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Summary

¢ The woody stems of coniferous gymnosperms produce specialised compression wood to
adjust the stem growth orientation in response to gravitropic stimulation. During this process,
tracheids develop a compression-wood-specific S,L cell wall layer with lignins highly enriched
with p-hydroxyphenyl (H)-type units derived from H-type monolignol, whereas lignins pro-
duced in the cell walls of normal wood tracheids are exclusively composed of guaiacyl (G)-
type units from G-type monolignol with a trace amount of H-type units. We show that lac-
cases, a class of lignin polymerisation enzymes, play a crucial role in the spatially organised
polymerisation of H-type and G-type monolignols during compression wood formation in
Japanese cypress (Chamaecyparis obtusa).

¢ We performed a series of chemical-probe-aided imaging analysis on C. obtusa compression
wood cell walls, together with gene expression, protein localisation and enzymatic assays of
C. obtusa laccases.

e Our data indicated that ColLac1 and Colac3 with differential oxidation activities towards
H-type and G-type monolignols were precisely localised to distinct cell wall layers in which H-
type and G-type lignin units were preferentially produced during the development of com-
pression wood tracheids.

¢ We propose that, not only the spatial localisation of laccases, but also their biochemical
characteristics dictate the spatial patterning of lignin polymerisation in gymnosperm compres-

sion wood.

Introduction

In response to gravitropic stimulation, the woody stems and
branches of trees can change their growth orientation even after
elongation growth has ended. This process is achieved chiefly by
the generation of asymmetric mechanical stress by the develop-
ment of specialised secondary xylem, the so-called ‘reaction
wood’ (Timell, 1986; Yamamoto et ., 2002; Alméras & Clair,
2016; Groover, 2016). In coniferous gymnosperms, reaction
wood is more specifically termed ‘compression wood’ because it
commonly develops on the underside (compression side) of lean-
ing stems or branches and generates compressive growth stresses
(Timell, 1986). The resultant longitudinal stresses lead to restora-
tion of vertical growth or reinforcement to maintain nonvertical
growth against gravity (Brown, 1971; Timell, 1986; Hejnowicz,
1997; Yamamoto, 1998; Yamamoto ez 4/, 2002). To this end,
tracheids, which comprise the bulk of cells in gymnosperm wood
tissues, show marked changes with regard to their cell wall
anatomy; typically, tracheids in compression wood are thick
walled with altered layer configurations, almost circular in cross-
section and with large intercellular spaces, compared with
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tracheids in normal wood (Timell, 1986; Donaldson, 2001; Kim
et al., 2010; Donaldson & Knox, 2012). At the molecular level,
the chemical composition and supramolecular structures (for
example, orientation of cellulose microfibrils) of the cell wall
biopolymers are greatly modified in compression wood tracheids.
In particular, the content of lignin, a complex aromatic polymer
of secondary cell walls, is notably elevated and the types of struc-
tural units constituting the polymer are uniquely modified
(Timell, 1986; Donaldson, 2001; Brennan et al., 2012; Zhang
etal.,2017).

Lignin is a ubiquitous, major component of the secondary cell
wall in xylem of vascular plants, including that of tracheids in
gymnosperms. The polymer is embedded and tightly associated
with wall polysaccharides, that is cellulose and hemicelluloses, to
confer essential mechanical and physicochemical properties to
the cells (Boerjan ez al., 2003). Recent studies on lignin biosyn-
thesis and bioengineering are motivated not only by their funda-
mental importance to plant development and physiology, but
also by their agro-industrial importance in the context of plant-
derived biomass utilisation (Umezawa, 2018; Mahon & Mans-
field, 2019). The primary building blocks of lignin polymers are
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Fig. 1 Compression wood formation in inclined Chamaecyparis obtusa seedlings. (a) Monolignols and fluorescence-tagged monolignols used in this study.
(b) Illustrations showing induction of compression wood formation in 3-yr-old C. obtusa seedlings. Presented are confocal laser microscopic images
(showing lignin autofluorescence) of tracheids developed in compression and normal wood. White arrow and yellow arrowhead indicate the highly
lignified S, (S,L, located in outer S,, 0S,) and less lignified inner S, (iS,) layers, respectively. Bars, 10 um. (c, d) Partial short-range TH-"3C correlation
(HSQC) NMR spectra of cell wall samples from compression and normal wood. Aromatic (c) and sugar anomeric (d) subregions are shown. Signals from
characteristic p-hydroxyphenyl (H)-type lignin units (c), and (1—4)-B-D-galactan and (1—3)-B-D-glucan sugar units (d) produced in compression wood

cell walls are highlighted.

monolignols, that is p-coumaryl (PA), coniferyl (CA) and sinapyl
(SA) alcohols (Fig. 1a), which give rise to p-hydroxyphenyl (H)-
type, guaiacyl (G)-type and syringyl (S)-type lignin polymer
units, respectively (Ralph ez al,, 2019). After their synthesis by
the cinnamate/monolignol pathway in the cytoplasm (Dixon &
Barros, 2019), monolignols are transported to the apoplast cell
wall domains (Perkins ez al., 2019), where they are polymerised
into lignin polymer units by wall-localised oxidation systems,
such as laccase/O, and peroxidase/H,O,, by combinatorial radi-
cal coupling (Tobimatsu & Schueltz, 2019). As the key determi-
nant of the chemical structure and physicochemical properties of
the final lignin polymers, monolignol composition is highly vari-
able among plant species, and tissue and cell types, and even
among independent cell wall layers within a single cell (Boerjan
et al., 2003; Ralph ez al., 2019). Currently, however, the mecha-
nisms underlying such spatiotemporal control of lignin polymeri-
sation in planta, that is how plants coordinate when, where and
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which types of monolignols are assembled for lignification,
remain largely elusive (Barros ez al., 2015; Meents et al., 2018;
Tobimatsu & Schueltz, 2019).

Compression wood formation in gymnosperms represents a
pre-eminent example of an elaborately controlled lignification
process in planta. In normal wood of gymnosperms, tracheid cell
walls contain lignins almost exclusively composed of G-type units
derived from polymerisation of G-type monolignol CA with typ-
ically only trace amounts (<3%) of H-type units derived from
H-type monolignol PA (Fig. 1a) (Ralph ez 4/, 2006). The cell
walls of compression wood tracheids, by contrast, show higher
lignin contents than tracheids of normal wood, and their lignins
contain considerably higher amounts of H-type units (Timell,
1986; Donaldson, 2001; Brennan et al, 2012; Zhang et al.,
2017), which may comprise as much as 30% of the total lignin
units present in bulk compression wood samples, depending on
the compression wood severity (Timell, 1986; Ralph er al,
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2006). Accumulated data from chemical imaging studies
strongly indicate that H-type lignin units are specifically
enriched in the compression-wood-specific S,L layer (located in
the outer Sy, oS, layers), where the increased lignin depositions
are most prominent, whereas the typical G-type lignins are pre-
sent across the secondary cell walls, in typical tracheids pro-
duced in compression wood (Fukushima & Terashima, 1991;
Donaldson, 2001; Tokareva ez al., 2007; Donaldson & Radotic,
2013; Zhang ez al., 2017). Recent genetic studies have reported
that some genes encoding enzymes and transcriptional factors
associated with secondary cell wall formation, monolignol
biosynthesis and monolignol polymerisation are upregulated in
compression-wood-forming tissues; this is in general consistent
with the increased extent of lignification in compression wood
compared with normal wood (Allona et al, 1998; Whetten
et al, 2001; Bedon er al, 2007; Koutaniemi et al, 2007;
Yamashita ez al., 2008, 2009; Ramos ez al., 2012; Villalobos
et al., 2012; Li et al, 2013; Sato et al., 2013, 2014; Hiraide
et al, 2014, 2016; Cruz et al, 2019). However, the molecular
mechanisms that control heterologous distribution of H-type
and G-type lignin units in compression wood cell walls remain
unknown.

An increasing body of evidence emphasises the role of mono-
lignol-oxidising enzymes as the crucial determinant of the spatial
patterning of lignin deposition iz planta. In the inflorescence
stems of Arabidopsis (Arabidopsis thaliana), specific laccase and
peroxidase enzymes are precisely localised to apoplastic cell wall
domains before lignin deposition (Schuetz er 4/, 2014; Chou
et al., 2018; Hoffmann ez al., 2020). For example, it was shown
that Arabidopsis LACCASE4 (AtLac4) protein secreted to the
secondary cell wall domains of fibre cells is tightly anchored to
the polysaccharide-rich cell wall matrix and therefore cannot be
remobilised once secreted (Chou ez al, 2018). By contrast,
monolignols are likely to be highly mobile after export to the
apoplast for lignification (Tobimatsu ez al, 2013, 2014; Lion
et al., 2017). Collectively, together with similar models proposed
for lignification in other specific tissues (Lee ez af., 2013, 2018,
2019), precise localisation of lignin polymerisation machinery
including monolignol-oxidising enzymes in specific cell wall
domains may play a crucial role in guiding the spatial distribu-
tion of the final lignin polymers at the tissue and subcellular levels
(Schuetz et al., 2014; Chou et al., 2018; Hoffmann et al., 2020).

In this study, we report evidence showing that laccases also
play an important role in spatial organisation of the lignin poly-
mers in gymnosperm compression wood. Based on a series of
imaging analyses of tilted stems of Japanese cypress (Chamaecy-
paris obtusa) seedlings, we demonstrated that specific laccases
showing preferential monolignol polymerisation activities
toward PA and CA are localised in distinct cell wall layers,
which are coincidentally considered to be enriched with H-type
and G-type lignin polymer units, respectively, in the developing
compression wood tracheids. We then identified two C. obtusa
laccase isoforms, that is C. obtusa LACCASEl (ColLacl)
(Hiraide ez al, 2014, 2016) and LACCASE3 (Colac3), which
are most likely to be responsible for the depositions of H-type
and G-type lignin units, respectively, in compression wood cell
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walls, based on gene expression patterns, protein localisation
and recombinant enzyme assays. Intriguingly, the recombinant
Colacl and Colac3 laccase proteins displayed differential
monolignol-oxidation activities towards PA and CA, in line
with their implicated roles in the formation of H-type and G-
type lignin polymer unis. Collectively, we propose that not only
the spatial localisation of laccases, but also their biochemical
characteristics, dictate the spatial patterning of lignin polymeri-
sation in gymnosperm compression wood.

Materials and Methods

Plant materials and sample preparations

In this study, 3-yr-old Chamaecyparis obtusa seedlings used for
stem imaging were cultivated at the Kitashirakawa Experimental
Station of the Field Science Education and Research Center of
Kyoto University, Japan (35°N, 136°E). To induce compres-
sion wood formation, seedlings were artificially inclined (c. 45°
from the vertical) in late May. After 1 month, stem blocks con-
taining differentiating compression wood xylem were harvested
and stored at —30°C until used for further analysis. Stem blocks
from noninclined seedlings grown side-by-side with the inclined
seedlings were used for preparation of normal wood control
samples in imaging studies. The field-grown C. obtusa tree (c.
12 cm trunk diameter), used for the preparation of crude pro-
tein fractions for enzymatic assay, was cultivated at the Kamig-
amo Experimental Station of the Field Science Education and
Research Center of Kyoto University, Japan (35°N, 135°E). To
induce compression wood formation, a rope was secured to
bend the stem at ¢ 20° from the vertical in late May. After
1 month, differentiating xylem tissues were collected using a
scraper from the compression side of the stem, immediately
frozen in liquid nitrogen, and stored at —30°C until protein
extraction. Xylem tissues collected from the normal-wood-form-
ing opposite side of the same bent tree’s stem were used for
preparation of opposite wood control samples in the enzymatic
assay. Suspension-cultured cells of tobacco BY-2 (Nicotiana
tabacum L. ‘Bright Yellow-2’) were cultured and maintained in
modified Linsmaier & Skoog medium as described previously
(Nagata ez al., 1992).

Cell wall imaging using fluorescence-tagged monolignols

Serial transverse sections (60 um thick) were cut from stem block
samples of debarked compression and normal wood using a slid-
ing microtome. The sections were washed in 100 ml of 20 mM
Na-acetate buffer (pH 5.0), and then treated with 10 uM
dimethylaminocoumarin (DMAC)-tagged or nitrobenzofurazan
(NBD)-tagged monolignol probes (Fig. 1a) (Tobimatsu et al,
2013) in the presence of catalase (1900 U, from bovine liver;
Nacalai Tesque), glucose (5 mM)/glucose oxidase (100 U, from
Aspergillus  niger; Nacalai Tesque), or exogeneous H,O,
(0.5 mM), in 20 mM Na-acetate buffer (pH 5.0) for 1 h at room
temperature. For the dual-labelling experiments, sections were
sequentially treated with DMAC-PA (10 pM, for 1 h) and then
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with NBD-CA (10 uM for 0.5 h), or in reverse order, in the pres-
ence of catalase in 20 mM Na-acetate buffer (pH 5.0). The
labelled sections were thoroughly washed with ethanol to remove
nonincorporated probes. The incorporated probes were visualised
using a Leica TCS SPE confocal laser microscope (CLSM) (Leica
Microsystems) with excitation/emission at 405/440—480 nm for
DMAC fluorescence and/or at 488/500-550 nm for NBD
fluorescence. Heat-treated (85°C for 1 h) control sections were
subjected to the same labelling treatments and CLSM imaged
with the same laser strength and emission gain. Lignin autofluo-
rescence images of nonlabelled sections (Fig. 1b) were collected
with excitation/emission at 405/415—-600 nm. For the quantita-
tive image analysis, the mean grey value was determined using
IMAGE] software (National Institutes of Health; http://rsb.info.
nih.gov/ij/) for differentiating xylem areas (tangential x radial
direction =2 X 10 cells for compression wood and 2 x 6 cells for
normal wood) or for the distinct lignifying areas.

Other methods

Description of the methods used for histochemical, chemical and
nuclear magnetic resonance (NMR) analyses of the cell walls,
protein sequence and gene expression analyses, immunolocalisa-
tion, expression of recombinant laccases, preparation of crude
protein extracts, western blotting, monolignol-oxidation assay
and statistical analysis, as well as sequence accession numbers can
be found in Supporting Information Methods SI. Primer
sequences are listed in Table S1.

Results

Cell wall structural analysis of compression wood in inclined
C. obtusa seedlings

In this study, 3-yr-old C. obtusa seedlings were used for all the
imaging experiments conducted. To induce compression wood
formation, the seedlings were artificially inclined at ¢. 45° from
the vertical, as illustrated in Fig. 1(b). Transverse stem sections
prepared from the lower side (compression side) of the inclined
stems were examined using CLSM to visualise lignin autofluores-
cence. As anticipated, transverse stem sections from the compres-
sion-wood-induced plants displayed round-shaped tracheids with
thick secondary walls composed of highly lignified S,L (located
in 0S;) and less lignified inner S, (iS,) layers (Fig. 1b), all of
which are typical anatomical features of gymnosperm compres-
sion wood (Timell, 1986; Donaldson, 2001). To determine the
chemical composition of compression and normal wood of the
C. obtusa seedlings, cell wall residue (CWR) samples were sub-
jected to two-dimensional (2D) heteronuclear single-quantum
correlation (HSQC) NMR analysis (Kim & Ralph, 2010)
(Fig. Ic,d) and a series of chemical analyses (TableS2). As
expected, the compression wood cell walls showed higher lignin
content compared with the normal wood cell walls (Table S2),
and contained considerable amounts of H-type lignin polymer
units, which was evident by the appearance of characteristic C2—
H2/C6-H6 correlations from H-type aromatic nuclei (H,/q) at
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0c/0y ~ 127.5/7.20 (Brennan ez al., 2012; Takeda et al., 2018)
in the 2D HSQC NMR spectra (Fig. 1¢c) as well as the appear-
ance of H-type monomeric compounds released upon thioacidol-
ysis (Table S2). The 2D NMR, based on volume integration of
the aromatic contours, estimated that H-type lignin units
accounted for 22% of the total G-type and H-type units in the
compression wood cell walls, whereas thioacidolysis determined
that H-type monomers accounted for 15% of the total G-type
and H-type monomers released from the cell walls. By contrast,
both NMR and thioacidolysis determined that incorporation of
H units in the control normal wood cell walls was almost negligi-
ble (Fig. 1¢; Table S2). In addition, NMR analysis determined
that the compression wood cell walls were enriched with (1—4)-
B-D-galactans and (1—3)-B-D-glucans (Fig. 1d), consistent with
previous observations on gymnosperm compression wood (Kim
et al., 2010; Brennan et al., 2012; Donaldson & Knox, 2012).
Neutral sugar analysis corroborated the increment of galactans in
compression wood cell walls (Table S2). Taken together, the pre-
sent data affirmed that typical compression wood tracheids show-
ing the characteristic anatomical and biochemical features were
developed in the C. obtusa seedling samples, which were used for
further imaging analyses.

Laccase and peroxidase activities in lignifying C. obtusa
compression wood

At the onset of the current imaging study, to visualise laccase/O,
and peroxidase/H,0O, activities in differentiating xylem of the
C. obtusa compression and normal wood, we used the histochem-
ical reagent 3,3'-diaminobenzidine (DAB) to detect phenol oxi-
dation activity by the coloration produced upon DAB oxidation
(Ranocha ez al., 1999; Hiraide ez al., 2016). To selectively visu-
alise laccase/O, and peroxidase/H,O, activities, DAB was
applied to the freshly cut transverse sections in the presence of
catalase to suppress peroxidase/H,0, by removing endogenous
H,O, for selective visualisation of laccase/O, activity (LACs),
glucose/glucose oxidase to suppress laccase/O, by decomposing
O, for selective visualisation of peroxidase/H,O, activity (PRXs),
or exogenous H,O, for visualisation of both laccase/O, and per-
oxidase/H,O, activities (LACs+ PRXs) (Hiraide er 4/, 2016).
The application of DAB under the described conditions resulted
in the appearance of positive, dark-brown coloration in the dif-
ferentiating xylem on the inner side of the cambial zone, where
lignification typically occurs during secondary xylem develop-
ment. However, no positive coloration was observed in the back-
ground control (heat control) sections (Fig. 2).

In both compression and normal wood sections imaged under
the LACs + PRXs treatment, positive DAB coloration was first
detectable on the compound middle lamella (CML; including
the cell corner regions) in tracheids at an early stage of differentia-
tion adjacent to the cambium zone (CZ). With increasing matu-
rity of the tracheids, that is with increasing distance from CZ,
positive DAB staining spread to the secondary cell walls (Fig. 2b,
d). Distribution of laccase/O, activity visualised under the LACs
treatment was similar to that of the total phenol oxidation activ-
ity visualised under the LACs+PRXs treatment: in both
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Fig. 2 Visualisation of laccase and pero><|dase activities in differentiating compression and normal wood tracheids of Chamaecyparis obtusa seedlings. Serial
transverse sections from compression (a, b) and normal (c, d) wood tissues were visualised by administering DAB in the presence of catalase for detection
of laccase/O, (LACs), glucose and glucose oxidase for peroxidase/H,O, (PRXs), and exogeneous H,O, for both laccase/O, and peroxidase/H,O,

(LACs + PRXs) activities. Background control sections (heat control) were obtained by heating sections at 85°C for 1 h before administering DAB. Regions
that showed positive DAB staining in different cell wall compartments and arrows indicating directions to cambium zone (CZ) and pith (Pi) are indicated on
the sections stained with phloroglucinol-HCI. Images in (b) and (d) are magnified views of the boxed regions in (a) and (c), respectively. Bars, 20 pm.

compression and normal wood sections, laccase/O, activity was
detected across the lignifying CML and the secondary wall
regions. By contrast, peroxidase/H,O, activity visualised under
the PRXs treatment was confined to the lignifying CML, and
substantially weaker signals were detected in the lignifying sec-
ondary cell wall regions, in both compression and normal wood
sections (Fig. 2). Collectively, these observations suggested that
laccases contributed to lignification across the CML and the sec-
ondary walls of differentiating tracheids, whereas peroxidases pre-
dominantly contributed to lignification in the CML, in
compression and normal wood of C. 0brusa seedlings.

Visualisation of lignification in C. obtusa compression wood
with fluorescence-tagged monolignols

Next, we assessed monolignol-structure-dependent lignification
patterns in C. obtusa compression wood using fluorescence-
tagged monolignols (Fig. 1a), which have been shown to be use-
ful in monitoring active lignification sites through metabolic
incorporation in various plant systems (Tobimatsu et al, 2011,
2013; Schuetz et al., 2014; Takenaka et al, 2018; Lee et al,
2019).

Laccase-dependent incorporation of DMAC-tagged H-type, G-
type and S-type monolignol probes Given that DAB staining

New Phytologist (2021) 230: 2186-2199
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showed that laccase(s), rather than peroxidase(s), were the pre-
dominant source of phenol oxidation activity in compression
wood (Fig. 2), we first investigated laccase-dependent incorpora-
tion of DMAC-tagged H-type (DMAC-PA) and G-type
(DMAC-CA) monolignol probes, which mimic canonical H-
type (PA) and G-type (CA) monolignols (Fig. 1a), respectively,
by administering them to the stem sections in the presence of
catalase (Fig. 3). Strikingly, the compression wood sections
labelled with DMAC-PA exhibited intense fluorescence signals
specifically in the lignifying S,L layer, but much weaker or negli-
gible signals were detected in the lignifying CML/S; and iS,
regions (Fig. 3a). By contrast, the compression wood sections
labelled with DMAC-CA exhibited stronger signals in the lignify-
ing CML/S; and iS, regions, with apparently weaker signals
detected in the lignifying S,L layer (Fig. 3a). These results sug-
gested that, compared with laccase(s) in lignifying CML and iS,,
laccase(s) in lignifying S,L may possess a considerably higher PA-
polymerisation activity for the preferential deposition of H-type
lignin polymer units. The two monolignol probes also showed
distinct incorporation patterns in the normal wood sections.
Under the same microscopic conditions, the sections treated with
DMAC-PA exhibited weak DMAC fluorescence signals, whereas,
by contrast, the sections treated with DMAC-CA displayed
intense signals in all lignification sites, that is in lignifying CML/
S1 and S,/S; (Fig. 3b). Therefore, laccase(s) in normal wood may
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Fig. 3 Laccase-dependent fluorescence-tagged monolignol incorporation into differentiating compression and normal wood tracheids of

Chamaecyparis obtusa seedlings. (a, b) Compression (a) and normal (b) wood sections were labelled with DMAC-tagged monolignols (DMAC-PA and
DMAC-CA) in the presence of catalase, and then DMAC fluorescence was visualised with a confocal microscope. Sections were stained with phloroglucinol-
HCl, and background controls visualised after heat treatment are shown. Regions where the incorporation of fluorescence-tagged monolignols was detected
in different cell wall compartments are indicated on the sections stained with phloroglucinol-HCI. Bars, 20 um. (c, d) Normalised DMAC florescence
determined for the whole imaged regions (c) and separately for where the incorporation of fluorescence-tagged monolignols was detected in different cell
wall compartments (d) as indicated in the sections stained by phloroglucinol-HCl in (a) and (b). Values are based on the mean fluorescence intensity in grey
levels + SD (n = 15). Different letters indicate significant differences (analysis of variance (ANOVA) with post-hoc Tukey—Kramer test, P <0.05).

preferentially accept CA over PA for the exclusive deposition of
G-type lignin polymer units. Quantitative analysis of DMAC flu-
orescence affirmed our assessment for these contrasting incorpo-
ration patterns of DMAC-PA and DMAC-CA in compression
and normal wood sections (Fig. 3¢,d).

We also tested incorporation of an S-type monolignol probe,
DMAC-SA, that mimics the natural S-type monolignol, SA
(Fig. 1a), which is a common lignin monomer in angiosperms
but not in typical gymnosperms including C. 0btusa used in this
study (Wagner ez al., 2015). Consequently, the DMAC-SA probe
showed a similar incorporation pattern to that of the G-type
DMAC-CA probe in compression and normal wood of the
C. obtusa seedlings (Fig. S1). Therefore, C. obtusa laccases that
preferentially incorporate CA in compression and normal wood
may have a capability to polymerise SA, albeit that C. obrusa,
consistent with other gymnosperms, does not naturally incorpo-
rate S-type lignin units from SA, as shown by the present NMR
and chemical analysis data (Fig. 1¢; Table S2).

© 2021 The Authors
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Co-visualisation of laccase-dependent incorporation of H- and
G-type monolignol probes To further evaluate the contrasting
incorporation patterns of H-type and G-type monolignol probes
by laccase in compression wood, we performed a dual-labelling
experiment using DMAC-PA and NBD-CA for simultaneous
visualisation of their incorporation by detection of the distin-
guishable DMAC and NBD fluorescence. Before this experi-
ment, we performed a single-labelling experiment using NBD-
CA under the same conditions we used for the single-labelling
experiment with DMAC-CA as described earlier (Fig. 3a). As
expected, NBD-CA showed essentially the same incorporation
patterns to those of DMAC-CA, giving rise to strong fluores-
cence in CML/S; and iS, with weaker fluorescence in S,L
(Fig. S2). This result affirmed that the difference in fluorophore,
that is DMAC versus NBD, does not considerably affect the CA-
dependent probe-incorporation patterns (Tobimatsu ez 4/, 2011;
Tobimatsu ¢t al., 2013). Dual labelling was then performed by
incubating the wood sections sequentially with DMAC-PA and
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then with NBD-CA in the presence of catalase. Consistent with
the single-labelling experiments (Fig. 3a), the incorporation of
DMAC-PA and NBD-CA was majorly localised to the lignifying
S;L, and CML/S; plus iS, regions, respectively, in compression
wood (Fig. 4). Intriguingly, however, administrating the two
monolignol probes in reverse order, that is first with NBD-CA
and then with DMAC-PA, considerably reduced incorporation
of DMAC-PA into the lignifying S,L layer in compression wood
(Fig. S3). It is plausible that NBD-CA that had been adminis-
trated and partially incorporated into S,L before administrating
DMAC-PA may block incorporation of DMAC-PA by physically
covering the surface of wall-localised laccases, and/or biochemi-
cally hinder oxidation of DMAC-PA. This result supports the
view that, in addition to substrate specificity of wall-localised lac-
cases, substrate availability is also an important factor affecting
the incorporation of different lignin units in cell walls.

Peroxidase-dependent incorporation of H-, G- and S-type
monolignol probes We also visualised peroxidase-dependent
lignification patterns using DMAC-tagged monolignol probes.
As described for DAB staining (Fig. 2), the monolignol probes
were administered to the stem sections in the presence of glucose/
glucose oxidase to suppress laccase/O, activity (PRXs), and then
visualised under the same microscopic conditions used for visual-
isation of laccase activity (LACs) (Figs 5, S4). Under the PRXs
treatment, incorporation of DMAC-CA (Fig. 5), as well as that
of DMAC-SA (Fig. S4), was generally lower compared with those
observed under the LACs treatment in all lignifying regions
including the CML and secondary cell wall regions. Conversely,
notable incorporation of DMAC-PA under the PRXs treatment
was observed especially in the lignifying CML/S; regions in both

(a) Phioroglucinol-HCI [(s)}] (c) (d) Merged
CML/S4
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compression wood and normal wood sections. In particular, the
DMAC-PA incorporation into CML/S; in compression wood
was clearly more conspicuous under the PRXs treatment than
that under the LACs treatment (Fig. 5a,c). These results sug-
gested that peroxidase(s) may also contribute to polymerisation
of PA, particularly in CML/S;, during compression wood forma-
tion in C. obtusa.

Expression and localisation of laccases involved in
lignification of C. obtusa compression wood

To further investigate the potential roles of laccases during com-
pression wood formation, we characterised C. obtusa laccases with
regard to their gene expression, protein localisation and enzy-
matic activity. Previously, two C. obtusa laccases, that is CoLacl
(AB762662) and CoLac2 (AB762663), were cloned from cDNA
libraries prepared from differentiating C. obtusa compression and
normal wood tissues (Hiraide e al., 2014). By searching for lac-
case sequences against an RNA-seq contig sequence dataset
(DRA001036) (Sato et al., 2014), we identified an additional
candidate laccase sequence, from this point forward referred to as
CoLac3 (LC494389), that was potentially involved in lignifica-
tion during compression wood formation; the full-length coding
sequence of CoLac3 was obtained using a rapid amplification of
c¢DNA ends (RACE)-PCR approach (see Methods S1). A phylo-
genetic tree was constructed for the three C. obrusa laccase pro-
teins together with 17 Arabidopsis laccases and ZmLac3, a
laccase from maize (Zea mays) for which X-ray crystal structures
were recently solved (Xie e a/., 2020) (Fig. 6a). The three candi-
date C. obtusa laccases, that is ColLacl, Colac2 and Colac3,
clustered together with the lignin-specific laccases of Arabidopsis,

)
N
3
(h)
4

Fig. 4 Simultaneous visualisation of laccase-dependent DMAC-PA and NBD-CA incorporation into differentiating compression wood tracheids of
Chamaecyparis obtusa seedlings. (a) A control section stained with phloroglucinol-HCI. (b-h) Sections were labelled sequentially with DMAC-tagged p-
coumaryl alcohol (DMAC-PA) and NBD-tagged coniferyl alcohol (NBD-CA) probes in the presence of catalase, and then visualised as DMAC (b) and NBD
(c) fluorescence and merged (d-h). Images in (e-h) are magnified views of the boxed regions in (d). White arrows and yellow arrowheads indicate the S,L
and iS; layers, respectively. Regions where the incorporation of fluorescence-tagged monolignols was detected in different cell wall compartments are

indicated in (a). Bars, 20 um.
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Fig.5 Comparison of laccase-mediated and peroxidase-mediated incorporation of fluorescence-tagged monolignols into differentiating compression and
normal wood tracheids of Chamaecyparis obtusa seedlings. (a, b) Serial transverse sections from compression (a) and normal (b) wood tissues were labelled
with DMAC-tagged monolignols (DMAC-PA and DMAC-CA) in the presence of catalase for detection of laccase/O, (LACs), glucose and glucose oxidase
for peroxidase/H,O, (PRXs), and with H,O, for both laccase/O, and peroxidase/H,O, (LACs + PRXs) oxidation activities. Regions where the incorporation
of fluorescence-tagged monolignols was detected are indicated on the heat control sections. Bars, 20 pm. (c) Normalised DMAC florescence determined for
where the incorporation of fluorescence-tagged monolignols was detected in different cell wall compartments. Values are based on the mean fluorescence

intensity in grey levels + SD (n 2 5). Different letters indicate significant differences (ANOVA with post-hoc Tukey—Kramer test, P <0.05).

that is AtLac4, AtLacl1, and AtLacl7 (Berthet et /., 2011; Zhao
et al., 2013). Multiple sequence analysis indicated that, whereas
the three C. obtusa laccases contained the conserved copper-bind-
ing domain motifs essential for laccase function (Cesarino ¢t al.,
2013; Wang ez al., 2015a; Wang et al., 2015b), there were some
variations in the substrate-binding loops and the residues that
may interact with monolignol substrates (Xie ez al, 2020)

(Fig. S5).

© 2021 The Authors
New Phytologist © 2021 New Phytologist Foundation

The gene expression of CoLacl, CoLac2 and CoLac3 in differ-
entiating compression and normal wood xylem was studied using
a quantitative real-time PCR (qRT-PCR) approach. As previ-
ously determined (Hiraide ez al, 2014), CoLacl was highly
expressed in compression wood but poorly expressed in normal
wood (Fig. 6b), which supported the hypothesis that Colacl
may be specifically involved in compression wood lignification.
The newly characterised CoLac3 was expressed in both

New Phytologist (2021) 230: 2186-2199
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Fig. 6 Laccases responsible for lignification in Chamaecyparis obtusa compression wood. (a) Phylogenetic analysis of laccase proteins. An unrooted
phylogenetic tree was built using neighbour-joining method. Bootstrapping with 1000 replicates was performed. Bar, 0.1 substitutions per site. (b)
Transcript abundance of CoLac7, Colac2 and CoLac3 in differentiating compression and normal wood tracheids of C. obtusa seedlings as determined using
quantitative real-time PCR. The normalisation factor (NF) for calibration of transcript abundance was determined as described in Methods S1. Values are the
mean =+ SD for three independently analysed plants. Different letters indicate significant differences (ANOVA with post-hoc Tukey—Kramer test, P <0.05).
(c) Immunolocalisation of CoLac1 and CoLac3 in compression wood cell walls of C. obtusa seedlings. Sections were visualised using autofluorescence from
deposited lignin and Alexa 568 secondary antibody fluorescence from CoLac1 and ColLac3 epitopes. Control sections visualised without anti-CoLac1 or
anti-Colac2 treatment are also shown. White arrows and yellow arrowheads indicate the S,L and iS, layers, respectively. Bars, 20 pm.

compression and normal wood at comparable levels (Fig. 6b),
suggesting that, together with ColLacl, CoLac3 may play a role
in compression wood lignification. By contrast, the transcript
level of CoLac2 was substantially low in both compression and
normal wood (Hiraide er 4/, 2014) (Fig. 6b), which suggested
that CoLac2 is unlikely to play an important role in lignification,
at least in the wood samples tested in this study.

To further clarify the involvement of Colacl and CoLac3 in
compression wood lignification, we examined their immunolo-
calisation in transverse sections of developing compression wood
from C. obtusa seedling stems. Both anti-Colacl and anti-
CoLlac3 antibodies (Fig. S6) showed distinct immunofluores-
cence signals in the secondary cell wall regions of differentiating
tracheids in compression wood (Fig. 6¢). Close comparison of
epitope immunofluorescence and lignin autofluorescence of the
sections, revealed that the CoLacl epitope was localised specifi-
cally in the S,L layer, whereas the Colac3 epitope clearly

New Phytologist (2021) 230: 2186-2199
www.newphytologist.com

localised in the both S,L and iS, layers (Fig. 6¢). We also per-
formed Colac3 immunolocalisation experiments in normal
wood sections, in which, consistent with the gene expression data
(Fig. 6b), CoLac3 epitope signals were detected across the lignify-
ing secondary cell walls (Fig. S7). By contrast, a previous study
detected negligible immunolocalisation signals from the CoLacl
epitope in normal wood tracheids (Hiraide ez al., 2016).

Enzyme assays of recombinant C. obtusa laccases

The differential capabilities of lignifying cell walls in compression
wood to incorporate H-type and G-type monolignols might be
correlated with the different substrate specificities of CoLacl and
ColLac3 specifically localised in these distinct cell wall domains.
To test this possibility, we performed an enzymatic assay for
recombinant laccase proteins. Recombinant laccases harbouring
C-terminal hexa-histidine (His6)-tags, that is rColLacl, rColLac2

© 2021 The Authors
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and rColac3, corresponding to the native CoLacl, CoLac2 and presence of catalase (Fig. 7b) (Sato & Whetten, 2006). Under the

CoLac3 enzymes, respectively, were expressed in tobacco BY-2  current assay conditions, the wild-type control protein extracts
cells under the control of the Cauliflower mosaic virus 35S pro-  showed negligibly low monolignol-oxidation activities. The
moter (Sato & Whetten, 2006). Given that several attempts to ~ rColac2 extracts also did not show any oxidation activity either
purify His6-tag recombinant proteins retaining proper enzyme  for PA or CA. Conversely, the rCoLacl extracts oxidised PA and
activities failed, we used crude cell-wall-bound protein fractions CA efficiently at comparable reaction velocities (with ¢. 1.2 of the
extracted from two independent transformed cell lines for each ~ PA/CA oxidation velocity ratio), which suggested that ColLacl
construct (a and b) and a control wild-type cell line (WT) for may show comparable substrate specificities towards PA and CA.
comparative enzyme assays. The presence of the desired recombi-  In contast, the rColac3 extracts appeared to oxidise CA effi-
nant laccases in the protein extracts was confirmed using western  ciently, but barely oxidise PA under the same assay conditions

blot analysis with an anti-His6 antibody (Fig.7a). Notably, (with <0.05 of the PA/CA oxidation velocity ratio) (Fig.7b).
under denaturing conditions in SDS-PAGE, all the three recom-  Therefore, unlike CoLacl, CoLac3 is likely to show considerably

binant laccases were detected at molecular sizes (80—100 kDa) lower substrate specificity toward PA than toward CA. Overall,
larger than those predicted based on their amino acid sequences ~ the notably higher PA-oxidation activity of CoLacl compared
(61-64 kDa), which could be attributed to post-translational gly- ~ with that of CoLac3 was consistent with our earlier finding that
cosylations common in typical plant laccases (Turlapati er 4/,  this enzyme was specifically expressed in compression wood
2011). (Fig. 6b), and precisely localised in the S,L layer of differentiating
A monolignol-oxidation assay was performed by incubating  tracheids (Fig. 6¢), where the H-type fluorescence-tagged mono-
the recombinant laccase protein extracts with PA or CA in the lignol probe was preferendally incorporated (Figs 3-5).
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Fig. 7 Enzyme assays for recombinant and native Chamaecyparis obtusa laccases. (a, b) Recombinant C. obtusa laccase proteins, rColLac1, rColLac2 and
rColac3, were expressed in tobacco BY-2 cells. Cell-wall-bound protein fractions prepared from two independent transformed lines for each construct (a,
b) and control wild-type cell lines (WT) were used for the laccase activity assay using PA and CA as substrates. Western blots for protein detection using an
anti-His6 antibody (a) and monolignol-oxidation velocities of rCoLac1, rColLac2 and rColLac3 protein preparations (b) are shown. Data in (b) are expressed
as the mean + SD for three independent reaction runs. Asterisks indicate significant difference between PA and CA oxidation velocities (Student's ¢-test;
*k P<0.01). nd, not detected. (c—e) Monolignol-oxidation activities of cell-wall-bound protein fractions prepared from differentiating compression wood
tissues of a bent mature C. obtusa tree. Protein fractions from normal-wood-forming opposite wood tissues of the same tree were used as a control.
Western blots using anti-CoLac1 (c) and anti-ColLac3 (d) antibodies, and relative monolignol-oxidation activities of the cell-wall-bound protein fractions (e)
are shown. Data in (e) are expressed as oxidation velocities relative to o-dianisidine used as a reference substrate, and values are the mean + SD for three
independent reaction runs. Asterisks indicate significant difference between PA and CA oxidation velocities and PA/CA oxidation ratios between the
compression wood and opposite wood control proteins (Student's t-test; **, P<0.01).
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Enzyme assays of crude enzyme preparations from
C. obtusa compression wood

We also performed a monolignol-oxidation assay for crude
enzyme preparations extracted from developing C. obtusa com-
pression wood tissues. In this particular experiment, we used a
mature bent C. obtusa tree (c. 12 cm trunk diameter) to prepare
crude protein fractions from differentiating compression wood
tissues as well as from normal-wood-forming opposite wood tis-
sues as a control (Fig. S8a). Consistent with the gene expression
data (Fig. 6b), immunoblotting with anti-CoLacl and anti-
CoLac3 antibodies demonstrated the presence and absence of
Colacl in the cell-wall-bound protein fractions from compres-
sion wood and opposite wood control tissues, respectively, and
also the presence of CoLac3 in the cell-wall-bound protein frac-
tions from both compression wood and opposite wood
(Figs 7¢,d, S8b,c). Native Colacl and CoLac3 were detected in
SDS-PAGE at molecular sizes (¢. 120kDa) even larger than
those determined for rColacl and rColac3 expressed in
tobacco BY-2 cells (¢. 100kDa) (Fig. 7a), suggesting different
extents of post-translational glycosylations in tobacco and
C. obtusa cells. Consequently, the monolignol-oxidation assay
determined that, although both the compression wood and the
opposite wood control samples showed PA and CA oxidation
activities, the PA/CA activity ratio of the compression wood
sample (c. 0.58) was higher than that of the opposite wood
sample (c. 0.34) (Fig.7e), which might be attributed to the
presence and absence of Colacl with significant PA-oxidation
activity in compression wood and normal-wood-forming oppo-
site wood, respectively.

Discussion

The mechanisms underlying the spatiotemporal control of lignin
polymerisation in planta remain elusive. Our current view envi-
sions that specific laccase and/or peroxidase enzymes are secreted
to facilitate the spatial control of lignin polymerisation at subcel-
lular levels (Schuetz ez al., 2014; Chou et /., 2018; Tobimatsu &
Schuetz, 2019; Hoffmann ez /., 2020). However, to what degree
the substrate specificities of the lignin polymerisation enzymes
influence the incorporation of different monolignol types into
distinct lignin polymer types remains largely unknown. Together
with previous findings (Hiraide ez al., 2014, 2016), our current
data demonstrated that precise localisation of a laccase, CoLacl,
with a prominent PA-polymerisation ability facilitates the S,L-
specific deposition of H-type lignin units during compression
wood formation in the coniferous gymnosperm C. obtusa. Simi-
larly, it was recently shown that, in the seed coat of Cleome
hassleriana, the seed-coat-specific deposition of atypical catechol
(C)-type lignin polymers (catechyl lignin) is mediated by a lac-
case, ChLac8, which shows a preferential oxidation ability
towards C-type lignin monomer (caffeyl alcohol) (Wang er al.,
2020). Collectively, these findings provide evidence that not only
the spatial localisation of laccases, but also their biochemical
characteristics, impact the spatial patterning of lignin polymerisa-
tion in planta.

New Phytologist (2021) 230: 2186-2199
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While the respective roles of the two monolignol-oxidising
enzymes, that is laccases and peroxidases, in lignification have
long been debated, an increasing body of evidence has suggested
that both contribute to lignification and their functions are likely
to be spatially and/or developmentally separated (Tobimatsu &
Schuetz, 2019). In accordance with this suggestion, the present
data support the hypothesis that xylem lignification in the conifer
C. obtusa is cooperatively facilitated by laccase and peroxidase
enzymes in a spatiotemporally specific manner. Nevertheless, the
present imaging analysis using the DAB histochemical reagent
and fluorescence-tagged monolignols suggested that a majority of
the monolignol-oxidising activities detected in the tracheid sec-
ondary cell wall regions can be attributed to laccases rather than
peroxidases in both compression and normal wood. Both imag-
ing approaches detected laccase-dependent monolignol-oxidation
activities at all tracheid lignification stages in CML as well as in
the major secondary cell wall layers (Figs 2, 5). Peroxidase-depen-
dent monolignol-oxidation activities were similarly intensely
detected in CML (and also possibly in S;), but were generally
weaker compared with the laccase-dependent activities in the
major secondary cell wall regions of tracheids in compression and
normal wood (Figs 2, 5). Therefore, although laccases may con-
tribute in all lignification stages of differentiating tracheids across
the CML and secondary cell wall regions, contributions of perox-
idases may be confined to the early stage of tracheid lignification
in the CML regions.

A striking difference was observed between the distinct sec-
ondary cell wall layers in the C. obtusa compression wood with
respect to their capabilities to incorporate PA and CA upon ligni-
fication. Laccase-dependent PA-polymerisation activity was dis-
tinctly higher in the lignifying S,L layer compared with that
detected in other lignifying regions, where, by contrast, CA-poly-
merisation activity was stronger (Figs 3, 4). This result supports
our notion that different laccase isoforms that show preferential
monolignol-oxidising activities toward PA and CA are present in
S;L and in other lignifying regions, to facilitate the deposition of
H-type and G-type lignin units, respectively. The present imag-
ing data obtained using fluorescence-tagged monolignols are
accordant with a previous observation by Fukushima &
Terashima (1991) who reported preferential incorporation of p-
glucocoumaryl alcohol (a glycoside of PA), a potential H-type
lignin precursor (Fukushima ez al., 1997; Tsuyama et al., 2019),
into CML and S,L of compression wood, but only into CML in
normal wood of Pinus thunbergii, as determined using microau-
toradiography.

We have identified two C. obtusa laccase isoforms, that is
ColLacl and Colac3, which may, at least partially, provide the
monolignol-oxidation activities for the preferential deposition of
H-type and G-type lignin units, respectively, during compression
wood formation. Congruous with previous findings (Hiraide
et al., 2014, 2016), CoLacl is a compression-wood-specific lac-
case that is specifically expressed during compression wood for-
mation (Fig. 6b), precisely positions in the S,L cell wall layer
(Fig. 6¢), and displays a prominent capability to oxidise PA for
generation of H-type lignin units (Fig. 7). Conversely, CoLac3, a
newly identified C. obtusa laccase isoform, is likely to play a role
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as a more general lignin laccase responsible for generation of G-
type lignin units from CA, because it is more widely expressed
and localised in both compression and normal wood cell walls
(Fig. 6b,c) and its recombinant protein displayed considerably
poorer oxidation activity toward PA than towards CA, at least
under the tested conditions (Fig. 7). It should be noted, however,
that not only PA but also CA can be incorporated into the com-
pression wood S,L, although the laccase-dependent CA-poly-
merisation activity in S,L seems to be considerably less compared
with those in CML/S; and iS, (Figs 3d, 5¢). The incorporation
of CA in S,L can be operated by either or both ColLacl and
CoLac3 as they are both localised in lignifying S,L (Fig. 6¢) and
display CA oxidation activity (Fig. 7b).

Several previous studies of compression wood, including those
in loblolly pine (Pinus taeda 1.) (Allona ez al., 1998), Sitka spruce
(Picea sitchensis) (MacDougall 2000), Norway spruce (Picea
abies) (Koutaniemi ¢t @/, 2007) and maritime pine (Pinus
pinaster) (Villalobos ez al., 2012), have reported upregulation of
specific laccase genes during compression wood formation. It is
tempting to test whether these compression-wood-associated lac-
cases also exhibit similar S,L-specific wall localisation and/or
preferential PA-oxidisation activities as has been found for
ColLacl in C. obtuse. The reason for the distinct PA/CA oxidation
capabilities of CoLacl and CoLac3 is currently unclear. As PA
typically shows a higher redox potential than that of CA due to
the electron-donating effect of the methoxyl group present in CA
but absent in PA aromatic systems (Kobayashi ez 2/., 2005; Tobi-
matsu et al, 2008), the activated copper reaction centre of
CoLacl may somehow exhibit a higher redox potential compared
with that of the activated CoLac3 reaction centre to withdraw an
electron from the electron-poor PA aromatic system. In addition,
catalytic activity of laccases in general may be affected by the size
and shape of the substrate-binding site near the copper reaction
centre (Mayer & Staples, 2002; Frasconi ez 4/, 2010). Indeed,
contributions of the methoxy group to monolignol-laccase inter-
actions are suggested in the recently solved crystal structure of
ZmlLac3 (Xie et al., 2020). Further genetic and biochemical char-
acterisation of ColLacl and CoLac3, as well as CoLac2, which
appeared to be almost inactive in oxidising monolignols under
the present assay conditions, is needed to elucidate their precise
functions.

It is plausible that the S,L-specific deposition of H-type lignin
polymers in compression wood is facilitated not only by the
localisation of CoLacl but also by an increased supply of PA.
The biosynthesis of PA can be promoted over the biosynthesis of
CA upon downregulation of some specific monolignol biosyn-
thetic enzymes, including p-COUMAROYL ESTER 3-
HYDROXYLASE (C3'H) (Ralph et al, 2006; Bonawitz et al.,
2014; Takeda et al., 2018), p-HYDROXYCINNAMOYL-CoA:
SHIKIMATE p-HYDROXYCINNAMOYL TRANSFERASE
(HCT) (Wagner et al, 2007) and CAFFEOYL-CoA O-
METHYLTRANSFERASE (CCoAOMT) (Wagner ez al., 2011),
which are involved in the aromatic hydroxylation and O-methy-
lation steps along the cinnamate/monolignol pathway. An earlier
gene expression study, however, determined that these enzymes
(at least for the tested isoforms) were highly expressed together
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with other major lignin biosynthetic enzymes with no clear rela-
tionship with intensification of the S,L layer in the differentiating
compression wood tissues of C. obtusa (Hiraide et al. 2014),
which might be due at least partially to CA biosynthesis, which is
continuously operative to generate G-type lignin units, along
with H-type units from PA, across the secondary wall layers,
including S,L during compression wood formation. There is
therefore a need for further high-resolution analysis of spatiotem-
poral gene expression profiles of monolignol biosynthetic genes
to clarify how the biosynthesis and supply to the cell walls of PA
and CA are precisely controlled during compression wood forma-
tion. Future studies may also apply advancing genetic and trans-
genic approaches in gymnosperms (Chang et a/., 2018) to further
investigate these aspects.
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