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Abstract As one of the major components of plant cell
walls, lignin structural features are closely related with
taxonomical and genetic classification of plants. In this
study, the structural features of lignin of Abies beshanzuen-
sis were investigated. Abies firma, which is genetically the
closest species to A. beshanzuensis, Cryptomeria japonica,
a typical gymnosperm tree species, and Phyllostachys pube-
scens (bamboo), which includes p-hydroxyphenyl nuclei
in arylglycerol-B-aryl intermonomer linkages, were also
analyzed to compare lignin features with those of A. beshan-
zuensis. The lignin content of A. beshanzuensis (39.2%) was
significantly higher than that of A. firma (33.7%). The high
value may be due to the adaptation of A. beshanzuensis to
environmental stresses in surviving the Riss glacial period.
Alkaline nitrobenzene oxidation, ozonation, acidolysis, and
'"H nuclear magnetic resonance spectra showed that the
structural features of lignin of A. beshanzuensis were similar
to those of A. firma, which is genetically the closest species
of A. beshanzuensis. The results of this study suggest
that A. firma would be a suitable mother tree species for
grafting A. beshanzuensis on the basis of their lignin
characteristics.
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Introduction

Lignin is a major structural component of secondary plant
cell walls and is closely related to the evolution of plants.
Chemical analyses (alkaline nitrobenzene oxidation,
potassium permanganate oxidation, hydrogenolysis,acidoly-
sis, thioacidolysis, etc.) and spectroscopic analyses [ultravio-
let (UV), infrared, nuclear magnetic resonance (NMR),
etc.] have shown that pteridophyte and gymnosperm lignin
is an aromatic polymer in which the monomeric guaiacyl
propane units are the main components (>90% ). Angiosperm
lignin is composed of syringyl (S) and guaiacyl propane (G)
units, and the S/G ratio varies with species from 1 to 4. Be-
sides syringyl and guaiacyl propane units, Monocotyledon
lignin contains small amounts of p-hydroxyphenylpropane
units in addition to syringyl and guaiacyl propane units. In
monocotyledon lignin p-coumaric acid is esterified to the
side chains of the lignin polymer.'

Research on Abies concolor} Abies fraseri, Abies
balsamea,® Abies sibirica’ and Abies sachalinensis® has
indicated that lignin of Abies genus is characterized by the
presence p-hydroxyphenyl nuclei, and the yield of p-
hydroxybenzaldehyde by alkaline nitrobenzene oxidation is
similar to that for monocotyledon lignin. However, whether
the p-hydroxyphenyl nuclei are involved in arylglycerol-§-
aryl ether intermonomer linkages or are esterified to lignin
macromolecules has not been sufficiently confirmed.

Abies beshanzuensis, a geographically and morphologi-
cally distinctive tree species in China, has grown thickly in
the middle to south coastal mountainous areas of Zhejiang,
Jiangsu, Anhui, and Fujian Provinces in China during the
Riss (contemporaneous with Illinoian or Saale periods:
125-200 thousand years ago) glacial period.” However, the
population of Abies beshanzuensis reduced drastically due
to climate change, natural disaster, and human activities
after the last (the Wiirm or Wisconsin periods: 15-70 thou-
sand years ago) glacial period. A. beshanzuensis was redis-
covered at about 1700m elevation on Baishanzu Mountain
in Qingyuan, Zhejiang Province, China, in 1963, and at that
time there were only seven individual trees. It was reduced
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to three individuals in 1988. In 1987, A. beshanzuensis was
listed as one of 12 critically endangered plant species in the
world by the Species Survival Commission (SSC) of Inter-
national Union for Conservation of Nature and Natural
Resources (IUCN).®

Research on phylogeny and divergence times of Pina-
ceae confirmed that A. firma is genetically the closest species
of A. beshanzuensis.” A significant rejuvenation effect has
been found after grafting A. beshanzuensis by using A.
firma as a stock tree. The aim of this study was to clarify
the rejuvenation phenomenon by lignin structure analyses.
In this study, the lignin structural features of A. beshan-
zuensis were investigated. The lignin structural features
of A. firma, the closest species of A. beshanzuensis;
Cryptomeria japonica, a typical gymnosperm tree species;
and Phyllostachys pubescens (bamboo), which contains p-
hydroxyphenyl units in arylglycerol-fB-aryl intermonomer
linkages, were also analyzed to compare lignin characteristics
with A. beshanzuensis.

Materials and methods

Materials

Branches of Abies beshanzuensis were collected at Bais-
hanzu Mountain (27.7° N, 117.8° E) in Qingyuan, southwest
Zhejiang Province, China. Branches of A. firma of similar
size to that of A. beshanzuensis were collected at the
University Forest of the University of Tokyo in Chichibu
(36.0° N, 139.5° E). Trunks of Cryptomeria japonica and
Phyllostachys pubescens were collected at the Chiba Forest
(35.4° N, 140.1° E) and the Tanashi Experimental Station
(35.7° N 137.7° E) of the University of Tokyo, respectively.
The samples of each species were freeze-dried and ground
in a Wiley mill to pass a 420-um sieve. The ground meal was
extracted with ethanol-benzene (1:2, v/v) under reflux for
6h with a Soxhlet apparatus. Finer wood meals were
prepared from the extracted wood meal using a vibratory
ball mill (Retsch type MM200) for 15 min with vibration of
30Hz, and then were subjected to alkaline nitrobenzene
oxidation, ozonation, and acidolysis analysis.

Preparation of Bjorkman lignin

The extracted meal was ground finely with a vibratory ball
mill VS-2 (Irie Shokai, Tokyo, Japan) for 72h with cooling
provided by flowing tap water. Dispersing solvent was not
used during milling."” Bjérkman lignin was extracted from
the finely ground sample with dioxane-water (9:1, v/v) and
purified according to the procedure of Bjorkman."

Chemical analyses of lignin

Lignin content of the extracted meal was determined with
the Klason procedure according to Tappi Standard T222

om-98. Acid-soluble lignin content was determined by mea-
suring the UV absorption at 205nm using an extinction
coefficient of 1101g™"-cm™ of H,SO, hydrolysate."

Aromatic composition of lignin in the extracted fine
meal and Bjorkman lignin was analyzed with an alkaline
nitrobenzene oxidation.” The reaction products were
separated and quantified with gas chromatography after
being trimethylsilylated with N,O-bis(trimethylsilyl)acetam
ide using a Shimadzu GC-17A gas chromatograph with an
NBI1 capillary column (25m x 0.25mm i.d.) equipped with
a flame ionization detector (FID). Both injector and detec-
tor temperatures were 280°C. The column temperature was
kept at 150°C for 10min, and then programmed to rise at
5°C/min to 250°C. Ethyl vanillin was used as an internal
standard.

Ozonation analysis was carried out according to the pro-
cedure of Akiyama et al." for the extracted fine meal and
Bjorkman lignin. The ozonation products, erythronic and
threonic acids, were analyzed by a Shimadzu GC-17A gas
chromatograph using an NB1 capillary column (25m X
0.25mm i.d.) equipped with a FID. Both injector and detec-
tor temperatures were 280°C. The column temperature was
kept at 120°C for 5min, and then programmed to rise at
4°C/min to 170°C and then by 10°C/min to 280°C.

Acidolysis of the extracted fine meals and Bjorkman
lignin was performed according to the procedure of
Lapierre et al.” Acidolysis products were identified as tri-
methylsilyl derivatives using N,O-bis(trimethylsilyl)acetam
ide by gas chromatography-mass spectrometry (GC-MS)
(Shimadzu GC-17A coupled with a Shimadzu QP-5000
mass spectrometer). The NB1 capillary column (25m x
0.25mm 1i.d.) was used. The injector temperature was
250°C. The column temperature was kept at 150°C for
10min, and then programmed to rise at 5°C/min to 250°C.
In addition, the reaction products were quantified by gas
chromatography as trimethylsilyl derivatives using a Shi-
madzu GC-17A gas chromatograph with NB1 capillary
column (25m x 0.25mm i.d.) equipped with a FID. Both
injector and detector temperatures were 280°C. The column
temperature was kept at 150°C for 10min, and then pro-
grammed to rise at 5°C/min to 250°C. Ethyl vanillin was
used as internal standard.

The vyields of alkaline nitrobenzene oxidation and
ozonation were calculated on the basis of the monomeric
phenylpropane unit of lignin, for which the average
molecular weight is 200, in units of millimoles per 200g of
lignin [mmol-(200g lignin)™']. All chemical analyses were
replicated three times, and average values are presented in
this article.

Spectroscopic analyses

The Bjorkman lignin (around 100mg) was acetylated with
15ml of acetic anhydride with 0.1 ml of pyridine as a catalyst
at room temperature overnight with stirring. The acetylated
sample was dissolved in chloroform-d and the 'H NMR
spectrum was recorded using a Jeol JNM-A 500 spectrom-
eter (Jeol, Japan).



Results and discussion

The total lignin content of Abies beshanzuensis and Abies
firma was 39.2% and 33.7%, respectively (Table 1). The
value for A. beshanzuensis was higher than those of
gymnosperms, which range from 25% to 35%.'*" Lignins
synthesized under stress usually have different chemical
compositions from those synthesized under normal
secondary growth conditions. The concentration of phenyl-
propane units of the p-hydroxyphenyl type in Douglas fir
compression wood lignin was almost three times that in
normal wood lignin." Lignin content of A. beshanzuensis
(39.2%) was significantly higher than that of A. firma
(33.7%). The high value may be due to the adaptation of
A. beshanzuensis to environmental stresses in surviving
from the Riss glacial period.

By alkaline nitrobenzene oxidation, A. beshanzuensis
lignin gave 244.5mmol-(200g lignin)" of vanillin and
15.1mmol-(200g lignin)™" of p-hydroxybenzaldehyde. The
values for A. firma were similar to those of A. beshanzuensis
(Table 1). The ratio of p-hydroxybenzaldehyde to total
yield of alkaline nitrobenzene oxidation products was 5.7
and 7.5 for A. beshanzuensis and A. firma, respectively. A
trace of syringaldehyde was also identified among the
oxidation products. The alkaline nitrobenzene oxidation
products obtained from Bjorkman lignin of A. beshanzuen-
sis and A. firma were comparable with those obtained from
the extracted fine meals (Table 2). The total yield of alka-
line nitrobenzene oxidation products of extracted meal and
Bjorkman lignin of A. beshanzuensis and A. firma showed
typical gymnosperm wood lignin characteristics. The total
yield of aromatic aldehydes in the alkaline nitrobenzene
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oxidation products serves as an index of the presence of
uncondensed units in lignin. The lower yield of total alkaline
nitrobenzene oxidation products of A. beshanzuensis and
A. firma indicates the high level of condensed units
when compared with Phyllostachys pubescens (bamboo)
(Table 2).

The yields of p-hydroxybenzaldehyde obtained from
extracted fine meal of A. beshanzuensis and A. firma were
similar to those obtained from Bjoérkman lignin (Tables 1
and 2). Alkaline nitrobenzene oxidation analysis on Abies
concolor? Abies fraseri,’ Abies balsamea,* Abies sibirica,’
and Abies sachalinensis® also showed the existence of p-
hydroxybenzaldehyde. The ratio of p-hydroxybenzaldehyde
to total yield of alkaline nitrobenzene oxidation products of
Bjorkman lignin was 5.6, 7.1, and 7.0 for A. beshanzuensis,
A. firma, and P. pubescens (bamboo), respectively (Table
2). In bamboo lignin, 5% to 10% of the lignin is esterified
to p-coumaric acid through lignin side chains and about two
thirds of the p-hydroxybenzaldehyde yielded by alkaline
nitrobenzene oxidation is derived from the esterified p-
coumaric acid of the lignin."

The presence of arylglycerol-S-aryl ether intermonomer
linkage is essential to distinguish lignin from other polyphe-
nols.” The yields of acidolysis products from lignin are
usually lower than those of alkaline nitrobenzene oxidation
products. However, the advantage of acidolysis over
nitrobenzene oxidation is that acidolysis can give C,-C;
monomeric structures, which are specifically produced from
arylglycerol-f-aryl ether intermonomer linkages in lignin.
Namely, if p-hydroxyphenyl propanones (H lignin) are
produced from a sample by acidolysis, it is safe to con-
clude that p-hydroxyphenyl nuclei are incorporated in
the lignin macromolecule. The acidolysis products of the

Table 1. Klason lignin contents and yields of alkaline nitrobenzene oxidation and ozonation products from Abies beshanzuensis and

Abies firma
Species Lignin content Alkaline nitrobenzene oxidation Ozonation products
(% of extract-free [mmol-(200g lignin)™] [mmol-(200g lignin)™]
sample)
KR ASL Total H HA V VA S SA Total H/Total' (%) E T Total E/T°
A. beshanzuensis 38.8 0.4 392 151 1.8 2445 103 Trace Trace 2649 5.7 775 678 1452 1.14
A. firma 333 04 337 211 24 2461 110 Trace Trace 2806 7.5 851 751 1602 1.13

KR, Klason residue; ASL, acid-soluble lignin; H, p-hydroxybenzaldehyde; HA, p-hydroxybenzoic acid; V, vanillin; VA, vanillic acid; S, syrin-

galdehyde; SA, syringic acid; E, erythronic acid; T, threonic acid

*Molar ratio of p-hydroxybenzaldehyde to total yield of alkaline nitrobenzene oxidation products

"Molar ratio of erythronic acid to threonic acid of ozonation products

Table 2. Alkaline nitrobenzene oxidation products from Bjorkman lignin of A. beshanzuensis, A. firma, and Phyllostachys pubescens

Species Alkaline nitrobenzene oxidation products [mmol-(200g lignin)™'] H/Total® (%) H,oo/Hy
H HA \% VA S SA Total

A. beshanzuensis 14.7 1.7 232.9 14.1 Trace Trace 263.5 5.6 0.18

A. firma 18.5 21 2242 15.3 Trace Trace 260.1 7.1 0.19

P. pubescens 22.8 1.4 112.3 5.3 169.7 13.6 325.1 7.0 0.12

*Molar ratio of p-hydroxybenzaldehyde to total yield of alkaline nitrobenzene oxidation products
"Ratio of p-hydroxyphenyl propanones in acidolysis products to p-hydroxybenzaldehydes in alkaline nitrobenzene oxidation products



84

Bjorkman lignins were identified by GC-MS as trimethy-
Isilyl derivatives (Fig. 1). Two peaks assigned to p-
hydroxyphenyl propanones (H,: m/z 310, 179, 103, 73; Hy:
m/z 310,193,117,73) were detected in the Bjorkman lignins
of A. beshanzuensis. Similar results were also obtained
from A. firma and P. pubescens lignin, while those peaks
assigned to p-hydroxyphenyl propanones could not be
detected from Cryptomeria japonica lignin (Fig. 2). These
results suggest that the lignins of A. beshanzuensis, A. firma,
and P. pubescens contain p-hydroxyphenylglycerol-
B-aryl ether intermonomer linkages. The relative intensities
of p-hydroxyphenyl propanones of P. pubescens Bjorkman
lignin were smaller than those of A. beshanzuensis and
A. firma, which demonstrates that lignin of A. beshanzuen-
sis and A. firma is characterized by the presence of
p-hydroxyphenylglycerol-B-aryl ~ ether  intermonomer
linkages with higher ratio compared than P. pubescens
lignin (Table 2).

The proportion of p-hydroxyphenyl lignin among p-
hydroxybenzaldehyde in the low molecular weight products
of alkaline nitrobenzene oxidation was also confirmed by
calculating the molar ratio of p-hydroxyphenyl type acidol-
ysis products to the corresponding alkaline nitrobenzene
oxidation products (H,;,/H,,). The ratios of H,;,/H,, of A.
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Fig. 1. Production of phenylpropanone derivatives (H,, H;, G,, and
G,) from arylglycerol-B-aryl ether intermonomer linkages of lignin
during acidolysis

beshanzuensis and A. firma were higher than that of P.
pubescens (Table 2). These results are in agreement with
the observations that p-hydroxybenzaldehyde produced by
alkaline nitrobenzene oxidation of bamboo lignin is mostly
ascribed to the esterified p-coumaric acid and the amount
of p-hydroxyphenyl compounds as lignin degradation
product is quite small.”!

The arylglycerol-$-aryl ether intermonomer linkage can
be either erythro- or threo-form, and the ratio of erythro- to
threo-form of arylglycerol-B-aryl ether intermonomer
linkage (E/T ratio) is an important characteristic of lignin.”*
By ozonation, erythronic and threonic acids are obtained
from the erythro- and threo-forms of arylglycerol-f-aryl
ether structures, respectively, and gymnosperm lignin con-
tains approximately equal amounts of erythro- and threo-
forms of the linkage.'****

The total yields of erythronic and threonic acids were
145.2 and 160.2mmol (200g lignin)™ for the extracted fine
meal of A. beshanzuensis and A. firma, respectively (Table
1). The molar ratio of erythronic acid to threonic acid (E/T
ratio) of A. beshanzuensis was exactly the same as that of
A. firma, suggesting that the side chain lignin character of
A. beshanzuensis is similar to that of A. firma.

The presence of p-hydroxybenzaldehyde and
syringaldehyde in A. beshanzuensis lignin was also con-
firmed by 'H NMR spectroscopy (Fig. 3). Acetylated Bjork-
man lignins of A. beshanzuensis exhibited a signal at & 7.4,
which s assigned to the aromatic protons of p-hydroxyphenyl
nuclei, in addition to a strong signal corresponding to the
aromatic protons of guaiacyl nuclei at § 6.9, and a shoulder
corresponding to syringyl nuclei at 6 6.6. Abies firma lignin
showed similar signals to those of A. beshanzuensis
(Fig. 3).

Alkaline nitrobenzene oxidation, ozonation, acidolysis,
and '"H NMR spectra showed that the structural features of
lignin of A. beshanzuensis are similar to those of A. firma.
A significant rejuvenation phenomenon has been found by
grafting A. beshanzuensis to A. firma,which may be ascribed
to the similarity of lignin structure.

Conclusions

The lignin content of Abies beshanzuensis was found to be
39.2%, and this high value suggests the remarkable ability
of A. beshanzuensis to adapt to environmental stresses after
having survived the Riss glacial period. Acidolysis, alkaline
nitrobenzene oxidation, ozonation, and '"H NMR spectros-
copy showed that the structural features of lignin of A.
beshanzuensis are similar to those of Abies firma, which is
genetically the closest species to A. beshanzuensis. Abies
firma would be a suitable species for the mother tree for
grafting A. beshanzuensis on the basis of the similarities in
lignin characteristics.
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Fig. 2a-d. Gas chromatograms of
acidolysis products of the extract-free
samples of a Abies beshanzuensis, b
Abies firma, ¢ Phyllostachys pubescens,
and d Cryptomeria japonica. Mass
fragmentation: H,: m/z 310, 179, 103, 73;
Hg: m/z 310,193, 117, 73; G : m/z 340,

209, 103, 73; G miz 340,223, 117,73; S

mlz 370,239,103, 73; S m/z 370, 253,
117,73
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