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SUMMARY

Biochemical and genetic analyses have previously identified caffeoyl shikimate esterase (CSE) as an enzyme

in the monolignol biosynthesis pathway in Arabidopsis thaliana, although the generality of this finding has

been questioned. Here we show the presence of CSE genes and associated enzyme activity in barrel medic

(Medicago truncatula, dicot, Leguminosae), poplar (Populus deltoides, dicot, Salicaceae), and switchgrass

(Panicum virgatum, monocot, Poaceae). Loss of function of CSE in transposon insertion lines of M. truncat-

ula results in severe dwarfing, altered development, reduction in lignin content, and preferential accumula-

tion of hydroxyphenyl units in lignin, indicating that the CSE enzyme is critical for normal lignification in

this species. However, the model grass Brachypodium distachyon and corn (Zea mays) do not possess

orthologs of the currently characterized CSE genes, and crude protein extracts from stems of these species

exhibit only a weak esterase activity with caffeoyl shikimate. Our results suggest that the reaction catalyzed

by CSE may not be essential for lignification in all plant species.
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INTRODUCTION

Lignin is a complex phenylpropanoid-derived polymer that

is a major structural component of plant secondary cell

walls. Lignin in angiosperms is composed primarily of

guaiacyl (G) and syringyl (S) monolignols, with much

smaller levels of hydroxyphenyl (H) units. It was proposed

over 12 years ago that the reaction responsible for

insertion of the hydroxyl group at the 3-position of the

p-hydroxyphenyl intermediates to produce the G and S

monolignols occurs predominantly at the level of the shiki-

mate ester of p-coumarate rather than at that of the free

acid or its coenzyme A derivative (Humphreys and Chap-

ple, 2002) (Figure 1). This conclusion is supported by the

demonstration that the enzyme HCT (hydroxycinnamoyl

CoA: shikimate/quinate hydroxycinnamoyl transferase) is

involved in lignin biosynthesis based on the strong reduc-

tions in lignin accumulation observed upon down-regula-

tion of its activity (Hoffmann et al., 2004; Shadle et al.,

2007), and the identification of the enzyme encoded by the

gene target of the ref8 mutation in Arabidopsis as a cou-

maroyl shikimate 30-hydroxylase (C30H) (Franke et al.,

2002). For this so-called ‘shikimate shunt’ to operate in lig-

nin biosynthesis, it is generally postulated that HCT can act

in the reverse direction to convert the product of the C30H
reaction, caffeoyl shikimate, to caffeoyl CoA, the substrate

for the first methylation enzyme, caffeoyl CoA 3-O-methyl-

transferase (CCoAOMT) in the lignin pathway (Figure 1b).

However, the reverse HCT reaction, although measurable

in vitro, is generally very inefficient (Hoffmann et al., 2004;

Escamilla-Trevi~no et al., 2014; Wang et al., 2014), and can-

not be detected in crude extracts from switchgrass (Esca-

milla-Trevi~no et al., 2014).

Our understanding of this pathway took a surprising

turn in 2013 when it was demonstrated than an enzyme

capable of selectively hydrolyzing caffeoyl shikimate to caf-

feic acid was present in Arabidopsis thaliana (Vanholme

et al., 2013b). Loss of function of this caffeoyl shikimate
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esterase (CSE) in Arabidopsis resulted in reduced lignin

levels, an increased fraction of p-hydroxyphenyl (H) units

in lignin, and a 40% reduction in plant growth (Vanholme

et al., 2013b). Although supported by the genetic evidence,

the involvement of this enzyme in lignin biosynthesis at

first appears counter-intuitive, as it necessitates the con-

sumption of an additional molecule of ATP to re-form the

CoA thioester that is then methylated by CCoAOMT (Fig-

ure 1b). Note that formation of caffeoyl CoA through the

‘reverse’ trans-esterification reaction of HCT does not con-

sume ATP. Doubts as to the general role of CSE in lignin

biosynthesis were then raised in a study in which meta-

bolic flux into lignin in poplar (Populus trichocarpa) was

modelled based on a combined analysis of the in vitro

kinetics and inhibition constants of all the enzymes

believed, at the time, to be involved in monolignol forma-

tion (Wang et al., 2014). Although two CSE homologs are

present in the P. trichocarpa genome, the authors con-

cluded that CSE need not be considered in their kinetic

model, as no CSE activity could be detected in extracts

from poplar secondary developing xylem (Wang et al.,

2014). The authors also reported that no CSE activity could

be detected in extracts from secondary developing xylem

of Eucalyptus grandis, or from stems of switchgrass (Pan-

icum virgatum) or rice (Oryza sativa).

To further assess the role of CSE in lignification, we here

examine the phylogenetic distribution of the enzyme

among monocots and dicots, examine the activity of the

enzyme from two dicots (Populus deltoides and Medicago

truncatula) and two monocots (switchgrass and Brachy-

podium distachyon), and investigate the effects of loss of

function of CSE in M. truncatula. CSE genes and corre-

sponding enzyme activities were present in all these spe-

cies except for B. distachyon. CSE appears to be critical for

lignin biosynthesis in M. truncatula, in which loss of func-

tion results in a phenotype that is even more severe than

that reported previously in Arabidopsis (Vanholme et al.,

2013b).

RESULTS

Phylogenetic analysis of CSE and CSE-like proteins

CSE belongs to the a/b-hydrolase superfamily of proteins.

To address CSE function across species, we first carried

out phylogenetic analysis of 149 CSE homologous proteins

from 61 plant species using the Arabidopsis thaliana CSE

protein sequence as the query (Figure 2). The proteins lar-

gely grouped into two classes. Class I included potentially

bona fide CSE genes closely related to AtCSE (At1g52760);

among these, the CSE genes from A. thaliana, M. truncat-

ula (Medtr4g127220), and rice (Oryza sativa) had no addi-

tional homologous sequences in their corresponding

genomes, whereas the CSE genes from poplar (Populus

deltoides and P. trichocarpa) and switchgrass (Panicum

virgatum) had two additional sequences. Protein sequence

alignments of the CSE proteins from A. thaliana,
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Figure 1. Pathways from coumarate to caffeoyl CoA in monolignol biosynthesis.

(a) Hydroxylation at the level of free acids.

(b,c) The shikimate shunt involving both forward and reverse reactions of HCT (b), and the involvement of CSE (c).

The HCT and C30H reactions are labelled, and the reactions involving CoA esterification via hydrolysis of ATP are highlighted.
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Figure 2. Phylogenetic analysis of CSE and CSE-like genes from 61 plant species.

The maximum likelihood phylogeny of 149 CSE and CSE-like amino acid sequences. The multiple sequence alignment of these sequences was used to build the

phylogeny with 1000 bootstrap analyses. The protein sequence of AtCSE (At1 g52760) was used as a query to BLAST (BLASTP) against the non-redundant pro-

tein sequence database of NCBI. Sequences from switchgrass (Panicum virgatum) were obtained via Phytozome v10.2. Species are: Aa, Arabis alpine; Ata, Aegi-

lops tauschii; Ah, Arachis hypogaea; Al, Arabidopsis lyrata subsp. Lyrata; Atr, Amborella trichopoda; At, Arabidopsis thaliana; Bd, Brachypodium distachyon;

Bn, Brassica napus; Br, Brassica rapa; Bv, Beta vulgaris subsp. vulgaris; Ca, Cicer arietinum; Cc, Citrus clementina; Cca, Coffea canephora; Cm, Cucumis melo;

Cr, Capsella rubella; Cs, Camelina sativa; Csa, Cucumis sativus; Csi, Citrus sinensis; Eg, Elaeis guineensis; Egr, Eucalyptus grandis; Egu, Erythranthe guttata;

Esa, Eutrema salsugineum; Fv, Fragaria vesca subsp. vesca; Gar, Gossypium arboretum; Gau, Genlisea aurea; Gm, Glycine max; Gr, Gossypium raimondii; Ho,

Hyacinthus orientalis; Hv, Hordeum vulgare subsp. vulgare; Jc, Jatropha curcas; Ma, Musa acuminata subsp. malaccensis; Md, Malus domestica; Mn, Morus

notabilis; Mt, Medicago truncatula; Nn, Nelumbo nucifera; Ns, Nicotiana sylvestris; Nt, Nicotiana tomentosiformis; Om, Oryza minuta; Os, Oryza sativa Japonica

Group (Japanese rice); Pb, Pyrus 9 bretschneider; Pd, Populus deltoides; Pda, Phoenix dactylifera; Pe, Populus euphratica; Pm, Prunus mume; Pp, Physcomi-

trella patens; Ppe, Prunus persica; Ps, Picea sitchensis; Pt, Populus trichocarpa (poplar); Pv, Panicum virgatum (switchgrass); Pvu, Phaseolus vulgaris; Rc, Rici-

nus communis; Sb, Sorghum bicolor; Si, Sesamum indicum; Sit, Setaria italic; Sl, Solanum lycopersicum; Sm, Selaginella moellendorffii; St, Solanum

tuberosum; Tc, Theobroma cacao; Th, Tarenaya hassleriana; Vv, Vitis vinifera; Zm, Zea mays.

The phylogenetic tree was constructed using MEGA 6 (Tamura et al., 2013) with 1000 bootstrap replicates. Numbers indicate the percentage of consensus sup-

port. Plant proteins of interest in M. truncatula, A. thaliana, rice, Brachypodium, poplar and switchgrass are highlighted.
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M. truncatula, P. deltoides, P. trichocarpa and P. virgatum

are shown in Figure S1. Class II CSEs included CSE homo-

logs with low sequence identity (below 40% identity in

amino acid sequence to the AtCSE protein sequence).

Interestingly, CSE homologous sequences from B. dis-

tachyon and corn (Zea mays) were found only in this class.

Both classes were represented by genes from all angios-

perm lineages including eudicots, monocots and lycopods

(e.g. Selaginella) and gymnosperm lineages including

Pinophyta (e.g. Picea sitchensis).

Functional characterization of CSE proteins

We next attempted to confirm the functional activities of

proteins encoded by the candidate CSE genes from

M. truncatula and poplar. The open reading frames from

the single M. truncatula CSE and the two P. deltoides CSE

genes were expressed in E. coli as His-tagged proteins,

and the recombinant proteins purified by nickel affinity

chromatography and tested for CSE activity by incubation

with caffeoyl shikimate using reaction conditions as previ-

ously reported (Escamilla-Trevi~no et al., 2014). When caf-

feoyl shikimate was incubated in reaction buffer for 4 h in

the absence of enzyme, high pressure liquid chromatogra-

phy (HPLC) analysis revealed a small amount of a new pro-

duct (peak 2 in Figure 3a), with an identical UV spectrum

to that of caffeoyl shikimate (Figure 3j) and a mass spec-

trum showing the major ion of caffeoyl shikimate (m/z

335.1), but with three additional minor ions of m/z 454.9,

291.0 and 135.0 (Figure S2a,b). Furthermore, the secondary

ion of caffeoyl shikimate at m/z 179.0 was of higher inten-

sity. These observations suggest that this compound is an

adduct formed between the substrate and components

present in the buffer; the compound was not present if the

CSE reaction was stopped at zero time by reducing the pH

(Figure 3b). Recombinant M. truncatula CSE converted caf-

feoyl shikimate to a single product in vitro, with 100% con-

version under the reaction conditions used (Figure 3d); the

product exhibited identical retention time (Figure 3c), and

UV (Figure 3i) and mass (Figure S2c) spectra to a sample

of authentic caffeic acid. Caffeic acid was likewise gener-

ated by the recombinant CSE from P. deltoides, although

the sample analyzed in Figure 3(e) did not catalyze com-

plete conversion over the 4 h incubation, and this allowed

some of the caffeoyl shikimate adduct to form. The partial

conversion may reflect in vitro stability of the P. deltoides

CSE, because a sample that had been stored for less time

at �80°C did catalyze complete conversion within 4 h. Both

recombinant P. deltoides CSEs exhibited similar activity.

CSE activity in switchgrass and two species that lack a

class I CSE gene, B. distachyon and corn, was analyzed by

performing enzyme assays with crude protein extracts

from stem tissues. Crude switchgrass extracts gave

approximately 50% conversion of caffeoyl shikimate to caf-

feic acid as the main product, along with the caffeoyl

shikimate adduct (Figure 3f). In contrast, equal amounts of

crude stem protein from Brachypodium and corn produced

only very small amounts of caffeic acid, with the adduct

being the major product (Figure 3g,h). It is not clear

whether the low level formation of caffeic acid reflects the

activity of a non-specific esterase, or the activity of a class

II CSE homolog, in these species.

Identification of CSE loss-of-function mutants in

M. truncatula

The above studies clearly confirm the existence of CSE

enzyme activity in three plant species. However, because

of the low, possibly non-specific, esterase activity in ligni-

fying tissues of B. distachyon and corn, the report that the

enzyme is not active in lignifying tissues of P. trichocarpa

(Wang et al., 2014), and the relatively weak phenotype

associated with loss of CSE function in A. thaliana (Van-

holme et al., 2013b) when compared to the loss of function

of HCT (the enzyme believed to be responsible for caffeoyl

CoA biosynthesis in earlier models of monolignol synthe-

sis) (Li et al., 2010) (Figure 1b), there is need for additional

genetic evidence for CSE function. We therefore investi-

gated the involvement of CSE in monolignol biosynthesis

through loss-of-function genetic analysis in M. truncatula,

a species well suited to reverse genetic approaches

(Naoumkina et al., 2010; Liu et al., 2014). The CSE gene of

M. truncatula consists of a single exon without intron (Fig-

ure 4a), and is strongly expressed in the stem and root,

whereas expression is weak in old mature seeds (Fig-

ure S3). We screened an M. truncatula Tnt1 retrotrans-

poson insertion population (Tadege et al., 2005, 2008) and

found two lines with insertion of the retrotransposon in dif-

ferent positions in the exon region of the CSE gene. The

independent mutant lines (NF13103 and NF17462) were

renamed Mtcse-1 and Mtcse-2, respectively (Figure 4a).

There were no MtCSE transcripts detected in either mutant

allele (Figure 4b).

Growth and developmental phenotypes of Mtcse mutants

Mtcse mutant plants showed a severely dwarfed pheno-

type (Figure 4c). To better document this, we measured

plant growth every 4 days over the course of plant devel-

opment. The stems of the control plants bolted at about

23 days after germination, whereas bolting was delayed in

the mutant stems until approximately 43 days after germi-

nation (Figure 4d and Table 1). The control plants flowered

at about 55 days after germination, whereas flowering was

delayed in Mtcse mutant plants until about 80 days after

germination. In contrast, the Arabidopsis cse mutant

bolted and flowered at the same time as the control plant

(Table 1). The inflorescence stem height of the control

plants increased gradually to reach 115 cm at full maturity

in 3-month-old plants. In contrast, inflorescence stem

growth in the mutants was delayed and the stems reached

© 2016 The Authors
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only 10 cm when fully grown. Mtcse mutant plants also

displayed delayed senescence in both leaf and flower

development (Figure S4). The seed pods in mutant plants

started to develop at 3 months, at which time the seed

pods in control plants were already starting to senesce. In

addition, the size of the seed pods in mutant plants was

much smaller than in control plants (Figure S4b). Further-

more, control plants produced seven or eight seeds per

seed pod, whereas mutant plants produced only one or

two seeds per pod.

To further characterize Mtcse mutant plants, stem cross-

sections were observed with UV light, under which lignin-

and wall-bound phenolic compounds exhibit blue autofluo-

rescence. Compared with control stems, Mtcse mutant

stems were thinner (compare Figure 5a,f) and exhibited

similar autofluorescence but abnormal morphology (com-

pare Figure 5a–c, f–h), with highly decreased number of

vessel elements. Xylem vessel elements in the mutant

stems were collapsed (Figure 5h, arrows), implying the

development of weakened secondary cell walls (Jones

et al., 2001; Th�evenin et al., 2011). We next examined stem

sections by Wiesner (phloroglucinol) staining, which is

considered to reflect lignin content but is somewhat speci-

fic for coniferaldehyde end groups in lignins (Lewis and

Yamamoto, 1990; Pomar et al., 2002). Interestingly, Mtcse

mutant plants had strongly increased Wiesner staining of

the vascular tissue compared with control stems (compare

Figure 5d, i). It is possible that free soluble phenolics (e.g.

hydroxycinnamyl aldehydes) might contribute to the dark

colour of the mutant stems after Wiesner staining. To test

this hypothesis, we removed soluble phenolics by treating

stem sections in methanol and chloroform. This procedure

had little effect on the appearance of cross-sections from

wild-type plants (compare Figure S5a–e and Figure 5a–e).
Cross-sections of stems from the cse mutant exhibited a

brighter yellow appearance of the unstained organ after
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Figure 3. HPLC chromatograms showing products

of reactions with recombinant CSE proteins from

P. deltoides and M. truncatula and crude protein

extracts from switchgrass, Brachypodium and corn.

All incubations were for 4 h.

(a) Caffeoyl shikimate standard, incubated in reac-

tion buffer.

(b) Caffeoyl shikimate incubated with switchgrass

extract for 4 h, but reaction stopped at t = 0.

(c) Caffeic acid standard.

(d) Product from incubation of recombinant MtCSE

with caffeoyl shikimate.

(e) Products from incubation of recombinant poplar

PdCSE1 with caffeoyl shikimate; the chromatogram

obtained with recombinant poplar PdCSE2 showed

a similar level of conversion to caffeic acid.

(f) Products from incubation of crude protein prepa-

ration from stems of switchgrass with caffeoyl

shikimate.

(g) Products from incubation of crude protein

preparation from stems of Brachypodium with caf-

feoyl shikimate.

(h) Products from incubation of crude protein

preparation from stems of corn with caffeoyl shiki-

mate.

(i) UV spectrum of peak 1 (caffeic acid).

(j) UV spectrum of peak 2 (caffeoyl shikimate

adduct).

(k) UV spectrum of peak 3 (caffeoyl shikimate sub-

strate).

Numbers of the peaks refer to retention time in

min, indicated on the panels. Mass spectra of peaks

1–3 are given in Figure S2.
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removal of soluble phenolics, no difference in UV autofluo-

rescence, and loss of some Wiesner staining between cell

files (compare Figure S5f–j with Figure 5f–j). However,

there were still regions with very intense Wiesner staining

(compare Figure S5d and Figure S5i). Taken together,

these results suggest that soluble phenolic materials con-

tribute to some, but not all, of the dark colour seen on

Wiesner staining of Mtcse mutant stems.

Stem cross-sections were also examined by M€aule stain-

ing, a method in which S units are specifically stained a

red colour (Lewis and Yamamoto, 1990). M€aule staining of

control stems gave a typical strong red colour, whereas

mutant stems showed decreased staining (Figure 5e,j),

implying that the mutant stems had decreased S lignin

content.

Lignin composition in Mtcse mutants

To quantitatively determine lignin composition, we ana-

lyzed lignin from wild-type and mutant stems using

thioacidolysis. Analysis of thioacidolysis monomeric break-

down products by GC-MS indicated that the total thioaci-

dolysis yield in Mtcse mutant stems was strongly

decreased compared with that of control stems (Figure 6a).

Levels of H-derived monomers were drastically increased

in mutant compared to control stems (Figure 6b). In con-

trast, guaiacyl (G) monomers were highly decreased in
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Figure 4. Identification and developmental pheno-

types of cse mutants in M. truncatula.

(a) Diagram showing the position of the Tnt1 inser-

tions in the MtCSE gene.

(b) Quantitative-PCR analysis of MtCSE transcripts.

Data are means � standard deviation (SD) (n = 3).

***P < 0.001, Student’s t-test.

(c) Fully grown plants grown in long-day light con-

dition for 3 months. Scale bar = 10 mm.

(d) Plant growth curve. Plant (inflorescence) height

was measured every 4 days. The Mtcse mutation

results in a dwarf plant with delayed growth. Ctrl

represents plants with normal stature in segregat-

ing lines. N = 20 (controls) and 35 (Mtcse mutant).

Table 1 Developmental differences between Atcse and Mtcse plants

Plant Genotype
Number
of plants

Bolting time Flowering time

Control Mutant Control Mutant

A. thaliana Atcse-2 32 17.5 � 1.4 17.1 � 1.3 23.5 � 1.9 22.5 � 1.3
M. truncatula Mtcse-1 13 23.4 � 2.5 43.3 � 4.5*** 54.9 � 1.9 80.0 � 4.4***
M. truncatula Mtcse-2 14 24.1 � 2.3 24.1 � 2.3 55.1 � 2.4 81.3 � 3.8***

Data are means � standard deviation (SD). ***P < 0.001, Student’s t-test.
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mutant stems and syringyl (S) monomers were modestly

decreased, resulting in a significantly increased lignin S/G

ratio in the mutant compared with the control (Figure 6d).

Nuclear magnetic resonance (NMR) analysis of Medicago

cell walls

To complement the thioacidolysis analysis of lignin com-

position, and to further interrogate lignin structure in the

Mtcse mutant, we performed whole-cell-wall gel-state

NMR analysis. NMR assignments were based on previous

studies (Kim and Ralph, 2010, 2014) and also by spectral

comparison with synthetic H unit-derived lignins analyzed

under the same NMR conditions. In the aromatic regions

of the heteronuclear single-quantum correlation (HSQC)

spectra of cell walls from the Mtcse mutant, dominant sig-

nals appeared from the H units derived from the normally

minor monolignol p-coumaryl alcohol (Figure 7). The H

units accounted for 76.6 and 84.0% of the total monomers

in two independent Mtcse alleles, compared with 5.4–6.2%
in three control lines (Figure 7). These data mirror the

results of the thioacidolysis analysis (Figure 6b), which

determines relative levels only from the fraction of b-O-4-

linked units released as monomers. Analysis of the lignin

aliphatic regions indicated that there were not major differ-

ences in the percentages of lignin linkage types between

the wild-type and mutant plants (Figure S6), other than a

decrease in the proportion of b-5 linkages in the mutant.

This result is mildly surprising as the H-rich lignins in the

ref8 (c30h) single and med5a/5b ref8 triple Arabidopsis

mutants displayed much more striking differences in inter-

unit linkages compared with the lignin of the control plants

(Ralph et al., 2006; Weng et al., 2010; Bonawitz et al.,

2014).

DISCUSSION

Genes encoding class I CSE enzymes are present in both

dicots and monocots, but clearly not in all species. Further-

more, we were only able to detect weak esterase activity in

extracts from stems of B. distachyon and corn, the gen-

omes of which are among the 12 out of 61 species we

examined by phylogenetic analysis that do not possess a

class I CSE gene. The species that lacked a class I CSE

gene, based on currently available sequence data, were

Brachypodium distachyon, Zea mays, Setaria italica, Sor-

ghum bicolor, Oryza minuta, Aegilops tauschii, Hordeum

vulgare subsp. vulgare, Erythranthe guttata, Beta vulgaris

subsp. vulgaris, Ricinus communis, Gossypium raimondii,

and Physcomitrella patens. It was previously reported that

there is no CSE enzyme activity in poplar (developing

xylem), switchgrass (stems) and rice (Wang et al., 2014).

However, in our hands, crude switchgrass extracts had

high CSE activity. Although it is possible that the presence

of inhibitors resulted in an artefactual loss of CSE activity

in Brachypodium and corn extracts, this seems unlikely

given the high activity of CSE in switchgrass extracts pre-

pared and assayed in the same way. Furthermore,

although we have not examined developing xylem of P. tri-

chocarpa, we observed high enzyme activity of recombi-

nant CSE protein from another poplar species

(P. deltoides, which possesses two CSEs that each exhibit

98% amino acid identity to their orthologs from P. tri-

chocarpa). The P. trichocarpa CSEs are highly expressed in
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Figure 5. Histological analysis of cse mutant stems in M. truncatula.

(a–e) Control (ctrl) plant.
(f–j) cse mutant plant.

(a, f) Sectioned image without staining.

(b, c, g, h) UV autofluorescence of cross-section of the second internode. The blue colour is lignin autofluorescence in vascular bundles and interfascicular

fibres.

(d, i) Wiesner (phloroglucinol) staining of cross-section of the second internode.

(e, j) M€aule staining of cross-section of the second internode.

Scale bars: 400 lm (a, b, d–g, i, j); 200 lm (c, h). PF, phloem fibre; T, tracheid; V, vessel element; X, xylem.
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stem tissues (PtCSE1_https://phytozome.jgi.doe.gov/pz/por-

tal.html#!gene?search=1&crown=1&de-

tail=1&method=0&searchText=transcriptid:26998824), so it

seems counter-intuitive that they would not be expressed

in developing xylem along with the HCT that generates

their substrate.

Incubation of caffeoyl shikimate with buffer alone, or

with enzyme extracts with low CSE activity, resulted in the

appearance of a new compound with lower retention time

but identical UV spectrum to the initial substrate. Initially,

we thought that this compound might be an additional

ester of shikimate, formed either by trans-esterification

(Petersen, 2015) or possibly through additional activity of

HCT; this latter type of reaction has recently been reported

for formation of dicaffeoyl quinate (Vanholme et al., 2013a;

Moglia et al., 2014). However, MS analysis indicated that

the compound could not be a dicaffeoyl ester, and,

because it is formed in the absence of enzyme, it is proba-

bly an adduct formed by reaction with a component in the

buffer.

It will be important to determine, for species such as

corn and B. distachyon that appear to lack a class I CSE,

whether the low esterase activity observed in crude

extracts is specific and involved in lignification, and, if not,

if there exists a different type of HCT that efficiently cat-

alyzes the reverse trans-esterification reaction to generate

caffeoyl CoA for conversion to monolignols. In the absence

of a CSE or an HCT for formation of caffeoyl CoA, it is

unclear how the shikimate shunt could move beyond ester

formation to function in monolignol biosynthesis. In the

case of switchgrass, which does possess CSE, the two HCT

enzymes show preferences of approximately 20-fold for

the forward reaction to form coumaroyl shikimate com-

pared to the reverse reaction converting caffeoyl shikimate

to caffeoyl CoA (Escamilla-Trevi~no et al., 2014).

It is clear from analysis of the cse mutants in M. truncat-

ula that CSE is absolutely critical for monolignol biosynthe-

sis in this species. The loss-of-function phenotype is more

severe than that observed in the corresponding loss-of-

function mutants in Arabidopsis, where growth is reduced

by approximately 40%, total lignin reduced by approxi-

mately 36%, and H units comprise approximately 35% of

the total monolignol-derived units (Vanholme et al.,

2013b). In the M. truncatula mutants, plants were much
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Figure 6. Lignin content and composition of stems of cse mutants and corresponding controls as determined by thioacidolysis and NMR.

(a) Total lignin determined by thioacidolysis yield. Data are means � standard deviation (SD) (n = 3). ***P < 0.001, **0.01 < P < 0.001, Student’s t-test.

(b, c) Lignin composition determined by thioacidolysis (b) and NMR analysis (c).

(d, e) S/G ratio determined by thioacidolysis (d) and NMR analysis (e). Data are means � SD (n = 3). *0.01 < P < 0.05, Student’s t-test.

Ctrl represents plants with normal plant phenotype in segregating lines.

H, hydroxyphenyl units; G, guaiacyl units; S, syringyl units.

© 2016 The Authors
The Plant Journal © 2016 John Wiley & Sons Ltd, The Plant Journal, (2016), 86, 363–375

370 Chan Man Ha et al.

https://phytozome.jgi.doe.gov/pz/portal.html#!gene?search=1&crown=1&detail=1&method=0&searchText=transcriptid:26998824
https://phytozome.jgi.doe.gov/pz/portal.html#!gene?search=1&crown=1&detail=1&method=0&searchText=transcriptid:26998824
https://phytozome.jgi.doe.gov/pz/portal.html#!gene?search=1&crown=1&detail=1&method=0&searchText=transcriptid:26998824


more severely stunted, total lignin was reduced by over

80%, and H units comprised approximately 50% of the

monolignol-derived units as determined by thioacidolysis,

and approximately 80% as determined by NMR. The differ-

ence between the thioacidolysis results and the values

computed by NMR likely reflect the fact that some of the H

units will not be present as b-O-4-linked units and therefore

not released by thioacidolysis, and the over-estimation of

the more mobile end-units in NMR (Tobimatsu et al.,

2013).

The difference in phenotype between the Medicago and

Arabidopsis cse mutants could reflect differential abilities

of HCT to catalyze the formation of caffeoyl CoA from caf-

feoyl shikimate in the two species. The kinetics of this reac-

tion are not known in Medicago, but the reaction does

occur in Arabidopsis and may therefore provide a means

of by-passing the CSE reaction. HCT is, however, a critical

enzyme in monolignol synthesis in Medicago species, at

least in regard to the forward reaction; RNAi down-regula-

tion of HCT to about 50% of wild-type activity in M. sativa

(alfalfa) results in a 40% decrease in biomass, a 50% reduc-

tion in total lignin, and the appearance of H units to

approximately 30% of total thioacidolysis-released mono-

mers (Shadle et al., 2007).

Although there was no difference in either bolting or

flowing time in Arabidopsis cse mutants compared with

control plants, Mtcse mutants showed highly delayed bolt-

ing and flowering time. This may reflect more severe

impairment of vascular function in the Mtcse mutants.

As is typical in dicots, wild-type Medicago lignin con-

tains mainly G and S subunits, with only a minor H compo-

nent. The aromatic regions of the 2D HSQC spectra of cell

walls from the Medicago cse mutant showed that the lig-

nin comprises up to 85% of H units, which is very close to

(f) H-DHP(e) Ctrl (R108)
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the value recently reported in an Arabidopsis mutant

(med5a/b ref8-1) in which the poor growth due to loss of

function of coumaroyl shikimate 30-hydroxylase is restored

by loss of function of components of the Mediator complex

(Bonawitz et al., 2014). The H-subunit peak assignments in

the aromatic region of spectra from the Medicago cse

mutant were also confirmed by comparison with the peak

patterns from an H-only synthetic lignin (dehydrogenation

polymer, DHP) synthesized in vitro from p-coumaryl alco-

hol. The lignin interunit linkage distribution can normally

be profiled easily in the aliphatic region, but the typical

peaks are only found at trace level in the whole-cell-wall

NMR data of the cse mutant samples, confirming the lower

lignin contents in the mutants compared to those in the

WT controls. The interunit ratios were only consistently

changed in the Medicago cse mutant for b-O-5 linkages,

differing from observations in previous studies of high-H

lignins, in which C3H deficient Arabidopsis mutants

showed a large difference in interunit linkage compared

with control plants (Ralph et al., 2006; Weng et al., 2010;

Bonawitz et al., 2014).

The revisions to the lignin pathway that led to the accep-

tance of the shikimate shunt (Humphreys and Chapple,

2002; Hoffmann et al., 2004), and the demonstration that

ferulic acid (4-hydroxy,3-methoxy-cinnamic acid) arises

from the oxidation of coniferaldehyde, at least in Arabidop-

sis (Nair et al., 2004), suggested that free hydroxycinnamic

acids are not intermediates in monolignol biosynthesis.

The present results confirm the finding that, because of

the action of CSE, free caffeic acid can be an intermediate

in monolignol biosynthesis, but suggest that this may not

be the case throughout the plant kingdom. In fact, it

remains to be determined whether the shikimate shunt is

conserved in all plant species. Although HCT down-regula-

tion has been shown to reduce flux into lignin biosynthesis

in several dicot species, the situation is less clear in mono-

cots (Shen et al., 2013). Further genetic analysis is neces-

sary to resolve this issue, and B. distachyon will be a

useful model because of its lack of a class I CSE.

EXPERIMENTAL PROCEDURES

Plant materials

Tobacco (Nicotiana tabacum) Tnt1 retrotransposon tagged
mutants of M. truncatula (Tadege et al., 2008) were screened to
find Mtcse mutant plants. To confirm insertion lines, genotyping
was conducted by using Tnt1-specific primers and MtCSE gene-
specific primers (Table S1). The Atcse-2 mutant (Salk_023077) was
obtained from the ABRC at Ohio State University, USA and geno-
typing was carried out using T-DNA-specific primer and AtCSE
gene-specific primers (Table S1).

Isolation of the MtCSE gene

In order to obtain the MtCSE sequence, the protein sequence of
AtCSE (At1g52760) was used as a query for BLAST (BLASTP) analysis

in the Medicago genome database at the J. Craig Venter Institute
web site (http://blast.jcvi.org/er-blast/index.cgi?project=mtbe).

Plant growth conditions

Seeds were scarified with concentrated sulphuric acid for 7 min and
then washed four times with distilled water. Scarified seeds were
sterilized with 30% bleach for 4 min and then rinsed three times with
sterile water. Sterilized seeds were vernalized at 4°C for 5 days and
germinated for 5 days on half-strength B5 medium before transfer-
ring into soil. The M. truncatula plants were grown in a growth
chamber set at 16 h/8 h day/night cycle at 22°C (day)/20°C (night),
photoperiod (120 lm m�2 sec�1) and 70–80% relative humidity.

Poplar (P. deltoides), Zea mays and B. distachyon were grown
in the greenhouse at 24°C (day)/18°C (night). Switchgrass was
grown in a growth chamber set at 16 h/8 h (day/night) cycle at
24°C (day)/18°C (night), photoperiod (140 lm m�2 sec�1) and 50–
60% relative humidity. Arabidopsis thaliana plants were grown in
a growth chamber set at 16 h/8 h (day/night) cycles at 22°C (day)/
20°C (night), photoperiod (150 lm m�2 sec�1) and with 70–80%
relative humidity.

Phylogenetic analysis

Multiple protein sequence alignments were performed using the
ClustalW alignment tool. The phylogenetic tree was constructed
using MEGA 6 (Tamura et al., 2013). Node support was estimated
using neighbor-joining bootstrap analysis (1000 bootstrap repli-
cates). The protein sequence of AtCSE (At1g52760) was used as a
query to BLAST (BLASTP) against the non-redundant protein
sequence database of NCBI. Sequences from switchgrass were
obtained from Phytozome v10.2 (http://phytozome.jgi.doe.gov/
pz/portal.html). For obtaining CSE sequences from P. deltoides,
PdCSE1 and PdCSE2 cDNAs were amplified by RT-PCR using for-
ward and reverse primer pairs (Table S1) with SuperScript III
reverse transcriptase (Invitrogen, Carlsbad, CA, USA), and con-
firmed by sequencing by Eurofins (Louisville, KY, USA).

Expression of poplar and Medicago CSEs in E. coli

Young developing internode tissue from stems of P. deltoides and
M. truncatula were harvested and used for isolation of RNA with
PureLink Plant RNA Reagent (Invitrogen, www.thermofisher.com).
PdCSE1, PdCSE2 and MtCSE cDNAs were amplified by RT-PCR
using forward and reverse primer pairs (Table S1) with Super-
Script III reverse transcriptase (Invitrogen). Each cDNA was cloned
into pCR8/GW/TOPO TA (Invitrogen) and then cloned into
pDESTTM17 Vector (Thermofisher Scientific, www.thermofisher.-
com, Waltham, MA, USA) by LR recombination reaction.

E. coli Rosetta strain cells harbouring the target CSE constructs
were cultured at 37°C until OD600 reached 0.6–0.9, and isopropyl
b-D-1-thiogalactopyranoside (IPTG) was then added to a final con-
centration of 0.5 mM to induce the heterologous protein expres-
sion. The culture was incubated at 18°C for 18–20 h, and tubes
with 25 mL of culture were spun down to collect the pellets which
were frozen at �20°C. Pellets were thawed, resuspended in 2 mL
of extraction-washing buffer (10 mM imidazole, 50 mM Tris–HCl pH
8.0, 500 mM NaCl, 10% glycerol and 10 mM b-mercaptoethanol)
and sonicated four times for 20 sec. The supernatants were recov-
ered after centrifugation (16 000 g), and equilibrated. Ni-NTA
beads (Qiagen, www.qiagen.com) were added to allow the His-
tagged proteins to bind to the beads. The suspension was incu-
bated at 4°C for 30 min under constant inversion and unbound
proteins were washed away three times with 1 mL of extraction-
washing buffer. Target proteins were eluted with 400 lL of elution
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solution (300 mM imidazole, 50 mM Tris–HCl buffer pH 7.5, 500 mM

NaCl, 10% glycerol and 10 mM b-mercaptoethanol). Protein con-
centrations were determined using the Bio-Rad protein assay (Bio-
Rad, www.bio-rad.com, Hercules, CA, USA).

Preparation of crude stem protein extracts

Young stem tissue from Brachypodium, switchgrass and corn (0.3–
0.5 g) was ground very finely using a freezer mill (Retsch MM 400,
www.retsch.com, Newtown, PA, USA), and crude protein extracts
prepared as described previously (Gallego-Giraldo et al., 2011).

Assay of CSE enzyme activity

Purified preparations of recombinant PdCSE1, PdCSE2 or MtCSE
proteins (1–2 lg) and crude protein extracts of Brachypodium, corn
and switchgrass (10 lg protein), were incubated at 30°C for 4 h
with 100 mM NaPO4 buffer pH 7.5, 500 lM dithiothreitol and 100 lM
caffeoyl shikimate in a final volume of 100 lL. Controls were made
by stopping the above reactions before incubation or incubating
with enzyme that had been pre-incubated at 95°C for 5 min, and
spectra of authentic caffeic acid and caffeoyl shikimate standards
were obtained using a 111 lM solution of these substrates. The
reactions (including controls) were terminated by adding 10 lL of
glacial acetic acid. Reaction products were injected onto an HPLC
with a reverse-phase C18 column (Spherisorb 5l ODS2, www.wa-
ters.com) and separated in a step gradient using 1% phosphoric
acid in water as solvent A and acetonitrile as solvent B.

Liquid chromatography–mass spectrometry (LC–MS)

analysis

LC–MS analyses were performed on an Agilent 1260 HPLC system
coupled with Agilent 6400 Series Triple Quad LC/MS; the samples
were injected onto a Waters Xterra MS C18 5 lm 250 9 2.1 mm
column at a flow rate of 0.45 mL/min. Elution was carried out
using mixtures of two solvents: A (0.1% formic acid in water) and
B (0.1% formic acid in acetonitrile). The elution gradient was as
follows: 0–2 min isocratic at 5% A, 5–27 min linear gradient from
5 to 45% of B, 27–28 min linear gradient up to 95% of B, 28–
36 min isocratic at 95% of B, 36–37 min linear gradient from 95 to
5% B. MS scan was in negative mode. Mass range 100–1000; frag-
mentor voltage 135; gas temperature 350°C; gas flow 11 L min�1;
nebulizer 35 psi; sheath gas temperature 350°C; sheath gas flow
11 L min�1; and capillary voltage negative 3500.

RNA isolation and real-time PCR

RNA from stems of M. truncatula was isolated using Plant RNA
Reagent (Invitrogen, www.thermofisher.com). Isolated RNAs were
treated with DNase I and then purified using an RNeasy MinElute
Cleanup Kit (Qiagen, www.qiagen.com, Valencia, CA, USA).
Cleaned rRNAs were used for reverse transcription with Super-
Script III reverse transcriptase (Invitrogen). Quantitative real-time
PCR (qRT-PCR) analysis with Power SYBR Green PCR Master Mix
(Life Technologies, www.thermofisher.com) using primers sur-
rounding the insertion site (Table S1) was performed on a
QuantStudio 6 Flex Real-Time PCR system (Life Technologies)
according to the manufacturer’s instructions. Transcript levels
were determined by relative quantification using M. truncatula b-
tublin as a reference.

Histochemical analysis

The second internodes from fully grown but still green M. truncat-
ula stems were cut and embedded in 7% agarose. Slices (100 lm
thickness) were cut with a Vibratome (Microm HM650V, Thermo

Scientific, www.thermofisher.com and M€aule stained as previ-
ously reported (Rohde et al., 2004) with slight modifications: sam-
ples were prepared by incubating for 5 min in 1% KMnO4 (w/v),
then rinsed with water, followed by incubation in 12% HCl (v/v)
and observed after addition of a few drop of 1.5% NaHCO3 (w/v).
Images were taken with an AMG-EVOS microscope (AMEX-1200,
Thermo Scientific). The images showing lignin UV autofluores-
cence were taken with an AMG-EVOS microscope (AMEX-4304,
Thermo Scientific).

Removal of soluble phenolics from stem sections

Second internode tissues from M. truncatula were cut into
approximately 5–6 mm lengths. The sections were incubated in
sequence with the following solutions for 1 h with gentle shaking
at room temperature, with the free liquid being removed after
each incubation: 1 mL of 100% methanol (92); 1 mL of chloro-
form/methanol (1:1, v/v) (92); 1 mL of 100% methanol (92); 1 mL
of distilled water (92). Treated internode tissue was then used for
histological analysis as outlined above.

Determination of lignin content and composition

Whole stems excepting nodes were harvested. The collected sam-
ples were lyophilized and ground into powder. The lignin content
and composition from stem material was determined by thioaci-
dolysis (Lapierre et al., 1985, 1995). Ten mg of extractive-free sam-
ples were incubated with 3 mL of a solution of 0.2 M BF3 etherate
in an 8.75:1 dioxane/ethanethiol mixture. Lignin-derived mono-
mers were identified by gas chromatography/mass spectrometry
(GC/MS), and quantified by GC as their trimethylsilyl derivatives.
GC/MS was performed on a Hewlett-Packard (Santa Clara, CA,
USA) 7890A gas chromatograph equipped with an Agilent (Santa
Clara, CA, USA) J&W column DB-5 ms (60 m 9 0.25 mm 9

0.25 lm film thickness) with a 5975C series mass selective detec-
tor. Mass spectra were recorded in electron impact mode (70 eV)
with a 50–650 m/z scanning range.

Analysis of whole cell walls by NMR

Whole plant cell wall samples for gel-state NMR samples were pre-
pared as previously described (Kim and Ralph, 2010; Mansfield
et al., 2012). The dried samples were pre-ground for 30 sec in a
Retsch (Newtown, PA, USA) MM400 mixer mill at 30 Hz, using zir-
conium dioxide (ZrO2) vessels (10 mL) containing ZrO2 ball bear-
ings (2 9 10 mm). The cell walls were extracted with distilled
water (ultrasonication, 1 h, three times) and 80% ethanol (ultrason-
ication, 1 h, three times). The cell walls were dried again and finely
milled using a Fritsch planetary micromill PULVERISETTE 7 (Cran-
berry Township, PA, USA) at 600 rpm with ZrO2 vessels (20 mL)
containing ZrO2 balls (10 mm 9 10). Each sample (100 mg) was
ground for 1 h 40 min (interval: 10 min, break: 5 min, repeated
97). The cell walls were collected directly into the NMR tubes
(50 mg for each sample) and gels formed using 0.5 mL dimethyl
sulphoxide (DMSO)-d6/pyridine-d5 (4:1). NMR experiments were
performed as previously described (Kim et al., 2008; Kim and
Ralph, 2010, 2014). NMR spectra were acquired on a Bruker Biospin
(Billerica, MA, USA) Avance 700 MHz spectrometer equipped with
a cryogenically cooled 5-mm TCI gradient probe with inverse
geometry (proton coils closest to the sample). The central DMSO
solvent peak was used as internal reference (dC 39.5, dH 2.49 ppm).
The 1H–13C correlation experiment was an adiabatic HSQC experi-
ment (Bruker standard pulse sequence ‘hsqcetgpsisp.2’; phase-
sensitive gradient-edited-2D HSQC using adiabatic pulses for inver-
sion and refocusing) (Kup�ce and Freeman, 2007). HSQC experi-
ments were carried out using the following parameters: acquired
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from 11.5 to �0.5 ppm in F2 (1H) with 1682 data points (acquisition
time 100 msec), 215 to �5 ppm in F1 (13C) with 620 increments (F1
acquisition time 8 msec) of 48 scans with a 500 msec interscan
delay; the d24 delay was set to 0.86 msec (1/8J, J = 145 Hz). The
total acquisition time was 5 h. Processing used typical matched
Gaussian apodization (GB = 0.001, LB = �0.5) in F2 and squared
cosine-bell and one level of linear prediction (32 coefficients) in F1.
Volume integration of contours was performed on HSQC data pro-
cessed without linear prediction using Bruker’s TopSpin 3.1 (Mac
version) software.
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