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Abstract

Lignin is a highly abundant polymer in plant cell walls that is essential for land plants’ ability to
stand upright and transport water. Inside plant cells, lignin monomers, called monolignols, are
made from phenylalanine via a multistep pathway. In the cell wall, monomers move freely, until
they encounter stationary oxidative enzymes that determine where the lignin polymer forms.
However, it remains unclear how lignin monomers are trafficked from inside the cell to the cell
wall. Although multiple lines of circumstantial evidence implicate transporters, additional
possible mechanisms include the diffusion of monomers across lipid bilayers and the release of
monolignol glucosides stored in vacuoles. There are therefore potentially diverse and

overlapping mechanisms of monolignol export.

Highlights
*  Monomers are made inside of cells and exported to the wall by unknown mechanism(s).
* Possible mechanisms include transporters such as ATP-binding cassette transporters.
* Diffusion of monomers through membranes, driven by polymer formation, is possible.
* In gymnosperms, monolignol glucosides represent a possible alternate route to lignin.

* Cells can export lignin monomers into the shared walls of neighboring cells.

© 2018 published by Elsevier. This manuscript is made available under the Elsevier user license
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Introduction

Lignin engineering in plant feedstocks has the potential to decrease recalcitrance and provide
novel compounds that could be used as renewable bio-products [1]. The lignin heteropolymer is
typically assembled from three types of monomers called monolignols: coniferyl alcohol, sinapyl
alcohol and p-coumaryl alcohol, which are incorporated into the polymer as guaiacyl (G),
syringyl (S) and p-hydroxyphenyl (H) units, respectively. Monolignols are produced within
contributing cells, where gene expression determines the quality and quantity of the lignin
polymer product in the cell wall [2—4]. In thick secondary cell walls, monolignols are oxidized
by laccases and/or peroxidases to form radicals, which covalently link to the growing lignin
polymer [5]. Although much is known about lignin monomer biosynthesis, and a picture of the
mechanisms of polymerization is emerging, the mechanism(s) of export of monolignols from
their site of synthesis inside the cell, across the cell membrane, and out into the developing

secondary cell wall are not known.

Mechanisms to export monomers from cells and incorporate the monomers into the lignin
polymer must be flexible, as efforts to engineer new types of lignin for biofuels or renewable
bioproducts have shown that plants will readily incorporate non-canonical [6,7] or exotic
monomers into the lignin polymer [8,9]. Similar plasticity in the incorporation of unconventional
monomers, such as hydroxycinnamaldehydes, has been seen in mutants, and these variant lignin
mutants have the potential to be exploited to engineer lignin composition [10-13]. With the aim
of achieving more economically processed biomass, lignins have been engineered to contain
more labile ester linkages [8]. The consequence of lignin monomer export flexibility is increased
feasibility for genetic engineering manipulations designed to achieve altered polymer length,
reduced crosslinking to carbohydrates, incorporation of more labile linkages, and increased
proportions of commercially attractive monomers [1]. Further lines of evidence for the diversity
of monomers exported from cells are found in naturally occurring lignins, such as in the family
Cactaceae, where some species have C-type lignin derived from caffeyl alcohol [7]. The
majority of the plant body in C lignin-containing plants is made up of largely G/S lignin,
indicating that the synthesis, export and polymerization machinery is capable of entirely different

outputs in different tissues [7]. This flexibility extends even to the development of single seed



62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92

coat cells, as was observed in Cleome hassleriana, in which early in development, G lignin is

first deposited, followed by C lignin deposition during later stages [14].

In addition to being flexible, monolignol export is also rapid. Despite a large flux of carbon to
the extracellular lignin pool, which results in lignin representing 20-30% of the biomass dry
weight, the accumulation of free monolignols in lignifying tissues is minimal. Using optimized
liquid chromatography-tandem mass spectrometry with electrospray ionization, nanomole/gram
fresh weight concentrations of coniferyl alcohol and sinapyl alcohol were detected in wild-type
Arabidopsis lignifying stems [15]. Similarly, when radiolabeled phenylalanine was fed to
developing Arabidopsis protoxylem tracheary elements [16] or pine tracheids and detected by
microautoradiography [17], label was rapidly incorporated into the cell wall without

accumulating inside the cells.

Potential mechanisms of monolignol export

The simplest explanation for monolignol export is that the monomers could diffuse across lipid
bilayers, in a manner analogous to auxin, then become trapped in the cell wall by crosslinking
into lignin. Supporting this hypothesis are experiments that demonstrate that monolignol-like
molecules associate readily with lipid disks that approximate the composition of maize root cell
membranes [18]. This suggests that membranes could be permeable to monolignols. For
diffusion to occur spontaneously, it requires an energetically favorable gradient to drive net
movement. The deposition of large quantities of immobile lignin-polymerizing laccases and
peroxidases in secondary cell walls may lead to rapid polymerization of free monolignols [19],
thereby creating a strong sink for monolignols and an energetically favorable gradient driving
transport across the membrane, minimizing their intracellular accumulation. Similarly, if
monolignols (or dimers) can diffuse across bilayers, then glucosylation in the cytoplasm and

storage in the vacuole represents an additional mechanism to trap them [20].

The current paradigm is that if monolignols and monolignol glucosides are exported by active
transport, then the transporters involved are likely of the ATP-binding cassette (ABC) transporter
family [21-23]. The ABC transporter family is found ubiquitously in all types of organisms, in

which they facilitate the transport of a diverse range of substrates across a variety of membranes
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in cells. Plants possess a relatively high number of ABC transporter genes that have been
implicated in the transport of auxin, cytokinin, abscisic acid, cutin, wax and suberin components
(reviewed by [24,25]. In order to broadly test if ABC transporters played a role in monolignol
transport, inhibitor studies were conducted on membrane vesicles derived from vacuoles or
plasma membranes of Arabidopsis [22]. Coniferyl alcohol transport in plasma membrane
vesicles was inhibited by both the exclusion of ATP, which ABC transporters require, and the
inclusion of vanadate, a P-type ATPase inhibitor [22]. Results from heterologous expression in
yeast suggest that Arabidopsis ABCG29 is capable of transporting p-coumaryl alcohol, which
polymerizes into H lignin units [23]. Mutants of abcg29 showed increased sensitivity to root
growth inhibition by p-coumaryl alcohol, but the lignin in mutant lines was only modestly
reduced in G, S, and H units [23]. The disconnect between the yeast assay showing p-coumaryl
alcohol transport activity and the broad spectrum root lignin phenotype brings into question the
specificity of ABCG29 and underscores the notion that significant portions of lignin precursors
must be transported either by other transporters or other mechanisms. Recent findings in
differentiating Arabidopsis tracheary element cell cultures suggest that a group of ABCG genes
(ABCG11,ABCG22, ABCG29, and ABCG36) are co-expressed with MYB58, a transcription
factor that controls monolignol biosynthetic gene expression [26]. A similar study compared the
expression of transporters and cell wall regulators across organs of Arabidopsis plants. The study
revealed that groups of ABCGs are co-regulated alongside transcripts associated with cell wall
development in stems and roots [27]. This redundancy, combined with the ability of diffusion to
compensate for reduced transport, may explain why strong stem lignin-deficient phenotypes have

not been observed in ABCG single mutants [28].

Monolignols and monolignol glucosides

Monolignols in the cytoplasm can be glucosylated by cytoplasmic UDP-glucosyltransferases
(UGT), forming monolignol glucosides. In eudicot species such as Arabidopsis, where
monolignol glucosides are not thought to be a significant intermediate in lignification, pools of
glucosides form primarily to detoxify the cytoplasm by removing free phenylpropanoid products
and moving them to the vacuole [29]. The Arabidopsis UGT72E1, UGT72E2 and UGT72E3 are
largely responsible for the glucosylation of sinapyl and coniferyl alcohol (reviewed by [29]).

Arabidopsis triple ugt72e mutants had wild-type lignin, but coniferin and syringin were
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significantly reduced, although not eliminated, leaving open the possibility of other minor
contributors to glucosylation [30]. Recently, the glucosyltransferase UGT72B1 was identified as
an additional contributor to monolignol glucosylation in Arabidopsis, and the ugt72b1 mutants
had intriguing and unexpected phenotypes that were interpreted as evidence of a role for
UGT72B1 in monolignol homeostasis [31]. The pool of glucosides is balanced by cleavage
through the action of B-glucosidases to yield free monolignols. In Arabidopsis, the -
glucosidases BGLU45 and BGLUA46 are responsible for the cleavage of coniferin and syringin
[32]. The absence of lignin-deficient phenotypes in bglu45/46 mutants supports the assertion
that, in Arabidopsis, monolignol glucosides are not intermediates in the developmental

lignification pathway [33].

In contrast to angiosperms, the coniferyl alcohol glucoside, coniferin, may represent a key
intermediate in gymnosperm lignification. Using a combination of scanning electron microscopy
and time-of-flight secondary ion mass spectrometry, Aoki et al., (2016) analyzed the distribution
of coniferin across the cambial zone and into the developing secondary xylem of Gingko biloba.
Coniferin was observed in the central region of cells, consistent with a vacuolar localization. The
abundance of coniferin increased as the age of differentiating cells increased, up to the start of
lignification, then dropped prior to and following cell death [34]. While more than one transport
mechanism could be active, this supports the possibility that the ultimate export mechanism is
simply cell death and lysis of the cell and tonoplast membranes. The contribution of ABC
transporters to vacuolar coniferin uptake was also shown to be an energy-requiring transport
activity [22]. Autoradiography studies using radioactively labelled phenylalanine in lignifying
pine wood, prior to cell death, found that label was rapidly incorporated into the wall, but not
into the vacuole, with a minority of signals found inside the cell [17]. It is possible that coniferin
accumulates in vacuoles on a timescale too lengthy to be detected by such short-term assays, but
at the end of the tracheid’s life, coniferin release, followed by glucosidase cleavage in the wall,

may still be important to lignification.

Monomers outside cells move to regions of active polymerization
Monolignol export occurs at specific stages in the development of a lignifying cell. In both wood

and the model plant Arabidopsis thaliana, the steps of lignification begin with lignin deposition
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in cell corners and the middle lamella, and this pattern has recently been mapped at high
resolution using new biorthogonal fluorescent probes in flax [35]. This study, and others with
‘click’ chemical or fluorescently tagged monolignols, indicate that monolignols diffuse freely

through the cell wall [36,37].

During the secondary thickening of cell walls, the polysaccharide matrix is deposited before the
deposition of lignin. Enzymes such laccases and peroxidases are also deposited in the
polysaccharide matrix of the thickened cell wall, as evidenced by localization of fluorescently
tagged laccases in Arabidopsis stem secondary cell walls [19]. Fluorescence recovery after
photobleaching, which measures the mobility of the proteins, demonstrated that laccases were
immobile within the secondary cell wall [19]. Following deposition of the thickened cell wall
matrix, the final wave of lignification proceeds, often overlapping or following programmed cell

death.

The mechanisms through which the monolignols and other lignin precursors are exported to the
cell wall becomes more multi-faceted when accounting for the complexity of lignifying cell
types in diverse tissues. Xylem tissue is made up of multiple cell types including tracheary
elements, xylary fibers, and non-lignifying xylary parenchyma cells. In planta, there is evidence
that non-lignifying cells, such as xylary parenchyma cells, can synthesize monolignols and
export lignin precursors to the cell walls of their lignifying neighbors, thereby supplementing the
lignification process [16,38—40]. This “good neighbor” hypothesis could be applicable through
many stages of lignification and diverse cell types. In contrast to the tracheary elements and
fibers within vascular bundles, sclerenchymous interfascicular fibers in Arabidopsis stems have
cell-autonomous lignification. When lignin biosynthesis enzymes are down-regulated in
sclerenchyma fibers, the cell wall lignification is not rescued by any other cell type [16, 40],
indicating that sclerenchyma fibers make their own monolignols and export them directly into
their own cell walls. Xylary fibers and tracheary elements have a mixture of cell-autonomous
and non-cell-autonomous lignification [16,40—42]. The implication of these studies is that
monolignol export mechanisms in xylem tissues could depend on the cell type and stage of
differentiation, with transporters, diffusion, or cell death ‘shortcuts’ happening over the life span

of a lignifying, or good neighbor, cell.
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There is not yet a comprehensive model of the mechanisms of monolignol export. Amplifying
the uncertainty in this field, extant published work relevant to the topic of monolignol transport
has been done in a variety of systems and, as such, it is difficult to know how broadly applicable
any given finding is. There are, however, promising avenues for further study of passive
diffusion and candidate transporters. These proposed mechanisms are not mutually exclusive. It
may be that different mechanisms predominate in different tissues, and in different
developmental stages as sinks, such as polymerization in the wall, and sources, such as good

neighbors, change.
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Figure 1 Caption:

A)

Monolignols are synthesized in the cytoplasm of plant cells by the largely characterized
phenylpropanoid pathway. Possible routes for direct trafficking outside the cell include
active transport via ABC transporters, diffusion through the membrane or diffusion
facilitated by channels in the membrane. In gymnosperms, significant quantities of
monolignol glucosides accumulate. A transporter, possibly an ABC transporter, facilitates
uptake of glucosides into the vacuole. In vascular cells that are dead at maturity cell death
ultimately releases all cellular contents. Once outside the cell monolignols may be
polymerized immediately in the wall of the cell that generated them or, in certain cell

types, diffuse to adjoining cell walls where they are polymerized.

A schematic contrasting early lignification in cell corners and late lignification of highly
thickened secondary walls of a plant cell (N=nucleus, V=vacuole, C=cytoplasm).

i) Early in development at the initiation of lignification in the cell corners and middle
lamella (white) only small quantities of oxidative enzymes (red beans) are present in the
primary wall (dark grey) and cell corners. Transporters may be needed to drive the
relatively small flux of monolignols across the membrane.

i1) Energetically downhill monomer transport. Large quantities of laccases in the
thickened secondary wall (light grey) provide a strong sink for monolignols outside the
cell. The significant biosynthesis inside the cell and strong sink outside the cell could be

the energetic driving force for diffusion of monolignols.

Sequestration of monolignol glucosides occurs within the vacuole in gymnosperms.

1) During the development of the cell monolignol glucosides accumulate in the vacuole of
the cell. ii) Cell death releases the contents of the vacuole. iii) B-glucosidases (green
triangles) release free monolignols in the cell wall that are available to be incorporated

into the wall by oxidative enzymes (red beans).
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