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Abstract

Vascular plants reinforce the cell walls of the different xylem cell types with lignin phenolic polymers. Distinct lignin chemistries
differ between each cell wall layer and each cell type to support their specific functions. Yet the mechanisms controlling the
tight spatial localization of specific lignin chemistries remain unclear. Current hypotheses focus on control by monomer bio-
synthesis and/or export, while cell wall polymerization is viewed as random and nonlimiting. Here, we show that combinations
of multiple individual laccases (LACs) are nonredundantly and specifically required to set the lignin chemistry in different cell
types and their distinct cell wall layers. We dissected the roles of Arabidopsis thaliana LAC4, 5, 10, 12, and 17 by generating
quadruple and quintuple loss-of-function mutants. Loss of these LACs in different combinations led to specific changes in lignin
chemistry affecting both residue ring structures and/or aliphatic tails in specific cell types and cell wall layers. Moreover, we
showed that LAC-mediated lignification has distinct functions in specific cell types, waterproofing fibers, and strengthening
vessels. Altogether, we propose that the spatial control of lignin chemistry depends on different combinations of LACs with
nonredundant activities immobilized in specific cell types and cell wall layers.
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Background: Lignins are a diverse, complex group of aromatic polymers that accumulate in cell walls of vascular
plants, reinforcing organs, and enabling long-distance water transport. The different cell wall layers of each cell
type exhibit specific lignin chemistries with distinct proportions of specific aromatic substitutions and aliphatic func-
tions. The spatial control of this lignin chemistry was supposed to depend exclusively on the chemical identity of the
lignin monomers exported into the cell wall. However, monomer supply alone cannot fully explain the sharp spatial
differences between each cell wall layer in the different cell types. We, therefore, investigated whether different para-
logs of the lignin monomer-oxidizing LACCASE enzymes are responsible for spatially controlling lignin chemistry at
the cell wall layer level for the different cell types in the vascular tissues of plants.

Question: How are specific lignin chemistries spatially controlled by LACCASE paralogs in each cell wall layer and cell
type? What are the roles of LACCASE-dependent lignin accumulation for the mechanical reinforcement and the
waterproofing of different cell types in plant vascular tissues?

Findings: We answered these questions by identifying the LACCASE paralogs specifically expressed in vascular cells
undergoing lignin accumulation. We analyzed their functions using genetic engineering to switch off five of the six
LACCASE paralog genes associated with lignin formation. Their importance in the cell wall layer and cell type lignin
accumulation was determined by comparing plants sharing four of the five mutations in different LACCASE paralogs.
We show that each LACCASE paralog exhibits specific substrate preference, pH optimum and localization differing
between the cell wall layers of each cell type. Their lignin concentration and composition moreover depended on spe-
cific combinations of LACCASE paralogs, each enabling different aromatic substitutions and aliphatic functions to
accumulate. Impairing these LACCASE-dependent lignin chemistries resulted in the loss of cell wall mechanical resist-
ance of sap-conducting cells and the loss of cell wall waterproofing of organ-reinforcing fiber cells.

Next steps: We are now pursuing research to understand the molecular mechanisms controlling the supply of lignin
precursors as well as the temporal regulation activating lignification during the formation/maturation of each cell wall
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layer in the different cell types.

Introduction

Lignin is a complex, heterogeneous phenolic polymer that is
deposited in the cell walls of specialized cell types (Meents
et al, 2018). Associated with the evolutionary emergence
of the plant vasculature and the transition to terrestrial ha-
bitats, lignin confers structural rigidity, and hydrophobicity
to the vascular system (Eriksson et al,, 1991; Ménard et al,
2022). Lignin deposition proceeds in three steps: biosynthesis
of phenolic monomers, mostly phenylpropanoids, in the
cytoplasm (Barros et al,, 2015); their export into the apoplast
(Perkins et al, 2019); and their subsequent oxidative poly-
merization by radical coupling catalyzed by laccases (LACs)
and class Ill peroxidases (PRXs) in the cell wall (Blaschek
and Pesquet, 2021). Among the phenoloxidases associated
with lignin, specific paralogs of LACs in Arabidopsis
(Arabidopsis thaliana) and poplar (Populus sp.) are the
main enzymes required to accumulate lignin in vascular tis-
sues, but their effect on lignin chemistry is not known (re-
viewed in Blaschek and Pesquet, 2021).

Although defined in the singular, the term lignin describes
a multitude of chemically diverse polymers. This chemical di-
versity includes variation in both phenolic ring substitution
(hydroxyphenyl, H; caffeyl G guaicayl, G; syringyl, S) and ali-
phatic tail function (alcohol, Xcpop; aldehyde, Xcpo) of the
canonical phenylpropanoid monomers. In addition to phe-
nylpropanoids, other monomers incorporated into lignin

include benzaldehydes (Ralph et al, 2001; Chen et al,
2012), flavonoids (Lan et al,, 2015; Rencoret et al., 2022), stil-
benoids (del Rio et al, 2017; Rencoret et al,, 2019) as well as
other residues containing phenyl (P) structures (Faix and
Meier, 1989; Kawamoto, 2017; del Rio et al, 2022). The
main lignified vascular cell types in plants are tracheary ele-
ments (TEs), which act as both structural support and sap
conduits for long-distance water transport. Lignin is essential
for structural support at the organ level, as drastic reductions
in lignin content lead to dwarf plants unable to stand upright
and lodging (Bonawitz and Chapple, 2010; Muszynska et al.,
2021). Lignin is equally crucial at the cellular level, as reduc-
tions in lignin levels impair the biomechanical capacity of TEs
to withstand the negative pressures required to transport
water (Ménard et al,, 2022). In addition, most angiosperms
and some gnetales also develop lignified xylem fibers located
within (xylary fibers, XFs) or between (interfascicular fibers,
IFs) vascular bundles, which fine-tune the mechanical prop-
erties of plant organs (Zhong and Ye, 1999).

To support their specific cellular functions, the concentra-
tion, composition, and structure of lignins are tailored to
each cell type and their different cell wall layers—chemistries
that are conserved between plant species (Pesquet et al,
2019). Lignin concentration is generally higher in the second-
ary cell walls (SCWs) of TEs than in the SCWs of fibers, as well
as generally higher in primary cell walls/middle lamella (CML)
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and cell corners (CCs) than SCWs (Serk et al., 2015). However,
large variations are also observed between different TE mor-
photypes, with early forming protoxylem (PX) TEs being far
less lignified than later forming metaxylem (MX) TEs
(Ménard et al, 2022). Lignin composition, depending in
part on the proportion of monomers with different phenolic
ring substitutions, varies drastically between cell types and
cell wall layers, with fiber SCWs enriched in S residues, TE
SCWs enriched in G residues, and CML/CCs at the interface
of these two cell types enriched in H residues (Terashima and
Fukushima, 1988; Fukushima and Terashima, 1990). The pro-
portion of monomers with different aliphatic tail functions is
also specifically controlled between cell types and cell wall
layers, as well as between morphotypes, with high levels of
XcHo in MXs compared to PXs, and high levels of Xcpo in
CMLs compared to SCWs (Peng and Westermark, 1997;
Blaschek, Champagne, et al., 2020).

The lignification of each cell type progresses by incorporat-
ing distinct lignin residues at specific phases of the develop-
ment and maturation of each cell type, as exemplified by S
and Xcpo residues that are mostly incorporated in the late
maturation phases of TEs compared to the early incorpor-
ation of H and G residues (Kutscha and Gray, 1972;
Terashima and Fukushima, 1988; Blaschek, Champagne,
et al, 2020; Ménard et al, 2022). The temporal control of
cell wall lignification is specific to each cell type. TEs lignify
their SCWs mostly after having committed programmed
cell death (PCD) (Pesquet et al, 2010, 2013; Smith et al,
2013) whereas fibers gradually and centripetally lignify their
SCWs as they are being deposited, both before and after their
cell death (Fukushima and Terashima, 1991; Terashima et al,,
1996; Barros et al, 2015). The mechanisms enabling such a
specific spatiotemporal control of lignin chemistry in differ-
ent cell types and cell wall layers are still unknown.

The current mechanisms proposed to explain this cell type/
cell wall layer-specific control of lignification mainly rely on
the regulation of monomer biosynthesis and/or their export
to cell walls, while their polymerization is mostly viewed as
random, nonlimiting, and nonspecific. Our current view of lig-
nin formation thus posits that the oxidation of lignin mono-
mers and their subsequent cross-coupling is mostly guided by
thermodynamics and steric hindrance (Blaschek and Pesquet,
2021). However, once in the apoplast, lignin monomers are
extremely mobile due to autocrine, paracrine (Pesquet
etal, 2013; Smith etal,, 2013,2017), and potentially endocrine
secretions (Aoki et al, 2019; Blaschek, Champagne, et al,
2020). This cell-cell transport is essential for TEs, which lignify
postmortem (Pesquet et al., 2010, 2013; Derbyshire et al,, 2015;
Ménard et al, 2022) by polymerizing the monomers secreted
by adjacent living cells. Neighboring fibers also use these ex-
ternally supplied monomers semi-cooperatively in comple-
ment to their own export during and after the deposition
of SCW polysaccharides (Barros et al, 2015; Blaschek,
Champagne, et al., 2020).

The high mobility of lignin monomers in the cell wall con-
trasts with the spatially restricted differences of lignin

THE PLANT CELL 2022: 35; 889-909 I 891

chemistry in each cell wall layer of each cell type. This discrep-
ancy suggests that additional mechanisms control lignifica-
tion at the level of the cell wall itself. Such spatial control
may depend on different LACs and/or PRXs with distinct
catalytic activities that are targeted and immobilized in spe-
cific cell types and cell wall layers (Derbyshire et al.,, 2015;
Blaschek and Pesquet, 2021). Lignin-associated LACs are in-
deed immobilized in the cell walls of lignified tissues by tight
ionic bonds (Bao et al,, 1993; Ranocha et al,, 1999) highly limit-
ing their mobility (Chou et al., 2018). In fact, different LACs
show highly distinct binding pocket and active site topologies,
suggesting differences in catalytic efficiency, pH optimum,
and/or substrate specificity (Blaschek and Pesquet, 2021).
LAGs involved in the formation of specialized lignins in seed
coats and compression wood have recently been shown to ex-
hibit a certain degree of substrate specificity for monomers
with different ring substitutions (Wang et al, 2020; Hiraide
et al, 2021; Zhuo et al,, 2022). The role of LAC specificity to
set distinct chemistries in the main developmental lignifica-
tion of xylem remains, however, unknown.

Here, we provide experimental evidence demonstrating
that the lignin polymerization capacity of the different cell
wall layers of each xylem cell type spatially controls its lignin
chemistry. Using higher-order loss-of-function mutants of
LACGs involved in vascular lignification, we show that the iso-
lated function of different LAC paralogs is specific to each cell
type and cell wall layer, and discriminately incorporates spe-
cific monomers. The resulting differences in lignin chemistry
also affected its function in specific cell types, distinctly alter-
ing the cell wall mechanical resistance of TEs to negative
pressure and the hydrophobicity of fiber cell walls.
Altogether, we show that different immobilized combina-
tions of LAC paralogs with specific activities control the lig-
nin chemistry in each cell wall layer and cell type to
support their different functions.

Results

Specific LAC paralogs are exclusively expressed in cells
that undergo lignification

To discriminate which of the 17 Arabidopsis laccase paralogs are
implicated in the lignification of SCWs in xylem cells, we ana-
lyzed available microarray expression data from Arabidopsis in-
ducible pluripotent cell cultures (Derbyshire et al,, 2015). This
inducible system allows to trigger parenchyma cells to differen-
tiate into TEs that undergo cell death and lignify their SCWs by
adding phytohormones (Figure 1, A and B; Van de Wouwer
et al, 2016; Ménard et al,, 2017). Without the added phytohor-
mones, parenchymatic cells continue to divide and remain un-
lignified. This on-demand triggering setup enables the user to
distinguish between lignin- and non-lignin-related phenolic me-
tabolism. Biochemical analyses of cell walls using pyrolysis
coupled to gas chromatography and mass spectrometry (GC—
MS) showed that unlike dividing parenchyma, 14-day-old TEs
accumulate large amounts of lignin mainly composed of G
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Figure 1 Analyses of LAC and phenylpropanoid genes using inducible cell cultures to relate expression to lignifying and/or nonlignifying cell walls. A,
Merged images of inducible cell cultures constitutively expressing a construct encoding nucleus-localized RFP (fused to histone H2B, H2B-RFP) induced
with phytohormones to differentiate into tracheary elements (TEs) and xylem parenchyma (XP) at 4 and 7 days of culture. Images correspond to merged
inverted brightfield (white), FDA staining indicating living cells (turquoise) and RFP-tagged nuclei (red). Note that XP remains living once TEs have under-
gone PCD before 7 days of culture. B, Temporal variation of TE differentiation and TE cell death. Note that the half-way time of TE differentiation plateau to
reach ~50% of all cells was reached by 4.4 days and the half-way time of TE cell death was 4.8 days, n = 6 independent time courses with 200 cells counted at
each time point. C, Biochemical analysis of lignin in cell walls using pyrolysis/GC-MS to determine lignin amount and chemistry between lignifying TEs,
dividing parenchyma and hypocotyls of WT plants. Lignin chemistry and levels are presented as summed percentage of the total pyrogram area, with each
pyrolysate identified by its m/z profiles. Note, however, that no corrections for differences in response factor were made (H residue pyrolysates have a
~five-fold higher relative response factor than Gcpo and Gepon, and a ~eight-fold higher relative response factor than Scpo and Scpow; Van Erven
et al, 2017). Different letters indicate statistically significant differences between genotypes according to a Tukey-HSD test (o = 0.05); n = 3—6 independent
samples per cell type or genotype. D, Expression data of the secondary cell wall (SCW) marker gene CESA7/IRX3, the PCD marker gene XCP2, phenylpro-
panoid biosynthesis genes and LAC paralogs during TE differentiation using microarray data from Derbyshire et al. (2015). Each line represents the average
of n =3 independent time courses with the gray ribbon indicating SD. The shaded area of the plot indicates the time after TE PCD. CCR1 catalyzes the
production of Xcpo phenylpropanoids (Mir Derikvand et al, 2008), CADs catalyze the production of Xcpon phenylpropanoids (Sibout et al., 2005). E,
Correlation analyses to define the temporal co-regulation of LAC paralogs and phenylpropanoid genes with markers of SCW and TE PCD. F, RT-qPCR
analysis of SCW and PCD marker genes as well as LAC and phenylpropanoid genes during the culture time course during lignified TE formation or division
of parenchyma. Line represents the average of n = 3 independent time courses with the gray ribbon indicating SD. The shaded area of the plot indicates the
time after TE PCD. F5H1 catalyzes G, to S, phenylpropanoids conversion (Meyer et al,, 1998). The arrow indicates extended expression of LAC12 in induced
conditions beyond TE PCD that shows expression in xylem parenchyma cells.
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residues, H, and minor amounts of S residues (Figure 1C) simi-
larly to that previously reported for isolated TEs in other systems
(Yamamura et al,, 2011; Pesquet et al,, 2019). We selected can-
didate LAC paralogs based on high co-expression levels with the
SCW formation marker gene CELLULOSE SYNTHASE
CATALYTIC SUBUNIT A7 (CESA7, also named IRREGULAR
XYLEM 3 [IRX3]) as well as the TE autolysis marker gene
XYLEM CYSTEIN PROTEASE 2 (XCP2) (Ménard et al, 2015).
This approach identified Arabidopsis LACs 4, 5, 10, 11, 12, and
17 as being co-upregulated during TE SCW formation and po-
tentially implicated in vascular lignification (Figure 1, D and
E). Comparison of LAC temporal expression with the phenylpro-
panoid biosynthetic genes CINNAMOYL-COA REDUCTASE 1
(CCRT), CINNAMYL ALCOHOL DEHYDROGENASE 4 (CAD4),
and CADS also revealed that selected LAC paralogs are more
strongly co-regulated with SCW formation and PCD autolysis
genes than with phenylpropanoid biosynthesis (Figure 1, D
and E).

To confirm these results, we performed reverse transcrip-
tion quantitative PCR (RT-qPCR) to compare LAC and phe-
nylpropanoid gene expression between cell division of
unlignified parenchyma and cell differentiation of lignifying
TEs. We determined that all four tested LAC genes (LAC4,
LAC11,LAC12, and LAC17) are exclusively expressed in the lig-
nifying condition (Figure 1F), in contrast to phenylpropanoid
biosynthesis genes that are expressed to similar levels in both
lignifying and nonlignifying conditions as well as before and
after TE cell death (Figure 1F). Interestingly, FERULIC
ACID-5-HYDROXYLASE 1 (F5HT) was expressed at extremely
low levels in both conditions (Figure 1F), corroborating the
low S residue content observed in TEs (Figure 1C). LAC4,
LAC11, and LAC17 were highly temporally coordinated with
SCW formation and PCD autolysis gene expression
(Figure 1F), whereas LAC12 showed an extended expression
beyond SCW and PCD marker gene expressions (Figure 1F).
These differences in temporal expression between LAC para-
logs suggest partially overlapping cell-specific expression for
LAC4, LAC11, and LAC17 exclusively expressed in TEs and
LAC12 expressed both in TEs and their specialized xylem par-
enchyma, even after the TEs have died (Figure 1B; Pesquet
et al, 2013). In contrast to the general expression of phenyl-
propanoid genes, specific LAC paralogs are exclusively ex-
pressed in cells that will lignify.

LAC paralogs nonredundantly and synergistically
affect stem growth

The large number of implicated LACs likely explains why pre-
vious studies using single loss-of-function mutants did not
detect any obvious phenotypic changes (Cai et al., 2006), ex-
cept for a slight irregular xylem (irx) phenotype in lac4 (also
named irx12) (Brown et al, 2005; Berthet et al, 2011).
Eleven-day-old seedlings harboring single T-DNA insertions
in individual LACs exhibited no alterations in growth
but did show specifically reduced or abolished production
of functional transcripts from their corresponding LAC
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paralog without affecting the expression of other LACs
(Supplemental Figure 1, Supplemental Table 1). Our gene ex-
pression analysis detected no positive compensatory regula-
tions between LAC paralogs due to the individual mutations.
Indeed, we only observed significant decreases in stem height
in plants that had lost the function of at least three LAC para-
logs (Supplemental Figure 2A).

To expose the functions of each individual LAC candidate,
we generated the homozygous quintuple (Q) loss-of-function
mutant lac4 lac5 lac10lac12 lac17 (Supplemental Table 2). We
did not include LACT11 in higher-order mutants due to the
sterile phenotype of the lac4 lac11 lac17 triple mutant
(Zhao et al, 2013). Additionally, we failed to obtain homozy-
gous lac10 lac11 or lac11 lac12 double mutants. To define the
specific functions of each individual LAC, we analyzed a set of
partially overlapping higher-order mutants with the quadru-
ple homozygous loss-of-function mutants lac5 lac10 lac12
lac17 (designated Q-4), lac4 lac10 lac12 lac17 (Q-5), lac4 lac5
lac12 lac17 (Q-10), lac4 lac5 lac10 lac17 (Q-12), and lac4 lac5
lac10 lac12 (Q-17) in comparison to the Q mutant and wild-
type (WT) plants (Supplemental Table 2). Primary root
growth and overall morphology in seedlings were unaffected
by these higher-order lac mutants (Supplemental Figure 2).
For soil-grown plants, we performed kinetic analyses using
image-based phenotyping of the growth of rosette leaves
and inflorescence stems (Figure 2). The growth rate of rosette
leaves, the timing of bolting, number of stems as well as final
stem base width were all normal in the higher-order lac mu-
tants (Figure 2, A—C, Supplemental Figure 2). By contrast,
stem growth rate, final height, and silique length of Q de-
creased by roughly 50%, 40%, and 10% relative to the WT, re-
spectively (Figure 2, D-G, Supplemental Figure 2). The
reduced growth rate and final height returned fully to WT le-
velsin Q-4 and Q-17, and partially in Q-70 but remained com-
parable to Q levels in Q-5 and Q-12 (Figure 2, E-G). The
reduction in stem height was accompanied in Q-5, Q-12,
and Q by a relative increase in stem width/height, which
was significantly higher than in all the other genotypes
(Supplemental Figure 2). Notably, we did not observe a higher
stem width/height ratio in Q-70, which caused significant
stem lodging compared to other genotypes (Supplemental
Figure 2). Silique length fully reached WT levels in Q-4, Q-10,
and Q-17, was intermediate in Q-5 but was as short as Q in
Q-12 (Supplemental Figure 2). Our results indicate a major
and nonredundant contribution of LAC4, LAC10, and
LAC17 in both stem and silique development, in contrast to
LACS5 and LAC12. Overall, higher-order lac mutations mainly
altered the vertical growth of inflorescence stems that sug-
gested roles in structural support and long-distance water
transport.

Cell wall-immobilized LAC activity is cell-type- and
substrate-specific

To understand how the genetic modulation of LACs resulted in
the different mutant phenotypes observed above, we measured
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LAC activity in higher-order lac mutants. LAC activity was pre-
viously performed in situ but without any temporal resolution
or quantitative read-out (Hiraide et al, 2021). We thus under-
took a real-time imaging approach to measure oxidation rates,
defined as the linear changes in intensity during time due to en-
zymatic substrate oxidation (Sterjiades et al., 1992), directly in
the cell walls of different cell types in stem cross-sections
(Supplemental Figure 3). To restrict our measurements to
only cell wall-localized LAC activities, we cleared all sections
with ethanol and then rehydrated them, thus avoiding artifacts
from oxidation mediators (Blaschek and Pesquet, 2021), intra-
cellular phenoloxidases (such as PRXs; Blaschek and Pesquet,
2021), and co-substrates for cell wall PRXs (H,O, produced by
wounding or hypoxia; Blokhina et al, 2001) or their removal
by catalase (causing local increase in O,). Moreover, direct mea-
surements in cross-sections ensured that synthetic substrates
were similarly accessible to all cell types and cell wall layers.
This real-time in situ activity assay also allowed us to evaluate
substrate specificity, using a set of synthetic compounds with ei-
ther phenylamine or phenolic groups shown to be oxidized by
LACs (Supplemental Table 4; Bao et al, 1993; Richardson
et al, 2000; Hiraide et al, 2021), as well as define optimal pH.
Autoclaved sections served as negative controls and showed
very low nonspecific binding, except for the increased auto-
oxidation of the phenolic pyrogallol (PYGL) at higher neutral

pH (Figure 3A and Supplemental Figure 3). With the phenyla-
mine 2,7-diaminofluorene (DAF), LAC activity peaked at pH 5
in most cell types in WT, except for MX TEs that exhibited a
stable LAC activity from pH 4 to 7, whereas PX showed almost
no LAC activity (Figure 3A). The magnitude of activity at the dif-
ferent pH decreased in the Q mutant for all cell wall layers of IFs,
modestly for XFs, but was unaltered for MX TEs (Figure 3A). The
observed pH optimum, however, did depend on substrate, as
using PYGL showed two activity optima at pH 5 and 7, which
differed between cell wall layers and cell types between Q and
WT plants (Supplemental Figure 3). These results showed that
the cell walls of each cell type differ in their LAC substrate oxi-
dation capacity and optimal pH.

Activity analyses using DAF—which was more reliable in
detecting differences between genotypes than PYGL—at
the optimal pH of 5 for higher-order mutants revealed that
each LAC paralog specifically affects the activity profiles of
the different vascular cell types (Figure 3B). In the different
cell wall layers of IFs, LAC activity using DAF as substrate
was almost abolished in the Q and most quadruple lac mu-
tants and only consistently reached WT levels in Q-17
(Figure 3B). Additionally, Q-12 showed increased levels of
LAC activity specifically in CCs and to a lesser extent in the
CML compared to Q, but much lower levels than WT plants
(Figure 3B). LAC activity with DAF as substrate remained
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genotype.

unchanged in all mutants in both PX and MX TEs (Figure 3B).
By contrast, XFs exhibited an intermediate LAC activity for
DAF between IFs and TEs, with a significant reduction in
the Q mutant, nearly reaching WT levels in the different
quadruple mutants with the exception of Q-10 (Figure 3B).
We performed additional analyses to evaluate differences
in substrate specificity of the different LACs by using a se-
cond phenylamine substrate, 3,3-diaminobenzidine (DAB).
Using DAB as substrate at optimal pH of 5 in the cell wall
layers of IFs showed little differences between mutants and
WT except for specifically increased CC activity in Q-12
(Figure 3C). MX TEs had increased activity in Q-5 and Q-12
(Figure 3C), indicating that LAC5 and LAC12 can use DAB
as substrate in contrast to the other LAC paralogs. Lastly,
XF also presented enhanced activity in Q-5 and Q-12 similarly
to MX TEs but also a reduced activity in Q-10 and Q com-
pared to WT plants (Figure 3C). Our results thus confirm
the effectiveness of each insertional mutation in specifically
reducing LAC activity. Together, the different higher-order
lac mutants revealed the specific localization in distinct cell
wall layer and cell types of LAC paralogs. Despite their func-
tional overlap, LAC paralogs appear only partially redundant
in terms of their oxidation rate, substrate range, optimal pH
condition, and spatial localization in cell walls and cell types.

In situ quantitative chemical imaging enables to
detect changes in lignin at the cellular level

To quantify the specific effects of each LAC on both lignin
amount and composition in the different cell types, we
used Raman microspectroscopy and histochemical tests on
extractive-free cross-sections of 9-week-old higher-order lac
mutant and WT plants. Several Raman bands can be used
for the relative quantification of different cell wall polymers
such as total lignin and cellulose amounts, lignin S/G ratio,
and total Gcpyon to terminal Gepyo ratio (Figure 4A and
Supplemental Data Set 1) (Blaschek, Nuoendagula, et al,
2020; Yamamoto et al, 2020; Ménard et al,, 2022). As our
Raman set-up did not have the spatial resolution to distin-
guish between cell wall layers, WT plants exhibited the high-
est concentration of lignin in MX TEs, followed by XFs and
then IFs and PXs (Supplemental Figure 4A). In WT plants, lig-
nin S/G ratio was highest in IFs, followed by XFs and PXs, and
then MXs (Supplemental Figure 4A), whereas the lignin
Gcro/Gceron ratio was highest in PXs, then MXs, followed
by XFs and then IFs (Supplemental Figure 4A). Such in situ
quantitative chemical imaging methods are useful to prevent
averaging errors when analyzing tissues with mixed cell types
by reaching cellular resolutions. To validate this aspect of
Raman microspectroscopy, we performed pyrolysis/GC-MS
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Figure 4 Lignin composition in higher-order lac mutants measured by Raman microspectroscopy. A, Raman microspectra from the IF of the WT and
Q mutant with bands used for quantification (see Supplemental Table 5). Spectra were scaled to the cellulose band at 378 cm™". B, Ratiometric
characterization of lignin concentration and composition. Due to unknown relative Raman scattering coefficients of the different lignin substituents,
the ratios are relative, not absolute (Agarwal et al,, 2019). Well-characterized phenylpropanoid loss-of-function mutants are included as dashed gray
lines to ease interpretation: fahT is highly reduced in S residues and increased in G¢pion, ccr1-3 is highly reduced in lignin content and cad4 cads is
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from two independent growth instances.

to compare the lignin composition of isolated TEs and XPs
from inducible pluripotent cell cultures and that of WT hy-
pocotyls with a mix of XPs, TEs, and fibers. Similarly to
Raman measurements, isolated TEs had a low S/G ratio,
whereas the TE/fiber mix in hypocotyls had a high S/G ratio,
and both showed significantly more lignin than nonlignified
parenchyma (Figure 1C). Raman microspectroscopy thus en-
ables the measuring of lignin concentration and composition
to the same extent as standard biochemical methods but
with cellular to subcellular resolutions.

Distinct LAC paralog nonredundantly alters lignin
concentration in different cell types

The lignin-to-cellulose amount was lower for all lignified cell
types in all genotypes compared to WT, except for PX where
it remained unaltered (Figure 4B). The broad changes in lig-
nin in the Q mutant also affected the structure of other cell
wall polymers, reducing cellulose crystallinity in XFs
(Supplemental Figure 4B). Among the quadruple mutants,
Q-4 and Q-17 had the highest lignin concentrations in all
tested cell types. Slight differences between these two mu-
tants suggested a more prominent role in MX lignification
for LAC4 and in fiber lignification for LAC17. The Q-5,
Q-10, and Q-12 mutants revealed smaller, but specific roles
for the respective LACs depending on cell type. IF SCWs of
Q-5, Q-10, Q-12, and Q had lignin-to-cellulose ratios lower

than in the phenylpropanoid mutant ccr1-3 (Mir Derikvand
et al,, 2008), indicating that IF lignin concentration is highly
dependent on LAC4 and LAC17 (Figure 4B). In XFs, Q-5
and Q-10 accumulated less lignin than Q-12, which reached
Q-4 and Q-17 levels (Figure 4B), indicating the important re-
dundant contribution of LAC12, LAC4, and LAC17 compared
to the minor contribution of LAC5 and LAC10 to XF lignifi-
cation. In MXs, we observed decreases between all lac mu-
tants and WT except for Q-4, with no differences between
Q-5 and Q and intermediate levels for Q-10, Q-12, and Q-17
(Figure 4B).

To validate the observed quantitative changes obtained by
Raman with a standard biochemical method used for lignin,
we compared lignin levels in plant stems using pyrolysis/GC—
MS. We compared Q-5 to WT and the other reference lignin
mutants ccr1-3, fah1, and cad4 cad5. Stem concentrations of
lignin displayed a 53% reduction in Q-5 compared to WT
plants, similar to the 52% reduction seen in ccr1-3, whereas
WT and fah1 were similar and cad4 cad5 stems accumulated
33% less lignin than WT (Supplemental Figure 5). Similar
changes have previously been reported using other biochem-
ical methods for our reference samples (Sibout et al,, 2005;
Van acker et al, 2013; Ménard et al,, 2022), which confirmed
that Raman efficiently determined quantitative changes in
lignin levels. Together, our results clearly show that different
LAC combinations, varying in the complement of paralogs
and their individual relative contribution, are required for
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the levels of lignin accumulation in the cell walls of the differ-
ent cell types of plant vascular tissues.

Each LAC paralog specifically changes lignin aromatic
substitution in different cell types

The lignin S/G ratio increased in all cell types of the Q mutant
compared to WT plants, and the different higher-order lac
mutants exhibited intermediate profiles varying for each
LAC in magnitude and cell type (Figure 4B). SCWs of all
cell types had S/G ratios greater than the phenylpropanoid
mutant fah1-2, which only has traces of S residues (Meyer
etal, 1998). The S/G changes were likely due to a large reduc-
tion in G residues rather than an increase in S residues
(Supplemental Figure 4B). We also used the Maule test
that detects changes in the proportions of different ring
structures by staining S residues in red and other lignin con-
stituents in brown (Yamashita et al, 2016). Maule-stained
WT plants showed the expected intense red color in the
S-enriched fiber SCWs and brown in the essentially
S-depleted TEs (Figure 5A and Supplemental Figures 6 and
7). Higher-order lac mutants showed ~three-fold less intense
red staining in all cell wall layers of IFs in the Q-5, Q-10, Q-12,
and Q mutants compared to Q-4 and Q-17 (Figure 5A and
Supplemental Figures 6 and 7), indicating that LAC4 and
LAC17 are the predominant enzymes associated with S resi-
due accumulation in IF SCWs. Staining intensity for TEs, how-
ever, remained unaltered in all higher-order mutants
(Supplemental Figure 7). Compared to the WT, slight red-
shifts of 5-10 hue degrees were apparent for all mutants ex-
cept Q-17in IFs and for Q-5, Q-10, Q-12, and Q in TEs, indicat-
ing increases in S/G ratio (Supplemental Figure 7). Regression
analyses between Maule hue and S/G ratio, determined ac-
cording to Raman microspectroscopy (Agarwal et al., 2019;
Blaschek, Nuoendagula, et al., 2020), showed a direct relation-
ship between the decrease in Maule hue (corresponding to a
color shifting from brown to red) and S/G increases
(Supplemental Figure 7). However, these analyses did not
show any strong correlation between the Maule test inten-
sity and the lignin-to-cellulose content (Supplemental
Figure 7). We validated our Raman S/G analyses using pyroly-
sis/GC—MS on ground stems: S/G ratios showed significant
increases of 17% for Q-5 compared to WT, due to a larger de-
crease of G than S residues unlike the reference samples, in
agreement with the results from Raman microspectroscopy
and Maule staining (Supplemental Figures 5 and 6). In fibers,
IF S/G only reached WT levels in Q-4 and Q-17, whereas XF S/
G attained WT levels in Q-4, Q-17, and Q-12 (Figure 4B). In
sap-conducting TEs, the S/G in PXs and MXs rose to WT le-
vels in all quadruple lac mutants except Q-5, revealing here a
similar contribution by most LACs in controlling lignin ring
structure composition. As the S/G ratio differs greatly be-
tween TEs and fibers, our results indicate that different
LAC paralog combinations are required for the ring structure
proportions in these two different categories of cell types.
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Specific LAC paralog affects the aliphatic function of
lignin residues in each cell types

The ratio of terminal Gy to total Gepop groups dropped in
all cell types of the Q mutant compared to WT, except for MX
(Figure 4B) but did not reach the G¢po over-accumulation le-
vels of the phenylpropanoid mutant cad4 cad5 (Blaschek,
Champagne, et al,, 2020; Yamamoto et al., 2020). We observed
intermediate profiles differing for each quadruple lac mutant
in magnitude and cell type. In fibers, IF Gcpo/Gceron reached
WT levels fully in Q-17 and was intermediate in Q-4, but re-
mained undistinguishable from Q in the other quadruple mu-
tants. XF Gcpo/Genon reached intermediate levels in all
quadruple lac mutants almost to WT except for Q-10 that re-
sembled Q (Figure 4B). In sap-conducting TEs, PX Gcnof
Genon rose to WT levels in Q-17, was intermediate in Q-5,
Q-10, and Q-12 and similar to Q in Q-4, whereas MXs were
not affected (Figure 4B). We also used the Wiesner test to spe-
cifically quantify total Gco concentration in situ (Blaschek,
Champagne, et al,, 2020). All cell wall layers of IFs showed al-
most no quantifiable stain in Q-5, Q-10, Q-12, and Q, as well as
areduction in Q-4 when compared to WT and Q-17 (Figure 5,
A and B and Supplemental Figure 6). This result revealed the
predominant role of LAC17, with a minor contribution by
LAC4, for the incorporation of G¢yo in IFs. By contrast, MX
TEs appeared as stained as WT plants for all genotypes
(Figure 5B), revealing that LACs are implicated in the accumu-
lation of certain residues differently between cell types. XFs
were affected similarly but not as severely as IFs in higher-
order lac mutants, showing largely reduced but not abolished
accumulations of G¢yp in Q-5, Q-10, and Q compared to Q-4,
Q-12, and Q-17 (Figure 5B). This observation indicated that
LAC4, LAC17, and LAC12 could contribute to reaching the
Gcho accumulation levels seen in XFs of WT. Although PX
TEs had much lower G¢yo levels than MX TEs in WTs, they
remained similarly unaffected in all mutants (Figure 5B).
The fact that the ratio of terminal Gy to total Gepoy did
not reach WT levels in IFs or PXs of Q-4 corroborates the re-
duced propensity of LAC4 to incorporate Gcpo compared to
Gcron (Figures 4B and 5B). In ground samples, pyrolysis/GC—
MS analyses also showed large decreases of total G in Q-5,
validating our two in situ quantitative chemical imaging
methods (Supplemental Figure 5). Moreover, pyrolysis/GC—
MS confirmed the absence of G¢po/Genon changes observed
using Raman between Q-5 and our reference samples, high-
lighting that IF decreases in Q-5 are averaged out by the other
unaffected cell types to appear like WT (Supplemental
Figure 5). Together, these results show that different combi-
nations of LACs are required for the accumulation of residues
with specific aliphatic functions in different cell types.

Each LAC paralog changes the levels of lignin
noncanonical residues in distinct cell types
Higher-order lac mutants also affected the incorporation of
noncanonical residues, such as benzaldehydes and residues
with phenyl (P) rings, to a different extent between cell types.
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Figure 5 Histology of higher-order lac mutants. A, Maule- and Wiesner-stained transverse stem sections at increasing levels of detail: full sections,
vascular bundles with adjacent interfascicular fibers (IFs), and single cells of IF and MX. Enlarged images are provided in Supplemental Figure 6.
B, Relative coniferaldehyde concentrations in IFs, compound middle lamella of IFs (IF-CML), xylary fibers (XFs), protoxylem (PX), and MX.
Different letters indicate statistically significant differences between genotypes according to a Tukey-HSD test (per panel; & =0.05); 20 measure-
ments were taken for each cell type in each of n =5 individual plants per genotype from two independent growth instances.

The proportion of P residues increased in Q mutants for both
fiber types but not in TE morphotypes (Supplemental
Figure 4B). These increases were differently compensated
by different LAC paralogs, with P residues dropping back to
WT levels in IFs of Q-4 and Q-17 and in XFs of all quadruple
lac mutants except Q-10 (Supplemental Figure 4B).
Benzaldehyde residues also increased in Q but only in IFs,
which reached the low levels seen in WT in all quadruple mu-
tants except Q-5 (Supplemental Figure 4B). Pyrolysis/GC—MS
analyses also detected changes in other less abundant resi-
dues, not currently quantifiable using chemical imaging
methods, with significant increases in H and 5H
(5-hydroxyguaiacyl) residues in Q-5 compared to WT
(Supplemental Figure 5). By contrast, the proportion of S re-
sidues with either alcohol (Xcon) or aldehyde (Xcho) did
change between Q-5 and WT plants (Supplemental
Figure 5). These results indicated that specific LAC paralogs
also altered the incorporation of noncanonical residues in
specific cell type. In an effort to integrate all our lignin com-
positional data and demonstrate the nonoverlapping role of
the different LAC paralog combinations, we performed a
principal component analysis (PCA) to determine the con-
served and divergent effects between cell types. In TEs,
higher-order lac mutants only slightly affected lignin levels
for MXs but caused major changes in lignin concentration
and chemistry for PXs (Supplemental Figure 8). This

observation contrasted with the more drastic change in fi-
bers, where each fiber type was affected differently by the
loss of specific LACs and showed a greater spread of changes
in lignin levels and chemistries than PXs (Supplemental
Figure 8). Altogether, our results clearly show that different
LACs are active in distinct cell types and cell wall layers,
where they act in combination to define specific lignin
chemistries.

Distinct LAC paralogs are responsible for cell wall
layer-specific lignification

To further investigate the cell wall layer-specific roles of differ-
ent LAC paralogs indicated by the activity assays and histo-
chemical tests (Figures 3 and 5), we characterized spatial
changes of lignin accumulation in higher-order lac mutants
between cell wall layers using the UV-excited autofluores-
cence of lignin combined with confocal microscopy (Décou
et al, 2017). This technique has a greater spatial resolution
than our Raman analysis setup, as it allows for the clear dis-
tinction between cell wall layers, as with other light micros-
copy methods for other lignin- or LAC-related aspects
(Supplemental Figure 9; Donaldson and Knox, 2012;
Pesquet et al., 2013; Serk et al., 2015; Hoffmann et al,, 2020;
Morel et al,, 2022). We observed that lignin autofluorescence
in WT [Fs is highest in CCs, intermediate in the compound
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middle lamella, and lowest in the S1/52 and S3 layers of SCWs
(Figure 6, A-C and Supplemental Figure 10). Mirroring the re-
sults of histochemical and Raman spectroscopy analyses
(Figures 4 and 5), SCW autofluorescence decreased drastically
in all higher-order lac mutants except Q-4 and Q-17, which ex-
hibited similar fluorescence levels as WT plants
(Supplemental Figure 10). Spatial analyses of SCWs to distin-
guish S1/S2 and S3 layers revealed that Q-4 has WT-like lignin
fluorescence intensity in the S3, but not the S1/S2 layers, un-
like Q-17 with WT-like lignin fluorescences across all layers of
the SCWs (Supplemental Figure 10). In the primary cell wall
layers, autofluorescence from the compound middle lamella
was drastically reduced in Q-5, Q-10, Q-12, and Q but only
slightly reduced in Q-4 and similar to the WT in Q-17
(Supplemental Figure 10). By contrast, the autofluorescence
of CCs was extremely reduced in Q and Q-5, Q-10, while
Q-12 had intermediate levels and Q-4 and Q-17 were reduced
to levels similar to the WT CML (Supplemental Figure 10). We
then measured line profiles through the different cell wall
layers across the tri-cellular junction to compare changes of
lignin autofluorescence across the cell wall layers of single
neighboring IFs (Figure 6, B-D and Supplemental Figure 10).
To control for biological and technical variation in absolute
fluorescence between plants and cells, we scaled each line
profile to the average of its compound middle lamella fluor-
escence. This approach confirmed that LAC12 activity is re-
stricted to CCs and responsible for the specific increase in
cell corner lignin autofluorescence levels relative to the com-
pound middle lamella (Figure 6, C and D). In Q-5, Q-10,and Q,
lignin autofluorescence in CCs was even lower than in com-
pound middle lamellae (Figure 6D), suggesting that the
LACs and/or PRXs responsible for the residual lignification
of these cell wall layers are active in compound middle lamel-
lae but not cell corners. These results showed that the lignifi-
cation of IF cell wall layers depend on LAC4 and LAC17 for the
S3 layer of their SCWs, LAC17 together with a minor contri-
bution of LAC4 for the $1/52 and compound middle lamella,
and LAC4, LAC12, and LAC17 for cell corners. LAC12 was by
itself capable of fully reaching a WT-like ratio for the cell
corner-to-compound middle lamella lignin autofluorescence
(Figure 6D and Supplemental Figure 10). Together, our results
indicate that specific combinations of LAC paralogs nonre-
dundantly control the spatially stratified lignification be-
tween the different concentric cell wall layers in vascular cells.

Specific LAC paralogs control lignification to ensure
the mechanical resistance of sap-conducting cells

Lignin is essential for the proper vascular function of sap-
conducting cells by conferring the necessary mechanical re-
inforcement required to sustain the negative pressure asso-
ciated with sap transport (Ménard et al., 2022). As specific
lignin chemistries enable each TE morphotype to conduct
sap, we investigated whether the mechanical resistance of
TEs was controlled by specific LACs by measuring the extent
of their inward collapse in higher-order lac mutants.

Blaschek et al.

Accordingly, we measured convexity—a shape descriptor
specifically characterizing inward collapse and not just gen-
eral deformation (Ménard et al,, 2022)—for the different TE
morphotypes in stem cross-sections. TE collapse varied be-
tween genotypes as well as between TE morphotypes, reveal-
ing again that different LAC paralogs have nonredundant
contribution in controlling lignin-dependent mechanical re-
sistance of specific TEs (Figure 7). The early forming PX TEs
showed some occasional collapse in all quadruple mutants
but were only significantly collapsed in the absence of the ac-
tivity of all five tested LACs (Figure 7). This result indicated
that all investigated LAC paralogs synergistically contribute
to the mechanical reinforcement of PXs. Considering the lig-
nin composition results (Figure 4), the different LACs likely
cause this effect by decreasing Gcro/Gernon and slightly in-
creasing S/G (Figure 4B). The later forming MX TEs collapsed
severely in Q, Q-5, and Q-12, to a lesser extent in Q-10 and
Q-17, and almost not at all in Q-4 compared to the WT
(Figure 7). This inward collapse appeared linked to decreased
lignin levels and slight increases in S/G in MX TEs (Figure 4B).
This result showed that lignin-dependent mechanical re-
inforcement of the MX heavily depend on LAC4, with inter-
mediate contributions by LAC17 and LAC10, a minor role
for LACS but no contribution of LAC12. Lastly, in the second-
ary xylem TEs (SX), we observed no statistically significant TE
inward collapse in any of our lac mutants (Supplemental
Figure 11). This result confirmed previous results showing
that the SX is generally less prone to inward collapse
(Ménard et al, 2022), and suggested that the mechanical
strengthening of SX cell walls is less dependent on the tested
LACs than in PX or MX. Overall, these results show that LAC
paralogs nonredundantly contribute to TE lignin-dependent
mechanical reinforcement, differing in both their level of con-
tribution and TE morphotypes, with LAC4 playing the most
predominant role.

Specific LAC paralogs control lignin-dependent fiber
swelling capacity

The stiffness and flexibility of angiosperm plant stems are
controlled by lignified TEs as well as lignified fibers.
Although the stiffness of TE cell walls was significantly af-
fected by the LAC mutations, neither TE perimeter nor their
cell wall thickness, independently of their hydration level,
were altered by any of the mutations (Supplemental
Figure 12). By contrast, IF SCWs in Q, Q-5, Q-10, and Q-12,
all with reduced lignin amounts, were ~two- to three-fold
thicker than the more lignified IF SCWs in WT, Q-4 and
Q-17 plants (Figure 8). To test whether this increase in cell
wall thickness was due to the deposition of additional cell
wall polysaccharides or to a lignin-dependent change in
cell wall properties, we stained sections with safranin-O/
Astra blue and imaged them fresh, after drying, and after re-
hydration (Figure 8). This approach allowed us to assess the
proportion of IF cell wall thickness dependent on hydration.
The reduced image contrast in the dried state unfortunately
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Figure 7 TE perimeters and their degree of inwards collapse (expressed as convexity) in the different higher-order lac mutants. A, Representative PX
and MX perimeters in WT and Q sections, colored by their convexity. B, Drawn outlines of fifteen randomly sampled TEs per cell type colored by their
convexity, as well as the convexities of twenty TEs of each morphotype in n =5 individual plants per genotype from two independent growth in-
stances. Different letters indicate statistically significant differences between genotypes according to a Tukey-HSD test (per panel; & =0.05).

prevented a similar assessment of the small, densely packed
XF cells. The SCWs in dried samples of all mutants presented
the same thickness as WT IFs (Figure 8). This result indicated
that lignin controls the hydration level of SCWs, which regu-
lated their thicknesses (Figure 8). Rehydrating the sections
confirmed this observation, as SCWs of IFs in Q, Q-5, Q-10,
and Q-12 swelled up to almost the same thickness as before
drying (Figure 8). However, WT, Q-4, and Q-17 had un-
changed IF cell wall thicknesses in all three conditions.
These results show that specific lignin chemistries in fibers
of vascular tissues act as a waterproofing “varnish” to stabilize
the thickness of cell walls by controlling their hydration le-
vels, with predominant and redundant roles for LAC4 and
LAC17.

Discussion

The precise spatiotemporal control of lignification is pivotal
for normal development (Zhao et al, 2013), drought resist-
ance (Lima et al, 2018; Ménard et al, 2022), and defense
against herbivores and pathogens (Whitehill et al., 2016; Joo
et al, 2021). The importance of lignin monomer biosynthesis
in each cell type (Dixon and Barros, 2019; Blaschek,
Champagne, et al,, 2020) and their transport from the cytosol
into the apoplast (Perkins et al., 2019; Vaisanen et al., 2020) are
essential to control lignin but insufficient to regulate the strict
spatial distribution of lignin in between cell types and cell wall
layers. In addition to their extreme mobility in cell walls, alco-
hol and aldehyde phenylpropanoids have been shown to dif-
fuse freely across biological membranes (Vermaas et al., 2019)
making lignin oxidative polymerization by LACs a potential
main driving force controlling the metabolic gradient-
dependent transport of lignin (Perkins et al, 2022). Specific

LAC paralogs had previously been shown to be important
for lignin accumulation in xylem cells when knocked out or
knocked down in Arabidopsis, purple false brome
(Brachypodium dystachion), rice (Oryza sativa), maize (Zea
mays), and poplar but without clearly distinguishing between
cell types or morphotypes for their lignin chemistry (reviewed
by Barros et al,, 2015 and Blaschek and Pesquet, 2021). As spe-
cific LAC paralogs are exclusive to lignifying conditions
(Figure 1) and have been suggested to drive the transport
of phenylpropanoids (Perkins et al,, 2022), LACs potentially
represent the central regulating components capable of chan-
neling extracellular phenolics toward lignin.

Here, we provide clear evidence that specific LAC combina-
tions are required for depositing distinct lignin chemistries in
the different cell wall layers for the specific function of each
cell type. In contrast to the random oxidation model of lignin
only considering thermodynamics, steric hindrance, and sub-
strate availability as limiting factors, our results show that the
identity of the oxidizing LAC establishes an important param-
eter for the spatial control of lignin chemistry. Our study
showed that LAC4 and LAC17, previously shown to be in-
volved in vascular lignification together with LAC11
(Berthet et al, 2011; Zhao et al,, 2013), exert nonredundant
functions in the lignification of specific vascular cell types.
Far from being the only players, we also revealed novel and
specific functions for LAC5, LAC10, and LAC12 in vascular lig-
nification. In higher-order lac mutants, the loss of different
LAC combinations resulted in specific and nonredundant
changes of lignin chemistry affecting specific cell type and/
or cell wall layer (Figures 4—6). Table 1 summarizes the differ-
ent morphological and biochemical aspects observed in our
higher lac mutants, which confirmed the substrate-specific,
layer-specific, and cell type-specific activities of each of these
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Figure 8 Lignin-depleted IF secondary cell walls in higher-order lac mutants swell in water. A, Representative Astra blue—safranin stained IF cell walls
imaged fresh (never dried), dried (after air drying at room temperature overnight), and rehydrated (after incubating the dried sections in water). The
thickness of the cell wall (lumen to lumen) is indicated by dashed lines. B, Thickness of 10 IF cell walls (lumen to lumen) from n =3 individual plants
per genotype in the three states. Different letters indicate statistically significant differences between genotypes and states according to a

Tukey-HSD test (per panel; a = 0.05).

different LACs. The drastic reduction in lignin contents in
higher-order lac mutants, especially in fiber cell walls, demon-
strated the implication of the five tested LACs for vascular lig-
nification (Figure 4B). By contrast, the stable LAC activity in
MX TEs in our higher-order lac mutant series (Figure 3) sug-
gests that the remaining LAC117, shown to be required for vas-
cular lignification in the absence of LAC4 and 17 (Zhao et al,,
2013), suffices to ensure some lignification, although both
composition and function of TEs are impaired due to their in-
ward collapse (Figure 7). This observation confirms recent re-
sults showing that TE biomechanical properties do not only
depend on lignin concentrations but also on its chemistry
(Ménard et al, 2022). The resulting changes in lignin
chemistry thus depend on the combined effects of re-
duced/abolished substrate specific-oxidation together
with modifications due to nonspecific oxidation by the re-
maining LACs and PRXs (Blaschek and Pesquet, 2021), reduc-
tion in diffusion of some lignin precursors to cell walls due to
altered metabolic gradients created by oxidation (Perkins
et al, 2022), and feedback modifications of intracellular phen-
olic metabolism (Vanholme et al,, 2012). Our results also sug-
gest that LACs discriminate both different ring structures and
aliphatic tails, as LAC4 favored the incorporation of Gcpop,
whereas LAC17 accumulated more G¢po (Figures 4 and 5).
Preferential substrate for distinct LAC paralog was shown
recently by the gain-of-function of spider flower (Cleome has-
sleriana) LAC8 in Arabidopsis that enabled increased accu-
mulation of the noncanonical C residue, with two hydroxyl
groups in its aromatic ring (Wang et al., 2020; Zhuo et al,
2022). This nonredundant activity of LAC paralogs between
cell types and cell wall layers (Figure 3) is moreover sup-
ported by recent protein modeling results showing that
LACs have distinct protein structures affecting the position
of key catalyzing amino-acids, active site binding pocket

volume, shape, and accessibility (Blaschek and Pesquet,
2021). Moreover, our results clearly localized the activity of
different LAC paralogs in distinct cell wall layers and cell
types, such as LAC12 in the cell corners of IFs (Figures 3
and 6). The localization of specific LAC paralogs using our ac-
tivity measurements showed many overlaps with previous
studies using transcriptional, translational reporter, and im-
munolocalization (Berthet et al,, 2011; Turlapati et al., 2017;
Schuetz et al, 2014; Derbyshire et al., 2015; Hoffmann et al.,
2020). This differential cell wall layer localization between
LAC paralogs was reflected by the expression of LACT2 in
both TEs with lignified SCWs as well as in xylem parenchyma
(XP) with nonlignified PCW once TEs had died (Figure 1).
Additionally, differences in localization could help support
the formation of specific lignin in the “sequential interven-
tion model” proposed by Barros et al. (2015), where phenolics
are sequentially oxidized by specific LACs from their site of
secretion at the plasma membrane to their site of accumula-
tion, passing across the different layers of the cell wall. In add-
ition to the spatial restriction of lignification, specific cell
types in vascular tissues maintain distinct lignin composition
and amounts across species. For example, TE enrichment in G
residues is conserved among all vascular plant species
(Pesquet et al., 2019). This cell type-specific function of lignin
was recently demonstrated for the different TE morphotypes
that require a tight regulation of Gcpo to Gepon ratio to
maintain the balance between SCW stiffness and flexibility
(Ménard et al., 2022). Here, we expand on the importance
of distinct lignin chemistries for each cell types by showing
that specific LACs are required for the accumulation of spe-
cific lignins to reinforce structurally TEs and limit cell wall
swelling in fibers (Figures 7 and 8). Altogether, our data pro-
vide the missing link between lignin monomer biosynthetic
control and their polymerization into distinct lignin
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Table 1 Effects of single active LACs in the Q background (e.g. the effect
under LAC4 describes the difference between Q and Q-4)

Parameter LAC4 LAC5S LACI0 LACI12

Structure LAC17

Plant Stem height WT — 1 — WT
IF Activity
Lignin

Gcro/Gerion
Swelling

CcC Activity
Lignin

CML Activity
Lignin

XF Activity
Lignin

—
|
|

_'

Gcro/Geron
PX Activity
Lignin

|

| - —> - |
|

Gcro/Geron
Convexity

MX Activity
Lignin

[ ==

1
1
1

| = ==
2
_|

1 1

—, no effect; 1, partly compensated; WT, reaching wild-type level.

Gcro/Geron
Convexity

—
|

Z

_'

polymers in specific cell types for plants to adapt to the nu-
merous environmental and developmental stresses faced by
their cell walls.

Materials and methods

Inducible pluripotent cell suspension cultures
Inducible pluripotent cell cultures from A. thaliana were
used as previously described (Pesquet et al., 2010; Ménard
et al, 2017) to induce on demand the chronological differen-
tiation into TEs with phytohormones or active cell division
without phytohormones. Phytohormone treatment con-
sisted of 6 pg/ml a-naphthaleneacetic acid (Sigma-Aldrich,
NO0640), 1 pg/ml 6-benzyl-aminopurine (Sigma-Aldrich, B3408),
and 4 pM 24-epibrassinolide (Sigma-Aldrich, E1641) in fresh
full-strength Murashige and Skoog (MS) medium (Duchefa,
M0222.0025) at pH 6.0 with T mM of morpholino-ethane-
sulfonate (Sigma-Aldrich, M8250) and 3% (w/v) sucrose
supplied to 30 mg ml™" of 10-day-old cell suspension (fresh
weight) with synchronized cell cycle at Go/G; due to su-
crose depletion. Monitoring of cell viability was measured
using inducible pluripotent cell lines stably transformed
with a constitutively expressed HISTONE2B-2-RFP (AT5G22880)
fusion combined with live staining with fluorescein diacetate
(FDA) as described by Ménard et al. (2017). Imaging were
performed using Axiovert 200M microscope (Zeiss) equipped
with Colibri5 LED illumination system, an Axiocam 506 color
camera and 25X long working distance objective (NA 0.4)
with either a FITC or TRITC filters for green FDA or red RFP
fluorescence, respectively. Cell samples were harvested during
the culture time course by vacuum filtration (Sterifil;
Millipore) onto 100-um nylon meshes and frozen in liquid
nitrogen.

THE PLANT CELL 2022: 35; 889-909 903

Plant material

Arabidopsis (A. thaliana) plants from the wild-type accession
Columbia-0 (Col-0) and mutants were grown in three inde-
pendent rounds, each consisting of five plants per genotype,
between January 2020 and July 2021 from stratified (2 days
at 4°C) seeds in 1:3 vermiculite:soil in E-41L2 growth cabinets
(Percival, USA). Growth conditions were cycled ina 1:6:1:16 h
dusk:night:dawn:day program. Relative humidity was kept at
50%, light intensity was set to 50, 0, 50, 100 pmol m~2s~",
and temperature at 20, 18, 20, and 22°C for dusk, night,
dawn, and day, respectively. The following insertional single
mutants in the Col-0 background were crossed to obtain
higher-order mutants: lac4-2 (GK-720G02-025278; Berthet
et al, 2011), lac5-1 (SALK_063466; Cai et al., 2006), lac10-1
(SALK_017722; Cai et al, 2006), lac11-1 (SALK_063746;
Zhao et al, 2013), lac12-2 (SALK_125379), lac17-1
(SALK_016748; Berthet et al.,, 2011). Schematic representation
of T-DNA insertion in each LAC loci is provided in
Supplemental Figure 1A. Plants were confirmed to be homo-
zygous mutants by genomic DNA extraction from two green
rosette leaves using a EZNA Plant DNA kit (Omega Bio-Tek,
D3485) followed by PCR genotyping using standard Taq
DNA polymerase (18038-042, Invitrogen) to amplify se-
quences unique to wild-type and mutant alleles using specific
primer combinations (Supplemental Table 1). PCRs used
10 ng of genomic DNA per 10-pl reaction and were cycled
through 98°C (3 min), (98°C [45 s], 57°C [45 s], 72°C [90 s])
X 35 cycles, 72°C (5 min). Amplicons were separated using
agarose gel electrophoresis with mini Gel Il (VWR), stained
with Midori Green (MG 04, Nippon Genetics), and imaged
using a UV-transillumator (Biorad). Descendants of plant
crosses were planted and genotyped until the desired homo-
zygous mutant combinations were obtained. Three inde-
pendent crosses were unsuccessful in obtaining the double
homozygous mutants lac10-1 lac11-1 and lac12-2 lac11-1.
The higher-order mutants were named relative to the quintu-
ple homozygous stacked mutant lac4-2 lac5-1 lac10-1 lac12-2
lac17-1 or Q and its related quadruple homozygous mutants:
Q-4 is the Q without the lac4-2 (rather than Q + 4, which de-
fines Q genetically complemented with the LAC4 wild-type
gene). Supplemental Table 2 summarizes the correspondence
between names and genotypes of the different quadruple mu-
tants. Homozygous phenylpropanoid mutants used as refer-
ences were fah1 (EMS mutant; Meyer et al, 1998), ccri1-3
(SALK_123-689; Mir Derikvand et al,, 2008), and cad4 cad5
(SAIL_1265_A06; SAIL_776_B06; Blaschek, Champagne,
et al, 2020). After 9 weeks of growth, plants were harvested.
The basal 2 cm of the primary inflorescence stem was stored
in 70% (v/v) ethanol at —20°C until sectioning. We used 70%
(v/v) ethanol to combine tissue fixation with extraction of
metabolites and protoplasts instead of formaldehyde or glu-
taraldehyde fixation, which would not have removed non-cell
wall components and would have increased autofluores-
cence. The stem bases were vacuum-infiltrated with ultrapure
water, embedded in 10% (w/v) agarose (A9539,
Sigma-Aldrich), and sectioned to 50-pum thickness using a
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VT1000s vibratome (Leica). Sections were then stored in 70%
(v/v) ethanol at —20°C and rehydrated when needed with ul-
trapure water. Seeds for the root growth assay were
surface-sterilized using 70% (v/v) ethanol followed by 5%
(v/v) bleach (Klorox), plated on 0.8% (w/v) agar (20767.298,
VWR) containing half-strength MS medium (pH 5.7) includ-
ing vitamins (M0222, Duchefa Biochem), and stratified for 2
days in darkness at 4°C. Seedlings were grown for 11 days in
60% relative humidity and 150 umol m~2s™" in 16-h/8-h
long day conditions at 18°C (night) and 24°C (day).

RNA extraction, RT-PCR and RT-qPCR

Total RNAs were extracted with TRI reagent (Sigma-Aldrich,
93289) according to Pesquet et al. (2005). In brief, TRI reagent
and one-fifth volume chloroform were added directly to the
material ground in liquid nitrogen (~200 mg), samples were
mixed by vortexing and centrifuged (16,300g; 15 min at room
temperature). The supernatant was transferred to a new
tube, one-half volume of isopropanol was added, mixed by
vortexing and centrifuged at 16,300g for 10 min at room
temperature. The supernatant was discarded, the pellet
was washed twice in 70% (v/v) ethanol and air-dried for
15 min. The pellet was resuspended in MilliQ water and gen-
omic DNA was removed with DNAse | (Promega, 610A) di-
gestion for 30 min at 37°C. RNA was re-extracted with 1
volume TRI reagent, 1 volume water, and 1 volume chloro-
form as described before and the absence of DNA was con-
firmed by PCR with XCP1 primer pairs for 50 cycles. RNA
quantity and quality were assessed on a Nanodrop 2000 spec-
trophotometer (Thermo Scientific, USA) and 1.5% (w/v)
agarose gel electrophoresis, respectively. First-strand cDNAs
were prepared with Superscript RTase (Invitrogen,
18064-014), NVdT20 primers and 1 ug of extracted RNA as
template. qQPCR was performed using 1:100 diluted cDNA
with iQ SYBR Green Supermix (Bio-Rad, 170-8885), and
5 UM of primers on a Bio-Rad CFX 96 real-time PCR detec-
tion system. Primer sequences are listed in Supplemental
Table 3. The relative expression for each gene was deter-
mined according to the Bio-Rad CFX 96 standard procedure
that determined Cq values from standard curves for each pri-
mer pairs and their efficiency. Gene expression levels are re-
presented as relative expression corresponding to the ratio of
the starting quantity (SQ-value) of the gene of interest to the
geometric mean of the SQ-values of three reference genes—
here 185 rRNA, UBQ and EFTa to cover all ranges of expres-
sion levels—as previously described (Vandesompele et al,
2002). The effect of the T-DNA insertion on gene expression
was evaluated for each LAC paralog in 11-day-old seedlings
for all single homozygous mutants. RT-qPCR analyses were
performed using a Lightcycler 480 (Roche, Sweden) with iQ
SYBR Green Supermix (Bio-Rad, 170-8885), 5 uM of primers
and expressed as dCT, ddCT, and fold changes (27447) rela-
tively to EFla and UBQ reference genes and the WT.
End-point RT-PCR was performed on cDNA (the same
used for RT-qPCR) with 10 pM of primers flanking the
T-DNA insertion site of the lac5-1, lac10-1, and lac12-2
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mutants and on wild-type, using PhusionTaq (Thermo
Scientific) using the following cycles 98°C (1 min) (98°C
[30 s]/58°C [30s]/72°C [45 s]) X 35 cycles, 72°C (3 min) on
a XT96 gradient thermocycler (VWR). The amplicons were
analyzed on a 1% (w/v) agarose gel (A9639, Sigma) using a
minigel Il electrophoresis system (VWR) and imaged using
a UV-transillumator (Biorad).

Growth phenotyping

Growth kinetics of Arabidopsis were analyzed by image-
based phenotyping. Images were acquired every 2—3 days un-
der even illumination in front of a black background with a
Nikon D750 camera equipped with a Sigma 50-mm F1.4
DG HSM lens. An X-Rite ColorChecker Classic Mini color
card was included in each image as a color and size reference.
Images were segmented and analyzed using a custom script
within the PlantCV (v. 3.8) framework (Gehan et al., 2017).
The scripts are available at https://github.com/leonardblaschek/
plantcv. To account for slight differences in the timing of inflor-
escence stem bolting between growth instances, the stem
growth kinetics were aligned to the time of bolting (approxi-
mated as the day the plant surpasses a height of 5cm).
During the growth kinetic, the projected stem height was de-
rived by measuring the distance between the rosette and the
highest point of the plant in the picture, to remove effects
from plant stem twisting and bending. The angle of the stem
base was measured in Image) from images at 45 or 46 days
past germination, the latest point before plant stems were
wrapped around sticks. The base angle was expressed as A90°,
i.e. the absolute deviation from a perfectly vertical (90°) growth
habit. Additional manual phenotyping was conducted at the
time of harvest after 9 weeks of growth, measuring stem num-
ber, primary stem height, primary stem width at the base, and
silique length for five mature siliques from the primary stem. At
harvest, stem height was measured manually on the stretched
out stem to eliminate the effect of bends and twists.

Laccase activity assays

Activity assays in sections were performed by vacuum infil-
trating 50-pum transverse stem cross-sections (stored in 70%
[v/v] ethanol at —20°C) with water for 2 h and placing
them in 0.1 mM sodium acetate (pH 4, 5) or sodium phos-
phate (pH 6, 7) buffer in a MatTek no. 1.5 glass-bottom
96-well plate. Sections for negative controls were previously
autoclaved at 121°C for 15 min in a Tuttnauer 3870EL auto-
clave. The final reaction volume was 200 pl and substrate con-
centrations were 0.07 mM DAF, 0.5 mM DAB, or 5 mM PYGL
(Supplemental Table 4). Real-time images were taken every
10 min (DAF, PYGL) or 15 min (DAB) using a Zeiss Axiovert
200M equipped with a 25 X objective (NA 0.4), an Axiocam
506 color camera and an automated stage and shutters.
Each section was imaged in three Z-positions (spaced ap-
proximately 10 um apart) to account for any drift in the
Z-axis. Images were aligned in Fiji (Schindelin et al, 2012)
using the SIFT plugin, transformed into absorbance and mea-
sured in 20 circular areas (0.7 pm in diameter) per image and
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cell type. Measurements were background-corrected by sub-
tracting the absorbance of unlignified phloem. To compare
the activities across different pH, the non-enzymatic sub-
strate oxidation rates in autoclaved sections were subtracted
from the oxidation rates measured in the untreated sections
in Figure 3A and Supplemental Figure 3, C—E. Comparison of
activities at similar pH (Figure 3, B and C) did not require any
subtraction. The corrected absorbance values were plotted
against time to identify the linear phase of activity following
the initial unspecific staining and before reaching a plateau
of absorbance at the end of the time course. The oxidation
rates of each substrate in each cell type and cell wall layer cor-
respond to the slope of the linear changes in intensity of the
oxidized product during time.

Histochemical analysis: Wiesner stain

Cross-sections of stem bases were stained with the Wiesner
test as described previously (Blaschek, Champagne, et al,
2020). Briefly, hydrated cross-sections were imaged in water
using a Zeiss Axiovert 200M, equipped with a EC
Plan-Neofluar 40 X objective (NA 0.75) and an automated
stage, then stained by removing the cover slip and dropping
40 pl of 0.5% (w/v) phloroglucinol (P3502, Sigma-Aldrich) in
a 1:1 mixture of 95% (v/v) ethanol and 37% (v/v) HCl onto
the section, and imaged again after a 2-min incubation.
Images were corrected for uneven illumination using a pic-
ture of an empty slide and stitched in Fiji (Preibisch et al,
2009). Absorbance values were obtained by aligning un-
stained and stained images, transforming the images into un-
calibrated optical density and measuring circular areas
(0.45 pm in diameter) of cell walls or specific layers for
each cell type. The specific absorbance of the stain was ob-
tained by subtracting the unstained absorbance from the
stained absorbance for each measured point. Last, the ab-
sorbance measurements were corrected for unspecific tissue
clearing by the ethanolic acid in the Wiesner reagent and/or
changes in illumination by subtracting the absorbance differ-
ence between stained and unstained images of unlignified
phloem from all measurements.

Histochemical analysis: Maule stain

Hydrated cross-sections of stem bases were incubated in
0.75% (w/v) KMnOj, (223468, Sigma-Aldrich) in water for
5 min, rinsed twice with water, incubated in 3 M HCI for
1 min, rinsed twice with water, and finally incubated in
10% (w/v) NaCO; (71360, Sigma-Aldrich) for about 30s.
The sections were mounted in 10% (w/v) NaCO5 between
glass slide and coverslip and imaged within 10 min after
staining. Imaging and stitching were performed as described
for the Wiesner stain. The absorbance of the stain was mea-
sured as described for the Wiesner test, but without correct-
ing for unstained background. Stain hue was estimated by
transforming the RGB image into the HSB colorspace and
measuring circular areas (0.45 pm in diameter) of cell walls
or specific layers in the hue channel. The resulting values
were divided by 255 and multiplied by 360 to transform
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them from the 8-bit range to a 360° hue scale. Regression
analyses of Maule hue and absorbance with S/G and lignin/
cellulose contents as determined by Raman microspectro-
scopy were done using the averages values for each cell type-
genotype combination as data points.

Raman microspectroscopy

Raman microspectroscopy was performed on hydrated
cross-sections in ultrapure water between glass slide and cov-
er slip using a LabRAM HR 800 (Horiba, France) equipped
with a Nd:YAG 532 nm laser and a 50X objective (NA
0.42). Spectra were acquired with a spectral resolution of
2cm™' from 100 to 1,800 cm™'. Acquisition parameters
were kept constant, using a grating of 600 grooves mm™ ', a
laser power of 56 mW, and 100 accumulations of 3's per
measurement. Asymmetric least-squares baseline correction
was performed using the R package “baseline” (v, 1.3-4) with
parameters smoothness (A) = 100,000 and asymmetry (P) =
0.01, as previously described by Blaschek, Nuoendagula,
et al. (2020). To account for slight differences in instrument
calibration between measuring instances, spectra were
aligned to the cellulose band at 378 cm™". For representation
in Figure 5A, the spectra were scaled to the cellulose band at
378 cm™ ', meaning that the band intensity in that panel is
relative to total cellulose. All shown measurements of lignin
composition are ratiometric, either relative to cellulose band
intensity (for total lignin), relative to total lignin, or relative
to other lignin constituents. For the wavenumbers of the
used bands, please see Supplemental Table 5. Cellulose crys-
tallinity was estimated according to Agarwal et al. (2010). To
ease the interpretation of the Raman band ratios, measure-
ments from well-described phenylpropanoid mutants were
included: the essentially S-free fah1 mutant (Meyer et al.,
1998), the lignin deficient ccr1-3 mutant (Mir Derikvand
et al., 2008), and the G¢p overaccumulating cad4 cad5 dou-
ble mutant (Blaschek, Champagne, et al., 2020).

Lignin autofluorescence

Lignin autofluorescence in IFs was measured in hydrated cross-
sections mounted between glass slide and coverslip in 50% (v/v)
glycerol. Acquisition was performed using Zeiss LSM780/800
confocal laser scanning microscopes equipped with an EC
Plan-Neofluar 10X M27 (NA 0.3), a Plan-Apochromat 20 X
M27 objective (NA 0.8), a Plan-Apochromat 40 X Korr M27
(NA 0.95), a 405-nm diode laser, and a long-pass emission detec-
tion filter >410 nm according to Décou et al. (2017). The assign-
ment of the different cell wall layers was as previously described
by Bond et al. (2008), Blaschek, Champagne, et al. (2020),
Donaldson and Knox (2012), and Hiraide et al. (2021) for xylem
cells such as IFs where each cell wall layers can be clearly distin-
guished by their morphology and distance from the fiber lumen.
To define which magnification best enabled the precise spatial
distinction of the different cell wall layers in IFs, the same cross-
sections of WT and Q were imaged using different objectives
(Supplemental Figure 9). The 20X objective allowed signifi-
cantly higher spatial resolution than the 10 X objective, while
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providing a better signal/noise ratio than the 40 X objective,
making the 20 X objective the optimal choice for a finely re-
solved low-noise signal (Supplemental Figure 9). For direct com-
parison of fluorescence intensities (Supplemental Figure 10B),
imaging parameters were kept constant between genotypes
and point measurements were taken from the different cell
wall layers. For the relative quantification of cell wall layer-
specific autofluorescence (Figure 6, C and D and
Supplemental Figure 10C) imaging parameters were adjusted
between genotypes to optimize signal-to-noise ratio and line
profiles were drawn through the cell wall, successively measur-
ing adjacent CML, CC, and SCW. Only pixels from sections of the
line profiles that could clearly be assigned to a specific cell wall
layer were used for the violin plots comparing intensities be-
tween genotypes.

TE collapse

The collapse of each TE morphotype was measured from the
images of Wiesner stained sections as recently described by
Ménard et al. (2022). TE perimeters were traced in Image)
(Schindelin et al, 2012) using the “better wand tool” macro (https://
gist.github.com/mutterer/4d3c831ca6a7e698f77eba0261b086¢5)
when the image contrast allowed, otherwise by freehand selection.
Pixel coordinates of the perimeters were loaded into R (v. 4.10)
and kernel-smoothed using the package “smoothr” (v. 02.2) to
avoid shape artifacts where the perimeter followed the image
pixelation. Area and convex hull of the smoothed perimeters
were calculated using the package “sf” (v. 1.0-6), convexity repre-
senting the ratio of area to convex hull.

Cell wall swelling

Hydrated cross-sections of stem bases were incubated in
0.01% (w/v) Astra blue (B0770, Sigma-Aldrich) in water to
stain cellulose, rinsed in water, incubated in 0.01% (w/v)
safranin-O (1.15948, Merck) in water to stain lignin, rinsed
in water, and finally mounted between glass slide and cover-
slip in water to simultaneously stain all cell walls (Srebotnik
and Messner, 1994). Imaging and stitching were performed
as described for the Wiesner stain. After imaging, the stained
sections were left to air dry at room temperature overnight
and subsequently imaged again. Finally, the sections were re-
hydrated by incubation in water at 4°C for several days,
mounted between glass slide and coverslip in water, and im-
aged again. Images of each section in the three stages were
aligned in Image). The thickness of 10 cell walls per section
was measured in each state, at a point equidistant from
the adjacent cell corners.

Biochemical analysis of lignin using pyrolysis/GC-MS
Pyrolysis/GC—MS analyses were performed on 60 pg (+ 10 pg)
of freeze-dried ball-milled samples (pools of 8- to 9-week-old
plant hypocotyls from 2 to 3 plants per replicate or vacuum-
filtrated cells from 14-days old cell suspension cultures) using a
PY-2020iD pyrolyzer equipped with an AS-1020E autosampler
(Frontier Lab, Japan) connected to a 7890A/5975C GC/MS
(Agilent, USA) as described by Gerber et al. (2012).
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Identification of pyrolysates was performed using com-
bined libraries from previous works (Faix et al, 1987; Ralph
and Hatfield, 1991; Gerber et al,, 2012). Quantifications were
made as described by Gerber et al. (2012) as summed area per-
centage represented in the pyrogram; note, however, that no
corrections were made for differences in response factor.

Data analysis, principal component analysis and
visualization

Unless stated otherwise, all data analysis and visualization
were done in R (v. 4.10), relying on the “tidyverse” (v. 1.3.1)
collection of packages (Wickham et al.,, 2019). Statistical ana-
lyses between genotypes and cell types were performed on
samples collected from different plants or cell samples grown
on different rounds. ANOVA/Tukey-HSD and Kruskal-
Wallis/Dunn tests were performed using the average values
of each biological replicate (individual plants, specified in
each Figure legend as “n = x") using the “tukeygrps” package
(https://github.com/leonardblaschek/tukeygrps), which uses
functions from the “stats” and “dunn.test” packages. PCA was
done using singular value decomposition as implemented in
the “prcomp” function of the “stats” package, using data on
lignin/cellulose, S/G, Gcro/Gerons proportion of benzalde-
hydes, and proportion of P residues. The R code to reproduce
all analyses and Figures is available at https://github.com/
leonardblaschek/Rscripts/blob/master/2021_lac_paper.rmd.
Statistical data are provided in Supplemental Data Set 2.

Accession numbers
Arabidopsis Genome Initiative numbers for the genes discussed
in this article are as follows: FSH1 (At4g36220), CCR1
(At1g15950); CAD4 (At4g37980); CADS5 (At4g37990); XCP1
(At4g35350); XCP2 (At1g20850) CesA7/IRX3 (At5g17420);
LACT (At1g18140); LAC2 (At2g29130); LAC3 (At2g30210);
LAC4/IRX12  (At2g38080); LAC5 (At2g40370); LAC6
(At2g46570); LAC7 (At3g09220); LACS (At5g01040); LACY
(At5g01050); LACT0 (At5g01190); LACT1 (At5g03260); LACT2
(At5g05390); LAC13 (At5g07130); LACT14 (At5g09360); LACT5/
TT10 (At5g48100); LACT6 (At5g58910); LACT7 (At5g60020).
GEO accession of the microarray data used to monitor
gene expression during TE differentiation in inducible pluri-
potent cell cultures: GSE73146.

Supplemental Data

The following materials are available in the online version of
this article.

Supplemental Figure S1. Effects of the used T-DNA inser-
tions on LAC expression levels.

Supplemental Figure S2. Phenotypic characterization of
higher-order lac mutants.

Supplemental Figure S3. Real-time imaging of in situ LAC
activity in extractive-free cross-sections.

Supplemental Figure S4. Lignin chemistry measured by
Raman microspectroscopy.
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Supplemental Figure S5. Validation of the in situ quanti-
tative chemical imaging capacity of Raman microspectro-
scopy compared to pyrolysis/GC-MS.

Supplemental Figure S6. Histochemistry of higher-order
lac mutants.

Supplemental Figure S7. Maule staining cell walls of
higher-order lac mutants.

Supplemental Figure S8. Multivariate analysis of the cell
type-dependent roles of different LAC paralogs.

Supplemental Figure S9. Imaging set-up necessary to
measure differences in lignin autofluorescence between cell
wall layers.

Supplemental Figure S10. Cell wall layer-specific changes
in lignin autofluorescence.

Supplemental Figure S11. Perimeters and degree of inwards
collapse of SX TEs in the different higher-order lac mutants.

Supplemental Figure S12. Cell wall properties of TEs and
fibers.

Supplemental Table S1. Polymorphisms of the used lac
mutant plants and the primers used to genotype them.
Band sizes estimated from gel electrophoresis. KO, knockout;
KD, knockdown.

Supplemental Table S2. Summary of the names and gen-
otypes used to designate higher-order lac mutants.

Supplemental Table S3. Primers used for RT-qPCR
analyses.

Supplemental Table S4. Synthetic substrates used for ac-
tivity assays in sections.

Supplemental Table S5. Raman band intensities and in-
tensity ratios used for cell wall characterization.

Supplemental Data Set S1. Summary of all data obtained
in this study.

Supplemental Data Set S2. Summary of statistical
analyses.
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