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The hydroxycinnamates p-coumarate (pCA) and 
ferulate (FA) occur bound to cell walls of the monocot-
yledon family Poaceae, which comprises the grasses, 
including the cereals (Harris and Trethewey, 2010; Hat-
field et al., 2017). Most of this pCA acylates the polymer 
lignin (Ralph, 2010), although modest amounts have 
been found acylating the major noncellulosic polysac-
charides, the glucuronoarabinoxylans (GAXs; Mueller- 
Harvey et al., 1986; Bartley et al., 2013; Petrik et al., 
2014). Lignin is found in most secondary cell walls of 
vascular plants and provides compressive strength to 
the walls and to the organs, such as leaves and stems, 
in which they occur. It also protects cell wall poly-
saccharides from degradation by invading microbi-
al pathogens. It is quickly becoming a focal point in 

biorefineries as a key source for the production of valu-
able coproducts. Lignin is synthesized primarily from 
three hydroxycinnamyl alcohols (p-coumaryl alcohol, 
coniferyl alcohol, and sinapyl alcohol) that are referred 
to as monolignols (MLs; Freudenberg and Neish, 1968). 
These MLs are enzymatically oxidized by peroxidases 
and laccases to form free radicals that then polymerize 
nonenzymatically to form lignin, with the p-coumaryl, 
coniferyl, and sinapyl alcohols producing p-hydroxy-
phenyl (H), guaiacyl (G), and syringyl (S) lignin units, 
respectively (Freudenberg and Neish, 1968). However, 
there is now abundant evidence that other nontradi-
tional monomers can be incorporated into lignin in both 
wild-type and genetically modified plants, resulting in 
a diversity of structural features (Ralph et al., 2004b; 
Vanholme et al., 2012). MLs acylated by phenolic acids 
(especially pCA, FA, and p-hydroxybenzoate [pBA]), 
as well as acetate, are now well-accepted monomers of 
lignification in various species (see below).

In contrast to pCA, cell wall-bound FA mostly ac-
ylates GAXs, although small amounts have recently 
been found acylating lignin (Karlen et al., 2016). FA 
(and diferulate) acylating GAXs participate in radical 
coupling reactions that cross-link these polysaccha-
rides (Ralph et al., 2004a; Hatfield et al., 2017). In ad-
dition, they incorporate into lignin and, in doing so, 
they cross-link GAXs with lignin (Ralph, 2010). This 
contrasts with pCA, which is pendant on lignin and 
does not readily participate in radical coupling reac-
tions (Ralph, 2010). Other carboxylic acids also have 
been found to acylate lignin as pendent units in the 
Poaceae (grasses) and other taxa. For example, acetate 
has been shown to acylate lignin in a wide range of 
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taxa, including large amounts in the eudicotyledon ke-
naf (Hibiscus cannabinus, family Malvaceae; Ralph and 
Lu, 1998; del Río et al., 2007; Lu and Ralph, 2008) and 
the monocotyledons abaca (Musa textilis, family Mu-
saceae) and sisal (Agave sisalana, family Asparagaceae; 
del Río et al., 2007). pBA acylates the lignin of palms in 
the monocotyledon family Arecaceae (Lu et al., 2015), 
poplars and aspens (Populus spp.; Morreel et al., 2004), 
willows (Salix spp., family Salicaceae; Landucci et al., 
1992), and Aralia cordata (family Araliaceae; Hibino et 
al., 1994). Benzoate (BA) and trace amounts of vanillate 
(VA) also recently were found acylating lignin in leaf 
bases of Canary Island date palm (Phoenix canariensis; 
Karlen et al., 2017).

Initial studies on the regiochemistry of pCA acyla-
tion on lignins in the family Poaceae suggested that 
this occurred primarily on the hydroxyl group on the 
α-carbon of the side chain of lignin units (Nakamura 
and Higuchi, 1976). However, it has since been shown 
by NMR spectroscopy to occur exclusively on the 
hydroxyl group on the γ-carbon (Ralph et al., 1994). 
Subsequently, the preponderance of S-unit acylation 
was identified by the derivatization followed by re-
ductive cleavage (DFRC) method that cleaves β-ethers 
(as well as α-ethers) in lignin but leaves γ-esters intact 
(Lu and Ralph, 1999). Attachment of pCA to lignin at 
this particular location has been shown for a range of 
different grass species in various subfamilies (Soreng 
et al., 2015) within the Poaceae. These species include 
maize (Zea mays, subfamily Panicoideae), bromegrass 
(Bromus spp., subfamily Pooideae), bamboo (Bambusa 
spp., subfamily Bambusoideae; Lu and Ralph, 1999), 
sugarcane (Saccharum spp., subfamily Panicoideae; del 
Río et al., 2015), elephant grass (Pennisetum purpureum, 
subfamily Panicoideae; del Río et al., 2012), rice (Ory-
za sativa, subfamily Oryzoideae; Withers et al., 2012; 
Bartley et al., 2013; Takeda et al., 2017), and the model 
grasses Brachypodium distachyon (subfamily Pooideae; 
Petrik et al., 2014) and green foxtail (Setaria viridis, sub-
family Panicoideae; de Souza et al., 2018).

The acids, including p-coumaric acid, do not acy-
late the lignin after polymerization. Instead, acylated 
ML conjugates are used as nontraditional monomers 
(Lu and Ralph, 2008). These acylated conjugates are 
formed from MLs and acyl-CoA cofactors by the action  
of BAHD acyl-CoA:monolignol transferases (Karlen  
et al., 2016). (The BAHD acyltransferase family is named 
after the first letter of each of the first four enzymes 
characterized [D’Auria, 2006].) The first active p-cou-
maroyl-CoA:monolignol transferase (PMT) enzyme was 
identified and characterized in rice (Withers et al., 
2012), and homologous enzymes (and genes encoding 
them) also have been characterized in the model grass 
B. distachyon (Petrik et al., 2014; Sibout et al., 2016) and 
maize (Marita et al., 2014; Smith et al., 2017).

In addition to the family Poaceae, wall-bound pCA 
and FA occur in a large group of monocotyledons that 
forms a monophyletic clade and that is now known 
as the commelinid monocotyledon clade (Harris and 
Hartley, 1980; Harris and Trethewey, 2010; APG IV, 

2016). This clade (Fig. 1A) comprises four orders: the 
Poales, composed of 14 families (Centrolepidaceae is 
now placed within the Restionaceae), including the 
grasses (Poaceae), sedges (Cyperaceae), and brome-
liads (Bromeliaceae); the Zingiberales, composed of 
eight families, including the gingers (Zingiberaceae); 
the Commelinales, composed of five families, includ-
ing the spiderworts (Commelinaceae); and the Are-
cales, composed of two families, including the palms 
(Arecaceae; APG IV, 2016). The commelinid cell wall 
preparations analyzed in the original survey contained 
a mixture of both lignified and nonlignified walls, and 
all preparations were found to contain both bound FA 
and pCA (Harris and Hartley, 1980).

Here, we have obtained cell wall preparations con-
taining high proportions of lignified cell walls from 10 
species of commelinid monocotyledons from nine fam-
ilies outside Poaceae. We determined the proportions 
of pCA, FA, and pBA released by alkaline hydrolysis 
and used DFRC (Lu and Ralph, 1999) to determine if 
they acylate the lignin. We also detected pCA, FA, pBA, 
BA, and the lignin subunits by using whole-cell wall 
solution-state NMR spectroscopy (Kim and Ralph, 
2010).

RESULTS

Phenolic Acids Released from Cell Wall Preparations by 
Alkaline Hydrolysis

The content of acetyl bromide soluble lignin (ABSL) 
in the cell wall preparation containing a high propor-
tion (40% or greater) of walls with a positive phloro-
glucinol-HCl reaction (lignified cell walls) ranged from 
∼11% to 22% (Fig. 1B), with the exception of pineapple 
(Ananas comosus), which had only 5.8% ABSL, consis-
tent with its having a lower proportion of the cell walls 
giving a positive lignin reaction (Supplemental Table 
S1). With the exception of A. comosus, all lignified cell 
wall preparations, upon alkaline hydrolysis, released 
much higher total amounts of p-coumaric acid than 
ferulic acid (Fig. 1B; Table I). The ratio of ferulic to 
p-coumaric acid ranged from 1:0.7 (for A. comosus)  
to 1:16.3 (for P. canariensis). Significant amounts of 
p-hydroxybenzoic acid were released only from P. 
canariensis, but small amounts also were released from 
bulrush (Typha orientalis) and bird of paradise (Strelitzia 
reginae; Table I). No other phenolic acids were detected 
at significant abundance.

For six of the species, a cell wall preparation con-
taining a lower proportion (20% or less) of walls giv-
ing a positive lignin reaction (less-lignified cell wall 
preparation) also was analyzed (Supplemental Table 
S2). For these cell wall preparations, the amounts of 
p-coumaric acid released were substantially low-
er than the amounts released from the lignified cell 
wall preparations and ranged from 6.3% in ginger lily 
(Hedychium gardnerianum) to 28.5% in S. reginae (Sup-
plemental Table S3). In contrast, the amount of ferulic 
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acid released was greater, ranging from 139% in blue 
ginger (Dichorisandra thyrsiflora) to 600% in P. canarien-
sis. These differences were reflected in much lower ra-
tios of ferulic acid to p-coumaric acid; for example, the 
FA:pCA ratio of the less-lignified cell wall preparations 
of A. comosus was 1:0.06 and that of D. thyrsiflora was 
1:2.07, as compared with the ratio in the highly ligni-
fied cell wall preparations, 1:0.7 (A. comosus) and 1:12.9 
(D. thyrsiflora). The amount of p-hydroxybenzoic acid 
released from the less-lignified cell wall preparation 
from P. canariensis was 8% of that released from the 
lignified cell wall preparation. As in the lignified cell 
wall preparations, small amounts of p-hydroxybenzoic 

acid also were found in hydrolysates of the less-ligni-
fied cell wall preparations of T. orientalis and S. reginae. 
However, the amounts were only somewhat reduced: 
they were 61% and 83%, respectively, of those released 
from the lignified cell wall preparations.

DFRC of Lignified Cell Wall Preparations

ML-pCA conjugates were recovered following DFRC 
from all the lignified cell wall preparations examined 
(Table II). The proportion of these conjugates as a per-
centage of the total DFRC monomers (including ML 
conjugates) varied from 0.4% for P. canariensis to 29.2% 

Figure 1.  Phylogenetic tree of commelinid monocotyledons and key results from lignified cell wall preparations. A, Phylogenet-
ic tree adapted from Givnish et al. (2010) and Chase et al. (2006). Families sampled in this study are on a white background. In 
APG IV (2016), Centrolepidaceae is included in Restionaceae. B, Key results from lignified cell wall preparations: ABSL content 
(percentage dry weight ± se for n = 2), the ratio of FA to pCA as quantified by alkaline hydrolysis, and the proportions of the 
lignin components as quantified by DFRC.

p-Coumarate Acylates Commelinid Monocot Lignins
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for Nile grass (Cyperus papyrus; Fig. 1B). pCA acylated 
S more than G units, with the ratio of released G-pCA 
to S-pCA varying from 1:2.6 for T. orientalis to 1:244 for 
horsetail restio (Elegia capensis). The percentage of S 
units acylated by pCA varied from 0.3% in P. canarien-
sis to 80.2% in C. papyrus, whereas the percentage of G 
units acylated by pCA varied from less than 0.1% in 
P. canariensis to 4.9% in C. papyrus (Table I). Evidence 
for the presence of pCA acylating H units was found 
for T. orientalis and D. thyrsiflora by the detection of the 
H-monomer conjugates (Table II). Similarly, evidence 
for the presence of pBA acylating lignins was found 
only in P. canariensis, in which more (94%) were found 
on S units than on G units (6%). ML-BA and ML-VA, 
in which BA and VA acylated predominantly S units, 
also were found only in this species but were not quan-
tified here. However, proportions have been reported 
previously from lignin isolated from leaf bases of the 
same species (Karlen et al., 2017). ML-FAs predomi-
nantly acylated S units and were present in all of the 
species assayed, but these were a very minor compo-
nent (less than 0.1%) of the lignin. However, because 
FA, unlike pCA and pBA, participates readily in radical 
coupling reactions, the amounts released do not reflect 
the amounts incorporated.

S units also were the predominant units making up 
lignin, except in C. papyrus, where there were more G 
units (63%; Fig. 1B). The highest proportions of S units 

(78%–80%) were in the lignins of E. capensis, A. como-
sus, and P. canariensis. With the exception of hard rush 
(Juncus inflexus) and C. papyrus, which had lignins with 
9.8% and 4% H units, respectively, the content of H 
units ranged between only 0.1% and 0.8%.

NMR Spectroscopy of the Lignified Cell Wall Preparations

The aromatic regions of 2D heteronuclear sin-
gle-quantum coherence (HSQC) NMR spectra of ligni-
fied cell walls were consistent with lignins comprising 
predominantly S and G units with little to no H units 
(Fig. 2). Most of the species had higher or similar pro-
portions of S to G units, except for T. orientalis and C. 
papyrus, which indicated more G (64% and 61%, re-
spectively) than S units (36% and 39%, respectively). 
The highest proportions of H units were found in J. 
inflexus (14%) and T. orientalis (14%, with a substantial 
amount of protein); this signal can overlap with BA 
(Karlen et al., 2017) and protein signals from Phe (Kim 
et al., 2017), complicating signal detection and assign-
ment.

Also identifiable were FA, pCA, and pBA. The weak-
est pCA signal was observed for the P. canariensis cell 
wall preparation, consistent with the lowest amount 
of pCA released in this species upon alkaline hydro-
lysis. The spectra from all cell wall preparations from 
all species also showed correlation signals for FA. The 

Table I.  Amounts of phenolic acids released from lignified cell wall preparations by alkaline hydrolysis and the total amount of DFRC-quantified 
monomers (including monolignol conjugates)

Means ± from chromatograhy of extracts from duplicate preparations. ND, Not detected.

Taxon Alkaline Hydrolysis-Released Phenolic Acids DFRC-Quantified Monomers

Order, Family, Species pCA FA pBA Total H
Total G (Percentage 
G-pCA of Total G)

Total S (Percentage 
S-pCA of Total S)

mg g−1 dry wt µmol g−1 ABSL

Poales
  Restionaceae 
    Baloskion tetraphyllum 4.55 ± 0.15 2.27 ± 0.04 ND 7.3 ± 0.3 539 ± 13 (0.3%) 702 ± 20 (4.4%)
    Elegia capensis 14.92 ± 0.17 3.85 ± 0.04 ND 1.3 ± 0.1 287 ± 34 (0.2%) 1,038 ± 102 

(13.8%)
  Cyperaceae
    Cyperus papyrus 22.81 ± 0.01 3.18 ± 0.06 ND 0.28 ± 0.01 4 ± 0 (4.9%) 2 ± 0 (80.2%)
  Juncaceae
    Juncus inflexus 17.19 ± 0.65 6.00 ± 0.25 ND 4.6 ± 0.0 13.3 ± 0.2 (0.5%) 29 ± 3 (21.0%)
  Typhaceae
    Typha orientalis 13.73 ± 0.06 1.28 ± 0.04 0.04 ± 0.00 1.7 ± 0.0 401 ± 11 (3.8%) 457 ± 6 (8.5%)
  Bromeliaceae
    Ananas comosus 4.80 ± 0.19 6.84 ± 0.12 ND 0.21 ± 0.02 10.4 ± 0.3 (3.5%) 40 ± 4 (34.8%)
Zingiberales
  Zingiberaceae 
    Hedychium gardneria-

num
10.54 ± 0.61 3.43 ± 0.21 ND 0.13 ± 0.02 39 ± 0 (0.3%) 81 ± 2 (23.9%)

  Strelitziaceae
    Strelitzia reginae 8.05 ± 0.26 0.73 ± 0.05 0.05 ± 0.00 8.1 ± 0.2 759 ± 43 (0.4%) 849 ± 28 (7.8%)
Commelinales
  Commelinaceae 
    Dichorisandra thyrsiflora 13.74 ± 2.87 1.07 ± 0.21 ND 0.68 ± 0.05 217 ± 23 (0.4%) 348 ± 7 (34.1%)
Arecales
  Arecaceae 
    Phoenix canariensis 2.80 ± 0.16 0.17 ± 0.01 1.08 ± 0.07 38.6 ± 1.1 894 ± 82 (<0.1%) 3,793 ± 77 (0.3%)

Karlen et al.
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spectrum from the P. canariensis cell wall preparation 
was the only one with signals for pBA and BA. The lev-
els of the cinnamic (pCA and FA) and benzoic (BA and 
pBA) acids also can be assessed via their NMR volume 
integrals; however, because of the mobility of these 
end units, their integral volumes severely overrepre-
sent their real quantities and should be used only as 
relative measures (Mansfield et al., 2012). Quantifica-
tion from the NMR spectra (Fig. 2) was consistent with 
the alkaline hydrolysis data (Table I) in identifying the 
species with high and low proportions of FA, pCA, and 
pBA.

DISCUSSION

Our results show that lignified cell wall preparations 
from all the species examined, representing all four 
orders of the commelinid monocotyledons, had pCA 
bound to their cell walls. The much lower amounts of 
pCA released by alkaline hydrolysis from less-lignified 
cell wall preparations from the same species indicate 
that the bound pCA is concentrated in lignified cell 
walls, consistent with the notion that most of the pCA 

acylates the lignin, as has been demonstrated previous-
ly in the Poaceae. Indeed, as in the grasses, our DFRC 
results showed that pCA acylates the γ-OH of the lignin 
unit side chains, predominantly the S units. However, 
as in the grasses, at least some of the pCA also may 
acylate the GAXs, but this was not investigated in this 
study. GAXs are known to occur in the cell walls, prob-
ably both the secondary and primary walls, in other 
commelinid monocotyledon families, although only in 
small proportions in the primary walls of palms (Are-
caceae; Smith and Harris, 1995; Harris et al., 1997; Car-
nachan and Harris, 2000a; Peña et al., 2016).

We chose two powerful approaches to examine ac-
ylation by pCA. The first, whole-cell wall gel-NMR, 
allows profiling of the cell wall (lignins and polysac-
charides except for the crystalline cellulose) without 
requiring its degradation (except that incurred in the 
ball-milling step) or fractionation (Kim and Ralph, 
2010; Mansfield et al., 2012). NMR readily reveals pCA 
(and other aromatics associated with the wall) but 
does not differentiate between those that acylate the 
lignin versus polysaccharide components. Due to the 
nature of the HSQC pulse sequence and the difference 
in the spin-spin and spin-lattice relaxation behavior 

Table II.  Individual lignin components as quantified by DFRC from lignified cell wall preparations and reported as µmol g−1 ABSL
ND, Not detected; trace, compound detected but the signal was too weak to quantify; ± = /SE.

Order, Family, Species H-OH/Ac H-pCA G-OH/Ac G-pBA G-pCA G-FA S-OH/Ac S-pCA S-pBA S-FA

Poales
  Restionaceae 
    Baloskion tetraphyl-

lum
7.3 ± 0.3 ND 537 ± 13 ND 1.58 ± 

0.11
trace 670 ± 18 31 ± 2 ND 1.42 ± 

0.16
    Elegia capensis 1.3 ± 0.1 ND 286 ± 34 ND 0.59 ± 

0.03
0.20 ± 

0.01
894 ± 89 143 ± 13 ND 1.15 ± 

0.01
  Cyperaceae
    Cyperus papyrus 0.28 ± 

0.01
ND 4.3 ± 0.5 ND 0.22 ± 

0.01
ND 0.45 ± 

0.01
1.85 ± 

0.01
ND trace

  Juncaceae ND
    Juncus inflexus 4.6 ± 0.0 ND 13.2 ± 

0.2
ND 0.07 ± 

0.00
ND 23 ± 3 6.1 ± 0.2 0.06 ± 

0.00
  Typhaceae
    Typha orientalis 1.6 ± 0.0 trace 386 ± 10 ND 15.1 ± 

0.7
trace 419 ± 3 39 ± 3 ND 0.10 ± 

0.02
  Bromeliaceae
    Ananas comosus 0.21 ± 

0.02
ND 10.1 ± 

0.3
ND 0.36 ± 

0.06
ND 26 ± 1 14 ± 2 ND 0.13 ± 

0.01
Zingiberales
  Zingiberaceae 
    Hedychium gardner-

ianum
0.13 ± 

0.02
ND 39 ± 0 ND 0.10 ± 

0.00
ND 61 ± 1 19 ± 1 ND trace

  Strelitziaceae
    Strelitzia reginae 8.1 ± 0.2 ND 756 ± 43 ND 2.67 ± 

0.03
0.06 ± 

0.00
783 ± 27 66 ± 1 ND 0.22 ± 

0.00
Commelinales
  Commelinaceae 
    Dichorisandra thyr-

siflora
0.66 ± 

0.04
trace 217 ± 23 ND 0.82 ± 

0.07
ND 229 ± 3 118 ± 4 ND 0.22 ± 

0.01
Arecales
  Arecaceae 
    Phoenix canariensisa 38.6 ± 

1.1
ND 818 ± 81 59 ± 3 0.12 ± 

0.02
0.03 ± 

0.03
2,317 ± 

77
11.5 ± 

0.1
996 ± 

17
0.25 ± 

0.03
aML-BA and ML-VA also were detected in the DFRC analysis, predominantly as S-BA and S-VA. Their proportions are reported by Karlen et al. (2017).
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of protons and carbons in mobile end units and ap-
pendages versus those from the less mobile backbone 
of the polymer, such acylating components are vast-
ly overrepresented, as described previously (Kim and 
Ralph, 2010; Mansfield et al., 2012). That said, relative 
comparisons are valid, provided they are not overin-
terpreted as being quantitatively accurate. The DFRC 
method is arguably the best quantitative method to 
unambiguously determine if pCA acylates lignin (Reg-
ner et al., 2018). However, as with other degradative 
methods that release normal lignin monomers, DFRC 
is limited to examining only those moieties that are 
released by cleaving β-ether units and does not allow 
the determination of partitioning between lignin and 
polysaccharides; there are emerging methods attempt-
ing to address partitioning, but not in a truly quantita-
tive way (Petrik et al., 2014).

Our results are consistent with an earlier DFRC 
study of lignins isolated from the cell walls of two 
commelinid monocotyledons: abaca (Musaceae, Zin-
giberales) and curaua (Ananas lucidus [syn. A. erecti-
folius], Bromeliaceae, Poales; del Río et al., 2008). In 
both species, pCA (as well as acetate) acylated the 
γ-OH of the lignin unit side chains, predominantly 
the S units. Earlier studies on two Cyperaceae (Po-
ales) species also are consistent with the observation 
here that the main source of the cell wall-bound pCA 
is from acylated lignin. The walls of the outer cell lay-
ers of the corm of Chinese water chestnut (Eleocharis 
dulcis; Grassby et al., 2013) and of the tubers of chu-
fa (tiger nut [Cyperus esculentus]; Parker et al., 2000) 
were shown to be lignified and to contain high pro-
portions of pCA, in contrast to the walls of the inner, 
nonlignified cells that contained only low levels of 
pCA. Although we did not report the information, in 

Figure 2.  Aromatic regions of 2D 1H-13C correlation (HSQC) spectra. Results were obtained from gels of lignified cell walls of 
commelinid monocotyledon species in DMSO-d6/pyridine-d5 (4:1): Baloskion tetraphyllum (A), Elegia capensis (B), Cyperus 
papyrus (C), Juncus inflexus (D), Typha orientalis (E), Ananas comosus (F), Hedychium gardnerianum (G), Strelitzia reginae (H), 
Dichorisandra thyrsiflora (I), and Phoenix canariensis (J). Structures of lignin subunits, phenolic esters, and amino acids that are 
known to be present in plant cell walls are shown below. The substructure units are color coded to match their assignments in 
spectra A to J.
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a previous study (Karlen et al., 2016) we monitored 
(by DFRC) lignin-linked pCA in cell wall preparations 
of the following noncommelinid monocotyledons: si-
sal (Asparagaceae, Asparagales), orange lily (Lilium 
henryi, Liliaceae, Liliales), cv Stargazer lily (Lilium 
orientalis, Liliaceae, Liliales), Veitchii screw pine (Pan-
danus tectorius, Pandanaceae, Pandales), voodoo lily 
(Amorphophallus bulbifer, Araceae, Alismatales), and 
sweet flag (Acorus calamus, Acoraceae, Acorales). No 
evidence of lignin-linked pCA was observed in the cell 
wall preparations of these species.

In addition to pCA and FA, the lignified cell walls 
of the palm species P. canariensis contained significant 
proportions of pBA. Wall-bound pBA has been report-
ed previously from species across the palm family 
(Arecaceae; Pearl et al., 1959). In our study here, we 
did not detect any evidence of pBA acylating lignin in 
the wall preparations of the other commelinid mono-
cotyledons examined. Furthermore, no evidence was 
found for lignin-linked pBA in the cell wall prepara-
tions of noncommelinid monocotyledons in the study 
by Karlen et al. (2016) (see above), indicating that such 
acylation is a trait only of the Arecaceae. pBA acylates 
lignin on the γ-OH of the side chains, mostly on S 
units, in coconut (Cocos nucifera) coir fiber (Rencoret 
et al., 2013), African oil palm (Elaeis guineensis) empty 
fruit bunch fibers (Lu et al., 2015), and the leaf-base 
tissues of P. canariensis (Karlen et al., 2017). Like pCA, 
pBA is pendant on lignin and does not readily partic-
ipate in radical coupling reactions (Ralph, 2010). In 
all three of these studies, there was a notable lack of 
pCA acylation of the lignin in some or all the tissues 
studied. Thus, although pCA acylates lignin through-
out the commelinid monocotyledon clade, at the base 
of the clade the pCA may, in some tissue regions, be 
absent.

In conclusion, our results showed that pCA acy-
lates lignin in the lignified cell wall preparations we 
isolated from all 10 species of commelinid monocot-
yledons examined representing nine families outside 
the Poaceae and all four commelinid monocotyle-
don orders (Poales, Zingiberales, Commelinales, and 
Arecales). As in Poaceae, lignin-linked pCA occurs 
exclusively on the hydroxyl group on the γ-carbon 
side chains of lignin units, mostly on S units. Fur-
thermore the mechanism of acylation is likely to be 
similar to that in the Poaceae and to involve BAHD 
acyl-CoA:ML transferases. However, the exact iden-
tities of these enzymes and the genes encoding them 
are unknown.

MATERIALS AND METHODS

Microscopy

Bright-field and fluorescence microscopy were carried out using a Zeiss 
Axioplan 2 microscope fitted with a 12-V, 100-W halogen lamp, a mercury 
vapor lamp (HBO 100), and an incidence illuminator fitted with a G 365 nm 
excitation filter, FT395 chromatic beam splitter, and LP420 barrier filter. Images 
were captured with a Zeiss AxioCam HR digital camera.

Plant Material and Cell Wall Preparations

The sources of the plant material and organs used in the studies are de-
scribed in Supplemental Table S1. Transverse sections of organs were cut by 
hand using a razor blade. Tissues containing cells with high proportions of 
lignified walls were identified histochemically using phloroglucinol-HCl, the 
Wiesner reagent (Adler et al., 1948), with which lignified walls give a red col-
oration (Harris et al., 1982), and by UV fluorescence microscopy of sections 
mounted in water and in 0.1 m ammonium hydroxide solution, in which lig-
nified walls fluoresce blue (Harris and Hartley, 1976, 1980; Smith and Harris, 
1995). Cell wall preparations from such tissues contained high proportions of 
walls (40% or greater) giving a positive phloroglucinol-HCl reaction for lignin 
and are referred to as lignified cell wall preparations (Supplemental Table S1). 
For comparison, in six of the 10 species used, tissues were used containing low 
proportions of lignified walls and gave cell wall preparations containing low 
proportions (20% or less) of lignified walls (Supplemental Table S2). These are 
referred to as less-lignified cell wall preparations, and only the amounts of 
phenolic acids released by alkaline hydrolysis were measured.

The selected tissues were homogenized using a Benchtop Ring Mill (Rock-
labs) in MOPS-KOH buffer (20 mm, pH 6.8). The homogenates were centri-
fuged (1,000g, 10 min), and the pellets were resuspended in buffer, filtered 
onto nylon mesh (11-µm pore size), washed successively with buffer, ethanol, 
methanol, and n-pentane, and then air dried. Starch grains were detected his-
tochemically using iodine in potassium iodide (0.2 g of iodine and 2 g of po-
tassium iodide in 100 mL of water) with starch staining blue-black (Carnachan 
and Harris, 2000a). Starch was detected in cell wall preparations from Cype-
rus papyrus (lignified cell wall preparation), Hedychium gardnerianum (both 
types of cell wall preparations), and Phoenix canariensis (both types of cell wall 
preparations) and were destarched using porcine pancreatic α-amylase as de-
scribed by Carnachan and Harris (2000a).

Alkaline Hydrolysis, Extraction, and HPLC Analysis of 
the Phenolic Acids

Cell wall preparations (5 mg in duplicate) were suspended in 2 m sodium 
hydroxide (1.25 mL) with the internal standard 2-hydroxycinnamic acid (10 
µg; Sigma-Aldrich). The suspension was placed under nitrogen and shaken 
at 200 rpm, in the dark, for 20 h at room temperature. The suspensions were 
filtered (glass microfiber filter, type GF/C; Whatman), and the filtrate was 
acidified to pH < 2 with 12 m HCl. The phenolic acids were extracted with di-
ethyl ether (3 × 1 mL). The diethyl ether extracts were combined, evaporated to 
dryness under nitrogen, redissolved in tetrahydrofuran:water (1 mL, 1:1, v/v), 
and analyzed on an Agilent 1000 series HPLC device (Agilent Technologies). 
Chromatography of extracts from each duplicate preparation was carried out 
using an adaptation of the method of Dobberstein and Bunzel (2010) on a Luna 
phenyl hexyl column (250 mm × 4.6 mm i.d., 5-μm particle size, with a 3-mm 
× 4.6-mm i.d. guard column; Phenomenex). The sample volume was 20 µL, 
and the column was held at 45°C. Ternary solvent systems were made up from 
0.1% (v/v) aqueous formic acid (A), acetonitrile (B), and methanol (C) at a 
flow rate of 1 mL min−1. Separations were carried out as follows: initially 88.3% 
A, 11.7% (v/v) B, and 0% (v/v) C, held for 10 min, then linear over 10 min to 
79.3% (v/v) A, 18% (v/v) B, and 2.7% (v/v) C, linear over 5 min to 73% (v/v) 
A, 22.5% (v/v) B, and 4.5% (v/v) C, linear over 5 min to 32.5% (v/v) A, 45% 
(v/v) B, and 22.5% (v/v) C, then linear over 3 min to the initial mixture and 
held for 10 min. Chromatograms were monitored at 280 nm. All operations 
were carried out under illumination from a UV stop lamp (12 V, 50 W; Sylva-
nia Australasia) to avoid UV radiation, which causes cis-trans-isomerization 
(Hartley and Jones, 1975). The response factors were determined using pure 
phenolic acids (Sigma-Aldrich); the cis-isomers of ferulic and p-coumaric acids 
were quantified using the response factors of their respective trans-isomers 
(Carnachan and Harris, 2000b).

Determination of ABSL Content

The lignified cell wall preparations (2.5−5 mg in duplicate) were dissolved 
in 25% (v/v) acetyl bromide in 17.4 m acetic acid (0.2 mL) and heated at 50°C 
for 2 h with occasional mixing (Hatfield et al., 1999; Fukushima and Hatfield, 
2001). After cooling, 2 m NaOH (1 mL) and 0.5 m hydroxylamine hydrochlo-
ride (0.175 mL) were added and made up to 10 mL with 17.4 m acetic acid, 
and the A280 was measured with a Shimadzu UV-1800 spectrometer (model 
UV-1800; Shimadzu Scientific Instruments). An extinction coefficient of 20 L 
g−1 cm−1 was used to calculate the content of ABSL.

p-Coumarate Acylates Commelinid Monocot Lignins
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DFRC

Incorporation of monolignol conjugates (ML-X, where X is the γ-acylating 
carboxylic acid) into the lignin was determined using the ether-cleaving es-
ter-retaining DFRC method established previously for ML-OH/Ac, ML-pBA, 
ML-pCA, ML-FA, and ML-BA conjugates (Lu and Ralph, 1999; Lu et al., 2015; 
Karlen et al., 2017; Smith et al., 2017). The DFRC protocol used here was as 
follows.

The lignified cell wall preparations (6−50 mg in duplicate) were stirred in 
2-dram vials fitted with polytetrafluoroethylene pressure-release caps in ace-
tyl bromide:acetic acid (1:4 [v/v], 3 mL). After heating for 2 h at 50°C, the 
solvents were removed on a SpeedVac (Thermo Scientific SPD131DDA; 50°C, 
35 min, 35 torr min−1 ramp down to 0.1 torr). Crude films were suspended in 
absolute ethanol (0.5 mL), dried on the SpeedVac (50°C, 15 min, 35 torr min−1 
ramp down to 1 torr), and then suspended in dioxane:acetic acid:water (5:4:1 
[v/v/v], 5 mL) with nano-powdered zinc (250 mg). The vials were then sealed 
and sonicated, to ensure the suspension of solids, in the dark at room tempera-
ture for 16 to 20 h. The reaction mixtures were then quantitatively transferred 
with dichloromethane (DCM; 2 × 2 mL) into separatory funnels charged with 
saturated ammonium chloride (10 mL) and the isotopically labeled internal 
standards. Organics were extracted with DCM (3 × 10 mL), combined, dried 
over anhydrous sodium sulfate, and filtered, and the solvents were removed 
via rotary evaporation (water bath at 50°C). Free hydroxyl groups on DFRC 
products were then acetylated using a solution of pyridine and acetic anhy-
dride (1:1 [v/v], 4 mL), after which the solvents were removed on a rotary 
evaporator to yield crude oily films. To remove most of the polysaccharide-de-
rived products, acetylated DFRC products were loaded onto solid-phase 
extraction cartridges (Supelco Supelclean LC-Si solid-phase extraction tube; 
3 mL; P/N: 505048) with DCM (2 × 1 mL). After elution with hexane:ethyl 
acetate (1:1 [v/v], 8 mL), the eluted organics were combined and the solvents 
were removed by rotary evaporation. The products were transferred with 
DCM to gas chromatography vials containing a 300-μL insert, with the final 
sample volumes of 200 μL. Samples were analyzed by triple-quadrupole gas 
chromatography-tandem mass spectrometry (GC-MS/MS; Shimadzu GCMS-
TQ8030) in multiple reaction monitoring mode using synthetic standards for 
authentication and isotopically labeled internal standards for quantitation. 
The gas chromatography program and acquisition parameters are listed in 
Supplemental Tables S4 and S5, respectively.

NMR Spectroscopy

Lignified cell wall preparations (∼120 mg) of each species were finely 
milled, in duplicate, in a Retsch (Haan) PM100 planetary ball mill in a 20-mL 
zirconium dioxide grinding bowl, with 10- × 10-mm zirconium dioxide ball 
bearings at 600 rpm, for six cycles of 5 min of grinding and a 5-min break (Kim 
and Ralph, 2010). Ball-milled material (∼60 mg) was transferred to a 5-mm 
NMR tube and a premixed solution of DMSO-d6 (99.9% D; Sigma-Aldrich) and 
pyridine-d5 (99.96% D; Sigma-Aldrich; 4:1 [v/v], 565 μL) was added and the 
contents mixed using a Teflon-lined magnet placed inside the NMR tube until 
they appeared homogenous. Spectra of the cell wall gels were acquired at the 
University of Auckland NMR Centre on a Bruker 600-MHz UltraShield spec-
trometer equipped with a 5-mm QNP 1H/13C/31P/19F z-gradient cryoprobe 
(Bruker). The 1H-13C correlation experiment was an adiabatic HSQC variant 
(Bruker standard pulse sequence hsqcetgpsisp2.2) typically with the following 
parameters: spectra were acquired from −1 to 11 ppm in F2 (1H) using 2,048 
data points for an acquisition time of 136 ms, an interscan relaxation delay 
(D1) of 1 s, and 0 to 210 ppm in F1 (13C) using 512 data points for an F1 acquisi-
tion time of 8.1 ms, using 16 or 32 scans per increment, with a total acquisition 
time of 5 h 20 min. The DMSO solvent peak was used as an internal refer-
ence (δC 39.51, δH 2.5 ppm). The distribution of the various components in the 
whole cell walls was calculated by manually volume integrating the contours 
in HSQC plots using Bruker’s TopSpin 3.5 software (Mac version). The 1H-13C 
correlation signals selected for relatively quantifying the aromatic units were 
H2/6, G2, S2/6, and the oxidized S′2/6 and are reported on a G2 + 1/2(S2/6 + S′2/6) = 
100% basis. The correlation signals for pCA (pCA2/6), FA (FA2), BA (BA2/6), and 
pBA (pBA2/6) are reported on the same total aromatic G2 + 1/2(S2/6 + S′2/6) = 
100% basis. Where correlation signals overlapped with other components (e.g. 
G2, H2/6, FA2, and pCA2/6), the region integrated was selected to best correlate 
the integral volume to match the results from the DFRC and base hydrolysis 
data. NMR analysis was carried out on replicate gels obtained from the cell 
wall preparation of each species.

Accession Numbers

Sequence data referred to in this article can be found in the GenBank/
EMBL data libraries under accession numbers LOC_Os01g18744 (OsPMT), 
Bradi2g36910.1 (BdPMT1), Bradi1g36980.1 (BdPMT2), and GRMZM2G028104_
P01 (ZmPMT).

Supplemental Data

The following supplemental materials are available.

Supplemental Table S1. Sources of plant species and organs used to pro-
duce lignified cell wall preparations.

Supplemental Table S2. Plant species and organs used to produce less-lig-

nified cell wall preparations.

Supplemental Table S3. Amounts of phenolic acids released from less-lig-

nified cell wall preparations.

Supplemental Table S4. Chromatographic parameters for GC-MS/MS 

characterization of the DFRC product mix.

Supplemental Table S5. Multiple reaction monitoring parameters for GC-
MS/MS characterization of the DFRC product mix.
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