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Abstract
Plant BAHD acyltransferases perform a wide range of enzymatic tasks in primary and secondary metabolism. Acyl-CoA
monolignol transferases, which couple a CoA substrate to a monolignol creating an ester linkage, represent a more recent
class of such acyltransferases. The resulting conjugates may be used for plant defense but are also deployed as important
“monomers” for lignification, in which they are incorporated into the growing lignin polymer chain. p-Coumaroyl-CoA
monolignol transferases (PMTs) increase the production of monolignol p-coumarates, and feruloyl-CoA monolignol trans-
ferases (FMTs) catalyze the production of monolignol ferulate conjugates. We identified putative FMT and PMT enzymes
in sorghum (Sorghum bicolor) and switchgrass (Panicum virgatum) and have compared their activities to those of known
monolignol transferases. The putative FMT enzymes produced both monolignol ferulate and monolignol p-coumarate con-
jugates, whereas the putative PMT enzymes produced monolignol p-coumarate conjugates. Enzyme activity measurements
revealed that the putative FMT enzymes are not as efficient as the rice (Oryza sativa) control OsFMT enzyme under the
conditions tested, but the SbPMT enzyme is as active as the control OsPMT enzyme. These putative FMTs and PMTs were
transformed into Arabidopsis (Arabidopsis thaliana) to test their activities and abilities to biosynthesize monolignol conju-
gates for lignification in planta. The presence of ferulates and p-coumarates on the lignin of these transformants indicated
that the putative FMTs and PMTs act as functional feruloyl-CoA and p-coumaroyl-CoA monolignol transferases within
plants.

Introduction

Acyltransferases are a large family of enzymes with highly di-
verse functions in many organisms. In plants, enzymes that
belong to the BAHD clades of the acyltransferase family play

many key roles in primary and secondary metabolism. The
BAHD family, so named for the first four enzymes that were
discovered in this family, includes enzymes responsible for
the synthesis of such products as fatty acids, lignin precur-
sors, suberin, flavonoids, and many valuable natural products
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(for uses in, e.g. chemotherapy medications like Paclitaxel
and Vinblastine, and compounds found in essential oils,
nutraceuticals, and pigments) (St-Pierre and De Luca, 2000;
D’Auria, 2006). As more genes are discovered, and the func-
tions of the encoded enzymes are identified and verified in
planta, the list of substrates and activities for this diverse
group of enzymes grows in both importance and utility
(Bontpart et al., 2015; Eudes et al., 2016a).

One of the more recently described class of BAHD
enzymes is the acyl-CoA monolignol transferases (Withers
et al., 2012; Marita et al., 2014; Wilkerson et al., 2014). These
enzymes couple acyl-CoA donors, such as p-coumaroyl-CoA
or feruloyl-CoA, with hydroxycinnamyl alcohols (lignin
monomer, monolignols) as acceptors, yielding monolignol
ester conjugates (Figure 1). The canonical monolignols are:
p-coumaryl alcohol (giving rise to H-units in lignin), coniferyl
alcohol (G-units), and sinapyl alcohol (S-units). The product
monolignol conjugates represent an alternate chemical flux
through which monolignol precursors can be channeled.
Monolignol conjugates often function as lignin “monomers”
and participate in lignification; they are hypothesized to be
exported into the cell wall by the same simple diffusion
mechanism as monolignols (Vermaas et al., 2019). Typically,
the acyl group remains pendent and can be liberated from
the lignin polymer backbone by hydrolysis of the ester link-
age. Under some conditions, both halves of the monolignol
conjugate can participate in lignification, with the ester
bond fully incorporated into the lignin polymer and generat-
ing so-called “zip-lignins”, either through a linear linkage
(extending the polymer chain) or by crosslinking two lignin
polymer chains (Grabber et al., 2002; Ralph, 2010; Rencoret
et al., 2013; Wilkerson et al., 2014; Lu et al., 2015; Smith
et al., 2015; Kaal et al., 2018). As an alternative to lignin po-
lymerization, the monolignol conjugates, like many other
phenolic compounds, can be glycosylated and stored in cell
vacuoles (Dima et al., 2015). An investigation of a broad
range of plant species across the Spermatophytes (gymno-
sperms and angiosperms) revealed that monolignol conju-
gates are naturally produced by many species (Hatfield et al.,
2009; Ralph, 2010; Karlen et al., 2016, 2018). Gymnosperms
do not appear to produce monolignol conjugates; however
a few select eudicots, such as poplar (Populus spp.) and
Chinese Angelica (Angelica sinensis), produce small amounts
of the monolignol ferulates (ML-FA), as products of monoli-
gnols coupling to feruloyl-CoA, an intermediate in the lignin
biosynthetic pathway (Karlen et al., 2016). Members of the
Poaceae family (e.g. Brachypodium [Brachypodium dis-
tachyon], maize [Zea mays], rice [Oryza sativa], switchgrass
[Panicum virgatum], and sorghum [Sorghum bicolor]), in
contrast, all produce monolignol ferulates and large quanti-
ties of monolignol p-coumarates (ML-pCA), which are the
product of coupling monolignols with p-coumaroyl-CoA, an-
other intermediate in the lignin biosynthetic pathway
(Ralph et al., 1994; Withers et al., 2012; Marita et al., 2014;
Petrik et al., 2014; Karlen et al., 2016, 2018). The BAHD acyl-
transferases responsible for the synthesis of monolignol

ferulates are referred to as feruloyl-CoA monolignol trans-
ferases (FMTs), and those that synthesize monolignol p-
coumarates are p-coumaroyl-CoA monolignol transferases
(PMTs). Understanding FMT and PMT activity in plants is
of great interest because of their prevalence in agricultur-
ally important crops, in model organisms, and/or in poten-
tial biorefinery feedstocks (Withers et al., 2012; Karlen
et al., 2016).

The first FMT enzyme identified was native to Angelica
sinensis (AsFMT) and, when transformed into poplar
(Populus alba � grandidentata), was able to confer upon
the plant the ability to produce larger quantities of monoli-
gnol ferulates (Wilkerson et al., 2014). Because of the nature
of ML-FAs, which have the ability to integrate into the lignin
polymer and introduce chemically labile bonds into the
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Figure 1 Results of feruloyl-CoA monolignol transferase (FMT) and
p-coumaroyl-CoA monolignol transferase (PMT) competition enzyme
assays. The general mechanism of FMT and PMT enzyme activity is
shown at the top of the figure. Each FMT or PMT was tested for activity
with feruloyl-CoA or p-coumaroyl-CoA and the three monolignols (ML)
pooled together as the alcohol acceptors. Sinapyl ferulate (S-FA) peaks are
outlined in pink, coniferyl ferulate (G-FA) peaks are outlined in purple,
sinapyl p-coumarate (S-pCA) peaks are outlined in light green, and coni-
feryl p-coumarate (G-pCA) peaks are outlined in light blue.
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polymer, the digestibility of the poplar wood under mild
pretreatment or harsh pulping was significantly improved
(Kim et al., 2017; Zhou et al., 2017; Bhalla et al., 2018).
Similar results were observed when AsFMT was transformed
into the model plant Arabidopsis (Arabidopsis thaliana)
(Smith et al., 2017). Subsequently, Bartley’s group identified
a highly active FMT enzyme that produces ML-FAs in rice
(OsFMT/AT5) (Karlen et al., 2016). Because of the preva-
lence of ML-pCA in grass lignins, and the relative ease of
detecting the incorporation of monolignol p-coumarates
into lignin by thioacidolysis (Grabber et al., 1996) or the de-
rivatization followed by reductive cleavage (DFRC) method
(Lu and Ralph, 1999; Petrik et al., 2014; Regner et al., 2018),
many more PMT enzymes responsible for the native pro-
duction of ML-pCA on monocot lignins have been identified
and characterized. These include, ZmPMT/pCAT (maize),
OsPMT (rice), and BdPMT (Brachypodium) (Withers et al.,
2012; Marita et al., 2014; Petrik et al., 2014; Smith et al.,
2015; Sibout et al., 2016; Karlen et al., 2020).

There is a strong desire in the lignin biofuel and bioprod-
uct field to manipulate the native levels of monolignol con-
jugates produced in potential biofuel crops such as sorghum
and switchgrass. There is also a movement away from genet-
ically modifying plants to ensure that optimized biofuel
crops can be grown in the field anywhere around the world,
which makes it imperative to discover all the native FMT
and PMT enzymes for these species of interest. The focus of
this study was to identify previously unknown FMT and
PMT enzymes from Z. mays, S. bicolor, and P. virgatum and
to characterize the activities of those enzymes in vitro and
in planta, using A. thaliana as a model system. The identifi-
cation of additional monolignol transferases also allowed us
to ascertain which FMT and PMT enzymes identified to
date are the most specific for a given activity, and thus en-
able genome-guided plant breeding.

Results

Identification of enzymes of interest
To identify additional grass monolignol transferase enzymes,
the assumption was made that the acyltransferases with ac-
tivities of interest would have high amino acid sequence
similarity to previously identified monocot FMTs and PMTs.
The rice FMT (OsFMT) and PMT (OsPMT) are known and
these BAHD enzymes served as the reference sequences for
the identification of putative FMT and PMT enzymes from
S. bicolor (sorghum), Z. mays (maize), and P. virgatum
(switchgrass). The putative FMTs identified from the sor-
ghum, switchgrass, and maize genomes retained the BAHD
acyltransferase conserved residues and had 470% amino
acid identity compared to the OsFMT enzyme (Table 1). A
putative B. distachyon FMT (BdFMT) enzyme was also iden-
tified based on 70% sequence identity to OsFMT. Similarly,
the putative PMT enzymes had �60% amino acid identity
to the OsPMT enzyme (Table 1). Interestingly the putative
FMT enzymes only had �25% amino acid identity com-
pared to the AsFMT enzyme. This is similar to the 23%

amino acid identity between OsFMT and AsFMT. This dis-
parity in amino acid sequence similarity between grass
monocot and eudicot (AsFMT) acyltransferases suggests
that only minimal primary sequence identity, including the
conserved HXXXD motif, is needed to retain enzymatic
function while potentially allowing broadened substrate
specificity.

In vitro characterization of the putative monocot
monolignol acyltransferases
Genes encoding putative acyltransferase enzymes were syn-
thesized into an SP6 promoter-containing plasmid by
GenScript Corporation and were expressed using wheatgerm
cell-free translation (Supplemental Figure S1 shows denatur-
ing gel analysis). A cell-free translation reaction with no
mRNA template was assayed as a negative control to iden-
tify potential background transferase activity in the wheat-
germ extract, and none was observed. As positive controls,
the AsFMT, OsFMT, OsPMT, BdPMT, and ZmPMT enzymes
were synthesized and 10 mL aliquots of the translation reac-
tion were used in screening assays (Table 2).

AsFMT was assayed for activity with feruloyl-CoA and/or
p-coumaroyl-CoA with the three monolignols in a mixture
(p-coumaryl alcohol, H–OH; coniferyl alcohol, G–OH; and
sinapyl alcohol, S–OH). The reaction was allowed to proceed
for 30 min, following which the reaction was stopped and
products were detected by LCMS. The assays resulted in the
production of coniferyl ferulate (G-FA) and sinapyl ferulate
(S-FA) (Figure 1). OsFMT was subjected to similar assays,
resulting in the production of G-FA, S-FA, and sinapyl
p-coumarate (S-pCA). This indicates that the OsFMT en-
zyme has a more relaxed substrate specificity than the
AsFMT enzyme (Figure 1 and Table 2).

OsPMT, ZmPMT, and BdPMT were used as positive con-
trols for PMT activity. Each enzyme was tested for activity
with the monolignols and feruloyl-CoA and/or p-coumaroyl-
CoA. All of the control PMT enzymes preferentially
produced monolignol p-coumarates, specifically coniferyl
p-coumarate (G-pCA) and S-pCA (Figure 1 and Table 2).
The inability to produce monolignol ferulates, either in sub-
strate competition assays or in individual enzyme assays,
indicates that the PMT control enzymes have stricter sub-
strate specificity than the FMT control enzymes.

The putative FMT enzymes (SbFMT, PvFMT, and
ZmFMT) showed similar substrate preferences to the
OsFMT enzyme. When tested in individual enzyme assays
with either feruloyl-CoA or p-coumaroyl-CoA as the CoA
donor and the three monolignols as alcohol acceptors (i.e.
one CoA thioester donor and all monolignol alcohol accept-
ors), the enzymes were capable of coupling one or more of
the three monolignols to feruloyl-CoA to produce monoli-
gnol ferulates (Supplemental Figure S2). The FMT enzymes
were also able to couple coniferyl alcohol and sinapyl alco-
hol to p-coumaroyl-CoA to produced G-pCA or S-pCA
(Supplemental Figure S3). In the competition assays (assays
with both CoA thioester donors and all three monolignol
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alcohol acceptors), the FMT enzymes preferentially pro-
duced G-FA, S-FA, and S-pCA (Figure 1 and Table 2). These
enzymes therefore seemed to have the same substrate pro-
miscuity as the control OsFMT enzyme. The putative
BdFMT enzyme was also tested for activity as a feruloyl-CoA
and/or p-coumaroyl-CoA monolignol transferase. Despite
the high sequence similarity between BdFMT and OsFMT,
the BdFMT did not have any detectable activity as an FMT
under the conditions tested in this study (i.e. did not pro-
duce detectable levels of monolignol ferulate or p-couma-
rate products in 30 min) (Figure 1 and Table 2). This
observation highlights that sequence similarity alone may
not be sufficient to predict whether an individual enzyme is
active or has a unique substrate specificity, a finding that is
supported by other studies involving closely related acyl-
transferases (Beekwilder et al., 2004). The similarity between
the putative grass FMT enzymes (SbFMT, PvFMT, and
ZmFMT) and OsFMT, and the differences between the grass
FMT enzymes and AsFMT, a representative eudicot FMT,
suggests the trend that eudicot FMTs have greater substrate
specificity than monocot FMTs. As the crystal structures of
these enzymes are not available, it is unclear how differences
between eudicot and monocot enzymes relate to their sub-
strate preferences and promiscuity.

The putative PMT enzymes (SbPMT and PvPMT) were
also tested for activity with p-coumaroyl-CoA, feruloyl-CoA,
and the monolignols. As with the control PMT enzymes, the
putative PMT enzymes preferentially used p-coumaroyl-CoA
as an acyl donor and produced G-pCA and S-pCA (Figure 1
and Table 2). In both the individual enzyme assays and the
competition assays, the PMT enzymes did not use feruloyl-
CoA as an acyl donor (Figure 1, Table 2, and Supplemental
Figure S3). The grass PMT enzymes therefore exhibit greater
substrate specificity than the grass FMT enzymes. The rice
OsFMT and OsPMT enzymes share about 50% primary se-
quence identity and it is hypothesized that the differences
in the active sites between the FMT and PMT enzymes re-
late to the substrate specificity or promiscuity.

Enzyme activity measurements, normalized to an internal
standard and the amount of enzyme added to the assay,
were performed to determine the relative efficiency of pro-
ducing various monolignol conjugates. Concentrations of
soluble enzyme produced in the translation reaction were
quantified using denaturing electrophoresis and an estab-
lished BioRad stain-free analysis method (Makino et al.,
2014; Supplemental Figure S4). Based on this quantitation of
the translation products, a similar amount of acyltransferase
was added to each reaction so that the mass spectral ion

Table 1 Sequence similarity/identity between control FMT and PMT enzymes and the identified monolignol transferases

% Identity

Enzyme Species GenBank/Phytozome ID AA length versus AsFMT versus OsFMT versus OsPMT

AsFMT Angelica sinensis XM_017385232.1 442 100% (442/442) 23% (95/422) 22% (77/354)
OsFMT (OsAT5) O. sativa XM_015785190.2 433 25% (49/199) 100% (433/433) 57% (250/439)
ZmFMT Zea mays Zm00001d035246_T001 434 27% (34/128) 73% (318/436) 57% (236/412)
PvFMT P. virgatum Pavir.3KG495300 436 21% (74/351) 76% (331/437) 56% (250/444)
SbFMT S. bicolor XM_002441921.2 441 26% (52/203) 77% (335/436) 57% (255/444)
BdFMT Brachypodium distachyon XP_003575887.1 443 22% (91/421) 69% (304/443) 56% (249/446)
OsPMT O. sativa XM_015765814.2 440 29% (36/123) 57% (248/438) 100% (440/440)
PvPMT P. virgatum XM_039943249.1 428 24% (98/408) 53% (230/433) 62% (274/439)
SbPMT S. bicolor XM_002439193.2 437 23% (93/403) 54% (232/432) 64% (282/442)

Table 2 Reactivity of each acyltransferase enzyme with CoA donors and monolignol alcohol acceptors

Reactivity with monolignols (H–OH, G–OH, and S–OH)

Enzyme Ac-CoA B-CoA pHBA-CoA pCA-CoA Caff-CoA FA-CoA References

AsFMT – – + + + Wilkerson
et al. (2014)

OsFMT (OsAT5) + + + + Karlen et al.
(2016)

ZmFMT – +
PvFMT – + + +
SbFMT – + + +
BdFMT – –
OsPMT + + + + + Withers et al.

(2012)
PvPMT + –
SbPMT + –

Ac-CoA, acetyl-CoA; B-CoA, benzoyl-CoA; pHBA-CoA, p-hydroxybenzoyl-CoA; pCA-CoA, p-coumaroyl-CoA; Caff-CoA, caffeoyl-CoA; and FA-CoA, feruloyl-CoA.
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counts observed for each product at the endpoint time of
the assay could be normalized to the amount of enzyme
present. This provides the basis for our comparisons of the
activities between different enzymes (Table 3).

Each enzyme was tested with each CoA donor and mono-
lignol independently, resulting in six different reactions (feru-
loyl-CoA and each monolignol, p-coumaroyl-CoA and each
monolignol). Of the FMT enzymes, OsFMT had the stron-
gest activity with the three monolignols and feruloyl-CoA
(Table 3 and Supplemental Figure S5). Under the conditions
used in this study, amongst the putative FMT enzymes,
SbFMT had the highest activity, followed by PvFMT and
ZmFMT, but the activities of all these enzymes were lower
than that of OsFMT (Table 3 and Supplemental Figure S5).
ZmFMT and AsFMT were the least active enzymes and pro-
duced only S-FA under these assay conditions. Although
OsFMT is the most active FMT enzyme, it also had the high-
est production of S-pCA out of any enzyme, further demon-
strating the relaxed substrate preferences of OsFMT
(Supplemental Figure S5). As has previously been demon-
strated, the OsPMT enzyme had highest activity with p-cou-
maryl alcohol and p-coumaroyl-CoA (Withers et al., 2012)
over the other PMT enzymes. In this study, SbPMT also had
strong activity with p-coumaryl alcohol and p-coumaroyl-
CoA but was by far the most reactive with the coniferyl al-
cohol and p-coumaroyl-CoA substrates (Table 3 and
Supplemental Figure S5). The activity of the PMT enzymes
with feruloyl-CoA was low, and the only activity above the
limit of detection was that of OsPMT with sinapyl alcohol.

Characterization of the putative monocot
monolignol acyltransferases in planta
To test the activity of putative FMT and PMT enzymes in
planta to verify their activity as monolignol transferases,
genes encoding the enzymes were transformed into A. thali-
ana. Arabidopsis is an ideal model plant for testing such ac-
tivity because monolignol conjugates have not been
detected in its native lignin. The substrates needed for
monolignol conjugate production are present, however, as
aromatic acid CoA intermediates in the lignin biosynthetic
pathway and the monolignols are the monomer subunits
for lignin polymerization (Smith et al., 2015, 2017). The pro-
duction of monolignol conjugates by one of the putative

FMT or PMT enzymes will therefore generate novel, readily
detectable compounds in the Arabidopsis lignin. SbFMT,
PvFMT, ZmFMT, SbPMT, and PvPMT were cloned into a vec-
tor with a strong constitutive Arabidopsis ubiquitin 10 pro-
moter to ensure that the genes and enzymes are widely and
strongly expressed, along with a C-terminal GFP tag that
was used as a proxy for protein expression (pUBQ10::MT-
GFP). The roots and stems of transgenic Arabidopsis were
examined for GFP expression. All the protein-GFP fusions
showed cytosolic localization, as expected for the acyltrans-
ferases based on previous studies (Supplemental Figure S6;
Fujiwara et al., 1998; Yu et al., 2008; Panikashvili et al., 2009;
Serra et al., 2010; Rautengarten et al., 2012; Wu et al., 2018)
and consistent with the cytosolic localization of lignin
monomer biosynthesis (Vanholme et al., 2010). The trans-
genic plants appeared phenotypically identical to wild-type
Arabidopsis plants with respect to growth, plant height, and
fertility (Supplemental Figure S6). This indicates that the
production of new compounds and their integration into
the cell wall does not negatively impact plant growth and
development.

To further test the activity of the putative FMT and PMT
enzymes as feruloyl-CoA or p-coumaroyl-CoA monolignol
transferases, the incorporation of monolignol conjugates
into the lignin polymer was examined. For this analysis,
DFRC was performed on alcohol-insoluble residue (AIR) to
characterize cell-wall-bound components. DFRC cleaves spe-
cific bonds (b-O-4 alkyl–aryl ethers) found in lignin, and the
products of the assay are representative of the lignin com-
position (Lu and Ralph, 1997). The ester bonds that are
characteristic of monolignol conjugates remain intact
through the DFRC process, generating a distinct chemical
fingerprint for the presence of conjugates in the lignin poly-
mer (Lu and Ralph, 1997; Regner et al., 2018). The transgenic
Arabidopsis expressing SbFMT, PvFMT, and ZmFMT all pro-
duced varying levels of monolignol ferulates (Table 4). These
FMTs also produced pCA and integrated it into the lignin,
based on its release through DFRC (Table 4). This result
indicates that the identified grass FMTs are not only acting
as FMT enzymes in vitro, but also in planta, and that the
FMTs have the same promiscuity for CoA substrates in
planta as detected in the enzyme activity assays. The trans-
genic Arabidopsis plants expressing SbPMT yielded a

Table 3 Enzyme activity of the control and FMT and PMT enzymes

Normalized ML-FA or ML-pCA product area/mg enzyme

CoA donor Alcohol acceptor SbFMT PvFMT ZmFMT AsFMT OsFMT SbPMT PvPMT OsPMT

FA-CoA S–OH 3.19 0.95 0.8 0.7 5.11 Trace Trace 0.63
G–OH 9.38 3.71 1.76 1.64 15.2 Trace Trace Trace
H–OH 3.23 3.08 0.57 Trace 6.59 Trace ND Trace

pCA-CoA S–OH 2.06 2.99 Trace ND 13.74 2.06 trace 2.35
G–OH Trace Trace ND ND 1.46 6.7 1.55 1.73
H–OH ND ND ND ND ND 7.5 2.17 8.22

Reactions contained 1 mM CoA thioester, 1 mM monolignol alcohol, and equivalent amounts of acyltransferase as determined by stain-free gel analysis (see Supplemental
Figure S4). Product areas were determined by measuring the area under the monolignol ferulate (ML-FA) or monolignol p-coumarate (ML-pCA) peak at the maximum absorp-
tion wavelength for the products (324 nm and 309 nm, respectively). FA-CoA, feruloyl-CoA; pCA-CoA, p-coumaroyl-CoA; H–OH, p-coumaryl alcohol; G–OH, coniferyl alcohol;
S–OH, sinapyl alcohol; ND, no product detected; trace, product area is at or below the limit of detection (55 mAu).
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functional SbPMT enzyme that produced monolignol p-cou-
marate conjugates that were integrated into the lignin
(Table 4). The transgenic plants expressing PvPMT similarly
produced monolignol p-coumarate conjugates that were in-
tegrated into the lignin. The variability in the concentration
of monolignol conjugates released by DFRC was most likely
the result of needing to pool Arabidopsis plants to yield
enough sample for analysis.

The DFRC results demonstrate that the monolignol conju-
gates are integrated into the lignin polymer. However, in
some plant species p-coumarate and ferulate are attached
to polysaccharides, as found in grasses, sugar beet (Beta vul-
garis), and spinach (Spinacia oleracea) (Ishii, 1997; Scheller
and Ulvskov, 2010), cutin (Rautengarten et al., 2012), and su-
berin (Cheng et al., 2013). Previously identified monolignol
transferases, including OsPMT, have been classified as lignin-
specific, whereas other transferases, such as rice acyltransfer-
ase 10 (OsAT10), are polysaccharide-specific (Bartley et al.,
2013). To determine if the identified FMT and PMT enzymes
are lignin-specific, mild acidolysis was performed on whole
cell wall acid insoluble residue (Lapierre et al., 2018, 2019;
Eugene et al., 2020). Mild acidolysis is therefore an orthogo-
nal process to DFRC, using mild acidic conditions to release
arabinosyl units from arabinoxylans, keeping the p-couma-
rates and ferulates esters largely intact, i.e. releasing for
analysis methyl 5-O-p-coumaroyl or 5-O-feruloyl arabinosides
diagnostic of their origin on arabinoxylans. No p-coumarates,
ferulates, or arabinose-ferulates were detected following mild
acidolysis treatment, indicating that the identified FMT and
PMT enzymes do not form arabinose conjugates integrated
into the cell wall hemicelluloses.

Discussion and conclusions
Monolignol conjugates comprise a significant proportion of
the lignin polymer in grasses and identifying the enzymes re-
sponsible for their synthesis could facilitate lignin engineer-
ing. However, the BAHD acyltransferases involved in the
production of monolignol conjugates in species such as
maize, sorghum, and switchgrass were unknown. Five addi-
tional monolignol transferases were identified here, including
ZmFMT, SbFMT, SbPMT, PvFMT, and PvPMT. We character-
ized the substrate preferences for the enzymes in vitro and
confirmed the activity of the enzymes in Arabidopsis. All
the enzymes were found to function as feruloyl-CoA

monolignol transferases and/or p-coumaroyl-CoA monoli-
gnol transferases.

The FMT and PMT enzymes from sorghum, switchgrass,
and maize were predicted based on their sequence similarity
to previously characterized FMT and PMT enzymes, such as
OsFMT and OsPMT. There was low sequence similarity be-
tween FMT and PMT enzymes, but 460% sequence iden-
tity among the grass FMTs or PMTs. As few monolignol
transferases have been identified to date, other well-
characterized families of BAHD acyltransferases that use sim-
ilar substrates can be used as a proxy for the extent of se-
quence similarity within an enzyme family. For example,
HCT enzymes are involved in lignin biosynthesis, performing
the coupling of p-coumaroyl-CoA to shikimate to generate
p-coumaroyl shikimate. These enzymes, like the grass mono-
lignol transferases that have been discovered to date, are
grouped in Clade V of the BAHD acyltransferases (Bontpart
et al., 2015). HCTs have been identified in many model plant
species and potential biofuel crops, outlining a large family
of well-characterized enzymes. The first HCT enzymes were
identified in tobacco (Nicotiana tabacum) and Arabidopsis
(Hoffmann et al., 2003; Hoffmann et al., 2004). Based on se-
quence homology, HCTs have since been identified in coffee
(Coffea canephora), coleus (Coleus blumei), pine (Pinus radi-
ata), poplar, switchgrass, alfalfa (Medicago sativa), rice, and
sorghum, as well as more ancestral branches of the plant
kingdom such as mosses, liverworts, and lycophytes (Chen
et al., 2006; Tsai et al., 2006; Lepelley et al., 2007; Shadle
et al., 2007; Wagner et al., 2007; Sander and Petersen, 2011;
Kim et al., 2012; Escamilla-Trevi~no et al., 2014; Eudes et al.,
2016b; Walker et al., 2016; Wu et al., 2018). The identifica-
tion of HCTs from such a wide range of species throughout
the plant kingdom inspires confidence in using sequence
identity to mine plant genomes for more monolignol trans-
ferase enzymes, provided they are conserved within certain
plant clades. Unlike HCT enzymes, which appear to be con-
served across the plant kingdom, there is low sequence
identity between AsFMT and the grass FMTs, that is the
level of identity is no greater than that observed for any
given BAHD within the enzyme family. It is therefore possi-
ble that FMT enzymes in eudicots and grasses arose through
convergent evolution (Karlen et al., 2016). This has been ob-
served in acyltransferases involved in anthocyanin biosynthe-
sis in A. thaliana (Luo et al., 2007). Malonyltransferases in

Table 4 Concentrations of (acetylated) monolignol ferulates (FA) and monolignol p-coumarates (pCA) released by DFRC from the transgenic
Arabidopsis whole cell wall stem tissue

DFRC pCA (mg/g whole cell wall) 6 stderror FA (mg/g whole cell wall) 6 stderror

Col WT ND ND
pUBC::OsFMT-GFP 0.08 6 0.006* 0.67 6 0.37*

pUBC::SbFMT-GFP 0.09 6 0.03* 0.65 6 0.12*

pUBC::PvFMT-GFP 0.03 6 0.005* 0.67 6 0.56
pUBC::ZmFMT-GFP 0.01 6 0.005* 0.15 6 0.04*

pUBC::SbPMT-GFP 0.42 6 0.1* ND
pUBC::PvPMT-GFP 1.62 6 0.4* ND

Values are the average of three to five biological replicates (each with two technical replicates) and the error bars represent standard error.
*indicates P5 0.05, as determined by one-sample t test (ND indicates product not detected).
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Rosid and Asterid eudicot clades had low sequence similarity
and were proposed to have evolved the same function con-
vergently (Luo et al., 2007). The differences in catalytic prop-
erties observed in these enzymes supported this hypothesis.
We observed slight differences in substrate specificity be-
tween AsFMT and the grass FMTs, which might reflect inde-
pendent origins of their FMTs. To this end, sequence
similarity alone should not be the only consideration when
uncovering future monolignol transferases; rather, the ex-
pression pattern of the genes, the broader substrate avail-
ability to the enzyme, the evolutionary origin of the
enzymes, and the structure of the enzyme should also be
considered.

Another important achievement of this research approach
was uncovering that the substrate specificity or promiscuity
of PMT and FMT enzymes was consistent between the
in vitro activity assays and in planta analyses. The FMT
enzymes produced significant and detectable amounts of
monolignol ferulates and p-coumarates in the competition
enzyme assays, and transgenic Arabidopsis plants expressing
FMTs had lignin-bound monolignol ferulates and p-couma-
rates. The PMT enzymes produced only monolignol p-cou-
marates in the competition enzyme assays and transgenic
PMT-expressing plants also only released monolignol p-cou-
marates from the lignin. This observation further confirms
the validity of determining BAHD enzyme activity using
enzymes produced by cell-free translation and in vitro-syn-
thesized substrates. However, the promiscuity of the FMT
enzymes highlights the need to confirm in planta activity, as
the true enzyme substrates might have been omitted from
those screened in the in vitro assays.

In this study, we focused on a limited array of donor and
acceptor substrates specific to monolignol transferase activ-
ity. However, there is a large range of other possible sub-
strates for BAHD acyltransferases. Some acyltransferases
appear have strong preferences for a small number of sub-
strates (Grienenberger et al., 2009; Kosma et al., 2012;
Withers et al., 2012), whereas others have a much broader
spectrum of donor and acceptor substrates and may be in-
volved in the production of a larger array of products. For
example, LaAT1 from lavender (Lavandula angustifolia) and
HCT from coleus can use a variety of CoA donors and
amine or alcohol acceptors to form ester- or amide-linked
end-products (Landmann et al., 2011; Sander and Petersen,
2011). Eudes et al. (2016b) took advantage of the substrate
promiscuity of switchgrass and Arabidopsis HCT enzymes to
produce valuable hydroxycinnamate and benzoate metabo-
lites for lignin engineering. Together, these data seem to in-
dicate that BAHD acyltransferases may be capable of
utilizing a broad array of substrates even beyond those bio-
logically available, offering possibilities for novel biosynthesis
via cell-free enzymatic approaches. It is also possible that
the monocot transferases characterized in this study could
have a broader range of substrates than those in our current
focus on the biosynthesis of monolignol conjugates incorpo-
rated into cell walls. For example, it is possible that other

substrates may be used by these enzymes, leading to addi-
tional soluble phenolic products. There may also be other
FMT and PMT enzymes in sorghum, switchgrass, and maize
with different activities and/or different spatio-temporal
localizations (Withers et al., 2012; Karlen et al., 2016).
Further examination of the whole family of FMT and PMT
enzymes in each species could reveal important information
about the evolution and breadth of function of this family
of proteins.

As we uncovered these monolignol transferases and eluci-
dated their enzymatic activities, several intriguing trends
emerged from the data. (1) FMT enzymes are more promis-
cuous than the PMT enzymes; presumably due to a larger
binding site required to accommodate the methoxy group
of the feruloyl-CoA; (2) PMT enzymes are fairly specific for
p-coumaroyl-CoA; (3) all three monolignols bind efficiently
in the enzyme binding sites, implying few restrictive contacts
with the methoxy groups of either the G (coniferyl alcohol)
or S (sinapyl alcohol) substrates; and (4) the Brachypodium
FMT enzyme showed that enzymes that have a high degree
of sequence identity to known FMTs or PMTs do not neces-
sarily exhibit the same enzyme activity under the current as-
say conditions. Although crystal structures have already
been elucidated for a number of BAHD acyltransferases, in-
cluding vinorine synthase (Ma et al., 2005), and HCTs from
sorghum and switchgrass (Walker et al., 2013; Eudes et al.,
2016b), homology models have not yet provided definitive
insights.

The discovery of additional BAHD enzymes that function
as monolignol transferases in vitro and in planta presents
new opportunities, especially with respect to the production
of optimal biofuels and bioproducts. These transferases are
from potential biofuel crops and could be important in ma-
nipulating the levels of monolignol p-coumarates and/or
monolignol ferulates in these species to optimize production
of “clip-off” products (Timokhin et al., 2020) or improve cell
wall digestibility.

Materials and methods

Selection of gene sequences
Gene sequences were obtained from NCBI GenBank and
were selected by their sequence identity with monolignol
acyltransferases, especially from rice (O. sativa, OsAT4/
OsPMT, and OsAT5/OsFMT) (Withers et al., 2012; Karlen
et al., 2016). Genes from the grasses (sorghum [S. bicolor],
switchgrass [P. virgatum], Brachypodium [B. distachyon],
maize [Z. mays], and rice [O. sativa]) were prepared along
with the Angelica sinensis AsFMT, see (Table 1). Genbank or
accession numbers for the genes of interest are as follows:
XM_017385232.1 (AsFMT), XM_015785190.2 (OsFMT),
XM_015765814.2 (OsPMT), XM_002441921.2 (SbFMT),
XM_002439193.2 (SbPMT), Pavir.3KG495300 (PAC:41613500)
(in Phytozome P. virgatum v5.1; PvFMT), XM_039943249.1
(PvPMT), and Zm00001d035246_T001 (in Phytozome Z.
mays RefGen_V4; ZmFMT) (Goodstein et al., 2012). Protein
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sequence comparisons were made with NCBI BLAST + 2.5.0
using default settings. The sequence identity is reported
both as a percentage identity over the matched regions, as
well as a weighted “coverage” statistic, in which the numera-
tor is the number of identical residues, and the denominator
is the length of the matched region.

Cloning vector
Genes were synthesized by GenScript Corporation
(Piscataway, NJ) and cloned into the wheatgerm cell-free ex-
pression vector, pEU (Sawasaki et al., 2000), which contains
an SP6 promoter and omega enhancer sequence from to-
bacco mosaic virus. Plasmid DNA was purified from
Escherichia coli using a commercial purification kit, treated
with proteinase K and then re-purified to remove residual
RNAse activity and to concentrate the DNA.

Transcription
Messenger RNA was prepared by adding 12.8 U of SP6 RNA
polymerase and 6.4 U of RNasin RNase inhibitor (Promega
Corporation, Madison, WI) to plasmid DNA (0.2 mg/mL or
higher) in the presence of 2.5 mM each of UTP, CTP, ATP,
and GTP and 20 mM magnesium acetate, 2 mM spermidine
hydrochloride, 10 mM dithiothreitol (DTT), and 80 mM
HEPES-KOH, pH 7.8. Transcription reactions were incubated
at 37�C for 4 h.

Cell-free translation
Enzymes were produced using a wheatgerm cell-free transla-
tion bilayer method previously reported (Makino et al.,
2014; Takasuka et al., 2014). Briefly, a translation reaction
mix was combined with the transcription at a ratio of 4:1
such that final reagent concentrations were 25% (v/v)
wheatgerm extract 2240 (CellFree Sciences, Matsuyama,
Japan), 29 mM HEPES-KOH, 55 mM potassium acetate, 5.4
mM magnesium acetate, 0.6 mM spermidine HCl, 4 mM
DTT, 0.7 mM ATP, 0.14 mM GTP, 8.8 mM creatine phos-
phate, 0.04 mg/mL creatine kinase, 0.003% sodium azide (w/
v), 0.3 mM each amino acid, pH 7.8. A 125-mL amino-acid-
containing feeding layer was first added to a U-bottom 96-
well plate chamber, then 25 mL of the denser reaction mix-
ture was underlaid. The plate was sealed and incubated at
22�C for 18 h. The fully diffused 150 mL bilayer reaction was
then harvested and analyzed for protein expression by SDS-
PAGE. Translated proteins were quantified by BioRad stain-
free analysis as previously reported (Makino et al., 2014).

Synthesis of substrates for enzyme assays
Feruloyl-CoA and p-coumaroyl-CoA were synthesized using
the 4-coumarate-CoA ligase (4CL-1) enzyme from tobacco
(N. tabacum) (Beuerle and Pichersky, 2002). To a 10-mL so-
lution of 50 mM Tris–HCl pH 8 and 2.5 mM MgCl2, 3.3 mg
of ferulic acid or p-coumaric acid, 2 mg of free CoA, and 6.9
mg of ATP were added. The reactions were started by add-
ing 0.25 mg of purified Nt4CL-1. Following a 5-h incubation
at room temperature, another 2 mg of free CoA acid, 6.9
mg of ATP salt, and 0.25 mg of Nt4CL-1 were added to

each reaction. The reactions were allowed to proceed over-
night at room temperature. The buffer was adjusted by the
addition of ammonium acetate to make a 4% ammonium
acetate solution (0.4 g per reaction). The reaction mixtures
were loaded onto a C18 silica column (RediSep Rf Gold,
Teledyne) pre-conditioned with 5 volumes of methanol, 5
volumes of ddH2O and 5 columns of 4% ammonium ace-
tate. The columns were washed with 4% ammonium acetate
until the free CoA and excess free acid was absent based on
UV spectrophotometry (absorbance at 340 nm, A340). The
CoA products (feruloyl-CoA or p-coumaroyl-CoA) were
then eluted with ddH2O and monitored by UV spectroscopy
at A333 for p-coumaroyl-CoA and A345 for feruloyl-CoA. The
product concentration was calculated from an aliquot of
the final solution diluted with methanol (1:1, v/v) using the
equation:

M ðconcentrationÞ ¼ ðmaximum absorbance
� dilution factorÞ=extinction coefficient

and an extinction coefficient of 21,000 L mol–1 cm–1 for p-
coumaroyl-CoA (Stockigt and Zenk, 1975) and 19,000
L mol–1 cm–1 for feruloyl-CoA (Gross and Zenk, 1966). The
products were lyophilized and resuspended in autoclaved
ddH2O to a concentration of 20–30 mg/mL and stored
at –80�C.

The monolignols (p-coumaryl [H], coniferyl [G], and
sinapyl [S] alcohols) and monolignol conjugate products
(ML-pCA and ML-FA) were prepared as previously described
(Zhu et al., 2013). The calibration and internal standards for
the DFRC assay were synthesized from p-coumaric and feru-
lic acid as previously described (Regner et al., 2018).

Activity screening
Transferases were screened for activity with feruloyl-CoA and
p-coumaroyl-CoA and all three monolignols (p-coumaryl,
coniferyl, and sinapyl alcohol) alongside positive (OsPMT or
OsFMT) and negative controls (no enzyme) following the
procedure previously reported (Withers et al., 2012). As
OsPMT was used as one of the positive control enzymes and
its optimal enzyme activity conditions were described in
Withers et al. (2012), the same conditions were used for all
the putative and control acyltransferase enzymes. Briefly, the
assay was initiated by adding 10 mL of the cell-free translation
reaction containing one of the PMT or FMT enzymes at a
concentration of 1.5–2 mM to a reaction containing, at a final
concentration, 50 mM sodium phosphate buffer at pH 6, 1
mM DTT, 1 mM CoA thioester, 1 mM monolignol mixture
(p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol,
each at 1 mM final concentration), and deionized water in a
final volume of 50 mL. After a 30-min incubation, the reaction
was stopped by the addition of an equal volume of 100 mM
hydrochloric acid. Reaction products were solubilized by
adjusting the solution to 50% methanol. An identical assay
with no enzyme added was performed for every reaction.
Samples were filtered through 0.2 mm filters prior to analysis
by LC-MS.
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The filtered product solutions were analyzed by LC-MRM-
MS (Shimadzu Prominence LC equipped with a photodiode
array [PDA] and TQ8040 mass spectrometer). Products were
run through a Kinetex XB-C18 column (100 Å, 250 � 4.60
mm; Phenomenex), using water (Solvent A) and methanol
(Solvent B) as solvents. The LCMS method had an initial
Solvent B concentration of 5%, followed by a linear increase
to 100% Solvent B over 30 min, with a hold for 4 min, fol-
lowed by a return to 5% over 1 min, held for 10 min, with a
flow rate of 1 mL/min. Compounds were detected using
PDA wavelengths of 250–400 nm and Q3 scans in negative-
ion and positive-ion mode between 120 and 600 m/z.
Products were verified by matching retention times and
mass spectrometric fragmentation patterns with those from
authentic standards.

Enzyme activity measurements were determined by run-
ning enzyme assays as described above, with a CoA thioester
range of 0.2–1.0 mM. Reactions were started with the addi-
tion of 0.15 mg of cell-free enzyme, as determined by stain-
free gel analysis (Supplemental Figure S4). After 60 min, the
reaction was stopped and 7.5 mg 4-methyl catechol was
added to each reaction as an internal standard. This time
point was selected because it was sufficient for the reactions
to have reached saturation. The product area of the monoli-
gnol conjugates was determined using PDA data and was
normalized to the internal standard peak area. The normal-
ized product area was then expressed as product area per
mg of acyltransferase enzyme.

Construction of plant transformation vectors,
transformation into Arabidopsis, and Arabidopsis
growth conditions
Gateway cloning technology (Invitrogen) was used to gener-
ate the ProUBQ10::AsFMT-GFP, ProUBQ10::OsFMT-GFP,
ProUBQ10::SbFMT-GFP, ProUBQ10::PvFMT-GFP, ProUBQ10::
ZmFMT-GFP, ProUBQ10::SbPMT-GFP, and ProUBQ10::PvPMT-
GFP constructs (pUBC:GFP vector; Grefen et al., 2010; primers
are listed in Supplemental Table S1). The plant acyltransferase
constructs were introduced into Agrobacterium tumefaciens
strain GV3101 and transformed into Arabidopsis (A. thaliana)
Col-0 using the floral dip method (Clough and Bent, 1998) to
generate transgenic plants.

Wild-type and transgenic Arabidopsis seeds were plated on
media with half-strength Murashige and Skoog media
(Sigma–Aldrich) and, for the plates with transgenic seeds, glu-
fosinate antibiotic. Seedlings grew on plates for 2 weeks and
then were transplanted to soil. Transgenics were selected
based on resistance to Basta. Arabidopsis thaliana plants were
grown in a growth chamber under long day conditions (16-h
light/8-h dark) at 21�C. When the plants were 2–3 weeks old,
genomic DNA was extracted from leaves for genotyping using
primers listed in Supplemental Table S1.

Imaging of transgenic plants
Small segments of mature stems (2 months old) were cut
and sectioned longitudinally into distilled water. The fresh

sections were then imaged using a Zeiss 710 confocal micro-
scope using a 488 nm laser to collect GFP data and chloro-
phyll autofluorescence (laser power 7.0, gain 850, collection
bandwidth 493–552 nm, pinhole 1 Airy Unit = 1.7 mm sec-
tion). Images were pseudo-colored green and red for GFP
and chlorophyll signals, respectively.

Cell wall analysis of transgenic plants
DFRC was performed as previously described (Regner et al.,
2018). Briefly, 30–50 mg of ground and solvent-extracted
whole cell wall material was subjected to DFRC analysis. The
internal standard mixture for each sample contained d8-CA,
d8-SA, d8-SpHBA, d10-SDDpCA, and d10 SDDFA. Statistical
analysis was performed using a one-sample t-test to com-
pare WT and transgenic lines, P5 0.05. Mild acidolysis was
performed as described in Eugene et al. (2020). DFRC and
mild acidolysis results were expressed as the average of three
to five biological replicates per transgenic line. Each biologi-
cal replicate was composed of a pool of 15 Arabidopsis
stems, with siliques and leaves removed.

Accession numbers
Genbank or accession numbers for the genes of interest are
as follows: XM_017385232.1(AsFMT), XM_015785190.2
(OsFMT), XM_015765814.2 (OsPMT), XM_002441921.2 (Sb
FMT), XM_002439193.2 (SbPMT), Pavir.3KG495300 (PAC:4
1613500) (in Phytozome P. virgatum v5.1; PvFMT),
XM_039943249.1 (PvPMT), and Zm00001d035246_T001 (in
Phytozome Z. mays RefGen_V4; ZmFMT).

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. Denaturing gels showing cell-
free protein synthesis of acyltransferases and analysis of
translation results.

Supplemental Figure S2. Individual enzyme assays with
three monolignol acceptors (p-coumaryl alcohol [H], coni-
feryl alcohol [G], and sinapyl alcohol [S]) and feruloyl-CoA
as a donor.

Supplemental Figure S3. Individual enzyme assays with
three monolignol acceptors (p-coumaryl alcohol [H], coni-
feryl alcohol [G], and sinapyl alcohol [S]) and p-coumaroyl-
CoA as a donor.

Supplemental Figure S4. BioRad Stain-Free denaturing
gel analyses of acyltransferases translation reactions used to
produce enzyme needed carry out activity measurements.

Supplemental Figure S5. Enzyme activity for the FMT
and PMT enzymes.

Supplemental Figure S6. Growth and localization of acyl-
transferase transgenic lines.

Supplemental Table S1. Cloning and genotyping primers,
and full coding sequences for FMT and PMT genes of
interest.
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