= New
o8 Phytologist

'-) Check for updates

Review

Research review

Modern mannan: a hemicellulose's journey

Author for correspondence:

Catalin Voiniciuc

Emails: catalin.voiniciuc@ipb-halle.de;
cvoiniciuc@ufl.edu

Received: 17 December 2021
Accepted: 6 March 2022

U Ut e s e 1,2
Catalin Voiniciuc
"Independent Junior Research Group—Designer Glycans, Leibniz Institute of Plant Biochemistry, Halle (Saale) 06120, Germany;

?Horticultural Sciences Department, University of Florida, Gainesville, FL 32611, USA

New Phytologist (2022) 234: 1175-1184
doi: 10.1111/nph.18091

Key words: evolution, heteromannan, matrix
polysaccharides, plant cell walls, synthetic
biology.

Summary

Hemicellulosic polysaccharides built of B-1,4-linked mannose units have been found throughout
the plant kingdom and have numerous industrial applications. Here, | review recent advancesin
the biosynthesis and modification of plant -mannans. These matrix polymers can associate with
cellulose bundles to impact the mechanical properties of plant fibers or biocomposites. In certain
algae, mannan microfibrils even replace cellulose as the dominant structural component of the
cell wall. Conversely, patterned galactoglucomannan found in Arabidopsis thaliana seed
mucilage significantly modulates cell wall architecture and abiotic stress tolerance despite its
relatively low content. | also discuss the subcellular requirements for B-mannan biosynthesis, the
increasing number of carbohydrate-active enzymes involved in this process, and the players that
continue to be puzzling. I discuss how cellulose synthase-like enzymes elongate (gluco)mannans
in orthogonal hosts and highlight the discoveries of plant enzymes that add specific galactosyl or
acetyl decorations. Hydrolytic enzymes such as endo-B-1,4-mannanases have recently been
involved in a wide range of biological contexts including seed germination, wood formation,
heavy metal tolerance, and defense responses. Synthetic biology tools now provide faster tracks
to modulate the increasingly-relevant mannan structures for improved plant traits and

bioproducts.

Introduction

Plant cells secrete carbohydrate-rich polymers to enable their
survival in a wide range of aqueous and terrestrial environments.
This extracellular matrix represents the bulk of plant biomass and
provides the most abundant source of renewable materials on the
planet (Pauly & Keegstra, 2008). Plant cell walls contain three
major classes of polysaccharides: cellulose, hemicelluloses, and, to a
lesser extent, pectin. While cellulose microfibrils are built of
insoluble B-1,4-linked glucose (Glc) chains, hemicelluloses are
typically alkali-soluble and feature B-1,4-Glc, mannose (Man), or
xylose backbones with frequent branches (Scheller & Ulvskov,
2010). Here, I review advances in our understanding of -1,4-
linked homomannans and heteromannans, an ancient class of
hemicelluloses that is highly conserved through plant evolution
(Scheller & Ulvskov, 2010; Pauly ez /., 2013). For simplicity, I use
the term plant ‘mannans’ to encompass all types of B-1,4-Man-
containing polysaccharides. Although the study of plant mannans
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commenced in the 1960s and was spearheaded by luminaries such
as J.S. Grant Reid in the 1980s (Reid, 1985), molecular insights
lagged behind other polymers until recently. Nevertheless, plant
mannans have enjoyed widespread industrial uses (see food review
by Singh eral, 2018) and have emerging biotechnological
applications (e.g. for the production of sustainable biofuels and
bioproducts). Even though plant B-mannans are structurally
distinct from o-linked mannans that are abundant in fungal cell
walls (Pauly ez al., 2019), they have the potential to be introduced
in health-promoting foods, where yeast cell wall derivatives are
already commercialized (Yamabhai ez 4/, 2014).

Structure and properties of f-mannans

Despite the distribution of mannan polysaccharides throughout
the plant kingdom, their structure and abundance vary dramati-
cally between species, tissues, as well as developmental stages. Based
on their carbohydrate composition, four categories of mannan
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polysaccharides accumulate in certain plant tissues (Fig. la).
Homomannan contains primarily (>90%) of B-1,4-Man, while
glucomannan backbones also include B-1,4-Glc residues (Fig. 1a).
Pure B-mannans are rich in palm seeds, including ivory nuts that
serve as carving materials. Glucomannan accumulates as a storage
polysaccharide in Amorphophallus konjac corms akin to starch in
potato tubers (Gille ez al., 2011) and is the dominant hemicellulose
in orchid stems (e.g. Dendrobium officinale; He etal., 2017).
(Gluco)mannan chains can be thousands of units long, but their
molecular weight is challenging to measure because even ivory nut
mannan, containing only 15-20 residues (Megazyme Ltd, Bray,
Ireland), forms insoluble crystals in water. Since unbranched Man
units can form intermolecular hydrogen bonds, their substitution
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Fig.1 Overview of B-mannan categories and seed mucilage pattern. (a)
Four major classifications of homomannans and heteromannans, with a
representative plant example. Numbers indicate the carbon position. This
figure was partly drawn using BioRenpEer (BioRender.com). (b) Patterned
galactoglucomannan (GGM) structure identified by Yu et al. (2018) in
Arabidopsis seed mucilage and the distribution of mucilage carbohydrates
(mannose and total sugars) in a selection of 16 Arabidopsis natural accessions
and two insertional mutants (cs/la2 and muci10). Data was extracted from
Voiniciuc et al. (2016), and are relative to Col-0 wild-type (represented by
the dashed line).

New Phytologist (2022) 234: 1175-1184
www.newphytologist.com

New
Phytologist

with carbohydrates or other molecules can alter their conformation
and interactions.

Galactomannan and galactoglucomannan (GGM; Fig. 1a),
containing o-galactose (Gal) side chains at the carbon 6 (C-6) of
Man units, are abundant in legume seeds and in gymnosperm stems
(softwood), respectively (Pauly & Keegstra, 2008). For along time,
the arrangement of glycosyl residues in -mannan polysaccharides
has been thought to lack a regular pattern (Scheller & Ulvskov,
2010). However, this hypothesis needs to be reassessed because
Arabidopsis thaliana seed mucilage was found to contain GGM
polymers with Gle-Man repeating units and Gal branches on evenly
spaced Man units (Fig. 1b; Yu eral, 2018). While pectin makes
>90% of Arabidopsis seed mucilage (Voiniciuc ezal., 2018), this
specialized extracellular matrix also contains small amounts of GGM
and branched xylan typical of secondary cell walls (Voiniciuc ez al,
2015b). Furthermore, natural Arabidopsis ecotypes produce
mucilage with the varying Man content (Fig. 1b; Voiniciuc ez al,
2016). Man units can also feature decorations such as sulfation in
algae (Fernandez ez al., 2012) and O-linked acetylation in land plants
(Fig. 1a; Zhong etal, 2018). Proton-nuclear magnetic resonance
("H-NMR) spectroscopy of bryophytes and conifers showed that 22—
34% of Man residues are O-acetylated (Zhong etal, 2019),
predominantly at the C-2 and C-3 positions. While native acetylation
of GGM does not impair the enzymatic cleavage of B-1,4-Man units,
a high degree of chemical acetylation increases the recalcitrance of
mannan substrates (Arnling Baath e 4/, 2018) and can thus modulate
polysaccharide properties for industrial applications.

Plant -mannan extracts from various species have been evaluated
as potential food hydrocolloids via physicochemical characterization
(Singh ez al., 2018). In general, the physical properties of polysac-
charides are determined by their monosaccharide composition,
backbone length, and their degree of substitution. Changes in one or
more of these parameters can shape f-mannan conformation and,
for instance, convert crystalline microfibrils into water-soluble
polymers. GGM makes up to a quarter of softwood dry weight and
solid-state nuclear magnetic resonance (ssNMR) indicates that this
polymer forms a flattened ribbon when bound to the surface of
cellulose microfibrils in spruce softwood (Terrett etal, 2019).
Molecular dynamics simulations of the GGM found in Arabidopsis
seed mucilage (Fig. 1b) also suggest that the backbone and even
substitution pattern of this polymer promotes its binding to cellulose
microfibrils (Yu ez al, 2018). Bacterial cellulose hydrogels contain-
ing wood glucomannans were shown to have an increased elastic
modulus in compression (Berglund eral, 2020). Therefore, B-
mannans can associate with cellulose bundles to impact the
mechanical properties of plant fibers or composites.

Distribution of p-mannans from water to land

Various reports suggest that Man-rich polysaccharides are more
abundant in algae and bryophytes than in vascular plants. Yet the
abundance and composition of B-mannans in most nonvascular
plant cell walls remains ambiguous due to the lack of comprehen-
sive monosaccharide and/or glycosidic linkage analyses. Although
antibody-based profiling indicates the presence of P-mannan
epitopes in alkaline-solubilized material from 10 Charophyceae
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green algae (Sorensen ez al., 2011), 4-linked Man represented < 2%
of the total glycosyl linkages in most of these samples. Even in
commonly studied bryophytes such as the moss Physcomitrium
(previously Physcomitrella) patens, 4-linked Man and 4,6-Man
accounted for only 7% of glycosidic linkages in protonemata cell
walls (Moller ez al., 2007). Hence, antibodies assays overestimated
the content of B-mannan in some plants.

Nevertheless, species with unusually high content of B-mannans
exist throughout the plant kingdom. Linear 3-1,4-mannans replace
cellulose as the dominant structural polymer in certain algae, such
as the green seaweed Codium vermilara (Fernandez ez al., 2012).
This algal mannan is mostly fibrillar, with 2-linked sulfate on 23%
of Man units resulting in partially soluble chains that could help to
maintain amorphous cell wall regions. Another Man-rich polymer,
likely GGM, is the predominant hemicellulose in the gametophytic
stem of the umbrella moss Hypnodendron menziesii (Chavan ez al.,
2021). The B-mannan epitopes in this moss species and in
Arabidopsis (Marcus ez al., 2010) are partially masked by O-acetyl
groups and pectic polymers. The labeling of H. menziesii cell walls
with the LM21 and LM22 monoclonal antibodies was strongest
after pre-treatment with both sodium carbonate and pectate lyase to
remove pectin (Chavan ez al., 2021). Due to the restricted access of
exogenous proteins to mannans in plant cell walls, future studies
must apply comprehensive biochemical analyses and/or novel
imaging probes with fewer compromises. In contrast to previously
described angiosperms, the fern-like Psilotum nudum was found to
be mannan-rich in both primary and secondary walls (Chernova
etal.,2020). Therefore, investigating how mannans are distributed
in the plant kingdom will likely reveal further surprises.

Biosynthesis of B-mannan polysaccharides

Similar to most hemicelluloses (Scheller & Ulvskov, 2010; Pauly
etal., 2013), the metabolic pathway for B-mannans spans the
cytosol, the secretory system, and the extracellular space (Fig. 2).

1. Nucleotide sugars
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Fig.2 Major proteins involved in B-mannan
biosynthesis and remodeling. Schematic of
major biochemical steps occurring in different
compartments of a plant cell. Dashed lines
indicated hypothetical routes, and question
marks indicate proteins that have not been
identified in plants. All the labeled proteins are
described in detail in the main text. The model
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Hemicelluloses are synthesized in the Golgi apparatus using
activated sugar donors, which are typically linked to uridine
diphosphate (UDP) or guanidine diphosphate (GDP) and inter-
converted in the cytosol (Bar-Peled & O’Neill, 2011). While B-
mannans are primarily destined for the cell wall, they also
accumulate as storage polysaccharides in membrane-bound gran-
ules in specialized tissues such as Dendrobium orchid stems (He
etal., 2017), the legume endosperm, and the konjac corm (Gille
et al.,2011). The in vitrosynthesis of mannans using plant enzymes
depends on the presence of GDP-Man, while glucomannan
elongation requires the addition of GDP-Glc (Elbein, 1969).
Although it remains unclear how itis generated in plant cells, GDP-
Glc cannot be replaced with UDP-Glc (Elbein, 1969), the
precursor for cellulose synthesis and other B-1,4-glucans (Liepman
eral., 2005; Yang ez al., 2020). In contrast, plant pyrophosphory-
lase (PPases) are known to convert Man-1-phosphate (Man-1-P) to
GDP-Man for f-mannan elongation, ascorbate biosynthesis and
protein N-glycosylation (Conklin ezal, 1999; Lukowitz etal.,
2001). VITAMIN C DEFECTIVEl1 (VTC1; also known as
GMP1/CYT1) is the major PPase producing GDP-Man in
Arabidopsis (Table 1) and its activity is enhanced via physical
interactions with the KONJAC1 (KJC1) and KJC2 protein co-
factors (Sawake eral, 2015). Genetically reducing GDP-Man
availability in v#c] and kjcl mutant seeds severely reduced GGM
content in Arabidopsis mucilage (Nishigaki ez 2/, 2021). However,
the kjcl mucilage displayed a surprisingly normal gel electrophore-
sis profile of GGM oligosaccharides (Fig. 1b). This suggests that, at
least in certain cell types, heteromannan composition is primarily
specified by glycosyltransferases (GTs) instead of nucleotide sugar
availability.

Elongation of (gluco)mannan backbones

The elongation of B-mannans is catalyzed by membrane-bound

CELLULOSE SYNTHASE-LIKE A (CSLA) enzymes from the
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Table 1 Known roles of Arabidopsis proteins that influence f-mannan content or structure.
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Protein Gene ID In vivo or in vitro function Reference

CSLA2 At5g22740 (Gluco)mannan synthesis (in vitro and in vivo) Liepman et al. (2005); Voiniciuc et al. (2019)

CSLA3 At1g23480 (Gluco)mannan synthesis in stems; no heterologous data Liepman et al. (2007); Goubet et al. (2009)

(poor expression in insect cells)

CSLA7 At2g35650 Mannan synthase (in vitro and in vivo); embryo-essential Liepman et al. (2005); Goubet et al. (2009);
Voiniciuc etal. (2019)

CSLA9 At5g03760 (Gluco)mannan synthesis (in vitro and in vivo) Liepman et al. (2005); Goubet et al. (2009);
Wang etal. (2012)

MAGT1/MUCI10 At2g22900 Glucomannan a-galactosylation (in vitro and in vivo) Voiniciuc etal. (2015a); Yu etal. (2018)

MSR1 At3g21190 Enhances in vivo (gluco)mannan elongation by CSLAs Voiniciuc et al. (2019)

MSR2 At1g51630 Similar to AtMSR1 in planta Wang etal. (2013)

VTC1 At2g39770 PPase that makes GDP-Man (in vitro and in vivo) Sawake et al. (2015); Nishigaki et al. (2021)

KJC1 At1g75910 Binds to and enhances VTC1 (in vitro and in vivo) Sawake etal. (2015)

KJC2 At2g04650

MOAT1 At4g11090 Mannan O-acetylation, low transferase activity in vitro Zhong et al. (2018)

MOAT2 At4g23790

MOAT3 At1g01430 Mannan O-acetylation, high transferase activity in vitro

MOAT4 At4g01080

AGAL2 At5g08370 In vitro a-galactosidase activity, but unclear roles in planta Imaizumi et al. (2017)

AGAL3 At3g56310

MAN1 At1g02310 In vitro B-1,4-mannanase activity, unclear role in planta Wang etal. (2014)

MAN?2 At2g20680 Wang et al. (2015)

MAN3 At3g10890 -1,4-mannanase activity (in vitro and in vivo), Man Chen etal. (2015); Yan et al. (2021)

signaling

The biochemical activity of MSRs, which are distantly related to animal protein O-fucosyltransferases (Wanget al., 2013; Voiniciuc et al., 2019) as well as plant
UDP-rhamnosyltransferases (Takenaka et al., 2018), has not been determined. Carbohydrate or enzyme assays have not been performed for MAN5, MAN6G

and MANY7 (Fig. 4), which are influence seed germination.

GT?2 family (Dhugga ez al., 2004). Around a dozen CSLA proteins
from land plants have been demonstrated to produce (gluco)man-
nan 7z vitro using microsomes (Liepman ez al., 2005, 2007; Suzuki
et al., 2006) or in vivo using Pichia pastorisyeast cells (also known as
Komagataella phajfii; Voiniciuc et al., 2019; Verhertbruggen ez al.,
2021). In addition to (gluco)mannan synthesis by CSLAs, yeast-
expressed CELLULOSE SYNTHASE (CESA; Purushotham ez al.,
2016), CSLC (Cocuron ez al.,2007), and CSLD (Yang ¢t al., 2020)
proteins were shown to be sufficient for B-1,4-glucan synthesis.
These related groups of enzymes, together with mixed-linkage B-
(1,3;1,4)-glucan synthases from the CSLF clade (Jobling, 2015),
have multiple transmembrane (TM) domains that are important
for polysaccharide synthesis. CSLA (Fig. 3; typically five to six
TMs) and CSLC sequences (typically seven to eight TMs) are
noticeably shorter and have fewer membrane spans compared to
CESAs and CSLD proteins (Schwacke ez al., 2003; Robert ez al.,
2021). Using yeast for recombinant protein expression, Arabidop-
sis CSLD3 and CESA6 were unambiguously shown to synthesize
B-1,4-glucans in vitro using UDP-Glc (Yang ez al., 2020). In the
same assay, AtCSLA9 produced B-1,4-mannan using GDP-Man
and could not utlize UDP-Glec. Moreover, AtCSLD3 and
AtCESAG were demonstrated to be functionally equivalent in
planta following catalytic domain swaps (Yang ez al., 2020). CSLA
and CSLC genes (required for xyloglucan elongation) have
evolutionarily diverged from the other CESA superfamily clades
and appear to be absent in the genomes of the first sequenced algae
(Mikkelsen ez al., 2014). However, algae encode single-copy CSLK
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genes with putative roles in polysaccharide synthesis that might
resemble those of terrestrial CSLA or CSLC sequences.

Thus far, only CSLAs enzymes have been shown to have bona fide
(gluco)mannan synthase activity. In Arabidopsis (see Fig.4),
CSLA2, CSLA3, CSLA7and CSLA9were demonstrated to elongate
(gluco)mannans based on genetic and/or heterologous expression
experiments (Table 1). CSLA enzymes display varying preference
for Glc incorporation iz vitro (Liepman ezal, 2005, 2007).
Membrane-bound plant GTs can be challenging to express in
heterologous systems and more than half of the Arabidopsis CSLAs
have unclear functions (Fig. 4). For example, insect cell micro-
somes containing AtCSLA1 showed very weak mannan synthase
activity iz vitro even when the protein was expressed above the
detection level (Liepman ezal, 2005, 2007). In addition, the
topology of active CSLAs with five predicted TM domains (Fig. 3)
in the endomembrane system remains puzzling. A set of in vitro
protease digestion experiments indicated that the AcCSLA9 active
site faces the lumen of Pichia microsomes (Davis etal, 2010).
CSLAs with a cytosolic N-terminus and an TM domain prior to the
GT?2 catalytic region (Fig. 3) would require nucleotide sugars to be
present inside the Golgi lumen (Fig. 2). However, despite several
promising candidates, none of the known GDP-sugar transporter
mutants in plants have altered f-mannan content (Jing ezal,
2021). The GOLGI-LOCALIZED NUCLEOTIDE SUGAR
TRANSPORTER 1 (GONST1) can uptake GDP-Man and GDP-
Glc with equal preference in vitro, but only affects sphingolipid
mannosylation in Arabidopsis (Mortimer ez al., 2013). Therefore,
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Fig. 3 Features of five major classes of proteins active on mannan
backbones. Conserved CSLA amino acid (aa) sequences were previously
used as border regions for (gluco)mannan synthase domain swaps (Robert
etal., 2021). Highly conserved residues that are functionally important for
AtMSR1 (Voiniciuc et al., 2019) and AtMOAT3 (Zhong et al., 2018) are
based on site-directed mutagenesis. Pink features, denoting consensus
transmembrane domains, the cleavable signal peptide of AtMSR1, and
conserved protein family (PF) domains were annotated using
ARAMEMNON (Schwacke et al., 2003). AtMOAT3 domain annotations are
based on Zhong et al. (2018). All proteins are drawn to the same scale.

CSLAs might (1) require noncanonical transporters, or (2) might
utilize nucleotide sugars directly from the cytosol like CESAs and
B-glucan synthases (Fig. 2; Jing ez al., 2021).

Yeast as a testbed for plant -mannan synthesis

Expression of membrane-bound proteins or complexes thereof in
surrogate hosts such as Pichia provides a testbed to produce and
modify plant cell wall polysaccharides (Pauly ez al., 2019). Since
yeast cells natively contain trace amounts of 4-Man (Pauly ezal.,
2019), they provide a clean background for the bioengineering of
B-1,4-mannan biosynthesis and modification. The konjac
AkCSLA3 protein produces copious amounts of unbranched
glucomannan in Pichia cells (Voiniciuc ezal., 2019), resembling
with its natural product (Gille ez al, 2011). This synthetic biology
strategy bypasses the tedious protein purification steps and
expensive substrates required for in vitro assays, by re-wiring yeast
to produce plant polysaccharides from affordable carbon sources.
Yeast therefore provides a convenient eukaryotic system to screen
for the products of GTs sourced from various plants or of new-to-
nature enzyme variants. While glucomannan production by
AkCSLA3 reduced Pichia growth by c. 30% and resulted in
smaller cells, mannan-producing AtCSLA2 did not affect biomass
accumulation (Robert ezal, 2021). Modular domain swaps of
these two enzyme sequences (borders marked in Fig. 3) led to the
discovery of three chimeric CSLAs that produced as much or more
(gluco)mannan than the parental controls but reduced yeast
toxicity (Robert ez al., 2021). Therefore, further domain swaps or
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mutagenesis of CSLA subregions provide exciting avenues to fine-
tune B-mannan synthases.

Additional genes co-expressed with CSLAs were identified by
several transcriptomic studies in the last decade, starting with the
profiling of konjac corms (Gille eral, 2011), fenugreek seeds
(Wang etal., 2012) and coffee seeds (Joét etal, 2014). The
fenugreek study found a putative GT65-RELATED (GT65R) gene
called MANNAN-SYNTHESIS RELATED (MSR), whose Ara-
bidopsis homologs (AzMSRI and AtMSR2; Table 1) were subse-
quently knocked out to reduce glucomannan content (Wang ez al.,
2013). While the functions of MSRs in the Golgi remained
challenging to elucidate i planta, the use of the Pichia cells to study
B-mannan synthesis revealed that the expression of AtMSR1 alone
did notalter the yeast cell wall composition (Voiniciuc et 4/, 2019).
However, the co-expression of MSR1 with CSLAs in Pichia cells
could: (1) convert mannan synthesis into glucomannan synthesis
(e.g. AtCSLA2 + AtMSR1); (2) boost glucomannan synthesis (e.g.
AkCSLA3 + AtMSR1); or (3) activate an otherwise nonfunctional
coffee CSLA (e.g. Coffea canephora CcMANS1 mannan synthase +
CcMSR1). Close MSR homologs are only found in land plants
(Wang ez al., 2013) and their effects are specific to certain CSLAs,
because AtMSR1 was incompatible with AcCSLA7 or CcMANSI1
(Voiniciuc et al., 2019). MSRs may be indispensable for the activity
of additional CSLAs, which might explain the lack of in vitro
activity for PtCSLA5 (84% sequence homology with AtCSLA2),
encoded by the highest expressed CSL gene during poplar wood
formation (Suzuki ezal, 2006). While the AtMSRI requires
conserved motifs involved in GDP-sugar binding by animal
protein O-fucosyltransferase 1 (POFUT1) enzymes (Fig. 3; Voini-
ciuc eral., 2019), several related proteins from the large plant
GT65R  family (re-classified as GT106) act as UDP-
rhamnosyltransferases in pectin elongation (Takenaka ez a/., 2018).
In light of these recent discoveries, the activities of MSR proteins on
carbohydrate substrates and/or CSLA enzymes remain particularly
intriguing to explore.

p-Mannan substitution: dress for success

The substitution of hemicelluloses typically increases their gelling
ability and is thought to be essental for preventing their
aggregation in the endomembrane system (Scheller & Ulvskov,
2010). Indeed, homomannans can form crystalline allomorphs
that are insoluble in water. Carbohydrate branches can be added
by o-1,6-galactosyltransferases (GalTs) from the GT34 family
using UDP-Gal as a donor sugar. While a Trigonella foenum-
graecum (fenugreek) galactomannan GalT (TfGMGT) accepts
only homomannan oligosaccharides (Edwards eral., 1999), the
Arabidopsis MUCILAGE-RELATED10 (AtMUCI10) encodes a
strict glucomannan o-GalTl (MAGT1; Tablel). TEIGMGT
enzyme could be efficiently secreted from Pichia cells without its
TM domain and transferred Gal onto oligosaccharides with at
least five Man units (Edwards ezal, 1999). Subsequently,
detergent-solubilized fenugreek membrane extracts showed that
GMGT activity is geared towards the transfer of Gal to the third
Man residue from the nonreducing end of mannohexaose (Mang)
sequences (Edwards ez al., 2002). In contrast, MAGT1/MUCI10,
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which homodimerizes when expressed in tobacco microsomes
(Fig. 2), recognizes acceptors that contain repeating Glc-Man
disaccharides (Yu ez al., 2018) instead of Mang (Voiniciuc et al.,
2015). The Arabidopsis GT34 family includes a closely related
AtGT6 and GT34P (Fig. 4), a potential pseudogene without a
TM domain. Since mucil0 gt6 double mutant seeds phenocopied
the mucil0 mucilage defects (Voiniciuc eral, 2015a), the
biochemical activity of GT6 and the roles of GT34 proteins
beyond the seed coat remain to be determined. The UDP-Gal
required for heteromannan synthesis is likely produced by
cytosolic UDP-Glc 4-epimerases (UGEs; Barber etal, 2006;
Rosti et al., 2007), which must then be transported across the
Golgi membrane by specific transporters (Bar-Peled & O’Neill,
2011). As an alternative to UGE activity, UDP-Gal could be
produced from Gal-1-P by a UDP-SUGAR
PYROPHOSPHORYLASE (USP, At5g52560) with broad sub-
strate specificity (Kotake eral, 2004; Litterer eral, 2006).
However, the actual genes that supply UDP-Gal for heteroman-
nan substitution are not obvious based on their expression profiles
and will have to be determined empirically.

New Phytologist (2022) 234: 1175-1184
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In addition to carbohydrate substitutions, (gluco)mannans can
be O-acetylated by specific members of the TRICHOME-
BIREFRINGENCE-LIKE (TBL) family, which target distinct
classes of matrix polysaccharides. I vitro assays using Mang and
radiolabeled acetyl-CoA demonstrated that four TBLs (TBL23 to
TBL26) in Arabidopsis act as mannan O-acetyltransferases
(MOAT1 to MOAT4; Fig. 2; Zhong eral., 2018). AtMOAT3
(AtTBL25) and AtMOAT4 (AtTBL26) had the highest activities
and added O-acetyl groups to the C-2 and C-3 of Mang, consistent
with the acetylated glucomannan in Arabidopsis stems. Site-
directed mutagenesis experiments showed that GDS and DXXH
motifs are indispensable for AAMOAT3 activity (Fig. 3; Zhong
etal, 2018). Furthermore, the evolution of MOATSs has been
recently explored by examining the 77 vifro activities of orthologs
from two algae, moss, Selaginella, pine, spruce, rice and poplar
(Zhong etal., 2019). Acetyltransferase activity on Mang was
detected for the tested isoforms of land plants, but not for the two
DUF231 proteins identified in a green alga (Klebsormidium nitens).
Therefore, mannan acetylation by TBLs may have evolved with the
emergence of bryophytes (Zhong ez al., 2019).
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Extracellular -mannan modification and signaling

In addition to interacting with cellulose microfibrils in plant cell
walls, mannans play specialized roles in a variety of developmental
scenarios that are indispensable for survival. For example, galac-
tomannans accumulate in the thick endosperm of legume seeds to
store carbon akin to starch in cereal grains (Meier & Reid, 1982).
Once synthesized and secreted, f-mannans can be modified or
degraded via a suite of glycosyl hydrolases, transglycosylases and
carbohydrate esterases (Fig. 2) such as acetylesterases. To mobilize
energy reserves from legume seeds, galactomannans must be first
debranched by o-galactosidases (Fig. 2) to then be cleaved into
smaller fragments by endo-B-1,4-mannanases (MAN) that soften
the endosperm and nourish the embryo (Rodriguez-Gacio ezal.,
2012). In addition to hydrolytic activity, certain MAN enzymes
(e.g. Lycopersicon esculentum LeMAN4a from ripening tomatoes)
show transglycosylation activity, suggesting that the extracellular
remodeling of heteromannan crosslinks are particularly important
for the cell wall structure of developing fruits (Schroder ezal.,
2009). Nevertheless, the roles of most mannan-modifying enzymes
remain poorly understood and are challenging to study 77 vive.
For example, Pichia-expressed AGAL2 and AGAL3 show o-
galactosidase activity invizro (Table 1; Imaizumi eral, 2017),
but their native substrates and biological roles in Arabidopsis
remain unclear. Furthermore, the players required for the de-
acetylation of Man residues in plants remain unknown and their
discovery could have important consequences of industrial appli-
cations.

MAN genes encode the best studied group of mannan hydrolytic
enzymes, but even they have been discovered to play unexpected
roles in the past decade (Fig. 4). Classically, MAN enzymes have
been involved in the softening and degradation of mannan-
enriched cell walls (Rodriguez-Gacio eral, 2012). Based on
transcriptional and mutant analyses, MANS5, MANG and MAN7
encode three putative MANs with partially overlapping roles in
promoting Arabidopsis seed germination (Iglesias-Fernandez ez al.,
2011). Together with CELLULASE6 (CEL6), MAN7 also con-
tributes to silique dehiscence (He ez /., 2018) and might act on
glucomannans (Fig. 2). In addition to structural cell wall alter-
ations, MAN activity may also release oligosaccharides that triggera
variety of signaling cascades. During Populus wood formation,
PtrMANG negatively regulates secondary cell wall deposition (Zhao
etal.,2013). Secondary cell walls were thicker when PerMANG was
suppressed, but thinner in overexpression lines. The exogenous
application of GGM oligosaccharides also stimulates xylogenic
Zinnia elegans cultures by increasing cell density and altering
secondary wall patterning (Benovd-Kakosovd eral, 2006). In
addition, an Arabidopsis forward genetic screen for heavy metal
tolerance identified an unexpected mechanism requiring MAN3
hydrolytic activity. MAN3 expression enhances plant tolerance to
cadmium (Chen ez al., 2015), a toxic soil pollutant, by releasing
Man in the apoplast. Exogenous Man supplementation also boosts
plant growth during cadmium stress and is perceived by a Man-
binding protein that may function as a signaling receptor (Yan
etal., 2021). Finally, in two recent studies on plant—microbe
interactions, Man, to Mang application was sufficient activate

© 2022 The Author
New Phytologist © 2022 New Phytologist Foundation

Research review Revie

defense responses (Zang etal., 2019) and changes in mannan
epitopes correlated with altered pathogen resistance in a variety of
plant cell wall mutants (Molina ez al., 2021).

Manning the wall: vital roles of B-mannans in plants
and beyond

There are several indications that mannans may be important for
the formation of new cell walls. A comprehensive study of cell wall
synthases in the Arabidopsis apical meristem (Yang ez al., 2016),
found that antibody-labeled B-mannans were restricted to anticli-
nal walls of the upper cell layers. Since MUCI10is one of the highest
expressed GTs in the shoot apical meristem (Yang et al., 2016),
small amounts of galactosylated heteromannans might play
foundational roles in the initial deposition as well as the re-
generation of primary cell walls. Indeed, super-resolution micro-
graphs of dividing cells showed increasing deposits of B-mannans
during the first stages of cell plate formation (Peaucelle ez 4., 2020).
Mannans labeled with the PDM antibody were distributed in small
clusters that correlated with callose deposition but were largely
independent from cellulose labeled with CBM3a.

Despite their relatively low abundance, mannans are indispens-
able for Arabidopsis seed development. In contrast to other
hemicellulose-deficient mutants, the ¢slz7 mutant is arrested
during the early stages of embryo formation and can only by
partially rescued by overexpressing AtCSLA2 or AtCSLA9 (Goubet
eral., 2009). In heterologous systems, AtCSLA7 produces only
homomannan and has a lower activity than the AtCSLA2 and
AtCSLA9 (Liepman et al., 2005; Voiniciuc et al., 2019). Surpris-
ingly, the ¢s/a239 triple mutant develops normally despite
accumulating only trace amounts of B-mannans in its stems
(Goubet ezal, 2009). However, young csia239 seedlings still
express other CSLA paralogs (Fig. 4) and thus produce up to 70%
of the wild-type Man content (Yang etal., 2021). Since higher-
order mutants (e.g. ¢s/22379) needed to eliminate co-expressed
CSLA genes are expected to be lethal, additional biological roles of
B-mannans likely remain hidden.

While cs/a239triple mutant stems have normal morphology and
strength in three-point bending tests despite having only trace
amounts of Man (Goubet ez al., 2009), csla2 and mucil0 mutants
significantly impair seed mucilage architecture (Voiniciuc ez al.,
2015a). In the past six years, Arabidopsis seed mucilage has
emerged as an attractive model to investigate the synthesis and roles
of hemicelluloses, despite their relatively low abundance in this
pectin-rich wall (Voiniciuc ezal, 2015b, 2018). Both ¢s/z2 and
mucil0 seeds significantly reduce the mucilage Man content
(Fig. 1b) and release denser mucilage capsules with impaired
cellulose organization (Yu ezal., 2014; Voiniciuc etal., 2015a).
GGM must be an important pre-requisite for the deposition of
crystalline microfibrils in mucilage, because its loss reduced
cellulose content more than mutations in 7RM4, which directly
affects CESA-microtubule organization (Yang eral, 2019). In
addition, a genome-wide association study (GWAS) linked
MUCII0 to natural variation in Man content (Fig. 1b; Voiniciuc
etal., 2016). The Gal, Glc and Man deficiency of the Ema-1
Arabidopsis ecotype (originating from East Malling, UK) was

New Phytologist (2022) 234: 1175-1184
www.newphytologist.com

118

869YT

519011 SUOLLILIOD BA1IEB10 3[cfe01 e 3} Ad PoULRA0D 912 SIILE YO ‘95N J0'S3INJ 0 AZJdl1 BUIIUO /3|1 O (SUONIPUOD-pUE-SWBI " A I ATed]1[puI|UO//ST1Y) SUONIPUOD PUE SWLB | aU) 895 *[2202/2T/0€] Uo A1 auiluo Aa1iM epuoi JO AsieAun Ad T608T'UAU/TTTT 0T/10p/u0 ]I Areigipuiuo yduy/sdny woiy pepeojunod ‘v ‘ZZ0esd



1182 Review Research review

rescued by the constitutive expression of MUCI10-sYFP proteins
(Voiniciuc ezal., 2016). GGM composition as well as content
could influence seed physiology in adverse environments, since
mucilOseeds are found to enhance germination and early growth in
saline solutions (Yang ez al., 2021).

Beyond plants, B-mannan polysaccharides can have important
impacts for the bioenergy and hydrocolloid markets. Increasing the
hexose to pentose ratio of lignocellulosic biomass (e.g. by replacing
xylans with mannans) would enhance saccharification efficiency
(Pauly & Keegstra, 2008), but has been challenging to engineer in
planta. The introduction of CSLA transgenes alone may have
unintended consequences on plant metabolism, or may not be
sufficient to achieve desirable traits. Nevertheless, galactomannans
and glucomannans extracted from natural sources have gained
importance in the Western world as food ingredients and
nutritional supplements with potential benefits in the treatment
of lifestyle diseases such as Type 2 diabetes. Plant mannans
represent an excellent source of dietary fiber and can be utilized by
the beneficial human gut bacterium Roseburia intestinalis, whose
metabolic loci were recently identified in a multi-omic study (La
Rosa ez al., 2019). Therefore, recent insights into mannan-related
enzymes and in synthetic biology are paving the path to re-design
polysaccharide structures for improved plant traits and bioprod-
ucts.
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