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In the last decade it has become clear that enzymes in the "BAHD" family of acyl-
CoA transferases play important roles in the addition of phenolic acids to form
ester-linked moieties on cell wall polymers. We focus here on the addition of two
such phenolics—the hydroxycinnamates, ferulate and p-coumarate—to two cell
wall polymers, glucuronoarabinoxylan and to lignin. The resulting ester-linked
feruloyl and p-coumaroyl moities are key features of the cell walls of grasses and
other commelinid monocots. The capacity of ferulate to participate in radical
oxidative coupling means that its addition to glucuronoarabinoxylan or to lignin
has profound implications for the properties of the cell wall — allowing respectively
oxidative crosslinking to glucuronoarabinoxylan chains or introducing ester bonds
into lignin polymers. A subclade of ~10 BAHD genes in grasses is now known to (1)
contain genes strongly implicated in addition of p-coumarate or ferulate to
glucuronoarabinoxylan (2) encode enzymes that add p-coumarate or ferulate to
lignin precursors. Here, we review the evidence for functions of these genes and
the biotechnological applications of manipulating them, discuss our understanding
of mechanisms involved, and highlight outstanding questions for future research.
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Background - importance of cell wall
hydroxycinnamates

Cell walls are integral to plant growth and development, encapsulating most cells, dictating
their shape and comprising most plant biomass. Cell wall polymer composition and modifications
vary across cell types and developmental stages defining the properties of the wall. Primary cell
walls are deposited at the cell plate and around expanding cells, and during development must
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allow for breaking of bonds within or between polymers as part of
remodeling. In contrast, secondary cell walls are typically deposited only
around fully expanded cells, adding strength, hydrophobicity, and a thick
barrier for defense. Primary cell wall polymers during expansion are all
polysaccharides which allow for different modes of remodeling; whereas,
secondary cell wall polymers often include lignin where cross-links are
considered irreversible. This review focuses on a particular subset of cell
wall polymer modifications that occur on both polysaccharides and
lignin, the abundant acylation with hydroxycinnamates that are a key
feature of both primary and secondary cell walls of grasses and other
commelinid monocots. Hydroxycinnamates are simple phenylpropanoid
molecules, closely related to canonical lignin monomers, that share their
ability to oxidatively couple and thereby cross-link polymers (Ralph et al.,
1992; Ralph et al.,, 1995). The two most abundant cell wall phenolic esters
in grasses, those derived from ferulic and p-coumaric acids (Figure 1A),
differ greatly in this property. Feruloyl modifications (FA) have a much
greater propensity than p-coumaroyl modifications (pCA) to undergo
oxidative coupling (Figure 1B, D). This key difference has profound
implications for the effects of these modifications on cell wall and
biomass properties.

Hydroxycinnamate modification of xylan

In grass primary and secondary cell walls, hydroxycinnamate
modifications of polysaccharides occur as acylation of the 5-carbon of
arabinofuranosyl (Araf) decoration of the xylan backbone in
glucuronoarabinoxylan (GAX; Figure 2) (Ishii, 1997; Ralph et al,
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FIGURE 1

Hydroxycinnamic acid and diferulic acid structures and relative abundances. (A-D) Chemical structures of major and minor hydroxycinnamates and
diferulates observed from grass cell walls. (E) Heatmap represents the relative abundances of major diferulates in Oryza sativa leaf tissue (Bartley et al.,
2013), Panicum virgatum leaf, Dactylis glomerata leaf, Zea mays leaf (Hatfield et al., 1999), and Setaria viridis leaf and stem (de Souza et al,, 2018). Relative
abundances are Z-scores [(observed value—mean for a given species) /std deviation for that species)].
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1998; Ralph et al., 2004; Buanafina, 2009; Bartley et al., 2013). Xylan is
the most abundant polysaccharide other than cellulose in both
primary and secondary cell walls of grasses, accounting for ~50% of
grass hemicellulose (Scheller and Ulvskov, 2010), which represents,
for example, 20-25% of dry switchgrass biomass (David and
Ragauskas, 2010). Xylan is much more abundant in primary cell
walls (PCWs) of grasses than in dicots (~30% compared to 5% of cell
wall, respectively), displacing pectins as the most abundant non-
cellulose polysaccharide. The 3-linked Araf decoration of xylan is rare
or absent in dicots and the FA and pCA acylation of this Arafin GAX
are believed to be completely specific to grass and other recently
evolved monocots, known as commelinids (Harris and Trethewey,
2010). Grass GAX also possesses other substitutions on Araf, such as
B-(1->2)Xyl-(1->2)Gal (Saulnier et al., 1995), B-(1->2)-Gal and B-(1-
>2)-Xyl (Wende and Fry, 1997; Chiniquy et al., 2012), and
substitutions shared with dicot xylan, such as acetylation and (4-O-
methyl-) glucuronosyl at the O2- position (Scheller and Ulvskov,
2010). Other HCAs also occur at lower abundance ester-linked to
GAX in grasses. Recent mass spectrometry analysis of products of
mild acidolysis of rice cell walls has detected caffeic acid on Araf of
GAX (Feijao et al,, 2022), and sinapate also occurs ester-linked to
arabinoxylan in cereal grain (Bunzel et al., 2003). The presence of FA
on GAX in particular confers a mode of cross-linking to grass primary
cell walls absent in those of dicots since FA can undergo radical
oxygen-mediated coupling to form ether bonds or C-C bonds,
making diferulates and triferulates that result in xylan-xylan cross-
linking (Takahama and Oniki, 1994; Bunzel et al., 2008) (Figure 1C).
Across studies in various species and organs (Hatfield et al., 1999;
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FIGURE 2

Hydroxycinnamoyl (HCA) decorations of grass glucuronoarabinoxylan (GAX). All HCA decorations occur on 5-O of Araf which is a-(1,3)-linked to xylan
backbone. FA decorations of GAX (turquoise) are abundant and include forms where Araf is additionally substituted with B(1,2)-linked Xyl and this may
itself be further substituted by B(1,4)-linked galactose. A FA 5,5" dimer crosslinking GAX chains is shown as one example of a dimer that can crosslink GAX
chains (see Figure 1). FA crosslinked to S lignin monomer is shown as one example of FA crosslinking GAX to lignin; FA can also link to G lignin
monomers and to tricin (structures in Figure 3). pCA decorations (pink) of GAX can also be abundant in some tissues and smaller amounts of caffeoyl-
decorations (dark blue) have recently been detected (Feijao et al., 2022). Glucuronic acid, O-methyl-glucuronic acid, acetyl substitutions, non-acylated

Araf that are commonly present on GAX are not shown here.
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Bartley et al., 2013; de Souza et al.,, 2018), the 8-5 and 8-O-4 dimers
are often the most abundant diferulates (Figure 1E).

In PCWs, the functions of hydroxycinnamate modifications on
GAX remain to be fully elucidated. The greater abundance of GAX
and lower abundance of pectin and xyloglucan in grass PCWs
compared to dicot PCW suggests grass GAX may have taken over
some of the roles performed by pectin and xyloglucan, which is
supported by solid-state NMR analysis of PCWs (Wang et al., 2014b).
Potentially, the FA dimer and trimer cross-links on grass GAX
partially substitute for the roles played by ionic cross-linking of
pectin and for the oxidative cross-linking of extensin proteins in
dicot PCWs. Consistent with this, the simplest form of extensins,
those lacking a signaling domain, are not found in grasses; (Johnson
etal, 2017). Also, FA is especially abundant per mass cell walls in very
young tissue (Obel et al, 2002; Lin et al, 2016). Furthermore,
abundance of cell wall FA and FA dimers was found to be
negatively correlated with cell wall extensibility in wheat coleoptiles,
suggesting an important role in control of PCW expansion
(Wakabayashi et al., 1997). Additionally, hydroxycinnamates have
antimicrobial properties (Akin, 2008) so their presence in grass
primary cell walls also may serve to inhibit microbial attack and FA
dimers (Figure 1B, D) may inhibit digestion (Grabber et al., 1998).
Thus, the hydroxycinnamates on GAX in grass PCWs may confer
evolutionary advantages by making young grass tissue with many
expanding cells less readily digestible.

In lignified secondary cell walls (SCW) of both grasses and dicots,
solid-state NMR suggests xylan in a twofold screw conformation
(Xn2" binds to cellulose microfibrils (Simmons et al., 2016); whereas,
distorted twofold or threefold screw xylan (Xn’ f) interacts closely with
lignin (Kang et al.,, 2019; Duan et al,, 2021). Thus, xylan bridges the
two main components of SCW, although a study on sorghum SCW
suggested Xn* was much less prevalent there (Gao et al, 2020). A
clear difference in grass compared to dicot SCW is that the FA on
GAX covalently bonds lignin via oxidative coupling, although the
extent of this is difficult to determine (Ralph, 2010). GAX-FA is
abundant on both Xn* and Xn*' conformations in Brachypodium
stems, and the authors proposed a model of grass SCW where FA on
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Xn>’ bound to cellulose crosslinks with other xylan FAs, and FA on
Xn*f covalently links to lignin (Duan et al., 2021). This model fits with
several lines of evidence that show the abundance of GAX-FA and
linkage of FA to lignin are correlated with recalcitrance to digestion of
grass biomass (reviewed in (Buanafina, 2009; de Oliveira et al., 2015;
Terrett and Dupree, 2019)). Thus, the FA-mediated linking of GAX to
lignin inhibits access of hydrolytic enzymes to the cellulose to release
glucose (the normal measure of digestibility).

In addition, a key role of FA in initial deposition of lignin is
suggested by abundant Araf-FA coupled to coniferyl alcohol, the G-
lignin monomer released from grass SCW by mild acidolysis
(Lapierre et al., 2019; Feijao et al., 2022). This supports a model
that GAX-FA act as the nucleation sites from which the lignin
polymers grow that was developed from biomimetic studies of
lignification of maize suspension culture cell walls (Grabber et al.,
2002). Interestingly, this mode of nucleation with many separate sites
(i.e. abundant GAX-FA) may explain the lower molecular weight of
grass lignin polymers compared with those of other plants, which
could allow some flexibility in developing tissue (Hatfield et al., 2017).

The role of pCA on GAX is less apparent than that of FA because
pCA oxidatively couples much less readily than FA and whereas FA-
GAX is found in every tissue in grasses, pPCA-GAX has low abundance
in stems (Fanelli et al., 2021; Moller et al., 2022). One possibility is
that, analogous to the putative role of pCA on lignin discussed below,
pCA-GAX may participate in radical transfer, thus catalyzing the
oxidative coupling of neighboring FA on GAX. This is compatible
with the observation that pCA on GAX rapidly increases in response
to jasmonic acid application to Brachypodium callus (Hyde et al,
2018) which could be part of a priming of defense, allowing rapid
cross-linking to occur in response to additional signals.

Hydroxycinnamate modification of lignin
Lignin biosynthesis occurs by generation of three main monolignols

(p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol) in cytosol
and subsequent radical coupling of these in the apoplast (Boerjan et al.,
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2003). Monolignols acylated by phenolic acids (especially pCA; FA; and
p-hydroxybenzoate, a simple phenolic with two fewer carbons than
hydroxycinnamates) and acetate, are now established as additional
monomers of lignification in various species (Figure 3). Attachment of
PCA to lignin has been found in a diversity of grass species (Soreng et al.,
2015) including maize, bromegrass, bamboo, sugarcane, elephant grass,
rice (Withers et al, 2012; Karlen et al., 2016; Takeda et al., 2017),
switchgrass (Shen et al, 2009), and Brachypodium (Petrik et al., 2014).
Recently, p-coumaryl lignin was also found in other commelinid
monocots (Zingiberales, Commelinales, and Arecales) (Karlen et al,
2018) and in the dicot mulberry (Moracacea) (Hellinger et al., 2022).
Another phenolic acid, p-hydoxybenzoate, also occurs ester-linked to
lignin in the poplar, willows, and oil palms (de Vries et al., 2021; Zhao
et al, 2021). Like pCA, p-hydoxybenzoate does not readily oxidatively
couple, so terminates lignin chains (Figure 3). The acylation of

FIGURE 3

Hydroxycinnamoylated grass and poplar lignin polymer models. p-Coumaric acid (pCA - pink) and Ferulic acid (FA - turquoise) occur on lignin in
commelinid grasses. Tricin (green) is a grass-specific flavonoid biosynthetic product that occurs as pendant groups on lignin. p-hydroxybenzoate (pHBA
- purple) and FA (at low levels) occur in poplar and other dicots. y-Feruloylated lignin naturally occurs in some non-commelinid grasses and dicots,
generally at lower levels (Karlen et al., 2016). Here, we have only shown a FA dimer. Canonical lignin monomers include S, Syringyl lignin; G, Guaiacyl
lignin; and H — p-hydroxyphenyl lignin. SGH monomers in the figure do not represent their actual ratios. The different C-C, ether (-O-4), and y-ester

bonds occurring in the lignin polymer are highlighted in red.
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monolignols by the other major hydroxycinnamate, FA, is a topic of
great biotechnological interest because the FA becomes incorporated into
lignin polymer via its propensity to oxidatively couple, thereby
introducing alkaline-labile ester bonds (Figure 3) making the lignin
much easier to break apart (Wilkerson et al, 2014). We discuss this
further in biotechnological applications below. It is now clear that FA-
lignin occurs at low abundance naturally in all commelinids examined as
well as sporadically within eudicots (Karlen et al., 2016).

The role of lignin acylation by hydroxycinnamates is uncertain.
One possibility is that pCA (and hydroxybenzoate) moieties on lignin
act as “radical catalysts.” Model studies of pCA show that it is readily
oxidized. However, the fact that it has not been observed to
oxidatively couple in muro has led to a model that oxidized p-
coumaryl esters rapidly pass radicals to sinapyl alcohols, thereby
facilitating lignin polymerization (Takahama and Oniki, 1994; Ralph,

OH

pCA

OH
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2010). For the lower abundance acylation by FA, the biological
functions are an open question.

BAHD acyl CoA transferases

We have gradually gained knowledge of enzymes responsible for
the incorporation of pCA and FA into grass cell walls on both GAX
polysaccharide and lignin. These proteins are all “BAHD” acyl-CoA
acyltransferases, a large enzyme family in plants that acylate
metabolites with CoA thioester donors named for the first four
activities described for this family (BEAT, AHCT, HCBT, and
DAT) (D'Auria, 2006). The BAHD family is divided into five
clades; Clade V includes quinate hydroxycinnamoyl transferase
(HCT) an enzyme in phenylpropanoid pathway for monolignol
synthesis. BAHD enzymes are known for their versatility (i.e., low
specificity) and often show activity with multiple acyl-CoA donors
and acceptors such that their activity in vivo might be dictated by
relative availability of substrates (D'Auria, 2006). They are also known
for examples of convergent evolution as BAHD enzymes from
different Clades can have the same activity (Luo et al., 2007).

Candidate BAHD enzymes for feruloylation
and p-coumarylation of GAX

Looking for candidate genes for addition of FA to GAX, Mitchell
et al. (2007) searched for genes that are highly expressed in grasses
while the most similar genes in dicots are much less expressed and differ
substantially in protein sequence, since feruloylation is abundant in
every grass tissue and absent in dicots. They found a small subclade of
BAHD genes that met these criteria in Clade V [Clade Va of Tuominen
et al. (2011)] and as acyl transferases these were postulated as involved
in feruloylation. Furthermore, some of these BAHD grass genes are co-
expressed with other genes responsible for GAX synthesis (Mitchell
et al.,, 2007; Molinari et al., 2013). To facilitate communication about
these grass BAHD acyltransferases, Bartley et al. (2013) called the group
of 20 rice genes the “Mitchell Clade” and identified subclade i and
subclade ii containing, Oryza sativa (Os) acyltransferases (AT), OsAT1-
OsAT10, and OsAT11-OsAT?20, respectively. Figure 4 shows subclade i
for selected model and economically relevant grass species. Alternative
names were proposed of the form BAHDO1-BAHD20 (Molinari et al.,
2013) and are used in some publications; here we show the equivalent
names in Figure 4 but will use the AT nomenclature in the text. As
discussed in greater detail below, grasses generally possess 8-10
subclade i ATs per haploid genome (Figures 4, 5). The function of
Mitchell subclade ii genes, which have undergone grass species-/tribe-
specific expansions/deletions (Karlen et al., 2016) remains unknown.
Due to the absence of studies about them and their generally low
expression (Bartley et al., 2013) we have excluded the subclade ii genes
from this review and use “Mitchell subclade” to refer exclusively to
subclade i.

There is now good evidence that several Mitchell subclade ATs are
indeed involved in acylation of GAX, as predicted; while others acylate
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monolignols. Genetic manipulation of the Mitchell subclade was first
achieved by Piston et al. (2010) by simultaneous downregulation
of OsAT7, OsAT8, OsAT9, and OsAT10 in rice which resulted in
decreased amounts of ester-linked FA in a cell-wall enriched fraction
from leaves. The authors observed 2- to 3-fold reductions in gene
expression of these ATs and an average of 20% reduction in cell wall
FA content in the leaves, but due to use of constructs targeting multiple
ATs could not determine which of the silenced genes were responsible
and did not demonstrate that the FA was attached to GAX. Bartley et al.
(2013) provided the first genetic evidence on single ATs involved in
addition of hydroxycinnamates to GAX. Using mild acidolysis to break
glycosidic bonds, they were able to show effects on a five-carbon sugar-
esterified hydroxycinnamates, likely Ara-pCA and Ara-FA, released from
rice cell walls (rather than saponification to release ester-linked FA and
PpCA from cell wall polymers, in general). They designated OsAT10 as a
putative p-coumaroyl CoA arabinofuranose transferase (PAT) since
overexpression of OsATI0, via an activation tagged line in rice
(OsATI10-DI), induced a 5-fold increase in pCA levels in young green
tissues. The observed increased saccharification yields, in the transgenic
line were possibly due to concomitant 50% decrease in FA linked to GAX
(Bartley et al., 2013). Since then, other studies also achieved several-fold
increases in pCA-GAX by heterologous expression of OsATI10 in
switchgrass (Li et al, 2018) and sorghum (Tian et al, 2021) and of
sugarcane ATI0 (ScAT10) in maize (Fanelli et al,, 2021). As in Bartley
et al. (2013) this was sometimes (Li et al., 2018; Fanelli et al., 2021), but
not universally, accompanied by a decrease in FA-AX. Assumed to be an
indirect effect, the mechanism of the alternating abundance of pCA-AX
and FA remains an open question. Since then, a complete knock out
mutants of OsAT10 in rice have been generated using CRISPR/Cas9 rice
plants, leading to an almost complete lack of pCA-GAX, which was
found to be most abundant in rice husks, compared to mature leaf and
stems, of wild-type plants (Moller et al, 2022). The gene edited AT10
lines also exhibited an increase in FA, but no differences in cell wall
composition or digestibility. Giving further support for the AT10 PAT
function across species, a natural allele of the ATI0 ortholog in barley
(HORVU7Hr1G085100; Figure 4), predicted to encode a defective
enzyme, has less ester-linked pCA and more ester-linked FA in grain
cell walls (Houston et al., 2020).

Genetic analysis has provided various strengths of support for several
ATs acting as putative feruloyl arabinofuranose transferases (FATS).
RNAI silencing of Brachypodium BAdATI showed an approximately
25% reduction in FA amounts and BdAT1 overexpression resulted in
an approximately 15% increase in FA in leaves and stems (Buanafina
et al, 2016). On the other hand, Mota et al. (2021) showed different
results, with RNAi suppression of SvATI, the Setaria viridis BAAT1
ortholog, decreasing pCA not FA on GAX. They therefore suggest that
BdAT1 and SvAT1 have differing specificities for pCA-CoA and FA-CoA
donors and conduct some protein structural modelling to support this.
The clearest evidence of FAT activity thus far, was obtained through
RNAi-based silencing of SYAT9 (SYBAHDOI) in Setaria resulting in a
60% decrease in FA-GAX with a significant increase pCA-GAX; whereas,
downregulation of OsAT9 ortholog in Brachypodium showed only small
effects on FA (de Souza et al., 2018). AT7 ortholog downregulation in
Brachypodium did not yield any significant changes in FA (Buanafina
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FIGURE 4

Phylogenetic reconstruction of Mitchell subclade of grass BAHD acyltransferases. Phylogenetic tree was generated by maximum likelihood method (Jones
et al,, 1992) using Mega X software (Kumar et al,, 2018) after multiple sequence alignment by MUSCLE (3.8). All sequences of rice genes (Os) originally
identified in Mitchell subclade (Bartley et al, 2013; Molinari et al,, 2013) and their orthologs in Brachypodium distachyon v3.1 (Bradi), Saccharum (Sh;
sequences from (de Souza et al., 2019), Hordeum vulgare (HORVU) and Panicum virgatum v5 (Pavir) are included. The rice HCT gene OsHCT1 Kim et al
(2012) [10] was used as an outgroup. The division of proteins into sub-groups (a-d) as in Karlen et al. (2016) is indicated on the right. Proteins that are
functionally characterized are as follows: [1] Buanafina et al. (2016), [2] (Sibout et al., 2016), [3] de Souza et al. (2019) [4] de Souza et al. (2018) [5] Bartley et al
(2013) [6] Houston et al. (2020), [7] Petrik et al. (2014), [8] Withers et al. (2012), [9] Karlen et al. (2016). Where assigned, enzyme activities are PMT p-Coumaryl
CoA Monolignol Transferase, FMT Feruloyl CoA Monolignol Transferase, PAT p-Coumaryl CoA Arabinoxylan Transferase. Numbers on tree nodes are
percentage bootstrap support; values <50 not shown. Scale bar indicates branch lengths measured in the number of substitutions per site.

et al, 2016), though preliminary evidence suggested that a rice T-DNA
insertion line for this gene has less leaf sheath FA (Bartley et al,, 2013). In
general, whilst genetic manipulation of ATs in grasses has achieved many
fold increases and abolition in some tissues of pCA-GAX, this has not
been reported for FA-GAX where the range of effects is narrower. This
may point to a critical functionality of FA-GAX in grass cell walls where
abolition would be lethal and large increases are difficult to achieve due to
tight regulation.
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BAHD enzymes acylate lignin monomers

Independent of the bioinformatics identification of the Mitchell
subclade as candidates for GAX feruloylation, other groups
established that some members of this subclade add pCA to lignin
by acylating monolignols. Withers et al. (2012) showed that OsAT4
functions in vitro as a pCA monolignol acyltransferase (PMT) that
transfers pCA from pCA-CoA onto H and S monolignols. The maize
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FIGURE 5

Taxonomy and expression profiles of Mitchell subclade acyltransferases. (A) Taxonomic distribution of ATs and their known and putative activities. Pie
charts indicate the proportion of species with orthologs to the Mitchell subclade OsAT genes and to two BAHD Clade V HCT genes encoding shikimate
O-hydroxycinnamoyl transferases, a key enzyme in the phenylpropanoid pathway expected to be present in all plants. All species have close orthologs to
HCT1 and/or HCT2 whereas only commelinid monocots have close orthologs to AT genes, which matches the taxonomic distribution of FA-GAX
indicated by the red rectangle. The species are all angiosperms with fully sequenced genomes present in Ensembl Plants release 54; close and remote
orthologs defined as reciprocal blastp top hits with bitscore > 400 and 300 respectively. Text colors indicated the subgroups in Figure 4. FAT indicates
likely feruloyl arabinose transferase; PAT indicates likely p-coumaryl arabinose acyltransferase; FMT indicates ferulate monolignol transferase; PMT
indicates p-coumarate monolignol transferase. Question marks indicate that existing evidence is contradictory or relatively weak. (B) AT expression
across the rice leaf gradient generated from the eFP (electronic fluorescent pictograph) browser of the Bio-Analytic Resource for Plant Biology (BAR), the
University of Toronto (Sullivan et al., 2019) using Wang et al. (2014a) leaf expression data. The rice leaf gradient includes the youngest tissue in the 1
segment and the oldest in the 11" segment with secondary cell wall (SCW) related expression peaking at segment 4.

ortholog of OsAT3 also shows PMT activity, and RNAi suppression of
the maize led to large decreases in pCA ester-linked to lignin (Marita
et al, 2014). The strongest line showed a reduction in S lignin.
Similarly, a complete knock-out mutant of BAPMTI, the
Brachypodium ortholog of OsAT3, had <0.5% pCA on mature
lignin; whereas pCA on GAX was unaffected. Conversely,
overexpression of BAPMTI boosted pCA-lignin above wild-type
levels (Petrik et al., 2014). Heterologous expression of BIPMTI and
BAdPMT2 (ortholog of OsAT8) in Arabidopsis, under the control of the
Arabidopsis cinnamate-4-hydroxylase promoter, introduced pCA
onto lignin, showing a gain of function since there is no pCA on
lignin in wild-type Arabidopsis (Sibout et al., 2016). Though not
focused on lignin modification, an early study found an enzyme from
the commelinid species, Musa sapientum (i.e., banana alcohol
acyltransferase, BanAAT), to have the highest activity on an
aromatic acceptor substrate (Beekwilder et al., 2004). In retrospect,
based on phylogenic analysis (Bartley et al., 2013), this enzyme is
likely a banana PMT.

BAHD enzymes that acylate monolignols with FA have also been
discovered. A feruloyl-monolignol transferase (FMT) from Chinese
angelica [Angelica sinensis (As), a dicotyledonous medicinal plant,
was heterologously expressed in hybrid poplar generating
monolignol-FAs that were incorporated into lignin polymers
(Wilkerson et al., 2014). The use of this activity to facilitate cell wall
deconstruction are discussed further below (see Biotechnological
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Applications). The AsFMT is in Clade III of the BAHD
superfamily, which is distant from the Mitchell subclade within
Clade V. Surprisingly, overexpression of OsAT5 in rice increased
feruloylated monolignols, suggesting that OsAT5 also encodes an
FMT (Karlen et al., 2016). Thus, ASFMT and OsFMT are the result of
convergent evolution, one of several examples in the BAHD family
(Luo et al., 2007). A recent discovery on substrate specificity was made
by Smith et al. (2022) looking at FMT and PMT enzymes from
sorghum (Sorghum bicolor) and switchgrass (Panicum virgatum) as
synthesized with wheat germ extract followed by in vitro
characterization. The FMT enzymes, including OsAT5, produced
both monolignol FA and monolignol pCA conjugates; whereas, the
PMT enzymes produced exclusively monolignol pCA conjugates. A
tolerance of differing acyl-CoA donors is another known feature of
many BAHD enzymes (D'Auria, 2006).

Taxonomic distribution and patterns of
expression of AT genes

The taxonomic distribution and expression of AT genes provide
functional clues and be used to identify other candidate genes involved
in the same processes for basic and applied purposes. Phylogenetic
analyses from selected grass species here (Figures 4, 5) and elsewhere
(Bartley et al. (2013); Karlen et al. (2016); de Souza et al. (2018); Fanelli
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etal. (2021)) shows that the Mitchell subclade ATs are highly conserved
in grasses. Here, we identified orthologs from a novel set of species to
better assess how their distribution compares that with that of FA and
PCA ester-linked GAX and lignin discussed above. The distribution of
orthologs of the Mitchell subclade ATs are shown in Figure 5 and their
corresponding demonstrated and putative activities noted. As outlined
above, FA-GAX is likely a fundamental feature of grass cell walls,
conferring a mode of cross-linking absent in cell walls of plants outside
of the commelinid monocots which plausibly represents a trait that
contributed to the evolutionary success of the grasses. Therefore, we
might expect the enzymes responsible to be highly conserved in all
grasses. Consistent with this, in fully sequenced genomes of 15 grasses,
all have clear orthologs to OsATI, OsAT2, OsAT3, OsAT6, OsATS,
OsAT9, and OsATI10 (Figure 5). Thus, genes demonstrated to be
responsible for acylation of GAX with FA and pCA and of lignin
with pCA in some grasses are conserved, suggesting conservation of
these functions across the Poaceae. Indeed, biochemical analysis of
sorghum and switchgrass orthologs of rice and Brachypodium
monolignol ATs, supports the notion that sequence conservation
indicates functional conservation, albeit with variation in enzymatic
parameters (Smith et al.,, 2022). However, the absence of conservation
of AT5 suggests that either the FMT activity may be dispensable, or
another AT may have this activity, either primarily or due to low
substrate specificity.

Looking more broadly across monocots, there are also clear
orthologs of Mitchell subclade ATs in non-grass commelinids
(Musa acuminata and Ananas comosus) of one member of each
enzyme group (a-d), i.e, OsAT1, OsAT3/4, OsAT6, OsAT9. The
occurrence of close orthologs thus matches the distribution of GAX
feruloylation, believed to be confined to commelinid monocots
(Harris and Trethewey, 2010). As described above, pCA-lignin
occurs in all commelinid monocots examined by Karlen et al.
(2018) but has also recently been reported in the eudicot mulberry
(Hellinger et al, 2022) but mulberry is not within set of eudicot
genomes used in Figure 5. None of analyzed species outside the
commelinid monocots encode close orthologs to the AT proteins, but
there are some remote orthologs to OsAT3 and OsAT9 detected in the
non-commelinid monocot, Dioscorea rotundata, and of OsAT3,
OsAT4, and OsAT7 and OsAT9 within eudicots. This suggests the
origin of Mitchell clade was a gene present in the common ancestor to
monocots and eudicots that underwent sequence divergence and gene
duplication first in commelinid moncocots and then further in
grasses, whereas the genes were lost in most eudicots.

The distribution of cell wall hydroxycinnamates is, however,
known to be broader than that of the Mitchell subclade genes.
Karlen et al. (2016) showed that whilst feruloylated lignin occurs in
all grasses tested, it is also detected in dicots like poplar, balsa, aspen,
red maple, Babylon willow, eucalyptus, hibiscus, and Angelica
sinensis. As those authors discussed, this is likely due to convergent
evolution of other unrelated BAHDs such as AsSFMT. FA also occurs
as a cross-linking moiety on pectin in cell walls of dicots in order
Caryophyllales, e.g. spinach (Fry, 1986), and FA and pCA have both
also been reported in primary cell walls of gymnosperms ester-linked
to an unknown component (Carnachan and Harris, 2000). Another
unrelated BAHD has recently been shown to be responsible for the
acylation of lignin with the phenolic acid p-hydroxybenzoate in
poplar (de Vries et al,, 2021; Zhao et al,, 2021). While convergent
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evolution of addition of hydroxycinnamates and similar phenolics to
cell wall polymers therefore appears widespread in seed plants, to-
date, hydroxycinnamates acylation of GAX appears to be confined to
commelinid monocots.

The Mitchell subclade ATs fall into four groups (a-d, Figure 4)
due to multiple small differences in sequence. Group ‘d’ contains the
studied hydroxycinnamate monolignol transferases (AT3, AT4, AT5)
and ‘C contains the apparent GAX-transferases (AT9 and ATI10).
Thus, enzymes within groups ‘d’ and ‘¢’ likely act on common
acceptor substrates, but varied CoA donors. The other two groups
contain less well- or un-characterized genes and furthermore, the
bootstrap support from the phylogenetic analysis does not position
group ‘@’ confidently relative to the others (Figure 4).

Gene expression data can hint at roles of ATs, particularly relative
to their function in synthesis of PCW and SCW in grasses. Figure 5B
illustrates Mitchell subclade AT gene expression in rice leaf [from
(Wang et al,, 2014a)] along a developmental gradient, from the
intercalary meristem at the leaf base (segment 1, on the left), an
elongation zone (segments 2 and 3), to the transition to SCW
formation [approximately segment 4, based on peak expression of
SCW-inducing transcription factors (Li et al, 2010)]. OsAT3 and
OsAT4, encoding the PMTs, possess similar profiles that peak just in
segments 2 and 3, respectively. Consistent with its assignment as
another PMT (Sibout et al., 2016), this is also the pattern of expression
for OsAT8 (group d), which shows the second highest transcript
abundance among the Mitchell subclade. On the other hand, OsAT9,
which shows the highest transcript abundance in the clade, is highest
in segment 1, where mostly PCW synthesis occurs, and continues to
be abundant until past the SCW peak. OsATI (group a), which has
also been tentatively assigned as a FAT (Buanafina et al., 2016), shows
a similar pattern. Potentially with implications for a particular
function of the pCA-GAX modification later in development,
OsATI0 displays the latest expression peak, at segment 4. By
contrast, consistent with a potential role in maintaining lignin
flexibility/lability early in development (i.e. in still elongating
vascular cells), putative FMT, OsAT5, which is among the lowest
expressed of the Mitchell subclade in the leaf, peaks early in
development. The uncharacterized ATs (OsAT2, OsAT6, and
OsAT7) all exhibit a similar double peak of expression, with an
initial peak in segments 1 or 2 and a second peak in segments 4 or
5, suggesting these genes might function in both PCW and SCW
synthesis (Lin et al., 2016).

Models for the mechanism of
incorporation of HCAs into
lignin and xylan

FA on GAX may derive from a different pool
of phenylpropanoids than pCA on lignin

The pCA-CoA and FA-CoA molecules that act as donors for the
ATs are metabolites within the phenylpropanoid pathway that
synthesizes monolignols. In grasses, recent evidence points to the
presence of two largely separate pCA-CoA pools derived from the two
phenylpropanoid pathway precursors phenylalanine and tyrosine
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Model of hydroxycinnamoylation of lignin and GAX in grasses. The model shows putative pathways for the synthesis of HCAs and monolignols and their
routes into the grass cell wall. The phenylalanine precursor-based primary phenylpropanoid pathway with early steps catalyzed by ER-localized enzymes
is highlighted in blue and the orange color represents the tyrosine precursor-based pathway; some enzymes (4CL, CAD, CCR, COMT) are shared

between these pathways but are shown separately for clarity. Dashed lines

UAFT as they have yet to be identified. y-acylated monolignols: S lignin — R1 = R2 = OMe, G lignin = R1 = OMe, R2 = H. Acyltransferases — PMT, p-
Coumaryl CoA Monolignol Transferase, FMT, Feruloyl CoA Monolignol Transferase; PAT, p-Coumaryl CoA Arabinoxylan Transferase; FAT, Feruloyl CoA
Araf transferase; Lignin biosynthetic enzymes — PAL — monofunctional Phenylalanine Ammonia-Lyase, PTAL, bifunctional Phenylalanine/Tyrosine
Ammonia-Lyase; C4H, Cinnamate 4-Hydroxylase; C3'H - 4, Coumaroyl Shikimate/Quinate 3-Hydroxylase, HCT - Hydroxycinnamoyl CoA Shikimate/
Quinate Hydroxycinnamoyl Transferase, 4CL - 4-Coumarate : CoA Ligase, F5H1, Ferulate 5-Hydroxylase; C3H - bifunctional 4-Coumarate 3-
Hydroxylase/Cytosolic Ascorbate Peroxidase, COMT - Caffeic Acid/5-Hydroxyferulic Acid 3/5-O-Methyltransferase, CSE, caffeoyl shikimate esterase;
CCoAOMT, caffeoyl CoA 3-O-methyltransferase; CCR, cinnamoyl CoA reductase; CAD - cinnamyl alcohol dehydrogenase; GAX related enzymes — UAM
— UDP-arabinose mutase, UAfT, UDP-Araf transporter; XHAT, xylan (hydroxycinnamoyl)-Araf transferase; ER, Endoplasmic reticulum.

(Barros et al., 2016; Wang et al., 2018; Simpson et al., 2021; Barros
et al,, 2022). Current thinking is that endoplasmic reticulum (ER)-
associated cytochrome P450 enzymes, C4H, C3'H, and F5H, form a
metabolon with the soluble enzymes, PAL, 4CL, HCT, facilitating
metabolic channeling (Winkel, 2004; Bassard et al., 2012; Gou et al,,
2018; Zhang et al,, 2022). (See the legend of Figure 6 for the enzyme
acronyms used here.) PTAL, a bifunctional enzyme, might also be
involved in metabolon formation with ER-associated enzymes. Initial
evidence for multiple pCA pools is the observation that PTAL’s
tyrosine ammonia-lyase activity provides half the total lignin in
Brachypodium stems, and wall-bound pCA with minimal
2016). Further,
downregulation of C3'H and F5H in rice decrease unacylated G/S-

contribution to wall-bound FA (Barros et al.,

lignin but do not alter amounts of p-coumaroylated G- or S-lignin;
C3'H downregulation also significantly decreases wall-bound FA
(Takeda et al., 2017; Takeda et al., 2018; Takeda et al., 2019). Thus,
one explanation for the observation that unacylated monolignols and
FA on GAX and pCA-monoligols appear to require different enzymes,
is that there are separate pCA pools, though other explanations, such
, 2012), is possible.

Figure 6 summarize a model, which remains to be tested, of

as metabolic compensatation (Vanholme et al.

separate tyrosine and phenyalanine-derived hydroxycinnmate pools
and partially distinct cell wall products. When tyrosine enters as a
substrate to the PTAL, the product, pCA, is not utilized by C4H and
hence escapes into the cytosol avoiding the initial metabolon
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are our speculations. Question marks are added for the cytosolic F5H and

channel. The pool of “escaped” pCA is utilized by the cytosolic
enzymes C3H, COMT, 4CL, CCR, and CAD to produce a part of
pCA-CoA, FA-CoA,
monolignols. [C3H is a recently discovered cytosolic enzyme that

and y-hydroxycinnamoyl acylated

directly catalyzes the 3-hydroxylation of 4-coumarate to caffeate,
bypassing the previously known shikimate shunt involving C3'H
and HCT (Barros et al., 2019)]. A part of the pCA-CoA and FA-CoA
produced from the “escaped pCA” enters back to the monolignol
pathway, which is supported both by the results with the PTAL
mutant and the observation that heavy atom labeled tyrosine
feeding studies in sorghum do result in labeled p-coumaryl
2021). Thus, these recaptured
hydroxycinnamates can contribute to producing minor amounts
of FA-CoA, utilized by FATs to substitute FA on GAX. In contrast,
the phenylalanine precursor-based PAL/PTAL-ER-associated

shikimate (Simpson et al.,

enzymes contribute to a major part of cell-wall-associated
monolignols, FA-CoA, and p-CA-CoA which are utilized by FATs
and PATSs to decorate GAX. Recently, loss-of-function of two rice
4CL homologs, Os4CL3 and Os4CL4, differentially altered non-
2022,

indicating divergent roles of 4CL protein isoforms and providing

acylated and acylated monolignol content (Afifi et al,

further support for the model. A final step of lignin acylation, it was
recently hypothesized that monolignol-FA and monolignol-pCA are
synthesized in the cytosol and exported into the cell wall by the same
simple diffusion mechanism as monolignols (Vermaas et al., 2019).
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Mechanisms of hydroxycinnamoyl
incorporation onto arabinoxylans

Figure 6 also illustrates a plausible model for how Mitchell
subclade ATs can be responsible for FA and pCA incorporation
into arabinoxylans (AX). Biosynthesis of AX is carried out by
glycosytransferases confined to the Golgi lumen where IRX9 and
IRX10 proteins participate in a xylan synthase complex (Zeng et al.,
2016) and grass XAT proteins mediate Araf decoration (Anders et al.,
2012). However, the BAHD ATs are known to be cytosolic, as
expected from their sequences which lack transmembrane domains
and secretory pathway sequences. In addition, their
hydroxycinnamoyl-CoA substrates are cytosolic and not known to
occur in the Golgi lumen. Therefore, it seems that F/PATs must
acylate a cytosolic precursor to AX synthesis just as P/FMTs acylate
cytosolic lignin precursors. This conclusion can also explain the
apparently surprising early result that feruloylation activity was
found in the cytosolic fraction, not the membrane fraction, of rice
cell cultures (Yoshida-Shimokawa et al. (2001); the Araf-Xylp-Xylp
acceptor used there is presumably not the natural one but is
sufficiently close to be recognized by an endogenous FAT).

The obvious candidate for the natural cytosolic AX precursor is
UDP-B-L-arabinofuranose (UDP-Araf) since the UDP-arabinose
mutase (UAM) responsible for its generation is localized outside
the Golgi lumen, either in the cytsosol or to the Golgi perihpheral
region (Konishi et al., 2011; Rautengarten et al., 2011). This is believed
to be the last cytosolic step, and UDP-Araf would then be transported
by a nucleotide sugar transporter (UAfT) into the Golgi lumen.
Therefore, the simplest model is that cytosolic BAHD ATs catalyze
the acylation of UDP-Araf to give UDP-Araf-FA/pCA as
intermediates (Figure 6). However, these putative products have not
been identified despite targeted searches in grass tissues. One
possibility is that these metabolites are only stable when bound to
proteins, being generated by the action of ATs on UDP-Araf whilst
this is still bound to UAM before it is transferred to the UAfT
transporter (Hatfield et al, 2017). A protein complex involving both
UAM and AT localized to Golgi periphery has been postulated
(Hatfield et al., 2017) but proteomics from Brachypodium callus
suggest that whereas UAM occurs both in peripheral and cytosolic
fractions, ATs occur only in cytosol (JF and RACM, unpublished).
One possibility is that UAM with bound UDP-Araf shuttles from the
Golgi periphery to the cytosol where acylation of UDP-Araf occurs
before returning to the periphery to engage with UAfT. This
transporter could be similar to known UDP-Araf transporters
(Rautengarten et al., 2017) with variation that permits the FA/pCA
modification, which are small in comparison to UDP. Sharing most of
the machinery for generating FA and pCA acylated UDP-Araf could
also explain the apparent trade off in abundance of FA- and pCA-
GAX in many experiments on different grass species when PAT or
FAT expression is modified.

This model also necessitates a Golgi-localized GT enzyme to attach
FA/pCA-Araf to the growing xylan molecule i.e. a xylan
(hydroxcinnamoyl)-Araf transferase (XHAT; Figure 6). Addition of
non-acylated Araf to xylan is mediated by grass-specific enzymes in GT
family 61 (Anders et al., 2012) and it was reported that a closely related
GT61 enzyme was responsible for addition of a xylosyl residue to GAX,
so this enzyme was named XAX1 (Chiniquy et al, 2012). However
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more recent LC-MS analysis of sugar products released by mild acid
treatment from the rice xaxI mutant suggests that XAX1 functions in
the transfer of hydroxycinnamoyl-Araf to xylan, as all FA-Araf and
PpCA-Araf decorations of GAX were decreased in the mutant compared
with the wild type (Feijao et al., 2022). This study therefore provides
strong evidence that XAX1 is an XHAT responsible for the
incorporation of FA/pCA-Araf onto xylan in the Golgi lumen.

Overall, the models in Figure 6 highlight the similarity of action of
PMT/FMT and FAT/PAT in acylating hydroxyl groups on,
respectively, monolignols and the Araf sugar in the cytosol,
consistent with their similar primary sequences. Structural studies
of these enzymes are required to understand the factors determining
their specificities for acceptor and donor substrates.

Catalytic mechanisms of Mitchell
subclade acyltransferases

The major conserved domain shared by BAHD family enzymes
contains a HXXXDG motif, located near the center portion of each
enzyme, with the second highly conserved region being the DFGWG
motif, located near the C-terminus (D'Auria, 2006). The first crystal
structure of a BAHD enzyme, vinorine synthase, was obtained by Ma
et al. (2005), making a large contribution to understanding the
function of conserved domains that are shared among BAHD
family members. In general, the proposed catalytic mechanism
involves the histidine residue in the HXXXDG motif, which
deprotonates the oxygen or nitrogen atom on the corresponding
acceptor substrate, allowing a nucleophilic attack on the carbonyl
carbon of the CoA thioester donor, which in turn forms a tetrahedral
intermediate between the CoA thioester and the acceptor substrate.
This intermediate is then reprotonated, giving rise to free CoA and
the acylated ester or amide. This general catalytic mechanism has
however not yet been confirmed for Mitchell subclade ATs, but
generalized forms of bot motifs do occur as HXXXDG and DI[FY]
GXG motifs in them. Although no experimental structures have been
reported for the Mitchell clade ATs, the convergently evolved AsSFMT
structure has been solved (Liu et al., 2022). The authors showed
several unique structural features of AsFMT compared to other
BAHD homologs, and molecular docking studies suggest that T375
in AsFMT may function as an oxyanion hole to stabilize the reaction
intermediate. These studies also proposed a role of H278 in the
binding of the nucleophilic hydroxyl group of monolignols.

Biotechnological applications

Mature plant biomass, composed principally of SCWs and
therefore termed lignocellulosic biomass, is a promising feedstock
for production of next-generation fuels and chemicals that can
replace fossil carbon sources thereby reducing greenhouse gas
emissions (Farrell et al., 2006; Fargione et al., 2008; Schmer et al.,
2008; Chundawat et al.,, 2011). To be economically and
environmentally viable, this biomass can be non-food residues of
crops (sugarcane bagasse, corn stover, paper mill waste and cereal
straw) or from dedicated energy crops grown with minimal inputs.
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However, the cost and inefficiency of depolymerizing polysaccharides
to fermentable sugars, also known as cell wall recalcitrance, are
important impediments to large-scale lignocellulosic biofuel
production (Lynd et al., 2008).

Manipulation of acylation of SCW polymers with ferulate, in
particular, is a promising approach to improve the digestibility of
biomass because it combines ester links with capacity for oxidative
coupling, with opposite direction of effects depending on the polymer
context. Feruloylation of GAX in grasses cross-links xylan strands to
each other and to lignin, increasing recalcitrance. Conversely
acylation of monolignols with ferulate results in the introduction of
alkali-labile ester bonds into the body of the lignin polymer
improving ease of saccharification, a technology referred to as “Zip-
lignin”, by Ralph and colleagues (Wilkerson et al., 2014). Therefore,
decreasing feruloylation of GAX in grass biomass and introducing or
boosting feruloylation of monolignols in important biomass crops
such as poplar are both promising biotechnological approaches.

Decreasing feruloylation in grass biomass

The AT genes that modify GAX represent promising targets to
improve the suitability of grass lignocellulosic biomass for biofuel
production. Since FA on GAX is believed to be the main means by
which polysaccharide is cross-linked to lignin, grass SCW FA amounts
are therefore a key to recalcitrance. Suppression of the putative FAT-
encoding SYBAHDO1/SvAT?9 in the model grass Setaria viridis resulted
in a ~40% increases in ease of digestion of cell wall polysaccharides into
sugars in the modified plants compared with the wild type (de Souza
et al, 2018). Similarly, suppression of the ortholog in sugarcane
(ScBAHDO1/ScAT9) improved the digestibility of sugarcane straw by
approximately 20% after Organosolv pretreatment, compared to non-
transformed plants (de Souza et al,, 2019). These results are exciting
because sugarcane (Saccharum spp.) covers vast areas of land (around
25 million ha worldwide), and its processing is already linked into
infrastructure for producing bioethanol in many countries, especially in
Brazil. Furthermore, sugarcane straw and bagasses are the main
industrial residues after sugarcane processing (Menandro et al,
2017). Also, the Organosolv process involves the use of an organic
liquid and water to partially hydrolyze lignin bonds and lignin-
carbohydrate bonds, resulting in a solid residue consisting of mainly
cellulose and some hemicellulose (Zhao et al., 2009). Thus, the biomass
of suppressed ScBAHDOI1/ScAT9 plants combined with Organosolv
pretreatment is an interesting approach to be incorporated in the
sugarcane industry for bioethanol production (de Souza et al., 2019). In
addition, the reduction in FA-AX that often accompanies increases in
pCA-AX due to altered expression of PATs in grasses, has been
accompanied by a 10 to 40% increase in saccharification depending
on the assay conditions. Thus, PAT enzymes like AT10 are also an
attractive biotechnological target (Bartley et al., 2013; Li et al., 2018;
Mota et al., 2021).

Recently, the world’s first CRISPR-edited sugarcane plants, the so-
called Flex I and Flex II sugarcane, were reported (Brazilian Agricultural
Research Corporation, 2021). Both Flex I and Flex II plants have
CRISPR/Cas9-edited AT genes, and these sugarcane varieties presented
higher cell wall digestibility and higher concentration of sucrose in plant
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tissues, respectively. The precise acyltransferase genes that were edited in
these plants were not revealed, but both varieties have decreased levels of
ferulate in the cell wall. Moreover, these CRISPR-edited plants were
considered non-transgenic by the Brazilian National Technical
Commission on Biosafety, representing an important step towards the
use of this modified biomass by the bioethanol industry, as edited plants
lacking foreign DNA can bypass the costly process of genetically
modified-crop regulation.

Zip-lignin (feruloyl lignin) and other lignin
hydroxycinnamates

Feruloyl lignin, i.e., lignin containing feruloyl monolignol conjugates
(ML-FAs), facilitates depolymerization of lignin polymers by industrial
processes due to the introduction of mild base-labile ester bonds into the
lignin polymer. Early work on this technology revealed that
incorporation of synthetic coniferyl ferulate into lignin of cell cultures
enhanced alkaline delignification and enzymatic hydrolysis (Grabber
et al.,, 2008; Ralph, 2010). Wilkerson et al. (2014) then introduced the
Chinese angelica feruloyl-monolignol transferase (AsFMT) to poplar to
generate ML-FAs that were incorporated into lignin polymers. The
resulting biomass presented improved saccharification after mild base
pretreatment (Wilkerson et al, 2014). The generation of the “zip-
lignins” can be achieved either through a linear linkage, by extending
the polymer chain, or by crosslinking two lignin polymers, as
demonstrated elsewhere (Ralph, 2010; Rencoret et al, 2013; Lu et al,,
2015; Smith et al., 2015; Kaal et al,, 2018). Both biophysical and chemical
changes in cell wall accessibility have been observed due to the
introduction of ML-FAs in poplar lignin (Shen et al, 2019). As
discussed above, FMT activity has also been demonstrated for AT5s
in grasses (Karlen et al, 2016). One way to boost the effect of this
endogenous enzyme was demonstrated in maize by suppression of the
first lignin specific biosynthetic enzyme, cinnamoyl-CoA reductase
(CCR) resulting in an increase in the intercellular pool of feruloyl-
CoA and in ML-FAs and an overall decrease in lignin content thereby
enhancing the digestibility of stem rind tissue (Smith et al, 2017).
Similarly, ectopic expression of PMT genes increased saccharification
yields under some reaction pretreatment conditions both in
Brachypodium (Petrik et al., 2014) and via heterologous expression in
Arabidopsis (Sibout et al., 2016). The mechanism could be due to the
tendency of pCA-acylated monolignols to end lignin polymerization and
not be included within the lignin polymer, consistent with the greater
alkali solubility of Arabidopsis lignin esterified with pCA (Sibout et al.,
2016). These results show that ML-hydroxycinnamate conjugates are a
promising means for engineering bioenergy crops and waste streams of
mainstream crops by conferring low-cost lignin breakdown and
separation for biorefining applications.

Other biotechnological applications

Grains with increased feruloylated arabinoxylans are emerging as
a potential multifunctional food and hydroxycinnamates themselves
are being used as precursors for material applications. Some have
reported that the presence of ferulic acid on the AX can contribute to
antioxidant, anticancer and prebiotic properties (Srinivasan et al.,
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2007; Snelders et al,, 2014). In addition, the cross-linking of FA-AX
can form covalently linked gels with potential as drug delivery
systems with anticancer or antioxidant properties (Mendez-Encinas
et al,, 2018). Recently, a study demonstrated the optimization of FA-
AX isolation from wheat bran at a pilot scale using subcritical water
extraction, demonstrating the feasibility of multifunctional FA-AX-
based products for food and material applications in industrial scale
(Rudjito et al., 2019). Furthermore, hydroxycinnamates in pure or
mixed forms are themselves being used in higher value applications.
For example, bacteria have been engineered to use HCAs to
synthesize muconic acid (Johnson et al, 2016), a precursor of
nylon. Techno-economic analyses indicate the value of engineering
biomass to predominantly (>80%) produce only a single
hydroxycinnamate for use as a high-value precursor (Karlen et al,
2020). Therefore, the manipulation of AT genes in different plant
species can improve not only the production of biofuels but may also
prove important for food and pharmaceutical applications.

Outstanding questions

This review has highlighted some clear gaps in our knowledge
that could be the focus of future research.
For plant science discovery:

* What is the acceptor molecule for ATs responsible for
addition of FA and pCA to xylan and the pathway for their
incorporation?

* Can experimental structural determination of AT enzymes
and molecular docking studies explain their acceptor and
donor substrate specificities?

* Evidence suggests that GAX-FA plays a key role in cross-
linking between xylan chains and from xylan to lignin in grass
cell walls; how is this cross-linking controlled?

*  What are activities of the uncharacterized Mitchell subclade i
and subclade ii ATs?

e What is the function (fitness advantage) of xylan p-
coumarylation, lignin p-coumarylation and lignin

feruloylation in commelinids?

For biotechnology applications it seems likely there are limits to
manipulation of ATs before negative side effects occur:
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potentially lead to the greater utilization of biomass and
hydroxycinnamates themselves in the bio-economy.

Author contributions

RM, CZ, WS, LB, and NC wrote the manuscript. NC and RM made
the figures. LB, RM, WS, and NC revised the text and figures. All authors
contributed to the article and approved the submitted version.

Funding

LB and NC'’s contributions were supported by US-DOE-BER award
DE-SC0021126 and USDA-NIFA Hatch project #1015621. WS
contributions were supported by Fapesp award Proc. 2019/04878-7. JF
and RM contributions supported by UK BBSRC award BB/K007599/1.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Barros, J., Serrani-Yarce, J. C., Chen, F., Baxter, D., Venables, B. ., and Dixon, R. A.
(2016). Role of bifunctional ammonia-lyase in grass cell wall biosynthesis. Nat. Plants 2
(6), 16050. doi: 10.1038/nplants.2016.50

Barros, J., Shrestha, H. K,, Serrani-Yarce, J. C., Engle, N. L., Abraham, P. E., Tschaplinski,
T.J., et al. (2022). Proteomic and metabolic disturbances in lignin-modified brachypodium
distachyon. Plant Cell 34 (9), 3339-3363. doi: 10.1093/plcell/koac171

Bartley, L. E., Peck, M. L., Kim, S. R., Ebert, B., Manisseri, C., Chiniquy, D. M, et al.
(2013). Overexpression of a BAHD acyltransferase, OsAtl0, alters rice cell wall
hydroxycinnamic acid content and saccharification. Plant Physiol. 161 (4), 1615-1633.
doi: 10.1104/pp.112.208694

Bassard, J. E., Richert, L., Geerinck, J., Renault, H., Duval, F., Ullmann, P., et al. (2012).
Protein-protein and protein-membrane associations in the lignin pathway. Plant Cell 24
(11), 4465-4482. doi: 10.1105/tpc.112.102566

frontiersin.org


https://doi.org/10.1093/plphys/kiac450
https://doi.org/10.1093/plphys/kiac450
https://doi.org/10.1002/bbb.76
https://doi.org/10.1073/pnas.1115858109
https://doi.org/10.1073/pnas.1115858109
https://doi.org/10.1038/s41467-019-10082-7
https://doi.org/10.1038/nplants.2016.50
https://doi.org/10.1093/plcell/koac171
https://doi.org/10.1104/pp.112.208694
https://doi.org/10.1105/tpc.112.102566
https://doi.org/10.3389/fpls.2022.1088879
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Chandrakanth et al.

Beekwilder, J., Alvarez-Huerta, M., Neef, E., Verstappen, F. W., Bouwmeester, H. J.,
and Aharoni, A. (2004). Functional characterization of enzymes forming volatile esters
from strawberry and banana. Plant Physiol. 135 (4):1865-1878. doi: 10.1104/
pp.104.042580

Boerjan, W, Ralph, J., and Baucher, M. (2003). Lignin biosynthesis. Annu. Rev. Plant
Biol. 54, 519-546. doi: 10.1146/annurev.arplant.54.031902.134938

Brazilian Agricultural Research Corporation (2021) Embrapa. Available at: https://
www.embrapa.br/en/busca-de-noticias/-/noticia/66969890/brazilian-science-develops-
first-non-gm-gene-edited-sugarcane-of-the-world.

Buanafina, M. M. (2009). Feruloylation in grasses: current and future perspectives. Mol.
Plant 2 (5), 861-872. doi: 10.1093/mp/ssp067

Buanafina, M. M., Fescemyer, H. W., Sharma, M., and Shearer, E. A. (2016).
Functional testing of a PF02458 homologue of putative rice arabinoxylan feruloyl
transferase genes in brachypodium distachyon. Planta 243 (3), 659-674. doi: 10.1007/
500425-015-2430-1

Bunzel, M., Heuermann, B., Kim, H., and Ralph, J. (2008). Peroxidase-catalyzed
oligomerization of ferulic acid esters. J. Agric. Food Chem. 56 (21), 10368-10375.
doi: 10.1021/jf801825z

Bunzel, M., Ralph, J., Kim, H., Lu, F., Ralph, S. A., Marita, J. M., et al. (2003). Sinapate
dehydrodimers and sinapate-ferulate heterodimers in cereal dietary fiber. J. Agric. Food
Chem. 51 (5), 1427-1434. doi: 10.1021/jf020910v

Carnachan, S. M., and Harris, P. J. (2000). Ferulic acid is bound to the primary cell
walls of all gymnosperm families. Biochem. Syst. Ecol. 28 (9), 865-879. doi: 10.1016/s0305-
1978(00)00009-0

Chiniquy, D., Sharma, V., Schultink, A., Baidoo, E. E., Rautengarten, C., Cheng, K.,
et al. (2012). XAXI from glycosyltransferase family 61 mediates xylosyltransfer to rice
xylan. Proc. Natl. Acad. Sci. 109 (42), 17117-17122. doi: 10.1073/pnas.1202079109

Chundawat, S. P. S., Beckham, G. T., Himmel, M. E., and Dale, B. E. (2011).
Deconstruction of lignocellulosic biomass to fuels and chemicals. Annu. Rev. Chem.
Biomol. Eng. 2 (1):121-145. doi: 10.1146/annurev-chembioeng-061010-114205

D'Auria, J. C. (2006). Acyltransferases in plants: a good time to be BAHD. Curr. Opin.
Plant Biol. 9 (3), 331-340. doi: 10.1016/j.pbi.2006.03.016

David, K., and Ragauskas, A. J. (2010). Switchgrass as an energy crop for biofuel
production: A review of its ligno-cellulosic chemical properties. Energy Environ. Sci. 3 (9),
1182-1190. doi: 10.1039/B926617H

de Oliveira, D. M., Finger-Teixeira, A., Mota, T. R, Salvador, V. H., Moreira-Vilar, F.
C., Molinari, H. B., et al. (2015). Ferulic acid: a key component in grass lignocellulose
recalcitrance to hydrolysis. Plant Biotechnol. J. 13 (9), 1224-1232. doi: 10.1111/pbi.12292

de Souza, W. R., Martins, P. K., Freeman, J., Pellny, T. K., Michaelson, L. V., Sampaio,
B. L., etal. (2018). Suppression of a single BAHD gene in setaria viridis causes large, stable
decreases in cell wall feruloylation and increases biomass digestibility. New Phytol. 218
(1), 81-93. doi: 10.1111/nph.14970

de Souza, W. R,, Pacheco, T. F., Duarte, K. E., Sampaio, B. L., de Oliveira Molinari, P.
A., Martins, P. K, et al. (2019). Silencing of a BAHD acyltransferase in sugarcane
increases biomass digestibility. Biotechnol. Biofuels 12, 111-111. doi: 10.1186/s13068-019-
1450-7

de Vries, L., MacKay, H. A., Smith, R. A., Mottiar, Y., Karlen, S. D., Unda, F,, et al.
(2021). pHBMT1, a BAHD-family monolignol acyltransferase, mediates lignin acylation
in poplar. Plant Physiol. 188 (2), 1014-1027. doi: 10.1093/plphys/kiab546

Duan, P., Kaser, S. J., Lyczakowski, J. ., Phyo, P., Tryfona, T., Dupree, P., et al. (2021).
Xylan structure and dynamics in native brachypodium grass cell walls investigated by
solid-state NMR spectroscopy. ACS Omega 6 (23), 15460-15471. doi: 10.1021/
acsomega.1c01978

Fanelli, A., Rancour, D. M,, Sullivan, M., Karlen, S. D., Ralph, J., Riafio-Pachon, D. M.,
et al. (2021). Overexpression of a sugarcane BAHD acyltransferase alters
hydroxycinnamate content in maize cell wall. Front. Plant Sci. 12, 626168. doi:
10.3389/fpls.2021.626168

Fargione, J., Hill, J., Tilman, D., Polasky, S., and Hawthorne, P. (2008). Land clearing
and the biofuel carbon debt. Science 319 (5867), 1235-1238. doi: 10.1126/science.1152747

Farrell, A. E., Plevin, R. J., Turner, B. T., Jones, A. D., O'Hare, M., and Kammen, D. M.
(2006). Ethanol can contribute to energy and environmental goals. Science 311 (5760),
506-508. doi: 10.1126/science.1121416

Feijao, C., Morreel, K., Anders, N., Tryfona, T., Busse-Wicher, M., Kotake, T., et al.
(2022). Hydroxycinnamic acid-modified xylan side chains and their cross-linking
products in rice cell walls are reduced in the xylosyl arabinosyl substitution of xylan 1
mutant. Plant J. 109 (5), 1152-1167. doi: 10.1111/tpj.15620

Fry, S. C. (1986). Cross-linking of matrix polymers in the growing cell walls of
Angiosperms. Annu. Rev. Plant Biol. 37, 165-186.

Gao, Y., Lipton, A. S., Wittmer, Y., Murray, D. T., and Mortimer, J. C. (2020). A grass-
specific cellulose-xylan interaction dominates in sorghum secondary cell walls. Nat.
Commun. 11 (1), 6081. doi: 10.1038/s41467-020-19837-z

Gou, M, Ran, X,, Martin, D. W., and Liu, C.-J. (2018). The scaffold proteins of lignin
biosynthetic cytochrome P450 enzymes. Nat. Plants 4 (5), 299-310. doi: 10.1038/s41477-
018-0142-9

Grabber, J. H., Hatfield, R. D., Lu, F.,, and Ralph, J. (2008). Coniferyl ferulate

incorporation into lignin enhances the alkaline delignification and enzymatic
degradation of cell walls. Biomacromolecules 9 (9), 2510-2516. doi: 10.1021/bm800528f

Frontiers in Plant Science

13

10.3389/fpls.2022.1088879

Grabber, J. H., Hatfield, R. D., and Ralph, J. (1998). Diferulate cross-links impede the
enzymatic degradation of non-lignified maize walls. J. Sci. Food Agric. 77 (2), 193-200.
doi: 10.1002/(SICI)1097-0010(199806)77:2<193::AID-JSFA25>3.0.CO;2-A

Grabber, J. H,, Ralph, J., and Hatfield, R. D. (2002). Model studies of ferulate-coniferyl
alcohol cross-product formation in primary maize walls: implications for lignification in
grasses. J. Agric. Food Chem. 50 (21), 6008-6016. doi: 10.1021/jf0205312

Harris, P. J., and Trethewey, J. A. K. (2010). The distribution of ester-linked ferulic acid
in the cell walls of angiosperms. Phytochem. Rev. 9 (1):19-33. doi: 10.1007/s11101-009-
9146-4

Hatfield, R. D., Ralph, J., and Grabber, J. H. (1999). Cell wall cross-linking by ferulates
and diferulates in grasses. J. Sci. Food Agric. 79 (3), 403-407. doi: 10.1002/(SICI)1097-
0010(19990301)79:3<403::AID-JSFA263>3.0.CO;2-0

Hatfield, R. D., Rancour, D. M., and Marita, J. M. (2017). Grass cell walls: A story of
cross-linking. Front. Plant Sci. 7. doi: 10.3389/fpls.2016.02056

Hellinger, J., Kim, H., Ralph, J., and Karlen, S. D. (2022). P-coumaroylation of lignin
occurs outside of commelinid monocots in the eudicot genus morus (mulberry). Plant
Physiol. doi: 10.1093/plphys/kiac485

Houston, K., Learmonth, A., Hassan, A. S., Lahnstein, J., Looseley, M., Little, A., et al.
(2020). The p-coumaroyl arabinoxylan transferase HvAT10 underlies natural variation in
whole-grain cell wall phenolic acids in cultivated barley. bioRxiv 2020, 2012.2021.423816.
doi: 10.1101/2020.12.21.423816

Hyde, L. S., Pellny, T. K., Freeman, J., Michaelson, L. V., Simister, R., McQueen-Mason,
S. J., et al. (2018). Response of cell-wall composition and RNA-seq transcriptome to
methyl-jasmonate in brachypodium distachyon callus. Planta 248 (5), 1213-1229.
doi: 10.1007/s00425-018-2968-9

Ishii, T. (1997). Structure and functions of feruloylated polysaccharides. Plant Sci. 127
(2), 111-127. doi: 10.1016/S0168-9452(97)00130-1

Johnson, K. L., Cassin, A. M., Lonsdale, A., Wong, G. K.-S,, Soltis, D. E., Miles, N. W.,
et al. (2017). Insights into the evolution of hydroxyproline-rich glycoproteins from 1000
plant transcriptomes. Plant Physiol. 174 (2), 904-921. doi: 10.1104/pp.17.00295

Johnson, C. W, Salvachua, D., Khanna, P., Smith, H., Peterson, D. J., and Beckham, G.
T. (2016). Enhancing muconic acid production from glucose and lignin-derived aromatic
compounds via increased protocatechuate decarboxylase activity. Metab. Eng. Commun.
3, 111-119. doi: 10.1016/j.meteno.2016.04.002

Jones, D. T., Taylor, W. R,, and Thornton, J. M. (1992). The rapid generation of
mutation data matrices from protein sequences. Comput. Appl. Biosci. 8 (3), 275-282.
doi: 10.1093/bioinformatics/8.3.275

Kaal, J., Serrano, O., del Rio, J. C., and Rencoret, J. (2018). Radically different lignin
composition in posidonia species may link to differences in organic carbon sequestration
capacity. Org. Geochem. 124, 247-256. doi: 10.1016/j.orggeochem.2018.07.017

Kang, X., Kirui, A., Dickwella Widanage, M. C., Mentink-Vigier, F., Cosgrove, D. J.,
and Wang, T. (2019). Lignin-polysaccharide interactions in plant secondary cell walls
revealed by solid-state NMR. Nat. Commun. 10 (1), 347. doi: 10.1038/s41467-018-08252-
0

Karlen, S. D., Fasahati, P., Mazaheri, M., Serate, J., Smith, R. A., Sirobhushanam, S.,
et al. (2020). Assessing the viability of recovery of hydroxycinnamic acids from
lignocellulosic biorefinery alkaline pretreatment waste streams. ChemSusChem 13 (8),
2012-2024. doi: 10.1002/cssc.201903345

Karlen, S. D., Free, H. C. A., Padmakshan, D., Smith, B. G, Ralph, J., and Harris, P. J.
(2018). Commelinid monocotyledon lignins are acylated by p-coumarate. Plant Physiol.
177 (2), 513-521. doi: 10.1104/pp.18.00298

Karlen, S. D., Zhang, C., Peck, M. L., Smith, R. A., Padmakshan, D., Helmich, K. E.,
et al. (2016). Monolignol ferulate conjugates are naturally incorporated into plant lignins.
Sci. Adv. 2 (10), e1600393. doi: 10.1126/sciadv.1600393

Kim, I. A.,, Kim, B. G., Kim, M., and Ahn, J. H. (2012). Characterization of
hydroxycinnamoyltransferase from rice and its application for biological synthesis of
hydroxycinnamoyl glycerols. Phytochemistry 76, 25-31. doi: 10.1016/
j.phytochem.2011.12.015

Konishi, T., Aohara, T., Igasaki, T., Hayashi, N., Miyazaki, Y., Takahashi, A., et al.
(2011). Down-regulation of UDP-arabinopyranose mutase reduces the proportion of
arabinofuranose present in rice cell walls. Phytochemistry 72 (16), 1962-1968.
doi: 10.1016/j.phytochem.2011.07.012

Kumar, S., Stecher, G., Li, M., Knyaz, C., and Tamura, K. (2018). MEGA X: Molecular
evolutionary genetics analysis across computing platforms. Mol. Biol. Evol. 35 (6), 1547-
1549. doi: 10.1093/molbev/msy096

Lapierre, C., Voxeur, A., Boutet, S., and Ralph, J. (2019). Arabinose conjugates
diagnostic of ferulate-ferulate and ferulate-monolignol cross-coupling are released by
mild acidolysis of grass cell walls. J. Agric. Food Chem. 67 (46), 12962-12971. doi: 10.1021/
acs.jafc.9b05840

Li, G., Jones, K. C., Eudes, A., Pidatala, V. R., Sun, J., Xu, F, et al. (2018).
Overexpression of a rice BAHD acyltransferase gene in switchgrass (Panicum virgatum
1.) enhances saccharification. BMC Biotechnol. 18 (1), 54. doi: 10.1186/s12896-018-0464-8

Lin, F., Manisseri, C., Fagerstrom, A., Peck, M. L., Vega-Sanchez, M. E., Williams, B.,
etal. (2016). Cell wall composition and candidate biosynthesis gene expression during rice
development. Plant Cell Physiol. 57 (10), 2058-2075. doi: 10.1093/pcp/pcw125

Li, P., Ponnala, L., Gandotra, N., Wang, L., Si, Y., Tausta, S. L., et al. (2010). The
developmental dynamics of the maize leaf transcriptome. Nat. Genet. 42 (12), 1060-1067.
doi: 10.1038/ng.703

frontiersin.org


https://doi.org/10.1104/pp.104.042580
https://doi.org/10.1104/pp.104.042580
https://doi.org/10.1146/annurev.arplant.54.031902.134938
https://www.embrapa.br/en/busca-de-noticias/-/noticia/66969890/brazilian-science-develops-first-non-gm-gene-edited-sugarcane-of-the-world
https://www.embrapa.br/en/busca-de-noticias/-/noticia/66969890/brazilian-science-develops-first-non-gm-gene-edited-sugarcane-of-the-world
https://www.embrapa.br/en/busca-de-noticias/-/noticia/66969890/brazilian-science-develops-first-non-gm-gene-edited-sugarcane-of-the-world
https://doi.org/10.1093/mp/ssp067
https://doi.org/10.1007/s00425-015-2430-1
https://doi.org/10.1007/s00425-015-2430-1
https://doi.org/10.1021/jf801825z
https://doi.org/10.1021/jf020910v
https://doi.org/10.1016/s0305-1978(00)00009-0
https://doi.org/10.1016/s0305-1978(00)00009-0
https://doi.org/10.1073/pnas.1202079109
https://doi.org/10.1146/annurev-chembioeng-061010-114205
https://doi.org/10.1016/j.pbi.2006.03.016
https://doi.org/10.1039/B926617H
https://doi.org/10.1111/pbi.12292
https://doi.org/10.1111/nph.14970
https://doi.org/10.1186/s13068-019-1450-7
https://doi.org/10.1186/s13068-019-1450-7
https://doi.org/10.1093/plphys/kiab546
https://doi.org/10.1021/acsomega.1c01978
https://doi.org/10.1021/acsomega.1c01978
https://doi.org/10.3389/fpls.2021.626168
https://doi.org/10.1126/science.1152747
https://doi.org/10.1126/science.1121416
https://doi.org/10.1111/tpj.15620
https://doi.org/10.1038/s41467-020-19837-z
https://doi.org/10.1038/s41477-018-0142-9
https://doi.org/10.1038/s41477-018-0142-9
https://doi.org/10.1021/bm800528f
https://doi.org/10.1002/(SICI)1097-0010(199806)77:2%3C193::AID-JSFA25%3E3.0.CO;2-A
https://doi.org/10.1021/jf0205312
https://doi.org/10.1007/s11101-009-9146-4
https://doi.org/10.1007/s11101-009-9146-4
https://doi.org/10.1002/(SICI)1097-0010(19990301)79:3%3C403::AID-JSFA263%3E3.0.CO;2-0
https://doi.org/10.1002/(SICI)1097-0010(19990301)79:3%3C403::AID-JSFA263%3E3.0.CO;2-0
https://doi.org/10.3389/fpls.2016.02056
https://doi.org/10.1093/plphys/kiac485
https://doi.org/10.1101/2020.12.21.423816
https://doi.org/10.1007/s00425-018-2968-9
https://doi.org/10.1016/S0168-9452(97)00130-1
https://doi.org/10.1104/pp.17.00295
https://doi.org/10.1016/j.meteno.2016.04.002
https://doi.org/10.1093/bioinformatics/8.3.275
https://doi.org/10.1016/j.orggeochem.2018.07.017
https://doi.org/10.1038/s41467-018-08252-0
https://doi.org/10.1038/s41467-018-08252-0
https://doi.org/10.1002/cssc.201903345
https://doi.org/10.1104/pp.18.00298
https://doi.org/10.1126/sciadv.1600393
https://doi.org/10.1016/j.phytochem.2011.12.015
https://doi.org/10.1016/j.phytochem.2011.12.015
https://doi.org/10.1016/j.phytochem.2011.07.012
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1021/acs.jafc.9b05840
https://doi.org/10.1021/acs.jafc.9b05840
https://doi.org/10.1186/s12896-018-0464-8
https://doi.org/10.1093/pcp/pcw125
https://doi.org/10.1038/ng.703
https://doi.org/10.3389/fpls.2022.1088879
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Chandrakanth et al.

Liu, X,, Dai, S., Zhou, Y., Liu, J., Li, D., Zhang, J., et al. (2022). Crystal structure of the
plant feruloyl-coenzyme a monolignol transferase provides insights into the formation of
monolignol ferulate conjugates. Biochem. Biophys. Res. Commun. 594, 8-14. doi: 10.1016/
j.bbrc.2022.01.037

Lu, F, Karlen, S. D., Regner, M., Kim, H., Ralph, S. A, Sun, R.-C,, et al. (2015).
Naturally p-hydroxybenzoylated lignins in palms. Bioenergy Res. 8 (3), 934-952.
doi: 10.1007/512155-015-9583-4

Luo, J., Nishiyama, Y., Fuell, C., Taguchi, G., Elliott, K., Hill, L., et al. (2007).
Convergent evolution in the BAHD family of acyl transferases: identification and
characterization of anthocyanin acyl transferases from arabidopsis thaliana. Plant J. 50
(4), 678-695. doi: 10.1111/j.1365-313X.2007.03079.x

Lynd, L., Laser, M., Bransby, D., Dale, B. E., Davison, B., Hamilton, R., et al. (2008).
How biotech can transform biofuels. Nat Biotechnol 26, 169-172. doi: 10.1038/nbt0208-
169.

Ma, X., Koepke, J., Panjikar, S., Fritzsch, G., and Stockigt, J. (2005). Crystal structure of
vinorine synthase, the first representative of the BAHD superfamily. J. Biol. Chem. 280
(14), 13576-13583. doi: 10.1074/jbc.M414508200

Marita, J. M., Hatfield, R. D., Rancour, D. M., and Frost, K. E. (2014). Identification and
suppression of the p-coumaroyl CoA:hydroxycinnamyl alcohol transferase in zea mays 1.
Plant J. 78 (5), 850-864. doi: 10.1111/tpj.12510

Menandro, L. M. S., Cantarella, H., Franco, H. C. J., Kélln, O. T., Pimenta, M. T. B.,
Sanches, G. M,, et al. (2017). Comprehensive assessment of sugarcane straw: implications
for biomass and bioenergy production. Biofuels Bioprod. Biorefining 11 (3), 488-504.
doi: 10.1002/bbb.1760

Mendez-Encinas, M. A., Carvajal-Millan, E., Rascon-Chu, A., Astiazaran-Garcia, H. F.,
and Valencia-Rivera, D. E. (2018). Ferulated arabinoxylans and their gels: Functional
properties and potential application as antioxidant and anticancer agent. Oxid. Med. Cell.
Longevity 2018, 2314759-2314759. doi: 10.1155/2018/2314759

Mitchell, R. A. C., Dupree, P., and Shewry, P. R. (2007). A novel bioinformatics
approach identifies candidate genes for the synthesis and feruloylation of arabinoxylan.
Plant Physiol. 144 (1), 43-53. doi: 10.1104/pp.106.094995

Molinari, H., Pellny, T., Freeman, J., Shewry, P., and Mitchell, R. (2013). Grass cell wall
feruloylation: distribution of bound ferulate and candidate gene expression in
brachypodium distachyon. Front. Plant Sci. 4. doi: 10.3389/fpls.2013.00050

Moller, S. R., Lancefield, C. S., Oates, N. C., Simister, R., Dowle, A., Gomez, L. D, et al.
(2022). CRISPR/Cas9 suppression of OsAT10, a rice BAHD acyltransferase, reduces p-
coumaric acid incorporation into arabinoxylan without increasing saccharification. Front.
Plant Sci. 13. doi: 10.3389/fpls.2022.926300

Mota, T. R,, de Souza, W. R., Oliveira, D. M., Martins, P. K., Sampaio, B. L., Vinecky, F.,
et al. (2021). Suppression of a BAHD acyltransferase decreases p-coumaroyl on
arabinoxylan and improves biomass digestibility in the model grass setaria viridis.
Plant J. 105 (1), 136-150. doi: 10.1111/tpj.15046

Obel, N., Porchia, A. C.,, and Scheller, H. V. (2002). Dynamic changes in cell wall
polysaccharides during wheat seedling development. Phytochemistry 60 (6), 603-610.
doi: 10.1016/s0031-9422(02)00148-6

Petrik, D. L., Karlen, S. D., Cass, C. L., Padmakshan, D., Lu, F., Liu, S., et al. (2014).
P-Coumaroyl-CoA:monolignol transferase (PMT) acts specifically in the lignin
biosynthetic pathway in brachypodium distachyon. Plant J. 77 (5), 713-726.
doi: 10.1111/tp;j.12420

Piston, F., Uauy, C,, Fu, L., Langston, J., Labavitch, J., and Dubcovsky, J. (2010). Down-
regulation of four putative arabinoxylan feruloyl transferase genes from family PF02458
reduces ester-linked ferulate content in rice cell walls. Planta 231 (3), 677-691.
doi: 10.1007/s00425-009-1077-1

Ralph, J. (2010). Hydroxycinnamates in lignification. Phytochem. Rev. 9 (1), 65-83.
doi: 10.1007/s11101-009-9141-9

Ralph, J., Bunzel, M., Marita, J. M., Hatfield, R. D., Lu, F., Kim, H., et al. (2004).
Peroxidase-dependent cross-linking reactions of p-hydroxycinnamates in plant cell walls.
Phytochem. Rev. 3 (1), 79-96. doi: 10.1023/B:PHYT.0000047811.13837.fb

Ralph, J., Grabber, J. H., and Hatfield, R. D. (1995). Lignin-ferulate cross-links in
grasses: active incorporation of ferulate polysaccharide esters into ryegrass lignins.
Carbohydr. Res. 275, 167-178. doi: 10.1016/0008-6215(95)00237-N

Ralph, J., Hatfield, R. D., Grabber, J. H., Jung, H.-]. G., Quideau, S., and Helm, R. F.
(1998). “Cell wall cross-linking in grasses by ferulates and diferulates,” in Lignin and
lignan biosynthesis (American Chemical Society), 209-236. doi: 10.1021/bk-1998-
0697.ch016

Ralph, J., Helm, R. F.,, Quideau, S., and Hatfield, R. D. (1992). Lignin—feruloyl ester
cross-links in grasses. part 1. incorporation of feruloyl esters into coniferyl alcohol
dehydrogenation polymers. J. Chem. Society Perkin Trans. 21), 2961-2969.
doi: 10.1039/P19920002961

Rautengarten, C., Birdseye, D., Pattathil, S., McFarlane, H. E., Saez-Aguayo, S.,
Orellana, A., et al. (2017). The elaborate route for UDP-arabinose delivery into the
golgi of plants. Proc. Natl. Acad. Sci. 114 (16), 4261-4266. doi: 10.1073/
pnas.1701894114

Rautengarten, C., Ebert, B., Herter, T., Petzold, C. J., Ishii, T., Mukhopadhyay, A., et al.
(2011). The interconversion of UDP-arabinopyranose and UDP-arabinofuranose is
indispensable for plant development in arabidopsis. Plant Cell 23 (4), 1373-1390.
doi: 10.1105/tpc.111.083931

Rencoret, J., Ralph, J., Marques, G., Gutiérrez, A., Martinez, A. T., and del Rio, J. C.
(2013). Structural characterization of lignin isolated from coconut (Cocos nucifera) coir
fibers. J. Agric. Food Chem. 61 (10), 2434-2445. doi: 10.1021/jf304686x

Frontiers in Plant Science

10.3389/fpls.2022.1088879

Rudjito, R. C,, Ruthes, A. C,, Jiménez-Quero, A,, and Vilaplana, F. (2019). Feruloylated
arabinoxylans from wheat bran: Optimization of extraction process and validation at pilot scale.
ACS Sustain. Chem. Eng. 7 (15), 13167-13177. doi: 10.1021/acssuschemeng.9b02329

Saulnier, L., Vigouroux, J., and Thibault, J.-F. (1995). Isolation and partial
characterization of feruloylated oligosaccharides from maize bran. Carbohydr. Res. 272
(2), 241-253. doi: 10.1016/0008-6215(95)00053-V

Scheller, H. V., and Ulvskov, P. (2010). Hemicelluloses. Annu. Rev. Plant Biol. 61 (1),
263-289. doi: 10.1146/annurev-arplant-042809-112315

Schmer, M. R,, Vogel, K. P., Mitchell, R. B., and Perrin, R. K. (2008). Net energy of
cellulosic ethanol from switchgrass. Proc. Natl. Acad. Sci. 105 (2), 464-469. doi: 10.1073/
pnas.0704767105

Shen, W., Collings, C., Li, M., Markovicz, J., Ralph, J., Mansfield, S. D., et al. (2019).
Imaging changes in cell walls of engineered poplar by stimulated raman scattering and
atomic force microscopy. ACS Sustain. Chem. Eng. 7 (12), 10616-10622. doi: 10.1021/
acssuschemeng.9b01166

Shen, H., Fu, C, Xiao, X., Ray, T., Tang, Y., Wang, Z.-Y., et al. (2009).
Developmental control of lignification in stems of lowland switchgrass variety
Alamo and the effects on saccharification efficiency. Bioenergy Res. 2, 233-245.
doi: 10.1007/s12155-009-9058-6

Sibout, R., Le Bris, P., Legee, F., Cezard, L., Renault, H., and Lapierre, C. (2016).
Structural redesigning arabidopsis lignins into alkali-soluble lignins through the
expression of p-coumaroyl-CoA: monolignol transferase PMT. Plant Physiol. 170 (3),
1358-1366. doi: 10.1104/pp.15.01877

Simmons, T. J., Mortimer, J. C., Bernardinelli, O. D., Péppler, A.-C., Brown, S. P,,
deAzevedo, E. R,, et al. (2016). Folding of xylan onto cellulose fibrils in plant cell walls
revealed by solid-state NMR. Nat. Commun. 7 (1), 13902. doi: 10.1038/ncomms13902

Simpson, J. P., Olson, J., Dilkes, B., and Chapple, C. (2021). Identification of the
tyrosine- and phenylalanine-derived soluble metabolomes of sorghum. Front. Plant Sci.
12. doi: 10.3389/fpls.2021.714164

Smith, R. A., Beebe, E. T., Bingman, C. A., Vander Meulen, K., Eugene, A., Steiner, A. J.,
et al. (2022). Identification and characterization of a set of monocot BAHD monolignol
transferases. Plant Physiol. 189 (1), 37-48. doi: 10.1093/plphys/kiac035

Smith, R. A,, Cass, C. L., Mazaheri, M., Sekhon, R. S., Heckwolf, M., Kaeppler, H., et al.
(2017). Suppression of CINNAMOYL-CoA REDUCTASE increases the level of
monolignol ferulates incorporated into maize lignins. Biotechnol. Biofuels 10 (1), 109.
doi: 10.1186/s13068-017-0793-1

Smith, R. A., Gonzales-Vigil, E., Karlen, S. D., Park, J.-Y., Lu, F., Wilkerson, C. G., et al.
(2015). Engineering monolignol p-coumarate conjugates into poplar and arabidopsis
lignins. Plant Physiol. 169 (4), 2992-3001. doi: 10.1104/pp.15.00815

Snelders, J., Dornez, E., Delcour, J. A, and Courtin, C. M. (2014). Impact of wheat bran
derived arabinoxylanoligosaccharides and associated ferulic acid on dough and bread
properties. J. Agric. Food Chem. 62 (29), 7190-7199. doi: 10.1021/jf502315g

Soreng, R. J., Peterson, P. M., Romaschenko, K., Davidse, G., Zuloaga, F. O., Judziewicz,
E.J., etal. (2015). A worldwide phylogenetic classification of the poaceae (Gramineae). J.
Systematics Evol. 53 (2), 117-137. doi: 10.1111/jse.12150

Srinivasan, M., Sudheer, A. R, and Menon, V. P. (2007). Ferulic acid: therapeutic
potential through its antioxidant property. J. Clin. Biochem. Nutr. 40 (2), 92-100.
doi: 10.3164/jcbn.40.92

Sullivan, A., Purohit, P. K., Freese, N. H., Pasha, A., Esteban, E., Waese, J., et al. (2019).
An ‘eFP-seq browser’ for visualizing and exploring RNA sequencing data. Plant J. 100 (3),
641-654. doi: 10.1111/tpj.14468

Takahama, U., and Oniki, T. (1994). Effects of ascorbate on the oxidation of derivatives of
hydroxycinnamic acid and the mechanism of oxidation of sinapic acid by cell wall-bound
peroxidases. Plant Cell Physiol. 35 (4), 593-600. doi: 10.1093/oxfordjournals.pcp.a078634

Takeda, Y., Koshiba, T., Tobimatsu, Y., Suzuki, S., Murakami, S., Yamamura, M., et al.
(2017). Regulation of CONIFERALDEHYDE 5-HYDROXYLASE expression to modulate
cell wall lignin structure in rice. Planta 246 (2), 337-349. doi: 10.1007/s00425-017-2692-x

Takeda, Y., Suzuki, S., Tobimatsu, Y., Osakabe, K., Osakabe, Y., Ragamustari, S. K.,
et al. (2019). Lignin characterization of ricce CONIFERALDEHYDE 5-HYDROXYLASE
loss-of-function mutants generated with the CRISPR/Cas9 system. Plant J. 97 (3), 543
554. doi: 10.1111/tpj.14141

Takeda, Y., Tobimatsu, Y., Karlen, S. D., Koshiba, T., Suzuki, S., Yamamura, M., et al.
(2018). Downregulation of p-COUMAROYL ESTER 3-HYDROXYLASE in rice leads to
altered cell wall structures and improves biomass saccharification. Plant J. 95 (5), 796
811. doi: 10.1111/tpj.13988

Terrett, O., and Dupree, P. (2019). Covalent interactions between lignin and
hemicelluloses in plant secondary cell walls. Curr. Opin. Biotechnol. 56, 97-104.
doi: 10.1016/j.copbio.2018.10.010

Tian, Y., Lin, C.-Y., Park, J.-H., Wu, C.-Y., Kakumanu, R., Pidatala, V. R,, et al. (2021).
Overexpression of the rice BAHD acyltransferase AT10 increases xylan-bound p-
coumarate and reduces lignin in sorghum bicolor. Biotechnol. Biofuels 14 (1), 217.
doi: 10.1186/s13068-021-02068-9

Tuominen, L. K., Johnson, V. E., and Tsai, C.-J. (2011). Differential phylogenetic
expansions in BAHD acyltransferases across five angiosperm taxa and evidence of
divergent expression among populus paralogues. BMC Genomics 12 (1), 236.
doi: 10.1186/1471-2164-12-236

Vanholme, R., Storme, V., Vanholme, B., Sundin, L., Christensen, J. H., Goeminne, G.,
et al. (2012). A systems biology view of responses to lignin biosynthesis perturbations in
arabidopsis. Plant Cell 24 (9), 3506-3529. doi: 10.1105/tpc.112.102574

frontiersin.org


https://doi.org/10.1016/j.bbrc.2022.01.037
https://doi.org/10.1016/j.bbrc.2022.01.037
https://doi.org/10.1007/s12155-015-9583-4
https://doi.org/10.1111/j.1365-313X.2007.03079.x
https://doi.org/10.1038/nbt0208-169
https://doi.org/10.1038/nbt0208-169
https://doi.org/10.1074/jbc.M414508200
https://doi.org/10.1111/tpj.12510
https://doi.org/10.1002/bbb.1760
https://doi.org/10.1155/2018/2314759
https://doi.org/10.1104/pp.106.094995
https://doi.org/10.3389/fpls.2013.00050
https://doi.org/10.3389/fpls.2022.926300
https://doi.org/10.1111/tpj.15046
https://doi.org/10.1016/s0031-9422(02)00148-6
https://doi.org/10.1111/tpj.12420
https://doi.org/10.1007/s00425-009-1077-1
https://doi.org/10.1007/s11101-009-9141-9
https://doi.org/10.1023/B:PHYT.0000047811.13837.fb
https://doi.org/10.1016/0008-6215(95)00237-N
https://doi.org/10.1021/bk-1998-0697.ch016
https://doi.org/10.1021/bk-1998-0697.ch016
https://doi.org/10.1039/P19920002961
https://doi.org/10.1073/pnas.1701894114
https://doi.org/10.1073/pnas.1701894114
https://doi.org/10.1105/tpc.111.083931
https://doi.org/10.1021/jf304686x
https://doi.org/10.1021/acssuschemeng.9b02329
https://doi.org/10.1016/0008-6215(95)00053-V
https://doi.org/10.1146/annurev-arplant-042809-112315
https://doi.org/10.1073/pnas.0704767105
https://doi.org/10.1073/pnas.0704767105
https://doi.org/10.1021/acssuschemeng.9b01166
https://doi.org/10.1021/acssuschemeng.9b01166
https://doi.org/10.1007/s12155-009-9058-6
https://doi.org/10.1104/pp.15.01877
https://doi.org/10.1038/ncomms13902
https://doi.org/10.3389/fpls.2021.714164
https://doi.org/10.1093/plphys/kiac035
https://doi.org/10.1186/s13068-017-0793-1
https://doi.org/10.1104/pp.15.00815
https://doi.org/10.1021/jf502315g
https://doi.org/10.1111/jse.12150
https://doi.org/10.3164/jcbn.40.92
https://doi.org/10.1111/tpj.14468
https://doi.org/10.1093/oxfordjournals.pcp.a078634
https://doi.org/10.1007/s00425-017-2692-x
https://doi.org/10.1111/tpj.14141
https://doi.org/10.1111/tpj.13988
https://doi.org/10.1016/j.copbio.2018.10.010
https://doi.org/10.1186/s13068-021-02068-9
https://doi.org/10.1186/1471-2164-12-236
https://doi.org/10.1105/tpc.112.102574
https://doi.org/10.3389/fpls.2022.1088879
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Chandrakanth et al.

Vermaas, J. V., Dixon, R. A., Chen, F.,, Mansfield, S. D., Boerjan, W., Ralph, J., et al.
(2019). Passive membrane transport of lignin-related compounds. Proc. Natl. Acad. Sci.
116 (46), 23117-23123. doi: 10.1073/pnas.1904643116

Wakabayashi, K., Hoson, T., and Kamisaka, S. (1997). Osmotic stress suppresses cell
wall stiffening and the increase in cell wall-bound ferulic and diferulic acids in wheat
coleoptiles. Plant Physiol. 113 (3), 967-973. doi: 10.1104/pp.113.3.967

Wang, L., Czedik-Eysenberg, A., Mertz, R. A,, Si, Y., Tohge, T., Nunes-Nesi, A., et al.
(2014a). Comparative analyses of C4 and C3 photosynthesis in developing leaves of maize
and rice. Nat. Biotechnol. 32, 1158. doi: 10.1038/nbt.3019

Wang, P., Guo, L., Jaini, R., Klempien, A., McCoy, R. M., Morgan, J. A., et al.
(2018). A 13C isotope labeling method for the measurement of lignin metabolic
flux in arabidopsis stems. Plant Methods 14 (1), 51. doi: 10.1186/s13007-018-
0318-3

Wang, T., Salazar, A., Zabotina, O. A., and Hong, M. (2014b). Structure and dynamics
of brachypodium primary cell wall polysaccharides from two-dimensional (13)C solid-
state nuclear magnetic resonance spectroscopy. Biochemistry 53 (17), 2840-2854.
doi: 10.1021/bi500231b

Wende, G., and Fry, S. C. (1997). 2-O-B-d-xylopyranosyl-(5-O-feruloyl)-l-arabinose, a
widespread component of grass cell walls. Phytochemistry 44 (6), 1019-1030. doi: 10.1016/
$0031-9422(96)00649-8

Wilkerson, C. G., Mansfield, S. D., Lu, F., Withers, S., Park, J. Y., Karlen, S. D., et al.
(2014). Monolignol ferulate transferase introduces chemically labile linkages into the
lignin backbone. Science 344 (6179), 90-93. doi: 10.1126/science.1250161

Frontiers in Plant Science

15

10.3389/fpls.2022.1088879

Winkel, B. S. (2004). Metabolic channeling in plants. Annu. Rev. Plant Biol. 55, 85-107.
doi: 10.1146/annurev.arplant.55.031903.141714

Withers, S., Lu, F., Kim, H., Zhu, Y., Ralph, J., and Wilkerson, C. G. (2012).
Identification of grass-specific enzyme that acylates monolignols with p-coumarate. J.
Biol. Chem. 287 (11), 8347-8355. doi: 10.1074/jbc.M111.284497

Yoshida-Shimokawa, T., Yoshida, S., Kakegawa, K., and Ishii, T. (2001). Enzymic
feruloylation of arabinoxylan-trisaccharide by feruloyl-CoA:arabinoxylan-trisaccharide
O-hydroxycinnamoyl transferase from oryza sativa. Planta 212 (3), 470-474. doi:
10.1007/s004250000490

Zeng, W., Lampugnani, E. R,, Picard, K. L., Song, L., Wu, A.-M.,, Farion, I. M,, et al.
(2016). Asparagus IRX9, IRX10, and IRX14A are components of an active xylan backbone
synthase complex that forms in the golgi apparatus. Plant Physiol. 171 (1), 93-109.
doi: 10.1104/pp.15.01919

Zhang, B., Munske, G. R,, Timokhin, V. I, Ralph, J., Davydov, D. R., Vermerris, W.,
et al. (2022). Functional and structural insight into the flexibility of cytochrome P450
reductases from sorghum bicolor and its implications for lignin composition. J. Biol.
Chem. 298 (4), 101761. doi: 10.1016/j.jbc.2022.101761

Zhao, X., Cheng, K., and Liu, D. (2009). Organosolv pretreatment of lignocellulosic
biomass for enzymatic hydrolysis. Appl. Microbiol. Biotechnol. 82 (5), 815-827.
doi: 10.1007/s00253-009-1883-1

Zhao, Y., Yu, X,, Lam, P.-Y., Zhang, K, Tobimatsu, Y., and Liu, C.-J. (2021).
Monolignol acyltransferase for lignin p-hydroxybenzoylation in populus. Nat. Plants 7
(9), 1288-1300. doi: 10.1038/s41477-021-00975-1

frontiersin.org


https://doi.org/10.1073/pnas.1904643116
https://doi.org/10.1104/pp.113.3.967
https://doi.org/10.1038/nbt.3019
https://doi.org/10.1186/s13007-018-0318-3
https://doi.org/10.1186/s13007-018-0318-3
https://doi.org/10.1021/bi500231b
https://doi.org/10.1016/S0031-9422(96)00649-8
https://doi.org/10.1016/S0031-9422(96)00649-8
https://doi.org/10.1126/science.1250161
https://doi.org/10.1146/annurev.arplant.55.031903.141714
https://doi.org/10.1074/jbc.M111.284497
https://doi.org/10.1007/s004250000490
https://doi.org/10.1104/pp.15.01919
https://doi.org/10.1016/j.jbc.2022.101761
https://doi.org/10.1007/s00253-009-1883-1
https://doi.org/10.1038/s41477-021-00975-1
https://doi.org/10.3389/fpls.2022.1088879
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Modification of plant cell walls with hydroxycinnamic acids by BAHD acyltransferases
	Background - importance of cell wall hydroxycinnamates
	Hydroxycinnamate modification of xylan
	Hydroxycinnamate modification of lignin

	BAHD acyl CoA transferases
	Candidate BAHD enzymes for feruloylation and p-coumarylation of GAX
	BAHD enzymes acylate lignin monomers

	Taxonomic distribution and patterns of expression of AT genes
	Models for the mechanism of incorporation of HCAs into lignin and xylan
	FA on GAX may derive from a different pool of phenylpropanoids than pCA on lignin
	Mechanisms of hydroxycinnamoyl incorporation onto arabinoxylans

	Catalytic mechanisms of Mitchell subclade acyltransferases
	Biotechnological applications
	Decreasing feruloylation in grass biomass
	Zip-lignin (feruloyl lignin) and other lignin hydroxycinnamates
	Other biotechnological applications

	Outstanding questions
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


