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Abstract

Mixed B(1,3;1,4) linkage glucan (MLG) is commonly found in the monocot lineage, at
particularly high levels in the Poaceae family, but also in the evolutionally distant genus,
Equisetum. MLG has several properties that make it unique from other plant cell wall
polysaccharides. It consists of B1,4-linked polymers of glucose interspersed with f1,3-linkages,
but the presences of B1,3-linkages provide quite different physical properties compared to its
closest form of cell wall component, cellulose. The mechanisms of MLG biosynthesis have been
investigated to understand whether single or multiple enzymes are required to build the mixed
linkages in the glucan chain. Currently, MLG synthesis by a single enzyme is supported by
mutagenesis analyses of cellulose synthase-like F6 (CSLF6), the major MLG synthase, but
further investigation is needed to gather mechanistic insights. Because of transient accumulation
of MLG in elongating cells and vegetative tissues, several hypotheses have been proposed to
explain the role of MLG in the plant cell wall. Studies have been carried out to identify gene
expression regulators during development and light cycles, as well as enzymes involved in MLG
organization in the cell wall. A role of MLG as a storage molecule in grains is evident, but the
role of MLG in vegetative tissues is still not well understood. Characterization of a cell wall
component is difficult due to the complex heterogeneity of plant cell wall. However, as detailed
in this review, recent exciting research has made significant impacts in the understanding of

MLG biology in plants.
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Introduction

The plant cell wall contains diverse polysaccharides, primarily cellulose, hemicellulose, and
pectin. Depending on the plant species, the ratio of these main components of the primary cell
wall varies. In the cell wall of dicot species and non-commelinid monocot species (also referred
to as Type I walls), the main component of hemicellulose is xyloglucan (XyG), which is made of
a glucan backbone modified mainly with xylose, galactose and fucose (Carpita and Gibeaut
1993). The primary cell wall of commelinid monocot plants (also referred to as Type II walls)
contains less pectin compared to dicot species and has glucuronoarabinoxylan as a dominant
hemicellulose with small amounts of XyG with different modifications (Carpita and Gibeaut
1993). Type II walls also contain mixed linkage glucan (MLG), which is highly abundant in
Poaceae. In MLG, glucose molecules are connected by B1,4-linkages with occasional B1,3-
linkages. As a component of the primary cell wall in Poaceae, MLG is commonly found in the
cell wall of Poaceae plants at variable levels in tissue- and development-specific patterns. MLG
is also used as storage in the seed endosperm, and the levels of MLG varies in the grain across
cereal species. Furthermore, MLG of cereals is known to be beneficial for human health as a

dietary fiber (Collins et al. 2010).

Since 1970, there have been several fascinating studies on MLG in plants. The foundation of
MLG research was established in the last century through the discoveries of regulated levels of
MLG during plant growth, of plant enzymes digesting MLG, and by the establishment of the
mixed linkage nature of MLG in the plant cell wall (Anderson and Stone 1975; Carpita and
Kanabus 1988; Staudte et al. 1983). Increasing evidence about MLG synthesis, degradation and
the role of MLG has accumulated as genomic information has become available, and the

biological role of MLG has been further investigated using genetic tools. As the cell wall



provides most of the plant biomass, understanding cell wall synthesis, degradation and regulation
is very important to utilize renewable resources. Here we summarize recent discoveries on MLG

to illustrate the current understanding of MLG biology for the better utilization of plant biomass.

MLG biosynthesis

MLG has been found in diverse organisms during evolution (Bulone et al. 2019) and was shown
to be synthesized by proteins of the cellulose synthase-like F (CSLF) and cellulose synthase-like
H (CSLH) families via stable expression of these enzymes in Arabidopsis, a species that lacks
MLG (Burton et al. 2006; Doblin et al. 2009). Barley cellulose synthase-like J (CSLJ) also
exhibited MLG production when transiently expressed in tobacco (Little et al. 2018). The
conservation of the amino acid sequence in the CSLH and CSLJ families in several monocot
lineages, including “distantly related non-commelinids”, Anthurium amnicola and Acorus
americanus, suggests that the biosynthesis of MLG is broadly conserved in monocots (Little et

al. 2018).

Similar to cellulose synthases, MLG synthases belong to GT2 type of glucan synthase and have
been suggested to produce both f1,3- and B1,4-linkages by themselves or in combination with
other proteins that may add 1,3-linkage to short 1,4-linked glucan chains produced by the
MLG synthase (Burton et al. 2010). Although the latter scenario is conceptually plausible, no
direct experimental evidence has been reported for a two-step MLG synthesis. Conversely, MLG
production by a single synthase has been supported by several lines of evidence. CSLF6
isoforms from diverse species have been used to investigate the mechanism of MLG synthesis,

because CSLF6 is considered a major MLG synthase in plants (Christensen et al. 2010). Ectopic



expression of CSLF6 in plants that do not produce MLG, such as Arabidopsis and tobacco, was
shown to lead to MLG production (Burton et al. 2006; Doblin et al. 2009; Vega-Sanchez et al.
2012). Also, transgenic Pichia expressing Brachypodium CSLF6 was able to produce MLG (Kim
et al. 2015), supporting that CSLF6 alone can produce MLG even in a non-plant heterologous

system.

CSLF6 is a multi-spanning membrane protein, as demonstrated by proteinase protection assays
(Kim et al. 2015), and CSLF6 has been shown to localize at the Golgi apparatus or plasma
membrane (PM) when different species and organs were used to investigate the site of MLG
synthesis (Kim et al. 2018; Kim et al. 2015; Wilson et al. 2015). In barley and wheat root tip
cells CSLF6 was detected in the Golgi-derived vesicles and PM using immunogold labeling with
the polyclonal CSLF6 specific antibody differently from the endomembrane localization of
CSLHI in the same tissue (Wilson et al. 2015). CSLF6 was also detected in the purified PM
fraction of L. multiflorum suspension-cultured cells, further supporting PM localization of
CSLF6. CSLF6 in the Golgi was demonstrated by live-cell imaging of a functional fluorescent-
protein tagged CSLF6 in the Brachypodium leaf along with trafficking inhibitor, Brefeldin A
(BFA) which is known to disrupt trafficking between ER and Golgi as well as between
endosomes and PM. Upon BFA treatment, CSLF6 in Brachypodium was found in the
compromised structure of ER and Golgi, not in the BFA compartment which are produced by
aggregation of endosomes where cellulose synthases were found upon BFA treatment (Cai et al.
2010; Kim et al. 2018). MLG synthesis was observed when isolated Golgi fraction from maize
coleoptiles was used, supporting MLG synthesis in the Golgi (Gibeaut and Carpita 1993). Golgi
and PM localization of CSLF6 has been supported by at least two different approaches in the

different species, but further examination will be required to determine the species-specific



localization of CSLF6. Regardless of the localization of CSLF6, current models support that the
transmembrane domains of CSLF6 form a pore (Kim et al. 2018; Kim et al. 2015; Wilson et al.
2015) through which MLG is synthesized and channeled into the secretory pathway or directly

deposited to cell wall (Kim et al. 2018; Kim et al. 2015; Wilson et al. 2015).

The structure of MLG can be analyzed by digestion with an enzyme called lichenase, which
generates a series of glucose oligomers containing single 1,3-linkage and various number of
B1,4-linkages (Anderson and Stone 1975). Glucose oligomers with a degree of polymerization
(DP) of 3 or 4 glucose molecules, DP3 or DP4, respectively, are generally produced from MLG
digested by lichenases (Staudte et al. 1983). CSLF6 proteins from different plant species have
been shown to produce MLG with a certain DP3/ DP4 ratio of MLG when transiently expressed
in tobacco (Jobling 2015). To better understand the biosynthesis of MLG by CSLF6 at a
molecular level, the relevance of the transmembrane pore in regulating the frequency of p1,3-
linkage has been investigated with mutated versions of CSLF6 (Jobling 2015). The chimeric or
mutated CSLF6s were generated by swapping transmembrane domains between barley and
maize or single amino acid substitution in the transmembrane domain of barley CSLF6 from
Isoleucine to Leucine. Analyses of the mutated versions of CSLF6 indicated that the structure of
the transmembrane pore can impact the frequency of B1,3-linkage in MLG when these CSLF6
variants were expressed in tobacco (Jobling 2015). Additional support for an influence of the
protein structure on the MLG linkage composition was provided through studies on the protein
structure of GT2 family B-glucan synthases using an in silico approach with the established
crystal structure of a bacterial cellulose synthase (Oehme et al. 2019). This study proposed that
the formation of B1,4- and B1,3-linked-glucans requires different volume of the transmembrane

channel because of the conformational difference inside the channel caused by linkage-specific



interactions with the aromatic side chain of amino acids and H-bonding (Oehme et al. 2019).
Bacterial MLG synthase was not included in this study, due to the unstable conformation of the
transmembrane pore of bacterial MLG synthase along with its product in silico, and the analyses
were carried out on the model of $1,3- and B1,4-glucan synthases with their product. Based on
this approach, it was hypothesized that the MLG synthase could have a transmembrane pore with
an intermediate size and shape between 1,3- and B1,4-glucan synthases due to presence of both
B1-3 and B1-4 linkages in MLG (Oehme et al. 2019). The validity of this prediction is also
supported by the relatively non-linear structure of barley and oat MLG compared to B1-3 and B1-
4 glucan in water when the structure and dynamics of glucan chains with diverse types of
linkages were investigated by computational modeling and simulation (Peesapati et al. 2021).
Thus, MLG synthase would require a space in the transmembrane pore to match the
configuration of glucans containing mixed linkages. Besides the transmembrane pore structure,
mutations in the catalytic domain or near the Aspartate-containing motif (Threonine-Glutamate-
Aspartate; TED) of CSLF6, which is conserved in the GT2 family, were also reported to change
the abundance and structure of MLG, respectively (Dimitroff et al. 2016). Considering the results
from several mutated versions of CSLF6 in the catalytic domain or transmembrane domains

showing different DP ratio of MLG, it is highly likely that CSLF6 synthesizes both linkages.

How the different P linkages are introduced in MLG is still an open question. If MLG synthesis
occurred in two steps, it would need several requirements. First, the length of the glucan chain in
the transmembrane channel of the MLG synthase is predicted to be 9 or 10 glucans based on the
model of B1,3- and B1,4-glucan synthases (Oehme et al. 2019). If another enzyme in the Golgi
lumen or apoplast were responsible for the addition of $1,3-linkage to the f1,4-linked glucan

chain produced by an enzyme such as CSLF, oligosaccharyltransferase (OST) activity with a



capability to generate f1,3-linkage, and a B1,4-endoglucanase should be in place for an
enzymatic reaction to cut the 1,4-glucan chain and transfer tri- or tetra- oligomers to the
acceptor glucan chain via a $1,3-linkage. Changes of the DP ratio by single amino acid mutation
in the transmembrane domain of CSLF6 indicate that the addition of f1,3-linkage likely occurs
during the synthesis step (Jobling 2015), making an involvement of glucanase and OST for the
addition of B1,3-linkage highly unlikely. If another enzyme were required for the addition of
B1,3-linkage during MLG synthesis, it would regulate donor accessibility or the velocity of the
enzymatic reaction by the MLG synthase near the catalytic domain. Such an auxiliary enzyme
would be responsible for the configuration of the donor or acceptor so that it could determine
either the C3 or C4 position for the MLG chain elongation. However, the existence of a protein
regulating DP ratio of MLG is not also supported by the mutated versions of CSLF6 in the
transmembrane domain (Jobling 2015). Despite the possibility that the mutation in the
transmembrane domain may impact the configuration of acceptor glucan chain, the mutated
CSLF6s most likely maintains an intact catalytic domain (Jobling 2015). Therefore, although
abundant evidence supports that MLG synthesis is carried out by a single enzyme, conclusive
evidence may be provided by cell-free expression systems for membrane proteins using MLG
synthase alone or in combination with auxiliary proteins along with structural information of the

MLG synthase.

While CSLF6 is known to synthesize MLG, CSLF3 and CSLF10 from barley were reported to
synthesize B1,4-linked glucoxylan, although the fine structure of glucoxylan still needs to be
determined (Little et al. 2019). A moss GT2 enzyme that has a similar sequence to a fungal MLG
synthase was shown to generate 1,3-and 1,4-linked polysaccharides that consist of B1,4-linked

glucose and B1,3-linked arabinose, which are structurally comparable with MLG (Roberts et al.



2018). These newly discovered polysaccharides support a complex evolution of GT2 family
members and underscore limitations for predicting the function of GT2 family members based
on sequence similarity, as exemplified by member-specific activities in cellulose synthase like-D

family in Arabidopsis as well (Verhertbruggen et al. 2011; Yang et al. 2020; Yin et al. 2011).

Degradation and genetic regulation of MLG

Degradation of MLG occurs by the action of an enzyme called lichenase, which is commonly
used to analyze MLG in vitro, as discussed earlier. Degradation of MLG also occurs in vivo
(Slakeski and Fincher 1992). The cellular location of MLG digestion by lichenases is most likely
the cell wall, although this has yet to be experimentally demonstrated. The first plant lichenases
were isolated in barley (HvGlb1 and HvGlb2) (Slakeski and Fincher 1992). HvGlb1 is more
ubiquitously expressed than HvG/b2, which seems to be specific to degrade MLG in germinating
barley grains (Roulin et al. 2002). Therefore, the action of lichenases appears to be regulated
during plant development and have a tissue specificity. Along with the information about spatial
expression pattern of lichenases in barley, lichenases also have been found to be regulated in a
light-dependent manner (Kraemer et al. 2021; Roulin et al. 2002). When the light-dependent
expression of HvGlb1 and HvGlb2 was examined in barley leaves, only HvGlbI was found to be
strongly expressed at night coincidentally with a reduction in the levels of MLG in the leaf
(Roulin et al. 2002). The abundance of MLG in maize was reported to be inversely correlated
with the expression levels of lichenase MLGH1 during early growth phase of maize (Kraemer et
al. 2021). Levels of MLG and MLGH1 expression were investigated under 48 hr of light and
dark cycles, using genetic tools such as a mighl loss-of-function mutant and a MLGH1

overexpression line. MLGH1 was found to be the major lichenase in maize highly expressed at



night, similar to the results for barley HvG/b1, and it can degrade MLG (Kraemer et al. 2021).
Contrary to the lichenase gene expression, the expression of CSLF'6 in oat was reported to occur
during the day (Zhang et al. 2020), indicating possible diurnal regulation of MLG abundance in

plants as summarized in the Figure 1.

In addition to studies on a light-dependent regulation of CSLF6 and lichenases in plants, an
investigation of gene expression regulation (i.e., identification of cis-regulatory elements and the
corresponding transcription factors) was also performed in Brachypodium (Fan et al. 2018).
Using a gene co-expression matrix obtained from RNA expression analyses during
Brachypodium development in different types of tissues, two possible genetic regulators,
Brachypodium trihelix family transcription factors (TF; BdTHX1 and BdTHX2), and one enzyme
involved in cell wall organization, MLG:XyG endotransglucosylase (BdAXTH8/ MXE) were
identified as highly co-expressed genes with Brachypodium CSLF6 (Fan et al. 2018). Because
the DNA binding sites of THX1 and THX2 are in genomic regions other than the promoter
region, such as the second intron of BACSLF'6 and 3’-proximal region of BdXTHS, they are
considered to be enhancers to regulate the expression of BACSLF6 and BAXTHS (Fan et al.
2018). Other than BATHX1 and BdATHX2, no other factors are yet known to regulate CSLF6
expression. The TFs OsMYB61a and OsMYB6b in rice have been shown to influence the
abundance of CSLF6 and CSLH1 transcripts, presumably in combination with other genetic
regulators, during secondary cell wall synthesis (Zhao et al. 2019). A secondary cell wall-
specific regulation of MLG synthase also supports the presence of MLG in the secondary cell
wall (Vega-Sanchez et al. 2013), but the role of MLG and regulation of MLG biosynthesis in the
secondary cell wall is not clearly understood yet. In addition to positive regulators, there might

be also negative regulators of MLG synthesis in maize. This is predicated by the evidence that



the mighl mutant did not have higher levels of MLG compared to wild type during two day/night
cycles of MLG synthesis and degradation in the young barley leaf (Kraemer et al. 2021).
Analyses of the maize reference variety B73 showed that ~20 ug of MLG/mg of alcohol
insoluble residue (AIR) were newly synthesized daily and degraded at night. However, such
daily increase of MLG was not seen in the m/ghl mutant in the 48-hour time course experiment.
Without a MLG degradation pathway, mighl mutant would be expected to have increased levels
of MLG due to the accumulation of MLG that is not degraded at night and the accumulation of
additional MLG synthesized during day. The levels of MLG in the mighl mutant were largely
unchanged during 48 hour time course and were similar to the maximum levels of MLG in the
B73 line, suggesting the possibility that a negative regulator may limit MLG synthesis in the
mlghl mutant to control the level of MLG in the cell wall. It is also possible that a nocturnal

degradation of MLG may be required to activate new MLG synthesis in the following day.

Roles of MLG in plants

As one of the main components of Type II primary cell walls, MLG has been proposed to have
tissue- and development-specific roles. Considering the high amount of MLG in the endosperm
in the grain of certain species, MLG most likely serves as a carbon reservoir for the next
generation. Increasing lichenase activity or decreasing MLG synthesis in the endosperm of
barley and Brachypodium resulted in an increase in starch content, presumably due to a lack of
competition for substrate (glucose) or a balanced regulation between MLG and starch synthesis
in the endosperm (Bain et al. 2021; Han et al. 2017). Interestingly, barley grain overexpressing
HvCSLF6 also showed the altered carbon partitioning such as a decrease of starch and increases

of sucrose and fructans during endosperm development, suggesting a possible competition



between MLG and starch synthesis and a compensation mechanism through fructan synthesis in
the transgenic barley grain when starch synthesis was reduced likely due to high level of MLG
synthesis (Lim et al. 2020). The transgenic grain showed abnormal cell wall structure of
endosperm transfer cell and increased size of cavity with high level of sucrose and fructans in the
grain. Although it is not clearly understood how it occurred, it was proposed that the high
demand of sucrose due to overexpression of HvCSLF6 may cause the active sucrose import into
the cavity along with water, which caused a shrunken grain phenotype due to higher water loss

during grain maturation.

However, such a negative correlation between the levels of MLG and starch was not verified in
maize leaves (Kraemer et al. 2021). The levels of starch in maize with very low levels of MLG,
due to overexpression of MLGHI were not greatly changed compared to the null segregants,
possibly indicating tissue-specific co-regulation of MLG and starch (Kraemer et al. 2021). If
MLG serves as a storage molecule in the vegetative tissues, MLG synthases would be regulated
similar to genes related to starch synthesis in a circadian- and light-dependent manner in the
vegetative tissue. Therefore, if MLG served as a storage molecule, continuous MLG synthesis
and degradation would be expected, and occur in a similar manner to starch metabolism in the
leaf. As shown in barley and maize coleoptiles, MLG accumulates largely in actively elongating
cells, and MLG synthesis does not seem to be active after completion of cell elongation (Gibeaut
et al. 2005; Kim et al. 2000). In rice and maize high levels of CSLF6 expression have been
observed in young elongating cells at the base of the leaf, but very low levels of CSLF6
expression have been detected in non-elongating cells at the tip of mature leaves (Fan et al.
2018), supporting a consistency between the expression of CSLF'6 and the levels of MLG in

tissues. Therefore, the storage role of MLG in the vegetative tissue could be time limited and



occur mainly during the short period of cell elongation, presumably to support the cell’s energy

demands during growth.

Whether MLG has a role as a structural component in the cell wall is still not clearly understood.
Considering the growth defects of MLG over-accumulating plants or MLG-deficient plants (Bain
et al. 2021; Burton et al. 2011; Kim et al. 2018; Vega-Sanchez et al. 2012), MLG must have a
role in cell elongation and growth, however, there are no direct experimental results to explain
the structural role of MLG during cell elongation. High levels of MLG due to overexpression of
CSLF6 in barley increases leaf thickness and cell wall thickness of endosperm (Burton et al.
2011). In addition, increased cell size and MLG levels in the vascular bundles were observed in
barley CSLF6 overexpressing lines (Burton et al. 2011). Based on these observations, to explain
the growth defect in barley CSLF6 overexpressing lines a phenomenon of ‘vascular suffocation’
was proposed whereby a high level of viscous MLG would inhibit the movement of water or
nutrients through the vasculature (Burton et al. 2011). Likewise, high levels of MLG were
reported in the pith cells of Brachypodium CSLF6 overexpressing lines (BACSLF60X) in
concomitance with an increase of cell wall thickness (Kim et al. 2018). However, BACSLF60X
showed shorter stem diameter, smaller pith cell size and reduced number of vascular bundles
compared to wild type (Kim et al. 2018). Although there is no report about leaf vasculature
development in BACSLF60X, overexpression of the CSLF6 transcriptional regulator BdTHXI in
Brachypodium (BATHX10X) showed similar effects on the development of Brachypodium
leaves as shown in barley CSLF'6 overexpression lines (Fan et al. 2018). These results suggest a
possible tissue- and development-specific effect of high levels of MLG in Brachypodium. Both
leaf phloem cells in BATHX10X and stem pith cells in the BACSLF60X have higher levels of

MLG, but leaf phloem cells in BATHX10X and stem pith cells in BACSLF60X have opposite



cell sizes (Fan et al. 2018; Kim et al. 2018), supporting that mechanical properties of cell walls
containing high levels of MLG may be not a main factor in determining cell expansion. It is also
possible that over-accumulation of MLG could affect source and sink carbohydrate balance or
water potential for cell expansion in a tissue/organ-specific way. Signaling produced by high
levels of MLG in the MLG over-accumulating lines may also generate downstream responses in
regulating cell expansion in specific cell types. Also, considering the diurnal regulation of MLG
abundance, constitutive expression of CSLF6 could deposit MLG at night, which would increase
the levels of digested MLG product when MLG degradation by lichenases is simultaneously
active. Constitutive MLG synthesis and elevated levels of oligosaccharides produced through
MLG digestion at night could render the cell wall more viscous and affect the level of water

potential required for cell expansion.

MLG-deficient plants generated through CSLF6 loss-of-function mutations also showed similar
growth defects compared to the CSLF6-overexpressing lines. It is not clear whether the growth
defects in the MLG-deficient mutants were caused by a direct effect of the cell wall-driven
elongation defects or a secondary effect through specific signaling caused by a reduction of
MLG in the cell wall. Research on cell wall regeneration using Lolium multiflorum suspension
cell culture demonstrated that both cellulose and arabinoxylan in a filament-like form were
closely associated in the cell wall. However, MLG was detected in aggregates or punctate shapes
with a very low association with cellulose during early regeneration phase, 24 hour after
protoplasting (van de Meene et al. 2021). These results implicate that MLG in L. multiflorum
suspension cells might be a matrix polysaccharide with a condensed form between filament-like
structures during early phase of cell wall regeneration. In the mature wall after regeneration, the

pattern of MLG distribution was changed and the association of MLG with arabinoxylan



increased, although the association of MLG with cellulose was not greatly increased (van de
Meene et al. 2021). These results indicate that MLG has two forms or at least different
association with other cell wall components during cell wall regeneration. However, close
association of MLG with cellulose microfibril and arabinoxylan has been reported in maize,
wheat and rice coleoptiles (Carpita et al. 2001; Kiemle et al. 2014; Smith-Moritz et al. 2015).
The role of MLG in cellulose microfibril orientation was also reported when rice coleoptiles
were used (Smith-Moritz et al. 2015). The cs/f6 mutants in several plant species commonly have
a reduced plant height with low levels of MLG (Bain et al. 2021; Hsia et al. 2017; Vega-Sanchez
et al. 2012). Although the association of MLG with cellulose microfibrils appears to be different
depending on the cell system and the experimental conditions used, it is possible that the cell
wall of the MLG-deficient mutants may have a compact form due to the lack of MLG that
associates with cellulose and crosslinks to other cell wall components. As a result, mutants with
reduced levels of MLG would have a thinner cell wall compared to wild type, as shown in
Brachypodium cs/f6 mutant (Bain et al. 2021). These structural and physical changes of the cell
wall may not provide an optimal condition for cell expansion in the c¢s/f6 mutants. Instead, a lack
of MLG via disruption in MLG synthesis may trigger stress or other systemic responses. It was
also reported that the leaves of rice and barley cs/f6 mutants exhibit chlorosis; furthermore,
upregulated defense responses were observed in rice cslf6 mutants (Taketa et al. 2011; Vega-
Sanchez et al. 2012), indicating that the reduced plant growth of these mutants could be due to
‘growth-defense tradeoffs’ whereby energy for growth would be channeled toward defense

(Huot et al. 2014).

Role of XTH in MLG regulation



MLG may be further fine-tuned by MXE during MLG deposition in the cell wall. Similar to
other XyG-XTHs, MXE from Equisetum has XyG endotransglycosylase activity, but can also
link MLG or cellulose to the non-reducing end of XyG (Simmons and Fry 2017). Interestingly,
MXE activity on MLG cleaves the third position of B1,4-linked glucose toward the reducing end
from B1,3-linked glucose, and does not have any preference on either reducing or non-reducing
ends of MLG chain. MXE activity has previously been considered to be unique to Equisetum
(Mohler et al. 2013), however, BAXTHS has also been found to have MXE activity in
Brachypodium (Fan et al. 2018). Phylogenetic analyses of close homologs of BAXTHS
demonstrated that MXE activity could be conserved in other grasses, such as sorghum and maize
(Fan et al. 2018). The biological role of MXE in the accumulation of MLG is not clearly
understood yet, but co-expression of BAXTHS and BACSLF6 in Brachypodium supports that
MLAG is likely organized by a covalent linkage to the existing XyG chains upon synthesis (Figure

2).

Cell wall biosynthesis occurs during the day when the resources for cell wall synthesis are most
abundant, while cell expansion mostly happens at night when water potential becomes high due
to reduced rates of evapotranspiration (Apelt et al. 2017; Verbancic et al. 2018). As a part of the
cell wall of grasses, MLG is also produced during the day along with MXE (BdXTHS) at least in
Brachypodium (Fan et al. 2018). Characterization of BAXTHS8 showed that BAXTHS has a
hetero-trans-B-glucanase (HTG) activity, but lacks a hydrolase activity (Fan et al. 2018).
Differently from Equisetum fluviatile hetero-trans-pB-glucanase (EfHTG), BAXHTS8 did not show
any significant cellulose:xyloglucan endotransglucosylase (CXE) activity, however, BATHX8
has a higher MXE activity compared to XET activity, similar to EfHTG (Fan et al. 2018;

Herburger et al. 2021). As discussed above, BAXTHS could be essential for positioning of MLG



in the cell wall by covalently linking MLG to XyG during day when MLG is actively
synthesized. Based on observations from rice coleoptile (Smith-Moritz et al. 2015), MLG could
be required in the correct organization of cellulose microfibrils for building the basic structure of
the cell wall. If we consider the distribution of MLG from experiments of cell wall regeneration
(van de Meene et al. 2021), the punctate form of MLG with limited association to cellulose and
arabinoxylan during the early regeneration phase might be a portion of MLG linked with XyG.
Because a higher MXE activity compared to XET activity of BATHX8 would prefer a
MLG:XyG link to a XyG:XyG link, elongating cells in Brachypodium may achieve a basic cell
wall scaffold with possible MLG:XyG structure associated with cellulose during day. At night,
lichenase could cleave the MLG linked to XyG, which may allow cell wall relaxation and
removal of transient hemicellulose association by MLG. Therefore, if MLG had a structural role
during cell elongation, it could serve as a spacer or a linker with XyG during cell wall
deposition, and as a target for the cell wall loosening through degradation by lichenase. This
MLG degradation would allow relaxation of the tight organization of cellulose in the possible
MLG:XyG:Cellulose association when cell elongation occurs. However, degradation of MLG
does not appear to directly affect cell wall extensibility when cslf6 mutant or wild-type plants
treated with lichenase were investigated (Kiemle et al. 2014; Smith-Moritz et al. 2015).
Additionally, both a maize MLGH1 overexpression line and a mlghl mutant did not show any
reduced growth phenotype (Kraemer et al. 2021). These results indicate that maintaining normal
levels of MLG or rapid MLG degradation upon synthesis may not cause significant effects on
cell expansion in elongating cells. Thus, BAXTH8-mediated MLG organization may be not a
direct factor determining cell wall physical properties during cell elongation. MXE activity in

Equisetum was shown to increase in aging tissues differently from the BAXTHS regulation



during Brachypodium development (Mohler et al. 2013). In addition, a strong CXE activity of
EfHTG may indicate that HTG regulation and the biological role of HTG in Brachypodium and
Equisetum could be different. A presence of cello- or laminari-oligosaccharides has been shown
to decrease MXE and CXE activities of EFHTG (Herburger et al. 2021). Thus, if HTG activity
was still active in Brachypodium at night, the degraded MLG product could inhibit the MXE
activity of BAXTHS, which could shift the BAXTHS activity from MXE to XET. As a result,
BdXTHS8 may modify the cell wall structure via the generation of a XyG:XyG association after
cell wall elongation (Figure 2). There is no experimental evidence to directly support this model
yet, although generation of a x¢48 loss-of-function mutant and a XyG-deficient mutant in
Brachypodium will be useful to understand the biological role of MLG:XyG during MLG

accumulation in both vegetative tissue and endosperm.

Conclusions

Differently from other cell wall components, MLG is the only cell wall matrix constituent
without any further modifications on the glucan chains (e.g., addition of other pentoses or
hexoses). Despite its simple composition, the irregular presence of f1,3-linkages makes MLG
unique across the cell walls of grasses. Such an interesting overall structure of MLG raised
several hypotheses about MLG synthesis, including the site of the synthesis. MLG synthesis by a
single enzyme is the most likely scenario at this time that is supported by results from mutation
analyses in CSLF6, but more evidence is required to clearly understand the mechanisms of MLG
synthesis. MLG synthesis and degradation are highly regulated during development in specific
ways, unlike other cell wall components, however, the biological underpinnings of such

regulation (e.g., MLG degradation at night or upon the completion of cell elongation) are not yet



understood. It appears that during evolution, MLG and similar forms of polysaccharides have
been components of the cell wall in some algae, bryophytes, and in the Monilophyta genus
Equisetum, but the Poaceae family generates significant amounts of MLG thanks to the recent
evolution of the CSLF family (Bulone et al. 2019). As one of dominant group of plants on earth,
it will be interesting to investigate the biological role of MLG in grasses, especially in vegetative
tissues. MLG could be important during stress conditions, as discussed by Kraemer et al. (2021).
Despite its economic importance, plants with altered levels of MLG have not been broadly
studied under stress conditions. Also, MLG function has been mostly investigated in the above
ground tissues, and a role of MLG in the roots has not been well explored yet. Considering its
simple composition and relatively water-soluble property, MLG in the root could be important
for the interaction with microbiome. Thus, systemic approaches would be required to understand
tissue- and development-specific roles of MLG. It is apparent that the complex regulation of
MLG has evolved in grasses. To further potentiate crop value by increasing the levels of MLG,
finding and optimizing promoters to regulate the expression of MLG synthase and lichenase will

be required to maximize MLG yield for downstream applications.
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Figure Legends

Figure 1. Regulation of MLG, CSLF6 and lichenase in leaf. General pattern of MLG levels and
gene expression of CSLF6 and lichenase was simplified in the graph. A. spatial expression of
CSLF6 and levels of MLG during day. B. Light and growth stage dependent CSLF6 and
lichenase expression and levels of MLG. Gene expression data (maize CSLF6-
GRMZM2G110145 and lichenase-MLGH ) were obtained from maize eFP browser at

bar.utoronto.ca (Li et al. 2010).



Figure 2. Proposed model of BAXTHS action during MLG synthesis and degradation. See main

text for a detailed explanation.
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Figure 1. Regulation of MLG, CSLF6 and lichenase in leaf. General pattern of MLG
levels and gene expression of CSLF6 and lichenase was simplified in the graph. A.
spatial expression of CSLF6 and levels of MLG during day. B. Light and growth stage-
dependent CSLF6 and lichenase expression and levels of MLG. Gene expression data
(maize CSLF6-GRMZM2G110145 and lichenase-MLGH1) were obtained from maize
eFP browser at bar.utoronto.ca (Li et al. 2010).
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Figure 2. Proposed model of BAXTHS action during MLG synthesis and degradation. See
main text for a detailed explanation.
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