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e Background and Aims Heartwood formation is a unique phenomenon of tree species. Although the accumulation of
heartwood substances is a well-known feature of the process, the accumulation mechanism remains unclear. The aim
of this study was to determine the accumulation process of ferruginol, a predominant heartwood substance of
Cryptomeria japonica, in heartwood-forming xylem.

e Methods The radial accumulation pattern of ferruginol was examined from sapwood and through the intermediate
wood to the heartwood by direct mapping using time-of-flight secondary ion mass spectrometry (TOF-SIMS). The
data were compared with quantitative results obtained from a novel method of gas chromatography analysis using
laser microdissection sampling and with water distribution obtained from cryo-scanning electron microscopy.

e Key Results Ferruginol initially accumulated in the middle of the intermediate wood, in the earlywood near the
annual ring boundary. It accumulated throughout the entire earlywood in the inner intermediate wood, and in both
the earlywood and the latewood in the heartwood. The process of ferruginol accumulation continued for more
than eight annual rings. Ferruginol concentration peaked at the border between the intermediate wood and heartwood,
while the concentration was less in the latewood compared wiht the earlywood in each annual ring. Ferruginol tended
to accumulate around the ray parenchyma cells. In addition, at the border between the intermediate wood and heart-
wood, the accumulation was higher in areas without water than in areas with water.

e Conclusions TOF-SIMS clearly revealed ferruginol distribution at the cellular level. Ferruginol accumulation
begins in the middle of intermediate wood, initially in the earlywood near the annual ring boundary, then throughout
the entire earlywood, and finally across to the whole annual ring in the heartwood. The heterogeneous timing of fer-
ruginol accumulation could be related to the distribution of ray parenchyma cells and/or water in the heartwood-
forming xylem.

Key words: Wood formation, heartwood substances, intermediate wood, earlywood, extractives, ferruginol,
Cryptomeria japonica, parenchyma cell, water, time-of-flight secondary ion mass spectrometry, TOF-SIMS, gas
chromatography, GC, laser microdissection, LMD, cryo-scanning electron microscopy, cryo-SEM.

Received: 11 December 2013 Returned for revision: 10 January 2014 Accepted: 12 February 2014  Published electronically: 20 March 2014

INTRODUCTION

Heartwood formation is a unique phenomenon of tree species.
Heartwood is formed in the centre part of the tree stem, in
which such features as the structure and function differ from
those of sapwood. The formation of heartwood is important
not only for atree’s durability but also for its mechanical strength
when using wood materials (reviewed by Bamber and Fukazawa,
1985; Hillis, 1987; Taylor et al., 2002; Kampe and Magel, 2013).
Various physiological changes occur during heartwood forma-
tion where xylem changes from sapwood to heartwood, includ-
ing water distribution (Nakada et al., 1999a, b; Nakada, 2006;
Merela et al., 2006; Kuroda et al., 2006, 2009), parenchyma
cell death (Nobuchi and Harada, 1983; Spicer and Holbrook,
2007; Nakaba et al., 2008, 2012), cell wall structure
(Matsumura et al., 1995; Sano and Nakada, 1998), chemical
composition (Yoshida et al., 2004, 2006; Bito et al., 2011) and
colour (Gierlinger et al., 2004; Lukmandaru et al., 2009;

Lukmandaru 2011; Moya et al., 2012). Although these features
of heartwood have been widely studied, the mechanism of indu-
cing heartwood formation remains unclear (Kuroda et al., 2009;
Nakada and Fukatsu, 2012; Kampe and Magel, 2013).

The change in chemical composition during heartwood for-
mation is one of the most intensively studied features due to
the importance of its natural durability and the usage of extrac-
tives as pharmaceuticals (Kampe and Magel, 2013). The
so-called heartwood substances greatly increase in heartwood.
Many researchers have tried to clarify where and how tree
species synthesize such substances, and it is now thought that
synthesis occurs in the parenchyma cells in intermediate wood
and then exudes into adjacent xylem cells (Kuroda and
Shimaji, 1983; Nobuchi ef al., 1985; Magel, 2000; Nagasaki
etal.,2002); alternatively, phenolic precursors of the heartwood
substances gradually accumulate in the ageing sapwood tissues
and are transformed in the tissues transient between sapwood
and heartwood (Burtin et al., 1998; Magel, 2000). Although

© The Author 2014. Published by Oxford University Press on behalf of the Annals of Botany Company. All rights reserved.

For Permissions, please email: journals.permissions @oup.com


mailto:kurodak@affrc.go.jp

1030

this is a reasonable theory because living cells exist in sapwood
and intermediate wood but not in heartwood (IAWA, 1964), it
cannot be proved as direct evidence from these studies.

One reason for the difficulty in studying heartwood formation,
particularly heartwood substances, is that heartwood is formed
inside the tree stem. Sample trees need to be cut down for inves-
tigation, thereby causing a physiological change in condition
compared with a standing tree. We applied a sampling procedure
whereby the trunk was harvested after the trunk of a standing tree
had been frozen by liquid nitrogen (LN,) to reveal the water dis-
tribution during heartwood formation (Kuroda ez al., 2009).
Using this method, we could reduce the artefact of moving
water during sample preparations. This method therefore
seems useful for chemical analysis, as the distribution of chemi-
calsinthe sample is freeze-fixed in the standing tree. Another dif-
ficulty arises due to the few methods available to analyse
heartwood substances directly. Microscopic analysis in many
studies used a dye agent to detect chemicals in the tissue, but
the exact site and timing of the start of synthesis could not be
proved. Imai et al. (2005) pointed out that these cytological
studies did not provide definitive proof that the substances inves-
tigated were actually heartwood substances. They therefore
attempt to apply time-of-flight secondary ion mass spectrometry
(TOF-SIMS) to investigate heartwood substances in the xylem.

The TOF-SIMS method is a powerful tool to reveal chemical
distribution features on the surfaces of solid samples with high
spatial resolution (approx. 0-5 wm) without any chemical pre-
treatment. Recently, TOF-SIMS was applied to plant samples
to analyse either inorganic ions or molecular ions (Imai et al.,
2005; Kuroda et al., 2008; Saito et al., 2008, 2012; Tokareva
et al., 2010, 2011). The key feature of TOF-SIMS is that it can
reveal the existence of a chemical itself by mass spectrometry
of the sample. Imai et al. (2005) revealed that two positive ion
peaks of the mass-to-charge ratio (m/z) of 285 and 301 generated
from the heartwood of Cryptomeria japonica originated from
ferruginol, a heartwood substance, and that the ferruginol distri-
bution was almost even in C. japonica heartwood tissue.
However, where the ferruginol accumulation starts and how it
spreads into heartwood remains to be determined.

The final goal of our study is to clarify the mechanism of the syn-
thesis of heartwood substances. We used C. japonica, whichis one
of the most useful plantation tree species in Japan, and various fea-
tures of heartwood were studied (e.g. Nobuchi and Harada, 1983;
Nakada et al., 1999). In addition, many types of chemicals were
found as heartwood substances (e.g. Nobuchi er al, 1985;
Nagahama and Tazaki, 1993), indicating that C. japonica is ad-
vantageous as a material to study heartwood formation. In this
study, we tried to reveal the accumulation pattern of ferruginol
in the heartwood-forming C. japonica xylem at the cellular level
by direct mapping using TOF-SIMS and quantitative data using
gas chromatography (GC). Based on the results, we discuss the
synthesis and migration of heartwood substances in detail together
with the mechanism of heartwood formation.

MATERIALS AND METHODS
Plant material

A tree of Cryptomeria japonica D.Don approx. 30 years of age
growing on the campus of the Forestry and Forest Products
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Research Institute (FFPRI; Tsukuba, Ibaraki, Japan) was used in
this study. It was 9 m high, with a diameter at breast height of
15 cm, and had blackish-coloured heartwood with a high water
content. The sample was collected in the morning in May 2006.
A water-tight receptacle was attached to the sample tree at breast
height. The receptacle was filled with LN,, the trunk was
allowed to freeze for approx. 20 min and then the tree was
felled. Several discs 1 cm thick were cut from the frozen trunk,
immediately immersed in LN,, and then stored in a deep freeze
(at —80 °C) (Kuroda er al., 2009).

In this study, the sapwood, intermediate wood and heartwood
were distinguished by colour, where intermediate wood was
defined as a zone with an easily distinguishable white colour in
the frozen state, existing inside the sapwood (Nakada et al.
1999q). In the analysis area of our sample, the sapwood, inter-
mediate wood and heartwood had seven, eight and 11 annual
rings, respectively.

TOF-SIMS analysis

The frozen sample was cut into small blocks in the LN, pool
(final size was approx. 5 x 5 x 5 mm). The transverse surface
of the blocks was smoothly cut by using a cryostat at —30 °C
(Kuroda et al., 2009). The blocks were freeze-dried with a
freeze dryer (FD-1000, Tokyo Rikakikai, Tokyo, Japan) and
then subjected to TOF-SIMS.

The TOF-SIMS measurements were performed using a
TRIFT I spectrometer (ULVAC-PHI, Kanagawa, Japan).
Positive spectra were obtained using a 22 keV Auj gold ion at a
current of 0-6 pA, with a pulse width of 15 ns. A low-energy
pulsed electron gun (28-0 eV) was used for surface charge com-
pensation. All measurements were acquired while maintaining
the primary ion dose at <10'? ions/cm?. The measured surface
areas were 300 x 300 wm? or 500 x 500 wm?. The relative ion
intensities of the expected mass were obtained as the percentages
of the total ion counts.

GC analysis with laser microdissection (LMD) sampling

Serial transverse sections approx. 80 wm thick were prepared
from a frozen block sample and freeze-dried. Using an LMD
system (LMD6000, Leica Microsystem, Tokyo, Japan), the
xylem areas of the latewood and earlywood in each annual ring
were cut out and then individually placed into plastic tubes.
Samples of >0-1 mg each were collected from several serial sec-
tions. These samples were weighed, and then extracted with
n-hexane. The solution was subjected to GC analysis. GC was per-
formed using amodel GC-2010 equipped with an FID (Shimadzu,
Tokyo, Japan). The column used was InertCap 1 (ID x L =
0-25 mm x 30 m, film thickness 0-25 pm, GL Sciences, Tokyo,
Japan). The column temperature was programmed from 100 to
280 °C at a heating rate of 5 °C/min. The quantity of compounds
was determined by integrating the peak area of spectrograms
using a calibration curve prepared with standard ferruginol.

Statistical analysis

Statistical analyses were performed with freeware ‘R’ version
2-1-12 with the base package (R Development Core Team,
R Foundation for Statistical Computing, Vienna, Austria;
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http:/www.R-project.org). Welch two-sample 7-test was used to
compare mean levels of the ferruginol concentration between
earlywood and latewood, and of the relative ion intensities
between the area with and without water.

Cryo-scanning electron microscopy (cryo-SEM)

The water distribution was observed in several small blocks
before TOF-SIMS analysis. A frozen sample with a smooth
transverse surface was attached to the specimen holder and trans-
ferred to a cryo-SEM system (S4500; Hitachi, Tokyo, Japan).
Secondary electron images were obtained at an acceleration
voltage of 5 kV after freeze-etching (Kuroda et al., 2009). The
observed samples were freeze-dried and then subjected to
TOF-SIMS.

RESULTS
Typical TOF-SIMS spectrum of C. japonica xylem

Figure 1 shows the typical positive ion spectra obtained from the
earlywood of the heartwood and sapwood of C. japonica xylem.
Two clear peaks of m/z 285 and 301 were detected in the heart-
wood, but not in the sapwood. These two peaks were known
to be generated from ferruginol (C,0H30O, mol. wt 286) in
C. japonica heartwood (Imai et al., 2005; Kuroda et al., 2008).
The intensity of m/z 285 always exceeded that of m/z 301.
Thus, herein, we used m/z 285 to analyse ferruginol distribution
in the heartwood-forming C. japonica xylem.
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Mapping of ferruginol

To analyse the distribution pattern of ferruginol in the
heartwood-forming C. japonica xylem, mapping data of m/z
285 were obtained from the sapwood to the heartwood.
Figure 2 shows typical TOF-SIMS images of C. japonica
xylem. Ferruginol is absent or at low concentrations in black
areas, present at mid-concentrations in red areas and is at the
highest concentrations in yellow/white areas. The image of the
total ion, which is the sum of all ion intensities at each pixel,
showed the cell structure like a microscopic image. Each
image in Fig. 2 included the earlywood and latewood of the pre-
vious year with an annual ring boundary. The distribution of m/z
285 differed among the xylem parts. It was hard to produce the
image of m/z 285 over the entire area of sapwood and outer inter-
mediate wood due to the lack of ion detection except for back-
ground counts (Fig. 2A). In the inner intermediate wood, m/z
285 was clearly detected in the earlywood area but not in the late-
wood area (Fig 2B). Elsewhere in the inner heartwood area, m/z
285 was detected in both the latewood and earlywood areas, and
evenly distributed in the earlywood (Fig. 2C).

Figure 3 shows the ferruginol distribution from intermediate
wood to outer heartwood. Twenty-eight images were obtained
and arranged in a contiguous picture. Among them, the two
parts marked with asterisks in Fig. 3 were separated due to the
use of two block samples or charging-up during analysis.
However, we could obtain mapping data at almost the same
radial position, and made a figure almost contiguously.
The images of total ion showed a clear structure of nine
(Fig. 3A-I) annual rings with eight annual ring boundaries.
Note that m/z 285 was not detected in either the latewood
or earlywood in the outer intermediate wood (Fig. 3A). In the
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F1G. 1. Typical positive TOF-SIMS spectra of C. japonicaxylem. The spectra were obtained from the earlywood areas of heartwood (A) and sapwood (B). Two peaks
of m/z285 and 301 generated from ferruginol were detected in the heartwood but not in the sapwood. Note that the chemical structure of ferruginol is indicated in (A).
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FiG. 2. Typical positive TOF-SIMS images of total ion and m/z 285 in

C. japonica xylem. Total ion (left) representing the xylem structure and m/z

285 (right) representing ferruginol localization were obtained from sapwood

(A), intermediate wood (B) and heartwood (C). Maximum counts are shown in
parentheses. Scale bars = 100 wm.

intermediate wood, m/z 285 was detected in the earlywood near
the annual ring boundary with the previous year (Fig. 3B), in the
inner part of the earlywood (Fig. 3C, D) or in the entire early-
wood (Fig. 3E, F). Moreover, m/z 285 was detected in both the
earlywood and latewood areas in the heartwood (Fig. 3G-1I).

Relative ion intensity of ferruginol

To reveal the radial change in ferruginol distribution, the rela-
tive ion intensity of m/z 285 to the total ion counts was calculated
from the intermediate wood to the outer heartwood (Fig. 4). The
relative ion intensity of m/z 285 increased from middle inter-
mediate wood to inner intermediate wood, while the relative
ion intensity peaked at the border of intermediate wood and
heartwood. In each annual ring, the intensity of m/z 285 was
high in the earlywood area but low in the latewood area, both
in the intermediate wood and in the outer heartwood.

Quantitative analysis of ferruginol

Gas chromatography was used to analyse the ferruginol distri-
bution in intermediate wood and heartwood using LMD sampling
in order to reveal the ferruginol distribution quantitatively (Fig. 5).
In the outer intermediate wood, no ferruginol was detected in
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either the latewood or earlywood. In the innermost intermediate
wood and heartwood, the amount of ferruginol in the earlywood
exceeded that in the latewood in each annual ring. In the early-
wood, the concentration of ferruginol was higher in the outermost
heartwood than that in the inner part or intermediate wood.

Region of interest (ROI) data of ferruginol accumulation as
compared with water distribution

During heartwood formation, a change in water distribution is
one of the typical features. Accordingly, we tried to compare
ferruginol and water distribution at the border between the inter-
mediate wood and heartwood. Areas with or without water in the
tracheids were selected, whereupon the relative ion intensities of
m/z 285 were calculated separately. The relative ion intensity of
m/z 285 in areas with and without water in the tracheids was
2-43 + 0-43 and 3-42 + 0-76, respectively (Fig. 6).

DISCUSSION

In this study, we attempted to reveal the accumulation pattern of
ferruginol in heartwood-forming C. japonica xylem in order to
understand the mechanism of heartwood formation. TOF-SIMS
analysis clearly revealed ferruginol distribution in the xylem at
the cellular level. Ferruginol was not detected in the sapwood
and outer intermediate wood (Figs. 1B, 2A and 3A). Ferruginol
accumulation was first observed in the middle of the intermediate
wood, where it only accumulated in the earlywood near the annual
ring boundary with the previous year (Fig. 3B). From the middle to
the inner part of the intermediate wood, ferruginol accumulated in
the outer part of the earlywood (Fig. 3C—F). In the heartwood, fer-
ruginol accumulated in the latewood area (Fig. 3G—1I). In the inner
heartwood, ferruginol accumulated almost evenly (Fig. 2C), and
thus showed no discrepancy from the result obtained by Imai
et al. (2005). Accordingly, ferruginol might accumulate evenly
at the final accumulation stage in heartwood formation. We
found the same tendency for the accumulation pattern of ferrugi-
nol in three other C. japonica trees (data not shown).

In the annual ring shown in Fig. 31, ferruginol accumulated
heterogeneously, suggesting that this annual ring had not
reached the final accumulation stage. Therefore, there were
more than eight annual rings from the initial to the final accumu-
lation stage, indicating that the accumulation of ferruginol takes
several years. Due to the extended ferruginol accumulation
period, we hypothesize two possibilities: (1) ferruginol synthesis
occurs over several years in intermediate wood and heartwood;
or (2) ferruginol once synthesized moves slowly to the outer
part of the earlywood. In response to hypothesis (1), itis difficult
to believe that ferruginol synthesis occurs in heartwood, since
heartwood lacks living cells (IAWA, 1964). However, it is pos-
sible that ferruginol synthesis occurs over several years in inter-
mediate wood, because the area of intermediate wood of
C. japonica includes several annual rings, meaning that the dur-
ation of synthesis could be several years. Thus, such a duration
may result in the extended ferruginol accumulation period.
Regarding hypothesis (2), chemicals dissolved in water can
move as rapidly as water itself. Ferruginol, however, is hydro-
phobic and insoluble in water. Although no information exists
on the form of chemicals in living trees, ferruginol might exist
independently of water, suggesting that ferruginol moves
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Fi1G. 3. TOF-SIMS images from intermediate wood to heartwood of C. japonica xylem. Numbers 1 —28 represent the order of the images. The annual rings are labelled
(A-I), intermediate wood (A—F) and heartwood (G—I). The arrowheads represent annual ring boundaries. The arrows represent the ray parenchyma cells. The two
parts marked with asterisks (¥, **) were obtained at almost the same radial position. Scale bars = 100 pwm.
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F1G. 5. Concentration of ferruginol in the intermediate wood and heartwood in

C. japonica xylem as measured by GC analysis using laser microdissection

(LMD) sampling. LW, latewood; EW, earlywood; IW1 and IW2, intermediate

wood; HW1 and HW2, heartwood. The data are mean values + s.d. of the

results from at least three replicates. Asterisks indicate significantly different
means between LW and EW (P < 0-05).

slowly. Thus, ferruginol accumulation could continue for a long
period, even if the synthesis occurs over a short period. Currently,
these hypotheses are all plausible.

Parenchyma cells in the intermediate wood are believed to be
the site of synthesis of heartwood substances in C. japonica
(Nobuchi and Harada, 1983). Nagasaki et al. (2002) showed
direct evidence via immunohistochemistry that agatharesinol, a
heartwood substance of C. japonica, was synthesized in the ray
parenchyma cells in intermediate wood and then migrated to
the neighbouring tracheids. By carefully observing our
TOF-SIMS data, it could be seen that ferruginol tended to accu-
mulate in the ray parenchyma cells and their neighbouring trac-
heids (arrows in Fig. 3). This result supports the fact that
heartwood substances are biosynthesized in ray parenchyma

3:42+£0-76

Fic. 6. Relationship between ferruginol and water distribution at the border of

intermediate wood and heartwood of C. japonica xylem. The figure shows an

example of an ROI on a cryo-SEM micrograph. The relative ion intensities of

m/z 285 were calculated from the ROI of areas with (blue) and without (red)

water in the lumina of tracheids. The data are mean values =+ s.d. of the results
from six areas (P < 0-05).

cells and infused into neighbouring tracheids, indicating that
the presence of ray parenchyma cells affects the heterogeneous
accumulation of ferruginol.

Moreover, our results from TOF-SIMS indicated that less fer-
ruginol was present in the latewood as compared with the early-
wood in the same annual ring (Figs 3 and 4). The quantitative
results confirmed the results from the TOF-SIMS data. The
method of GC analysis using LMD sampling is effective for
quantitative chemical analysis at the cellular or tissue level.
These results suggest that the timing of ferruginol accumulation
differed between the earlywood and latewood. Our previous
finding indicated different water distribution patterns in inter-
mediate wood between the earlywood and latewood (Kuroda
et al., 2009). The tracheids in the earlywood lost water from
their lumina, while tracheids in the latewood retained water in
the intermediate wood. In this study, we compared ferruginol
accumulation with water distribution, and revealed that ferrugi-
nol accumulation increased in areas without water as compared
with areas with water. These data suggest that less accumulation
of ferruginol in the latewood is related to water in the latewood
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area. Ohashi er al. (1990, 1991) revealed that a decrease in mois-
ture content induced ferruginol accumulation in sapwood during
the withering process, supporting our inference about the rela-
tionship of water to ferruginol accumulation. However, the ear-
lywood tracheids in the inner heartwood of this sample had
water in their lumina, where ferruginol accumulation was even
in an annual ring. The effect of water on ferruginol accumulation
might differ between heartwood-forming xylem and the heart-
wood. Further studies are needed to reveal whether water is
involved in ferruginol accumulation.

In this study, we found an interesting accumulation pattern of
ferruginol in intermediate wood and heartwood. The accumula-
tion pattern of certain heartwood substances may show the same
tendency as that of ferruginol, but that of others may differ, e.g.
agatharesinol in C. japonica not being distributed throughout the
entire area of an annual ring but only in the ray parenchyma cells
and neighbouring tracheids (Nagasaki et al., 2002). Also, the
type of intermediate wood differs among tree species, such as
the narrow width of intermediate wood in Larix kaempferi at
less than one annual ring (Nakada and Fukatsu, 2012). To under-
stand the accumulation pattern of heartwood substances, the
exact site and timing of synthesis, and how these substances
migrate should be carefully investigated in each chemical com-
pound in each tree species.

Conclusions

In this study, we investigated the accumulation pattern of fer-
ruginol in heartwood-forming C. japonica xylem in order to
understand the accumulation process of heartwood substances.
TOF-SIMS clearly revealed ferruginol distribution at the cellular
level. Ferruginol accumulation begins in the middle of the inter-
mediate wood, in the earlywood near the annual ring boundary.
Further into the intermediate wood, ferruginol accumulates
throughout the earlywood, and finally to the whole annual ring,
including the latewood, in heartwood. This accumulation
process takes several years due to factors whereby (1) ferruginol
synthesis may occur for several years in intermediate wood and
(2) synthesized ferruginol moves slowly. Also, the timing of
ferruginol accumulation could be related to the distribution of
ray parenchyma cells and water in the heartwood-forming
xylem.
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