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Abstract

Background C-lignin is a homopolymer of caffeyl alcohol present in the seed coats of a variety of plant species
including vanilla orchid, various cacti, and the ornamental plant Cleome hassleriana. Because of its unique chemical
and physical properties, there is considerable interest in engineering C-lignin into the cell walls of bioenergy crops as
a high-value co-product of bioprocessing. We have used information from a transcriptomic analysis of developing C.
hassleriana seed coats to suggest strategies for engineering C-lignin in a heterologous system, using hairy roots of the

model legume Medicago truncatula.

Results We systematically tested strategies for C-lignin engineering using a combination of gene overexpression and
RNAi-mediated knockdown in the caffeic acid/5-hydroxy coniferaldehyde 3/5-O-methyltransferase (comt) mutant back-
ground, monitoring the outcomes by analysis of lignin composition and profiling of monolignol pathway metabo-
lites. In all cases, C-lignin accumulation required strong down-regulation of caffeoyl CoA 3-O-methyltransferase
(CCoAOMT) paired with loss of function of COMT. Overexpression of the Selaginella moellendorffii ferulate 5-hydroxy-
lase (SmF5H) gene in comt mutant hairy roots resulted in lines that unexpectedly accumulated high levels of S-lignin.

Conclusion C-Lignin accumulation of up to 15% of total lignin in lines with the greatest reduction in CCOAOMT
expression required the strong down-regulation of both COMT and CCoAOMT, but did not require expression of a
heterologous laccase, cinnamyl alcohol dehydrogenase (CAD) or cinnamoyl CoA reductase (CCR) with preference for
3,4-dihydroxy-substituted substrates in M. truncatula hairy roots. Cell wall fractionation studies suggested that the
engineered C-units are not present in a heteropolymer with the bulk of the G-lignin.
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Background

C-Lignin was discovered in 2012 in the seed coats of
vanilla orchid and cacti of the genus Melocactus [1]. It
is a linear polymer of caffeyl alcohol in which the indi-
vidual units are joined by benzodioxane structures [1].
C-Lignin has since been shown to occur in seed coats
of a range of plant species, including other orchids [2],
many other species of cacti [3], members of the Euphor-
biaceae (e.g., Jatropha, Ricinus, Aleurites) [4—6], and the
ornamental plant Cleome hassleriana [4, 7]. The struc-
ture of C-lignin makes it an “ideal” lignin for valoriza-
tion in the bioprocessing of lignocellulosic biomass [8, 9].
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This is because the linkages in C-lignin are stable and the
polymer does not fragment and then re-polymerize onto
cell wall polysaccharides under the types of pretreat-
ment used in the lignocellulosic industry [9]. Further-
more, being a homopolymer, C-lignin can be chemically
degraded to one or a few products (primarily catechyl
propane [6, 9, 10]), with advantages for subsequent bio-
logical funneling to low molecular weight bioproducts or
intermediates for synthesis of biomaterials [10]. Finally,
the non-degraded polymer itself has favorable proper-
ties as a biomaterial, for example for producing carbon
fibers [11]. Because of these properties, there is consid-
erable interest in introducing C-lignin into the cell walls
of high-volume bioenergy crops such as poplar or switch-
grass. However, such efforts are hampered by our lack of
understanding of the biosynthesis and in vivo polymeri-
zation of C-lignin.

Cleome hassleriana has emerged as a model system
for understanding C-lignin biosynthesis. The lignin laid
down in the seed coat of this species switches from all
guaiacyl (G) lignin to all catechyl (C) lignin at around
12 days after pollination (dap) [4]. This switch is associ-
ated with the sudden and rapid transcriptional down-
regulation of caffeoyl CoA 3-O-methyltransferase
(CCoAOMT) and caffeic acid/5-hydroxyconiferyl alcohol
3/5-O-methyltransferase (COMT) (Fig. 1) [7]. C-Lignin
accumulation is also accompanied by a switch in the
complement of cinnamyl alcohol dehydrogenase (CAD,
Fig. 1) enzymes in the seed coat, from CAD4, with pref-
erence for the G-lignin precursor coniferaldehyde, to
CADS5, with preference for the C-lignin precursor caffe-
aldehyde [7]. Finally, polymerization of C-lignin is associ-
ated with the appearance, at around 12 dap, of LACCASE
8, a copper oxidase that preferentially oxidizes caffeyl
alcohol and which promotes C-lignin formation from
exogenously supplied caffeyl alcohol in transgenic Arabi-
dopsis thaliana [12]. Caffeyl alcohol is a potent inhibitor
of laccase-mediated polymerization of coniferyl alco-
hol [13], suggesting that C-lignin will be formed prefer-
entially given a suitable supply of caffeyl alcohol in the
apoplast.

Here, we build upon the existing knowledge of natural
C-lignin biosynthesis to evaluate strategies for C-lignin
engineering in non-seed tissues of the model legume
Medicago truncatula. Lignin biosynthesis has been stud-
ied extensively in this species, and in its commercial
relative alfalfa (M. sativa), primarily in the contexts of
understanding systems-wide impacts of lignin modifi-
cation [14] and engineering reduced lignin alfalfa with
improved forage digestibility [15]. M. truncatula has an
extensive collection of transposon insertion mutants
[16], and a rapid system for evaluating gene candidates
through expression of transgenes in hairy root cultures
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[17-19]. Here we use the hairy root system to identify
which of the genetic changes associated with C-lignin
biosynthesis in C. hassleriana is necessary for the accu-
mulation of C-lignin in a heterologous host. Our results
indicate that blockage of the classical COMT/CCoAOMT
route for monolignol O-methylation is sufficient to allow
C-lignin biosynthesis. Our studies also revealed that
redundant O-methylation pathways exist for formation of
coniferyl alcohol, and for S-lignin following overexpres-
sion of a promiscuous ferulate 5-hydroxylase in the comt
mutant background. The implications of these results for
C-lignin engineering are discussed.

Materials and methods

Plant materials and growth conditions

Tntl retrotransposon insertion mutants [16] of comt,
ccoaomt, and comt ccoaomt double-mutant plants in M.
truncatula were as described previously [14]. M. trun-
catula ecotype R108 was used as the wild type for com-
parison with Tutl insertion mutants. Seed scarification,
planting, and plant growth conditions (in a growth cham-
ber set at a 16-h/8-h day/night cycle at a 22 °C [day]/20 °C
[night] photoperiod and 70-80% relative humidity) were
performed as described [20].

Plasmid construction and hairy root transformation

The ¢DNA sequences of M. truncatula HCT
(Medtr2g105330), COMT  (Medtr3g092900) and
CCoAOMT (Medtr4g085590) were synthesized by
Gene Universal (https://www.geneuniversal.com) and
cloned into pBlueScript II SK(+) to generate RNAi con-
structs. These were cloned into PCR8/GW/TOPO vec-
tor (https://www.thermofisher.com) and finally cloned
into pPB7GWIWG2 binary vector (HCT-COMT RNAI) or
pH7GWIWG?2 binary vector (COMT-CCoAOMT RNAI)
containing the CaMV 35S promoter by LR recombina-
tion reaction (https://gatewayvectors.vib.be). The SmF5H
overexpression plasmid (pCC0923) was a kind gift from
Dr. Jing-Ke Weng, MIT, USA. For the ChCAD5 overex-
pression construction, p35S:ChCAD5 (cDNA):tNOS
sequence was synthesized by Gene Universal and cloned
into pCC0923 vector using the HiFi DNA assembly pro-
tocol  (https://www.neb.com/applications/cloning-and-
synthetic-biology/dna-assembly-and-cloning/nebui
lder-hifi-dna-assembly).

For construction of the ChLACS8 overexpression plas-
mid (pK7WG2D-ChLACS), amplified cDNA of ChLAC8
from Cleome stem tissue was first cloned into pENTR/
D-TOPO vector (https://www.thermofisher.com) and
then cloned into pK7WG2D binary vector containing
the CaMV 35S promoter by LR recombination. Then,
amplified ¢cDNA of ChLAC15 from Cleome stem tis-
sue was cloned into pK7WG2D-ChLACS8 binary vector
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using the HiFi DNA assembly protocol to construct the
pK7WG2D-ChLAC8/ChLAC15 double overexpression
plasmid.

A GUS gene was used to construct GUS-pH7G-
WIWG2 and GUS-pK7WG2D binary vectors as control.
The binary vectors described above, singly and in com-
bination, were transformed into Agrobacterium rhizo-
genes strain ARqual and transformed colonies were used

to inoculate radicles of R108 wild-type and comt mutant
M. truncatula seedlings (NF11911, Mtcomt-1 allele and
NF17882, Mtcomt-2 allele) to induce hairy root develop-
ment as described previously [21]. The resulting hairy
roots were maintained on B5 medium before sampling.
Although we were transforming the comt mutants, we
included the COMT-RNAI sequence to allow translation
to other species for which mutants may not be available.
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Primers for cloning and genotyping of transgenic lines
are listed in Additional file 1: Table S1.

Gene transcript analysis

RNAs from plant tissues were isolated using Plant RNA
Reagent (Invitrogen). Isolated RNAs were treated with
DNase I and then purified by RNeasy MinElute Cleanup
Kit (Zymoresearch). Cleaned RNAs were used to per-
form reverse transcription with SuperScript III reverse
transcriptase (Invitrogen). qRT-PCR analysis with Power
SYBR Green PCR Master Mix (Life Technologies) was
confirmed with three biological replicates using primers
described in Additional file 1: Table S1 and performed on
an QuantStudio 6 Flex Real-Time PCR system (Life Tech-
nologies) according to the manufacturer’s instructions.

Metabolite extraction and quantification

Lyophilized and ground root powder was weighed
(10 mg) and mixed with 1 mL of 60% (v/v) methanol con-
taining '*C-benzoic acid as an internal standard. To mix
evenly, vortexing was carried out for 30 s, then sonica-
tion was applied for 1 h in cold-water. Next, sample tubes
were rotated for 1 h at 4 °C and then centrifuged for
15 min at 12,000 rpm. Supernatants were transferred into
new tubes and vacuum dried for 3 h. Dried samples were
dissolved in 100 uL of 60% (v/v) methanol and subjected
to UHPLC-MS/MS analysis at the Bioanalytical Facility
of the BioDiscovery Institute, University of North Texas,
using an ultra-high performance liquid chromatography
tandem mass spectrometry (UHPLC-MS/MS) method
as described by Cocuron et al. [22], using an Agilent 1290
Infinity II liquid chromatography system coupled to a
hybrid Triple Quadrupole 6500 + triple quadrupole from
ABSciex. Compounds were identified and quantified
using a mixture of known external standards run at the
same time as the biological extracts. Three biological rep-
licates were processed for each tissue.

Determination of lignin content and composition

Lignin content and monomer composition of freeze-
dried hairy root samples were determined using a high-
throughput thioacidolysis procedure [23]. Thioacidolysis
was also performed on extractive-free samples after addi-
tional extraction by the following protocol. The sam-
ples were ball milled in a vibrational ball mill for 20 min
followed by enzymatic hydrolysis with cellulase from
Trichoderma sp. in 50 mM acetate buffer (pH 4.8, 37 °C)
for 48 h [24]. The solid residue was isolated by centrifuga-
tion, washed two times with 6 mM EDTA and two times
with deionized water, and freeze-dried for 72 h.
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Testing F5H activity in hairy root microsomes

Isolation of microsomes was carried out as described
previously [25], starting with 5 g of either SmF5H
overexpressing or control (GUS) hairy roots. C4H
and F5H activity assays were conducted combining
the methods described by Humphreys et al. [26] and
Wang et al. [27] using an NADPH generating system.
For C4H assay, 50 pM cinnamic acid was substrate in
100 mM potassium phosphate buffer pH 7.0, whereas
50 uM coniferaldehyde or 50 pM feruloyl CoA were
used as substrates for F5H assays; various modifica-
tions of incubation time, buffer pH, and amount of
microsome preparation were made in a 200 uL total
reaction. The reaction mixture with feruloyl CoA was
clarified after incubation by centrifugation at 20,000 g
for 5 min and subjected to CoA hydrolysis by add-
ing 25 pL of 5 M NaOH and incubating for 20 min at
40 °C; the reaction was then acidified with 175 pL of
1 M HCI. The remaining assays were stopped with 20
uL of glacial acetic acid and clarified by centrifuga-
tion at 20,000 g for 5 min. All reactions were extracted
twice with 500 pL of ethyl acetate which was reduced
to dryness under nitrogen flow, resuspended in 80 pL
of methanol and analyzed on an Agilent 1220 HPLC
using a reverse-phase C18 column (Spherisorb 5 pm
ODS2, Waters, Milford, MA) in a step gradient using
0.1% formic acid in water as solvent A and acetonitrile
as solvent B.

Statistical analysis

Statistical analysis was done by Student’s ¢-test and one-
way ANOVA using the Prism program (graphpad.com),
P<0.0001.

Results

Loss-of-function of OMTs increases C-lignin levels in young
seedlings of M. truncatula

C-lignin accumulation in the C. hassleriana seed coat is
associated with a rapid decrease in expression of COMT
and CCoAOMT (Fig. 1) [4, 7]. We therefore asked to
what extent complete loss of function of these two
enzymes would increase the C-lignin content of M. trun-
catula seedlings. We have previously described a series
of M. truncatula retrotransposon insertion mutants
with defects in different steps of the monolignol biosyn-
thesis pathway [14]. This set, in the R108 genetic back-
ground, includes individual null mutants in the COMT
(Medtr3g092900) and CCoAOMT (Medtr4g085590)
genes, as well as the comt ccoaomt double mutant,
which cannot survive to maturity [14]. Loss-of-func-
tion of COMT leads to a massive reduction in S lignin
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levels in mature plants [14, 28], but 10-day-old M. trun-
catula comt mutant seedlings are still able to make some
S-lignin, although at much reduced levels [14].

These previous studies did not measure C-lignin. We
therefore analyzed 10-day-old seedlings of wild-type
ecotype R108, the comt, ccoaomt, and comt ccoamt
mutants, and mature stem material of R108 for com-
parison. We first measured selected monolignol path-
way enzyme gene transcripts by quantitative real time
RT-PCR (qPCR). In comparison to transcript levels in
mature stems, transcripts encoding hydroxycinnamoyl
CoA: shikimate hydroxycinnamoyl transferase (HCT),
CCoAOMT and ferulate/coniferaldehyde 5-hydroxy-
lase (F5H, the entry point into S lignin biosynthesis)
[29] were extremely low in all mutants and wild type at
10 days (Additional file 1: Fig. S1A, C, E). In contrast,
transcript levels of COMT and CAD5 (the ortholog of
the CAD implicated in C-lignin biosynthesis in the Cle-
ome seed coat [7]) in wild-type seedlings were within an
order of magnitude of the values in mature stems of wild-
type plants (Additional file 1: Fig. S1 B, D). COMT and
CCoAOMT transcripts were absent in their individual
mutants, reflecting the situation in the Cleome seed coat
during C-lignin biosynthesis [7].

Analysis of monolignol content and composition by
thioacidolysis indicated that 10-day-old seedlings of all
mutants had very low levels of lignin compared to mature
stems, with lowest levels in the comt coaomt double
mutant (Fig. 2A). The percentage of H-units increased
in the mutants in the order comt, ccoaomt and comt
ccoaomt (Fig. 2B, C). The percentage of G-units was
reduced following loss of function of CCoAOMT and, as
expected [30, 31], S-units were very low following loss of
function of COMT (Fig. 2E, F). C-units were present at
around 1.8% of total monolignol units in 10-day-old R108
seedlings. However, this proportion was more than four-
fold higher in the comt ccoaomt double mutant, although
the absolute amount of lignin was much reduced (Fig. 2A,
D).

The same tissue samples were then subjected to
HPLC-MS/MS analysis to determine the levels of mon-
olignol pathway intermediates (Fig. 3). The structures
of the intermediates are shown in Fig. 1. The levels of
aldehydes and alcohols (monolignols) did not directly
reflect the lignin compositions of the mutants (Fig. 3A-
J). Levels of coumaraldehyde and coumaryl alcohol
were highest in the wild-type seedlings, but were much
lower, closer to the value in mature stems of R108,
in all the mutant lines (Fig. 3A, F), even though the
mutants had elevated levels of H-units in their lignin
(Fig. 2C). In contrast, levels of caffeyl alcohol in the
mutants increased in the order comt, ccoaomt and comt
ccoaomt (Fig. 3G), consistent with the blocking of the
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Fig. 2 Lignin content and composition in shoots of 10-day-old
seedlings of wild-type and OMT mutant M. truncatula lines. A Total
lignin thioacidolysis yield. B Overall % lignin monomer compositions.
C % of H-units. D % of C-units. E % of G-units. F % of S-units. Data are
shown as the mean + sd (for n=3 biologically independent samples);
the different letters above the bars represent statistically significant
differences determined by one-way analysis of variance (ANOVA; least
significant difference (LSD), P<0.0001). Stem, stem tissue from R108
wild-type background

O-methylation steps. Nevertheless, the levels of caffeyl
alcohol were several orders of magnitude lower than
those of coniferyl alcohol, which showed an inverse
change in the three mutants compared to caffeyl alco-
hol (Fig. 3H). After coniferyl alcohol, 5-hydroxyconif-
eraldehyde, regarded as the preferred substrate for
COMT [32] was the most abundant of the pathway
intermediates analyzed, but its levels did not change
between wild-type and mutant lines (Fig. 3D). Para-
doxically, although the other 3,4-dihydroxy-substituted
intermediates caffeic acid (Fig. 30) and caffeoyl shiki-
mate (Fig. 3N) were highest in the comt ccoaomt double
mutant as would be predicted, so was the mono-meth-
ylated intermediate ferulic acid (Fig. 3P), and levels of
the dimethylated sinapyl alcohol and sinapic acid were
much higher in all three mutants than in wild type
(Fig. 3], R). Together, these results raise the question
of the mechanism for monolignol O-methylation at the
3 and 5-positions in the absence of functional COMT
and CCoAOMT. Potential redundancy in methyla-
tion pathways might limit the ability to generate caffeyl
alcohol.
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A system for evaluating metabolic engineering strategies
for C-lignin biosynthesis

The lack of viability of whole plants lacking function of
both COMT and CCoAOMT [14] necessitates an alter-
native experimental system for rapidly testing com-
binatorial expression of gene candidates for C-lignin
engineering. Hairy roots provide a convenient system
for assessing the impact of gene manipulations in plant
specialized metabolism [19, 33], and M. truncatula
hairy roots can be generated quickly and maintained
easily [21, 34]. For the present studies, we therefore
generated a series of hairy root lines in the comt mutant
background (using independent comt-1 and comt-2
mutant alleles).

Re-routing of the monolignol pathway by OMT
down-regulation coupled with expression of Cleome
LACCASE 8

Based on the data in Figs. 2D and 3G, we reasoned that
co-down-regulation of COMT and CCoAOMT should
increase formation of caffeyl alcohol in M. truncatula
hairy roots, which, in the presence of a suitable laccase
or peroxidase enzyme, may be polymerized to C-lignin.
ChLACS is specifically expressed in the Cleome seed
coat during the phase of C-lignin accumulation and pro-
motes C-lignin accumulation in transgenic Arabidopsis
stems fed caffeyl alcohol [12]. We therefore transformed
M. truncatula hairy roots (comt mutant) with a binary
vector containing inverted repeat structures for RNA
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interference of both COMT and CCoAOMT (driven by
the constitutive 35S promoter), plus an overexpression
cassette for 35S promoter-driven expression of ChLAC8
(Additional file 1: Fig. S2). The dual transformation strat-
egy is described in Methods. The use of two separate
plasmids for the overexpression and RNAi constructs
resulted in some lines with only the RNAi construct
(—/+), some with only the overexpression construct (+),
some with both (+/+) and some with neither (—/—).
Additional controls included a line with GUS expressed
in the comt mutant background, and one with GUS in
the wild-type R108 background. qPCR analysis revealed
baseline COMT transcript levels in all lines, a subset
of lines with no CCoAOMT expression, and ChLAC8
expression in all lines transformed with the ChLACS8
construct, although the lines with combined LACS8 over-
expression and OMT RNAi had lower LAC8 transcript
levels than the lines expressing LAC8 alone (Additional
file 1: Fig. S3). The reason for this is not clear.

Hairy roots expressing COMT and CCoAOMT RNAIi
constructs appeared a darkish brown color, in contrast
to the light-yellow color of GUS empty vector controls in
the comt mutant background (Additional file 1: Fig.S4).
Thioacidolysis revealed essentially no S units in the lignin
from all comt mutant lines (Fig. 4E), and high C-units
(up to 15% of total monolignol units) in all lines in which
CCoAOMT was strongly down-regulated (Fig. 4C).
There was an inverse relationship between C and G unit
levels in these lines (Fig. 4C, D, Additional file 1: Fig. S5),
and H unit levels were highest in COMT/CCoAOMT-
RNAI lines (Fig. 4B). However, there did not appear
to be any relationship between C-lignin accumulation
and ChLACS expression in lines with low CCoAOMT
expression (Fig. 4C, Additional file 1: Fig. S3C). Thus,
strong down-regulation of both COMT and CCoAOMT
appeared essential for C-lignin accumulation but, unlike
the situation in transgenic Arabidopsis [12], ChLAC8
was not required.

Figure 5 shows monolignol pathway metabolite data
for five selected lignin-modified lines and three controls
from the above experiment. As expected, the highest
levels of caffeic acid, caffealdehyde, caffeyl alcohol, and
caffeoyl shikimate were recorded in hairy roots with loss
of function of both COMT and CCoAOMT (Fig. 5B, G,

(See figure on next page.)
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N, O). Levels of sinapyl and 5-hydroxyconiferyl moieties
were low. Surprisingly, roots accumulating caffeyl alcohol
also contained approximately twofold increased levels of
coniferyl alcohol (Fig. 5H) despite the inverse relation-
ship between G and C-units in the lignin.

Re-routing the monolignol pathway by OMT
down-regulation coupled with expression of Selaginella
F5H

Wild-type M. truncatula hairy roots contain high lev-
els (between 25 and 40%) of H-lignin (Fig. 4B) [23].
The Selaginella moellendorffii “ferulate 5-hydroxylase”
(SmF5H) is a multifunctional enzyme that can uniquely
hydroxylate the H-lignin precursors coumaraldehyde
and coumaryl alcohol, as well as the S-lignin precursors
coniferaldehyde and coniferyl alcohol which are also
the substrates for the endogenous M. truncatula F5H
(MtF5H) [35] (Fig. 1). We reasoned that transformation
of M. truncatula hairy roots to express SmF5H could
provide increased levels of caffealdehyde and caffeyl alco-
hol (derived from coumaraldehyde and coumaryl alco-
hol) which, in a COMT down-regulated background,
could lead to elevated C-lignin levels (Fig. 6A).

To evaluate the impact of SmF5H expression in a
background in which both COMT and CCoAOMT
were down-regulated, we performed hairy root trans-
formations with combinations of separate constructs
for overexpression of SmF5H (under control of the
vascular-specific Arabidopsis cinnamate 4-hydroxylase
(C4H) promoter) with RNAi down-regulation of COMT
and CCoAOMT (Fig. 6A). We also separately generated
lines with a construct designed to introduce the above
changes plus expression of both ChLAC15 and ChLAC8
(driven by the strongly root-expressed Agrobacterium
tumefaciens RolD promoter and the constitutive 35S
promoters, respectively) (Additional file 1: Fig. S2);
ChLACI5 is also expressed during the phase of C-lignin
biosynthesis in the Cleome seed coat [12]. Compara-
tor material included M. truncatula hairy root lines
transformed with a GUS control gene in wild-type and
comt mutant backgrounds, and wild-type M. truncatula
mature stems.

To avoid complex and expensive qPCR analysis, we
first used a high-throughput thioacidolysis method [23]

Fig.4 Engineering lignin composition in M. truncatula hairy routes by transformation with MtCOMT-MtCCoAOMT RNAi and ChLAC8 overexpression
constructs in the comt mutant background. A Lignin biosynthesis pathway designed for accumulation of C-lignin. The reactions which are blocked
during the phase of C-lignin biosynthesis in the Cleome seed coat are shown with a ) sign. B-E Monolignol compositions of transgenic lines
determined by thioacidolysis. Data show % of H-lignin monomer (B), C-lignin monomer (C), G-lignin monomer (D) and S-lignin monomer (E).

cGUS, GUS control in comt mutant background; RGUS, GUS control in R108 wild-type background. Stem, mature R108 stem. —/—, no transgenic
event; —/+, transgenic roots only harboring ChLAC8 overexpression construct; +, transgenic roots only harboring MtCOMT-MtCCoAOMT RNAI
construct; +/4, transgenic roots harboring both MtCOMT-MtCCoAOMT RNAi and ChLAC8 overexpression constructs. CCL, RNAi construct for
MtCOMT (C) and MtCCoAOMT (C) and overexpression construct for ChLAC8 (L). Data are means + SD derived from three biological replicates
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Fig. 5 Monolignol pathway metabolite levels in M. truncatula MtCOMT-MtCCoAOMT RNAi and ChLAC8 overexpression hairy roots. The engineered
lines, in the comt mutant background, are a selection of those shown in Fig. 4. The Figure shows metabolite levels superimposed on a scheme of
the monolignol pathways. Metabolite levels were determined by LC-MS/MS transitions pre-determined for individual compounds and quantified
by comparison to authentic standards. Structures are shown in Fig. 1. CCL, RNAi construct for MtCOMT (C) and MtCCoAOMT (C) and overexpression
construct for ChLAC8 (L). c_GUS, GUS control in comt mutant background; R_GUS, GUS control in R108 wild-type background; stem, mature R108

stem (controls, right-hand 4 bars in all panels). —/—, no transgenic event;

—/4+, transgenic roots only harboring ChLAC8 overexpression construct; +,

transgenic roots only harboring MtCOMT-MtCCoAOMT RNAI construct; +/+, transgenic roots harboring both MtCOMT-MtCCoAOMT RNAi and ChLACS
overexpression constructs. Data are means + SD derived from three biological replicates

to phenotype the lines for lignin composition (Fig. 6B—
E). Out of the 44 lines generated from transformation
with the three constructs, lignin from 28 lines had high
levels of C-units (between 3 and 11% of total thioacid-
olysis units) and, surprisingly, 6 lines had high levels of
S-units (between 12 and 24% of total thioacidolysis units
(Fig. 6C, E). In all cases, lines that accumulated C-units
in their lignin also had elevated levels of H units (Fig. 6B,
C), both at the expense of G units (Fig. 6D). Lines mak-
ing S lignin appeared to do so at the expense of H- and
C-lignins.

To understand the basis for these lignin accumula-
tion patterns, we selected 17 lines from those analyzed

in Fig. 6 and determined the levels of endogenous M.
truncatula COMT, CCoAOMT and F5H transcripts, as
well as SmF5H and ChLAC8/15 transcripts (Additional
file 1: Fig. S6). The results indicate that C-unit accumu-
lation in lignin was associated with strong down-reg-
ulation of CCoAOMT transcripts in the comt mutant
background, but required neither SmF5H nor Cleome
LAC8/15 expression. S-Lignin accumulation was asso-
ciated with expression of SmF5H along with weak to
no CCoAOMT down-regulation. Lines expressing both
SmF5H-OX and COMT-CCoAOMT-RNAi did not
show synergistic effects with respect to accumulation
of C- or S-lignin units (Fig. 6C and E).
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Fig. 6 Engineering lignin composition in M. truncatula hairy routes by transformation for SmF5H, MtCOMT-MtCCoAOMT RNAi and

ChLAC8-ChLAC15 expression in the comt mutant background. A Lignin biosynthesis pathway designed for accumulation of C-lignin. B-E
Monolignol compositions of transgenic lines determined by thioacidolysis. Data show % of H-lignin monomer (B), C-lignin monomer (C), G-lignin
monomer (D) and S-lignin monomer (E). c_GUS, GUS control in comt mutant background; R_GUS, GUS control in R108 wild-type background. Stem,
mature R108 stem. —/—/—, no transgenic event; +/—, transgenic roots only harboring SmF5H overexpression construct; -/, transgenic roots only
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derived from three biological replicates

We next determined the levels of monolignol pathway
intermediates in selected lines from the above experi-
ment (Additional file 1: Fig. S7). Caffealdehyde and
caffeyl alcohol were present in all lines that accumulated
C-units in lignin, although their levels did not directly

parallel those of C-lignin. Accumulation of S units in
lignin was associated with increased levels of sinapal-
dehyde, sinapyl alcohol and sinapic acid, but paradoxi-
cally also with high levels of 5-hydroxyconiferaldehyde,
and 5-hydroxyconiferyl alcohol. Levels of caffeyl alcohol
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now equaled or exceeded those of coniferyl alcohol in
the lines making lignin with a high percentage of C-units
(Additional file 1: Fig. S7G, H, J). The intermediates with
the highest absolute levels were caffealdehyde in the
lines making high C-unit lignin, and 5-hydroxyconif-
eraldehyde (building up because of the loss of function
of COMT) in the lines paradoxically making high S-unit
lignin (Additional file 1: Fig. S7D). At the level of the free
acids and their esters, coumaric and ferulic acids were
much lower in all transgenic lines compared to the GUS
controls. Caffeic acid levels were elevated in transgenic
lines making C-lignin, and sinapic acid levels were highly
elevated in lines making S-lignin. Caffeoyl shikimate
levels were highest in lines making lignin rich in C- or
S-units.

For simplification, Table 1 presents the metabolite
data from selected lines from Additional file 1: Fig. S7 as
a heat map showing fold-change compared to the comt
mutant control. The most striking result is the 40- to
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60-fold increase in levels of sinapyl alcohol and sinapic
acid in lines overexpressing SmF5H, with their poten-
tial direct precursors 5-hydroxyconiferyl alcohol and
5-hydroxyferulic acid /5-hydroxyconiferaldehyde also
increasing, although to a lesser extent. Both caffealde-
hyde and caffeyl alcohol levels were highly increased in
lines making C-lignin. Notably, caffeic acid and caffeal-
dehyde levels were among the most strongly down-regu-
lated in SmF5H overexpressing lines.

HCT down-regulation as a strategy to channel
H-monomers to caffeyl alcohol via Selaginella F5H

The lack of a positive impact of SmF5H expression on
accumulation of caffeyl alcohol might be explained by
preferential conversion of hydroxyphenyl (substrates of
SmF5H) to caffeoyl moieties at the CCR/HCT interface
(Fig. 1). In this case, levels of H-lignin precursors would
be higher if flux into the shikimate shunt was blocked by
down-regulation of HCT (Scheme depicted in Fig. 7A).

Table 1 Heatmap of intermediates of the monolignol biosynthesis pathway in engineered transgenic hairy root lines of M. truncatula

shown in Fig. 6 and Additional file 1: Fig. S7

Lines

Metabolites in lignin

FCCLL_7 FCCLL_21 FCCLL_3 FCCLL_24 FCCLL_17 FCCLL_22

biosynthesis pathway (/1) (-/-1-)? (-/+1-)? (-/+1-)? (+1-1-Y? (+1-1-)?
no/litle®  no/little®  highC®  highC®  highS®  highS®

p-Coumaraldehyde 0.5 -02 0.4 -03 0.2 -0.2
p-Coumaryl alcohol 0.5 -1.8 -11 -0.5 1.1 0.1
Caffeyl aldehyde -45 -23 3.2 1.8 -1.5 -1.9
Caffeyl alcohol 1.4 -1.2 24 2.8 1.9 -0.5
Coniferaldehyde -3.8 -4.0 -0.9 -1.1 0.9 0.8
Coniferyl alcohol 0.8 0.5 -0.7 -04 -04 -04
5-Hydroxy coniferaldehyde 0.5 0.6 -36 -24 3.0 2.9
5-Hydroxy coniferylalcohol =17 -0.8 -06 -07 0.8 1.5
Sinapaldehyde -0.9 -0.5 -27 -1.8 24 2.1
Sinapyl alcohol -04 -0.9 —-41 —-46 5.4 5.4
p-Coumaroyl shikimate -22 -16 -16 -09 0.6 1.2
Caffeoyl shikimate -55 -3.6 0.5 1.7 1.6 2.1
Cinnamic acid 0.3 -15 0.0 1.1 -0.9 0.1
p-Coumaric acid —-4.4 —-44 -4.0 -4.0 - 3.6 —-4.1
Caffeic acid n -0.1 1.3 -2 -1.9
Ferulic acid -4.9 -35 -3.3 -3.3
5-Hydroxy ferulic acid 0.0 -4.7 -33 -3.1 -07 1.0

-0.6 -0.3 -20 -0.8 5.9 5.7

Sinapic acid

"Values in Table are fold change (Log2 scale) of (nmol/gDW in FCCLL lines)/(nmol/gDW in comt_GUS control lines). Red color indicates relative increase, blue color

relative decrease, compared with the control

2 Genotyping (SmF5H-overexpression(F)/COMT-CCoAOMT RNAI(CC)/LAC8-LAC15 overexpression(LL) lines)
3 Change in lignin content from thioacidolysis analysis. no/little, no or little change in H-,G-,S- and C-lignin; high C, large increase in C-lignin; high S, large increase in S

lignin
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Fig. 7 Engineering altered lignin composition in M. truncatula hairy roots by down-regulation of COMT and HCT, and overexpression of Selaginella
moellendorffii FSH (SmF5H) and Cleome hassleriana CAD5 (ChCADS). A Scheme showing the predicted pathway. B-G Monolignol content and
composition of selected lines. (B) Total lignin thicacidolysis yields; (C) overall % lignin monomer compositions; (D) % of H-lignin monomers; (E) %
of C-lignin monomers; (F) % of G-lignin monomers; (G) % of S-lignin monomers. Hairy root lines designated OR(h) are engineered lines for SmF5H/
ChCAD5-OX and HCT/COMT RNAi in the comt mutant background. Subsequent genotyping led to selection of plants with no transgenes (—/—),
RNAi but not OX transgene (—/+), OX but no RNAI transgene (+), and the presence of both transgenes (+/+). Wild-type R108 and comt mutant,
both transformed with GUS, served as additional negative controls, and wild-type stems were included for comparison. Transgene constructs are
shown in Additional file 1: Fig. S2, and transcript levels of the targeted genes in each line shown in Additional file 1: Fig. S8. FAHC, transformed with
overexpression construct for SmF5H (F) and ChCADS (A) and RNAI construct for MtHCT (H) and MtCOMT (C). Data are means + SD derived from three

biological replicates

We therefore generated a set of transgenic M. trunca-
tula hairy roots with wild-type CCoAOMT expression
but in which SmF5H and Cleome CAD5 (for more effi-
cient reduction of caffealdehyde [7]) were over-expressed
(under control of the Arabidopsis C4H and 35S promot-
ers, respectively), while HCT and COMT were targeted
for RNA interference (under the 35S promoter), all in the
comt mutant background. Because of the linkage on the
same construct, all lines with high SmF5H expression

also had high ChCAD5 expression (Additional file 1: Fig.
S8D, E). The levels of HCT transcripts were extremely
low in all hairy root lines- more than 3 orders of mag-
nitude lower than in mature lignifying stems (Additional
file 1: Fig. S8A), and even lower than the level of COMT
transcripts determined in the comt mutant background
(Additional file 1: Fig. S2A, B), consistent with the high
levels of H-lignin in the roots. Because of this, it was hard
to discern an effect of the HCT-RNAi construct on HCT
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transcript level. CCoOAOMT transcript levels were also
very low, reduced in some lines, but variable and seem-
ingly independent of transgene (Additional file 1: Fig.
S8C).

Total lignin thioacidolysis yields showed no clear pat-
tern among most of the various transgenic hairy root
lines (Fig. 7B). Again, thioacidolysis revealed the pres-
ence of S units, to levels much higher than in the wild-
type control hairy roots and similar to levels in stems, in
lines expressing SmF5H (Fig. 7C, G). However, C-unit
levels were low (1% or less of total lignin) in all lines. Lev-
els of G- and H-units did not appear to correlate with
genotype (Fig. 7D, F).

Monolignol pathway metabolite levels in the lines
described above are shown in Additional file 1: Fig. S9.
Levels of sinapic acid, sinapaldehyde and especially
sinapyl alcohol (Additional file 1: Fig. S9 R, E, ]J) were
again highly elevated in the lines expressing the SmF5H-
ChCAD construct, as were the levels of their precursors
5-hydroxyferulic acid, 5-hydroxyconiferaldehyde and
5-hydroxyconiferyl alcohol (Additional file 1: Fig. S9 Q,
D, I).

CCoAOMT is active with 5-hydroxyferuloyl CoA [36],
suggesting the possibility of a pathway to the sinapate
series via conversion of feruloyl CoA to 5-hydroxyferu-
loyl CoA. To the best of our knowledge, the activity of
Selaginella F5H has not been tested with CoA deriva-
tives. We therefore compared the activities of micro-
somal extracts from SmF5H-OX and GUS expressing
(control) Medicago hairy roots with cinnamate (as a
control to show microsomal C4H activity), coniferal-
dehyde (kinetically the best substrate for SmF5H) [35]
and 5-hydroxyferuloyl CoA (assaying for the produc-
tion of sinapic acid after hydrolysis of the CoA ester).
Although the microsomes converted cinnamic acid to
coumaric acid in the presence of microsomal extract and
an NADPH generating system, no activity was observed
for SmF5H-OX or control microsomes with either conif-
eraldehyde or feruloyl CoA. Likewise, we were unable to
show activity of SmF5H with feruloyl CoA after expres-
sion in yeast.

Testing Cleome CCR as a tool for C-lignin engineering
Unusually, the CCR isoform expressed in the Cleome
seed coat has a preference for reduction of caffeoyl CoA
over coniferyl CoA [7]. We therefore tested whether
expression of ChCCR1 in combination with down-
regulation of MtCCoAOMT, the enzyme competing
for caffeoyl CoA, could enhance C-lignin production in
hairy roots of the M. truncatula comt mutant, using the
constructs shown in Additional file 1: Fig. S2. Over 80
independent hairy root lines were generated, but none
showed elevated levels of C-lignin.
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Differential extractability of lignins in engineered hairy
roots

The C-monomers accumulating in the lignin of engi-
neered M. truncatula hairy roots could be present in a
homopolymer as in the native C-lignin of the Cleome or
Vanilla seed coat [1, 4], or as a component of a heteropol-
ymer with G, H and S units. To distinguish between these
possibilities, we attempted to submit extractive-free hairy
root samples to whole cell NMR analysis. To this end,
we grew each line of hairy roots in five tissue culture
dishes and harvested them after 6 weeks growth (approx.
biomass per dish 0.6 g dry wt). Samples of extractive-
free freeze-dried hairy roots were selected from three
lines depicted in Fig. 4; R(C)L-4 and R(C)L-16 (high in
C-units) and R(C)L-20 (high in S-units), along with two
GUS-controls. Surprisingly, the C-unit signal was too low
to accurately quantify monomer units by NMR. Because
this appeared to contradict the initial thioacidolysis data
for the samples in Fig. 4, we re-analyzed the samples by
thioacidolysis after the cellulase digestion and EDTA
extraction used to prepare the materials for NMR. The
total lignin (sum of monomer thioacidolysis yields) in
the fractions from the GUS control lines was not reduced
after enzymatic treatment and EDTA extraction, whereas
decreases were seen in the fractions from one of the high
C-unit lines and the high S-unit line (Additional file 1:
Fig. S10 A). More striking was the large reduction in
C-units (in total or as a % of total thioacidolysis units)
following enzymatic treatment and EDTA extraction in
the two lines engineered to contain C-lignin (Additional
file 1: Fig. S10 C, G) in contrast to the lack of effect of
this treatment on the % of G-units (Additional file 1: Fig.
S10 H). The total and proportion of S units were also
decreased by enzyme/EDTA treatment (Additional file 1:
Fig. S10E, I), but those of H units were not (Additional
file 1: Fig. S10 B, F). Taken together, these data suggest
that the C-units in the engineered C-lignin are not incor-
porated into a G-C co-polymer.

Discussion

OMT down-regulation can be sufficient

for the accumulation of C-lignin in engineered plants

The present data indicate that simultaneous down-regu-
lation of COMT and CCoAOMT, as occurs at the onset
of C-lignin accumulation in C. hassleriana [4, 7], is suf-
ficient to result in accumulation of C-units in lignin in
seedlings or hairy roots of M. truncatula, at percentages
around half of that seen in the seed coat of C. hassleri-
ana [4]. The additional approaches we attempted to re-
direct or enhance the pathway, as discussed below, did
not lead to increased C-lignin biosynthesis. In the hairy
roots, co-expression of Cleome cell wall laccases associ-
ated with C-lignin accumulation did not lead to further
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polymerization of C-units, suggesting that M. trunca-
tula possesses the necessary enzyme(s) for C-lignin
polymerization. This is consistent with the small but
significant presence of C-lignin in young wild-type M.
truncatula seedlings. C-lignin has only previously been
recorded to occur naturally in seed coats [1, 2, 4-7].
In contrast to M. truncatula, Arabidopsis appears to
be unable to naturally polymerize caffeyl alcohol to
C-lignin, based on the requirement for expression of
Cleome LACCASE 8 for generation of C-lignin from
exogenously applied caffeyl alcohol in cut stems of this
species [12].

Re-directing flux to C-lignin

Because of its demonstrated activities with 4-coumaryl
aldehyde and alcohol [35], we reasoned that expression of
SmF5H might help redirect flux from the H monolignol
pathway, which is particularly prevalent in M. trunca-
tula hairy roots, to C-monolignol precursors. However,
expression of SmF5H alone did not result in C-lignin
accumulation; rather, up to 24% S-units were incorpo-
rated into the lignin, a paradoxical result as the experi-
ments were performed in the comt mutant background in
which S lignin formation is blocked.

Loss-of-function of COMT accompanied by overex-
pression of angiosperm F5H results in accumulation of
monolignol precursors with 3-methoxy, 4,5-dihydroxy
(i.e., 5-hydroxyguaiacyl) substitution, including 5-hydrox-
yconiferyl alcohol, which can be incorporated into lignin
at high levels in these plants [37, 38]. In the present hairy
root lines, elevated accumulation of 5-hydroxyconiferal-
dehyde, the preferred substrate for COMT [26, 39] was
as expected for overexpression of an F5H in the absence
of COMT. However, 5-hydroxyconiferaldehyde must be
further methylated to generate the 3-methoxy, 4,5-dihy-
droxy moiety of S-lignin, and sinapyl alcohol and sinapic
acid accumulated in the SmF5H-OX/comt mutant
background.

If the pools of H unit precursors were insufficient to
support conversion by SmF5H, blocking HCT expres-
sion would be expected to direct flux into the H mon-
olignol pathway [40]. Hairy root lines with HCT-RNAIi
in the absence of SmF5H expression exhibited between
approximately 5- and 20-fold increases in 4-coumaryl
aldehyde/alcohol, indicating that HCT repression was
indeed occurring in spite of the difficulty in showing this
by transcript measurement; however, this did not result
in increased H-lignin levels, and neither did combining
HCT-RNAi with SmF5H-OX.

Overexpression of Cleome CAD5 was included in a
construct linked to SmF5H expression because expres-
sion of CAD5, which has a preference for caffeyl alcohol,
has been shown to correlate with C-lignin accumulation
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in the Cleome seed coat [7]. However, metabolite and
lignin analyses failed to reveal any impact of ChCAD5
expression, particularly as regards C-lignin accumula-
tion, in the hairy roots. A similar conclusion can be
made for the lack of efficacy of Cleome CCR1, with
preference for caffeoyl CoA, in enhancing C-lignin for-
mation in M. truncatula. This is possibly because of the
expression in roots of the endogenous Medicago CCR2
enzyme, which, like ChCCR1, exhibits a preference for
caffeoyl CoA [41].

Because of the time-consuming nature of plant trans-
formation, even when using a hairy root system, we
employed the strategy of co-transformation with up to
3 constructs to introduce the selected genetic changes.
Roots were either first genotyped for integration of the
various genetic elements, or else phenotyped first to
determine the presence or absence of C- or S-lignin, and
then positive lines selected for genotyping. It is impor-
tant to note that, in spite of multiple attempts, we were
never able to obtain hairy root lines with both COMT-
CCoAOMT RNAi and SmF5H-overexpression. Perhaps
additional efforts would help attain this goal. Alterna-
tively, it is possible that, just as loss of function of both
COMT and CCoAOMT is ultimately lethal in A. thali-
ana and M. truncatula seedlings [14, 42], the same is true
as regards initiation of hairy root cultures with additional
overexpression of SmF5H.

Although SmF5H overexpression resulted in striking
changes in lignin composition and metabolite pools, its
combination with HCT-RNAI did not result in the con-
version of p-coumaryl to caffeyl moieties. Clearly, the
presence of a functional CCoAOMT does not allow redi-
rection of the pathway away from formation of G-units.

Relation between monolignol pool size and lignin
composition

We analyzed monolignol pool sizes based on the assump-
tion that they might be reflective of lignin composition.
In M. truncatula seedlings, loss of function of either
COMT or CCoAOMT resulted in an increase in the
caffeyl alcohol pool, but only co-down-regulation of
COMT and CCoAOMT resulted in C-lignin accumula-
tion. However, the absolute levels of caffeyl alcohol in the
comt ccoaomt double mutant were an order of magnitude
lower than the levels of sinapyl alcohol, and more than
two orders of magnitude lower than the levels of coniferyl
alcohol. Because the comt ccoaomt double mutant accu-
mulates no S lignin but still makes sinapyl alcohol, it is
clear that monolignol pool sizes need not reflect the
proportion of the particular monolignol in the lignin
polymer. This has recently been observed in other stud-
ies where it has been shown that coniferyl alcohol may
accumulate due to the inhibition of its polymerization by
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caffeyl alcohol [13], and monolignol accumulation might
be uncoupled from lignin formation if monolignols serve
additional defensive functions. The specificity of lignin
polymerizing enzymes likely plays a role in determining
lignin composition [13, 43], particularly if the transport
of monolignols to the apoplast is primarily via passive
diffusion [13, 43—-45].

Alternative pathways for monolignol O-methylation

All transgenic lines in the present work were in the
comt mutant background, which does not accumu-
late S-lignin. Because loss of function or strong down-
regulation of CCoAOMT results in accumulation of
C-lignin, and overexpression of SmF5H in the absence
of CCoAOMT down-regulation in formation of S lignin
and accumulation of non-methylated 5-hydroxyguaia-
cyl intermediates, it seems likely that the O-methylation
of 5-hydroxyguaiacyl intermediates is being catalyzed
by CCoAOMT, at the level of 5-hydroxyferuloyl CoA, a
known substrate for the enzyme [36]. This leads to the
expectation that SmF5H will be active with feruloyl
CoA, but this has, to the best of our knowledge, not yet
been reported. Despite many attempts, we were unable
to demonstrate microsomal feruloyl CoA or coniferal-
dehyde 5-hydroxylase activity in extracts from S-lignin
accumulating SmF5H-OX lines, although coniferalde-
hyde is the best substrate for the recombinant enzyme
expressed in yeast [35]. The yeast-expressed enzyme
has been reported to be inactive with caffeoyl shikimate
[35], so it is unlikely that it exhibits activity with the
bulkier CoA ester. Other papers have reported inability
to demonstrate F5H activity in plant extracts [25, 46],
and, to the best of our knowledge, only a single study
has provided kinetic data for other than the recombinant
enzyme [27]. Formation of sinapyl CoA via CCoAOMT
would account for the increased levels of sinapaldehyde
(via CCR), sinapic acid (via aldehyde dehydrogenase
acting on sinapaldehyde) [47] and sinapyl alcohol (via
CAD). 5-Hydroxyferulic acid, 5-hydroxyconiferaldehyde
and 5-hydroxyconiferyl alcohol all accumulate because
of the loss of function of COMT. It is also clear, however,
that comt mutant seedlings accumulate small amounts
of S-lignin [this work, 14], and seed coats of C. hassle-
riana continue to synthesize coniferyl alcohol after both
COMT and CCoAOMT have been switched off [13],
suggesting the operation of additional OMT enzymes
that remain to be identified. The fact that the pool size
of coniferyl alcohol remained much higher than that
of caffeyl alcohol in the present comt ccoaomt double
mutants further supports additional redundancy for
monolignol O-methylation. This situation reflects redun-
dancy in CAD enzymes shown by the accumulation of
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H-lignin in Arabidopsis mutants that lack functional
copies of all CAD enzymes that have been associated
with lignin biosynthesis to date [48].

The nature of engineered C-rich lignin in M. truncatula

The C-lignin in the Cleome seed coat is a homopolymer,
laid down after a period of G-lignin synthesis and depo-
sition, and no evidence could be found for the presence
of any C-G-heteropolymer [4]. In contrast, C-enhanced
lignin in CCoAOMT down-regulated pine cultures is a
heteropolymer comprising predominantly G and H units
with up to 5.6% of benzodioxane-linked units ascribed
to the incorporation of caffeyl alcohol [49]. The mate-
rial containing C-units in the engineered M. truncatula
hairy roots is not released by methanol/water extraction
and is not therefore of low molecular weight such as the
dimeric C-lignans found in the Cleome seed coat [13]. It
is, however, extracted by aqueous EDTA after hydroly-
sis of cell walls with Trichoderma cellulase, whereas the
G-lignin is not, indicating that the C-units are not part of
a G-C co-polymer but likely a separate homopolymeric
C-lignin fraction. This fraction is readily removed from
cellulose-depleted cell wall material by aqueous extrac-
tion. More work is needed to compare the structural fea-
tures of engineered C-lignins with those of the polymer
from natural sources.

Conclusions

We have demonstrated the engineering of C-lignin in
M. truncatula hairy roots to a percentage, relative to
G-lignin, comparable that of natural sources [4]. This
requires only the strong down-regulation of both COMT
and CCoAOMT. However, the total overall lignin yield
is strongly depressed, and similar genetic manipulation
in whole plants results in serious growth defects [14,
42]. The successful development of C-lignin as a value-
added product of biorefining will require understand-
ing the basis for the growth defects and incorporating
genetic mechanisms for their suppression (reviewed
in [50]). It is also likely to require tissue-specific OMT
down-regulation. Furthermore, the size of the engineered
caffeyl alcohol pool in the hairy roots is disproportion-
ately small compared to the situation in the Cleome seed
coat [13], and it is possible that this reflects conversion
of caffeyl to coniferyl alcohol in the absence of functional
COMT. The accumulation of high levels of S-lignin in
comt mutant plants expressing SmF5H is also sugges-
tive of OMT redundancy. It will therefore be interesting
to further examine the large number of COMT-like pro-
teins encoded in the M. truncatula genome [51] to deter-
mine which may share redundant roles in monolignol
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O-methylation and could be targets for down-regulation
to allow for more efficient C-unit biosynthesis.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513068-023-02339-7.

Additional file 1: Figure S1. Monolignol pathway enzyme transcript
levels in 10-day-old seedlings of M. truncatula. Figure S2. Plasmid
constructs used in this study. Figure S3. Target gene transcript levels

in M. truncatula hairy roots engineered for MtCOMT-MtCCoAOMT RNAI
and ChLAC8 overexpression in the comt mutant background. Figure S4.
Visible phenotypes of control and C-lignin producing M. truncatula hairy
roots. Figure S5. Scatter plot showing linear regression analysis for the
relationship between G-lignin monomer and C-lignin monomer content
in M. truncatula hairy roots making C-rich lignin. Figure S6. Monolignol
pathway enzyme transcript levels in M. truncatula hairy roots engineered
for expression of SmF5H-OX, MtCOMT-MtCCoAOMT RNAi and ChLACS-
ChLAC15-OX constructs in the comt mutant background. Figure S7.
Levels of monolignol pathway intermediates in M. truncatula hairy roots
engineered for SmF5H overexpression, MtCOMT-MtCCoAOMT RNAi and
ChLAC8-ChLACTS overexpression in the comt mutant background. Figure
$8. Monolignol pathway enzyme transcript levels in M. truncatula hairy
roots engineered for expression of SmF5H-ChCAD5 OX 4+ HCT-COMT
RNAi in the comt mutant background. Figure S9. Monolignol pathway
metabolite levels in selected M. truncatula SmF5H-ChCADS overexpres-
sion / MtHCT-MtCOMT RNAI hairy roots. Figure S10. Differential extract-
ability of C- and G-lignins from M. truncatula hairy roots as determined by
thioacidolysis. Table S1. Primers used in the present work.

Acknowledgements

The authors acknowledge the BioAnalytical Facility at the University of North
Texas for support with mass spectrometry analyses during this work. The M.
truncatula plants utilized in this research project, which are jointly owned by
the Centre National de la Recherche Scientifique and the Noble Research
Institute, Ardmore, OK, USA, were created through research funded, in part, by
Grant # 703285 from the National Science Foundation.

Author contributions

RAD and CMH conceived the study. CMH carried out the majority of the
experiments. LE-T analyzed F5H activity in microsomal extracts. CZ prepared
hairy roots for analysis of C-lignin structure and extractability and performed
thioacidolysis on lignin samples; NP performed enzymatic hydrolysis for lignin
extraction; YP and AR performed lignin extraction for NMR analysis; XX and YL
initiated and maintained hairy root cultures; CMH, CZ, FC and RAD analyzed
data; RAD and CMH wrote the manuscript. All the authors read and approved
the final manuscript.

Funding

This work was funded by the Center for Bioenergy Innovation (Oak Ridge
National Laboratory), a US Department of Energy (DOE) Bioenergy Research
Center supported by the Office of Biological and Environmental Research
in the DOE Office of Science. Oak Ridge National Laboratory is managed by
UT-Battelle, LLC, for the United States Department of Energy under contract
DE-AC05-000R22725.

Availability of data and materials

The data sets supporting the conclusions of this article are included in this
article and its Additional file 1.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Page 16 of 17

Competing interests
The authors declare no competing interests.

Received: 29 December 2022 Accepted: 10 May 2023
Published online: 12 June 2023

References

1. Chen F, Tobimatsu Y, Havkin-Frenkel D, Dixon RA, Ralph J. A polymer of
caffeyl alcohol in plant seeds. Proc Natl Acad Sci USA. 2012;109:1772-7.

2. Barsberg ST, Lee Y-I, Rasmussen HN. Development of C-lignin with G/S-
lignin and lipids in orchid seed coats—an unexpected diversity exposed
by ATR-FT-IR spectroscopy. Seed Sci Res. 2017,28:41-51.

3. Chen F, Tobimatsu Y, Jackson L, Ralph J, Dixon RA. Novel seed coat lignins
in the Cactaceae: structure, distribution and implications for the evolu-
tion of lignin diversity. Plant J. 2013;73:201-11.

4. Tobimatsu Y, Chen F, Nakashima J, Jackson LA, Dixon RA, Ralph J. Coexist-
ence but independent biosynthesis of catechyl and guaiacyl/syringyl
lignins in plant seeds. Plant Cell. 2013;25:2587-600.

5. Barta K, Warner GR, Beach ES, Anastas PT. Depolymerization of organosolv
lignin to aromatic compounds over Cu-doped porous metal oxides.
Green Chem. 2014;16:191-6.

6. Wang S, Zhang K, Li H, Xia L-P, Song S. Selective hydrogenolysis of
catechyl! lignin into propenylcatechol over an atomically dispersed ruthe-
nium catalyst. Nat Comm. 2021;12:416.

7. Zhuo C, Rao X, Azad R, Pandey R, Xiao X, Harkelroad A, Wang X, Chen F,
Dixon RA. Enzymatic basis for C-lignin biosynthesis in the seed coat of
Cleome hassleriana. Plant J. 2019;99:506-20.

8. Ragauskas AJ, Beckham GT, Biddy MJ, Chandra R, Chen F, Davis MF,
Davison BH, Dixon RA, Gilna P, Keller M, Langan P, Naskar AK, Saddler JN,
Tschaplinski TJ, Tuskan GA, Wyman CE. Lignin valorization: improving
lignin processing in the biorefinery. Science. 2014;344:1246843.

9. LY, Shuail, Kim H, Motagamwala AH, Mobley J, Yue F, Tobimatsu Y,
Havkin-Frenkel D, Chen F, Dixon RA, Luterbacher JS, Dumesic JA, Ralph J.
An, “Ideal lignin”facilitates full biomass utilization. Sci Adv. 2018. https://
doi.org/10.1126/sciadv.aau2968.

10. Stone ML, Anderson EM, Meek KM, Reed M, Katahira R, Chen F, Dixon
RA, Beckham GT, Romén-Leshkov Y. Reductive catalytic fractionation of
C-lignin. ACS Sust Chem Eng. 2018;6:11211-8.

11. Nar M, Rizvi HR, Dixon RA, Chen F, Kovalcik A, D'Souza N. Superior plant-
based carbon fibers from electronspun poly-(caffeyl alcohol). Carbon.
2016;103:372-83.

12. Wang X, Zhuo C, Xiao X, Wang X, Chen F, Dixon RA. Substrate-spec-
ificity of LACCASE 8 facilitates polymerization of caffeyl alcohol for
C-lignin biosynthesis in the seed coat of Cleome hassleriana. Plant Cell.
2020;32:3825-45.

13. Zhuo C, Wang X, Docampo-Palacios M, Xiao X, Sanders BC, Engle NL,
Tschaplinski TJ, Hendry J, Maranas C, Chen F, Dixon RA. Developmental
changes in lignin composition are driven by both monolignol supply and
laccase specificity. Sci Adv. 2022. https://doi.org/10.1126/sciadv.abm8145.

14. Ha CM, Fine D, Bahtia A, Rao X, Martin MZ, Engle NL, Wherritt DJ, Tschap-
linski TJ, Sumner LW, Dixon RA. Ectopic defense gene expression is associ-
ated with growth defects in Medicago truncatula lignin pathway mutants.
Plant Physiol. 2019;181:63-84.

15. Barros-Rios J, Temple S, Dixon RA. Development and commercialization
of reduced lignin alfalfa. Curr Opin Biotechnol. 2018;56:48-54.

16. Tadege M, Wen J, He J, Tu H, Kwak Y, Eschstruth A, Cayrel A, Endre G, Zhao
PX, Chabaud M, Ratet P, Mysore KS. Large-scale insertional mutagenesis
using the Tnt7 retrotransposon in the model legume Medicago trunca-
tula. Plant J. 2008;54:335-47.

17. Spano L, Mariotti D, Pezzotti M, Damaiani F, Arcioni S. Hairy root transfor-
mation in alfalfa (Medicago sativa L.). Theoret Appl Genet. 1987,73:523-30.

18. Pang, Peel GJ, Sharma SB, Tang Y, Dixon RA. A transcript profiling
approach reveals an epicatechin-specific glucosyltransferase expressed
in the seed coat of Medicago truncatula. Proc Natl Acad Sci USA.
2008;105:14210-5.

19. Verdier J, Zhao J, Torres-Jerez |, Ge S, Liu C, He X, Mysore KS, Dixon RA,
Udvardi MK. The MtPAR MYB transcription factor acts as an on-switch for


https://doi.org/10.1186/s13068-023-02339-7
https://doi.org/10.1186/s13068-023-02339-7
https://doi.org/10.1126/sciadv.aau2968
https://doi.org/10.1126/sciadv.aau2968
https://doi.org/10.1126/sciadv.abm8145

Ha et al. Biotechnology for Biofuels and Bioproducts

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34

35.

36.

37.

38.

(2023) 16:100

proanthocyanidin biosynthesis in Medicago truncatula. Proc Natl Acad Sci
USA.2012;109:1766-71.

Ha CM, Escamilla-Trevino L, Serrani Yarce JC, Kim H, Ralph J, Chen F, Dixon
RA. An essential role of caffeoyl shikimate esterase in monolignol biosyn-
thesis in Medicago truncatula. Plant J. 2016;86:363-75.

Crane C, Wright E, Dixon RA, Wang Z-Y. Transgenic Medicago trunca-

tula plants obtained from Agrobacterium tumefaciens-transformed

roots and Agrobacterium rhizogenes-transformed hairy roots. Planta.
2006;223:1344-54.

Cocuron JC, Casa MI, Yang F, Grotewold E, Alonso AP. Beyond the wall:
high-throughput quantification of plant soluble and cell-wall bound
phenolics by liquid chromatography tandem mass spectrometry. J Chro-
matogr A. 2019;1589:93-104.

Chen F, Zhuo C, Xia X, Pendergast TH, Devos KM. A rapid thioacidolysis
method for biomass lignin composition and tricin analysis. Biotechnol
Biofuels. 2021;14:1-9.

Meng X, Parikh A, Seemala B, Kumar R, PuY, Christopher P, Wyman CE,

Cai CM, Ragauskas AJ. Chemical transformation of poplar lignin during
cosolvent enhanced lignocellulose fractionation process. ACS Sust Chem
Eng.2018,6:8711-8.

Gou M, Ran X, Martin DW, Liu CJ. The scaffold proteins of lignin biosyn-
thetic cytochrome P450 enzymes. Nat Plants. 2018;4:299-310.
Humphreys JM, Hemm MR, Chapple C. New routes for lignin biosyn-
thesis defined by biochemical characterization of recombinant ferulate
5-hydroxylase, a multifunctional cytochrome P450-dependent monooxy-
genase. Proc Natl Acad Sci USA. 1999;96:10045-50.

Wang JP, Shuford CM, Li Q, Song J, Lin YC, Sun YH, Chen HC, Williams CM,
Muddiman DC, Sederoff RR, Chiang VL. Functional redundancy of the two
5-hydroxylases in monolignol biosynthesis of Populus trichocarpa: LC-MS/
MS based protein quantification and metabolic flux analysis. Planta.
2012;236:795-808.

Pincon G, Maury S, Hoffmann L, Geoffroy P, Lapierre C, Pollet B, Legrand
M. Repression of O-methyltransferase genes in transgenic tobacco affects
lignin synthesis and plant growth. Phytochemistry. 2001;57:1167-76.
Meyer K, Cusumano JC, Somerville C, Chapple CC. Ferulate-5-hydrox-
ylase from Arabidopsis thaliana defines a new family of cytochrome
P450-dependent monooxygenases. Proc Natl Acad Sci USA.
1996;193:6869-74.

Atanassova R, Favet N, Martz F, Chabbert B, Tollier M-T, Monties B, Fritig B,
Legrand M. Altered lignin composition in transgenic tobacco expressing
O-methyltransferase sequences in sense and antisense orientation. Plant
J.1995;8:465-77. https://doi.org/10.1046/j.1365-313X.1995.8040465 .
Guo D, Chen F, Blount J, Inoue K, Dixon RA. Down-regulation of caffeic
acid 3-O-methyltransferase and caffeoyl CoA 3-O-methyltransferase in
transgenic alfalfa (Medicago sativa L.). Effects on lignin structure and
implications for the biosynthesis of guaiacyl and syringy! lignin. Plant Cell.
2001;13:73-88.

Li L, Popko JL, Umezawa T, Chiang VL. 5-Hydroxyconiferyl aldehyde
modulates enzymatic methylation for syringyl monolignol formation,

a new view of monolignol biosynthesis in angiosperms. J Biol Chem.
2000;275:6537-45.

Zhang L, Ding R, Chai Y, Bonfill M, Moyano E, Oksman-Caldentey K-M, Xu
T,PiY,Wang Z, Zhang H, Kai G, Liao Z, Sun X, Tang K. Engineering tropane
biosynthetic pathway in Hyoscyamus niger hairy root cultures. Proc Natl
Acad Sci USA. 2004;101:6786-91.

Chabaud M, Boisson-Dernier A, Zhang J, Taylor CG, Yu O, Barker DG. Agro-
bacterium rhizogenes-mediated root transformation. Medicago truncatula
Handbook version 2006, 1-8.

Weng J-K, Akiyama T, Bonawitz ND, Li X, Ralph J, Chapple C. Convergent
evolution of syringy! lignin biosynthesis via distinct pathways in the
lycophyte Selaginella and flowering plants. Plant Cell. 2010;22:1033-45.
Parvathi K, Chen F, Guo D, Blount JW, Dixon RA. Substrate preferences of
O-methyltransferases in alfalfa suggest new pathways for 3-O-methyla-
tion of monolignols. Plant J. 2001,25:93-102.

Lu F, Marita JM, Lapierre C, Jouanin L, Morreel K, Boerjan W, Ralph J.
Sequencing around 5-hydroxyconiferyl alcohol-derived units in caf-

feic acid O-methyltransferase-deficient poplar lignins. Plant Physiol.
2010;53:569-79.

Weng J-K, Mo H, Chapple C. Over-expression of F5H in COMT-deficient
Arabidopsis leads to enrichment of an unusual lignin and disruption of
pollen wall formation. Plant J. 2010,64:898-911.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Page 17 of 17

Humphreys JM, Chapple C. Rewriting the lignin roadmap. Curr Opin Plant
Biol. 2002;5:224-9.

Shadle G, Chen F, Reddy MSS, Jackson L, Nakashima J, Dixon RA. Down-
regulation of hydroxycinnamoy! CoA: shikimate hydroxycinnamoy!
transferase in transgenic alfalfa impacts lignification, development and
forage quality. Phytochemistry. 2007;68:1521-9.

Zhou R, Nakashima J, Jackson L, Shadle G, Temple S, Chen F, Dixon R.
Distinct cinnamoyl CoA reductases involved in parallel routes to lignin in
Medicago truncatula. Proc Natl Acad Sci U S A.2010;107:17803-8.

Do CT, Pollet B, Thévenin J, Sibout R, Denoue D, Barriere Y, Lapierre C,
Jouanin L. Both caffeoyl Coenzyme A 3-O-methyltransferase 1 and caf-
feic acid O-methyltransferase 1 are involved in redundant functions for
lignin, flavonoids and sinapoyl malate biosynthesis in Arabidopsis. Planta.
2007;226:1117-29.

Perkins ML, Schuetz M, Unda F, Smith RA, Sibout R, Hoffmann NJ, Wong
DCJ, Castellarin SD, Mansfield SD, Samuels L. Dwarfism of high-monol-
ignol Arabidopsis plants is rescued by ectopic LACCASE overexpression.
Plant Direct. 2020;4:1-6.

Perkins ML, Schuetz M, Unda F, Chen KT, Ball MB, Kulkarni JA, Yan'Y, Pico

J, Castellarin SD, Mansfield SD, Samuels AL. Monolignol export by diffu-
sion down a polymerization-induced concentration gradient. Plant Cell.
2022;34:2080-95.

Vermaas JV, Dixon RA, Chen F, Mansfield SD, Boerjan W, Ralph J, Crowley
MF, Beckham GT. Passive membrane transport of lignin-related com-
pounds. Proc Natl Acad Sci USA. 2019;116:23117-23.

Reddy MS, Chen F, Shadle G, Jackson L, Aljoe H, Dixon RA. Targeted down-
regulation of cytochrome P450 enzymes for forage quality improvement
in alfalfa (Medicago sativa L.). Proc Natl Acad Sci USA. 2005;102:16573-8.
Nair RB, Bastress KL, Ruegger MO, Denault JW, Chapple C. The Arabidopsis
thaliana REDUCED EPIDERMAL FLUORESCENCET gene encodes an alde-
hyde dehydrogenase involved in ferulic acid and sinapic acid biosynthe-
sis. Plant Cell. 2004;16:544-54.

Muro-Villanueva L, Kim H, Ralph J, Chapple CC. H-lignin can be deposited
independently of CINNAMYL ALCOHOL DEHYDROGENASE C and D in
Arabidopsis. Plant Physiol. 2022. https://doi.org/10.1093/plphys/kiac210.
Wagner A, Tobimatsu Y, Phillips L, Flint H, Torr K, Donaldson L, Pears L,
Ralph J. CCoOAOMT suppression modifies lignin composition in Pinus
radiata. Plant J. 2011;67:119-29.

Ha CM, Rao X, Saxena G, Dixon RA. Growth-defense trade-offs as a result
of lignin pathway engineering. New Phytol. 2021;231:60-74.

Pecrix Y, Staton SE, Sallet E, et al. Whole-genome landscape of Medicago
truncatula symbiotic genes. Nat Plants. 2018;4:1017-25.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1046/j.1365-313X.1995.8040465.x
https://doi.org/10.1093/plphys/kiac210

	Systematic approaches to C-lignin engineering in Medicago truncatula
	Abstract 
	Background 
	Results 
	Conclusion 

	Background
	Materials and methods
	Plant materials and growth conditions
	Plasmid construction and hairy root transformation
	Gene transcript analysis
	Metabolite extraction and quantification
	Determination of lignin content and composition
	Testing F5H activity in hairy root microsomes
	Statistical analysis

	Results
	Loss-of-function of OMTs increases C-lignin levels in young seedlings of M. truncatula
	A system for evaluating metabolic engineering strategies for C-lignin biosynthesis
	Re-routing of the monolignol pathway by OMT down-regulation coupled with expression of Cleome LACCASE 8
	Re-routing the monolignol pathway by OMT down-regulation coupled with expression of Selaginella F5H
	HCT down-regulation as a strategy to channel H-monomers to caffeyl alcohol via Selaginella F5H
	Testing Cleome CCR as a tool for C-lignin engineering
	Differential extractability of lignins in engineered hairy roots

	Discussion
	OMT down-regulation can be sufficient for the accumulation of C-lignin in engineered plants
	Re-directing flux to C-lignin
	Relation between monolignol pool size and lignin composition
	Alternative pathways for monolignol O-methylation
	The nature of engineered C-rich lignin in M. truncatula

	Conclusions
	Anchor 30
	Acknowledgements
	References


