogalactans.

Figure 6. Monosaccharide analysis from different CW fractions: CDTA (A), Na2CO3 (B), KI (C), KII (D), SnCR (E), and TFA
(F) of Mock, Mock + Pph, INA, and INA + Pph common bean plants. Monosaccharides are referred as Rha: rhamnose, Fuc:
fucose, Ara: arabinose, Xyl: xylose, Man: mannose, Gal: galactose and Glc: glucose. Data represent mean ± SE (n = 3).
Statistical analysis was carried out by t-student for Figure A and B, and by one-way ANOVA for Figure C to F where letters
indicate differences by Tukey test (p < 0.05). Asterisks refers to non-detected monosaccharides.

In the INA pretreatments a displacement of Rha, Ara, xylose (Xyl), Gal, and glucose
(Glc) monosaccharides, from KI, KII, and SnCR fractions to the TFA fraction, was observed
(Figure 6C–F), indicating that the polysaccharides implicated in the CW remodeling after
priming could be RG, XG, and/or xylans, more tightly linked to the matrix. A decrease
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in the mannose (Man) content was observed in KI and SnCR fractions after the INA
pretreatments compared with Mock. In addition, the Glc increase found in the TFA fraction
after the INA pretreatment (Figure 6F) could be related with the higher cellulose content
found in crude CWs for those conditions (Figure 4) or even to an increment in other
beta-linked-glucans able to reinforce the CW structure such as callose [63,64].

Finally, when plants were inoculated with Pph after priming (INA + Pph), no substan-
tial changes were observed compared with INA, except an increment in Gal and Glc in KI
(Figure 6C), and in Ara, Xyl, and Glc in KII fractions (Figure 6D), which could derive from
hemicelluloses

2.4. INA Priming Increased the Average Molecular Weight of Polysaccharides in All CW Fractions

Additional information about relative mass distribution and average molecular weights
(Mw) of polysaccharides in the CW matrix was obtained by gel permeation chromatog-
raphy [65] (Figure 7). Mock + Pph involved a Mw increase of all fractions compared to
Mock (Figure 7), except in KII, being the most notorious increase in the Na2CO3-pectic
fraction (Figure 7B), where polysaccharide dispersion was higher. Interestingly, the INA
pretreatment was always associated with a remarkable increase in the estimated Mw of
all polysaccharide populations analyzed. This shift was particularly noticeable in hemi-
cellulosic fractions in which a 14-fold (KI fraction) and 6.5-fold increase (KII fractions)
was found (Figure 7C,D). In these cases, INA + Pph had nearly negligible impact on Mw
compared to INA. These results obtained after INA priming pointed to the possibility
of CW remodeling by an extensive polymer cross-linking. Interestingly, the elution pro-
file shown two populations of polysaccharides after the INA pretreatment in fractions
CDTA (Figure 7A), KI (Figure 7C) and KII (Figure 7D): (i) relative to lower Mw, which
corresponded with Mock and Mock + Pph population, and (ii) of higher Mw, that did not
appear in those not treated with INA.
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Figure 7. Relative mass distribution profiles of CDTA (A), Na2CO3 (B), KI (C), and KII (D) fractions extracted from CWs
of Mock, Mock + Pph, INA and INA + Pph. 0 and 1 Kav were assigned to blue dextran and sucrose markers, respectively
(indicated with arrows). The average molecular weight in kDa (Mw) obtained by Kav(1/2) method is shown inserted in boxes.

2.5. Qualitative Epitope Changes in CWs Produced by the Pph Inoculation and INA Priming

As the Pph inoculation, as well as INA priming, involved a displacement of polysac-
charides populations extracted across all the fractions (Figures 5 and 6), and the increment
in Mw of these polysaccharides (Figure 7), an epitope characterization analysis of these CWs
was carried out (Figure 8). Therefore, a screening of CW qualitative changes was performed
by immunodot assays (IDAs) against different CW proteins such as extensins (recognized
by LM1 monoclonal antibody [66]) and arabinogalactan proteins (AGPs, recognized by
LM2 [9]). HGs with different degree and pattern of methyl esterification were screened
by means of JIM5 or JIM7 antibodies, which probe to low and high methyl esterified HGs
respectively [67]. The β-1,4-galactan and α-1,5-arabinan side chains of RG-I were also
probed by using LM5 or LM6 antibodies, respectively [9]). In addition, hemicellulose
epitopes were analyzed with LM11, which detects xylans and AXs [68]), and LM15, which
labels non-fucosylated XG [69]).

The upper side of the heatmap shows the relationship among antibodies binding
profiles. Xylan/arabinoxylan (LM11) and extensin (LM1) antibodies clustered together
(cluster A) and had less CW epitopes than pectic and hemicellulosic antibodies, which
clustered in the other group (cluster B). Within group B, HG antibodies (JIM5 and JIM7)
had the more intense binding profile (cluster B.1), while RG-I (LM5 and LM6), XG (LM15),
and AGP (LM2) antibodies grouped in an independent sub-cluster (B.2).

Attending to the left part of the heatmap, two clusters were observed: cluster C, which
included different fractions from INA-pretreatments (INA and INA + Pph), and cluster
D, in which Na2CO3, KI, and SnCR fractions from Mock and Mock + Pph plants were
included. Interestingly, Na2CO3 and KI fraction always grouped together although in
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different clusters depending on the treatment (cluster C.1a for INA and INA + Pph, and
cluster D for Mock and Mock + Pph), whereas CDTA and KII fractions were clustered inde-
pendently in cluster C.1b and cluster C.2, respectively. The clustering analysis after IDAs
revealed a similar epitope profile for CDTA and 4N KOH (KII) extracted polysaccharides
independently of the treatment. Besides, INA and INA + Pph linked to a differentiated
labelling pattern in Na2CO3 and 0.1N KOH (KI) extracted polysaccharides when compared
to Mock or Mock + Pph. As expected, in Mock plants the pectin fraction extracted with
CDTA was enriched in HG with high and low degree of methyl esterification (JIM7 and
JIM5) and RG-I (LM5 and LM6), but also non-fucosylated XG and AGPs were found.
Mock + Pph produced only a slight increase in HG methylation degree (JIM7) in the CDTA
fraction. However, INA and INA + Pph also increased the presence of extensins (LM1) and
AGPs (LM2), and decreased galactan side chains of RG-I (LM5) and XG (LM15) epitopes,
mainly in INA + Pph.

In Mock, CW polysaccharides extracted in Na2CO3 and KI fractions were enriched in
RG-I (LM5 and LM6), HG (JIM5 and JIM7), XG (LM15) and AGPs (LM2), but the Na2CO3
fraction had only a small proportion of extensin epitopes (LM1), and KI had only a small
proportion of xylan epitopes (LM11). Mock + Pph did not substantially change the epitope
distribution in Na2CO3 and KI fractions. However, the epitope profile of these fractions
dramatically changed after INA pretreatment, mainly due to the increase in extensin
(LM1) and HG (JIM5 and JIM7) epitopes, especially in the Na2CO3 fraction after the Pph
inoculation (INA + Pph).

The KII fraction was mainly composed of XG (LM15) and xylans (LM11) in Mock,
although HG (JIM5 and JIM7), RG-I (LM5 and LM6) and AGP (LM2) epitopes were
also detected. Mock + Pph itself did not substantially affect this profile, but the INA
pretreatment produced a pectin increment, mainly HG with a high degree of methylation
(JIM7) and RG-I (LM5 and LM6) and an increase in extensin epitopes.

Finally, the SnCR fraction was more variable in composition depending on the treat-
ment. In Mock, SnCR was composed of pectins (RG-I and HG), hemicelluloses (XG and
Xylans), and AGP. However, in Mock + Pph a decrease in hemicellulosic (LM11 and LM15)
and HG (JIM5 and JIM7) epitopes was observed. The composition of this fraction was
also different between INA pretreatments. The INA pretreatment increased, as in other
fractions, the presence of HG (JIM5 and JM7) and extensin (LM1) epitopes, but the Pph
inoculation (INA + Pph) also increase the abundance of hemicellulose (LM15) and AGP
(LM2) epitopes compared to Mock.
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Figure 8. Heatmap of data obtained from IDAs of fractioned CW from Mock, Mock + Pph, INA and INA + Pph conditions.
The value assigned from 0 to 5, depending on the marked dilution after development, is represented in a color key for the
5 levels. Fractions of each treatment are clustered in the horizontal axis, while monoclonal antibodies are clustered in the
vertical axis. For easy visualization, the next clusters were established with respect to antibodies clusterization: cluster
A, grouping LM1 and LM11; cluster B, divided into B.1, containing JIM5 and JIM7, and B.2, where LM5, LM6, LM2 and
LM15 were included. Regarding fractions and treatments, the clusters obtained were: cluster C, divided into C.1a (relative
to Na2CO3 and KI fraction of INA treatments), C.1b (where all CDTA fractions were located), and C.2, with KII fractions
mostly; cluster D, relative to Na2CO3 and KI fraction but of Mock and Mock + Pph.

2.6. INA Priming Prevented Enzymatic Digestibility of CWs

The CW changes observed after the Pph inoculation, and especially after the INA
priming, demonstrated CW remodeling events. In order to know whether such CW
remodeling confers more resistance to pathogen attack, especially taking into account that
Pph is able to produce CWDE, a time course of sugar release after enzymatic hydrolysis
of crude CWs was carried out (Figure 9). In this assay, no significant differences were
found when both, sugar yield and sugar release kinetics obtained from Mock + Pph and
Mock CWs were compared. However, INA pre-treatments induced a slower release of
total sugars during the first half of the time course. Samples from INA + Pph did not
reach sugar release levels of Mock after 24 h. In summary, the INA priming induced a CW
reinforcement, making the structure more resistant to enzymatic hydrolysis.
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Figure 9. Time course of sugars released by enzymatic hydrolysis of CWs extracted from Mock, Mock
+ Pph, INA and INA + Pph conditions. Data represent mean ± SE (n = 3). Statistical analysis was
carried out by two-way ANOVA where letters indicate significant differences by Tukey test (p < 0.05).

3. Discussion

In nature, plants must overcome multiple stresses, such as those induced by pathogens,
by activating several defense mechanisms. The CW is the first plant defensive layer against
intruders. Plants are able to rearrange this structure on demand at different developmental
stages. The CW can be reinforce by modifying the proportions of its main components,
and/or by changing the type and extent of cross-linking among CW polymers [4]. To gain
insight into the pathogen and priming capacity to reinforce the CW, the remodeling of CWs
after the Pph inoculation and INA priming in the Pph-susceptible common bean variety
Riñón was studied in this work.

Previous studies have suggested the ability of INA, as a SA structural analogue, to
trigger the immune system in common bean [40,42,49]. To confirm the priming activation
in Riñón common bean, plants of this variety previously treated or not with INA were
inoculated or not with Pph (Supplementary Figure S1). By following that approach, it was
confirmed that plants pre-treated with INA showed less halo blight symptoms [45], as the
chlorosis and greasy appearance observed after the Pph inoculation decreased (Figure 1).
The fact that these symptoms were constrained to damage at the foliar margins confirmed
that INA pretreatment prior to the Pph inoculation protected Riñón bean plants from halo
blight disease, as it was previously observed in other varieties [42,49]. As priming suggests,
this observation may indicate that cell defensive responses have already been activated,
and consequently, a stronger defensive mechanism is expected [37,41]. In order to confirm
such hypothesis, the ROS burst triggered by peptide flg22 [70] was evaluated in bean
leaf disks previously incubated or not with INA. As shown in Figure 2, a more intense
ROS signal after flg22 triggering was detected in those plant disks previously treated with
INA, which was in line with the priming concept, as it primed the plant cells to develop a
more vigorously defense response somehow [71–74]. Ramirez-Carrasco et al. (2017) [42]
proposed that this SA analogue produces epigenomic changes in bean that can even be
inherited [43,49].

The presence of a CW that shields plants from pathogen invasion is a common resis-
tance mechanism to disease among all plant cells. Several recent works have demonstrated
a more relevant role of the CW than initially expected mediating such resistance. Most of
them have focused on the study of mutants with a great variety of CW alterations, which
have resulted in differential resistance or susceptibility against plant pathogens [4,20].
Other works have studied the role of elicitation with conserved CW-derived molecules
from the pathogen, or from the plant itself, which once perceived the pathogen and trig-
gered different immune responses [75,76]. However, the knowledge about CW remodeling
after immune priming or bacterium infection is scarce. Here, we studied whether Pph
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inoculation and/or INA priming in common bean could promote a CW remodeling which
would end up in the enhanced protection against halo blight disease, as shown in Figure 1.

The study of CW remodeling in this work began with the non-invasive technique FTIR
spectroscopy of crude CWs, which resulted in the discrimination of FTIR spectra of Mock +
Pph, INA and INA + Pph samples from the Mock samples (Figure 3). Dimension 2 of the
PCA applied, which explained almost 30% of variance, was mainly related to wavenum-
bers associated with pectins, cellulose, and phenols (Table 1). The subsequent analysis
of the polysaccharide content revealed changes in the amount of cellulose (Figure 4), ma-
trix polysaccharide distribution (Figure 5), monosaccharide composition (Figure 6), and
changes in the inmunoprofile of pectins (Figure 8).

When bean plants were inoculated with Pph, no statistical differences were found in
cellulose content (Figure 4), in contrast with previous findings from other pathosystems [3].
However, our results point to both quantitative and qualitative changes in pectins and hemi-
celluloses after the Pph inoculation (Figures 5 and 6). The total amount of pectins (CDTA
and Na2CO3 extracted polysaccharides) increased upon the Pph inoculation (Figure 5).
Indeed, the higher HG methylation degree observed, as revealed by immunolabeling in
these fractions (Figure 8), would suggest a HG synthesis increase after the infection, as
HG methyl-esterification only occurs in Golgi apparatus [77–79], and/or a decrease of
pectin methyl esterase activity after the Pph infection, as this is altered in other pathosys-
tems [27,80]. Besides, the Ara and Xyl variation in the KII fraction suggest an increment of
AX in tightly cross-linked hemicelluloses. The Mw of pectins (particularly those Na2CO3
extracted) and loosely crosslinked hemicelluloses (KI fraction) raised after the Pph inocula-
tion. A putative increase in the length and/or number of arabinan and galactan side chains
of RG-I was also reported.

Several studies show how plants modify their pectin methylation degree or sub-
stitution pattern in order to avoid microbe colonization [78,81]. It is well-described
that HG demethylation, as it is necessary to establish links between HG chains through
Ca2+ bonds to form the denominated egg-box complexes [82], participate in biotic resis-
tance [30,31]. This type of link could explain the Mw increase observed for pectic fractions
(Figure 7) [83,84]. These changes in pectic polymers could be not enough as defensive
mechanisms, as it was observed phenotypically (Figure 1). In fact, the CW degradability
profile was similar in Mock + Pph and Mock (Figure 9). Pph is characterized, as other
pathogenic microbes, by the production of CWDE that are released in the apoplast, similar
to those used in the CW degradability assay [4,48]. This could be an explanation to the
symptoms observed caused by the disease.

The Glc increase in the TFA fraction may reflect the accumulation of non-crystalline
cellulose after the INA treatment (Figure 4). INA, as structural SA analogue, could stimulate
cellulose synthesis. This polysaccharide is precisely regulated by growth factors, and
previous studies have suggested the relation between SA and cellulose accumulation [85].

Alternative explanations for the Glc increase in the TFA fraction would be the accumu-
lation of callose and/or the enrichment in a XG population tightly bound to cellulose. Both
explanations seem plausible as the protective role of callose against Pph attack [86] and
the function of XG by strengthening CW structure [63,64] have been previously reported.
The CW fractionation of plants pre-treated with INA showed a noticeable displacement of
matrix polysaccharides among fractions.

Regarding Mock and Mock + Pph conditions, neutral sugars were barely detected
in CDTA and Na2CO3, decreased in SnCR, and increased in TFA (Figure 5). Specifically,
the displacement of monosaccharides to the TFA fraction would suggest that RG-I, XG
and xylans are the polysaccharides involved (Figure 6). A similar displacement from
CDTA to Na2CO3, KII and SnCR could have occurred regarding uronic acids (Figure 5B).
These changes indicated that polysaccharides become strongly attached to the matrix.
Moreover, marked changes in polysaccharide size (Figure 7) and inmunoprofile in epitopes
for each fraction (Figure 8) would suggest INA-dependent changes in the CW structure.
The increase in glycan Mw observed for all fractions in INA treatments compared to
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Mock (Figure 7) could be explained by changes in cross-linking detected in CW epitopes
(Figure 8), which is interesting when the sugar content decreased in CDTA and did not
change in KI and KII (Figure 5). Galactan or arabinan side chain substitutions in RG-I
decreased in CDTA but increased in Na2CO3 after the INA pretreatments. Additionally,
AGPs or XG diminished after the priming, but all fractions obtained from plants pre-treated
with INA showed an increment in HG and extensin epitopes (Figure 8). As being part of
the same molecule [87,88], the changes observed in RG-I could have indirectly rendered a
HG more attached to the matrix and, consequently, the detection of HG in fractions such as
KI and KII, in which the presence of pectins is not usually abundant [89,90].

The more distinctive fact of CW fractions from INA treatments compared with those
obtained from Mock and Mock + Pph CWs, was the increment in extensin epitopes,
which could participate in matrix remodeling, maintaining the plasticity. Extensins are
hydroxyproline-rich glycoproteins which interact with other CW components such as
pectins, participating in the architecture, the structural organization and the strengthen-
ing of the CW [91–93]. Therefore, these proteins are involved in polysaccharide cross-
linking [92,93]. Interestingly, extensin overexpression produces a decrease in the suscepti-
bility of Arabidopsis to Pseudomonas syringae DC3000 [94]. In line with this, Arabidopsis
plants with a reduced wall-extensin content are less resistant to Botrytis [26]. In addition,
it is well known that some extensin genes are induced in Arabidopsis and Nicotiana by
SA [95–97], and INA, as a SA analogue, could produce a similar effect in bean.

Taken together, all these changes suggest a remodeling of the CW architecture, which
was finally confirmed by the enzymatic digestion assays, as CWs extracted from plants
treated with INA showed a higher resistance to enzymatic hydrolysis (Figure 9). These
differences, which were especially noticeable at early times, could be explained, at least
partially, by a CW reinforcement after priming. The inoculation of the pathogen after
the INA priming meant slight CW modifications, which was also reflected in a similar
CW degrading profile upon enzymatic digestion. As previously reported [98], the CW
cross-linking and strengthening could hamper pathogen CWDEs activity and confer biotic
resistance, which would explain the slight lesions produced by halo blight after the INA
pre-treatment in this variety (Figure 1). INA pre-treated plants were more resistant to Pph,
and showed small necrotic spots, which resembled those produced during the HR response
(Figure 1D). In resistant plant species, SA accumulates in the infection site at early stages
of the immune response, which leads to HR [99]. However, previous studies showed that
Riñón variety was not able to produce the early SA peak required after the Pph attack to
induce HR [47]. Therefore, INA could replace the role of SA by increasing the defense
signal at early stages after Pph infection in this variety.

To summarize, the Pph inoculation modified the common bean CW to a much lower
extent than INA-priming. It did not involve an increase in cellulose content, but increased
pectins (HG and RG) in pectic fractions and hemicelluloses (AX) in KII fraction. The
Mw of polysaccharides increased most of all in Na2CO3 fraction, but the CW was as
vulnerable to enzymatic hydrolysis as Mock. By contrast, INA priming triggered a drastic
CW remodeling, by increasing the cellulose content, displacing the matrix polysaccharides
among fractions, and increasing the Mw of polysaccharides extracted in each fraction. This
could be related to an increment in pectins (HG and RG) and extensins in all fractions,
which supported a more extensive cross-linking that resulted in a CW more recalcitrant to
enzymatic hydrolysis. The Pph inoculation after INA priming did not modify substantially
this CW remodeling and the resultant CW was as resistant to enzymatic degradation as
INA without inoculation. Therefore, INA-priming-phenotypes regarding more intense
ROS production after flg22-elicitation and increased resistance against Pph infection, could
be explained, at least partially, by the CW remodeling observed. Future work to unveil the
specific links between CW remodeling and disease resistance will pave the way to design
novel crop protection strategies based on such knowledge.
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4. Materials and Methods

4.1. Plant Material

Seeds of common bean P. vulgaris L. cultivar Riñón, from the Protected Geographical
Identification La Bañeza-León region (Spain), were sterilized with 70% (v/v) ethanol for
30 s and 0.4% (w/v) NaClO for 20 min, prior to washing with sterile water. Germination
took place under in vitro conditions using glass jars (946 mL of volume) with universal
sterilized substrate (Blumenerde, Gramoflor, made in Germany). Plants were grown in
a growth chamber at 25 ± 2 ◦C with a 16 h photoperiod under a photon flux density
of 45 ± 5 μmol m−2s−1 provided by daylight fluorescent tubes (TLD 36W/830, Philips),
as indicated in De la Rubia et al. (2021) [47].

4.2. Bacterial Strain and Growth Conditions

Pseudomonas syringae van Hall 1902, CECT321 (Pph) was grown for two days at 30 ◦C
on liquid King’s B (KB) medium at 220 rpm. For infection experiments, a final concentration
of 108 CFU/mL Pph was used. The Pph solution for inoculation was prepared by removing
the media by centrifugation and resuspending in the same volume of sterile water, as
indicated in De la Rubia et al. (2021) [47].

4.3. Elicitation, Pathogen Inoculation, and Sample Preparation

Leaves from common bean plants at V1 stage (with two cotyledonary leaves ex-
panded, but not the true leaves developed) were sprayed with 2 mL per leaf of 100 μM
2,6-dichloropyridine-4-carboxylic acid (INA, Alfa Aesar, LOT: 10160271) (INA) or sterile
water (Mock), as described in Martínez-Aguilar et al. [49]. After 7 days, some plants
previously treated or not with INA were sprayed with 2 mL of the Pph solution on foliage
leaves, resulting in Mock + Pph and INA + Pph treatments. All plants were grown for
7 more days and then the foliage leaves of 10 plants per treatment were collected and
homogenized with liquid nitrogen to form a pool for each condition. All pools were stored
at −80 ◦C until their use. Three complete independent experiments (n = 3) were performed
(see Supplementary Figure S1A).

4.4. Reactive Oxygen Species Detection

The ROS production was determined in V1 plants leaf disks using the luminol as-
say [100] in a Multi-Detection Microplate Reader Synergy HT (BioTek). Leaf disks were
transferred to a multi-well plate (see Supplementary Figure S1B), containing 200 μL water
or 100 μM INA, and they were incubated overnight. Afterwards, the previous solution
was removed, and 100 μL per well of a solution containing 20 μM luminol L-012 (Wako)
and 100 μg/mL peroxidase from horseradish type VI.A (Sigma, P6782) were added, and
incubated in the dark for 30 min. Then, the reactions were started by adding 100 μL of
water (Mock condition) as negative control, 100 μL of 2 μM flg22 (flg22 condition) as
positive control, 100 μL of 200 μM INA (INA condition), and 100 μL of 2 μM flg22 to
those disks previously incubated overnight with 100 μM INA (preINA + flg22). The ROS
production, measured as relative luminescent units (RLUs), was measured over 90 min,
with an integration time of 0.6 s. Data shown represent mean ± SE from one representative
experiment of three independent ones performed with similar results (see Supplementary
Figure S1A). The total areas under the kinetic curves were integrated, and the resulting
values were statistically analyzed by One way ANOVA (p < 0.05), post hoc Tukey test.

4.5. Cell Wall Isolation

The plant material (a pool of foliage leaves of 10 plants for each replicate) was pow-
dered by homogenizing the samples in liquid nitrogen with a mortar and pestle. Three g of
fresh weight powder were then treated with 50 mL 70% ethanol (v/v) for 24 h, centrifuged
to remove the supernatant (×2), and then incubated with 50 mL 80% acetone (v/v) for
24 h (×2). The insoluble residues were incubated with 50 mL 2.5 U mL−1 α-amylase
(Sigma type VI-A) in 0.01 M phosphate buffer pH 7.0 for 24 h at 37 ◦C (×2). Then, the
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remaining pellets were treated with 50 mL phenol-acetic acid-water (2:1:1 v/v/v) for 16 h
at room temperature, with a change of solvents after 8 h of incubation. Finally, 50 mL 70%
ethanol (v/v) (×3) and 50 mL 100% acetone (v/v) (×3) were sequentially added to wash
the samples, and the final air-dried residues were considered CWs [61].

4.6. FTIR Spectroscopy

Crude CWs were used to obtain the FTIR spectra using a Jasco 4700 instrument (Tokyo,
Japan). The average FTIR spectra (n = 10), from 800 to 1800 cm−1, were normalized and
baseline-corrected with an ATR module of 4 cm−1 resolution, using Spectra Manager
version 2 (2016) software by Jasco corporation (Tokyo, Japan). A Principal Component
Analysis was carried out from normalized spectra with R [101], and visualized with the
FactoMineR package [102].

4.7. Sequential Polysaccharide Extraction

The sequential polysaccharide extraction followed the protocol previously described
by Rebaque et al. (2017) [61] with slight modifications. Crude CWs (10 mg CW/mL)
were treated with cyclohexane-trans-1,2-diamine-N,N,N′,N′,-tetraacetic acid sodium salt
(CDTA) at pH 6.5 for 8 h. After centrifugation, the pellets were washed with distilled
water. The residues obtained were treated with 0.05 M Na2CO3 + 0.02 M NaBH4 and
washed with distilled water, to obtain the Na2CO3 fractions. The residues obtained after
centrifugation were then incubated in 0.1 N KOH + 20 mM NaBH4 for 8 h, and washed
with distilled water, obtaining the KI fractions. For the KII fractions, the remaining pellets
were treated with 4 N KOH + 20 mM NaBH4 for 8 h and washed with distilled water. KI
and KII fractions were acidified to pH 5.0 with pure glacial acetic acid, and after that, the
samples were agitated and centrifugated. Water was added to the pellets obtained after KII
fraction, and then were acidified to pH 5 by adding pure glacial acetic acid. The extracts
and their respective washings were combined. After its centrifugation, the supernatants
were collected to form the Supernatant-Cellulose Residue (SnCR) fractions. The remaining
residues were hydrolyzed with 3 mL 2N trifluoroacetic acid (TFA) for 2.5 h at 120 ◦C,
centrifuged, and clarified supernatant was referred as TFA fraction.

4.8. Cell Wall Sugar Content Analysis

The cellulose content of CWs was quantified by the Updegraff method [103], under
the hydrolytic conditions described by Saeman, [104], using glucose as standard.

The total sugars and uronic acids were determined by the phenol-sulfuric acid
method [105], and the m-hydroxydiphenyl method [106], using D-glucose and galac-
turonic acid as reference, respectively. For the neutral sugar estimation, the values for total
sugars and uronic acids were subtracted.

For the neutral sugar composition, samples from each fraction were hydrolyzed with
2 N TFA for 1 h at 121 ◦C, which resulted in monosaccharides that were derivatized
to alditol acetates following the method described by Albersheim [107]. Furthermore,
the alditol acetates were quantified by gas chromatography (GC) using a Perkin-Elmer
equipment with a flame ionization detector (GC-FID), using a Supelco SP-2330 column
and a Perkin-Elmer GC-FID, as described in Rebaque et al. (2017) [61]. Inositol was used
as internal control, and monosaccharides L(−)rhamnose (Merck), L(−)fucose (Sigma),
L(+)arabinose (Merck), D(+)xylose (Merck), D(+)mannose (Merck), D(+)galactose (Merck),
and D(+)glucose (Panreac) as standard markers.

4.9. Gel Permeation Chromatography

The CW polysaccharides were size-fractionated by using a sepharose CL-4B column
in a 120 mL bed-volume (1.5 cm diameter) column in pyridine/acetic acid/water (1/1/23
v/v/v) at 0.3 mL/min. The column was calibrated with sucrose and different commercial
dextrans of known relative average molecular weight (Mw) as described by Kerr and
Fry [65]. By using the Kav(1/2) method [65], a calibration curve was obtained (log Mw =
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−5.333 Kav(1/2) + 8.103). V0 and Vi (Kav 0 and 1) were defined by dextran blue (2000 kDa)
and sucrose, respectively. Then, the polysaccharides were loaded into the column at a
concentration of 100 μg/mL, and the total sugars were estimated for each fraction. The
nominal Mw for each fraction was determined (nominal rather than absolute due to the
conformational differences between dextran standards and CW polysaccharides).

4.10. Immunodot Assays

IDAs were carried out as described by García-Angulo et al. (2006) [89]. The refer-
ence compounds were commercial pectin (P41) and arabic gum. Monoclonal antibodies
(mAbs) LM1, LM2, JIM5, JIM7, LM5, LM6, LM11, and LM15 were used with mung bean
as standard. The reference compounds, as well as samples of fractions, were diluted
1/5, five times. Then aliquots of 1 μL from each dilution were spotted on nitrocellulose
membranes. After drying, the membranes were blocked with 0.14 M NaCl, 2.7 mM KCl,
7.8◦ mM Na2HPO4.12H2O and 1.5◦ mM KH2PO4, pH 7.2 (PBS), with 4% fat-free milk
powder, during 1.5 h at room temperature and incubated in primary antibody (hybridoma
supernatants diluted 1/10). After washing the membranes, they were incubated in sec-
ondary antibody (antirat horseradish peroxidase conjugate, Sigma) diluted 1/1000, during
1.5 h at room temperature. The color was developed with 25 mL deionized water, 5 mL
methanol with 10 mg mL−1 4–chloro–1–naphtol, 30 μL 6% (v/v) H2O2, and stopped by
washing the membranes. A value ranging from 0 to 5 was assigned depending on the
number of colored spots that were shown after developing the membranes as described in
De Castro et al. (2014) [108]. As it corresponded with dilutions, this was used to establish a
semiquantitative scale which was processed in a Heatmap, and clustering was performed
with R [101].

4.11. Cell Wall Degradability

The CW degradability was assayed on 5 mg of crude CWs hydrolyzed with a cocktail
of hydrolytic enzymes, containing 1% macerozyme (R10, from Rhizopus sp., Duchefa, EC
number 232-885-6), 1% driselase (from Basidiomicetes, Sigma, EC number 286-055-3), 1%
cellulase (Onozuka R10, from Trichoderma viride, Phytotechnology Laboratories, EC number
3.2.1.4), and 1% endo-polygalacturonase (M2, from Aspergillus aculeatus, Megazyme, EC
number 3.2.1.15), in 20 mM sodium acetate (pH 4.8) (Fornalé et al., 2012). Samples were
incubated at 37 ◦C by shaking. Aliquots of the CW hydrolysate were collected at different
times, and 10 μL of 99% formic acid (Panreac) was added to stop the enzymatic digestion.
The total sugars were quantified by the phenol-sulfuric method [105].

4.12. Statistical Analyses and Software

Results were represented using GraphPad Prism 6, GraphPad Software (La Jolla,
California USA; www.graphpad.com), while the statistical analyses were performed with
SPSS software (IBM Corp. Released 2017. IBM SPSS Statistics for Windows, Version 25.0.
Armonk, NY: IBM Corp). Data normality was checked firstly by Kolmogorov-Smirnov test.
The ROS and CW polysaccharide and monosaccharide quantification were analyzed by one-
way ANOVA with a Tukey post-test to evaluate the differences between treatments. Data
on digestibility were analyzed by a two-way ANOVA with a Tukey post-test. Results were
significantly different considering p < 0.05. As mentioned above, the PCA and Heatmap
were analyzed with R [101].

Foliar lesion areas were quantified using imageJ software [109].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants10081514/s1, Figure S1: Experimental design. (A) Seeds of common bean P. vulgaris
L. cultivar Riñón were grown in vitro. Leaves from common bean plants at V1 stage were sprayed
with 2 mL of 100 μM INA (INA condition) per leaf or with sterilized water (Mock condition). After
7 days, some plants previously treated or not with INA were sprayed with 2 mL of the Pph solution
on foliage leaves, resulting in INA + Pph and Mock + Pph treatments. All plants were grown for
7 days more and then, the foliage leaves of 10 plants per treatment were collected. The experiment
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was repeated three independent times (n = 3). Afterwards, CWs were isolated, fractionated and their
components analyzed by means of different techniques. (B) The ROS production was determined
in V1 plants leaf disks. The reactions were triggered by adding 100 μL water (Mock condition) as
negative control, 100 μL 200 μM INA (INA condition) as negative control for toxicity, 100 μL 2 μM
flg22 (flg22 condition) as positive control, and also 100 μL 2 μM flg22 to those disks previously
incubated overnight with 100 μM INA (preINA+flg22) as experimental condition. The experiment,
with 8 plants assayed, was repeated three independent times (n = 3).
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Abstract: Plant β-glucanases are enzymes involved in the synthesis, remodelling and turnover of cell
wall components during multiple physiological processes. Based on the type of the glycoside bond
they cleave, plant β-glucanases have been grouped into three categories: (i) β-1,4-glucanases degrade
cellulose and other polysaccharides containing 1,4-glycosidic bonds to remodel and disassemble the
wall during cell growth. (ii) β-1,3-glucanases are responsible for the mobilization of callose, governing
the symplastic trafficking through plasmodesmata. (iii) β-1,3-1,4-glucanases degrade mixed linkage
glucan, a transient wall polysaccharide found in cereals, which is broken down to obtain energy
during rapid seedling growth. In addition to their roles in the turnover of self-glucan structures, plant
β-glucanases are crucial in regulating the outcome in symbiotic and hostile plant–microbe interactions
by degrading non-self glucan structures. Plants use these enzymes to hydrolyse β-glucans found
in the walls of microbes, not only by contributing to a local antimicrobial defence barrier, but also
by generating signalling glucans triggering the activation of global responses. As a counterpart,
microbes developed strategies to hijack plant β-glucanases to their advantage to successfully colonize
plant tissues. This review outlines our current understanding on plant β-glucanases, with a particular
focus on the latest advances on their roles in adaptative responses.

Keywords: β-glucanases; β-glucans; cell wall polysaccharides; plant development; environmental stress

1. Introduction

The plant cell wall is a dynamic composite structure with diverse functions including
mechanical and structural support for plant growth, compartmentalization of specialized
cells, and the integration of cell-to-cell communication and interactions with the envi-
ronment [1,2]. Given these essential roles, plants have evolved intricate mechanisms to
assemble, modify, and dismantle the diverse wall components. β-glucans including cellu-
lose, callose, xyloglucan, and mixed-linkage glucan (MLG) are prevalent wall structural
constituents in most plant cell types. These polysaccharides share a backbone composed of
D-glucopyranosyl building blocks linked by β-1,4 and/or β-1,3 bonds, which can contain
additional sidechain substitutions. The abundance, length, and associations of these glucan
structures are modified during development and in response to environmental cues [3,4].
The diversification of glucan structures found in plant walls has been accompanied by
the coevolution of specific hydrolases allowing for their modification/degradation. Plant
genomes encode diverse types of enzymes able to hydrolyse β-glucans. Endo-β-glucanases,
the most abundant type in plants, randomly cleave internal β-D-glucosidic linkages in
the glucan backbone, while exo-β-glucanases act processively on both ends of the glucan
chain, releasing oligosaccharides. Finally, β-glucosidases hydrolyse terminal β-D-glucosyl
residues releasing β-D-glucose. These enzymes can be further classified in many ways
depending on the reaction mechanism used, the chemical reaction they catalyse, or amino
acid sequence-related aspects. Based on common amino acid sequences and protein fold
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structures, β-glucanases are typically distributed in multiple glycoside hydrolase (GH) fam-
ilies according to the classification of Carbohydrate-Active enZymes (CAZy) [5]. Frequently,
Enzyme Commission (EC) number(s) are also used to designate the biochemical reaction(s)
catalysed by these proteins [6]. Depending on the glycoside bond they hydrolyse, three
main types of β-glucanases can be found in plants: β-1,4-glucanases, β-1,3-glucanases and
β-1,3-1,4-glucanases.

1,4-β-glucanases are enzymes able to hydrolyse the 1,4-glycosidic bond between
two contiguous D-glucopyranose units (Figure 1). This bond is found in the structure
of cellulose, the most abundant polysaccharide in plant walls. 1,4-β-glucanases, initially
termed “cellulases”, include several types of enzyme activities needed to degrade cellulose,
such as endoglucanases (EC 3.2.1.4), cellobiohydrolases (EC 3.2.1.91), and glucosidases
(EC 3.2.1.21) [7–9]. Plant cellulases are classified in the GH9 family [5,10]. Although most
of them exhibit only limited activity on crystalline cellulose, they are able to hydrolyse
amorphous regions of cellulose and soluble cellulose derivatives such as carboxymethyl
cellulose. There is some evidence suggesting that these enzymes are also able to cleave
other non-cellulosic polysaccharides containing contiguous (1,4)-β-glucosyl residues in
their backbone, including MLG, xyloglucan, and glucomannan, although characterization
of the hydrolytic activities on different substrates has been limited to a handful of plant
GH9 proteins [11]. GH9 β-1,4-glucanases have been implicated in several aspects of
cell wall metabolism in higher plants, including cellulose biosynthesis and degradation,
modification of the association of cellulose microfibrils with other wall polysaccharides, or
wall loosening during cell elongation [12–14].

The term β-1,4-glucanase includes additional enzyme activities such as those involved
in the hydrolysis of xyloglucans, heavily xylose-substituted 1,4-β-glucans [15]. Xyloglucan
endohydrolases (XEH; EC 3.2.1.151) cleave the xyloglucan chain, releasing oligosaccharides.
However, some of these enzymes also exhibit transglucosylase activity (XET; EC 2.4.1.207)
being able to covalently link these oligosaccharides onto the non-reducing terminal end
of the glucose moiety of other xyloglucan and cellulose acceptors [16–19]. This group
of enzymes, generally termed xyloglucan endotransglucosylase/hydrolases (XTH) has
important roles in wall polymer rearrangement, polymer integration into the wall, and
cell expansion, and has also been implicated in plant responses towards abiotic and biotic
stresses. Several reviews have recently addressed this transglycosylase class of plant
β-1,4-glucanases [20,21], and they will not be further considered in this review.

β-1,3-glucanases catalyse the hydrolysis of glucans containing contiguous β-1,3-linked
glucosyl residues (Figure 1; [22]). β-1,3-glucanases are responsible for the degradation of
callose in plants, but they can also hydrolyse the β-1,3- and β-1,3-1,6-glucans found in
the walls of intruding fungi [23,24]. They are also called laminarinases, as they are able
to cleave laminarin, a linear β-1,3-glucan displaying occasional β-1,6-branches found in
brown algae [25]. Laminarin and the structurally similar β-1,3-glucans paramylon and
pachyman are usually employed to characterize in vitro activities of those enzymes. Plant
β-1,3-glucanases are classified together with β-1,3-1,4-glucanases in the GH17 family of
glycosyl hydrolases [26].

β-1,3-1,4-glucanases only hydrolyse β-1,4-glucosidic linkages if an adjacent β-1,3-
glucosyl linkage is present towards the non-reducing end of the substrate (Figure 1).
These enzymes are highly specific, and they are not able to hydrolyse β-1,3- or β-1,4-
glucans [8,27,28]. In plants, these enzymes are involved in the degradation of MLG,
a hemicellulosic polysaccharide prevalent in the walls of grass species. β-1,3-1,4-glucanases
are also known as lichenases or licheninases, named after their activity on lichenin (moss
starch), a complex glucan occurring in Parmeliaceae lichens [29,30]. This β-1,3-1,4-glucan
differs from those characterized in grasses in having a much higher proportion of cellotrio-
syl to cellotetraosyl units [31]. In addition, despite having similar substrate specificities,
plant β-1,3-1,4-glucanases have quite distinct amino acid sequences and 3D structures com-
pared with microbial licheninases; thus, the term β-1,3-1,4-glucanase will be used [8,32,33].
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Figure 1. Activity of the three types of β-glucanases found in plants and their main physiological
substrates. (1,3)- and (1,4)-β-glycosidic linkages are depicted as 3 and 4, respectively. Arrows indicate
the glycosidic linkage hydrolysed in each case.

This review will encompass the evolutionary relationships, classification, and bio-
logical roles proposed for the following three types of plant endo-β-glucanases (referred
as β-glucanases from here): β-1,4-glucanase (“cellulase” EC 3.2.1.4), β-1,3-glucanase (EC
3.2.1.39) and β-1,3-1,4-glucanase (EC 3.2.1.73). The specificities of these enzymes on their
biological β-glucan substrates are shown in Figure 1.

2. β-1,4-Glucanases

2.1. Classification and Evolutionary Origin

Enzymes able to use cellulose as substrate are found in many prokaryotic and eu-
karyotic organisms, including bacteria, fungi, nematodes, animals and plants [34]. How-
ever, the hydrolytic mechanisms used and thus the protein domains involved are dif-
ferent. In plants, a similar number of GH9 β-1,4-glucanases (EC 3.2.1.4) are found in
diverse species such as Arabidopsis (25), poplar (25) barley (22), rice (24) sorghum (23) or
Brachypodium (23) [34–37]. All these plant β-1,4-glucanases harbour a catalytic domain
containing two conserved motifs required for the activity distinguishing GH9 from other
hydrolases [9,38]. In the first motif, a histidine improves the stability of the substrate in the
active site, while in the second motif, an aspartate (the nucleophile base) and a glutamate
(the proton donor) are required for the cleavage of the glycosidic bond [39]. The presence
of additional domains allows one to classify plant GH9 β-1,4-glucanases into three dis-
tinct structural subclasses: GH9A, GH9B and GH9C (Figure 2; [30–32]). In general, the
domain structures and genomic intron–exon organization seem to be conserved in GH9
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subgroups from distantly related plants such as monocots and dicots [36]. In the GH9A
subgroup, the catalytic domain is preceded by a cytosolic N-terminal extension followed by
a membrane-spanning domain that anchors the protein to the plasma membrane and/or to
intracellular organelles. In subgroups GH9B and GH9C, the catalytic domain is instead
preceded by a signal peptide for ER targeting and secretion. Subgroup GH9C members
possess an additional long carboxyl-terminal extension containing a carbohydrate binding
module (CBM49), which can bind cellulose in vitro (Figure 2; [36]).

Figure 2. Topology models of plant β-glucanases. Protein domains and regions are abbreviated as
follows: NTS—N-terminal sequence; GH—core glycosyl hydrolase family domain; CBM—carbohydrate
binding module; GPI—glycosylphosphatidylinisotol-anchor attachment; CTS—hydrophobic C-terminal
sequence; CNT—cytosolic N-terminal extension; SP—secretory signal peptide; TMD—transmembrane
domain. Structure models represented in this figure were built by using the AlphaFold Protein Struc-
ture Database [40,41] with the following Uniprot accessions: GH9A 1,4-β-glucanase (AtGH9A1;
Q38890), GH9B 1,4-β-glucanase (AtGH9B16; Q9SVJ4) and GH9C 1,4-β-glucanase (AtGH9C1;
Q9M995), group I 1,3-β-glucanase (At5g64790; Q9LV98), group II 1,3-β-glucanase (At2g05790;
F4IHD3), group III 1,3-β-glucanase (At2g39640; O48812), group IV 1,3-β-glucanase (At1g77780;
Q9CA16), group V 1,3-β-glucanase (At5g20340; O49353), 1,3;1,4-β-glucanase (ZmMLGH1; B6T391).
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Structural modelling and phylogenetic studies comparing the GH9 family in plant
and non-plant taxa suggest that classes A and B of modern vascular land plants may have
emerged by diverging directly from a common GH9C ancestor [42]. Although evidence is
mostly based on in vitro activities and 3D modelling and should thus be interpreted with
caution, some relationships between the three domain structures and biological functions
have been proposed. The CBM49 domain, exclusive of plant GH9C β-1,4-glucanases, would
confer the ability to digest crystalline substrates in a manner reminiscent from ancestral
non-plant taxa such as bacteria. Subsequent loss of CBM49 during plant evolution and
replacement of the signal peptide by a transmembrane region would have resulted in the
appearance of the B and A classes, respectively. These events would have resulted in the
development of new cellulose editing/modifying functions, where A and B classes would
only be suited to digest amorphous regions of cellulose [42,43].

2.2. Biological Roles

Membrane-bound GH9A β-1,4-glucanases, lacking a CBM49 domain, would partici-
pate primarily in the assembly and repair/editing of cellulose microfibrils during cellulose
biosynthesis in plants. Accordingly, KORRIGAN (KOR) GH9A β-1,4-glucanases are an-
chored to the plasma membrane associated with the cellulose synthase complex (CSC) and
are required for the correct cellulose biosynthesis in both primary and secondary walls [14].
Several KOR genes have been identified in diverse plant species, KOR1 being the best
studied member of this group [12,44]. In vitro, KOR1 is able to hydrolyse amorphous
but not crystalline cellulose [45,46]. KOR1 β-1,4-glucanase activity is required for the
efficient function of the CSC, and kor1 mutations result in CSC intracellular trafficking
defects, reduced cellulose polymerization velocity, and aberrant crystalline cellulose depo-
sition [13,14,47–50]. The precise mechanism is unclear, but it has been hypothesized that
KOR1 would hydrolyse disordered amorphous glucan chains during cellulose synthesis.
This “proofreading” activity might prevent unwanted interactions of microfibrils from ad-
jacent CSCs, ensuring the correct fibril assembly. A second hypothesis is that KOR1 might
cleave cellulose chains to terminate their synthesis once an adequate size is reached and
before the CSC is internalized from the plasma membrane for recycling through endocyto-
sis. A third possibility states that KOR1 is involved in the synthesis of a priming molecule
required for cellulose synthesis initiation [45,51,52]. KOR1 function in cellulose biosyn-
thesis seems to be conserved in several plant species including rice (Oryza sativa), tomato
(Solanum lycopersicon), or Populus sp. [53–56]. Other GH9A genes with different expres-
sion profiles are also involved in cellulose synthesis in specific tissues and developmental
conditions. For example, Populus PtrCel9A6 and PtrGH9A7 are two membrane-anchored
β-1,4-glucanases which seem to regulate cellulose synthesis during xylem differentiation
and lateral root formation, respectively [57,58].

Some defence-related defects have been associated with GH9A misregulation, al-
though given the importance of a correct cellulose deposition in plants, these phenotypes
are likely an indirect consequence of secondary metabolic alterations [55,59]. For example,
the kor1-1 Arabidopsis mutant exhibits increased disease resistance to Pseudomonas syringae
associated with an enhanced production of jasmonic acid, antagonizing the activation of
salicylic acid-mediated defences [59]. Such an altered defence status has been further linked
to an enhanced mycorrhization in KOR1-downregulated Populus deltoides plants [55].

GH9B β-1,4-glucanases are secreted into the apoplast where they have been typically
associated with the wall remodelling in muro. Due to the lack of CMB49, these enzymes
have limited or no hydrolytic activity on crystalline cellulose (Figure 2). Instead, GH9B
could hydrolyse amorphous regions of cellulose involved in the interaction with other
wall polymers altering the mechanical properties and promoting wall loosening or dis-
assembly required in physiological processes such as cell expansion, fruit maturation or
leaf abscission [9,60–65]. Evidence of biochemical activity for this type of enzyme is scarce,
and their biological substrate(s) are usually inferred from indirect evidence. For example,
a fruit-specific expression pattern has been observed for several β-1,4-glucanases in tomato,
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strawberry, avocado or pepper [60,66–68]. Fruits entering the ripening phase stop growing
and tissues start softening, which is linked to wall structural alterations. FaEG1, a secreted
GH9B β-1,4-glucanase, is specifically induced during strawberry ripening (Figure 2; [69]).
Based on compatible cellulose- and xyloglucan-FaEG1 molecular docking simulations, it
was suggested that FaEG1 might function in the disassembly of the cellulose–hemicellulose
fraction during the ripening of strawberry fruit [69].

In tomato, silencing of the SlGH9B2 1,4-glucanase results in an increase in the force
required to detach fruits from the plant [61]. Together with the localized expression
in the abscission zone, it was suggested that SlGH9B2 is involved in wall disassembly
at specific sites of organ detachment. Similarly, Arabidopsis Cel3 and Cel5 GH9Bs are
thought to promote wall loosening required for the detachment of root cap cells during
root development and in response to biotic and abiotic rhizosphere stresses [63–65].

In poplar, it was hypothesized that Cel1 and Cel2 promote leaf growth by hydrolysing
non-crystalline regions of cellulose and by releasing xyloglucans intercalated within the
disordered domains of cellulose microfibrils. This would reduce wall stress, increasing
the accessibility of wall components to additional enzymatic modifications required for
wall restructuring during cell expansion and growth [62,70–72]. Accordingly, overexpres-
sion of the poplar Cel1 1,4-β-glucanase decreases the amount of xyloglucan cross-linked
with cellulose microfibrils, increasing wall plasticity and promoting enlargement of plant
cells [72]. Similarly, overexpression of OsGH9B1 and OsGH9B3 1,4-β-glucanases in rice
results in reduced cellulose crystallinity and degree of polymerization. Although only
slight differences in wall polymer composition, stem mechanical strength, and biomass
yield were observed, GH9B1/3 overexpression enhanced wall enzymatic digestibility likely
caused by an enhanced accessibility due to a more open wall architecture [73].

GH9B 1,4-β-glucanases have also been involved in the maintenance of secondary
wall mechanical strength [74]. GH9B5 is highly expressed during secondary wall devel-
opment in poplar and Arabidopsis. AtGH9B5 t-DNA knock-out mutant walls exhibit
decreased mechanical strength accompanied by reduced xylose and glucose content in the
hemicellulosic fraction, while overexpression of AtGH9B5 using a promoter specific to
secondary wall development led to the opposite phenotype with an increase in cellulose
crystallinity. According to these results, it was proposed that GH9B5 might facilitate the
coating of cellulose microfibrils with xylans during secondary wall formation resulting in
strengthened walls [74]. Unlike other GH9B members, GH9B5 contains a predicted GPI
anchor, thus linking the GH initially to the plasma membrane [75]. Proteomic analyses
are consistent with such an association with the plasma membrane, potentially bringing
GH9B5 in close contact with the CSC (Figure 2; [74,76,77]).

A new role for a selected clade of secreted GH9B β-1,4-glucanases has recently been
proposed in the cell-to-cell adhesion process during grafting and parasitic plant–host inter-
action. Successful grafting requires the adhesion of facing cells at the graft boundary [78].
NbGH9B3 is induced together with other wall remodelling genes in these graft junctions.
NbGH9B3 misregulation results in a significant decrease in the graft success percentage in
multiple inter- and intra-specific grafts [79]. Although the exact substrate involved is still
unknown, it has been proposed that NbGH9B3 might target amorphous cellulose regions
at the graft boundary, promoting cell adhesion and the formation of xylem bridges re-
quired for a compatible graft [79]. The expression of similar GH9B β-1,4-glucanases during
compatible grafting is conserved across other plant species such as soybean (Glycine max),
morning glory (Ipomoea nil), or Arabidopsis, suggesting a common mechanism.

Some parasitic plants seem to use a comparable mechanism to disrupt host cell wall
barriers and develop similar xylem bridges, allowing the parasitic plant to colonize host
tissues. During Phtheirospermum japonicum–Arabidopsis interaction, P. japonicum secretes
the PjGH9B3 ortholog in the periphery of the haustorium in direct physical contact with
the host tissue. As a result, the thickness of the host wall at the interface area between
both parasite and host plant cells is decreased, and xylem bridges are formed, allowing
a successful cell-to-cell adhesion and further colonization [80].
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Alterations in the wall structure caused by GH9Bs have also been involved in the
interaction between plants and microbial pathogens. Arabidopsis GH9B1 and GH9B2 and
their respective tomato homologs are required for the establishment of balanced defence
responses against pathogens with different lifestyles. Although the exact role is unclear, it
has been speculated that a lack of SlGH9B1/2 might modify the structure and properties of
the wall, altering its signalling abilities [81,82].

Expression of specific GH9B β-glucanases has also been associated with a more effi-
cient defensive response against nematode attacks. According to the proposed mechanism,
plants activate the expression of secreted β-glucanases at the nematode feeding site to halt
the infection, likely interfering with pathogen development [83]. For example, AtGH9B
Cel6 is highly expressed during compatible plant–nematode interactions, and ectopic ex-
pression of AtCel6 in soybean roots reduces disease susceptibility to soybean cyst nematode
(Heterodera glycines) and root knot nematode (Meloidogyne incognita) [83].

Some nematodes have acquired the ability to recruit plant β-glucanases to the infection
sites as a way to promote virulence by assisting in the development of giant cells and
syncytia, specialized feeding structures [83,84]. Although the formation of these structures
is different depending on the species, it often involves extensive remodelling of both host
and nematode walls, allowing for cell elongation and the appearance of elaborate ingrowths
aiming to increase the surface area for nutrient uptake [84–86]. Evidence suggests that most
of these wall modifications arise from the action of plant enzymes (e.g., β-glucanases), rather
than enzymes of nematode origin. Expression of GmCel7, a homolog of Arabidopsis Cel2
(GH9B subclass; Figure 2), is highly induced in nematode-infected roots. While suppression
of GmCel7 did not seem to modify the plant wall architecture under normal developmental
conditions, it reduced the amount of feeding structures and mature H. glycines females
present in infected roots by 50% [83]. Although its substrate specificity is unknown, these
results suggest that GmCel7 is required for the full virulence of H. glycines. The specific
induction GH9B and GH9C plant β-glucanases during plant–nematode interactions is well
documented in soybean, tobacco and Arabidopsis, suggesting that the mechanism might
be an extended nematode virulence strategy [83,84,87–89].

CBM49-containing β-1,4-glucanases (GH9C) are thought to be involved in the degra-
dation of crystalline cellulose associated with irreversible wall disassembly such as root hair
emergence or breakdown of the endosperm wall during germination [90–92]. Experimental
evidence shows that the CBM49 domain from the tomato β-1,4-glucanase Cel9C binds
crystalline cellulose substrates in vitro [92]. Upregulation of the Cel9C transcript has been
observed in ripening fruits correlated with irreversible wall degradation. Although the
exact physiological role of SlGH9C1 remains elusive, it could function complimentary with
GH9B β-1,4-glucanases and other wall-degrading enzymes during the fruit ripening phase.

Structural studies on characterised and putative GH9C class enzymes suggest that
CBM49 might be contributing to substrate selection/modification rather than direct hy-
drolysis of crystalline cellulose [43]. Site-directed mutagenesis highlighted the importance
of some aromatic residues in CBM49, contributing to the interaction with the surface of
crystalline substrates [92]. Similar residues in homologous CBMs from non-plant GH9
β-1,4-glucanases are important to discriminate between related ligands such as cellulose,
xylan, or MLG [93–97]. Although cellulose is the likely physiological substrate for GH9C
plant 1,4-glucanases, it cannot be excluded that they are also able to degrade other non-
cellulosic polysaccharides in muro [43,91,92]. Supporting this idea, the catalytic domains
of SlCel9C1 and its rice ortholog show broad substrate specificity and are able to hydrolyse
not only crystalline cellulose but also arabinoxylan or MLG [92,98].

In Arabidopsis, AtGH9C1 knock-down mutants show defects in root hair formation
and delayed germination. AtGH9C1 is primarily expressed in root hair cells and endosperm
cells, two cell types with specialized walls which are fully dismantled during develop-
ment [91]. It is likely that AtGH9C1 hydrolyses cellulose in these wall types to facilitate
wall weakening, although enzyme activity or substrate preference have not been reported.
The presence of the CBM49 domain seems to target AtGH9C1 to particular regions of the
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wall, and when it is missing the protein, it is diffusely distributed throughout the wall [91].
In a different study, it was observed that the CBM domain of a rice GH9C endoglucanase is
post-translationally cleaved after the protein was targeted to the wall [98]. The proteolytic
cleavage of CBM-containing GH9C proteins might activate their hydrolytic activity or
modify their substrate specificity. After activation, GH9Cs could regulate the degree of
crystallinity and thus the cross-linking with matrix polysaccharides, controlling cell expan-
sion during development [74]. Downregulation of AtGH9C2 led to decreased cellulose
crystallinity associated with an increase in plant height and rosette diameter. Conversely,
overexpression of the poplar ortholog PtGH9C2 results in increased cellulose crystallinity
and opposite plant phenotypes [74]. Considering the characteristic expression profile of
GH9C2 in Arabidopsis and Poplar, it has been proposed that this β-1,4-glucanase controls
cell expansion during secondary wall development by regulating the crystallization of
cellulose microfibrils and thereby the interaction with other wall polymers [74].

3. β-1,3-Glucanases

3.1. Classification and Evolutionary Origin

The large diversity of β-1,3-glucanases makes their classification difficult, resulting
in a widespread distribution in several clades of the glycoside hydrolase superfamily [99].
Several attempts have been made to classify β-1,3-glucanases in different plant species.
Initial classifications were based on sequence similarity, molecular size, or isoelectric point.
As a result, a number of distinct β-1,3-glucanases classes have been defined in tobacco [100],
barley [8], cotton [101], soybean [102] or rice [103,104]. Despite sharing a significant protein
structural similarity and sequence-related attributes, members of the same subgroups
showed a high diversity of temporal and tissue-specific expression patterns. For example,
27 rice β-1,3-glucanases were classified into four groups based on amino acid sequence [104].
Enzymes classified within the same group were differentially expressed in various tissues,
developmental stages as well as in response to different plant biotic and abiotic stresses
and hormone treatments. While OsGlu11 and 27 were specifically expressed in stem and
leaf and strongly induced by Magnaporthe grisea infection and SA and ABA treatments,
several other members of the same family were expressed in flowers and germinating
grains [104]. Such classifications allowed for a good separation of β-1,3-glucanases from
the sequence-related β-1,3;1,4-glucanases encoded in the same genome [99]. However, the
diversity of expression patterns of members of the same group did not allow one to infer
common biological roles.

In an attempt to clarify the biological significance of β-1,3-glucanase gene multiplicity
and the relationship between sequence and function, more complex classification methods
have been established [105,106]. Advanced phylogenetic analysis combined with expres-
sion information, knowledge of co-expressed genes, and published data allowed for the
grouping of 50 putative β-1,3-glucanases encoded in the Arabidopsis genome in five pro-
tein domain architectures (Group I to V; Figure 2). The exon–intron organization of the
corresponding genes within these five protein structural archetypes is relatively conserved
in distantly related species such as cotton, cacao, and grape vine [106]. The common
protein domains shared among these five groups consist of the presence of an N-terminal
sequence (NTS) and a core glycosyl hydrolase (GH) domain. Group V is composed by pro-
teins with this basic architecture. The remaining four groups contain additional domains.
A carbohydrate-binding module (CBM43) and a hydrophobic C-terminal sequence (CTS)
are present after the GH domain in members of group II and IV, respectively. The CBM43
domain is known to allow for the binding to β-1,3-glucans [107], while the CTS sequence
encodes a transient transmembrane domain similar to vacuolar targeting peptides and
glycosylphosphatidylinisotol (GPI)-anchor attachments [108–110]. Group I proteins contain
both the CBM43 domain and the CTS region. Finally, group III proteins have a second
CBM43 domain, but they do not contain the CTS region (Figure 2).

There seems to be a series of evolutionary events leading to the divergence in β-
1,3-glucanase protein domain architectures and expression patterns to predict biological
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functions [105]. According to this model, ancestral β-1,3-glucanases belonging to the
architecture group I show an abundant expression in a variety of tissues and organs and
might have a predominant role in wall remodelling during plant development. Additional
emerging β-1,3-glucanases (groups II to V) would have appeared during evolution by gene-
duplication, subsequent loss of protein domains, and regulatory cis-elements leading to the
observed structural and functional diversity. For example, stress-related β-1,3-glucanases
would have evolved from group I ancestors with the acquisition of stress-responsive
expression patterns followed by loss of the CTS region including the GPI-anchoring site,
thus allowing for extracellular secretion upon certain signals. Accordingly, Arabidopsis
group II (lacking the CTS domain) is enriched in pathogenesis-related β-1,3-glucanases,
whose expression is specifically induced in response to pathogens and thus might be
involved in the degradation of β-1,3 glucans present in fungal cell walls [105,106].

3.2. Biological Roles

Plant β-1,3-glucanases have received significant attention as important players in plant–
microbe interactions, as a large number of β-1,3-glucanases are included in pathogenesis-
related (PR) group 2 of proteins [24]. This type of β-1,3-glucanases accumulates in the event
of a pathogen attack, and some of them have been directly involved in the hydrolysis of
pathogen walls, as β-1,3-glucans are found in bacteria, metazoa, viruses, and particularly
fungi. In this last group, β-1,3-glucans constitute the most abundant wall structural
component existing in the form of linear or branched glucans containing mostly β-1,3 and
β-1,6 linkages [111–113]. Antifungal hydrolytic activity of β-1,3-glucanases isolated from
multiple plant species has been confirmed both in vitro and in vivo.

Purified PR-2 β-1,3-glucanases often show inhibitory effects on fungal spore germina-
tion and on hyphal growth, causing mycelial deformations and lysis due to the hydrolysis
of the fungal walls. This type of antifungal activity was shown by the tobacco GluII β-
1,3-glucanase against Fusarium solani [114]. The antifungal activity of β-1,3-glucanases is
often not species specific, and it show inhibitory effects on a wide range of pathogens.
For example, extracts from pea plants overexpressing a barley β-1,3-glucanase reduces
the spore germination of Trichoderma harzianum and Colletotrichum acutatum and delays
hyphal growth in Botrytis cinerea and Ascochyta pisi [115]. Similarly, a wheat β-1,3-glucanase
heterologously produced shows inhibitory effects on hyphal growth, spore formation and
mycelial morphology of Fusarium, Alternaria and Penicillium species [116]. Furthermore,
some β-1,3-glucanases have shown antifungal activity against pathogens specialized in
infecting distantly related plant clades. For example, wheat TaGluD showed in vitro an-
tifungal activity not only against monocot-specific Rhizoctonia pathogenic strains, but also
against Phytophthora capsici and Alternaria longipes—specialized pathogens infecting dicot
hosts such as hot pepper and tobacco, respectively [117].

Direct antifungal effects have also been observed in vivo. For example, functional
studies of rice–Magnaporthe oryzae interactions demonstrated a direct antifungal effect of
the Gns6 β-1,3-glucanase dependent on its hydrolytic activity [118]. While wildtype Gns6
was able to inhibit conidial germination and formation of appressoria, a non-catalytic
gns6 mutant lost all antifungal effects, showing enhanced pathogen colonization and
increased disease susceptibility [118]. Furthermore, differential expression of PR-2 β-
1,3-glucanases has been associated with increased disease resistance when comparing
susceptible and resistant cultivars in a number of crop species such as rocket salad, tomato,
and wheat [119–121]. Transgenic expression of β-1,3-glucanase genes has been extensively
used as a strategy to develop durable disease resistance against fungal pathogens in crop
plants [24]. For example, overexpressing a tobacco β-1,3-glucanase in transgenic groundnut
plants significantly improved disease resistance against the pathogens Cercospora arachidicola
or Aspergillus flavus, reducing the number and size of the necrotic lesions and a general
delay in the disease symptom progression or preventing aflatoxin accumulation in seeds,
respectively [122]. Similar protective effects have been reported by overexpressing potato,
barley, or soybean β-1,3-glucanases in flax, wheat, and banana transgenic lines [123–125]. In
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general, these PR-2 β-1,3-glucanases belong to the Group V, characterized by the presence
of a secretion signal and the absence of CBM and CTS domains (Figure 2).

Plant β-1,3-glucanases are also involved in an alternative plant defence mechanism,
where degradation of the hyphal cell wall of invading fungi would release β-1,3-glucan
oligosaccharides serving as elicitors. Upon recognition by plant surveillance systems,
these β-1,3-glucan oligosaccharides would act as microbe-associated molecular patterns
(MAMPs) triggering the activation of signalling cascades resulting in a wide range of
localized and systemic defence responses [126]. For example, upon oomycete infection,
soybean and rice β-1,3-glucanases are able to release β-glucan elicitors from the fungal wall,
which trigger the production of antimicrobial compounds such as phytoalexins [127–129].
Likewise, a synthetic β-1,3/-1,6-glucan heptaglucoside similar to those obtained after β-
1,3-glucanase hydrolysis from fungal walls is able to activate plant defences in legume
species [130,131]. The exact mechanism of recognition and mode of action of pathogen-
derived β-glucan elicitors is not fully understood, and it seems to be dependent not
only on the plant species and the origin of the β-glucan elicitor, but also on the glycan
structure, where length, branching pattern and presence of chemical modifications have
shown to be relevant [132]. Recent evidence suggests that this mechanism might be more
widespread among the plant kingdom than expected, and diverse β-1,3 glucanase-derived
oligosaccharides were recently demonstrated to be potent elicitors of plant defences in
Nicotiana benthamiana, barley, rice, and Arabidopsis [133,134].

In addition to the generation of β-glucan elicitors, recent evidence suggests that plant
β-1,3-glucanases are also involved in the release of soluble β-glucans from fungal walls
with antioxidant activities required not only for pathogenicity, but also for the successful
establishment of root interactions with beneficial endophytic fungi [135]. Barley HvBGLUII,
an apoplastic Group V β-1,3-glucanase, is able to partly hydrolyse Serendipita indica walls.
As a result, a non-immunogenic β-1,3;1,6-glucan decasaccharide (β-GD) with ROS scaveng-
ing properties is released, thus facilitating fungal development. Exogenous applications
of β-GD increase the fungal root colonization efficiency. In addition, these effects are
highly specific to the length and branching pattern of the oligosaccharide, as altering the
glucan structure blocks its activity completely. It has been proposed that such a hijacking
of plant apoplastic β-1,3-glucanases might be a common fungal counter-defensive strategy
to subvert host immunity during pathogen and beneficial fungi colonization [135]. Given
the heterogeneity of 1,3- and 1,3-1,6-glucan structures found in fungi and other microbes,
the number of biological processes that involve such glucan effectors resulting from the
hydrolytic action of plant β-glucanases might be larger than previously considered.

In addition to their roles during plant–microbe interactions β-1,3-glucanases also
play a role in the degradation of plant produced callose, a transient β-1,3-glucan polymer
accumulated at discrete sites during certain developmental processes and in response
to environmental cues. For example, during microsporogenesis, another specific β-1,3-
glucanases degrades the thick callose wall surrounding the tetrad, releasing the microspores
into the anther locule for pollen maturation [136–138]. Rice mutants harbouring a catalyti-
cally inactive Osg1 β-1,3-glucanase produce damaged pollen grains. In those mutant pollen
grains, large amounts of callose remains, and microspores remain attached to each other
resulting in deformations and male sterility [139]. In a less understood way, stigma- and
style-specific extracellular β-1,3-glucanases have been involved in pollination, specifically
in the degradation of callose in the stylar matrix during pollen tube growth [140].

Another example of the involvement of β-1,3-glucanases in plant development is
the control of callose degradation in plasmodesmata (Pd). Pd form channels physically
interconnecting the cytoplasm and endoplasmic reticulum of adjacent cells [141,142]. β-
1,3-glucanase-mediated callose degradation is thought to be tightly regulated in order to
control the symplastic trafficking of micro- and macromolecules, including phytohormones,
mRNA, and mobile non-cell-autonomous transcriptional factors [143,144]. Controlled
build-up and degradation of callose deposits in Pd is relevant for multiple developmental
processes such as germination, axillary bud growth, lateral root organogenesis, shoot apical
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meristem determination, or stomatal differentiation [145–149]. In addition, degradation
of callose in Pd has been observed in response to environmental signals such as low
temperatures, circadian rhythm or pathogen attack [141]. This type of Pd-specific β-1,3-
glucanase contains a GPI-anchor targeting them to the plasma membrane. Moreover, they
can also have a CBM43 domain, but its presence is facultative. Hence, they are classified
into groups I or IV (Figure 2). They show a characteristic punctuate pattern around Pd
colocalizing with callose deposits. In Arabidopsis, Pd-localized β-1,3-glucanase knockout
mutants contain larger callose deposits, causing a decrease in Pd conductivity and cell-
to-cell transport defects [143,146]. In perennial plants such as birch (Betula pubescens) or
tree peonies (Paeonia suffruticosa), breakage of bud dormancy after the winter season is
mediated by a Pd-specific β-1,3-glucanase in charge of degrading callose deposits and thus
restoring symplasmic organization [150,151]. Two CBM43-containing enzymes—PsBG6
and PsBG9—have been implicated in this process. Despite both of them having been
Pd-localized, PsBG6 was found inside of the Pd passage, whereas PsBG9 was observed
to enclose the Pd channel, correlated with the presence of a GPI-anchor only in PsBG6
(Group I) and not in PsBG9 (Group II) (Figure 2; [151]).

In tobacco, a similar β-1,3-glucanase, ßGluI, regulates the release of coat-imposed
dormancy and germination by promoting the rupture of the testa [152]. In tomato and
banana, the expression of GPI-anchored plasmodesmata-located β-1,3-glucanases has been
linked to fruit formation and softening through the modulation of symplasmic unloading
of sugars and signalling molecules into the ovaries and fruit tissues [153,154].

Pd cell-to-cell communication channels are also utilized by viral pathogens to move
and infect their plant hosts. β-1,3-glucanase mutants affected in the callose degradation
in Pd show increased viral particle movement and enhanced susceptibility [155–157].
Several virus, bacteria and filamentous pathogen effectors have been shown to target Pd
conductivity [158]. Potato virus Y is able to induce plant Pd-localized β-1,3-glucanase
activity as an infection strategy resulting in the degradation of callose in Pd increasing viral
movement and spread [159]. This β-1,3-glucanase upregulation and callose degradation is
not observed in resistant potato cultivars where the virus fails to spread [160].

Callose is also accumulated in the form of cell wall thickenings at the site of contact
with pathogens such as viruses, fungi or bacteria, and in wounds caused by herbivory
attack. As part of the complex transcriptional reprograming regulated by the absiscic acid-
jasmonic acid hormonal crosstalk, specific β-1,3 glucanases are downregulated during
incompatible plant virus interactions [161,162]. Similarly, β-1,3-glucanase downregulation
is observed during foliar fungal infections, where haustorial feeding structures are rapidly
surrounded by callose deposits [163]. However, biochemical characterization of the β-1,3-
glucanases involved in this type of defence-related callose deposition is scarce.

In winter cereals, the expression of Group V β-1,3-glucanases with anti-freezing ac-
tivity has been associated with increased chilling tolerance [164]. For example, in rye
(Secale cereale L.) freezing temperatures induce the expression of ScGLU-2 and ScGLU-3
β-1,3-glucanases. In vitro, these β-1,3-glucanases partially retain hydrolytic activity at
sub-zero temperatures and have the ability to limit the growth of ice crystals. Structural
modelling identified ice-binding surfaces (IBS) specifically in these β-1,3-glucanases, ge-
ometrically complementary to the surface of ice crystals. Residues on the putative IBSs
are charge conserved in tolerant varieties but not in similar β-1,3-glucanases from non-
acclimated rye varieties [165]. Similarly, accumulation of the VcGNS1 β-1,3-glucanase was
observed in the skin of harvested table grapes after a prolonged cold treatment. Recombi-
nant VcGNS1 is stable at 0 ◦C and is able to delay the inactivation of some enzymes after
repeated freeze–thawing cycles [166]. Although it is not clear whether glucan hydrolytic
activity is required for these effects, expression of β-1,3-glucanases with in vitro cryoprotec-
tant activity has been correlated with chilling tolerance in species such as tobacco, tomato,
and spinach [166–168].
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4. β-1,3-1,4-Glucanases

Phylogenetic evidence supports the hypothesis that plant β-1,3-1,4-glucanases evolved
from an ancestral Group V β-1,3-glucanase from the widely distributed family GH17
(Figure 2). The accumulation of only a limited number of point mutations during evolution,
causing minor differences in the amino acid sequence at the substrate-binding and catalytic
sites, was sufficient to develop this unique substrate specificity [8,32,169]. Thus, predictions
of β-1,3-1,4-glucanase or β-1,3-glucanase activities based only on amino acid sequence
information are often unsuccessful, and biochemical characterizations are required.

A handful of β-1,3-1,4-glucanases from monocot species have been characterized [170–176].
Often, cereal species encode several β-1,3-1,4-glucanase isoforms with different temporal
and tissue-specific expression patterns. In cereals with an MLG-rich endosperm such as
barley or rice seed-specific β-1,3-1,4-glucanase, expression is detected rapidly after seed
imbibition and reaches a maximum at early stages during germination. In most cases,
a second isoform is expressed in the grain endosperm during germination, but it is also
detected during seedling elongation and in vegetative tissues such as leaves and roots.
For example, two barley β-1,3-1,4-glucanases EI and EII have been characterized, showing
high sequence similarity. While expression of EII is restricted to the scutellum during early
gemination stages, EI expression is also detected in adult roots and leaves [170,177–180].
Similarly, rice EGL1 and EGL2 isoforms show a different spatiotemporal pattern [174] EGL2
being seed-specific and EGL1 expressed also in vegetative tissues, reaching maximum
values at full expansion and then decreasing upon leaf aging.

Biological Roles

Since expression of seed-specific β-1,3-1,4-glucanases is restricted to embryonic tissue,
their function is likely to loosen the walls during the course of endosperm mobilization.
During germination, breaking down this physical barrier is required to allow for access of ad-
ditional hydrolytic enzymes to substrates within the cell, such as proteins or starch [170,181].

The functional role of β-1,3-1,4-glucanases in developing leaves and roots is less clear,
and several hypotheses have been proposed. The asymmetrical conformation of MLG
due to the irregular distribution of β-1,3-linkages limits the capacity of the polymer to
aggregate into fibrillar structures such as cellulose. Instead, MLG forms a gel-like matrix
able to closely associate with cellulose and xylan to reinforce the wall and guide the ori-
entation of cellulosic microfibrils during growth [182–184]. As the developmental pattern
of characterized β-1,3-1,4-glucanases in barley, rice, or wheat seemed to indicate that the
enzymes accumulate in vegetative organs during the growing phase, it was hypothesized
that β-1,3-1,4-glucanases could play a role in loosening the wall by partially hydrolysing
MLG, allowing for turgor pressure-driven cell expansion [169,185,186]. However, several
pieces of evidence do not support this hypothesis. An increase in the expression of EI
is observed after transferring barley seedlings from a normal light/dark photoperiod to
continuous darkness. Despite a detection of concomitant decrease in MLG abundance,
there was no measurable elongation of leaves, suggesting that wall loosening does not
occur [187]. Additionally, the dark-induced accumulation of EI and MLG degradation in
leaves is strongly inhibited by high glucose availability in the growth media, indicating that
β-1,3-1,4-glucanase activation might be uncoupled from cell expansion. Instead, it has been
postulated that MLG could be used by plants as a short-term glucose supply and thus me-
tabolizable energy stored in the wall [187]. According to this second hypothesis during dark
cycles, low glucose levels would reach a certain threshold, triggering the induction of β-
1,3-1,4-glucanase activity. As a consequence, MLG would be partially depolymerized, and
the resulting oligosaccharides could be easily converted into glucose by accessory proteins.
The released glucose would be immediately available within the plant providing a flexible
energy source under sugar-depleting conditions. This relatively simple catabolic process
would represent an advantage in the utilization of MLG as a carbon source over starch and
other wall polysaccharides [181]. However, the recent characterization of the first β-1,3-1,4-
glucanase mutants in maize and brachypodium raised some reservations regarding this
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hypothesis and revealed new aspects of MLG degradation in cereals [175,176]. In maize,
MLG degradation in vegetative tissues is dependent on a single β-1,3-1,4-glucanase. Mixed
Linkage Glucan Hydrolase 1 (MLGH1) has a high sequence homology and expression
pattern compared to barley EI or rice EGL1. Although the maize genome encodes several
genes annotated as putative β-1,3-1,4-glucanases, the sole disruption of MLGH1 blocks all
detectable dark-induced MLG degradation in mutant seedlings [175]. An extended time
course analysis showed that, similar to starch accumulation of MLG in maize, seedlings
follows a circadian rhythm with the maximum MLG abundance observed at the end of
the day and constant decrease once the dark period starts. Transcript accumulation of
MLGH1 correlates with the degradation of MLG during these cycles. While mutant plants
are not able to degrade MLG and no cycling is observed, MLGH1 overexpression avoids
MLG accumulation, and only trace amounts of MLG can be detected [175]. Similarly, the
single disruption of the brachypodium homolog, LCH1, results in loss of all detectable
dark-induced MLG degradation in vegetative tissues [176]. These results indicate that
there is no or limited functional redundancy among β-1,3-1,4-glucanases, and the existence
of different isoforms encoded in the genome of individual species might respond to the
need of stress- or spatiotemporal-specific expression patterns. Despite the impediment
in MLG degradation maize and brachypodium β-1,3-1,4-glucanase, mutants do not ex-
hibit significant developmental or growth-related defects showing similar plant height,
vegetative biomass, and grain yield as wild-type plants, suggesting that the hydrolysis of
MLG as a source or energy during the night seems not to be essential under normal growth
conditions [175,176]. A possible explanation is that under these conditions, starch may
serve as the major energy storage polymer, thus allowing mutant plants to maintain their
growth rate despite being unable to utilize MLG as a carbon source. However, no significant
differences were observed in starch degradation in dark-treated maize mlgh1 seedlings
compared to the wild-type, and only a slightly faster starch turnover was reported in adult
brachypodium lch1 mutant plants. One possibility is that MLG turnover makes a difference
only in specific cell types or under specific circumstances such as plants growing under
biotic/abiotic stresses. Hence, these β-1,3-1,4-glucanase mutants are valuable tools to
address the biological significance of MLG in cereals in the future.

The implication of diverse plant β-1,3-1,4-glucanases in stress responses such as
plant–pathogen interactions has long been proposed, and new evidence has emerged. The
expression of some β-1,3-1,4-glucanase genes in rice is induced by wounding, infection
with virulent strains of the blast fungus (Magnaporthe grisea), and treatment with salicylic
acid or methyl jasmonate defence-related phytohormones [103,174,188]. Not surprisingly,
rice plants overexpressing the GNS1 β-1,3-1,4-glucanase show an increased disease resis-
tance to M. grisea. These mutant plants form spontaneous brown specks accompanied
by constitutive activation of defence-related genes and stunted growth [174]. This lesion-
mimic phenotype suggests that constitutive degradation of MLG could somehow trigger
a signalling pathway leading to constitutive activation of plant defences. Recent reports
demonstrate that β-1,3-1,4-glucanase-derived oligosaccharides are recognized by plants
and act as defence signalling molecules. Even exogenous applications of short MLG frag-
ments have a protective effect against pathogen attack not only in monocot, but also dicot
plant species [189,190]. Dicot plant walls do not contain MLG, raising the question of why
these plants can recognize products of MLG degradation. Although the mechanism has not
been elucidated, it has been suggested that dicot plants could use β-glucanases to partially
degrade MLG present in the walls of pathogens. MLG hydrolysis might directly hinder the
pathogen growth, or alternatively, the resulting (1,3;1,4)-β-D-glucooligosaccharides could
act as pathogen-associated molecular patterns (PAMPs), whose detection would trigger
the activation of downstream plant defences. The presence of MLG in plant pathogens
is poorly characterized and has only been demonstrated in a few examples, such as in
the fungi Rhynchosporium secalis, Aspergillus fumigatus and Neurospora crassa, the oomycete
Hyaloperonospera arabidopsidis or the endosymbiotic bacterium Ensifer meliloti [190–194].
MLG oligosaccharide-triggered protection has been reported for pathogens with com-
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pletely different lifestyles and infection strategies such as the necrotrophic pathogens
Sclerotinia sclerotiorum and Botrytis cinerea or biotrophs such as the oomycete Hyaloper-
onospora arabidopsidis or the hemibiotrophic bacterium Pseudomonas syringae. Considering
these results, it has been speculated that MLG might be a more widespread wall component
in plant pathogens than previously thought [189,190]. The existence of such a mechanism
could imply the presence of hitherto uncharacterized plant β-glucanases encoded in the
genome of dicot species that generate MLG-derived signalling molecules [26,189]. Thus far,
no β-1,3-1,4-glucanase has been identified in Arabidopsis. Alternatively, β-1,4-glucanases
might be responsible for the production of immunogenic MLG oligos, as these enzymes
hydrolyse internal β-(1,4)-glucosidic linkages in MLG, although the products of hydrolysis
are different from those derived from β-1,3-1,4-glucanase action (Figure 1) [8,195]. Sup-
porting that hypothesis, MLG oligosaccharide structures compatible with cellulase origin
display similar defence-related responses than those derived from β-1,3-1,4-glucanase
hydrolysis [190]. Unfortunately, only a small number of the β-glucanases from Arabidopsis
or other dicot species have been biochemically characterized. Hence, the study of such
enzymes represents an exciting task for the future.

5. Conclusions

Plant β-glucanases catalyse the hydrolysis of β-glucosidic linkages found in the struc-
ture of polysaccharides present in the cell wall of plants and microbes (Figure 1). This
catalytic ability confers various physiological roles to plant growth, development and
interaction with the environment (Table 1). Despite recent advances in identifying new
physiological functions, characterization of the precise biochemical activities is needed to
decipher the importance of β-glucanases in plant adaptation towards environmental cues.

Table 1. Proposed physiological roles of plant β-glucanases.

Type Substrate Physiological Roles

1,4-β-glucanases

Crystalline cellulose Irreversible wall disassembly: root hair emergence,
endosperm breakdown, fruit ripening

Amorphous cellulose

Secondary wall mechanical strength
Wall remodelling: cell expansion, fruit ripening, nematode attack

Cell-cell adhesion: grafting, plant parasitism
Cellulose biosynthesis (plasma membrane-associated)

MLG 1

(Fungal wall)
Antifungal activity

Elicitor release: MAMP 2

1,3-β-glucanases

Callose
Plasmodesmata and symplastic transport: dormancy release, fruit development,

cell-to-cell communication
Reproductive organs: pollen, style and stigma development

1,3-β-glucan
(Fungal wall)

Antifungal activity
Elicitor release

Fungal effector release

1,3-1,4-β-glucanases
MLG 1 Cell wall loosening during germination

Energy source in the dark

MLG 1

(Fungal wall)
Antifungal activity

Elicitor release

1 MLG—mixed-linkage glucan; 2 MAMP—microbe-associated molecular patterns.
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