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SUMMARY

The distributions of monolignol glucosides (MLGs) in compression and opposite woods of Pinus thunbergii
were assessed using cryo-time-of-flight secondary ion mass spectrometry to investigate their involvement
in lignification. p-Glucocoumaryl alcohol (PG) was identified in the region of the differentiating xylem adja-
cent to the cambial zone only in compression wood, whereas coniferin (CF) was similarly localized in both
compression and opposite woods. Their distribution from the phloem to the xylem was evaluated by
high-performance liquid chromatography (HPLC) using serial tangential sections. Variations in storage
amounts of CF and PG in the stem of P. thunbergii agreed with lignification stages of the tracheid, support-
ing the idea that MLGs act as a storage and transportation form of lignin precursors. The imaging of mono-
lignol (ML)-dependent active lignification sites using fluorescence-tagged MLs supported distinct
distribution patterns of MLGs for lignification in compression and opposite woods. Methylation-
thioacidolysis was applied to compression and opposite wood samples to examine the structural difference
between the guaiacyl (G) and p-hydroxyphenyl (H) units in lignin. Most of the H units in compression wood
were detected as lignin end groups via thioacidolysis. PG was detected in opposite wood by HPLC; how-
ever, the H unit was not detected by thioacidolysis. The differences in ML and MLG distributions, enzyme
activity, and resultant lignin structures between the G and H units suggest the possibility of individual
mechanisms regulating the heterogeneous structures of G and H unit in lignin.

Keywords: compression wood, lignification, cell wall, frozen hydrated, secondary ion mass spectrometry,
Pinus thunbergii, fluorescence probes, chemical mapping, imaging mass spectrometry.

INTRODUCTION however, the ratio depends on the species. The chemical

Lignin is a major component of woody plant cell walls,
and is synthesized via oxidative coupling of monolignols
(MLs) and related compounds (Boerjan et al., 2003; Meents
et al., 2018; Tobimatsu & Schuetz, 2019; Wang et al., 2013;
Weng & Chapple, 2010; Whetten et al., 1998). The basic
structural units of lignin are guaiacyl (G) units derived from
coniferyl alcohol (CA). In addition, syringyl (S) and
p-hydroxyphenyl (H) units are formed from sinapyl alcohol
and p-coumaryl alcohol (PA), respectively. The ratio of
these units varies with plant species and tissues. For exam-
ple, gymnosperm lignin mainly consists of G-unit and a
small number of H-unit in compression wood. In angio-
sperm lignin, S-unit is more abundant than G-unit;

© 2024 The Author(s).

composition of lignin has a significant influence on the
physical and chemical properties of the cell wall.
Mechanisms underlying lignin biosynthesis have long
been studied. Lignin deposition in the multilayered plant
cell wall can be microscopically observed using ultraviolet
(UV) light (Fergus et al., 1969; Takabe et al., 1981, War-
drop, 1957). The lignification process in the tracheid com-
prising the gymnosperm xylem is generally divided into
three stages. First, lignification starts in the cell corners or
middle lamellar regions simultaneously with outermost
(Sq) layer formation in the secondary wall domain. Next,
the primary wall and S; layers are slowly lignified during
the formation of the middle (S,) and inner (Ss) layers of
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the secondary wall. Finally, most active lignification, also
called “bulk” lignification, occurs in entire secondary wall
regions after formation of the S; layer. In compression
wood, which is a specific tissue in gymnosperms formed
to adjust the orientation of axial growth, a lignin-rich layer
(S,L) is observed in the S, layer. Furthermore, the S;
layer is lost (Donaldson, 2001; Donaldson et al., 1999; Wag-
ner et al., 2012).

A central subject in the discussion of lignification is
the precursors and related compounds. MLs, the direct pre-
cursors of lignin, have a reactive phenolic hydroxyl group
and low water solubility. Therefore, the suitability of these
materials for storage and transportation is limited. How-
ever, the glucosylated forms of MLs, namely monolignol
glucosides (MLGs), such as coniferin (CF), syringin, and
p-glucocoumaryl alcohol (PG), are often found stored in
plants, and their involvement in lignification has been
studied. MLGs are less toxic, more stable, and more
water-soluble than MLs (Dharmawardhana et al., 1995;
Freudenberg et al., 1955; Freudenberg & Harkin, 1963;
Jones & Vogt, 2001; Samuels et al.,, 2002; Terashima
et al., 2016; Wang et al., 2013; Whetten et al., 1998; Whet-
ten & Sederoff, 1995). Therefore, MLGs have been pro-
posed to play an essential role in lignification as storage
and transportation forms of the precursor MLs (Freuden-
berg & Harkin, 1963; Fukushima et al., 1996, 1997; Savidge,
1989; Terazawa et al., 1984; Tsuyama et al., 2013, 2019).

Several studies have questioned the role of MLGs as
direct intermediates for lignification, at least in the eudicot
non-wood model plant Arabidopsis (Barros et al., 2015;
Lanot et al., 2006; Le Roy et al., 2016; Meents et al., 2018;
Perkins et al., 2019). Arabidopsis mutants with downregu-
lated ML glucosylation by UDP-glucose transferases
(UGT72E1-E3, which can glucosylate several phenylpropa-
noids) stay alive (Lanot et al., 2006). However, a consider-
able amount of data supports their role as intermediates
for lignification in several woody plants including soft-
wood (Aoki et al., 2016; Miyagawa et al., 2020; Morikawa
et al., 2010; Samuels et al., 2002; Savidge, 1989; Savidge &
Forster, 2001; Terashima & Fukushima, 1988; Tsuji
et al., 2005; Tsuyama & Takabe, 2014), hardwood (Aoki
et al., 2019; Miyagawa et al., 2020; Tsuyama et al., 2019;
Tsuyama & Takabe, 2014, 2015), and woody grass (e.g.,
bamboo. Miyagawa et al., 2020) species. Furthermore,
regarding the assimilation behavior of MLGs into cell-wall
lignin, administration experiments using isotope-labeled
MLGs at aglycon moieties have been conducted to clarify
the role of MLGs in lignification (Eglinton et al., 2000;
Fukushima & Terashima, 1990, 1991a, 1991b; Fukushima
et al., 1996, 1997; Terashima & Fukushima, 1988; Tera-
shima et al.,, 2002, 2009, 2016; Tsuji et al., 2005; Xie,
Robert, & Terashima, 1994; Xie, Yasuda, & Tera-
shima, 1994). The aglycon moieties of MLGs are assimi-
lated into cell wall lignin, suggesting that lignifying cells in

the differentiating xylem region can consume MLGs as lig-
nin precursors.

To determine the role of MLGs as a lignin precursor,
analyzing the microscopic distribution of endogenous
MLGs in plants is an essential but challenging. Early stud-
ies have used serial tangential sections to quantify their
amounts and roughly estimate their distribution in plants
using high-performance liquid chromatography (HPLC)
(Fukushima et al., 1997). Recent advances in chemical
imaging techniques, such as Raman microscopy and
matrix-assisted laser desorption/ionization mass spectro-
metric imaging, have enabled visualizing the microscopic
distribution of CF (Morikawa et al., 2010; Yoshinaga
et al., 2015). These pioneering studies indicated that MLGs
are stored around the differentiating xylem region, further
supporting the view that they are used as a lignin precur-
sor. However, detailed and precise imaging analysis of
MLGs in planta are necessary because earlier imaging
techniques still suffer from the potential loss of positional
information of MLGs in living wood tissues owing to the
relatively severe pretreatment processes for sample prepa-
rations (Yamagishi et al., 2021).

Imaging mass spectrometry using freeze-fixed sam-
ples may be a highly promising technique for visualizing
the in planta distribution of water-soluble compounds such
as MLs and MLGs (Aoki et al., 2018, 2022). Recently, the
distributions of endogenous CF in Ginkgo biloba (Aoki
et al., 2016) and endogenous syringin in Syringa vulgaris
(Aoki et al., 2019) have been freeze-fixed and visualized
using cryo-time-of-flight ~ secondary ion mass
spectrometry/scanning electron microscopy (cryo-TOF-
SIMS/SEM). The distribution of CF in G. biloba stems has
been consistent with the lignification stages of the tra-
cheid. The apparent amount of stored CF increased from
the cambial zone to the differentiating xylem region and
diminished immediately after the start of bulk lignification.
Syringin is widely distributed in S. vulgaris stem, and the
most abundant region is the phloem, as previously
reported for S. vulgaris (Kurkin et al., 1992) and Magnolia
kobus (Fukushima et al., 1996; Okumura et al., 2017). In the
differentiating xylem region, the distribution of syringin is
similar to that of CF in G. biloba; therefore, syringin may
also function as a storage and transportation form of sina-
pyl alcohol in the differentiating xylem region.

The ratio of structural units of lignin is controlled and
correlates with the physicochemical properties of the plant
cell wall. Typical gymnosperm compression woods synthe-
size lignin containing H units, in addition to the G unit that
dominates lignin produced in normal woods (Donald-
son, 2001; Lapierre et al., 1988; Lapierre & Roland, 1988;
C)nnerud, 2003; Timell, 1986; Zhang et al., 2017). PG is sig-
nificantly stored in compression wood; however, its stor-
age is considerably less in normal wood of P. thunbergii.
Furthermore, an alkaline nitrobenzene oxidation method
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has detected a considerable number of H units in lignin of
compression wood (Fukushima et al., 1997). Therefore, PG
participate may in lignification as a lignin precursor, that
is, as a storage and transportation form of PA, similar to
CF and syringin. However, the detailed in planta distribu-
tion of PG has not yet been visualized. To discuss the
detailed mechanism of lignification in the formation of
the cell walls of compression wood, the difference
between the G and H units should be examined.

In this study, P. thunbergii seedlings were grown
under tilted conditions, and the lower and upper sides
were used as the compression and opposite wood sam-
ples, respectively. The distributions of CF and PG in com-
pression and opposite woods of P. thunbergii were
investigated. Mono- and disaccharides were quantified.
Because their molecular weights are nearly equal to those
for MLs and MLGs, their quantitative distributions are
essential information for detailed discussion using imaging
mass spectrometry. Furthermore, the oxidative activity of
cell-wall-localized enzymes was examined, and the differ-
ences in the chemical structures of lignin were
investigated.

RESULTS AND DISCUSSION

Radial quantitative distribution of MLs, MLGs, and
saccharides

Freeze-fixed P. thunbergii stem blocks were cut into serial
tangential sections (50 um x 3 thickness for each section
number) from the bark to the xylem and extracted for
quantification of MLs and MLGs by HPLC. The results
obtained for the compression and opposite wood samples
are shown in Figure 1. The numbers of sections containing
the cambial zone was determined based on the variation in
dry weights of the sections (Figure S2). The relative posi-
tion of the cambial zone-containing section was fixed as 0.
Relative position of the section corresponds to the phloem
region (minus) and xylem region (plus).

In opposite wood, the amount of CA (Figure 1a) and
PA (Figure 1b) was small (~ 0.04 nmol mm~3) and similar
within the measured regions. However, in compression
wood, the amount of PA (Figure 1b) showed a significant
increase in the xylem region (P < 0.01 in Student’s t-test,
between relative positions —11-1 and section 2-12),
whereas the amount of CA remained similar between the
phloem and xylem regions (P > 0.1, between relative posi-
tions —11-1 and section 2-12). In contrast, significant
amounts of CF (Figure 1c) and PG (Figure 1d) were
detected specifically in the differentiating xylem region
adjacent to the cambial zone in both the compression and
opposite woods (P < 0.1, between relative positions —1
and 1, 1 and 3). The amount of PG was more significant in
compression wood than in opposite wood (P<0.01

© 2024 The Author(s).
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between relative positions 0-2 of compression and oppo-
site woods). Furthermore, the amount of CF (~ 8 nmol
mm~3) was much higher than that of PG
(~0.4 nmol mm~3). The radial distribution of saccharides
was evaluated using I[EC measurements. The results
obtained for the compression and opposite wood samples
are shown in Figure 2. In this study, sucrose, a disaccha-
ride (C1,H2,044), glucose, fructose, and mannose as mono-
saccharides of hexose (CgH12,0¢), and arabinose and xylose
as monosaccharides of pentose (CsH,Os) were evaluated
(Figure S3).

Sucrose (Figure 2a, ~300 nmol mm~3) was the most
abundant saccharide in both compression and opposite
woods. A large amount of sucrose was detected in the
phloem region adjacent to the cambial zone (relative posi-
tion —1). Hexoses were widely detected in the phloem
region. The total amount of hexoses (Figure 2b,
~120 nmol mm~) was comparable with that of sucrose
and was much higher than that of MLs (Figure 1a,b,
~0.15 nmol mm~3), MLGs (Figure 1c,d, ~10 nmol mm™3),
and pentoses (Figure 2¢, ~5 nmol mm™3). Pentoses were
distributed mainly in the phloem region.

Secondary ions for cryo-TOF-SIMS visualization of MLGs

In TOF-SIMS measurements, secondary ion generation is
affected by the chemical conditions surrounding the target
compounds. Because of the matrix effect, specific attention
is necessary for determining the characteristic secondary
ions to visualize the target compounds, particularly for mea-
suring frozen-hydrated biomaterials containing various com-
pounds. Aqueous KCI solution of the standard compounds
helps to obtain standard spectra in cryo-TOF-SIMS for plant
tissue samples (Aoki et al., 2016, 2019, 2022; Okumura
et al., 2017; Yu et al., 2022) because K" and CI~ are the most
abundant inorganic cation and anion found in typical plant
tissue samples (Broadley et al., 2012; Kirkby, 2012).

Figure 3 shows the cryo-TOF-SIMS spectra of PG and
PA in aqueous KCI. The cryo-TOF-SIMS spectra of other
MLs, MLGs, and saccharides have been previously
reported (Aoki et al., 2016, 2019; Okumura et al., 2017) and
are summarized in Figures S4, S5, and S6, respectively.
The resultant characteristic secondary ions are summa-
rized in Table 1 and Table S1.

In the positive-mode spectrum of PG (Figure 3a), the
ion at m/z 351 was a potassium adduct molecular ion
[(M+K)']. As for fragment ions, m/z 150 and 133 were
assigned to (aglycon)™ and (aglycon—OH)", respectively. In
the negative mode spectrum (Figure 3b), (M+Cl)~, (M—H)~,
and (aglycon—H)~ ions were detected. In the cases of PA
(Figure 3c,d), (M+K)", (M)", (M—=OH)*, and (M—H)" ions
were detected. The ionization behaviors of PG and PA were
similar to those of coniferyl and sinapyl monologs, as
shown in Figures S4 and S5.
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Figure 1. Radial distribution of (a) coniferyl alcohol (CA), (b) p-coumaryl alcohol (PA), (c) coniferin (CF), and (d) p-glucocoumaryl alcohol (PG) in compression
and opposite woods of Pinus thunbergii, evaluated by high-performance liquid chromatography (HPLC).

The numbers of the cambial zone-containing sections were determined by variation in dry weights of the sections, and the relative position of the cambial zone
containing section was fixed as 0. Relative position of the section corresponds to phloem region (minus) and xylem region (plus). The means and standard devi-
ations for each section were determined from three sets of measurements using individual sample blocks cut from the same disk.

As for the coexisting inorganic species, K and CI~
were widely detected in the phloem to xylem region in the
transverse surfaces of frozen-hydrated P. thunbergii wood
(Figure S7). Moreover, their distribution areas were equal
to or larger than that of phosphocholine ion that is the
marker of plant biomembranes of phosphatidylcholine
(Bollhoner et al.,, 2012; Khan & Williams, 1977; Li
et al., 2006; Okumura et al., 2017). Therefore, the K" or CI~
adduct ions in the standard spectra (Figure 3; Figures S3,
S4, and S5) could also be used for visualization when their
intensities were significant enough.

The same mj/z ion can arise from multiple compounds
(Table 1). In such cases, the possibility of visualization should
be carefully examined regarding their quantitative results,
ionization efficiencies, and chemical conditions. Given the
HPLC and IEC data (Figures 1 and 2), the secondary ions
derived from saccharides should be stronger than those from
MLGs in a high possibility. The contribution of MLs was
smaller than that of MLGs and negligible in the differentiating
xylem region. From these considerations and the resultant
secondary ion distributions and intensities, several ion candi-
dates were excluded from the imaging discussion; for exam-
ple, m/z 149 (-) ion was overlapped with monosaccharide

ions; m/z 163 (+) ion was overlapped with saccharide or water
cluster-derived ions; and m/z 381 ion (+) was overlapped with
disaccharide or K-adducted water cluster ions. Finally, the
specific ions for cryo-TOF-SIMS visualization of MLGs were
CF, m/z180 (+) ion and PG, m/z311 (-) ion.

Cryo-TOF-SIMS imaging of MLGs

The cryo-TOF-SIMS ion images of compression wood are
shown in Figure 4. The measured surfaces contained the
phloem, cambial zone, and xylem regions (Figure 4b). Posi-
tive and negative images were obtained from the same
sample block but on different surfaces. Radial distribution
of m/z 180 (+) (CF) and 311 (-) (PG) ion counts are dis-
played in Figure 5 as line profiles after appropriate image
rotation for adjusting the positions of the cambial zone
and lignification stages (Figure S8). The position of the
cambial zone and lignification stages of the tracheid were
determined by microscopic observation using cryo-SEM
and visible, polarized, and UV light (Figure S9) and are
shown in Figures 4 and 5 and Figure S8.

The distribution of CF (m/z 180 ion) showed apparent
localization in the differentiating xylem region adjacent to the
cambial zone (Figures 4d and 5a), which agrees with the
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Figure 2. Radial distribution of (a) sucrose, (b) hexoses, and (c) pentoses in compression and opposite woods of Pinus thunbergii, evaluated by ion exchange

chromatography (IEC).

The numbers of the cambial zone-containing sections were determined by the variation in dry weights of the sections, and the relative position of the cambial
zone containing section was fixed as 0. Relative position of the section corresponds to phloem region (minus) and xylem region (plus). The means and standard
deviations for each section were calculated from three sets of measurements using individual sample blocks cut from the same disk.
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Figure 3. Cryo-time-of-flight secondary ion mass spectrometry (Cryo-TOF-SIMS) (a, c) positive and (b, d) negative spectra of (a, b) PG and (c, d) PA dissolved in

KCl aq.

HPLC results (Figure 1c). CF was significantly distributed from
the cambial zone to the compound middle lamella (CML) and
S, layer lignification stages, and diminished rapidly around

© 2024 The Author(s).

the start of bulk lignification. At the end of lignification, CF
appeared slightly in the tracheid. Consistent with this result,
our HPLC analysis also detected a small quantity of CF in the
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Table 1 Cryo-TOF-SIMS major ions for MLs, MLGs, and
saccharides

m/z
Compounds Positive mode Negative mode
PA [M—OH]" 133, [M]* [M—H]" 149
150, [M+K]™ 189
CA [M—OHI" 163, [M]* [M=H]" 179
180, [M+K]" 219
PG [aglycon] 150, laglycon—H]~ 149,
[M+K]" 351 [M—H]™ 311,
[M+CI]~ 347
CF [aglycon]” 180, [aglycon—H]~ 179,
[M+K]" 381 [M—H]™ 341,
[M+CI]~ 377
Pentose [M+K]" 189 [M—HI™ 149,
[M+CI]™ 185
Hexose [M+K]" 219 [M—H]" 179,
[M+CI]™ 215
Sucrose [M+K]" 381 [M—H]~ 341,
[M+CI]™ 377

inner region where lignification was completed (Figure 1c).
However, the ion intensity detected by cryo-TOF-SIMS was
stronger than that expected from the HPLC results. One pos-
sible reason for this might be the ionization efficiency. In this
region, the number of coexisting compounds in the tracheid
sap may be less than that in the living tracheid. lon suppres-
sion and competitive ionization are prevalent factors in mass
spectrometry (Annesley, 2003). Further studies are required
to improve quantification by cryo-TOF-SIMS imaging for
comparing physiologically different tissues.

The count of the PG-derived secondary ion (m/z 311)
was low (Figure 4g). Supporting this result, HPLC deter-
mined that the actual amount of PG was one-tenth of that
of CF (Figure 1c). The m/z 311 ion showed maximum detec-
tion within the cambial zone to the differentiating xylem
region (Figure 5b); however, the PG distribution was not
consistent with the HPLC results (Figure 1c) in terms of the
stronger signals detected in the phloem region than in
the lignified xylem region. We suspect that this discrepancy
may be owing to background noise in the phloem region.
To confirm this, the m/z 308 ion count was recorded as a
possible background ion species near the m/z 311 ion
(Figure 5c). The m/z 308 ion count was higher in the phloem
than in the lignified xylem. Based on this observation, we
analyzed the differential ion count profile between m/z 311
and 308 ions (Figure 5d). As a consequence, the radial distri-
bution of differential ion counts was overall consistent with
the HPLC result of PG (Figure 1d), suggesting that it
reflected the actual distribution of PG.

As for the other secondary ion candidates possibly
derived from PG, the m/z 150 (+) ion was detected over the
entire area of the measurement surface, and the distribution
was inconsistent with the HPLC results. Therefore, the ion

must be derived from plural compounds. The counts of m/z
351 (+) and 347 (-) ions were smaller than that of the m/z
311 ion, although their distributions were similar to that of
the m/z 311 ion (Figure S10). Based on these observations,
we deduced that the m/z 311 and m/z 180 ions help deter-
mine the in planta distribution of PG and CF, respectively
(Figure 5a,d). Consequently, CF rapidly diminished, whereas
PG remained slightly in stage C (Figure 5). The different
behaviors of CF and PG are also shown in Figure 4(d,g). The
m/z 311 ion was continuously detected after bulk lignifica-
tion start, but the m/z 180 ion diminished in the region.

In opposite wood, only CF was detected using
cryo-TOF-SIMS (Figure S11). CF was distributed from the
cambial zone to the S, lignification stage and rapidly
diminished at the onset of lignification in the S, and Sj
layers. Although this behavior was similar to that observed
in compression wood, CF (m/z 180 ion) was not detected
after the end of lignification.

The distributions of endogenous CF and PG in P. thun-
bergii wood were successfully visualized using cryo-TOF-
SIMS. Their distributions showed good agreement with
the HPLC results and lignification stages. Along with the
data from a previous study suggesting the assimilation of
MLGs in these differentiating xylem regions (Fukushima &
Terashima, 1991b: Fukushima et al., 1997), our data further
support the view that these MLGs act as lignin precursors
in compression and opposite woods of P. thunbergii. The
distributions of CF and PG were similar; however, their
apparent concentration patterns differed.

Visualization of ML incorporation capacity using
fluorescence-tagged MLs

To further investigate the lignification processes utilizing
different lignin precursors in compression and opposite
woods of P. thunbergii, we performed cell wall imaging
using fluorescence-tagged MLs, which helps monitor
active lignification sites through metabolic incorporation
(Hiraide et al., 2021; Lee et al., 2019; Shuetz et al., 2014;
Takenaka et al., 2018; Tobimatsu et al., 2013). A recent
study has revealed distinct incorporation patterns of G and
H unit-type fluorescence-tagged MLs in differentiating
xylem tissues during the formation of normal and com-
pression woods in Chamaecyparis obtuse, supporting the
view that the spatial localization and biochemical charac-
teristics of cell-wall-anchored ML-oxidizing enzymes (e.g.,
laccases and peroxidases) impact spatial patterning of lig-
nification in normal and compression woods of gymno-
sperms (Hiraide et al., 2021). In this study, we compared
the oxidative enzyme-dependent incorporation patterns of
DMAC-tagged G-type (DMAC-CA) and H-type (DMAC-PA)
ML probes, which mimic canonical G-type (CA) and H-type
(PA) MLs, respectively, between compression and opposite
woods of P. thunbergii (Figure 6; Figure S12). Histochemi-
cal imaging of non-labeled wood sections affirmed phenol

© 2024 The Author(s).

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2025), 121, e17209

85UB0| 7 SUOLILLOD BAIERID 3 |qed|dde au3 Aq peueAob 81e Ssolie VO ‘88N JO Sa|nJ oy A%Iq1T8UIUO /8|1 UO (SUORIPUOD-pUe-SWLB) 00" 3] 1M Afe.q 18U UO//STRY) SUORIPUOD PUe SWLB L 8U} 89S *[G202/70/r2] Uo AfelqiTauliuo AB|iIm ‘ueder aueiyooD Aq 6022 T [dYTTTT OT/10p/wo0 8| mAreiq1uljuo//SdNY Woij papeojumoq ‘g ‘G202 ‘XETESIET



MLG distribution in Pinus compression wood 7 of 15

Bark Cambial zone Xylem
a) cryo-SEM - -

\

D, lignification end
C, bulk lignification start
B, S, layer lignification start
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Figure 4. Cryo-TOF-SIMS/scanning electron microscopy (SEM) images of frozen-hydrated transverse surfaces of compression wood.

(a) Cryo-SEM of the same region of (c).

(b) The measured sample surface in positive ion mode.

(c) Total ion (+).

(d) CF m/z 180 (+) ion.

(e) Cryo-SEM of the same region of (f).

(f) Total ion (-). (g) PG m/z 311 (-) ion. The gray-scaled tetragons suggest the lignification stages determined by microscopic observations as follows: initiation
of lignification of the compound middle lamella (CML) (A) outermost (S1) layer of secondary wall (B), and bulk (C). (D) Lignification end. Scale bar, 100 um for
SEM and SIMS images. Measurement in the negative ion mode (e, f, g) was conducted 3 days after measurement in the positive ion mode using the same block
and a 100-um surface cutting for measuring the fresh surface.
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Figure 5. Radial distribution of (a) CF m/z 180 (+) ion, (b) PG m/z 311 (-) ion, and (c) m/z 308 ion counts. (d) The differential ion count profile between m/z 311

and 308 ions.

Line profiles were obtained after image rotation of 12° for positive and 14° for negative images, shown in arbitrary unit (a.u.). The stages of cell wall lignification
of the tracheid are suggested by initiation of lignification of the CML (A) outermost (S1) layer of secondary wall (B), and bulk (C). (D) Lignification end.

oxidation activity and deposited lignin polymers in the
samples (Figure 6).

Fluorescent tags were not detected in the fully ligni-
fied xylem cell walls (Figure 6). In a previous study, rela-
tively low but detectable fluorescence has been observed
in the fully lignified xylem cells (Hiraide et al., 2021). There-
fore, we considered that the deposition of fluorescent tags
was lower in the fully lignified xylem cell walls than in the
differentiating xylem cell walls, probably owing to rela-
tively low accessibility of the tags to the corresponding
enzymes in the cell walls within a limited reaction time.

As shown in Figure 6, the G-type DMAC-CA and
H-type DMAC-PA probes showed distinctively different
incorporation patterns in compression and opposite wood
sections of P. thunbergii. In compression and opposite
wood sections labeled with DMAC-CA, even DMAC fluores-
cence was detected in the CML and across the secondary
cell wall layers, that is, S;, S,L, and S, layers in compres-
sion wood (Figure 6a) and S; and S, layers in opposite
wood (Figure 6b). This suggests that these lignification
sites have comparable ML-oxidizing enzyme activities for
incorporating CA in G-type lignin deposition. In contrast, in
compression wood sections labeled with DMAC-PA, strong
DMAC fluorescence was explicitly detected in the S,L layer,
with moderate signals in the CML, S,, and S2 layers. This
result indicated that the compression-wood-specific S,L
layer had considerably higher enzyme activity for incorpo-
rating PA in H-type lignin deposition than those of the
other lignification sites. However, in opposite wood

sections labeled with DMAC-PA, DMAC fluorescence was
considerably lower than those observed in compression
wood sections labeled with DMAC-PA, and compression
and opposite wood sections labeled with DMAC-CA, sug-
gesting a considerably weak enzyme activity for incorpo-
rating PA in H-type lignin deposition in opposite wood.
Overall, the different incorporation behaviors of the G-type
and H-type fluorescence-tagged MLs in compression and
opposite woods of P. thunbergii are consistent with earlier
observations in C. obtuse (Hiraide et al., 2021) and congru-
ent with the distribution patterns of the G-type and H-type
MLGs in P. thunbergii as revealed by cryo-TOF-SIMS and
complementary HPLC analysis.

Monomeric products of thioacidolysis

To analyze lignin composition in compression and opposite
woods of P. thunbergii, we performed thioacidolysis, which
selectively cleaves major B-aryl ether-linkages in the lignin
polymer, followed by GC-MS analysis of lignin-derived
monomeric products. By coupling with pre-methylation of
free phenolic hydroxyl groups, thioacidolysis releases non-
methylated and methylated monomeric products derived
from the internal units and end-units, respectively, of the lig-
nin polymer (Lapierre et al., 1988; Lapierre & Roland, 1988).
Table 2 summarizes the results of the monomeric products
of GT and HT released from the compression and opposite
wood samples by thioacidolysis. The methylated products,
GT-OCH3 and HT-OCHa, are thought to be derived from the
G and H units of the phenolic end-groups of the lignin
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(b) Opposite wood
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Figure 6. Oxidative enzyme-mediated incorporation of fluorescence-tagged monolignols (MLs) into the differentiating xylem region of (a) compression and (b)

opposite woods.

Images obtained for phenol oxidation activity, lignin deposition, and lignin autofluorescence are also summarized.

polymer chains. The GT unit was the primary product in
both samples, whereas the HT unit was below the detection
limit in the opposite wood sample. Methylated monomeric
thioacidolysis products were obtained by methylation. The
resultant -OCH; ratio suggested the end-group ratio of the
unit structure. The -OCHj ratio of the GT unit in compression
and opposite wood samples was 7-11%. In contrast, the

© 2024 The Author(s).

ratio of the HT unit in compression wood samples was sig-
nificantly high (84%). Collectively, these results confirmed
the compression-wood-specific deposition of H-type lignin
and preferential incorporation of H-units into the end-units
of lignin polymers. A similar result has been previously
reported for compression wood of Pinus radiate (Lapierre
et al., 1988; Lapierre & Roland, 1988).
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Table 2 Yields of monomeric products of thioacidolysis

Yield £ S.D. (umol/sample-g)

-OCHj ratio (%)

Samples GT GT-OCHj3 HT HT-OCH; GT HT
Compression wood 314 + 148 n.d. 43+ 5 n.d. - -
Opposite wood 371 + 14 n.d. n.d. n.d. - -
Compression wood (methylated) 281 + 56 23+3 8+3 43+7 7 84
Opposite wood (methylated) 223 + 43 29+7 n.d. n.d. 11 -

n.d., not detected; S.D., standard deviation (n = 3).

Difference between the G and H units

CF and PG assimilation into lignin in compression and
opposite woods of P. thunbergii has been previously dem-
onstrated by autoradiography experiments using isotopi-
cally labeled CF and PG (Fukushima & Terashima, 1991b;
Terashima & Fukushima, 1988). In compression wood, the
assimilation of administered PG into lignin in the cell wall
starts simultaneously as CML lignification starts. The
assimilation of PG continues, and the maximum assimila-
tion occurs in the first half of the S, layer forming period.
The assimilation of CF also starts at the onset of CML ligni-
fication; however, assimilation decreases once and
increases in the latter half of cell wall lignification. The
maximum CF assimilation agrees with that of the bulk lig-
nification period. Considering these previous results and
the results obtained in this study, we aimed to discuss
and arrange the differences between G and H units in
terms of precursor storage, enzymatic selectivity, and their
structure in lignin of compression and opposite woods. In
the following description, [adm], [fluo], and [endo] refer to
the results observed in MLG autoradiography experiments
(Fukushima & Terashima, 1991b; Terashima & Fukush-
ima, 1988), cell wall imaging using fluorescence-tagged
monolignols (this study), and endogenous MLG distribu-
tions as revealed by cryo-TOF-SIMS and HPLC (this study),
respectively.

Lignification starts in the CML region. CF-PG [adm]
and CA-PA [fluo] can be assimilated into CML lignin, and
CF and PG are stored in the tracheid in this region [endo].
Subsequently, CF assimilation decreases once and
increases to the maximum level in the bulk lignification
stage [adm]. During bulk lignification, the apparent storage
of CF diminishes [endo]. Here, the distribution visualized
by cryo-TOF-SIMS suggests the apparent storage amount
and not the biosynthetic activity; therefore, the decrease in
CF storage in the bulk lignification stage is reasonable if
the consumption speed is equal to or higher than the bio-
synthetic speed in this region.

In contrast, PG is gradually assimilated into lignin
[adm], specifically in the S,L region [fluo]. PG is stored
in the tracheid between the lignification periods, and its
decrease with the start of bulk lignification is relatively

Assimilation into lignin at

D Secondary wall

% Apparent D Compound Middle Lamella
MLGs storage (CML)

(a) G unit

(b) H unit (< 5)

/
-

v

|A, CML lig. start| |C, bulk lig. start|

[B. S, lig. start |

Figure 7. Schematic monolignol glucosides (MLG) distribution in compres-
sion wood as shown in this study.

Their deposition into lignin [rearranged from Fukushima and
Terashima (1991b)] and apparent precursor storages for the (a) G and (b) H
units. The lignification (lig.) stages of the cell wall of the tracheid are pre-
sented by A, B, C, and D in the same manner in Figures 4 and 5.

d

|D, lig. en |

slower than that of CF [endo]. This may explain why the
H-unit is mainly detected as the end group. In opposite
wood, PG is stored in little amount [endo] and can be
assimilated into lignin around the CML region [fluo].
These behavioral differences between the G and H pre-
cursors suggest the possibility of individual mechanisms
regulating the heterogeneous G- and H-unit structures of
lignin. These processes for compression wood are sche-
matically illustrated in Figure 7. In the opposite wood
region, only the G unit (Figure 7) is applicable. In Fig-
ure 7, the heights of storage and assimilation are propor-
tional to the HPLC and thioacidolysis results,
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respectively, and those of the H unit are multiplied by 5;
however, the scale is not quantitative, and this is only a
conceptual diagram.

Thioacidolysis  selectively cleaves B-aryl ether-
linkages. Therefore, the resultant G and H unit-derived
product yields were not the same as their total amount in
lignin. Nevertheless, the end-group ratio, as summarized
in Table 2, was relatively high in the H unit, suggesting
some difference between the G and H units in lignin. Previ-
ous studies on lignin structure have suggested that the
abundance of p-aryl ether-linkages is apparently insensitive
to the increment of H units in softwood compression
woods (Hirayama et al., 2019; Saito & Fukushima, 2005),
although genetic manipulations to increase H lignin units
in transgenic plants generally deplete p-aryl ether-linkages
in the resultant lignin polymers (Bonawitz et al., 2014;
Ralph et al., 2006; Takeda et al., 2018). The high end-group
ratio of H lignin determined in this study might be at least
partially owing to the relatively lower molecular mass of H-
rich lignin than that of typical G/S lignin (Bonawitz
et al., 2014).

Additionally, the H unit was not detected in opposite
wood despite the possibility of PG detection and assimi-
lation. The amount of PG in the differentiating xylem
region of opposite wood was one-fifth of that in com-
pression wood; therefore, the H unit should have been
detectable if the lignin structure (i.e., bonding pattern
frequencies) was same in compression and opposite
woods except for the unit ratio. One possible hypothesis
is that PG is used as a precursor of CF and is not incor-
porated into lignin as an H-unit. The transformation of
administered PG into the G-units of lignin has been pre-
viously reported (Terashima & Fukushima, 1988). A
detailed discussion is necessary considering the specific
transport mechanisms for CF (Tsuyama et al., 2013) and
PG (Tsuyama et al., 2019) and tissue-specific localization
of oxidative enzymes for lignification (Chou et al., 2018;
Hiraide et al.,, 2021; Hoffmann et al., 2020; Shuetz
et al., 2014; Wang et al., 2020).

The condensed-type structures may explain another
hypothesis. A previous study (Fukushima & Terashima,
1991b; Terashima & Fukushima, 1988) has indicated that lig-
nin in the CML is rich in condensed-type linkages compared
to that in lignin of the secondary wall. If PG in opposite wood
was consumed during CML lignification apart from B-aryl
ether-linkages and not synthesized and used as a lignin pre-
cursor after the period, the H unit might not be incorporated
in secondary wall lignin and could not be detected by thioaci-
dolysis. However, excess PG in compression wood, which is
gradually consumed during the lignification period, can be
assimilated into lignin of the secondary wall and detected by
thioacidolysis. Quantitative discussions regarding lignin in
the CML and condensed-type H units are essential for clarify-
ing the remaining topics.

© 2024 The Author(s).
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MATERIAL AND METHODS
Materials

P. thunbergii seedlings (3-year-old) were grown in 30° tilted condi-
tion from February 28, 2017. The inclined P. thunbergii samples
were cut and divided into blocks of compression and opposite
wood and cut further into small blocks (central angle, 7/16 and
axial length, 20 mm) containing bark, cambial zone, and xylem on
July 3, 2017. The small blocks were quickly frozen at —160°C using
liquid Freon 22 (Du Pont de Nemours, Inc., Wilmington, DE, USA)
and stored at —80°C before use. The cultivation conditions, and
resultant compression and opposite woods are shown in
Figure S1. The seedlings were subjected to chemical analyses,
microscopic observations, and imaging mass spectrometry.
Although preliminary experimental data were confirmed using
several individuals, the whole data in this report were from one
individual sample to unite this chemical information with detailed
microscopic observations.

Chemical reagents were purchased from Kishida Chemical
Co., Ltd. (Osaka, Japan), Kanto Chemical Co., Inc. (Tokyo, Japan),
FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan), Tokyo
Chemical Industry Co., Ltd. (Tokyo, Japan), and Merck KGaA
(Darmstadt, Germany). CA, PA, CF, and PG were synthesized as
previously described (Terashima et al., 1996). Dimethylaminocou-
marin (DMAC)-tagged CA and PA were synthesized as previously
described (Tobimatsu et al., 2011, 2013).

HPLC and ion exchange chromatography (IEC) analyses

Frozen samples were cut successively to tangential sections of
50-um thickness from the bark to the xylem using a sliding micro-
tome (REM-710; Yamato Kohki Industrial Co. Ltd., Saitama, Japan)
equipped with a cryo sample stage (MC-802A). Prior to tangential
sectioning, the debarked xylem from each block was cut and
removed (Figure S1). Three sections were packed in a microtube
and extracted using 1 mL water for 30 min at 100°C and 150 min
at 25°C. Here, section number 1 means the sum of three section
and corresponds to 150-um thickness. The extract was filtered, fro-
zen, freeze-dried, and dissolved in 0.1 mL water. Individual sample
sets of three blocks were used for the HPLC and IEC measure-
ments, and the average values and standard deviations were esti-
mated. The residual sections in microtubes were freeze-dried and
weighed to determine the position of the cambial zone containing
the lowest-weight section (Figure S2).

The amounts of CA, PA, CF, and PG were quantified by HPLC.
The measuring condition was as follows: apparatus, two LC-
6ADs/DGU-12A/SIL-20 AC/CBM-20A/CTO-10A/SPD-10A (Shimadzu
corporation, Kyoto, Japan); column, TSK-GEL ODS-100A (4.6 mm
ID x 200 mm L; Tosoh Corporation, Tokyo, Japan); temperature,
40°C; flow rate, 1 mL min~"; eluent, H,O (solvent A) and a metha-
nol to acetonitrile ratio of 6:1 (v/v, solvent B) with gradients of B
10% for 10 min, B 10-20% for 10 min, B 20-60% for 10 min, and
B 60-10% for 15 min.

Monosaccharides and disaccharides were quantified by IEC
with the following measuring condition: apparatus, DIONEX ICS-
3000 (Thermo Fisher Scientific K.K., Tokyo, Japan); column, Car-
boPac PA-1 (2.0 mm ID x 250 mm L); temperature, 30°C; flow
rate, 0.3 mL min~"; eluent, H,0 (solvent A), 100 mM aqueous
sodium hydroxide aqueous solution (solvent B), and 100 mM
NaOH, and 1 M aqueous sodium acetate. (solvent C) with gradi-
ents of B 0.5% and C 0% for 45 min, B 0% and C 100% for 10 min,
B 100% and C 0% for 10 min, and B 0.5% and C 0% for 15 min for
galactose, mannose, and xylose, or gradients of B 50% and C 0%
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for 50 min, B 0% and C 100% for 10 min, B 100% and C 0% 10 for
min, and B 50% and C 0% for 15 min for sucrose, fructose, glu-
cose, and arabinose.

The ttest was conducted using the data analysis add-in tool
in Microsoft 365 Excel (version 2408). Within the selected sections,
the p value was evaluated using the TTEST function with two-
tailed and equal variance.

Cryo-TOF-SIMS/SEM analyses

Frozen samples were fixed in a sample holder by ice embedding.
Clean and flat sample surfaces were prepared using a sliding
microtome in a glove box under a dry N, atmosphere (<—10°C).
The samples were transferred using a cryo-vacuum shuttle system
(Kuroda et al., 2013; Masumi et al., 2014), and secondary ion
images were obtained using cryo-TOF-SIMS. The measuring con-
dition was as follows: apparatus, TRIFT Il spectrometer (ULVAC
PHI Inc., Chigasaki, Japan); primary ion, 22 keV Aus;" at current
5-7 nA; raster size, 300 x 300 pm? (256 x 256 pixels); pulse width,
13 ns (non-bunched for image) or 1.8 ns (bunched for spectrum);
mass range, m/z 0.5-1850; spot size, 1.0 um (non-bunched for
image); degree of vacuum, <10~% Pa; sample temperature, —130
to—120°C; a low energy pulsed electron gun for surface charge
compensation, 30.0 eV; and measurement time, 30 min for each
image. Standard chemicals (10 mM) and KCI (10 mM) were dis-
solved to prepare standard solutions, frozen, and measured using
the procedure same as in the bunched mode. The calibration
curves used were as follows: positive mode; (CH)" 13.0078,
[(Hy0)+HI" 37.0289, [(H,0)4+H]" 73.0500, and [(H,0)1,+H]"
199.1238; negative mode; (OH)~ 17.0027, [(H,0);—H]~ 53.0238,
[(Hy0)4—HI™ 71.0343, and [(H,0),—HI~ 197.1081.

After cryo-TOF-SIMS analysis, the samples were transferred
to cryo-SEM (S-3400N; Hitachi High-Technologies Corporation)
equipped with cryo sample stage C1001 (Gatan, Inc., CA, USA) by
a cryo-vacuum shuttle system, and the same surface region was
observed after an appropriate freeze etching process at —90°C.
The observation conditions were as follows: acceleration voltage,
1.5 kV; temperature, —120°C; and degree of vacuum, <1072 Pa.
Continuous SEM images were obtained using Photoshop CS5
Extended (Adobe Inc., San Jose, CA, USA).

All cryo-TOF-SIMS data were obtained as a raw data file con-
taining a full mass spectrum at every 256 x 256 pixel. The
obtained images were connected using WinCadence v.5.1.2.8
(ULVAC-PHI Incorporation) and MatLab R2019a (The MathWorks,
Inc., Natick, MA, USA) with PLS Toolbox v.8.8.1 (Eigenvector
Research, Inc., Manson, WA, USA) without any ion count normali-
zation. The color scale for the obtained united image was changed
using ImageJ (Rasband, 1997). The National Institutes of Health,
Bethesda, ML, USA). The rotated images and their line profiles
were obtained using ImageJ.

Other microscopic analyses

The samples were divided into small blocks (axial 2 mm x tan-
gential 1 mm x radial 1 mm) and quickly frozen. The frozen
blocks were applied to freeze-substitution in glutaraldehyde-
acetone solution for 3 days at —80°C, 2 days at —30°C, and 1 day
at 4°C, and then stored at room temperature. The block was
embedded in epoxy resin and cut into 2, 1, or 0.25-um thick sec-
tions by a motorized rotary microtome (Microm HM350; Thermo
Fisher Scientific K.K.). The sections of 2-um thickness were stained
with toluidine blue and observed using an optical microscope
(BX50; Olympus Corporation, Tokyo, Japan). The sections of 1-um
thickness were observed using a polarized optical microscope
(BX50). The UV photographs of 0.25-um thick sections were

captured using a UV microspectrophotometer (MPMB800, Carl
Zeiss AG, Germany) at 280 nm wavelength. Continuous images
were prepared using Photoshop CS5 Extended.

Cell wall imaging using fluorescence-tagged MLs and histo-
chemical methods were performed as previously described (Hir-
aide et al., 2021). For imaging with fluorescence-tagged MLs,
serial transverse sections (60-um thickness) were freshly cut from
compression and opposite wood samples (stored at —80°C after
harvest) using a sliding microtome, washed in sodium acetate
buffer (20 mM, pH 5.0), and then treated with 10 uM DMAC-
tagged CA or PA in sodium acetate buffer supplemented with
exogenous H,0, (0.5 mM) for 2 h at room temperature. The
labeled sections were thoroughly washed with ethanol to remove
nonincorporated fluorescence-tagged ML probes. The incorpo-
rated fluorescence tags were visualized using a Leica TCS SPE
confocal laser microscope (CLSM) (Leica Microsystems, Wetzlar,
Germany) with excitation/emission wavelengths at
405/440-480 nm. To obtain the background control sections, heat
treatment at 85°C for 1 h was applied to the sections before they
were subjected to the same labeling treatments and CLSM imag-
ing under the same laser strength and emission gain. Lignin auto-
fluorescence images of nonlabeled control sections were obtained
at excitation/emission wavelengths of 405/415-600 nm. Histo-
chemical imaging using 3,3'-diaminobenzidine (DAB) for detecting
phenol oxidation activity and using phloroglucinol-HCI for detect-
ing deposited lignin was conducted as previously described (Hir-
aide et al., 2016, 2021).

Methylation-thioacidolysis analysis

The current-year xylem of the small sample blocks was cut into
tangential sections to obtain compression and opposite wood
samples for methylation and thioacidolysis reactions. The sections
were pre-extracted with hot water (8 h) and then with acetone
(8 h) in a Soxhlet extractor, cut into 5 x 5-mm? pieces, and per-
methylated with diazomethane in dehydrated dioxane (Lapierre
et al., 1988; Lapierre & Roland, 1988). The methylated and non-
methylated sections were subjected to thioacidolysis (Lapierre
et al., 1985; Nimz, 1974). The approximate sample weight for each
reaction was 2 mg. The resultant lignin-derived monomeric prod-
ucts were silylated and injected into a gas chromatography-mass
spectrometry (GC-MS) column under the following condition:
apparatus, TRACE 1300GC/ITQ 900 (Thermo Fisher Scientific K.K.);
column, Rxi-1 ms (30 m x 0.32 mm I.D., 0.25 um film thickness);
temperature program, 180°C for 1 min, 180-230°C for 25 min,
230-300°C for 4 min 20's, and 300°C for 5 min; column flow,
15.0 mL min~"; carrier gas, He; and injection temperature, 250°C.
Monomeric products were detected and quantified using GC-MS
as previously described (Lapierre et al., 1991; Roland et al., 1992).
Reactions and measurements were performed in triplicates for
each sample.

To determine the response factors, thioacidolysis monomer
products were synthesized as previously reported (Matsushita
et al., 2020; Shimizu et al., 2021), methylated with diazomethane,
and analyzed by GC-MS as described above. The response factors
for the G-unit-derived thioacidolysis degradation products (GT),
methylated GT (GT-OCHs), H-unit-derived thioacidolysis degrada-
tion products (HT), and methylated HT (HT-OCHs) were 0.386,
0.406, 0.414, and 0.494, respectively.

AUTHOR CONTRIBUTIONS

NM, DA, YM, and FK conceived the research. NM, DA, SF
performed TOF-SIMS experiments. YM and HM

© 2024 The Author(s).

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2025), 121, e17209

85UB0| 7 SUOLILLOD BAIERID 3 |qed|dde au3 Aq peueAob 81e Ssolie VO ‘88N JO Sa|nJ oy A%Iq1T8UIUO /8|1 UO (SUORIPUOD-pUe-SWLB) 00" 3] 1M Afe.q 18U UO//STRY) SUORIPUOD PUe SWLB L 8U} 89S *[G202/70/r2] Uo AfelqiTauliuo AB|iIm ‘ueder aueiyooD Aq 6022 T [dYTTTT OT/10p/wo0 8| mAreiq1uljuo//SdNY Woij papeojumoq ‘g ‘G202 ‘XETESIET



synthesized standard materials. NM, DA, MY, HH, and YT
carried out the microscopic observations. HH and YT con-
ducted fluorescence-tag experiments. NM and DA wrote
the manuscript. YM, YT, and FK edited the manuscript. All
authors read and contributed to the manuscript.

ACKNOWLEDGEMENTS

We thank Okumura W. and Akita T. for their help with cryo-TOF-
SIMS/SEM operation, Asai R. and lkeda A. for help with data anal-
ysis macro for MatLab software, Nomura K. and Tamura R. for
supplying standard compounds, and Shimizu K. for helping meth-
ylation experiments. This work was supported by JSPS KAKENHI
Grant Numbers 25252032, JP18H03959, JP20H03044, JP23K26968,
and JP24H00056. HH acknowledges the JSPS Postdoctoral Fellow-
ship (JP17J08050). A part of this study was conducted using the
DASH/FBAS facilities at RISH, Kyoto University.

CONFLICT OF INTEREST
The authors declare that they have no competing interests.
DATA AVAILABILITY STATEMENT

The data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article.

Table S1. Cryo-TOF-SIMS ions for MLs, MLGs, and saccharides.
Figure S1. Cultivation of the compression and opposite woods of
Pinus thunbergii.

Figure S2. Dry weight variation of the serial tangential sections.
Figure S3. Radial distribution of saccharides.

Figure S4. Cryo-TOF-SIMS spectra of MLs.

Figure S5. Cryo-TOF-SIMS spectra of MLGs.

Figure S6. Cryo-TOF-SIMS spectra of saccharides.

Figure S7. Cryo-TOF-SIMS/SEM images of freeze-fixed Pinus thun-
bergii compression wood.

Figure S8. Rotated cryo-TOF-SIMS images.

Figure S9. Optical, polarized optical, and UV microscopy images.
Figure $10. Radial distribution of cryo-TOF-SIMS positive and
negative ions.

Figure S11. Cryo-TOF-SIMS/SEM images of freeze-fixed Pinus
thunbergii opposite wood.

Figure $12. Oxidative enzyme-mediated incorporation of fluores-
cence-tagged monolignols.

REFERENCES

Annesley, T.M. (2003) lon suppression in mass spectrometry. Clinical Chem-
istry, 49, 1041-1044.

Aoki, D., Hanaya, Y., Akita, T., Matsushita, Y., Yoshida, M., Kuroda, K. et al.
(2016) Distribution of coniferin in freeze-fixed stem of Ginkgo biloba L.
by cryo-TOF-SIMS/SEM. Scientific Reports, 6, 31525.

Aoki, D., Matsushita, Y. & Fukushima, K. (2018) Cryo-TOF-SIMS visuali-
sation of water-soluble compounds in plants. In: Jayaprakasha, G.K.
et al. (Eds.) Advances in plant phenolics: from chemistry to human
health. Washington, DC: ACS Symposium Series, American Chemical
Society.

© 2024 The Author(s).

MLG distribution in Pinus compression wood 13 of 15

Aoki, D., Matsushita, Y. & Fukushima, K. (2022) Cryo secondary ion mass
spectrometry for wood component visualisation: a mini review. Holz-
forschung, 76, 145-154.

Aoki, D., Okumura, W., Akita, T., Matsushita, Y., Yoshida, M., Sano, Y. et al.
(2019) Microscopic distribution of syringin in freeze-fixed Syringa vul-
garis stems. Plant Direct, 3, 1-8.

Barros, J., Serk, H., Granlund, I. & Pesquet, E. (2015) The cell biology of lig-
nification in higher plants. Annals of Botany, 115, 1053-1074.

Boerjan, W., Ralph, J. & Baucher, M. (2003) Lignin biosynthesis. Annual
Review of Plant Biology, 54, 519-546.

Bollhoner, B., Prestele, J. & Tuominen, H. (2012) Xylem cell death: emerg-
ing understanding of regulation and function. Journal of Experimental
Botany, 63, 1081-1094.

Bonawitz, N.D., Kim, J.l., Tobimatsu, Y., Ciesielski, P.N., Anderson, N.A.,
Ximenes, E. et al. (2014) Disruption of Mediator rescues the stunted
growth of a lignin-deficient Arabidopsis mutant. Nature, 509, 376-380.

Broadley, M., Brown, P., Cakmak, I., Rengel, Z. & Zhao, F. (2012) Chapter
7.8 Chlorine. In: Marschner, H. (Ed.) Marschner’s mineral nutrition of
higher plants, 3rd edition. Amsterdam: Academic Press, pp. 244-248.

Chou, E.Y., Schuetz, M., Hoffmann, N., Watanabe, Y., Sibout, R. & Samuels,
A.L. (2018) Distribution, mobility, and anchoring of lignin-related oxida-
tive enzymes in Arabidopsis secondary cell walls. Journal of Experimen-
tal Botany, 69, 1849-1859.

Dharmawardhana, D.P., Ellis, B.E. & Carson, J.E. (1995) A B-glucosidase
from lodgepole pine xylem specific for the lignin precursor coniferin.
Plant Physiology, 107, 331-339.

Donaldson, L.A. (2001) Lignification and lignin topochemistry—an ultra-
structural view. Phytochemistry, 57, 8569-873.

Donaldson, L.A., Singh, A.P., Yoshinaga, A. & Takabe, K. (1999) Lignin dis-
tribution in mild compression wood of Pinus radiate. Canadian Journal
of Botany, 77, 41-50.

Eglinton, T.l., Goni, M.A., Boon, J.J., van der Hage, E.R.E., Terashima, N. &
Xie, Y. (2000) Incorporation of "*C-labeled coniferyl alcohol into develop-
ing Ginkgo biloba L. lignin revealed by analytical pyrolysis and CuO oxi-
dation in  combination with isotope ratio monitoring-gas
chromatography-mass spectrometry. Holzforschung, 54, 39-54.

Fergus, B.J., Procter, A.R., Scott, J.A.N. & Goring, D.A.l. (1969) The distribu-
tion of lignin in sprucewood as determined by ultraviolet microscopy.
Wood Science and Technology, 3, 117-138.

Freudenberg, K. & Harkin, J.M. (1963) The glucosides of cambial sap of
spruce. Phytochemistry, 2, 189-193.

Freudenberg, V.K., Reznik, H., Fuchs, W. & Reichert, M. (1955) Untersu-
chung lber die entstehung des lignins und des holzes. Die Naturwissen-
shaften, 42, 29-35.

Fukushima, K., Taguchi, S., Matsui, N. & Yasuda, S. (1996) Heterogeneous
distribution of monolignol glucosides in the stems of Magnolia kobus.
Mokuzai Gakkaishi, 42, 1029-1031.

Fukushima, K., Taguchi, S., Matsui, N. & Yasuda, S. (1997) Distribution and
seasonal changes of monolignol glucosides in Pinus thunbergii. Mokuzai
Gakkaishi, 43, 254-259.

Fukushima, K. & Terashima, N. (1990) Heterogeneity in formation of lignin.
XIll. Formation of p-hydroxyphenyl lignin in various hardwoods visua-
lised by microautoradiography. Journal of Wood Chemistry and Technol-
ogy, 10, 413-433.

Fukushima, K. & Terashima, N. (1991a) Heterogeneity in formation of lignin
XIV. Formation and structure of lignin in differentiating xylem of Ginkgo
biloba. Holzforschung, 45, 87-94.

Fukushima, K. & Terashima, N. (1991b) Heterogeneity in formation of lignin.
Part XV: formation and structure of lignin in compression wood of Pinus
thunbergii studied by microautoradiography. Wood Science and Tech-
nology, 25, 371-381.

Hiraide, H., Tobimatsu, Y., Yoshinaga, A., Lam, P.Y., Kobayashi, M., Mat-
sushita, Y. et al. (2021) Localised laccase activity modulates distribution
of lignin polymers in gymnosperm compression wood. The New Phytol-
ogist, 230, 2186-2199.

Hiraide, H., Yoshida, M., Sato, S. & Yamamoto, H. (2016) In situ detection of
laccase activity and immunolocalisation of a compression-wood-specific
laccase (CoLac1) in differentiating xylem of Chamaecyparis obtusa. Func-
tional Plant Biology, 43, 542-552.

Hirayama, H., Akiyama, T., Kimura, S., Nawawi, D.S., Syafii, W., Yokoyama,
T. et al. (2019) Influence of the p-hydroxyphenyl/guaiacyl ratio on the

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2025), 121, 17209

85UB0| 7 SUOLILLOD BAIERID 3 |qed|dde au3 Aq peueAob 81e Ssolie VO ‘88N JO Sa|nJ oy A%Iq1T8UIUO /8|1 UO (SUORIPUOD-pUe-SWLB) 00" 3] 1M Afe.q 18U UO//STRY) SUORIPUOD PUe SWLB L 8U} 89S *[G202/70/r2] Uo AfelqiTauliuo AB|iIm ‘ueder aueiyooD Aq 6022 T [dYTTTT OT/10p/wo0 8| mAreiq1uljuo//SdNY Woij papeojumoq ‘g ‘G202 ‘XETESIET



14 of 15 Naoki Maeda et al.

biphenyl and -5 contents in compression wood lignins. Holzforschung,
73, 923-935.

Hoffmann, N., Benske, A., Betz, H., Schuetz, M. & Samuels, A.L. (2020) Lac-
cases and peroxidases co-localise in lignified secondary cell walls
throughout stem development. Plant Physiology, 184, 806-822.

Jones, P. & Vogt, T. (2001) Glycosyltransferases in secondary plant metabo-
lism: tranquilisers and stimulant controllers. Planta, 213, 164-174.

Khan, M.-U. & Williams, J.P. (1977) Improved thin-layer chromatographic
method for the separation of major phospholipids and glycolipids from
plant lipid extracts and phosphatidyl glycerol and bis(monoacylglyceryl)
phosphate from animal lipid extracts. Journal of Chromatography. A,
140, 179-185.

Kirkby, E. (2012) Introduction, definition and classification of nutrients. In:
Marschner, H. (Ed.) Marschner’s mineral nutrition of higher plants, Third
edition. Amsterdam: Academic Press, pp. 3-5.

Kurkin, V.A., Grinenko, N.A., Zapesochnaya, G.G., Dubichev, A.G. & Voront-
sov, E.D. (1992) TLC and HPLC analysis of syringin in Syringa vulgaris.
Chemistry of Natural Compounds, 28, 36-39.

Kuroda, K., Fujiwara, T., Imai, T., Takama, R., Saito, K., Matsushita, Y. et al.
(2013) The cryo-TOF-SIMS/SEM system for the analysis of the chemical
distribution in freeze-fixed Cryptomeria japonica wood. Surface and
Interface Analysis, 45, 215-219.

Lanot, A., Hodge, D., Jackson, R.G., George, G.L., Elias, L., Lim, E.-K. et al.
(2006) The glucosyltransferase UGT72E2 is responsible for monolignol
4-0-glucoside production in Arabidopsis thaliana. The Plant Journal, 48,
286-295.

Lapierre, C., Monties, B. & Rolando, C. (1985) Thioacidolysis of lignin: com-
parison with acidolysis. Journal of Wood Chemistry and Technology, 5,
277-292.

Lapierre, C., Monties, B. & Rolando, C. (1988) Thioacidolyses of diazometha-
nemethylated pine compression wood and wheat straw in site lignins.
Holzforschung, 42, 409-411.

Lapierre, C., Pollet, B., Monties, B. & Roland, C. (1991) Thioacidolysis of
spruce lignin: GC-MS analysis of the main dimers recovered after Raney
nickel desulphuration. Holzforschung, 45, 61-68.

Lapierre, C. & Roland, C. (1988) Thioacidolyses of pre-methylated lignin sam-
ples from pine compression and poplar woods. Holzforschung, 42, 1-4.

Le Roy, J., Huss, B., Creach, A., Hawkins, S. & Neutelings, G. (2016) Glyco-
sylation is a major regulator of phenylpropanoid availability and biologi-
cal activity in plants. Frontiers in Plant Science, 7, 735.

Lee, M.-H., Jeon, H.S., Kim, S.H., Chung, J.H., Roppolo, D., Lee, H.-J. et al.
(2019) Lignin-based barrier restricts pathogens to the infection site and
confers resistance in plants. The EMBO Journal, 38, e101948.

Li, M., Welti, R. & Wang, X. (2006) Quantitative profiling of Arabidopsis
polar glycerolipids in response to phosphorus starvation. Roles of phos-
pholipases D{1 and D2 in phosphatidylcholine hydrolysis and digalacto-
syldiacylglycerol accumulation in phosphorus-starved plants. Plant
Physiology, 142, 750-761.

Masumi, T., Matsushita, Y., Aoki, D., Takama, R., Saito, K., Kuroda, K. et al.
(2014) Adsorption behavior of poly(dimethyl-diallylammonium chloride)
on pulp fiber studied by cryo time-of-flight secondary ion mass spec-
trometry and cryo-scanning electron microscopy. Applied Surface Sci-
ence, 289, 155-159.

Matsushita, Y., Yagami, S., Mitsuda, H., Aoki, D. & Fukushima, K. (2020)
Combinations of the aromatic rings in p-1 structure formation of lignin
based on quantitative analysis by thioacidolysis. Journal of Agricultural
and Food Chemistry, 68, 9245-9251.

Meents, M.J., Watanabe, Y. & Samuels, A.L. (2018) The cell biology of sec-
ondary cell wall biosynthesis. Annals of Botany, 121, 1107-1125.

Miyagawa, Y., Tobimatsu, Y., Lam, P.Y., Mizukami, T., Sakurai, S., Kamita-
kahara, H. et al. (2020) Possible mechanisms for the generation of phenyl
glycoside-type lignin-carbohydrate linkages in lignification with mono-
lignol glucosides. The Plant Journal, 104, 156-170.

Morikawa, Y., Yoshinaga, A., Kamitakahara, H., Wada, M. & Takabe, K. (2010)
Cellular distribution of coniferin in differentiating xylem of Chamaecyparis
obtusa as revealed by Raman microscopy. Holzforschung, 64, 61-67.

Nimz, H. (1974) Beech lignin-proposal of constitutional scheme. Ange-
wandte Chemie, International Edition, 13, 313-321.

Okumura, W., Aoki, D., Matsushita, Y., Yoshida, M. & Fukushima, K. (2017)
Distribution of salicifoline in freeze-fixed stems of Magnolia kobus as
observed by cryo-TOF-SIMS. Scientific Reports, 7, 5939.

Onnerud, H. (2003) Lignin structures in normal and compression wood.
Evaluation by thioacidolysis using ethanethiol and methanethiol. Holz-
forschung, 57, 377-384.

Perkins, M., Smith, R.A. & Samuels, L. (2019) The transport of monomers
during lignification in plants: anything goes but how? Current Opinion in
Biotechnology, 56, 69-74.

Ralph, J., Akiyama, T., Kim, H., Lu, F., Schatz, P.F., Marita, J.M. et al. (2006)
Effects of coumarate 3-hydroxylase down-regulation on lignin structure.
The Journal of Biological Chemistry, 281, 8843-8853.

Rasband, W.S. (1997-2014) ImageJ. Bethesda, Maryland, USA: U. S.
National Institutes of Health. http://imagej.nih.gov/ij/

Roland, C., Monties, B. & Lapierre, C. (1992) Thioacidolysis. In: Lin, S.Y. &
Dence, C.W. (Eds.) Methods in lignin chemistry. Berlin: Springer-Verlag,
pp. 334-349.

Saito, K. & Fukushima, K. (2005) Distribution of lignin interunit bonds in the
differentiating xylem of compression and normal woods of Pinus thun-
bergii. Journal of Wood Science, 51, 246-251.

Samuels, A.L., Rensing, K.H., Douglas, C.J., Mansfield, S.D., Dharmaward-
hana, D.P. & Ellis, B.E. (2002) Cellular machinery of wood production: dif-
ferentiation of secondary xylem in Pinus contorta var. latifolia. Planta,
216, 72-82.

Savidge, R.A. (1989) Coniferin, a biochemical indicator of commitment to
tracheid differentiation in conifers. Canadian Journal of Botany, 61,
2663-2668.

Savidge, R.A. & Forster, H. (2001) Coniferyl alcohol metabolism in conifers
—II. Coniferyl alcohol and dihydroconiferyl alcohol biosynthesis. Phyto-
chemistry, 57, 1095-1103.

Shimizu, K., Matsushita, Y., Aoki, D., Mitsuda, H. & Fukushima, K. (2021)
Reactivity of a benzylic lignin-carbohydrate model compound during
enzymatic dehydrogenative polymerisation of coniferyl alcohol. Holz-
forschung, 75, 773-777.

Shuetz, M., Benske, A., Smith, R.A., Watanabe, Y., Tobimatsu, Y., Ralph, J.
et al. (2014) Laccases direct lignification in the discrete secondary cell
wall domains of protoxylem. Plant Physiology, 166, 798-807.

Takabe, K., Fujita, M., Harada, H. & Saiki, H. (1981) Lignification process of
Japanese black pine (Pinus thunbergii parl.) tracheids. Mokuzai Gak-
kaishi, 27, 813-820.

Takeda, Y., Tobimatsu, Y., Karlen, S.D., Koshiba, T., Suzuki, S., Yamamura,
M. et al. (2018) Downregulation of p-COUMAROYL ESTER 3-
HYDROXYLASE in rice leads to altered cell wall structures and improves
biomass saccharification. The Plant Journal, 95, 796-811.

Takenaka, Y., Watanabe, Y., Schuetz, M., Unda, F., Hill, J.L., Phookaew, P.
et al. (2018) Patterned deposition of xylan and lignin is independent from
that of the secondary wall cellulose of Arabidopsis xylem vessels. Plant
Cell, 30, 2663-2676.

Terashima, N., Akiyvama, T., Ralph, S., Evtuguin, D., Pascoal Neto, C., Parkas, J.
et al. (2009) 2D-NMR (HSQC) difference spectra between specifically *C-
enriched and unenriched protolignin of Ginkgo biloba obtained in the solu-
tion state of whole cell wall material. Holzforschung, 63, 379-384.

Terashima, N. & Fukushima, K. (1988) Heterogeneity in formation of lignin
—XI: an autoradiographic study of the heterogeneous formation and
structure of pine lignin. Wood Science and Technology, 22, 259-270.

Terashima, N., Hafrén, J., Westermark, U. & VanderHart, D.L. (2002) Nonde-
structive analysis of lignin structure by NMR spectroscopy of specifically
3C-enriched lignins. Part 1. Solid state study of ginkgo wood. Holz-
forschung, 56, 43-50.

Terashima, N., Ko, C., Matsushita, Y. & Westermark, U. (2016) Monolignol
glucosides as intermediate compounds in lignin biosynthesis. Revisiting
the cell wall lignification and new '*C-tracer experiments with Ginkgo
biloba and Magnolia liliiflora. Holzforschung, 70, 801-810.

Terashima, N., Ralph, S.A. & Landucci, L.L. (1996) New facile syntheses of
monolignol glucosides; p-glucocoumaryl alcohol, coniferin, and syringin.
Holzforschung, 50, 151-155.

Terazawa, M., Okuyama, H. & Miyake, M. (1984) Phenolic compounds in living
tissue of woods. |. Phenolic B-glucosides of 4-hydroxycinnamyl alcohol
derivatives in the cambial sap of woods. Mokuzai Gakkaishi, 30, 322-328.

Timell, T.E. (1986) Compression wood in gymnosperms, Vol. 1. Berlin, Ger-
many: Springer.

Tobimatsu, Y., Davidson, C.L., Grabber, J.H. & Ralph, J. (2011)
Fluorescence-tagged monolignols: synthesis, and application to studying
in vitro lignification. Biomacromolecules, 12, 1752-1761.

© 2024 The Author(s).

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2025), 121, e17209

95U8017 SUOWIWIOD dAITERID 8|aedljdde ay) Aq peuienob ale seoilie O ‘N Jo SajnJ Joj AkeiqiauliuQ /8|1 UO (SUONIPUOD-pUe-SWLR)AL0D A1 Aselgjeul|uo//sdny) SUonIpuoD pue swie | ay)aes *[520z/y0/yz] uo Akeiqiauliu Ao|im ‘Ueder aueiyooD Ad 6022 T [dyTTTT 0T/10p/woo A8 im Akelq1pul|uo//sdny Wwoly pepeojumod ‘g ‘G202 ‘XETESIET


http://imagej.nih.gov/ij/

Tobimatsu, Y. & Schuetz, M. (2019) Lignin polymerisation: how do plants
manage the chemistry so well? Current Opinion in Biotechnology, 56,
75-81.

Tobimatsu, Y., Wagner, A., Donaldson, L., Mitra, P., Niculaes, C., Dima, O.
et al. (2013) Visualisation of plant cell wall lignification using
fluorescence-tagged monolignols. The Plant Journal, 76, 357-366.

Tsuji, Y., Chen, F., Yasuda, S. & Fukushima, K. (2005) Unexpected
behaviour of coniferin in lignin biosynthesis of Ginkgo biloba L.
Planta, 222, 58-69.

Tsuyama, T., Kawai, R., Shitan, N., Matoh, T., Sugiyama, J., Yoshinaga, A.
et al. (2013) Proton-dependent coniferin transport, a common major
transport event in differentiating xylem tissue of woody plants. Plant
Physiology, 162, 918-926.

Tsuyama, T., Matsushita, Y., Fukushima, K., Takabe, K., Yazaki, K. & Kamei,
1. (2019) Proton gradient-dependent transport of p-glucocoumaryl alcohol
in differentiating xylem of woody plants. Scientific Reports, 9, 8900.

Tsuyama, T. & Takabe, K. (2014) Distribution of lignin and lignin precursors
in differentiating xylem of Japanese cypress and poplar. Journal of
Wood Science, 60, 3563-361.

Tsuyama, T. & Takabe, K. (2015) Coniferin B-glucosidase is ionically bound
to cell wall in differentiating xylem or poplar. Journal of Wood Science,
61, 438-444.

Wagner, A., Donaldson, L. & Ralph, J. (2012) Lignification and lignin manip-
ulations in conifers. Advances in Botanical Research, 61, 37-76.

Wang, X., Zhuo, C., Xiao, X., Wang, X., Docampo-Palacios, M.L., Chen, F.
et al. (2020) Substrate specificity of LACCASES facilitates polymerisation
of caffeyl alcohol for C-lignin biosynthesis in the seed coat of Cleome
hassleriana. Plant Cell, 32, 3825-3845.

Wang, Y., Chantreau, M., Sibout, R. & Hawkins, S. (2013) Plant cell wall lignifi-
cation and monolignol metabolism. Frontiers in Plant Science, 4, 1-14.

© 2024 The Author(s).

MLG distribution in Pinus compression wood 15 of 15

Wardrop, A.B. (1957) The phase of lignification in the differentiation of
wood fibers. TAPPI, 40, 225-243.

Weng, J.-K. & Chapple, C. (2010) The origin and evolution of lignin biosyn-
thesis. The New Phytologist, 187, 273-285.

Whetten, R. & Sederoff, R. (1995) Lignin biosynthesis. Plant Cell, 7, 1001-
1013.

Whetten, R.W., MackKay, J.J. & Sederoff, R.R. (1998) Recent advances in
understanding lignin biosynthesis. Annual Review of Plant Physiology
and Plant Molecular Biology, 49, 585-609.

Xie, Y., Robert, D.R. & Terashima, N. (1994) Selective carbon 13 enrichment
of side chain carbons of ginkgo lignin traced by carbon 13 nuclear mag-
netic resonance. Plant Physiology and Biochemistry, 32, 243-249.

Xie, Y., Yasuda, S. & Terashima, N. (1994) Selective carbon 13-enrichment
of side chain carbons of oleander lignin traced by carbon 13 nuclear
magnetic resonance. Mokuzai Gakkaishi, 40, 191-198.

Yamagishi, S., Shigetomi, K., Fujiyasu, S., Aoki, D., Uno, T., Fukushima, K.
et al. (2021) Artifactual lipid coatings on intervessel pit membranes in
dried xylem tissues of some angiosperms. IAWA Journal, 42, 365-383.

Yoshinaga, A., Kamitakahara, H. & Takabe, K. (2015) Distribution of coni-
ferin in differentiating normal and compression woods using MALDI
mass spectrometric imaging coupled with osmium tetroxide vapor treat-
ment. Tree Physiology, 36, 643-652.

Yu, M., Aoki, D., Akita, T., Fujiyasu, S., Takada, S., Matsushita, Y. et al.
(2022) Distribution of lignans and lignan mono/diglucosides within
Ginkgo biloba L. stem. Phytochemistry, 196, 113102.

Zhang, M., Lapierre, C., Nouxman, N.L., Nieuwoudt, M.K., Smith, B.G., Cha-
van, R.R. et al. (2017) Location and characterisation of lignin in tracheid
cell walls radiata pine (Pinus radiata D. Don) compression woods. Plant
Physiology and Biochemistry, 118, 187-198.

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2025), 121, 17209

95U8017 SUOWIWIOD dAITERID 8|aedljdde ay) Aq peuienob ale seoilie O ‘N Jo SajnJ Joj AkeiqiauliuQ /8|1 UO (SUONIPUOD-pUe-SWLR)AL0D A1 Aselgjeul|uo//sdny) SUonIpuoD pue swie | ay)aes *[520z/y0/yz] uo Akeiqiauliu Ao|im ‘Ueder aueiyooD Ad 6022 T [dyTTTT 0T/10p/woo A8 im Akelq1pul|uo//sdny Wwoly pepeojumod ‘g ‘G202 ‘XETESIET



	Outline placeholder
	 SUMMARY
	 INTRODUCTION
	 RESULTS AND DISCUSSION
	 Radial quantitative distribution of MLs, MLGs, and saccharides
	 Secondary ions for cryo-TOF-SIMS visualization of MLGs
	 Cryo-TOF-SIMS imaging of MLGs
	 Visualization of ML incorporation capacity using fluorescence-tagged MLs
	 Monomeric products of thioacidolysis
	 Difference between the G and H units

	 MATERIAL AND METHODS
	 Materials
	 HPLC and ion exchange chromatography (IEC) analyses
	 Cryo-TOF-SIMS/SEM analyses
	 Other microscopic analyses
	 Methylation-thioacidolysis analysis

	 AUTHOR CONTRIBUTIONS
	 ACKNOWLEDGEMENTS
	 CONFLICT OF INTEREST
	 DATA AVAILABILITY STATEMENT
	Supporting Information
	 REFERENCES


