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Abstract: Two types of bamboo shoots, high bamboo (Phyllostachys prominens) shoots (HBSes) and
moso bamboo (Phyllostachys edulis) shoots (MBSes), underwent a fast post-harvest lignification
process under room temperature storage. To explore the mechanism of lignification in two types
of bamboo shoots after post-harvest during room temperature storage, the measurement of cell
wall polymers (lignin and cellulose) and enzyme activities of phenylalanine ammonialyase (PAL)
and peroxidase (POD), and relative expression of related transcription networks factors (TFs) were
performed. The results suggested that the lignification process in HBSes is faster than that in MBSes
because of incremental increase in lignin and cellulose contents within 6 days and the shorter shelf-life.
Additionally, compared with the expression pattern of lignification-related TFs and correlation analysis
of lignin and cellulose contents, MYB20, MYB43, MYB85 could function positively in the lignification
process of two types of bamboo shoots. A negative regulator, KNAT7, could negatively regulate the
lignin biosynthesis in two types of bamboo shoots. In addition, MYB63 could function positively in
HBSes, and NST1 could function negatively in MBSes. Notably, MYB42 may function differently in the
two types of bamboo shoots, that is, a positive regulator in HBSes, but a negative regulator in MBSes.
Transcription networks provide a comprehensive analysis to explore the mechanism of lignification
in two types of bamboo shoots after post-harvest during room temperature storage. These results
suggest that the lignification of bamboo shoots was mainly due to the increased activity of POD,
higher expression levels of MYB20, MYB43, MYB63, and MYB85 genes, and lower expression levels of
KNAT7 and NST1 genes, and the lignification process of HBSes and MBSes had significant differences.

Keywords: high bamboo shoots; moso bamboo shoots; room temperature; lignification process;
transcription factor; regulation

1. Introduction

Edible bamboo shoots are enlarged buds or young stems formed by the germination of the buds
on the bamboo whip or stalk base. According to the different seasons of budding and unearthing,
bamboo shoots can be divided into spring bamboo shoots and winter bamboo shoots. Owing to the low
fat, high dietary fiber and protein with a distinctive flavor, bamboo shoots have been valued as “Forest
vegetables and vegetable treasures”, which reveals their importance and popularity throughout Asian
history [1]. More than 1250 bamboo species have been characterized worldwide, and most of them
produce edible shoots [2]. Bamboo shoots deteriorate rapidly and can easily lose their commercial
value post-harvest. Changes in the physiological environment of bamboo shoots after harvest will
accelerate the lignification of the shoots [3]. Bamboo shoots undergo a rapid post-harvest process of
lignifying. They deteriorate quickly, making them woody and inedible, which is the largest problem of
the bamboo shoot industry at present.
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The lignification process of bamboo shoots is closely related to the formation of secondary cell walls,
which contain lignin and cellulose. Lignin biosynthesis and its associated regulatory mechanisms have
been studied in the model plant Arabidopsis, woody trees, and various crops [4-6]. In monocots, lignin
is a complex phenylpropanoid polymer that originates from the polymerization of three monolignols,
p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) monomers through a peroxidase (POD) reaction,
while phenylalanine ammonialyase (PAL) functions at the beginning of the monolignol biosynthetic
route [7-10]. Lignin is one of the most abundant biopolymers, which serves as an important contributor
to the natural stock of non-fossilized carbon on earth. More attention has been paid to the self-assembly
properties of lignin and its value in its effective utilization [11,12].

In addition to its biosynthetic pathway, a complicated network of transcription factors (TFs)
has been reported to be involved in lignin biosynthesis regulation; these TFs are mainly divided
into two categories: NAC TFs and MYB TFs [13,14]. NAC TFs serve as “master switches” and
regulate downstream levels of transcription factors, including AfNST1 and AtNST2, AtVNDI to
AtVND?7, and AtSND1 [15-18]. MYB genes, which constitute a large family of transcription factors with
multiple functions, including lignin biosynthesis, play a central role in the transcriptional regulation of
secondary cell walls and have been reported to function as a link between upstream NAC TFs and
downstream structural genes [19,20]. For example, AtMYB58, AtMYB63, and AtMYB85 specifically
and directly activate biosynthetic enzymes by binding to a conserved motif in their promoters [21,22].
Similar MYB transcription factors have also been characterized in other plants, such as ZmMYB31 and
ZmMYB42 in Zea mays [23,24] and PtoMYB216 in Populus spp. [25]. The KNAT7 gene, one of knotted
Arabidopsis thaliana (KNAT) knotted1-like homeodomain (KNOX) gene family, acts as a transcriptional
activator or repressor in Arabidopsis and Populus, which has been shown to be one of the direct targets
of both SND1/VND6 [21] and MYB46 [26]. However, transcription factors related to the lignification of
bamboo shoots post-harvest have not been identified.

High bamboo (Phyllostachys prominens) shoots (HBSes) are excellent bamboo species with tolerance
to poor conditions, strong shoot growth, high yield, good quality, and strong ecological adaptability.
Moso bamboo (Phyllostachys edulis) shoots (MBSes) have the widest distribution, the largest cultivation
area, and the highest economic benefits among all bamboo plants in China. Both HBSes and MBSes are
at the forefront of the cultivation area, economic benefits, yield, and ecological adaptability, and both
have high research value. Considering the rapid lignification process at room temperature, exploring
the occurrence of bamboo shoot lignification and its regulation mechanism has become an important
issue to improve product quality and extend the shelf-life. Therefore, the post-harvest lignification
process during storage in HBSes and MBSes was chosen as a topic for this study.

2. Materials and Methods

2.1. Plant Materials, Treatment, and Storage

HBSes and MBSes were harvested in a commercial orchard in Lin’an (Zhejiang, China). The shoots
were transported to the laboratory on the day of harvest. Uniform shoots (basal diameter 6 cm and
length 35 cm) free of visible wounding and defects were selected. Before treatment, the shoots were
precooled at 8-10 °C overnight. Then, they were placed in a plastic container and stored at 25 °C for
9 days under 80-95% relative humidity and natural light. The middle part of the shoots was collected
at 3-day intervals during storage at 25 °C to measure shoot firmness, as well as lignin and cellulose
contents. Samples for enzyme assays and RT-qPCR analysis were rapidly frozen in liquid nitrogen and
stored at —80 °C for further use. Three biological replicates were sampled for each analysis.

2.2. Measurement of Shoot Firmness

A texture analyzer (TA-XT2i, Stable Micro Systems Ltd., Godalming, UK) was applied to measure
shoot firmness. A cylindrical probe was set with a 2 mm diameter that penetrated to a depth of 15 mm
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at a speed of 1 mm s~!. After removing the leaf sheaths, measurements were taken on opposite sides
of every middle shoot. Three biological replicates were performed for firmness analysis.

2.3. Measurement of cellulose and lignin contents

Bamboo samples were cut into small pieces, mixed, dried in an oven at 105 °C, and ground into
fine powder to pass through a 40-mesh sieve. With GB/T2677.6-94, nearly 3 g of shoot powder was
continuously extracted with a benzene/ethanol (2:1, v/v) mixture for 6 h in a 92 °C water bath under a
Soxhlet extractor. The residues were dried completely and used for lignin and cellulose determination.
The lignin content was determined according to the method of Ju et al. (1993) [27]. About 1 g of dried
powder was added to 12 M H;SOy, mixed, and hydrolyzed for 4 h at room temperature. Distilled
water was added to dilute the H,SOy to a final concentration of 1 M, and then the mixture was heated
for 1 h at 100 °C. Next, the solution was cooled and vacuum filtered via a Buchner funnel. Finally, the
filters were air-dried at 60 °C to constant weight for lignin measurement. The cellulose content was
measured using the Kurschner-Hoffner method. Appropriately 1 g of dried powder was mixed with
25 mL of nitric acid-ethanol liquid, heated at 100 °C for 1 h, and then transferred into a Buchner funnel.
The remaining solution was washed with nitric acid—ethanol liquid mixture and water successively.
Finally, all mixed solutions were vacuum filtered and oven-dried at 105 + 2 °C. The cellulose and lignin
contents (%) were calculated using the following formula: (mj-m;)/mg X 100%, where m; is either
the lignin or cellulose mass and funnel mass after oven-drying to a constant weight, m, is the empty
funnel mass, and my is the bamboo shoot sample mass.) Three biological replicates were performed
for each treatment.

2.4. Enzyme Activity

All enzyme activity extraction procedures were performed at 4 °C. PAL activity was measured
according to Jiang’s procedure with some modifications. Approximately 1 g of frozen sample was
mixed with 5 mL of borate buffer (0.2 M, pH 8.8) containing 0.1 g polyvinylpyrrolidone (PVPP) and
5 mM B-mercaptoethanol. After centrifugation of the homogenate at 10,000x g and 4 °C for 15 min,
0.4 mL of the supernatant was collected and mixed with borate buffer (0.2 M, pH 8.0), consisting of
20 mM L-phenylalanine, at 30 °C for 30 min for PAL activity assay. The PAL activity was defined as
one unit (U) that resulted in a change of 0.1 in ODygg per hour per gram.

For the measurement of POD activity, about 0.4-0.5 g of frozen sample was extracted with 5 mL of
phosphate buffer (0.2 M, pH 7.8). Subsequently, the homogenized mixture was centrifuged at 8000x g
and 4 °C for 10 min. The supernatant was collected and used for the POD activity assay. The assay
mixture containing 0.5 mL of extract and 3 mL reaction mixture (100 mM, pH 6.0 PBS, 2-Methoxyphenol,
and 30% H,O,) was measured at the absorbance 470 nm. One unit (U) of POD activity was defined as a
change in ODgy( per minute per gram. Three biological replicates were performed for each treatment.

2.5. Total RNA Extraction, Reverse Transcription, and Quantitative Real-Time (RT)-qPCR Analysis

For RT-qPCR analysis, total RNA was isolated using the E.Z.N.A® total RNA kit (Omega Bio-tek,
Norcross, GA, USA). The quality and concentration of RNA were detected through a NanoDrop®
ND-1000 (Thermo Scientific, Waltham, MA, USA). RNA integrity was further verified via electrophoresis
on 1% agarose gel. After the elimination of genome DNA by gDNA eraser, about 1 ug RNA was
applied for first-strand cDNA synthesis using a PrimeScript™ RT Reagent Kit (Takara, Dalian, China)
according to the manufacturer’s protocol. Reverse cDNA was diluted with water (1:10) for RT-qPCR
analysis, which was carried out using SYBR® Premix ExTaqTM II (Takara, Kusatsu, Shiga, Japan)
on a CFX96 Touch Real-Time PCR System (Bio-Rad, Hercules, CA, USA). The specificity of primers
was confirmed via melting curves and product sequencing before use. Data were analyzed, and the
relative expression level of each gene was normalized with actin (Livak and Schmittgen, 2001) [28] and
calculated using the 2744t method. Primers for RT-qPCR analysis are listed in Table 1. All samples
consisted of three biological and technical replicates.
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Table 1. Primers used for reverse transcription quantitative PCR.

Gene Forward (5’-3') Reverse (5'-3")

Actin TGAGCTTCCTGATGGGCAAG CCTGATATCCACGTCGCACTT
MYB20 ACCCATCTCACCGTCCCAAA TCTGCCTCCAGAGAGCTCCA
MYB42 TGGTGAAGTGGCTGCTGGAA CCAGCAAGCTCGAGTCCCAT
MYB43 GAGTGGCCGGACACCATGTA CATGCCTCCTGGTCAAACGC
MYB63 AGGAGGACATGCGCCTCATC TGAAGTTGCCGCGTTTGAGG
MYB85 AGGTCGACCCGCTGGTAAAG TAGTCGAGCAGCCAGTTCGT

SND2 AGGGTGGCCATGGTGGTAAC CCCTCCTGTGTGCACCTCAA

NST1 GTCATCCGCGACGTCGATCT CGGCGTTGTAGATGGCCTTG

VND7 GTACGGGCATGAGGAGCAGT CGATCACCCTCGACCTGGAC
KNAT7 GCAGGACCTAACTGGTGCGA TCCTGCCTGACCCTCTCCAT

2.6. Statistical Analysis

Data are presented as the mean + SE (n = 3), and n represents the biological replicates. Excel 2013 and
SPSS 20.0 statistical software were applied for statistical analysis. Student’s two-tailed t-tests (*, p < 0.05;
** p <0.01; ***, p < 0.001) were used to evaluate significant differences between the two groups in this
study. Figures were drawn with Origin 8.0 (Microcal Software Inc., Northampton, MA, USA).

2.7. Accession Numbers

The GenBank accession numbers for the genes identified are MYB20, PH01002092G0300;
MYB42, PHO01000060G0800; MYB43, PH01005828G0060; MYB63, PH01000030G0050; MYBS85,
PHO01003093G0130; SND2, PH01001753G0040; NST1, PH01000003G1230; VND7, PH01000845G0490,
KNAT7, PH01000107G0940; Actin, PH01000797G0130.

3. Results

3.1. Bamboo Shoot Surface Quality

The quality of HBSes declined after a 6-day storage at room temperature when shoots started to
turn yellow, rot, and lose their edible qualities. However, the quality of MBSes declined after a 9-day
storage (Figure 1). Degrees of firmness increased progressively in both HBSes and MBSes, among
which MBSes had a higher degree of firmness (Figure 2A,B). Within 6 days, the firmness in HBSes and
MBSes increased by 1.49 kg-cm~2 and 1.35 kg-cm~2, respectively (Figure 2A,B). These results show that
the progression of lignification and deterioration in HBSes after harvest was faster than that in MBSes
under the same storage conditions.

Figure 1. Changes in the surface quality of two varieties of bamboo shoots at room temperature. HBSes,
high bamboo shoots; MBSes, moso bamboo shoots.
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Figure 2. Changes in the firmness, lignin, and cellulose contents of two varieties of bamboo shoots at
room temperature. (A) Changes in the firmness in high bamboo shoots (HBSes). (B) Changes in the
firmness in moso bamboo shoots (MBSes). (C) Changes in the lignin contents in HBSes. (D) Changes in
the lignin contents in MBSes. (E) Changes in the cellulose contents in HBSes. (F) Changes in the cellulose
contents in MBSes. Error bars indicate the standard error. Different letters indicate significant differences

(p < 0.05) among various storage times in HBSes (lowercase letters) and MBSes (uppercase letters).

3.2. Lignin and Cellulose Contents

Lignin and cellulose are the main components of the cell wall structure in bamboo shoots. During
a 6-day room temperature storage process, the increase in the lignin contents in HBSes and MBSes
reached 1.94-fold and 1.03-fold, respectively (Figure 2C,D). In addition, the cellulose contents in HBSes
and MBSes increased by 52% and 38%, respectively (Figure 2E,F). Additionally, a positive correlation
between firmness and the lignin content (r = 0.81, p < 0.01; Figure 3A) and between firmness and the
cellulose content (r = 73, p < 0.05; Figure 3B) was observed in HBSes at room temperature. Furthermore,
in MBSes, there was a high positive correlation between firmness and the lignin content (r = 0.97,
p < 0.001; Figure 3C) and between firmness and the cellulose content (r = 0.87, p < 0.001; Figure 3D)
during storage at room temperature.
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Figure 3. Scatterplots between firmness and lignin and cellulose contents in HBSes and MBSes at
room temperature. (A) Linear regression analysis between firmness and the lignin content in HBSes.
(B) Linear regression analysis between firmness and the lignin content in MBSes. (C) Linear regression
analysis between firmness and the cellulose content in HBSes. (D) Linear regression analysis between

firmness and the cellulose content in MBSes. Significant differences were determined using SPSS
Statistics 20.0.

3.3. PAL and POD Activities

Activities of the key lignin biosynthetic enzymes (PAL and POD) were measured during storage
at room temperature. PAL and POD activities in HBSes showed an upward trend when stored at
25 °C for 6 days, and PAL increased dramatically by 225% (Figure 4A). In contrast, PAL activity in
MBSes increased and reached a maximum value on day 6, followed by a gradual decrease until day 9
(Figure 4B). POD activity showed the same upward trend in MBSes, with a significant increase from
524t09.03U kg’1 FW min~! (Figure 4C,D).

3.4. Gene Expression Pattern of Several Transcription Factors

To study the lignification process in the two types of bamboo shoots during room temperature
storage, expression levels of several transcription factors involved in lignin biosynthesis were measured.
Expressions of MYB20, MYB42, MYB43, MYB63, MYB85, and SND2 were induced in both types of
bamboo shoots (Figures 5 and 6). NST1 and VND7 expressions were significantly induced within
3 days and greatly decreased by 6 days in both types of bamboo shoots (Figures 5 and 6). Furthermore,
the transcript abunsdance of KNAT7 showed a downregulated trend during storage at room temperature
(Figures 5 and 6). Correlation analysis between these TF expression levels and the lignin and cellulose
contents in the two types of bamboo shoots showed that the expression patterns of MYB20, MYB42,
MYB43, MYB63, and MYBS85 were highly consistent with both lignin and cellulose contents in HBSes,
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among which the MYB85 transcript showed the same positive correlation with the lignin and cellulose
contents in MBSes (Table 2). The expression levels of MYB20 and MYB43 in MBSes showed a positive
correlation with the lignin content only (Table 2). However, the MYB42 transcript level showed a
negative correlation with the cellulose content in MBSes, which was opposite to that observed in
HBSes (Table 2). Notably, the expression level of KNAT7 was significantly negatively correlated with
the lignin and cellulose contents in both HBSes and MBSes under room temperature storage; the
correlation coefficients were —0.95 and —0.91 and —0.97 and —0.87, respectively (Table 2). NST1 showed
no correlation in HBSes, while a significant negative correlation between the lignin and cellulose
contents was observed in MBSes (Table 2).
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Figure 4. Enzyme activity of two varieties of bamboo shoots at room temperature. (A) Changes in the
PAL activity in HBSes. (B) Changes in the PAL activity in MBSes. (C) Changes in the POD activity in
HBSes. (D) Changes in the POD activity in MBSes. Error bars indicate the standard error. Different
letters indicate significant differences (p < 0.05) among various storage times in HBSes (lowercase
letters) and MBSes (uppercase letters).

Table 2. Correlation analysis between transcription factors and lignin and cellulose contents in high
bamboo shoots (HBSes) and moso bamboo shoots (MBSes) under room temperature storage.

Variety Value MYB20 MYB42 MYB43 MYB63 MYBS5 SND2 NST1 VND7 KNAT7
HBS Lignin  0.97*%  0.79*% 093** 087* 098** 052 0.09 0.02 —0.95 ***
€S cellulose 0.95** 0.81* 0.89** 0.83* 098** 046 0.04 -0.03 —0.91 ***
MBS, Ligmin  064% 054 059* 056 095 026 —0.69* -0.33 —0.97 ***
S cellulose 052  -0.61* 043 046  0.88** 0.1 —0.71 -0.43 —0.87 ***

Asterisks denote significant differences based on Student’s t-test, * p < 0.05, ** p < 0.01, *** p < 0.001. HBSes, high
bamboo shoots; MBSes, moso bamboo shoots.
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Figure 5. Relative gene expression patterns of transcription factors in HBSes during storage at 25 °C.

Error bars indicate the standard error. Lowercase letters indicate significant difference (p < 0.05) among

various storage times in HBSes.
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4. Discussion

4.1. The Effect of Room Temperature Storage on the Lignification Process of Post-Harvest Bamboo Shoots

The color changes (turning to dark yellow or browning) of the plant are the result of polyphenol
oxidation [29,30]. Numerous studies have shown that PAL and POD activities increased with increasing
browning [31,32]. In loquat, the significant increase in fruit firmness during ripening is a consequence
of tissue lignification; its progress correlated with increases in POD activity, and the lignification
biosynthesis might involve a coordinated regulation of transcription factors [33]. Most bamboo shoots
emerge at the turn of spring and summer. The temperature is high, the metabolic activity of bamboo
shoots is high, the aging process is fast, and results in a great loss of economic value. The two varieties
of bamboo shoots underwent rapid post-harvest lignification under room temperature storage, losing
their edibility and resulting in a great loss (Figure 1). The lignification process was accompanied by a
deterioration in appearance, owing to the increased firmness, increased lignin and cellulose contents,
and increased POD activity (Figures 2 and 4). Therefore, bamboo shoots are often stored at low
temperature in practical applications, which can significantly slow down the lignification process [34].

The results showed that HBSes could be stored for 6 days at room temperature, at which point,
the bamboo shoots started to deteriorate, while the storage time of MBSes could be longer, i.e., 9 days
(Figure 1). The difference in the lignification process of the two varieties was mainly reflected in that
HBSes had a higher accumulation of lignin and cellulose than MBSes. In asparagus spears, significant
increases in lignin contents were also measured in all three sections under cold storage, with the
greatest increase measured in the basal section, indicating the rapid lignification process occurred
in asparagus spears [35]. The reason for the difference was that the activities of POD in HBSes were
higher than that in MBSes under different storage times at room temperature. The lignification process
in HBSes was faster than that in MBSes under the same storage conditions, making HBSes less durable
and its shelf life shorter. The result revealed that the variation of the lignification mechanism of two
types of bamboo shoots after harvest was mainly due to the different degrees of firmness, different
accumulation of lignin and cellulose contents, which may be due to the different enzyme activities of
lignification-related POD.

4.2. Effects of Room Temperature Storage on the Molecular Mechanism of the Lignification Process in Two
Varieties of Bamboo Shoots

The lignification process of post-harvest bamboo shoots is regulated by a complex transcriptional
network comprising NAC, MYB, and other families of TFs, which have been widely studied in energy
plants and model plants (e.g., Arabidopsis, Eucalyptus, Pinus taeda, Populus trichocarpa, Antirrhinum
majus, and Zea mays). In this network, NAC proteins, including VND1-7 and NST1-3, were identified
in Arabidopsis to serve as master regulators in various cell types [15,36]. EgMYB2 regulated lignin
biosynthesis positively in stems when overexpressed in tobacco [4]. PtMYB1, PtMYBS, PtrMYB3, and
PtrMYB20 have been reported as activators of lignin biosynthesis [37,38]. However, the regulatory
mechanisms of bamboo shoot lignification are not well understood, and relevant transcription factors
related to lignification have also rarely been characterized. Compared with the extensively reported
TFs in energy plants and model plants, and given the important economic value of bamboo shoots, the
TFs involved in bamboo shoot lignification require more detailed investigation.

In Arabidopsis, NAC TFs have mainly been characterized as master switches for secondary
cell wall metabolism, rather than being the direct regulators of biosynthetic structural genes [39],
with rare exceptions, such as AtVND7 and AtSND1 [40,41]. According to our previous report, some
lignification-related TFs were chosen to explore the lignin biosynthesis of two types of bamboo shoots
during storage at room temperature [42]. NST1 showed no correlation in HBSes, while a significant
negative correlation between lignin and cellulose contents in MBSes was observed, revealing a different
role in the two types of bamboo shoots. In Arabidopsis, for example, NST1 has been reported to regulate
secondary wall thickening and serve as a master switch of fiber cell differentiation [22].
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Itis commonly recognized that MYB TFs play an important regulatory role in the lignin biosynthesis
pathway. The result showed that MYB20, MYB42, MYB43, and MYB63 may be positive regulators
of both lignin and cellulose biosynthesis in HBSes; MYB20 and MYB43 in MBSes had a positive
correlation with the lignin content. Another MYB gene, MYB85, may be a positive regulator of both
lignin and cellulose biosynthesis in both types of bamboo shoots, with high respective correlation
coefficients of 0.98 and 0.98 in HBSes and of 0.95 and 0.88 in MBSes. In Arabidopsis, the overexpression
of AtMYB85 could increase the stem lignin content, and the overexpression of AfMYB63 could activate
lignin biosynthetic genes and induce the ectopic deposition of lignin [21,22]. Similar results have been
confirmed in other plants. The same transcript level of TF MYB42 showed a positive correlation with
the cellulose content in HBSes, while a negative correlation in HBSes, and may function differently
in the two types of bamboo shoots. AtMYB42 is assumed to be a repressor that negatively regulates
secondary cell wall biosynthesis in Arabidopsis [21].

KNAT?7 is considered a third-level transcriptional regulator in secondary cell wall formation, while
it remains controversial as to whether it acts as a negative or positive regulator [43—46]. Our result
suggests that KNAT7 may play a negative role in lignin and cellulose biosynthesis in both HBSes and
MBSes under room temperature storage, with high correlation coefficients of —0.95 and —0.91 and
—0.97 and —0.87, respectively.

In summary, the results suggest that some TFs may have the same positive regulatory role in the
lignin biosynthesis of both types of bamboo shoots, such as MYB20, MYB43, and a negative regulatory
role like KNAT?. In contrast, some TFs, such as MYB42 and NST1, may play different roles in the
lignin biosynthesis of the two types of bamboo shoots, and this needs further study and verification.
Consequently, our results reveal that a complicated transcriptional network constituted of various
types of transcription factors might regulate lignin biosynthesis in these two varieties of bamboo shoots.

5. Conclusions

The results in this study showed the lignification process in the cell walls of two varieties of
bamboo shoots during room temperature storage. Firmness and the lignin and cellulose contents
increased, and the activities of lignification-related enzyme POD increased accordingly as the storage
time progressed. Additionally, the expression patterns of lignification-related transcription factors
were provided here to explain the transcriptional network involved in the lignification process in
the two types of bamboo shoots during storage at room temperature further. This study provides a
theoretical basis for revealing the occurrence and molecular mechanism of bamboo shoot lignification
in two bamboo varieties during room temperature storage.

Author Contributions: L.S. and Y.H. conceived the research plans; Z.Z. and Y.Y., supervised the experiments;
C.L. and H.Z. performed the experiments and analysis; Z.Z. wrote the article; L.S. and Y.H. revised the article;
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Zhejiang Provincial Natural Science Foundation of China (grant no.
LR15C160001).

Acknowledgments: We thank LetPub (www.letpub.com) for its linguistic assistance during the preparation of
this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Kleinhenz, V.; Gosbee, M.; Elsmore, S.; Lyall, T.W.; Blackburn, K.; Harrower, K.; Midmore, D.]. Storage
methods for extending shelf life of fresh, edible bamboo shoots [Bambusa oldhamii (Munro)]. Postharvest
Biol. Technol. 2000, 19, 253-271. [CrossRef]

2. Satya, S, Bal, L.M,; Singhal, P.; Naik, S.N. Bamboo shoot processing: Food quality and safety aspect (a review).
Trends Food Sci. Tech. 2010, 21, 181-189. [CrossRef]


www.letpub.com
http://dx.doi.org/10.1016/S0925-5214(00)00094-6
http://dx.doi.org/10.1016/j.tifs.2009.11.002

Plants 2020, 9, 1399 110f13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Lin, J.; He, X;; Hu, Y.; Kuang, T.; Ceulemans, R. Lignifification and lignin heterogeneity for various age
classes of bamboo (phyllostachys pubescens) stems. Physiol. Plant. 2002, 114, 296-302. [CrossRef] [PubMed]
Goicoechea, M.; Lacombe, E.; Legay, S.; Mihaljevic, S.; Rech, P; Jauneau, A.; Lapierre, C.; Pollet, B.;
Verhaegen, D.; Chaubet-Gigot, N.; et al. EgMYB2, a new transcriptional activator from Eucalyptus xylem,
regulates secondary cell wall formation and lignin biosynthesis. Plant J. 2005, 43, 553-567. [CrossRef]
Zhong, R.; Ye, Z. Transcriptional regulation of lignin biosynthesis. Plant Signal Behav. 2009, 4, 1028-1034.
[CrossRef] [PubMed]

Zhao, Q.; Dixon, R. Transcriptional networks for lignin biosynthesis: More complex than we thought?
Trends Plant Sci. 2011, 16, 227-233. [CrossRef] [PubMed]

Luo, Z; Xu, X,; Yan, B. Accumulation of lignin and involvement of enzymes in bamboo shoot during storage.
Eur. Food Res. Technol. 2008, 226, 635-640. [CrossRef]

Boerjan, W.; Ralph, J.; Baucher, M. Lignin biosynthesis. Plant Biol. 2003, 54, 519-1146. [CrossRef]
Donaldson, L.A. Lignifification and lignin topochemistry—An ultrastructural view. Phytochemistry 2001, 57,
859-873. [CrossRef]

Rogers, L.A.; Campbell, M.M. The genetic control of lignin deposition during plant growth and development.
New Phytol. 2004, 164, 17-30. [CrossRef]

Mishra, PK.; Wimmer, R. Aerosol assisted self-assembly as a route to synthesize solid and hollow spherical lignin
colloids and its utilization in layer by layer deposition. Ultrason. Sonochem. 2017, 35, 45-50. [CrossRef] [PubMed]
Mishra, PK.; Ekielski, A. The Self-Assembly of Lignin and Its Application in Nanoparticle Synthesis: A Short
Review. Nanomaterials 2019, 9, 243. [CrossRef] [PubMed]

Lipsick, J.S. One billion years of MYB. Oncogene 1996, 13, 223-235. [PubMed]

Stracke, R.; Werber, M.; Weisshaar, B. The R2R3-MYB gene family in Arabidopsis thaliana. Curr. Opin. Plant Biol.
2001, 4, 447-456. [CrossRef]

Kubo, M.; Udagawa, M.; Nishikubo, N.; Horiguchi, G.; Yamaguchi, M.; Ito, J.; Mimura, T.; Fukuda, H.;
Demura, T. Transcription switches for protoxylem and metaxylem vessel formation. Genes Dev. 2005, 19,
1855-1860. [CrossRef] [PubMed]

Mitsuda, N.; Seki, M.; Shinozaki, K.; Ohme-Takagi, M. The NAC transcription factors NST1 and NST2 of
Arabidopsis regulate secondary wall thickenings and are required for anther dehiscence. Plant Cell 2005, 17,
2993-3006. [CrossRef] [PubMed]

Zhou, J.; Zhong, R.; Ye, Z. Arabidopsis NAC domain proteins, VND1 to VND?5, are transcriptional regulators
of secondary wall biosynthesis in vessels. PLoS ONE 2014, 9, e105726. [CrossRef] [PubMed]

Bennett, T.; van den Toorn, A.; Sanchez-Perez, G.; Campilho, A.; Willemsen, V.; Snel, B.; Scheres, B.
SOMBRERO, BEARSKIN1, and BEARSKIN2 regulate root cap maturation in Arabidopsis. Plant Cell 2010, 22,
640-654. [CrossRef]

Hussey, S.G.; Mizrachi, E.; Creux, N.M.; Myburg, A.A. Navigating the transcriptional roadmap regulating
plant secondary cell wall deposition. Front Plant Sci. 2013, 4, 325. [CrossRef]

Nakano, Y.; Yamaguchi, M.; Endo, H.; Rejab, N.A.; Ohtani, M. NAC-MYB-based transcriptional regulation of
secondary cell wall biosynthesis in land plants. Front Plant Sci. 2015, 5, 288. [CrossRef]

Zhong, R.; Lee, C.; Zhou, J.; McCarthy, R.L.; Ye, Z.H. A battery of transcription factors involved in the
regulation of secondary cell wall biosynthesis in Arabidopsis. Plant Cell 2008, 20, 2763-2782. [CrossRef]
[PubMed]

Zhou, J.; Lee, C.; Zhong, R.; Ye, Z.H. MYB58 and MYB63 are transcriptional activators of the lignin biosynthetic
pathway during secondary cell wall formation in Arabidopsis. Plant Cell 2009, 21, 248-266. [CrossRef]
Fornalé, S.; Shi, X,; Chai, C.; Encina, A.; Irar, S.; Capellades, M.; Fuguet, E.; Torres, J.; Rovira, P;
Puigdomenech, P; et al. ZmMYB31 directly represses maize lignin genes and redirects the phenylpropanoid
metabolic flux. Plant . 2010, 64, 633—-644. [CrossRef] [PubMed]

Sonbol, F; Fornalé, S.; Capellades, M.; Encina, A.; Tourifio, S.; Torres, J.; Rovira, P; Ruel, K.; Puigdomenech, P;
Rigau, J.; et al. ZmMYB42 represses the phenylpropanoid pathway and affects the cell wall structure,
composition and degradability in Arabidopsis thaliana. Plant Mol. Biol. 2009, 70, 283-296. [CrossRef]

Tian, Q.; Wang, X,; Li, C,; Lu, W.; Yang, L.; Jiang, Y.; Luo, K. Functional characterization of the poplar
R2R3-MYB transcription factor PtoMYB216 involved in the regulation of lignin biosynthesis during wood
formation. PLoS ONE 2013, 8, €76369. [CrossRef] [PubMed]


http://dx.doi.org/10.1034/j.1399-3054.2002.1140216.x
http://www.ncbi.nlm.nih.gov/pubmed/11903977
http://dx.doi.org/10.1111/j.1365-313X.2005.02480.x
http://dx.doi.org/10.4161/psb.4.11.9875
http://www.ncbi.nlm.nih.gov/pubmed/19838072
http://dx.doi.org/10.1016/j.tplants.2010.12.005
http://www.ncbi.nlm.nih.gov/pubmed/21227733
http://dx.doi.org/10.1007/s00217-007-0595-y
http://dx.doi.org/10.1146/annurev.arplant.54.031902.134938
http://dx.doi.org/10.1016/S0031-9422(01)00049-8
http://dx.doi.org/10.1111/j.1469-8137.2004.01143.x
http://dx.doi.org/10.1016/j.ultsonch.2016.09.001
http://www.ncbi.nlm.nih.gov/pubmed/27614582
http://dx.doi.org/10.3390/nano9020243
http://www.ncbi.nlm.nih.gov/pubmed/30754724
http://www.ncbi.nlm.nih.gov/pubmed/8710361
http://dx.doi.org/10.1016/S1369-5266(00)00199-0
http://dx.doi.org/10.1101/gad.1331305
http://www.ncbi.nlm.nih.gov/pubmed/16103214
http://dx.doi.org/10.1105/tpc.105.036004
http://www.ncbi.nlm.nih.gov/pubmed/16214898
http://dx.doi.org/10.1371/journal.pone.0105726
http://www.ncbi.nlm.nih.gov/pubmed/25148240
http://dx.doi.org/10.1105/tpc.109.072272
http://dx.doi.org/10.3389/fpls.2013.00325
http://dx.doi.org/10.3389/fpls.2015.00288
http://dx.doi.org/10.1105/tpc.108.061325
http://www.ncbi.nlm.nih.gov/pubmed/18952777
http://dx.doi.org/10.1105/tpc.108.063321
http://dx.doi.org/10.1111/j.1365-313X.2010.04363.x
http://www.ncbi.nlm.nih.gov/pubmed/21070416
http://dx.doi.org/10.1007/s11103-009-9473-2
http://dx.doi.org/10.1371/journal.pone.0076369
http://www.ncbi.nlm.nih.gov/pubmed/24204619

Plants 2020, 9, 1399 12 0f13

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Ko, J.H.; Kim, W.C.; Han, K.H. Ectopic expression of MYB46 identifies transcriptional regulatory genes
involved in secondary wall biosynthesis in Arabidopsis. Plant . 2009, 60, 649-665. [CrossRef] [PubMed]
Ju, Z,; Liu, C; Yuan, Y.; Dai, H.; Yan, S.; Xu, J. Regulation of phenolics synthesis and their effects on fruit
quality in laiyang pear. Chin. Agric. Sci. 1993, 26, 44—48. (In Chinese)

Livak, K.; Schmittgen, T. Analysis of relative gene expression data using realtime quantitative PCR and the
2-BACT method. Methods 2001, 25, 402-408. [CrossRef]

Beaulieu, M.; Aprano, G.D.; Lacroix, M. Effect of dose rate of gramma irradia-tion on biochemical quality
and browing of mushroom Agaricus bisporus. Radiation Phys. Chem. 2002, 63, 311-315. [CrossRef]

Sala, ].M.; Lafuente, M.T. Antioxidant enzymes activities and rindstaining in “‘Navelate’ oranges as affected by
storage relative humidity and ethylene conditioning. Postharvest Biol. Technol. 2004, 31, 277-285. [CrossRef]
Nguyen, T.B.T.; Ketsa, S.; van Doorn, W.C. Relationship between browning and the activities of polynylalanine
ammonia lyase in banana peel during low temperature storage. Postharvest Biol. Technol. 2003, 30, 187-193.
[CrossRef]

Roura, S.I; Pereyra, L.; del Valle, C.E. Phenylalanine ammonia lyase activity in fresh cut lettuce subjected to
the combined action of heat mild shocks and chemical additives. LWT-Food Sci. Technol. 2008, 41, 919-924.
[CrossRef]

Cai, C; Xu, CJ.; Li, X,; Ferguson, I.B.; Chen, K.S. Accumulation of lignin in relation to change in activities of
lignification enzymes in loquat fruit flesh after harvest. Postharvest Biol. Technol. 2006, 40, 163-169. [CrossRef]
Li, C,; Xuan, L.; He, Y.; Wang, J.; Zhang, H.; Ying, Y.; Wu, A.; Bacic, A.; Zeng, W.; Song, L. Molecular
Mechanism of Xylogenesis in Moso Bamboo (Phyllostachys edulis) Shoots during Cold Storage. Polymers
2018, 11, 38. [CrossRef] [PubMed]

Song, L.L.; Zeng, W.; Wu, A.M.; Picard, K.; Lampugnani, E.R.; Cheetamun, R.; Beahan, C.; Cassin, A.;
Lonsdale, A.; Doblin, M.S; et al. Asparagus spears as a model to study heteroxylan biosynthesis during
secondary wall development. PLoS ONE 2015, 10, e0123878. [CrossRef] [PubMed]

Zhong, R.; Demura, T,; Ye, Z. SND1, a NAC domain transcription factor, is a key regulator of secondary wall
synthesis in fibers of Arabidopsis. Plant Cell 2006, 18, 3158-3170. [CrossRef] [PubMed]

Bomal, C.; Bedon, E; Caron, S.; Mansfield, S.D.; Levasseur, C.; Cooke JE, K,; Blais, S.; Tremblay, L.; Morency, M.;
Pavy, N.; et al. Involvement of Pinus taeda MYB1 and MYB8 in phenylpropanoid metabolism and secondary
cell wall biogenesis: A comparative in planta analysis. J. Exp. Bot. 2008, 59, 3925-3939. [CrossRef] [PubMed]
McCarthy, R.L.; Zhong, R.Q.; Fowler, S.; Lyskowski, D.; Piyasena, H.; Carleton, K.; Spicer, C.; Ye, Z.H.
The poplar MYB transcription factors, PtrMYB3 and PtrMYB20, are involved in the regulation of secondary
wall biosynthesis. Plant Cell Physiol. 2010, 51, 1084-1090. [CrossRef]

Zhao, Q.; Wang, H.; Yin, Y.; Xu, Y.; Chen, F; Dixon, R.A. Syringyl lignin biosynthesis is directly regulated by
a secondary cell wall master switch. Proc. Natl. Acad. Sci. USA 2010, 107, 14496-14501. [CrossRef]
Yamaguchi, M.; Mitsuda, N.; Ohtani, M.; Ohme-Takagi, M.; Kato, K.; Demura, T. VASCULAR-RELATED
NAC-DOMAIN 7 directly regulates the expression of a broad range of genes for xylem vessel formation.
Plant ]. 2011, 66, 579-590. [CrossRef]

Zhang, H.; Ying, Y.; Wang, ]J.; Zhao, X.; Zeng, W.; Beahan, C.; He, J.; Chen, X.; Bacic, A.; Song, L.; et al.
Transcriptome analysis provides insights into xylogenesis formation in Moso bamboo (Phyllostachys edulis)
shoot. Sci. Rep. 2018, 8, 3951. [CrossRef] [PubMed]

Mitsuda, N.; Iwase, A.; Yamamoto, H.; Yoshida, M.; Seki, M.; Shinozaki, K.; Ohme-Takagi, M. NAC transcription
factors, NST1 and NST3, are key regulators of the formation of secondary walls in woody tissues of Arabidopsis.
Plant Cell 2007, 19, 270-280. [CrossRef] [PubMed]

Li, E.; Bhargava, A.; Qiang, W.; Friedmann, M.C.; Forneris, N.; Savidge, R.A.; Johnson, L.A.; Mansfield, S.D.;
Ellis, B.E.; Douglas, C.J. The class Il KNOX gene KNAT7 negatively regulates secondary wall formation in
Arabidopsis and is functionally conserved in Populus. New Phytol. 2012, 194, 102-115. [CrossRef]
Bhargava, A.; Ahad, A.; Wang, S.; Mansfield, S.D.; Haughn, G.W.; Douglas, C.J.; Ellis, B.E. The interacting
MYB75 and KNAT? transcription factors modulate secondary cell wall deposition both in stems and seed
coat in Arabidopsis. Planta 2013, 237, 1199-1211. [CrossRef] [PubMed]


http://dx.doi.org/10.1111/j.1365-313X.2009.03989.x
http://www.ncbi.nlm.nih.gov/pubmed/19674407
http://dx.doi.org/10.1006/meth.2001.1262
http://dx.doi.org/10.1016/S0969-806X(01)00518-7
http://dx.doi.org/10.1016/j.postharvbio.2003.10.002
http://dx.doi.org/10.1016/S0925-5214(03)00103-0
http://dx.doi.org/10.1016/j.lwt.2007.06.005
http://dx.doi.org/10.1016/j.postharvbio.2005.12.009
http://dx.doi.org/10.3390/polym11010038
http://www.ncbi.nlm.nih.gov/pubmed/30960022
http://dx.doi.org/10.1371/journal.pone.0123878
http://www.ncbi.nlm.nih.gov/pubmed/25894575
http://dx.doi.org/10.1105/tpc.106.047399
http://www.ncbi.nlm.nih.gov/pubmed/17114348
http://dx.doi.org/10.1093/jxb/ern234
http://www.ncbi.nlm.nih.gov/pubmed/18805909
http://dx.doi.org/10.1093/pcp/pcq064
http://dx.doi.org/10.1073/pnas.1009170107
http://dx.doi.org/10.1111/j.1365-313X.2011.04514.x
http://dx.doi.org/10.1038/s41598-018-21766-3
http://www.ncbi.nlm.nih.gov/pubmed/29500441
http://dx.doi.org/10.1105/tpc.106.047043
http://www.ncbi.nlm.nih.gov/pubmed/17237351
http://dx.doi.org/10.1111/j.1469-8137.2011.04016.x
http://dx.doi.org/10.1007/s00425-012-1821-9
http://www.ncbi.nlm.nih.gov/pubmed/23328896

Plants 2020, 9, 1399 13 0f 13

45. Liu, Y,; You, S.; Taylor-Teeples, M.; Li, W.L.; Schuetz, M.; Brady, SM.; Douglas, C.J. BEL1-LIKE
HOMEODOMAING6 and KNOTTED ARABIDOPSIS THALIANAY interact and regulate secondary cell wall
formation via repression of REVOLUTA. Plant Cell 2014, 26, 4843-4861. [CrossRef]

46. He,].B,; Zhao, XH; Du, PZ,; Zeng, W.; Beahan, C.T.; Wang, Y.Q.; Li, H.L.; Bacic, A.; Wu, A.M. KNAT7 positively
regulates xylan biosynthesis by directly activating IRX9 expression in Arabidopsis. J. Integr. Plant Biol. 2018, 60,
514-528. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1105/tpc.114.128322
http://dx.doi.org/10.1111/jipb.12638
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Plant Materials, Treatment, and Storage 
	Measurement of Shoot Firmness 
	Measurement of cellulose and lignin contents 
	Enzyme Activity 
	Total RNA Extraction, Reverse Transcription, and Quantitative Real-Time (RT)-qPCR Analysis 
	Statistical Analysis 
	Accession Numbers 

	Results 
	Bamboo Shoot Surface Quality 
	Lignin and Cellulose Contents 
	PAL and POD Activities 
	Gene Expression Pattern of Several Transcription Factors 

	Discussion 
	The Effect of Room Temperature Storage on the Lignification Process of Post-Harvest Bamboo Shoots 
	Effects of Room Temperature Storage on the Molecular Mechanism of the Lignification Process in Two Varieties of Bamboo Shoots 

	Conclusions 
	References

