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Abstract Bamboos are among the largest woody grasses

and grow very rapidly. Although lignin is a crucial factor

for the utilization of bamboo biomass, the lignification

mechanism of bamboo shoots is poorly understood. We

studied lignification in the bamboo Sinobambusa tootsik

during culm development. Elongation growth began in

May and ended in late-June, when the lignin content was

approximately half that in mature culms. Thioacidolysis

analysis indicated that p-hydroxyphenyl units in lignin

formed even at late stages of lignification. The syringyl/

guaiacyl ratio varied during culm development. Various

lignin precursors were detected in developing culms by

liquid chromatography–mass spectrometry. The ferulic

acid content decreased from May to June, indicating that

ferulic acid was utilized in early stages of cell wall for-

mation. Monolignol glucosides were detected at early

stages of lignification, whereas the contents of monolig-

nols, coniferaldehyde, sinapaldehyde, p-coumaric acid, and

ferulic acid peaked at later stages of lignification. There-

fore, lignin precursors may be supplied differentially dur-

ing the lignification process. In August, the rate of

lignification decreased, although the contents of various

lignin precursors peaked, implying that the rate-limiting

step in the cessation of lignification in bamboo is transport

or polymerization of lignin precursors, rather than their

biosynthesis.
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Introduction

Bamboos are among the largest woody grasses and typi-

cally show a rapid growth rate. Utilization of bamboo

biomass is an increasingly important research focus [1–5].

Information on the content and distribution of lignin at

each developmental stage is crucial for the exploitation of

bamboo biomass [6–8]. However, the mechanism of lig-

nification in bamboo shoots remains poorly understood.

The lignification process involves three steps: biosyn-

thesis, transport, and polymerization of lignin precursors.

Enzymes involved in the biosynthesis or polymerization of

lignin precursors have been investigated in bamboo as well

as gymnosperm and angiosperm trees [9–11]. A few

studies have explored the transport mechanisms of lignin

precursors [12–14].

A knowledge of the distribution of lignin and lignin

precursors may provide insights into the lignification

mechanism, including the transport step. Several studies

have elucidated the distribution of lignin and coniferin, the

glucoside of coniferyl alcohol, in differentiating xylem of

gymnosperm [15–17]. Lignification and the occurrence of

lignin precursors have been examined in the angiosperms

Magnolia kobus [18] and poplar [16]. The results of those

studies suggested that the lignin precursors are coniferin in

gymnosperms and M. kobus, and sinapyl alcohol in poplar.
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In bamboo, lignin distribution at the subcellular level

has been investigated using electron microscopy and

ultraviolet microscopy [19]. In the previous studies, ligni-

fication during growth was studied at the cellular level by

Wiesner staining of different internodes of the culm

[20, 21]. Lignin content during elongation growth was

examined at several heights in shoots of the bamboos

Phyllostachys pubescens [22] and Phyllostachys bambu-

soides [8]. However, structural changes in lignin and the

occurrence and distribution of lignin precursors in bamboo

culms have not been elucidated.

In this study, we investigated the development and lig-

nification of culms of the bamboo Sinobambusa tootsik.

We also determined the distribution of lignin precursors,

including p-coumaric acid and ferulic acid, in developing

culms. These findings provide novel insights into the lig-

nification mechanism in bamboo.

Materials and methods

Chemicals

Coniferin and syringin were donated by Professor Emeritus

N. Terashima, Nagoya University, Japan. Other chemicals,

except for p-coumaryl alcohol and p-glucocoumaryl alco-

hol, were purchased from Wako Pure Chemical Industries

(Osaka, Japan), Tokyo Chemical Industry Co. (Tokyo,

Japan), or Sigma-Aldrich (St Louis, MO, USA).

Syntheses of p-glucocoumaryl alcohol and p-

coumaryl alcohol

p-Glucocoumaryl alcohol was synthesized as described

previously [23]. Synthesis of p-coumaryl alcohol basically

followed p-glucocoumaryl alcohol synthesis with some

modifications. Briefly, a mixture of p-hydroxybenzalde-

hyde (6.0 g), monoethyl malonate (8.4 g), pyridine (6 mL),

and piperidine (10 drops) was heated at 60 �C for 24 h.

After acidification (pH 3), the reaction mixture was

extracted with ethyl acetate followed by extraction with

saturated sodium hydrogen carbonate solution and with

10% sodium hydrogen sulfite. The organic layer was

washed with water, and then concentrated. Recrystalliza-

tion from the mixture with ethyl acetate and hexane yielded

p-coumaric acid ethyl ester (5.6 g, yield 59%).

Lithium aluminum hydride (0.8 g) was placed in a flask

and absolute tetrahydrofuran (50 mL) was added. p-Cou-

maric acid ethyl ester solution (1.0 g in 15 mL of absolute

tetrahydrofuran) was added drop-wise over 1 h with stir-

ring, and the reaction was maintained for 2 h. After acid-

ification (pH 3), the reaction mixture was extracted three

times with ethyl acetate. The organic layer was washed

with brine and then removed to obtain p-coumaryl alcohol

(0.12 g, yield 15%).

Extraction of lignin precursors

The S. tootsik plants used in these experiments were

growing at the University of Miyazaki campus. The sam-

ples were collected between May and September (see

Table 1), and in November (Fig. 1c). Three culms of

bamboo with a similar total height were collected at each

sampling. Culms that were more than 1 year old were

collected as ‘‘mature’’ samples, although their exact age

was unknown. The lowest internode above the ground or

the rooted internode was designated as 0, and internodes

were numbered from the bottom to the top of the culm.

Blocks containing both the outer- and inner-most cells of

the internode were excised from the top portion of the 2nd,

4th, 6th, 8th, and 10th internodes. The blocks were frozen

in liquid nitrogen and stored at -80 �C until use in the

following experiments.

Transverse cryosections were obtained from each frozen

specimen block and placed in a 1.5-mL vial at -20 �C.
The vials were weighed before and after adding the sec-

tions to determine the weight of fresh sections. After

weighing the vial, 1-mL 80% methanol was added and the

sections were extracted overnight at 4 �C. The extract was

collected and lignin precursors were determined by liquid

chromatography–mass spectrometry (LC–MS). The sec-

tions were treated with acetone overnight after the

methanol extraction. After discarding the supernatant, the

sections were dried and used for lignin analyses.

Quantification of lignin

The thioglycolic acid (TGA) method [24] was used to

quantify lignin. Briefly, sampleswere reactedwith 1-mL3 N

HCl and 0.1-mL TGA in 2-mL tubes with screw caps at

80 �C for 3 h. The tubes were centrifuged at 20,0009g for

10 min, the pellet was washed with 1-mL distilled water,

then 1-mL 1 N NaOH was added, and the tube was shaken

vertically at 80 rpm overnight. After centrifugation as

described above, 1-mL supernatant was mixed with 0.2-mL

concentrated HCl. The TGA lignin was precipitated at 4 �C
for 4 h and collected by centrifugation as described above.

The pellet was dissolved in 1 N NaOH and absorption at

280 nm was measured to determine the amount of TGA

derivatives from a standard curve prepared using known

concentrations of bamboo milled-wood lignin [24].

Characterization of lignin

Extractive-free samples were used to characterize lignin

using the microscale thioacidolysis method [25].
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Tetracosane was used as the internal standard. Gas chro-

matographic–mass spectrometric (GC–MS) analyses were

performed on a GCMS-QP 2010 SE instrument (Shimadzu,

Kyoto, Japan) equipped with an Inert Cap column

(60 m 9 0.25 mm i.d.; GL Sciences, Tokyo, Japan). The

sample volume injection was 1 lL in the pulsed splitless

mode. The injector and transfer line were operated at 250

and 280 �C, respectively. The initial oven temperature was

200 �C (held for 1 min) and increased at 4 �C min-1 to

280 �C and held for 10 min. Quantitative evaluation of p-

hydroxyphenyl (H), guaiacyl (G), and syringyl

(S) monomers was conducted using ion chromatograms

reconstructed from their prominent benzylic ions at m/

z 239, 269, and 299, respectively.

LC–MS analysis

The methanol extract stored at -80 �C was centrifuged at

20,0009g for 20 min, and then, the supernatant was fil-

tered through a membrane filter (0.45 lm) before LC–MS

analysis. The LC–MS analysis was carried out using a

Dionex Ultimate 3000 UHPLC system (Thermo Scientific,

Waltham, MA, USA) connected to a Q-Exactive mass

spectrometer (Thermo Fisher, Rockford, IL, USA). A 2-lL
aliquot of each sample was injected onto a reversed-phase

InertSustain C18 column (100 mm 9 2.1 mm i.d., 2 lm;

GL Sciences, Tokyo, Japan) controlled at 35 �C. The flow

rate was 0.3 mL min-1, and the gradient program was as

follows: 15% (v/v) methanol held for 5 min, increased to

35% methanol at 15 min, increased to 80% methanol at

20 min, and held until 28 min with constant 0.1% acetic

acid. The mass spectral data were collected in positive or

negative ion polarity using a quadrupole mass spectrometer

equipped with a heated capillary electrospray interface.

Lignin precursors were identified and determined by

comparisons with standard curves calculated from MS data

for authentic compounds. The retention time and mass of

each authentic compound (mass tolerance = 3 ppm) used

for identification were as follows: p-coumaryl alcohol

(10.1 min, ?, m/z 133.065), p-glucocoumaryl alcohol

(4.1 min, ?, m/z 335.110), coniferaldehyde (15.5 min, -,

m/z 177.056), coniferyl alcohol (12.3 min, ?, m/

z 163.075), coniferin (6.2 min, ?, m/z 365.121), sina-

paldehyde (16.4 min, -, m/z 207.066), sinapyl alcohol

(13.3 min, ?, m/z 233.078), syringin (8.7 min, ?, m/

z 395.131), p-coumaric acid (13.2 min, -, m/z 163.040),

and ferulic acid (15.0 min, -, m/z 193.050).

Results and discussion

Lignification and elongation growth of S. tootsik

shoots

Shoots of S. tootsik began growing in mid-May, and fin-

ished elongating at the end of June, by which time the

shoots were about 13-m high (Fig. 1a). The lowest mea-

sured internode (2nd) finished growing earlier and attained

a shorter length than did the other internodes (Fig. 1b). The

internode length on mature culms gradually increased

towards the center of the culm (Fig. 1c), as reported for

other bamboo species [22, 26]. Given that S. tootsik has

comparatively long and few internodes, the 10th internode

was at approximately the longitudinal center of the culm

(Table 1; Fig. 1c). The leaf sheaths had entirely abscised in

July. Foliation of S. tootsik shoots occurred in late October.

In the early stage of culm development (May and June),

the lignin content was higher in the lower internodes than

in the higher ones (Fig. 2a), as reported previously [20, 22].

After elongation finished at the end of June, the lignin

contents became almost identical among all the analyzed

internodes. At the end of June, when culms had finished

elongating, the lignin content was approximately half that

in mature samples. Lignification in S. tootsik shoots

appeared to cease during August. The lignification rate

(change in lignin content per day, % d-1; Fig. 2b)

Table 1 Samples used in the

present study
Sample name Sampling date Total culm length (m) 1st–10th internodes length (m)

M-May 14 and 18 May 2016 0.65 ± 0.01 0.34 ± 0.05

L-May 27 May 2016 2.94 ± 0.09 2.42 ± 0.10

M-Jun 8 Jun 2016 7.66 ± 0.53 5.85 ± 0.24

L-Jun 22 Jun 2016 12.40 ± 1.16 5.78 ± 0.14

Jul 13 Jul 2016 12.52 ± 0.61 6.08 ± 0.46

Aug 12 Aug 2016 13.77 ± 0.97 6.27 ± 0.25

Sep 9 Sep 2016 12.39 ± 0.45 5.89 ± 0.32

Mature 12 Aug 2016 12.75 ± 1.26 5.40 ± 0.26

To obtain samples at a uniform developmental stage in each sampling, culms of as similar total length as

possible were collected. ‘Mature’ samples were culms that were older than 1 year old. Length data are

mean ± SD of three biological replicates
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gradually decreased in August and September. At 4 months

after shoot initiation, the lignin content of culms was

approximately 80% of that in mature samples (Fig. 2a). In

Phyllostachys heterocycla, lignification was completed

within one growing season as determined by the Klason

method [20]. In another study, microspectrophotometric

analyses suggested that lignification of fiber and par-

enchyma cell walls continued for up to 7 years [21]. Other

studies have indicated that cell wall thickening may occur

in 12-year-old culms [27]. Thus, cell wall formation and

lignification in bamboo may continue incrementally over

several years.

Lignin structure in developing shoots of S. tootsik

Although several studies have investigated lignification in

bamboo, little is known about lignin structure in develop-

ing bamboo. Thioacidolysis, which specifically cleaves b-
O-4 linkages, can reveal aspects of lignin structure in the

cell wall. Lignin in shoots of S. tootsik had fewer b-O-4
linkages in the early stage of lignification, as indicated by

yields of thioacidolysis-releasable monomers (Fig. 3). The

ratio of thioacidolysis-releasable H:G:S units in lignin of

mature culms was 5:41:55.

Heterogeneous formation of lignin occurs in the differ-

entiating xylem of trees [28, 29]; the H monomer is mainly

incorporated into the lignin polymer during the early stages

of lignification, followed by the incorporation of substan-

tial amounts of G units, and subsequently the incorporation

Fig. 1 Elongation growth of Sinobambusa tootsik culms. a Total

length of culm samples (see Table 1). Data are mean ± SD of three

biological replicates. b Length of 2nd, 4th, 6th, 8th, and 10th

internodes of culms (see Table 1). Data are means of three biological

replicates. c Length of each internode of mature ([1 year old) culms

collected in November

Fig. 2 a Distribution of lignin in developing culms of S. tootsik.

Lignin content was determined by thioglycolic acid method [24]. See

Table 1 for sampling details. b Rate of lignification in S. tootsik

culms. Lignification rate (% d-1) was calculated as follows:

vn = (Cn?1 - Cn)/(Dn?1 - Dn), where vn is lignification rate of nth

sampling, Cn is average lignin content (%) of all internodes

investigated at nth sampling, and Dn is data of nth sampling. Data

were plotted as (x, y) = (vn, Dn). Data are mean ± SD of three

biological replicates
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of S units. In shoots of S. tootsik, however, thioacidolysis-

releasable yields of H monomers continued to increase

even in August, during the late stages of lignification

(Fig. 3a). The H/G ratio in developing shoots of S. tootsik

showed no apparent trend, but remained relatively constant

or increased incrementally towards maturity (Fig. 4a). The

role of H units in lignin polymers may differ between

grasses and trees.

In contrast to the H/G ratio, the S/G ratio varied in

developing shoots of S. tootsik (Fig. 4b). In the thioaci-

dolysis analysis, the yield of monomer G units gradually

increased from May to August, whereas that of S units

increased from May to mid-June, remained stable until late

August, and then increased again after August (Fig. 3b, c).

Consequently, the S/G ratio tended to increase from mid-

May to mid-June, and significantly decrease from mid-June

to August at all internodes except the 2nd one (p\ 0.05,

t test; Fig. 4b). This variation in the S/G ratio indicated that

the formation rate of b-O-4 linkages or the transport rate of

precursors differed between G and S units during the

development of S. tootsik shoots.

Contents of lignin precursors in developing shoots

of S. tootsik

Understanding the occurrence and distribution of lignin

precursors will contribute to our knowledge of lignin

biosynthesis; however, no studies have investigated these

Fig. 3 Thioacidolysis yields from developing culms of S. tootsik.

Yield of thioacidolysis-releasable monomers derived from a p-

hydroxyphenyl (H) units, b guaiacyl (G) units, and c syringyl

(S) units. H units were not detected in mid-May sample or in 6th, 8th,

and 10th internodes of late-May sample. See Table 1 for sampling

details. Data are mean ± SD of three biological replicates

Fig. 4 Ratios of H/G and S/G units in developing culms of S. tootsik.

Ratios of a H/G and b S/G units of lignin released by thioacidolysis.

H/G ratio was not calculated for mid-May sample or 6th, 8th, and

10th internodes of late-May sample, because H monomers were not

detected. See Table 1 for sampling details. Data are mean ± SD of

three biological replicates
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topics in bamboo. Here, we determined the distribution of

several lignin precursors in developing shoots of S. tootsik

by LC–MS analyses (Fig. 5). There were larger amounts of

monolignols than their corresponding glucosides at their

peaks. The monolignols and their glucosides showed dif-

ferent patterns of accumulation. The monolignols contents

peaked during late stages of lignification in August

(Fig. 5a, c, e), whereas the monolignol glucosides contents

peaked during early stages (Fig. 5b, d, f). These results

suggest that lignin precursors may be supplied differen-

tially as lignification proceeds.

Although monolignols are known to be direct precursors

of lignin, whether monolignol glucosides are also involved

in lignification is controversial. The biosynthesis and

hydrolysis of monolignol glucosides have been investi-

gated in several studies [30–35]. A single-gene knockout

mutant defective in b-glucosidase, which is responsible for

coniferin and syringin hydrolysis, did not show a

Fig. 5 Distribution of lignin precursors in developing culms of S.

tootsik. Contents of a p-coumaryl alcohol (pCmAlc), b p-gluco-

coumaryl alcohol (pCmAlcG), c coniferyl alcohol (CAlc),

d coniferin, e sinapyl alcohol (SAlc), and f syringin as determined

by LC–MS. See Table 1 for sampling details. Data are mean ± SD of

three biological replicates. FW fresh weight of sample
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lignification-deficient phenotype [36]. However, a recent

study revealed that UDP-glycosyltransferase, which is

involved in coniferin biosynthesis, is essential for normal

lignification in Arabidopsis thaliana [37]. In the present

study, coniferin and syringin contents in May and mid-June

samples was higher at the upper internodes where vigorous

lignification occurs (Fig. 5d, f). The p-glucocoumaryl

alcohol content showed a different pattern from those of

coniferin or syringin; it peaked in late-June and then

decreased as lignification gradually diminished (Fig. 5b).

These results suggest that monolignol glucosides are

involved in the early stage of lignification in S. tootsik.

There were much smaller amounts of monolignol gluco-

sides than monolignols (Fig. 5), implying that there are

lower biosynthesis or faster turnover rates of monolignol

glucosides. Further research is required to determine the

role of monolignol glucosides in bamboo lignification.

Coniferaldehyde and sinapaldehyde were detected in

these samples and changes in their contents were almost

identical to that of monolignols (Fig. 6). The plasma

membranes of rosette leaves of A. thaliana showed trans-

port activity not only for monolignols but also for

coniferaldehyde and sinapaldehyde [12]. Thus, these

aldehydes may be transported and used for lignification.

Monocots, including bamboos, contain p-coumaric acid

and ferulic acid [38]. In late-May, the p-coumaric acid

content increased from the top to the bottom of the culm

(Fig. 7a), whereas the ferulic acid content increased from

the bottom to the top of the culm (Fig. 7b). Similar results

were reported for shoots of the bamboo P. pubescens

sampled in May [22]. In grasses, p-coumaric acid is mainly

incorporated into lignin [38]. The p-coumaric acid detected

in S. tootsik in late-May appeared to be related to lignifi-

cation. Ferulic acid is mainly attached to arabinoxylan by

an ester linkage that strengthens the cell wall by cross-

linking. A portion of the arabinoxylan-attached ferulic acid

might function as an initiation site for lignification [38].

The higher content of ferulic acid in elongating internodes

(Figs. 1, 7) suggests that ferulic acid plays a role in the

early stages of cell wall formation in S. tootsik.

The contents of various lignin precursors, monolignols,

p-hydroxycinnamaldehydes, p-coumaric acid, and ferulic

acid peaked in August in S. tootsik (Figs. 5, 6, 7). This may

Fig. 6 Distribution of coniferaldehyde and sinapaldehyde in devel-

oping culms of S. tootsik. Distribution of a coniferaldehyde (CAld)

and b sinapaldehyde (SAld) as determined by LC–MS. See Table 1

for sampling details. Data are mean ± SD of three biological

replicates. FW fresh weight of sample

Fig. 7 Distribution of p-coumaric acid and ferulic acid in developing

culms of S. tootsik. Distributions of a p-coumaric acid (pCmAcid) and

b ferulic acid (FAcid) as determined by LC–MS. See Table 1 for

sampling details. Data are mean ± SD of three biological replicates.

FW fresh weight of sample
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be a consequence of a delay in the consumption of lignin

precursors and the pool of intermediate compounds;

indeed, the rate of lignification decreased during August

(Fig. 2b). Accumulation of lignin precursors and declining

lignification in August may result from diminished trans-

port activity if the precursors are localized in the cytosol, or

decreased polymerization activity if the precursors are

present in the cell wall. The rate-limiting step for the

cessation of lignification in bamboo may not be the

biosynthesis of lignin precursors, but rather their transport

or polymerization. Further research is needed to elucidate

how lignin precursors are transported to the cell wall, and

how lignification is controlled during culm development.

Conclusion

In this study, we evaluated the patterns of culm elongation,

lignification, lignin structure, and the distribution of lignin

precursors during the development of S. tootsik shoots.

Elongation growthwas completed by late-Junewhen the culm

lignin content is approximately half that of mature culms.

Thioacidolysis analysis indicated that H units were almost

constantly incorporated into lignin polymers during culm

development, whereas the ratio of S/G units was variable. The

contents of monolignol glucosides peaked during the early

stages of lignification, whereas the contents of monolignols

peak at later stages of lignification. These details of the vari-

ations in lignin structure and the contents of lignin precursors

in developing shoots of S. tootsik contribute to our under-

standing of lignification in bamboo, and will help to optimize

the use of the bamboo biomass.
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