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Lignin evolved concomitantly with the rise of vascular plants on
planet earth ~450 million years ago. Several iterations of
exploiting ancestral phenylpropanoid metabolism for
biopolymers occurred prior to lignin that facilitated early plants’
adaptation to terrestrial environments. The first true lignin was
constructed via oxidative coupling of a number of simple
phenylpropanoid alcohols to form a sturdy polymer that
supports long-distance water transport. This invention has
directly contributed to the dominance of vascular plants in the
Earth’s flora, and has had a profound impact on the
establishment of the rich terrestrial ecosystems as we know
them today. Within vascular plants, new lignin traits continued
to emerge with expanded biological functions pertinent to host
fitness under complex environmental niches. Understanding
the chemical and biochemical basis for lignin’s evolution in
diverse plants therefore offers new opportunities and tools for
engineering desirable lignin traits in crops with economic
significance.
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Introduction

Lignin is a class of 4-hydroxyphenylpropanoid-derived
biopolymers uniquely and ubiquitously associated with
vascular plants [1]. Lignin provides structural rigidity to
the plant fibers and water-conducting xylem cells in the
vasculature, and enables these specialized cells to with-
stand the negative pressure caused by surface tension
when water is transported from roots to the distal parts of
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the plants. It is thought that the emergence of lignin in
early vascular plants around 450 million years ago pro-
pelled the rapid evolution of land plants, and directly
contributed to their dominance of the terrestrial ecosys-
tems. In addition to its primary role in strengthening
vascular tissues, lignin also confers a remarkable physical
and chemical barrier that shields important tissues of
vascular plants from being consumed by the co-evolving
terrestrial animals and microbes. For example, many seed
plants evolved highly lignified seed shells to protect the
vulnerable embryo encased within. Moreover, tremen-
dous amounts of carbon fixation by early vascular plants in
the form of lignin and a lag in the evolution of microbial
enzymes that can efficiently degrade lignin are consid-
ered as major factors that led to the significant increase of
the O,/CO; ratio in the late Paleozoic era [2,3].

Lignin is mainly polymerized from three hydroxycinna-
myl alcohols, p-coumaryl alcohol, coniferyl alcohol and
sinapyl alcohol, through radical coupling, to give p-hydro-
xyphenyl (H), guaiacyl (G), and syringyl (S) lignin units,
respectively [1]. Except for S lignin, which is taxonomi-
cally restricted to certain lineages, for example flowering
plants, Selaginellaceae, and some species of ferns and
gymnosperms, the H and G lignins are present in all the
vascular plants [4,5]. Other less conserved monomers are
also found as integral components of natural lignins or in
mutant lignins resulting from engineered modifications.
During lignin polymerization, monolignol radicals gener-
ated by peroxidases or laccases crosslink with the growing
lignin polymer to form a polymer possessing a rich set of
interunit linkages, a process dictated by the chemical
identity of available monolignols and the local matrix
environment [1]. Monomer composition and interunit
linkage diversity of lignins vary greatly among different
plants and/or different tissues types, and contribute to
different physicochemical properties of the derived lignin
polymers suited for their selected biological functions.

Lignin biosynthesis emerged from the ancestral general
phenylpropanoid metabolism, which became established
in early terrestrial plants when they migrated from water to
land approximately 500 million years ago [5]. Several recent
studies on phenylpropanoid metabolism in bryophytes, and
lignin chemistry and biochemistry in diverse lineages of
vascular plants, have shed new light on how lignin might
have originated and subsequently diversified concomi-
tantly with the proliferation of land plants. Here, we
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provide an updated review on lignin evolution. We draw
connections with potential biotechnological applications
given our expanded understanding of lignin evolution.

Early evolution of ‘lignin-like’
phenylpropanoids in non-vascular plants
"T'races of tracheophyte-type lignin was reported in inter-
tidal red alga Calliarthron cheilosporioides [6]. However, red
algae diverged from the green lineage around 1.7 billion
years ago and their genomes lack orthologs of land plant
phenylpropanoid genes [7], suggesting either C. cheilospor-
10ides acquired lignin biosynthesis through convergent evo-
lution or the monolignols could be derived from terrestrial
wood decay that entered the coastal ocean. Conversely,
putative orthologs of several core phenylpropanoid genes
are found in charophytes (Figure 1 and [8]), a group para-
phyletic to land plants. It is therefore likely that the
phenylpropanoid pathway emerged in these freshwater
algae. Cell wall analyses in charophytes further provided
evidence for this notion [9,10]. However, true lignin has

Figure 1

never been reported in any non-vascular green plant to
date.

Studies of phenylpropanoid metabolism in basal land
plants illuminate possible progenitor pathways of lignin
biosynthesis. The model moss Physcomitrella patens con-
tains significant amounts of caffeate-derived monomers in
its cuticle [11°]. The importance of these monomers was
further highlighted by functional characterization of the
CYPI8 ortholog in P. patens, which catalyzes the phenolic
ring meta-hydroxylation to vyield caffeate derivatives
[12°°]. The moss CYP98-null mutants exhibit gameto-
phore growth defects associated with cutin deficiency.
Unlike tracheophyte CYP98 orthologs which employs p-
coumaroyl shikimate as its substrate, the P. patens CYP98
apparently uses p-coumaroyl threonate. Since threonate is
a catabolite of ascorbate, this ‘pre-lignin’ pathway in P.
patens seems to be associated with ascorbate metabolism.
It is essential for cuticle formation and surface perme-
ability control. The moss dual phenolic/aliphatic cuticle

%
(/o/.

BLAST baits OO & O

YR 9 o Ry

Viridiplantae
Streptophyta
Embryophyta
Tracheophyta

A\
N\
®F

weAL-4 | | | ||

acvpzsas| | | | |

mactrs| | | | |

aret | | |||

acyrosas| | | ] |

accoromtiz| | | T |

acypsaar| | | | |

momrt | | | | |

mese| | | | |

smeypzesar | | | | |

meert | | | ||

meapia| | ] |

Current Opinion in Biotechnology

Phylogenomics of lignin biosynthetic genes across the major green plant lineages.
A reciprocal best hits strategy was implemented using BLASTp to determine the presence (yellow box) or absence (grey box) of putative orthologs
of characterized lignin biosynthetic genes in fully sequenced plant genomes. At, Arabidopsis thaliana; Sm, Selaginella moellendorffii.
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polymer displays commonalities shared among cutin,
suberin, lignin and sporopollenin polymers found in tra-
cheophytes. It may thus represent an ancestral iteration of
land plant biopolymer evolution, which likely also sup-
plied raw materials that later seeded lignin evolution
(Figure 2).

Whether the phenolic-enriched cuticle polymer discov-
ered in P. patens is widespread in other plants is yet to be
examined. Biochemical characterization of additional
CYP98 homologs from basal land plant lineages should
provide more hints. A synchrotron X-ray analysis of the
fossilized arborescent lycophytes, which are the major
constituents of many Carboniferous coal deposits, sup-
ports the ancestral prevalence of an extracellular mixed
polymer containing both phenolic and aliphatic compo-
nents [13,14°]. The Lepidodendron fossil samples ana-
lyzed in this study are scantily lignified, but with 55% of
their biomass derived from periderm tissue. The fossil-
ized tissue revealed a suberin-like chemistry with greater
abundance of aliphatics than phenolics, comparable with
but not identical to the bark of extant seed plant trees.

Variation of lignin chemistry in vascular plants
True lignin arose unequivocally with the emergence of
vascular plants. Since then, lignin biosynthetic machinery
has greatly diversified to yield a multitude of lignin
chemotypes with specific functional implications. One

of the major taxonomic distribution patterns of lignin
composition is the prevalent occurrence of S lignin in
all angiosperms and the lycophytes under the Selaginella
genus, and the general absence of S lignin in non-Se/agi-
nella lycophytes, most monilophytes, and gymnosperms
(Figure 3a) [15]. As sinapyl alcohol cannot engage in -5/,
5-5',4-0-5' linkages as can the H and G lignin monomers,
S lignin is less condensed [1]. Studies of tissue-specific
lignification across various plants showed that tracheids
and vessel elements are generally G-lignin rich, whereas
phloem and fiber cells contain more S lignin [16,17,18°°].
This general observation suggests that the ancestral func-
tion of G lignin is associated with reinforcing the cell wall
of water-conducting tracheary element (TE)s, whereas S
lignin, as a more derived trait, may serve alternative
functions, such as defense.

Certain industrial applications favor S-rich lignocellulosic
biomass, because S lignin is less condensed than G lignin
and therefore is associated with enhanced enzymatic and
chemical digestibility. Genetic engineering of the S-lig-
nin biosynthetic branch, with its ferulate 5-hydroxylase
(F5H) and caffeic acid O-methyltransferase (COMT) genes,
has proven to be effective to increase S lignin content and
improve cell wall digestibility in multiple angiosperm
species [15,19-21]. Lignin of conifers is generally devoid
of S units. Using a transformable TE system of pine,
Wagner et al. recently demonstrated the feasibility of
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The timeline depicting the evolution of lignin and possible relationships with other hydrophobic apoplastic polymers in the green lineage.
Approximate timescales at tree nodes were determined according to Ref. [50].
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Evolutionarily new lignin chemotypes with potential biotechnological applications.

(a) B-B-Coupled syringyl (S) lignin units ubiquitously found in angiosperms and lycophytes under the family Selaginellaceae. Although this unit is
considered to be a more condensed unit, S lignin is otherwise less condensed compared to G lignin. (b) Caffeyl (C) lignin units crosslinked
through benzodioxane moiety found in seed lignins of certain angiosperm species. Lignin composed of pure C units possesses physicochemical
properties distinct from other lignin types. (c) Ferulate (FA) ester units found in various angiosperm species, including Chinese angelica, kenaf, and
balsa. Incorporation of monolignol ferulate conjugates into lignin yields engineered lignin polymers with hydrolyzable esters in their backbones.

engineering S lignin into conifers [22]. The authors
showed that transgenic expression of the sweetgum
F5H alone was sufficient to result in S lignin production,
whereas co-expression of F5H with COMT led to more S
lignin production [22]. Besides the well-established case
of parallel evolution of S lignin in Selaginellaceae [23],
several ferns, such as Ceratopteris cornuta and Dennstaedtia
bipinnata, and gymnosperms, including the yew plum
pine Podocarpus macrophyllus and all three extant families
of gnetophyta, were found to contain S lignin [4,24].
Although yet to be identified, the S lignin biosynthetic
genes from these non-angiosperm S-lignin-producing
plants will be valuable tools for engineering S lignin in
economically important gymnosperms.

Seed plants first appeared in the Late Devonian (~370
million years ago) and have dominated the Earth’s flora
since then. Many seeds feature heavily lignified seed
coats, suggesting that lignin was co-opted for the purpose
of seed protection. A recent study of the seed lignin of
monocot vanilla orchid (Vanilla planifolia) revealed a new
homogeneous lignin polymer (C lignin) entirely derived
from caffeyl alcohol crosslinked through benzodioxane
units (Figure 3b), a linkage previously only described in
mutant lignin composed of 5-hydroxyguaiacyl (5-OH-G)
units [25°°]. A subsequent study of seed lignins prepared
from 130 different dicot cactus species further established
that C lignin is the dominant lignin chemotype of cactus
seed coat, and some species also contain natural 5H lignin
derived from the 5-OH-G unit [26]. Both C and 5H
lignins are crosslinked through the distinct benzodioxane
moiety, resulting in different physicochemical properties
than G and S lignins. As C lignin was found sporadically in
seeds from both monocots and dicots, it likely evolved

multiple times and bestows unique selective advantages
to certain seed plants [27°]. C and 5H lignins can in
principle be engineered into target plants by repressing
the two lignin biosynthetic methyltransferases, caffeoy/
CoA-3-O-methyltransferase (CCoAOMT) and COMT, which
may find use for specific biomass engineering. Indeed,
simultaneously overexpressing F5SH and downregulating
COMT results in transgenic lignin significantly enriched
with 5H units [28,29].

Canonical lignins contain predominant C-O-C and C-C
bonds, which present significant difficulty for chemical or
enzymatic degradation. Incorporation of ester bonds into
lignin therefore can potentially confer lignin with easily-
hydrolyzable properties. Grass lignins are naturally acyl-
ated with p-coumarates [30]. However, during lignin
polymerization, monolignol-p-coumarate (ML-p-CA)
conjugates prefer radical transfer over radical coupling.
As a result, ML-p-CAs exist mostly as peripheral units of
the lignin polymer [31]. Karlen er a/. surveyed the pres-
ence of lignins derived from monolignol-ferulates (ML-
FA) in a wide selection of gymnosperm and angiosperm
species, and showed that ML-FA is generally absent in
gymnosperms, but occurs as an integral unit of lignin in
various angiosperm species, such as Chinese angelica
(Angelica sinensis), kenaft (Hibiscus cannabinus), and balsa
(Ochroma pyramidale) (Figure 3c¢) [32°], as well as all
grasses. Unlike ML-p-CA, ML-FA contains an additional
methoxyl group, and therefore is more prone to radical
coupling with normal monolignol radicals than ML-p-CA
during polymerization. Wilkerson ¢ /. identified a
BAHD acyltransferase from A. sinensis that functions as
a feruloyl-coenzyme A (CoA) monolignol transferase
(FMT) to catalyze the formation of ML-FA [33].
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Overexpression of FMT in poplar led to the incorporation
of ester bonds in the transgenic lignin backbone and
much improved cell wall digestibility under mild alkaline
pretreatment condition [33].

Biochemical basis for lignin pathway evolution
Gene duplication followed by subfunctionalization or
neo-functionalization can partly explain the divergent
evolution of lignin/cell wall chemistry. For example, a
duplication event of the ancestral gene encoding phenyl-
alanine ammonia-lyase (PAL) occurred in monocots after
they diverged from dicots, which led to the emergence of
a bifunctional Phe and Tyr ammonia-lyase (PTAL). This
enzyme is encoded by a single gene in the model grass
Brachypodium distachyon. Using a combination of isotope
precursor feeding and RNAi suppression, Barros er al.
demonstrated that about half of the lignin in B. distackyon
was derived from tyrosine via PTAL [34°°]. Tyrosine is
preferentially traced into S lignin and cell-wall-bound p-
coumarate (but not ferulate), suggesting the existence of
parallel lignin biosynthetic pathways organized at tissue
and/or cellular levels. The presence of an active-site His
residue anchoring the Tyr phenol ring was found to be the
key structural feature that converts PAL to PTAL [35].
Early duplication events have occurred independently in
other land plant lineages [35-37], suggesting that
enzymes with dual PAL/TAL activities may also exist
beyond grasses.

The orthology of cinnamate 4-hydroxylase (C4H) is well
preserved in most land plant genomes, implying C4H
gene is under strong negative selection [38°]. From the
two successful C4H duplications, one occurred in early
seed plants prior to the divergence of gymnosperms and
angiosperms and the second in commelinid monocots,
only the former has been documented to date [38°]. The
resulting C4H paralog is retained in Taxaceae (gymnos-
perms) and most angiosperms (except Brassicaceae), and
exhibits puzzling structural divergences from the canoni-
cal C4H. Although the role of this newly derived C4H
paralog is yet to be determined in its native host species, it
encodes a functional C4H enzyme that is capable of
complementing the Arabidopsis ¢4 null mutants [38°].
Homology modelling revealed a conserved insertion of
several amino acids, in a region involved in enzyme
interaction with its electron donor. In addition, instead
of the conserved single N-terminal-membrane-spanning
helix that anchors the canonical C4H to the endoplasmic
reticulum (ER) membrane facing cytosol, the derived
CA4H paralog features an elongated and more variable
N-terminus that forms a double-spanning hairpin, allow-
ing orientation of C4H to the ER lumen. As C4H is
proposed to anchor lignin biosynthetic metabolon to
ER, the presence of a second C4H with altered mem-
brane topology implies the possible existence of inde-
pendently assembled multi-enzyme complexes for spe-
cific aspects of phenylpropanoid metabolism. The

presence of lignin biosynthetic metabolons is recently
substantiated by the discovery of several membrane
steroid-binding proteins (MSBPs), which serve as scaffold
proteins to assemble monolignol P450s to ER [39°].

T'he expansion of the 4-coumarate-CoA ligase (4CL) family
in most plant genomes further supports the parallel path-
way hypothesis. A recent phylogenetic analysis based on
1944CL sequences collected from a broad spectrum of land
plants revealed one major 4CI, duplication event occurred
in seed plants prior to the split of gymnosperms and
angiosperms, resulting in a separate monophyletic clade
[40°]. Functional analysis of the four 4CL paralogs present
in Arabidopsis thaliana showed that the representative
paralog of the most early diverged clade has acquired a
distinct role in flavonoid biosynthesis, while also contrib-
uting to sinapoyl malate biosynthesis [40°]. T'he other three
4CL paralogs appear to have subfunctionalized to play
different physiological roles in various growth and devel-
opmental processes involving lignification. The existence
of parallel lignin biosynthetic pathways at cellular and
tissue levels provides opportunities for future precision
engineering of lignin traits in target crops.

Genes controlling the entry point of phenylpropanoid
pathway to lignification appear to be highly conserved.
Both  hydroxycinnamoyl-CoA:shikimate  hydroxycinnamoy!-
transferase (HCT) and p-coumaroyl shikimate 3'-hydroxylase
(C3'H) orthologs are present in all land plants, often as
single-copy genes, and their emergence preceded the
occurrence of lignin (Figure 1). For HC'7, one major gene
duplication occurred in dicots, giving rise to a clade of
neofunctionalized quinate-acylating enzymes responsible
for the biosynthesis of chlorogenic acids [41]. Another
gene duplication event of HCT occurred in the common
ancestor of Lamiaceae that led to the birth of rosmarinic
acid synthase (RAS) and the biosynthesis of rosmarinic
acid [42]. Similarly, recently derived C3'H paralogs in
certain plants have acquired new phenolic 7-hydroxylase
activities that prefer alternative p-coumaroyl conjugates
as substrates [43,44]. To date, most described gene dupli-
cation cases involving HCT and C3'H led to the produc-
tion of new soluble phenolic esters and amides [41,43,45].
The only exception is the duplication of both HC7T and
C3'H genes to form, in Brassicacae, an alternative path-
way leading to feruloyl-conjugated and sinapoyl-conju-
gated phenolamides that contribute to the pollen coat and
the strengthening of pollen wall [46,47°,48]. These obser-
vations suggest that promiscuous activities of conserved
lignin biosynthetic enzymes likely sowed the seeds for
new phenylpropanoid metabolic traits. Enzymes evolved
through such mechanism can in turn be employed to
engineer desirable lignin traits, such as the aforemen-
tioned FMT [33]. Moreover, enzyme promiscuity has also
inspired new strategies to manipulate lignin biosynthesis
by engineering the production of endogenous acyl accep-
tor molecules that compete for HC'T activity iz vivo [49°].
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Perspective

Nature has explored countless experiments with lignifi-
cation over the past 450 million years of vascular plant
evolution. Studies of other related biopolymer biosyn-
thetic pathways as well as phenylpropanoid metabolism
in several nonvascular green plant lineages further pro-
vide valuable comparative perspectives on how lignifica-
tion evolved in the first place. Understanding lignin
evolution will continue to yield new approaches for
genetic engineering of lignin biosynthesis. Several key
questions regarding lignin evolution remain to be
resolved in the coming years. For example, what are
the functional significances of various lignin chemotypes
found in diverse plants and tissue types? How are parallel
lignification pathways organized and regulated at bio-
chemical, cellular and tissue levels? Was coupling phe-
nylpropanoid metabolism with the shikimate pathway via
HCT a key event during lignin evolution? Answering
these questions will further enable us to craft ‘designer’
lignins in future biotech crops.
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