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Preface to ”Plant Cell Wall Proteins and
Development”

This book focuses on plant cell wall proteins and their roles during development and in response
to abiotic stresses. Plant cell walls are mainly composed of polymers, such as polysaccharides or
lignins. Although proteins are minor components, they play crucial roles in signaling and in the
dynamics of the cell wall architecture, enabling growth, differentiation, and the adaptation of plants
to their changing environment. This collection of research reports and reviews published in a Special
Issue of IJMS includes a broad range of topics and experimental approaches which illustrate recent

advances in cell wall biology.

Elisabeth Jamet and Christophe Dunand
Editors
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Plant cell walls surround cells and provide both external protection and a means of cell-to-cell
communication. They mainly comprise polymers like polysaccharides (cellulose, hemicelluloses,
and pectins) and lignin in lignified secondary walls and a small amount of cell wall proteins (CWPs) [1,2].
CWPs are major players of cell wall remodeling and signaling. Cell wall proteomics, as well as numerous
genetic or biochemical studies, have revealed the high diversity of CWPs, among which proteins
acting on polysaccharides, proteases, oxido-reductases, lipid-related proteins, and structural proteins
([3-7]). CWPs may have enzymatic activities such as cutting/ligating polymers or processing/degrading
proteins [8]. They may also contribute to the supra-molecular assembly of cell walls via protein/protein
or protein/polysaccharide interactions [9-11]. Thanks to these biochemical activities, they contribute to
the dynamics and functionality of cell walls. Even though much research has already been pursued to
shed light on the many roles of CWPs, many functions still remain to be discovered, especially for
proteins identified in cell wall proteomes with yet unknown function.

This Special Issue “Plant Cell Wall Proteins and Development” has welcomed a selection of
articles in the field of cell wall biology, which were focused on cell wall proteins and their roles during
development. Eight experimental articles, nine up-to-date review articles, as well as a concept article,
have been published. We wish to thank all the authors for their great contribution to this unique
collection of articles as well as the International Journal of Molecular Science supporting team.

The content of this Special Issue embraces several topics, all of them stressing the roles of cell
wall proteins: cell wall proteomics studies on monocot species [7,12]; the role of cell wall proteins
during plant development [13-15] or in response to environmental stresses [16-19]; overviews on
several cell wall protein families either from green microalgae [20] or from plants, i.e., fasciclin
arabinogalactan proteins (FLAs) [21,22], membrane-bound class III peroxidases (Class III Prxs) [23],
pectin methylesterases inhibitors [24], DUF642 (Domain of Unknown Function 642) proteins [25],
and Proline-rich, Arabinogalactan proteins, conserved Cysteines (PAC) domain-proteins [26]; and the
role of fasciclin arabinogalactan proteins (FLAs) in Ca?* signaling during plant morphogenesis [27,28].

For two decades, cell wall proteomics has become a powerful experimental approach and
has revealed the diversity of the cell wall protein families. Arabidopsis thaliana has been the most
studied plant species, and almost half of its expected cell wall proteome has been described so far
(see WallProtDB, http://www.polebio.Irsv.ups-tlse.fr/WallProtDB/). The monocotyledon species have
been studied more recently thanks to the sequencing of additional genomes like those of Oryza
sativa [29], Brachypodium distachyon [30], and Triticum aestivum [31] as well as the availability of
transcriptomics data as for Saccharum spp [32]. Calderan-Rodrigues et al. [7] provide a comparison
of monocotyledon and dicotyledon cell wall proteomes and have discussed the specificities of the
former. Such specificities were related to the differences between the composition and structure of
monocotyledon and dicotyledon cell walls [1,33]. Also, Cherkaoui et al. [12] report on the comparison
between cell wall proteomes of the endosperm, and the outer layers of the wheat grain. They reveal a
strong metabolic activity in the cell wall during endosperm differentiation, whereas the accumulation
of proteins was more important at an earlier stage of development in the outer layers.

Int. ]. Mol. Sci. 2020, 21, 2731; d0i:10.3390/ijms21082731 www.mdpi.com/journal/ijms
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As mentioned above, the cell wall composition and structure varys during development, and these
changes can allow further differentiation processes. Betekhtin et al. [13] provide a fine mapping of
cell wall epitopes in zygotic embryos of B. distachyon at a mature stage of development, including
antibodies recognizing extensins and arabinogalactan proteins (AGPs), which are structural proteins
involved in the cell wall architecture and proteins assumed to be involved in signaling, respectively.
The plasma membrane is the interface between the cytoplasm and the cell wall. Its composition
can vary locally in the domains characterized by particular lipid compositions. Kubatova et al. [15]
show that two plasma membrane domains with a distinct lipid composition are located close to the
Ortmannian ring, a cell wall domain-specific to trichomes. These plasma membrane domains are
generated thanks to exocysts complex containing EXO70 subunits recognizing the target membrane.
Cell-to-cell communication can be ensured through plasmodesmata [34]. Han et al. [14] provide a
review article focusing on the cytoskeleton and on plasmodesmata-associated cell wall proteins like
callose synthase and callose hydrolase, which are involved in the regulation of plasmodesmata closure.

Environmental cues induce modifications of the cell wall. In particular, nutrient availability can
regulate cell wall composition. The absorption of nutrients by roots occurs through the apoplastic
pathway. This pathway is blocked by the deposition of lignin and later of suberin at the level of the
Casparian strips around endodermis cells in differentiated roots. In their review article, Ogden et al. [19]
focus on the changes observed in the modulation of the suberization of the root endodermal walls in
response to nutrient availability, showing that the plasticity of suberin accumulation is an adaptative
response. They also show that the availability of nitrate or phosphorus modulates the development of
lateral roots and/or of root hairs and has a direct effect on the transcription of genes encoding proteins
involved in the biosynthesis of cell wall components or regulating the oxidative status in the cell wall.
Wu et al. [18] focus on a few cell wall proteins playing critical roles during phosphorus deficiency such
as expansins, Pro-rich proteins, oxidoreductases, and purple acid phosphatases. Abiotic stresses like
flooding or temperature can also induce changes in the cell wall. Song et al. [17] show that xyloglucan
endotransglycosylases/hydrolases (XTHs), which are hemicelluloses remodeling enzymes in muro,
play roles in the regulation of stress responses to flooding. Indeed, the overexpression of the A. thaliana
AtXTH31 gene in soybean plants leads to increasing of resistance to flooding. Pinski et al. [16] observe
changes in the accumulation of extensin and AGP epitopes in B. distachyon leaves exposed to cold and
hot temperature stresses.

Cell wall proteins are mostly encoded by multigene families, which can comprise a large number
of members like class III Prxs [35] or pectin methyl esterase inhibitors [36] (73 and 71 members in
A. thaliana, respectively). Each member has its own regulatory pathway during development or upon
stress, and even if the proteins of a give family share the same functional domains, subtle differences
can confer different biological activities. As an example, AtPrx36 plays a particular role in mucilage
release because of the timely regulation of expression of its gene during seed development, and of
its anchoring in a cell wall microdomain [37]. Most cell wall protein families are conserved in the
green lineage. This is illustrated in four articles of this Special Issue. Guerriero et al. [20] describe a
family of green microalgal cellulases. Seifert et al. [21] show the conservation of the fasciclin 1 domain
(FAS1) in all the kingdom:s of life, suggesting a role in the mechanisms mediating interactions between
the cells and their environment. He et al. [14] describe the evolution of FLAs which are possibly
involved in signaling. Nguyen-Kim et al. [26] explore the PAC domain-proteins family possibly
forming non-covalent networks with polysaccharides and O-glycoproteins.

Since cell wall proteins families contain many members, it is interesting to consider each of
them independently to fully uncover their roles in cell wall biology. Three review articles present
such overviews. Liithje and Martinez-Cortes [23] describe the sub-family of membrane-bound class
III Prxs which are located at the plasma membrane or in the tonoplast and are assumed to play
roles in membrane protection or repair. Wormit and Usadel [24] give an overview of the roles of
pectin methylesterase inhibitors (PMEIs). These proteins participate in the regulation of the degree
of methylesterification of the pectic homogalacturonans, which in turn contributes to cell adhesion,
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cell wall porosity, and plasticity. Finally, Cruz-Valderrama et al. [25] propose a role for the DUF642
protein family in development and in response to environmental stresses by modulating directly,
or indirectly, the degree of methylation of homogalacturonans. These proteins were first described
as abundant proteins in cell wall proteomes [38] and were until recently considered proteins with
unknown function.

This Special issue was also open to new concepts. Two articles by Lamport et al. [27,28] propose
new roles for the arabinogalactan protein (AGP) family in root and shoot morphogenesis, as well as
in phyllotaxis patterning. Such molecules are actually proteoglycans with a proportion of glycans of
up to 90% [39], which are assumed to play roles in signaling. However, the molecular mechanisms
underlying this function were not deciphered until recently when its role as an extracellular calcium
capacitor was proposed [40].

Altogether, we believe that this Special Issue will provide a collection of articles allowing both
experts and newcomers in the field to get a valuable update on plant cell wall biology. A combination
of research articles, reviews, and concept articles allows a survey of several topics of interest today
regarding the many roles of cell wall proteins.
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Abstract: Plant cell walls mostly comprise polysaccharides and proteins. The composition of monocots’
primary cell walls differs from that of dicots walls with respect to the type of hemicelluloses, the
reduction of pectin abundance and the presence of aromatic molecules. Cell wall proteins (CWPs) differ
among plant species, and their distribution within functional classes varies according to cell types,
organs, developmental stages and/or environmental conditions. In this review, we go deeper into the
findings of cell wall proteomics in monocot species and make a comparative analysis of the CWPs
identified, considering their predicted functions, the organs analyzed, the plant developmental stage
and their possible use as targets for biofuel production. Arabidopsis thaliana CWPs were considered as
a reference to allow comparisons among different monocots, i.e., Brachypodium distachyon, Saccharum
spp. and Oryza sativa. Altogether, 1159 CWPs have been acknowledged, and specificities and
similarities are discussed. In particular, a search for A. thaliana homologs of CWPs identified so far in
monocots allows the definition of monocot CWPs characteristics. Finally, the analysis of monocot
CWPs appears to be a powerful tool for identifying candidate proteins of interest for tailoring cell
walls to increase biomass yield of transformation for second-generation biofuels production.

Keywords: plant cell wall; proteome; monocot; stiff brome; rice; sugarcane; Brachypodium distachyon;
Saccharum spp.; Oryza sativa

1. Introduction

The plant cell wall confines the cell volume and serves as protection against stresses, being
responsible for the plant shape, enabling trees to be several meters high. In addition to these functions,
the cell wall is the most external part of the cell, and as such, interacts with the apoplast, which is also
essential in virtually all cell processes, including division, expansion, differentiation [1], growth and
signaling [2]. This versatility implies that the mechanisms involved in a great deal of the cell wall
functions have not been completely depicted.

The plant cell wall is a dynamic structure that undergoes changes during development [3]. The
cell wall is mainly composed of wall polysaccharides, such as cellulose, hemicellulose, pectin, and
proteins [4]. In some cell types, lignin and other compounds might be found, as well. Carbohydrates
account for around 90% of the cell wall mass, and proteins around 10% for dicots [5] and 1% for
monocots [6]. Cell wall proteins (CWPs) are understood to be proteins directed towards the secretory
pathway, such as structural proteins linked to the wall and those secreted into the apoplast and
extracellularly [7].
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Some characteristics are commonly found in classical CWPs: an N-terminal cleavage signal-peptide,
responsible for guiding these proteins to the endoplasmic reticulum (ER) [8]; lack of the ER-retention
C-terminal motif KDEL/HDEL, which avoids the secretion of proteins [9,10]; and the absence of a
transmembrane domain that retains proteins in the plasma membrane [11]. The secretory pathway
directs proteins from ER to the Golgi apparatus, where they are packed into vesicles and guided to the
cell wall and the extracellular matrix.

CWPs encompass hundreds of molecules presenting distinctive roles and are related to the
modification of the cell wall components, signaling, interaction with the apoplast and the plasma
membrane, and with virtually all the cell wall-related processes [12,13]. CWPs are usually divided into
categories with respect to their functionality, such as proteins acting on carbohydrates, oxido-reductases,
proteins related to lipid metabolism, and proteases, which represent the most abundant classes [7].

Besides being divided regarding their functional roles, CWPs can also be classified according to
their type of link to the cell wall, such as structural proteins, which are strongly bound to the wall
components, and loosely and weakly wall-bound proteins [13]. Loosely bound proteins are not linked
to the cell wall polysaccharides and are able to move unconnected in the intercellular space. Weakly
bound proteins interact with the matrix by Van der Waals, hydrogen bonds or ionic forces, and are
related to remodeling, signaling, interactions with the plasma membrane and defense. Strongly bound
proteins can be connected by covalent bonds [14].

To increase the comprehension of cell wall-related processes, several reports have characterized
plant CWPs. To accomplish this task, specific methods of CWP extraction and data analysis had to
be established, since these proteins are usually lost or in a low abundance in total proteins extraction
surveys [15]. The constitution and structure of the CWPs collection are diverse due to the developmental
stage, organ, tissue and species of the analyzed material; thus, it is possible to make a comparison
among these different treatments and relate them physiologically [7]. Initial studies have been made
on Arabidopsis thaliana [11,16-22]. Since then, CWPs from several other species have been identified
by mass spectrometry. In A. thaliana, about one half of the predicted existing CWPs were identified,
being the most studied plant at present, with 935 proteins already identified [11,16-22]. In addition
to providing an overview of proteins present in a biological context, the identification of CWPs in
A. thaliana enabled the selection of candidates to have their structure and function further investigated.

Over the course of time, several other studies have been performed with model plants and
crops: Brassica [23,24], Zea mays [25], Cicer arietinum [26], Vitis vinifera [27], Oriza sativa (rice) [28-31],
Nicotiana tabacum [32], Brachypodium distachyon (stiff brome) [33-36], Saccharum spp. (sugarcane) [37-40],
among others. Due to this functional diversity, CWPs data present differences between monocots
and dicots related to the cell wall structure and composition [41], probably due to both metabolisms’
specificities. As other C3-dicots, A. thaliana has type I walls [42], whereas grasses, such as Saccharum
spp., B. distachyon, Sorghum bicolor and Setaria viridis, present C4 metabolism and type II cell walls.
O. sativa is a C3-monocot that also possesses type II walls [42]. Characteristic differences can be
predicted when comparing CWPs collection from dicots and monocots, as their cell wall structures and
components are diverse. For instance, the cell wall proteome of grasses generally consists of a higher
proportion of oxido-reductases, and it has been suggested that this is due to the presence of aromatic
compounds in the type II primary cell walls [33]. In summary, type II walls are characterized by a low
proportion of pectins and xyloglucans, and high content of glucuronoarabinoxylans and mixed linked
[-p-glucan, resulting in absent woody stems and branches [42,43], in comparison to dicots. Type II cell
walls also contain ferulic and coumaric acids and more complex arabinoxylans in secondary walls.
Moreover, the arabinosyl side chains inside arabinoxylans may be cross-linked with lignin through
feruloyl esters [6,42]. One hypothesis for the selective advantage for the appearance of type II wall
plants is that they are not as high and as reinforced as, for example, tall trees, so they focus their energy
on rapid growth and more efficient reproductive strategies directed to occupy habitats that are not
very suitable for trees [43].
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Many of the monocots have C4 metabolism, presenting a higher photosynthetic efficiency, making
them commercially valuable plants. As an example, Saccharum spp. has been used from more than
three decades ago up to the present day as a raw material for the production of food, energy and
co-products in Brazil [44]. Moreover, the study of CWPs in crops presents extra challenges compared
to model plants, as less genetic and molecular data is usually available.

There is a need for more information about cell wall structure, components and their roles. The
identification of CWPs allows new targets for further investigation and elucidation of pathways in
order to better understand cell wall functions. Knowing that more than 10% of the plant’s genome is
related to the cell wall biogenesis [45], and as there are fewer studies on CWPs in monocots than dicots,
it is important to gather and analyze CWP data from monocots, which would provide new insights
about their unique metabolism and the specificities of their cell walls.

In this review, we compiled the information on monocots cell wall proteomics till date, except
for studies using special treatments or stress-related data. Thus, B. distachyon, Saccharum spp. and
O. sativa were chosen for this review. For each species, we searched for the A. thaliana sequences
with the highest identities (BLASTp) in order to enable a comparison among all of them. Similar and
identical A. thaliana sequences were found in monocots, and similarity in functional classes could also
be established, as well as some specificities for each species. In this review, when it is mentioned that
one A. thaliana CWPs was identified in the repertoire of the monocots, it means that the monocot CWP
sequence matched that A. thaliana protein after BLASTp analysis.

2. Methods of Monocots CWPs Extraction and Analysis

Different methods of extraction of CWPs have been developed over the years. One of the biggest
challenges is to isolate the cell wall with minimum contamination by intracellular or membrane proteins.
Thus, the subcellular fractionation before proteomic analysis can be a useful strategy for acquiring
a representative extract of CWPs and reducing contamination by proteins from other organelles.
Protocols involving tissue grinding and centrifugation to generate a density gradient enable the
separation of fractions that are highly enriched with specific cell compartments. However, such
methods will also lead to plasma membrane disruption, which may result in subsequent contamination
of cell wall subfraction. On the other hand, methodologies that do not break the cell structure can be less
efficient, as the extraction buffers need to come into contact with the CWPs in order to extract them [17].
Thereby, methods of CWPs extraction can be divided into destructive and non-destructive techniques.

Regarding CWP extraction, the situation is not just one-method-fits-all, but rather the species, the
organ and the targeted subset of proteins have to be considered in order to choose the most adequate
protocol(s). The destructive techniques used for monocot CWP extraction utilize tissue grinding
followed by a growing gradient of sucrose with a low ionic strength buffer to allow the sedimentation
and isolation of the cell wall while preserving the ionic bonds. This gradient is able to eliminate
organelles and other molecules less dense than the cell wall polysaccharides. Then, the last step is
dedicated to washing away intracellular proteins that have remained trapped in the cell wall matrix
through extensive washing on a polymer net. After cell wall isolation, the destructive protein extraction
usually relies on salts such as calcium and lithium chloride to successfully liberate the wall-bound
proteins [46]. Calcium chloride (CaCl,) has the ability to collect CWPs because acidic and neutral
carbohydrates strongly chelate calcium, and thus proteins weakly bound to the walls” polysaccharides
can be solubilized by CaCl, through a competition mechanism [47]. In addition, lithium chloride (LiCl)
is used to extract mostly hydroxyproline-rich glycoproteins [17]. The non-destructive CWPs extraction
technique used for the monocots here revised is based on vacuum infiltration of the plant samples
with solutions containing the same salts used for the destructive method mentioned above, followed
by centrifugation of these samples to release the extracted CWPs [17].

Regarding mass spectrometry (MS), different strategies have been used for the study of monocot
CWPs. These include previous separation by 1D-polyacrylamide gel electrophoresis (1D-PAGE)
prior to tryptic digestion or shotgun analysis by liquid chromatography-tandem mass spectrometry
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(LC-MS/MS). Following the identification of proteins through MS and bioinformatics, data analysis is
essential for subcellular and functional predictions. Table 1 summarizes the plant samples, isolation of
CWPs and MS techniques used in monocot CWP studies.

B. distachyon is a model species for temperate grasses with a fully sequenced genome, in addition
to being easily grown and closely related to biomass crops. In this species, nine different plant samples
have been analyzed, including young and mature leaves, apical and basal internodes, seeds and
seedlings at different developmental stages [33-36]. These studies could point to specificities in different
organs and developmental stages analyzed, especially in glycoside hydrolases and oxido-reductases.
Fewer proteins were extracted from mature organs in comparison to young ones, which was attributed
to a higher level of cell wall polymers cross-linking [33]. Saccharum spp. is a crop of special economic
interest, as it is one of the major sources of sugar and bioethanol. For this crop, ten different plant
samples were surveyed, including suspension cells culture, young and mature leaves, and basal and
apical internodes at different developmental stages [37-40,48]. O. sativa was one of the first plant species
with a sequenced genome and it is an economically relevant crop worldwide. O. sativa CWP surveys
used five plant samples, such as suspension cells culture, culture media, roots and leaves [28-31].
In the next sections, when a CWP is mentioned as identified or not in monocots or A. thaliana, it
means that this protein was or was not identified by MS in the mentioned CWP studies, respectively.
When discussing the gene sequences corresponding to these CWPs or functional studies on them, this
information is specified in the text and referenced properly.

3. Functional Class Distribution in Monocots

The number of non-redundant proteins was collected from each species and sorted into functional
classes [28-31,33-40,48]. Although the results are not equally comparable, since different organs and
several methods of CWP extraction and MS analysis were used, we were able to retrieve information
regarding the functional classes and unique proteins in each species. Currently, the highest number of
identified CWPs in monocots is from B. distachyon, comprising 594 proteins. Saccharum spp. is the
second, with 283, and then O. sativa, with 270 identified CWPs. Altogether, 1159 CWPS proteins were
identified, corresponding to 466 A. thaliana sequences. These proteins were divided into nine functional
classes, according to Jamet et al. [7]: proteins acting on carbohydrates (PACs), oxidoreductases (ORs),
proteases (Ps), proteins related to lipid metabolism (LMs), proteins possibly involved in signaling (Ss),
proteins with predicted interaction domains (IDs), miscellaneous proteins (Ms), proteins of unknown
function (UFs) and structural proteins (SPs). The functional classification of the CWPs from the
monocots can be seen in Figure 1.
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Figure 1. Percentage of CWP functional classes in the species A. thaliana (a), B. distachyon (b), Saccharum
spp. (c) and O. sativa (d). Plant drawings are not to scale. Functional class abbreviations: proteins acting
on carbohydrates (PACs), oxidoreductases (ORs), proteases (Ps), proteins related to lipid metabolism
(LMs), proteins possibly involved in signaling (Ss), proteins with predicted interaction domains (IDs),
miscellaneous proteins (Ms), proteins of unknown function (UFs) and structural proteins (SPs).

To allow some comparison among the different CWPs on monocots, we performed BLASTP with
A. thaliana protein sequences against B. distachyon, O. sativa, and Saccharum spp. sequences (using
default parameters) and selected the first-ranked A. thaliana sequence. These monocot species were
selected since they have a comparable number of CWPs already identified by mass spectrometry with
no particular treatment. WallProtDB [48] was the database used to retrieve these data. Only proteins
predicted to be secreted were considered.

Taking the mentioned data together [28-31,33-40,48], as can be seen in Figure 1, the proportion of
PACs inside the CWPs were similar among the three species, and ranged from around 20 (Saccharum
spp.) to 30% (O. sativa), which is comparable to A. thaliana (~24%). For O. sativa and B. distachyon, the
percentages of ORs were similar to A. thaliatna—about 12 to 13%. Conversely, Saccharum spp. presented
the highest proportion of ORs—20%. The LM percentages in all three species varied from around
9 to 11%, which was also similar to that of A. thaliana. Except for B. distachyon, the percentages of
Ps in monocots were slightly lower than in A. thaliana. IDs were much lower in all the monocots in
comparison with A. thaliana. In grasses, the percentage of SP was much lower than in A. thaliana. The
percentages of Ms and UFs were higher and lower in Saccharum spp. in comparison with the other
species, respectively.

3.1. Proteins Acting on Carbohydrates

Regarding PACs, from the 297 identified in cell wall proteomes, 111 are non-redundant A. thaliana
sequences identified through BLASTp. Of these, 79 were also identified in A. thaliana CWP studies.
Among the 297, several members of Glycosyl Hydrolase (GH) families 1 and 17 were identified. Other
families, such as GH5, 13, 16, 32, 35 and 38, were also present. GHs are proteins involved in cell
wall carbohydrates remodeling and can be regulated during development. These families are used in
enzymatic cocktails for biomass degradation in second-generation ethanol production [49]. Literature
data suggests that grasses present fewer GH1, GH16, GH28 and GH35 members than dicots and more
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GHS5, GH13, GH18 and GH51 members [33,50], which is consistent with our comparative analysis on
monocots vs. A. thaliana, in general.

The GH1 AT1G61820 is a 3-glucosidase named BGLU46, identified in A. thaliana and B. distachyon
CWP studies. It has been suggested that coniferin is the substrate for BGLU46 and BGLU45, and that
monolignol glucosides are a source of storage monolignols instead of direct precursors of lignin in
Angiosperms. These storage monolignols could be metabolized under stress conditions, which would
lead to lignin synthesis de novo [51].

The proportion of GH3 was slightly higher in monocots. Some Saccharum spp. GH3 have been
found to be possible 3-xylosidases, which catalyze the hydrolysis of xylose from xylo-oligosaccharides.
In barley, a type II-wall C3, a binding site for (1 — 3, 1 — 4)-p-p-glucans was identified [52].

GHS5 are more numerous in monocots (Os05g0244500, Os10g0370500, Bradi2g31690, Bradi5g13550
and Bradi5g13560), and this data may correlate with the fact that (1,3) (1,4)-B-p-glucans are their
putative substrates [53]. O. sativa studies identified several GH13 (Os08g0473600, Os09g0457800,
0s08g0473900, Os09g0457400, Os06g0713800, Os02g0765600 and Os09g0457600), all c-amylases that
are capable of hydrolizing 1,4-a-glucosidic linkages [49], which is consistent with O. sativa endogenous
metabolism. Starch is a plant carbohydrate often linked to storage organs, and its breakdown is
mediated by amylases. In grains, there is an extracellular matrix enriched in starch, which is degraded
by secreted enzymes, the alpha-amylases [4].

Saccharum spp. GH17, such as GH1, are probably (3-glucosidases [49]. The proportion of GH17 was
also higher in monocots (see Supplementary Table S1 for accession numbers). The presence of GH17 in
monocots is not surprising, since, as mentioned, type Il cell walls present mixed (1,3)(1,4)-3-p-glucans as
the principal hemicellulose [54], which is the substrate for GH17 that displays glucan-1,3-3-glucosidase
activity. These enzymes are used in enzymatic cocktails for biomass deconstruction and are considered
one of the most efficient enzymes in breaking glycosidic bonds in hemicelluloses [55].

GH18 substrates are not currently known, but they could be xylanase inhibitors that promote
cell wall extension or chitinases involved in cell signaling or pathogen response [56-58]. The proteins
Bradi3g26840, Bradi3g26850, Os10g0416100 and SCQGRT3044B10 are all GH18 that did not match any
A. thaliana sequence record. Interestingly, these B. distachyon GH18 (Bradi3g26840 and Bradi3g26850)
were phylogenetically grouped into a separate clade in the GH18 family, and indeed, A. thaliana did not
present any GH inside this clade [50]. Thus, because of their high specificity, the GH18 enzymes are
excellent candidates for further investigation in order to unravel the structure of monocot cell walls.
Additionally, as grasses are used as raw materials for biofuels production, the identification of GH
functions could be valuable in solving bottlenecks related to biomass deconstruction.

AtCWINI (AT3G13790) is a cell wall invertase from the GH32 family, and was identified in all
CWP studies, except in O. sativa. AtCWINI regulates carbon partitioning by cleaving apoplastic
sucrose and helping in the process of carbon import into the cell, which is the role of membrane sugar
transporters [59].

GH families 16 and 35 have more members in the A. thaliana proteome, and a possible explanation
is that their substrates are xyloglucans and galactans, the last related to pectins. Galactan is involved
in xyloglucan structure and mediates the interaction between xyloglucan and cellulose, in A. thaliana.
Interestingly, the AIBGAL1 (AT3G13750) from GH35 family, identified in A. thaliana and B. distachyon,
act with BGALS3, identified in A.thaliana only, during cell elongation [60]. Whether this enzyme was
poorly identified in monocots because of the low content of xyloglucans needs further investigation.
The principal xyloglucan (3-galactosidase in A. thaliana, AtBGAL10, was also identified in all cell wall
proteomes, with the exception of O. sativa.

More members of GH51 were found in B. distachyon (Bradi4g26270, Bradilg63990, Bradi4g43710
and Bradilg57017) than in A. thaliana. These GH51 are probably x-r-arabinofuranosidases [49],
a type of enzyme used for monocots biomass deconstruction, as they are rich in arabinoxylans.
a-L-arabinofuranosidases act on hydrolysis of «-L-arabinofuranoside in «-1-arabinosides, together
with hemicellulases, resulting in hemicellulose hydrolysis [49]. It is important to mention that more
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studies related to substrate specificities and protein structure are necessary to establish the function of
these proteins.

In addition to cellulose and hemicellulose, pectin is one of the main constituents of the primary cell
wall. Wall porosity, charge density and microfibril spacing are some of the functional roles of pectin [61].
Consistently with the fact that type II-wall plants have lower pectin content, Pectin Methyl Esterases
(PMEs) and Pectate Lyase-like proteins were more represented in A. thaliana. After the transport from
the Golgi apparatus to the cell wall, pectin is partially deesterified by PMEs, exposing a carboxyl group
on galacturonosyl residues and allowing the pectin to be stiffened by ionic crossbonding with calcium
ions [62]. The degree of methylation impacts on the wall stiffening and access to enzymes [63].

3.2. Oxidoreductases

ORs mostly comprise several class III peroxidases (Prxs), multicopper oxidases, plastocyanins,
berberine-bridge enzymes (BBEs) and blue copper-binding proteins. Prxs, part of large multigenic
families, can either oxidize phenolic compounds, and consume hydrogen peroxide or generate reactive
oxygen species [64]. They have been involved in several functional roles, such as cell elongation,
lignin metabolism, stress responses and germination (reviewed by [64]). As Prxs are versatile proteins,
they can both promote cell wall expansion or the crosslinking of its components, favoring cell wall
strengthening [65]; it is difficult to establish a correlation between their higher or lower proportion
and their metabolic function. Among the ORs, monocots show a slightly higher percentage of Prxs,
which may be related to the fact that Poaceae presents additional groups of paralogous Prxs genes in
comparison to A. thaliana and other dicots [66]. Sugarcane commercial varieties are highly polyploid
and aneuploid plants, usually resulting from the interspecific hybridization of Saccharum officinarum
and S. spontaneum [67]. The higher proportion of ORs in Saccharum spp., mostly Prxs, compared to the
other monocots may be due the high level of ploidy of this crop, but this observation is speculative.
Different Prxs were identified when using destructive and non-destructive CWPs extraction in young
Saccharum spp. culms [38], which was suggested to be due to a differential level of pectin-binding
capacity, as Prx with a Ca*2-pectate binding domain would be more difficult to extract using the
infiltration technique. Interestingly, AtPrx34 (AT3G49120) and 36 (AT3G50990) were only identified in
the A. thaliana cell wall proteome, which is consistent with the fact that the first has a putative binding
site to the calcium-mediated conformation of a pectin structure [68], and the second is a promoter
of pectin solubilization [69], and thus all these Prxs that have some level of relation with pectin are
expected to be less numerous in type II walls.

Associated with lignin biosynthesis, AtPrx52 (AT5G05340) [70] and the monocot homologs
(Os01g0205900, Bradi3g09120, SCQSST3114C09) were present in all analyzed cell wall proteomes.
Similarly, the proteins related to lignification AtPrx72 [71] (Os01g0327100, Bradi2g40590 and
SCEPRZ1011A06) and AfPrx64 [72] (Bradi2g37060 and SCJFLR1035D05) were identified in the
monocots. AtPrx16 (Os04g0656800, Bradilg33740 and SCJFLR1035D02) and AtPrx53 (Os10g0109300
and Bradilg68900) were both identified among A. thaliana and the monocots” CWPs. The first is related
to germination [73] and the second to cell elongation inhibition and cell wall strengthening [74].

AtPrx17 was also linked to lignin content when induced by the transcription factor
AGAMOUS-LIKE15, which controls the lignification of tissues and changes the cell wall properties [75].
This could point to a conserved pathway in plants, as AtPrx17 was identified in A. thaliana and in
monocots” CWP studies. Also identified in the four cell wall proteomes, AtPrx39 was linked to higher
production of reactive oxygen species that led to cold tolerance [76], evidencing the multiple roles
of peroxidases in plant development. Because of the numerous functions of Prxs, more targeted
studies are needed to determine the reason of their high variety in the plant cell wall, both in dicots
and monocots.

BBEs catalyze the formation of berberine bridges, but in plants their function is vastly unexplored.
In A. thaliana, it has previously been shown that some BBEs can be identified as monolignol
oxidoreductases, and are related to lignin formation [77]. A much higher proportion of BBEs is
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found in A. thaliana. Phylogenetic analysis shows that not only does A. thaliana have more BBE
members, but these enzymes also present several types of active sites, and few of type IV, which is
exactly the one that is found most in grasses. In the course of evolution, in addition to expanding the
amount of BBEs, it seems that the number of BBEs with active site type IV decreased and type I increased.
Four BBEs only identified in A. thaliana—AT1G01980, AT4G20840, AT1G11770 and AT4G20830, the last
with a type I active site—are able to inactivate oligogalacturonides, which is suggested to strengthen
the immune response to fungal polygalacturonases [78], pointing to an evolved mechanism. Previously,
it has been shown that BBEs in monocots seem to lack the catalytic and substrate coordination motifs
linked to monolignol oxidoreductase activity, which was linked to lignin formation [77]. There are few
functional studies in plant BBEs with type IV active sites, but fungal BBEs with this site have been
related to oligosaccharide oxidation and plant immune response [79].

3.3. Proteins Related to Lipid Metabolism

Under this category, we highlight the Lipid Transfer Proteins (LTPs), Glycerophosphodiester
Phosphodiesterases (GDPD)/GPDP-Like (GDPDL) and lipases GDSL. LTPs and lipases are
proportionally more and less numerous in the monocot cell wall proteome, respectively [28-31,33-40,48].
LTPs are encoded by large multigenic families, which are considered to be essential to land colonization
by plants, and are among the most abundant secreted proteins, but their exact in vivo role is still
unclear. It has been suggested that LTPs mediate the transference and adhesion of molecules required
for the composition of lipid barriers that are water-resistant, such as cutin, suberin and wax (reviewed
by Edqvist et al. [80]). In the leaves of C4-metabolism plants, such as Saccharum spp. and B. distachyon,
suberin surrounds the plasma membrane of bundle sheath cells, inhibiting CO, diffusion [4], which
could be a possible explanation for increased LTPs in these species. Accordingly, in Saccharum
spp., some LTPs were only identified in leaves. LTPs were also associated with lipid deposition for
cell expansion, as their transcripts were differentially expressed in maize elongating internodes in
comparison to non-elongating ones [81]. Curiously, homologs of LTP12 were identified in B. distachyon
(Bradi4g25750) and O. sativa (Os12g0115100), but not in A. thaliana (AT3G51590), where it was thought
to be pollen-specific [82]. Monocot homologs of AT5G01870 were unique to the suspension cell culture
or young plants, which could be an indication that it is related to growing tissues. In B. distachyon and
Saccharum spp., AT5G01870 homologs seem to be organ-specific, and are found only in leaves.

AtLTP3 was identified in all four cell wall proteomes analyzed. This protein negatively regulates
plant defense mechanisms through the regulation of the antagonism between abscisic and salicylic
acids, as it is induced by the former. LTP3 is proposed to be a disease-related marker, and it is also
thought that LTP3 and 4 show some level of redundancy in plant immunity [83], but curiously, LTP4
was not identified in the monocots CWPs, and whether this overlay occurs in grasses could be an
interesting research topic. Identified in all four species, the AtGDPDL3 (AT4G26690) is linked with
lipid rafts in root-hair tip growth, suggesting that root hairs could be used as a model to study lipid
rafts in plant development [84].

3.4. Proteases

Essentially, Ps break peptide bonds and control several relevant plant processes, such as protein
transport, activity and half-lives [85], being generally divided into aspartyl (Asp), serine, cysteine,
metallo and threonine proteases. The proportions of Asp Ps seem to be slightly higher in monocots.
Phylogenetic analyses indicate that S8, C1A and Al plant proteases functions were established
even before the evolutive divergence of monocots and eudicots. This is corroborated by the
conservation patterns of intron/exon arrangements and phylogeny analysis from monocots and
dicots [85]. Accordingly, most of the proteases identified in the CWP studies from the monocots
showed the highest identities with accessions also identified in the A. thaliana cell wall proteome (see
Supplementary Tables S1-54). However, only targeted functional analysis would reveal whether Ps
display specific activities in monocots.
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The senescence-associated subtilisin (AT3G14067) is a serine protease identified in all four species
cell wall proteomes (Bradi2g51440/Bradi3g57140/Bradi3g57130, SCJFRT2057F03/SCRFHR1007E04,
0s02g0779200), which confirms the fact that orthologs were identified in monocots crops [86]. Subtilisin
was associated with the regulation of abscisic acid (ABA) signaling and drought tolerance [87], probably
through a conserved mechanism between dicots and monocots, given the relevant role it plays.

The cysteine protease papain-like AtSAG2 (also named AALP) (AT5G60360) has been associated
with senescence and necrotic cell death [88], as its expression increases along with leaf development.
Reasonably, AtSAG2 was mostly identified in mature organs in A. thaliana and in the monocot cell wall
proteomes, pointing to its use as a senescence marker in monocots.

3.5. Proteins with Interacting Domains

IDs encompass Pectin Methyl Esterase Inhibitors (PMEIs), proteins with leucine-rich repeat (LRR)
and Lysm domains, protease inhibitors such as cystatins, Bowman-Birk inhibitors, lectins and jacalins.
PMEIs were proportionally less numerous in monocots, as might be expected for pectin-poor type II
walls. Interestingly, Hocq et al. [89] showed that AtPMEI9 is a strong inhibitor of AtPME3, which were
both identified in A. thaliana and B. distachyon cell wall proteomes. It has been suggested that PMEIs
diverge with respect to their ability to bind PME at different pHs, which results in varied modulation
of the pectin structure. Additionally, they act in pairs formed by the enzyme plus its inhibitor, an
interaction mode more tightly controlled by the structural determinants from the inhibitor than the
enzyme [89].

O. sativa showed a higher proportion of proteins with Lysm domains, which was associated
with both plant immunity and symbiotic interactions in this species [90]. All Bowman-Birk serine
protease inhibitors (BBIs) were only identified in members of Poaceae and Fabaceae families [91],
and thus they have only been found in Saccharum spp. (SCJFLR1013A04 and SCRUFL3062D08), B.
distachyon (Bradi2g24810, Bradilg03510, Bradi2g01920 and Bradi2g24820) and O. sativa (Os01g0132000)
cell wall proteomes. Protease inhibitors regulate protease activities, and BBIs, in particular, display an
essential role in defense mechanisms directed towards protection against pathogens and pests [91].
Another type of protease inhibitor, AtCys6 homologs were identified in B. distachyon (Bradi2g52670)
and Saccharum spp. (SCEPLR1051C09), which are associated with abiotic stresses and nucleic acid
degradation [92].

Overall, the LRR-containing domain is conserved throughout evolution in the plants, displaying
activity in the innate immune system through the sensing of pathogen-associated molecular patterns [93].
AtPGIP1 (an LRR-domain protein) and its monocots corresponding accessions were identified in cell
wall proteomes. AtPGIP1 was associated with reduced damage caused by infection of a root nematode
by inducing plant camalexin and indole-glucosinolate pathways [94]. The levels of the transcripts of
another protein classified as ID, AtCys-5, are increased upon nematode infection [95] and ABA [96].
This cystatin was also identified in all four species’ CWP surveys. Perhaps both proteins could be part
of the conserved defense mechanisms against nematodes in dicots and grasses.

3.6. Proteins Possibly Related to Signaling

This class of CWPs is composed by fasciclin-like arabinogalactans (FLAs), leucine-rich repeat
receptor protein kinases (LRR-RKs) (actually trans-membrane proteins), and COBRA-like proteins
(COBLs), among others. The proportion of proteins from the S class is similar in all four species,
being higher in B. distachyon (see Figure 1). In proportion, FLAs seem to be more numerous in the
cell wall proteomes of monocots. However, phylogenetic analyses showed that A. thaliana has 21
and O. sativa 15 FLA genes with conserved functions [97]. FLAs are related to cell-to-cell adhesion,
mechanical strength for secondary cell walls and cellulose biosynthesis [98], in addition to elasticity [99].
Identified in all four species, FLA1 is supposed to act on the lateral root and shoot formation in tissue
culture [100], and two B. distachyon FLAs (Bradi2g00220 and Bradi4g33490) were only identified in
internodes, indicating that they could display organ-specific activities. In contrast, COBLs were only
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identified in A. thaliana CWPs, with the exception of one COBL in O. sativa (Os10g0497700). These are
glycosylphosphatidylinositol-anchored specific plant proteins, and are associated with cell expansion
and cellulose level of crystallinity, predominantly in elongating tissues [101]. More members of COBL
are found in dicots, as several duplications occurred after the separation of dicots and monocots
during evolution [102]. Recently, it has been demonstrated that a Sorghum bicolor COBL protein is
linked to cellulose biosynthesis in the secondary wall, affecting plant mechanical strength [103], and
this provided evidence of a cellulose-related role for this protein family in grasses. Overall, the LRR
domain-containing proteins are conserved in both dicots and monocots [104].

3.7. Miscellaneous

Proteins with diverse functions are grouped under this category. Invariably, in several studies on
CWPs, these consist of dirigent proteins, germins, thaumatins, gibberellic acid-stimulated proteins,
purple acid phosphatases, phosphate-induced (phi) proteins, aldose epimerases, carbonic anhydrases,
metallophosphoesterases, ribonucleases, pathogenesis-related proteins, low-molecular-weight
cysteine-rich proteins and strictosidine synthases. Identified in all four species, AfPAP10 has been
proven to be transcriptionally regulated by MYB-CC factors, which control plant responses to inorganic
phosphate starvation [105]. A germin protein (AT1G72610, and the corresponding Os08g0460000
and Bradi3g37680) seems to be leaf-specific, as it was mostly identified in this organ. Another
protein from the same family (AT1G18970 and the corresponding Os03g0804500) was found to be
auxin-responsive [106].

Dirigent proteins have more members in B. distachyon and Saccharum spp. CWP surveys. The
family of dirigent proteins is possibly linked to lignin polymerization [107], and its higher content may
be associated with the presence of aromatic molecules such as ferulic acids in some type II primary
walls [4].

Nucleoside phosphatases were only identified in Saccharum spp. One of them, SCCCRZ1C01HO06,
is an apyrase associated with calcium signaling and has been suggested to be a messenger for sucrose
accumulation [108], which is consistent with this species” high sugar content.

3.8. Structural Proteins

The reduced number of SPs in CWP studies on monocots is probably due their low levels in
type Il walls [6]. They are usually covalently linked to the wall, and thus present extra difficulty with
respect to extraction. Extensins (EXTs), Proline- and Glycine-Rich Proteins are the most represented
structural protein families in A. thaliana CWPs. In monocots, 10 leucine-rich repeat extensins (LRXs)
have been identified altogether. EXTs are basic cell wall glycoproteins, rich in hydroxyproline residues
with alternating hydrophilic and hydrophobic motifs [109], and have been associated with cell wall
strengthening after different stresses and with pectin to create a coacervate that may serve as a template
for cell wall deposition [110], reinforcing their role in type I cell expansion. Intriguingly, they are one
of the most relevant families of CWPs in C3. In addition, specifically in B. distachyon, EXTs are essential
to embryo regeneration and germination [111]. Three (Bradi2g05080, Bradi3g03370 and Bradi2g42477)
of the four LRXs found in B. distachyon CWP studies [33-36] were also identified in the bioinformatic
work of Liu et al. [112]. In a previous analysis, eight LRX genes were identified in O. sativa genome
and were thought to form two distinct clades for vegetative and reproductive organs, which could
reflect adaptations to different cell wall types. In addition to their role in cell expansion, it is suggested
that LRXs might act on cell differentiation [113].

3.9. Proteins of Unkown Function

UFs mostly consist of several proteins with Domains of Unknown Function (DUFs). DUF642,
for example, is present in the three monocot species plus A. thaliana (AT3G08030, Bradilg04670,
0s03g0807700, SCCCCL4009G04, AT5G11420, Os01g0611000, SCCCLB1001G04, AT5G25460 and
AT4G32460). According to this categorization, it would only be speculative to propose for them

17



Int. J. Mol. Sci. 2019, 20, 1975

a functional role, but this family is thought to be conserved, and has been proposed to be a new
family of carbohydrate-binding proteins [114]. Some of these proteins have shown their ability to
bind cellulose [114], have been shown to interact with PME [115], with auxin flux and hypocotyl
elongation [116] and germination [117].

Several CWPs classified as UFs possess the BURP domain. Identified in O. sativa and B. distachyon
(0Os01g0733500 and Bradi2g49000), AT5G25610 has high sequence identity with GERDL1. GhRDL1
interacts with a cotton a-expansin, and together they promote plant growth when overexpressed
simultaneously [118]. The great number of UFs identified in the four species, and the fact that several
UFs are suggested to have roles linked to the cell wall polysaccharides, reinforce the need for more
functional studies on them to bring more information regarding the biology of monocot cell walls.

4. Applicative Aspects of Research on CWPs

Glycoside hydrolases are good candidates to be used in order to increase plant biomass or decrease
recalcitrance destined to bioenergy production. Considering the enzymatic cocktails made from
enzymes of microorganisms and the data on CWPs identified in monocots, the focus may be on GH
families 1, 3, 17, 27, 35 and 51 [49]. The expression of a bacterial GH5 in A. thaliana led to a less
recalcitrant wall without harming plant growth. It is suggested that the 3-1,4 linkages of cellulose
could be cut in the wall in an appropriate time and result in beneficial effects only [119]. As grasses
present more GH5 and are the material used for biofuel production, they could be enzymes to watch
with respect to their manipulation in the course of plant development.

As Prxs might be involved with lignification, they need to be mentioned when discussing ways to
improve biomass and to facilitate its conversion. In this sense, OsPrx38 overexpression in A. thaliana
increased biomass and seed yield under arsenic stress [120], which could be an alternative pathway to
be engineered.

The overexpression of a plantacyanin (AT2G02850, an OR), identified in the cell wall proteomes of
all species analyzed here, led to decreased plant biomass and seed yield in A. thaliana. As this gene is
regulated through a microRNA (miR408) whose overexpression results in augmented biomass, this
could be further studied [121].

In a previous work, Endo et al. [122] fused the promoter of an LTP gene (AT3G18280), identified
in A. thaliana and monocot CWP studies, named AtTED4, with several other genes. AtTED4 was able
to regulate the transition from the immature to the mature developmental stage, as expected for an
early xylem-specific promoter, which could be used to target specialized genes in biomass engineering.

5. Conclusions

Although a comparison among a variety of studies, and modes of extraction, analysis and mass
spectrometry techniques is still far from a complete understanding, this review compiled the most
extensive studies on monocot CWPs, gathering their common characteristics and comparing them to
A. thaliana data. As not all studies have used quantitative analysis, the abundance of these proteins
should be considered in a more detailed way in the future before drawing conclusions. The different
GH families and the low number of both pectin-related CWPs and SPs were related to the specific
type II-wall characteristics, such as the presence of mixed p-p-glucans, and lower contents of pectin
and structural proteins. Furthermore, specificities were indicated, such as the monocot proteins from
the GH18 family, and some questions remain unanswered, such as the roles of the Prx, Bowman-Birk
inhibitor and dirigent proteins in type II cell wall processes.

Despite the particularities displayed by type II cell walls, the nucleotide sequences of genes
encoding some of the proteins that are lacking in grasses are conserved among dicots and monocots [123].
This observation points to the fact that grasses have the genetic capacity to produce xyloglucan, but it
remains inactive [43]. Furthermore, we need to increase our knowledge of CWPs from both dicots
and monocots to provide novel insights into the specialization of type II cell walls and their adaptive
advantages. This would aid in genetically tailoring plants to improve efficiency and biomass for the
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production of commercially important products such as second-generation biofuels. In addition to
the gains brought by the first surveys on the CWPs of monocots, data mining and integration using
several -omics and protein—protein interaction studies are needed to establish the roles of CWPs.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/8/1975/
s1. Table S1. List of CWPs identified in A. thaliana (retrieved from WALLPROTDB [48]) and the accessions from
B. distachyon, Saccharum spp. and O. sativa identified through BLASTp analysis; Table S2. List of CWPs identified
in B. distachyon (retrieved from WALLPROTDB [48]) and the A. thaliana accessions identified through BLASTp
analysis; Table S3. List of CWPs identified in Saccharum spp. (retrieved from WALLPROTDB [48]) and the
A. thaliana accessions identified through BLASTp analysis; Table S4. List of CWPs identified in O. sativa (retrieved
from WALLPROTDB [48]) and the A. thaliana accessions identified through BLASTp analysis. The published and
unpublished proteomics data were retrieved from WALLPROTDB [48]. Phytozome nomenclature [124] was used
for O. sativa.
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Abbreviations

1D-PAGE one-dimensional polyacrylamide gel electrophoresis
2D two-dimensional

2D-PAGE two-dimensional polyacrylamide gel electrophoresis
ABA abscisic acid

Asp aspartyl

BBE berberine-bridge enzyme

BBI bowman-birk serine protease inhibitor

CaCl2 calcium chloride

Cwp cell wall protein

COBL COBRA-like protein

DAF days after flowering

DUF protein with domains of unknown function
ER endoplasmic reticulum

EXT extensin

FLA fasciclin-like arabinogalactan

GDPD glycerophosphodiester phosphodiesterase
GDPDL glycerophosphodiester phosphodiesterase-like
GH glycosyl hydrolase

ID protein with predicted interaction domains
LiCl lithium chloride

LC-MS/MS liquid chromatography-tandem mass spectrometry
LM protein related to lipid metabolism

LRR leucine-rich repeat

LRR-RK leucine-rich repeat receptor kinase

LRX leucine-rich repeat extensin

LTP lipid transfer protein

M miscellaneous protein

MS mass spectrometry

OR oxidoreductase

P protease

PAC proteins acting on carbohydrate

PME pectin methyl esterase

PMEI pectin methyl esterase inhibitor

Prx class III peroxidase

S protein possibly involved in signaling

SP structural protein

UF proteins of unknown function
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Abstract: The cell wall is an important compartment in grain cells that fulfills both structural and
functional roles. It has a dynamic structure that is constantly modified during development and in
response to biotic and abiotic stresses. Non-structural cell wall proteins (CWPs) are key players in
the remodeling of the cell wall during events that punctuate the plant life. Here, a subcellular and
quantitative proteomic approach was carried out to identify CWPs possibly involved in changes in cell
wall metabolism at two key stages of wheat grain development: the end of the cellularization step and
the beginning of storage accumulation. Endosperm and outer layers of wheat grain were analyzed
separately as they have different origins (maternal and seed) and functions in grains. Altogether,
734 proteins with predicted signal peptides were identified (CWPs). Functional annotation of CWPs
pointed out a large number of proteins potentially involved in cell wall polysaccharide remodeling.
In the grain outer layers, numerous proteins involved in cutin formation or lignin polymerization
were found, while an unexpected abundance of proteins annotated as plant invertase/pectin methyl
esterase inhibitors were identified in the endosperm. In addition, numerous CWPs were accumulating
in the endosperm at the grain filling stage, thus revealing strong metabolic activities in the cell wall
during endosperm cell differentiation, while protein accumulation was more intense at the earlier
stage of development in outer layers. Altogether, our work gives important information on cell wall
metabolism during early grain development in both parts of the grain, namely the endosperm and
outer layers. The wheat cell wall proteome is the largest cell wall proteome of a monocot species
found so far.

Keywords: cell wall; grain; remodeling; polysaccharide; proteome; wheat

1. Introduction

The wheat grain is a caryopsis composed of an embryo separated from the starchy endosperm
and aleurone cells by the scutellum. The progeny is surrounded by the maternal tissues, which are
composed of several outer layers [1]. They consist of the pericarp, the testa, and the nucellar
epidermis [2]. The pericarp includes epidermal cells, parenchyma cells, and cross and tube cells.
Cytological and physiological features of wheat endosperm and pericarp were characterized all along
the grain development [3-5].

At the early developmental stage, the outer layers constitute most of the grain volume [3].
By around 150 growing degree days (GDD), the layers of the outer integument are the first to
degenerate, whereas endosperm cells continue to divide. The beginning of grain filling occurs around
220 GDD. The aleurone layer becomes recognizable. Endosperm cells stop dividing and the grains
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reach their maximum fresh mass at around 440 GDD. Concomitantly with the fusion of the pericarp
with the maternal epidermis, the expanding endosperm compresses the outer layers. At grain maturity,
except for the aleurone cells and embryo, all tissues degenerate, and only cell walls remain.

Cell walls play key roles during grain development. They have various compositions depending
on the cell type and developmental stages. Due to their importance in nutrient transport, as well as cell
size, shape, and stiffness, cell walls are essential for the determination of the final grain size and the
nutritional quality of cereal grain [6-8]. They account for 3% of the endosperm, and around 70% of the
outer layers in the mature wheat grain [9]. The cell walls are the primary contributors to cereal dietary
fiber with important implications for human nutrition and disease prevention [10]. Cell walls also
have important effects on cereal processes, such as milling, brewing, and breadmaking quality [11].
They are mostly composed of polysaccharides, together with a smaller amount of proteins, lipids,
and phenolic compounds that participate in the cell wall metabolism.

Cell walls of developing endosperm have recently been described in detail [12-17]. Despite their
important roles, both in grain physiology and from a nutritional point of view, cell walls of the outer
layers of cereal grain have been poorly studied so far. Callose was the first polysaccharide to be
detected during the development of wheat grain [18]. Arabinoxylans (AXs) and mixed p-glucans
(MLGs) are the main polysaccharides of wheat grain, and of grasses more broadly. The remaining
polysaccharides consist of cellulose, mannans, xyloglucans, and pectins [14,15,18]. MLGs are deposited
early during the cellularization step and throughout the grain development. AXs are detected at
the beginning of the differentiation in the endosperm cells. Spatial and temporal variations of the
AX structure were observed in wheat grain. This structural heterogeneity is mainly explained by
the variation in the substitution degree of AXs by arabinose, but also by ferulic acid, and to a lesser
extent, p-coumaric acid, which binds to the arabinose residues [12,19]. Although less abundant than
in dicot plants, cellulose was observed not only in the outer layers, but also in endosperm cells in
a proportion that was not expected [20]. Recently, pectins were detected in the endosperm and the
outer layers of wheat grain [14]. An impressive deposition of homogalacturonans (HGs) in the testa
was reported at 250 GDD, with a decrease in their methylation degree during grain development.
Rhamnogalacturonans of type I (RGI) were mainly detected in the endosperm and mostly in aleurone
cells. Spatial and temporal variations of the RGI structure have been observed [14].

In addition to variability of the polysaccharide distribution and structures, the cell walls of the
outer layers contain significant amounts of hydrophobic and polyphenolic polymers that compose
the lignin and/or cutins. Lignification occurs earlier than previously reported in the outer layers and
long before the grain reaches its final size [2]. Several cuticles are formed early in the development
and persist at grain maturity. They are considered to be physically associated with the cell walls and
have some overlapping functions. These cuticles are mainly composed of cutins and soluble waxes.
Polysaccharides are also embedded into the cuticular layers [21]. Recently, xyloglucans were detected
in the cuticle above the testa in the grain of the wild grass Brachypodium distachyon [22].

As described above, the composition and structure of cell wall polysaccharides vary during grain
development and according to grain tissue to answer to the physiological needs of plants. Cell wall
polysaccharide modifications imply numerous modifying enzymes, among which, glycosyl hydrolases
(GHs) act on polysaccharides and oxidoreductases. They are mainly located in the cell wall and
participate in the cell elongation, cuticle deposition, and cell wall structural variation that occurs during
grain development. They may be transported by vesicles from the cytoplasm to the extracellular
compartment [23]. The identification and functional understanding of these protein actors are essential
to gain access to cell wall dynamics. To date, only a few experiments have been reported on grass
cell wall proteomes: Brachypodium distachyon [24-26], Saccharum spp (sugarcane) [27-29], Oryza sativa
(rice) [30-33], and Triticum aestivum (wheat) [34]. Transcriptomic data on the developing wheat grain
allowed for the identification of GH genes [15], and recently, we reported the first data on the cell
wall proteome of endosperm and the outer layers of wheat grain at a given developmental stage [34].
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More than 600 cell wall proteins (CWPs) were identified, half of which were present in both tissues,
suggesting common and specific tissue remodeling activities.

In this study, we investigated the cell wall proteome targeting both the endosperm and outer layers
of the wheat grain at two key developmental stages in order to report on the cell wall dynamics during
grain development. We identified proteins annotated as CWPs that are potentially involved in cell
wall polysaccharide remodeling and cell wall assembly. A quantitative analysis allowed for describing
the cell wall proteome content during the grain developmental stage for two tissues: the endosperm
and the outer layers.

2. Results

2.1. Developing Grain Stages

The aim of this work was to identify CWPs in order to better understand the cell wall dynamics
during the development of wheat grains. For this, the experiments were conducted from grains
harvested at two developmental stages. The first one corresponded to an early stage of development
(150 GDD, Figure 1), where the cellularization step was almost achieved but endosperm cells continued
to divide. Aleurone and transfer cells were not yet differentiated. The outer layers derived from
maternal tissues were already well differentiated. The outer layers were composed of the pericarp,
the testa, and the nucellus epidermis (Figure 1).

The second developmental stage corresponded to the beginning of the accumulation of storage
products. At this stage, around 250 GDD, endosperm was well differentiated. Aleurone and transfer
cells were easily detected. In addition, the outer tissues progressively began to degenerate (Figure 1).

150GDD 058 = U g, 250GDD pe”

Figure 1. Tissue differentiation and development of wheat grain. Wheat grain cross-sections at (left)
150 and (right) 250 growing degree days (GDD) using bright-field micrographs of toluidine blue-stained
sections. pe: pericarp, ep: external pericarp, pa: pericarp parenchyma, ne: nucellus epidermis, t: testa,
al: aleurone layer, en: endosperm. Scale bars: 250 pm.

2.2. Protein Extraction and Proteomic Analysis

For our analysis, the endosperm and outer layers were manually separated from grains at
150 and 250 GDD. Then proteins were extracted from three independent biological replicates per
condition. Our procedure led to an enrichment of CWPs in the extracts. The electrophoretic profiles of
replicates were similar and large number of bands was observed between 10 and 120 kDa (Figure S1).
For each replicate, around 0.5 mg and 0.8 mg of proteins were obtained from 500 mg of fresh mass
of endosperm and outer layers materials, respectively. Fifty micrograms of proteins were separated
using 1DE (one dimension electrophoresis) and each lane was cut into five slices prior to being
trypsin-digested and analyzed using LC-MS/MS. Only proteins identified as having at least two specific
peptides were conserved. Interrogation of the UniProt databank restricted to T. aestivum led to the
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identification of 2454 proteins (Table S2). The principal component analysis (PCA) indicated a good
clustering of biological replicates and a significant discrimination between the four experimental
conditions (Figure 2). The first two components explained 59.5% of the total variance. The different
replicates clustered quite separately according to the tissue along the first principal component, and the
development stage along the second principal component.

The predicted subcellular localization and functional annotation were achieved using the
ProtAnnDB pipeline. A dataset of 734 total CWPs was selected, as described in Material and
Methods (Table S2), which represents about 30% of all the 2454 identified proteins. In the outer
layers, the CWP enrichment was 39%, while in the endosperm it was 22%. CWPs identified from the
developing grains of B. distachyon represented around 40% of the total number of identified proteins,
i.e., in the same range as what was obtained for the outer layers of the wheat grain [25]. Given that the
complete genome annotation of wheat has currently not been achieved, a particularly large number of
proteins were annotated as “uncharacterized protein”. By searching predicted functional domains
using the ProtAnnDB pipeline, the annotation of our data was refined, leading to the functional
annotation of a significant number of additional proteins, thus drastically decreasing the amount of
“uncharacterized proteins”.

In addition, a statistical analysis of the quantitative data obtained for CWPs was performed in
order to consider the variation of CWP abundance between the two developmental stages and the two
parts of the grain. The relative quantification of proteins was performed from the signal intensity of
their respective peptides in mass spectroscopy (MS), using a label-free and non-targeted approach.
Quantification was achieved from a minimum of two peptides per protein. A total of 243 proteins was
shown to present variation in their abundance according to parts of the grain and/or developmental
stages (Table S3).
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Figure 2. Principal component analysis (PCA) performed using the relative amounts of cell wall proteins
(CWPs) for both parts of the wheat grain and at the two developmental stages (150 and 250 GDD).
Individual maps of the biological replicates (red: endosperm samples at 150 GDD, green: endosperm
samples at 250 GDD, dark blue: outer layers samples at 150 GDD, light blue: endosperm samples at
250 GDD) along principal components 1 and 2.

2.3. Validation of Cell Wall Localization for Three of the Identified Proteins

In order to validate our proteomic analysis and bioinformatics treatment, we decided to check the
cell wall localization for three randomly selected CWPs. These proteins were respectively annotated

30



Int. . Mol. Sci. 2020, 21, 239

as a pectin methylesterase (PME), a PME inhibitor (PMEI), and a glycoside hydrolase belonging to
family 152 (GH152). We therefore generated C-terminal green fluorescent protein (GFP) fusions under
the control of the cauliflower mosaic virus (CaMV) 35S constitutive promoter using an appropriate
binary vector. The sequences used for the constructs encoded the full length CWPs, including their
signal peptides. The constructs were transiently expressed in N. tabacum leaves after A. tumefaciens
infiltration. The subcellular localization of the fusion proteins was analyzed using confocal laser
scanning microscopy. The fluorescence of the protein fusions PME::GFP, GH152::GFP, and PMEI::GFP
was detected at the periphery of the cells; this was consistent with their localization in the cell wall.
A plasmolysis of the infiltrated leaf pieces was performed to separate the plasma membranes from the
cell walls. The results indicated that the three fusion proteins were present in the cell wall and in the
apoplastic compartment, as observed with the apoplastic marker Sec-mRFP (Figure 3).

Sec-mRFP PMEi::GFP GH152::GFP PME::GFP

Figure 3. Subcellular localization of a PMEI (AOA1D6BK49), a GH152 (AOA1D6DD47), and a PME
(AOA1D5VOTS) fused to a green fluorescent protein (GFP) in plasmolyzed N. tabacum leaf epidermal
cells. Confocal images of plasmolyzed cells expressing the apoplastic marker Sec-mRFP, PMEL:GFP,
GH152::GFP, and PME::GFP in leaf epidermal cells 2-3 days after agroinfiltration. Scale bars: 20 pm.

2.4. Distribution of the CWPs in Functional Classes

The CWPs are distributed into eight of the nine functional classes, as defined by the ProtAnnDB
tool [35] (Figure 4A). No protein was annotated as a structural protein that has been currently observed
in cell wall proteomes of monocots [36]. The most effective functional class was that of “proteins acting
on cell wall polysaccharides” (PACs) with around a quarter of the CWPs. Inside this functional class,
we mainly found GHs, which was consistent with previous cell wall proteome studies [25,26,28,37]
(Table S2). PACs also contained expansins, carbohydrate esterases, and to a lesser extent, pectate
lyases, PNGases (N-glycosidases), and COBRA-like proteins. Altogether, 136 GHs were identified.
They belong to 21 different GH families (http://www.cazy.org/). They are thought to play various
functions in cell expansion, signaling, plant defense, and the hydrolysis of glycans from glycoproteins
and polysaccharides [38]. GHs were fairly distributed between the developmental stages and grain
parts. Among them, the best-represented families were GH3 and GH17, as previously found in
B. distachyon grains [24]. The classes of “proteases” and “proteins with interacting domains” were also
well represented. The functional class of “signaling proteins” accounted for 4% of the total CWPs,
as currently found in other cell wall proteome of monocots (3.4% for overall cell wall proteomes of
monocots [39]; 6% if only the cell wall proteome of B. distachyon grains is considered [25]). Among the
proteins of yet unknown function, DUF642 proteins were found as in all the previously studied cell
wall proteomes (see WallProtDB).
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Figure 4. Distribution of CWPs and variation of their abundance according to the different conditions.
(A) Distribution of CWPs into functional classes according to their predicted functions. PACs: proteins
acting on cell wall polysaccharides. (B) Heatmap of the relative amounts of CWPs identified in the four
conditions (in the endosperm (EN), in the outer layers (OL), and at 150 and 250 GDD).

2.5. Distribution of CWPs and Their Abundance Variation According to Tissue

Among the CWPs, almost two times more proteins were identified in the outer layers compared
to the endosperm (Figure 5). More than 300 CWPs were shared between the two parts of the grain.

Among the CWPs identified in the endosperm, few of them were specific to this tissue. Several of
them were annotated as proteins with leucine-rich repeats (LRR proteins), class III peroxidases,
multicopper oxidases, or plant invertases/PME inhibitors, and others corresponded to the COBRA-like,
DUF296, DUF239, and antimicrobial peptide (AMP) protein families. No GH family was found
exclusively in the endosperm. In contrast, the outer layers accounted for numerous specific CWPs
(Figure 5, Table S2) with proteins belonging to families of pectate lyases, acetyl xylan esterases (AXEs),
GH10, GH13, GH32, laccases, and some DUF proteins (DUF642, 1929, 568, and 760).

Although numerous protein families were identified, both in the endosperm and outer layers, some
of them differed by the number of their members between these two tissues. Some protein families were
best represented in one of these two grain parts. This was the case for the fasciclin-like arabinogalactan
proteins (FLAs), GDSL lipases/esterases, GH31, GH35, class III peroxidases, purple acid phosphatases
(PAPs), and pectin acetylesterases (PAEs), which were more represented in the outer layers. Due to
the relatively low number of CWPs identified in the endosperm compared to the outer layers, it was
more difficult to reveal the protein families best represented in this tissue. However, our results clearly
indicated that proteins with a protease-associated (PA) domain, x-amylase inhibitors, GH28, GH29,
and plant invertases/PME inhibitors were well represented in the endosperm (Table S2).

Considering the developmental stages, only a third of the CWPs were shared by the endosperm
and outer layers (Figure 5). This was partly due to the big difference in the numbers of CWPs identified
in the endosperm and outer layers. The classes of “oxidoreductases,” “proteins related to the lipid
metabolism,” and “proteins possibly involved in signaling proteins” were more numerous in the
outer layers compared to the endosperm (Figure S2). Inversely, the class of “proteins with interacting
domains” was best represented in the endosperm, with a significant proportion of CWPs annotated as
plant invertase/PME inhibitors (Figure S2, Table S2).
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From a statistical point of view, variations of the CWPs’ abundance were observed between the
endosperm and outer layers at a given developmental stage (150 GDD or 250 GDD) (Table S3, Figure S2).
Among the CWPs shared by the endosperm and outer layers at 150 GDD, 60 were accumulated at a
higher level in the outer layers, and only 28 in the endosperm. At 250 GDD, the numbers of CWPs
accumulated at a high level in the outer layers and endosperm were closer (57 CWPs in outer layers
versus 47 in endosperm), revealing a strong cell wall dynamic in both parts of the grain. More dirigent
proteins, oxidoreductases, and thaumatins were accumulated at a higher level in the outer layers than
in the endosperm, especially at 150 GDD. Some GHs (GH1, GH17, and GH79) were also accumulated in
the outer layers, whatever the developmental stage. In the endosperm, plant invertases/PME inhibitors
were found to have greater levels of accumulation compared to the outer layers, as well as some
protease inhibitors and GH3.
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Figure 5. Venn diagrams showing the distribution of CWPs according to the wheat developmental
stages and grain parts.

2.6. Distribution of CWPs and Their Abundance Variation According to the Developmental Stage

Few differences were noticed between the total number of CWPs identified at 150 GDD and
250 GDD (676 vs. 640 CWPs) (Figure 5, Table S2). A large majority of them were shared by the two
stages. Only a few differences were observed for each protein family between the two developmental
stages. However, a slightly higher number of expansins, lipid transfert proteins (LTPs), invertase/PME
inhibitors, class III peroxidases, and plastocyanins was noticed at 150 GDD compared to 250 GDD.
On the other side, arabinofuranosidases (GH51 and GH146), proteins with predicted protease-associated
(PA) or cupin domains, and some proteases (subtilases) were slightly more represented at 250 GDD
compared to 150 GDD. Whereas the GH10, DUF760, and DUF296 families were only identified at
150 GDD, lectins and COBRA proteins were only found at 250 GDD (Table S2).

Among the CWPs identified at 150 GDD, around one hundred were specific to this stage, with more
proteins identified specifically in the outer layers compared to those identified in the endosperm
(Figure 5, Table S2). While some invertase/PME inhibitors were specific to the endosperm at 150 GDD,
several AXEs, class III peroxidases, and DUF538 proteins were specifically found in the outer layers at
this earlier developmental stage. At 250 GDD, we identified 58 CWPs specific to this stage, with twice
as many identified proteins in the outer layers compared to the endosperm, two arabinofuranosidases
and two subtilases among them (Table S2).

Considering the endosperm, more than twice as many CWPs were significantly accumulated at
higher level at 250 GDD compared to 150 GDD (52 vs. 21). The opposite was observed in the outer
layers (Table S3, Figure S3). This could reflect an intensive cell wall metabolism in the outer layers at
150 GDD, whereas the cell wall metabolism in the endosperm seemed to be more dynamic at 250 GDD.
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In this way, numerous proteases, but also FLAs, leucine rich repeat-containing proteins (LRR-proteins),
and GH9 were accumulated at 250 GDD in the endosperm. Inversely, in the outer layers, proteins
annotated as AXEs, GDSL lipases/esterases, or proteases were particularly abundant at 150 GDD
(Table S3).

3. Discussion

In this work, we investigated the cell wall proteome of two distinct parts of the wheat grain.
The outer layers and endosperm are composed of distinct cell layers that have different functions
in grain. Thus, the cell wall structures are very different and we were expecting to obtain distinct
CWP profiles between these two parts of grain. Two early developmental stages, 150 GDD (end of
cellularization step) and 250 GDD (differentiation step and beginning of storage accumulation) were
considered since clear differences at the histological and cell levels (Figure 1) and in the cell wall
composition have been described between these two stages [12,14,17]. Although numerous cell wall
events occur after 250 GDD, the accumulation of storage proteins, such as glutenins and gliadins in
wheat endosperm, makes wall preparation and proteomic analysis more difficult. Indeed, due to the
amount of storage proteins being particularly high from 300 GDD, the detection of CWPs, which are
by weight minor cell wall components, would be very hard.

Although the outer layers can be easily detached from the endosperm of early harvested wheat
via manual dissection [40], we cannot totally exclude protein cross-contaminations between these
two tissues. However, the PCA indicated a strong discrimination between the endosperm and outer
layers samples collected at 150 or 250 GDD, as well as a low variability between replicates (Figure 2).
Because most of the polysaccharides were deposited both in the endosperm and outer layers, and since
several cell wall remodeling events occurred in both grain tissues, numerous CWPs were expected to
be identified in both of them. Forty-six percent of the identified CWPs were indeed found in both parts
of grain.

To analyze the cell wall proteome, we performed cell wall enrichment and the proteins were
extracted with CaCl, and LiCl buffers using a protocol successfully used on different plant species and
tissues [25,26,28,29,37,41,42]. In this work, we identified a total of 2454 proteins, 734 of them being
predicted as secreted proteins present in the cell wall or the apoplast, and called CWPs. CWPs were
more numerous in the outer layers compared to the endosperm. The outer layers contained several cell
layers, whereas endosperm tissues only contained starchy endosperm and aleurone cells. This could
explain why more CWPs were identified in the outer layers, reflecting the presence of more different
cell types. In addition, the outer layers contained more cell walls than the endosperm, leading to
a higher protein amount. Also, we cannot exclude a better extractability of proteins from the outer
layers than from endosperm. Conversely, almost the same number of CWPs were identified at both
developmental stages of grains, with around 90% being shared proteins. These results, reinforced by
the PCA data, suggest that in our experiments, the tissue effect was stronger than the developmental
stage effect. However, many cell wall metabolism events differed from 150 to 250 GDD, such as the
aleurone cell differentiation or the start of the pericarp degeneration, which may involve different
CWPs [3,5]. Additionally, these distinct metabolic events were certainly reflected by differences in
protein accumulation (Table S3). Many CWPs were more abundant in the endosperm at 250 GDD
(in particular expansins, GH9, or GH28), while accumulation of a large number of CWPs was observed
at 150 GDD in the outer layers (with numerous GDSL lipases/esterases, or oxidoreductases, such as
class III peroxidases) (Table S3, Figure S3).

The distribution of wheat grain CWPs into functional classes slightly differed from those of
the other cell wall proteomes. It appeared that the cell wall proteomes of grass grains (wheat and
B. distachyon) contained more proteases and less oxido-reductases than the cell wall proteomes already
described (Figure 4, [24-46]). The cell wall proteome of wheat grain also stood out as having numerous
proteins with predicted interaction domains compared to other cell wall proteomes, including that
of the B. distachyon grain [24,25]. Among proteins with interaction domains, more than 50 CWPs
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belonged to the superfamily of the “plant invertase/PME inhibitors”. Although found in all conditions,
these proteins were more represented in the endosperm, and at 150 GDD. The transient expression of a
fusion protein plant invertase/PME inhibitor::GFP in tobacco leaves confirmed its presence in the cell
wall and in the apoplast (Figure 3). Wheat has a complex genome, with six copies of each chromosome
and many nearly identical sequences scattered throughout, which could account for the large number
of protein isoforms. As a matter of fact, many of the identified plant invertase/PME inhibitors present
a strong homology. In wheat grain, there is a considerable number of plant invertase/PME inhibitors
compared to other plant cell wall proteomes. In the cell wall proteomes of A. thaliana and B. distachyon
(compilated data from WallProtDB), only 12 and 7 plant invertase/PME inhibitors were identified,
respectively. In B. distachyon, they were all found in the developing grain [25]. In rice, several of
the 54 predicted invertase/PME inhibitors are expressed specifically in developing endosperm [44].
PMEIs inhibit the demethylesterification of HGs by PMEs [45]. In wheat, PMEIs were suggested to
play a role in plant defense mechanisms by decreasing the cell wall porosity and/or by conferring
resistance against several pathogens [46,47]. Recently, two invertase inhibitor genes were identified
in sugarcane, one of them encoding a protein (ShINH1) localized in the apoplast of the root, flower,
stalk, and leaf. Heterologous expression of SHINH1 confirmed its possible function as an invertase
inhibitor [48]. In the same way, an apoplastic invertase inhibitor was shown to affect seed mass
in soybean by regulating extracellular invertase during seed maturation [49]. Invertase inhibitor
ZM-INVINH1 has been reported to bind cell wall invertase during grain development in maize [50].
Invertases belong to the GH32, GH68, and GH100 families. In our study, five GH32 that were predicted
to be secreted were only found in the outer layers, which is consistent with a preferential presence
of such proteins in the endosperm. On the other hand, the high amount of the plant invertase/PME
inhibitors raises the possibility that they could regulate other carbohydrate metabolizing enzymes, as
previously suggested [44].

Additional protein families were also well represented in the endosperm, such as GHs
belonging to the GH9, GH28, and GH38 families, respectively annotated as endo-(3-1,4-glucanases,
polygalacturonases, and a-mannosidases. GH28 proteins were potentially active on HGs. Although
present at the both developmental stages, some were more abundant at 250 GDD in the endosperm.
It was already surprising to identify numerous GH28s in the cell wall proteome of the B. distachyon
grain, at three developmental stages (9, 13, and 19 days after flowering), pectin also being poorly
abundant in this plant species [25]. Although cell walls of grasses contain low level of pectins (HGs
and rhamnogalacturonans), the presence of such enzymes is consistent with the remodeling of early
synthesized pectins in the developing grain [14,17]. Two putative a-mannosidases belonging to the
GHB38 family were previously identified in the developing grain of B. distachyon, but no data are
available concerning their fine localization [25]. Many plant a-mannosidases have been isolated and
characterized from seeds and fruits. More generally located in the Golgi or endoplasmic reticulum,
they are known to be involved in the maturation of N-glycans, and they appear to play a critical
role in plant development [51,52]. Finally, the quantitative data indicated that GH9 were more
abundant at 250 GDD than at 150 GDD in the endosperm. These enzymes are usually able to hydrolyze
artificial soluble cellulose derivatives, such as carboxymethyl cellulose (CMC) or hydroxyethyl cellulose
(HEC), and biochemical analyses have revealed their specificity for different substrates in vitro [53].
More generally, a large proportion of the endosperm CWPs were more abundant at 250 GDD than at
150 GDD, suggesting a more intensive cell wall metabolic activity in this tissue at this developmental
stage of grain. This could be explained by the differentiation of the aleurone cells in addition to the
expansion of the starchy endosperm cells at the beginning of storage accumulation.

Our work revealed significantly different cell wall proteomes between the endosperm and
outer layers of the wheat grain, which could be largely explained by the differences of the cell wall
structures between these two parts of grain. Thus, numerous protein families, highly represented
in the cell wall proteome of outer layers, are known to act not only on cell wall polysaccharides
but also on hydroxycinnamic acids, lignin, or cuticle formation, the last two being characteristic
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of the outer layers. This was the case with the GDSL lipases/esterases being highly numerous at
150 GDD. These proteins are members of a large family that display numerous functions, such
as cutin synthase, cutin hydrolase, deacetylation of polysaccharides, polysaccharide hydrolysis,
fucosidase, and esterification of secondary metabolites [54]. They certainly collaborate to implement
the cuticle during grain development, including the association of cutin with polysaccharides and
the rearrangement of cutin and polysaccharides [54]. In wheat, cuticles were observed early during
grain development [14], which is consistent with the presence of GDSL lipases/esterases at 150 GDD in
outer layers. The accumulation of lipid transfer proteins (LTPs) in the outer layer matches with their
role in the synthesis of cuticular waxes [21,55]. However, although less numerous, their presence in
the endosperm suggest another function, such as antimicrobial defense or signaling during pathogen
attacks [55]. Beside the cuticle, other non-polysaccharidic components are present in cell walls,
such as lignin or hydroxycinnamic acids. Feruloylated AXs and lignins were indeed detected early
in developing grain [14]. Current evidence suggests that two enzyme families, class III peroxidases
and laccases, are involved in lignin polymerization [56]. These proteins were identified in the outer
layers of developing grain in wheat. One laccase was identified only in the outer layers and numerous
class III peroxidases were found mainly in the outer layers at 150 GDD with several of them more
abundant at 150 GDD than at 250 GDD. Moreover, class III peroxidases could also be involved in AX
crosslinking by ferulic acid, as previously shown in maize [57].

The outer layers and endosperm exhibit distinct functions that might explain differences of the
cell wall proteomes. For instance, we found eight members of the GH19 family with four of them
only identified in outer layers. In addition, the GH19 found in the two parts of the grain were always
more abundant in the outer layers. These proteins are involved in the biotic stress response and
they are known to be defense weapons against fungi by exhibiting chitinase activity [58]. These
findings correlate with the protective role of outer layers throughout grain development. Among
the protein families of the PAC class, many have a higher population in the outer layers. This is the
case for the DUF642 proteins, which were identified only in the outer layers at both developmental
stages. The DUF642 proteins belong to a well-conserved family. They were shown to be involved
in plant development [59]. They may modulate the activity of PMEs, which are more abundant
in the outer layers than in the endosperm, suggesting that their function could be related to the
regulation of HG modifications by interacting with the catalytic domain of PME. Their interaction with
cellulose was also demonstrated in vitro but no functional studies yet confirm these interactions [60].
Pectin acetylesterases (PAEs) and AXEs were almost only found in outer layers. Acetylated AXs were
detected in young wheat grain (245 GDD), but not at a mature stage (700 GDD) [61]. AXEs could
participate in the deacetylation of AXs during the grain development. The deacetylation of AXs could
improve the rigidity of the cell wall, as deacetylation of xylans facilitates their bonding to cellulose [62].

Other protein families, even though not specific to one developmental stage, are best represented
at 150 GDD and in the outer layers, particularly the expansin, DUF538 proteins, and plastocyanins.
In wheat, expansin genes were reported to be expressed at a high level during early grain expansion,
with a peak of TaExp6 transcript accumulation in the pericarp at 141 GDD, and a higher level of
expression in the pericarp and endosperm at 187 GDD [7]. These results are consistent with the
identification of more expansins at the cellularization step, and the presence in both the endosperm and
outer layers. Moreover, the role of expansins in grain is reinforced by a recent study suggesting that
expansin genes could be specifically involved in grain enlargement and may control seed growth in
sunflower at the early phases of development [63]. As in wheat, several DUF538 were identified in the
developing grain of B. distachyon [25]. Several functions have been suggested for proteins containing
this domain of yet unknown function, such as their involvement in the photosynthetic system of
plants by degrading chlorophyll molecules to antioxidant compounds under stress induction [64,65].
Initially characterized as chloroplastic proteins, some DUF538 proteins were shown to be in other
cell compartments. Recently, a maize DUF538 protein, Glossy6, was demonstrated to be involved
in cuticular wax accumulation and drought tolerance [66]. Proteins annotated as plastocyanin-like
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proteins, also named plantacyanins, were also preferentially found at 150 GDD and in the outer
layers. They are blue copper-binding proteins belonging to the oxidoreductase class, identified in
numerous cell wall proteomes, such as in stems, leaves, and the developing grain of B. distachyon [24,26].
Recently it was shown that the blue copper proteins from the phytocyanin family were involved in
the control of panicle branching and grain weight in rice through their regulation by the microRNA
miR408 [67].

Proteases are well represented in the early developmental stages, and especially at 250 GDD.
Endoprotease activities were characterized in developing wheat grain [68]. Serine protease activities
were characterized at early stages of grain development, with metalloproteases and Asp proteases
appearing later. We identified proteases belonging to the Asp-protease, Cys—protease, or serine
carboxypeptidase families, both in outer layers and the endosperm. In the endosperm, several of
them were more abundant at 250 GDD than at 150 GDD, suggesting stronger metabolic activities at
250 GDD in the endosperm cell wall. Endoproteases could participate in cell wall dynamics through
the maturation of cell wall remodeling enzymes, their degradation, or the release of signaling peptides.
In the case of subtilases, forming a large Ser protease family, it was suggested they were involved in
the regulation of PMEs in Arabidopsis seeds [69,70]. A subtilase specifically found in the endosperm
of Medicago truncatula or Pisum sativum seeds during development was shown to influence seed
weight [71]. It was also suggested that endoproteases may be involved in the degeneration of the
pericarp from the differentiation stage to the grain maturation, whereas in the endosperm, they may
be accumulated for protein metabolism (processing or turn-over) or further degradation of storage
proteins [68].

4. Material and Methods

4.1. Plant Material

Triticum aestivum (cv Recital) was grown under natural day-length conditions in a greenhouse
(INRA Le Rheu, France). Two months of vernalization were applied in a growth chamber at 8 °C
before the wheat seedlings were transplanted into individual pots containing a standard potting
mixture (peat RHP15 Klassman, K Klassman France, Bourgoin Jallieu, France). An Osmocote (R)
Exact Tablet containing nitrogen (15%), phosphate (9%), potassium hydroxide (9%), and magnesium
(3%) (Scotts International B. V., Waardenburg, The Netherlands) was added. The plants were watered
daily. To harvest grains at defined developmental stages, individual ears were tagged at flowering.
The temperature was recorded every day in order to follow the plant development on the basis of the
cumulated temperature in growing Celsius degrees days (GDD). Plants were harvested at 150 and
250 GDD after flowering. Grains were manually dissected to separate the outer layers and endosperm
and immediately stored at —80 °C.

Nicotiana tabacum plants were grown under a 16-h light/8-h dark photoperiod at a temperature of
24 °C day/18 °C night for five weeks in a growth chamber prior to Agrobacterium tumefaciens infiltration.

4.2. Cell Wall Enrichment and Protein Extraction

Cell wall fractionation and CWPs extraction were performed as previously described [34].
Briefly, grain samples (500 mg) were ground and centrifuged in increasing sucrose concentrations to
isolate cell walls. Proteins were extracted via successive washes in a 5 mM acetate buffer at pH 4.6,
supplemented with 0.2 M CaCl, or 2 M LiCl. Three biological replicates were performed for each
condition (developmental stages and parts of the grain).

4.3. Mass Spectrometry Analysis

Proteins (50 ng) were briefly separated in precast gels in order to reduce the mix complexity.
Each track was cut into five fragments, which were reduced using dithiothreitol (DTT), alkylated by
iodoacetamide and trypsinolyzed as previously described [34], prior to mass spectrometry (MS) analysis.
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The trypsin-digested samples (6 uL) were injected into the LC-MS/MS system. The MS
analyses were performed using an LTQ-Orbitrap VELOS mass spectrometer (i.e., a linear ion trap
quadrupole mass filter associated with an Orbitrap™ analyzer, Thermo-Fisher Scientific, Bremen,
Germany) coupled to a nanoscale LC system (Ultimate U3000 RSLC system, Thermo-Fisher Scientific).
Chromatographic separation was performed on a reversed-phase capillary column (Acclaim®
PepMapTM C18 2 um 100 A, 75 pm i.d. X 50 cm long, Thermo-Fisher Scientific, Waltham, MA,
USA) at 60 °C using a linear gradient performed between the following mobile phases: (A) 97.9%
water, 2% acetonitrile (ACN), 0.1% trifluoroacetic acid (TFA); and (B) 90% ACN, 0.08% formic acid.
The other parameters were as described previously [72]. Analyses were performed using a typical
survey method, in which full MS scans were acquired at 60,000 resolution (full width at half-maximum,
FWHM) using the Orbitrap analyzer (1m/z 300-2000), while the CID (collision induced dissociation)
spectra for the eight most intense ions were recorded in the LTQ.

4.4. Bioinformatics Treatment, Functional Annotation, and Label-Free Quantification

The LC-MS/MS raw data were processed into mzXML files and were further searched against the
Uniprot database restricted to T. aestivum (release May 2017, 136,892 accessions) and a contaminant
database including human keratin and trypsin by using the X!Tandem pipeline software (version 3.4.3
“Elastine durcie”, http://pappso.inra.fr/bioinfo/xtandempipeline/), which encapsulates the X!Tandem
program and supplies a graphical interface to manage results [73].

Enzymatic cleavage was declared as a tryptic digestion with one possible miscleavage event.
The carbamidomethylation of Cys residues, as well as the possible oxidation of Met residues,
were considered in the modification parameters of the software. Precursor mass and fragment
mass tolerance were set at 5 ppm and 0.5 Da, respectively. The results obtained for the peptide
identification were validated by filtering the peptides with an e-value below 1072. Proteins were
identified using at least two specific peptides and an e-value score of 107*.

The ProtAnnDB pipeline (http://www.polebio.Irsv.ups-tlse.fr/ProtAnnDB/) was used to annotate
the identified proteins [35]. To predict the subcellular localization of the proteins, three software
programs were used: TargetP and SignalP, which are both included in the pipeline, and Phobius
(http://phobius.sbc.su.se/). Proteins were considered to be secreted when they had no ER retention
signal and displayed a predicted signal peptide from their sequence by at least two out of the three
software programs. In order to identify CWPs and annotate the dataset, three functional domains
prediction software programs were used: Pfam, InterPro, and Prosite, which are all included in
ProtAnnDB. The information provided by these tools allowed for the identification of CWPs in our
dataset and classified them into nine functional classes. The proteomic data of the present work was
included in the Pride database (http://www.proteomexchange.org/; dataset identifier: PXD016258).

Spectra with confident identifications were used for label-free quantification based on extracted
ion chromatograms (XICs) computed using the MassChroQ tool (MassChroQ Gui, version 2.2.2) [74].
The resulting table of peptide XICs was then processed by the Rstudio statistical environment (version
1.0.143) (Boston, MA, USA). We first applied a filter to the outlying retention times of identified peptides
to prevent possible false identifications. In this scope, the standard deviation of retention times for
each of them was computed through the whole dataset and a 25 s threshold was applied. In a second
step, we normalized the computed XICs on runs twice to remove any engine effect with the help of the
experimental TIC, and on biological replicates in order to compare lanes. More precisely, we applied a
simple correction factor on each computed XIC to place 1D lanes in the same range of values. The third
step filtered the peptide population. Indeed, we chose to keep only peptides that were specific to one
protein, assuming that the abundances of peptides should be correlated to the abundance of the related
protein. Additionally, these peptides had to be identified in two of three biological replicates within at
least one condition (developmental stages or grain parts). Finally, the relative abundance of a protein
in a biological replicate was computed by summing the XIC values of the selected peptides.
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4.5. Statistical Analysis

Statistical analysis was performed on logj transformed abundance values. To manage missing
values, we replaced them with a value mimicking a minimum mass spectrometer detection threshold
and by picking at random such a value in a range between the minimum value of the XIC dataset and
half of this minimum.

The ade4 package (version 1.7-6, http://pbil.univ-lyonl.fr/ade4/home.php?lang=eng) was used
to perform PCA analysis on scaled data. In order to determine the CWPs showing a significant
effect of developmental stages or grain parts on their abundance, one-way ANOVA was used.
Protein abundances were considered to be significantly different for p-values below 0.05 and a data
subset of “significant proteins” was created from this analysis.

We used this subset, restricted to CWPs to focus on, to build heat maps with the gplots package
on covariance matrix (version 3.0.1) (Figure 4B, Figure S3).

4.6. Subcellular Localization

Total RNA was extracted from wheat grains harvested from 150 to 250 GDD using an RNA
kit (Qiagen, Courtaboeuf, France). RNA samples were then treated twice with a DNase buffer and
purified using the RNeasy MinElute Cleanup kit (Qiagen, Dusseldorf, Germany) by following the
manufacturer’s instructions. Reverse transcription was carried out with 2 pg of total RNA, anchored
oligo-dT, and the Transcriptor First Strand cDNA synthesis kit (Roche Applied Science, Mannheim,
Germany). The binary vector pvKH18En6 was used to generate the constructs encoding the green
fluorescent protein (GFP) C-terminal fusion of the three proteins of interest. The full length cDNAs
encoding a pectin methylesterase (PME, AOA1D5V0T8), a PME inhibitor (PMEI, AOA1D6BK49), and a
glycoside hydrolase belonging to family 152 (GH152, AOA1D6DD47) were amplified via PCR using
specific oligonucleotide primers (Table S1). The corresponding amplicons were purified and cloned into
the pvKH18En6 binary vector [75] using the Xbal and BamHI restriction sites leading to the upstream
fusion to GFP. The construct Sec-mRFP was used as an aploplactic marker [76]. Transformation of
A. tumefaciens and the transient expression of the constructs in tobacco leaf epidermal cells were
performed as previously described [77]. Transformed A. tumefaciens cultures were resuspended in an
infiltration buffer at ODggonm = 0.05. Fluorescence was examined with an inverted Nikon Al confocal
laser-scanning microscope (Nikon Europe, Amsterdam, The Netherlands) at three days after infiltration.
Infiltrated leaf samples were placed in a solution containing 30% glycerol 5 min before imaging with
the confocal microscope to plasmolyze the cells.

4.7. Histochemistry

Wheat grains at the developmental stages of approximately 150 GDD and 250 GDD were fixed
overnight in 3% (w/v) paraformaldehyde in a 0.1 M phosphate buffer at pH7.4, dehydrated in ethanol
series, and embedded with LR-White resin as previously described [14]. Transverse semi-thin sections
(1-um thickness) of grains were cut with an ultracut (UC7, Leica, Nussloch, Germany) and stained
with Toluidine Blue O (1% in 2.5% NayCOj3 for 5 min, then washed in water). Stained sections were
observed using a Multizoom Macroscope (AZ100M, Nikon Europe, Amsterdam, The Netherlands)
under bright-field conditions.

5. Conclusions

Our quantitative proteomic work provides an overview of CWPs of early-developing grains of
wheat, both in the endosperm and the outer layers. It provides important knowledge for a better
understanding of cell wall deposition and remodeling during grain development that appears essential
to controlling cereal quality and yield. Certainly due to the different tissues that composed the
outer layers, more CWPs were identified, reflecting more numerous protein activities than in the
endosperm. Additionally, a higher level of accumulation of a significant number of CWPs was found
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in the endosperm at 250 GDD, revealing strong metabolic activities in endosperm cell walls at this
developmental stage. Altogether, many CWPs could be involved in the cell wall polysaccharide
remodeling, as well as in lignin and cutin formation in the outer layers. In addition, an unexpected
number of proteins annotated as plant invertase/PME inhibitors were found in the endosperm. Further
characterization is required to confirm their precise function during grain development. To date, this is
the most complete cell wall proteome from a monocot species, and the first one to be performed on
separated tissues of cereal grains.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/1/239/s1.
Table S1: Sequences of oligonucleotide primers used for gene amplification. Table S2: (A) Proteins extracted from
cell walls of the developing wheat grain (endosperm and outer layers) at two developmental stages and predicted
to be secreted (the so-called CWPs). (B) Proteins extracted from the cell walls of the developing wheat grain
(endosperm and outer layers) at two developmental stages and predicted to be intracellular. Table S3: Statistical
analysis performed on the quantitative data corresponding to wheat CWPs identified at two developmental stages,
both in the endosperm and outer layers. S3a. CWPs differentially accumulated in different grain parts at 150 GDD.
S3b. CWPs differentially accumulated in different grain parts at 250 GDD. S3c. CWPs differentially accumulated in
the endosperm at 150 and 250 GDD. S3d. CWPs differentially accumulated in the outer layers at 150 and 250 GDD.
Figure S1: 1DE profiles of wheat grain proteins extracted from enriched cell wall fractions. Ten micrograms of
proteins from each sample (three biological replicates (1-3) of proteins extracted from the outer layers (OL) or
endosperm (E) at 150 GDD and 250 GDD have been separated by 1DE and stained with Coomassie Blue. Molecular
mass markers (M) are in kDa. Figure S2: Distribution into functional classes of CWPs identified in the endosperm
and the outer layers at 150 GDD and 250 GDD according to their predicted function. PACs: Proteins acting on cell
wall polysaccharides. Figure S3: Heat maps of relative amounts of the CWPs identified in the endosperm or in the
outer layers, and at one of two early developmental stages. En = endosperm samples; OL = outer layers samples;
150 = 150 GDD samples; 250 = 250 GDD samples.
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Abstract: The plant cell wall shows a great diversity regarding its chemical composition, which
may vary significantly even during different developmental stages. In this study, we analysed the
distribution of several cell wall epitopes in embryos of Brachypodium distachyon (Brachypodium).
We also described the variations in the nucleus shape and the number of nucleoli that occurred in some
embryo cells. The use of transmission electron microscopy, and histological and immunolocalisation
techniques permitted the distribution of selected arabinogalactan proteins, extensins, pectins, and
hemicelluloses on the embryo surface, internal cell compartments, and in the context of the cell wall
ultrastructure to be demonstrated. We revealed that the majority of arabinogalactan proteins and
extensins were distributed on the cell surface and that pectins were the main component of the seed
coat and other parts, such as the mesocotyl cell walls and the radicula. Hemicelluloses were localised
in the cell wall and outside of the radicula protodermis, respectively. The specific arrangement of
those components may indicate their significance during embryo development and seed germination,
thus suggesting the importance of their protective functions. Despite the differences in the cell wall
composition, we found that some of the antibodies can be used as markers to identify specific cells
and the parts of the developing Brachypodium embryo.

Keywords: Brachypodium; cell wall; nucleus; zygotic embryo

1. Introduction

The cell wall is a protective layer that is located around the cell membrane, which is found in plant,
fungi, bacteria, and archaea cells. The structure and functions of the cell wall were interconnected
during the process of evolution in spite of the fact that its chemical structure, and to a lesser extent, its
functions are diverse in different groups of organisms. In plants, its most fundamental function is to
provide structural support and protection to the cell with some additional specific functions that may
occur during plant development and cell differentiation [1].

The plant cell wall is a dynamic and highly specialised network that is formed by a heterogeneous
mixture of cellulose, hemicelluloses, pectins and, to some extent, proteins and phenolic compounds.
The cell wall that is formed during cell division is called the primary cell wall. In many plants, as/after
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the cell completes its growth, additional layers of cellulose fibres are deposited on the inner surface of
the primary cell wall, which produces a secondary cell wall. The cell wall composition in vascular
plants is approximately 30% cellulose, 30% hemicellulose, and 35% pectins, and 1-5% structural
proteins, on a dry weight basis [2,3]. However, the precise proportions of these compounds may differ
significantly at different stages of plant development. For example, grass coleoptiles consist of 60-70%
hemicelluloses, 20-25% celluloses, and 10% pectin substances and the grass endosperm cell wall may
contain up to as much as 85% hemicelluloses. By contrast, the secondary cell walls are generally more
cellulose-rich [4-7].

Brachypodium distachyon (Brachypodium) belongs to the Pooideae subfamily and is a well-
established model species for the grasses. It has several features and advantages that make it useful
for gaining a better understanding of the genetic, cellular and molecular biology of temperate climate
zone cereals and forage crops [8]. There are many studies, which are often connected with the chemical
composition of the Brachypodium cell wall [9-12]. A comparative study of the primary cell wall in the
seedlings of Brachypodium, barley and wheat demonstrated similar relative levels and developmental
changes of hemicelluloses [10]. Analyses of the Brachypodium proteome facilitate better understanding
of the enzymes that are involved in cell wall remodelling during seed development; such research
is of great importance for gaining better understanding of these processes in grasses and for finding
the key components that are responsible for the size and weight of grass grains [9]. However, there is
a dearth of information about the localisation of specific cell wall components at different stages of
Brachypodium development.

Here, we characterise the chemical composition of the cell walls in Brachypodium embryos
and describe the differences in the number of nucleoli that were observed in the cell nuclei in
different parts of an embryo. We used light and transmission electron microscopy (TEM), histological
and immunolocalisation techniques to analyse the distribution of selected pectins, arabinogalactan
proteins (AGP), extensins, and hemicelluloses in the cell walls, internal cell compartments, and on the
embryo surface.

2. Results and Discussion

2.1. The Morphological and Histological Features of Brachypodium Embryos

In their study, Wolny et al. [13] demonstrated that Brachypodium embryos are small in size, which
makes their initial examination possible only by the use of a dissecting microscope. In this study, we
distinguished the main parts of the embryo, such as scutellum, V scale, coleoptile, first and second
leaf, shoot apex, mesocotyl, epiblast, radicula, root cap, and coleorhiza (Figure 1). The coleoptile and
coleorhiza are two organs that are found exclusively in grass species [14]. A comparison of the cell
nuclei in different parts of Brachypodium embryos demonstrated that the majority contained only
one nucleolus (Figure 1). However, some cells of the shoot apex, mesocotyl, radicula and root cap
were characterised by the presence of a round nuclei that contained two nucleoli (Figure 1; nucleoli
indicated by red arrows). TEM analysis of the selected embryo parts confirmed these observations and
demonstrated the presence of a centrally positioned nucleus with one or two large nucleoli as well as
a high nucleus:cytoplasm ratio (Figure 2a,b). The cytoplasm of these cells was dense and contained
lipid droplets and starch granules around the nucleus. Interestingly, we also found cells in the
embryo with nuclei that were extended in their shape but that also contained two nucleoli (Figure 2c).
The architecture of these cells is typical for the initial vascular tissue [15]. According to Verdeil et al. [16],
pluripotent plant stem cells, which are located within the root and shoot meristems, are isodiametric,
have a dense cytoplasm, a high nucleus:cytoplasm ratio, a fragmented vacuome, contain granules of
starch, and have a spherically-shaped nucleus with one or two nucleoli. Both of the meristematic cells
of the oil palm (Elaeis guineensis) [17], maize (Zea mays) [18], and onion (Allium cepa) [19] have similar
characteristics to those described by Verdeil et al. [16], which appear to be universal for monocots.
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Scutellum

i 'V Scale
< Coleoptile

.- Coleorhiza

] Radicula

Figure 1. Schematic representation of Brachypodium embryo. Asterisks in different colours represent
nuclei from histological sections of specified parts of the embryo. Red arrows mark two nucleoli.
Purple arrows show respective parts of the embryo: V scale, coleoptile, first leaf, second leaf, shoot
apex, mesocotyl, epiblast, coleorhiza, radicula, and root cap. Bars: 5 pm.

Figure 2. TEM (transmission electron microscopy) of radicula nuclei (a—c). Abbreviations: CW—cell
wall, LD—lipid droplets, N—nucleus, Nu—nucleolus, Pl—plastid. Bars: (a) 3 um; (b) 1.5 um; and
(c) 2.5 pm.

2.2. AGP, Extensin, Pectin, and Hemicellulose Epitopes in Various Tissues and Organs of
Brachypodium Embryos

AGPs distribution is dynamically regulated during the ontogenesis of a plant [20]. Although
we demonstrated that AGPs have a diverse localisation in Brachypodium embryos, most of them
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are found on the cell surface. The MAC207 antibody had an affinity to all parts of the embryo
and was localised in the internal cell compartments (Figure 3a—a”). JIMS8, JIM13, and JIM16 were
detected mainly in outer pereclinal walls of surface embryo tissues (Figure 3b-b”,c—”,d-d” and
Figure 4a-a”,c—”). The JIM13 (Figure 3d—d”) and JIM16 (Figure 4c—c”) epitopes were components
of the seed coat. Furthermore, the JIM16 epitope was localised in the internal cell compartments
(Figure 4a—a” b-b”). Compared to most of the analysed AGPs, the LM2 epitopes were found only in
the cell wall compartments (Figure 4d—d”,e—e”). The possible functions of the AGPs on the embryo
surface are to protect it from infections, contribute to plant-microbe interactions, seed germination
and other important processes during plant development [20]. In their study of transcriptome and
metabolome changes in Arabidopsis thaliana (Arabidopsis) that were connected with the seed dormancy
and germination, Joosen et al. [21,22] showed that AGPs were more connected with the embryo cell
walls. It is also known that AGPs are crucial in preventing infections in Brassica napus and Pisum sativum
via the encystment of the Aphanomces euteiches zoospores, thereby inducing plant germination [23].
Van Hengel et al. [24] demonstrated that AtAGP30 is a non-classical AGP core protein in Arabidopsis,
which had a root-tip specific expression in seedlings. This may imply its importance in root development
or growth.

antibody merged

CF/MAC207

CF/JIM8

JIM13 CF/JIM13

JIM13 - | CF/IIMI13

Figure 3. Immunolocalisation of arabinogalactan proteins in Brachypodium embryos. (a-a”) MAC207
in coleorhiza; (b-b”) JIM8 signal in coleoptile; (c—¢”,d—d”) JIM13 in the entire embryo and the coleoptile
with the seed coat, respectively. Abbreviations: CF—calcofluor, Cr—coleorhiza, Col—coleoptile,
TSC—the seed coat. Bars: (a—a”,b-b”,d-d”) 10 um; and (¢—”) 100 pum.
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- Rad
JIM16 CF/JIM16 —
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JIM16 crymie  Col

CF/LM2

CF/LM2

Figure 4. Immunolocalisation of arabinogalactan proteins in Brachypodium embryos. (a-a”,b-b”,c—¢”)
JIM16 with coleorhiza with radicula, radicula with root cap and coleoptile with the seed coat,
respectively; Both (d—d”) shoot apex and (e—e”) radicula with LM2. Abbreviations: CF—calcofluor,
Cr—coleorhiza, Col—coleoptile, Rad—radicula, RC—root cap, SA—shoot apex, and TSC—the seed
coat. Bars: 10 pm.

Extensins are one of the major plant cell wall protein families found to be secreted into the cell
wall. They are glycoproteins, in which about one-third of all amino acids is hydroxyproline with
four monosaccharide arabinose residues attached. These compounds seem to play a strengthening
and/or defensive role during the response to disease and wounding [25-27]. We observed that most
of the Brachypodium extensins in this study had a surface localisation, which was similar to that
of the AGPs. The signals of the LM1 antibodies were localised on the surface of the coleoptile and
first leaf (Figure 5a—a”,b-b”). Furthermore, a high level of LM1 binding was observed in the internal
compartments of the coleoptile epidermal cells (Figure 5b—b”; red arrows). The cell wall localisation
was a specific feature of the JIM11 and JIM12 epitopes in the mesocotyl (Figure 5c—c” and Figure 6¢—”).
Signals of the first antibodies were also observed in the cell walls of the radicula (Figure 5d-d”).
Additionally, strong fluorescence signals of these antibodies were also found in the inner layer of the
seed coat (Figure 5e—e”). The JIM12 extensin epitope had a surface distribution on the coleoptile, but
no signals of these antibodies were observed in any part of the second leaf (Figure 6a—a”,b—b"). It is still
not clear whether extensins have redundant or specific functions in the different cell types of various
plant tissues. The inhibition of both extensin and AGP biosynthesis by 3,4-dehydro-L-proline impedes
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the development of embryogenic cells and decreases the rate of embryo germination [28]. This research
demonstrated that extensins appear to play a vital role in the regeneration and germination of embryos
during early plant development via somatic embryogenesis. It is also known that plants increase
the amount of extensins when they are under aluminium stress. Sujkowska-Rybkowska et al. [29]
suggested the importance of extensins in the aluminium resistance mechanisms and demonstrated
an aluminium-induced extensin accumulation in the cell walls. Additionally, some extensins protect
the plant cells from pathogen attacks [30]. An analysis of the extensin transcript levels in banana
(Musa spp.) demonstrated that these proteins mainly appear in the root cap and meristematic cells
after wounding or inoculation with Fusarium oxysporum [30]. The level of extensin transcription
in intact plants were found to be up-regulated by wounding or inoculation with a pathogen, but
down-regulated by a pathogen attack on wounded plants. In general, the connection of extensins with
other components of the cell wall, as well as many of their functions during the development of the
cell wall architecture are not yet fully understood [26]. It is likely that more extensive studies using
mutants with the knocked down genes encoding extensins would shed more light on these matters.

CF antibody merged

CF/LM1

FL
CF/LM1

JIM11 CF/JIM11

JIM11 CF/JIM11

JIM11 CF/JIM11

Figure 5. Inmunolocalisation of extensins in Brachypodium embryos. Both (a—a”) coleoptile and (b-b")
coleoptile with first leaf with LM1; (c—¢”,d—d”,e-e”) mesocotyl, radicula and coleorhiza (including the
seed coat) with JIM11, respectively. Arrows show outer layers of coleoptile including protodermal cells
(b-b”). Abbreviations: CF—calcofluor, Col—coleoptile, Cr—coleorhiza, FL—first leaf, Mes—mesocotyl,
Rad—radicula, and TSC—the seed coat. Bars: 10 um.
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antibody

JIM12

CF/JIM12

JIM12 CF/JIM12

JIM12 CF/JIM12

Figure 6. Immunolocalisation of extensins in Brachypodium embryos. (a—a”) coleoptile with first
leaf; (b-b”) second leaf and (c—¢”) mesocotyl. All with JIM12. Abbreviations: CF—calcofluor,
Col—coleoptile, FL—first leaf, Mes—mesocotyl, and SL—second leaf. Bars: 10 pm.

Pectins are high-molecular carbohydrates with D-galacturonic acid as their main structural
component of that are found in the tissues of terrestrial plants and in some algae. In some plant
tissues, for example in the white part of a citrus peel, the pectin content may reach up to 30% of dry
weight, while, in others, it does not exceed a fraction of a percent [31,32]. Grasses, which contain a type
II cell wall, are generally pectin poor [33]. The immunolocalisation of the homogalacturonan epitopes
that recognised de-methyl-esterified pectin LM19 in Brachypodium were found on the outer surface of
the seed coat (Figure 7a—a”). Moreover, LM19 was localised in different embryo parts, for example, in
the cell wall of the mesocotyl and radicula, respectively (Figure 7b-b”,c—c”). The LM13 epitope could be
a negative marker for the epidermal cells of the first leaf of a Brachypodium embryo. These antibodies
gave signals in the cell walls in almost all parts of the embryo but were absent in the epidermal cells of
the first leaf (Figure 7d—d”; red arrows). A different location of LM13 was observed in the coleorhiza
and radicula cells. In the coleorhiza, this epitope was found in the cell walls, while in the radicula,
it had an internal cell localisation (Figure 7e—e”). In Arabidopsis, the LM13 epitope is detectable in
the epidermal cell walls of the younger, more flexible regions of the inflorescence stems and is almost
absent in the base of the stem [34,35]. These authors demonstrated that the contribution of the arabinan
structures to the cell wall mechanical properties influences the responsiveness to the mechanical stress.
Therefore, the specific lack of the LM13 signals in the epidermal cells of the first leaf of Brachypodium
embryo may be related to the absence of any mechanical stress in this part of an embryo.

The fluorescence signals of LM6 against arabinans were found in both the cell wall and the
internal cell compartment of the mesocotyl and radicula (Figure 8a—a”,b—b”). Furthermore, LM6 was
localised on the external surface of the root cap but was absent in all other cells (Figure 8c—”). As was
demonstrated in Arabidopsis, the arabinans accumulated in developing and mature embryos but
disappeared during germination and seedling establishment [36]. The early stages of Arabidopsis seed
development showed a punctate distribution of this epitope compared to mature seeds, where LM6
labelling was very intense and distributed in the cell walls in the entire embryo. It was suggested that
changes in the number and localisation of the arabinans might be connected with seedling germination.
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In barley, at the beginning of this process, the cell walls in the coleoptile have comparably high
levels of arabinose-rich pectic polysaccharides, which decrease strongly during germination [37].
The abundance of the arabinans in the cell walls of seeds is very often a characteristic feature in a wide
range of species such as almond (Prunus dulcis) [38], rapeseed (Brassica napus) [39], and honey locust
(Gleditsia triacanthos) [40].

CF

CF/LM19

CF/LM19

CF/LM19

LM13 CF/LM13

CF/LM13

Figure 7. Immunolocalisation of pectins in Brachypodium embryos. (a-a”,b-b”,c—c”) Coleoptile
with the seed coat, mesocotyl, and radicula are with LM19, respectively; Both (d—d”) coleoptile
with first lead and (e-e”) coleorhiza with radicula with LM13. Arrows point to FL epidermal cells
(d—d”). Abbreviations: CF—calcofluor, Col—coleoptile, Cr—coleorhiza, FL—first leaf, Mes—mesocotyl,
Rad—radicula, and TSC—the seed coat. Bars: (a—a”,b-b”,c—”) 10 pm; (d—d”,e—e”) 20 um.
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Figure 8. Immunolocalisation of pectins in Brachypodium embryos. (a—a”) Mesocotyl; (b-b”) radicula
and (c—c”) root cap. All with LM6. Abbreviations: CF—calcofluor, Rad—radicula, RC—root cap, and
Mes—mesocotyl. Bars: (a-a”,b—b”) 10 pm; (c—c”) 20 um.

Hemicelluloses differ from cellulose in the composition of their monomers and their branched
arrangement in molecules [7,41,42]. They are one of the components of the plastic matrix and impart
additional strength to the cell wall, but do not hinder its growth [5]. Further, due to the ease of
hydrolysis, they can also serve as reserve substances. In the Brachypodium embryo, the signals
of the hemicellulose that recognise antibodies were localised in a different pattern. The signals of
the LM21 antibodies were visualised in the internal cell compartments of all of the embryo parts,
for example in the coleoptile and radicula (Figure 9a—a”,b-b”), while the LM25 antibodies were
detected only in the radicula and root cap (Figure 9c—c”,d-d”,e—e”). Since it is difficult to determine
whether the immunostaining is limited to only the cell wall, or whether it is also present outside of it
using light microscopy, a TEM analysis was performed. Since this analysis was performed without
immunostaining, it only showed the exact thickness of the wall (Figure S1). Thus, a calculation
of the wall thickness (Figure 9c”) revealed that it was about 2 pm and that the thickness of the
fluorescence “line” that was visible on Figure 9¢’-c” was about 14.2 um. This observation indicates
that the hemicellulose epitopes were also outside the radicula protodermis, which can be explained by
taking into account the development of the embryo, in which, during the final stages of development,
detachment of the protective tissues such as the coleorhiza and coleoptile occur [43]. The localisation
of some cell wall epitopes described in this work in the cellular compartments, indicate their extensive
synthesis in the organelles, such as endoplasmic reticulum and Golgi apparatus dictiosomes, which are
involved in this process [28,44,45]. It is worth noting that the same antibodies (LM21 and LM25) were
localised in a different way in the embryogenic callus of Brachypodium [46]. As was demonstrated
there, the LM21 antibodies only gave signals in the cell junctions of the embryogenic masses and in the
parenchymatous cells. The signals of LM25 were found in every cell of both the embryogenic masses
and parenchymatous cells.
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CF/LM21

LM25 CF/LM25

CF/LM25
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Figure 9. Immunolocalisation of hemicelluloses in Brachypodium embryos. (a—a”) coleoptile; (b—b”)
radicula with LM21, respectively; (c—c”,d-d”,e—e”) the entire embryo, root cap with coleorhiza and
radicula with coleorhiza with LM25, respectively. Arrows demonstrate insets: (c!,c2) histological
sections of embryo, scale bars are 50 and 2 pm, respectively. Abbreviations: CF—calcofluor,
Col—coleoptile, Cr—coleorhiza, Rad—radicula, and RC—root cap. Bars: (a—a”,d—d”,e—e”) 10 um;
(b—b") 20 pm; (c—c”) 100 pm.

In our current study, such a high deposition of xyloglucans seems to be important as a stock of
elements for embryo development. Xyloglucans are known to differentially express throughout the
embryo in Arabidopsis [47]. An analysis of Arabidopsis xy/1 mutant phenotypes, which are associated
with modifications of the composition of the endosperm cell wall demonstrated altered germination
characteristics, such as shorter and thicker siliques, a reduced dormancy, and an increased tolerance to
germination inhibitors and thermoinhibition. This study highlighted the role of xyloglucans during
seed development and germination. Xyloglucans are likely to be very important components for
cell adhesion and cell separation in fruit seed coat parenchyma [48]. Research on the tomato mutant
Cnr (colourless non-ripening), which has a pleiotropic dominant mutation with reduced cell-to-cell
adhesion, demonstrated that xyloglucan polymers (galactan and mannan) that are distributed more
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widely can be targeted to effect cell release from a parenchyma system. It was demonstrated that a
monocotyledon palm Euterpe oleraceae contains a highly methoxylated homogalacturonan together
with small amounts of a mannoglucan. Furthermore, a type II arabinogalactan was structurally
characterised [49]. The experiments in non-lignified cell walls in different monocotyledon species, using
the monoclonal antibody CCRC-M1 against fucosylated xyloglucans, demonstrated the presence of
this epitope in non-lignified walls. A similar pattern was also found in the palm Phoenix canariensis.
In Zingiberales, Commelinales, and Poales this epitope was found in the phloem walls, stomatal
guard, subsidiary cells, and raphide idioblasts. However, it was not found in Tradescantia virginiana
(Commelinaceae, Commelinales), or Zea mays (Poaceae, Poales). On the other hand, this epitope
was observed in the phloem walls of two other Poaceae species, Lolium multiflorum and L. perenne.
The authors highlighted the lack of knowledge about the functions of xyloglucans in monocotyledonous
plants [50]. Moreover, work on Brachypodium revealed different proteome profiles that related to
the different phases of grain development, and provided information of the reorganization of cell
wall constituents that occurs during these stages [9,51]. Such results indicate that changes in cell
wall chemical composition are important factor involved in its assembly and remodelling on different
stages of development, plant tissues, and organs, both during embryonic and post-embryonic stages
of development.

3. Materials and Methods

3.1. Plant Material and Histological Procedures

Approximately 15 mature embryos of Brachypodium (29 days after fertilization), reference
genotype Bd21, were isolated from seeds that were collected from plants growing in pots with soil
mixed with vermiculite (3:1) in a greenhouse. Plants were grown at 20 £ 1 °C, under a 16/8 h
light/dark photoperiod. To ensure synchronised flowering, approximately two-week-old plants were
subjected to vernalisation for two weeks at 4 °C. The embryos were fixed in a mixture of 4% (w/v)
paraformaldehyde (PFA) and 1% (v/v) glutaraldehyde (GA) in phosphate-buffered saline (PBS, pH 7.0)
overnight at 4 °C. Then, they were rinsed with PBS (3 x 15 min), dehydrated in an ascending ethanol
series (10%, 30%, 50%, 70%, 90%, and 100%; 2 x 30 min in each) and gradually embedded in LR
White resin [52]. The material was cut into 1.5-um thick sections using an EMUC6 ultramicrotome
(Leica Microsystems, Wetzlar, Germany). Sections were collected on microscopic slides covered with
poly-L-lysine. For general histology, they were stained with 0.05% (aqueous solution) Toluidine Blue O
(Sigma-Aldrich, St. Louis, MO, USA) for 5 min.

3.2. Immunocytochemistry

Sections were incubated in a blocking buffer containing 2% (v/v) foetal calf serum (FCS) and 2%
(w/v) bovine serum albumin (BSA) in PBS (pH 7.2) for 30 min at room temperature (RT). Next, they were
incubated with specific primary monoclonal antibodies (Table 1), diluted at a 1:20 ratio in a blocking
buffer (RT, minimum 1.5 h), rinsed with the blocking buffer 3 x 10 min and then incubated at RT for at
least 1.5 h with the secondary antibody (Alexa Fluor 488 goat anti-rat IgG, Jackson Immuno Research
Laboratories, West Grove, PA, USA) diluted 1:100 in the blocking buffer as above. After washing
with the blocking buffer and PBS (3 x 10 min each), the sections were stained with 0.01% calcofluor
(Sigma-Aldrich, St. Louis, MO, USA) in PBS for 5 min; then slides were thoroughly rinsed with PBS
and sterile distilled water (3 x 10 min each). The drained slides were mounted in a Fluoromount
(Sigma-Aldrich) antifade medium. Negative controls were performed for each antibody that was used
by omitting the primary antibodies. All of the images were taken using an Axio Imager Z2 (Zeiss,
Oberkochen, Germany) epifluorescent microscope equipped with an AxioCam Mrm monochromatic
camera (Zeiss) with the narrow-band filters for AlexaFluor 488 and DAPI. The negative control for all
of the antibodies revealed the absence of any signals that were specific for these antibodies and was
representative for all of the other antibodies that were used in this study (Figure S2).
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Table 1. The antibodies used for immunocytochemistry, the epitopes they recognise, and relevant references.

Antibody Epitope References
Arabinogalactan proteins (AGPs)
MAC207 B-GlcA1->3xGalA1->2Rha [53-56]
JIM8 Arabinogalactan [57]
JIM13 BGlcA1->3xGalA1->2Rha [55,56,58]
JIM16 AGP glycan [55,56,58]
LM2 B-linked GleA [56,59]
Extensins
LM1 Extensin [60]
JIM11 Extensin [55,61]
JIM12 Extensin [61]
Pectins
LM19 a-GalA(1-4)a-Gal A (1-4) a-Gal A (1-4) -Gal A [35]
LM13 «-1,5-arabinan [62]
LM16 Processed arabinan—rhamnogalacturonan (RG)-I domain [35]
LMe6 «Aral-5xAral-5x¢Aral-5«¢Aral-5Ara [63]
Hemicelluloses
LM21 {3-linked mannan polysaccharides of plant cell walls [64]
LM25 Xyloglucan [65]

3.3. TEM

The samples for TEM were fixed in 2.5% glutaraldehyde in a 0.1 M sodium phosphate buffer
(pH 7.4) at 4 °C for 24 h. The embryos were postfixed in 1% OsOy, (osmium tetroxide) in a 0.1 M sodium
phosphate buffer for two hours at 4 °C, rinsed in the same buffer, dehydrated in an ascending series of
acetone, and gradually embedded in Epon 812 (Fullam, Latham, NY, USA) [66]. Semithin sections were
stained with toluidine blue and examined with a bright-field microscope. Ultrathin (70 nm) sections
were cut on a Leica ultracut UCT ultramicrotome and collected on copper grids (300 mesh, Electron
Microscopy Science, Hatfield, PA, USA). Sections were stained with uranyl acetate and lead citrate and
examined with a Hitachi H500 TEM (Hitachi, Tokyo, Japan) at 75 kV.

4. Conclusions

In this work we traced the distribution of various cell wall epitopes in the Brachypodium zygotic
embryo in mature stages of development. We have demonstrated that:

1.  Among analysed AGP epitopes JIM13, JIM8, and LM2 were localised in cell walls of the embryo
surface tissues, as well as some of them in the seed coat; and MAC207 and JIM16 were detected
in cytoplasmic compartments.

2. Extensins are localised in the outer periclinal walls of embryo surface tissues. Our results suggest
that in Brachypodium, the antibody LM13 can be used as a negative marker of epidermal cells of
the embryonic leaf and that the LM25 antibody can be used as the positive marker of embryonic
root epidermis cells, as well as the root cap in Brachypodium. These results demonstrate that the
distribution of analysed cell wall epitopes in mature zygotic embryos of Brachypodium is tissue-
and organ specific.

Without a doubt, the precise dissection of all functions of the cell wall in Brachypodium embryos
requires the use of specific mutants, whose availability is limited. However, this problem should soon
be overcome by the rapidly-developing techniques of site-directed mutagenesis, such as CRISPR/Cas9
that are already available for Brachypodium [67].

Supplementary Materials: The following are available online at www.mdpi.com/1422-0067/19/3/725/s1.
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Abbreviations

AGP
BSA

Arabinogalactan protein
Bovine serum albumin

CRISPR Clustered regularly-interspaced short palindromic repeats

FCS Foetal calf serum

GA Glutaraldehyde

PBS Phosphate-buffered saline

PFA Paraformaldehyde

RT Room temperature

TEM Transmission electron microscope
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Abstract: Plant cells are separated by cellulose cell walls that impede direct cell-to-cell contact.
In order to facilitate intercellular communication, plant cells develop unique cell-wall-spanning
structures termed plasmodesmata (PD). PD are membranous channels that link the cytoplasm, plasma
membranes, and endoplasmic reticulum of adjacent cells to provide cytoplasmic and membrane
continuity for molecular trafficking. PD play important roles for the development and physiology of
all plants. The structure and function of PD in the plant cell walls are highly dynamic and tightly
regulated. Despite their importance, plasmodesmata are among the few plant cell organelles that
remain poorly understood. The molecular properties of PD seem largely elusive or speculative. In this
review, we firstly describe the general PD structure and its protein composition. We then discuss
the recent progress in identification and characterization of PD-associated plant cell-wall proteins
that regulate PD function, with particular emphasis on callose metabolizing and binding proteins,
and protein kinases targeted to and around PD.

Keywords: plant cell walls; plasmodesmata; callose; callose synthase

1. Introduction

Plasmodesmata (PD) span the plant cell walls and connect protoplasts of adjacent cells [1,2].
The presence of PD allows molecular communication conveniently between plant cells [3-5]. Several
thousand PD form a network between fully differentiated plant cells [6], transforming individual cells
into interconnected symplasts, providing channels for the intercellular exchange of electrical signaling,
diffusion of small molecules, and transportation of macromolecules such as proteins, nucleic acids,
and viruses [7-10]. The exchange channel provides a direct cell-to-cell cytoplasmic pathway for plant
molecule transport and information transmission [11]. The PD also regulates plant metabolic activity
and gene expression through the transfer of signaling chemicals, enabling plant cells to exchange
information with each other to coordinate physiological processes [12-14].

Although being a functional important structure, the molecular composition of PD remains largely
elusive [15,16]. PD are embedded in rigid cell walls; it is arduous to purify and study such an organelle
via classical biochemical methods. High-resolution electron microscopy showed that proteinaceous
particles are associated with PD structures [17]. Studies such as immunolocalization revealed that
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various proteins are present in PD, including kinase-like proteins [18], actin, and myosin [19], which
may serve as permanent structural components. In addition, genetic and biochemical approaches
applied to dissect PD-associated functional components led to the discovery of callose binding proteins
and receptor-like kinase proteins in the model plants [20]. They regulate the permeability of PD
and control intercellular substance transport and signal communication. PD-mediated symplasmic
transport is involved in a variety of plant physiological processes that are pivotal for the development
of plants of economic interest, such as shoot apex dormancy, flowering, fruit ripening, fiber elongation,
and plant-microbe symbiosis [21]. Understanding PD function through characterization of PD-related
proteins may have the potential for improving agronomic traits in the future.

It is generally believed that callose deposited at the PD neck region plays a regulatory role in the
neck switch [22]. This is the most well-known mechanism for regulating PD permeability [23]. Callose
is a polysaccharide in the form of 3-1,3-glucan [24]. Callose is synthesized at the plasma membrane at
the neck region of PD, squeezing the plasma membrane inwardly, thereby narrowing down the neck
region, which reduces the free space that PD can use for molecular passage [25]. A large amount of
evidence indicates that the change in PD permeability is due to the synthesis and hydrolysis of callose
in the cell wall [26-28]. Callose synthase, 3-1,3-glucanase, and PD-associated callose binding protein
are involved in the regulation of callose homeostasis in PD, which in turn affects the permeability of
PD channels [29,30].

2. The Formation and Structure of PD

From the perspective of origin, PD is generally formed during the mitotic cell division. In the primary
formation of PD, although the protoplasm is split by the newly formed cell plate, the endoplasmic
reticulum (ER) is still connected through the cell plate [31]. The presence of the ER in the channels
prevents the deposition of wall-forming substances, thus maintaining the connection between the
two separated cells [32]. Furthermore, the ER transforms into the PD under the pressure of the cell
plate or membrane. There are also PD between non-sister cells, that is, PD can be formed between
non-mitotic cells [6,33]. However, the molecular origin and process of secondary PD formation are not
well understood.

Ding et al. [34] obtained a series of new PD structural details using rapid freezing and freezing
replacement sample preparation techniques, high-resolution electron microscopy, and computer-aided
image processing techniques. A structural model of PD was proposed based on their observations.
At both ends of PD is an enlarged hole [35,36], and the center of the PD is a cylindrical body formed by
the appressed ER, called a desmotubule [37]. The desmotubule is tightly constricted with little space [38].
Cytoskeletal proteins are often found in PD, such as actin and myosin [39,40]. Protein particles of about
3 nm are embedded between the appressed ER and the plasma membrane. Electron-dense radial fibrils
connect the protein particles [34,41]. The protein particles on the ER membrane present a spiral or a
series of circularly arranged rotations. In the cross-section, 7-9 particles can be seen [34]. The channel
of the ER is considered to be the transport pathway of PD [42,43]. The two ends of the channel become
smaller, called the neck region [37].

Actin filaments and callosum sphincters are two modes of controlling PD permeability. According
to experimental observations, actin filaments are located near and inside the PD channel, and the
polymerization state of actin changes the permeability of PD [44,45]. On the other hand, callose
aggregates at the neck region narrow the space between cell wall and PD desmotubule.

3. PD-Associated Structural Proteins

As mentioned above, studies such as immunolocalization revealed that various proteins such
as actin, myosin, tubulin, and calreticulin are present in PD as structural components [39,46]. Actin
and myosin are components of the cell dynamic network, cytoskeleton, involved in intracellular
transport [47]. Microtubule arrays consist of tubulin heterodimers which play critical roles in cell
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division and intracellular organization [48]. These proteins are not cell-wall proteins, but are associated
with the plant cell-wall structure of PD in the context of this review (Table 1).

Table 1. Proteins associated with plasmodesmata (PD).

Gene Protein Function Method Blolog.lcal References
Function
Actin Cell cytoskeleton Immunolocalization PD structure [49-51]
component
. - PD structure
Myosin Cell cytoskeleton Immunolocalization [46,51,52]
component
Tubulin Cell cytoskeleton Immunolocalization PD structure [51]
component
GSL8 . . Callose deposition
(CALS10) Callose synthase Genetics and cell biology and auxin response [53]
GSL12 Callose deposition
Callose synthase Genetics and cell biology and phloem [36]
(CALS3)
development
Callose
PDBGs . . degradation and
(AtBG._ppap) f-1,3-glucanase Proteomics and cell biology lateral root [28,54,55]
development
Callose PD localization and

PDCBs Lo . Proteomics and cell biology  callose stabilization [29]
binding protein .
at neck region

Transmembrane SAR- and
PDLPs receptor-like Proteomics and cell biology ~ SA-induced callose [55-59]
protein kinase accumulation

3.1. Actin

Actin exists in the entire PD [60]. The systematic observation of the nature and structure
of PD in the epidermal cells of Allium sativum L. was performed using a fluorescence probe and
confocal microscope combined with transmission electron microscopy and immunogold labeling [49].
White et al. [49] indirectly demonstrated the presence of actin in PD in young and mature cell walls
of Hordeum vulgare and Nicotiana plumbaginifolia by colloidal gold labeling. The results effectively
confirmed the presence of F-actin in PD. It is unclear how the filaments are organized within PD.
They may exist in the lumen between the desmotubule and the plasma membrane, connecting the
cytoskeleton between adjacent cells [45,61]. The actin filaments may also function as routes along which
vesicular trafficking is possible. Treatments with actin disrupter, cytochalasin D, and actin-stabilizing
fungal toxin, phalloidin, showed opposite effects on the cell-to-cell transport of a fluorescent reporter
dextran; the latter chemical severely restrained the dextran movement [49,50]. These results indicate
that the PD structural component may also be involved in regulating the PD permeability, with larger
molecules being able to move through once actin filaments are disrupted.

3.2. Myosin

Immunochemical localization studies indicated that myosin was also an integral component of
PD [49,51,52]. Radford and White’s experiments indirectly demonstrated a myosin distribution on
PD [52]. They used an animal myosin antibody with colloidal gold to prepare an immuno-electron
microscopic sample of onions, maize, and Arabidopsis seedlings. They found colloidal gold-labeled
particles on the cytoplasm and PD, suggesting that myosin might be present in PD. To date, myosin is
confirmed to belong to 15 families, of which only some are found in plants, where the myosin found in
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PD belongs to the eighth family. The effects of myosin inhibitor treatments somehow led to inconsistent
results as to the role of myosin in PD [39]. How myosin regulates PD function is still under debate.

3.3. Tubulin

Blackman and Overall systemically characterized whether the cytoskeletal-related proteins were
targeted to PD and found tubulin in the extracts of the PD-containing internode cell walls of corals,
whereas it was not detected in the PD-independent internode cell walls, suggesting that PD may
contain tubulin [51]. The role of tubulin in PD is less well characterized as compared to actin and
myosin [62]. Blackman and Overall [51] speculated that tubulin may be indirectly involved in
long-distance transport.

4. PD-Associated Regulatory Proteins

Callose is deposited at the cell wall near the neck of the PD and regulates the PD size exclusion
limit (SEL) [22]. The PD function in plants is closely linked to callose deposition in the PD neck region.
PD-associated regulatory proteins are more or less callose-related (Table 1). As mentioned above,
the level of callose in PD is controlled by two antagonistic callose metabolic enzymes, callose synthase
(CALS), also well known as glucan synthase-like (GSL), and 3-1,3-glucanase (BG), and requires other
enzymes that regulate callose stability [24,35]. In addition, the PD permeability changes involved in
plant development and defense, processes involving callose, also require other proteins associated
with callose [63,64].

4.1. Callose Synthases Modify Cell Wall PD to Regulate Plant Development

In the callose-dependent PD permeability, the PD channel is turned off by a high level of callose
and turned on by a low level of callose, indicating that the callose level of the PD neck region is
particularly crucial to PD function. The callose deposition determines PD SEL, which in turn determines
their permeability and the transportation of macromolecules. Biochemical and genetic studies in barley
and tobacco pollen tubes first demonstrated that GSLs produced callose [65]. This is also evidenced
by studies in Arabidopsis [36,66]. GSLs control developmental signals by modulating the amount of
callose in PD.

Plant hormones play a role in many aspects of plant physiology and development. Auxin has
a gradient distribution in plants and plays an important role in plant growth and development [67].
As a small molecule, auxin can diffuse freely through the PD [68]. A recent study revealed that the
auxin gradients can be maintained by controlling the PD permeability. Han et al. [53] screened all
12 GSL gene mutants in Arabidopsis, and found that the PD callose content decreased significantly only
in the gsl8/cals10 mutant. They used hypocotyls that responded to the auxin gradient distribution as
experimental systems and found that the inducible gs/8 RNA interference (RNAi) system showed
lower phototropism and agravitropism in hypocotyl, which mimics auxin defects. Further studies
found that a decrease in the messenger RNA (mRNA) level of GSLS resulted in the decrease of callose
at PD, the increase of permeability of PD, and the increase of the diffusion of auxin transported by the
symplast; finally, the gradient distribution of auxin was destroyed. Moreover, they proposed that the
auxin gradient in plant tissues was established by the auxin-GSL8 feedback circuit associated with
auxin response factor 7 (ARF?).

PD-mediated signaling plays a role in plant morphogenesis. Callose biosynthesis in the regulation
of symplasmic transport by PD plays a central role in plant cell-to-cell signaling, but it is not clear
how this regulation is arranged [69]. Vatén et al. [36] screened for the gs/12/cals3 mutant in an ethyl
methanesulfonate (EMS) mutagenesis library of Arabidopsis. Observation of the GFP::GSL12 fusion
protein expressed in the leaves indicated that it was localized in PD. The gain-of-function mutation of
GSL12leads to a transient accumulation of callose in PD in the early stage of root development, a decrease
in PD SEL, a decrease in intercellular transport, and a defect in root development. This suggests that the
regulatory activity of GSL12 influences the biosynthesis of callose in the cell wall surrounding the PD,
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which determines the pore size of the PD and regulates the transport of substances. The experiment
with the GSL12 allele (cals3m) showed that the PD pore size between plant tissues is controlled spatially
and temporally. Using this system, they assessed the movement of the short-root (SHR) protein,
microRNA165/6, and cytokinin in Arabidopsis roots and revealed the role of symplasmic communication
in lateral root development. The above results indicate that GSL12 is a callose synthase, and that
the biosynthesis of callose affects the plant developmental signals transmitted by PD. Interestingly,
Yadav et al. [66] also identified GSL12 in Arabidopsis, and its semi-dominant mutants overproduce
callose in PD.

The new cells required for plant growth and development are derived from the differentiation of
stem cells. There is a group of stem cells called stem-cell niche (SCN) at the root apical meristem, and at
its center are slowly dividing cells called the quiescent center (QC). It was believed that the location
information provided by intercellular communication enabled QC and SCN to be maintained, but it was
not verified for a long time. Liu et al. [70] developed a system that can effectively block PD-mediated
communication in QC. They controllably and specifically blocked the intercellular communication
between QC and neighboring cells by expressing icals3m (inducible form of cals3m) in QC. Using
this system, they explored the function of intercellular communication in the SCN. They found that
changes in symplastic communication between QC and adjacent cells resulted in elevated local auxin
concentrations and the establishment of AP2-domain transcription factor gradients. Changes in
symplasmic communication not only affect the polar transport of auxin, but also affect the biosynthesis
of local auxin, which together provide local information for stem cell maintenance and play a key role
in the maintenance of SCN. These studies revealed a direct link between symplasmic translocation and
auxin-dependent regulation of stem-cell identity.

Slewinski et al. [71] identified a callose synthase in maize. They obtained tie-dyed (TDY) mutants
of maize exhibiting green and yellow variegated leaves by EMS mutagenesis, and the yellow leaf tissue
accumulated too much soluble sugar and starch. After constructing the population, they cloned the
TDY?2 gene using map-based cloning, and found that TDY2 encodes a callose synthase. Characterization
of expression patterns by RT-PCR analysis, RNA in situ hybridization, and colocalization with the
vascular marker, INFORMED1a (ZmPIN1a)-YFP, revealed that TDY2 was preferentially expressed in
vascular tissues of developing young leaves. The movement experiments of 1*C-labeled sucrose and
carboxyfluorescein diacetate (CFDA) showed that the tdy2 leaves defected in the entry of sucrose into
phloem. Solutes could not enter phloem in yellow leaf region of tdy2 mutants, but its long-distance
transport capacity was not impaired. The ultrastructure study of the tdy2 mutant vein by transmission
electron microscopy showed that the phloem and xylem cells in the yellow leaf region of tdy2 were
changed, and that the vein differentiation was incomplete, which hindered the symplasmic transport
from phloem companion cells to sieve elements mediated by PD, resulting in functional defects
in phloem. As to how the callose synthase TDY2 targets to PD in the cell walls, Baker et al. [72]
hypothesized that TDY2 was synthesized in the ER and traveled through secretory vesicles from the
Golgi apparatus to localize to PD, or that TDY2 proteins translocated through the secretory system to
the plasma membrane and PD.

Song et al. [73] identified a plasmodesmal callose synthase gene cannot reach the roof 1 (CRR1)
that affects ovary development in rice plants. The rice CRR1 gene is closely related to Arabidopsis
GSL8 and GSL10. By aniline blue staining and immunocolloidal gold analysis, the cr*1 mutation had
no effect on the callose deposition at root cell plates, pericarp, and pedicel sieve plates. However,
iodine staining of ovarian development showed that the starch granules were significantly less
numerous than wild type (WT) in the pericarp of the crr1 ovary, and that the distribution was uneven,
indicating that the unloading from the phloem to the pericarp could be defective. RT-PCR analysis
and pCRR1::GUS reporter transgenic plants showed that CRR1 was specifically expressed in vascular
tissues. The movement analysis of CFDA revealed that sugars were inefficiently unloaded from the
lateral vascular system to the developing caryopsis. Transmission electron microscopy showed that
the connection between sieve tube cells and peripheral parenchyma cells of vascular bundles was
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reduced, and some cells had defective cell walls, where the deposition of callose at PD was reduced.
These results suggest that CRR1 may alter the transport of cell fate determinants by controlling the
permeability of PD, resulting in the change of the vascular cell differentiation pattern, thereby playing
a key role in determining the plant reproductive development.

4.2. Callose Hydrolases Degrade Callose to Enhance Intercellular Communication

Class I -1,3-glucanase (GLU I) plays an important role in the defense against virus infection [74].
Iglesias et al. [75] studied the role of GLU I in PD and PD-dependent communication. They obtained
a homozygous class I -1,3-glucanase (GLU I)-deficient mutant tobacco (TAG 4.4) by antisense
transformation. This mutant become insensitive to viral infections. Observation was carried out
of the size of the necrotic area and the GFP expressed by a recombinant form of potato virus X
(PVX). GFP showed that the spreading of the virus in this mutant was slowed down. Observation
of the fluorescence of CMV’s 3a movement protein in fusion with GFP (3aMP::GFP) revealed that
the movement of viral movement proteins between cells was limited in TAG 4.4. Observations of
fluorescein isothiocyanate (FITC)-dextrans and FITC-peptides indicated that plasmodesmal SEL was
reduced in this mutant. Aniline blue staining showed that, after the loss of GLU I, the deposition
of callose increased. The above results indicate that 3-1,3-glucanase plays an important role in the
metabolism of callose. It may promote the degradation of callose, change the permeability of PD,
and regulate the movement of macromolecules through PD. Bucher et al. [76] further explored the
relationship between GLU I and plant sensitivity to viruses. They studied the role of GLU I in viral
migration between cells from both gain- and loss-of-function mutants. They inserted the different target
fragments into the TMV-based expression vector to obtain products of different enzymatic activities.
The positive insertion fragments expressed the active GLU I protein, and the necrotic area of leaves
increased continuously after infection with the virus. The plants infected with viruses expressing
antisense GLU I showed reciprocal effects. These experiments indicated that GLU I promoted the
movement of virus between cells by hydrolyzing callose to increase PD SEL.

Levy etal. [28] identified a putative plasmodesmal associated protein (3-1,3-glucanase (AtBG_ppap)
in Arabidopsis and demonstrated that the permeability of PD is regulated by (-1,3-glucanase.
The proteins in the PD-enriched fraction of Arabidopsis were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and subjected to mass spectrometry analyses.
The f3-1,3-glucanase identified was named AtBG_ppap (beta-1,3-glucanase_putative PD-associated
protein). Observation of transient and stable expression of GFP fusion proteins and aniline blue staining
revealed that AtBG_ppap was related to the callose around PD in the cell walls. In the Atbg_ppap
mutant, the callose level around the PD was higher, and the mobility of the GFP protein between
cells was decreased, that is, the permeability of PD was lowered. The above experimental results
demonstrated that AtBG_ppap is a PD-associated protein involved in plasmodesmal callose removal.

Intercellular communication regulates the function of individual cells to establish organ patterning
and formation. It is long known that mobile signals are important in lateral root (LR) development.
Paradoxically, the role of the intercellular channel PD in this process seems to have inadvertently
not been elucidated. Recently, Benitez-Alfonso et al. [54] identified two plasmodesmal localized
f3-1,3-glucanase (PDBG) proteins that particularly accumulated in the LR founder tissue. Callose
deposition changed correlating with changes in symplasmic transport during the course of LR
development. During the formation of lateral meristems, callose amount was detected at low levels
in PD. At early stages of LR development, callose accumulated to a moderate level between cells.
Callose formation increased progressively when LRs developed. Such callose accumulation during LR
organogenesis was regulated by two PDBGs, PDBG1 and PDBG2, which were localized in PD at early
stages of lateral root primordia. In pdbg1,2 double mutants, excessive callose deposition was detected
around LR founder cells. In contrast, callose levels were significantly reduced in PDBGI-overexpressing
plants. Consistent with callose accumulation levels, pdbg1,2 double mutants showed a significant
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increase in LR formation. These results demonstrated that PD-dependent cell-wall glucanases play an
important role in plant development via modulating intercellular communication.

Furthermore, Rinne et al. [77] analyzed 10 presumed cell-wall 3-1,3-glucanase genes belonging to
the GH17 family (glucan hydrolase family 17) in poplar, and found that different treatments, such as
photoperiod, chilling, and gibberellin, regulated these genes differently. Based on this, a model of
breaking bud dormancy related to PD regulated by (3-1,3-glucanase was proposed. Previous studies
found that flowering locus T (FT) is the primary long-distance signal that is generated at the vascular
bundle by activation of Constans (CO) and transported to the apex [78]. Centroradialis-like 1 (CENL1) in
poplar is an ortholog of Arabidopsis TFL1 (terminal flower 1)—a hypothetical signal peptide, expressed
in a small region under the shoot apical meristem (SAM) [79,80]. Both FT and CENL1 move through
the phloem. They enter phloem tissue via PD which connect the cytoplasm of companion cells with
the sieve tube cells. When the bud is dormant, SAM closes PD with callose, and cells in SAM become
disconnected from each other [80]. Chilling induces FT and affects gibberellic acid 3 (GA3) biosynthesis
by upregulating the expression level of GA3-oxidase; then, FT and (3-1,3-glucanase proteins induced by
GAB3 reopen the PD in dormant buds. When the climate warms up, the reopened PD enables FT and
CENL1 to move to their targets to cause buds to germinate. Following the study of the mechanism of
seasonal dormant axillary buds (AXBs) releasing dormancy, Rinne et al. [81] continued to study the
mechanism of semi-dormant axillary buds releasing dormancy during tree branch formation. AXB
dormancy breaking also involved the GA pathway, and the expression of 3-1,3-glucanase gene was
induced by GA. They founded that the GA synthesis gene gibberellin 3-oxidase 2 (GA30x2) expression
level in AXBs was very low; thus, GA was absent in AXBs. The expression of GA receptor gene
gibberellin insensitive dwarf 1-like (GID1-like) gradually increased during the maturation of semi-dormant
AXBs; thus, AXBs were sensitive to GA. They found that the expression of GA30x2 was significantly
upregulated after decapitation of the hybrid poplar; thus, the biosynthesis of GA in AXBs increased.
The GH17s have CBM43 modules that position them to callose around the PD. Upregulated GH17s
responded to increased GA, degraded callose in the cell wall near PD, reducing callose deposition at PD,
and promoted communication between stems and buds, thereby abolishing dormancy of semi-dormant
AXBs. They studied the expression patterns of GA pathway and the GH17s gene at different stages
of bud development, summarized their expression characteristics, and demonstrated the role of
PD-related (3-1,3-glucanases in bud development. Conversely, photoperiod regulates seasonal growth;
prior to the advent of winter, short days (SDs) during late autumn promote bud dormancy to induce
growth cessation. It was found that, in hybrid aspen trees, short photoperiods act through activation
of the abscisic acid (ABA) pathway [82]. Later, gene expression analysis revealed that SVL (SVP-like),
an ortholog of the Arabidopsis floral repressor short vegetative phase (SVP), was induced by SDs in an
ABA-dependent manner. SVL negatively regulated the growth promotive GA pathways and positively
mediated the expression of callose synthase 1 (CALS1) in the shoot apex to induce callosic plugs in the
neck region of PD [83,84]. Thus, PD-associated callose synthases and glucanases in the cell walls play
important roles in plant development by regulating bud dormancy and floral transition.

Previous work showed that PD is momentarily closed during the elongation of cotton fibers
in the allotetraploid species Gossypium hirsutum [85]. Ruan et al. [86] applied fluorescence probe
carboxyfluorescein (CF), aniline blue staining, and immunoelectron microscopy to cotton genotypes
with different cotton fiber lengths. It was found that the closure time of cotton fiber PD varied in
different cotton genotypes, which was related to the deposition and degradation of callose at the base
of cotton fiber. They cloned the GhGlucl gene from cotton fibers and found that it specifically encoded
a -1,3-glucanase localized to the fiber cells. Moreover, they also found that callose was degraded
when GhGlucl was expressed, and GhGlucl expression was higher in plants with shorter cotton fibers.
These results indicate that GhGlucl is a callose degrading enzyme that allows the PD to be in an open
state. Callose formation at the neck region closes PD. PD closure is positively correlated with fiber
length; therefore, the callose catabolic enzyme GhGlucl plays a negative role in fiber elongation.
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4.3. PD-Associated Callose Binding Proteins (PDCBs) Regulate Callose Stability

Simpson et al. [29] identified a novel PD-related protein gene, AT5G61130, which encodes PD
callose binding protein 1 (PDCB1) with callose binding activity in Arabidopsis. PDCB1 fused to the YFP
coding sequence driven by the CaMV 355 or its native promoter was stably transferred into Arabidopsis
and transiently expressed in tobacco protoplasts. The fluorescent spots were found in the epidermal cell
wall of Arabidopsis leaf tissue. Moreover, in spongy mesophyll cells, the fluorescent points were limited
to the wall-to-wall junction between adjacent cells and still retained this pattern after plasmolysis.
The results indicate that PDCBI is associated with cell walls. Immunolocalization with anti-PDCB1
antiserum indicated that PDCBL is located at the outer neck region of the PD. Combined with aniline
blue staining and confocal microscopy, they proved that PDCB1 was colocalized with callose located
in PD. They also studied PDCB2 (AT5G08000) and PDCB3 (AT1G18650) belonging to this family.
A homology search of the Arabidopsis genome revealed that PDCB2 and PDCB3 have more than 50%
amino-acid sequence similarity to PDCB1. Phylogenetic analysis revealed in fact that PDCBI, -2, and -3
lack a GPI-anchor signal sequence, but contain an X8 domain adjacent to the 3-1,3-glucanase catalytic
domain. This is in contrast to the previously identified PD-related 3-1,3-glucanase [28]. By comparing
with the structure of OLE-E9, the X8 domain-containing protein with callose binding activity in olives,
it was found that the PDCB1 X8 domain is very similar to the OLE-E9 domain. Gel retardation assays
showed that OLE-E10, PDCB1, and PDCB2 have callose binding activity in vitro. GFP diffusion assay
showed that the migration of GFP decreased with the increase of PDCB1 expression, suggesting
that the deposition of callose mediated by PDCB affected the symplastic communication through PD
between cells.

PDCBs contain a carbohydrate binding module family 43 (CBM43) domain (also known as
an X8 domain), as well as a callose binding domain, which can stabilize callose and regulate the
dynamics of callose of PD [29]. PDCB1-overexpressing plants exhibited increased callose deposition
in PD and decreased intercellular movement of reporter proteins. PDCBs are also predicted to be
glycosylphosphatidylinositol anchored proteins (GPI-APS). Zavaliev et al. [87] studied the effects
of GPI modification on PD proteins. They selected two GPI-APs associated with the callose of PD,
BG_ppap and PDCB1 in Arabidopsis. They also chose two GPI-APs that were not associated with PD
as control, arabinogalactan protein 4 (AGP4) and lipid transfer protein 1 (LTPG1). They first verified
the subcellular localization of these proteins with monomeric citrine (mCitrine) labeling and then
verified the modification of GPI with mannosamine. Subsequently, they subcellular localized the
full-length sequence and deleted GPI signal sequence, respectively. It was found that PD targeting
of BG_ppap and PDCB1 was mediated by GPI, and that the GPI modification played a major role in
protein targeting to PD; furthermore, this sorting happened before positioning.

4.4. PD-Located Receptor-Like Proteins (PDLPs) Regulate Plant Defense Responses

PDLPs are PD-localized transmembrane proteins. PDLPs consist of a short cytosolic tail and
two extracellular cysteine-rich receptor-like kinase domains of unknown function (DUF26) [88,89].
In Arabidopsis, eight PDLPs were identified by homologous comparison [56]; PDLP1, PDLP5, and
PDLP6, were later found in independent proteomic screens of PD-enriched membrane [55,57].
PDLP1 (AT5G43980) is the first member of this protein family identified by cell-wall proteomics
in Arabidopsis [55]. PDLP1 belongs to the DUF26 domain family. Thomas et al. [58] developed
Arabidopsis transgenic plants overexpressing PDLP1 and performed GFP diffusion experiments,
confirming that PDLP1 can regulate intercellular transport by regulating PD. Moreover, they found
through deletion analysis that their single transmembrane domain (TMD) is required for PDLP1la
targeting to PD.

When fungi and oomycetes enter host plants with a haustoria structure, they cause plant defense
responses, and the haustoria structure is gradually entrapped by the callose produced by the host.
Caillaud et al. [59] studied the molecular mechanism of accumulation of callose around haustoria. They
infected pPDLP1::GUS and pPDLP5::GUS reporter transgenic plants with pathogens, and found that
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PDLP1 was specifically expressed in cells containing haustoria and responded to pathogen infection.
Observation of PDLP1::GFP showed that PDLP1 localized at PD in both uninfected and infected tissue,
and PDLP1 was associated with haustoria at the early stages of pathogen invasion in infected tissue.
Moreover, the signaling peptide that targets PDLP to haustoria is located at its C-terminus, allowing it
to be localized to the haustorial membrane. Significantly more callose was detected in transgenic plants
overexpressing PDLP1 than in non-transgenic plants following pathogen infection. The experimental
results of Caillaud et al. [59] directly demonstrate that PDLP1 contributes to the immune defense
against pathogens by affecting the deposition of callose in the plant cell walls.

Pathogen invasion first leads to local infection, and then local infection produces signals that are
transported to the uninfected parts of the plant, making the uninfected part resistant to subsequent
enlargement of the infection. This is called systemic acquired resistance (SAR) [90-92]. Signals
generated by local infection include salicylic acid (SA), azelaic acid (AzA), glycerol-3-phosphate
(G3P), and reactive nitrogen species (RNS) [93,94]. Lim et al. [95] studied the transport mechanism
of SAR signals and found that PDLPs were involved. They treated plants with mock solution or
avirulent strains, then detected SA, AzA, and G3P in apoplastic fluids and petiole exudates representing
apoplastic and symplasmic communication signals, respectively. It was found that SA was transported
through the ectoplasmic pathway, while G3P and AZA were transported through the symplastic
pathway mediated through cell-wall PD conduits. Evaluation of SAR in pdlp1/pdlp5 double mutant or
PDLP5-overexpressing plants showed that PDLP1 and PDLP5 were involved in SAR. Moreover, PDLP1
can not only affect the transmission of SAR signals by regulating the permeability of PD, but also affect
the stability of SAR signal transporter azelaic acid induced 1 (AZI1) through direct protein—protein
interactions [96]. Ye et al. [97] also reported that a PDLP1 homolog, PDLPS, was able to interact with
the acyl-CoA-binding protein 6 (ACBP6) to stabilize ACBP6 accumulation in PD.

Various hormone signaling pathways are associated with basal immune responses. The pathways
activated by SA, a defense hormone, contribute to the responses [90]. When a pathogen infects plants,
SA concentration is elevated. The expression of the PD regulator PDLP5 was upregulated resulting in
the restriction of cell-to-cell movement via PD [57]. Accumulation of PDLP5 protein in PD restricts
PD permeability by stimulating callose deposition at the PD neck. Most notably, Cui and Lee [98]
revealed that GSL6 (CALS1) is a primary partner for PDLP5. They produced a transcriptional reporter
line pGSL6::GUS. GUS staining experiments confirmed that the GSL6 expression profile is most
highly correlated with that of PDLP5 in SA-treatment experiments. In ¢s/6-1 mutant plants, callose
deposition did not change after treatment with SA. This indicates that SA-mediated callose production
requires GSL6. The results of their experiments with carboxyfluorescein, a fluorescent dye that emits
fluorescence and will not retrograde once it enters the cell, also support this conclusion. Neither
changes in plasmodesmal callose deposition nor carboxyfluorescein movement were detected in gsl6-1
mutant after SA treatment. Collectively, these sets of experimental evidence establish that GSL6 is a
bona fide callose synthase gene regulating SA-dependent plasmodesmal responses. Therefore, PDLP5
requires GSL6 for SA-dependent plasmodesmal regulation. Evidence of subcellular localization of
GSL6 to cell-wall PD is missing. Since the gs/10 mutant plants are gametophytic lethal [99], the gsI10
loss-of-function plants are unavailable. The roles of GSL10 in regulating PD permeability and plant
defense responses are still not investigated. Wang et al. [100] cloned and overexpressed the extracellular
domain of Arabidopsis PDLP5 in an insect expression system, followed by purification, crystallization,
and diffraction analysis. The extracellular domain of PDLP5 includes two DUF26 domains. They
collected X-ray diffraction data to 1.90 A resolution, which indicated that PDLP5 may function as
a dimer. This research provides novel understanding of the molecular mechanisms behind PD
permeability regulation and plant system immunity [100]. It is still far from clear, however, how PDLPs
regulate callose synthase gene expression and callose deposition in PD [101].
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4.5. Other PD-Related Cell Wall Proteins and Even More to Be Identified

The proteins and lipids of eukaryotes are sequentially organized in the plane of the membrane,
forming microdomains that distinguish and coordinate biological processes, ensuring specific kinetics
and functions to specific regions within the cell [102-104]. Grison et al. [105] used Arabidopsis cultured
cells and primary roots to strictly isolate plasma membrane (PM) domains of PD. Immunogold labeling
and Western blotting showed that many false-positive membrane proteins, such as PMA2, CesA3,
CesA6, and PIP2, did not target to PD, but previously known PDLP1 and PDCB1 were specific to PD
PM [105].

A hypothetical sterol carrier protein gene, GHSCP2D, was isolated from elongated cotton fibers
by Zhang et al. [106]. They inhibited the expression of GHSCP2D and observed the deposition of
callose on PD, confirming that GHSCP2D is involved in the permeability of PD. They demonstrated
that the decrease of PD permeability was due to the inhibition of the expression of the PD-targeted
beta-1,3-glucanase GhPDBGS3 in cotton fibers. Both downregulation of GHSCP2D and the application
of a sterol biosynthesis inhibitor can reduce the permeability of PD, indicating that sterol also has an
effect on PD.

Viruses move through PD between plant cells. Park et al. [107] studied the role of PD in viral
infection and found that NbEXPA1 is a PD-specific expansin, specifically involved in cell wall relaxation.
They performed a label-free quantitative proteomic analysis of PD-enriched fractions of leaves infected
with TuMV and healthy controls in Nicotiana benthamiana. They collected in total 1070 PD protein
candidates. After data processing, 100 upregulated proteins and 48 downregulated proteins were
identified in the TuMV-infected samples. The observation of YEP or GFP fused with NbEXPA1 showed
that the fusion protein had a dotted pattern along the cell-wall boundary, suggesting that NbEXPA1
might be located in PD. Co-localization between NbEXPA1::YFP and PDLP1::CFP and between
NbEXPA1:GFP and CIL:RFP indicated that NbEXPA1 was indeed a PD-localized protein. The results
of proteomics and RT-PCR analysis showed that TuMV infection downregulates the gene expression
and protein accumulation of NbExpA1. Colocalization of NbEXPA1::YFP and TuMV-6K2:mCherry
suggests that NbEXPA1 may be involved in the movement of the virus between cells. Infection of
leaves with recombinant virus expressing CFP ligated with a viral RNA polymerase NIB (CFP::NIB),
combined with a yeast two-hybrid assay and BiFC analysis, suggested that NbEXPA1 acts in the
viral replication complex via interaction with NIB. Silencing and overexpression of NbEXPA1 inhibits
and promotes the movement of the virus between cells, respectively. The above results indicate
that NbEXPAL is a cell-wall protein associated with PD, which affects viral gene replication and its
movement through the PD between cells through interaction with NIB.

5. Further Perspectives

As the only channels for cytoplasmic communication between neighboring cells, PD are vital for
the developmental process of plants. By combination of genetic, biochemical, and cell biology studies,
many PD-associated proteins were identified and characterized (Figure 1). However, we still lack a
fuller understanding of how the PD functions, which is largely due to the methodological difficulties
in identification and characterization of PD components [108].

Increasing lines of evidence support that callose levels at the PD neck region play a central role in
modulating the PD permeability and the symplasmic pathway. So far, the PD-related proteins, such as
GSLs, PDGBs, PDCBs, and PDLPs, are all involved in maintaining callose homeostasis at the PD
zone [28,29,36,53,56]. Further experiments are required to elucidate how transcription factors regulate
the expression pattern of those genes in response to specific developmental cues and environmental
stimuli. Since callose deposition and degradation in PD respond readily and rapidly to a wide
range of signals, we speculate that PD-associated callose balancing proteins are mainly regulated at a
post-transcriptional level. Another common feature is that those PD proteins contain transmembrane
domains. Subcellular localization analysis showed that PD proteins are specifically targeted to PD
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embedded in the cell wall. It is also of interest to address the routes via which those proteins reach PD
and more specifically the membrane of PD [109].

Cell 1

PDGB PM

Cell wall

middle lamella

a|ngniowsap
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Figure 1. A simplified schematic representation of plasmodesmata (PD) structural and functional
proteins. Permeability of PD in the plant cell wall is controlled by dynamic callose deposition (closed,
right side) and degradation (open, left side) at the neck region of PD. ER, endoplasmic reticulum; GSL,
glucan synthase-like; PM, plasma membrane; PDCB, PD-associated callose binding protein; PDGB,
plasmodesmal associated (3-1,3-glucanase; PDLP, PD-localized protein.

Previously, high-resolution electron microscopy and image processing methods greatly advanced
our understanding of PD structure [110]. Immunochemical localization studies facilitated the detection
of PD components. Indeed, our knowledge on PD is much dependent on technological progress.
Despite their structural complexity, PD are important for plants and require further studies [21].
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Abstract: Plasma membrane (PM) lipid composition and domain organization are modulated by
polarized exocytosis. Conversely, targeting of secretory vesicles at specific domains in the PM is
carried out by exocyst complexes, which contain EXO70 subunits that play a significant role in the
final recognition of the target membrane. As we have shown previously, a mature Arabidopsis trichome
contains a basal domain with a thin cell wall and an apical domain with a thick secondary cell wall,
which is developed in an EXO70H4-dependent manner. These domains are separated by a cell wall
structure named the Ortmannian ring. Using phospholipid markers, we demonstrate that there are
two distinct PM domains corresponding to these cell wall domains. The apical domain is enriched in
phosphatidic acid (PA) and phosphatidylserine, with an undetectable amount of phosphatidylinositol
4,5-bisphosphate (PIP;), whereas the basal domain is PIP,-rich. While the apical domain recruits
EXO70H4, the basal domain recruits EXO70A1, which corresponds to the lipid-binding capacities of
these two paralogs. Loss of EXO70H4 results in a loss of the Ortmannian ring border and decreased
apical PA accumulation, which causes the PA and PIP, domains to merge together. Using transmission
electron microscopy, we describe these accumulations as a unique anatomical feature of the apical
cell wall—radially distributed rod-shaped membranous pockets, where both EXO70H4 and lipid
markers are immobilized.

Keywords: cell wall; EXO70; exocyst complex; phosphatidic acid; phosphatidylinositol
4,5-bisphosphate; phospholipids; plasma membrane domains; polar exocytosis; trichome

1. Introduction

Despite their unicellularity, Arabidopsis trichomes grow into extraordinarily shaped and precisely
polarized structures, which makes them a potent model of cell polarization and morphogenesis [1].
According to [2], trichome development can be divided into six stages. During the first stage, several
rounds of endoreduplication lead to an increased DNA content and, later, to a remarkably large
trichome cell. The second and third stages are crucial for trichome shaping because they involve
oriented growth above the surface and two or three branching events. During the fourth and fifth
stages, the branches elongate significantly and the trichome reaches its final size and shape. When the
growth is complete, the trichome enters the last stage of its development, which is maturation of the
cell wall. In this stage, the trichome is divided into two markedly different domains—the basal domain,
with a thin cell wall, and the apical domain, with an extremely thick cell wall. This latter secondary
cell wall (SCW) consists of at least two distinct layers—the outer, cellulose-rich layer and the inner,
callose-rich layer [3]. The inner layer is autofluorescent and silicified in a callose-dependent manner [4].

Int. ]. Mol. Sci. 2019, 20, 3803; d0i:10.3390/ijms20153803 www.mdpi.com/journal/ijms
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The apical cell wall domain also contains surface papillae, which accumulate cuticular waxes that may
be different from those in other epidermal cells [5]. Basal and apical trichome domains are separated
by a ring-shaped, callose-rich structure named the Ortmannian ring [3].

The development of this cell wall is dependent on the EXO70H4 exocyst subunit, which is
necessary for callose synthase delivery to the plasma membrane (PM) [4]. EXO70H4 is a subunit of
the exocyst complex, which is a eukaryotic protein complex involved in the tethering of post-Golgi
secretory vesicles, which carry membrane and cell wall components to the PM [6]. The exocyst is
composed of eight different subunits forming a functional complex, including Sec3, Sec5, Sec6, Sec8,
Sec10, Sec15, Ex070, and Exo84 (for review, see [7,8]). Ex070 and Sec3 have a special position in the
complex, as both of these subunits are able to directly bind to the target membrane lipids [9-11],
thus regulating where the secretion will occur [12]. In yeast and mammals, the Exo70 subunit recruits
the rest of the exocyst complex to the PM via a specific interaction of the EXO70 C-terminus with
phosphatidylinositol 4,5-bisphosphate (PIP;) [9,13]. Sec3 is then responsible for initiating the binary
SNARE (Soluble NSF Attachment Protein Receptor) complex [14]. The crosstalk of phospholipids with
their protein partners and its importance in plant cell polarity determination and membrane traffic
regulation was summarized in [15].

The Arabidopsis genome contains 23 EXO70 paralogs [16-18]. This multiplicity of EXO70 subunits
in plants led to the hypothesis that EXO70s may have divergent lipid-binding properties and thus
regulate exocytosis in distinct PM domains within a single cell [19]. So far, there is one documented
example of such domain separation observed for NtEXO70A1 and NtEXO70B1 paralogs in Nicotiana
tabacum pollen tubes, where EXO70A1 was more apically localized than EXO70B1 [20]. There is also
apparent functional specialization among the EXO70 paralogs, as neither EXO70A1, B1, nor any other
of 18 tested paralogs can complement the exo70H4-1 loss-of-function mutant phenotype [4]. In this
study, we document the differential localization of EXO70H4 and EXO70A1 in the mature trichome and
show that EXO70H4 is required for the development and separation of two PM domains with different
compositions of signaling phospholipids and distinct abilities to attract other EXO70 members.

2. Results

2.1. Mature Arabidopsis Trichomes Contain Two Distinct Lipid Domains and EXO70H4 is Involved in
Their Formation

To investigate the distribution of the PM lipids in the Arabidopsis trichome, we observed localization
of several fluorescent phospholipid markers. We focused on phosphatidylinositol-4-phosphate
(PI4P) [21], phosphatidylinositol 4,5-bisphosphate (PIP;) [21], phosphatidic acid (PA) [22,23],
and phosphatidylserine (PS) membrane lipid markers [23]. While the PIP, marker was localized almost
exclusively to the trichome base beneath the Ortmannian ring (Figure 1), the PI4P and PA markers
were distributed evenly around the whole PM, with their signals enhanced at the Ortmannian ring
and in intramural pockets throughout the apical domain (Figure 1). However, the PI4P marker signal
inside these intramural pockets was weaker than the PA marker signal, which is highly accumulated
there (Figure 1). The identities of these pockets will be described in more detail in Section 2.3. The PS
marker was mostly visible at the apical membrane domain (Figure 1 and Supplemental Video S1).
No signal was observed at the base, but a weak signal may have remained undetected due to a strong
cytoplasmic background of this marker line. Thus, we concluded that a mature Arabidopsis trichome
contains two distinct membrane domains with different lipid compositions.
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PI4p

Figure 1. Representative images of different phospholipid markers in wild type mature
trichome. PI4P—phosphatidylinositol-4-phosphate; PIP,—phosphatidylinositol 4,5-bisphosphate;
PA—phosphatidic  acid; PS—phosphatidylserine. Blue—cell wall autofluorescence;
magenta—chlorophyll autofluorescence; green—mCitrine or YFP (yellow fluorescent protein).
White arrows point at the Ortmannian ring. Scale bars = 20 um.

Next, we wanted to investigate when these two domains differentiated during trichome
development. For this, we used a double marker line expressing a PA marker tagged with mCitrine
and a PIP, marker tagged with mCherry (mCH), provided by the authors of [23]. In the wild type (WT)
background, the distribution of the lipid markers was consistent with previous observations (Figure 2a).
Distinct domains only appeared at stage 6 of trichome development, along with the establishment of
the Ortmannian ring. In the WT trichomes of stage 4 (elongation), where the Ortmannian ring was
not formed yet, PM domains were not visible (Figure 2b). The PIP, marker was evenly distributed all
around the PM and the PA marker was not bound to the membrane at all (Figure 2b), suggesting that PA
is not present in young trichome PM. Later, we introduced both lipid markers into the exo70H4-1 mutant
background, which was unable to finish the cell wall maturation [3]. Here, the membrane domains
lacked a sharp border and were poorly visible (Figure 2c). We concluded that the establishment of the
apical and basal membrane domains occurred while the EXO70H4-dependent SCW layer in the apical
domain was formed, which depended on the SCW formation.

79



Int. ]. Mol. Sci. 2019, 20, 3803

(@) PAmarker PIP2 marker merged

exo70H4-1

Figure 2. Lipid markers in WT and exo70H4-1 trichomes. (a) Colocalization of PA and PIP, markers
in WT trichome; (b) colocalization of PA and PIP, markers in WT trichome in the elongation stage;
(c) colocalization of PA and PIP, markers in an exo70H4-1 mutant background. Blue—cell wall

autofluorescence; magenta—chlorophyll autofluorescence; green—YFP; red—mCherry. White arrows
point at the Ortmannian ring. Scale bars = 20 pum.
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2.2. Trichome Apical and Basal Plasma Membrane Domains Recruit Different EXO70 Proteins

To address the biological relevance of the trichome lipid domain distribution, we observed
multiple EXO70 proteins under the control of the EXO70H4 promoter. EXO70A1 was previously found
to bind to PIP; [24] and to localize to the PIP,-rich region of the pollen tube [20]. Corresponding with
its lipid affinity, EXO70A1 localized preferentially to the basal trichome domain and, in many cases,
the apical trichome domain was completely devoid of EXO70A1, although there was a certain degree
of variability and it was often seen also within the Ortmannian ring area (Figure 3a, Supplemental
Figure S1). As reported previously [4], a lack of EXO70H4 resulted in EXO70A1 localizing all around
the trichome PM (Figure 3a). To verify that EXO70AL1 is natively present in Arabidopsis trichomes,
we also generated a reporter construct of the EXO70A1 promoter fused to 2xGFP (green fluorescent
protein). This revealed that EXO70A1 was indeed expressed in the mature trichome (Figure 3b).

EXO70H4 is known to localize to the apical trichome domain and to the Ortmannian
ring [4]. To correlate its localization together with EXO70Al1, we co-transformed
EXO70H4p::mCHERRY-EXO70H4 (mCH-EXO70H4) with EXO70H4p::GFP-EXO70A1 (GFP-EXO70AT)
In this case, the EXO70 isoforms localized to distinct and mostly non-overlapping PM domains that
corresponded to the apical and basal trichome domains (Figure 3c).

We also investigated the localization of the remaining EXO70s, which we observed previously in
the exo70H4-1 mutant background [4]. This time, we expressed the constructs in a WT background
to see their localization when it was unaffected by the exo70H4-1 mutation. Eight paralogs were
tested—EXO70A1, A2, B1, C1, D2, F1, H7, and H8. The only paralogs found to localize to the PM in the
WT background in addition to EXO70A1 were EXO70A2 (localized similarly to EXO70A1) and EXO70HS.
EXO70HS strongly accumulated at the PA-rich domain in the apical part of the trichome, including
Ortmannian ring and cell wall ingrowths. Although EXO70H8 mimicked EXO70H4 localization in the
WT trichome, it was not capable of functionally complementing the exo70H4-1 mutant phenotype in
our previous cross-complementation study [4]. The other EXO70 paralogs that were tested remained
in the cytoplasm or nucleus, as in the previous experiments in the exo70H4-1 background.

Since the lipid-binding capacities of EXO70H4 have not yet been described, we performed
a protein-lipid overlay assay with in vitro translated HA-tagged EXO70H4. This revealed a clear
affinity to PS and conceivably PA, but no apparent binding to PIP; (Figure 3d). This corresponded
well with the colocalization of EXO70H4 with PA and PS markers in the apical domain of the mature
trichome. Based on these and previously published data, we concluded that different EXO70 proteins
exhibit a specific capacity to bind membrane lipids and thus are recruited to distinct PM domains,
contributing to the biogenesis of different cell wall domains within a single plant cell.
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(a) exo70H4-1 (b)

GFP-EXO70A1
A1p::2xGFP

(€) GFP-EXO70A1 mCh-EXO70H4 merged

Triglyceride Phosphatidylinositol (PI)
Diacylglycerol (DAG) PI(4)P
Phosphatidic Acid (PA) PI(4,5)P2
Phosphatidylserine (PS) @ PI(3,4,5)P3
Phosphatidylethanolamine (PE) Cholesterol
(PE)Phosphatidylcholine (PC) Sphingomyelin
Phosphatidylglycerol (PG) 3-sulfogalactosylaceramide
Cardiolipin @ Blank
Figure 3. Trichome plasma membrane domains recruit different EXO70 proteins.

(a) EXO70H4p::GFP-EXO70A1 (GFP-EXO70A1) preferentially localizes to the basal trichome domain in
WT. This preference is lost in the exo70H4-1 mutant. (b) EXO70A1p::GFP:GFP (Alp::2xGFP) expression
marker in a WT trichome. (c) Colocalization of GFP-EXO70A1 with EXO70H4p::mCherry-EXO70H4
(mCh-EXO70H4). (d) Protein-lipid overlay assay of EXO70H4. Blue—cell wall autofluorescence;
magenta—chlorophyll autofluorescence; green—GFP; red—mCherry. Scale bars = 20 pm.
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2.3. The Apical Cell Wall Contains Entrapped Membranous Pockets

While observing the apical trichome domain, we noticed that a large portion of the signal came
from within the cell wall. This was true for all of the constructs which localized to the apical membrane
domain, including markers of PA, PS, PI4P, mCh-EXO70H4, GFP-EXO70HS, and occasionally also
EXO70A1 and EXO70A2 with a weak signal. This strange intramural localization directed our further
investigation. The signal within the SCW was distributed in a pattern remarkably similar to the callose
deposits shown before [3,4]. The radially distributed rays of signal were visibly embedded within the
cell wall and were well-apparent on fluorescence microscopy optical cuts of matured branches together
with a wrinkled PM-SCW interface (Figure 4a,b). To be sure that this was indeed the fluorophore signal
and not cell wall autofluorescence, we performed lambda scans in plants expressing GFP-EXO70H4,
mCh-EXO70H4, YFP-PA marker, and untransformed control. In all of these cases, the expected
emission peak was observed (Supplemental Figure S2), with no such peaks in the negative control.
To check if these intramural signals were still connected to the rest of the cytoplasm, we performed
a fluorescence recovery after photobleaching (FRAP) experiment on the PI4P marker, which revealed
that there was no detectable recovery of the signal, unlike in the case of the signal bleached within
the apparent continuum of the PM (Supplemental Figure S3). We therefore hypothesized that the
intramural signal may come from the PM and cell interior, being physically entrapped within the cell
wall pockets.

To investigate the SCW structure in more detail, we used transmission electron microscopy
(TEM). This revealed internal cell wall structures, supporting our observations of oblong traversing
pockets with light microscopy. TEM cross-sections of mature WT trichome branches displayed
SCW-transpassing structures, probably aggregates of entrapped secretory lipid membranes, proteins,
and the cell interior, often arranged in a radial pattern of concentric transpassing channels (Figure 4c,
left). These intramural pockets were obviously separated from the continuum of cytoplasm (Figure 4c,
middle), but their PM origin was apparent from images where pieces of electron-dense, non-cell wall
materials were embedded into the cell wall (Figure 4c, right).
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Figure 4. Plasma membrane proteins reside within the trichome apical cell wall. (a) GFP-EXO70H4
(EXO70H4) signal, cell wall autofluorescence (autofluor.), and transmission channel (trans.) at the
branch of a mature WT trichome. The dotted square represents area enlarged in (b). Scale bar =
20 um. (b) Detail of (a). Scale bar = 10 um. (c) Left—TEM image of a cross-section of a trichome
branch. Entrapped cell interior (EC) is visible as concentric rays. Scale bar = 3 pm. Middle—detail of
entrapped cell interior obviously separated from the cytoplasm. Scale bar = 1 pm. Right—a detail of
one concentric ray. Scale bar = 200 nm.

3. Discussion

We showed that the mature Arabidopsis trichome contains, along with two cell wall domains,
two distinct PM domains that differ in their phospholipid composition and also in their ability to recruit
different EXO70 proteins. EXO70A1 is recruited to the basal trichome domain, which is PIP,-rich and
contains a thin, pectin-rich cell wall [25]. EXO70H4 is recruited to the apical domain, which is PS- and
PA-rich and has a thick, autofluorescent cell wall [3].

There are a number of different examples of cell types having different phospholipid domains
and many of them can be linked with differential cell wall deposition. Pollen grains also accumulate
PIP; at the site of the future aperture, which is an area marked with a thin cell wall [26]. Similarly,
the pollen tube accumulates PIP; at its tip, while PS and PA are in the shank [22,23]. This corresponds
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with the apical cell wall of the pollen tube being almost solely made of secreted pectins, while callose
and cellulose are deposited in the shank [27]. This domain separation in the pollen tube is further
marked by differential membrane localization of EXO70A1 and EXO70B1 in tobacco [20]. In contrast to
the pollen tube, trichomes are extremely large and static structures. The border of the two membrane
domains appears to be very sharp and defined by the Ortmannian ring. A lack of a sharp border
between these two domains and a partial loss of polarity in the exo70H4-1 mutant suggests that there is
a positive feedback loop and that EXO70s have a role in domain development.

The observed lack of PIP, and abundance of PA in the apical domain could also imply that,
in the apical domain, PIP; is metabolized to PA. In general, PA is formed through two pathways:
First, by the direct hydrolysis of structural phospholipids by phospholipase D and second, through
the consecutive actions of phospholipase C and diacylglycerol kinase, where the hydrolysis of PIP,
produces inositol-1,4,5-trisphosphate (released into the cytosol) and diacylglycerol within the PM,
which is quickly phosphorylated at the membrane into PA by diacylglycerol kinase. PA produced
by phospholipase Dal is a crucial signaling lipid, mediating the abscisic acid response in guard
cells, where its role in NADPH oxidase-mediated reactive oxygen species (ROS) production was
clearly demonstrated [28]. Both PA and phospholipase D1 have previously been linked with ROS
production [29]. NADPH oxidase-mediated ROS production acts in the plant defense response [30,31].
In plants, PA is also produced in response to several stress factors, including pathogen attack [32].
EXO70H4 is also induced by flagellin 22 in epidermal pavement cells [4]. The apical cell wall domain
of the trichome is also remarkably similar to the defense papillae, as they both accumulate callose
deposits, phenolic compounds [33], and an extracellular signal of membrane proteins (such as
SYP121—SYNTAXIN OF PLANTS 121 [34]). We therefore suggest that the mechanism and domain
organization in the trichome may be a manifestation of a general response to pathogen attack, which runs
constitutively in the trichome.

It was shown that binding of PA to its protein interactors is enhanced by a negative curvature stress
and that a complex membrane lipid composition strongly influences lipid—protein interactions [35].
Surprisingly, EXO70 by itself is able to induce negative membrane curvature, specifically through the
homodimerization mechanism, as was demonstrated in mammals [36]. Together, these biophysical
properties could induce PM deformation sufficient to form extreme membrane curvatures, leading
to the formation of membranous pockets within the SCW. Another factor contributing to the pocket
formation may be the cuticular wax migration across the cell wall. The apical trichome domain displays
several unique features, including surface papillae formation. Papillae start to form at stage 5 of
trichome development (expansion) and continue developing during stage 6 (maturation). At these
stages, the apical cell wall is already quite thick (>2 pum) [37]. Papillae are little bumps filled with
lipophilic cuticular substances. These waxes differ from those of other epidermal cells by a high
content of C35+ alkanes [5]. How these compounds get through the thick cell wall to the surface is not
understood. Membranous pockets may drift along the migration routes of the cuticular waxes through
the inner layer of the SCW. This feature may be very useful for the study of cuticular wax migration
across the cell wall. Another intriguing possibility is that formation of these membranous pockets
within the SCW is directly linked to the mechanism of callose deposition during SCW biogenesis—a
possibility we aim to study.

4. Materials and Methods

4.1. Plant Material

Plants were grown in Jiffy soil pellets in standard growth chamber conditions (long day 16 h:8 h,
100-120 M photosynthetically active radiation m~2 s71). The ex070H4-1 mutant line was described
previously [3]. As WT control, outcrossed WT plants were used. Seeds of PI4P and PIP, markers
were obtained from Yvon Jaillais and are described in detail in [21]. From this set, we used line P21Y
(mCitrine-2xPH FAPP PI4P binding domain), line P24Y (mCitrine-2xPH"™C PIP, binding domain),
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and line P24R (mCherry-2xPHPLC PIP; binding domain). Two different PA markers were used in
this study. In Figure 1, it was YFP:NES-2xSpo20p (cloning described below) and in Figure 2 and
Supplemental Figure S2, it was a double marker line expressing a PA marker tagged with mCitrine
(PAY) and a PIP, marker tagged with mCherry (P24R, mentioned above), provided by [23]. PS marker
cloning is described below.

4.2. Confocal Microscopy

Confocal microscopy images were taken on Zeiss LSM880 with C-Apochromat 403/1.2 W Korr
FCS M27 objective [GFP (488): 508-540 nm, chlorophyll (488) 650-721 nm, cell wall autofluorescence
(405) 426-502, mCherry (561) 597-641]. Images were processed using the Fiji platform [38].

4.3. Trichome Isolation and TEM

Leaves of 4-week-old plants were collected and incubated for 3 h in falcon tubes in a solution
of acetic acid:ethanol (1:3) and then washed three times with deionized water. Washed leaves
were transferred to a solution of 150 mM KH;PO,4 pH 9.5 and incubated overnight with shaking at
150-180 rpm. Released trichomes were collected by centrifugation (1 min, 1000 G, no break). For TEM,
isolated trichomes were fixed for 24 h in 2.5% (v/v) glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2)
at 4 °C and postfixed in 2% (w/v) OsO4 in the same buffer. Fixed samples were dehydrated through
an ascending ethanol and acetone series and embedded in Epon-Araldite.

4.4. Cloning and Stable Transgenic Line Preparation

For cloning of the expression reporter construct EXO70A1p::GFP:GFP, the multisite gateway
approach was used. The EXO70A1 promoter (1 kb upstream, EXO70A1 prom for and EXO70A1
prom rev listed in Supplemental Table S1 were used) was subcloned into pDONORP4-P1r
and sequenced using M13 primers. GFP constructs—pEN-L1-F-L2 and pEN-R2-GFP-L3,0—and
destination vector pB7m34GW were obtained from [39]. An expression clone was assembled from
these by a multisite reaction using Gateway LR clonase (Thermo Fischer, Waltham, MA, USA).
All EXO70H4p::GFP-EXO70XY constructs used in this study were previously described in [4].

To prepare the construct for the PA marker (pUBQ::YFP:NES-2xSpo20p PABD), first NES-2xSpo20p
was amplified from YFP:Spo20p-PABD [22] and cloned together with the ubiquitin (UBQ) promoter
and YFP into the binary vector pHD71 (kindly provided by Dr. Benedikt Kost).

To prepare the construct for the PS marker (pUBQ:YFP:C2MACT)  YFP-C2LACT from
Lat52:YFP-C2ACT [22] was cloned together with the UBQ promoter into the binary vector pHD71;
the primers used are listed in Supplemental Table S1.

Final constructs were electroporated into competent cells of Agrobacterium tumefaciens, strain
GV3101. Col-0 wild type plants were transformed by the floral dip method [40] and transformants
were selected on kanamycin plates or soil by BASTA spraying (150 mg/L of glufosinate-ammonium).
No fewer than five individual transformants were observed in each experiment and at least two
biological replicates were made.

4.5. Protein-Lipid Overlay Assay

The protein-lipid overlay assay was performed using N-terminally HA-tagged EXO70H4 and
echelon lipid strips. First, the EXO70H4 coding sequence was cloned into a pTNT vector (Promega,
Fitchburg, WI, USA), optimized for in vitro coupled transcription and translation, using primers listed
in Supplemental Table S1. The cloning was performed in two steps. First, the EXO70H4 coding sequence
was amplified with the use of the primers EXO70H4-forward and EXO70H4-reverse. Subsequently,
a megaprimer containing the HA-tag sequence and Kozak consensus sequence facilitating efficient
translation initiation was used together with EXO70H4-reverse primer. The product was cloned into
the pTNT vector via Sall and NotI restriction sites.
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The construct was used as a template for in vitro coupled transcription and translation reactions
using TNT® SP6 High-Yield Wheat Germ Protein Expression System (Promega), according to the
manufacturer’s instructions, in a total volume of 50 pL. To verify protein expression and stability, 10 uL
of the yield was used in Western blotting. Since the protein was tagged on the N-terminus, Western
blot analysis would have detected products of prematurely terminated translation, but none were
observed (see Supplemental Figure S4).

The remaining 40 pL of the reaction product was used for the protein-lipid overlay assay.
The echelon lipid strip (Elcheon Biosciences, Salt Lake City, UT, USA) was blocked for one hour in
blocking solution (50 mM Tris, 150 mM NaCl, 0.05% Tween 20, pH 7.6 + 3% bovine serum albumine).
After three washes in wash solution (50 mM Tris, 150 mM NaCl, 0.05% Tween 20, pH 7.6), the strip was
incubated for two hours with primary mouse anti-HA antibody (Sigma-Aldrich, St. Louis, MO, USA)
diluted 1:1000 in blocking solution. After three washes with wash solution, the strip was subsequently
incubated with secondary anti-mouse antibody conjugated to horseradish peroxidase (Promega),
diluted 1:20,000 in blocking solution. Finally, the strip was washed three times with wash solution
and incubated for three minutes with Amersham ECL Prime Western Blotting Detection Reagent (GE
Healthcare, Chicago, IL, USA) and imaged with Bio-Rad Laboratories (Hercules, CA, USA) Chemidoc
gel imaging system. The experiment was repeated twice with consistent results.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/20/15/
3803/s1.
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Abbreviations

FRAP  fluorescence recovery after photobleaching
mCh  mCherry

PA phosphatidic acid

PI4p phosphatidylinositol-4-phosphate

PIP, phosphatidylinositol 4,5-bisphosphate

PM plasma membrane

PS phosphatidylserine

SCW  secondary cell wall

TEM  transmission electron microscopy

WT wild type
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Abstract: Plants frequently encounter diverse abiotic stresses, one of which is environmental thermal
stress. To cope with these stresses, plants have developed a range of mechanisms, including altering
the cell wall architecture, which is facilitated by the arabinogalactan proteins (AGP) and extensins
(EXT). In order to characterise the localisation of the epitopes of the AGP and EXT, which are induced
by the stress connected with a low (4 °C) or a high (40 °C) temperature, in the leaves of Brachypodium
distachyon, we performed immunohistochemical analyses using the antibodies that bind to selected
AGP (JIMS, JIM13, JIM16, LM2 and MAC207), pectin/AGP (LM6) as well as EXT (JIM11, JIM12 and
JIM20). The analyses of the epitopes of the AGP indicated their presence in the phloem and in the
inner bundle sheath (JIMS8, JIM13, JIM16 and LM2). The JIM16 epitope was less abundant in the
leaves from the low or high temperature compared to the control leaves. The LM2 epitope was more
abundant in the leaves that had been subjected to the high temperatures. In the case of JIM13 and
MAC207, no changes were observed at the different temperatures. The epitopes of the EXT were
primarily observed in the mesophyll and xylem cells of the major vascular bundle (JIM11, JIM12 and
JIM20) and no correlation was observed between the presence of the epitopes and the temperature
stress. We also analysed changes in the level of transcript accumulation of some of the genes encoding
EXT, EXT-like receptor kinases and AGP in the response to the temperature stress. In both cases,
although we observed the upregulation of the genes encoding AGP in stressed plants, the changes
were more pronounced at the high temperature. Similar changes were observed in the expression
profiles of the EXT and EXT-like receptor kinase genes. Our findings may be relevant for genetic
engineering of plants with increased resistance to the temperature stress.

Keywords: arabinogalactan proteins; Brachypodium distachyon; cell wall; extensins; immunohistochemistry;
leaf; RT-qPCR; temperature stress

1. Introduction

Plant growth and productivity are compromised by various abiotic stresses, among which are high
and low temperature stress. Even short periods of temperature stress may significantly decrease the
yield, especially when it occurs during the crucial stages of plant development [1]. As was predicted,
heat waves and other extreme temperature events are to become more intense, frequent and long-lasting
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because of global climate change [2]. Thus, thermal stresses must be better understood in the context
of the response and adaptation of plants, which may enable crops with improved thermotolerance to
be obtained and bred [3].

Brachypodium distachyon L. Beauv. (Brachypodium), which is a member of the Pooideae subfamily,
is a wild annual grass species that is widespread in the regions of the Mediterranean basin, Western
Europe, the Middle East, south-west Asia, north-east Africa, North and South America and Australia.
It is closely related to many temperate zone key cereals, including wheat, barley, rye, oats and various
forage grasses [4]. Due to its numerous favourable biological features such as a relatively small nuclear
genome that ranges from 270 Mb to 350 Mb (depending on the methodology that is used), small stature,
self-fertility, a life cycle of less than four months and undemanding growth requirements, B. distachyon
constitutes an excellent model species [5].

Low-temperature stress results in the downregulation of many photosynthesis-related proteins
and, at the same time, the upregulation of the proteins that are involved in reactive oxygen species
(ROS) scavenging, redox adjustment, cytoskeletal rearrangements, cryoprotection and cell wall
remodelling [6]. Similar results are observed in plants that are stressed by a high temperature [7].
Though the cell wall structure is not primarily altered under heat stress, numerous studies have
indicated various changes in its architecture. In low temperature stress, changes in the cell wall rigidity
may be an important factor in thermotolerance. Changes in the cell wall are more pronounced in roots
because they are more sensitive to temperature stresses than the aerial parts of a plant, though the
adverse effect of such stress on leaves directly affects plant productivity. Alterations in the cell wall in
response to temperature stress concern cellulose and hemicelluloses biosynthesis, pectin modifications
by pectin methylesterases, lignin biosynthesis and changes in the abundance of hydroxyproline-rich
glycoproteins (HRGP) [8].

HRGP are usually divided into three complex multigene families: (i) arabinogalactan proteins
(AGP); (ii) extensins (EXT); and (iii) proline-rich proteins [9]. AGP are further divided into four
sub-families according to their polypeptide core: classical AGP, lysine-rich AGP (Lys-rich AGP),
arabinogalactan peptides (AG peptides) and fasciclin-like AGP (FLA) [10]. Typically, AGP are strongly
O-glycosylated and most of them have glycosylphosphatidylinositol (GPI) anchors that attach the
proteins to the plasma membrane, though some of them can be released into the wall matrix via GPI
cleavage [11]. In connection with their abundance, ubiquitous presence and localisation, AGP play a
crucial role in various biological processes such as cell division, cellular communication, programmed
cell death, organ abscission, plant-microbe interactions, plant defence and growth as well as in the
reproductive processes [12-14]. A decrease in the amount of AGP has also been linked with the loss of
embryogenic potential in callus cultures of B. distachyon [15]. Despite many studies on the role of AGP
in plant development, our understanding of their role in the reaction of the plant to temperature stress
is still quite limited. Recent studies have shown that temperature stress strongly affects the distribution
and content of AGP in the stigma and ovule of Solanum lycopersicum as well as in banana leaves and
roots, which may indicate that AGP are differentially regulated in the response to temperature stress
and that their expression and distribution is tissue specific [16-18].

Based on a bioinformatic analysis, EXT were divided into seven classes: classical, short, leucine-rich
repeat extensins (LRX), proline-rich extensin-like receptor kinases (PERK), formin-homolog EXT
(FH EXT), chimeric and long chimeric EXT. EXT are characterised by the presence of serine, which
is followed by three to five proline residues. These prolines are hydroxylated and glycosylated [19].
EXT are known to play important roles in the response to wounding and pathogen infections [20].
This family was also indicated as playing an important role in root-microbe interactions [14,21]. A study
on a B. distachyon callus showed that one of the chimeric EXT could be considered to be a good marker
for embryogenic cells [15]. A chimeric leucine-rich repeat/extensin, LRX1, was shown to be required
for root hair morphogenesis in Arabidopsis thaliana [22]. However, information on the synthesis and
location of extensins in response to temperature stress is scarce.
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Thus, the aim of this work was to investigate any changes in the distribution of the epitopes of
AGP and EXT in B. distachyon leaves through an immunostaining analysis. This approach enabled the
distribution of these epitopes and the changes in their leaves that had been stressed by a high or low
temperature to be determined. We also determined the level of transcript accumulation of selected
genes encoding EXT, EXT-like receptor kinases, and FLA in the leaves of B. distachyon that had been
stressed by a high or low temperature using RT-qPCR.

2. Results

2.1. Distribution of the Epitopes of AGP and EXT in Leaves in Response to Temperature Stress

The distribution of the epitopes of AGP (JIMS, JIM13, JIM16, LM2 and MAC207), pectin/AGP
(LM6) and EXT (JIM11, JIM12 and JIM20) in the leaves of B. distachyon under normal (21 °C) and thermal
stress conditions (4 and 40 °C) was determined. Considering the phenotype, we observed no visible
changes induced by the thermal stress. The general anatomy of a B. distachyon leaf is shown in Figure 1.
In order to present the results clearly, only the antibodies for which changes in their localisation or the
intensity of the fluorescence signal in different temperature conditions were observed, are presented in
the main text. Figures A1-A5 show the localisation of the remaining epitopes, in which no changes
were identified in their response to temperature treatment.
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Figure 1. A cross-section of a B. distachyon leaf through the major vascular bundle (nomenclature
according to Botha [23]) that had been stained with a fluorescent brightener (FB). Scale bar: 50 pm.

The occurrence of the epitopes of AGP was mostly associated with the vascular bundle. The JIM8
epitope was present in the walls and cellular compartments of the inner bundle sheath cells and phloem
(Figure 2D-F). This epitope also occurred in the sclerenchyma fibres that were located next to the vascular
bundle (Figure A1A-C) or were developing at the edge of the leaf blade (Figure A1D-F). The presence
and spatial distribution of the JIM8 epitope were diverse at different temperatures. The JIM8 epitope
was less represented in the leaves that were growing at a low temperature (Figure 2A-C). However, in
the leaves that had been subjected to a temperature of 40 °C, an increase in the intensity of fluorescence
signal was observed in the walls of phloem cells compared to the leaves that were growing at a low
temperature (Figure 2G-I). JIM13 was found at the same locations as the JIM8 epitope (Figure A2A-F)
and was additionally detected in the intercellular compartments (under intercellular compartments we
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define the localisation of epitope within the cytoplasm endomembrane system or organelles that are
associated with the biosynthesis and secretion pathway to the wall, however these are not visible on the
light microscope level [24]) of the prickles (Figure A2G-I). There were no changes in the distribution of
the JIM13 epitope or in the intensity of the fluorescence signal between the analysed temperatures.
The JIM16 epitope in the control leaves was present in a low amount in the intercellular compartments
of the inner and outer bundle sheath cells and phloem as well as in the xylem parenchyma (Figure 3D-F).
This epitope was not detected in the xylem parenchyma in the leaves that were growing at 40 °C
(Figure 3G-I) and in the leaves from 4 °C, the presence of this epitope was not detected (apart from
single dots in the vascular bundle cells; Figure 3A-C). Another AGP epitope, LM2, occurred in
the cellular compartments of bundle sheath, phloem and xylem parenchyma in the control leaves
(Figure 4D-F). At a low temperature (4 °C), the occurrence of this epitope was very low (Figure 4A-C),
while in the leaves that were growing at a high temperature, it was more abundant (Figure 4G-I)
compared to the control plants (Figure 4D-F). Additionally, LM2, was detected in the intercellular
compartments and/or walls of the epidermis and bulliform cells in the leaves from plants that had been
subjected to a high temperature (Figure 5A-I). A signal in the mesophyll cells was detected only in the
leaves that were growing at 40 °C (Figure 5G-I). The MAC207 epitope was present in large amounts
in the intercellular compartments and/or walls of the phloem cells, mesophyll cells and bulliform
cells (Figure A3BA-F). At all of the temperatures, its fluorescence had a similar cellular distribution
and intensity. The LM6 epitope was detected abundantly in the phloem, xylem parenchyma and, in
lower amounts, in the cellular compartments and/or walls of the outer bundle sheath (Figure 6D-F).
The fluorescence signal of this epitope in the leaves that were growing at 40 °C was more intense
compared to the other temperature treatments (Figure 6G-I vs. Figure 6A-F). Outside the vascular
bundle, LM6 was present in the cell walls and/or in the intercellular compartments of the mesophyll
cells (Figure A4A-C).
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Figure 2. Immunolocalisation of the JIMS8 epitope (A-I) in cross-sections of the B. distachyon leaves,
(A-T): through the major vascular bundle. (A-C): 4 °C; (D-F): 21 °C; (G-I): 40 °C. Abbreviations: FB—
fluorescent brightener, ib—inner bundle sheath, ob—outer bundle sheath, ph—phloem, ve—vessels,
xp—xylem parenchyma. The green colour shows epitope occurrence. Scale bars: 10 um.
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Figure 3. Immunolocalisation of the JIM16 epitope (A-I) in cross-sections of the B. distachyon leaves, (A-I):
through the major vascular bundle. (A-C): 4 °C; (D-F): 21 °C; (G-I): 40 °C. Abbreviations: FB—fluorescent
brightener, ib—inner bundle sheath, ob—outer bundle sheath, ph—phloem, ve—vessels, xp—xylem

parenchyma. The green colour shows epitope occurrence. Scale bars: 10 um.

Figure 4. Immunolocalisation of the LM2 epitope (A-I) in cross-sections of the B. distachyon leaves,
(A-I): through the major vascular bundle. (A-C): 4 °C; (D-F): 21 °C; (G-I): 40 °C. Abbreviations:
FB—fluorescent brightener, ib—inner bundle sheath, ob—outer bundle sheath, ph—phloem, ve—vessels,
xp—xylem parenchyma. The green colour shows epitope occurrence. Scale bars: 10 pm.
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Figure 5. Immunolocalisation of the LM2 epitope (A-I) in cross-sections of the B. distachyon leaves,
(A-T): through the mesophyll and bulliform cells. (A-C): 4 °C; (D-F): 21 °C; (G-I): 40 °C. Abbreviations:
be—bulliform cells, ep—epidermis, FB—fluorescent brightener, me—mesophyll, pr—prickle. The green
colour shows epitope occurrence. Scale bars: 20 pm.

LM6

Figure 6. Immunolocalisation of the LM6 epitope (A-I) in cross-sections of the B. distachyon leaves,
(A-I): through the major vascular bundle. (A-C): 4 °C; (D-F): 21 °C; (G-I): 40 °C. Abbreviations:
FB—fluorescent brightener, ib—inner bundle sheath, ob—outer bundle sheath, ph—phloem, ve—vessels,
xp—xylem parenchyma. The green colour shows epitope occurrence. Scale bars: 10 pm.
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All three extensin epitopes that are recognised by the JIM11, JIM12 and JIM20 antibodies were
mostly associated with the mesophyll cells. The JIM11 epitope was present only in the mesophyll
cell walls (Figure A5A-C). In addition to occurring in the mesophyll cell walls (Figure A5D-F),
JIM12 was also found in the walls of some of the outer bundle sheath cells and vessels (Figure A5G-I).
The occurrence of the JIM20 epitope was similar to JIM12 (Figure A5]-O), but had an additional
location in the walls and/or cellular compartments of the phloem (Figure ASM-0). All three extensin
epitopes occurred abundantly and there were no differences in their distribution or in the intensity of
the fluorescence signal among the temperatures that were analysed.

2.2. Analysis of the Level of Transcript Accumulation of the Genes Encoding the FLA, EXT and EXT-Like
Receptor Kinases

In this study, we determined the level of transcript accumulation of five different genes encoding
FLA (Bradi4g34420, Bradi2g00220, Bradi5g18950, Bradi3g39740 and Bradi2g60270). The transcript
accumulation levels of Bradi4g34420 and Bradi2g00220 increased in both temperatures, 4 and 40 °C,
compared to the control conditions (Figure 7A). The increase in expression of the Bradi4g34420 gene at
40 °C (4.7-fold) was higher than at 4 °C (1.9-fold) (Figure 7A). In the case of the Bradi5g18950 gene, the
expression at 4 °C was approximately the same as in the control, while its expression at 40 °C was
6-fold higher (Figure 7A). A similar pattern of expression was found for the Bradi3g39740 gene, though
there was only a slight (1.7-fold) increase in its expression at 4 °C (Figure 7B). Interestingly, there was
a dramatic increase (28-fold) in the expression of this gene at 40 °C. Notably, the expression of the
Bradi2g60270 gene was only detectable in the leaves at 40 °C. Generally, temperature stress resulted in
a higher level of transcript accumulation of FLA, though the increase was more pronounced at 40 °C.
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Figure 7. Relative level of transcript accumulation of the fasciclin-like AGP (FLA) genes:
(A) Bradidg34420, Bradi2g00220 and Bradi5g18950 and (B) Bradi3g39740. The relative expression levels
were normalised to an internal control (Bradi1g32860, gene encoding ubiquitin) and calibrated to the
control. Asterisks indicate significant differences from the control using the Student’s t-test (p < 0.05;
mean + SD, n = 3).

The level of transcript accumulation of nine different genes encoding EXT and EXT-like receptor
kinases were also determined. Each gene was assigned to a group based on its structure: FH EXT
(Bradi1¢22980, Bradi3g59780 and Bradi4g03720), chimeric EXT (Bradi4g11250 and Bradi3g12902) and PERK
EXT (Bradi2g00900, Bradi2g49240, Bradi1g07010 and Bradi3¢31967). The level of transcript accumulation
of the Bradi1g22980 gene in the treated plants was not statistically different from the control (Figure 8A).
The level of transcript accumulation of two other FH EXT, Bradi3g59780 and Bradi4g03720 was only
statistically higher at 40 °C (Figure 8A). Conversely, the level of transcript accumulation of the chimeric
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EXT, Bradidg11250, increased significantly at 4 °C, though there was no clear difference in its expression
for the Bradi3g12902 gene (Figure 8B). When considering PERK, a higher transcript accumulation of
the Bradi2g00900 gene at 4 °C and a higher level of transcript accumulation of the Bradi2g49240 gene
at 4 °C and 40 °C was determined (Figure 8C). Intriguingly, the expression of the other PERK gene,
Bradi3g31967, was only observed in the temperature-stressed samples (Figure 8D). The distribution of
all of the epitopes together with changes in the level of transcript accumulation of the analysed genes
are summarised in Figure 9.
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Figure 8. Relative level of transcript accumulation of the extensins (EXT) genes: (A) formin-homolog
(FH) EXT: Bradi1g22980, Bradi3g59780, Bradi4g03720, (B) chimeric EXT: Bradi4g11250, Bradi3g12902,
(C) proline-rich extensin-like receptor kinase (PERK): Bradi2g00900, Bradi2g49240, Bradi1g07010 and (D)
Bradi3g31967. The relative expression levels were normalised to an internal control (Bradi1g32860, gene
encoding ubiquitin) and calibrated to the control. Asterisks indicate significant differences from the
control using the Student’s t-test (p < 0.05; mean + SD, n = 3).
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3. Discussion

Although immunohistochemical analyses are widely used to study changes in the chemical
components of the cell wall during different developmental processes, in vivo and in vitro information
concerning the presence and distribution of the cell wall proteins in leaves that have been subjected to
biotic and/or abiotic stresses are scarce and remain largely unexplored [16,18,25]. Previous studies
have primarily focused on the differential expression of AGP in response to temperatures stresses in
roots and seedlings; however, the involvement of AGP in the response to temperature stress has rarely
been studied in leaves [16]. For example, the transient appearance of two AGP proteins in Triticum
aestivum in response to a low temperature were observed, thus indicating their involvement in the
activation of the plant cell defence [16,26]. In transgenic A. thaliana plants, non-classical AGP improved
the freezing tolerance of seedlings [27]. Temperature stress is one of the factors that limit plant growth
and productivity [2,28]. Therefore, data showing changes in the distribution of individual cell wall
components, particularly AGP, in connection with temperature stress, are particularly important as the
results can be used in genetic engineering for stress tolerance [29].

In the present study, while the distribution of the epitopes of the analysed AGP and EXT
was primarily observed in the major vascular bundles (nomenclature according to Botha [23]) and
sclerenchyma cells, in the case of the LM2 and MAC207 epitopes, they were present in the mesophyll
and epidermal cells, especially in the bulliform cells. Generally, the results for B. distachyon presented
here are similar to those that have been described for banana leaves in terms of the distribution of
epitopes in leaf tissues [18]. In banana, the JIM8 epitope increased in abundance at lower temperatures,
thus indicating its role in the tolerance to strong chilling stress [18]. In the pistils of Solanum lycopersicum
cv Micro-Tom, a high temperature strongly affected the distribution of the JIM8 epitope, which
decreased in the stigma and ovule [17]. These varied results with respect to this and other epitopes
mean that further intensive studies are necessary. Moreover, such results may indicate that the changes
in the chemical composition of the cell walls in response to temperature stress are species-specific.
In banana leaves, the presence of the JIM16 epitope was higher in a tolerant cultivar at low temperature
stress, thus suggesting that these epitopes may be involved in determining the tolerance of banana to
temperature stress [18]. Among the analysed epitopes, the LM2 epitope was detected in most of the
leaf tissues and an increase of the LM2 epitope as a response to high temperature stress was observed.
A similar distribution was detected in banana leaves, in which this epitope was found in the phloem,
bundle sheath, mesophyll and epidermal cells. Low temperature treatment increased the abundance of
this epitope in banana [18]. In the leaves of Tilia x euchlora, the LM2 epitope was present in the epidermis,
hypodermis and parenchyma cells, although as a response to salt stress [25]. Such results may indicate
that this wall epitope may be a marker of the plant response to diverse stresses. The abundant presence
of the LM6 antibody in B. distachyon leaves was found. As LM6 antibody exhibits a high affinity to
the (1-5)-a-L-arabinosyl residues, it detects the (1-5)-a-L-arabinan (a pectin rhamnogalacturonan I
side chain), however, it can also bind to some AGP (http://www.plantprobes.net/index.php). Thus,
the increase in the fluorescence signal in the xylem parenchyma of the temperature-stressed plants may
not necessarily indicate changes in the presence of AGP. The function of the arabinan side chains is not
well understood and their roles are postulated to be an involvement in the rehydration of the cell wall
and flexibility [30-33]. The more abundant presence of the wall components that are recognised by
LM6 antibody, especially in the cytoplasmic compartments, that were observed in our study indicate
that leaves react to temperature stress by synthesising and depositing (1-5)-x-L-arabinans into the
cell walls.

As has been shown in previous studies, analyses of the distribution and changes in the signal
intensity of epitopes can be compared with the expression profiles of the genes encoding the proteins
that are targeted by these antibodies [15,34]. In this work, we focused on the FLA that have been
implicated in modulation of signalling upstream of cell wall polymer biosynthesis, remodelling, as
well as in the stress response as one of the AGP sub-families [35-37]. We found an increase in the
level of transcript accumulation of the FLA in response to temperature stress, which concurs with the
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immunohistochemistry observations that have been made for the LM2 antibody. It is worth noting
that the increase in the level of transcript accumulation of these genes was more pronounced at the
high temperature. However, in wheat, four genes encoding FLA had a decreased level of transcript
accumulation in response to low temperature stress [38]. Similarly, two other FLA genes (OsFLA1
and OsFLA4) were downregulated by cold stress in rice [39]. This may reflect intrinsic differences
between the analysed species or might be the result of fragmentariness of the conducted experiments,
which only focus on a few of the numerous FLA genes that are present in a genome. The Bradi5g18950
gene, which was analysed in our work, exhibited a higher level of transcript accumulation at the
high temperature and it was previously shown to be upregulated in a 30-day-old callus that was
characterised by an increased embryogenic potential. Conversely, the Bradi3g39740 gene was linked
with a gradual loss of embryogenic potential in B. distachyon [15]. Temperature stresses that are induced
by low or high temperatures inhibit water uptake, which immediately leads to a slowing down of leaf
growth. This observation was correlated with a loss of turgor in leaf cells and an adjustment of the
osmoticum, which enables cells to regain turgor [40]. AGP are well known for their water-holding
properties [41]. For example, in the resurrection plants, side chains of pectin are highly enriched in
arabinose-rich polymers, including AGP. Their presence can prevent water loss during desiccation [8].
In Coffea arabica plants that had been subjected to heat stress, there were extensive changes in the cell
wall of the leaves. The plants accumulated a higher content of arabinose and galactose, which may
suggest that the response of coffee leaves to heat stress is related to type II arabinogalactans and pectins.
Moreover, during heat stress, the palisade parenchyma cells were more separated and thinner relative
to the control, which resulted in a decreased thickness of the leaves [42]. It has been hypothesised
that the organs that are susceptible to water loss such as leaves increase the thickness of the cell walls,
thereby limiting desiccation through the production of specific molecules such as AGP [16]. Our results
seem to support this hypothesis.

Similar to the temperature stress, salt stress results in a decrease of available water due to a
reduction in osmotic potential of the soil solution, which leads to a water deficit [8]. AGP have also
been shown to play an important part in the salt stress response and an upregulation of AGP in
salt-adapted tobacco BY-2 cell cultures was observed. It has been proposed that AGP act as a possible
sodium carrier via vesicle trafficking from the apoplast to the vacuoles in salt-adapted tobacco BY-2
cells [43]. A significant upregulation of the FLA genes in the salt stress response was observed in
the roots of Populus trichocarpa [44]. Moreover, AGP were found to act as pectin plasticisers [8,45].
As was shown for an FLA sosb (salt-overly sensitive) mutant of A. thaliana, it exhibits a root-swelling
phenotype under salt stress [46]. Further studies showed that the SOS5 protein mediates adherence
via its interaction with the cell wall pectin [47]. At-FLA4 is one of the FLA genes in A. thaliana that
encodes the predicted lipid-anchored glycoprotein and it was shown to positively regulate cell wall
biosynthesis and root growth by modulating abscisic acid signalling. Moreover, an At-fla4 mutant was
found to be sensitive to the salt stress [37]. It has been suggested that At-fla4 might interact with the
pectin network via the covalent or non-covalent interactions of its glycans. At-fla4 may mechanically
link pectin with the AtFeil and AtFei2 receptor kinases and the plasma membrane, thus contributing to
some biophysical properties such as swelling and interpolymer connectivity [48]. As was indicated
by another inactivated mutant of A. thaliana, the FLA1 gene is involved in the early events of lateral
root and shoot development in tissue cultures [49]. Considering the salt stress response, it is possible
that the upregulation of FLA and the increased signal intensity of some of the epitopes of AGP during
temperature stress may link with other cell wall polymers such as pectins and thus may modulate the
signalling pathways. As has been shown by a number of studies on various species, the pectin content
increases during cold stress. Conversely, it decreases during heat stress [8].

An immunohistochemical analysis of the distribution of the EXT using the JIM11, JIM12 and
JIM20 antibodies showed the presence of all of these epitopes in the mesophyll and the JIM12 and
JIM20 epitopes in the vessels. Although no immunohistochemical studies targeting the EXT using the
JIM11, JIM12 and JIM20 antibodies were done in the leaves, the distribution of these epitopes has been
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widely studied in the callus embryos and roots [20,50-53]. For example, changes in the signal intensity
of the JIM11 and JIM12 antibodies were connected with a gradual loss of embryogenic potential in
B. distachyon callus cultures [15]. Zhang, et al. [54] showed that the EXT that are recognised by the
JIM20 antibody were present in the pollen tubes and transmitting tissue of Nicotiana tabacum and that
the application of hydroxyproline synthesis inhibitor, 3,4-dehydro-L-proline, decreased pollen tube
growth. However, studies dedicated to the role of EXT in abiotic stress and especially temperature
stress are still scarce. In our study, while we did not observe any changes in the selected epitopes of the
EXT in the mesophyll, outer bundle sheath, phloem or vessels at the level of the immunohistochemical
analyses, we found an increase of EXT and EXT-like receptor kinase level of transcript accumulation in the
response to temperature stresses, especially during the high temperature stress. This may be partially
explained by the fact that we used only three antibodies that bind to the EXT, but it is possible that the
application of other anti-EXT antibodies could reveal some changes. Additionally, the effectiveness
of immunohistochemical analyses is limited, since it does not provide sufficient resolution and does
not focus on individual genes, as is the case of RT-qPCR-based analyses. Changes in the EXT gene
expression greatly depended on the class of extensins that were being analysed as was shown for
A. thaliana plants that had been subjected to low temperature stress [55]. Another transcriptomic
analysis of the A. thaliana response to cold stress showed the downregulation of one of the PERK
genes [56]. In our experiment, we found that the PERK extensin, Bradi3g31967, was only expressed
in the stressed leaves. The genes that belong to this class have been found in the apical dominance,
floral organ defects and root cell elongation [57]. An increased accumulation level of the PERK4 gene
transcript in A. thaliana was observed in response to abscisic acid, which is a key regulator of abiotic
stress tolerance in plants [58,59]. PERKI mRNA from Brassica napus was shown to be dramatically and
rapidly accumulated in response to wounding and moderately accumulated in response to infection by
the fungal pathogen Sclerotinia sclerotiorum [60]. Interestingly, the LRX proteins were found to regulate
salt tolerance in A. thaliana. A triple mutant in the LRX genes exhibited a severe salt hypersensitivity
and these genes were determined to be an important sensor of the cell wall integrity signals [61].
Moreover, recent studies have hinted at the role of EXT in the plant defence against phytopathogens as
well as in interactions with beneficial microorganisms [14,21,62]. EXT have also been implicated in
aluminium resistance and its accumulation in the cell walls of pea roots was observed [63]. The changes
in the plant cell wall in response to temperature stress are diverse and not only include AGP and EXT,
but also alterations in cellulose, hemicellulose, pectin and lignin biosynthesis [8]. Further investigations
into the changes in cell wall proteomes could unravel the involvement of other proteins in the stress
response because the proteome of the B. distachyon cell walls is complex and consists of at least
594 proteins [64-68].

4. Materials and Methods

4.1. Plant Material

The plants of the B. distachyon reference genotype Bd21 that were used is this experiment were
cultivated in pots that had been filled with soil mixed with vermiculite at a ratio of 3:1 in a greenhouse.
The seeds of B. distachyon genotype Bd21 (accession number: PI 254867) were sourced from the
collection held by the United States Department of Agriculture—National Plant Germplasm System.
The plants were grown in the greenhouse under a 16 h/8 h light/dark photoperiod at 21 + 1 °C and
were illuminated by lamps emitting white light at an intensity of 10 000 Ix. For the low temperature
stress, the plants were incubated at 4 °C for 24 h and for the high temperature stress, the plants were
incubated at 40 °C for 24 h in growing chambers [69]. Plants at the fourth stage of principal growth
according to the Hong, et al. [70] were used in this experiment. This stage is referred to as booting and is
characterised by the emergence of the head at the top of the growing shoot. The flag leaf was harvested
and used to isolate the RNA and to perform the RT-qPCR analysis. For the immunohistochemistry
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analysis, the middle part of the leaf was collected because this permitted clear observations of the
major vascular bundle, epidermis, bulliform cells, mesophyll and sclerenchyma.

4.2. Sample Preparation

To determine the chemistry of the cell wall, a set of monoclonal antibodies against the specific
cell wall epitopes of the AGP (antibodies JIMS, JIM13, JIM16, LM2, MAC207), pectin/AGP (LM6) and
EXT (JIM11, JIM12 and JIM20) (Plant Probes, Leeds, UK) were used. The references and information
on the antibodies are shown in Table 1. The leaves were excised, fixed and embedded in Steedman’s
wax [20,71]. Transverse sections of the leaf blade (7 um thick) were cut using a HYRAX M40 rotary
microtome (Zeiss, Oberkochen, Germany) and collected on microscopic slides coated with poly-L-lysine
(Menzel Gléser, Braunscheig, Germany).

4.3. Immunohistochemistry

The sections were de-waxed and rehydrated in an ethanol series (three times in 100, 90 and 50%
ethanol in phosphate buffered saline PBS, v/v, each for 10 min) and PBS (10 min) [71]. The detailed
procedure for immunochemical analysis and histological section observation was as previously
described [20]. The slides were stained with 0.01% (w/v) fluorescent brightener 28 (FB) (Sigma-Aldrich,
St. Louis, MO, USA) in PBS, which was used to visualise cell walls due to its affinity to cellulose.
Two biological replicates were performed with at least eight sections for each replicate.

4.4. RT-gPCR

In order to characterise the level of transcript accumulation of the selected genes, RT-qPCR was
performed using a LightCycler® 480 SYBR Green I Master in a LightCycler® 480 Real-Time PCR System
(Roche, Basel, Switzerland). The total RNA was isolated from the leaves of B. distachyon. The primers
used in this research are shown in Table Al. The genes encoding extensins with their division into
classes were as previously described [19]. The FLA genes were selected based on the annotation found
in the Phytozome database (https://phytozome.jgi.doe.gov/pz/portal.html). The detailed procedure
for RT-qPCR was as in Betekhtin, et al. [72]. Briefly, the isolated RNA were treated with the DNase
(QIAGEN, Hilden, Germany), and subsequently used for first-strand cDNA generation. Samples were
run in the LightCycler® 480 Real-Time PCR System (Roche, Basel, Switzerland). The PCR conditions
were as follow: 5 min at 95 °C, 45 cycles of 10 s at 95 °C, 20 s at 60 °C and 10 s at 72 °C with
signal acquisition. Ubiquitin was used as the reference gene and analysis was performed using the
27AACT method. The significant differences between the samples and control were calculated using the
Student’s t-test.

Table 1. The antibodies that were used for the immunocytochemistry, the epitopes they recognise and
the relevant references.

Antibody Epitope References
AGP
JIM8 Arabinogalactan [73]
JIM13 (B)GlcA1->3(x)GalAl->2Rha [74-76]
JIM16 AGP glycan [74-76]
LM2 B-linked GlcA [75,77]
MAC207 (B)GlcA1->3()GalA1->2Rha [74,75,78,79]
Pectin/AGP
LMe6 (1-5)-a-L-arabinosyl residues, can also bind to some AGP [80,81]
EXT
JIM11 Extensin [74,82]
JIM12 Extensin [82]
JIM20 Extensin [82]
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5. Conclusions

In our work, we demonstrated changes in the abundance and diversified expression of the epitopes
of the AGP genes encoding FLA, EXT and EXT-like receptor kinases in the leaves of B. distachyon in
response to temperature stress.

The main findings are as follows:

1. An increase in the JIM8 signal in the walls of phloem cells at 40 °C and a decrease at 4 °C.

2. Anincrease in the abundance of the LM2 epitope in the leaves of plants that had been subjected
to the high temperature.

3. A decrease in the JIM16 signal intensity at 4 and 40 °C.

4. The upregulation of some FLA, EXT and EXT-like receptor kinases genes in response to
temperature stress (4 and 40 °C).

5. The expression of the PERK EXT gene Bradi3g31967 only in the leaves under low and high
temperature stress.

To summarise, our results extend the knowledge about the presence of these epitopes in connection
with temperature stress in B. distachyon. A precise dissection of the functions of AGP and EXT in
response to abiotic stresses and to temperature stress, among others, requires the use of specific mutants
whose availability is still limited. However, recent developments in the site-directed mutagenesis
techniques such as CRISPR/Cas9 should allow the selective targeting of these genes, which may be
helpful to better understand their roles.
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Abbreviations

AG Peptides Arabinogalactan peptides

AGP Arabinogalactan proteins

EXT Extensins

FH EXT Formin-homolog EXT

FLA Fasciclin-like AGP

GPI Glycosylphosphatidylinositol

HRGP Hydroxyproline-rich glycoproteins

LRX Leucine-rich repeat extensins

Lys-rich AGP Lysine-rich arabinogalactan proteins

PBS Phosphate-buffered saline

PERK Proline-rich extensin-like receptor kinases
ROS Reactive oxygen species

RT-qgPCR Reverse transcription-quantitative polymerase chain reaction
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Appendix A
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Figure A1. Immunolocalisation of the JIM8 epitope (A-F) in cross-sections of B. distachyon leaves (21 °C),
(A-C): through the major vascular bundle; (D-F): through the edge of the leaf blade. The white arrows
point to the respective parts of the leaf. Abbreviations: ep—epidermis, FB—fluorescent brightener,
ib—inner bundle sheath, me—mesophyll, ob—outer bundle sheath, ph—phloem, pr—prickle,
sc—sclerenchyma, vb—vascular bundle, ve—vessels, xp—xylem parenchyma. The green colour
shows epitope occurrence. Scale bars: 20 pm.
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Figure A2. Immunolocalisation of the JIM13 epitope (A-I) in cross-sections of B. distachyon leaves
(21 °C), (A-C): through the major vascular bundle; (D-F): through the edge of the leaf blade; (G-I):
prickle. The white arrows point to the respective parts of the leaf. Abbreviations: be—bulliform cells,
ep—epidermis, FB—fluorescent brightener, ib—inner bundle sheath, me—mesophyll, ob—outer bundle
sheath, ph—phloem, pr—prickle, sc—sclerenchyma, vb—vascular bundle, ve—vessels, xp—xylem
parenchyma. The green colour shows epitope occurrence. Scale bars: 20 um.
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Figure A3. Immunolocalisation of the MAC207 epitope in cross-sections of B. distachyon leaves
(21 °C), (A-C): through the major vascular bundle; (D-F): through the mesophyll and bulliform
cells. Abbreviations: ep—epidermis, b—bulliform cells, FB—fluorescent brightener, ib—inner bundle
sheath, me—mesophyll, ob—outer bundle sheath, ph—phloem, ve—vessels, xp—xylem parenchyma.
The green colour shows epitope occurrence. Scale bars: 20 um.
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Figure A4. Immunolocalisation of the LM6 epitope (A-C) in cross-sections of B. distachyon leaves
(21 °C), through the major vascular bundle. The white arrows point to the respective parts
of the leaf. Abbreviations: ep—epidermis, FB—fluorescent brightener, ib—inner bundle sheath,
me—mesophyll, o—outer bundle sheath, ph—phloem, sc—sclerenchyma ve—vessels, xp—xylem
parenchyma. The green colour shows epitope occurrence. Scale bars: 20 um.
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Figure A5. Immunolocalisation of the JIM11 (A-I), JIM12 (D-I) and JIM20 (J-O) epitopes in
cross-sections of B. distachyon leaves (21 °C), (A-F,J-L): through the edge of the leaf blade; (G-I, M-O):
through the major vascular bundle. Abbreviations: be—bulliform cells, ep—epidermis, FB—fluorescent
brightener, ib—inner bundle sheath, me—mesophyll, ob—outer bundle sheath, p— phloem, pr—prickle,
sc—sclerenchyma, vb—vascular bundle, ve—vessels, xp—xylem parenchyma. The green colour shows
epitope occurrence. Scale bars: 20 um.
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Table Al. The oligonucleotide primers that were used for the RT-qPCR reaction with relevant

descriptions of the genes.

Genes Description of the Genes Primer Sequence (5'-3")
. Lo pF-GAGGGTGGACTCCTTTTGGA
Bradilg32860 ubiquitin PR-TCCACACTCCACTTGGTGCT
EXT and EXT-like receptor kinase
. extensin (chimeric EXT) pF-GCGACTGCGACAATGATGTG
Bradidg11250 PR-ACCCCTTGCTAAGCCCTCTA
. extensin (chimeric EXT) pF-CATCTGGACCTGCCAATGGT
Bradig12902 PR-TCCCAGTTTTGGAGTCTCGC
Bradi3e59780 formin-homolog extensin (FH EXT) pF-GATGAATGCCGGAACAGCAC
s pR-GTGGAGAAGAGTGGTGCCTC
Bradida03720 formin-homolog extensin (FH EXT) pF-GAAGCAGATTGAGGCCGAGA
8 PR-CGCGCCTCCATCTTTTGATT
. ‘ormin-homolog extensin (FH EXT) F-CAGCAGAGCCTGTTGCTTGAC
Bradi1g22980 3 P
8 PR-TTCTAGGTTTCCGTGCATGAGT
Bradi?ed9240 proline-rich extensin-like receptor kinase pE-TTCTCAGCCGTTGGGAGATG
g (PERK) pR-GGAAGGTCCCCAAAGTCTCG
Bradi1e07010 proline-rich extensin-like receptor kinase pE-CCTCCACGGTAAAGGGCTG
8 (PERK) pR-GATCCGTGGATGGCAGTCTT
Bradi3e31967 proline-rich extensin-like receptor kinase pF-CCGTCGCCATTAAGAATCTGC
8 (PERK) PR-GATTCTTGTGCCGAACTCGC
Bradi2e00900 proline-rich extensin-like receptor kinase pE-TAACTTTGAGGCACAGGTTGCT
g (PERK) PR-AGCCATGTATCCAAAAGTCCCC
FLA
. e . . pPF-AGCTCAACAGCTCCCAGAC
Bradi2g00220 fasciclin-like arabinogalactan protein pR-CGAAAGCGAGTTGAGCGTG
. e . . pF-AATAAAGGGAAGTCACCGTCGC
Bradi5g18950 fasciclin-like arabinogalactan protein PR-CCGTTCTTCTTGTCATGGACCT
. e . . pF-CACATCCTCCAGATGCACGTC
Bradi4¢34420 fasciclin-like arabinogalactan protein PR-CCGGACTCCTGGAACATGG
. e . . pF-GTACTATTCCCTGGCGGAGTTC
Bradi3g39740 fasciclin-like arabinogalactan protein pR-CCATGTTGTCGGTGAGGTTGAG
. e . . pF-AGCAGAGCAATCCTCTAGTAGC
Bradi2g60270 fasciclin-like arabinogalactan protein pR-TGGGTTCTTCTCGCCATTGTTA
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Abstract: Xyloglucan endotransglycosylases/hydrolases (XTHs) are a class of enzymes involved in
the construction and remodeling of cellulose/xyloglucan crosslinks and play an important role in
regulating cell wall extensibility. However, little is known about this class of enzymes in soybean.
Here, 61 soybean XTH genes (GmXTHs) were identified and classified into three subgroups through
comparative phylogenetic analysis. Genome duplication greatly contributed to the expansion of
GmXTH genes in soybean. A conserved amino acid motif responsible for the catalytic activity was
identified in all GmXTHs. Further expression analysis revealed that most GmXTHs exhibited a distinct
organ-specific expression pattern, and the expression level of many GmXTH genes was significantly
associated with ethylene and flooding stress. To illustrate a possible role of XTH genes in regulating
stress responses, the Arabidopsis AtXTH31 gene was overexpressed in soybean. The generated
transgenic plants exhibited improved tolerance to flooding stress, with a higher germination rate
and longer roots/hypocotyls during the seedling stage and vegetative growth stages. In summary,
our combined bioinformatics and gene expression pattern analyses suggest that GmXTH genes play a
role in regulating soybean stress responses. The enhanced soybean flooding tolerance resulting from
the expression of an Arabidopsis XTH also supports the role of XTH genes in regulating plant flooding
stress responses.

Keywords: Glycine max; XTH gene family; transgenic soybean; plant genome; plant hormone; flooding;
root plasticity

1. Introduction

Xyloglucan endotransglycosylases/hydrolases (XET/XTHs also named XTHs) are classified as
glycoside hydrolase family 16 (available online: http://www.cazy.org/fam/GH16.html) and play
an important role in organ elongation by modifying xyloglucan chains or catalyzing the hydrolysis
of xyloglucan [1-4]. Several studies have emphasized the significant role of this gene family in the
regulation of cell wall extensibility. Overexpression of the BcXTH1 gene from Brassica campestris
enhanced stem elongation in Arabidopsis by promoting cell expansion and elongation [5]. Increased
SIXET1 activity affects the xyloglucan structure during the fruit ripening and softening process in
transgenic tomato fruit [6]. Overexpression of GhXTH1 in cotton loosens and elongates cell wall fibers
due to cleavage down the xyloglucan-cellulose chains [7,8]. PtxtXET16-34 is strongly expressed in
primary-walled xylem. Transgenic hybrid Aspen analysis indicated that wood cell expansion and
xyloglucan content were affected when the PtxtXET16-34 gene was overexpressed [9]. AtXTH31
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regulates cell wall xyloglucan content, and AtXTH21 influences the development of primary roots by
regulating the deposition of cellulose and the thickness of the cell wall in Arabidopsis [10,11].

It was reported that the XTH enzyme activity may vary with changes in environmental conditions
(i.e., abiotic stresses), and that hormones play important roles in tuning XTH activity during plant
development. XET activity in the maize primary root elongation zone contributes to cell wall loosening
at low water potential, which is partly regulated by abscisic acid (ABA) [12,13]. Low water potential
decreased the XET activity in the hypocotyl elongation zone of dark-grown soybean [14]. A decrease in
XET activity was also reported in the basal 5-10 mm of maize primary roots treated with polyethylene
glycol solution, which reduced the cell wall extensibility and cell elongation in that region [15]. CaXTH3
overexpressing transgenic Arabidopsis showed improved tolerance to water deficit and less tolerance to
high salinity compared to wild type [16]. OsXTHS, which is highly expressed in the vascular bundles
of leaf sheath and young nodal roots in rice, was upregulated by gibberellic acid. Repressed growth in
transgenic rice was associated with knocking down the expression of OsXTHS8 [17]. Loss of function of
AtXTH31 reduces sensitivity to ABA and faster germination in Arabidopsis [18]. Downregulation of
XTHS8 and XTH3]1 is also responsible for the reduced leaf cell expansion of the Arabidopsis sizI mutant
in an SA-dependent manner [19]. The homologue of GmXTH16 in maize is induced by flooding and
ethylene and is associated with aerenchyma development [20].

As the third most cultivated crop worldwide, soybean provides protein, oil, and plant natural
products for human and animal consumption, but its production is limited by environmental
constraints [21-23]. Among the major abiotic stresses, soybean is particularly sensitive to flooding
stress, as plant growth and grain yields are markedly reduced in flooded soil [24]. The downregulation
of gene expression related to cell wall metabolism, cellulose synthesis, and cell wall degradation
caused by flooding indicates that cell wall biosynthesis is inhibited by flooding [25]. Therefore,
functional characterisation of the XTH gene family in soybean will be very useful for revealing the
mechanism of soybean flooding resistance. However, little is known about soybean XTHs, except
for the report showing that pBRU1 (GmXTH16) is involved in brassinosteroid-regulated soybean
epicotyls elongation [26]. The availability of soybean genome sequences and comparative analysis
of the XTH gene family across plant species provide an excellent opportunity to explore the XTH
diversity in soybean. In this study, genome-wide analyses of soybean XTHs were performed, including
phylogenetic analysis, chromosomal distribution, structural, and conserved motif (DExDXEFLG)
analysis. Then, a comparative analysis of the XTH gene family transcriptome in soybean tissues was
performed. Further functional validation of the roles of AtXTH31 was executed in transgenic soybean
during the early seedling stage under flooding stress.

2. Results

2.1. Genome-Wide Identification of Soybean XTH Family and Phylogenetic Relationship

A total of 61 GmXTHs were identified with a blasting core value over 100 by using the AtXTH31
amino acid sequence as query. They were designated GmXTH1 through GmXTH61 according to their
positions on chromosomes 1 to 20 (Supplemental Table S1). The putative proteins encoded by these
GmXTHs document the conserved structural features of the XTHs.

An unrooted phylogenetic analysis was constructed using a total of 123 full-length XTH protein
sequences from Arabidopsis (AtXTH), rice (OsXTH), and soybean (GmXTH). According to the NJ
phylogenetic tree, 46 GmXTH genes were clustered in group I/1I, and 15 members were classified
in group III (Figure 1). Two major groups have been previously classified based on the sequence
similarity as group I/II and group III in Arabidopsis and rice [27,28]. Phylogenetic analysis revealed
that the soybean GmXTH gene family was expanded widely in contrast to Arabidopsis and rice, which
may correspond to the larger genome of soybean. Group IIl is further divided into two subgroups:
group IIIA (red) and group IIIB (pink), which contains eight and seven GmXTH genes, respectively.
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Figure 1. An unrooted phylogenetic tree for AtXTH, OsXTH, and GmXTH genes. A phylogenetic tree
was constructed using the neighbor-joining method implemented in MEGA7. The number beside the
branches represents bootstrap values based on 1000 replications. The XTH members are classified
into three subfamilies. Genes from groups I/II and III are shown in the black and red/pink lines,
respectively. Group III was designated group IIIA (red) and group IIIB (pink).

2.2. Chromosomal Location and Duplication Process of GmXTHs

Genome localization analysis revealed that GmXTHs were widely dispersed across 19 of the 20
chromosomes (Figure 2). Most GmXTH genes were distributed on the chromosome arms, except for
two genes (GmXTH40 and GmXTH53) which are located in the heterochromatin regions around the
centromeric repeats. Chromosome 13 contained the largest number (eight XTH genes), followed by
seven on chromosome 17 and five on chromosome 8. No XTH genes were found on chromosome 4,
and the remaining chromosomes each contained one to four XTH genes.

Here, we found that tandem duplication or segmental duplication was involved in the expansion
of the GmXTH gene family (Supplementary Table S3). Mapping the XTH genes to their chromosome
physical positions (Figure 3) revealed that many XTH genes were clustered together, suggesting
that they might be the result of tandem duplication events. For example, GmXTH31, 32, 33, 34,
and 35 on chromosome 13 and GmXTH44, 45, 46, 47, 48, and 49 on chromosome 17 come from
tandem duplication. GmXTH41/42 pair and GmXTH55/56 pair come from tandem duplication.
In addition, most of the segmental duplications of GmXTH genes occurred approximately 13 Million
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years ago when Glycine-specific duplication occurred in the soybean genome (Schmutz et al., 2010, [29]
Supplementary Table S3). The Ka/Ks ratio for each segmentally duplicated gene pair varied from
0.06 to 0.46. This analysis suggests that all mutations in paralogous GmXTH genes are neutral or
disadvantageous, as their Ka/Ks ratios were less than 1. In general, tandem and segmental duplication
contributed to XTH gene expansion in soybean. Only seven genes (GmXTH11, GmXTH13, GmXTH17,

GmXTH28, GmXTH53, GmXTHb54, and GmXTH58) were not involved in duplication events.
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Figure 2. Chromosomal location of 61 GmXTH genes along soybean’s 20 chromosomes. Physical map
showed the distribution of the Glycine max XTH genes along the 20 chromosomes with colors indicating
duplicated gene pairs. The chromosome number is indicated at the bottom.

2.3. Gene Structure and Conserved Protein Motif Analysis

To gain further insights into the evolutionary relationships among GmXTH genes, the exon/intron
structures were predicted based on the alignment of coding sequence (CDS) sequences with
corresponding genomic DNA sequences. As illustrated in Supplementary Figure S1, all members
of the GmXTH family contain three or four exons. Several genes showed a different structure;
for example, GmXTH44 has an extremely long 5’ untranslated region (UTR), and GmXTH39, GmXTH5,
and GmXTH58 have no 5" and 3’ UTRs.

All GmXTH proteins contained the conserved amino acid motif DExDxEFLG (Figure 3A), which
is predicted to be responsible for the catalytic activity [30,31]. Therefore, GmXTHs reported here may
cut/rejoin xyloglucan chains or catalyze the hydrolysis of xyloglucan. Compared with the genes of
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group III, this conserved motif could be extended upstream and downstream with a more conserved
motif among Arabidopsis, rice, and soybean (Figure 3B).
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Figure 3. Conserved protein motifs in soybean XTHs. (A) Motifs in XTH protein sequences of 61
GmXTH identified with the MEME tool. (B) Alignment of the putative-site amino acid residues in
group III XTH proteins from Arabidopsis, rice, and soybean constructed with the CLUSTALW?2 program.

s

Amino acid residues that are identical within this motif are indicated by gray shading. “*” means that

RG

the residues or nucleotides in that column are identical in all sequences in the alignment. “:” means
that conserved substitutions have been observed.

2.4. GmXTHs Show an Organ-Specific Expression Pattern

To determine the expression patterns of GmXTH genes, we used publicly available genome-wide
transcriptome data of soybean organs as a resource [32]. As shown in Figure 4, GmXTH genes
are broadly expressed in various soybean organs. However, most of the GmXTHs exhibit distinct
tissue-specific expression patterns. For example, fourteen GmXTHs (XTH4, 41, 53,10, 27,17,48, 45,47,
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33,2,19, 16, and 61) were highly expressed in roots, eighteen GmXTHs (XTH9, 38, 34, 44, 8, 35, 20, 42,
40,52,5,39,1,18, 29, 31, 43, and 56) were highly expressed in flowers, thirteen GmXTHs (XTH60, 12,
14,23, 6,46, 49,57, 3,51, 26, 59, and 25) were highly expressed in stems, and three GmXTHs (XTH 36,
13, and 22) highly expressed in seeds, whereas expression levels were relatively low in other organs.
In contrast, several organs only contained one or a few genes that showed specific expression patterns.
For example, GmXTH54 was the only gene highly expressed in leaves compared with other organs,
and GmXTH55 was the only gene highly expressed in root hair compared with other organs.

RS
>
AR

$°°\ qﬁo\éob %@& @

g
0 '3
2 o

GmXTHS54
GmXTHS
GmXTH15
GmXTH38
GmXTH34
GmXTH44
GmXTH8
GmXTH35
GmXTH20
GmXTH42
GmXTH40
GmXTH52
GmXTHS
GmXTH39
GmXTH1
GmXTH18
GmXTH29
GmXTH31
GmXTH43
GmXTH11
GmXTH7
GmXTHS0
GmXTH24
GmXTH21
GmXTH28
GmXTHE0
GmXTH12
GmXTH14
GmXTH23
GmXTHE
GmXTH46
GmXTH49
GmXTHS7
GmXTH3
GmXTH51
GmXTH26
GmXTHS9
GmXTHS6
GmXTH4
GmXTH41
G

GmXTH10
GmXTH27
GmXTH17
GmXTH48
GmXTH45
GmXTH47
GmXTH33
GmXTH2
GmXTH19
GmXTH18
GmXTH81
GmXTH32
GmXTHS5
GmXTH38
GmXTH13
GmXTH22
GmXTH30
GmXTH37
GmXTHS8

-2 -1 0 1 2

Figure 4. Heatmap of the expression profiles of the GmXTH gene family in nine organs. Relative
organ expression levels of GmXTHs based on RNA-seq data were used to construct the heatmap.
The expression values (Reads Per Kilobase Million) were median-cantered and normalized for each
gene in different tissues before transforming to color scale. The color bar at the bottom shows the range
of expression values from highest expression level (red) to lowest expression level (green), and 0 is the
median expression level (Black). SAM (Shoot Apical Meristem).
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No sequence reads were found for GmXTH58 in any of the soybean organs included in the study,
indicating that GmXTH58 is probably a pseudogene or expressed under special conditions or at specific
developmental stages. No GmXTH gene showed specifically higher expression level in nodules. Similar
expression patterns were found for some phylogenetically paired genes. For example, GmXTH25 and
GmXTH27 from group IIIA were highly expressed in roots, and GmXTH29 and GmXTH38 from group
IITA were highly expressed in flowers. GmXTH14, GmXTH]12, and GmXTH59 from group IIIB were
highly expressed in stems.

2.5. Expression Patterns of GmXTHs Correlated with Flooding Stress

Identification of the regulatory elements indicated that one 4-bp oxygen-deficiency response
element (5000493 GTAC) was significantly enriched in most GmXTH promoter regions, except
GmXTH23 and GmXTH55 (Supplementary Table S4). Most GmXTH genes contain more than 3 response
elements. The main effect of flooding is hypoxia, which reduces submerged plant normal growth and
nutrient/water uptake [33]. These results suggest that the GmXTH gene family may play important
roles during soybean sustained flooding stress.

To further assess whether the expression profiles of GmXTH genes are changed under flooding
stress, soybean seedlings (Williams 82 genotype) were exposed to flooding conditions for 7 days [34],
and their leaves were collected for gene expression analysis by RNA-seq method. Ten out of sixty-one
genes were significantly regulated under flooding stress (Figure 5A), and all genes were located
in group I/II. Then, the gene expression levels of twenty genes from group I/II were assessed in
soybean hypocotyl and root organs under 2 days of flooding stress by quantitative Real-Time PCR
(qQRT-PCR) method. The results indicated that GmXTH32 and GmXTH34, together with the marker
genes GmADH2 and GmPDC1 [35,36], were predominantly upregulated by flooding stress, and all
others showed higher expression levels than the untreated control, except four genes that were slightly
downregulated (Figure 5B).

Ethylene will quickly accumulate under flooding conditions, and many regulators of submergence
respond to ethylene [33,37]. To further investigate the relationship between the expression level of
GmXTH genes and ethylene, we monitored the abundance of 61 GmXTH transcripts in soybean root
tissue exposed to 50 uM 1-Aminocyclopropane-1-carboxylic acid (ACC) for 5 h by RNA-seq method
(Wang and Nguyen et al., University of Missouri, Columbia, MO. Williams 82, 2015). We found that
twenty-three GmXTH genes were significantly regulated under ACC treatment (Figure 5). Among them,
GmXTH18 was highly induced, and GmXTH29 was highly down-regulated. Interestingly, GmXTH25,
27,28, and 29 (group IIIA) were downregulated. We also found the GmXTH40 was oppositely adjusted
by flooding in leaf and root tissues. GmXTH32 and GmXTH34 were significantly induced by flooding
in roots but not in leaves. Interestingly, a similar expression pattern was found for the tandem or
segmental duplicated gene pairs located on chr13 and chrl7. For example, GmXTH31 and GmXTH49
are both upregulated, and GmXTH18 and GmXTH40 are both downregulated by flooding stress in the
root (Figure 5).

2.6. Stable Transgenic Soybean with Overexpression of AtXTH31

To further characterize how XTH genes affect root morphology and maintain physiological
response under flooding conditions during soybean seedling development, AtXTH31 (under the
control of the AtMyb2 promoter) was transformed into soybean (cultivar Maverick). Over twenty
independent transgenic events were generated, and six events were first identified through the general
PCR method. Subsequently, the copy number variation of the transgene in those events (T0 generation)
was inferred using the Q3D PCR method. Three events (Code: ND-30-2, ND-30-9 and ND-30-11)
contained one copy number of the transgene, and one event (Code: ND-30-12) showed two copies of
inserts (Figure 6A). However, the other two events showed a very low copy number (less than 0.5),
which indicates that those events are chimeras (transgenic plant or plant part that is a mixture of two
or more genetically different types of cells). Homozygous T3 transgenic soybean lines from the above
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events were obtained and confirmed using herbicide-resistance segregation analysis. An ND-30-12
single copy insert line was chosen from segregated T1 generation by the Q3D PCR method.
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Figure 5. Expression patterns of individual XTH genes in response to flooding and ACC treatment
studied by qRT-PCR or RNA-seq. (A) Expression pattern of individual XTH genes in response
to 24 h flooding treatment in root and hypocotyl organs of two-day-old soybean seedlings. (B,C)
Organ-specific expression analysis showed that most XTH genes were unregulated by the ACC in the
root tissue, but there was no significant difference in the aerial parts of the three-week-old soybean.
Three flooding-related homologous marker genes in soybean were studied as positive controls. Fold
change (Log2) of relative gene expression (Actin (Glyma.18G290800)) of soybean was used as the

normalization control.
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Figure 6. Calculation of transgene AtXTH31 copy numbers and relative expression levels in four
transgenic events. (A) Ratios of copy number between AtXTH31 and lectin gene (Glyma.02G009600)
were determined by digital PCR in soybean T0 transgenic generation. Soybean transgenic plants
contained a single insert copy when the ratio value was equal to 0.5 and two insert copies when the
ratio value was equal to 1. (B) The relative expression of AtXTH31 in T3 homozygous transgenic
soybean roots determined by qRT-PCR. The relative levels of transcripts were normalized to the
soybean actin gene (Glyma.18G290800). Bars represent mean values of three biological replicates
(standard error). * indicates significantly different at p < 0.05 as tested by Fisher’s least significant
difference. Non-transgenic Maverick soybean as a control and MYB2:AtXTH31 transgenic soybean
lines ND-30-2, ND-30-9, ND-30-11, and ND-30-12 with overexpression of AtXTH31 were studied.

The transcript abundance of AtXTH31 in different T3 homozygous transgenic soybean lines
was investigated using qRT-PCR. Lines ND-30-2 and ND-30-12 had approximately 28-fold increases
compared to the non-transgenic control, whereas lines ND-30-9 and ND-30-11 had moderately high
(between 43-fold to 48-fold) increases (Figure 6B).

2.7. Transgenic Soybean Exhibits Tolerance to Flooding during the Germination Stage

In a comparison of the flooding tolerance between the control and transgenic lines, the germination
rate of each line was counted first. As shown in Figure 7, all transgenic soybean lines had longer roots
and hypocotyls (range from 45 mm to 51 mm) than the control (38 mm) after 5 days of flooding
(Figure 7A). Four transgenic homozygous T3 transgenic lines with varied transgene expression
conferred a range of tolerance with an increase in germination rate after 7 days of flooding, which
ranged from 40% to 58% and two lines (ND-30-2 and ND-30-9) showed significant increase (Figure 7B).
The length of roots and hypocotyls in the two lines (ND-30-9 and ND-30-11) was significantly greater
than that in the control (Figure 7C). These results indicated that overexpressed AtXTH31 in soybean
induced higher germination rate, and enhanced root/hypocotyl elongation compared with susceptible
parent Maverick.

121



Int. ]. Mol. Sci. 2018, 19, 2705

A Maverick ND-30-2 ND-30-9 ND-30-11 ND-30-12
t ; j )
lem 5 days flooded p
B 70 c 70
— %
o 60 B 60 F--------- R IR
g g
S 550 2 ot -m-m-T
£ E 2z
ES 4| = ol B R BB
53 s =
) = E
8 &= 30 |
> @ NE-ERY B B B AN S
8o 2> &~
33 =
=3 20| = 2 8-8B 0B
Y =
5810 SSURS == = B B :
A~ g =
« %]
0 -

Figure 7. Soybean AtXTH31 transgenic plants show an enhanced germination ratio and elongated root
and hypocotyl under flooding conditions. (A) Two-day-old seedlings were flooded with water for 5
days. Bar indicates 1 cm. (B) The germination rate of transgenic and wild-type plants under 7 days of
flooding. (C) Length of roots and hypocotyls of flooded Maverick soybean and transgenic seedlings. (1
> 30). * indicates differences between the maverick and transgenic soybean (p < 0.05).

2.8. Transgenic Soybean Exhibits Tolerance to Flooding during the Vegetative Stage

Similarly, the ability of transgenic seedlings (V1 stage) to withstand flooding was then investigated.
Seedlings were grown up to the V1 stage and flooded for 14 days (Figure 8A). We found that the
primary root of transgenic plants was longer than that of non-transgenic controls under flooding
conditions. Except for ND-30-2, the roots of all other three transgenic plants showed a significant
increase in length (Figure 8B). In addition, two transgenic events (ND-30-2 and ND-30-9) showed great
number of lateral roots and tertiary root tips as a response to flooding. Meanwhile, we observed that
aerial root formation significantly increased in other two lines than the wild type (Figure 8E). Thus,
ectopic expression of AtXTH31 in soybean could promote root development under flooding conditions
and provide enhanced tolerance to flooding stress.
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Figure 8. Soybean AtXTH31 transgenic plants show an enhanced flooding tolerance phenotype by
promoting adventitious roots, lateral roots, tertiary root tips, and elongated primary roots. (A) Flooding
effects on soybean seedlings. The V1 stage seedlings were flooded with water for 7 days. Bar indicates
5 cm. (B) Length of primary root compared between transgenic and control soybean plants under
7 days of flooding conditions. (C-E) The effects of flooding on number of lateral roots, tertiary root tips
and adventitious roots per transgenic plant. (n > 20). * indicates differences between the maverick and
transgenic soybean (p < 0.05).

3. Discussion

The XTH gene family has been identified in several plant species, including Arabidopsis [27],
rice [28], barley [38], poplar [39], tomato [40], and bryophyte [41]. In this study, we report the
identification and characterization of the soybean XTH gene family and make a comparison to
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Arabidopsis and rice. Expression pattern analysis suggested that GmXTHs may play an important role
under flooding stress. Transgenic soybean plants overexpressing AtXTH31 showed an increase in
tolerance to flooding, along with the increased aerial root number and elongated primary root length.

3.1. Charaterization of GmXTHs Gene Family

Although the role of plant XTHs in regulating cell wall extensibility is well known, there is limited
information on the XTH gene family size and the evolutionary relationships between XTH genes in
soybean. Previous phylogenetic studies showed that XTHs form three groups in Arabidopsis and
rice [27,28]. The number of GmXTH genes identified was substantially higher than in Arabidopsis and
rice, and clustered into three groups. Further, the evolutionary mechanism analysis suggested that
GmXTHs family expanded partly due to segmental and tandem duplication events. These duplication
events further contributed to the conserved protein motif and gene structure. These GmXTHs genes
displayed differential expression patterns either between different organs or under flooding stress.
For example, GmXTH22 showed the highest expression level in root hair and seeds, but GmXTH23
exhibited the highest expression level in stems. GmXTH29 and GmXTH30 showed the highest and
lower expression levels in flower tissue, respectively. The expression patterns of these paralogous pairs
suggest that GmXTH gene family might have undergone sub-functionalization or neofunctionalization
during the subsequent evolution process. Considering these facts, the characterization of GmXTH gene
family provides valuable information on the evolution of the XTH soybean gene family and underlines
basis for future research.

3.2. The Expression Patterns of GmXTHs Were Regulated by Flooding and Ethylene

Flooding causes severe production losses in soybean [42,43] through inhibition of stem and root
growth, decreased photosynthesis, and induced leaf abscission and premature fruit drop [20,44,45].
Therefore, investigating gene expression patterns of the GmXTH gene family can help us advance the
fundamental understanding of how soybean adjusts to flooding stress during growth and development.

In this study, we found that the expression pattern of GmXTHs may confer precise regulation
with temporal, spatial, and environmental conditions. One of the main effects of flooding is the
deprivation of oxygen from plant roots, and low oxygen will increase the synthesis of ethylene [46].
Ethylene production was higher in soybean waterlogging-tolerant lines than in susceptible lines [47].
It has been reported that the expression of XTH genes is associated with shoot elongation, which is
promoted by ethylene in arrowhead tubers [48]. Several AtXTH genes were differentially regulated
during ACC-induced inhibition of Arabidopsis root cell elongation [49]. Ethylene increases XTH
and EXPANSIN7 (EXP7) expression in Arabidopsis roots [50]. Accordingly, investigation of GmXTH
expression levels under ACC treatment will provide more hints to further gene functional analysis.
In this study, we found that 23 GmXTH genes were significantly regulated by ethylene in soybean roots,
indicating that the hormone ethylene plays important roles in GmXTH-mediated cell wall remodeling
during flooding stress. However, further analysis is needed to reveal the relationship between hormone
ACC and cell wall remodeling by regulating XTH transcription level in soybean.

3.3. The Biological Function of AtXTH31 in Soybean Root Development Under Flooding Stress

It was reported that the elongation of soybean roots was suppressed in the first 24 h and then
significantly retarded after 48 h under flooding stress, which indicated that the flooding responses
in the initial stages are critical for soybean growth and survival [51]. The XTH activity in the
hypocotyl elongation zone of dark-grown soybean decreases when the root is exposed to low water
potential [14], which directly indicates that XTH may be involved in the abiotic stress response.
In this paper, the phenotypes of transgenic soybean plants carrying AtXTH31 gene on seedling
growth under flooding conditions were studied. AtXTH31 belongs to subgroup IIIA, which was
predicted to exhibit hydrolase activity with higher activity in vitro than XET activity [10,52]. AtXTH31
exhibits a root-specific expression pattern and is involved in Arabidopsis cell wall modification and
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cell elongation [27]. The xth31 mutant shows slower root elongation [10]. Therefore, the AtXTH31
gene was selected for heterologous overexpression in soybean. Here we found that transgenic
soybean’s ability to produce more adventitious roots and longer primary roots corresponded to
an increase in tolerance under flooding stress during early seedling development. It was reported
that soybean root length was positively correlated with waterlogging tolerance in soybean germplasm
lines [53,54]. Waterlogging-tolerant soybean lines normally developed more adventitious roots than
waterlogging-susceptible lines [47,55]. Clearly, our results indicate that XTH-mediated cell wall
adjustment may play a critical role in the adaptation of plants to flooding stress, and AtXTH31 could
be a useful candidate gene to develop flooding tolerance lines through molecular transgenic breeding
methods. However, the corresponding tolerance mechanisms demand further investigation.

3.4. Digital PCR Provides a Simple and Accurate Method for Soybean Transgene Copy Number Analysis

Detection and quantification of transgene copy numbers are very important in characterizing
transgenic plants. Recently, the application of digital PCR for the precise analysis of transgene copy
numbers in crops has been reported in an array of crops [56-58]. This technology accelerates molecular
breeding workflow in transgenic plants, enhances data quality in characterizing transgenes, and finally
benefits the environment. However, no reports have been available on soybean for detecting copy
number variations by the application of digital PCR until now.

In our study, digital PCR technology was applied to validate the transgenic AtXTH31 copy
numbers using TO plants. Here, the digital PCR method provided more accurate results than those
provided by Southern blotting and classical PCR. For example, chimeric plants (a plant or plant part
that is a mixture of two or more genetically different types of cells) can be easily identified through the
ratio of copy numbers. Furthermore, the dPCR method was continuously used to identify homozygous
plants in the T1 generation, which saved the experiment time and no need to evaluate the homozygous
lines through calculating the segregation rate of T2. In particular, the dPCR method was successfully
applied to choose single-copy insert transgenic lines through analysis of copy number variation in
the T1 generation. In summary, the dPCR method provides a very useful technical support for the
transgenic soybean research community.

4. Materials & Methods

4.1. Identification, Chromosomal Location, and Structural Organization of GmXTH Family Members in
Glycine Max

All sequence information for genes and proteins was retrieved by searching Phytozome v10.3
database (available online: http:/ /www.phytozome.net) with a BLASTP algorithm using the AtXTH31
amino acid sequence. The chromosome location of each GmXTH was obtained from Phytozome.
The exon/intron organizations of GmXTHs were visualized with the Gene Structure Display Server
program ([59] GSDS: available online: http:/ /gsds.cbi.pku.edu.cn/).

4.2. Protein Sequence Alignment, Phylogenetic Analysis, and Gene Duplications of GmXTH Genes

Multiple sequence alignments were constructed using ClustalW2 (available online: http://www.
ebi.ac.uk/Tools/clustalw2/index.html). Subsequently, a phylogenetic tree was constructed using the
neighbor-joining method and implemented using the MEGA7 software tool [60]. The reliability of an
inferred tree was confirmed with bootstrap analysis performed with 1000 replications. The evolutionary
distances were computed using the Poisson correction method [61] and are in the units of the number
of amino acid substitutions per site. A total of 123 coding sequences from Arabidopsis, rice, and soybean
were collected for phylogenetic analysis. All positions containing gaps and missing data were
eliminated. The Ks (synonymous substitutions per synonymous site) and Ka (non-synonymous
substitutions per non-synonymous site) values were extracted from the Plant Genome Duplication
Database (PGDD: available online: http://chibba.agtec.uga.edu/duplication/), and these were used
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for calculating the approximate dates of duplication events. The date of duplication events was
subsequently estimated according to the equation T = Ks/2A, in which the mean synonymous
substitution rate (A) for soybean is 6.1 x 1077 [62].

4.3. Plant Growth, Hormonal/Flooding Treatments, and Tissue Collection

Soybean cultivar Williams 82 was used for gene expression pattern analysis. For ethylene
precursor 1-aminocyclopropane-1-carboxylic acid (ACC) treatment, plants were grown in 4-gallon pots
(Greenhouse megastore, USA) containing a 3:1 mixture of turface and sand in a growth chamber under
the conditions of 28/20 °C day/night temperature, 14/10 h light/dark photoperiod, 800 pmol m~2 s~
light intensity and 60% humidity. Two-week-old plants were sprayed with 50 uM ACC (or a mock
solution without ACC) on the leaf, irrigated with 2 1 of hormone solution in a plastic case and then
incubated for 5 h before root tissue collection.

For flooding stress treatment, two-day-old seedlings cultivated on quartz sand were completely
submerged in 700 ml of water for 5 days at 25 °C with a light/dark cycle (600 pmol m~2s~1, 16 h
light/8 h dark). The water level was kept at 2 cm above the quartz sand surface, and control seedlings
were grown with a water level below the quartz sand surface. Roots and hypocotyls were collected
from soybean seedlings. The collected tissues were frozen immediately in liquid nitrogen and stored
at —80 °C. All samples were collected in biological triplicate.

For waterlogging treatment, transgenic and control seeds were sown in cones filled with turface
and sand in the ratio of 2:1. The cones with plants at the V1 stage were kept inside a tub and flooded
above the soil level (>2 cm high) for 14 days. The greenhouse temperatures (24~26 °C) were exactly
the same during day and night. The heating system turned on when temperatures were below 23.8 °C.
A passive cooling ridge vent opened when temperatures were above 26.6 °C. Active cooling fans
turned on when temperatures were above 29.4 °C. The shade was set to stay open all the time, and the
HID lights were set to be on at all levels between 5 am and 7 pm.

4.4. Promoter Analysis

The DNA sequences 2000 bp upstream of the translation start site (ATG) were extracted from the
soybean genome, and the presence and abundance of the known cis-elements were analyzed with the
help of the program SOGO (available online: https:/ /sogo.dna.affrc.go.jp/cgi-bin/sogo.cgi?lang=en&
pj=640&action=page&page=newplace).

4.5. Expression Profiling Using RNA-seq Datasets

The RNA-seq data generated by Libault et al. [32] from nine different soybean tissues (William 82
genotype) including flowers, leaves, nodules, pods, roots, root hairs, seeds, shoot apical meristems,
and stems were used to analyze expression patterns of GmXTHs members. Chen et al. [34] generated
RNA-seq data using soybean (Williams 82 genotype) leaf tissue under flooding stress. Briefly, flooding
stress was imposed at the soybean V4 stage (four unfolded trifoliate leaves) by placing the pots into a
larger pot filled up to a water level of 4 cm above the soil surface for 7 days.

4.6. RNA Extraction for Expression Pattern Analysis

The frozen samples were ground to powder in liquid nitrogen with a mortar and pestle.
Approximately 100 mg tissue samples were used for RNA extraction using a RNeasy Plant mini
kit (Cat# 74904, Qiagen, Valencia, CA, USA) according to the manufacturer’s protocol. On-Column
DNA digestion performed by following the RNase-Free DNase kit (Cat#79254, Qiagen) manufacturer’s
protocol. The quality and quantity of RNA were assessed using a Nanodrop®1000 spectrophotometer
(Thermo Scientific, Wilmington, DE, USA).
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4.7. Quantitative RT-PCR Analysis

A total of 2 ug RNA from each sample was reverse-transcribed to cDNA in 20 pL reaction volume
using RNA to cDNA Ecopry™ Premix (Double primed) cDNA Synthesis Kit (Cat# 639549, Clontech,
Foster City, CA, USA) according to the manufacturer’s protocol. PCR was performed in a 10 uL
reaction volume using the Maxima SYBR Green/ROX qPCR Master Mix (Cat# K0223, Thermo, USA)
on the ABI7900HT detection system machine (ABI PRISM® 7900HT, Foster City, CA, USA). The results
from three biological replicates and two technical replicates were used for data analysis. The PCR
conditions were as follows: 50 °C for 2 min, 95 °C for 10 min, and 40 cycles of 95 °C for 15 s, and 60 °C
for 1 min. To normalize the gene expression levels, the actin (Glyma.18G290800) gene was used as an
internal control. All novel primers were designed using the Primer3 web interface (available online:
http://frodo.wi.mit.edu/primer3/ [63,64]. The primer sequences are listed in Supplementary Table S2.

4.8. Construction of the pZY101-AtXTH31 Vector, Agrobacterium-mediated Soybean (Glycine max)
Transformation and Progeny Segregation Analysis

The gene-specific primer pair 5-CATGCCATGGATGGCTTTGTCTCTTATCTTTC-3' and
5'-CATGCCATGGCTAACATTCTGGTGTTTGGG-3' was designed to isolate the full-length CDS of
AtXTH31 from Arabidopsis. The PCR product (902 bp) was cloned into the pCR4-TOPO vector, and the
positive plasmid was fully sequenced with M13 sequencing primers. The AtXTH31 gene sequence
was inserted into the pCNSH.131. AtMyb2p-Gus vector, which contained the Myb2 promoter. Finally,
the whole cassette contained a promoter, and the gene sequence was moved into the pZY101-Asc
binary vector. An improved Agrobacterium-mediated transformation of the soybean cotyledonary
node system [65] was performed using the elite genotype “Maverick”. To determine the segregation
of gene of interest and selectable marker gene, at least 30 plants from each TO event were screened
using leaf paint (100 mg/L glufosinate, Sigma, St. Louis, MO, USA) analysis carried out for the TO
generation. T2 progeny from the T1 generation was similarly analyzed to identify homozygous T1
lines for subsequent study.

4.9. DNA Extraction and Quantification and PCR Confirmation of Transgenes

DNA was extracted from the transgenic plant leaves (mixed leaf tissue) using CTAB methods [66].
DNA concentrations and quality were initially estimated using a Nanodrop spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA) and then estimated using a QuantiT dsDNA HS Kit (Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA). The concentrations from the Qubit assays were used to
quantify the DNA input in each PCR reaction. Primers were designed to detect the AtXTH31 gene of
interest and the bar gene as the selectable marker gene (Supplementary Table S2). PCR conditions were
as follows: 95 °C hot start 30 s, followed by 36 cycles of 95 °C denaturing 10 s, 55 °C annealing 10's,
and 72 °C extension 1 min, followed by 72 °C final extension 10 min. PCR products were analyzed
on an agarose gel, and events were considered transgenic if they displayed an approximately 800 bp
band for the gene of interest and a 500 bp band for the bar gene. Four positive transgenic events were
obtained and used for further phenotype analysis.

4.10. TagMan Assays and QuantStudio 3D Digital PCR Analysis for Soybean AtXTH31 Transgenic Copy
Number Variation

The following equipment and chemicals were used from Applied Biosystems (Waltham, MA,
USA), Thermo Fisher Scientific, USA: QuantStudio™ 3D Imager (Cat#: PN4489084), QuantStudio™
3D Loader (Cat#: PN4482592), Dual Flat Block GeneAmpR PCR System 9700 (Cat#: PN4428235), Tilt
Base & chip adapters (Cat#: PN4486414 and 4485513), QuantStudio™ 3D Digital PCR 20K Chips
(Cat#: PN4485507), and QuantStudio™ 3D Digital PCR Master Mix (Cat#: PN4485718). The probe was
designed and synthesized by Life Technology Company. The dPCR reaction volume was 20 uL and
contained 10 uL 2x TagMan 3D mix, 1 uL 20 x FAM labeled primers and probe, 1 uL 20x VIC labeled
primers and probe, 1 uL. DNA samples (40 ng/ puL), and 7 uL nuclease-free water. In total, 14.5 uL
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each reaction product was loaded on the chips. Data analysis was conducted using QuantStudio™
3D Analysis Suite™ Cloud Software as described previously [55]. The designed probes could only
amplify transgene AtXTH31 to ensure that no soybean homologous genes were detected. The ratio
of the copy number of AtXTH31 with lectin in the same soybean material was calculated as follows:
(copies/uL of the AtXTH31 transgene)/(copies/uL of the lectin gene Glyma.02G009600) in the same
PCR reaction product. Soybean transgenic plants contained a single insert copy when the ratio value
was equal to 0.5 and two insert copies when the ratio value was equal to 1. The ratio value was less
than 0.5 when chimeric transgenic plants were found. The primers and probe sequences are shown in
Supplementary Table S2.

5. Conclusions

In conclusion, our results showed that the soybean genome contains 61 XTH genes, the largest
family of XTH proteins characterized in any organism to date. The results of phylogenetic analysis and
chromosome location/structure provide an overview of the soybean GmXTH gene family. The results
of the segmental and tandem duplication during expansion of the GmXTH gene family provide
a genome-wide evolutionary overview. The results of conserved amino acid motif analysis and
expression pattern analysis further provide insight into their putative function. Additionally, functional
analysis of AtXTH31 in a heterologous system suggests that the higher germination rate and longer
roots/hypocotyls induced by the increased XTH activity may be responsible for the flooding tolerance
of transgenic plants. Further comprehensive experiments may be required to elucidate the cellular
locations and functions to understand the biological role of XTHs in soybean.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/
9/2705/s1. Supplementary Table S1: Information related to the 61 genes homologous to XTH genes in the
soybean genome; Supplementary Table S2: Oligonucleotide primer sequences used in this work; Supplementary
Table S3: Estimate of the dates of the segmental duplication events of the soybean XTH gene pairs; Supplementary
Figure S1: Exon-intron structure of soybean XTHs; Supplementary Table S4: Search for cis-elements in the GmXTH
gene promoters.
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Abstract: Phosphorus is one of the mineral nutrient elements essential for plant growth and
development. Low phosphate (Pi) availability in soils adversely affects crop production. To cope
with low P stress, remodeling of root morphology and architecture is generally observed in plants,
which must be accompanied by root cell wall modifications. It has been documented that cell wall
proteins (CWPs) play critical roles in shaping cell walls, transmitting signals, and protecting cells
against environmental stresses. However, understanding of the functions of CWPs involved in plant
adaptation to P deficiency remains fragmentary. The aim of this review was to summarize advances
in identification and functional characterization of CWPs in responses to P deficiency, and to highlight
the critical roles of CWPs in mediating root growth, P reutilization, and mobilization in plants.

Keywords: cell wall protein; phosphate starvation; Pi mobilization; roots

1. Introduction

Phosphorus (P) is one of the mineral nutrients essential for plant development and growth, and
serves as a major structural component and functions directly/indirectly in a set of biological and
metabolic processes such as energy transmission, membrane and nucleotide synthesis, photosynthesis,
and signal transduction [1]. However, due to its strong fixation and binding ability with organic
matter and other minerals in soils, phosphate (Pi) bioavailability is often limiting, particularly in the
highly-weathered acid soils in tropical and subtropical areas [2]. Therefore, low Pi availability becomes
a major factor inhibiting crop production on arable lands, especially on acid soils [2,3]. To cope with
low P stress on soils, plants have evolved a series of adaptive strategies to increase their Pi acquisition
and utilization efficiency [4,5]. In plant roots, these multiple adaptive strategies to P deficiency mainly
include: (i) using alternative metabolism pathways to reduce ATP consumption, (ii) stimulating root
proliferation and enhancing symbiotic association with arbuscular mycorrhiza fungi to explore a more
extensive volume of soil for Pj, (iii) enhancing root-mediated organic acid and purple acid phosphatase
(PAP) exudation to remobilize sparingly-soluble P sources, and (iv) up-regulation of Pi transporters to
enhance Pi uptake and translocation [1,4-7].

As part of the apoplast, which constitutes the extracellular space outside the plasma membrane,
the cell wall is generally believed to play essential roles in cell division, enlargement, and differentiation.
Meanwhile, the plant cell wall could also function as an important P pool for Pi reutilization when
plants encounter P deficiency [8]. Therefore, many physiological and developmental changes of plant
responses to Pi starvation are functionally related to cell wall modifications, and these modifications
mainly determined by cell wall proteins (CWPs) [8-12]. For example, pectin content and the activities of
pectin methylesterase (PMEs) in rice cell wall were found to be increased under low P conditions [11,12].
It was suggested that the carboxylate group (-COO-) in homogalacturonans can trap PO,3~ by forming
a —-COO-Fe-PO43 likage. The increasing amount of pectins in low P conditions might be able to
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provide more -COO-, which will bind Fe more tightly and subsequently release the trapped PO4>" [8].
Therefore, the coordinated increase of PME activities under low P conditions has been suggested to
provided more negative charges for the cell wall, which facilitates the release of cell-wall-bound Pi for
reutilization [11-13].

With the aid of genetic, molecular, and proteomic analysis, numerous CWPs have been identified
and functionally characterized [14-20]. In particular, great progress has been achieved in clarifying the
function of CWPs in plant responses to various abiotic stresses [19,21-24]. Moreover, complex regulatory
networks underlying CWP responses to stresses have been documented [19,25-27]. This review focuses
on the characterization of Pi-starvation-responsive CWPs mediating plant adaptation to P deficiency.
We briefly summarize the current methods for purification and identification of CWPs in plants.
Subsequently, the role of CWPs in controlling plant adaptation to P deficiency has been discussed,
especially for expansins, proline-rich proteins (PRPs), oxidoreductases, and purple acid phosphatases.

2. Extraction and Identification of CWPs in Responses to Pi Starvation

Proteins localized in cell walls are ubiquitous in plants. Early studies characterized CWPs as
proteins unusually rich in one or two amino acids, containing highly repetitive sequence domains,
and glycosylated to varying degrees [14]. The most common types of CWPs include hydroxyproline-rich
glycoproteins (HRGPs) or extensins, the arabinogalactan proteins (AGPs), the glycine-rich proteins
(GRPs), the proline-rich proteins (PRPs), and chimeric proteins that contain extensin-like domains [14,28].
With assistances of the development of molecular, genetic, and proteomic technologies, a large number
of other CWPs have been identified and the classical CWPs are understood to harbor several properties,
including containing an N-terminal cleavage signal peptide, but lacking the ER-retention C-terminal
motif KDEL/HDEL and transmembrane domains [18,20,29-32].

According to their binding ability to cell walls, plant CWPs can be classified into three categories:
labile proteins, weakly bound proteins, and strongly bound proteins [18,30]. Due to these properties,
different extraction approaches have been separately developed and widely applied to isolate diverse
CWPs from plants [18,24,30,33-36]. Feiz et al. (2006) developed an efficient method for extracting
weakly bound CWPs, in which several sequential steps are conducted, including plant sample
homogenization in low ionic strength acid buffer, purification of cell walls through increasing density
cushions, extensive washing of cell walls with a low ionic strength acid buffer to remove cytosolic protein
contamination, and using CaCl, and high concentration of LiCl to extract CWPs instead of detergents.
Compared to other available methods of CWP extraction, this method increases the proportion of the
potential CWPs while decreasing the intracellular protein contamination [33]. This method has been
successfully and widely used to extract CPWs from a broad range of plants, such as potato (Solanum
tuberosum), flax (Linum usitatissimum), and soybean [37-39]. However, it could not be avoided losing
about 15% CWPs during cell wall purification and protein extraction because of the complexity of cell
wall components and the diversity of CWP properties in plants [37]. Therefore, more efficient methods
for CWP purification and isolation are yet to be designed.

Compared to CWP extraction, the approaches for separation, identification, and quantification
of CWPs are better developed [40-42]. With the aid of various proteomics techniques, CWPs
have been widely identified in different organs of many plant species, including Medicago
(Medicago truncatula) [17,18,30,36,43-46], maize (Zea mays) [47], chickpea (Cicer arietinum) [48],
rice (Oryza sativa) [34,49-52], potato [53], flax [54], and sugarcane (Saccharum officinarum) cell
suspension cultures [55]. These identified CWPs can be functionally classified as proteases,
structural proteins, proteins functioning in carbohydrate metabolism, proteins acting as oxidoreductases,
proteins associated with lipid metabolism, proteins related to signaling transduction, proteins with
predicted interaction domains, miscellaneous proteins, and unknown function proteins [18].
The diverse biological functions of CWPs indicate sophisticated modulations of the cell wall during
plant development.
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In addition, proteomics techniques have been widely used to identify CWPs differentially
accumulated in responses to abiotic stresses in plants. For instance, Zhu et al (2007) [56] used 2D
electrophoresis to separate the CWPs from water-deficit maize primary roots, and subsequently applied
time-of-flight mass spectrometry to identify the differentially accumulated proteins. The results
showed that a total of 152 water-deficit-responsive CWPs were identified, which were functionally
categorized into proteins related to reactive oxygen species (ROS) metabolism, proteins involved in
defense repsonse, hydrolases, proteins associated with carbohydrate metabolism, and other/unknown
proteins [56]. Similar proteomic studies were also conducted to quantify and characterize CWPs in
plant responses to a set of stresses, such as dehydration stress in maize [56], chickpea [57], and rice [58],
flooding stress in both wheat (Triticum aestivum) [22] and soybean (Glycine max) [59], and hydrogen
peroxide stress in rice [60]. The results indicate that stress-responsive CWPs mediate multiple processes,
and thus regulate the responses of cell elongation and expansion under abiotic stress conditions.

Despite the cumulative studies on the identification of differentially accumulated CWPs in
response to abiotic stresses, few studies have been conducted to globally identify CWPs in responses
to nutrient deficiencies using proteomic approaches, particularly for P deficiency. Recently, a pioneer
study was conducted to identify Pi-starvation-responsive and weakly bound CWPs in soybean roots
through proteomic analysis [39]. The CWPs were extracted from soybean roots following the methods
developed by Feiz et al. [33] and were subsequently analyzed by isobaric tag in relative and absolute
quantitation (iTRAQ) proteomics techniques. A total of 71 differentially accumulated proteins were
identified, among which, 53 proteins (74.6%) were predicated to be secreted and were considered
cell-wall-associated proteins by bioinformatic analysis. These proteins were predicted to be involved
in carbohydrate metabolism, oxido-reduction, protein modification and turnover, signal transduction,
miscellaneous functions, and unknown functions [39]. The results strongly suggest that CWPs may
regulate the complex responses in soybean roots under low P conditions. However, except for the
purple acid phosphatasel like (PAP1-like) protein, which was subsequently characterized, the functions
of all other CWPs in soybean adaptation to low P stress remain unclear [39].

3. CWPs Related to Root Growth in Responses to Pi Starvation

Changes of root morphology and architecture have been widely observed in plants in response to
Pi starvation, which extensively increases root proliferation for soil exploration [4,61]. The modulation
of root morphology and architecture is highly related to root cell wall synthesis and remodeling,
which mainly relies on coordinated regulation of CWPs’ enzymatic activities. However, differences
of root growth in response to Pi starvation among various plant species could lead to more complex
regulatory networks. For example, in P-deficient Arabidopsis, growth of primary root is arrested,
while growth of lateral roots and root hairs is promoted [62]. For other plant species, such as rice and
soybean, both the primary root and lateral (adventitious) root length are increased by short-term Pi
starvation [39,63]. Moreover, white lupine (Lupinus albus) develops large numbers of cluster roots
under Pi starvation conditions [64]. Thus, different responses of root morphology in various plant
species should be also taken into consideration when functions of CWPs are characterized in plant
acclimatization to low P stress.

So far, the functions of most CWPs in mediating plant root growth in responses to Pi starvation
remain largely unknown, except for a small set of CWPs including expansins, PRPs, and some
oxidoreductases [65-69].

3.1. Expansin

Expansins have been widely identified in plant cell walls, and are believed to loosen the cell wall
by breaking the hydrogen bonds between hemicellulose and cellulose microfibrils in a pH-dependent
manner, thus enabling turgor-driven cell expansion [70,71]. Since increases in cell size are considered
to be essential for plant root growth, it is generally assumed that expansins play a critical role in
mediating root growth and development. In plants, expansins are classified into four sub-families,
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including a-expansin or expansin A (EXPA), B-expansin or expansin B (EXPB), expansin-like A
(EXPLA), and expansin-like B (EXPLB) [71,72].

Since the first expansin protein was identified in cucumber (Cucumis sativus) hypocotyls [73],
diverse biological functions of expansin members have been widely found to be associated with
environmental stresses in plants [71]. However, the roles of expansins in plant adaptation to P
deficiency has attracted little attention. A 3-expansin gene from soybean, GmEXPB2, was the first one
found to regulate root growth in responses to Pi starvation [65]. It was reported that GmEXPB2 was
highly induced by Pi starvation. Transgenic Arabidopsis with GmEXPB2 overexpression exhibited
increased root cell division and elongation, which subsequently enhanced plant growth and Pi
uptake [65]. A follow-up report provided supporting evidence that transgenic soybean with GmEXPB2
overexpression also had higher plant dry weight and P content compared to wild-type plants when
gown in calcareous soils [66]. Similar results were reported in wheat coleoptiles: that multiple expansins
(five a- and nine p-expansin genes) were up- or down-regulated in responses to Pi application [74].
Overexpression of one expansin member, TaEXPB23, significantly increased the number of lateral roots
in transgenic tobacco (Nicotiana tabacum) under both high and low P conditions [74]. These results
strongly suggest the involvement of expansins in mediating root growth in responses to P deficiency.

Besides enhancing tap or lateral root elongation, root hair growth is also regulated by expansins.
In soybean, GmEXPB2 was suggested to play roles in the process of soybean root hair development
basing on the observation that overexpression of GmEXPB2 dramatically increased root hair density
and size of the root hair zone [75]. Similar functions were also reported for a group of expansins in
other plants [71]. For example, AtEXPA7 in Arabidopsis and OsEXPA17 in rice have been documented
to be required for root hair elongation [76,77], while HVEXPB1 in barley has been demonstrated to be
root-hair-specific and to play roles in root hair formation [78,79]. Since increased root hair density and
length is considered to improve Pi uptake efficiency in plants [80,81], root hair growth and development
regulated by expansins presents a good example in which CWPs play a critical role in mediating root
growth in responses to low P stress.

3.2. Proline-Rich Proteins

PRPs is a protein family with Pro- and Hyp-rich amino acid sequences. Following the identification
of the first PRP in carrot (Daucus carrota) storage roots [82,83], a number of PRPs have been characterized
in many plant species such as soybean [84-89], bean (Phaseolus vulgaris) [90], Medicago [91], pea (Pisum
sativum) [86,92], maize [93], tomato (Lycopersicon esculentum) [94-96], and Arabidopsis [97-99].
PRPs have multiple functions, and are assumed to participate in plant development and growth,
nodule formation, pathogen infection, and abiotic stress and wounding responses [83,86,90-92,100-103].

Although the roles of PRPs in response to biotic and abiotic stresses have been well documented,
little information is available on their functions in plant adaptation to P deficiency. Recently, a SRPP
protein, which is partially homologous to PRPs but lacks the proline-rich domain in its N-terminal
region, was reported to function in Arabidopsis responses to Pi starvation [69]. It was found that
SRPP is localized in cell walls, and its transcripts are specifically accumulated in both root hairs and
fruits. Furthermore, loss function of SRPP results in shorter root hair length and reduced root hair
viability under Pi starvation conditions, strongly suggesting that SRPP is involved in the regulation of
root hair growth and development under low P conditions [69]. Although functions of other PRPs in
plant adaptation to Pi starvation remain largely unknown, it could be hypothesized that they might
play a role in plants’ adaptation to Pi starvation, because transcripts of other PRP or PRP-like genes
were found to be up-regulated by Pi starvation through transcriptomic analysis in plants such as
Arabidopsis [104].
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3.3. Oxidoreductases

A number of CWPs associated with oxido-reduction have been identified and functionally
characterized in plant responses to Pi starvation [39,67]. A typical example is the cell-wall-localized
ferroxidase LPR1 (Low Phosphate Root1), which has been well documented to play a critical role in
cell-wall-mediated primary root responses to Pi starvation in Arabidopsis [67]. During Pi limitation,
LPR1 modulates Fe deposition in cell walls of the root apical meristem and elongation zone, and thus
leads to an oxidative environment for enhancing reactive oxygen species (ROS) generation. Meanwhile,
increased accumulation of ROS in the apoplast subsequently induces callose deposition in cell walls
and finally impairs SHORT ROOT protein movement and the maintenance of stem cell niche in root
apical meristem [67]. On the other hand, ROS may also enhance the activity of class III peroxidases
in the cell wall during Pi starvation, which could use HyO; as a co-substrate and stiffen cell walls by
catalyzing the cross-link between cell wall components [68,105]. However, since lateral root responses
to Pi starvation are quite different from those of the primary roots, it still remains unclear whether
cell wall modifications mediated by the LPR1-modulated ROS pathway are applicable to lateral root
development under low P conditions.

Meanwhile, with the aid of transcriptomic and proteomics analysis, Pi-starvation-responsive
peroxidases have been observed in plants [39,106,107]. For example, proteomics analysis of CWPs in
soybean roots revealed that abundance of five peroxidase isoforms was either increased or decreased
by Pi starvation, indicating a possible role of these peroxidases in soybean cell wall modification in
response to low P stress [39]. Similar results were also obtained in cotton (Gossypium hirsutum): that
180 peroxidases were predicted to be secreted into the apoplast [107]. Among them, the expression
patterns of 18 peroxidase genes were significantly influenced by P deficiency [107]. The results indicate
complex regulation and diverse functions of peroxidases in responses to Pi starvation, suggesting that
it is worth to investigating their functions in plant cell wall modification under low P conditions.

In addition, a cell-wall-targeted berberine bridge enzyme (BBE)-like protein was demonstrated
to be regulated by Pi starvation in soybean roots [39]. It was revealed that protein abundance of
the BBE-like protein was increased by about 6-fold under low P conditions, strongly suggesting that
BBE-like protein might participate in root responses to Pi starvation [39]. The BBE protein in plants
was first functionally characterized in poppy (Eschscholzia californica) in which it oxidates the N-methyl
group of (S)-reticuline, yielding (S)-scoulerine [108]. In recent years, numbers of genes encoding
BBE-like enzymes have been identified in plants, but functions of BBE-like proteins in plants are largely
unexplored. In Arabidopsis, a total of 28 BBE-like genes have been identified [109]. The transcripts
of AtBBE-like genes were found by microarray assay at different root developmental stages, such as
lateral root initiation, root elongation and maturation [109,110]. Moreover, four members of this
group, including AT1G01980, AT4G20840, AT1G11770, and AT4G20830, exhibit the ability to oxidize
oligogalacturonides, thus enhancing resistance to fungi [111]. Additionally, oligogalacturonides have
been demonstrated to play a role in root elongation by inducing the oxidative burst in alfalfa (Medicago
sativa), suggesting that BBE-like proteins might have the potential role of controlling root growth by
mediated the dynamic equilibrium of oligogalacturonides in cell walls [112]. However, the functions
of BBE-like proteins in plant root development in responses to Pi starvation remain enigmatic.

4. Purple Acid Phosphatase Functions in Cell Wall Synthesis and Pi Mobilization

Another plant adaptation strategy to low P stress is to increase the accumulation of extracellular
acid phosphatase (APase), which facilitates the scavenging of Pi from organophosphate compounds in
apoplasts [4,113].

PAPs belong to the APase family, which exhibits distinct biochemical properties, such as purple
color in aqueous solution, activity insensitive to inhibition by L-tartrate, and a bimetallic active site [113].
The plant PAP family is composed of a large group of members and displays non-specific APase
activities, which catalyze the hydrolysis of Pi from a wide range of organophosphates, with optimum
reaction pH below 7.0. Although diverse functions of plant PAPs have been observed in plants, most
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plant PAPs are suggested to play a critical role in P scavenging and recycling in plants, especially for
extracellular PAPs [113,114].

A group of cell-wall-targeted PAPs has been well characterized in plants, including Arabidopsis, soybean,
and tobacco [113]. In Arabidopsis, 14 PAPs have been identified in cell wall proteomes (WallProtDB, http://
www.polebio.lrsv.ups-tlse.fr/WallProtDB/). Among them, four PAPs, including AtPAP10, AtPAP12, AtPAP25,
and AtPAP26, have been functionally characterized in Arabidopsis responses to Pi starvation [115-119];
AtPAP12 and AtPAP26 contribute to over 70% of the total APase activity secreted by roots or targeted
to shoot cell walls of Arabidopsis under low P conditions [115,117]. Furthermore, an atpap12/atpap26
double mutant exhibited impaired growth when organic P (e.g., glycerol-3-phospahte and herring
sperm DNA) was applied as the sole P source, strongly suggesting that cell-wall-associated AtPAP12
and/or AtPAP26 participates in recycling Pi from endogenous phosphomonoesters that leak into cell
walls [118,120]. Similarly, AtPAP10 is predominantly localized to the surface of root epidermal cells
and functions in the acclimation of Arabidopsis to Pi deprivation through activating organic P in solid
MS medium [116,117].

Recently, an iTRAQ proteomics analysis was conducted to identify CWPs with differential
accumulations in soybean roots in response to Pi starvation [39]. Among differential CWPs, a cell
wall-localized PAP, GmPAP1-like, was identified to be up-regulated by Pi starvation. Furthermore,
GmPAP1-like overexpression resulted in significant increases of both relative growth and P content
in soybean hairy roots when deoxy-ribonucleotide triphosphate (dANTP) was supplied as the sole
external P source, strongly suggesting that cell-wall-targeted GmPAP1-like participates in extracellular
organic-P utilization in plants [39].

However, unlike GmPAP1-like, AtPAP12, and AtPAP26, a cell-wall-targeted PAP, AtPAP25,
exhibited high phosphatase activity against several phosphoproteins and phosphoamino acids in vitro.
Moreover, mutation of AfPAP25 led to a reduced level of transcripts encoding At4, AtPPCK1, AtRNS1,
AtPAP12, and AtPAP17, which were involved in Pi starvation responses. Therefore, it was suggested
that AtPAP25 might function as a phosphoprotein phosphatase and play important signaling roles
during Pi deprivation [119]. Similarly, a cell wall localized PAP, NtPAP12, was purified in tobacco [121].
Furthermore, it was found that NtPAP12 could dephosphorylate several cell-wall-bound enzymes,
such as a-xylosidase and 3-glucosidase, in vitro, suggesting that NtPAP12 might be involved in the
regulation of cell wall biosynthesis [122].

Therefore, it seems that functional dissection of cell-wall-targeted PAPs will be a complex task
because functions vary among PAPs owing to their respective protein structures, accumulation patterns,
and a wide variety of potential substrates. Furthermore, considering that several substrates of plant
PAPs have been suggested to be signaling molecules, such as ATP, it is reasonable to hypothesize that
PAP could influence signaling molecule metabolism, and thus participate in the complex signaling
network in plants. Therefore, identification and characterization of cell-wall-targeted PAPs will be
helpful in elucidating the functions of PAP in plant acclimation to P deficiency [113].

5. Conclusions and Perspectives

Great progress has been made in revealing the important roles of CWPs in the modification
of cell wall properties, which is crucial for the meticulous modulation of plant roots in response to
P deficiency. For example, LPR1-mediated callose deposition results in the inhibition of primary
root growth under Pi-starvation conditions in Arabidopsis [67]. However, the primary root growth
responses of other plant species are quite different from those of Arabidopsis [39,63]; whether the
same regulatory pathway also exists in other plant species remains for further studies to determine.
Moreover, the plant cell wall is a complex matrix, mainly consisting of cellulose microfibrills and
other wall components, such as pectins, hemicelluloses, callose, and lignin, depending on the cell wall
type [14,27,123]. When plants were subjected to Pi starvation, the cell wall components were changed,
thus changing the cell wall’s physical properties, and subsequently influencing cell expansion [8,68].
Therefore, to understand the roles of CWPs in root modulation under low P conditions, future studies
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are expected to investigate how CWPs concomitantly modulate the biochemistry and physiological
properties of the cell wall components.

In order to elucidate the functions of CWPs in cell wall adaptation to Pi starvation, identification of
CWPs with differential accumulation is critical. However, few proteomic studies have been conducted
to identify CWPs in response to Pi starvation, thus limiting the understanding of the functions of
CWPs in plant adaptation to Pi starvation. Meanwhile, since covalently bound proteins are poorly
extracted, the full coverage of plant cell wall proteomes remains challenging [37]. A better extraction
protocol remains to be developed to increase this coverage.

Taken together, the studies referenced here have demonstrated that CWPs play important roles
in plant responses to Pi starvation. It can be anticipated that increased knowledge in this field will
provide important theoretical bases for engineering crops with increased P efficiency.
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Abstract: The assumption that cellulose degradation and assimilation can only be carried out
by heterotrophic organisms was shattered in 2012 when it was discovered that the unicellular
green alga, Chlamydomonas reinhardtii (Cr), can utilize cellulose for growth under CO,-limiting
conditions. Publications of genomes/transcriptomes of the colonial microalgae, Gonium pectorale
(Gp) and Volvox carteri (Vc), between 2010-2016 prompted us to look for cellulase genes in these
algae and to compare them to cellulases from bacteria, fungi, lower/higher plants, and invertebrate
metazoans. Interestingly, algal catalytic domains (CDs), belonging to the family GH9, clustered
separately and showed the highest (33-42%) and lowest (17-36%) sequence identity with respect
to cellulases from invertebrate metazoans and bacteria, respectively, whereas the identity with
cellulases from plants was only 27-33%. Based on comparative multiple alignments and homology
models, the domain arrangement and active-site architecture of algal cellulases are described in
detail. It was found that all algal cellulases are modular, consisting of putative novel cysteine-rich
carbohydrate-binding modules (CBMs) and proline/serine-(PS) rich linkers. Two genes were found
to encode a protein with a putative Ig-like domain and a cellulase with an unknown domain,
respectively. A feature observed in one cellulase homolog from Gp and shared by a spinach cellulase
is the existence of two CDs separated by linkers and with a C-terminal CBM. Dockerin and Fn-3-like
domains, typically found in bacterial cellulases, are absent in algal enzymes. The targeted gene
expression analysis shows that two Gp cellulases consisting, respectively, of a single and two CDs
were upregulated upon filter paper addition to the medium.

Keywords: cellulase; glycosyl hydrolase family 9; carbohydrate binding module (CBM);
bioinformatics; RT-qPCR

1. Introduction

Cellulose, a linear polysaccharide of glucose linked by (3-1,4-glycosidic linkages, is the most
abundant biopolymer on Earth and is found in the cell walls of plants. Cellulose consists of long
chains of glucose tightly packed together due to H-bonds and constitutes the chief load-bearing
polysaccharide. It is embedded in a matrix of pectins and hemicelluloses, and is additionally
impregnated by lignin in some instances [1]. Cellulases are grouped into endoglucanases (EC: 3.2.1.4),
that randomly hydrolyse internal (3-1,4-glycosidic bonds and exoglucanases (cellobiohydrolase,
EC: 3.2.1.91) that processively release mainly cellobiose from the reducing or non-reducing chain
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extremity [2]. Processive endoglucanases that possess the properties of both endo- and exocellulases
have also been described [3,4].

Based on amino acid sequence similarity, cellulases are classified into different glycosyl hydrolase
(GH) families [5,6]. For example, endocellulases span the GH-families, 5-10, 12, 26, 44, 45, 48, 51, 61,
74, and 124, whereas exocellulase members are found in the GH families, 5, 6, and 9 (CAZy database,
available online: http://www.cazy.org/Glycoside-Hydrolases.html). Most cellulases involved in
the degradation of cellulose deriving from plant lignocellulosic biomass are produced by bacteria,
archaea, fungi, and protozoa [7]. Some bacteria, oomycetes, protozoa, sea squirts, the fungus
Microdochium nivale [8] and especially plants synthesize cellulose for growth and development, and,
hence, require cellulases to degrade, modify, and remodel cellulose [9]. Some microorganisms (bacteria,
fungi, protozoa) that live in a symbiotic relationship within the guts of phytophagous organisms also
produce cellulases [10]. Later it was discovered that, apart from cellulolytic enzymes from symbionts,
invertebrates also possess endogenous cellulases secreted by salivary glands and the gut [11].
Until recently, it was considered that cellulose catabolism was limited to heterotrophic organisms
and higher plants (for remodeling cellulose). However, in 2012, it was experimentally established
that the photosynthetic microalga Chlamydomonas reinhardtii (Cr) can utilize cellulose for growth in
the absence/limitation of other C-sources by secreting endocellulases [12]. The alga combines features
of both plants and animals (it is considered a “planimal” [12]), and has a genome characterized by an
expansion of transporter gene families, indicative of an adaptation to life in soil environments [13].

In view of the biotechnological applications of novel cellulases in the degradation of lignocellulosic
biomass to produce biofuel, here, we bioinformatically analyze, for the first time, cellulases from
three microalgal species whose complete genomes have been published and compared [14,15].
We choose cellulase homologs from microalgae with increasing multicellularity (unicellular alga
C. reinhardtii; colonial algae Gonium pectorale, Gp, with 16 and Volvox carteri, Ve, with 2000-6000 cells)
and compare their sequences with different cellulases from diverse taxonomic groups. We model
all the microalgal cellulase homologs and analyze in detail conserved motifs and their phylogenetic
relationship, arrangement of different domains, and active-site architecture in addition to examining
carbohydrate-binding modules (CBMs) and linker regions. We conclude this study by determining
the expression levels of three cellulases in Gp in a control condition and after the addition of crystalline
cellulose substrate (filter paper) to the growth medium.

2. Results and Discussion

The present work is based on the discovery that the photosynthetic microalga, C. reinhardtii, can
secrete cellulases into the medium under CO,-limiting conditions, although cellulase secretion was not
detected in the closely related Chlorella kessleri [12]. Interestingly, Chlorella has cellulose, whereas Cr,
Gp, and Ve do not have cellulose in their cell walls [16]. In the present paper, we discuss the sequence
and structural analysis of cellulases from three members of Chlorophyceae (Cr, Gp, and Vc) with
increasing cellular complexity (from single cells to colonies).

2.1. Algal Cellulases Belong to Glycosyl Hydrolase Family 9

The structurally and functionally important conserved residues show that all algal sequences
of catalytic domains (CDs) belong to the inverting GH9 family of CAZymes (Carbohydrate-Active
Enzymes) with (x/«)g-barrel topology. Glucanases, belonging to the GH family 9, are considered
the most conserved cellulases and are widely distributed among bacteria, fungi, amoebozoa,
invertebrate metazoans, mosses, ferns, gymnosperms, and angiosperms [17]. Three conserved
regions are identified in the CDs of algal cellulases (Figure 1 lower panels, Supplementary Figure
Sla), consistent with the motifs/patterns of GH9 cellulases reported from across diverse taxonomic
groups [17]. The variation of amino acids at each position within each region is compared between
microalgal (Figure 1, lower panels) and all other GH9 cellulases described (Figure 1, upper panels) [17].
Region I of microalgal cellulases contains the characteristic DAGD motif where, in addition to
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H-bonding of acidic residues with water (Figure 1, lower panel and asterisks), the C-terminal D
acts as the catalytic base that extracts a proton from the nucleophilic water and the N-terminal
D acts as an essential supporting residue [3,18-20]. The pattern corresponding to Region
I, ((LVS]-x-[GK]-G-[WFYLM]-[YHF]-D-| ACGS]-G-[ DSN1-X(2)-[KMR]-[FAILY]-X-[FWYLQTV]-[APTN
S]-IMLGAQS]) has now been included in the PROSITE database (PS60032) [21]. Interestingly, in Region
I of GH9 from all other organisms, D (catalytic base) is replaced by an N in the Angiosperm Medicago
and G in few sea-squirt isoenzymes [17]; however, the activities of these enzymes have not been
determined. In Region I of GH9 from all other organisms, two G and a K residues are also conserved,
however, their role in catalysis has not yet been elucidated (Figure 1, upper panel).

The comparison of Region II (PROSITE pattern, PS00592) reveals that, although H and R
residues (Figure 1, upper panels) are involved in substrate-binding via H-bonding [18,19],
both residues are not conserved. The H is replaced by V in Vc and by S in Panesthia cribrata
(Metazoa), whereas R is replaced by K and S in microalgae and by A or G in many GH9
cellulases [17]. An interesting finding about Region II of algal cellulases is the presence of an
extra four residue sequence (PT[PTA][YSG]) (Figure 1, lower middle panel), which is missing
in non-algal GH9 enzymes, with the exception being two cellulase homologs (CrCel9D and Gp
KXZ44756) (Supplementary Figure Sla). The PROSITE pattern, PS00592, has now been revised to
[HLY]-[AILMV]-[FIL]-G-x-[NSTW]-x(2,4)-[SCTV]-[FY]-[LIVMFY]-[SITV]-G-x(1,5)-[GSY]-x(2)-[AFPSTY]-
[FLPSV]-x(2)-[AILPQVM]-[HV]-[DHLS]-[KRS] [21].

Residues in Region III are involved in substrate-binding and catalysis (Figure 1, asterisks),
with fully conserved E acting as an acid that protonates the leaving group [19,22] and stabilizes
the positively-charged oxocarbonium transition-state [18,23]. The fully conserved nucleophilic D
forms H-bonds with the residues of the active-site loop, comprising of regions I and II, to bring it in
proper alignment [18].
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Figure 1. Variation in amino acids at each position within three conserved motifs of microalgal
cellulases compared to other consensus sequences of GH9 cellulases from across the taxonomic groups.
The sequences from different taxonomic groups were chosen, as mentioned in Figure 2. Upper panels,
sequences from [17]; lower panels, microalgal sequences (this study). The gaps are denoted by dashes.
*, catalytic, and binding residues. Blue residues, variations in algal sequences. The extra four residues in
Region Il is found in all algal cellulases, except CrCel9D and Gp KXZ44756. “X” refers to extra residues
in Region I not shown by [17]. The pattern corresponding to Region I updates the PROSITE Database.

2.2. Algal Cellulases Are Closest to Invertebrate Metazoan GH9 Enzymes

The percentage identity matrix (Supplementary Figure S1b) and the phylogenetic analysis
(Figure 2) of CD regions (such as blue highlighted regions, Supplementary Figure Sla) from GH9
cellulases reveal that algal cellulases are closer to invertebrate metazoan enzymes than to plants.
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The identity matrix of GH9 family cellulases from selected groups show that algal enzymes have
the highest (33-42%) and lowest (17-36%) sequence identity, with proteins from invertebrates
and bacteria, respectively, whereas the identity with cellulases from plants is 27-33% (Supplementary
Figure S1b).

Full length sequences of GH9 cellulases have other domains, such as CBM, immunoglobulin
(Ig-like), fibronectin type III (Fn3-like), and dockerin, which can produce a bias during phylogenetic
analysis [17]. To accurately determine the similarity, all cellulases were truncated to comprise only
CDs (Supplementary Figure S2) and the phylogenetic tree was then constructed. The phylogenetic
analysis revealed that truncated GHO cellulases cluster together within a taxonomic group and that
algal cellulases are closer to invertebrate metazoan enzymes (Figure 2), as suggested by the identity
matrix (Supplementary Figure S1b). Notably, the GH9 belonging to the representatives of a specific
(Sub)Kingdom (notably, Eubacteria, Fungi, Metazoa, Plantae) cluster together, except for Ciona savignyi,
which does not form a cluster with the other representatives of Chordata Branchiostoma floridae
and Ciona intestinalis, but clusters, instead, with arthropods. C. intestinalis forms a separate branch
where the two cellulases analyzed are found together. The only representative of the Kingdom
Protista (Phylum Amoebozoa), Dictyostelium discoideum, clusters in a sister clade to the one formed by
bacteria. Interestingly, the cellulases from the green microalgae, G. pectorale, C. reinhardtii, V. carteri,
and Chlorella zofingiensis, do not cluster with GH9 from Plantae, but instead form separate groups. This
is consistent with the hypothesis that GH9 genes are related by vertical descent and not by horizontal
gene transfer [17]. Particularly, the G. pectoral, GH9 KXZ44756, is sister to C. reinhardtii CrCel9D, which
is the gene described as being strictly induced by crystalline cellulose [12].
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Figure 2. Maximum likelihood phylogenetic tree of GH9 cellulases (built using catalytic domains,
CD in the protein sequences; see Supplementary Figure S2) from different species (100 bootstraps).
The circles refer to the bootstraps (range 0.6-1; the size of the circles is proportional to the bootstrap
values). The name of the species analyzed and their accession numbers are indicated in the tree.
The V. carteri cellulases are indicated VC2958622 and VC2952174. The different colors represent
the different taxonomic groups, i.e., either (Sub) Kingdoms, Phyla, Divisions, or Orders.

2.3. Algal Cellulases Are Multimodular

Sequence alignment (Supplementary Figure Sla) and homology models (Figure 3) reveal that algal
GHO cellulases consist of catalytic and non-catalytic modules. Multidomain cellulases are widespread
among many taxonomic groups, however, cellulases from anaerobic bacteria, found in cellulosomes,
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have the most complex architecture consisting of different types of modules (Supplementary Figure
S3). For example, Clostridium cellulolyticum produces 13 GH9 modular cellulases containing a different
number and arrangement of CD (single), CBM (0-2), dockerin (0-1), and Ig-like domain (0-1) [24].
However, among templates, only the full sequences of 1J54/4TF4 and 1KFG/1GA2, comprising
CD, linker, and CBM, have been crystallized (Supplementary Figure S3) [18,25]. Multimodular
cellulases are more efficient than free enzyme (with only CD) due to synergism because of the close
proximity between the enzyme and the cellulosic substrate [1,2,26]. Glycosylated linkers provide
flexibility to the CD for higher activity [27] and protease protection, as well as increased binding to
the cellulose surface [28] (see also Section 2.6). The statistics regarding homology-based modelling
are given in Supplementary Table S1, showing the top templates employed by I-TASSER, such as
1KS8 (an endocellulase from a termite), 1JS4, 1TF4 (mixed endo-/exocellulase from Thermobifida fusca),
and 1UT9 (exocellulase from Clostridium thermocellum).

a Cr: Cr9B: XP001701544 Cr: Cr9C: XP001701546 Cr: Cr9D: XP001696497

CD.>.CBM

CD.~>.CBM CD.>.CBM.=>.CBM

Figure 3. Homology models of selected family GH9 cellulases. Blue, CD (catalytic domain); pink, CBM
(carbohydrate binding module); grey, linker; yellow, Ig-like domain; red /?, unknown. Organism names,
accession/PDB codes, and cellulase types are given alongside the structures. (a) Cr, Chlamydomonas
reinhardtii; (b) and (c) Gp, Gonium pectoral and Vc, Volvox carteri. The X-ray structures of templates
(PDB: 1JS4/4TF4, 1IKFG/1GA2, 1UT9, 1KS8, 1CLC and 2YIK) used by I-TASSER for generating
homology models are given in Supplementary Figure S3. The domain arrangement is given below
the structure, with a dot showing separation between two adjacent domains. CD, catalytic domain;
CBM, carbohydrate-binding module; arrow, linker. The I-TASSER statistics are given in Supplementary
Table S1 and the X-ray structures of templates are given in Supplementary Figure S3.
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Some physicochemical properties (Supplementary Table S2) and arrangement of various domains
in algal (Figure 3) and some other non-algal cellulases (Supplementary Figure S3) are given. In addition
to GH9 CDs, all algal cellulases were found to have putative CBMs linked to CD by linkers, except
CrCel9C (hereafter, indicated, for simplicity, as Cr9C; Figure 3a). Only Cr9C was found to have an
Ig-like domain and no CBM, whereas Cr9D had an unknown sequence at the N-terminus (Figure 3a).
Interestingly, Gp KXZ51468 (hereafter, referred to as Gp51468) had two consecutive CD, separated by
two linkers with a single CBM (CD1-linker-CD2-linker-CBM), whereas Vc2952174 has two putative
CBMs and a single CD. Spinach cellulase (Supplementary Figure S3b,c) was found to have a similar
domain arrangement to Gp51468, whereas the bacterial cellulase from Caldocellum saccharolyticum
has one family GH9 CD and another family GH48 CD, along with three CBMs [29]. In contrast
to bacterial cellulases [30], dockerin and Fn3-like domains were found to be absent in algal, plant,
and invertebrate metazoan cellulases (Figure 3). Multimodular microalgal cellulases were found to be
closest to invertebrate metazoan homologs (Figure 2, Supplementary Figure S1b); however, in contrast
to the modular cellulase from abalone, many invertebrate cellulases (such as termite) were found to be
non-modular (Supplementary Figure S3).

2.4. Active-Site Architecture Shows Different Types of Cellulolytic Activities in Algal GH9 Cellulases

Cellulolytic organisms secrete different types of cellulases, in addition to 3-glucosidases, xylanases
and lignin-degrading enzymes [1,7]. In this work, we focus on microalgal cellulases. Various residues
(white) involved in substrate binding (S-labelled), Ca**-binding (M-labelled), catalytic residues
(C-labelled), and loops (pink boxed) within the CD (blue highlighted region) are shown in the multiple
alignment (Supplementary Figure Sla). All the catalytic acidic residues are strictly conserved in all
GHO cellulases, including microalgae (Figure 1 upper panel, Supplementary Figure Sla and Figure 4a).
However, there is variation in Ca*™*-binding residues among algal and other GH9 cellulases, probably
reflecting different metal-binding affinities. For example, a D residue is substituted by an A and G in
V2952174 and 1UT9, respectively (M-labelled, blue highlighted, Supplementary Figure Sla), that are
unable to bind calcium. In glucanases, the active-site is mostly lined by aromatic residues in order to
bind sugar moieties, although polar amino acids are also present (Figure 4b). These amino acids bind
to cellulose via H-bonding and hydrophobic interaction, whereas aromatic amino acids interact via
CH-mt interaction with the sugar rings [18,31]. The substrate-binding residues around the active-site
pocket are mostly conserved among GH9 sequences (Figure 4b), however, there are exceptions (red
residues, Supplementary Figure Sla). In Region II (Figure 1, lower panel), highly conserved H and R
are replaced by V465 and K467, respectively, in Vc2952174 (Supplementary Figure Sla).

Cellulases can be classified into endo-, exo-, and exo/endo- (also called processive
endoglucanases) [3,4] (Figure 5). It has been shown that cellulases with similar sequences have
different specificities, implying that exo- versus endo-versus exo/endo activities are a consequence of
subtle differences in and around the active-site cleft [32]. However, in spite of this limitation, modelling
of algal CDs may give valuable insight into their likely mode of action, although determination of
X-ray structures and experimental data obtained via enzyme assays using various substrates (soluble,
amorphous, and crystalline), as well as product analysis (cellobiose versus oligosaccharides), are more
reliable options [4].
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Figure 4. Active-site pocket of selected GH9 cellulases showing conserved residues around the substrate
superimposed on each other. (a) Catalytic-residues (above, E412; below left to right, D54, D57)
and (b) binding-residues (above from left to right: W253, F205, H124, R361, W127; below from left to
right: H306, Y417, W301, Y408, H359). The residue number refers to that of termite (PDB, 1KS8). Red,
substrate (C4 + C2); blue, termite; green, algae; pink, spinach; black, T. fusca (4TF4); orange, fungus
(Neocallimastix patriciarum).

Cellulose chain is not held in place
and not continuously fed to the
active-site

Cellulose chain is held in place
and continuously fed to the
active-site

Cellulose chain is held in place and
continuously fed to the active-site

Figure 5. Various mechanisms of GH9 family cellulases found in algal enzymes. (a) Random cleavage
of cellulose by endoglucanases to form oligosaccharides; (b) sequential cleavage of cellulose by GH9
exoglucanase-like enzyme due to partial blockage of the active site similar to that found in CbhA from
Ruminiclostridium, 1UT9; (c) sequential cleavage of cellulose by processive endoglucanases (also called
exo/endo cellulases) into oligosaccharides not longer than cellotetraoses due to blockage after the —4
binding site. Numbers (—4 to +2) show binding subsites (non-reducing to reducing) in the cellulase
catalytic domain (blue). Arrows show the cleavage site; hexagon, glucose units.

Space-filled active-sites of algal and selected GH9 cellulases derived from homology models of
CD were compared with the X-ray structures of endocellulases, an exoglucanase (both from GH6
and GH9 families), and mixed exo/endo processive endoglucanases (Figure 6). Binding and catalytic
residues are shown as space-filled atoms, along with cellotetraose + cellobiose substrates (Figure 6b,
top and lower panels). The X-ray structures of 4TF4 from T. fusca and 1KFG from C. cellulolyticum, with
their respective oligosaccharides, were found to superimpose perfectly on each other, implying that
the substrate can be modelled on algal cellulases, with the aim to locate the position of sthe ubstrate
and orientation of subsites within the active-site [3,25]. To show the accessibility of the substrate,
the degree of indentations and obstructions in the form of blockages and cavities around the active-site
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are depicted in different shades of color ranging from orange/red (humps) to dark blue (depressions)
(Figure 6, middle panels).

Cellulose is a very recalcitrant crystalline polymer due to intensive H-bonding between tightly
packed glucose chains [1] and the cleavage of 3-glycosidic bonds is much more energy-demanding than
a-linked glycosidic bonds [33]. Glucanases that act on cellulose are broadly divided into endocellulases
and exocellulases [34]. Endocellulases have an open cleft or groove structure that allows the binding
of many sugar units to randomly cleave internal bonds, with concomitant release of cellulose chain
after every cleavage and, finally, producing oligosaccharides (Figure 5a). In contrast, exocellulases
(cellobiohydrolases) from the families, GH5 and GHS6, such as from Humicola insolens (Figure 6f),
have a tunnel structure due to loops that partially cover the active-site, enabling the cellulose chain
to thread through [5]. This geometry allows exoglucanase to hold on to the cellulose chain during
product release without losing the chain to the surroundings. During such a processive movement,
every alternate glucose unit is presented to the active site, resulting in the liberation of the cellobiose
product [35].

In nature, however, the differentiation between an exo- and endo-acting cellulase is, at best,
blurred, since many cellulases show characteristics of both endo- and exocellulase, depending
on the active-site architecture and/or the presence of CBM close to the reducing end of
the active-site [3,18,35,36]. True exocellulase with unique tunnel-like active-sites, such as in GH6
cellobiohydrolase [35] (Figure 6f, H. insolens), have not yet been found in GH9 family cellulases.
However, one GH9 member (CbhA from Ruminiclostridium, 1UT9) was shown to have exocellulase
activity (despite the absence of a tunnel-like active site), which was explained by the abrupt blockage
of the active-site after the —2 subsite by a GEDNGLW loop, which is absent in other GH9 cellulases
(Figures 5b and 6e). However, a transient tunnel formation by extended loops (DIYA-NDDY,
Supplementary Figure Sla; Figure 6p—r) upon substrate binding has also been proposed [23].

The mixed exo/endo type cellulases show some type of blockage of the active-site [3,18]. A classic
example showing this type of active-site architecture is a processive cellulase (E4) from Thermobifida
fusca in which the non-reducing end is blocked (Figure 6¢ grey “tower block”). This block acts
as a “measuring stick”, resulting in cleavage products that are not any longer than cellotetraose
that exit towards the bottom, whereas the remaining chain is held in place by the C-terminal CBM
and is fed to the active-site in a processive manner (Figure 5c) [3,18]. With time, the enzyme
cleaves cellulose and cellooligosaccharides (G5-G6) into cellotetraose and smaller oligosaccharides
(G1-G3). Further incubation of G3-G6 cellooligosaccharides with the E4 results in the formation of
a mixture of cellotetraose, cellotriose, cellobiose, and glucose products, as determined by thin-layer
chromatography using purified enzymes [37]. The formation of cellotriose and cellobiose from
amorphous and crystalline cellulose by cloned and purified Clostridium thermocellum and Saccharophagus
degradans processive endoglucanases has also been demonstrated [4]. Other mechanisms have also
been described to account for processive endoglucanases, including the presence of a CBM that binds
cellulose, disrupts its crystalline structure, and feeds substrate to the active-site. Additionally, an
increase in the substrate affinity for the active-site to prevent instant dissociation of the cellulose chain
after initial attack has also been proposed [36]. Interestingly, a change discovered in a single amino
acid around the active-site can convert a non-processive into a processive pectinase [38]. Later work
extended this to C. cellulolyticum cellulases and proposed that the presence of a single critical aromatic
residue around the active-site can influence the processive behaviour [22].

The active-site architecture of all algal enzymes, except V2952174, illustrates a fully open cleft
(Figure 6a—n upper panels) with tower blocks towards the non-reducing end, suggesting that these may
either be GH9 exo (as 1UT9) [23] or exo/endo processive enzymes [5,19,39]. The active-site architecture
and the accessibility analysis of algal enzymes, such as Cr9D and Gp44756, is indicative of an open
cleft and the absence of any “tower blocks” on the non-reducing end of the active-site (Figure 5a;
Figure 6i,1, upper and lower panels), implying that these may simply be pure endocellulases [22].
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The cavity analysis gives additional support for the presence of humps (greenish to yellowish
shades) near the non-reducing end (—4 subsite) in the exo/endo-type of cellulases, whereas
the active-site cleft is depicted in shades of blue depending on the depth (Figure 6jk,m,n, middle
panels). The lower panels (Figure 6) show the view from the reducing end looking down to
the active-site cleft. This view confirms that, whereas pure endoglucanases (1KS8, a; 1ICLC, b, Cr9D,
i; Gp44756, |; Figure 6, lower panels) show low-height obstructions, GH9 exo/endo and exo-type of
cellulases are characterized by tower blocks (Figure 6, lower panels; 4TF4/1]54, c; 1IKFG, d; 1UT9, e;
Cr9B, g; Cr9C, h; Gp51468, j and k; Gp51466, m and both Vc cellulases, n and o). As both GH9 exo-
and exo/endo processive cellulases are characterized by tower blocks (Figure 6), to unambiguously
distinguish between these two types, loops responsible for purely exocellulase activity in CbhA from
Ruminoclostridium (1UT9) were modelled for all algal enzymes (Figure 6p-r). Modeling of CbhA (1UT9)
shows that these extra loops (QGY-WGS and NSPH-GCFT, Supplementary Figure Sla, pink boxed) are
responsible for exo-activity by either partially covering the active-site near the non-reducing end (—4
subsite) or by running parallel along the active-site (IYAE-NDDY, Supplementary Figure Sla). This
specific conformation means that they are modeled to cover the active-site upon substrate binding
(Figure 6p-t, red loops) [23].

Among all algal cellulases (Figure 6g—0), only Vc2952174 has the necessary loop (CVSR-GSAR,
Supplementary Figure Sla) that can block the active-site (Figure 60,r; light pink) similar to that of
CbhA exo-cellulase (red loops). In purely endo (1KS8) and exo/endo (4TF4) cellulases, these loops
point away from the active-site, as seen in all algal cellulases except V2952174 (Figure 6p-r). The loops
in all microalgal cellulases (Figure 6p-r), equivalent to the CbhA long loop (Figure 6p-r, red), running
parallel to the active-site are much shorter. In the absence of X-ray structures and experimental data,
it is not clear whether these shorter loops in microalgal cellulases will occlude the active-site upon
substrate binding, such as in CbhA [23]. It is noteworthy that, in Vc2952174 (CVSR-GSAR) and Cr9B
(THTD-GSSS), there is an extra loop that is absent in all cellulases described here (Supplementary
Figure Sla). This loop covers the active-site in V2952174 (Figure 5b; Figure 6r, light pink loop), but is
farther away from the active-site in Cr9B (Figure 6p, yellow loop).

Currently available experimental data on Chlamydomonas (Cr) cellulases can be exploited in
support of our assignment of different algal cellulases as GH9 exo-, endo-, and exo/endo types. These
cellulase types can be differentiated on the basis of substrates utilized and products released [12].
Cellulases with open clefts, such as exo-acting GH9, endo, and exo/endo, can hydrolyze filter
paper, as well as carboxymethyl cellulose (CMC). However, whereas endo-acting enzymes form
oligosaccharides preferably from amorphous cellulose, exo and exo/endo-acting enzymes can also
produce cellobiose [18,34,37]. The published results showed that a mixture of all three Cr cellulases
can utilize both CMC, crystalline Avicel, and filter paper, with the release of C5, C4, and C3, as well
as C2 (cellobiose) as products, suggesting the presence of either an exo- or an endo- and at least one
processive mixed exo/endo types of cellulase [12].

Collectively, based on the experimental data of Cr cellulases [12] and active-site and loop analysis
described here (Figure 6), it can be deduced that all algal cellulases are likely to be exo/endo processive
enzymes (presence of tower blocks with exo-loops shortened and pointing away from the active-site),
except for Cr9D (Figure 6i) and Gp44756 (Figure 61), which seem to be endoglucanases (absence of
tower blocks with exo-loops shortened and pointing away from the active-site). The corresponding
tower block (Figure 6e, 1UT9), due to extra loops [23] responsible for exocellulase activity in CbhA,
seems to be pointing away from the active-site or is shortened in all microalgal cellulases, except in
V2952174 (Figure 60) where the loop (light pink) covers the active-site (Figures 5b and 6r). However,
it is possible that these shortened loops in microalgal enzymes (Figure 6p-r) may close the active-site
upon substrate binding. It is interesting that both the C- and N-terminal CDs in Gp51468 seem to
have similar activities (processive exo/endo). It is noteworthy that Gp51468 is composed of two CDs
separated by a linker, which is also found for spinach cellulase (Figure 3).
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(g) XP_001701544 (Exo or
Exo/Endo)

(h) XP_001701546 (Exo or Exofendo) (i) XP_001696497 (Endo or Exo)

Figure 6. Cont.
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(n) XP_002958622 Exo or Exo/endo

(p) Loops: Cr, 1UT9, 1KS8, 4TF4 (q) Loops: Gp, 1UT9, 1KS8, 4TF4 (r) Loops: V¢, 1UT9, 1KS8, 4TF4

Figure 6. Active-site architecture of selected family GHO cellulases determined from X-ray structures
and homology models. Upper panels (a-0): Top view of the active-site. Critical residues surrounding
the active-site. Blue, H; pink, W; turquoise, R/K; yellow, S; in lieu of substrate-binding, W; green, Y;
orange, F; red, catalytic residues (E/D); grey, blocking residues/loops; Middle panels (a—o): Cavity
analysis of the active-site pocket highlighting clefts, tunnels, and blocks in various shades. Dark blue,
completely buried; orange/red, at least 75% surface accessible. Upper and middle panels showing
substrate (C4 + C2) from —4 non-reducing (left) to +2 reducing end (right); Lower panels (a—0): View
of the active-site from +2 to —4 subsite looking down the cleft/barrel highlighting the absence or
presence of “tower blocks” (grey) at the non-reducing end. The extra loop in Vc2952174 (o) is shown as
ball and stick (pink); (p-r): Analysis of the blocking loops/secondary structure elements in microalgal
CDs compared with 1KS8, (endo-type, white), 4TF4 (exo/endo-type, brown) and 1UT9 (exo-type, red);
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(p) Cr9B (XP_001701544), yellow; Cr9C (XP_001701546), light green, Cr9D (XP_001696497), dark green;
(q) N-Gp (KXZ51468), turquoise; C-Gp (KXZ51468), blue; Gp (KXZ51466), magenta, Gp (KXZ44756),
orange; (r) Ve (XP_002952174), light pink; Vc (XP_002958622), dark blue. Black, cleaved hexose
substrate. The text description is as in Figure 3.

2.5. Novel Cysteine-Rich CBM in Algal Cellulases

The non-catalytic CBMs recognize polysaccharides and promote the association of the enzyme
with its substrate, although standalone CBMs that are not linked to CDs have also been described [40].
Based on sequence similarity, CBMs are currently divided into 83 families (CAZy database available
online: http://www.cazy.org/Carbohydrate-Binding-Modules.html). Three main functions of
CBMs have been described [40] that include concentrating CDs of enzymes on the surface of
polysaccharides for enhanced degradation, targeting distinct regions of a polysaccharide, such as
crystalline cellulose [41,42], and, possibly, disrupting polysaccharide structure via replacement of
H-bonds in crystalline cellulose by H-bonds from polar residues in CBM [3,43]. In addition, CBMs
were proposed to help feed cellulose chain into the catalytic site, especially in the case of processive
endocellulases [18].

Among the microalgal cellulases that have been described here, only Cr9C does not have a CBM,
whereas all other enzymes have CBMs located on the C-terminal side, with Vc2952174 having two
CBMs (Figure 3). Multiple alignment (Supplementary Figure Sla, pink highlighted), phylogenetic
analysis (Supplementary Figure 54 built using the sequences in Supplementary Figure S5), and identity
matrix of putative microalgal CBMs compared to CBMs across different families (1-6, 10, 11, 12, 14,
17/28, 18, 20, 41, 43-45, 47-50, 53, 81) and taxonomic groups (bacteria, fungi, microalgae, invertebrates,
plants) shows low similarity between them. The identity matrix of top hits (Supplementary Figure
56) shows that, although Cr, Gp, and Vc putative CBMs have high identity (15-75%) with each other,
microalgal CBMs show lower identity (19-27%) across members of known families, implying that Cr,
Gp, and Vc CBMs do not belong to any of the previously described families in the CAZy database
(available online: http://www.cazy.org/Carbohydrate-Binding-Modules.html). Like CBM14 and 18
family members, Cr, Gp, and Vc putative CBMs have a high percentage of cysteine residues.

To identify motifs in Cr, Gp, and V¢, CBM sequences from members belonging to different families
and taxonomic groups were subjected to MEME analysis (Table 1). In addition to 2-C motifs that were
found in all algal CBMs, 6-C and 4-C residue motifs were only found in Cr9B, Gp51466, Gp51468,
and V2958622 (Table 1, motifs 1-2). It is noteworthy that none of the microalgal CBMs (Cr, Gp and Vc)
have a Hevein motif characteristic of cysteine-rich CBM18 members. None of the motifs 1-3 are found
in any other algal, bacterial, fungal, or plant CBMs, including Cys-rich CBM1, CBM14, and CBM18,
nor in CBMs that are commonly associated with endo- (EC:3.2.1.4) and exoglucanases (EC: 3,2.1.91).
Based on our results (Supplementary Figures S3 and S4, Table 1), we propose that Cys-rich algal
GH9-appended CBMs are classified into a new CBM family or two separate families. One family may
include Cr9B, Gp51466, Gp51468, and V2958622, whereas another family may include Cr9D, Gp44756,
and Vc2952174.

It has been proposed that a lack of aromatic residues in the CBM binding region, along with
flexible linkers, results in a decreased cellulose-CMB affinity that can promote movement and feeding
of the cellulose chain to the catalytic site of processive endoglucanes [18]. In the context of microalgal
GH9-appended exo/endo processive glucanase (Section 2.4, Figure 6), described here, this feature
may be crucial, however, the absence of structural data precludes drawing any further conclusions.
The presence of multiple C residues (10-16) in algal cellulases is also intriguing. For example, a
CBM-like region on the C-terminal side of a CD/linker containing an eight cysteine-box with 4-disulfide
bridges has been proposed to promote substrate binding, help in the folding of secretory proteins,
maintain conformational stability, and induce a conformational change required for activity [44]. In
the present study, the identification of novel CBMs in Cr, Gp, and Vc is solely based on the evidence
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that modular cellulases require CBM modules, along with CD and linkers (Supplementary Figure Sla).
In view of the novelty of algal CBMs described here, binding data between CBMs and cellulose is vital
for unequivocal confirmation.

Table 1. Motif analysis of GH9-appended microalgal CBMs (carbohydrate binding modules) by MEME.

E-Value/Cys Motifs Proteins

6-??,32_130 ‘pﬂﬂﬂw QCUS%K ‘Dwﬁcgmvw&ﬂ&%ﬂ Cr9B, Gp51466, Gp51468, V2958622
4_24(7)%210 UMQDAWSCVAMSK wwm Cr9B, Gp51466, Gp51468, V2958622

Motif 3 ‘ wcgﬁcﬂ
Y Cr9B, Cr9D, all three Gp, V2958622
2-C 4.1e-7 ;Nx_g Al 7B, LPL, all three Lp, Ve
Hevein Motif: ] General CBM18 motif
e RGN
R o Plants (MS), Fungus (BD)
6C [CGIX57[CIX4[CCSIX4[CIX6[CIX5 [C] Diatom (F%)

[CGIX5[CIX5[CCS]X4[CIX7[C]

None of the CBM1 and CBM14 motifs were found in any Cr, Gp, and Vc sequences. For a comparison, the consensus
sequence of the Hevein motif is provided in the table.

2.6. Algal Cellulases Have PS-Rich Linkers

The linkers were, generally, thought of simply as a connecting “rope” between CD and CBMs,
which, due to their flexibility, allow cellulases to nudge forward on the surface of cellulose with
a caterpillar-like movement [45]. However, recent data point to many crucial functions, such as
binding of glycosylated linkers to cellulose substrate [28] and the modulation of endoglucanase
activity [42]. Putative linkers have been found in all algal cellulases (Figure 7). All these linkers are
located between CD and CBMs, except in Cr9C, which is lacking a CBM (Figure 3). Collectively, algal
linkers can be roughly classified into P/S-rich (N-Gp51468, C-Vc2952174 and V¢2958622), P/S/T-rich
(Cr9D) and non-P/S/T linkers (Cr9B, Cr9C, Gp51466, C-Gp51468 and N-Vc2952174). Although it
is straightforward to identify PS/PT linkers [29,46], it is not possible to confidently assign linker
functions to non-P/S/T regions because of high sequence variability [27,30,46] (Figure 7). In cellulases,
the average length of linkers is 20-50 residues [47]. However, linkers as small as 6-14 residues long
and lacking S and/or T residues and as long as >100 residues have been reported in addition to
the substitution of Ig-like or Fn3-like domains in lieu of linkers between CD and CBD modules
(Figure 3) [27,30,32,46]. Interestingly, Vc2952174 has two linkers (N-Vc2952174 lacking P/S/T residues
and C-Vc2952174 rich in P/S residues), one for each CBM (Figures 3 and 7). On the other hand,
Gp51468 has two linkers on the C-terminal side of a single CBM (Figure 3), where N-Gp51468 is PS-rich
and C-Gp51468 is lacking P, S, and T residues (Figure 7). It is intriguing to note that GH9-appended
microalgal linkers have a preponderance of PS residues (Figure 7), which contrasts with PT residues
found in the invertebrate metazoan abalone [48] and Caldocellum saccharolyticum cellulase linkers [29]).
While many cellulase-appended linkers from Pseudomonas fluorescence are S-rich, these have very low P
content [32,47], unlike microalgal linkers, which are found to be P/S-rich (Figure 7).

Glycosylation shows great diversity that depends on the sugars (type, sequence, chain length,
branching point, anomeric nature) attached to various amino acid side chains that, generally, include
N for N-linked modification; S, T, and Y for O-linked modification via the OH-group, and W for
C-mannosylation. Whereas N-linked glycosylation requires a N-X-S/T consensus sequence (X can
be any amino acid, except P), no consensus motif has been described for O-glycosylation. As glycans
are secondary gene products, glycosylation is also cell/tissue and species specific [49]. Although
N-glycosylation of the secreted proteins in microalgae is well documented [50], no information is
available regarding O-glycosylation in modular algal glucanases. However, glycosylation in fungal
glucanases, including Trichoderma reesei, has been described that displays extensive modification of
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linkers with di- and tri-saccharides at OH-groups of T and S residues [51]. S and T residues confer
different properties to glycosylated peptides. In contrast to S, the steric repulsion between the side
chain methyl group in T and the carbohydrate moiety can drastically alter the sugar to peptide
backbone orientation with the possibility of altered water structure and/or H-bond formation [52].
These modifications likely lead to changes in the binding affinity of S versus T O-glycosylated peptides
to the polysaccharide substrate, however, further experimental verification is required in the case of
cellulase linker-cellulose interaction.

The presence of linkers with different amino acid sequences implies different functions. Linkers
are highly divergent in lengths and sequences, but typically contain G, P, S, and T residues. P imparts
extended conformation [53] and does not form H-bonds, while G provides flexibility, and S/T are
often involved in O-glycosylation, which confers rigidity, stability, and protease-resistance [27,47].
Recent studies have found that the length (distance between the CD and CBM) and rigidity/flexibility
of linkers play a critical role in the efficient functioning of cellulases; however, the precise role of a
linker in the structure-function of modular cellulase is not yet fully understood [54]. For example, an
increase in the number of PS/T boxes enhanced the cellulolytic activity on crystalline cellulose due
to desorption of the enzyme from the substrate [55], whereas progressive shortening of linkers were
shown to cause a decrease in flexibilty, with concomitant reduction in activity and enhancement in
stability [56].

Cr9D CDHGLLOLGASTPDWNAYCGATPSPVPSPTPTPSPSPAPIPSPSPSPTPSPSPSPSATPSPSPSPSPSPSPSPSPSPSPSPSGNPSCPPTCBMP5KAPAT
Gp44756 CD=GLLQLSASTPDWDAYCGTAPT PITCP&CBM

V¢2952178  CD=2GLIEVESLTHEGGCSWEGYCVSTSCGTPGCBM PSQPPPQPPAPPPPPSPPLGL PSDPSKAPATECEM

Cr9B CD=?GLAAVDAAIKAAGCTWISYCALTCTGLECEM

Cr9C CDHALSGLDAAITKAGCTWSSYCSMACT4No CBM

V2058622 CD-HGLTDLEQGLORSGPEPTPSPSISLSPPPSPPPRISSPPSQSIPPIPLASCSPT € CBM

N—GPST%S CD=GLTALDQALRATGCNLVDYC GGKCSLAPSPSPPPAASPSLKPSPPPSSSPPPSPSPSASPSPSPSPSPSPSPGECD
C-Gp51468  CDIGLTALDOALRSTGCNLACTNALITAQGACECEM

Gp51466 CDFACTNALITAQGACECBM

Figure 7. Linkers in microalgal cellulases (between the arrows). Black, PS, or PST linkers; red, putative
linker sequence (or may be part of C-terminal CD or N-terminal CBM).

2.7. Expression of Cellulases in Gonium Pectorale (Gp)

RT-qPCR revealed an increased expression when Gonium was cultivated in the presence of
cellulose for two of the three cellulases analyzed in this study (Figure 8). The genes, Gp51466
and Gp51468, showed a statistically-significant increase in expression in the presence of filter paper.
The cellulase encoded by Gp44756 shows a trend, which is, however, not statistically-significant.
Nevertheless, if we consider the phylogenetic position of Gp44756, the modelling results shown in
Figure 6 and the gene expression analysis, it is reasonable to assume Gp44756 is the G. pectorale ortholog
of CrCel9D.
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Figure 8. Gene expression analysis of the three G. pectorale cellulases after growth for 14 days
under continuous light in the presence/absence of 0.1% (w/v) filter paper. Asterisks denote
statistically-significant values after Student’s f-test (* p-value < 0.05).

3. Materials and Methods

3.1. Computational Methods

The cellulase accession numbers are indicated in the phylogenetic tree. The sequences were taken
from [17], manually truncated to CDs, and enriched by blasting in the Metazome database (Available
online: https://metazome.jgi.doe.gov/pz/portal html#!search?show=BLAST). The physico-chemical
properties of algal cellulases were determined using the ProtParam tool (Available online: http:
/ /web.expasy.org/protparam/). Conserved domains and GH-family assignment were identified with
the MotifScan (Available online: http:/ /myhits.isb-sib.ch/cgi-bin/motif_scan) and ScanProsite [21]
algorithms. The pair-wise multiple alignment of algal cellulases for identifying conserved residues
and motifs were determined by using CLUSTAL-Q (Available online: http://www.ebi.ac.uk/
Tools/msa/clustalo/) [57]. The 3D homology models of the algal sequences comprising complete
sequences, as well as only CD regions, were generated with I-TASSER Suite (Available online:
http:/ /zhanglab.ccmb.med.umich.edu/I-TASSER/) [58] utilizing LOMETS, SPICKER, and TM-align.
The models were then refined using REMO by optimizing the backbone hydrogen-bonding networks
and FG-MD by removing the steric clashes and improving the torsion angles. Separate homology
models for Gp1468 and the spinach homolog were generated due to the presence of two CDs.
The residues implicated in substrate binding and activity were manually annotated using the 3D
structures of cellulase templates available in the PDBsum database (Available online: http:/ /www.ebi.
ac.uk/thornton-srv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=index.html) [59], CLUSTAL-Q),
and COACH/ COFACTOR tools within the I-TASSER Suite and published literature. The final
structures showing various domains, conserved regions, motifs, and active-site architecture (including
surface accessibility, blocks, clefts, and tunnels) were visualized by superimposing each model
on the T. fusca template (4TF4) in the presence of cellotetraose substrate from —1 to —4 subsites
and cellobiose from +1 to +2 subsites with DeepView Swiss-PdbViewer v4.1 (Available online:
http:/ /www.expasy.org/spdbv/) [60]. For the phylogenetic analysis, truncated CD and CBM
sequences (the sequences are given in Supplementary Figures S2 and S5) were aligned with Clustal-Q)
and the alignment submitted to PhyML [61] (available at http://phylogeny.lirmm.fr/phylo_cgi/one_
task.cgi?task_type=phyml) to obtain a maximum likelihood phylogenetic tree (100 bootstraps). The tree
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was visualized with iTOL-Interactive Tree of Life (Available online: http:/ /itol.embl.de/). Putative
CBMs in Cr, Gp, and Vc algae were analyzed using MotifScan and the CAZY database (Available
online: http:/ /www.cazy.org/Carbohydrate-Binding-Modules.html) by a manual search through all
83 families. For CBM analysis, the selected sequences from the CAZY database belonging to various
families were truncated to only CBM parts by subjecting these sequences to MotifScan (Available
online: https://myhits.isb-sib.ch/cgi-bin/motif_scan). Full sequences were used for standalone
CBMs, especially from the algae and for those sequences where CBM motifs were not identified.
The CBM sequences were aligned using CLUSTAL-() and subjected to the MEME tool (Available
online: http://meme-suite.org/tools/meme) for the discovery of novel motifs [62].

3.2. Growth of G. pectorale, RNA Extraction, cDNA Synthesis and RT-gPCR

G. pectorale (strain K3-F3—4, mating type minus, NIES-2863 obtained from the Microbial
Culture Collection at National Institute for Environmental Studies, Tsukuba, Japan; Available online:
http://mcc.nies.go.jp/) was grown under continuous light (1300 lux) in 50 mL of modified Bold’s
3N medium (UTEX, Austin, TX, USA) for 14 days in the presence/absence of autoclaved 0.1% w/v
Whatman Grade 1 filter paper (Merck, Darmstadt, Germany). Algae were centrifuged for 10 min at
15,000 g, the pellet immediately frozen in liquid nitrogen, and cells disrupted using sterilized 5 mm
stainless steel beads and a bead beater (Retsch MM400, Aartselaar, Belgium) set at 20 Hz for 2 min (the
holders were previously cooled with liquid nitrogen to avoid heating of the samples during disruption).
Total RNA was extracted using the Qiagen RNA extraction kit (Qiagen, Leusden, The Netherlands)
coupled to the on-column DNase I digestion. The RNA purity and quality were measured with a
Nanodrop ND-1000 (Thermo Scientific, Villebon-sur-Yvette, France) and a 2100 Bioanalyzer (Agilent,
Santa Clara, CA, USA), respectively. Two hundred nanograms of RNA were retrotranscribed into
cDNA with the ProtoScript II RTase (New England Biolabs, Leiden, The Netherlands) and random
primers, according to the manufacturer’s instructions.

The cDNA was diluted to 2 ng/pL and 2 uL. were used for the RT-qPCR analysis (final volume
of the reaction: 10 pL) in 384-wells plates. An automated liquid handling robot (epMotion 5073,
Eppendorf, Hamburg, Germany) was used to prepare the plates, which were run on a Viia™ 7
System (Thermo Scientific, Villebon-sur-Yvette, France). The TagMan Low ROX 2x Mix was used
(Takyon, Eurogentec, Seraing, Belgium). To ensure robust results, the TagMan chemistry was used to
evaluate Gonium cellulase relative expression (fluorescent dye and quencher used are FAM-TAMRA,
target-specific primers and probes are given in Supplementary Table S3). The expression of the Gonium
cellulases was calculated with gbase™ version 3.1 (Biogazelle, Zwijnaarde, Belgium; Available online:
www.gbaseplus.com) after normalization using the genes, rpl23 and eefl, that the program, geNorm™,
identified as the most stable. Normalized relative quantities were calculated according to [63], by
considering specific target PCR efficiency and multiple reference gene normalization. Here, four
candidate reference genes were validated for gene expression analysis, the eukaryotic translation
elongation factor, 1« eefl, rpl23, encoding the 60S ribosomal protein, L23, thpA coding for the TATA-box
binding protein and tubA1 coding for « tubulin. For statistical analysis, the normalized relative
quantities exported from gbase* were subjected to a Student’s -test, as implemented in Excel.

The primers used in this study are reported in Supplementary Table S3. Primers were
designed using Primer3Plus (Available online: http://www.bioinformatics.nl/cgi-bin/primer3plus/
primer3plus.cgi/) and further checked with the OligoAnalyzer 3.1 tool from Integrated DNA
technologies (Available online: http://eu.idtdna.com/calc/analyzer). Primer efficiencies were checked
via qPCR using 6 points of a serial five-fold dilution of cDNA starting at 20 ng.

4. Conclusions and Future Direction

This is the first report on the bioinformatics of algal family GH9 cellulases. The GH9
catalytic domains of algal cellulases form a distinct group, which is phylogenetically closer to
invertebrate metazoan than plant or bacterial homologs. All algal enzymes were found to be modular
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and analysis of the active-site architecture of the considered CDs indicates endoglucanase and mixed
exo/endo (processive endoglucanase) types of activities. It has been suggested that the lack of
pure cellobiohydrolases (exo-acting) in algae are compensated by the presence of many processive
endoglucanases, along with endocellulases, to produce a simple and efficient enzyme system for
the degradation of cellulose [4]. Except for Cr9C, all cellulase homologs have at least one putative
C-terminal novel cysteine-rich CBM. The presence of novel CBMs and PS-rich linkers, in combination
with CDs, indicate that the studied cellulases may have enhanced catalytic properties suitable for
the efficient degradation of cellulosic biomass. In this context, Gp51468 is of special interest as it
is composed of two CDs with exo/endo activities, two different linkers, and a single CBM. Future
work will involve cloning, purification, and crystallization of Gp51468 to fully understand its mode
of action, as well as growing it in the presence of different cellulosic substrates for the production of
valuable biochemicals.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/6/
1782/s1.
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Abstract: The Fasciclin 1 (FAS1) domain is an ancient structural motif in extracellular proteins present
in all kingdoms of life and particularly abundant in plants. The FAS1 domain accommodates multiple
interaction surfaces, enabling it to bind different ligands. The frequently observed tandem FAS1
arrangement might both positively and negatively regulate ligand binding. Additional protein
domains and post-translational modifications are partially conserved between different evolutionary
clades. Human FASI family members are associated with multiple aspects of health and disease.
At the cellular level, mammalian FAS] proteins are implicated in extracellular matrix structure, cell
to extracellular matrix and cell to cell adhesion, paracrine signaling, intracellular trafficking and
endocytosis. Mammalian FAS] proteins bind to the integrin family of receptors and to protein and
carbohydrate components of the extracellular matrix. FAS1 protein encoding plant genes exert effects
on cellulosic and non-cellulosic cell wall structure and cellular signaling but to establish the modes
of action for any plant FAS1 protein still requires biochemical experimentation. In fungi, eubacteria
and archaea, the differential presence of FAS1 proteins in closely related organisms and isolated
biochemical data suggest functions in pathogenicity and symbiosis. The inter-kingdom comparison
of FAS1 proteins suggests that molecular mechanisms mediating interactions between cells and their
environment may have evolved at the earliest known stages of evolution.

Keywords: arabinogalactan proteins; cellulose; pectin; matricellular proteins; SOS5; periostin; Mpb83

1. A Brief History of FAS1 Domain Proteins

The first FAS1 protein was identified in an insect model for central nervous system development,
the grasshopper Schistocerca americana. In order to identify cell surface molecules potentially involved
in the formation of axon bundles (fascicles), monoclonal antibodies (mAbs) recognizing cell surface
antigens on specific fascicles were characterized. One of these antibodies recognized a 70 kDa
glycoprotein named Fasciclin 1 (SaFasl (Appendix A)) [1]. The genes coding for grasshopper SaFas1
and Drosophila melanogaster DmFas1 were cloned soon afterwards [2] and a homologous fruit fly
gene called Midline fasciclin (DmMfas) was identified later [3]. In the fruit fly, a DmFas1 knockout
affected neuronal branching as well as synaptic function [4] and laser ablation of the grasshopper
ortholog SaFas1 led to disrupted cell adhesion of pioneer axons [5]. The crystal structure of DmFas1
provided the prototype for the structurally novel FAS1 domain [6]. In the meantime, molecular
techniques and sequence comparison tools revealed the widespread occurrence of homologous proteins
defined by the FAS1 domain (IPR000782; PF02469). The Homo sapiens genome encodes four FAS1
domain proteins named transforming growth factor-f induced protein (HsTgtbi), Periostin (HsPn),
Stabilin-1 (HsStab1) and Stabilin-2 (HsStab2). The HsTgfbi gene (Appendix B) was identified in human
adenocarcinoma cells as a transcript that was induced 20-fold by transforming growth factor-f3 [7].
Likewise, HsPn, was cloned based on its expression in an osteoblast cell line [8] and subsequently
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found to be enriched in the periosteum [9]. Finally, HsStab1 and HsStab2 were identified using two
different antibodies binding to a subpopulation of endothelial cells and to the hyaluronic acid (HA)
clearance receptor, respectively [10]. Due to their association with a multitude of clinical conditions,
human and mammalian FAS]1 proteins have been the focus of numerous detailed studies that are
instructive for a general understanding of FAS1 domain proteins. Unexpectedly for proteins associated
with cell adhesion, FAS1 domain proteins exist not only in animals but also in plants, fungi and
prokaryotes. The first plant FAS1 protein was discovered using antibody interference in the alga
Volvox carteri [11], a simple model for multi-cellularity consisting of just two cell types. When specific
mAbs raised against a crude membrane preparation were added to volvox cultures they inhibited
embryo development. The cognate protein was named algal cell adhesion molecule (CAM) based on
its apparent role in the formation of intercellular contacts during early embryogenesis. The existence
and physiological role of algal-CAM, which contains two FAS1 domains, raised the exciting possibility
of a cell adhesion mechanism conserved between animals and plants. In higher plants FAS1 domain
proteins were also identified by the biochemical and bioinformatic analysis of a group of highly
O-glycosylated hydroxyproline-rich glycoproteins called arabinogalactan-proteins (AGPs) [12,13].
The bioinformatic investigation of the Arabidopsis thaliana genome revealed the existence of many
fasciclin-like AGPs (FLAs) in plants [12-14]. At the same time a different investigation mapped one of
several Arabidopsis thaliana salt overly sensitive (sos) mutations to the Salt overly sensitive 5 (AtS0s5)
gene encoding the AtFla4 protein [15]. In a mutant screen in a crop plant, the rice locus Microspore
and tapetum regulator 1 (OsMtr1) was found to be required for male reproductive development
and to encode a tandem FAS1 glycoprotein [16]. In fungi, FAS1 proteins have been identified in
transcriptomics or proteomics studies in the Shiitake mushroom Lentinula edodes [17] and the rice
pathogen Magnaporthe oryzae [18], while in the fission yeast Schizosaccharomyces pombe the FAS1 domain
protein SpFscl was identified in a screen for autophagy related loci [19]. Apparently, FAS1 proteins
already existed before the evolution of eukaryotes. The best-known eubacterial FAS1 proteins are
Mpb70 and Mpb83, which were identified in Mycobacterium bovis culture filtrates [8,20-24]. Database
queries reveal FAS1 proteins in both eubacteria and archaea, suggesting the inception of the domain
preceded the existence of last universal common ancestor (LUCA) [25]. FASI proteins are often
implicated in the interaction between the cell and the extracellular matrix (ECM). Considering the
diversity of ECM architectures and compositions FAS1 domain proteins are surprisingly widespread
between different kingdoms of uni- and multicellular life. However, despite their seemingly boundless
presence throughout the tree of life, FAS1 proteins are not ubiquitous, especially in microbes whose
genomes rapidly adapt to differing life styles. This suggests that FAS1 domain proteins are not
essential for life per se but are suited for specialized cellular interactions that for some organisms
are not required. I will next describe what is known about the structure of the FAS1 domain itself
and discuss diverse additional structural features of FAS1 proteins in various kingdoms. This will be
followed by a review of the biological roles of mammalian and plant FAS1 domain proteins, including
the relationship of structure to function, which should help elucidate the mechanisms of FAS1 proteins
in plant development.

2. The Structure of the Fasciclin 1 Domain

2.1. The Fasciclin 1 Domain

The FAS1 domain extends to approximately 140 amino acids. Although sequence conservation
between different FAS1 proteins can be quite low, there exist two more highly conserved sequence
stretches of around 15 residues called H1 and H2 and a conserved central YH motif (Figure 1A).
Therefore, to identify FAS1 domain proteins in sequence databases, domain enhanced lookup time
accelerated BLAST (DELTA-BLAST) should be used [26]. Using X-ray crystallography and NMR
spectroscopy, several studies have elucidated the structures of isolated FAS1 domains or of entire FAS1
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proteins [27-33]. The FAS1 domain is globular and contains a central structural fold of two {3-sheets
oriented at an almost perpendicular angle, varyingly described as 3-wedge or 3-sandwich (Figure 1B).
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Figure 1. The FAS1 domain across kingdoms of life. (A) Delta-BLAST alignment of some FAS1 domains
mentioned in this article. Note the conservation of the N and C-proximal H1 and the H2 region as
well as the central YH motif. The sequences used by Delta-BLAST were HsTgfbi (NP_000349.1), HsPn
(g1 93138709), DsFas1 FAS1-3 (1070_A), Algal-CAM (gi 75282282), AtFLA11 (gi 116247778), AtFLA4
(g1 75206907), MbMpb83 (gi 614094354), and SmNex18 (gi 81635876). Red /blue indicates highly/not
conserved residues; color bits threshold set to 2.5; (B) The general topology of the FAS1 domain features
is reminiscent of the “thumbs-up” gesture. The secondary structure of HsTgfbi FAS1-1 is annotated
omitting the three N-terminal helices for clarity; (C) The crystal structure of HsTgfbi FAS1-1 [33] in
ribbon display.

In the human HsTgfbi structure, the first 3-sheet encompasses strands p1-p2-8-36/7 [33]
(Figure 1C). The two inner strands are oriented parallel and the two outer ones antiparallel. The second
[3-sheet consists of 33—-p4—p5. There are three x-helices at the N-terminus (not shown in Figure 1B),
three more (o4 to «6) between B1 and 2 and a less highly conserved o-helix (o) between 2 and 3.
The FAS1 domain (Figure 1B, redrawn from [25]) is a member of the “f-grasp fold” superfamily [25]
and may be imagined as a “thumbs-up” gesture of the right hand with the palm representing the first
(-sheet (light green in Figure 1B), the bent index, middle and ring fingers symbolizing the second
-sheet (dark green in Figure 1B) and the thumb and pinkie resembling a4 to a6 (light brown in
Figure 1B) and o’ (dark brown in Figure 1B), respectively. Among all FAS1 proteins, structure to
function relations have been most intensely studied for HsTgfbi (reviewed in [34]). Therefore, the
elucidation of the entire HsTgfbi crystal structure [33] could be seen as the “Rosetta stone” for a
better mechanistic understanding of the many biological roles of FAS1 proteins in different organisms
including plants. Several studies identified individual regions and amino acid residues on the four
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Tgfbi FAS1 domains that are critical for function. The main approach was to use in vitro cell adhesion
as a functional assay (Figure 2).

Figure 2. Cell adhesion assay. (A) On an uncoated or control-coated (red) plastic substrate, cell adhesion
is inefficient; (B) cells adhere rapidly when plastic is coated with an adhesion protein such as Tgfbi or
Pn (green); (C) to identify the receptor for the adhesion protein, integrin isotype specific antibodies
(red) are co-incubated; (D) mammalian FAS1 proteins are thought to bind to different types of dimeric
integrins (blue and yellow) that mediate mechanical contact between the cytoskeleton (grey) and the
ECM as well as transduce intracellular signals using numerous associated proteins (pink and nude).

Briefly, cells more efficiently adhere to surfaces coated with adhesion proteins such as Tgfbi than to
control-coated surfaces (Figure 2A,B). That this adhesion is dependent on the family of ECM receptors
called integrins can be tested by adding integrin antibodies that block the Tgfbi-stimulated cell adhesion
(Figure 2C). To identify sites on Tgfbi that might mediate cell adhesion, peptides corresponding to
conserved Tgfbi sequence motifs were added. For instance, the NKDIL and the EPDIM peptides that
are part of the FAS1-2 and the FAS1-4 (see following section) domains, respectively, both interfered
with Tgfbi stimulated cell adhesion. By contrast, the KADHH peptide in the corresponding region of
FAS1-1 had no effect [35]. In a study of a different cell type expressing a different integrin, the NKDIL
and EPDIM peptides did not interfere with adhesion but an 18-amino acid peptide that covered the
YH motif did [36]. A HsPn specific mAb identified a corresponding integrin interaction region on
FAS1-2 [37]. The cell adhesion assay is too crude to demonstrate direct binding between FAS1 proteins
and integrin; however, in combination with the crystal structure of HsTgfbi it showed that different
integrins interact with different surface regions of the FAS1 domains [33]. Although integrins are
not known in plants, given the complex biological roles of some FASI proteins of plants, this insight
should be valuable for the prediction of their molecular function.

2.2. Single and Tandem Fasciclin 1 Domains

While prokaryotic representatives typically contain a single FAS1 domain, many eukaryotic
family members contain two or more arranged in tandem (numbered FAS1-1, FAS1-2 etc. from N-
to C-terminus). The two insect family members Fasl and Mfas, and mammalian Tgfbi and Pn each
contain four FAS1 domains, while there are seven in the two mammalian stabilins (Figure 3).
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Figure 3. Domain organization and post translational modifications of six representative FAS1 proteins
discussed in this article. Proteins are shown with their N-termini on the left. As opposed to the
C-terminally attached GPI-anchors Mpb83 is acylated near its N-terminus. Note that the annotation
of AG II glycosylation is tentative and that the annotation of N-glycans is based on bioinformatic
predictions. Abbreviations used in this Figure, GPI: glycosylphosphoinositidyl; TM: transmembrane;
AG 1II: arabinogalactan type II; CROPT: Cysteine-Rich domain of Pn and TGFBIp; EGF: epidermal
growth factor; PAST: domain rich in Pro, Ala, Ser and Thr.

In plants, there exist both single FAS1 FLAs as well as family members with two domains in
tandem. FASI1 tandem proteins also exist in fungi, where dual and five-fold tandems have been
reported [18,19]. The tandem FAS1 domains structurally interact with each other, as was found in
a structure of DmFas1 domains FAS1-3 an FAS1-4 [27] and of whole HsTgfbi [33]. It was suggested
that the C-proximal domain in a tandem pair might bind to interaction partners such as integrins
while the N-proximal domains might compete with this binding acting either as negative regulators or
as safeguards against unwanted ligand binding [28]. A recent structure to function study of AtFla4
in Arabidopsis thaliana showed that the C-proximal FAS1 domain was necessary and sufficient for
genetic function [38]. By contrast, some studies showed cooperativity between all FAS1 domains [39].
To which degree the intramolecular interaction between neighboring FAS1 domains might affect the
intermolecular interaction with other binding partners in vivo remains an open question.

2.3. Membrane Association

Most FAS1 domain proteins contain additional structural features and post-translational
muodifications some of which are shared between phylogenetically distinct family members. Practically
all FAS] proteins have an N-terminal secretion peptide; however, the final localization is determined
by other signals. Mycobacterial Mpb83 is lipid-anchored to the plasma membrane by Cys acylation
of the LAGC motif close to the N-terminus [40,41]. In plants, most FAS1 proteins are anchored to the
outer sheet of the plasma membrane by a glycosylphosphoinositidyl (GPI) lipid anchor [14]. This
modification is attached to proteins in the endoplasmic reticulum in exchange of a C-terminal signal
peptide and exists in FAS1 proteins of plants, insects and fungi [17,18,42]. However, only one of the two
D. melanogaster FAS1 proteins, DmFas1, is GPI-anchored [43]. The two mammalian stabilins and SpFscl
from fission yeast are type 1 transmembrane proteins with cytosolic tails at their C-termini [10,19].
By contrast, Mpb70 from mycobacteria, mammalian Tgfbi and Pn, DmMfas and a group of FLAs are
soluble proteins without any membrane anchoring motif [14,34]. Hence most FAS1 proteins are either
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bound to the plasma membrane or are soluble. In case of Mpb83 both surface anchored and soluble
forms exist. Likewise, GPI-anchored proteins can be released from the plasma membrane by the action
of phospholipases. The GPI anchor is probably needed for efficient transport of GPI-anchored proteins
to the plasma membrane and potentially for their controlled release. In plants the GPI-anchor acts as a
sorting signal for plasmodesmata [44]. Whether in non-animal eukaryotes such as plants and fungi
that lack a cholesterol-rich plasma membrane, the GPI modification functions similar to animals to
sequester proteins into membrane microdomains is under debate [45].

2.4. Glycosylation

Secreted proteins are often glycosylated. This is also the case for many FAS1 proteins, but not for
all of them. For instance, although Mpb70 and Mpb83 share 75% sequence identity, but the latter is
O-glycosylated close to its N-terminus with three threonine-linked mannose residues [46]. Another
example is the N-linked glycosylation of four animal FAS1 proteins, mammalian Tgfbi and Pn and
insect Fas1 and Mfas that are similar in size and all have four FAS1 domains, however, they carry
zero, one, five and eight N-glycans, respectively. Likewise, in plant FAS1 proteins, N-glycosylation of
FAS1 domains ranges from two to eight N-glycans [14,16]. A distinguishing feature of FAS1 proteins
in plants is the presence of regions rich in proline, alanine, serine and threonine (PAST). Especially
sequences containing the repetitive pattern (P-A/S/T),, whose Pro residues are post-translationally
converted to Hyp and galactosylated are typical for AGPs [47]. Indeed, the first FLAs were identified
in precipitates obtained with (3-glucosyl Yariv reagent [12,13], which binds to (1—3) galactose chains
present on many AGPs [48,49]. However, the peptide patterns for O-glycosylation are not as precisely
defined as the N-X-T /S N-glycosylation motif [50], and biochemical identification of O-glycosylation
on defined proteins is not as straightforward as the molecular weight shift caused by enzymatic
removal of N-glycans. Hence one should be aware of potential discrepancies as to which FAS1 proteins
are indeed FLAs, e.g., Algal-CAM contains an extensive PAST-rich N-terminal region and so does
OsMtrl, and after removing N-glycans the apparent molecular weights of both proteins were larger
than expected for the apoprotein [11,16]. Therefore, both proteins might well be members of the FLA
family. By contrast, other FAS1 proteins such as the wheat locus named TaFLA9 lack any PAST-rich
regions [51] and might be wrongly annotated as FLAs. However, the AtFla4 protein is decorated with
AGP-like glycan epitopes despite the absence of canonical (P-A/S/T), repeats [38]. Clearly, the simple
presence or absence of PAST-rich regions is an inaccurate predictor for AGP-like O-glycosylation.
The O-glycans of FLAs and other AGPs are known as type II arabinogalactans (AG II). They consist
of Hyp-linked galactose that is the basis of a (1-3) B-linked galactan backbone with (1-6) 3-linked
galactose branches and kinks. AG II contains terminal modifications, mainly by L-arabinofuranose,
L-rhamnose, L-fucose, D-glucuronic acid, 4-methyl-D-glucuronic acid and D-xylose [52-54]. Although
pharmacological and genetic interference with AG II function has revealed many biological roles for
these carbohydrates [55,56], models of how AGPs function remain sparse. An AGP of low abundance
was shown to form a covalent link with both hemicellulose and pectin [57]. In fractionated cell walls,
AGP-associated carbohydrate epitopes are abundant in pectic and hemicellulosic fractions and some
are even present in the cellulose fraction [58]. Moreover, AGPs are self-adhesive in a calcium-dependent
fashion [59], and can bind to pectin via carboxyl—calcium ion bridges [60]. Such results indirectly
suggest that AG II-modified proteins FLAs might at least partially be linked to cell wall polysaccharides
via their O-glycans.

2.5. Additional Domains

For human FASI proteins, O-glycosylation has not been reported [43]; however, they contain
additional domains that expand their spectrum of molecular interactions. The N-terminal region
of mature HsTgfbi, HsPn and DsMfas folds into a structure called Cysteine-Rich domain of Pn and
TGEFBIp (CROPT) [33], that mediates the interaction with various forms of collagen, fibronectin and the
heterophilic binding between HsPn and HsTgfbi (reviewed in [43,61]). The human stabilins contain
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three dual FAS1 domain tandems and one isolated FAS1 domain, that each are separated by a varying
number of Epidermal Growth Factor (EGF) repeats and an X-link domain. These domains are thought
to be involved in phosphatidylserine and hyaluronic acid binding, respectively, but are not present
in FAS1 proteins other than mammalian stabilins [62,63]. The C-terminal domain (CTD) of HsTgfbi
contains the RGD motif that, although crucial for integrin binding of many adhesion proteins, is not
required for the adhesion stimulating properties of HsTgfbi [64,65]. However, the RGD motif might
modulate binding of HsTgfbi to specific integrins [39]. The CTD of HsPn, displays a high degree of
intrinsic disorder and is both differentially spliced [66] and proteolytically regulated [67]. Interestingly,
compared to full-length forms, HsPn forms lacking the CTD show relatively enhanced binding to ECM
proteins [68]. The extreme C-terminus is highly basic and is thought to bind to heparin. Differential
splicing and proteolysis might switch between forms of HsPn that more readily binds to HS and forms
that more strongly interact with matrix proteins [61,67]. Compared to vertebrates, differential splicing
is less frequent in plants; however, a great degree of regulatory fine-tuning might be provided by
differential gene expression of the large number of plant genes encoding FASI proteins.

2.6. Groups of Fasciclin 1 Proteins in Plants

Compared to other organisms, plants contain the greatest number of FAS1 protein encoding genes.
The majority of them are annotated as FLAs. The numbers of FLA encoding loci vary considerably
between different plant genomes such as cotton (17 and 19 loci in Gossypium barbadense and G. hirsutum,
respectively [69,70]), Eucalyptus grandis (18 [71]), Arabidopsis thaliana (21 [14]), Cannabis sativa (23 [72]),
Brassica rapa (33 [73]), wheat Triticum aestivum (34 [51]), rice Oryza sativa (27 [74]) and cottonwood
Populus trichocarpa (35 [75]). Apparently, diversity in this gene family varies even between closely
related species (e.g., between the two Gossypium species or between Arabidopsis thaliana and Brassica
rapa). An important step to understand the diversity of this complex gene family was sub-classification
according to the presence of one or two FAS1 domains, their sequence similarity, the presence of
GPI-anchors and the organization of PAST-regions [14]. Inclusion of FAS1 domain proteins that are
not yet annotated as AGPs, such as OsMtrl and Algal-CAM, might slightly enlarge the FLA family.
The present FLA sub-classification has four groups: group A members are GPI-anchored and contain a
single FAS1 domain flanked by two PAST-regions, group B are not GPI-anchored and sport a tandem
of two FAS1 domains separated by a PAST-region. Group C contains GPI-anchored, single and tandem
FAS1 proteins, with the single FAS1 domains phylogenetically closest to the N-proximal FAS1 domains
of that group. Moreover, group C has PAST regions inserted close to their C-termini and between FAS1
domains. Lastly, group D contains FLAs that are not closely related to any other group and might
represent separate branches of diversification.

3. Biological Aspects of FAS1 Domain Proteins across the Tree of Life

Human and Mammalian Fasciclin 1 Proteins

FAS1 proteins have been the subject of experimentation in a variety of species; however, by far
the most work has been published about the four human representatives [reviewed in [34,43,76-80]].
Particularly HsPn, HsTgfbi and HsStab2 have been implicated in a plethora of medically relevant
conditions ranging from normal development [76,81] to wound healing [77], bone regeneration [82,83]
and cancer [67]. A Medline search shows 624, 1229, 105 and 718 entries for Tgfbi, Pn, Stab1 and Stab2,
respectively (2 March 2018, Title/ Abstract, synonyms see Appendix B). A detailed medical discussion
is beyond the scope of this article; however, selected highlights are presented to provide a critical
viewpoint on the molecular function of FAS1 domain proteins in plants. Missense mutations in the
HsTgfbilocus are known to cause different types of corneal dystrophy [84]. In many cases of this disease,
mutated HsTgfbi forms aggregates in the corneal stroma. This is due to the thermal and pH instability
of the protein and to its high abundance in the cornea [85]; however, the condition might not help
us to understand HsTgfbi function. A complete Tgfbi gene knockout in mice caused neither corneal
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abnormalities nor any other major defects [86], suggesting compensation by other ECM molecules.
Although Pn knock-out mice showed that this locus is essential for normal osteogenesis and dental
development [87,88], the two closely-related P and Tgfbi loci function identically in many ways [43].
The most intriguing common property of mammalian FAS1 proteins is their interaction with the
integrin family of ECM receptors (Table 1). Hetero-dimeric integrins are expressed in a cell-type-specific
fashion and bind to many different ECM proteins such as fibronectin, laminin and fibrinogen. The
cell adhesion assay described above (Figure 2) suggests that FAS1 domains might bind to integrins;
however, to establish the mode of binding, alternative assays such as co-immunoprecipitation of
recombinant proteins and Foerster resonance energy transfer are required (Table 1).

Table 1. Mammalian Fasl proteins interact with integrin receptors.

Integrin Type TGFBI PN STAB-2
alpl [64] LA
a2p1 [89] CF
a3p1 [35] A,LP
[90] A1
[91] A1
ol [92]1
o5 [92]1
a5p1 [93] ALG
634 [94] AT [95]1
a7p1 [96] A1
avp3 [97] A,LP [100] A
[98] A1 [101]T
[99]1 CF [88]1
[102] A,D
[103] G
[104] T
[105] T
avp5 [106] A, LP [100] LA [107]C,T
[36] ALP [101]1
[102] A,D
[104] 1
B3 [108] G,A
aMp2 [65] A,CI [109] AT [110] LG

Assay type: G: genetic interference (siRNA, transfection, mutants & epistasis analysis etc.); A: cell adhesion (coating
of plastic surfaces); I: immuno-interference (e.g., anti-integrin antibodies inhibit PN mediated responses); P: peptide
interference (peptide of Fas1 domain interferes with integrin dependent binding); C: Co-IP (endogenous or added
recombinant Fas1 protein); F: immunofluorescence co-localization; D: DNA-aptamer inhibition; T: FRET.

The integrin complexes are hubs of mechano-chemical signaling and interact with the cytoskeleton
and with numerous signaling pathways including focal adhesion kinase (FAK), mitogen activated
protein kinase (MAPK), Target of rapamycin (mTOR), and 3-catenin that influence cell division and
migration, differentiation and programmed cell death [76]. FAS1 proteins not only bind and influence
integrins as a stationary component of the ECM but also act as mobile paracrine factors. An example
for the latter is the role of HsPn in glioblastoma. In this invasive brain cancer, glioblastoma stem cells
(GSCs) secrete HsPn that acts as chemoattractant for circulatory monocytes (MCs)—precursors of
macrophages (Figure 4A).
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Figure 4. Multiple roles of HsPn: (A) Circulatory monocytes (MC) are attracted by glioblastoma stem
cells (GSC) that secrete HsPn (dark green) to invade the site of the primary tumor and differentiate
into tumor associated macrophages (TAM); (B) GSC-secreted Pn via integrin av33 signaling triggers
the release of growth factors (GF) that establish a metastatic niche; (C) molecular interactions of Pn in
the ECM. Blue double arrows indicate binding of HsPn. Grey double arrows indicate binding of other
components. Green arrows indicate activating reactions: the metalloprotease Bone morphogenetic
protein Bmp-1 proteolytically activates Lysine oxidase 1 (Lox-1) in turn enhancing collagen crosslinking.

MCs are induced to invade the site of the primary tumor and to differentiate into tumor associated
macrophages (TAMs) by HsPn binding to MC-expressed integrin. In turn, TAMs secrete growth
factors that further stimulate cell division in GSCs generating a metastatic niche [105] (Figure 4B).
A similar model for Pn function has previously been proposed for other malignancies such as
cholonangiocarcinoma and renal carcinoma [93,104]. Both HsPn and HsTgfbi directly bind to several
ECM components and modulate the biosynthesis of the ECM proteins (Figure 4C). Owing to its
versatile binding properties, mammalian Tgfbi was previously known as collagen-associated protein
containing the RGD sequence (RGD-CAP) [111], while HsPn is known to bind to collagen and
fibronectin [61]. The latter interaction affects the correct secretion and deposition of these fibrous
proteins [112] and additional interactions facilitate the intramolecular crosslinking of collagen in
the ECM. Via its FAS1-1 and FAS1-3 domain Pn binds to Bone morphogenetic protein-1 (Bmp-1), a
metalloprotease that proteolytically activates lysine oxidase-1 (Lox-1), which, in turn, enhances collagen
crosslinking [113,114]. The peptide growth factor Bone morphogenetic protein-2 (Bmp-2) that is not
related to Bmp-1 also binds to Pn albeit at a different site [113]. The physiological role of this interaction
remains unknown. Another matrix protein interacting with Pn is tenascin-C that forms a remarkable
six-armed structure named hexabrachion and it was suggested that the link between tenascin-C and
collagen formed by Pn might adapt the ECM to mechanical stress [68]. While some of the ligands of
HsPn and HsTgfbi bind to the CROPT domain or the C-terminal domain, the interaction with integrin
occurs via FAS1 domains. In overview, the two secreted FAS1 proteins HsTgfbi and HsPn exemplify
how FAS1 domains accommodate a variety of protein—protein interactions enabling a single protein
to act both in ECM integration and in intercellular signaling. By contrast, the membrane anchored
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stabilins mostly act as receptors for self ligands and as cell—cell interaction signals. One of their
biological functions is in the removal of unwanted material from extracellular spaces and circulation
by professional scavenger cells. Despite their similarity at the domain and sequence level, HsStab1
and HsStab2 are associated with distinct ligands and processes. HsStab1 acts as an intracellular sorting
receptor as well as an endocytotic cell surface receptor for ligands such as acetylated low-density
lipoprotein (acLDL) [115], secreted protein acidic and rich in cysteine (SPARC) [116,117], placental
lactogen (PL) [118] and a chitinase-like protein called SI-CLP [119,120]. The FAS1-7 domain of HsStab1
binds to PL and SI-CLP while acLDL and SPARC interact with domains other than FAS1. HsStab1 can
guide its various ligands on the secretory route from the Golgi into the lysosomes after endocytosis and
through transcytosis (reviewed in [79]). HsStab2 binds ligands such as acLDL and advanced glycation
products as well as various glycosaminoglycans such as HA, chondroitin sulfate and dermatan sulfate
as well as the anticoagulant heparin and is required for the physiological clearance of these materials
from circulation [121]. The polysaccharides bind to the X-link domain on Stab2 [122]. Both HsStab1
and HsStab2 have also been implicated in the phagocytosis of unwanted cells [123]. With their EGF
domains, the stabilins recognize the “eat-me!” signal phosphatidylserine (PS) present at the surface
of apoptotic cells and aged erythrocytes. HsStab2 utilizes its FAS1 domain in this process to bind to
and cooperate with av5 integrin [107]. The interaction between HsStab2 and PS is important for
the fusion of uninucleate myoblasts during myofiber formation with PS functioning as a “fuse-me!”
signal [124,125]. Finally, the interaction of HsStab2 FAS1 domains with integrins mediated both
homotypic and heterotypic cell to cell adhesion [110,126]. In summary, each of the four human FAS1
proteins fulfils a variety of different biological functions. While secreted HsTgftbi and HsPn act in
cell-ECM adhesion, ECM structuring and intercellular signaling, the membrane-anchored HsStab1
and HsStab2 proteins act in endocytosis, intracellular trafficking and cell to cell recognition.

4. Biological Functions of Plant Fasciclin 1 Proteins

The varying gene numbers for FLAs in different plant species shows that gene duplication and
gene loss are common. On the one hand, this suggests that the large repertoire of FAS1 proteins might
be fine-tuned at the level of differential gene expression analogous to differential mRNA splicing
in vertebrates. On the other hand, gene redundancy makes the investigation of FLA function more
cumbersome. However, the non-redundant AtFlal, AtFla3, AtFla4, OsMtr1 and the pair of AtFlall and
-12 provide a glimpse of the role of FAS1 proteins in plants.

4.1. The AtFla4 AtFei Pathway

A mutant screen in Arabidopsis thaliana that discovered several key regulators of salt stress
response [127] also identified a mutant that carried a missense mutation in the AtFla4 locus [15]
often called atsos5 and here referred to as atfla4 for consistency. In atfla4 root elongation was almost
completely stalled after transfer to growth media containing moderate levels of NaCl and the mutant
root developed a characteristic radially swollen tip. Likewise, elevated levels of sucrose induced this
phenotype in atfla4 [128], which is reminiscent of many conditional mutants defective in cell wall
polysaccharide biosynthesis [129]. Although conditional root swelling is the most dramatic aspect of
the atfla4 phenotype, the mutant’s abnormally thickened hypocotyls and inflorescence stems, its fat
roots under salt-free conditions, larger leaves, shorter siliques and its abnormal seed coat mucilage
indicate that AtFla4 acts non-conditionally throughout the plant [15,128,130-134]. Cell walls in atfla4
roots were shown to lack the pectin-rich middle lamella that is essential for intercellular adhesion,
suggesting a potential function of AtFla4 in pectin biosynthesis or structure [15]. However, double
knockouts in the two similar leucine-rich receptor-like kinases (LRR-RLKSs) AtFeil and AtFei2 were not
only phenotypically identical to atfla4 but also non-additively interacted with it [128]. This suggested
that AtFla4 and the two AtFei loci act in a linear genetic pathway. The atfeil atfei2 double mutants
were hypersensitive to cellulose biosynthesis inhibition and showed a decrease in crystalline cellulose
production under restrictive conditions. As these phenotypic features were reminiscent of cellulose
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biosynthetic mutants it was proposed that the Fei-RLKSs and by association AtFla4, might function in
the biosynthesis of this important polymer [128]. The phenotype of both atfla4 and atfeil atfei2 was
modulated by variety of growth regulators. Firstly, the atfeil atfei2 root phenotype was suppressed
by inhibition of the biosynthesis and oxidation of ACC but not of the perception and signaling of its
product ethylene [128]. This suggested that, in line with AtFla4, the AtFei loci might negatively regulate
a novel ethylene-independent ACC signaling pathway that is activated by cell wall defects [135]. Both
AtFei proteins interacted with ACC synthase in yeast two hybrid assays but did not phosphorylate
them in vitro [128]. Secondly, abscisic acid (ABA) signaling acted synergistically with AtFla4 to regulate
root elongation and abiotic stress response as the atfla4 phenotype was suppressed by exogenous ABA
and by ABA-oversensitive mutants and a atfla4-like phenotype was induced by ABA inhibition [130].
Interestingly, AtFla4 did not interact with two NADPH respiratory burst oxidases that are required
for stress responses triggered by cellulose synthase inhibition [136,137]. Finally, both the atfeil atfei2
double and the atfla4 single mutants non-additively interacted with the IAA-alanine resistant 4 (Atlar4)
locus [138]. These studies implicate the AtFla4 AtFei pathway with a variety of intracellular signaling
pathways; however, they do not provide a model for the relation between the cell wall and AtFla4.
Insights into this problem were stimulated by the characterization of the seed coat mucilage phenotype
of atfla4 and atfei2. During seed maturation, pectic mucilage polymers are secreted into a pocket
between the plasma membrane and the primary cell wall. Upon hydration of the mature seed the
mucilage polymers rapidly swell and rupture the primary walls. However, the mucilage normally
adheres to the ruptured primary cell wall [139]. There exist numerous mutants affected in aspects of
seed coat mucilage biosynthesis and maturation. They are instructive models for cell wall biosynthesis
throughout the plant [140]. Because in affla4 and atfei2 mutants and in the cellulose synthase mutant
atcesAb seed coat mucilage adhesion was found to be defective it was initially suggested that AtFla4
and AtFei2 might act in cellulose biosynthesis [131,132]. However, the subsequent comparative analysis
of atfla4, atfei2, atcesA5 and other mucilage adherence mutants showed distinct roles of AtFla4 and
AtFei2 on the one hand and AtCesA5 on the other hand [133,134]. Rather than influencing cellulose or
hemicellulose structure, AtFla4 acted on the pectin network, which was clearly distinct from the genetic
actions of AtCesA5 and of the xylan biosynthetic locus Mucilage-modified5 (AtMumb5) [133,141,142].
In contrast to mutants in the latter genes, atfla4 non-additively interacted with two pectin-related loci.
Firstly, Mucilage-modified2 (AtMum2) encodes a B-galactosidase acting on galactan side chains of
pectic rhamnogalacturonan type I (RG I) and its loss of function prevents the extrusion of mucilage
upon hydration [143]. The extrusion defect of atmum2 was suppressed in the atfla4 atmum?2 double
mutant [133]. Secondly, Flying saucer 1 (AtFly1) encodes a transmembrane E3 ubiquitin ligase thought
to regulate the degree of pectin methyl esterification. Loss of AtFly1 function led to ectopic adhesion
between primary cell walls and mucilage [144] and atfla4 suppressed this phenotype [133,134]. A
possible explanation for these observations is that AtFla4 might physically interact with galactan side
chains on rhamnogalacturonan type I (RGI) pectin structures that are normally remodeled by the
[-galactosidase encoded by AtMum?2, to control timely mucilage maturation and adherence. This
hypothesis is consistent with the localization of AtFla4 in the mucilage pocket during seed coat
development [133,134]. How does AtFei2 fit into this scenario, and can the characterization of the
seed coat mucilage phenotype be extrapolated to the whole plant? In the case of seed coat mucilage,
AtFei2 might attach AtFla4 to the plasma membrane and thereby contribute to the architecture of
the network—an entirely structural explanation. However, it cannot be ruled out that the interaction
between the hypothetical AtFla4-pectin matrix and AtFei2 might also convey signals to the cell
interior [133,134]. While AtFla4 localized to the developing mucilage pocket and the adjacent plasma
membrane of seed coat epidermal cells, AtFlal0 and AtFlal7 but not AtFla4 were identified in a
proteome of mature mucilage [145]. Whatever the biological function of these FLAs in mature mucilage,
due to the atfla4 single mutant phenotype they apparently are not functionally equivalent to AtFla4. It
is unclear whether the mode of action of AtFla4 in seed coat mucilage is identical to its mechanism
throughout the plant; however, the overlapping genetic role with the AtFei genes in both tissues
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suggests a common mechanism. The AtFla4 protein might interact with various cellular components.
It was hypothesized that AtFla4 might bind to the AtFei RLKs [128,146]. The localization of the
majority of yellow fluorescent protein-tagged AtFla4 at the plasma membrane is compatible with this
possibility [38]. However, AtFla4 was also released into the apoplast, where it might interact with
cell wall carbohydrates [38,133]. The interaction of AtFla4 with cell wall polysaccharides remains
to be investigated; however, both covalent and non-covalent interactions between pectic polymers
and AG II glycan have previously been demonstrated (see above). In fact, it was shown that protein
O-galactosylation is required for the function of AtFlad. Several galactosyl transferases (GALTs)
mediate the initial glycosylation of hydroxyl proline residues of AGPs. Two of them called AtGalt2 and
AtGalt5 together are responsible for the biosynthesis of the bulk of AGPs and their mutation caused a
root and seed phenotype identical to atfla4 [147]. Intriguingly, the phenotypes of atgalt2 atgalt5 atfla4
atfeil atfei2 quintuple and the atfla4 atfeil atfei2 triple mutants were identical [146]. It was hypothesized
that AtFla4 might physically interact with the Fei RLKs via its O-glycans. This hypothesis was
seemingly contradicted by a structure to function study where the deletion of potential O-glycosylation
sites on AtFla4 did not interfere with genetic complementation of atfla4 [38]. However, the AtFla4 level
in the transgenic plants might have been higher than normal or cryptic O-glycosylation sites might
still have been present. How AtFla4 and AtFei interact and if O-linked glycosylation plays a direct or
indirect role for AtFla4 and AtFei function remains to be tested. Taken together, AtFla4 is a unique
genetic paradigm for FAS1 domain proteins in plants. A speculative model (Figure 5) combined from
previous studies proposes that after its release from the plasma membrane and via its O-glycan AtFla4
possibly interacts with pectic polymers and contributes to biophysical properties such as swelling and
interpolymer connectivity.

Figure 5. Hypothetical roles of AtFla4 in cell wall structure and signaling. AtFla4 might interact with
the pectic network with covalent or non-covalent interactions of its glycans (yellow discs and green
stars: O-glycans which are yet to be precisely defined, N-glycans are omitted). It might mechanically
link pectin with AtFeil and AtFei2 receptor kinases and the plasma membrane. The signals transduced
by the receptor kinases might involve ACC synthase (ACS) and Abcisic Acid Insensitive 1 (ABI1). How
signaling connects the kinases with cellulose synthase (CesA) and pectin biosyn thesis is unclear.

In parallel AtFla4 might also interact with AtFeil and AtFei2 via its FAS1 domain to link pectin
with AtFeil and -2 and indirectly to ACC synthase. The access of the C-terminal Fasl domain to
the AtFei receptor domain might be modulated by the interaction to the cell wall. Under standard
conditions relatively firm binding of AtFla4 to AtFei might suppress ACS. Under cell wall stress
conditions binding of AtFla4 to AtFei might be reduced and the ACS suppression by AtFei might be
relaxed leading to ACC production and decreased cellulose production and other responses. However,
any postulated physical interactions of AtFla4 remain to be demonstrated.
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4.2. A Conserved Function of AtFlall and AtFlal2 in Secondary Cell Walls

One of the functionally and economically most interesting aspects of some FLAs is their role
for secondary cell wall formation and structure. Secondary cell walls are by far the most abundant
re-growing fiber and energy feedstock on this planet and its major constituents—cellulose, xylans
and lignin—are among the most abundant biopolymers. Their sustainable and socially compatible
production is thought crucial in the global transition to a carbon neutral economy. AtFlal1l and AtFlal2
(group A; [14]) and their orthologs (Appendix C) from diverse fiber crops and model plants were
noted in Arabidopsis thaliana for their expression during the secondary thickening of stems [148], their
co-expression with secondary cell-wall-specific cellulose synthase loci [149] and their expression in
sclerenchyma cells [150]. A correlative and causative association of AtFlal1l and AtFlal2 orthologs
with secondary cell wall biosynthesis has been observed in many plant species. The Zinnia elegans
ZeFlall gene was found to be expressed in trans-differentiating cell cultures and in a specific subset of
secondary cell wall forming vessel cells and adjacent parenchyma cells [151]. AtFla11 and -12 orthologs
from poplar, eucalyptus and willow were highly expressed in tension wood (TW), a reaction wood
forming at the upper side of branches and stems growing sideways. TW consists of almost pure
cellulose deposited in the gelatinous secondary cell wall layer (G-layer) in elongated G-fiber cells
and shows a characteristically low-cellulose microfibril angle (MFA, with respect to the growth axis),
which entails superior tensile strength [152-154]. The three AtFla11/12 eucalyptus orthologs EgFlal,
-2 and -3 were highly expressed in stems correlating with secondary cell wall formation [71]. Also in
flax and hemp AtFla11/12 orthologs were highly expressed in fiber forming tissues [72,155]. A cotton
AtFla12 ortholog was expressed at a higher level and for a longer time period in Gossypum barbadense
compared to G. hirsutum correlating with greater fiber strength and length of the former [69]. Hence,
AtFlall orthologs might be natural genetic determinants for fiber crops. So, throughout the higher
plants, AtFla11/12 and their orthologs correlate with secondary cell wall formation, specifically the
deposition of cellulose microfibrils aligned along the axis of mechanical stress. What is the role of
FLAs in this process?

In Arabidopsis thaliana there exists a genetic redundancy between AtFlall and -12; however, the
atflal1 atfla1l2 double mutant was affected in the mechanical properties of its secondary cell-wall-rich
stems [156]. In atflal1 atflal2 tensile strength and stiffness were reduced and MFA was increased.
Moreover, the chemical composition and cell wall structure showed a reduction of galactose, arabinose
and cellulose and a concomitant increase in lignin content. The authors speculated that the FLAs via
their FAS1 domains might form a heteromeric higher-order network strengthening the interaction
between cellulose microfibrils [156]. The most highly expressed hybrid aspen locus called PtFLA6 was
silenced with antisense RNA. This also reduced the transcript level of many other PtFla genes [157,158].
Although no apparent morphological phenotype was observed, the PtFla6 knockdown resulted in
reduced flexural strength and stiffness in stems of transgenic plants. Moreover, the content of AGPs,
cellulose and lignin was reduced alongside a reduction of transcript levels for numerous genes involved
in cellulose and lignin formation [157]. When TW formation was stimulated in the PtFla6 knockdown
plant, the relative frequency of abnormal G-fibers increased, but no other changes were observed [158].
Taken together, the complex response to PtFla6 interference is more compatible with a regulatory role
than it is with a direct structural role in the cellulose layer. In Eucalyptus grandis, EgFlal, -2 and -3
were experimentally overexpressed in cambial sectors or in whole tobacco plants [71]. Despite their
sequence similarity, each transgene exerted a specific effect on phenotypic parameters such as MFA,
cell wall thickness, cell wall composition and xylem cell type specification. This meant that structurally
even very similar AtFla11/12 orthologs exerted different effects in the same cellular context [71]. The
function of AtFla11/12 orthologs has also been investigated during cotton fiber formation. In this
system, trichome cells are initiated at the outer integument of the ovule during anthesis (2 d before to 5
d after anthesis; dpa). Then the trichomes undergo a period of rapid cell elongation (320 dpa), which
is followed by secondary wall formation (1640 dpa) and maturation (40-60 dpa). Hence, each cotton
fiber is a single trichome cell made up of almost pure cellulose [159]. Its formation is the result of
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three distinct developmental processes: (1) specification and initiation, (2) expansion and (3) cell wall
thickening and maturation. Two AtFla11/12 orthologs in the cotton species Gossypium hirsutum named
GhAgp4 (Appendix D) and GhFlal were suppressed using RNAIi [159,160]. GhFlal was specifically
expressed in elongating fibers with peak expression at 10 dpa [70] and indeed, fibers of RNAi lines were
much shorter than controls [159]. However, GhFlal RNAi suppression also resulted in delayed and
reduced trichome initiation and, moreover, resulted in decreased RNA levels of other fiber-expressed
FLAs and of numerous genes implicated with cell wall biosynthesis. The complex alterations at the
transcript level correlated with alterations in cell wall composition including decreased cellulose
formation. By contrast, the overexpression of GhFlal resulted in increased initiation and elongation of
cotton fibers as well as upregulation of other FLAs and cell wall biosynthetic loci and in an increased
cellulose content [159]. These data confirmed and extended a previous study where the GEAGP4 locus
was silenced by RNAi. Like the GhFlal silencing, this reduced fiber initiation, elongation and quality,
and affected the level of transcripts related to cell wall biosynthesis [160]. The observations made
in cotton are difficult to reconcile with a biomechanical role of GhFlal and GhAgp4 as an adhesive
between secondary cell wall cellulose microfibrils because not only secondary cell walls were affected
by the interference but also the fundamentally different processes of initiation and elongation that
happen before. The apparent involvement of these genes in all three phases of fiber formation and
their control of mRNA levels for an entire battery of other genes rather suggests that this class of
FAS1 proteins fulfils a role in developmental control comparable to a peptide hormone such as the
proteoglycan xylogen [161].

What do we know about possible molecular interactors and subcellular localization of
AtFlal1/AtFlal2 orthologs? Intriguingly, cotton orthologs of AtFla7 and AtFlall were co-precipitated
with active secondary cellulose synthase GhCesA8 that was effectively extracted by inclusion of cellulase
in the extraction buffer [162]. This supports the hypothesis that group A FLAs physically interact with
the cellulose synthase complex. This hypothesis offers an attractive explanation for co-expression
between group A FLAs and secondary cell wall formation related genes and for changes in MFA and
mechanical properties in group A FLA loss of function genotypes. If one assumes that nascent cellulose
fibers in combination with cellulose synthase are both bound by FLAs, this model could also explain
the localization of PtFLA6 in secondary cell walls [157,158]. However, this model offers no simple
explanation for the observation that the transcriptional program of secondary cell wall formation as
well as cellular differentiation was heavily influenced by the experimental manipulation of FLAs [157],
or for the many effects of FLA overexpression. This problem might be solved with a role of FLAs
in signaling. So far, there has been one report that suggested that a RLK might physically interact
with FLAs. A pull-down experiment using the Arabidopsis thaliana sucrose-induced receptor kinase
(AtSirkl) as bait identified AtFla8 and AtFla9 among the 16 interaction partners. Interestingly, among
several potential substrates of AtSirkl, there was the primary cell wall specific cellulose synthase
catalytic subunit 3 (AtCesA3) [163]. At present, there is no genetic evidence linking AtFla8 and AtFla9
with primary cell wall cellulose synthesis; however, the evidence for their physical interaction with an
RLK that acts on cellulose synthase offers an interesting alternative mechanism for how FLAs might
influence cell wall biosynthesis. Using their potential to interact with multiple binding partners they
might combine receptor kinases with substrates such as cellulose synthase. Taken together, several
modes of action can be envisaged for AtFla11/12 and its orthologs (Figure 6).

Firstly, AtFlal1/12 might be directly secreted to the cell wall and bind to polymers and cross-link
them. Secondly these FAS1 proteins might act as extracellular signals or be part of a receptor complex
to influence transcriptional events downstream. Thirdly, they might augment cellulose deposition
by acting as a physical part of the cellulose synthase machinery. Fourth, by interacting with both
cellulose synthase and receptor kinase they might facilitate or modulate post-translational regulation
of cellulose biosynthesis (Figure 6).
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Figure 6. Putative role of AtFlall, AtFlal2 and their orthologs in secondary cell wall formation. Firstly
they might act as secreted structural proteins in secondary cell walls binding to cellulose or other
glycans. Secondly, they might be part of outside—in signaling, in connection with an unknown receptor
that leads to complex changes of gene expression. Thirdly, they might bind to cellulose synthase (CesA)
and directly influence or stabilize its action. Finally, they might act as adaptors between CesA and
receptor kinases to modulate CesA phosphorylation.

4.3. A Cascade of FLAs Acts in Male Gametophyte Development

The FASI1 proteins encoded by the AtFla3 and the OsMtr1 genes, respectively, are required for
male gametophyte development; however, the mRNA pattern in Arabidopsis thaliana suggests that
several FLAs might sequentially act in this process (Figure 7).

lapgtum
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Figure 7. FAS1 proteins act sequentially in male gametophyte development: (A) OsMtr1 acts in early
stage of tapetum development. It is specifically expressed and secreted in microspore cells (MS) and
influences the development of tapetum cells; (B) AtFla3 acts at the late stage of the formation of the
cellulose- and pectin-rich intine layer of pollen cell walls; (C) RNA-Seq data of Arabidopsis thaliana
at different floral stages [164,165] show that six FAS1 genes are specifically expressed in anthers at
different stages of floral development. f1 indicates the first open flower. The expression patterns of
AtFla20 that might be the ortholog of OsMtr1 and of AtFla3 are consistent with roles in early and late
pollen development, respectively.
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No functional pollen was found in the rice microspore and tapetum regulator 1 (osmtrl)
mutant [16]. OsMtr] expression was specifically detected in early microspore development during
meiosis and tetrad formation and during the release of young microspores (Figure 7A). However,
despite OsMtr1 never being expressed in the tapetum, a nutritive maternal tissue that surrounds
microspores, the osmtrl mutation dramatically affected tapetum development. This suggested that
OsMtr1 might act non-cell autonomously. The osmtrl mutant tapetum failed to undergo programmed
cell death, which normally supports pollen wall formation in developing microspores. Tetrads formed
normally in osmtrl yet, mutant microspores showed defective development as soon as they were
released possibly due to the lack of cell wall material contributed by the adjacent tapetum. The
localization of OsMtr1 in the microspores and the extracellular space between them and the tapetum
suggested that OsMtrl might act as a secreted signal to coordinate microspore development with
tapetum degeneration (Figure 7A). Molecular interactors such as a hypothetical OsMtr1 receptor on
tapetum cells remain to be identified [16]. The expression of AtFla3 in pollen during anthesis and pollen
germination combined with the high level of expression in anthers is unique among all FLAs and
AtFla3 function was investigated using RNAi and overexpression [166]. The AtFla3 RNAI lines were
partially male-sterile due to a reduced ability to form functional microspores. Histological analysis
showed that AtFla3 RNAI affected the formation of intine, the innermost layer of the pollen wall,
which consists mainly of cellulose and pectin. The earliest time point at which intine abnormalities
were observed was the late uninucleate stage, suggesting that AtFla3 might act in the formation of
intine in microspore development. Abnormal AtFla3 RNAi pollen showed defective cellulose staining,
suggesting that AtFlaA3 was required for cellulose deposition in the intine layer. More detailed analyses
are required to test whether any other cell wall polymers are affected and if full loss of function of
the AtFla3 locus causes a more complete defect of pollen function. During Arabidopsis thaliana floral
development at least six FAS1 domain loci are specifically expressed in anthers during separate
developmental stages [164,165]. Like its closest rice homologue OsMtr1, AtFla20 is expressed at an
early stage, where it overlaps with AtFLA21 and At5¢16920—an FAS]1 protein not annotated as FLA
(Figure 7C). The mRNA levels of AtFla14 and AtFla5 sequentially peak at intermediate stages and AtFla3
is expressed immediately before and during flower opening (anthesis) in mature and germinating
pollen, as previously reported [166]. How most of these FAS1 domain proteins are involved in normal
pollen wall formation remains to be investigated. Nonetheless, their expression pattern during pollen
formation appears to reflect the complex development and composition of the pollen wall.

4.4. Plant FAS1 Proteins Have Many Potential Functions

Several other FLAs are known to perform at least partially non-redundant genetic roles. Firstly,
the loss of function mutation of AtFlal caused a phenotype in the growth regulator induced formation
of shoots and roots from the callus [167]. Two alleles in two different wild-type backgrounds were
isolated and the wild-type background on its own not only had a dramatic influence on callus derived
organ formation but it essentially inverted the genetic effect of AtFlal on the process. By contrast, the
negative effect of the AtFlal locus on root length and lateral root number was constant between the
two tested wild-type backgrounds. It is presently unclear how AtFlal might influence organ formation
but initial promoter studies showed expression of AtFlal early during the formation of organized
tissue from callus. The protein might therefore be required for pattern formation [167]. Secondly, in
a gene-editing study in the non-model plant Brassica carinata, BcFlal, a group A FLA that is more
similar to AtFla13 than to AtFlall, was implicated in root hair growth, where tip-focused deposition of
primary cell wall materials occurs [168]. In a third example, in maize the expression level of group A
ZmFla genes was inversely correlated with seed abortion. Consistently, two different mutations in the
group A AtFla9 locus that showed abnormally low and high AtFla9 RNA levels displayed increased
and decreased seed abortion, respectively [169]. Lastly, a comparative study of 30 different wheat
(Triticum aestivum) varieties found an association between the expression of a FAS1 protein and grain
milling properties [170]. According to this report, the locus TaFla8 [51] coding for a FAS1 domain
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that does not contain any PAST-rich domains, is specifically expressed in grain. Interestingly, its level
was relatively low in varieties displaying beneficial milling properties compared to varieties scoring
poorly with respect to milling efficiency. Hence, human selection of wheat varieties with improved
milling properties might have inadvertently reduced the basal expression level of TaFla8, which might
normally strengthen cell walls.

5. Fungal FAS1 Proteins

In a screen for genes specifically expressed in fruiting bodies of the Shiitake mushroom
Lentinula edodes the LeFlp1 locus coding for a GPI-anchored single FAS1 domain protein was identified
and its specific expression during fruiting body formation suggested a developmental role [17]. In
another study the MoFIp1 locus of the rice blast fungus Magnaporthe oryzae was shown to encode a
GPI-anchored vacuolar tandem FASI protein [18]. Its disruption caused defects in the formation
of conidia, which, according to the authors, hinted at a potential role of MoFIpl in autophagy.
Interestingly, the fission yeast Schizosaccharomyces pombe FAS1 domain protein SpFscl was identified
in a genetic screen for autophagy-related loci [19]. SpFsc1 consists of five FAS1 domains in tandem
and a transmembrane domain. The protein was detected in the vacuolar membrane and was shown
to specifically act in a late step in autophagy, the fusion between the phagosomes with the vacuolar
membrane. The mechanistic details including the role of the FAS1 domains in this process remain to be
elucidated. In summary, studies on FAS1 domain proteins in fungi are sparse; however, they provide a
stimulating variation of the hypothetical modes of action of this protein family.

6. Bacterial FAS1 Proteins

The most thoroughly studied eubacterial FAS1 proteins are the homologues Mpb70 and Mpb83
from Mycobacterium (reviewed in [171]). In various genomes of obligate pathogenic, opportunistic
and non-pathogenic mycobacteria [172], both non-pathogenic and pathogenic species contained
Mpb70/Mpb83 homologues, while the genomes of opportunistic mycobacteria did not. This suggests
a relation of Mpb70/Mpb83 to mycobacterial lifestyle and pathogenesis. While Mpb83 /Mpb70 was
hypothesized to undergo “homophilic” interactions with mammalian Pn thereby interfering with cell
adhesion in bones [171] this idea is not compatible with the secreted nature of Pn and is derived from
cell aggregation data [8,173], which could have alternative explanations. Moreover, no intermolecular
interactions between Fasl domains have been reported. However, both host cell to ECM adhesion
and host cell to mycobacterium adhesion might be modulated by binding of Mpb70/Mpb83 to
molecules presented at the host cell surface. Indeed, Mpb83 was demonstrated to bind to Toll-like
receptors 1 and -2 (HsTIr1 and -2), two LRR-RLKs present on human monocytes [41]. The binding
of recombinant Mpb83 to HsTIr2 triggered mitogen activated protein kinase (MAPK) signaling and
as a consequence induced the production of matrix metalloprotease-9 (MMP-9) and cytokines [174].
The direct interaction between Tlr2 and Mpb83, as shown by surface plasmon resonance [41], is an
intriguing finding, given the presence of more than 200 LRR-RLKSs in plant genomes [175]. A role of
bacterial FAS1 proteins in the interaction between bacteria and their eukaryotic hosts is also observed
in symbiotic communities. In the first example, the FAS1 protein SmNex18 (locus SMa1077) of the
nitrogen-fixing legume symbiont Sinorhizobium meliloti was shown to be expressed specifically during
nodulation, the initial stage of symbiosis between bacterium and plant [176,177]. Secondly, a FAS1
protein was found in Nostonoc cyanobacteria that form symbiotic bacterial-fungal communities called
lichen. Nostonoc punctiforme isolates living in lichen highly expressed an unnamed FAS] protein (locus
ACCB81089) that was only a minor compound in a closely related free living strain [178]. Moreover,
FAS1 proteins featured prominently in the metaproteome of phyllospheric (i.e., plant leaf dwelling)
bacteria [179] but were absent from rhizospheric (root-dwelling) bacteria [180]. Likewise, while present
in many different genera of archaea, the FAS1 domain is not necessarily ubiquitous within the same
genus. To give an example, among the 13 completely sequenced Methanobacterium isolates, only M.
paludis isolated from peatland contained FAS1 domain protein sequences [181]. On the one hand, such
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circumstantial observations support the hypothesis that FAS1 proteins are important for the interaction
between prokaryotic colonizers and eukaryotic hosts; on the other hand, they also show that FAS1
proteins are not essential.

7. Concluding Remarks

Can we define a common denominator for the function of FAS1 proteins? The characterization of
HsTgfbi structure and function demonstrates the versatility of the FAS1 domain in binding multiple
ligands, which might be a conserved feature. The frequent assumption that FAS1 proteins are involved
in “cell adhesion,” however, is more context-dependent. It is derived from insightful experiments
performed with animal cell cultures; however, it might be misleading for “hard-shelled” cells such as
bacteria, fungi and plants that usually adhere to their ECM as a result of turgor pressure and build
up adhesive materials such as pectin. By contrast, the designation of Tgfbi and Pn as matricellular
proteins, defined as non-structural ECM-components that interact with cell surface receptors as
mediators between the cell and its microenvironment [77,182], seems a more productive concept for
approaching the common function of FAS1 proteins in all kingdoms of life including plants. The crucial
challenge for future work on plant FAS1 proteins will be the identification of molecular interactors
both of the FAS1 domain and of their abundant but enigmatic glycan modifications.

Funding: This research was funded by the Austrian Science Fund FWF (Grant number 11182-B22).

Conflicts of Interest: The author declares no conflict of interest.

Appendix A

Since many genes and proteins from different organisms are discussed in this review, I adopted
universal nomenclature rules according to a highly popular textbook [183]. Gene symbols are written
in italics, with the first letter in uppercase indicating a wild-type allele and in lowercase indicating a
mutant allele. Proteins are written in non-italics. If the text relates to genes or proteins from a certain
species, a two-letter prefix (Hs for Homo sapiens, At for Arabidopsis thaliana etc.) is used.

Appendix B

Because many human proteins were independently discovered several times, and maybe also for
asserting the status of discovery, there is an abundance of synonyms. Tgfbi is also known as p3-ig H3,
BIG, BIGHS3, kerato-epithelin, RGD-CAP and MP78/70. Pn is synonymous with Osteoblast specific
factor-2 (Osf-2). Stabl has also been named Common lymphatic endothelial and vascular endothelial
receptor-1 (Clever-1) and FEEL-1 is an acronym for fasciclin, EGF-like, laminin-type EGF-like, and link
domain-containing scavenger receptor-1. Frequent Stab2 synonyms are lymphatic vessel endothelial
hyaluronan receptor-1 (LYVE-1) and hyaluronic acid receptor (HARE).

Appendix C

The term “AtFla11/12 ortholog” is here used to designate FLAs from other plant species that are
more similar in protein sequence to AtFlall or AtFlal2 than to any other Arabidopsis thaliana protein.

Appendix D

The nomenclature in the cotton literature is somewhat confusing. Some FLAs are named AGPs
and GhFlal refers to two entirely different protein sequences. The GhFlal that was mentioned by Li et
al. (2010) [160] being most similar to AtFla9/6/13 and the GhFlal silenced by Huang et al. (2013) [159] is
an ortholog of AtFla11/12. The GhAgp4 locus (gb EF470295) silenced by Li (2010) [160] is identical to
the sequence annotated as GhFlal2.
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Abstract: The fasciclin-like arabinogalactan proteins (FLAs) play important roles in plant development
and adaptation to the environment. FLAs contain both fasciclin domains and arabinogalactan protein
(AGP) regions, which have been identified in several plants. The evolutionary history of this gene
family in plants is still undiscovered. In this study, we identified the FLA gene family in 13 plant
species covering major lineages of plants using bioinformatics methods. A total of 246 FLA genes are
identified with gene copy numbers ranging from one (Chondrus crispus) to 49 (Populus trichocarpa).
These FLAs are classified into seven groups, mainly based on the phylogenetic analysis of plant FLAs.
All FLAs in land plants contain one or two fasciclin domains, while in algae, several FLAs contain four
or six fasciclin domains. It has been proposed that there was a divergence event, represented by the
reduced number of fasciclin domains from algae to land plants in evolutionary history. Furthermore,
introns in FLA genes are lost during plant evolution, especially from green algae to land plants.
Moreover, it is found that gene duplication events, including segmental and tandem duplications
are essential for the expansion of FLA gene families. The duplicated gene pairs in FLA gene family
mainly evolve under purifying selection. Our findings give insight into the origin and expansion of
the FLA gene family and help us understand their functions during the process of evolution.

Keywords: fasciclin-like AGP; FLA; evolution; phylogeny

1. Introduction

The cell wall plays an important role in plant growth and development by providing structural
support and protection, and acting as a filtering mechanism. Although cell wall proteins account
for less than 10% of the cell wall mass, they are predominantly involved in the wall structure,
support, signaling, and interactions with other wall components and with the plasma membrane [1,2].
Hydroxyproline-rich glycoproteins (HRGPs) are a major group of cell wall glycoproteins that play
important roles in plant growth and development [3].

HRGPs are characterized by a protein backbone rich in hydroxyproline (Hyp). The HRGPs
superfamily can be divided into three main subfamilies based on the varying degrees of O-glycosylation:
Arabinogalactan proteins (AGPs), extensins (EXTs), and proline-rich proteins (PRPs) [4-6]. The protein
backbones of AGPs are rich in hydroxyproline/proline (Hyp/Pro), alanine (Ala), serine (Ser),
and threonine (Thr), and these amino acids are regularly arranged as Ala—Pro, Ser-Pro, and Thr-Pro,
which were introduced as arabinogalactan (AG) glycomodules [7-9]. The carbohydrate side chains of
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AGPs are attached to Hyp and enriched in arabinose and galactose [10]. Based on the variable protein
backbones [6], AGPs can be classified into classical AGPs, chimeric AGPs, and AGP-EXT hybrids.
The chimeric AGPs can be further categorized into three subclasses based on different conserved
domains: Fasciclin-like AGPs (FLAs) [11-13], phytocyanin-like AGPs (PAGs) [14,15], and xylogen-like
AGPs (XYLPs) [16,17]. As one subclass of the chimeric AGPs, FLAs consist of both fasciclin domains and
AGP regions. In most plant species, FLAs contain one or two fasciclin domains. The fasciclin domains
contain two highly conserved motifs (H1 and H2) of about 10 amino acids long each and a conserved
central YH motif [18]. Proteins with fasciclin domains were first identified in grasshoppers [19]
and as adhesion factors were first identified in fruit flies [20]. Since then, more and more fasciclin
domains have been identified in animal, yeast, bacteria and plant proteins [18]. The majority of plant
fasciclin-like proteins are FLAs and the functions of FLAs are related to many important processes
in development and stress responses, such as contributing to biophysical properties (e.g., swelling
and interpolymer connectivity), affecting secondary cell wall formation and structure, acting in male
gametophyte development, influencing organ formation, and sensing salt stress in roots [18].

To date, FLAs have been identified in several plants, including Arabidopsis (Arabidopsis thaliana) [21],
rice (Oryza sativa) [12,22], wheat (Triticum aestivum) [22], poplar (Populus trichocarpa) [23,24], zinnia
(Zinnia elegans) [25], cotton (Gossypium raimondii) [26], sea island cotton (Gossypium barbadense) [27],
Chinese cabbage (Brassica rapa) [28], eucalyptus (Eucalyptus grandis) [13], and textile hemp (Cannabis
sativa) [29]. The analysis of HRGPs from 1000 plant transcriptomes has provided new insights into
the evolution of HRGPs across major evolutionary milestones and reveals the origin and diversity
of Glycosylphosphatidylinositol (GPI)-anchored AGPs [3]. However, the evolutionary history of the
FLA family in plants is little known. In a previous study, it was proposed that a conserved group
of FLAs with a single fasciclin domain was specific to the evolution of flowering plant secondary
cell wall formation and properties through phylogenetic analysis of >100 FLA mature proteins [30].
In this study, we identify 246 FLAs from 13 plant species belonging to algae, liverworts, mosses,
lycophytes, gymnosperms, dicots, and monocots. Moreover, bioinformatics methods are adopted to
reveal the evolutionary mechanisms of the FLA family. In order to understand the functions of the
FLAs, the evolutionary history of FLAs is investigated in this study. It is found that the FLA genes
are abundant in most investigated green plants, but only in one red alga. Additionally, our study
shows that there is a reduction in the number of fasciclin domains in FLAs from algae to land plants,
which indicates that the reduced number of fasciclin domains plays a crucial role in land plant evolution.

2. Results and Discussions

2.1. Identification of the FLA Family in Plants

FLAs contain both fasciclin domains and AGP regions [6]. We first used the HMM profile of
fasciclin downloaded from Pfam (available online: http://pfam.xfam.org/family/PF02469) to identify the
proteins with fasciclin domains from 13 plant species (C. crispus, Chlamydomonas reinhardtii, Chara braunii,
Marchantia polymorpha, Physcomitrella patens, Selaginella moellendorffii, Picea abies, Amborella trichopoda,
Brachypodium distachyon, O. sativa, A. thaliana, E. grandis, and P. trichocarpa) [31-43]. Then, the obtained
proteins were examined by using Batch CD-search tool in the NCBI conserved domain database
(available online: http://www.ncbinlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi). After that, the AGP
regions were identified from these fasciclin proteins by using Finding-AGP program [7]. The proteins
that contained both AGP regions and fasciclin domains were identified as FLAs. A total of 235 FLA
genes were identified by the HMMER-Finding-AGP program method.

However, the number of FLA genes found in some plants was different from those described
in former studies. In A. thaliana, FLA20 (AT5G40940) and FLA21 (AT5G06920) [21] were
not identified, while a new putative FLA gene, AT5G16920, was identified. In E. grandis,
Eucgr.A01741 and Eucgr.K02662 were missing [13], and Eucgr.K00086 was a newly identified FLA gene.
In P. trichopoda, 46 FLA genes were identified compared with the 50 FLA genes analyzed in a previous
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study [24]: Potri.013G152200, Potri.T130300, Potri.001G440800, Potri.018G005100, Potri.008G127500,
Potri.008G128200, and Potri.005G079500 were not identified, whereas Potri.019G049600, Potri.T118500
and Potri.012G006200 were new putative FLA genes identified in this study. In O. sativa, two FLA genes
found in a previous study (LOC_0s02g49420 and LOC_0s02¢26290) [12] were not identified, while a
putative new FLA gene (LOC_Os12g13160) was identified in our work. Among 13 FLA genes that
were not identified by the HMMER-Finding-AGP program method, it was found that Potri. T130300,
Potri.018G005100, LOC_Os02g49420, and LOC_0s02g26290 did not contain a fasciclin domain by
using Batch CD-Search tool. Besides, because the AGP regions of Eucgr.K02662, Potri.008G127500,
and Potri.008G128200 were found in the fasciclin domain, they were not identified as FLAs in
this study. Then, the remaining six FLAs (AT5G40940, AT5G06920, Eucgr.A01741, Potri.013G152200,
Potri.001G440800, and Potri.005G079500) were included in this study and also used as queries to perform
BLAST searches to identify their homologous FLAs in other plant species: Phpat.003G041000 in P. patens,
MA_89859g0010 and MA_10360g0010 in P. abies, scaffold00024.69 in A. trichopoda, and Eucgr.H00590.1
in E. grandis. As a result, 246 FLA genes were identified.

The number of FLA genes ranged from 1 to 49 across the different plant species; in most species,
the number of FLA genes was between 11 and 26. C. crispus had only one FLA gene, while P. trichocarpa
contained the highest number of FLA genes (49), almost double the number of the second one, O. sativa
(26). It was found that the number of FLA genes and genome size were uncorrelated. P. abies,
for instance, which had the largest genome size (19,600 Mb) among these 13 plant species, had only
24 FLA genes compared with P. trichocarpa which had 49 FLA genes with a much smaller genome
size (434.29 Mb) (Table 1). The number of FLA genes was also uncorrelated with the number of
predicted genes in plant species. For example, E. grandis contained more genes (45,226) than O. sativa,
while O. sativa had more FLA genes (26) than E. grandis (18) (Table 1). Overall, higher plants contained
the highest number of FLA genes and the number of FLA genes increased from lower plants to higher
plants. For example, the number of FLA genes was doubled from lycophytes to gymnosperm.

Moreover, the intron-exon structures of 246 FLA genes were retrieved from the OrcAE
website (available online: https://bioinformatics.psb.ugent.be/orcae/overview/Chbra), Phytozome
website (Version 12; available online: https://phytozome.jgi.doe.gov/pz/portal.html), and ConGenlE
website (available online: http://congenie.org/) and were displayed by GSDS 2.0 (available online:
http://gsds.cbi.pku.edu.cn/) [44]. Green algae FLA genes contained a large number of introns, while most
land plants FLA genes contained one intron or even had no intron (Table S1). It seemed that introns in
FLA genes were lost during plant evolution, especially from green algae to land plants.

Table 1. Information about genome size and fasciclin-like arabinogalactan protein (FLA) gene number
in the plants of interest for this study.

Genome No. of No. of
Lineage Organism . Predicted FLA Reference
Size (Mb)
Genes Genes
Red algae Chondrus crispus 104.98 9843 1 This study
Green algae Chlamydomonas reinhardtii 120.405 14,488 11 This study
Chara braunii 1751.21 35,424 24 This study
Liverworts Marchantia polymorpha 215.739 19,287 14 This study
Mosses Physcomitrella patens 472.081 23,733 12 This study
Lycophytes Selaginella moellendorffii 212.315 34,782 9 This study
Gymnosperm Picea abies 19,600 28,354 24 This study
Amborellales Amborella trichopoda 706.495 19,354 12 This study
Arabidopsis thaliana 119.148 38,093 22 Schultz et al. [21]
Eudicots Eucalyptus grandis 691.43 45,226 19 MacMillan et al. [13]
Populus trichocarpa 434.29 37,197 49 Showalter et al. [24]
Brachypodium distachyon 218.345 34,310 23 This study
Monocots Oryza sativa 374.423 33,185 26 Ma and Zhao [12]
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2.2. Phylogenetic Analysis and Classification of FLAs

In order to understand the relationships between FLAs with different numbers of fasciclin domains,
evolutionary analysis was performed based on multiple sequence alignments of FLAs. First, all the
FLA protein sequences were filtered by BLAST+ [45] with a —5 expect (E) threshold. The sequences
(CreFLA2, CreFLA3, CreFLA4, CreFLA5, CreFLAG6, and CreFLA?7 in C. reinhardtii, CorFLA5, CbrFLAG6,
CbrFLAS, CbrFLA10, CbrFLA12, CbrFLA13, CbrFLA14, CbrFLA17, CbrFLA18, and CbrFLA21 in
C. braunii) with low similarity to other plant species were removed, and classified into Group F (Table S1).
Next, after removing sequences of signal peptides and GPI anchor addition signals, the filtered 230 FLA
sequences were aligned by Clustal Omega 1.2.2, and the HMM profile of fasciclin domains was used
as a guide [46,47]. Then, the fasciclin domains could be divided into two types (Type 1 and Type 2)
based alignment results (Figure 1 and Figure S1). The FLA sequences with Type 1 and Type 2 fasciclin
domains were further aligned, respectively (Figures S2 and S3). Interestingly, for some algae FLA
sequences that contained more than two fasciclin domains, only one or two fasciclin domains had hits
in other FLA sequences: The first and the fourth fasciclin domains in CreFLA11, the second fasciclin
domain in CreFLA10. It was likely that the other fasciclin domains with low similarity to those in
higher plants were lost in the course of evolution from algae to land plants.

Type 1
20 40 60
FLA22 : ——————————————— ———-TFLMPKDKTLSTSNI IN-——=—~ QQ-—-DSVTEFLLRHSTPSSLLFEHENLT : 43
FLA4 P\L@SFSI\LLVSSGI/\AELSGRN9LTLLAVPNSQFS%ASLDLTRRLPP ————— SALADLLRFHVLLQFLSDSDLRRI : 72
FLAL : PSFSSFSHFLTQTHLADETNRRRTTTVCAVDNAAMSALTSKG-——-——-- YTLSTLKNTLSLHVELDYFGTKKLHQT : 69
FLA3 & - T T : -
FLAS Rt : -
Type 1
80 100 120 140
FLLA22 : PNGSTVPSSLPHYTLETISNGGR SNYFLN--N--NMKTTSRNICSLGSTKCH-GIDGILQ : 96
FLA4 : PPSG-—- SAVTTLYEASGRTFFGSGSVNVTRDPASGSVTIGSPATKN---VTVLKLLETKPP : 128
FLAL : RDGS-——-—————————mmm—m ALAATLFQATGAAPGTSGFVNITDLRGGK-MGFGPDGG--DLSSFFVKSIEEVPY : 125
FLA3 : —————————————— S : -
FLAD o —m : -
Type 2
160 180 200 220
FLAZ2 1 P mm o oo : 98
FLA4 : NITVLTVDSLIVPTGIDITASETLTPPPTSTSLSPPPAGINLTQILINGHNENVALSELVA-SGWITEFENDER--G : 202
FLAL @ NISIIQISRVLPSETAAAP-—-------—---~ TPAPAEMNLTGIMSAH-GCKVFAETLLTNPGASKTYQE---SLE : 184
FLA3 e ~PERSTMTELLAK-TELTPTINKR-———- :22
FLAS & = —mmm oo oo SKESTMRDLFEK-TKLTAATDKY--—-- :22
Type 2
240 26 300
FLA2S & oo -
FLA4 : AGRIFVPTISHFSDE-PSN VNLQSLPAEQKAFVIKFHVIHSBITLGSPESE--TNPVQPEIATEEMGAGS- : 270
FLA1 . GGMRUF CPG DL TAPKKEAF[EDFLA PT SMAMBKSN -~ NGP-MNRFATDGAN- K- : 247
FLA3 @ QTIMNALALNNDAIGSES-——--——-———- GRPEEBVKNIEMNHY: ELKIKADKEKSTELTAYQSTGLGQQQ : 87
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Figure 1. Multiple sequence alignment of representative FLA sequences. Fasciclin domains were
divided into two types (Type 1 and Type 2). Residues with high similarity (80%, 60%) were highlighted
in dark pink and light pink, respectively.

The phylogenetic tree of filtered 230 FLA sequences could not be built because the identity
of alignment was very low (<30%). Once the identity was above 30%, the accuracy of alignment
was acceptable [48-50]. The accuracy of the FLA alignment results was tested by computing the
overall mean distance with the P-distance method in Mega 7 [49,51]. As P-distance equals 1 minus
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the identity of amino acids, the identities of Type 1 and Type 2 fasciclin domains were 31.7% and
30.4%, respectively. The accuracy results of Type 1 and Type 2 were 0.683 and 0.696, respectively.
These indicators made it suitable for building the phylogenetic trees. The Maximum Likelihood
(ML) trees for each type were built using the best models: Le_Gascuel_2008 model [52] + Gamma
distribution + evolutionarily invariable (LG + G + I) for Type 1, Le_Gascuel_2008 model + Gamma
distribution (LG + G) for Type 2, with 85% partial deletion by Mega 7. Bootstrap analyses with
1000 replicates were performed for support estimation. Confidence values below 50% were cut
off, and confidence values higher than 70% were shown on nodes (Figures 2 and 3). Although the
similarity between full-length sequences of FLAs are quite low, the fasciclin domains exhibited two
highly conserved motifs (H1 and H2) and a conserved central YH motif [18]. MEME web server
(available online: http://meme-suite.org/tools/meme) [53] was used to find the conserved motif (H1,
H2, and YH motifs) of Type 1 and Type 2 sequences. The H1 and YH motif were similar between
Type 1 and Type 2 sequences, while the H2 region was quite different. In Type 1 sequences, the
H2 motif was characterized by [Gly/Ile/Val/Leu/Phe]-X-[Ile/Val/Cys]-His-Gly—[Ile/Val/Leu]-X-X-
[Leu/Val/Pro/lle]-[Leu/Met/Ile] sequence. In Type 2 sequences, the H2 motif was characterized by
[Val/lle/Met/Leu]-[Tyr/His/Phe/GIn]-X—[Val/lle/Leu]-X-X-[ Val/Leu]-Leu—[Leu/Phe/Val]-Pro sequence
(X represents any amino acid) (Figures 2 and 3). Interestingly, most FLAs with single fasciclin domain
was of Type 2, while only a few FLAs with single fasciclin domain was of Type 1.

Based on the sequence similarity, phylogenetic analysis, and previous study [11], we have
classified FLAs into seven groups: Group A (including FLA6, FLA7, FLA 9, FLA 11-13 from A. thaliana),
Group B (FLA 15-18 from A. thaliana), Group C (including FLA 1-3, FLA 5, FLAS, FLA10, FLA14 from
A. thaliana), Group D1 (including FLA 19-22 from A. thaliana), Group D2 (including FLA4 from
A. thaliana), Group E, and Group F (Table S1). Group F sequences were all algae FLAs which were not
included in building phylogenetic trees. The remaining algae FLAs were all in Group D1 and Group
E, which meant that Group D1 and Group E might be traced back to the origin of the FLA family in
plants. Moreover, FLA3, 5, 14, 20, 21, and 22 were specifically expressed in anthers at different stages of
floral development [18,54,55]. FLA3 was involved in microspore development, and its knock-down
plants showed reduced female fertility [56]. There was a probability that Group C and Group D1
FLAs were mainly related to male gametophyte development. Group C and Group D1 FLAs were
also related to the growth regulator. For instance, FLA1 and FLA2 might play an important role
in root development [57,58]. Interestingly, in Group A, all FLAs were with single fasciclin domain.
A previous study proposed that Group A FLAs were specific to the evolution of flowering plant
secondary cell wall formation and properties [30]. For example, FLA11, FLA12, and ZeFLA11 are
highly expressed in vascular tissue and double mutants of FLA11 and 12 showed defects in secondary
cell wall thickening [25,30]. EgrFLAI, 2, and 3 were also highly expressed in stems. EgrFLA2 was
involved in altering fiber cellulose deposition in woody tissue, and EgrFLA3 influenced flexural
strength [13]. In Eucalyptus nitens, EniFLA1, 2, and 3, which were closely related to FLA11 and 12,
as well as highly similar to EgrFLA1 and 2, could affect stem biomechanics [30]. These Group A
FLAs and their homologs in other plants (poplar, zinnia) were also involved in secondary cell wall
biosynthesis [23,25]. In addition, FLA9 in Group A was also related to seed development. It had been
shown that the stress-induced reductions of FLA9 gene expression enhanced the abortion of fertilized
ovaries [59].

In addition, the variable fasciclin number of FLAs had a tight relationship to the phylogenetic tree.
All the FLAs with multiple fasciclin domains (>2) were in Group D1 and Group E. As these FLAs were
only identified in algae, they might be the most original FLAs in the course of evolutionary history.
In Group A, all the FLAs were with single fasciclin domain and belonged to seed plants. Group A
FLAs were the latest FLAs generated in the course of evolutionary history. From Group E to Group A,
the number of fasciclin domains reduced over the course of evolutionary history. Except for Group A
FLAs, the structures of FLAs were quite diverse, especially for Group E FLAs, which included the most
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original FLAs. Moreover, Group E FLA genes contained more introns than other groups. The number
of introns also reduced over the course of evolutionary history.
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Figure 2. Phylogenetic relationships between Type 1 fasciclin domains in plant species. The amino
acid sequences of fasciclin domains in FLAs were aligned by Clustal Omega 1.2.2 with the guide of
HMM profile of fasciclin domains, and the phylogenetic trees were built by Mega 7 using the Maximum
Likelihood (ML) method with 85% partial deletion. Bootstrap analyses with 1,000 replicates were
performed for support estimation. The confidence values below 50% were cut off, and the confidence
values higher than 70% are shown on nodes. The tree was divided into four major clades: Group B,
Group C, Group D1, and Group D2. Plant species from different lineages are shown in different shape.
FLAs from A. thaliana are indicated for each clade. The order of fasciclin domains was designated from
the N-terminus to the C-teminus (e.g., FLA4.1, FLA4.2, and so on). The conserved motifs (H1, H2,
and YH motifs) shown below the tree were found using the MEME web server.
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Figure 3. Phylogenetic relationships between Type 2 fasciclin domains in plant species. The amino
acid sequences of fasciclin domains in FLAs were aligned by Clustal Omega 1.2.2 with the guide of
HMM profile of fasciclin domains, and the phylogenetic trees were built by Mega 7 using the Maximum
Likelihood (ML) method with 85% partial deletion. Bootstrap analyses with 1000 replicates were
performed for support estimation. The confidence values below 50% were cut off, and the confidence
values higher than 70% are shown on nodes. The tree was divided into six major clades: Group A,
Group B, Group C, Group D1, Group D2, and Group E. Plant species from different lineages are shown
in different shape. FLAs from A. thaliana are indicated for each clade. The domain closest to the
N-terminus is indicated by .1 and the second by .2. The conserved motifs (H1, H2, and YH motifs)
shown below the tree were found using the MEME web server.

Moreover, to understand the relationship between FLAs with single fasciclin domain, a phylogenetic
tree of FLAs with single fasciclin domain from nine plant species (C. reinhardtii, C. crispus, M. polymorpha,
P. patens, S. moellendorffii, P. abies, A. trichopoda, B. distachyon, and A. thaliana) was built by the Maximum
Likelihood (ML) method under the LG + G model with 85% partial deletion. Bootstrap analyses
with 1000 replicates were performed for support estimation; confidence values higher than 50% were
shown on nodes. The structure displays of these FLAs were generated by GSDS 2.0 (available online:
http://gsds.cbi.pku.edu.cn/) [44] (Figure 4). The structure of Group A FLA genes was very similar. Except
for PabFLA12, PabFLA14, and AtrFLA6, the remaining Group A FLA genes did not contain introns,
and most of their fasciclin domains were flanked by two AGP regions. The structures of FLAs with
single fasciclin domains in Group E were quite diverse. By contrast, the phylogenetic relationship of
FLAs with single fasciclin domain was similar to the phylogenetic relationships of Type 2 (Figure 3).
The main type of fasciclin domain in these FLAs was Type 2 fasciclin domain. Most of Group D1 FLAs
contained Type 1 fasciclin domains. It is likely that the Type 1 fasciclin domain was lost mainly in
FLAs with single fasciclin domain over the course of evolutionary history. Different from phylogenetic
relationships of Type 1 and Type 2 fasciclin domains (Figures 2 and 3), Group C appeared to be divergent
(Figure 4). Some Group C FLAs were close to Group D2, while others were close to Group B. Moreover,
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the structure of these diverged Group C was different. The fasciclin domains of FLAs tailed with AGP
regions belonged to Group C, which were close to Group B. For FLAs from Group C which was close to
Group D2, their fasciclin domains were covered by two AGP regions.
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Figure 4. Phylogenetic relationships and structure display of FLAs with single fasciclin domain in nine plant
species (C. reinhardtii, C. crispus, M. polymorpha, P. patens, S. moellendorffii, P. abies, A. trichopoda, B. distachyon,
and A. thaliana). Plant species from different lineages are shown in different shapes. The phylogenetic trees
were built by Mega 7 using the Maximum Likelihood (ML) method under LG+G model with 85% partial
deletion. Bootstrap analyses with 1000 replicates were performed for support estimation, the confidence
values higher than 50% are shown on nodes. The tree was divided into six groups according to the
classifications based on two types fasciclin domains (Figures 2 and 3): Group A, Group B, Group C,
Group D1, Group D2 and Group E. The structure displays were generated by GSDS 2.0. Black lines
represent introns, gray rectangles the CDS regions, red rectangles the AGP regions, blue rectangles the
fasciclin domains, green rectangles signal peptides, and yellow wedges GPIl-anchor modification sites.
The framed FLAs denote functionally characterized FLAs (FLA3, FLA9, FLA11, and FLA12).
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2.3. Structural and Evolutionary Analysis of FLAs

The amino acid sequences of 246 FLAs identified in our work were shown in Figure S4. One hundred
seventy-six of them contained a single fasciclin domain, and 66 of them contained two fasciclin domains.
Only four FLAs with more than two fasciclin domains were found in algae, one in red algae and three in
green algae. Moreover, FLAs with a single fasciclin domain, as well as with two domains first appeared in
green algae (Figure 5). It was likely that divergence happened in green algae. From green algae to land
plants, the number of fasciclin domains in FLAs was reduced. It had been proven that FLAs with a single
fasciclin domain had conserved roles in secondary cell wall biology and properties [13]. Besides, there was
an example of the functional roles of different fasciclin domains in one FLA protein. The C-proximal
fasciclin domain of FL.A4 was responsible for its genetic functions, while the N-proximal fasciclin domain
was required for stabilization of plasma membrane localization [60,61]. It was likely that the number of
fasciclin domains was related to the functions of FLAs.

FLAs were classified into seven groups based on the sequence similarity, phylogenetic analysis,
and previous study [11]. Different from the previous study [11], Group D was divided into Group D1
and Group D2 because of their difference in phylogenetic analysis. Moreover, Group E and Group F
present in non-seed plants are the groups newly proposed in this work. The evolutionary history of
FLA family was shown in Figure 5. FLAs evolved very early during plant evolution. Group E first
appeared in the plant kingdom, then Group F, Group D1, Group C, Group D2, Group B, Group A
appeared successively. The Group E FLA from red algae was the most original FLA. Group F was
largely dissimilar to the other groups and only existed in green algae. Group D1 and Group C evolved
early during green plant evolution. The divergence of FLAs occurred in green algae; Group D1 and
Group C remained, while Group F was lost after the separation between green algae and land plants.
Group B and Group D2 evolved after plants conquered the land. Group A, the latest group appeared,
evolved during seed plant evolution. By contrast, Group E, the earliest appeared group, was lost in
seed plants.

Eudicots
Monocotyledons
n Amborellales
Flowering plants
\;Group E L= Seed plants

Polypodiopsida
(ferns)

Lycopodiopsida

lycophytes;
(lycophytes) Vascular plants

Bryophyta

(mosses)
Anthocerotophyta
(hornworts)

Marchantiomorpha
(liverworts)

{ +Group B
\+Group D2
Y-Group F

Land plants

Pl Charales

ﬂ Ch\orophyceae
Ulvophyceae

),G“’“QDQ

Nt

FLASs with single fasciclin domain ~ Glaucophytes

Green plants

Rhodophyta
(red algae)
FLAs with two fasciclin domains

I3 FLAs with four fasciclin domains

E FLAs with six fasciclin domains Archaeplastida(Plantae)

Figure 5. Evolutionary model of the FLA family in plants. The green letters display the appearance of
different groups of FLAs. The red letters display the disappearance of Group E and Group F FLAs.
The cubes display the number of fasciclin domains in FLAs.
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2.4. Analysis of FLA Duplication Patterns during the Process of Evolution

The evolution of genomes and genetic systems is mainly driven by gene duplications [62]. The three
elementary gene expansion patterns are tandem duplication, segmental duplication, and transposition
events [63,64]. In the plant kingdom, tandem duplication and segmental duplication are the main
processes of gene family expansion compared with transposition events [65,66]. We investigated
these two duplication events to understand the FLA genes’ expansion patterns in the plant kingdom.
The paralogous genes that exist in the same chromosome within a 50 kb physical distance are examples
of tandem duplication [65]. First, in order to find the chromosomal locations, the annotation information
for the FLA genes was downloaded from OrcAE (available online: https://bioinformatics.psb.ugent.be/
orcae/overview/Chbra), Phytozome (available online: https://phytozome.jgi.doe.gov/pz/portal.html)
and ConGenlE (available online: http://congenie.org/). Then, the distances between FLA genes
locations were compared in the same chromosome. The locus search tool on PGDD (available online:
http://chibba.agtec.uga.edu/duplication/index/locus) and MCSCAN were used to find the segmental
duplications (Table S2). The duplications in FLA genes were related to whole-genome duplication
events (Figure 6). The higher plants exhibited more duplications than lower plants. P. trichocarpa had
the highest number of duplicated FLA genes, which made it have more FLA genes than other plant
species. Although most duplicated pairs shared the same structure type, some duplicated genes had
different structure types. For example, in C. reinhardtii, Cre16.9687742 containing two fasciclin domains
and Cre16.g687854 containing single fasciclin domain most probably result from tandem duplication.
It seemed that some FLA genes with single fasciclin domain evolved from FLA genes with two fasciclin
domains. FLAs with single fasciclin domain evolved from FLAs with multiple fasciclin domains, and
the number of fasciclin domains was reduced in evolutionary history.
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Figure 6. Duplication events of FLA genes in the plant kingdom. The phylogenetic tree on the left was
built based on the Tree of Life Web project (available online: http://www.tolweb.org/Green_plants) and
whole-genome duplication events in PGDD (available online: http://chibba.pgml.uga.edu/duplication/
index/home). The number next to the tree is the number of FLA genes resulting from segmental
duplication, tandem duplication, and total FLA genes in the species. Seg: Segmental duplication (pairs);
Tan: Tandem duplication (pairs); Total: Total number of FLA genes in the species.

In order to understand the evolution processes of the FLA gene family in the plant kingdom,
duplicated gene pairs among FLAs were used to estimate the molecular evolutionary rates by
calculating their Ka/Ks value (Table S2). The Ka/Ks values of all the duplicated gene pairs except
the Mapoly007550013.1/Mapoly0075s0013.2 gene pair were lower than 1. It was assumed that FLA
duplicated gene pairs evolved under purifying selection, indicating that the functions of the FLAs
gene family were crucial to plant development and functional mutations in FLA genes might have
negative impacts on plants. The Ka/Ks ratio of Mapoly007550013.1/Mapoly0075s0013.2 gene pair was
2.3512, showing that this gene pair underwent positive selection pressure during evolution. However,
plants could not escape from their environment in order to adapt to changes, so positive selection,
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which could lead to beneficial functional changes, was also important during plant evolution [67].
The Mapoly007550013.1/Mapoly0075s0013.2 gene pair, which was found to experience positive selection,
might have improved the adaptation of the plant to new environments.

3. Materials and Methods

3.1. Bioinformatics Identification of FLAs

Multiple searches were carried out in order to identify FLA genes in 13 plant species (C. crispus,
C. reinhardtii, C. crispus, M. polymorpha, P. patens, S. moellendorffii, P. abies, A. trichopoda, B. distachyon,
O. sativa, A. thaliana, E. grandis, and P. trichocarpa) [31-43]. The predicted proteomes of C. crispus
was downloaded from NCBI, that of C. braunii were from the OrcAE website (available online:
https://bioinformatics.psb.ugent.be/orcae/overview/Chbra), that of P. abies were from the ConGenlE
website (available online: http://congenie.org/), and that of other species from the Phytozome website
(Version 12; available online: https://phytozome.jgi.doe.gov/pz/portal.html). Except for P. abies [35],
the statistics of genome size overall number of predicted genes were from the NCBI Genome database
(available online: https://www.ncbi.nlm.nih.gov/genome).

Then, the Hidden Markov Model (HMM) profile built for fasciclin domains was downloaded
from Pfam (available online: http://pfam.xfam.org/family/PF02469) [68], and HMMER 3.0 [69] was
used to search proteins with fasciclin domains from the selected plants. Then the presence of fasciclin
domains corresponding to the obtained proteins was examined by the NCBI conserved domain
database (available online: http://www.ncbi.nlm.nih.gov/cdd). Next, the Finding-AGP program [7]
was used to identify AGP regions from proteins with fasciclin domains. Finally, proteins with both
fasciclin domains and AGP regions were identified as FLAs. Also, the omitted FLA sequences
that were identified in former studies (AT5G40940, AT5G06920, Eucgr.A01741, Potri.013G152200,
Potri.001G440800, and Potri.005G079500) were used as queries to perform BLAST searches with a -3
expect (E) threshold to find FLAs that could not be identified by HMMER 3.0.

Moreover, most FLAs have a predicted signal peptide and GPI-anchor. Therefore, SignalP 4.1 Server
(available online: http://www.cbs.dtu.dk/services/SignalP/) was used to predict signal peptides [70]
and big-PI Plant Predictor (available online: http://mendel.imp.ac.at/gpi/plant_server.html) was used
to predict GPI modification sites [71]. The intron of red algae FLA was detected by the GSDS
website (available online: http://gsds.cbi.pku.edu.cn/) [44], and the intron of other FLAs were found
from the OrcAE website (available online: https://bioinformatics.psb.ugent.be/orcae/overview/Chbra),
the Phytozome website (Version 12; available online: https://phytozome.jgi.doe.gov/pz/portal.html),
and the ConGenlE website (available online: http://congenie.org/). The amino acid sequences and
the presence of AGP regions, signal peptides, fasciclin domains, and GPI-anchor signals are given in
Table S1.

3.2. Multiple Sequence Alignment and Phylogenetic Analysis

All of the FLA protein sequences were searched against each other by BLAST+ with a —5 expect
(E) threshold [45]. The sequences with low similarity were removed. Then, signal peptides and GPI
modification sites were removed from filtered FLA sequences. These sequences were aligned by Clustal
Omega 1.2.2 with HMM of the fasciclin domain as a guide in the alignment [46,47]. The fasciclin
domains were designated as Type 1 and Type 2 and were also aligned by Clustal Omega 1.2.2 with the
HMM of the fasciclin domain as a guide in the alignment [46,47]. GeneDoc [72] was used to display
multiple sequence alignments.

The reliability of alignment results was tested by computing overall mean distance with the
P-distance method by Mega 7 [49,51]. The alignments of Type 1, Type 2, and FLAs with a single
fasciclin domain was then used to build phylogenetic trees with the Maximum Likelihood (ML) method.
The best models for ML trees were found by Mega 7 [51,73]. Then, ML trees were built under the best
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model with 85% partial deletion by Mega 7. Bootstrap analyses with 1, 000 replicates were performed
for support estimation [51,52].

3.3. Motif Prediction

In order to identify the conserved domains and motifs of Type 1 and Type 2 fasciclin domains,
MEME web server (available online: http://meme-suite.org/tools/meme) [53] was used to identify the
conserved motifs (H1 and H2 regions, YH motif). The following parameters were used when running
the MEME: (1) The motif sites in sequences were distributed by 0 or 1 occurrence per sequence; (2) the
maximum of motifs was set to be 10 for the H1 and H2 regions, and 3 for the YH motif; and (3) a
0-order model of sequences was used as the background model.

3.4. Gene Duplication and Molecular Evolution

The annotation information of the FLA genes on the phytozome website (available online: https:
//phytozome jgi.doe.gov/pz/portal.html), the OrcAE website (available online: https://bioinformatics.
psb.ugent.be/orcae/overview/Chbra), and the ConGenlE website (available online: http://congenie.org/)
was used to find the chromosomal locations. The paralogous genes that exit in the same chromosome
within a 50-kb physical distance was defined as tandem duplication [64]. The segmental duplications
of 10 plants (C. reinhardtii, P. patens, S. moellendorffii, P. abies, A. trichopoda, B. distachyon, O. sativa,
A. thaliana, E. grandis, and P. trichocarpa) were found by the PGDD locus search tool (available online:
http://chibba.agtec.uga.edu/duplication/index/locus). Because M. polymorpha and C. crispus data were
absent in PGDD, Multiple Collinearity Scan (MCSCAN) [74-77] was used to find the segmental
duplications in M. polymorpha.

To calculate the molecular evolutionary rates between FLAs duplicated gene pairs, pairwise
alignment was performed among these gene pairs by ClustalW (codons) in MEGA?7 [51]. Then,
the MYN (Modified YN) model in KaKs_Calculator 2.0 was used to estimate the nonsynonymous
substitution rate (Ka), the synonymous substitution rate (Ks) and the Ka/Ks value of these duplicated
gene pairs [78].

4. Conclusions

FLAs play an important role in plant development and adaption to the environment. Two hundred
forty-six FLA genes in 13 plant species were identified in this study. It was found that FLAs first
appeared in algae. Based on the sequence similarity and phylogenetic analysis, FLAs could be classified
into seven groups: Group A, Group B, Group C, Group D1, Group D2, Group E, and Group F. Group E
FLAs were the earliest to appear in evolutionary history and disappeared in seed plants, while Group
A FLAs were the latest and only existed in seed plants. FLAs with multiple fasciclin domain (>2) were
possibly the first FLA type to appear in Archaeplastida because they only existed in algae. FLAs with
single fasciclin domain and with two fasciclin domains were dominant in green plants. The number
of fasciclin domains in FLAs varied in green algae and was reduced to one or two in land plants.
In addition, introns in FLA genes were lost during plant evolution, especially from green algae to land
plants. Moreover, tandem and segmental duplications contributed to the expansion of the FLA gene
family, and duplicated gene pairs in FLAs mainly evolved under purifying selection.
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Abbreviations

FLA Fasciclin-like arabinogalactan protein

AGP Arabinogalactan protein

GPI Glycosylphosphatidylinositol

PAST% The percentage of Pro, Ala, Ser, and Thr residues in a protein amino-acid
sequence

Cer Chondrus crispus

Cre Chlamydomonas reinhardtii

Mpo Marchantia polymorpha

Smo Selaginella moellendorffii

Pab Picea abies

Atr Amborella trichopoda

Egr Eucalyptus grandis

Pt Populus trichocarpa

Bdi Brachypodium distachyon

Os Oryza sativa

Ka Nonsynonymous substitution rate

Ks Synonymous substitution rate

PGDD Plant Genome Duplication Database

NCBI National Center for Biotechnology Information

ConGenlE Conifer Genome Integrative Explorer

HMM Hidden Markov Model

BLASTP Protein Basic Local Alignment Search Tool

MYN Modified Yang-Nielsen Algorithm

MCSCAN Multiple Collinearity Scan

MEME Multiple Expectation maximization for Motif Elicitation

LG Le_Gascuel_2008 model

G Gamma distribution

I Evolutionarily invariable

GSDS Gene Structure Display Server

OrcAE Online Resource for Community Annotation of Eukaryotes
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Abstract: Class III peroxidases are heme-containing proteins of the secretory pathway with a high
redundance and versatile functions. Many soluble peroxidases have been characterized in great
detail, whereas only a few studies exist on membrane-bound isoenzymes. Membrane localization
of class III peroxidases has been demonstrated for tonoplast, plasma membrane and detergent
resistant membrane fractions of different plant species. In silico analysis revealed transmembrane
domains for about half of the class III peroxidases that are encoded by the maize (Zea mays) genome.
Similar results have been found for other species like thale-cress (Arabidopsis thaliana), barrel medic
(Medicago truncatula) and rice (Oryza sativa). Besides this, soluble peroxidases interact with tonoplast
and plasma membranes by protein—protein interaction. The topology, spatiotemporal organization,
molecular and biological functions of membrane-bound class III peroxidases are discussed. Besides a
function in membrane protection and/or membrane repair, additional functions have been supported
by experimental data and phylogenetics.

Keywords: Arabidopsis thaliana; Class III peroxidase; Medicago truncatula; microdomains;
phylogenetics; plasma membrane; protein—protein interaction; Oryza sativa; tonoplast; Zea mays

1. Introduction

Classical secretory plant peroxidases (EC 1.11.1.7; «class III peroxidases; donor:
H,O, oxidoreductases) are heme-containing enzymes that belong to the peroxidase-catalase
superfamily [1,2]. According to PeroxiBase, as at August 2018 [3], at least 158 class III peroxidases
have been identified in the maize (Zea mays L.) genome, 155 isoenzymes in the rice (Oryza sativa
L.) genome, 103 isoenzymes in the barrel medic (Medicago truncatula GAERTN. (Gértner, Joseph))
genome, and 75 isoenzymes in the thale-cress (Arabidopsis thaliana (L.) HEYNH (Heynhold, Gustav))
genome. Differences result partially from some unique peroxidase clusters in monocotyledonous
plants that were not found in dicotyledonous plants [4]. Additional isoenzymes can be produced by
post-transcriptional and post-translational modifications of peroxidase transcripts [5,6].

As high as the number of peroxidases in plant cells is, so are their implications in different
functions various [7-9]: peroxidases are involved in cell wall modifications like lignification, suberisation,
and cross-linking of hydroxyprolin-rich glycoproteins and polysaccharides. They are involved in
phytohormone metabolism, senescence, and in several biosynthetic pathways, and fulfill important
functions in stress-related processes [8,10-12]. Since peroxidases exhibit an almost 1000-fold higher
affinity for hydrogen peroxide as catalases and their activities can be modified in the presence of different
stress factors, these enzymes play a key role in the detoxification of reactive oxygen species (ROS) [13].
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2. Membrane-Bound Class III Peroxidases

Evidence for membrane-bound class III peroxidases has been presented for different plant species
and tissues on the protein level [14]. Guaiacol peroxidase activities have been detected at thylakoid
and peroxisomal membranes, tonoplast and plasma membranes [15-20]. Class III peroxidases
from tonoplast and plasma membrane (PM) have been partially purified and characterized in more
detail [20-22]. Further membrane-bound peroxidases have been identified by genomic and proteomic
approaches, but still lack biochemical characterization.

A membrane-bound class III peroxidase has been identified in tonoplast of Madagascar periwinkle
(Catharantus roseus (L.) D.DON) leaves [23]. Green fluorescence protein (GFP)-fusion constructs verified
localization of CroPrx01 (CrPrx1) at the inner surface of the tonoplast [21].

At the same time, class III peroxidases have been identified in highly enriched PM preparations
of maize roots. At least four PM-bound peroxidases (ZmPrx01, ZmPrx66, ZmPrx70 and pmPOX2a)
have been partially purified and characterized [22,24]. Depending on the state of development and
oxidative stress, further peroxidases have been identified in PM of maize roots [25].

Proteomic and genomic approaches identified PM-bound class III peroxidases in different plant
species and tissues; OsPrx95 has been identified in root PM of a salt sensitive rice cultivar [26].
PsPrx13 has been identified in PM of iron deficient pea (Pisum sativum L.) roots [27]. AtPrx64 has been
shown to interact with Casparian strip formation at the PM [28,29]. AtPrx64 showed high sequence
similarity to AtPrx66 as did AtPrx47 [30]. It was shown that AtPrx66 and AtPrx47 were associated
with lignification of vessels, whereas AtPrx64 was associated with lignification of sclerenchyma [30,31].
A recent study demonstrated that aluminum tolerance of tobacco (Nicotiana tabacum L.) plants was
improved by overexpression of atprx64 [32].

A localization of class III peroxidases in detergent resistant membranes (DRM) has been
demonstrated for PM of barrel medic, maize and sugar beet (Beta vulgaris L.) roots [14,33,34].
MtPrx02 was identified in DRM of barrel medic [33]. A precursor of BvPrx12 has been identified in
DRM of sugar beet under iron deficiency [34].

3. Structure

The structure of class III peroxidases is well conserved [6]. The proteins contain N-terminal
signal peptides, binding-sites for heme and calcium, and four conserved disulfide bridges (Figure 1).
Transmembrane domains were predicted for ZmPrx01, OsPrx95, AtPrx47 and MtPrx02, whereas for
CroPrx01 and AtPrx64 transmembrane helices (TMH) appear unlikely.

A hypothetical model of CroPrx01 has been published [35]. Besides an N-terminal propeptide
(34 amino acids) that directed the GFP-fusion construct of CroPrx01 to the endoplasmic reticulum
(ER), a C-terminal extension of 23 to 25 amino acids directed the GFP-fusion constructs of the protein
to the vacuole [35]. C-terminal extensions have been found for ZmPrx01 and OsPrx95 (Figure 1).
In contrast to CroPrx01, these proteins were identified in highly enriched PM preparations [21,25].
Additionally, prediction of N-glycosylation sites (Table 1) suggested a localization of these enzymes at
the apoplastic side.

In accordance with earlier predictions, structures of membrane-bound peroxidases have
1321 a-helices and between two and 11 -sheets [14,21]. Exceptions were AtPrx47 and AtPrx64,
whose hypothetical structures contained no -sheets (Figure 2). For AtPrx64, the second calcium
binding-site was not conserved (Figure 1). The structures of these peroxidases may need further elucidation.

In comparison to horseradish peroxidase (IHCH1A, HRP) [36], active sites of AtPrx47, AtPrx64,
MtPrx02 and ZmPrx01 were well conserved (Figure 1). In contrast, the distal His-42 of HRP was
replaced by Val-70 in OsPrx95 (Figure 1). This His facilitates formation of the initial iron-peroxide
complex by deprotonating the peroxide and subsequently promote cleavage of the oxygen-oxygen
bond by protonating the distal oxygen [37]. In comparison to the wild type HRP, guaiacol peroxidase
activity of the H42V mutant was much lower. This observation was in accordance with a ~106-fold
lower formation of compound I by the mutant in comparison to the wildtype [38]. As a consequence,

214



Int. ]. Mol. Sci. 2018, 19, 2876

reduction of compound II has been more rapid than reduction of compound I. So far, biochemical
characterization of OsPrx95 is lacking.

H
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Figure 1. Active sites of horseradish peroxidase (HRP) and OsPrx95 and multiple sequence alignment of
class III peroxidases. Superposition of active sites of HRP (blue) and OsPrx95 (yellow) was prepared by
Phyton-enhanced molecular graphic tool (PyMOL): (a) site view, (b) top view; in HRP Arg-38 and His-42
build the distal active-site structure [39]. The heme group (grey), with 5-meso edge (red), is fixed by
His-170 in the active site. (c) Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) was used
for multiple sequence alignment of HRP [40], membrane-bound peroxidases and soluble peroxidases
that were used as templates for modelling of structures shown in Figure 2 [36,41-43]. Active sites
(yellow), calcium binding-sites (grey), conserved cysteine residues for formation of disulfide bridges
(blue), transmembrane domains (bold and underlined), signal peptides (italic).
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In silico analyzes of putative membrane-bound peroxidases revealed at least one glycosylation-site
with the exception of some endoplasmatic reticulum (ER) and vacuolar peroxidases (Table 1).
These membrane-bound peroxidases were predicted to be highly phosphorylated. Glycosylation
of class III peroxidases seem to be necessary for protein folding, stability and catalytic activity [48].
Glycosylation is necessary for activity of PM-bound peroxidases [22]. Phosphorylation may change
properties of the enzymes and be involved in protein-protein interaction. These predictions have to be
verified by experimental data.

Figure 2. Putative tertiary structures of PM-bound class III peroxidases. Structures were predicted by
SWISS-MODEL for (a) ZmPrx01 (3hdlA, 1 TMH, root PM), (b) OsPrx95 (3hdl1A, 3 TMH, root PM),
(c) AtPrx64 (3hdl1A, 0 TMH, PM), (d) AtPrx47 (5twt, 1 TMH, PM), and (e) MtPrx02 (5twtlA, 1 TMH,
root tip DRM). N-terminal amino acid sequences containing transmembrane domains (marine) were
modeled by ab initio with Phyre2 in intensive mode [49]. Ligand binding-sites were predicted by
3DLigandSite [50]. The hypothetical models were prepared by PyMOL (http://pymol.org/) and
present the structural characteristics of class III peroxidases. Colors indicate secondary structures:
a-helix (red), B-sheets (yellow), loops (green), disulfides (blue), and haem group (grey).

4. Topology and Spatiotemporal Organization

All class III peroxidases appear to have a cleavable signal peptide in common. In silico analyzes
of 142 class ITI peroxidase sequences from maize predicted putative signal peptides, transmembrane
domains and the localization of these proteins. This approach revealed a ratio of 53% soluble to 47%
membrane-bound isoenzymes [14]. Among the membrane proteins, signals for localization at the
endoplasmatic reticulum (ER, 42%), PM (55%), Golgi (2%) and tonoplast (1%) were predicted.

A comparison between rice, barrel medic, arabidopsis and maize showed similar results about the
number of isoenzymes with putative transmembrane helices, 51% in rice (1 = 78), 49% in maize (n = 77),
35% in barrel medic (n = 36) and 44% in arabidopsis (1 = 33). The protein subcellular localization
prediction tool (PSORT) indicated a PM localization for at least eight class III peroxidases in arabidopsis,
17 in barrel medic, 13 in rice and 27 in maize (Table 1). Additionally, peroxidases were predicted for ER,
Golgi, mitochondria outer (MoM) and inner (MiM) membranes. A vacuolar localization was predicted
for seven peroxidases in rice and barrel medic, for six in maize, and for one in arabidopsis. A possible

219



Int. ]. Mol. Sci. 2018, 19, 2876

localization of these vacuolar peroxidases at the tonoplast will need further proof. For maize roots,
peroxidases have been detected at the tonoplast [51].

The properties of PM-bound peroxidases from maize and the identification of class III
peroxidases in DRM suggested a tight interaction with the membrane [14,22,24,33,34]. According
to membrane-bound ascorbate peroxidases that interact with the membrane via a C-terminal
membrane-spanning segment [16,52-59], PM-bound class III peroxidases appeared to be anchored
by an uncleavable N-terminal signal peptide with a transmembrane helix. Beyond that, proteomic
approaches suggest protein-protein interaction [60].

4.1. Transmembrane Spanning Domains

In general, N-terminal signal peptides are cleaved off during maturation of soluble secretory
peroxidases from eukaryotic organisms. In many cases, the resulting N-terminal positioned glutamine
is catalyzed to a cyclic molecule, the so-called pyrrolidone carboxylic acid (PCA) [61]. Prosite predicted
such a modification for 32% of the peroxidases shown in Table 1 [62]. Four (OsPrx36, ZmPrx53,
ZmPrx78, ZmPrx132) out of 21 vacuolar peroxidases are modified this way potentially. Pyrrolidone
carboxylic acid appear absent in CroPrx01 [21] and vacuolar peroxidases from arabidopsis and barrel
medic. One third of the putative PM-bound peroxidases showed an N-terminal glutamine that may be
modified after cleavage of the signal peptide [21].

Three transmembrane helices (TMH) were predicted for OsPrx95 by different prediction tools [14].
PSORT identified a cleavable signal peptide at the N-terminus of OsPrx95 and predicted a type I
membrane protein (TMH 345...361, C-terminus) with a localization at the PM (Table 1). This prediction
was in accordance with the identification of the protein in the PM [26]. In contrast, the hypothetical
model showed a transmembrane domain at the N-terminus (Figure 2). All other peroxidases from
Table 1 have one TMH at the N-terminus that is overlapping with the ER signal peptide. Signal peptides
of membrane-bound proteins can remain and, due to their hydrophobicity, function as an N-terminal
transmembrane domain. Actual search algorithms may be not able to make exact predictions of this
possibility yet. So far, crystal structures of membrane-bound peroxidases have not been published.

In accordance with the biochemical classification and with the identification of ZmPrx01, ZmPrx66,
and ZmPrx70 at the PM, five of n = 5 prediction programs detected N-terminal signal peptides
in their amino acid sequences [22]. PSORT even predicted a non-cleavable signal peptide in
ZmPrx70 and a localization of the enzyme at the PM or ER membrane (Table 1). The hypothesis
of a transmembrane-spanning domain was supported by experimental data: (i) non of the maize
peroxidases could be washed off from the PM by high salt concentrations or other treatments [22,24,63];
(ii) peroxidases were found in DRM of washed PM [14]; (iii) recombinant peroxidases were localized
in the yeast membrane after heterologous expression of their full length amino acid sequences [64].

4.2. Protein—Protein Interaction

Molecular masses of ZmPrx01 (70 kDa) and pmPOX2a (155 kDa) suggested a putative
protein—protein interaction [22,24]. Analyzes of the maize PM proteome by high resolution clear
native electrophoresis (hrCNE) pointed to the participation of a PM-bound guaiacol peroxidase to a
putative high molecular mass protein complex of 1092 kDa [60]. Interaction of AtPrx64 with PM-bound
Casparian strip domain proteins (CASPs) was demonstrated [28]. For tonoplast, interaction of CroPrx01
with arabinogalactan proteins (AGPs) was suggested [35].

Protein—protein interaction may be supported by post-translational modifications (Table 1).
Phosphorylation may change the properties of peroxidases and facilitate protein—protein interaction,
although this hypothesis has to be verified.

4.3. Spatiotemporal Organization

The proteome of PM microdomains (defined by DRM) is involved in signaling and response to
biotic and abiotic stress, cellular trafficking, cell wall synthesis and degradation, and metabolism [65,66].
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Evidence for a localization of class III peroxidases in DRM has been presented [14,33,34]. As shown in
Figure 3, microcompartimentation allows PM-bound peroxidases to co-localize with ROS producing
and detoxifying enzymes in the membrane [25]. Thus PM-bound peroxidases may probably not only
detoxify HyO, directly at the site of origin to ensure the optimal protection of the membrane, but could
also protect specific functional regions of the PM [14,25] and fulfill specific functions in dependence on
their substrates.

AVLB biosynthesis Cell wall modification Casparian strip formation
ZmPrx01 AtPrx64
pl 6.81 pl 9.05

Membrane protection

MYB36

CroPrx01
(a) pl 10.5 (b) (c)

Figure 3. Membrane interaction and spatiotemporal organization of CroPrx01, ZmPrx01 and AtPrx64.
(a) Soluble CroPrx01 interacts via an arabinogalactan protein (AGP, blue) with the inner surface
of the tonoplast [35,67]. For «-3',4’-anhydrovinblastine (AVLB) synthesis, the complex anchored
next to a proton driven alkaloid antiporter (yellow ellipse) [68,69], (b) ZmPrx01 is anchored in the
PM by a transmembrane-spanning domain with its active site at the out-side [22]. For cell wall
modification, the enzyme co-localized with Rboh (ruby colored) in microdomains. Simultaneously,
superoxide dismutase (SOD, green) and ZmPrx01 regulate ROS levels at the PM [14,70]. (c) Soluble
AtPrx64 interact with a transmembrane Casparian strip protein (CASP1, orange) at the PM [28,29,71,72].
A dirigent-like protein (EBS1, grey) facilitates co-localization of the complex with RbohF (ruby colored)
in sclerenchyma cells [72]. Casparian strip formation is regulated by MYB36 [29]. For peroxidases
solvent accessible surface charges are shown: negative (red); neutral (white), positive (blue).

A co-localization of AtPrx64 with respiratory burst oxidase homolog F (RbohF) has been
shown [28]. Besides AtPrx64, RbohF, and a dirigent-like protein (Enhanced Suberin 1, ESB1) were
recruited by CASPs to assemble the lignin polymerization machinery [29]. It was shown that this
process is regulated by the transcription factor MYB36.

The pattern of CroPrx01:GFP-fusion constructs pointed to localization in mircodomains.
A co-localization with AGPs was postulated at the tonoplast [35]. Regulation of CroPrx01 functions
were discussed in dependence on the specific localization/orientation.

5. Function

Functional analysis and biochemical characterization of membrane-bound class III peroxidases
are still fragmentary. It is very difficult to identify the exact function(s) of plant peroxidases because of
(i) the huge amount of similar isoenzymes, (ii) the broad substrate specificity, (iii) the high number of
possible functions, and (iv) the ability of other isoenzymes to compensate the absence of an enzyme
in knock-out experiments [11,73]. Progress has been made by molecular biological approaches in
combination with biochemical characterization that resolve some of these problems [74].
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5.1. Molecular Function

Class III peroxidases are involved in production and scavenging of ROS [7,8,75].
Various substrates are oxidized by the peroxidative cycle that play important functions in
polymerization of cell wall components, auxin metabolism, and NAD(P)H oxidation via a non-catalytic
reaction. Superoxide anion production via this reaction is immediately converted to hydrogen peroxide
and molecular oxygen either spontaneously or through superoxide dismutase. The hydroxylic cycle
can produce ROS. Both cycles control hydrogen peroxide levels of cells [25]. A function of hydrogen
peroxide in redox regulation and signaling has been demonstrated [76,77].

Substrates

The PM is the first target of a stressor. Large amounts of hydrogen peroxide are produced at the
PM due to cellular processes, as a response to stress factors, or to external sources in plant-pathogen
interactions [78-81]. This oxidative stress causes lipid peroxidation and changes in membrane
permeability [82-84]. PM-bound peroxidases were suggested to be substantially involved in the
detoxification of the cell and/or repair of the PM after oxidative damage [25]. They probably play an
important role in maintaining the cell functions under different stress conditions [22].

Class III peroxidases oxidize a wide variety of small phenolic compounds, including monolignols,
hydoxycinnamic acids, dimeric alkaloids and others [85,86]. For the docking study shown in Table 2,
several of these substrates were tested: (i) monolignols such as coniferyl, sinapyl, and p-coumaryl
alcohols as precursors of lignin [87,88]; (ii) hydoxycinnamic acids like ferulic acid, caffeic acid and
p-coumaric acid as precursors of suberin [89]; (iii) L-3,4-dihydroxyphenylalanine (L-DOPA) as precursor
of various alkaloids, catecholamines, and melanin [90,91]; and (iv) other substrates like ascorbic acid,
indol-3-acetic acid (IAA) and nicotinamide adenine dinucleotides (NAD(P)H). Auxins like IAA have a
crucial role in the cell elongation process [92] and can be accumulated in vacuoles [93].

The docking analysis revealed different substrate affinities for the peroxidases in dependence on
their localization and biological function. According to their classification, the peroxidases showed
low affinity against ascorbic acid (Table 2).

PM-bound peroxidases of arabidopsis, barrel medic or rice (Figure 1), have not been characterized
biochemically yet. For AtPrx64, the substrate affinity decreased in the order NADPH > IAA > NADH
> L-DOPA > cinnamyl alcohol > sinapyl alcohol > ferulic acid (Table 2). Gene expression of AtPrx64
indicates that this peroxidase is crucial to lignin deposition in the Casparian strip of endodermis cell
walls in roots [28,29]. This observation correlates with affinities of the hypothetical structure of the
enzyme against alcohols such as cinnamyl and sinapyl (Table 2).

The affinity of AtPrx47 decreased from NADPH >IAA > NADH > ferulic acid > cinnamyl alcohol.
The docking analyzes revealed that L-DOPA appears not to be a substrate for AtPrx47. These results
supported a function of AtPrx47 in the lignification of vessels [30].

PM-bound MtPrx02 showed a high affinity for substrates related to cell wall modification, such as
IAA, ferulic acid, cinnamyl and sinapyl alcohol (Table 2). This observation confirmed experimental
data with this peroxidase [94]. Similar results were found for OsPrx95 that showed high affinity with
substrates involved in cell wall modification such as IAA and cinnamyl alcohol (Table 2).

Both, CroPrx01 and AtPrx64, revealed similar affinities with L-DOPA, whereas the other
peroxidases showed no reaction with this substrate. This observation excluded a localization of
AtPrx47, MtPrx02, OsPrx95 or ZmPrx01 at the tonoplast or in the vacuole. As mentioned above,
the structure of AtPrx64 may need further elucidation and results from the docking study have to
be verified by biochemical characterization of the native enzyme and/or recombinant polypeptide.
Biochemical differences between native proteins and recombinant polypeptides may be possible due
to a distinct degree of glycosylation.
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Table 2. Docking results of multiple ligand molecules by Firedock (http:/ /bioinfo3d.cs.tau.ac.il/
FireDock/). Putative structures of the membrane-bound peroxidases CroPrx01 (5a0g.1.A), AtPrx64
(3hdl.1.A), AtPrx47 (5twt.1.A), MtPrx02 (5twt.1.A), OsPrx95 (3hdl.1A) and ZmPrx01 (3hdl.1.A) were
modeled by SWISS-MODEL (https:/ /swissmodel.expasy.org/). Horseradish peroxidase (HRP, 1hch)
was used for comparison.

Substrate CroPrx01  AtPrx64 AtPrx47  MitPrx02 OsPrx95 ZmPrx01 HRP
ascorbic acid —5.47 —-5.39 —5.94 —5.48 —5.56 —5.29 —5.88
L-DOPA ! —8.23 —8.39 0.24 12.62 7.11 12.34 —0.34
indole acetic acid —15.41 —13.66 —12.95 —17.24 —13.05 —13.6 —-11.79
NADH 2 —9.26 —8.6 -12.82 —12.42 —13.32 -9.89 —6.29
NADPH 3 —12.93 —13.69 —13.78 —11.69 -11.95 —12.49 —5.44
cinnamy! alcohol —7.95 —7.98 —7.67 —8.74 —7.67 —6.39 —5.85
coniferyl alcohol —4.56 —4.33 —3.77 —3.73 —4.85 —4.54 —3.81
sinalpyl alcohol —7.31 —7.88 —5.23 —8.02 —6.51 —7.26 —3.35
ferulic acid —6.8 —7.18 —8.14 —9.04 —6.11 —5.22 —6.86
caffeic acid —5.35 —5.34 —5.06 —5.98 —5.91 —4.88 —2.07
p-coumaric acid —4.96 -5.77 —5.32 —5.46 —6.08 —6.4 —5.54

1 DOPA, L-3,4-Dihydroxyphenylalanin; 2 NADH, Nicotinamide adenine dinucleotide; > NADPH, Nicotinamide
adenine dinucleotide phosphate.

Cinnamyl alcohol is easily oxidized by most of the peroxidases, but coniferyl and sinapyl
alcohol seem to be poor substrates for many of these enzymes. Thus even during lignin synthesis,
sinapyl alcohol dehydrogenation may be mediated by other phenolic radicals [95,96].

5.2. Biological Functions

The expression of peroxidase enzymes is regulated and induced by several stressors, such as
pathogens, temperature, nutrient starvation or environmental changes [74]. Regulation of peroxidases
is strongly effected by ROS levels in the plants. These ROS levels are linkups to the stressors,
related besides the self-regulation of the plant [97].

Although class III peroxidases are highly conserved, the high similarity in protein structure has
no simple correlation with the functions of these enzymes. Nevertheless, the structural features of class
III peroxidases, like distribution of surface charges, glycosylation patterns or even the regulation of the
enzymes, seem to be important in the classification by functions of the enzymes [74]. Another feature
that was used to characterize peroxidases is the isoelectric point (pI) [6]. So far, little or no information
can be found on the correlation between pl and biological functions.

Both, alkaline and acidic stress, generate an increase of ROS in plant tissues [98-100].
Those changes in soil pH and apoplast have a significant effect on the regulation of peroxidases
that are linked to ROS generation and scavenging. On the one hand, several studies showed optima in
the range between pH 4.5 to 6.5 for peroxidase activity [101,102]. On the other hand, pH is crucial for
the stability of peroxidases [103].

Evaluation of Table 1 revealed several membrane peroxidases that respond to pH in rice (n = 2) and
maize (n = 11), but none in arabidopsis or barrel medic. In maize, a localization of these isoenzymes
was predicted for PM (n = 7), vacuole (n = 2) and mitochondria inner membrane (1 = 2). In rice,
two isoenzymes were predicted for PM. All these peroxidases were anionic with the exception of
ZmPrx140 (Table 1).

A proteomic approach suggested specific functions of ZmPrx01, ZmPrx66, ZmPrx70 and
pmPOX2a in response to oxidative stress [63]. Both, substrate affinity and specific activities make
a function of ZmPrx01 in lignification most likely. Several putative cis-regulatory elements were
identified by partial gene analysis of ZmPrx70 that suggested a regulation of its gene by wounding,
methyl jasmonate, salicylic acid, and elicitors [22]. In addition, a regulation of the gene by oxidative
stress was suggested by seven successive elements with sequence similarity to the consensus
sequence of antioxidant-responsive elements (ARE) at the 5’-untranslated region of ZmPrx70 [63,104].
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Recent studies showed that high-light conditions can increase phenol and peroxidase levels and by that
the hydrogen peroxide scavenging capacity of the vacuole. In fact it was proposed that the vacuolar
couple CroPrx01/secondary metabolites represent an important sink /buffer of hydrogen peroxide in
green plant cells [105].

5.2.1. Orthologous

According to Welinder et al. [61], truly orthologous of peroxidases should have sequence identities
greater than 90%. For the peroxidases discussed above, orthologous were not found for the species
investigated. Sequence similarities above 70% might indicate related physicochemical properties and
physiological functions.

Homologous of AtPrx47 appear not to exist in arabidopsis, highest sequence similarity
was 47% (Table 3). For AtPrx47, a function in lignification of vessels has been shown during
plant development [29,30]. This observation was supported by the docking analyzes (Table 2).
Several proteins with sequence similarities above 80% to AtPrx47 were found in the Brassicaceae family,
e.g., AruPrx47 (94.9%) from horseradish (Armoracia rusticana G.GAERTN., B.MEY (Bernhard. Meyer).
and SCHERB. (Scherbius, Johannes)). Sequence similarities above 70% were indicated for MtPrx19
(G71JT4) and CroPrx09. However, MtPrx19 was suggested to have a function in response to pathogens,
whereas the function of CroPrx09 is unkown. For maize and rice, sequence similarities were below 60%.
In contrast to AtPrx47, none of the putative orthologous appear to have a transmembrane-spanning
domain or a localization at the PM.

Table 3. Homologous and most similar sequences of membrane-bound class III peroxidases in other
species. Sequence identity is given in brackets. Protein names are given according to PeroxiBase.

Protein Z. mays O. sativa M. truncatula A. thaliana C. roserus
CroPrx01 ZmPrx16 (55%) OsPrx23 (563%)  MtPrx48 (54%)  AtPrx12 (59%)  CroPrx03 (84%)
AtPrx64 ZmPrx136 (65%) OsPrx32 (60%)  MtPrx55 (72%) AtPrx66(52%) CroPrx40 (72%)
CroPrx43 (72%)
AtPrx47 ZmPrx15 (57%) OsPrx117 (60%)  MtPrx19 (71%)  AtPrx66 (47%)  CroPrx09 (75%)

AtPrx64 (46%)

MtPrx02 ZmPrx120 (52%) OsPrx40 (59%)  MtPrx70 (96%)  AtPrx52 (46%)  CroPrx04 (55%)
OsPrx95 ZmPrx94 (73%) OsPrx97 (50%)  MtPrx07 (43%)  AtPrx56 (46%)  CroPrx49 (48%)
OsPrx134 (50%) CroPrx59 (47%)
ZmPrx1 ZmPrx101 (68%) OsPrx12 (74%) MtPrx07(52%) AtPrx39 (46%)  CroPrx14 (48%)

Similar results have been found for the tonoplast-bound CroPrx01. Sequence similarity of 84%
was found between CroPrx01 and CroPrx03 (B2G335), but in maize, rice, barrel-medic or arabidopsis,
sequence similarities were below 60%. CroPrx03 is a soluble apoplastic peroxidase that is expressed in
stem and flower tissues [106]. The transcript was down-regulated under salt and dehydration stress.

For the barrel medic MtPrx02, MtPrx70 (G7KFK8) was found as homologous by sequence
similarity (Table 3). Indeed this peroxidase responded to nitrogen starvation and pathogen infection.
In contrast to MtPrx02, MtPrx70 respond to mycorrhiza and appears to be a soluble peroxidase.
PSORT predicted localization outside the cell and the enzyme does not contain a transmembrane helix.
Arabidopsis, rice and maize showed similarities below 60% (Table 3).

True orthologous of OsPrx95 were not indicated in maize, barrel medic or arabidopsis. Highest
sequence similarity to OsPrx95 was found for ZmPrx94 (AOA1D6HQQS). Both proteins were predicted
at the PM (Table 1). Salt stress caused a decrease in OsPrx95 abundance [27]. In contrast, ZmPrx94
was induced by salinity. The lignin biosynthesis pathway altered significantly under salt stress.
For example, cell wall thickness of vessels in sorghum [107] and thickness of Casparian strip in maize
roots [108] increased during acclimation to salinity.

Orthologous of ZmPrx01 were not found in rice, Madagascar periwinkle, barrel medic or
arabidopsis. In maize, ZmPx101 (B4FU88) and ZmPrx49 (B4FY83) showed highest sequence similarity
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to ZmPrx01. Both proteins appear to be soluble peroxidases. ZmPrx101 is induced by pathogens,
whereas the function of ZmPrx49 is unknown.

Similar results were found by comparison of all ER, PM and vacuolar peroxidases from
arabidopsis, barrel medic, rice and maize. Among ER-bound peroxidases, the highest sequence
identity was between ZmPrx135 and MtPrx58 (47.33%), the lowest between ZmPrx46 and AtPrx69
(37.15%). In total, 45 putative PM-bound peroxidases were found. The highest sequence identities
were found for ZmPrx41 and ZmPrx55 (97.95%) > ZmPrx66 and ZmPrx114 (80.89%) > OsPrx135 and
ZmPrx115 (80.43%) > OsPrx30 and ZmPrx123 (79.88%), but for most of them sequence identities were
below 60%.

ZmPrx41 responded to pH, drought and etiolation, whereas ZmPrx55 appears to have a function
in cold stress. ZmPrx66 showed response to drought, ZmPrx114 appears to have a function in drought
stress, but responded also to pathogens and pH (Table 1). ZmPrx115 was affected by etiolation, and is
involved in cell wall modification whereas the function of OsPrx135 is unkown.

For vacuolar peroxidases sequence identities were below 60% with the exception of ZmPrx53 and
ZmPrx132 (86.28%). Functions of these peroxidases are unknown.

5.2.2. Phylogeny

A phylogenetic tree was performed to obtain further clues to the biological functions of
membrane-bound peroxidases in maize, rice, barrel medic and arabidopsis (Figure 4). The phylogenetic
tree was constructed using the maximum likelihood method based on the Jones, Taylor, Thornton
(JTT) matrix-based model [99]. The analysis was done with amino acid sequences of peroxidases from
Table 1. In total 110 sequences were analyzed, Eleven from arabidopsis, 31 from barrel medic, 22 from
rice, 45 from maize and one from the liverwort Marchantia polymorpha (MpPrx92). The tree was rooted
to MpPrx92. The amino acid sequence reveals no signal peptide, it has a prediction for 1 TMH and
for a localization of the protein at the PM. Phylogenetic analysis allows identifying the evolutionary
conservation and divergence of these enzymes from the common ancestor MpPrx92.

The tree was divided into six major groups (A to F). The first group, which clusters peroxidases
that respond to various stresses, is subdivided in four clusters (Al to A4). Cluster Al summarized
peroxidases that were characterized to work against several stresses, like drought (e.g., MtPrx29,
ZmPrx66 and ZmPrx70), cold (ZmPrx55), pathogens (e.g., MtPrx02, MtPrx32 and ZmPrx86) and
even hormones (e.g., AtPrx10 and MtPrx94). Cluster A2 contains only two PM peroxidases that
participate in oxidative stress (OsPrx117) and lignification of vessels (AtPrx47). In fact the similarity
between the two peroxidases is remarkable (Table 3), but the similarities of biological functions need
further proofs. In group A3, peroxidases clustered together that are involved in reactions against
pathogens (e.g., AtPrx64, MtPrx55 and MtPrx92) and nodulation (e.g., MtPrx13, MtPrx55 and MtPrx92).
Nodulation is characteristic for legumes like barrel medic [109]. Peroxidases from other species in this
cluster work most probably in defense against pathogens. Finally, the cluster A4 is formed exclusively
by PM peroxidases of maize that are involved against stresses like drought (ZmPrx81) and defense
against pathogens (ZmPrx85).

Group B is subdivided into two clusters but there is not so much known about this group.

Group C is subdivided in five clusters with different responses to abiotic stress. Group C1
contains peroxidases that were not characterized experimentally. A BLAST search suggests a function
in response to pH changes, such as soil acidification. This group is formed only by maize peroxidases,
with the exception of OsPrx95 from rice. Maize and rice are two of the bigger crops in the world,
and frequently the growing of these plants is related to soil conditions. Low pH causes less growing of
the plant and even death. So it is very interesting to find peroxidases in these two species that might
be involved in this kind of stress. Additionally, this stress can be related to other stresses, like nutrient
starvation or drought [112]. The C2 cluster is build by two PM peroxidases that are involved in plant
development. AtPrx18 is related to the development of the floral organ and OsPrx5556 could be
involved in the response to hormones and heat.
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Figure 4. Phylogenetic analysis of peroxidases from Table 1 and MpPrx92 by the maximum likelihood
method. The evolutionary history was inferred by using the maximum likelihood method based on
the Jones, Taylor, Thornton (JTT) matrix-based model [110]. The tree with the highest log likelihood
(-58984.24) is shown. The percentage of trees in which the associated taxa clustered together is
shown next to the branches. Initial tree(s) for the heuristic search were obtained automatically by
applying Neighbor-Join and BioN] algorithms to a matrix of pairwise distances estimated using a JTT
model, and then selecting the topology with superior log likelihood value. The tree is drawn to scale,
with branch lengths measured in the number of substitutions per site. The analysis involved 110 amino
acid sequences. There were a total of 841 positions in the final dataset. Evolutionary analyses were
conducted by Molecular Evolutionary Genetics Analysis (MEGA?) [111]. ®, ER; ®, PM; ®, Vac; B Golgi;
, MoM; v, MiM.
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Peroxidases from group C3 seem to be involved in nitrogen starvation response. Three peroxidases
of three different species, MtPrx04, OsPrx138 and ZmPrx72, build this cluster and, despite the fact
that only one of these peroxidases was studied (MtPrx04), the similarity between them is so high that
they may have the same function. This could mean that these peroxidases have a common origin to
protect the plant against nutrient deficiency. Cluster C4 is build by peroxidases that are involved in
processes like cell wall modification (e.g., ZmPrx01). Finally, group C5 contains peroxidases that are
not characterized. A BLAST search suggested a function in response to different abiotic stresses like
pH and drought (ZmPrx78) or nitrogen and phosphate starvation (OsPrx46 and OsPrx107).

Group D is formed by three peroxidases from barrel medic and rice that are not characterized.

Group E include mainly peroxidases that are involved in etiolation and are regulated by light and
dark (e.g., ZmPrx104 and ZmPrx112). However, these functions are only theoretical because none of
these peroxidases were characterized experimentally.

Finally, group F is involved mainly in nodulation (e.g., MtPrx41, MtPrx42 and MtPrx74).
In accordance with this specialization of legumes, the majority of peroxidases were from barrel
medic. Two peroxidases were from maize (ZmPrx57 and ZmPrx71), and these were separated from
the others. The genes showed distinct expression patterns: zmprx57 has been found in immature leaf,
whereas zmprx71 has been expressed in primary root [113]. Both proteins have a prediction for PM
localization. At least one of them may respond in defense against pathogens. This function can be
easily related to the nodulation in barrel medic plants. However, biochemical characterization of the
maize peroxidases is still missing.

6. Conclusions

Molecular biodiversity of membrane-bound class III peroxidases appears to be higher then
expected.  Although plants evolved the same molecular mechanisms, true orthologues of
membrane-bound peroxidases were not identified in the four species investigated. Besides soluble
class III peroxidases that interact with the membrane by protein—protein interaction, type I membrane
proteins may exist. Membrane-bound peroxidases are multifunctional enzymes that fulfill essential
functions in plant development and stress response. Microcompartmentation and co-localization of
PM-bound peroxidases with ROS-producing and detoxifying enzymes may probably not only detoxify
hydrogen peroxide directly at the site of origin, but could also protect specific functional regions of the
PM and fulfill specific functions. Biochemical characterization of membrane-bound peroxidases is still
fragmentary and will need further elucidation. Some of these peroxidases may have the potential for
marker-assisted breeding.
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Abbreviations

AGP Arabinogalactan protein

ARE Antioxidant-responsive elements

AtPrx47 Arabidopsis thaliana peroxidase 47

AtPrx64 AtPer64, Arabidopsis thaliana peroxidase 64
AVLB -3’ 4'-anhydrovinblastine

BLAST Basic local alignment search tool

BvPrx12 Beta vulgaris peroxidase 12

CASPs Casparian strip domain proteins
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CroPrx01 CrPrx1; Catharanthus roseus peroxidase 1
DRM Detergent resistant membrane

ER Endoplasmic reticulum

ESB1 Enhanced Suberin 1

GAERTN. Gartner, Joseph

GFP Green fluorescence protein

hrCNE High resolution clear native electrophoresis
HEYNH. Heynhold, Gustav,

HRP Horseradish peroxidase

IAA Indol-3-acetic acid

L-DOPA L-3,4-dihydroxyphenylalanine

MEGA7 Molecular Evolutionary Genetics Analysis Version 7.0
B.MAY. Bernhard. Meyer

MiM Mitochondrial inner membrane

MoM Mitochondrial outer membrane

MS Mass spectrometry

MitPrx02 Medicago truncatula peroxidase 2

MW Molecular weight

MYB36 MYB domain protein 36

NADH Nicotinamide adenine dinucleotide
NADPH Nicotinamide adenine dinucleotide phosphate
OsPrx95 Oryza sativa peroxidase 95

PCA Pyrrolidone carboxylic acid

pl Point isoelectric

PM Plasma membrane

pmPOX2a Plasma membrane peroxidase 2a

PSORT protein subcellular localization prediction tool
PsPrx13 Pisum sativum peroxidase 13

PyMOL Python-enhanced molecular graphics tool
Rboh Respiratory burst oxidase homolouge

ROS Reactive oxygen species

SCHERB. Scherbius, Johannes

SOD Superoxide dismutase

TMH Transmembrane helix

TMHMM Trans Membrane Helix Markov Model

Vac Vacuole

ZmPrx01 Zea mays peroxidase 1
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Abstract: Plant cell walls are complex and dynamic structures that play important roles in growth
and development, as well as in response to stresses. Pectin is a major polysaccharide of cell walls
rich in galacturonic acid (GalA). Homogalacturonan (HG) is considered the most abundant pectic
polymer in plant cell walls and is partially methylesterified at the C6 atom of galacturonic acid.
Its degree (and pattern) of methylation (DM) has been shown to affect biomechanical properties of the
cell wall by making pectin susceptible for enzymatic de-polymerization and enabling gel formation.
Pectin methylesterases (PMEs) catalyze the removal of methyl-groups from the HG backbone and
their activity is modulated by a family of proteinaceous inhibitors known as pectin methylesterase
inhibitors (PMEIs). As such, the interplay between PME and PMEI can be considered as a determinant
of cell adhesion, cell wall porosity and elasticity, as well as a source of signaling molecules released
upon cell wall stress. This review aims to highlight recent updates in our understanding of the
PMEI gene family, their regulation and structure, interaction with PMEs, as well as their function in
response to stress and during development.

Keywords: pectin methylesterase inhibitor (PMEI), pectin; homogalacturonan (HG); cell wall properties;
degree of methylesterification (DM); stress; development; applications

1. Introduction

Plant cells are surrounded by a wall composed of interacting networks of polysaccharides, highly
glycosylated proteins and other polymers. Plant cell walls are complex and highly dynamic structures,
responding and adapting to normal processes of growth and development as well as to biotic and
abiotic stresses. They have to fulfil several different functions: on one hand, they need to be flexible
to allow fast and directional cell elongation (e.g., pollen tubes) and on the other hand they have to
be rigid enough to resist the internal turgor pressure, to protect against pathogens and to provide
structural and mechanical support for the upright growth of the whole organism.

The major carbohydrates of primary cell walls are cellulose, hemicellulose, and pectins.
Cellulose and hemicellulose form a hydrogen-bonded network that is embedded in a gel-like
pectic matrix. Pectin is a galacturonan-based polysaccharide containing five distinct subclasses that
can be distinguished based on the structure of their backbones and the diversity of their side chains:
homogalacturonan (HG), rhamnogalacturonan I and rhamnogalacturonan II (RG-II), xylogalacturonan
and apiogalacturonan [1]. In dicots and non-graminaceous plants, pectins constitute about 35% of
primary cell walls, whereas in grasses only 2-10% of primary walls are pectic polysaccharides [2].
Pectin has been shown to play roles controlling cell wall porosity [3], cell elongation [4], and cell
adhesion [5] and constitutes an important factor in plant development (for reviews see [6,7]).
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HG constitutes ~65% of pectin and is the most abundant pectic polysaccharide in primary cell
walls [1]. It consists of an «-1,4-linked D-galacturonic acid (GalA) backbone, which is synthesized by
HG galacturonosyl-transferases (GAUTs) from the nucleotide sugar uridine diphosphate (UDP)-GalA
in the Golgi apparatus. So far, the galacturonosyl-transferase GAUT1 has been biochemically
characterized in Arabidopsis [8,9] and a hetero-complex formation of two GAUT1 with one GAUT7
molecule has been shown responsible for retaining GAUT1 in the Golgi apparatus [10]. In addition,
GAUTH4 from Arabidopsis thaliana, switchgrass and poplar was shown to synthesize HG and
downregulate of the gene reduced HG and RG-II in the cell wall [11]. When HG is secreted into
the cell wall, it is highly methyl-esterified at the C6 atom of the GalA residue (~80% [2]) and a putative
pectin methyltransferase conferring this methyl-esterification has been identified in the Golgi [12,13]. In
addition, some GalA residues of HG carry acetyl groups at O2 or O3, which affect the physiochemical
properties of HG in vitro [14].

Once incorporated into the cell wall, HG is further selectively modified and the pattern
and degree of these modifications affect pectin hydrolysis and properties such as pH, charge
and crosslinking. Pectin acetyl esterases catalyze de-acetylation and the release of acetate from the cell
wall, causing changes in cell wall mechanics and developmental aberrations [15,16]. Pectin methyl
esterases (PMEs) catalyze the specific de-methylesterification of HG, releasing methanol and protons,
and creating negatively charged carboxyl groups in the process (Figure 1). The degree and pattern
of methylesterification of HG determine the biomechanical properties of the cell wall. When several
consecutive GalA residues are de-methylesterified (block-wise de-methylesterification), the negatively
charged carboxyl groups can form calcium bonds with other HG molecules, leading to so-called
‘egg-box’ structures that underlie the formation of pectin gels [17]. De-methylesterified, calcium
cross-linked HG increased the amount of bound water maintaining wall hydration [18] and the
hydration state was shown to affect biomechanical properties of the cell wall, such as its rigidity [19].
In addition, the strength of pectin gels is highly dependent on the amount of free calcium ions in the
apoplast, as stiffness of the gel is reduced by disassociation of calcium crosslinks [20]. On the other
hand, partially de-methylesterified HG (random or block-wise de-methylesterification) can become
a target for pectin-degrading enzymes such as polygalacturonases and pectate/pectin lyases.

The degree of methylesterification (DM) of HG, which is controlled by the activity of large
PME families, has vast consequences on the mechanical properties of the cell wall [21], affecting
developmental processes such as stomata opening [22,23], cell adhesion [5], organ initiation [24] and
anisotropic cell growth [25]. In addition, hydrolysis of partially de-methylesterified HG can lead
to the formation of signaling molecules (oligogalacturonides), for instance, during plant-pathogen
interactions [26,27]. Consequently, PME activity is tightly regulated at: (a) the transcriptional level [28],
(b) by protein processing [1] and degradation [29], (c) by the pH of the cell wall environment [6,30], and
(d) by endogenous inhibitor proteins called pectin methylesterase inhibitors (PMEIL Figure 1) [31,32].
The first PMEI was identified in kiwi fruit (Actinidia deliciosa [33]) and to date several PMEIs have been
investigated in different plant species. This review therefore aims to give a comprehensive overview on
the current knowledge about PMEIs and their various roles in plant development and stress response.
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Figure 1. Schematic diagram showing the de-methylesterification of HG and the effects on its structure.
HG is highly methylesterified when deposited into the cell wall. PMEs can de-methylesterify HG
in a block-wise fashion, leading to several consecutive GalA residues without methylester groups.
These HG backbones are negatively charged and can therefore form crosslinks with cations like calcium
ions, leading to so called ‘egg-box’ structures responsible for gel formation. On the other hand,
PMEs can de-methylesterify single GalA residues leading to a random methylesterification pattern.
Low-methylesterified HG is depolymerized by pectin-degrading enzymes such as polygalacturonases
(PG) and pectin/pectate lyases (PL), which leads to the formation of oligogalacturonides (OG).
PME activity is inhibited by its proteinaceous inhibitor PMEIL

2. PMEI Occurrence and Regulation

PMEIs belong to large multigene families, containing almost as many members as PME genes
in several plant species [34]. The PMEI proteins first appeared in mosses (Physcomitrella patens),
which coincided with the appearance of pectin in cell walls [34]. In Arabidopsis, 71 putative PMEI
genes have been identified in silico (not including proPME genes containing PMEI domains) [34],
compared to 100 open reading frames (ORFs) in Brassica campestris [35] and 97 putative PMEI genes in
Brassica rapa [36]. Pinzén-Latorre and Deyholos [37] listed 95 PMEI ORFs in flax (Linum usitatissimum),
whereas in poplar (Populus trichocarpa), only 54 genes have been annotated [34]. In monocots, the PMEI
families generally contain fewer isoforms. For example, in rice (Oryza sativa), 49 ORFs were annotated
as putative PMEIs [38] compared to 37 genes in Sorghum bicolor [34] and 38 putative PMEI members
in Brachypodium distachyon [1]. The smaller family size in grasses is likely due to differences in the
structure of cell wall polysaccharides, with pectins being less abundant and less methylesterified
in graminaceous species [2,28]. Gene family synteny and phylogenetic analyses suggest that the
expansion of the PMEI families in several angiosperm species is due to whole genome duplication and
tandem duplication events during evolution [34,35,37].

PMEISs are crucial factors in regulating the DM of HG, which has tremendous effects on cell wall
mechanics and affects many biological processes (Figure 2).
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Figure 2. Effect of PMEI regulation on cell wall properties and biological processes
affected by PMEI manipulation. PMEIs are transcriptionally regulated in a tissue-specific and
development-dependent manner. Several plant hormones and signaling molecules as well as environmental
stresses can activate PMEI gene expression. Alternative splicing and directed endocytosis and secretion
regulate the level of active PMEIs in the cell wall. PMEI can inhibit several PME enzymes, thereby
regulating de-methylesterification of HG. This in turn modulates cell wall properties such as loosening or
strengthening, which is required for several biological processes.

Therefore, it is not surprising that their expression is highly coordinated with other pectin
modifying enzymes, such as PMEs [28]. Transcriptional analyses (using microarrays, RNAseq,
qRT-PCR) showed that PMEI expression is spatially and developmentally controlled in various
species (Brassica rapa [36], Brassica campestris [39], Arabidopsis [40], grapevine [41], wheat [42], rice [38],
and flax [37,43]). Cluster analysis for a fraction of PME and PMEI genes already identified expression
clusters specific for e.g., seed coat, endosperm, pollen, shoot apex in Arabidopsis [1]. For example,
AtPMEI6 and AtPMEI14 are specifically expressed in seed coat epidermal cells and their expression is
modulated by the transcriptional regulators GLABRA2 and MUCILAGE-MODIFIED 1 (MUM1),
known to be involved in seed coat differentiation and mucilage production [44]. In addition,
the R2R3-MYB (myeloblastosis) transcription factor MYB52 has been identified as a negative regulator
of pectin de-methylesterification in seed coat mucilage due to its control of AtPMEI6 and AtPMEI14
expression [45].

Hormones are also involved in regulation of PMEI expression in several species [38,46—49].
For example, transcriptional activation of PMEI was shown to be ethylene-dependent during
the ripening process of banana fruits [46], whereas a wheat PMEI was inducible by salicylic
and jasmonic acid as well as hydrogen peroxide, indicating a role in defense responses [48].
Moreover, post-transcriptional regulation has also been indicated for PMEIs. Rocchi et al. [42]
showed that two PMEI genes from durum wheat undergo intron retention. Mature transcripts
were predominantly found in floral organs, indicating a role in flower development and in particular,
anther and pollen development.

In pollen tubes, dynamic pectin metabolism is the key to polar growth and concurrently, different
PME and PMEI isoforms are highly expressed in this cell type. By immuno-labelling, it was
shown that HG with a low DM is found at the flanks of the pollen tube, whereas methylesterified
pectin is predominantly present at the growing tip region where wall extensibility is required for
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cell growth [50,51]. This transition from apical to distal pectin epitopes seems to be correlated with
an increase in cell wall rigidity and decrease in visco-elasticity. The maintenance of the distribution of
esterified and de-esterified HG is ensured by a dedicated mechanism involving localized secretion of
specific PMEI proteins [52]. The pectin methylesterase AtPPMEL is distributed evenly in the cell wall of
the pollen tube. In contrast, the pollen-specific AtPMEI2, which interacts with AtPPME], is exclusively
localized at the cell wall of the pollen tube tip. This specific localization was shown to be dependent
on endocytic internalization of AtPMEI2 at the flanks of the pollen tube. Therefore, protein secretion
and endocytosis seems to be an efficient mechanism for regulating DM of pectin in a temporally and
spatially controlled manner in pollen tubes. It remains to be seen if other PMEIs in other plant tissues
are also regulated by such a mechanism.

In general, the large number of PMEI family members with distinct expression and regulation
patterns could suggest the existence of dedicated interaction pairs required for localized modifications
of HG methylesterification during development. Additionally, this could indicate different inhibitory
activities of PMEIs depending on the cell wall environment and/or different specificities for target
PME:s to guarantee a development- and stress-dependent adjustment of cell wall mechanics.

3. PME Inhibitor Structure and Interaction with Pectin Esterases

PME inhibitors and invertase inhibitors belong to the same protein family (PF04043, http://pfam.
xfam.org/family/PF04043), although their respective target proteins are part of different metabolite
pathways. The overall sequence identity between PMEIs and invertase inhibitors is only moderate
(20-30%), but their three-dimensional structure is highly similar [53]. As shown by crystallographic
approaches, PMEIs consist of four long «-helices arranged in an up-down-up-down topology, forming
a four-helix bundle. They contain an N-terminal signal peptide responsible for extracellular targeting
and four highly conserved cysteine residues, which are involved in the formation of two disulfide
(S-S) bridges essential for the maintenance of the secondary structure of the protein [54,55]. One S-S
bridge connects helices 2 and «3; the second S-S bridge is located in a fifth, N-terminal anchor region
consisting of short distorted helices [56].

Interaction studies performed invitro at different pH values (pH 5.5, 7.5&8.5; pH 7.5;
pH5.5& 7.5 pH 6.5, 7.5 & 8.5) indicated formation of a stoichiometric 1:1 complex of PMEIs with
endogenous PMEs but also with enzymes from other species [41,53,56,57]. For example, Jolie et al. [58]
showed that purified PMEI from kiwi can bind to PMEs from carrot and broccoli (at pH 6.5), whereas
tomato and Arabidopsis PMEIs can interact and inhibit PMEs from orange (at pH 7.5 and pH 7,
respectively) [30,59]. On the other hand, plant PMEIs do not seem capable of inhibiting fungal or
bacterial PMEs, as was shown for PMEI1 and PMEI2 from Arabidopsis, which did not affect PME
activity of Botrytis cinerea [26]. Similarly, Reca et al. [59] showed that purified tomato PMEI only
inhibited plant PMEs but was not active against PME from Erwinia chrysantemi. An explanation for
this lack of inhibition might be that residues critical for PME-PMEI interaction are not conserved in
fungal and bacterial PMEs [56].

The three-dimensional structure of Arabidopsis and kiwi PMEI interacting with purified PME
from tomato revealed that the inhibitor covers the putative active site of the enzyme, thus preventing
substrate binding [53]. The N-terminal anchor region interacts with the C-terminus of PME, potentially
supporting the structural stability. The complex formation of PMEI with PME has been shown to be
pH sensitive [60]. A detailed study on kiwi PMEI indicated that PMEI-PME complex formation in vitro
was reduced at pH values above 6.0, due to reversible conformation changes in the 3D structure of
the PMEI protein. At pH levels above 7.5, irreversible changes in PMEI secondary structure occur,
such as cleavage of the S-S bridges, inducing helix instability. Once the PMEI-PME complex is formed,
it is rather stable and only dissociates under extreme pH conditions (such as pH 10), indicating that
interaction with the endogenous PME enzyme protects the inhibitor from conformational changes.
Different PMEIs have been shown to function at different pH values; Nguyen et al. [61] analyzed a PMEI
of rice (OsPMEI28), which had a highest inhibitor activity against commercial PME at pH 8.5, whereas
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complex formation between PME3 and PMEI7 of Arabidopsis was highly sensitive to pH variation
between 5 and 7 [62]. The observed sensitivity was the result of changes in the protonation of amino
acid residues at the interface of the two proteins, which caused residues to shift between inter- and
intra-molecular interactions. These results indicate that the prevalent cell wall environment, i.e., the pH
of the cell wall, can affect the activity of PMEIs, thereby fine-tuning the DM of pectic polysaccharides.

It was also shown that one PMEI protein can bind and inhibit several endogenous PME
enzymes [39,56], indicating a complex mechanism for regulation of PME activity. For example,
key residues involved in the interaction between the inhibitors AtPMEI4 or AtPMEI9 and AtPME3
were identified by computational approaches and indicated that functional diversity between the
two PMEISs leads to distinct consequences on pollen tube elongation [63]. However, the existence of
strictly specific PMEI-PME pairs cannot be excluded at this time.

4. Role of PMEIs in Stress

The cell wall is the first barrier against pathogens and maintenance of cell wall integrity plays
an important role in pathogen defense [64]. For many bacteria and fungi, secretion of cell wall
degrading enzymes that hydrolyze pectin is an important component for successfully infecting
a plant [65-68]. Conversely, inactivation of pectin degrading enzymes in pathogens can reduce
their virulence on host plants [69-72]. Plant PME activity and the level of pectin methylesterification
are highly regulated by pathogens during an infection process and an increase in PME activity is
correlated with reduced DM of pectin in Arabidopsis during infection with different pathogens [67,68,73].
In addition, degradation of HG by pathogenic polygalacturonases releases de-esterified pectin
fragments or oligogalacturonides (OGs) which in turn act as damage-associated molecular patterns
(DAMPS [74]). Several studies demonstrated that OGs are sensed by specific plant receptors
(wall-associated kinase, WAK) and can activate a stress response by the plant [75,76]. It has been
shown that the DM of OGs influences the strength of the elicited response [27,77]. Furthermore, PME
activity on HG results in release of methanol, a signaling molecule that is involved in priming of
(neighboring) plants and able to retard bacterial growth [78].

Constitutive expression of the PMEI genes AtPMEI-1 and AtPMEI-2 in Arabidopsis reduced the
PME activity and resulted in an increase in DM of HG [26]. The transgenic mutants were more resistant
to the necrotrophic fungus Botrytis cinerea, which was not due to inhibition of fungal PME but rather to
an impaired fungal growth on methylesterified pectin. Further PMEI genes, AtPMEI10, AtPMEI11
and AtPMEI12, were identified as upregulated in response to B. cinerea infection [47]. Genetic studies
indicated that AtPMEI expression is dependent on jasmonic acid and ethylene signaling but only
AtPMEI11 can be induced by OGs [47]. The pmeil0, pmeill and pmeil2 mutants showed increased PME
activity, decreased DM of pectin and increased lesion formation upon B. cinerea infection. This indicates
that plants modulate PME activity by expressing PMEIs in response to pathogen attack.

Similarly, transgenic wheat lines expressing the PMEI from kiwi fruit also showed a reduction of
disease symptoms caused by two fungal pathogens, Fusarium gramineum and Bipolaris sorokiniana [79].
This was related to reduced fungal growth on pectin with high DM and the activity of fungal
PG to hydrolyze the plant pectin was impaired. In addition, the transgenic wheat plants showed
less disease symptoms upon infection with the biotrophic fungal pathogen Claviceps purpurea [80].
This also shows the importance of pectin (and its methylesterification status) in grass species,
despite its low abundance [2]. In barley (Hordeum vulgare), a family of putative pectin esterase
inhibitors (PEIs) has been associated with a resistance gene (Rrs2 locus), which is involved in defense
against Rhynchosporium commune which causes leaf blotch [81]. Overexpression of HvPEI4 led to
an improvement of the resistance, but none of the candidate genes alone caused a high increase in
resistance level. In a recent study, a PME inhibitor from cotton (Gossypium hirsutum) was identified as
being involved in the defense response to the fungus Verticilium dahliae [39]. GhPMEI3 expression in
Arabidopsis led to reduced disease symptoms upon infection with V. dahlia and silencing of GhPMEI3 in
cotton resulted in an increased susceptibility to the fungus.
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Based on current evidence, the proposed role of PMEI in the immune response is the dynamic
modulation of the PME activity (Figure 3). The degree of methylesterification determines the
susceptibility of the plant cell wall to the pectin-degrading enzymes of the pathogen [82]. Plant PME
activity generates methanol as an alarm signal of the damaged self that can regulate the transcription
of pathogen-related PMEI genes either directly (e.g., AtPMEI11 [47]) or via modulation of DAMP or
defense hormone signaling (AtPMEI10, AtPMEI11, AtPMEI12 [47]). OGs are released by partial
hydrolysis of HG by fungal/bacterial polygalacturonases. They serve as DAMPs and bind to
WAKSs at the plasmamembrane, leading to activation of plant immune signaling, which induces
classic defense responses. The DM of OGs can influence the intensity of the defense response.
PMEIs (e.g., AtPMEI10, AtPMEI11, AtPMEI12 [47]) are transcriptionally upregulated by defense-related
signaling pathways including jasmonic acid and ethylene, and inhibit plant PMEs leading to
a higher DM of pectin, which makes it less susceptible to being broken down by fungal cell wall
degrading enzymes.
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Figure 3. PMEIs modulate PME activity and DM of pectin in response to fungal and bacterial attack.
Bacteria and fungi secrete pectin degrading enzymes, like polygalacturonases and pectate/pectin lyases,
upon infection. PME activity leads to release of methanol, which serves as an alarm signal, activating
the expression of pathogen-related PMEIs. Similarly, OGs, which are generated by degradation of
pectin by fungal/bacterial PGs and PLs, serve as DAMPs, leading also to activation of defense related
signaling pathways, which have been shown to activate PMEI gene expression. PMEIs inhibit PME
activity leading to a higher degree of methylesterification of pectin, which contributes to resistance to
fungal/bacterial enzymes resulting in less disease symptoms.

PMEIs have also been implicated to play a role in defense against bacteria. CaPMEI1 from
pepper (Capsicum annuum) was identified in pepper leaves infected with Xanthomonas campestris
pv- vesicatoria (Xcv) [83]. Xcv secretes plant cell wall degrading enzymes like pectate lyases and
polygalacturonases upon infection. CaPMEI1 was transcriptionally upregulated by different biotic stress
signals (e.g., salicylic acid, jasmonic acid, ethylene, H,O,) and consequently, silenced pepper plants
exhibited an increased susceptibility to Xcv. Conversely, overexpression of CaPMEI1 in Arabidopsis conferred
an enhanced resistance to Pseudononas syringae but not to the biotrophic fungus Hyaloperonospora parasitica.
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Little is known about the role of PMEIs in viral infections. In tobacco, plant PMEs have been
shown to be involved in tobacco mosaic virus movement between host cells via interaction with
the viral movement protein [84]. Accordingly, overexpression of PMEIs in tobacco and Arabidopsis
counteracted the action of PMEs, leading to increased resistance to tobacco mosaic virus and turnip vein
clearing virus infection respectively [85]. This was characterized by the reduced or delayed movement
of the viruses and decreased disease symptoms. It is suggested that PMEI reduces viral spreading via
limiting viral-induced PME activity and by hindering the enlargement of plasmodesmata.

Plants respond to abiotic stresses, e.g., water deficit, salt stress, and temperature extremes,
with changes in cell wall architecture, although available literature is more focused on transcriptomic
data rather than biochemical experiments [86,87]. PMEIs are also involved in the plants’ response
to changing environmental conditions, however; only little is known about their molecular role.
CaPMEI1 from pepper is transcriptionally induced by cold treatment, drought stress, as well as the
plant stress hormone abscisic acid and hydrogen peroxide [83]. Arabidopsis lines overexpressing
CaPMEI1 exhibited an increased tolerance to water stress, as shown by improved germination rate and
seedling root growth in the presence of high mannitol concentrations as compared to control plants.
In addition, a reduced transpiration rate was accompanied by less withering upon drought stress,
and improved tolerance to oxidative stress caused by methyl viologen [83].

Several studies using expression analysis have revealed the functional importance of PMEIs in
response to abiotic stresses. RT-PCR analysis of the wheat TaPMEI showed the responsiveness of
the gene to HyO, stimulus, salinity, water stress (caused by polyethylene glycol) and abscisic acid
treatment [48]. Time course analysis further indicated a specificity of the transcriptional response based
on the investigated tissue (leaf, stem and root). In silico meta expression analysis using Affymetrics
array data for rice [38] revealed the importance for several PMEI family members in diverse stress
responses. Drought stress, salt stress, cold and anaerobic conditions (during germination) were
analyzed, and showed specific transcriptional regulations of PMEI genes [38]. Similarly, in Arabidopsis,
the effect of hormone and stress treatments on the expression of PMEI family members was
analyzed in silico. [35]. The microarray data analysis of the PMEI family showed that several
PMEI are differentially expressed in response to abscisic acid, gibberellic acid, auxin and methyl
jasmonate treatment, and many are involved in cold, drought, heat, oxidation, salt, and wounding
regulation in Arabidopsis [35]. In the same study, a cis-element analysis of promotor regions of the
Brassica campestris ssp. chinensis PMEI gene family also indicated an involvement of several PMEI genes
in environmental stress responses. For example, of the 100 PMEI genes in Brassica campestris, 38 BcPMEI
promotors contained both abscisic acid and auxin (indole-3-acetic acid) related cis-elements, 63 and
35 promotors contained heat stress elements and low-temperature response elements, respectively.
Additionally, MYB binding sites involved in drought stress were found in 58 PMEI promotors [35].
However, these in silico results will have to be validated by experimental data.

An Arabidopsis mutant with reduced expression of a PMEI gene (Atl1g62760) exhibited reduced
sensitivity to salt stress [88]. Enhanced root growth, higher fresh weight and less chlorosis and
necrosis upon NaCl treatment were accompanied with reduced salt stress signaling in the mutant,
suggesting this PMEI as a negative regulator of salinity tolerance. In contrast, overexpression of
AtPMEI13 (At5g62360) in Arabidopsis also led to increased salt tolerance, as transgenic lines showed
higher rates of germination, root growth, and survival under salinity conditions as compared to wild
type plants [89]. This phenotype was also observed in plants overexpressing the closest homolog
CbPMEI1 from Chorispora bungeana, an alpine plant highly tolerant to chilling and freezing stress.
Both genes were repressed by salt stress and abscisic acid but were induced by cold, suggesting distinct
roles of the genes in freezing and salinity tolerance. The transgenic overexpression plants showed
decreased freezing tolerance; however, they exhibited increased root growth under cold conditions.
Plants increase pectin levels in the cell wall under low temperatures [90] probably to reduce cell wall
porosity and increase cell adhesion. It was previously reported that DM of pectin increases during cold
acclimation in pea [91]. In contrast, loss of AtPME41 in Arabidopsis by a transfer DNA insertion caused
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an increase in freezing sensitivity [92]. Since pectins are important under low temperature conditions,
PMEI activity could play a role in balancing the trade-off between freezing tolerance and growth by
modifying the mechanical properties of cell walls.

5. Role of PMEIs in Development

PME-mediated changes in methyl-esterification of HG have been shown to affect various
vegetative and reproductive stages of plant development (for reviews, see [6,7]). Therefore, we aim to
give an overview of the latest results of molecular studies on PMEIs in plant development.

5.1. PMEI Function in Seeds

Upon hydration, mature Arabidopsis seeds rapidly extrude a gelatinous substance from seed coat
epidermal (SCE) cells called mucilage, which is mainly composed of cell wall polysaccharides [93].
This layer has adhesive properties and possibly serves as a water-reservoir, which might facilitate seed
germination, although it has been shown that mucilage production is not necessary for germination
or plant fitness in the laboratory [94,95]. The mucilage is mainly composed of pectin, RG-I and small
amounts of HG, but hemicellulose and cellulose have also been identified as minor components, as well
as arabinogalactan proteins [96]. Several studies provided evidence that the DM of HG determines
mucilage properties. For example, seven PME genes are specifically expressed in Arabidopsis seeds
and the pme58 mutant caused an altered pectin distribution in the mucilage [97]. Additionally, an E3
ubiquitin ligase, FLYING SAUCER1, was proposed to regulate the DM and a mutation lead to reduced
mucilage extrusion and increased mucilage adherence [29]. Finally, the subtilase atsbt1.7 mutant didn’t
show significant sugar compositional changes in its mucilage but a decrease in mucilage methylation,
which was correlated with an increased PME activity [98].

More direct evidence was obtained by investigating the role of PMEI6, which was shown to be
essential for proper mucilage release [44]. In three pmei6 mutants, the outer primary cell wall of the SCE
cells did not rupture into fragments but remained attached, which caused a delay in mucilage extrusion.
This was accompanied by a lack of methylesterified HG (detected by antibodies) and reduced methanol
release in the mucilage, as well as increased PME activity in seeds. The reduction in methylesterification
in the outer primary cell wall of the three pnei6 mutants could possibly lead to more abundant Ca2*
cross-linking of HG, which causes stronger attachment between adjoining cell walls and therefore
impairs release of the mucilage. Further evidence indicates that PMEI14 is also involved in regulating
pectin methyl-esterification in seed coat mucilage and that PMEI14 together with PMEI6 and ATSBT1.7
are likely transcriptionally controlled by MYB52 [45]. Knock out mutants of PMEI14 had an increased
PME activity in seed mucilage but not in demucilated seeds. A reduced level of methylesterification
of the mucilage was accompanied by an increased amount of calcium cross-linked HG detected by
immuno-labelling. These studies show that PMEI6 function affects both seed coat mucilage and the
primary SCE cell wall, and is necessary for proper mucilage release. In contrast, PMEI14 function
is confined to inhibiting PME activity, specifically in the seed coat mucilage, potentially influencing
pectin structure.

PME activity has also been shown to be tightly controlled during germination in Arabidopsis
and garden cress (Lepidium sativum) [99,100], probably leading to cell wall weakening to allow
radicle emergence. A small number of PME and PMEIs are strongly up-regulated upon germination,
also in the presence of abscisic acid, which delays endosperm weakening and rupture [100].
Furthermore, overexpression of the PME inhibitor PMEI5 resulted in a higher DM of seeds and
reduced PME activity, which was accompanied by an earlier and faster germination process compared
to wildtype [99]. This suggests that PMEI activity is essential for proper timing of seed germination
but the precise molecular events are only beginning to be understood, based on modern techniques
such as Chip-Seq [45] and potentially based on novel probes to dynamically monitor cell walls [101].
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5.2. PMEI Function in Growth Processes

Plant cell growth is regulated by the interplay between the intracellular turgor pressure
and the flexibility of the cell wall. Recent reviews have highlighted the importance of pectin,
and especially HG, for mediating changes in the mechanical properties for control of growth
processes [4,6,102]. In addition, studies using atomic force microscopy provided evidence that
increased pectin de-methylesterification correlates with a decrease in cell wall stiffness [21,25].

A PMEI from Arabidopsis, AtPMEI4, has been shown to be involved in regulating
hypocotyl growth. Growth acceleration of dark-grown hypocotyls requires significant cell wall
remodeling, which is associated with transcriptional upregulation of pectin-modifying genes [103].
AtPMEI4 was upregulated during this developmental transition and its expression was shown to be
specific for rapidly elongating epidermis cells in hypocotyls and roots. In an overexpression line, the
onset of hypocotyl growth acceleration was delayed, suggesting that the PME inhibitor controls pectin
de-methylesterification essential for the timing of the growth acceleration, but not the growth process
itself [103]. On the other hand, OsPMEI28 overexpression in rice had an effect on the growth process,
namely inhibition of culm elongation and decreased cell wall thickness of culms, which resulted in
a dwarfed phenotype [61]. Conversely, a pmei4 mutant with elevated PME activity in Arabidopsis
root cell walls showed an increase in root length [62], suggesting a correlation between increased
de-methylesterification and elevated growth.

Controversial results have been reported for purified kiwi PMEI applied on Arabidopsis root
tips, where an increase of root growth rate was stated upon inhibition of PME activity [104].
Similarly, Arabidopsis plants overexpressing AtPMEI2 show enhanced growth and increased biomass
due to enhanced cell expansion [105] as well as increased root length due to stronger cell elongation [26].
Increased root length and area was also observed in Arabidopsis plants expressing a PMEI from
cotton [39]. Therefore, higher levels of DM of pectin seem also to be able to promote growth and
cell expansion.

This correlation was also observed in pollen tube growth. Pollen tubes undergo a fast and
unidirectional growth at the apex dependent on ion (e.g., calcium) dynamics and PMEs have been
shown to play a role in this process [106,107]. A pollen-specific PME inhibitor, AtPMEI2, was shown to
inhibit PME activity in Arabidopsis [52]. Although the pollen-specific pectin methylesterase AtPPME1
was expressed along the whole pollen tube, the localization of AtPMEI2 was exclusively restricted
to the apex, the site of elongation. This supports the model that elongation requires higher DM of
the cell wall, which is caused by inhibition of PME activity, specifically at the tip. Conversely, along
the pollen tube, PME activity is less inhibited, resulting in de-methylesterification, which in turn
would lead to formation of calcium cross-links due to the availability of free calcium ions, causing
increased cell wall stiffness. Corroborative, expression of AtPMET in tobacco pollen tubes inhibited
elongation, whereas AfPMEI2 expression led to an increase in elongation rate [52]. Antisense expression
of a pollen-specific PMEI from broccoli (Brassica oleracea) in Arabidopsis triggered silencing of the
orthologous Arabidopsis gene Atlg10770 and resulted in male sterility. This suggests that disturbance
of PME activity imbalances the pectin distribution and affects cell wall dynamics in the pollen cell wall
with detrimental effect on fertility [108]. In addition, wheat Tdpmei2.1 and Tdpmei2.2 transcripts have
been shown to undergo complete mRNA processing, specifically in anthers [42]. The occurrence of
this mechanism suggests a role of the PME inhibitors during pollen development and reproductive
processes, but requires further investigations.

The present data indicate a complex relationship between changes of DM of pectin (based on
PMEI activity) and growth processes. Further studies are necessary to elucidate in a tissue-specific
manner how the interplay of PMEs and PMEIs regulate pectin methylesterification and affect
mechanical properties of cell wall necessary for cell elongation.
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5.3. PMEI Function in Organ Formation

The mechanical properties of cell walls have been proposed to play a key role in plant
morphogenesis and the control of organ outgrowth [7,109,110]. Organ morphogenesis requires
a transition from isotropic growth of undifferentiated cells to anisotropic growth pattern, which is
dependent on local cell wall loosening and stiffening by e.g., modification of cell wall components.

AtPMEI3, which is expressed in the apical meristem, was inducible expressed in Arabidopsis, which
led to hyper-methylesterification of HG throughout the meristem dome upon induction [24]. As a result,
the formation of both floral and flower organ primordia was inhibited. Using atomic force microscopy,
it was shown that the reduced de-methylesterification of HG was accompanied by increased stiffness of
cell walls in the shoot apical meristem in the At PMEI3 overexpressing lines [25]. This further resulted
in shorter cells and loss of growth asymmetry, showing that anisotropic growth requires an asymmetric
loosening of longitudinal walls, which is caused by fine-tuned de-methylesterification of pectin.

Constitutive overexpression of AtPMEI5 in Arabidopsis also caused strong morphological
phenotypes [111,112]. The stems of the transgenic plants showed an aberrant, twisted growth pattern,
especially at branching points and branching organs (e.g., leaf or inflorescence), which failed to separate
properly from the main stem [111]. Additionally, root growth was disturbed in the mutant and curled
leaves and misshapen siliques were observed, which was proposed to be a result of activated BR
signaling [112]. This indicates that PMEIs are involved in the fine-tuning of cell wall biomechanical
properties via HG methylesterification that is required for proper organ formation and separation.

PMEIs might also play a role in organ senescence as changes in pectin methylesterification have
been described, e.g., for petal senescence [113,114]. However, so far, only transcriptional changes
of putative invertase/pectin methylesterase inhibitor genes in petals during senescence have been
reported and further, more detailed studies will be necessary to investigate their putative function.

5.4. PMEIs in Fruit Development

Fruit ripening is a highly controlled developmental event during which the fruit undergoes
various changes, e.g., in sugar contents, color, flavor, aroma, texture. Softening is a very (economically)
important physiological change and several cell wall-modifying enzymes are involved in this
process [115]. The first inhibitor of PME was identified in ripe kiwi fruit by Balisteri et al. [33]
and was found active only in the mature stage, whereas it was undetectable in unripe fruits [116].
Furthermore, the expression levels of the PMEI genes in kiwi fruit increased with the progression
of fruit maturation [117]. In banana (Musa acuminata), a PME inhibitor, MaPMEI1, was shown to
be specifically expressed in the fruit and up-regulated during the ethylene-dependent ripening
process [46]. Similarly, a PMEI has been identified in the tomato fruit [59]. SolyPMEI was strongly
expressed in red fruits and, in lower levels, also in flowers and pollen, but not in green fruits.
Interaction with the tomato PME-1 enzyme in the fruit and increased SolyPMEI expression levels
with progression of ripening stages implicates the inhibitor in modulating PME activity and degree of
methyl-esterification during fruit ripening in tomato. In grape (Vitis vinifera), VoPMEI1 was found
to be expressed only during the early phases of berry development, characterized by a rapid berry
growth both through cell division and expansion [41]. VoPMEII could be involved in regulating PME
activity required for rapid cell growth and to maintain firmness, or it could prevent early softening of
grape berries related to pectin degradation. This indicates a role for PMEIs in modulating PME activity
and pectin methylesterification in different stages of fruit development.

6. Potential of PMEIs for Applications

Lignocellulosic biomass constitutes a sustainable renewable source of chemicals and fuels,
but a major bottleneck for an industrial utilization is the natural recalcitrance of the cell wall due to
its complex and heterogeneous structure. Modification of cell wall polysaccharides can improve the
degradation into soluble sugars, which can be used by microorganisms for fermentation, a process
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called saccharification [118]. Improved saccharification can make an industrial process more efficient
and reduce cost for pre-treatments of the biomass. Lionetti et al. [105] showed that overexpression of
AtPMEI2 in Arabidopsis leads to a higher enzymatic saccharification efficiency, indicating a reduced cell
wall recalcitrance likely due to the higher degree of HG methylesterification. The same was observed
for wheat plants expressing the kiwi PMEI, suggesting that both cellulose and hemicellulose are better
digestible during enzymatic hydrolysis in the transgenic plants. As a side effect, transgenic Arabidopsis
plants had a higher biomass yield due to enhanced cell expansion. Further, a negative correlation
between the level of de-methylesterified HG and cellulose degradability was found for 24 Arabidopsis
accessions [119]. The reduction of egg-box structures or other crosslinks of methylesterified HG might
be responsible for the accessibility of cellulose fibers for enzymatic digestion, which in turn results in
increased saccharification efficiency. This indicates the potential of PMEI as a HG modifying enzyme to
improve plant tissues for saccharification by targeted mutation or in wide-scale selection and breeding
of plants for further utilization (e.g., as biofuels or for production of chemicals).

PMEIs have been shown to play a role in ripening processes (see above). Therefore, a potential
application of this inhibitor would be in food (fruit and vegetable) processing. For food technology,
endogenous PME activity is highly relevant because it determines the physiochemical and functional
properties of pectin, thereby affecting the quality of plant-derived food products. PME activity in fruit
juice causes undesired phase separation because de-methylesterified HG forms calcium crosslinks,
and the resulting calcium pectate is insoluble and precipitates [120]. Addition of PMEI to orange
juice was shown to control PME activity even over long storage, thereby avoiding phase separation.
Application of PMEI would reduce required thermal treatments during juice processing and should
result in better flavor and product quality [120]. For development or optimization of food-processing
steps, it would be beneficial to determine PME activity in plant tissues. A PMEI-based molecular probe
was shown to successfully label plant PMEs in various plant tissues and moreover, to differentiate
between active and inactivated PME molecules [121]. This application of PMEIs would give important
information about presence and localization of active PMEs after different food processing steps
(e.g., thermal or high pressure treatment, microwaving). PMEIs have also been proposed for
application in wine and marc production [41]. Pectin de-methylesterification releases high levels
of methanol during different stages of grape processing, greatly affecting the composition of the final
product [122,123]. Here, PMEIs could be used to reduce methanol formation in grape must and marc,
as well as in products derived by fermentation and distillation [124]. Apart from applications in
food industry, manipulation of PMEIs in planta could also be of interest. Overexpression of PMEIs,
in banana fruits for example, would not only control over-softening but also likely extend banana
shelf-life [46]. In conclusion, PMEIs could be good tools to control endogenous PME activity during
food production processes, thereby positively influencing product quality.

As mentioned above, PMEIs play an important role in the response to biotic and
environmental stresses. Therefore, the inhibitors could be potential targets for genetic engineering,
aimed to improve plant fitness. In cold as well as salt stress conditions, PMEIs might be beneficial
for balancing growth maintenance with stress tolerance and overexpression of PMEIs would be
a promising way to improve salt tolerance of crops [89]. In addition, PMEI activity has been shown
to be essential for resistance against fungal and bacterial pathogens [26,79,83]. Therefore, it could be
useful as a potential molecular marker in plant breeding programs targeted to the selection of crop
varieties with durable resistance.
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Abbreviations

PMEI Pectin methylesterase inhibitor
PME Pectin methyl esterase

DM Degree of methylation

HG Homogalacturonan

GalA D-galacturonic acid

GAUT Galacturonosyltransferases
OGs Oligogalacturonides

DAMP Damage associated molecular pattern
H,0, Hydrogen peroxide

SCE Seed coat epidermis

MUM1 Mucilage-modified mutant 1
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Abstract: The DUF642 protein family is found exclusively in spermatophytes and is represented by
10 genes in Arabidopsis and in most of the 24 plant species analyzed to date. Even though the primary
structure of DUF642 proteins is highly conserved in different spermatophyte species, studies of their
expression patterns in Arabidopsis have shown that the spatial-temporal expression pattern for each
gene is specific and consistent with the phenotypes of the mutant plants studied so far. Additionally,
the regulation of DUF642 gene expression by hormones and environmental stimuli was specific for
each gene, showing both up- and down-regulation depending of the analyzed tissue and the intensity
or duration of the stimuli. These expression patterns suggest that the DUF642 genes are involved
throughout the development and growth of plants. In general, changes in the expression patterns
of DUF642 genes can be related to changes in pectin methyl esterase activity and/or to changes in
the degree of methyl-esterified homogalacturonans during plant development in different cell types.
Thus, the regulation of pectin methyl esterases mediated by DUF642 genes could contribute to the
regulation of the cell wall properties during plant growth.

Keywords: DUF642 family; homogalacturonans; plant cell wall; plant development; pectins

1. Introduction

Plant cell walls are dynamic compartments whose composition and chemical structure vary
during plant development in response to environmental signals. Cell walls are composed of three
layers: the middle lamella, and the primary and secondary cell walls. Primary cell wall deposition
continues through cell growth and expansion. It is a very complex and dynamic structure composed
mainly of three types of polysaccharides: cellulose, hemicelluloses, and pectins. Cellulose microfibrils
and hemicelluloses constitute a network with structural proteins that are embedded in a gel-like matrix
of pectins. Localization of different classes of polysaccharides within the cell wall appears to depend
on species, organ, tissue, and cell type, and the pectin network is temporally and spatially regulated
during plant development. Alterations of the cell wall structure and changes in properties during plant
development are mainly the result of protein activities. Enzymatic activity and protein interactions
respond to developmental and environmental signals and tightly regulate the complex and dynamic
structure of plant cell walls.

In terrestrial plants, the chemical structure of homogalacturonans (HGs), a type of pectin that
is comprised of chains of «-1,4-galacturonic acid, is modified by de-methyl-esterification processes
during plant development by pectin methyl esterases, and pectin methyl esterase inhibitory proteins
regulate the degree of HGs' esterification of the cell wall in different cell types. Consequently, cell or
tissue-specific function could be influenced by the HGs’ status [1]. An increase in complexity in
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the regulation of HGs’ esterification status through plant evolution has been described including a
diversification of the gene families involved either in pectin synthesis or in pectin modification [2,3].
The shift from an aquatic to a terrestrial environment constitutes a milestone in the complexity of pectin
regulation. In the algae Chara, cell growth is a result of a calcium pectate cycle that does not involve
enzymatic activities [4]. Charophytes are the closest related group to land plants, thus, this enzyme-less
mechanism could be still present in terrestrial plants [5].

The DUF642 protein family is found exclusively in spermatophytes and is involved in regulating
HGs esterification. The DUF642 family was first described in apoplast proteomes of rosette leaves in
Arabidopsis thaliana (Arabidopsis) by Boudart et al. [6] and subsequently in cell wall proteomes from
different tissues and plant species from both dicotyledons and monocotyledons [7,8]. This multigene
family is represented by 10 genes in Arabidopsis as well as in other plant species [9]. DUF642 proteins
contain two DUF642 domains (PF04642) that present two conserved motifs NGXFEXXP and CGPVXD,
determined as the family signature. A phylogenetic analysis revealed four clades of orthologous genes
for all spermatophytes (Clades A, B, C, and D). After the divergence of gymnosperms and angiosperms,
a duplication of Clade A occurred, producing two subclades (A1l and A2), and a subsequent duplication
occurred after the divergence of monocotyledons and eudicotyledons [9].

The DUF642 proteins are encoded by genes that contain three exons. The first exon encodes
a signal peptide, and the other two exons encode the DUF642 domains. Proteomic and cellular
localization studies of the Clade A proteins indicated they were located primarily in the cell wall [6,10].
However, the protein encoded by At3g08030 was located in the nuclear pore, probably because this
gene has an alternative first exon edition so one of the possible encoded protein lacks the signal peptide.
The proteins in Clades B, C, and D have a GPI-anchor site at the carboxyl terminus and were detected
in cell membrane proteomes [11].

The interactions of the DUF642 proteins with polysaccharides and cell wall enzymes have been
demonstrated in vitro. The protein encoded by At3g08030 (Clade A2) interacted specifically with
cellulose [11]. The proteins encoded by At4¢32460/BDX and At5¢11420 (Clade Al) interacted with
the catalytic domain of a pectin methyl esterase (PME) [12]. In two transgenic Arabidopsis lines
overexpressing BDX the PME activity increased in the seeds, seedlings, and the apical meristems,
but no changes in PME activity were detected in the leaves [13]. PME activity was higher in the seeds of
both overexpressing lines than it was in the control seeds during germination [13,14]. PME activity was
also higher in seedlings, stems, leaves, and fruits in Arabidopsis plants overexpressing the VqDUF642
gene (Clade A1) of Vitis quinquangularis [15]. The leaves of Arabidopsis plants overexpressing the
AhDGR?2 gene (Clade A1) of Amaranthus hypochondriacus showed a decrease in PME activity, whereas
an increase in PME activity was detected in the roots [16]. The phenotypes of all the Clade Al protein
mutants in Arabidopsis have been established. The At5¢25460/dgr2 mutant had a shorter root and
smaller rosette leaves than the wild-type [17]. No alterations in the phenotypes of the At5¢11420 and
At1¢80240/dgr]1 mutants compared with the wild-type have been described. The At4¢32460/bdx mutants
had shorter siliques, seeds with altered development, and longer hypocotyl than the wild-type [18].
Among Arabidopsis Clade A2 mutants, the At2g41800/teb mutant is the only one for which a phenotype
(longer hypocotyls) has been established [19]. No phenotypes have been established for the two Clade
B genes At1¢29980 and At2¢34510, or the Clade D gene At5¢14150.

2. Expression Patterns of DUF642 Genes

The expression patterns of the Clade A DUF642 genes have been studied in Arabidopsis plants
transformed with constructs containing the putative promoter region fused to the reporter genes
ER-GFP and GUS (Figure 1). Differential expression patterns were detected at different stages of plant
development (Table 1).

256



Int. J. Mol. Sci. 2019, 20, 3333

B 4t4932460 (BDX)
M 42408030
I 5925460 (DGR2)
M 50x ano 7EB
[ BDX and Atag08030
M 0 and Atsg 11420
M 5Dx At5q11420,
TEB and A3g08030
Il 50, Atsg11420, DGR2,
TEB and At3g8030

Figure 1. Expression patterns of the DUF642 genes described to date using reporter genes during
Arabidopsis plant development.

In Arabidopsis during embryonic development, BDX and At3g08030 were expressed from the
heart stage onwards. In the late heart stage, At3g08030 was expressed in the quiescent center and in
the columella cells, while BDX was expressed in the vascular tissue (Figure S1) [13].

During seedling development in Arabidopsis, BDX, At5¢11420, DGR2, TEB, and At3g08030 were
expressed in hypocotyls and BDX and DGR2 were also expressed in cotyledons, but no expression
was detected for At5¢11420, TEB, and At3g08030 [13,17,20]. In hypocotyls, specific expression of BDX,
At5¢11420, At3g08030, and TEB in the epidermal cells was determined by confocal microscopy. DGR1
and At2¢34510 expression was detected specifically in hypocotyls grown under shade conditions [21].
Transcriptomic studies in Brassica rapa indicated that three orthologous genes of BDX, At5¢11420,
and DGR2 were expressed in hypocotyls [20].

The expression patterns of only DGR1, BDX, and DGR2 have been studied in leaves of Arabidopsis.
BDX expression was localized in the vascular tissue, DGR2 expression was located in the leaf
primordium, and DGR1 expression was not detected in the leaves [13,17].

In flowers of Arabidopsis, BDX was expressed in petals, vascular tissue of the filament, anther,
and stigmatic papilla. At5¢11420 was expressed in petals and abscission zones of floral whorls, TEB
was expressed only in stigmatic papilla, and At3g08030 was expressed in the replum of androecium
and epidermis of the filaments of stamens [13,18] (Figure S1).

In Arabidopsis, DGR1, BDX, At5¢11420, DGR2, TEB, and At3308030 expression was detected in
the primary root. BDX, At5¢11420, DGR2, TEB, and At3g08030 were expressed in epidermal cells of
the meristematic region. BDX also was expressed in vascular tissue and At3g08030 was expressed in
the quiescent center and in columella [13,17,18] (Figure S1). These expression patterns were similar to
those found during embryonic development.

During development of the lateral roots, BDX and At3g08030 expression was detected from stage
IT onwards, when cell proliferation begins (Figure 2). Further, at the moment of radicle protrusion,
At5¢11420 and TEB expression was detected in the epidermal cells that surround the radicle protrusion
zone. The expression patterns of DGR1 and DGR2 during this process have not been determined.

The expression patterns of the Clade A DUF642 genes were altered by plant hormones (Table 1 and
Table S1). For example, auxins and gibberellins increased the expression levels of BDX and TEB during
Arabidopsis seed germination [22]. Exogenous auxins and gibberellins also altered the expression
pattern of BDX by promoting its expression in cortex cells in addition to vascular tissue of Arabidopsis.
The expression pattern of At3g08030 was not altered by the addition of auxins [13].
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Table 1. Expression profiles of the DUF642 genes detected in distinct tissues/organs and species.
DUF642 genes are grouped by clades as reported by Vazquez-Lobo et al. (2012) [9] and using the locus

tag of Arabidopsis as a reference for gene grouping.

Clade Gene Name Species Expressed in Tissue/Organ Reference
Al At1g80240 Arabidopsis Petal [23]
Al GRMZM2G027683 Zea mays Embryo [24]

Floral buds, flowers, mature seed,
Al OSNPB_040494600 Oryza sativa milk grains, roots before flowering [25]
Orthologous to
Al At4¢32460 Brassica rapa Hypocotyl epidermal cells [21]
Orthologous to
Al At4¢32460 Cannabis sativa Stem (apical section) [26]
Floral buds, flowers, mature seed,
Al OSNPB_020205200 Oryza sativa milk grains [25]
Orthologous to
Al Atbg11420 Brassica rapa Hypocotyl epidermal cells [21]
Al At5g11420 Arabidopsis Petal [23]
Al At5g11420 Arabidopsis Root (cortex) [27]
Floral buds, flowers, mature seed,
Al OSNPB_010611000 Oryza sativa milk grains, roots before flowering [25]
Floral buds, milk grains, roots
Al OSNPB_040494800 Oryza sativa before flowering [25]
Orthologous to
Al At5¢25460 Brassica rapa Hypocotyl epidermal cells [21]
Amaranthus
hypochondriacus ~ Panicle, axillary bud, young stem,
Al AhDGR2 var. Revancha and young leaf [16]
Al GRMZM2G051571 Zea mays Seed [24]
Seed, shoot, root, SAM, ear, tassel,
Al GRMZM2G034985 Zea mays cob, silk, anthers, ovule [24]
Orthologous to
Al Atbg25460 Cannabis sativa Stem (apical section) [26]
Al At5¢25460 Arabidopsis Root (cortex) [27]
similar to
A2 At3308030 Brassica rapa Hypocotyl inner tissue cells [21]
A2 At3g08030 Arabidopsis Root (cortex/hair cell) [27]
A2 At2¢41800 Arabidopsis Carpel [23]
Floral buds, flowers, mature seed,
A2 OSNPB_030807700 Oryza sativa milk grains, roots before flowering [25]
A2 At2¢41810 Brassica rapa Hypocotyl epidermal cells [21]
Orthologous to
B At1g29980 Brassica rapa Hypocotyl inner tissue cells [21]
Floral buds, flowers, leaves before
flowering, mature seed, milk
B OSNPB_010756600 Oryza sativa grains, roots before flowering [25]
Seed, shoot, root, SAM, ear, tassel,
B GRMZM2G324705 Zea mays cob, silk, anthers, ovule [24]
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Vi

Lateral root

Figure 2. Expression patterns of At3¢08030 during lateral root development. The Arabidopsis
pAt3308030::ER-GFP-transgenic plants were obtained as described in Salazar-Iribe et al. [19]. Roman
numerals indicate the developmental stages of the lateral root initiation process. The images are all
section images. n = 8-10 roots for each developmental stage. Scale bars = 20 um.

3. Subcellular Localization of DUF642 Proteins

DUF642 proteins are very abundant in cell wall proteomes from different tissues and plant
species [7,8]. The At3g08030 protein has been found in all Arabidopsis cell wall proteomes reported so
far. TEB and DGR1 were found in the proteomes of cell suspension cultures, whereas DGR2 was found
in the proteomes of cell suspension cultures, hypocotyls, and mature stems. The At5g11420 protein
was present in the proteomes of apoplast, hypocotyls, and mature stems, whereas BDX was found only
in the mature stem cell wall proteome [28]. The localization of BDX and TEB in the Arabidopsis cell
wall was confirmed by confocal microscopy in hypocotyl cells [18,19]. The VqDUF642 protein was
localized in the cell wall of tobacco epidermal cells [15] and peach PpDU642 (TEB) was localized in the
cell wall and extracellular space during a transient expression in tomato fruit [29].

Studies carried out to determine the subcellular localization of BDX in epidermal root cells of
Arabidopsis suggested that it was localized intracellularly, probably in Golgi, and then relocated to
the cell wall when the plants were subjected to abiotic (NaCl) or biotic (nematodes) stress stimuli [30]
(Figure S2). TEB is highly expressed during cell division prior to cytokinesis. In Arabidopsis,
the synchronization of mitosis in primary root cells treated with hydroxyurea [31] confirmed that TEB
was localized intracellularly during mitosis, and was located in the cell wall until the end of the process
(Figure 3). These results suggest that BDX and TEB are located transiently in the cell wall in response
to endogenous or exogenous stimuli. Finally, polar localization of TEB in the cell wall of radicular hair
was determined during its elongation, suggesting the formation of domains with an accumulation of
these proteins within the cell walls [19].
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Figure 3. Subcellular localization of the TEB protein in meristematic root cells synchronized with
hydroxyurea. (A) Arabidopsis pTEB::TEB-GFP seedlings were treated with hydroxyurea for 16 h,
and a diffuse pattern of GFP in meristematic cells of the cortex was observed. The cell wall was
stained with propidium iodide (red). (B) After 18 h of hydroxyurea treatment, GFP was detected as
a ring surrounding the nucleus in the cortex cells. (C) TEB was located in the cell wall after 19 h of
hydroxyurea treatment. Hydroxyurea stops DNA synthesis and after 16-17 h most of the cells are at the
G2/M transition and at 18-20 h cytokinesis occurs according to Cools et al. [31]. Seedlings were sown in
MS medium and transferred on day 6 to MS medium with hydroxyurea for 16-20 h. The images are all
section images. Scale bars = 20 um. The Arabidopsis transgenic plants were obtained as described in
Salazar-Iribe et al. [19].

4. Function of DUF642 Proteins in Plant Development

The expression patterns of DUF642 genes suggest they are involved throughout the development
and growth of plants. In general, changes in the expression patterns of DUF642 genes can be related
directly to PME activity [13,15,16,19]. The leaves of Arabidopsis lines overexpressing AHDGR2 had
low PME activity, and this was reflected in alterations in the pattern of de-methyl-esterified HGs in the
cell walls [16,19,32].

4.1. Seed Development

In Arabidopsis, BDX, At5¢11420, TEB, and At3g08030 were expressed during embryo development
(Table 1 and Table S1), and the localized expression during development indicated differential expression
in different cell types (Figure 1). However, the bdx-1, At2¢g11420, and teb-1 mutants did not show
alterations in gene expression during embryo development.

During endosperm development, BDX was the only DUF642 gene reported at four days after
pollination [33]. Of the dgr1, bdx-1, At5¢11420, dgr2, and teb-1 mutants studied during seed development,
only the bdx-1 mutant showed alterations, producing misshapen seeds with changes in the folding of
the embryo. The endosperm and seed coat exert physical restrictions during elongation and folding of
the embryo [34], with the walls of the endosperm adjacent to the embryo showing a decrease in the
degree of HGs esterification. In the bdx-1 mutant, a lower signal of de-methyl-esterified HGs compared
with the wild-type was detected in this region. Alterations in the degree of esterification can cause
greater rigidity of the cell wall of endosperm cells, thereby generating a physical restriction in the
development of the embryo and compromising the subsequent survival of the seedling [32].

The accumulation of DUF642 gene transcripts has also been reported in mature seeds. Germination
pre-treatments such as priming, which improve germination performance, can induce the expression
of these genes. An important increase in the expression of the orthologous gene of At3g08030 was
reported in seeds from Brassica oleracea subjected to an osmopriming treatment [35]. In Arabidopsis,
Ceiba aesculifolia, and Wigandia urens seeds, the expression of At3g08030 increased in response to
osmopriming treatment and decreased when the seeds were subjected to controlled deterioration [36].
In a study carried out with Arabidopsis vps29 mutant seeds (VPS29 rearrangement complex), which had
alower germination index, the abundance of At3g08030 and At1¢29980 increased while that of At5g11420
and DGR?2 decreased [37]. Functional studies of At3g08030 loss of function mutants could reveal if this
gene has a role in promoting seed longevity.
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After seed maturation, the expression of At5¢11420, DGR2, At3g08030, and At1g29980 increased
in after-ripened seeds (Table S1). These changes in expression may be related to changes in the
biochemical machinery that are required to modify the architecture of the cell wall of the embryo,
the endosperm, and the seed coat during germination.

4.2. Germination

During the germination process of barley, Brassica, and Arabidopsis seeds, progressive differential
expression of several DUF642 genes took place (Table S1). The expression levels of Clade Al genes
(BDX, At5¢11420 and DGR2) and At3¢14310, which codes for PME3, increased after 6 h of seed
imbibition. The expression of the Clade A2 gene, TEB, increased between 8 and 12 h, and At3g08030
expression was detected in the mature seeds and during the entire imbibition process (Figure S3).

The lines overexpressing BDX, At5¢11420, and DGR2 showed a decrease in the onset of germination,
especially in the timing of the testa rupture, compared with the wild-type seeds [13] (Figure S3).
The increase in total PME activity during seed germination in the overexpressing plants may be related
to the early testa rupture described previously [14]. Early testa rupture also was observed in tomato
seeds from tomato plants overexpressing VgDUF642 [15]. These results indicate that the Clade Al
genes have the same function during germination.

4.3. Hypocotyls

Under control growth conditions (long photoperiod), the Arabidopsis bdx-1 and teb-1 mutant
lines had longer hypocotyls because of longer cell length compared with the wild-type, whereas the
overexpressing lines produced shorter hypocotyls. The hypocotyls of the bdx-1 and teb-1 mutants had
a higher signal for methyl-esterified HGs. Additionally, the bdx-1 mutant accumulated more auxins in
the epidermal cells than the wild-type [18]. During cell elongation in the hypocotyl, auxin signaling
and cell wall modifications of epidermal cells were actively involved [38,39]. The accumulation of
auxins in hypocotyl epidermal cells during cell elongation was facilitated by PIN transporters. In the
bdx-1 mutant, a change in the localization of PIN1 transporters was detected, possibly because of the
degree of HGs esterification, as has been described for other tissues [40]. The bdx and teb mutants
showed an altered hypocotyl phenotype, suggesting DUF642 genes may be involved in regulating
hypocotyl elongation during seedling development [41].

4.4. Leaves

The expression of DGR1, BDX, At5g11420, DGR2, TEB, At2¢41810, At3g08030, At2g34510,
and At5g14150 was detected in rosette leaves of mature Arabidopsis plants close to flowering
(Table S1). The dgr1, bdx-1, and teb-1 mutants showed no alterations in the development of rosette
leaves. The dgr2 mutant had a smaller rosette, explained by its expression in leaf primordia [17].
The lines overexpressing BDX, At5¢11420, and TEB showed no visible alterations in the leaves or
in the size of the rosette [13,19]. No differences were found in the leaves of Arabidopsis plants
overexpressing AhDGR2 or tomato plants overexpressing VqDUF642 [15,16]. The mechanisms that
control leaf origin and growth are complex, because of the phenotypic plasticity that is present in leaves
as a mechanism for adaptation to different environments [42]. The complexity of the regulation of
leaf size and morphology, and the lack of alterations in the leaves of mutant lines suggest the DUF642
genes are functionally redundant in leaves.

4.5. Reproductive Structures

During flower development in Arabidopsis, the DUF642 genes studied to date showed differential
expression patterns, although the expression of only two genes have been detected in carpel, stamens,
and petals. BDX is the only DUF642 gene that has been detected in the anthers of stamens. The bdx-1
mutant line showed morphological alterations of the pollen grain that altered its viability. The in vitro
germination of the pollen tube was lower in the bdx-1 mutant pollen grains that in the wild-type.
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The structural and functional alterations of the pollen grains in the bdx-1 mutant could be caused
by changes in the accumulation of auxins during the late stages of anther development (Figure 4).
Similar alterations in pollen morphology have been described in mutants related to the auxin signaling
pathway, including auxin synthesis and transport [43].

Figure 4. Pollen grain development and auxin accumulation in anthers of flowers from wild-type
and bdx-1 mutant Arabidopsis plants. Normal pollen grain development in wild-type (wt) flowers.
(A) Anthers from 7-8 stage flower. (B) Anthers from 11-12 stage flower. (C) Anthers from 13 stage
flower. GFP detection of auxins in anthers from wt/DR5 flowers. (D) Anthers from 7-8 stage flower.
(E) Anthers from 11-12 stage flower. (F) Anthers from 13 stage flower. Throughout the development of
the anther there is an important accumulation of auxins. Pollen grain development in bdx-1/DR5 flowers.
(G) Anthers from 7-8 stage flower. (H) Anthers from 11-12 stage flower. (I) Anthers from 13 stage
flower. The development of pollen grains is altered; at the 11-12 stage, diffuse cytoplasm is observed
and, at stage 13, some pollen grains have collapsed. GFP detection of auxins in anthers from bdx-1/DR5
flowers. (J) Anthers from 7-8 stage flower. (K) Anthers from 11-12 stage flower. (L) Fertilized flowers
at stage 13. Throughout the development of the anther there is almost no accumulation of auxins.
The Arabidopsis transgenic plants were obtained as described in Cruz-Valderrama et al. [32]. Sections:
1-2 um. Staining was with toluidine blue. Red bar = 20 um, Black bar = 10 um. n = 8-10 plants for
each line. White bar = 100 um. n = 5-9 anthers from flowers from different plants.

4.6. Fruits

Studies of DUF642 gene expression and gene function during fruit development are very scarce.
Of the Arabidopsis mutants studied, only bdx-1 showed a fruit phenotype with shorter siliques and
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lower seed production than wild-type plants. In the genus Brassica, DGR?2 is the only gene that has
been detected in transcriptomes of siliques, specifically in the shells of the pods [44].

4.7. Roots

The expression of DGR1, BDX, At5¢11420, DGR2, and TEB has been detected in primary roots of
Arabidopsis. All these genes were expressed in the epidermal cells of the meristematic zone, except
DGR2, which was expressed in the elongation zone. The dgr2 mutant was the only one that presented
a short root phenotype [17]. Overexpression of AhDGR?2 in Arabidopsis produced longer roots [16],
which is understandable given that DGR2 was expressed in the meristematic zone where the cells
begin to expand and the rate of cell division is reduced.

The bdx-1, At5¢11420, and teb-1 mutants showed no alterations in the development of lateral roots.
BDX, At3308030, At5¢11420, and TEB all had similar expression patterns throughout the development
of lateral roots, which suggested there could be a functional redundancy that would explain the lack of
altered phenotypes for these mutants.

Roots interact with microorganisms in the soil, and are particularly susceptible to pathogen
attacks. Roots also are central in the perception of nutrient concentrations and other elements like
heavy metals in the substrate where plants develop. The modification and restructuring of the cell wall
in roots actively participate in the response to different types of stresses. Therefore, the participation of
DUF642 genes in the remodeling of the cell wall can be relevant in all these processes. Changes in the
expression of DUF642 genes in response to biotic and abiotic stresses have been described in various
plant species (Table S2). However, very few functional studies are available related to the particular
role of DUF642 genes in response to stress.

5. Biotic Factors

DGR?2 is negatively regulated in Arabidopsis plants during infection by the bacterium Ralstonia
solanacerum [45]. The expression of At1g29980 and At3g08030 is induced by infection with Rhodococcus
fascians [46]. At3g08030 also is highly expressed in response to infection by Agrobacterium tumefaciens [47].

The abundance of the DUF642 protein encoded by At3g08030, which has two isoforms with different
isoelectric points, was reduced significantly in the cell wall proteome of Arabidopsis suspension cells
treated with chitosan, an elicitor that mimics a fungal infection [48]. Infection with the Penicillium strain
Pc4 in post-harvest grapes increased the abundance of two isoforms of the At5g11420 orthologous
protein, probably because of post-translational modification [49]. In apoplastic proteomes of maize
roots (Zea mays) infected with the symbiont species Trichoderma virens, a DUF642 protein was detected
5 days after inoculation. Modification and degradation of root cell walls are essential for colonization
to take place [50]. Infection of Arabidopsis plants with the phytopathogenic fungus Botrytis cinerea
reduced the expression of At5¢11420 and At525460 [51].

The overexpression of VqDUF642 in tomato plants reduced the susceptibility to B. cinerea infection
in both mature and immature fruits. Overexpression of this gene modified the expression of some
pathogen response genes such as SIPR1, SIPR2, SIPR3, and SIPR4 whose expression increased at
48 h post-infection. In transgenic Thompson grape plants, overexpression of VgDUF642 promoted
increased resistance to B. cinerea and induced resistance to the fungus Erysiphe necator, which causes
oidium of vines. The leaves of the overexpressing plants infected with E. necator showed a less
severe infection than the wild-type at 48 h post-infection. In addition, the expression levels of the
pathogen-response genes VoPR1, VoPR2, VoPR3, and VoPR4 increased drastically at 48- and 96-h
post-infection in transgenic seedlings compared with in the wild-type [15].

In Arabidopsis, transcriptomic induction during early inoculation with the knot-nematode
Meloidogyne incognita revealed up-regulation of At1g29980 [52]. BDX and TEB expression were also
highly induced by M. incognita early inoculation. The cell wall localization of BDX and TEB in the
epidermal cells of primary roots was induced by M. incognita. Early inoculation with Nacobus aberrans,
a nematode that cannot infect Arabidopsis, did not alter the expression of these two genes [30].
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A comparative analysis of available Arabidopsis flower transcriptomes showed that changes in
the expression patterns of flower-specific defense genes were critical in pathogen resistance. According
to this study, the expression of BDX and DGR2 was positively regulated in petals compared with in
senescent leaves, in stage 15 of the flower. At this stage, an increase in the expression of the biotic stress
response genes also occurred [53].

6. Abiotic Factors

The regulation of the DUF642 genes by transcription factors in response to aluminum stress
has been reported. Aluminum stress has been studied extensively in aluminum-resistant plants.
In particular, Oryza sativa (rice) is a cultivated crop plant that is resistant to aluminum, and the signaling
pathway associated with its resistance has been studied widely. The Al resistance transcription factor
1 gene (ART1) is central to the aluminum response, and it regulates an increase in the expression
of the DUF642 gene Os04g049490 (orthologous to At5¢11420) [54]. Os04g049490 was also regulated
by the SENSITIVE TO ALUMINUM RHIZOTOXICITY gene (STARI), which plays a fundamental
role in aluminum resistance in rice roots [55]. In the O. sativa indica IR64 cultivar treated with
aluminum, Os04¢41750 (orthologous to At5¢g11420) expression was up-regulated, whereas no change
in its expression was detected in O. sativa cv. Azucena, which is more sensitive to aluminum [56].
Plants in the genus Stylosanthes have high tolerance to toxicity by the aluminum ion, and expression
of the orthologous DUF642 gene Os04g0494900 increased in the roots of the Reyan 2 genotype in
response to aluminum treatment [57]. A comparison between the transcriptomes of two Citrus species
with different aluminum tolerances suggested that the process of HGs de-esterification in the cell
wall of the root cells played an important role in resistance to aluminum. In C. sinensis, which is
resistant to aluminum, four genes related to this process and a DUF642 gene, an ortholog of DGR2,
were up-regulated [58]. In NtSTOP-1-RNAi tobacco plants that showed a decrease in the expression of
the SENSITIVE TO PROTON RHIZOTOXICITY gene (STOP1), the expression of Nt6860 (orthologous
to At5¢11420) decreased, as has been described for At5¢11420 in the Arabidopsis art-1 mutant [59].

In Medicago sativa plants exposed to cadmium, the amount of the protein orthologous to the
Arabidopsis protein, DGR2, decreased [60]. The exposure of Populus x canadensis plants to high doses
of zinc promoted the decrease in the expression of POPTR_0001s27110 (orthologous to At3g08030) [61].

Ultraviolet radiation (UV-B) generates an imbalance in the production of reactive oxygen species.
Thus, it is used to study the effects of oxidative stress on plants. In the mutant ggt1 of the protein
GAMMA-GLUTAMYL TRANSFERASE ISOFORM 1(GGT1), involved in the redox balance, the proteins
DGR2 and PECTIN METHYL ESTERASE3 (At3g14310) are very abundant in both the mutant and in
the wt of Arabidopsis plants exposed to UV-B [62].

In the salinity-resistant plant Manihot esculenta Crantz (Cassava), RknMes02_00171 and
RknMes02_00443, which are orthologs of BDX and At5¢11420 respectively, were among the 40
most highly expressed genes during NaCl treatment [63]. AhDGR2 was significantly induced in
Amaranthus hypochondriacus (grain amaranth), which is also resistant to high doses of salt. However,
when AhDGR2 was overexpressed in Arabidopsis, the plants showed hypersensitivity to increasing
NaCl concentrations, as shown by shorter root length, smaller and slightly chlorotic rosettes, as well as
considerably reduced germination rates [16].

The expression levels of At2¢34510 and At5g11420 increased in Arabidopsis plants subjected to
drought stress, although their expression levels were not altered by treatment with abscisic acid [64].
The increase in At2¢34510 expression induced by drought was corroborated in a study that tested the
stress response in natural populations of Arabidopsis [65]. In Eucalyptus calmadulensis, the expression of
Eucgr.C02812 (orthologous to At5g11420) was also found to decrease in plants exposed to drought [66].

7. Conclusions

The DUF642 proteins are highly conserved, which may be related to their specific interactions
with cell wall polysaccharides and proteins in different cell types. The At3g08030-encoded protein
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interacts in vitro with cellulose, a polysaccharide that has an important role in plant development [9].
However, there are still no functional studies that confirm this interaction. BDX and At5g11420 interact
in vitro with a PME [12]. Studies in different plant species suggest that their function could be related
to the regulation of HGs modification throughout plant development. The functional studies carried
out to date are consistent with this hypothesis. For instance, in almost all plant tissues where DUF642
gene overexpression has been induced, there was an increase in the total PME activity. Furthermore,
the increase in methyl-esterified HGs in the endosperm during embryo folding and in hypocotyl
epidermal cells in the DUF642 mutants is consistent with the corresponding phenotype. However,
a direct interaction of DUF642 proteins with PMEs needs to be established using different experimental
approaches. Several proteomic studies have indicated the presence of two isoforms of the same DUF642
protein, suggesting these proteins undergo post-translational modifications that may be related to
differential interactions within the cell wall [29,60,61].

The different functions of DUF642 genes during development can be determined by the specific
spatial-temporal expression pattern for each gene. The differential response to hormones also may
participate in this process. BDX is the only DUF642 gene expressed in the endosperm during seed
development. This specific expression may explain the misshapen-seeds phenotype in the bdx-1
mutant. Similarly, the expression of DGR2 in the root elongation zone may explain the short root
phenotype exclusive of the dgr2 mutant. It is possible that there is functional redundancy during
embryo development as well as during the development and emergence of the lateral root, processes
in which the same temporal-spatial pattern of at least two DUF642 genes was detected in Arabidopsis.

BDX, At5¢11420, TEB, and At3g08030 are expressed in the meristematic zone of the primary root,
but the bdx and teb mutants do not show an altered root phenotype. BDX was located intracellularly
in the epidermal cells of the primary root and relocated to the cell wall in response to biotic and
abiotic stresses. Roots interact with different organisms in the soil and are subjected to multiple
perturbations in the environment, such as decreases in the availability of water and increases in
toxic ions. These interactions can alter the expression of some DUF642 genes. In the response to
fungal infection, the overexpression of VqDUF642 increased resistance to the pathogen, although the
expression other DUF642 genes decreased in response to infection. These results suggest that the
DUF642 genes participate broadly in plant responses to environmental factors and not solely in the
root developmental process.

The primary structure of DUF642 proteins is highly conserved in different spermatophyte species.
However, studies of their expression patterns in Arabidopsis showed that the spatial-temporal
expression pattern for each gene was specific and consistent with the phenotypes of the mutant plants
studied so far. The regulation of DUF642 gene expression by hormones and environmental stimuli
also was specific for each gene. Functional studies of the DUF642 genes in different plant species are
needed to determine the relevance of the DUF642 family in the evolution of terrestrial plants.
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plants; Figure S2. At5¢11420 expression during Arabidopsis thaliana development using pAt5¢11420::ER-GFP
plants; Figure S3. At4g32460/BDX, At5g25460/DGR2, At5¢11420, At3g14310/PME3, At2g41800/TEB and At3g08030
expression during seed germination; Figure S4. Subcellular localization of BDX in Arabidopsis thaliana primary
roots under salinity stress conditions using pBDX::BDX-GFP plants. Table S1. Transcriptomic evidence of DUF642
genes expression during specific developmental stages and/or in response to diverse environmental stimuli.
Table S2. Transcriptomic evidence of DUF642 genes expression in response to diverse environmental stimuli.
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Abstract: Plant cell wall proteins play major roles during plant development and in response to
environmental cues. A bioinformatic search for functional domains has allowed identifying the PAC
domain (Proline-rich, Arabinogalactan proteins, conserved Cysteines) in several proteins (PDPs)
identified in cell wall proteomes. This domain is assumed to interact with pectic polysaccharides
and O-glycans and to contribute to non-covalent molecular scaffolds facilitating the remodeling
of polysaccharidic networks during rapid cell expansion. In this work, the characteristics of the
PAC domain are described in detail, including six conserved Cys residues, their spacing, and the
predicted secondary structures. Modeling has been performed based on the crystal structure of a
Plantago lanceolata PAC domain. The presence of 3-sheets is assumed to ensure the correct folding of
the PAC domain as a 3-barrel with loop regions. We show that PDPs are present in early divergent
organisms from the green lineage and in all land plants. PAC domains are associated with other types
of domains: Histidine-rich, extensin, Proline-rich, or yet uncharacterized. The earliest divergent
organisms having PDPs are Bryophytes. Like the complexity of the cell walls, the number and
complexity of PDPs steadily increase during the evolution of the green lineage. The association of
PAC domains with other domains suggests a neo-functionalization and different types of interactions
with cell wall polymers

Keywords: cell wall; evolution; green lineage; modeling; PAC domain; phylogeny; plant

1. Introduction

Plant cell walls are composite structures mainly made of polysaccharides and proteins. Cellulose
microfibrils and hemicelluloses form intricate networks, which are embedded in a pectin matrix [1].
Although present in minor amounts, the cell wall proteins (CWPs) play critical roles in polysaccharides
organization and remodeling processes during growth and upon environmental stresses [2,3]. Cell wall
proteomics has revealed the great diversity of CWPs and allowed the discovery of unexpected CWP
families [4]. The combination of genetics and biochemistry approaches has allowed demonstrating the
roles of CWPs in polysaccharide metabolism, biosynthesis of lipid-rich cell wall layers, lignin monomer
polymerization, but also in signaling and ROS homeostasis maintenance [5-8].

Among the newly described CWPs families, the importance of the PAC (Proline-rich
Arabinogalactan protein and Conserved Cysteines) domain containing-protein (PDP) family could
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be stressed because of their presence in many cell wall proteomes (see WallProtDB, www.polebio.
Irsv.ups-tlse.fr/WallProtDB/, query with “Ole el allergen domain” as a keyword). The name of the
PDP family was initially proposed by Baldwin et al. [9], who described them as a sub-family of
non-classical arabinogalactan proteins (AGPs) containing both an AGP domain and a C-terminal
domain containing six Cysteines residues (named Cys 1 to Cys 6 herein). Later on, a domain partly
describing the PAC domain has been proposed in the Pfam database (PF01190, http://pfam.xfam.org/).
The firstly described member of this family was a protein from Nicotiana alata named AGPNa3 [10].
Then, several proteins very close to AGPNa3 were studied, for a review, see [11]. As examples,
the following ones can be mentioned: Daucus carota DcAGP1 [12]; Arabidopsis thaliana AtAGP30 [13],
and AtAGP31 (At1g28290) [14]; Capsicum annuum CaPRP1 [15]; Gossypium hirsutum GhAGP31 [16];
and Petunia hybrida PhPRP1 [17]. More recently, it appeared that the PAC domain could also be found
alone, located at the N-terminus of the mature protein or associated with different types of domains,
such as a Histidine-rich region, an O-glycosylated Proline/Hydroxyproline-rich domain, or an extensin
domain [18,19].

Functional studies on several of the A. thaliana PDPs have shown their diverse roles during plant
development. PRPL1 (Proline-Rich Protein-Like, At5g05500) has a trichoblast-specific expression and
plays roles in root hair elongation, as shown by the reduction in length of root hairs in the prpl1
mutant [20]. Plants lacking FOCL1 (Fused Outer Cutiular Ledge 1, At2¢g16630) produce stomata without
a cuticular ledge, and thus, focll mutants display drought tolerance [21]. AtAGP30 (At2¢33790) is
involved in root regeneration in vitro and in the timing of seed germination [13]. AtAGP30 is expressed
in root atrichoblasts under the control of ABA signaling [22]. AtAGP31 is expressed in vascular tissues
and repressed by methyl jasmonate at the transcriptional level [14]. AtAGP31 has also been shown to
accumulate in actively growing etiolated hypocotyls [23]. In vitro interactions have been demonstrated
between its PAC domain and galactans or the Gal-Ara-rich O-glycans of its Proline/Hydroxyproline
rich domain [11]. These studies have led to the assumption that AtAGP31 could be involved in cell
wall non-covalent protein/polysaccharide networks playing roles during quick cell elongation [11].

Recently, the crystal structure of the PAC domain of an allergenic protein from Plantago lanceolata
containing an N-terminal PAC domain (Pla 1 1 as a member of the Ole e 1-like protein family,
PDP code 4Z8W) has been determined, highlighting the importance of -sheets in its secondary
structure [24]. In particular, the structure revealed a seven-stranded {3 -barrel with four loop regions.
Three intramolecular disulfide bonds were found between (i) 3 1b and 3 6 strands (Cys 1-Cys 5),
(ii) B 2 and B 5 strands (Cys 3-Cys 4), and the (iii) C-terminus and loop C-terminal of 3 2 strand
(Cys 2-Cys 6), thus forming a closed branched loop. A detailed characterization of allergens of the
same protein family allowed proposing that they share the same core structure, whereas loop regions
can be heterogeneous.

In this article, we aim at giving an evolutive overview of the PDPs throughout the green lineage,
from Bryophytes to late divergent plants, such as monocots and dicots. We first define more precisely
the PAC domain characteristics in order to retrieve PAC domain sequences from available genomic or
RNA-seq databases using a tailor-made bioinformatic script. Since the conservation of the primary
amino acid sequences of PAC domains was rather low, and since the presence of {3 -sheets seemed to
be essential for domain folding, bona fide PAC domains were selected according to their secondary
structure conservation, and protein alignment was done using a software taking into account secondary
structures. Modeling of tertiary structures was done based on the available crystal structure of the
Plal1 PAC domain. Finally, we could draw a phylogenic tree and sort the PAC domains according to
their association with other domains. We could also investigate the occurrence of PAC domains in
ancestor organisms.
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2. Results and Discussion

2.1. Characteristics of the PAC Domain and Search for New PDP Candidates

The overall strategy used for this study is summarized in Figure 1. As a first step and in order to
obtain a better definition of a PAC domain, orthologous sequences have been identified in the A. thaliana
genome using that of the AtAGP31 PAC domain. Altogether, 14 candidate sequences were identified and
manually checked for the presence of the six conserved Cys residues: At1g29140, At1g78040, At3g09925,
At4g08685, At4g18596, At5g45880, At5g54855, AtAGP31, At5g05500 (PRPL1), At5g15790, At2g34790
(AtAGP30), At2g34700, At4g18596, and At2g16630 (FOCL1). These sequences were then used to identify
additional PDPs by sequence similarity in eight other angiosperm genomes: Amborella trichopoda,
Brachypodium distachyon, Oryza sativa, Sorghum bicolor, Populus trichocarpa, Eucalyptus grandis, Linum
usitatissimum, and Gossypium raimondii. About 50 putative PDPs were collected and manually checked
for the presence of the six conserved Cys residues. From this first data mining step, it appeared that the
level of conservation of the amino acid sequences of the PAC domains could be low. In particular, except
between the two first conserved Cys residues (Cys 1 and Cys 2), the spacing between Cys residues
could be variable. Thus, the usual homology-based mining was not sufficient, and an alternative
strategy was necessary to obtain exhaustive results for each plant. The alignment of angiosperms PAC
domains has allowed calculating the range of spacing between the conserved Cys residues. Then,
a tailor-made script based on several points detailed in Table 1 has been set up to search for additional
PDPs in the same genomes or in other genomics or transcriptomics databases. However, the prediction
of a signal peptide for protein secretion could not be made systematically for the proteins translated
from transcriptomics data because the sequences could be incomplete. Furthermore, when genomic
sequences were available, the presence of an intron between the sequences encoding, on the one
hand, Cys 1 and Cys 2, and on the other hand, Cys 3 to Cys 6 was searched for to support the PAC
domain identification.

Table 1. Five features of a bona fide PAC domain.

1. Present in a protein with a predicted signal peptide

2. Presence of six Cys residues downstream a Glycine residue and with a defined spacing *:
Gly (3) Cys 1(2) Cys 2 (10,30) Cys 3 (20,50) Cys 4 (8,20) Cys 5 (25,60) Cys 6

3. Prediction of B-sheets according to the crystal structure of the Plantago lanceolata
(www.resb.org/structure/4Z8W) PAC domain protein

4. Possibly associated to AGP, extensin, X(Proline,»;) X-rich, Histidine-rich, or W-W domains

5. No prediction of additional functional domains

1 The number of amino acids between two successive Cys residues is indicated between brackets.

Using this script, sequences encoding PAC domains have been searched for in 78 plant species
belonging to the green lineage from Bryophytes (Bryophyta, Marchantiophyta and Anthocerotophyta)
to late divergent plants. Altogether, about 450 putative PAC domain sequences were collected (51-54).

Three additional criteria have then been used to select bona fide PAC domain proteins. The first
one was the number of conserved Cys residues. Indeed, we have found putative PAC domains showing
the expected characteristics, but containing only five Cys residues, or containing more Cys residues, up
to nine (51,55). Although some of them had sequences very similar to those of six Cys-containing PAC
domains (S5), we have decided to dismiss them in case of a lack or an excess of Cys residues, which
would modify the folding of the domain by generating disulfide bridges different from the expected
ones. The second exclusion criterion was the absence of predicted 3-sheets. Indeed, the crystal structure
of the Pla 11 PAC domain has allowed highlighting the importance of these (3-sheets in its secondary
structure [24]. Some proteins with large predicted x-helices and/or no predicted (3-sheets have been
dismissed with regard to this criterion, especially in Bryophytes, Equisetales, and Alismatales (51,56).
The third criterion was the presence of associated predicted functional domains suggesting intracellular
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functions like aldehyde dehydrogenase domain (PF00171, Tetraphis pellucida HVBQ_2004216) or JmjC
and JmjN domains of transcription factors (PF02373 and PF02375, Pallavicinia lyelli YEGP_2007785) (S3).
In most of these latter cases, it was not possible to predict the sub-cellular localization of the proteins
because they resulted from the translation of incomplete contigs obtained from RNA-seq data.

‘ predicted proteomes ‘

4 hY

search for PFAM PF01190 ChGCZ;‘zjrS%éiirr‘]:mber
[PFAM: pfam.xfam.org] [Cys-rule]

N /7

‘ repertoire of putative PAC domain proteins

!

prediction of secondary structure
[SABLE: sable.cchmc.org; NetSurfP: www.cbs.dtu.dk/services/NetSurfP/]

prediction of functional domains
[InterProScan: http://www.ebi.ac.uk/interpro/]

V4 N
‘ bona fide PAC domain proteins ‘ PAC domain-related proteins

N

‘ classification according to PAC domain location

]

amino acid sequence alignment according to 2D-structures
[PROMALS3D: prodata.swmed.edu/promals3d/promals3d.php]

!

phylogeny
[MEGA7: www.megasoftware.net]

!

search for additional conserved motifs and 3D-modeling
[MEME: meme-suite.org/tools/meme]

Figure 1. Pipeline for Proline-rich Arabinogalactan protein and Conserved Cys (PAC) domain protein
identification and phylogeny. The name of the bioinformatics programs and resources used at each
step are indicated in brackets.

2.2. The Number and the Diversity of PAC Domain Proteins Increase Along the Green Lineage

The PDPs have been classified according to the domains associated with the PAC domain. Four
types were distinguished (Figure 2). Type 1 corresponds to proteins only containing a PAC domain.
The corresponding genes could exhibit either no intron or one intron between the sequences encoding
Cys 1 and Cys 2 and those encoding Cys 3 to Cys 6. Type 2 includes proteins with an N-terminal PAC
domain, which could be associated to (i) a Proline-rich domain or (ii) a well-conserved domain of
unknown function usually encoded by a specific exon and starting with the following amino acid motif:
Tryptophane-X8-Tryptophane (W-W domain) (S7). As an example, At2g16630 (FOCL1) is a type 2-PAC
domain protein with a W-W domain at the C-terminus. Type 3 encompasses proteins with a C-terminal
PAC domain. The PAC domain could be associated with a Histidine stretch, a Proline-rich domain,
and/or an AGP domain. For example, AtAGP30 and AtAGP31 are type 3-PAC domain-proteins. Finally,
type 4 corresponds to proteins containing central PAC domains flanked by two extensin domains.
Although a few proteins with Serine-(Proline), motifs typical of extensins at their C-terminus were
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found in Anthocerophyta and Lycopodiales, the first bona fide type 4-PDP was found in Psilotales. There
is no such PDP in A. thaliana.

Type 1. PAC domain alone I |

Type 2. N-ter PAC domain [ s

Type 3. C-ter PAC domain @ |

Type 4. Central PAC domain [ IIINNENGEEGEGE

predicted signal peptide

PAC domain

at least one domain with (X-Proline ,»»-X) motifs, possibly
other domains like AGP, Histidine-rich or W-W domains

11

domain with extensin motifs (Serine-(Proline),»5)

Figure 2. Classification of PAC domain proteins according to the location of the PAC domain and
associated domains. Type 1. Proteins containing the PAC domain alone. Type 2. Proteins containing
the PAC domain at their N-terminus together with another (several other) domain(s). Type 3. Proteins
containing the PAC domain at their C-terminus together with another (several other) domain(s). Type 4.
Proteins containing the PAC domain in a central position flanked by two domains with extensin motifs
(Serine-(Proline), > 2).

In Bryophytes and Anthocerotophyta, only one to three PAC domain proteins were found for
each species (S1). The number of PDPs was higher in Psilotales and Equisetales as well as in all the
plant families, which have appeared later in the green lineage. Eleven PDPs are present in Amborella
trichopoda, which is considered as an ancestor common to angiosperms [25]. The highest numbers of
PDPs, i.e., between 17 and 23, were found in Poales, Brachypodium distachyon, Sorghum bicolor, Zea mays,
and Oryza sativa, as well as in Linum usitatissimum, Populus trichocarpa, and Gossypium raimondii. In
Poales like B. distachyon and O. sativa, the genes encoding PDPs could be found in tandem (Figure 3).
The PAC domains of these genes could show a high degree of identity (more than 85%), supporting the
recent tandem duplication events [26]. In addition, PAC domains with various numbers of Cys residues
were also found in Poales (S1). The functionality of those PAC domains has not yet been established.

Brachypodium distachyon /| Chromosome 3: Bradi3g.....
20970 20980 21000 21010 21030

g ) —) —

Oryza sativa | Chromosome 10: LOC_0Os10g0....

5750 5790 5820 5860 5880 5910 5930 5950 5970 5980 5990 6000

Figure 3. Examples of domain containing-protein (PDP) genes organized in tandem in the B. distachyon
and O. sativa genomes. The orientation of the genes is indicated by arrows. The names of the genes are
abbreviated, e.g., 20970 stands for Bradi3g20970, and 5750 for O. sativa LOC_Os10g5750. Genes sharing
more than 85% identity in their PAC domain coding sequences at the amino acid level are represented
with arrows of the same color.
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The different types of PDPs are unevenly distributed within the different plant species (Figure 4).
Only type 1- and type 2-PDPs were found in all plant families. Among the type 1-PDPs, one sub-type
should be distinguished. It corresponds to highly conserved sequences throughout the green lineage
since Lycopodiales with an overall percentage of identity ranging from 60% to 88% and a percentage of
similarity from 69% to 92%. For comparison, the percentage of identity and of similarity between two
PAC domain sequences can be rather low (15.4% and 20.7%, respectively). Among the type 2-PDPs,
those including a C-terminal W-W domain are present in nearly all plant families from Bryophytes to
Brassicales. They could appear as ancestors of PDPs. Type 3- and type 4-PDPs seem to have appeared
more recently in the evolution of the green lineage since the most ancient type 3- and type 4-proteins
were found in A. trichopoda and in Psilotales, respectively. Of course, one cannot exclude that some
PDPs are missing in this collection since only a few complete genomes are available for plants from
Psilotales to Amborellales.
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Figure 4. Distribution of the different types of PAC domains within the plant families. The different
types of PAC domains are represented in Figure 2. Among type 1-PAC domains, those having a highly
conserved amino acid sequence are distinguished (1’). Among type 2-PAC domains, those that are
associated to a C-terminal W-W domain are highlighted (2).

2.3. A Possible Origin for the PAC Domain

We have performed an extensive search of PAC domain sequences in the available databases
dedicated to ancestors of the green lineage using both the script described above and BLAST
queries using several PAC domains in case the spacing between Cys residues would be slightly
different. Mining was done in the following families: Stramenopiles (Synura petersenii), Cryptophyta
(Chroomonas sp), Chlorophyta (Asteromonas gracilis, Chlamydomonas rheinardtii, Nephroselmis olivacea,
Volvox carteri, Scenedesmus dimorphus, Scherffelia dubia), Streptophyta (Chara braunii, Coleochaete
orbicularis, Klebsormidium flaccidum, Mesotaenium caldariorum, Penium margaritaceum) (54). In many
cases, the proteins were incomplete either at their N-termini and it was not possible to predict a signal
peptide, or at their C-termini, and they could not be classified. Whenever possible, the presence of
predicted functional domains associated to the putative PAC domains was checked, and the proteins
comprising functional domains associated to intracellular functions were not retained.

We could only find PAC domain-related sequences in Chlorophyta: 10 proteins were found in
C. rheinardtii and one in V. carteri ,which both belong to Chlamydomonales. The Glycine residue
located upstream the first Cys residue was always missing, and the PAC domains were associated with
Proline-rich motifs of two types: either Serine-(Proline), or (Proline), and up to three of them could be
found in a given protein. However, the secondary structures of these domains were predicted to be
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a-helices. In C. rheinardtii, the GP1 and GP2 proteins, which both have Serine-(Proline), motifs, were
described as proteins rich in Hydroxyproline resides forming the insoluble glycoprotein framework
of the cell wall [27,28]. Furthermore, in C. orbicularis, we could find another interesting PAC domain
candidate, which was associated to Proline-rich motifs but contained seven Cys residues. The highest
level of identity/similarity was found with two PAC domains of Musa acuminata: GSMUA_Achr4T17330
(45%/51%) and GSMUA_Achr7T01790.1 (39%/50%). The highest level of identity/similarity with a
Marchantiophyta PAC domain was found with the Conocephalum conicum PAC domain ILBQ_2004952
(30%/46%) and the M. polymorpha Mapoly0014s0128 PAC domain (33%/45%). Altogether, the sequence
showing the highest level of identity to bona fide PAC domains was found in C. orbicularis. This is
consistent with the assumption that the Coleochaetales could be one of the ancestors of the green
lineage [29].

2.4. Three-Dimensional-Modeling of PAC Domain Proteins

Three-dimensional-models were calculated for 41 bona fide and 9 putative PAC domains, based on
the crystal structure of the P. lanceolata PAC domain [24]. The sequence identities between the template
and the PAC domains varied between 9.6% and 30.4% (median 15.9%). A sequence identity of 30% is
generally seen as a lower limit for reliable models predicted by homology modeling algorithms, but the
assumption of disulfide bridges somewhat lowers this limit. However, the low sequence similarities
were still an issue. In addition, in 6 out of the 50 PAC domains, the 3D-modeling software I-Tasser
was not able to find conformations enabling the formation of the three disulfide bridges between the
predefined Cys residues (S8). In all these cases, either the proteins were predicted to have x-helices,
or they were missing the Glycine residue upstream Cys 1.

For the bona fide PAC domains, it was possible to propose relevant 3D-models fitting with the
typical structure experimentally demonstrated for the P. lanceolata PAC domain [24]. Four selected
PAC domains from different plants are shown in Figure 5: an Anthocerophyta (Anthoceros formosa),
chosen as an ancestral plant, A. trichopoda as the common ancestor to flowering plants, and two higher
plants, Oropetium thomaeum and A. thaliana. All four 3-D models show the expected parallel 3-sheets
forming a 3-barrel and the three disulfide bridges. They also contain loop regions as the P. lanceolata
PAC domains. The 3D-structure of bona fide PAC domains seems to have been conserved through
the evolution of the green lineage. However, the C. orbicularis protein, which was assumed to be an
ancestor of the PDPs in the green lineage, only had three (3-sheets, but the three disulfide bridges were
at the predefined positions (S8).

The PAC domains that have been considered apart because of the prediction of x-helices showed
completely different 3D-structures (S8). They exhibited less (3-sheets or only a-helices, and as mentioned
above, the three disulfide bridges were not at the expected positions. The 3-D modeling, thus, brought
an additional criterion to confirm bona fide PAC domains. Interestingly, such a (3-barrel structure
has already been described for a mannose-binding lectin family of red algae, the Oscillatoria Agardhii
Agglutinin-Homolog (OAAH) mannose-binding lectin family [30]. In this case, two (3-barrels associate
perpendicularly to build up the complete 3D-structure of the molecule, and the interaction with cell
wall polymers occurs at two crevices symmetrically located at its two ends [31]. This role would be
consistent with the finding that the PAC domain of AtAGP31 can interact with cell wall polysaccharides
and O-glycans in vitro [11].
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Figure 5. 3D-modeling of four PAC domains. (A) A representative PAC domain of Bryophytes:
1QJU_2004004_Anthoceros_formosae. (B) A PAC domain of A. trichopoda: AmTr_v1.0_068.122.
(C) A representative PAC domain of the O. thomaeum monocot: Oropetium_11363A. (D) A representative
PAC domain of the A. thaliana dicot: At1g28290. The N-terminus (N-ter) and the C-terminus (C-ter) of
the proteins are indicated in blue and red, respectively. Blue ribbons represent (3-sheets. The three
disulfide bridges are drawn in yellow, and the names of the Cys residues involved are indicated.

To test the role of the conserved Cys residues and, therefore, that of disulfide bridges in 3D-structure
stability, in silico mutation experiments have been performed. Possible 5 Cys-PAC domain variants
have been tested for the P. lanceolata PAC domain, and for each of the eight A. trichopoda PAC domains,
which were considered as representative of the eight phylogenic clades (see below). Each Cys residue
has been replaced by a Ser residue, and the change in stability was determined by MAESTRO (S11).
In all cases, positive values of the ddG parameter indicating changes in unfolding free energy were
found, indicating destabilization of the 3D-structure. Altogether, it seems that the conserved Cys
residues are critical for the stability of the 3-barrel. This could indicate that the domains lacking
one Cys residue could be impaired in their biological activity or more sensitive to changes in their
physiological environment. The presence of a seventh or even an eighth Cys residue could have
different consequences depending on the position(s) of the additional Cys residue(s). Such residue(s)
could be involved in different disulfide bridges or not. Only experimental work could allow showing
any change in the biological activity of the PAC domain.

2.5. Phylogenetic Analyses Reveal the Presence of a Few Clades Grouping the PAC Domain Proteins According
to Their Associated Domains

Based on all the criteria described above, 300 PAC domains have been selected for the building
of phylogenetic trees (S1,52). They have been chosen from plant families representative of the green
lineage from Bryophytes to Brassicales based on a phylogenetic tree established using plastid gene
sequences [32]. When several species were available for a given plant family, only one or a few of
them were selected to represent it. For each plant family, the PAC domains sequences were analyzed
for their percentage of identity, and the most representative plant species was retained. When the
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sets of PAC domain sequences were too different between plants of the same family, several species
could be maintained. In addition, only PAC domains showing less than 85% of identity inside a
given plant species were conserved. As a first step, the sequences were aligned according to their
predicted secondary structure. Such a strategy was used in previous studies where the conservation
of the primary sequences of the proteins was not sufficient to ensure relevant alignments [33-35].
The PROMALS3D software was used, and the resulting alignment was introduced in the MEGA7
software to build up a maximum likelihood tree using 500 bootstraps. Due to the low level of
conservation between amino acid sequences and especially between the PAC domain sequences of the
older lineages, we have decided to build up two independent trees to avoid bias due to long-branch
attraction: the first one (Tree I) including plants from Bryophytes to A. trichopoda, and the second one
(Tree II) from A. trichopoda to Brassicales.

Regarding Tree I, it is difficult to define clades grouping all the PAC domain sequences because
most of the bootstrap values were low (S9). We only considered clades corresponding to bootstrap
values higher than 30. We could define seven clades grouping 71% of the retrieved PAC domains, six of
them containing one A. trichopoda PAC domain: clade A (AmTr.v1.0.061.7, mostly type 1-PAC domains);
clade B (AmTr.v1.0.066.9, type 4-PAC domains); clade C (AmTr.v1.0.062.88, type 1-PAC domains, highly
conserved sequences); clade D (AmTr.v1.0.041.161, type 2 W-W domains); clade E (AmTr.v1.000047,
type 2-PAC domains); clade ] (AmTr.v1.0.041.169, type 2-PAC domains); and clade K (Equisetum sp
PAC domains). The distribution of the PAC domain sequences of the other species was not clear.
PAC domains of Bryophytes were represented in clades A, D, and E, whereas a Tmesipteris parva
(Psilotale) PAC domain was found in clade B, and a Phylloglossum drummondii (Lycopodiale) PAC
domain in clades C, and J. Of course, one cannot exclude that PAC domains of plants, which have
divergent earlier than Amborellales are still missing since only a limited number of fully sequenced
genomes are available. Despite the presence of the key Cys residues and of conserved 3D-structure,
the large evolutive distance existing between Bryophytes and A. trichopoda together with a relaxed
selective pressure could explain the low sequence identity observed between sequences of Tree I.
Indeed, whereas terrestrialization is assumed to have occurred 450 MYA [36], the age of angiosperms
emergence was estimated to be between 169-199 MYA [37]. Based on the putative interaction with cell
wall polysaccharides and O-glycans, the PAC domain sequence variability could be correlated with the
variability of the cell wall composition from Bryophytes to angiosperms [38].

In Tree II, the PAC domains were distributed into 10 clades with high confidence bootstrap values
(from 72 to 100) with the exception of clade H (28) (Figure 6, S9). An A. trichopoda PAC domain was
found in each of them. Four clades were specific to higher plants, each of them, respectively, comprised
the following A. trichopoda PAC domains: AmTr.v1.0.047.45 (clade F); AmTr.v1.0.068.122 (clade G);
AmTr.v1.0.153.4 (clade H); and AmTr.v1.0.019.72 (clade I). Monocot and dicots were represented in
all the clades, but clade ] comprised a high number of grass PAC domains originating from gene
duplication (see above). Interestingly, although the tree has been built up with PAC domains only, they
grouped according to their association to other domains: type 1-PAC domains were found in clades A,
C, E H, and I; type 2-PAC domains were grouped in clades D, E, and ], with type 2 W-W domains
in clade D; type 3-PAC domains were found in clade G with the exception of three of them in clade
H with short Proline-rich motifs at their N-terminus; and type 4-PAC domains were only found in
clade D. Thus, it seems that there is a link between the amino acid composition of PAC domains, their
secondary structure, and the associated domains. Finally, it seems that all the PAC domains of higher
plants have a counterpart in A. trichopoda, meaning that the modern multi-domain structures of the
PDPs found in the ten angiosperm clades preceded the emergence of angiosperms.
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Figure 6. Phylogenetic Tree II. Tree I was built up using 196 PAC domains sequences from A. trichopoda
to A. thaliana. Ten clades (A to I) were defined according to significant bootstrap values (higher than 72,
with the exception of clade B). The type of PDPs (e.g., Type 11is 1, see Figure 2) found in each clade
indicated between brackets. The name of the A. trichopoda PDP found in each clade is indicated and

highlighted with a red star.
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2.6. Conserved Amino Acids Motifs Inside Clades

A search for conserved amino acid motifs was done for the PAC domains of each clade of Tree
II. The most significant results were found for clades A, B, D, E, G, H, and I (Figure 7). In each clade,
the most conserved motifs were detected at the N-terminus of the PAC domain. This was consistent
with the definition of the pollen Ole e 1 motif in the Pfam and Prosite databases (PF01190 and PS00925,
respectively). However, the consensus defined for the PS00925 domain only exactly fitted with that
of clade A PAC domains ([EQT]-G-x-V-Y-C-D-[TNP]-C-R). Furthermore, the most conserved PAC
domains were found in the C clade (Figure 8). Their degree of conservation in the green lineage
from Lycopodiales to Brassicales is impressive. Finally, the C-terminal W-W domain present in all the
proteins belonging to clade D was also very well conserved from the Bryophytes to the Brassicales
with common motifs mostly located in its N-terminus half (S510).
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Figure 7. The most conserved motifs of PAC domains inside clades A, B, D, E, G, H, I in PDPs of
A. trichopoda plant families appeared subsequently. The number of PAC domains in each clade is
indicated as well as the score of the conserved motif according to the MEME software.
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Figure 8. The most conserved PAC domains from clade C. The comparisons have been made between
18 PAC domain sequences from Lycopodiales to Brassicales.

The combination of sequence conservation with the accessibility of conserved residues on the
protein surface shall hint to functional important sites while conserved residues located in the protein
core are more likely important for maintaining the fold. Also, conserved residues in the loop regions
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may have a functional role, although they are less accessible in the static 3D-structural model as loops
are often flexible and may move considerably. We, therefore, defined a representative 3D-model for
each clade and obtained the solvent accessibility and secondary structure for each residue and aligned
this information with the sequence profiles (512). Indeed, many of the conserved sites are inaccessible
to the solvent and located within or close to the 3-sheets and, thus, are expected to maintain the fold.
Candidates for the functional role are, for example, in clade A a Phe-x-Thr pattern (profile position
11-13); in clade B, a cluster of basic residues at position 18-22; in clade D, the conserved charged
residues Lys and Asp at position 9 and 10; or in clade H, the amino acids Lys and Arg at position 35.
The reliability of such assumptions depends on the quality of the structural models. We calculated a
model quality score with MAESTRO and related the scores of the models to scores of experimentally
determined structures (S13). The scores of the models are in the range of the modeling template
structure (PDB code 4Z8W), indicating that none of the models should be largely wrong.

The conservation of motifs in PAC domains suggests common biological activities. It is possible
to infer that their interactions with cell wall polysaccharides or O-glycans assumed from in vitro
studies have been conserved and that the distribution of PDPs in the different plant families reflects
differences in cell wall polysaccharides. Regarding the W-W C-terminal domain of the clade D PAC
domains, its role remains to be unraveled. It is encoded by a distinct exon and could originate from
exon shuffling [39].

3. Materials and Methods

3.1. Databases

The sequences used in this study have been retrieved from different databases, such as Orchidstra
2.0 ([40] http://orchidstra2.abrc.sinica.edu.tw/orchidstra2/orchid_blast.php), genome annotation
Databases ([41], http://genome.microbedb.jp/blast/blast_search/klebsormidium/genes), Phytozome
([42], https://phytozome jgi.doe.gov/pz/portal.html), OneKP ([43], https://db.cngb.org/onekp/) (see S1).
When necessary, nucleotide sequences have been translated into amino acid sequences using EMBOSS
transeq ([44], https://www.ebi.ac.uk/Tools/st/emboss_transeq/).

3.2. Comparisons and Alignment of PAC Domains

The BLAST (https://blast.ncbinlm.nih.gov/Blast.cgi) program has been used for sequence
comparison. Similarities between PAC domain sequences have been calculated using either
Blast2seq (https://blast.ncbi.nlm.nih.gov/Blast.cgi) or needle (http://www.bioinformatics.nl/cgi-bin/
emboss/needle). The sub-cellular localization of proteins has been predicted with TargetP-2.0
([45], http://www.cbs.dtu.dk/services/Targetl’/) and the presence of 3-sheets and/or a-helices using
SABLE ([46], http://sable.cchmc.org/) and NetSurfP ([47], http://www.cbs.dtu.dk/services/NetSurfP/).
The selected PAC domains starting at the Gly amino acid located three amino acids upstream of
Cys 1 and ending at Cys 6 have been aligned using PROMALS3D ([48], http://prodata.swmed.edu/
promals3d/promals3d.php) to take into account the prediction of a-sheets. The phylogeny has been
calculated using MEGA7 ([49], https://www.megasoftware.net/) with the maximum likelihood option
and 500 bootstraps. The presence of the PROSITE (PS00925, [50], https://prosite.expasy.org/) and Pfam
(PF01190, [51], http://pfam.xfam.org/) domains have been checked in the retrieved sequences. Inside
clades, conserved motifs have been identified using MEME ([52], http://meme-suite.org/tools/meme)
or WebLogo3 ([53], http://weblogo.threeplusone.com/).

3.3. Three-Dimensional Modeling

For a subset of PAC domains, models were generated utilizing MODELLER [54] and I-Tasser [55].
Thereby, disulfide bridges were defined beforehand based on alignments with PDB entry 4Z8W
corresponding to the P. lanceolata PAC domain [24]. Subsequently, these models were scored with
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MAESTRO [56], DOPE [57], and ProSA 2003 [58]. Then the top-scoring models were relaxed with
Rosetta [59], and finally, the relaxed models were scored with the same three methods.

We consistently used PAC domains from A. trichopoda as representative models for each clade.
The relative solvent accessibility of these models was calculated by an adaptation of the Geometry
library algorithm [60]. The secondary structure assignment was obtained by DSSP [61,62].

Both MODELLER and I-Tasser depend on template structures. MODELLER is a
homology-modeling tool, which assumes significant sequence similarity between target and template
structures in order to create a reliable alignment between them. Loops and sidechains are modeled
with respect to the target sequence. The overall fold, however, is largely determined by the template
structure. I-Tasser is a fold-recognition approach, where sequence similarity between target and
template does not play a major role. Moreover, I-Tasser uses structural fragments rather than complete
protein (domain) folds, from which the overall fold is built. The final model is not determined by a
single template. As such, it should be better applicable for PAC domain sequences with low similarity
to the Pla 11 PAC domain.

4. Conclusions

This study has allowed better defining PDPs by combining amino acid sequences features,
secondary structures, and 3D-modeling. This protein family has appeared early during the evolution
of the green lineage. It has, however, not been possible to identify with certainty a PAC domain
ancestor in the presumed precursor organisms of the green lineage even if the C. orbicularis PAC domain
appeared as a possible candidate. The association of the PAC domain with Pro-rich sequences seemed
to be an ancient event, the most ancient sequence carrying both a PAC domain and a Proline-rich
domain being found in Bryophytes, and those carrying both a PAC domain and extensin domains in
Psilotales. Despite a great amino acid variability between PAC domains, the tertiary (3-barrel structure
strengthened by three disulfide bridges has been conserved in all bona fide PAC domains. Finally,
the subset of PAC domains belonging to Clade C is intriguing. Their very high level of conservation at
the amino acid sequence level suggests that they play critical roles in plant cell walls. Defining the
specificity of interaction of the different PAC domains with other cell wall polymers will be one of the
next challenges to fully unravel the roles of PDPs in the cell wall architecture.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/7/2488/s1
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Abstract: Phyllotaxis describes the periodic arrangement of plant organs most conspicuously
floral. Oscillators generally underlie periodic phenomena. A hypothetical algorithm generates
phyllotaxis regulated by the Hechtian growth oscillator of the stem apical meristem (SAM) protoderm.
The oscillator integrates biochemical and mechanical force that regulate morphogenetic gradients of
three ionic species, auxin, protons and Ca?*. Hechtian adhesion between cell wall and plasma
membrane transduces wall stress that opens Ca®" channels and reorients auxin efflux “PIN”
proteins; they control the auxin-activated proton pump that dissociates Ca?* bound by periplasmic
arabinogalactan proteins (AGP-Ca?*) hence the source of cytosolic Ca>* waves that activate exocytosis
of wall precursors, AGPs and PIN proteins essential for morphogenesis. This novel approach identifies
the critical determinants of an algorithm that generates phyllotaxis spiral and Fibonaccian symmetry:
these determinants in order of their relative contribution are: (1) size of the apical meristem and the
AGP-Ca®* capacitor; (2) proton pump activity; (3) auxin efflux proteins; (4) Ca?* channel activity;
(5) Hechtian adhesion that mediates the cell wall stress vector. Arguably, AGPs and the AGP-Ca%*
capacitor plays a decisive role in phyllotaxis periodicity and its evolutionary origins.

Keywords: Phyllotaxis; arabinogalactan proteins; auxin; calcium signaling; acid growth; Hechtian
oscillator; plasma membrane ion fluxes

1. Introduction

Agnes Arber [1] in “The Natural Philosophy of Plant Form” comprehensively described
the development of plant morphology from the ancient philosophers—Plato, Aristotle and
Theophrastus—to the more recent Cambridge botanical tradition that extends from William Turner,
Nehemiah Grew and “Robin” Hill to the present. William Turner (1508-68), father of English botany.
published the first herbal in English (1551) as a Fellow of Pembroke College; Nehemiah Grew
(1641-1712), another Pembroke graduate, father of plant anatomy published “The Anatomy of Plants”
(1682) depicted in the exquisite stained-glass windows of the college library. Finally, the Hill reaction
demonstrated the photolysis of water as the source of atmospheric oxygen and established molecular
botany as a new level of scientific enquiry. Arber’s historical perspective may help resolve some
long-standing problems of plant morphogenesis. Thus, Arber [1] presented “The mechanism of plant
morphology” and an insightful approach to the pivotal role of the cell wall and the stress—strain of cell
expansion that results in “form conditioned by pressure” where “even a minor [cell wall] alteration may be
associated with striking changes in the external form.” In Northcote’s laboratory, those ideas catalyzed the
first Ph.D. dissertation devoted to the primary cell wall and the discovery of cell wall proteins as a
new field of study. These hydroxyproline-rich glycoproteins, especially the arabinogalactan proteins
(AGPs), are involved in a hypothetical Hechtian growth oscillator. It involves transduction of the wall
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stress-strain to the plasma membrane where an auxin-activated proton pump dissociates AGP-Ca?*.
Elevated cytosolic Ca>*-activates exocytosis thus regulating plant growth. Discussion of the Hechtian
Oscillator vis-a-vis the role of the primary cell wall in plant morphogenesis [2] suggests extrapolating
the oscillator to phyllotaxis based on the premise that presence of the oscillator components implies the
presence of a functional Hechtian Oscillator. Indeed, recent work suggests the mechanotransduction of
stress relocates auxin efflux PIN proteins that generate new protoderm primordia. However, the precise
biochemical mechanisms involved in stress transduction and the role of auxin and calcium homeostasis
remain to be elucidated. Here, we invoke Hechtian adhesion and AGPs as essential components that
lead us to propose a novel biochemical algorithm for floral phyllotaxis and an explanation of its strong
tendency towards a periodic series first described by Fibonacci (1170-1240). This approach contrasts
with many previous studies with an overwhelming mathematical bias. Indeed, many observations in
Nature involve periodicity and the probable underlying oscillations

Oscillatory plant growth, known since Darwin [3], was subsequently confirmed by rapid tip
growth of pollen tubes and root hairs [4]. Plant morphogenesis also involves periodicity strikingly
displayed by the pattern of leaves and floral organs [5] that often appear as Fibonacci spirals typified
by whorls of 3, 5, 8, 13, 21 and 34 petals [6]. Hypothetically, such periodicity depends on an underlying
oscillator such as the recently formulated Hechtian growth oscillator [2,7] that involves auxin-driven
Ca?* release from arabinogalactan proteins (AGPs) of the cell surface; this hypothesis accounts for
the origin of oscillations in molecular detail absent from previous models of tip growth [8]. Here, we
extrapolate the Hechtian Oscillator to the challenging problem of phyllotaxis and the generation of
primordia in the protoderm, the outermost cell layer of the stem apical meristem SAM. Earlier work
emphasized physical factors and a mathematical approach was comprehensively reviewed in [6,9,10].
However, more recent work emphasizes a cell wall stress vector generated by rapid cell expansion
in the protoderm that re-orientates auxin efflux PIN proteins of neighboring cells and thus directs
auxin transport (and the inferred generation of Ca?* waves) that regulate growth and differentiation
(e.g., [11-14]). The present paper complements these and more recent models of [15] but with the
notable exception of [16]; none consider a possible role for cell surface AGPs. However, “Nature keeps
some of her secrets longer than others” [17]. That includes the elusive molecular function of classical
AGPs [18-20]. Identified some fifty years ago [21-23], AGPs remained “A Great Puzzle” until the
recent demonstration that AGP glycomodules bind Ca?* specifically [24]. They form a cell surface
AGP-Ca?* capacitor that involves the interaction of three essential ions auxin, H* and Ca?*. These
“morphogens” of the Ca%* signal transduction pathway (Figure 1) interact and thus regulate cell
expansion and growth.

The pathway begins with the transduction of the cell wall stress vector to the plasma membrane,
via AGP57C [25] as the likely molecular basis of Hechtian adhesion between the cell wall and the plasma
membrane. Further transmission of a biochemical signal to the cytoplasm involves stretch-activated
proton and Ca®* ion fluxes of the plasma membrane generated by the Hechtian growth oscillator [7].
The cytoplasmic response to Ca?* influx presumably involves exocytosis of wall plasticizers and
precursors including redirection/reorientation of auxin efflux PIN proteins, eponymously named after
their mutant pin-shaped phenotype. These auxin transport proteins channel auxin flow away from
slow expansion towards rapid expansion thus generating auxin waves with maxima corresponding
to the periodicity of nascent primordia. Turing’s classic paper [26] postulated only two morphogens
sufficed to generate spiral phyllotactic periodicity. The sections below expand on Turing’s original
suggestion with recent experimental evidence. Turing’s insight was much closer to reality than the
“two interacting morphogens” he envisaged.
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Hechtian Oscillator - simplified

Hechtian Transduction

1. Ouiescent phase
]
 }

Il Fully Active Phase
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Figure 1. (a) The Hechtian Oscillator ion fluxes regulate growth. Depicts a simplified version of the
Hechtian Oscillator in [2]. This figure shows stills from the animation in Supplemental Data. Membrane
and ion fluxes are analogous to a molecular “pin-ball machine.” KEY: protons: red, Ca?* ions: yellow,
auxin: green, stretch-activated Ca®* channels; Ca®* trickle initiates proton pump activity: (b) Phase
L. Quiescent: [7s] Proton pump minimally active; Ca?* channels closed with minimal Ca?* influx.
Phase II. Activation: [6s] Turgor increases cell expansion and thus wall stress that increases demand
for auxin and opens stretch-activated Ca?* channels; Ca* trickle initiates auxin binding by the proton
pump, initiating low-level oscillator activity leading to Phase III. Phase IIL Fully Activated: [12s]
high auxin levels fully activate proton pump. Proton extrusion dissociates periplasmic glycomodule
AGP-Ca®*. Entry via Ca®* channels generates cytosolic Ca>* waves that activate: exocytosis of: cell
wall precursors, wall plasticizers and redirect auxin efflux “PIN” proteins. Phase IV: [9s] Returns to
Quiescent state: Stress relaxation closes Ca?* channels. Auxin dissociates from proton pump; cytosolic
Ca”* recycles to recharge glycomodules and determine phyllotaxis periodicity as follows.

The ingenuity of Mother Nature exceeds our human imagination by involving three interacting
ions, auxin, protons and Ca”* (Figure 1) as the master regulator of plant growth. Although ion
accumulation studied for more than 80 years [27] has generally assumed the relative immobility of
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Ca?* ionically bound to the cell wall, non-intuitively Ca>* bound by cell surface AGPs now appears
to be the major source of dynamic cytosolic Ca>*. Counter-intuitively, the mechanism for the release
of dynamic Ca?* from ionically bound AGP-Ca®* is not obvious. However, the paired glucuronic
carboxyls of AGP glycomodules explain the remarkable stoichiometric Ca?*-binding properties of
periplasmic AGP-Ca?*; its dissociation by an auxin-activated proton pump predicts an essential role of
AGPs in Ca?* homeostasis [24].

2. Hechtian Adhesion

The Profound implications of Hecht [28] and many other’s observations are becoming clear.
Numerous papers emphasize Hechtian strands of plasmolyzed cells but ignore the corollary,
strong adhesion between the wall and plasma membrane of turgid cells which until recently has
remained a scientific mystery. However, in plasmolyzed pollen tubes [7] and root hair tips [29]
(Figure 2), a high density of Hechtian strands correlates rapid tip growth with Hechtian adhesion
arguably mediated by AGP57C [25]. This suggests its essential role in transduction of the wall stress
vector that initiates oscillations and cytosolic Ca?* waves as hypothesized by the Hechtian Oscillator
(Figure 1) [7].

ps1 \

d

Figure 2. Hechtian strands in root hairs (arrow head) towards the very tip after labeling wheat root hairs
with a membrane selective non-permeable fluorescent styryl dye, FM1-43. Reprinted with permission
from [29].

3. Is the Hechtian Oscillator Just an Hypothesis? Direct Evidence

The correlation between Hechtian adhesion and tip growth also implies that transduction of the
wall stress vector with concomitant activation of the proton pump releases Ca®* from a tip-localized
AGP-Ca?* capacitor, hence a source of the tip-focused Ca?* influx. Although initially an inference,
direct experimental evidence was described most recently by De Vriese et al. [30]: Tobacco BY-2
cells expressing the bioluminescent Ca?* sensor aequorin responded immediately to addition of the
auxin analog 2,4-D, “the luminescent signal rapidly increased and reached a maximum after 90 s.”
Thus, direct evidence confirms a major prediction of the Hechtian Oscillator hypothesis that connects
activation of the proton pump and proton extrusion with rapidly increased cytosolic Ca®* (Figure 1).

The Hechtian Oscillator exemplifies the pollen tube paradigm of rapid tip growth in particular [2,7].
The rapidly growing cell wall transmits its stress—strain status via Hechtian adhesion to the plasma
membrane. The role of Hechtian adhesion in stress transduction, inexplicably overlooked for more
than a hundred years, also explains how a periplasmic AGP-Ca?*capacitor, as a major component
of the oscillator and its auxin-activated proton pump, can regulate plant growth in general. The
biochemical physiological and ecological properties of the Hechtian Oscillator also avoid the vagaries
of a variable external Ca?* supply; it guarantees immediate access to Ca®* while recycling cytosolic
Ca?* replenishes the AGP-Ca?* capacitor. Such efficient use of Ca** may ensure the survival of
calcifuge species in Ca®*-deficient habitats where over-expression of AGPs also observed under salt
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stress [31] may enhance the ability to scavenge Ca®*. Marine plants such as Zostera (Eelgrass) support
that hypothesis. Recent characterization of their AGPs shows an elevated glucuronic acid content
suggestive of enhanced Ca?* binding in high salt [32].

4. Auxin Activity Is a Proxy for the Hechtian Oscillator

Heisler et al. [13] concluded that in the shoot apical meristem of Arabidopsis, “cycles of auxin
build-up and depletion accompany, and may direct, different stages of primordium development,” further
confirmed by a more recent study of Arabidopsis embryogenesis [33]. Auxin waves indicate the
presence of an auxin-activated proton pump an essential component of the Hechtian Oscillator.
Therefore, auxin activity itself can be taken as a proxy for an active Hechtian Oscillator, consistent with
the well-known association of auxin with cell expansion.

Thus, H* dissociation of periplasmic AGP-Ca?* [24] is the inferred source of cytosolic Ca?* that
activates exocytosis in the AGP-rich protoderm. Indeed, ubiquitous distribution of AGPs throughout
the Plant Kingdom [34,35] implies an absolute requirement for AGPs. Lethal knockouts of genes
encoding pollen AGPs [36] confirm their essential global role. Indeed, AGPs are closely associated
with morphogenesis even at the very earliest stages such as microspore embryogenesis [37]. Therefore
we hypothesize that a biological oscillator generates oscillatory growth and contributes to primordia
periodicity; phyllotaxis is a test case of the Hechtian Oscillator and its general applicability is developed
in the following sections.

5. A Molecular Pin-Ball Machine Regulates Ion Fluxes at the Plasma Membrane

Auxin activates plasma membrane H*-ATPase proton pump by increasing its phosphorylation
which increases the rate of proton extrusion [38]. The extent of ATPase phosphorylation [39] exerts
fine gain control of the proton pump over a wide range. Hydrolysis of a single ATP molecule fuels the
extrusion of about three protons by an H*-ATPase “turbo-molecular” proton pump. The molecular
pathway involves successive glutamate protonation and deprotonation from the cytoplasmic side to
the periplasm and cell wall (Figure 3) [39] and initial extremely fast lateral proton diffusion on the
plasma membrane surface [40].
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Figure 3. The proton pump pathway. Sequential protonation and deprotonation of the c-ring involve

ATP-hydrolysis-driven rotation that causes protonation of a Glu residue at the cytoplasmic half-channel
with subsequent deprotonation of a Glu residue at a luminal half-channel. Reprinted with permission
from [39].

Proton extrusion and a concomitantly low wall pH associated with cell extension so-called “acid
growth” [41] exemplify Lord Rutherford’s dictum that “No experimental result is ever wrong.” A widely
accepted (textbook) explanation invokes low pH-dependent wall loosening “enzymes” and expansins
all of unknown specificity [42] but ignores the dissociation of AGP-Ca2* that provides an alternative
reinterpretation of “acid growth” based on a visual analogy of the plasma membrane depicted as a
metaphorical “molecular pin-ball machine” in (Supplemental Data) that regulates three ion fluxes,
H*, Ca?* and auxin (anions at neutral pH, neutral at low pH). When activated by auxin, the proton
pump shoots fast protons into the periplasm where they dislodge Ca* ions from the periplasmic AGP
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glycomodules; i.e., proton efflux generates Ca* influx. Thus, free Ca®* ions then enter the cytosol
via stretch-activated Ca®*channels. The rapid increase of cytosolic Ca?* [30] activates exocytosis
of putative wall plasticizers, namely AGPs and AGP peptides [7] (Figure 1). Regulation of Ca?*
homeostasis is thus the major function of the proton pump rather than the regulation of wall pH.

6. Transduction of the Stress Vector through the Protoderm

Primordia are initiated in a “generative annulus” [6]. This thin band of protodermal cells
encircles the outermost cell layer of the stem apical meristem (SAM) protoderm where its powerful
morphogenetic properties are triggered by the incipient primordia. These most rapidly expanding cells
transmit the stress vector to neighboring cells via their anticlinal walls [14,43-45]. Such stress relocates
the auxin efflux “PIN” proteins so their polarization in the protoderm results in auxin transport towards
incipient primordia. The physical basis of stress transduction depends on Hechtian adhesion while its
co-localized auxin efflux “PIN” proteins were shown by immunocytochemistry [45]. Such polarized
localization of auxin efflux proteins, e.g., PIN1 in the protoderm [33], suggested a crucial role for auxin
transport in the generation of primordia [46]. It was concluded that “PIN directs auxin to the sites where
young primordia are being formed.” Rapid relocation of PIN1 is evidently of huge significance, although
the precise mechanism remains obscure. Two components not previously considered essential for
primordia formation involve Hechtian adhesion and AGPs. They mediate transduction of the cell wall
stress vector, as follows:

7. Stress, PIN Protein Redirection and Auxin Waves

“Symmetries control distribution in space” [47] begs the question: What is the origin of symmetry,
and how is it broken? This centuries” old debate gradually developed from “vital force” and the
equally unfalsifiable “morphic resonance” to Spemann’s organizer, morphogenetic fields, Waddington’s
“evocators” and Turing’s morphogen gradients to current concepts of homeobox genes and a plethora
of cognate transcription factors. They illustrate the complexity of animal morphogenesis compared
with the sublime sessile simplicity of plants and the view here that auxin gradients control proton and
Ca?* fluxes that are predominant regulators of growth and differentiation.

Auxin transport involves diffusion facilitated by auxin efflux, eponymous “PIN” proteins essential
to the generation of auxin waves that break the perfect symmetry of the protoderm as follows:

Morphogenesis frequently involves auxin waves [48]. That includes phyllotaxis [5] where a
recent theoretical biophysical model involving complex linear wave equations predicts auxin waves
that specify the site of new primordia [16]. Those authors noted that: “The role of auxin transport in
phyllotaxis must be universal” and also inferred that “electromechanical feedbacks apparently involve the
Ca%* and H* ions.” Recent direct experimental evidence [7,24] explains how the cell wall stress vector
and transcytosis relocate PIN proteins and thus together with AGP-Ca®* generate the auxin and Ca?*
waves that initiate primordia formation.

Rapidly expanding cells of the protoderm transmit the stress vector via anticlinal walls towards
slower cell expansion (Figure 4). The biophysical basis of stress transduction arguably involves
Hechtian adhesion between the wall and plasma membrane as described for the growth of pollen tubes
and epidermal cells of root tips [45]. Hechtian adhesion is also evident in the protoderm: for example,
Figure 1A of [49] shows a Hechtian strand formation in protodermal areas. Hechtian adhesion is
virtually universal and thus also present in actively growing tissue like the protoderm! Furthermore,
auxin waves are also evidence of an active Hechtian Oscillator based on Hechtian adhesion.

Transmission of the stress vector relocates PIN auxin efflux proteins to the stressed anticlinal
walls of stressed cells [45]. Thus, auxin moves against its concentration gradient towards cells with
the highest auxin levels therefore depleting the auxin of less rapidly expanding cells. Channeling
auxin towards stress generators, i.e., the most rapidly expanding cells, presumably initiates primordia
when auxin reaches a critical threshold level [15]. Attenuation of the stress vector by intervening distal
cells depleted of their auxin slows their expansion until a boundary “tipping point” of minimum cell
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expansion appears (Figure 4) where the stress vector reverses its direction with concomitant reversal of
PIN protein polarity [45]. Thus, a new auxin gradient increases towards a new stress vector initiated
by cell expansion of a newly formed primordium. Hence, auxin waves appear as peaks that coincide
with new primordia separated by auxin troughs; these repeat what is in essence an autocatalytic cycle
(Figure 5):
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Figure 4.  Stress in arabinogalactan proteins (AGP)-rich protoderm generates primordia.
This hypothetical scheme illustrates the possible origin of auxin waves in phyllotaxis [6]. Five-fold
rotational symmetry predominates as the archetype in dicot floral phyllotaxis. A plausible biochemical
algorithm generates auxin waves and new primordia: Rapid cell expansion creates the stress vector (red
arrows) that orientates PIN proteins; these channel auxin (green arrows) towards rapidly expanding
cells to form incipient primordia and deplete auxin from sites of slow expansion until reaching a

“tipping point” (lowest auxin level, slowest cell expansion, minimal stress) where PIN proteins reverse
their orientation. Auxin maxima and minima generate regions of rapid expansion at auxin peaks
corresponding to incipient primordia P1 to P5 separated by slowest growth at auxin troughs or “tipping
points.” Precise spacing of growth peaks corresponds to the frequency of auxin waves controlled by
three primary determinants, proton pump, auxin flux and AGP-Ca?* capacitor size.

We propose that the generation of successive auxin waves varying in amplitude and frequency
depends on the response of the proton pump and cell surface AGP. Indeed, there is an increasingly
clear correlation between enhanced AGP expression and tissue morphogenesis.

Membrane-bound PIN proteins recycle rapidly via transcytosis; for example, the relocalization of
PIN7 occurs within two minutes after the gravity stimulus [50]. Arguably, the mechanism involves
Hechtian adhesion that transmits wall stress directly to the plasma membrane rather than indirect
transmission via “statoliths.” During rapid tip growth of pollen tubes and root hairs, Hechtian adhesion
predominates at the growing tip where wall stress—strain is most apparent and exocytosis is maximal.
This correlation suggests that the stress vector relocates Hechtian adhesion sites at a malleable cell
wall and this, in turn, directs the exocytosis of wall precursors including auxin efflux PIN proteins (cf.
Figure 4). Thus, auxin waves and cytosolic Ca®* [51] generated by transmission of the cell wall stress
vector depend on two additional factors, transcytosis and cell wall rheology.
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Figure 5. The auxin autocatalytic cycle. While Turing proposed a model based on the interaction
between simple diffusion gradients of two morphogens, we suggest the interaction of three ions: PIN
proteins boost the uphill diffusion of auxin against the concentration gradient while protons the fastest
diffusing ions, dissociate AGP-Ca2* thus enhancing exocytosis of PIN proteins (and Ca2*channels) that
propagate the Ca?* message. This is summarized by the canalization theory [12] in which “small local
differences in auxin concentration are amplified by a self-reinforcing accumulation mechanism, resulting in local
auxin elevation and auxin depletion in the surrounding tissue.”

8. Cell Wall Rheology

Transmission of the stress vector from rapidly expanding cells of incipient primordia involves
plasticity of the anticlinal cell walls. Although Anton Heyn [52] identified wall plasticity as a crucial
determinant of cell expansion, even after eighty years the biochemical basis of the Heyn paradigm
remains debatable. Despite Heyn’s emphasis on plasticity, cleavage of covalent cell wall crosslinks
remain the predominant but elusive explanation [53]. Most synthetic plastics depend on plasticizers
like phthalates, small molecules that disrupt the alignment of linear polymer chains but do not cleave
covalent bonds. Analogous plasticizers of pectins include classical AGPs but their molecular size
precludes simple diffusion through a pectic matrix. However, the much smaller diffusible AGP peptides
upregulated by auxin [54] are also potential plasticizers; significantly their glucuronic acid content [55]
indicates Ca?*-binding capacity similar to the much larger non-diffusible classical AGPs typified
by LeAGP1 that transit the wall by extrusion rather than diffusion [31]. Thus small AGP peptides
diffusing though the wall can compete for Ca?* crosslinks and thus favor a pectic gel-sol transition
with a concomitant increased wall plasticity. Pectin methyl esterases have also been invoked [56];
Cosgrove [57] notes “localized deesterification of homogalacturonan as a signature event in the auxin-induced
patterning of the shoot apical meristem ... this correlation of de-esterified pectin with softer meristem regions is
perplexing” but consistent with electrostatic repulsion of ionized pectic carboxylates their Ca?* depleted
and scavenged by AGPs and AGP peptides with a higher affinity for Ca**. However, Altartouri et
al. [58] represent the prevailing view that Ca®* crosslinkage of de-esterified pectin decreases wall
plasticity. This implicitly assumes sufficient free Ca®* for pectin crosslinking but ignores AGP-Ca?*
homeostasis that determines the availability of both free and bound apoplastic Ca?*.

Fine control of pectin rheology by small diffusible AGP peptides has not previously been
considered. Similar reasoning may apply to some monocots where glucuronoxylans largely replace
pectin [59]. Finally, we can only agree that: “Cell expansion thus appears to be intimately linked to these wall
sensor pathways in ways we are only beginning to fathom.” [57].

9. A Phyllotaxis Algorithm

“While progress has been made, there are many fascinating challenges in phyllotaxis still open for the
curious mind to explore. The story is far from over. While careful experiments are crucial to continued progress,
it does not require elaborate experiments for ordinary folk to enjoy the wonderful architectures seen near the
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meristems of plants” [6]. Summarizing much recent work: “Key results stem from the observed facts that
phyllotactic patterns are naturally produced by instabilities, connected to both the distribution of the growth
hormone auxin and to the local stress—strain fields.” Although those “instabilities” remain undefined,
phyllotaxis per se is remarkably stable but with exceptions described by Arber [1] in several species.
For example, a completely dimerous flower of Iris on a shoot also bearing a normal trimerous flower,
and Potentilla flowers with three, four, five or six petals and concluded that “phyllotaxis depends upon
the rhythmic development of primordia at the growing apex.” Somewhat ahead of its time, eighty years
ago, the insightful observation was made: “it seems reasonable to suppose that these variations
are associated with internal chemical oscillations” with a final intuitive leap to “Physico-chemical
factors...one such factor has been so universal as to affect the whole of the Plant Kingdom; this is the
development of a cell wall encasing each unit of the plant body.” “The challenge now is to describe how
the stem apical meristem generates phyllotactic patterns de novo” [12]. The historical emphasis on
mathematical approaches based on optimal packing shows that Fibonacci patterns can arise naturally
in many pattern-forming systems but this is not obviously connected with the biochemical mechanisms
involved in patterning. Both approaches achieve optimal packing but in quite different ways. All the
components of the Hechtian Oscillator are present. Thus, a dynamic algorithm involving protoderm
biochemistry and mechanotransduction is now feasible as a working hypothesis.

Protoderm cell expansion generates new primordia (N). For example in a floral phyllotaxis, N is a
function of the stem apical meristem (SAM) size and the magnitude of major variables that define the
symmetry and periodicity of new primordia. To sustain their growth, rapidly expanding cells demand
auxin by generating the cell wall stress vector (CWsy) that redirects PIN proteins thus channeling
auxin towards these incipient primordia (Figure 4). A resulting auxin gradient then appears as waves
in the annulus, a narrow band of morphogenetic cells surrounding the outer protoderm (SAMP,)
with auxin maxima and minima corresponding to future primordia and boundary tipping points,
respectively. Generally, increasing the magnitude of a variable increases auxin transport towards a
primordium hence rapidly depleting distal cells. Reversal of PIN protein orientation then generates a
new primordium. Thus, an increased auxin depletion rate increases the number of new primordia.
However, they also depend on Ca?* availability determined by the expression of AGPs. We predict
that AGPs strongly expressed in the protoderm will increase the periodicity of primordia while weaker
expression will decrease it. Thus, to that extent, the algorithm is semi-quantitative and dependent on
strong expression of AGPs in the protoderm of Arabidopsis meristems [60], Euphorbia embryonic
cultures [61] and during somatic embryogenesis of Arabidopsis [62]. The novel suggestion that AGPs
play a decisive role as crucial determinants of phyllotaxis periodicity (Figure 6) depends on a complex
function of a hypothetical algorithm derived from the foregoing considerations:
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Figure 6. Major variables of the phyllotaxis algorithm.
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Stem apical meristem protoderm SAMP, generates N new primordia as a function of an equation
comprised of the following variables:

AGP-Ca?* capacitor: AGP;

Stem apical meristem protoderm annulus radius: SAMP,;
PP proton pump activity: PP;

Auxin efflux activity: Aegyux (hence auxin levels: Ayy);
Ca?* channels: Cu,;

Exocytosis is a complex variable regulated by Ca?* influx;
Hechtian adhesion: H,q;

® NG

Cell wall stress vector: CWyy;

SAMP,
AGP™! + (PP-Aw) ™! 4 (Cen™! + CWay) + Hyg ™!

The cell wall stress CWy, vector determines auxin, proton and Ca2* ion fluxes involving four
phases of the Hechtian Oscillator proton pump that regulate cell expansion.

Phase I. Quiescent: Minimal cell wall stress corresponds to minimal Ca?* influx and minimal
activity of the oscillator.

Phase II. Activation: Cell expansion increases wall stress, demand for auxin and opens Ca
channels; entry of Ca?* initiates auxin binding to the proton pump and initial oscillator activation
leading to Phase III

Phase III. Maximum Activation: Occurs at the high auxin levels supplied by redirected auxin
efflux PIN proteins; accelerated proton extrusion dissociates glycomodule AGP-Ca?*and supplies the
Ca?* channels thus generating cytosolic Ca2*waves that activate exocytosis, notably of wall precursors
and plasticizers but also enabling dynamic redirection of PIN proteins. Addition of precursors reinforce
the wall and slow its expansion, leading to Phase IV:

Phase IV. Return to quiescent phase: Stress relaxation of reinforced wall closes Ca?* channels.

Cytosolic Ca?* recycles via AGP precursors and Ca®*transporters replenish periplasmic AGP-Ca

When attenuation of the stress vector reaches a tipping point of minimal oscillator activity and
least rapid cell expansion, distant cells expand more rapidly and now exert a new stress vector in an
opposing direction thus generating a new primordium that contributes to phyllotactic symmetry.

SAMP, stem apical meristem protoderm generates new primordia as a function of the activity
of five major variables or determinants shown in the speculative graph taking petal phyllotaxis as
an example ranging from 3 to 34 petals. It assumes that the cell wall stress vector CWyy is essentially
constant for a given SAMP,.

Protoderm AGP content (activity) is the primary determinant based on the simple hypothesis
that size of the AGP-Ca?* capacitor determines the periodicity of primordia initiation (cf. Figure 4)
where a large capacitor generates more primordia. The graph correlates the Fibonacci series with AGP
expression and activity of other factors particularly the proton pump not previously connected with
phyllotaxis. Other determinants illustrate an inferred hierarchy based on the size of their relative input
to the Hechtian growth oscillator.

The beguiling simplicity of the above plot inferred largely from biochemical observations is in
strong contrast to previous complex formulations based largely on mathematical/geometrical logic.

2+

2+

10. Evolutionary Origin of Angiosperm Phyllotaxis

The evolutionary history of the stem apical meristem from a relatively simple arrangement
of apical cells in the Bryophytes and ferns culminates in the morphogenetic protoderm of the
angiosperms. Here, we conjecture that hybridization may solve the riddle of Fibonacci phyllotaxis and
its evolutionary origins.
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Strong AGP expression predicts numerous closely spaced primordia (Figure 4) that generate
floral phyllotaxis, arguably determined by the amplitude of the Ca®* signal that depends on the
AGP-Ca?* capacitor size, proton flux and Ca?* channel status. Thus, cells of the protoderm with
a large AGP-Ca?* capacitor will increase cytosolic Ca?* rapidly and therefore generate numerous
primordia within a shorter range than in a protoderm with weaker AGP expression and therefore
with more cells between primordia. For example, lower activity of the proton pump and a smaller
AGP-Ca®* capacitor increase spacing between primordia. Unlike the animal kingdom, plants have an
enormous propensity for polyploidy and hybridization that we suggest provides a simple biochemical
explanation for an evolutionary origin of the well-known Fibonacci series of floral organs exemplified
by the 3, 5, 8, 13, 21 and 34 petals (Figure 6), e.g., Ranunculus ficaria (13), Erigeron canadensis (21). Can
hybridization between contiguous members of the series generate a Fibonacci sequence? If so, how?
Consider a hybrid expressing the sum of AGPs from both parents! If AGPs play a dominant role
in defining phyllotaxis, then a hybrid of two-fold and threefold symmetry, with a corresponding
increased size of the AGP-Ca2* capacitor, would generate the most common five-fold symmetry, and
so on for subsequent members of the series (Figure 6). Thompson [17] viewed the Fibonacci series not
as the cause but merely “a consequence of optimal space filling in systems adding new units at a pole.” Thus,
we infer that hybridization generates floral Fibonacci phyllotaxis and accounts for the evolutionary
origin of a discrete series rather than a smooth arithmetic progression. This suggestion has the merit of
simplicity based on Occam’s Razor in contrast to all preceding mathematical conjectures [9] and is
supported by the Hechtian Oscillator as a predictive paradigm.

11. D’Arcy Thompson, Alan Turing and Peter Mitchell Revisited

Thompson'’s classical “Growth and Form” [17] exemplified a purely descriptive mathematical
approach that collated a huge corpus of biophysical observations rather than hypothesis-driven
experiments. On the other hand, Turing [26] combined a mathematical with a physical-chemical
approach. Thus, while a Turing self-replicating machine aptly fits cell replication, Turing postulated that
ontogeny based on biological parsimony might involve the diffusion of only two chemical morphogens
that would sulffice to create morphogenetic gradients. Those ideas preceded the biochemical insights
of Mitchell (Mitchell [63], experimentalist par excellence who questioned conventional wisdom and
proposed the versatile chemiosmotic proton pump). A universal energy transduction machine couples
proton gradients across lipid membranes to generate ATP that energizes all life. In reverse, it consumes
ATP and pumps protons. This vectorial chemical system differs fundamentally from conventionally
scalar chemical ones as explained by Mitchell [64]: “It was obviously my hope that the chemiosmotic
rationale of vectorial metabolism and biological energy transfer might one day come to be generally accepted,
and I have done my best to argue in favour of that state of affairs for more than twenty years ... was it not the
great Max Planck who remarked that a new scientific idea does not triumph by convincing its opponents, but
rather because its opponents eventually die?” Although Mitchell’s unconventional ideas were initially
rejected, they were finally recognized. Their universal applicability has become apparent more recently.
In simple photoautotrophs, light-driven proton gradients involve bacteriorhodopsin [65], while in
more advanced eukaryotes, an electron transport chain generates mitochondrial proton gradients.
Proton pumps and their regulation are thus at the epicenter of plant growth that, stripped to its bare
essentials, depend on three morphogen gradients, auxin, protons and Ca?* rather than just two.

However, these gradients do not arise by simple diffusion but are regulated by auxin efflux “PIN”
proteins whose discovery began with Rubery and Sheldrake’s [66] classic experiments in the laboratory
of Northcote [67]. PIN proteins control auxin gradients and auxin levels that activate the proton pump
while the cell wall stress vector opens Ca?* channels that generate cytosolic Ca?* gradients. Thus,
the Hechtian growth oscillator is an extrapolation of Mitchell’s chemiosmosis that unifies physics
and chemistry in a minimalist approach to regulating plant growth. Indeed, precursors to life surely
involve proton gradients as a basis of prebiotic energy transduction and the universal proton pump of
exoplanet life in the habitable zone.
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Abstract: Morphogenesis remains a riddle, wrapped in a mystery, inside an enigma. It remains
a formidable problem viewed from many different perspectives of morphology, genetics, and
computational modelling. We propose a biochemical reductionist approach that shows how
both internal and external physical forces contribute to plant morphogenesis via mechanical
stress—strain transduction from the primary cell wall tethered to the plasma membrane by a specific
arabinogalactan protein (AGP). The resulting stress vector, with direction defined by Hechtian
adhesion sites, has a magnitude of a few piconewtons amplified by a hypothetical Hechtian growth
oscillator. This paradigm shift involves stress-activated plasma membrane Ca®* channels and
auxin-activated H*-ATPase. The proton pump dissociates periplasmic AGP-glycomodules that bind
Ca?*. Thus, as the immediate source of cytosolic Ca?*, an AGP-Ca?* capacitor directs the vectorial
exocytosis of cell wall precursors and auxin efflux (PIN) proteins. In toto, these components comprise
the Hechtian oscillator and also the gravisensor. Thus, interdependent auxin and Ca?* morphogen
gradients account for the predominance of AGPs. The size and location of a cell surface AGP-Ca?*
capacitor is essential to differentiation and explains AGP correlation with all stages of morphogenetic
patterning from embryogenesis to root and shoot. Finally, the evolutionary origins of the Hechtian
oscillator in the unicellular Chlorophycean algae reflect the ubiquitous role of chemiosmotic proton
pumps that preceded DNA at the dawn of life.

Keywords: morphogenesis; cell wall protein; hechtian oscillator; calcium signaling; H"-ATPase

1. Introduction

“If questions are to be asked about life processes, how can one fail to enquire into what is
perhaps the most striking feature of life, morphogenesis? Morphogenesis is the end product of cell
differentiation. Cell shape is one aspect of the more general problem of differentiation. Consider the
primary cell wall, how it grows, and there is evidence enough for the primary wall playing a decisive
role in influencing the shape of a cell. Therefore, the primary cell wall must be studied, but how?”
(Lamport 1963) [1].

In 1952, Turing proposed that “morphogens acting together and diffusing through a tissue is
adequate to account for morphogenesis.” His classic paper [2] described simple reaction—diffusion
systems in mathematical detail, no doubt inspired by classic texts such as D’ Arcy Thompson's [3] “On
Growth and Form” (1917), Wardlaw’s “Phylogeny and Morphogenesis” [4] and probably Joseph
Needham [5]. However, despite the appealing simplicity of the theologian William of Occam
(1287-1347) and his razor “entia non sunt multiplicanda praeter necessitatem”, the devil is in the
biochemical details where “angels fear to tread”. Turing invoked Graham’s law of diffusion to infer
the existence of morphogen gradients (that includes hormones) and the drift to equilibria analogous
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to an electronic oscillator, an idea that we recently developed as the Hechtian growth oscillator [6].
Despite Turing’s profound insight and subsequent progress, the problem of plant morphogenesis
remains a huge challenge far exceeding the original formulation of simple diffusion. Here, we
describe the origin of auxin, H*, and Ca®* gradients and how their interaction creates morphogenetic
patterns. We therefore approach the formidable problem of plant morphogenesis from an empirical
biochemical perspective based on the dynamic role of AGPs (arabinogalactan glycoproteins) in a novel
Hechtian growth oscillator. A cell surface AGP-Ca?* capacitor is a crucial component that depends
on the complex carbohydrate chemistry of classical AGPs [7,8] that chelate CaZ+ by paired glucuronic
carboxyl groups of numerous small glycomodules. Not surprisingly, after their initial discovery as
an arabinogalactan polysaccharide [9] and as a hydroxyproline-rich arabinogalactan polysaccharide
protein complex [10], it has taken 60 years since the founder event [11] to unravel the structural basis
for the proposed central role of AGPs in plant biology as a cell surface Ca>* capacitor [12]. The role of
AGPs emerged as an essential component of the Hechtian oscillator when we correlated tip-focussed
cytosolic Ca?* and tip-localised AGPs with Hechtian adhesion and rapid tip growth of pollen tubes [6].

Here, we extrapolate these recent results to morphogenesis and propose two new avenues: Firstly,
we propose the avenue of cell walls and mechanoperception involving Hechtian transduction as
described in detail here but not considered by Turing; secondly, we propose postulated chemical
morphogen gradients [2] identified here as auxin and Ca?*. We propose that mechanotransduction
generates both gradients, although each has a different biochemical origin; thus, auxin gradients
originate from biosynthesis and transport by tissue-specific auxin efflux PIN proteins. On the other
hand, cytosolic Ca?* gradients originate from Ca?* stored in a cell surface AGP-Ca?* capacitor [12].
AGPs are essential components of the Hechtian growth oscillator that amplifies the magnitude and
direction of stress vectors regulating plant growth [6]; that explains why plants have heavily invested
in AGPs [13] and why this investment is so highly diversified [14]. Many AGPs are developmentally
regulated and tissue-specific [15-18]. While the significance of a large pool of dynamic Ca* at the
periplasmic cell surface seems inescapable to us, the role of AGPs in Ca?* gradient formation in tissues
is less obvious because it depends on a membrane-bound H*-ATPase that dissociates AGP-Ca?".
That shows the close link between auxin and Ca?* signalling with the primal proton pump. Paired
glucuronic carboxyls of AGP glycomodules bind Ca* tightly [12] (analogous to Ca?* chelation by
dicarboxylic acids). This effectively scavenges less tightly bound Ca?* of pectin and also free Ca®* in
the transpiration stream. Thus, abundant cell surface AGP-Ca?* acting as a Ca?* sink would enable
both cells and tissues to compete for Ca?t, so that Ca?* supply meets demand where it is greatest, such
as in meristem primordia. The “choice” of Ca?* as a universal signalling ion can be ascribed to the
size (0.9 A) of its ionic radius; thus, Ca2* sheds water more rapidly and is therefore more reactive than
other divalent ions—notably Mg?* [19]—of similar charge but with a smaller ionic radius (0.65 A) that
binds the water of hydration more strongly than Ca®*.

The following five sections of this essay show how morphogenetic patterns originate, involving
(1) cell wall mechanotransduction and the developmental sequence, (2) the embryogenesis of the
fertilised egg cell, (3) roots, (4) shoots, and finally (5) the evolution of morphogenesis.

Most models of morphogenesis, particularly computer-generated models, generally favour
a genetic perspective with an emphasis on signalling cascades. However, they ignore two
“unknown unknown” missing pieces of the morphogenetic puzzle, identified here as Hechtian
mechanotransduction and the AGP-Ca®* capacitor.

2. Cell Wall Mechanotransduction

Hecht'’s classical observations of adhesion between wall and plasma membrane in plasmolysed
cells [20] and its significance to cell signalling have been overlooked for more than a century with few
exceptions [21]. This seems inexplicable and is most likely because the emphasis has been exclusively
on signalling molecules rather than a physical connection. Widespread Hechtian adhesion, which is
prominent particularly during rapid tip growth, after plasmolysis (Figure 1) suggested the presence of
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specific tethers that transduce the stress—strain status of the wall to plasma membrane receptors that
can respond to piconewton (10712 N) forces (Table 1).

=

o ———

v -
7

Figure 1. Hechtian strand occurrence: from algae to chloroplast guard cells. (A) Closterium desmid in
12% sucrose: reprinted from [22], Scale bar = 2.1 um; (B) Penium margaritaceum: reprinted from [23],
Scale bar = 2 pum; (C). Ginkgo cells plasmolysed in 0.3 M NaCl reprinted from [24], Scale bar is 10 pm;
Arrows in (A-C) show location of Hechtian strands. (D1-3) Guard cell H"-ATPase and its translocator
PATROL (proton ATPase translocation control) in Arabidopsis. The plasma membrane ATPase AHA1
and its translocator PATROL1 co-localise at the tips of Hechtian strands in plasmolyzed guard cells
transformed with GFP-PATROL1 (D1) and RFP-AHA1 (D2) merged in (D3). Enlarged images of the
region enclosed in the yellow square are not shown here. Reprinted from [25], Scale bars =5 um.

However, the Hechtian transduction hypothesis creates three dilemmas:

1.  How does it distinguish between the huge forces (mega Pascal range) exerted on the membrane
by osmotic pressure and the minute piconewton forces that activate Ca?* channels and ATPases?

2. How does it provide a directional signal in response to anisotropic stress? [26]

3. Why does the wall need strong adhesion to the plasma membrane although turgor pressure
ensures it? Is the elusive mechanosensor a Boojum or a Snark?

Hechtian adhesion must satisfy several criteria: minimally, it must involve strong, stable and
specific interactions with both the cell wall and plasma membrane. Several candidates frequently
suggested such as wall-associated kinases and integrins lack hard data and can be eliminated. For
example, integrins recognise the RGD motif of the mammalian extracellular matrix but are absent
from plants. Other possible candidates include formins and many AGPs anchored securely to the
plasma membrane [27-30] by a C-terminal GPI-lipid double tail of long-chain fatty acids that requires
a force of ~350 piconewtons to detach from the membrane [31], compared with changes in molecular
conformation that are sensitive to far fewer piconewtons [32,33].

At-AGP57C (At3g45230) is covalently linked to pectic RG-I homogalacturonan [34] and is also
likely anchored to the plasma membrane by its predicted GPI signal sequence. This identifies a putative
Hechtian adhesion site of crucial significance that would enable the instant transmission of the wall
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stress—strain status and its rate-determining pectin rheology to enable the rapid tip growth of root
hairs and pollen tubes.

Wall stress and strain is thus focussed at the molecular level on Ca?* channels and H*-ATPase;
both membrane components are stretch-activated by just a few piconewtons.

Table 1. Piconewton forces crucial to biochemical function and Hechtian adhesion.

System Action Adhesion Strength pN References
Integrin-RGD binding Binding ~10 [35]
GPI-proteins Adhesion 103-350 pN [31]
Protein e.g., talin Unfolding 5pN [32]
Cation channels Open 4 pN (to open) [36]

Piezo proteins responsive to mechanical force are well-documented in animal systems [33].
Finally, Hechtian stress—strain transduction and exocytosis comprise the novel Hechtian oscillator [6],
an exquisitely designed high gain biological amplifier (Figure 2) that translates piconewton forces [37]
into tropisms, with wide ramifications in plant biology.

Hechtian Transduction

Wall Precursors + REGULATORS - | oy
| ‘Rﬁd\ﬁlﬁﬁi'ﬁiﬁ'ﬂ"s ) o .. GRAVITY 2

[ ) _.°'.- i _ BLUELIGHT A,
Atxineffiux | . -
PN proteins G ETHYLENE

1 . Abscisic acid
\ l Gibberellins

Brassinosteroids

ROS

CYTOSOLIC Ca?*

Figure 2. The Hechtian growth oscillator. Regulators of the plasma membrane H*-ATPase reflect its
two major roles: 1. It maintains negative inner membrane potential and enhances anion exit and cation
entry; 2. It dissociates AGP-Ca®* as a source of cytosolic Ca®*. Green arrows indicate upregulation
or red represent downregulation, with exceptions where the mechanism remains to be elucidated.
Auxin activates H"-ATPase. cf. Figure 3: Plasma membrane H*-ATPase regulation is central to plant
biology [38]; the effects of high steady state auxin levels on root cell elongation in Brachypodium [39];
auxin-driven morphogenetic patterns depend on unidirectional fluxes [40]; the evolution of auxin
signaling and PIN proteins [41]; what initiates auxin biosynthesis remains unknown [42]; auxin
activates the plasma membrane H*-ATPase via phosphorylation [38]. Abscisic acid negative regulation:
decreases steady-state levels of phosphorylated H*-ATPase possibly by promoting dephosphorylation
via a protein phosphatase [43] and suppresses hypocotyl elongation in Arabidopsis [43]; abscisic acid
stress signalling evolved in algal progenitors [44]. Blue light: the blue light photoreceptor pigment
phototropin increases cytosolic Ca?* [45]. Brassinosteroids: Increase cytosolic Ca* via increased auxin
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levels [46]. Cytokinins enhance cell division by unknown mechanisms. Ethylene upregulates auxin
biosynthesis in the Arabidopsis root apex and inhibits root cell expansion [47]; thus, anthranilate
synthase mutants yield ethylene-insensitive root growth phenotypes. Ethylene specifically inhibits the
most rapid growth phase of expanding cells—normally the root hair initiation zone but ethylene moves
it much closer to the tip. Auxin and ethylene act synergistically to control root elongation, root hair
formation, lateral root formation and hypocotyl elongation [48]. Ethylene modulates root elongation
through altering auxin transport: Ethylene binds to receptor proteins such as ETR1 and EIN2 controlling
transcription factor EIN3 that targets ERF1, the ethylene response factor that regulates diverse genes,
most likely tissue-specific. In shoots, auxin moves from the apex to the base [49]. PIN1 mutants
decrease auxin transport in inflorescences while PIN2, PIN3, and PIN7 mutants decrease polar auxin
transport in roots. In roots, auxin moves rootward via PIN1, PIN3, and PIN7 in the central cylinder
and shootward in the outer cell layers via PIN2 which mediates gravitropism. Ethylene-induced auxin
synthesis involves the « and 3 subunits of anthranilate synthase [47]. Fusicoccin: The fungal toxin
fusicoccin fills a cavity in the interaction surface between PM H*-ATPase and 14-3-3 proteins to form
a tight bridge that activates the ATPase irreversibly [38]. Gibberellins increase cytosolic Ca?* via a
DELLA-independent signalling pathway [50]. Gravity: in root gravitropism, auxin regulates root
curvature via apoplastic pH and a Ca>*-dependent signalling pathway [51]; PIN proteins responsible
for polar auxin transport and gravitropism reviewed in [42]; in microgravity, cacumber seedling PIN
protein distribution is parallel to the minor root axis. However, a 1 g force re-aligns PIN1 to the lower
side of the endodermis thus facilitating auxin transport from the upper side of the root to the lower side.
Similarly, PIN3 and PIN7 of the gravity sensing columella also re-align to the lower side [52]. Nitric
oxide: high apical levels of reactive oxygen species (ROS) in Arabidopsis root hairs suggest possible
activation of a Ca?* channel that modulates root hair-tip growth [53]. Red light: the elevation of auxin
levels is well established as an early event, in response to response to prolonged shade. During an
initial triggering phase, phytochrome interacting factors (PIFs) bind to the promoters of auxin synthesis
genes and generate a burst of auxin that promotes growth [54]. ROS: NADPH oxidase generates active
oxygen species that activate Ca>* channels and regulate cell expansion and root morphogenesis [55].

Although osmotic pressure is equally distributed at the plasma membrane, wall pressure
exerts an equal and opposite force. However, a direct covalent connection between pectin and
the plasma membrane would enable instant transmission of the wall stress-strain status by
fibrous macromolecules.

Two extreme examples, stomata and pollen tubes, demonstrate the efficacy of Hechtian adhesion:
the stomatal guard cell wall elasticity transmits stress while the rapid tip growth of a pollen
tube involves wall plasticity; when stretched, it transmits strain arguably via AGP57C [34] or its
homologous GPI-anchored classical AGPs, supporting a vital role for the Hechtian growth oscillator in
morphogenesis as discussed in subsequent sections.

The pollen tube tip has the simplest primary cell wall—almost exclusively pectin and with fast
tip growth—so is an ideal system to test hypotheses involving the Hechtian transduction of wall
stress—strain. Pectin rheology is deceptively simple and depends largely on the degree of methyl
esterification of pectic polygalacturonic acid residues, in contrast to AGP glucuronic acid, which is
never esterified. Highly methyl-esterified pectins form gels, while de-esterification followed by Ca?*
crosslinking forms much stronger gels. A frequently cited pectic paradigm [56] assumes sufficient
available free Ca* for crosslinking but ignores the regulation of Ca>* in muro by AGPs which, with
their demonstrated higher affinity for Ca?*, compete for pectic Ca®*. Such competition effectively strips
Ca?* from pectin. The concomitant electrostatic repulsion of negatively charged pectic carboxylates
explains the increase in wall plasticity by pectin methylesterase [57]. This effect, not previously
considered, may also explain the role of the small diffusible “AGP peptides” [58] that possess two
arabinogalactan glycomodules, presumably with paired glucuronic acid residues that bind Ca?+,
Significantly, small AGP peptides are upregulated by auxin [39], suggesting another subtle level of
control over plasticity of the pectin-rich primary cell walls.
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Driven by turgor pressure, cells expand in a direction orthogonal (i.e., at right angles) to the
direction of stress that strains the pectic matrix; the concomitant Hechtian transduction of pectic
strain initiates Ca®* oscillations and exocytosis (Figure 2). The stress vector also causes the orthogonal
orientation of microtubules and cellulose deposition [26] that reinforce the pectic matrix. As noted
above, pectin rheology depends on its methyl esterification status regulated by pectin methyl
esterase [59], the availability of free Ca®* and borate crosslinking of the RG-II pectic component.
Crosslinking of the cellulosic component (notably absent from pollen tube tips) may also be regulated
by expansin [60,61].

Such complexity explains why the molecular basis of cell wall plasticity remains recalcitrant
since first described [62]. “The difficulty lies not in the new ideas, but in escaping from the old ones”
(John Maynard Keynes). Many are Boojums—hypotheses that postulate non-existent entities are not
falsifiable and should disappear: for example, the widely accepted effect of low pH on wall loosening
by activating enzymic cleavage of load-bearing covalent crosslinks. However, both crosslinks and
enzymes remain unidentified. In the absence of an alternative viable unifying hypothesis, the Hechtian
oscillator emphasises the role of Ca?* in the exocytosis of wall plasticisers as detailed in [6] rather
than covalent bond cleavage. Plant cells share a wall with neighbours and can therefore use Hechtian
adhesion to sense which wall is being highly stressed by a rapidly expanding neighbour cell. Such
stressed cells respond by the rapid reorientation of auxin efflux PIN proteins to direct auxin efflux
towards their rapidly expanding neighbour [26]. Cells also compete for available Ca?* by increasing
the size of their cell surface AGP-Ca?* capacitor; this can increase the amplitude of Ca®* oscillations,
thereby enhancing exocytosis.

Consider the primary receptors of force transduction. What are they, and how do they propagate
tension to the cell interior? Stretch-activated CaZ* channels [63] and auxin-activated H*-ATPase [64]
control Ca?* influx as follows: the plasma membrane ATPase [38,65] is similar to the mitochondrial
ATP synthase: a rotary nanomachine fuelled by the proton motive force that generates ATP. However,
in reverse, fuelled by cytosolic ATP, it becomes a molecular turbine rotating at up to ~8000 rpm, ejecting
proton jets that pump about three protons into the periplasm for each ATP molecule hydrolysed [66].

H+ H+ H+
H* H*
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14-3-3 14-3-3 B P
Upregulated PM H* - ATPase Downregulated PM H* - ATPase

Figure 3. Posttranslational regulation of the PM H*-ATPase alternates between two states: reprinted
from [38]. Red = downregulated pumps hydrolyze ATP with low efficiency, hence the low transport of
H”. Green = upregulated pumps with high ATPase efficiency, and high H* transport rates. C-terminal
regulatory domains control transition between the two states. The phosphorylation (P) of the C-terminal
penultimate threonine residue (Thr-947 in pump AHAZ2) creates a binding site for a 14-3-3 protein
that stabilises the pump. The binding of lysophosphatidylcholine (Lyso-PC) and phosphorylation
at Thr-881 also activates the PM H*-ATPase independently of phosphorylation and 14-3-3 protein
binding. It is not known whether phosphorylation at Thr-881 in the C-terminal domain interferes
with or depends on 14-3-3 binding (as indicated by the question mark). Phosphorylation at Ser-899 or
Ser-931 inactivates the pump. Phosphorylation at Ser-931 blocks the binding of 14-3-3 protein, but is
not known for Ser-899. Only well-characterized regulatory events are shown.
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These powerful proton jets dissociate the AGP-Ca®* of the cell surface capacitor that supplies
the CaZ* channels. The evidence [6] for this is a 100% correlation between tip-localised AGPs and
“tip-focussed” cytosolic Ca?* during the rapid tip growth of pollen tubes.

How Ca?* fluxes translate into morphogenesis depends on the local wall plasticity that determines
the direction and magnitude of the wall stress vector; its amplification depends on the size of the
AGP-Ca%* capacitor (Figure 2) and its obvious abundance at metabolically active sites [67]. Arguably,
the stress vector also determines the anisotropic location of Hechtian adhesion sites that activate
the local vectorial exocytosis of wall precursors and dynamic reorientation of auxin efflux (PIN)
proteins. Mechanical stress causes auxin efflux carrier localisation at the plasma membrane adjacent to
the most stressed or strained walls cells and thus directs auxin toward neighbours that are rapidly
expanding [68]. Counterintuitively, “the net flow of auxin in shoot tips is up the auxin gradient such
that any cell directs its auxin toward neighbouring cells that have a higher auxin concentration” [26].
Auxin flux against the concentration gradient towards regions of active expansion growth, although
an apparent contravention of the Second Law of Thermodynamics, is pithily summarised by Mathew’s
Law: “To him that hath shall be given. And to him that hath not shall be taken away”.

Plant cells exploit a “thermodynamic loophole” based on their ability to trap ionised auxin in the
cytosol (pH 7.4) where it cannot freely permeate the plasma membrane. However, in the wall at ~pH 5,
auxin is protonated and thus freely permeates the plasma membrane of adjacent cells. Thus, auxin
wins the Sysiphean uphill struggle.

The regulation of the oscillator at several biochemical levels involves Ca?* channel activity
and the plasma membrane H*-ATPase (Figure 2). The proximity of a large or small AGP-Ca%*
capacitor and its dissociation by ATPase proton pump thus creates dual gradients of auxin and
Ca?*; coincidentally, two interacting morphogens required for the creation of “Turing patterns” [2]. By
connecting these gradients, both dependent on the proton motive force, the Hechtian oscillator emerges
as a master regulator of plant growth; this paradigm shift demands the reappraisal of the acid growth
hypothesis [69] that depends on the widely accepted activation of wall-loosening enzymes. However,
alternative explanations for a low wall pH include the PIN-directed auxin transport of protonated
auxin and increased plasticity of deprotonated pectin. Finally, the release of Ca®* from AGP-Ca?* by a
proton pump [12] is an extrapolation of Mitchell’s original chemiosmotic hypothesis [70].

3. Embryogenesis

The above description of stress-dependent auxin and Ca?* gradients shows how polarity can arise
at the earliest stages of embryogenesis, particularly with an AGP-Ca?* sink as a source of dynamic
cytosolic Ca®*, while tissue tensions determine the orientation of auxin efflux proteins and cellulose
deposition. Organogenesis then follows similar biochemical and biomechanical rules. Every budding
botanist sees sliced celery stalks curl because internal tissues are under compression and outer tissues
under tension. This simple principle applies during embryogenesis as the stress vector changes from
the internal meristem (compression) to the outer protoderm (tension). The concomitant rearrangement
of auxin efflux proteins in the protoderm under tension results in lateral auxin export from its apex
outwards, with consequential slow growth and anisotropy at the torpedo stage that splits the tissue
into the two cotyledons [71] (Figure 4).

Angiosperm double fertilisation results in a triploid endosperm and a diploid zygote that
elongates and establishes the shoot-root hierarchy with an initial asymmetric division into a small
apical cell that becomes the proembryo; the large vacuolated basal cell divides by transverse divisions
to produce the suspensor, a short file of cells that act as an “umbilicus” connecting the embryo with
maternal tissues. The hypophysis is a remarkable pivotal apical cell of the suspensor, and as the
precursor to the embryonic root, it demarcates the crucial zone between shoot and root. Thus, many
auxin mutants result in a defective hypophysis and rootless seedlings. Presumably, a simplified
morphogenetic programme of hypophysis silences most major shoot programmes and defines the
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fate of future cells in the root as a “partial shoot” [72] characterised by the root tip meristem, xylem,
phloem, pericycle and lateral roots.

A B

PIN1 PIN4 PIN7
[ DRS5 reporter activity

Zygote 1/2-cell 8-cell Globular Transition Torpedo

Figure 4. Embryogenesis in Arabidopsis: Cell lineages, PIN protein localization, and auxin response
maxima (reprinted from [71]). Auxin response maxima and PIN protein localization follow a regular
cell division pattern. Thin lines show lineages between stages: PIN protein localization is shown as
follows: red (PIN1), blue (PIN4), and green (PIN7), and DRS5 reporter is pink. (A) After the division of
the zygote, one and two-cell embryos express PIN7 in the basal daughter cell (bc), and the apical cell
(ac) expresses the DR5 reporter. After two more cell-divisions, all proembryo (pe) cells express PIN1
and DRS5 reporter. Basal suspensor (sus) cells express PIN7 localized on the proembryo side. At the
globular stage, central lower cells of the proembryo establish basal PIN1 polarity while PIN1 localizes
apically in outer protoderm (pd) cells. At the same time, PIN7 polarity reverses in suspensor cells and
PIN4 is activated in the uppermost suspensor cell that now expresses the DR5 reporter and is specified
as hypophysis (hyp). During the transition stage, the PIN1 polarity at the flanks of the apical embryo
half converges in adjacent cells, accompanied by the appearance of new DR5 maxima. These sites mark
the initiation of the cotyledons; (B) The torpedo stage shows discrete regions of the embryo: RAM (root
apical meristem), green, root apical meristem (white, future quiescent centre); hypo, blue, hypocotyl;
Cot, yellow, cotyledons; and SAM (shoot apical meristem), red, the shoot apical meristem.

Plant cells are generally totipotent, and single cultured cells can regenerate an entire plant [73,74]
While cell lineage does not necessarily determine cell fate, the aphorism of Hans Driesch that “the fate
of a cell is a function of its position” implies that both its lineage [75] and position [76] are pertinent.
Indeed, “morphogen” gradients evident as auxin and AGP-Ca?* are highly correlated with the earliest
stages of embryogenesis including the polarised haploid egg cell that yields a zygote with polarised
AGP distribution increasing at the later two-cell stage and onwards [77]. Auxin biosynthesis evidenced
by the DRS5 reporter is similarly localized, particularly at the 2-cell, 8-cell and globular stages in
Arabidopsis [71]. Auxin distribution depends on auxin efflux carriers which are initially inferred [78]
and subsequently identified at the genomic level by “PIN” mutants that have phenocopied inhibitors
of auxin transport [79]. Unlike the anisotropic protoderm, the early growth of meristematic tissue
is isotropic. Variations in the local growth of the meristem arise possibly because cell surface AGPs
compete for limited Ca?*; combined with tissue tensions, this leads to boundary regions which
are low in Ca?*. These peripheral anisotropic regions, particularly in the ectoderm, result in tge
rearrangement of auxin efflux proteins with consequent auxin depletion in boundary zones between
the meristem, hence the origin of new primordia and phyllotaxis; i.e. auxin peaks generate a spiral
phyllotactic pattern.

Much work over more than 25 years (Table 2) reveals a remarkable family of tissue-specific
auxin efflux (PIN) proteins that ensure a regulated supply of auxin during embryogenesis and the
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ensuing stages of morphogenesis. However, until now, the signals that initiate PIN protein localisation
remain unknown; the Hechtian transduction proposed here is the best candidate based on considerable
supporting evidence.

Table 2. The PIN Ffamily of auxin efflux proteins.

Auxin Efflux Protein Major Location or Function Efflux Orientation References
PIN 1 Outer protoderm and lower cells Rootward 71]
of proembryo

PIN 2 Root epidermis and {atera'l root cap; Shootward [26]

regulates gravitropism [42]
PIN 3 Gravitropism Rootward [26]
PIN 4 Hypophysis [71]
PIN 5 ER Cytosol [42]
PIN 6 ER Cytosol [42]

Apical towards embryo

PIN 7 Suspensor Rootward [80]
PIN 8 ER cytosol [42]

The Hechtian growth oscillator generates morphogenetic patterns; arguably, these depend on
localised adhesion sites that result in vectorial exocytosis of wall precursors. This includes auxin
efflux PIN proteins directed to the sites of the highest strain in expanding cells, [26] thus ensuring a
supply of auxin for their continued growth. AGPs specifically localised in the suspensor [81] (Figure
4 in reference [81]) (6 to 9 cells in Arabidopsis) with apically polarised PIN4 and PIN7 auxin efflux
proteins [80] highlight its active role as an “umbilicus” supplying auxin and nutrients from maternal
tissues to the embryo.

Stress also predicts the plane of cell division marked by the preprophase band of microtubules [82]
as putative mitosis stabilisers [83] and the appearance of the cell plate templated by extensin
self-assembling amphiphiles; [84] hydroxyproline-rich glycoproteins central to plant growth once
again cooperate with biomechanical forces. Elegant laser ablation experiments alter the orientation
of PIN proteins in the apical meristem [26]. These classic experiments [16,26,85] show that tissue
biomechanics create stress vectors that reorientate tissue-specific auxin efflux PIN proteins. We infer
that specific Hechtian adhesion is the “missing link” that connects biomechanical stress vectors with
auxin action and PIN reorientation: a chemically defined covalent connection between cell wall pectin
and a known plasma membrane such as AGP57C likely transduces stress that dissociates AGP-Ca?*,
thus increasing cytosolic Ca®* that triggers vectored exocytosis. We infer that Hechtian adhesion and
AGPs amplify both the direction and magnitude of stress vectors resulting in growth orientation. Not
surprisingly, mutants of Gal31 are lethal [86], possibly by disrupting the 1-6-linked galactose sidechain
of the AGP-Ca?* glycomodule [87].

4. Roots

The morphogenesis of root xylem tissues begins with the specific expression of the JIM13 AGP
epitope in a single metaxylem initial just above four central cells of the quiescent centre [88]. The
how and why have been dominated by the speculative idea of AGPs as signalling molecules per
se. Thus, a role for AGPs in Ca?*-signalling was unexpected yet surprisingly close to reality, with
AGP-Ca”* belatedly seen here as the major dynamic source of Ca?* regulated by auxin. Significantly,
transformed plants that overproduce auxin show excessive xylem and phloem development [89] and
bushy phenotypes [90].

Mechanical stress patterns involved in root morphogenesis have yet to be modelled. Nevertheless,
a recent comprehensive experimental approach [91] correlated gravitropism with the epidermal
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location of auxin efflux protein PIN2 which was dramatically co-localised with Hechtian adhesion
sites between the plasma membrane and the cell wall (Figure 5).

PIN2-GFP PIN2-GFP PIN1-GFP2 PIN1-GFP3

Figure 5. PIN proteins maintain their polarity at the cell wall of plasmolysed cells. Plasmolysis shows
that apical (PIN2-GFP and PIN1-GFP-3) and basal (PIN1-GFP-2) proteins remain attached to the cell
wall by their polar domains. (A-D) Note—yellow arrowheads = nonpolar PIN-GFP signal at the
plasma membrane. HS = Hechtian strands with PIN-GFP-connections to the wall. White arrowheads =
a strong persistent PIN-GFP signal at the cell wall-plasma membrane interface. Scale bars = 10 pm.
Reprinted from Figure 4 of [91].

The presence of the cell wall is essential for gravity perception [91]. These observations
connect gravitropism with a rapid increase of cytosolic Ca?* [51] and the following conclusion [91]:
“Thus, the identified tight link between the cell wall and cell polarity provides the conceptual
possibility for regulation of signal fluxes and, ultimately, plant development via signaling from
the extracellular matrix.” Such evidence suggests that auxin-based mechanoperception and subsequent
root morphogenesis involve the Hechtian growth oscillator. This fundamental phenomenon supersedes
textbook dogma and hypotheses in highly contentious and confusing fields [49,92-94] that struggle to
disentangle cause from effect. As a prime example, consider the challenge to identify the gravity sensor.
Although quite unknown, it may involve critical components of the Hechtian oscillator as “the very
earliest stages of gravitropic bending depend on auxin-stimulated Ca?* influx” [41,51]. Nevertheless,
the Cholodny-Went explanation of auxin redistribution remains unquestioned dogma [95]: “The
ability of roots to reorient their growth in response to changes in the gravity vector is dependent on
the asymmetric redistribution of auxin at the root tip” [41]. This demands a biochemical explanation.

The root-shoot paradox: root tip gravitropism increases auxin at the lower side that decreases
growth while less auxin at the upper side increases growth. However, in shoots, a similar auxin
distribution in response to gravity reverses the direction of growth. We resolve this paradox by asking:
How does auxin inhibit growth at the lower side of the root? Extensin peroxidase [96] provides the
answer: crosslinked extensin decreases the rate of cell extension ([97] cf. [47]) via di-isodityrosine
formation [98,99]. Presumably, programmed cells of the root tip respond to high levels of auxin simply
by enhancing the enzymic crosslinking of wall proteins. Thus, extensins and AGPs, as the Yin and
Yang of cell extension, may illustrate yet again the ingenious parsimony of nature that involves these
hydroxyproline-rich glycoproteins as both negative and positive regulators of cell extension.

While the above approach to a complex problem is consistent with Occam’s razor, it contrasts with
the complexity of recent papers that deal with the dynamic rearrangement of PIN proteins transporting
auxin from both root tip and the shoot via xylem and root epidermis (Figure 6).
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Figure 6. Reprinted with permission from Sato et al. [49]. Root gravitropism in Arabidopsis. (A)
Gravity perception in Arabidopsis thaliana. At time point 0, roots grow vertically. After a 90° turn,
the following events occur: (1) At 10 s, statoliths are still at the old bottom of the cell. After 3 min,
statoliths move towards the new bottom of the cell to be uniformly distributed at 5 min [92]; (2) PIN3
and PIN7 relocalization is achieved 2 min after the gravity stimulus and, in consequence, a lateral
auxin gradient is generated between the upper and lower side of the root (thin and thick orange
arrows respectively) [100]; (3) the development of differential extracellular pH levels between the
upper (acidic) and lower (alkaline) side of the gravistimulated root [51]; (B) Gravity signal transduction
and transmission via auxin transport and redistribution. Black arrows show that AUX1 and PIN2
channel auxin from the shoot to the root tip. Blue arrows show how PIN4 distributes auxin efflux
through the vascular tissue to the columella cells. PIN3 and PIN7 set up the auxin flow (green arrows),
with an accumulation on the lower side of the root. PIN2 and AUX1 transport auxin through the
lateral root cap to the epidermal cells in the elongation zone (orange arrows) where the actual growth
response will occur.

However, no convincing molecular mechanism has been offered for auxin-increased cell extension.
Auxin has also not been successfully connected with Ca?* signalling although [49] “auxin somehow
activates cytosolic Ca?* waves,” the major source being the Hechtian oscillator via auxin-activated
H*-ATPase dissociation of AGP-Ca?* that releases Ca* to the cytosol via Ca?* channels. How that
translates into increased cell extension in the root tip elongation zone remains a conundrum, as
discussed above. Although the prevalent statolith hypothesis is now textbook dogma, the precise
molecular details of statolith mechanotransduction remain quite unknown. Mutants that lack
amyloplast statoliths do not resolve the problem: while they decrease the gravitational response, they
do not eliminate it [93]. Finally, both plasma membrane H*-ATPases [25] (~11 in Arabidopsis) and PIN
proteins recycle in response to mechanotransduction, thus adding an additional level of complexity.

This raises the pertinent question: What is the biochemical source of signalling Ca?* and its
connection to auxin? Regions of high auxin biosynthesis, e.g., meristems, young primordia and
reproductive organs, express YUCCA, a flavin mono-oxygenase that decarboxylates indole pyruvate
to yield auxin [48]. Arguably, Hechtian adhesion and auxin-activated plasma membrane ATPase
dissociate AGP-Ca?* to provide Ca?* that activates exocytosis enabling the gravity vector (9.8 N-kg™)
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to redistribute auxin by recycling the auxin efflux PIN proteins. As the root tip derives its auxin from
transport through central root tissues and also local biosynthesis (Figure 6), the columella is quite
possibly the gravity sensor as it also contains the statoliths. However, that view is not consistent with
the Hechtian oscillator and the Hechtian transduction of the gravity vector leading to auxin transport
and its asymmetric redistribution by PIN1 and PIN3 auxin efflux proteins [26] cf. [41].

The Hechtian oscillator is also evident in mature root tissues such as the pericycle which expresses
AGPs [101] and generates adventitious lateral roots and a specific extensin ([102] cf. [75]). Possibly,
pericycle progenitor cell AGPs scavenge local Ca?* that enhances exocytosis when stimulated by
auxin supplied from root tip biosynthesis [103]. Similarly, root hair positioning is also correlated with
AGP-reactive epidermal cells Figure 4A in [101], while defects in root tip auxin biosynthesis result in a
shift of root hair emergence towards the shoot.

5. Shoots

Morphogenesis of the shoot involves phyllotaxis of leaves and flowers; a problem of formidable
complexity recognised by Egyptian, Greek and Roman scholars since antiquity [104] up to the present.
Numerous competing hypotheses largely based on mathematical formulations connect physical forces
to growth, but with many biochemical unknowns. Recent significant experimental advances [26,68,85]
closely connect the stress vectors of growing tissues with the reorientation of auxin efflux PIN proteins
(Figure 7): exocytosis and endocytosis (transcytosis) rapidly redeploy PIN proteins to expanding walls
that show the greatest stress or strain. This implies that stress-induced signals from the cell wall
promote the accumulation of PIN1 (and thus export of auxin) at the nearest membrane of cells stressed
by their rapid expansion as follows.

Figure 7. Stress vectors in the shoot apical meristem. The suggested changing meristem stress patterns
cause auxin depletion in the boundary region as primordia form [26]. Note that the magnitude and
direction of the stress vector are strongly anisotropic (red arrows) in the boundary region between the
primordium and shoot apical meristem apex. Reprinted from [85] with permission from AAAS).

Rapid PIN1 redeployment [105] raises the question of how cells perceive the mechanical signals
that largely determine PIN1 polarity. In plants, the gap between biophysical stress and biochemical
response is generally ignored. However, PIN protein recycling depends on Ca?*-directed vectorial
exocytosis, and therefore shares essential components of the Hechtian growth oscillator that translate
biophysical force into biochemistry. This connects the oscillator with the generation of new primordia;
hypothetically, their regular spatial separation or phyllotaxis results from competing demands for
auxin and Ca?* morphogens, channelled to the most rapidly growing cells by PIN proteins and cell
surface AGPs that scavenge Ca?*. This results in auxin depletion and slower growth in the boundary
or “saddle region” between the apical meristem and primordia. Indeed, competition for auxin and
Ca”* may determine the angle of divergence between successive primordia and thus the creation of
whorls [106], although the morphogenesis of flowering involving, for example, a protein florigen [107]
and development of seeds is beyond the scope of this brief essay.
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Auxin initiates phyllotaxis by transport against a concentration gradient to sites of primordia
formation; these depend on the polarity of auxin efflux (PIN) proteins maintained by the
cell wall [91,108]. However, the apical dominance of the shoot, although generally ascribed to the auxin
inhibition of lateral bud growth, may actually depend on the absence of PIN polarity from dormant
tissues. Arguably, the removal of the shoot apex restores PIN1 polarisation in the bud [109] via renewed
axillary auxin transport that breaks dormancy. A role for the Hechtian growth oscillator in apical
dominance seems likely and is consistent with the bushy phenotype of tomato plants over-expressing
AGP LeAGP1 [110]. The size of the AGP-Ca2* capacitor could determine the balance between the
dormancy and active growth of axillary buds.

6. The Evolution of Morphogenesis

Phylogeny and morphogenesis are inextricably linked [111], and so our brief description can only
attempt a broad-brush summary that reconciles old observations with new discoveries. Specifically,
these relate wall stress-strain and Hechtian adhesion to the control of cytosolic Ca?* by auxin. Thus,
auxin efflux PIN proteins transport auxin to target sites, where the activation of H*-ATPase releases
Ca?* from AGP-Ca?*, triggering exocytosis. This paradigm shift can be traced back to the primordial
soup and unifies the chemiosmotic proton motive force with auxin and Ca?* signalling. By analogy
with inscriptions on the Rosetta stone, once decoded, these three fundamental transport phenomena
translate the same growth message into morphogenesis.

Morphogenesis begins with prebiotic synthesis from CHy, CO,, and water to yield HCHO [112], a
precursor to simple sugars via the Butlerov (formose) reaction. The subsequent prebiotic generation of
self-replicating molecules and self-assembling amphiphiles formed lipid membranes and nanobubble
aerosols. Such semipermeable membrane-bounded protocells sequestered and concentrated reactants
by chemiosmosis, most likely in Darwin’s “warm little pond” (In a letter to J.D. Hooker 1871).
Hence, the origin of Peter Mitchell’s proton motive force [70], a universal phenomenon that precedes
RNA-DNA replication and drives reactions that exploit the chemistry in a watery environment of
planets in the “Goldilocks zone”. The first simple prokaryotes were chemical machines; their further
specialisation and morphological adaption led to unicellular eukaryotes, morphogenetic machines
characterised by increasing structural adaptations and complexity, exemplified by the invention of
chromosomes as Darlington’s “little packets of predestination”, internal membrane systems such as
ER (endoplasmic reticulum), Golgi, and cell walls to protect the plasma membrane. Indeed, most
major evolutionary advances from chemiosmotic energy transduction to cellular organelles appeared
very early and remain as essential features of modern eukaryotic cells whose precise origins by
endosymbiont capture [113] remain to be elucidated.

From the cell wall viewpoint, the unicellular flagellate Chlanydomonas provides the most striking
example of evolutionary conservation and diversification, with a large complement of 182 different
proteins related to hydroxyproline-rich extensins [114]. The Chlamydomonas wall is devoid of cellulose
and consists almost entirely of glycoproteins that self-assemble as a crystal lattice [115], a remarkable
precursor to their conserved self-assembly role in higher plants [84]. The leap to multicellular
cooperation involved two distinct evolutionary lines: one line embedded cells in a hydroxyproline-rich
glycoprotein (HRGP) protective matrix typified by volvocine algae; the other Chlorophycean line
evolved silicified or calcified protective cell walls (Figure 8) typified by the calcareous plates of
Coccolithophores, such as Emiliana huxleyi of the cretaceous that built the chalk hills and cliffs of the
present era.

Static cell surface CaCOj3 coccoliths of Coccolithophores represented by E. huxleyi are the probable
evolutionary precursor to dynamic cell surface AGP-Ca?*, hence Ca?* signalling. Algae increased the
tensile strength of a primary cell wall prototype by co-opting cellulose, thus enabling turgor pressure
and the major evolutionary pathway to metaphytes. Indeed, the composition of algal pectin-rich
cellulosic walls is remarkably similar to those defined as primary walls in the cambial tissues of
higher plants [116]. That raises the question: When did the Hechtian oscillator emerge? Based on

317



Int. ]. Mol. Sci. 2018, 19, 2674

the presence of Hechtian strands associated with rapid tip growth [6], we extrapolated Mitchell’s
original chemiosmotic hypothesis to include Ca?* signalling. This implies incredible evolutionary
conservation and an early origin of the Hechtian pscillator in unicellular Chlorophycean algae such
as Closterium [22] and Penium [23], as both exhibit tip growth with prominent Hechtian strands
(Figure 1).

Figure 8. Chilly Brook chalk cliffs with E. huxleyi. Coccolithophores such as E. huxleyi (inset) constructed
massive soft chalk deposits of calcium carbonate during the cretaceous period (145-65 MYA), now seen
here from across the Chilly Brook water meadows dominated by Ranunculus acris, adjacent to the River
Ouse in the South Downs National Park at Lewes, UK. This view encapsulates the entire evolutionary

progression from the simplest unicellular protists such as E. huxleyi to advanced dicots such as R. acris
at the pinnacle of alternation of generations, all dependent on calcium. (Photo: DTAL).

Single cells remaining attached after cytokinesis evolved into simple linear filamentous algae as the
first step towards multicellularity and its regulation. Although auxin is a key growth regulator in higher
plants, it is evident as a biosynthetic pathway in the simplest unicellular chlorophytes [117]. However,
auxin transport also involves efflux PIN proteins, and these first appear in filamentous algae—"living
fossils” such as Spirogyra [117]—with anchoring rhizoids that differentiate only from terminal cells [118].
Thus, the PIN proteins and polarity of Spirogyra rhizoids, as well as stretch-activated Ca?* channels,
nicely represent the earliest evolutionary progression from marine via freshwater to land plants
(Figure 9).

Further lateral cohesion between adjacent filaments forms a prototype thallus. Other “living
fossils” include Coleochaete a prototype leafy liverwort (Hepaticae) that retains the fertilised diploid egg
cell until “germination”. Coleochaete cell walls are also significantly enriched in hydroxyproline-rich
glycoproteins. Alkaline hydrolysis yields a hydroxyproline glycoside profile (Figure 10) dominated by
small hydroxyproline heterooligosaccharides, similar to the profile of Chlamydomonas, but surprisingly
different from the simple Hyp-arabinoside profile of higher plants.
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Figure 9. Metaphyte origins. Progression from single cells to filaments that align, forming a flat thallus.
The examples here are the biflagellate Chlamydomonas, Spirogyra and the red arrow points to Coleochaete
scutata.
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Figure 10. Coleochaete hydroxyproline glycosides. Alkaline hydrolysates of Coleochaete scutata cell walls
fractionated on a cation exchange column gave a Hyp-glycoside profile that appeared similar to the
profile of cell walls isolated from higher plants. However, closer inspection and quantitative sugar
analyses showed a striking difference; in higher plants, the Hyp-glycosides are simple arabinosides,
whereas Coleochaete shows heterooligosaccharides of up to seven sugar residues that include galactose,
glucose and arabinose, compositions remarkably similar to the profile of cell walls isolated from
Chlamydomonas [119] but different from other members of the plant kingdom [120]. Presented at the
11th Cell Wall Meeting, Copenhagen [121].

Although more popular notions suggest Chara or Nitella as a land plant precursor [122], that
seems unlikely for several reasons; firstly, despite being invoked as a model system, their cell walls
lack hydroxyproline-rich cell wall proteins; secondly, the relatively thick walls of Chara are rich
in non-methyl esterified pectin; and finally, the large cells are coenocytes but remain locked in an
evolutionary cul-de-sac.
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Bryophytes initiate the gametophyte—sporophyte “alternation of generations” brilliantly
elucidated by Hofmeister [123] (Figure 11).

Figure 11. The moss Bryum capillare exemplifies the alternation of generations. Bryum capillare with
attached diploid sporophytes dependent on the haploid gametophyte generation. (Photo: DTAL).

Further evolutionary development of the attached sporophyte (e.g., with stomata) culminated in
its complete dominance in higher plants with their increasingly complex division into root, shoots and
leaves. Root-like structures appeared as rhizoids in the Bryophytes, but true roots defined by their
gravitropic response, endogenous branching, root hairs, and a protective root cap originate from the
suspensor hypophysis during angiosperm embryogenesis. While sharing much in common with true
shoots, roots clearly lack many shoot characteristics and have therefore been described as “partial
shoots” [72] that evolved as an adaptation to a subterranean life [124].

The ultimate reduction of the gametophyte generation to just a few cells, namely pollen and the
ovule as an integumented megasporangium, completes this brief summary based on a novel growth
oscillator unifying other growth regulators that control Ca?* release and exocytosis.

7. Postscript

Ton transport dominates this paper, which is greatly influenced (1955-1961) by personal
acquaintance (DTAL) with the Cambridge pioneers who included Peter Mitchell (proton pump),
David Keilin (cytochrome discovery) and Robert “Robin” Hill Reaction (photolysis of water). The cell
wall protein was undoubtedly inspired by Fred Sanger in the adjacent lab (protein structure, 1958 Nobel
Prize), and Joseph E. Varner [125] on his sabbatical leave acted as a “midwife to wall protein.” H.A.
Krebs was one of DTAL’s BA examiners. Two years of National Service as a corporal radio instructor at
the Royal Air Force Radio School Yatesbury (1953-1955) inspired thoughts about biological oscillators.
Finally, the poet Alexander Pope (1688-1744) summarises the effect of the intellectual environment
exemplified by Joseph Needham (morphogenesis) and Don Northcote (cell walls) in the Cambridge
Department of Biochemistry: “As the twig is bent so is the tree inclined.”
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Abstract: Nutrients are critical for plants to grow and develop, and nutrient depletion severely affects
crop yield. In order to optimize nutrient acquisition, plants adapt their growth and root architecture.
Changes in growth are determined by modifications in the cell walls surrounding every plant cell.
The plant cell wall, which is largely composed of complex polysaccharides, is essential for plants to
attain their shape and to protect cells against the environment. Within the cell wall, cellulose strands
form microfibrils that act as a framework for other wall components, including hemicelluloses, pectins,
proteins, and, in some cases, callose, lignin, and suberin. Cell wall composition varies, depending
on cell and tissue type. It is governed by synthesis, deposition and remodeling of wall components,
and determines the physical and structural properties of the cell wall. How nutrient status affects cell
wall synthesis and organization, and thus plant growth and morphology, remains poorly understood.
In this review, we aim to summarize and synthesize research on the adaptation of root cell walls in
response to nutrient availability and the potential role of cell walls in nutrient sensing.

Keywords: cell wall; nutrients; root system architecture

1. Introduction

Plants are the primary producers on earth, accounting for 80% of all living biomass, and provide
us with food, feed, and shelter [1]. Nutrient availability controls how plants grow and thus their ability
to produce biomass [2]. The levels of macro- and micro-nutrients in the soil, and the ability of plants to
access them, therefore have major implications on agriculture and ecology [3]. To maximize acquisition
of nutrients, plants adjust their growth and metabolic processes [4-6]. By deliberately limiting their
chlorophyll content and rate of photosynthetic carbon fixation to coordinate their growth with resource
availability, plants achieve optimal morphology to survive [3]. Cell division and cell elongation are
the major factors that drive growth and morphology in plants. Unlike animal cells, plant cells are
surrounded by a protective and supportive structure, referred to as the cell wall, which contributes the
bulk of a plant’s biomass. Dynamic remodeling of this structure is crucial for plant cells to divide and
elongate [7,8]. Because the cell wall dictates cell and tissue morphology, and as nutrient availability
drives changes in plant growth, it follows that changes to the cell wall structure should, indirectly
or directly, be controlled by the nutrients available to the plant. There is mounting evidence from
gene expression data that cell walls are actively regulated in response to nutrient availability [9-13].
However, while it is clear that reprogramming of cell wall genes is essential for plant adaptations
to nutrient status, knowledge relating to molecular mechanisms controlling these changes is just
starting to emerge. In the agricultural context, plant biomass and nutrient availability are the two
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most important variables. Research in this field is critically important and has direct links to societal
and economic benefits. In this review, we summarize the current understanding of how cell walls are
dynamically regulated in response to nutrient availability and how cell wall defects cause changes to
nutrient sensitivity. In order to understand the relationship between cell wall and nutrients, we first
introduce the basic concepts of cell wall synthesis and structure, along with nutrient transport. Unless
otherwise noted, examples presented are from the model plant Arabidopsis thaliana (Arabidopsis).

1.1. Cell Walls

Plant cell walls are highly dynamic structures. They are composed primarily of polysaccharides,
including cellulose, pectins, hemicelluloses, and callose. In this review, we focus only on the areas of
cell wall synthesis and regulation that are directly relevant to nutrient response. There are excellent
reviews that cover key topics of cell wall synthesis and regulation [7,14-19].

1.1.1. Cellulose

Cellulose is composed of (-(1—4)-D-glucan chains, which are crystallized into cellulose
microfibrils through inter- and intra- molecular hydrogen bonds and Van der Waals forces.
These microfibrils are the primary loadbearing polymers of cell walls and act as a framework for
tethering and deposition of other wall components [19].

Cellulose is synthesized by CELLULOSE SYNTHASE A (CESA) catalytic subunits, which are
organized at the plasma membrane in large multiprotein complexes called cellulose synthase complexes
(CSCs). The CSC constitutes a heteromeric arrangement of 18 to 24 CESAs, with CESA1, CESA3, and a
CESAG6-like protein (CESA2, 5, 6 or 9) being required for primary cell wall synthesis [14,20]. Certain
specialized cells, such as xylem tracheary elements, also synthesize a secondary cell wall that is
deposited between the primary cell wall and the plasma membrane. During secondary cell wall
synthesis, the CSC is comprised of CESA4, CESA7, and CESAS [21,22]. Most secondary cell walls
contain a significantly increased amount of lignins, which are hydrophobic aromatic polymers typically
derived from phenylalanine [23].

Apart from their plasma membrane localization, CSCs are also localized at the Golgi apparatus,
trans-Golgi network, small CESA compartments, or microtubule-associated cellulose synthase
compartments [24]. These latter compartments may be involved in delivery or internalization of
the CSCs [14]. During synthesis, newly formed cellulose microfibrils become entangled in cell
walls through cross-linking with cell wall polymers. Further synthesis of cellulose pushes the
CSCs forward along the plasma membrane [25,26]. CSC speed is therefore often used as a proxy
for CESA catalytic activity. The direction of CSC movement, as well as its targeted delivery to
the plasma membrane, is guided by cortical microtubules [27]. Several proteins are involved
in guiding the CESAs along microtubules; their functions are necessary to maintain cellulose
synthesis. These proteins include CELLULOSE SYNTHASE-MICROTUBULE UNCOUPLING (CMU),
COMPANIONS OF CELLULOSE SYNTHASE (CCs), and CELLULOSE SYNTHASE INTERACTING
PROTEIN 1(CSI1) [28-30]. Of particular note, CCs bind to CSCs and microtubules, and regulate
cellulose synthesis under salt stress conditions by re-establishing the microtubule array following salt
stress-mediated microtubule depolymerization [29]. KORRIGAN 1 (KOR1), an endo-1,4-3-D-glucanase,
also functions in cellulose synthesis by interacting with the CSC at the plasma membrane and during
intracellular trafficking [31]. Although the precise function of KOR1 is unknown, korI mutants display
reduced cellulose synthesis, and KOR1 is thought to play a role in relieving tensional stress generated
during microfibril synthesis, or by releasing microfibrils from the CSC during cessation of cellulose
synthesis [32]. COBRA and COBRA-like proteins encode glycosylphosphatidylinositol anchored
proteins, and are involved in cellulose synthesis and modify cellulose crystallinity [33]. Finally,
the chitinase-like protein homologs, CHITINASE-LIKE PROTEIN 1 (CTL1) and CTL2, bind cellulose
and impair CSC activity at the plasma membrane [34-36]. Although the exact function of CTL1 and
CTL2 is unclear, CTL1 colocalizes with CESAs during secretion to the apoplast [35,36].
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1.1.2. Pectins

Pectins are a diverse family of complex acidic polysaccharides that act as a hydrophilic gel in
which other cell wall components are embedded. Pectin composition can vary widely in chain
length and branching complexity; however, all pectins contain 1,4-linked o-D-galacturonic acid
residues [19]. Pectins are synthesized in the Golgi, and require a minimum of 67 transferases, including
glycosyltransferases, acetyltransferases, and methyltransferases, many of which remain unknown or
uncharacterized. A large number of transferases may be required due to the many diverse linkages
present in pectins [16]. Following synthesis, pectins are packaged into vesicles and trafficked to the
plasma membrane for secretion to the cell wall [37]. In the cell wall, cellulose and pectins are closely
linked via hydrogen bonds [38]. Pectin deposition and pectin modification play a central role in
mediating cell growth [39]. Pectins are typically secreted to the cell wall in a highly methyl-esterified
form, and cell wall-localized pectin methylesterases can act upon pectins to cleave methyl ester
bonds to remove the methyl groups [40]. This results in the production of free carboxylic groups,
which drastically alters the physical properties of pectins, where low levels of methyl-esterified pectins
are typically associated with decreased cell wall extensibility and growth inhibition [41].

1.1.3. Hemicelluloses

Similar to pectins, hemicelluloses are synthesized within the Golgi, packaged into vesicles, and
secreted to the apoplast [42]. Hemicelluloses are characterized as molecules containing a backbone of
B-(1—4)-linked xylose, glucose, or mannose. Mixed linked glucan (MLG) is a special hemicellulose
containing a backbone of unbranched (1,3)- and (1,4)-linked b-glucosyl residues and is typically
found in grasses, such as cereals [43], which contain distinct differences in cell wall composition
compared to dicotyledons, like Arabidopsis [44]. Within the cell wall, hemicelluloses function by
crosslinking cellulose microfibrils via hydrogen bonds [42]. Cosgrove (2014) [45] proposed a model,
where xyloglucans, a hemicellulose, act as an adhesive layer between cellulose microfibrils to bundle
them together at biomechanical hotspots, thus performing an important role in cell wall structure and
integrity by maintaining a strong network of interconnected cellulose microfibrils.

1.1.4. Callose

Although plant cells are surrounded by cell walls, they are also symplastically connected through
plasmodesmata (PD) (analogous in function to gap junction in animal cells). These are symplastic
channels that transverse the cell walls and connect the cytoplasm of adjacent cells [46]. For cell-to-cell
transport of signaling molecules to occur through PD, cell wall composition is important, as the major
regulation of PD transport is controlled by the deposition or removal of callose (3-1,3-glucan) in the
cell walls surrounding PD. Callose deposition causes restriction of the symplastic channels, isolating
the cells from each other and interrupting symplastic signaling [46]. Callose is also deposited in the cell
plate in dividing cells, pollen tubes, roots, and can be induced by various biotic and abiotic stresses,
including wounding [46-48].

1.1.5. Suberin

Suberin is a hydrophobic lipid phenolic polyester comprised of aliphatic, glycerol, and phenolic
monomers, with x-w-dicarboxylic acids and w-hydroxy acids being the main monomers [49]. Suberin
precursors are transported from the endoplasmic reticulum to the plasma membrane for secretion
to the apoplast, where suberin polymerization occurs; however, the pathways that mediate these
processes remain largely unknown [49]. Suberin localizes to the cell walls of specialized cells, including
seed coats and root endodermal cells. Suberin deposition can occur in response to various biotic and
abiotic stresses. Most importantly, suberin is deposited to the inner surface of the primary cell wall of
root endodermal cells to act as a barrier for diffusion of water and nutrients to the stele [49].
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1.1.6. Lignin

Lignin is a complex phenolic polymer typically deposited to secondary cell walls and commonly
associated with woody tissues [50]. Lignin is mainly comprised of three monolignols (hydroxycinnamyl
alcohols) synthesized from phenylalanine, including p-coumaryl, sinapyl, and coniferyl alcohols [23].
Within the cytoplasm, a complex array of reactions is required for monolignol biosynthesis, including
deamination, hydroxylation, methylation, and reduction [50]. Monolignols are then transported
to the plasma membrane and secreted to the cell wall, where polymerization and crosslinking
occurs. Lignification induces unique physical characteristics to cells and tissues by enhancing
rigidity through increased cross-linking of cell wall polysaccharides [51]. Lignin deposition is
developmentally regulated within specialized cells and tissues, such as the endodermis and xylem [52].
Lignin deposition can also be induced in response to various biotic and abiotic stresses [53]. In the root
endodermis, lignin is deposited in maturing cells, specifically to the radial and transverse domains of
the cell wall, in a ring-shaped conformation known as the Casparian strip [54]. This acts as a barrier to
the apoplastic diffusion of water and nutrients and is important in maintaining nutrient homeostasis.
Characteristic hydrophobic properties of lignin are also essential for efficiently transporting water and
minerals in water-conducting xylem cells [55].

1.1.7. Structural Proteins and Enzymes

A wide variety of structural proteins and enzymes is required to remodel structures or interactions
of cell wall components, leading to wall extensibility and loosening. These proteins include xyloglucan
hydrolases, 3-1,4-glucanases, peroxidases, extensins, and expansins [56]. Their expression is regulated
by a variety of abiotic stresses, including drought and salt stress. Several studies found that these
proteins regulate cell wall stiffness through the cross-linking of different polymers. Consequently,
ectopic expression of several cell wall modifying proteins leads to abiotic stress tolerance or
hyper-susceptibility [57,58].

2. Importance of Cell Walls in Nutrient Transport

In addition to carbon dioxide and water, both of which are required for photosynthetic
production of carbohydrates, plant growth depends on nutrient acquisition from the soil. Balanced
proportions of a range of macronutrients (nitrogen (N), phosphorus (P), potassium (K), and sulfur
(5)), and micronutrients (iron (Fe), copper, molybdenum, selenium, zinc, and others) are essential for
optimal growth and crop yield. Plant growth under nutrient-deficient conditions typically results in
nutrient-specific phenotypes, including an overall reorganization of root system architecture (RSA),
and oftentimes, growth inhibition [59].

Nutrients and water are absorbed at the root-soil interface and are translocated from the soil to
the stele via three distinct pathways: An apoplastic pathway, a symplastic pathway, and a coupled
transcellular pathway [60]. Water and nutrients freely diffuse through the apoplastic pathway in an
unregulated manner. The symplastic pathway is characterized by nutrient movement between cells
via PD, with the coupled-transcellular pathway describing nutrient movement in and out of the cells,
mediated by activity of influx and efflux carriers (Figure 1) [60]. Cell walls play a key role in regulating
nutrient transport between soil and the stele. Casparian strips are highly lignified, hydrophobic
cell walls that encompass the radial and transverse domains of root endodermal cells in the zone of
maturation. Casparian strips fill the cell wall between each endodermal cell, creating an apoplastic
barrier to water and nutrient diffusion. Within the maturation zone, nutrients must therefore move
through the symplastic and coupled transcellular pathways to bypass Casparian strips [61]. Following
Casparian strip formation, suberin is deposited to the inner surface of the primary cell wall, entirely
enveloping each endodermal cell [49,60]. The so-called suberin lamellae initiates along patches of
endodermal cells apical to the Casparian strip initiation site, eventually displaying homogenous cell
wall distribution across the endodermis at increasing distances from the root tip. This barrier is crucial
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in limiting the diffusion of water and nutrients across the endodermis, thus protecting the plant from
nutrient influx at toxic levels, or nutrient leaching from the stele [62]. Suberin production is tightly
regulated by ethylene and abscisic acid (ABA) signaling, and its synthesis and deposition is highly
plastic in response to nutrient availability. Moderate deficiency in Mn, Fe, and Zn leads to a delay in
suberization, while K- and S-deficiency results in increased suberization [62]. This suggests a nutrient
management strategy by the plant that modulates bidirectional movement of nutrients across the
endodermis. In agreement with this, targeted degradation of suberin leads to suppression of the mutant
phenotype in the Fe uptake mutant irt. Moreover, suberin degradation in the endodermis enhances the
S deficiency phenotype of S uptake mutants for SULFATE TRANSPORTER 1 (sultr1;1sutr1;2) and leads
to K deficiency in plants [62], demonstrating the high plasticity of suberin regulation as an adaptive
response to various nutritional cues. The suberization response to nutrient availability is a new field of
research that will benefit our understanding of the regulation of nutrient homeostasis within plants.

. ) Delayed suberization &
Enhanced suberization Full nutrient increased passage cells
—

Epidermal cell
Endodermal cell

Passage cell

Suberized cell

pathway pathway  Ppathway

Figure 1. Plasticity in the permeability of endodermal cell walls in response to nutrient imbalance.
(Left Panel) Cellular schematic cross section of a fully differentiated Arabidopsis root. Suberized
endodermal cells (yellow) and the lignified endodermal Casparian strip (red) block nutrient transport
via the apoplastic and coupled-trans-cellular pathways. Passage cells are unsuberized endodermal
cells that allow symplastic and coupled trans-cellular transport. (Right Panel) Magnified view of the
endodermal cell layer under varying nutrient availability. K and S deficiency causes an increase in
suberization, while deficiency in Fe, Zn, and P causes a delay in suberization and increased number
of passage cells. Mn deficiency also delays suberization, but its impact on passage cell occurrence
is unknown. This plasticity in root cell wall permeability is an excellent demonstration of how
plants modulate nutrient transport in response to varying nutrient concentrations in soil. Fe: iron; K:
potassium; Mn: manganese; Pi: phosphate; S: sulfur; Zn: zinc. Schematics were modeled using the
online software Tinkercad (www.tinkercad.com).

Within the root zone of continuous suberization, randomly distributed cells, known as passage
cells, lack suberin deposition (Figure 1) [61,63,64]. These cells are closely associated with the xylem
pole. They lack secondary cell wall deposition and their development is mediated by repression of
cytokinin signaling in the root apical meristem (RAM) (Figure 1) [64]. The exact role of passage cells is
unclear; however, it is thought that they facilitate water and nutrient transport or cell communication
in older parts of the root [61,63,64]. In line with this, expression of the phosphate (Pi) efflux protein
family member PHOSPHATE1 (PHO1), which is typically present in pericycle cells, expands into
the endodermal passage cells [64]. Furthermore, Pi, Fe, and Zn deficiency simultaneously reduces
suberization and increases passage cell occurrence [64]. Dynamic regulation of passage cell occurrence
in response to nutritional status and expression of nutrient transporters in these cells supports the
hypothesis that passage cells are involved in nutrient transport. Overall, these results suggest that
plants tightly regulate nutrient transport across the root by modulating nutrient flux carriers and cell
wall permeability (Figure 1).
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3. Influence of Nutrient Availability on Cell Wall Composition

3.1. Nitrogen

All plants utilize N in the form of ammonium (NH4*) and nitrate (NO3; ™). Various groups have
investigated the transcriptomic response of Arabidopsis plants to N availability. These studies have
mainly relied upon NO3;~ induction or deprivation, followed by RNA extraction and Affymetrix
microarray analyses [9]. Few studies specifically highlight the expression of cell wall related genes;
however, it was noted that “glucose catabolic process” is one of the most consistent biological functions
associated with NO3 ™~ response. Genes involved in trichoblast differentiation, which contain many
cell wall related genes, were particularly enriched in NO3™ responsive genes [9]. Additionally,
a co-expression analysis of NO3; ™~ transporters, using the ATTED-II database, revealed that they
are co-expressed with many cell wall related genes [65]. However, caution should be exercised in
interpreting this data, as a recent meta-analysis of NO3; ™ -response transcriptomic data revealed a
striking inconsistency in the reproducibility between different studies, noting that the common number
of differentially expressed genes between any two experiments is only 6.7% [9]. This variation in
expression patterns is likely due to redundancy of large gene families, developmental differences,
and changes in experimental setups between labs, as gene expression is highly sensitive to
environmental conditions and plant age. This is highlighted in plants that were not subjected to
changes in NO3 ™ availability, but showed gene induction resulting from other stress related to simply
moving the plants from one solution to another [66]. Transcriptomic assays would greatly benefit from
a standardized experimental setup, with detail paid to the nutrient composition of media, lighting
levels, plant handling and transfer between media, and the time at which tissue is harvested following
treatment. By adopting a standardized experimental setup, future transcriptomic results may lead to
increased reproducibility in gene expression trends.

Under N-limiting conditions, plants adapt their RSA to maximize N acquisition by exploiting a
larger soil surface area. This is mostly achieved by the elongation of lateral roots (LRs), whereas high N
concentrations result in an inhibition of LR growth, with little effect on primary root (PR) growth [59,67].
In crop plants, N status affects stem mechanical strength and disease resistance. These traits are
regulated by cell wall organization and strength, suggesting that cell walls are modulated in response
to N status. Expression of genes involved in biosynthesis of both lignin and cellulose was significantly
reduced in response to high N in rice [68,69]. In support of this finding, cell wall analysis of roots
showed that high N leads to a significant reduction of cellulose and lignin. This reduction in cell wall
components is accompanied by reduced stem mechanical strength, increased lodging, and reduced
disease resistance [68-70]. Similar to roots, expression of cellulose and lignin synthesis genes is reduced
in filling seeds in response to high N. This leads to reduced accumulation of both cellulose and lignin
in seed endosperms [71]. In line with this observation, N deficiency leads to an increase in cellulose
content in the roots of rice plants [72].

In Arabidopsis, intact cell walls are essential for the adaptation of RSA in response to N
availability, as genetic mutants with altered cell wall organization show impaired RSA response
to N availability. Cellulose-deficient mutant roots are hypersensitive to high (60 mM) KNOj3 [73].
When grown under high N conditions, cesa3, cesa6, and ctl1 mutants show a drastic reduction in
PR length, an increase in root hair and LR density, and swollen roots. Further investigation of ct/1
revealed the same hypersensitive root response to high NaCl, KCl and CaCl,, whereas no response was
observed under high PO, SO4, mannitol, or sorbitol, suggesting a hypersensitive response to chloride
ions [35]. Hypersensitivity to chloride in conjunction with NO3; ™ is not unexpected, as multiple NO3~
transporters are also known to function in chloride transport [74]. Furthermore, under high KNO3,
ctll and cesa3 mutants displayed ectopic lignin deposition in the endodermis, whereas cesa6 and kor1
exhibited only minor ectopic lignin deposition compared with wild-type controls [73]. If cellulose
reduction occurs in Arabidopsis under high N availability (as also observed in rice), this could explain
the hypersensitive root phenotype of cellulose deficient mutants when subjected to high N, resulting
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from an additive effect due to high N-mediated reduction in cellulose in an already cellulose deficient
mutant. These results demonstrate the complex response to N availability, inferring a dynamic
regulation of cell wall synthesis and remodeling. However, the molecular mechanisms by which N
status affects cell wall biosynthesis and organization are unknown.

3.2. Phosphorus

In a recent study of Pi-responsive genes, a detailed transcriptomic analysis using wild-type and
mutants for LOW PHOSPHATE RESPONSE 1 (LPR1) and LPR2, and PHOSPHATE DEFICIENCY
RESPONSE 2, which are required for Pi response, highlighted a robust Pi-dependent regulation of
cell wall related genes [75]. These genes were sorted into four main groups, which included pectin
modification, cell wall relaxation, hemicellulose/cellulose modification, and carbohydrate hydrolytic
enzymes; however, it is unknown how these changes in expression impact growth. Additional studies
in wild-type plants noted similar changes in expression of cell wall related genes in response to Pi
starvation [10,13,76,77]. A transcriptomic analysis for seedlings subjected to Pi-deficiency revealed
differential regulation of the largely uncharacterized CELLULOSE SYNTHASE-LIKE B5 (CSLB5) [10].
Further investigation revealed that cslb5 mutants produce shorter root hairs compared to wild-type
under Pi-deficiency, suggesting a role of CSLB5 in Pi response [10]. The exact function of the CSLB
family is unknown; however, it is thought that members are involved in the synthesis of 3-1,4-linked
cell wall polysaccharides [78]. Interestingly, CSLB5 is expressed in roots, which goes in line with its
likely function in regulation of RSA in response to Pi starvation [78].

Under low Pi conditions in Arabidopsis, PR growth is arrested, while growth of secondary roots
and root hairs is promoted [59,79]. PR growth arrest is mainly a result of rapid reduction in root cell
elongation followed by an arrest of cell division in the stem cell niche. These changes in the RSA
are dependent on the external supply of Fe. This suggests an indirect surveillance of Pi status via
its interaction with transition metals [80]. During Pi deficiency, LPR1, which is a cell wall localized
ferroxidase, modulates Fe deposition in the cell walls of elongating cells and the stem cell niche [48].
Interestingly, in these cells, Fe deposition is promoted by malate secretion to the cell walls. Under low
Pi conditions, the transcription factor SENSITIVE TO PROTON TOXICITY 1 (STOP1) targets the malate
efflux channel ALUMINUM-ACTIVATED MALATE TRANSPORTER 1 (ALMT1), triggering malate
secretion to the cell walls of the root transition zone. Malate deposition promotes Fe** accumulation
via LPR1 activity in the elongating cells [81,82], coinciding with the generation of reactive oxygen
species (ROS) and callose deposition [48]. Cell type-specific callose deposition disrupts symplastic
communication through plasmodesmata as shown by impaired movement of the transcription factor
SHORT ROOT between the stele and the endodermis [48]. Symplastic communication is essential for
meristem maintenance, and its disruption is likely the main factor leading to root meristem exhaustion
in response to low Pi (Figure 2) [83]; however, the mechanism behind the rapid inhibition of cell
elongation, which occurs well before meristem size reduction, is unclear [48,81]. LPR1 mediated Fe
accumulation leads to the generation of ROS, which coincides with the initial sites of Fe deposition
in the apoplast [48]. Ferroxidase activity of LPR1 leads to Fe>* redox cycling in the cell wall, which
creates an overall oxidative environment and ROS generation [48]. ROS may serve as a substrate for
the cell wall localized class III peroxidases to catalyze cross-linking between cell wall components
(Figure 2) [18], leading to cell wall stiffness and reduced extensibility. Atomic force microscopy
revealed an increase in cell wall stiffness in the elongation zone within 30 min following seedling
transfer to Pi-deficient media, with the change in stiffness being dependent on the activity of class III
peroxidases [81]. Pharmacological inhibition of peroxidases restored root growth in response to low
Pi, confirming that increased cell wall rigidity is linked to inhibited root growth under Pi-deficient
conditions [81]. Changes in cell wall stiffness need to happen in conjunction with changes in cell turgor
in order to coordinate cell expansion [84,85]. This may be achieved through conformational changes in
lipids [86], which typically result in changes in cellular trafficking and vacuolar organization [87,88],
which are crucial factors for the regulation of intracellular turgor [85].
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Root morphology

Figure 2. Model of cell wall regulation in response to Pi starvation. Low Pi causes LPR1-dependent
Fe accumulation in the apoplast, which is required for the inhibition of primary root growth.
Low Pi also leads to activation of the transcription factor STOP1 through an unknown mechanism.
STOP1 induces the malate transporter ALMT1 by directly binding to its promoter. Subsequently,
ALMT1 secretes malate in the apoplast, which is required for Fe accumulation in the transition zone.
Apoplast-localized LPR1 expresses ferroxidase activity and is thought to generate ROS via Fe redox
cycling. Cell-type-specific ROS generation is required for callose deposition and impairs symplastic
connectivity, leading to inhibition of cell division in the RAM. In a feedback regulation, Fe modulates
LPR1 expression via BR signaling in a concentration-dependent manner. Low Fe concentration activates,
and high Fe concentration inhibits, BR signaling by translational regulation of BKI1, which is a key
inhibitor of BR signaling. BR signaling is known to regulate cellulose synthesis by the transcriptional
and post-translational regulation of CESAs. However, it is unknown whether cellulose synthesis is
affected in response to low Pi. Additional cell wall modifications include ectopic lignin deposition,
possibly via changes in jasmonate and ethylene signaling, peroxidase-dependent cell wall stiffening,
and cell-type-specific pectin deposition. Changes in pectin are known to trigger BR signaling via
RLP44 to maintain cell wall integrity. Dual control of BR signaling through pectin and Fe may be
required to achieve essential changes in cell walls required for growth modulation in response to low Pi,
while maintaining cell wall integrity. Cell wall modifications through changes in cellulose, pectin, and
lignin, impact cell wall extensibility. These modifications could be responsible for the rapid inhibition
of cell expansion in response to low Pi. Solid lines denote known interactions and dashed lines
denote inferred interactions. Arrows are positive interactions and terminated lines indicate negative
interactions. Round heads suggest interactions responsible for a change in cell wall architecture. STOP1:
SENSITIVE TO PROTON TOXICITY 1; ALMT1: ALUMINUM-ACTIVATED MALATE TRANSPORTER
1; ROS: reactive oxygen species; LPR1: LOW PHOSPHATE RESPONSE 1; BR: brassinosteroid.

Varying Fe concentration leads to activation or inhibition of the brassinosteroid (BR) signaling
pathway, which in turn regulates the expression of LPR1 [89]. This feedback loop may be important
in mediating distinct root morphologies as an adaptive response to soil microenvironments with
varying concentrations of either Pi or Fe [89]. BRASSINAZOLE RESISTANT 1 (BZR1), a key regulator
of BR mediated regulation of gene expression [90], represses the expression of LPR1 by directly
binding to its promoter [89]. In line with this, BZR1 constitutive mutants (BZR1-D) phenocopy the
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Ipr1 root phenotype in response to low Pi [91]. Low Fe activates, and high Fe inhibits, BR signaling
via translational modulation of its key repressor brassinosteroid kinase inhibitor 1 (BKI1) through
an unknown mechanism [89]. Fe concentration-dependent modulation of BR signaling is required
for the root growth response in low Pi conditions (Figure 2). Interestingly, BR signaling is known
to play a role both in cell proliferation and cell elongation via changes in cell wall composition.
Mutants affected in the BR signaling pathway show significant transcriptional changes to various
cell wall remodeling enzymes and structural proteins [92]. More importantly, BRASSINOSTEROID
INSENSITIVE 2 (BIN2), a key inhibitor of the BR pathway, directly phosphorylates CESA1, leading to
a decrease in CESA motility and crystalline cellulose synthesis [93]. BES1 and BZR1, which are the
key transcription factors in the BR pathway, positively impact cellulose synthesis by directly binding
to CESA promoters [94]. Along with the direct regulation of cellulose synthesis, BR is known to
influence microtubule rearrangement [95], which is required to guide CSCs during cellulose synthesis.
CSI1, CMU, and CCs are the proteins required for the association of CSC with microtubules [28-30].
Investigation of these proteins in context of BR and phosphate starvation response may prove to be an
important tool in investigating changes in cellulose synthesis in low Pi stress. Overall, the BR pathway
positively impacts cellulose synthesis, and it could be a strong candidate for the regulation of cellulose
in response to low Pi.

The cellulose content of rice changes in responses to low Pi[96]; however, it is unknown whether Pi
deficiency affects cellulose content in Arabidopsis. Furthermore, rice mutants affected in CELLULOSE
SYNTHASE-LIKE F6 (CSLF6) show a constitutively active Pi starvation response and increased Pi
transport, even when seedlings are grown on high Pi [97]. CSLF6 is involved in the synthesis of MLG,
which typically affects cell wall strength and cell expansion [43]. Interestingly, MLG binds to cellulose
in vitro, forming a thick hydrogel at the surface of adsorption [98]. It is suggested that MLG may act
as a transient binding surface where other cell wall polysaccharides can attach during periods of cell
expansion [43]. Activation of the Pi starvation response in cslf6 mutants implies an interdependent
regulation of cell wall composition and Pi signaling.

Pi deficiency also leads to lignin accumulation in root cell walls; however, lignin deposition was
not observed in the Ipr1lpr2 double mutant, suggesting that lignin deposition may be regulated by the
same pathway as callose deposition under Pi-deficiency [99]. Lignin deposition is typically induced due
to defects in cell wall integrity through the action of jasmonates and ethylene [100,101]. Both jasmonates
and ethylene are induced in response to low Pi and possibly mediate the observed ectopic lignin
deposition [102,103]. Lignin associates with cellulose and is involved in cell wall strengthening,
implicating it in reduced extensibility of cell wall in low Pi conditions [104]. Under Pi-deficiency,
the concentration of unesterified pectins significantly increases in cell walls in the elongation zone and
the RAM, with a notable increase at the quiescent center and the border between the meristem and the
stem cell niche [75]. The sites of increased pectin deposition colocalize to the sites of Fe>* accumulation
and callose deposition, indicating that pectins may play a role in cell wall organization in the root
elongation inhibition response. Free carboxyl groups in unesterified pectins have a high affinity to bind
to Fe3*, AI**, and Ca?*, and pectins are known to dimerize via Ca2+-pectate crosslinked complexes
called egg-boxes [105]. Increase in egg-boxes causes cell wall stiffening and reduced growth [106]. It is
tempting to speculate that the so-called egg-box structures can be formed with the Fe**, leading to
an increase in cell wall stiffness. In addition, Fe binding with pectin may promote the release of Pi
from Fe-Pi complexes during low Pi stress [107], which would be a fascinating adaptation to maximize
Pi absorption. Interestingly, changes in pectin esterification are also known to trigger BR signaling
via RECEPTOR-LIKE PROTEIN 44 (RLP44), which is required for the feedback regulation of cell wall
modifications and coordination developmental output with cell wall integrity [108]. Dual control of
BR signaling via pectin composition and Fe is perhaps required to modulate cell wall composition,
driving RSA organization, while maintaining cell wall integrity.

Data summarized here demonstrate that cell wall modulation is essential for root response to low
Pi, and that significant progress has been made in dissecting the complex genetic networks involved
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in this process; however, challenges remain in linking Fe accumulation and ROS generation with
the modulation of cell wall chemistry. For example, what molecular mechanisms and pathways are
responsible for recruiting callose synthesizing enzymes to the sites of Fe accumulation?

3.3. Other Nutrients

Apart from N and D, little is known about cell wall regulation by other nutrients. A study by
Armengaud et al. (2004) [11] revealed that cell wall related genes, including extensins, xyloglucan
glucosyltransferases, arabinogalactan proteins, and peroxidases, were enriched in genes that respond
to low potassium (K). A meta-analysis of transcriptomic studies revealed that cell wall related genes
are enriched in low S responsive genes [12]. As observed in the meta-analysis for genes responding
to NO3 ™ availability, the reproducibility in consistent gene response was low between the datasets,
with only 418 (20%) of the differentially expressed genes shared by a minimum of two experiments.
It was found that the gene ontology term “cell wall” had a two-fold enrichment, genes coding
apoplast-localized proteins were over-represented, and a predicted glycosyl hydrolase (At3g60140)
was significantly up-regulated across all microarray datasets, implicating an S-dependent regulation
of cell wall related genes.

The micronutrient boron forms so-called borate bridges by crosslinking the pectin polysaccharide
rhamnogalacturonan-II [109]. These crosslinks modify cell wall porosity, mechanical properties, and are
critical for plant growth. Consequently, boron deficiency leads to highly de-structured cell walls and
severe growth defects [109].

As we understand more of the complex genetic networks in cell wall synthesis, it will be possible
to identify more genes that regulate these networks in response to nutrient availability. A combination
of in vivo and in vitro methods and systems biology approach [110] revealed a complex transcriptional
network regulating secondary cell wall synthesis. Interestingly, this network contains several genes
that are transcriptionally regulated in response to N, Fe, and S imbalance, suggesting that secondary
cell wall synthesis is regulated by nutrient availability. Investigations revealed that the transcription
factor REVOLUTA (REV) has a number of upstream factors that are regulated by Fe deprivation,
suggesting that REV plays an important role in regulating secondary cell walls during Fe deficiency.
Further experiments demonstrated that REV is a key transcription factor involved in the regulation of
lignin biosynthesis in response to Fe deficiency [110]. These results demonstrate that cell wall synthesis
is tightly regulated in response to nutritional cues and is underpinned by complex genetic networks.

4. Conclusions and Perspectives

Cell wall synthesis, composition, and remodeling is crucial for the meticulous modulation of RSA
in response to nutrient imbalance. For example, Fe-mediated callose deposition in the cell walls of the
root meristem and elongation zone is crucial for adapting the RSA in response to P deficiency (although
it remains unclear how Fe regulates callose deposition in roots) [46]. Moreover, how other cell wall
polymers are modulated in response to P imbalance is unknown. Modulation and reorganization
of other cell wall polymers is expected, as a drastic reduction in cell division and cell elongation is
observed shortly after exposure to low Pi. Apart from P, imbalances in other nutrients results in RSA
reorganization [57], which is likely mediated by regulation of cell wall synthesis and/or architecture.
This hypothesis is mainly supported by transcriptomics data due to technical advances, simplicity, and
reduced cost of this type of analysis. It will be crucial for future studies to investigate changes in cell
wall chemistry and cell wall composition using polymer-specific antibodies and mass spectrometry to
understand the role of cell walls in nutrient-specific RSA modulation.

Experiments with rice show that cell wall polymers are reduced in response to excess N, which is
mediated through transcriptional regulation of genes involved in cell wall biosynthesis [68,69]. It can
be expected that cell walls are regulated in a similar manner in Arabidopsis given the sensitivity
of cellulose deficient mutants to high N and Cl. If this is the case, Arabidopsis could prove to be a
powerful tool for dissecting the molecular mechanisms of N- and Cl-mediated cell wall regulation.
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Investigating the relationship between N availability and cell wall regulation is important in an
agricultural context, as high N directly affects important agronomical traits, such as lodging and
disease resistance, through cell wall changes.

Researchers typically apply a reductionist approach by modulating the concentration of a single
nutrient. However, in the natural environment, plants are typically exposed to changes in various
nutrients simultaneously. Emerging evidence highlights the complexity and diversity of growth
responses by subjecting plants to multiple nutrient deficiencies simultaneously, where the output is
not an additive effect of each individual nutrient deficiency phenotype, but rather a unique phenotype
altogether [111]. As soils contain a heterogeneous distribution of nutrients, and in order to understand
their complex response pathways, it will be important to study multiple concurrent changes in
nutrient concentrations.

Taken as a whole, the recent works referenced here demonstrate that cell wall synthesis,
composition, and remodeling are crucial for both the transport and signaling of important nutrients.
A robust body of knowledge now exists about how plants control water and nutrient transport across
the root by manipulating cell wall permeability. It is clear that Arabidopsis root cell walls are highly
plastic in response to the nutritional status of the soil [58]. It can be expected that this plasticity in root
permeability helps plants to locally adjust nutrient transport in soil microenvironments with varying
nutrient concentrations. Knowledge gained in this field has significant potential for engineering crops
with increased nutrient use efficiency by tailoring RSA and endodermis permeability in accordance
with soil nutritional status, while also improving growth and disease resistance.
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