Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Transcriptome Profiling Reveals the Molecular
Mechanisms Governing Postharvest Senescence in
Fresh Bamboo Shoots (Chimonobambusa
quadrangularis) upon SNP Treatment

Jinyang Xu
Guiyang University

Ning Ji
Jiningbh2100R1683, com

Guiyang University
Rui Wang

Guiyang University
Ni Zhang

Guiyang University
Renchan Liu

Guiyang University
Yuxin Li

Guiyang University
Jiqing Lei

Guiyang University

Research Article

Keywords: fresh bamboo shoots (Chimonobambusa quadrangularis), NO, transcriptome, postharvest
senescence

Posted Date: March 7th, 2024
DOI: https://doi.org/10.21203/rs.3.rs-3924305/v1

License: © ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Additional Declarations: Competing interest reported. The authors declare the following financial
interests/personal relationships which may be considered as potential competing interests: Ning Ji

Page 1/39


https://doi.org/10.21203/rs.3.rs-3924305/v1
https://doi.org/10.21203/rs.3.rs-3924305/v1
https://creativecommons.org/licenses/by/4.0/

reports financial support was provided by Guiyang University. Ning Ji reports financial support was
provided by Guizhou Provincial Department of Science and Technology. Ning Ji reports financial support
was provided by Guiyang Science and Technology Bureau.

Page 2/39



Abstract

Nitric oxide (NO) is a crucial physiological molecule that plays a regulatory role in maintaining the
postharvest quality of fruits and vegetables. While previous studies have acknowledged the potential of
NO in preserving the postharvest quality of bamboo shoots, the precise mechanism behind this regulatory
function remains elusive. In this particular investigation, we aimed to elucidate the underlying mechanism
by identifying key genes involved in NO-mediated regulation of postharvest senescence in bamboo
shoots (Chimonobambusa quadrangularis). To achieve this, we integrated physiological data with
transcriptome data. Notably, our study employed a 0.25 mmol-L~' SNP (NO) soaking treatment, which
significantly demonstrated its capability to delay senescence, as well as inhibit browning and lignification
in bamboo shoots. Transcriptome analysis revealed a total of 5077 genes exhibiting differential
expression between the NO treatment group and the control group. Several of these genes were
associated with the biosynthesis of lignin, ethylene, and abscisic acid, all of which were notably
suppressed. In addition, the expression of genes linked to reactive oxygen metabolism was significantly
altered, resulting in a reduction in reactive oxygen species accumulation. Based on our experimental
findings, it is evident that NO treatment effectively retards the postharvest lignification and browning of
fresh bamboo shoots. This is achieved through the inhibition of lignin biosynthesis, regulation of related
plant hormone synthesis, and reduction of reactive oxygen species accumulation, collectively
contributing to the delay of postharvest senescence in fresh bamboo shoots. The implications of our
study shed light on the potential application of NO treatment in preserving the quality of perishable
produce during postharvest handling.

1. Introduction

Bamboo shoots are the young buds that emerge through the germination of underground rhizomes of
bamboo. They are renowned for their high nutritional value and are widely consumed as a crispy, tender,
and delectable vegetable in Asian cuisine (Yang et al. 2011). Chimonobambusa quadrangularis, a
bamboo species predominantly cultivated in southwest China, is particularly esteemed for its fresh
shoots, offering exceptional taste, flavor, and nutritional benefits (Chen et al. 2018). Nonetheless, these
shoots have a limited storage life and are highly vulnerable to postharvest senescence due to robust
physiological metabolism. Senescence, an inevitable and irreversible process, leads to alterations in color,
texture, and nutrient composition of fruits and vegetables (Tang et al. 2020). Postharvest quality is
affected by browning and lignification, which are key indicators of bamboo shoot senescence (Yu et al.
2021). In recent years, various preservation methods, such as modified atmosphere packaging (Song et
al. 2013), low-temperature storage (Li et al. 2018), and irradiation treatment (Wang et al. 2019a), have
been developed to decelerate the senescence of bamboo shoots during storage. Nevertheless, the
regulatory mechanism governing postharvest senescence in fresh bamboo shoots remains inadequately
understood, necessitating the development of more effective storage technologies to ensure their
preservation.
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Nitric oxide (NO) serves as a signaling molecule capable of diffusing and penetrating cell membranes,
thus participating in diverse plant life activities. It plays a crucial role in biological processes, including
senescence, abiotic stress, and biotic stress in fruits and vegetables (Dai et al. 2021). In recent years,
Sodium nitroprusside (SNP), an NO donor, has found widespread use in preserving various fruits and
vegetables, as it is believed to inhibit the lignification process (Sun et al. 2021). The lignin biosynthesis
pathway involves phenylalanine biosynthesis, phenylalanine metabolism, and phenylpropanoid
metabolism. It is widely accepted that lignin accumulation leads to plant lignification in most model
plants (Wang et al. 2021; Liu et al. 2019). Key enzymes involved in lignin synthesis encompass
Phenylalanine ammonia lyase (PAL), Peroxidase (POD), 4-coumaric acid CoA ligase (4CL), Cinnamoyl|
CoA reductase (CCR), Cinnamyl alcohol dehydrogenase (CAD), and Branched acid mutase (CM) (Zhang et
al. 2021). Ql et al (Qi et al. 2020) reported that NO treatment in bamboo shoots inhibited PAL, CAD, POD,
and laccase activities, thus delaying lignification, and underscoring the critical role of NO in plant lignin
accumulation.

Plant hormones represent a distinct class of signaling molecules exclusively found in plant cells, and
they play a pivotal regulatory role in various biological functions of plants. They are closely associated
with plant growth, development, and senescence as they specifically bind to receptor proteins in specific
tissues, thus orchestrating plant growth and development. Moreover, fluctuations in hormone levels exert
a certain influence on plant growth and senescence. The six most significant plant hormones in plants
are ethylene, abscisic acid, auxin, cytokinin, gibberellin, and salicylic acid. Notably, nitric oxide (NO) has
the capacity to regulate the biosynthesis of certain plant hormones, such as ethylene and abscisic acid
(ABA), thereby enhancing the storage quality of postharvest fruits and delaying senescence (Zhang et al.
2020). Ethylene is responsible for promoting fruit and vegetable ripening and cell senescence, with its
metabolism potentially affecting bamboo shoots, despite not being climacteric fruits and vegetables (Luo
et al. 2007). In this regard, NO treatment has been observed to inhibit ACS synthase and ACO activity
involved in ethylene biosynthesis (Mukherjee 2019). Fruits and vegetables postharvest ABA also plays a
crucial role in cell senescence and stress response (Chen et al. 2020). Upon ABA induction, reactive
oxygen species (ROS) accumulate in fruit tissues, leading to senescence and browning (Wang et al.
2019b). However, NO can counteract this process by reducing ROS levels and regulating the ABA
signaling pathway, ultimately inhibiting ABA biosynthesis (Prakash et al. 2019).

The appearance and color of fruits and vegetables play a crucial role in determining their quality, a
significant factor for consumers. Browning, which reduces the quality of these commodities (Zuo et al.
2021), is primarily attributed to enzymatic browning. During postharvest storage, phenolic compounds in
fruits and vegetables undergo oxidation to form quinones when they come into contact with polyphenol
oxidase (PPO). Subsequently, dehydration, polymerization, and other reactions take place, resulting in the
undesirable browning phenomenon. In organisms, phenols and quinones typically exist in equilibrium, but
oxidative damage to the cell membrane of bamboo shoots during postharvest storage disrupts this
balance, leading to a significant conversion of phenols into quinones and thus accelerating the
enzymatic browning of bamboo shoots (Barberis et al. 2019) .A critical factor contributing to cell

oxidative damage is the presence of reactive oxygen species (ROS). By increasing ROS levels,
Page 4/39



malondialdehyde (MDA) accumulates and cell membrane permeability increases, ultimately hastening
postharvest senescence (Lin et al. 2020). However, by activating the scavenging ability of reactive oxygen
species in bamboo shoots, rapid senescence during storage can be effectively delayed, while also
inhibiting the occurrence of browning. This strategy proves to be beneficial for maintaining the overall
quality of bamboo shoots.

Presently, the impact of nitric oxide (NO) on the senescence mechanism of bamboo shoots during
storage remains obscure. In this study, we put forth the hypothesis that treating bamboo shoots with SNP
(sodium nitroprusside) can effectively delay senescence and uphold their overall quality by mitigating
lignin accumulation and tissue browning. To explore the association between exogenous NO treatment
and lignin biosynthesis as well as browning, we rely on a combination of physiological and molecular
sequencing data. Additionally, the investigation entails the identification of differentially expressed genes
during storage and an analysis of enzyme activities linked to the postharvest senescence inhibition
induced by SNP treatment. The outcomes of this study yield novel insights into the aging mechanism of
Chimonobambusa quadrangularis shoots following their storage period.

2. Materials and Methods
2.1. Plant Material

Bamboo shoots (Chimonobambusa quadrangularis) were collected from Taibai Town in Suiyang County,
Zunyi City, Guizhou Province, China (28° 40' 50.40" N, 107° 09' 26.00" E). Fresh shoots of similar length,
free from mechanical injury, pests, and diseases, were selected as experimental materials. Randomly
divide 60 kg bamboo shoots into two groups: CK group and SNP group. The concentration selection was
based on preliminary studies including 0.25, 0.5, or 1.0 mmol-L~ ' SNP. The corresponding experimental
results were presented in the supplementary materials, and 0.25 mmol-L™ ! SNP was selected as the
appropriate treatment concentration. This study used two treatment methods, namely the control group
(soaked in distilled water for 2 minutes) and the 0.25 mmol-L™ ! SNP group (soaked for 2 minutes). After
all fresh bamboo shoots are ventilated and dried, they are stored at a temperature of (1.0+ 0.3)°C and a
humidity of (90 + 5)%. Each bag of 2.5+ 0.5 kg fresh bamboo shoots is stored in a 0.02mm PE self
controlled atmosphere bag (Preliminary experiments have been conducted, and the specific data is
attached). After pre cooling for 24 hours in the cold storage, tie the self controlled atmosphere bag of all
samples. Randomly sampled at days 15, 30, 45, and 60 for relevant indicator analysis. For further
biochemical analysis, bamboo shoot samples were stored at -80°C in liquid nitrogen .

After 45 days of storage, the hardness, browning index, weight loss rate and other physiological
indicators related to quality of SNP treatment began to be significantly better than those of CK treatment.
Therefore, RNA extraction was extracted and sequenced from fresh bamboo shoots stored for 45 days.
CK represents bamboo shoots soaked in distilled water, and SNP represents bamboo shoots soaked in

0.25mol-L~ 1 SNP
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2.2. Determination of respiratory intensity, weight loss rate,
soluble protein content and free amino acid content

The respiratory rate was measured using the standing method (Zhang et al. 2018). Two kilograms of
bamboo shoots were randomly selected, weighed, and placed in a 30 L sealed plastic box. The bamboo
shoots were allowed to stand at 25°C for 2 hours, measuring the respiratory intensity of bamboo shoots
using a residual oxygen meter (Checkpoint 3 Premium, Mocon Inc., Minneapolis, MN, USA).

Measuring the weight loss rate of bamboo shoots during storage using the weighing method(Xu et al.
2021). The initial weight of each treatment was recorded on the first day, and the final weight was
recorded at the end of each storage interval.

{mp—mg}

weight loss (%) = (L)

My

Where my and m,, represent the initial weight and final weight of bamboo shoots, respectively.

Using the BROUWER method to determine the soluble protein content in bamboo shoots with slight
modifications (Brouwer et al. 2023). Weigh 1.0g bamboo shoot sample and grind it into homogenate in 5
mL distilled water. Centrifuge it in a centrifuge at 4 °C and 10000 r-min~ ' for 20 minutes. Take 1 mL
supernatant and mix it with 5 mL Coomassie brilliant blue G-250 solution. After 1.5 minutes, measure the
content of soluble protein at the wavelength of 595 nm.

Using the XU method to determine the free amino acid content of bamboo shoots and slightly (Xu et al.
2019). Weigh 5.0g of bamboo shoot sample, add 20 mL of 10% acetic acid solution for grinding, take
homogenate distilled water to a constant volume of 50 mL after grinding, shake up and filter, take 2 mL
of filtrate, add Ninhydrin and ascorbic acid solution, fully mix and heat in 95 °C water bath for 20 min.
After cooling, add a 95% ethanol solution and shake, dilute to 20 mL with 60% ethanol, and measure the
absorbance value at 570 nm using no filtrate as the blank control.

2.3. Determination of browning index (BI), PPO activity and
total phenol content

To standardize the colorimeter, standard white and black ceramics were used. The colorimeter measures
the L*, a*, and b* parameters. The middle part of bamboo shoots without shell was measured, and each
treatment was repeated 10 times. The CIE-L* a* b* color system, an international standard, was used for
the test. BI, an important color change parameter, represents the browning after treatment and during
storage. The calculation formula was as follows: (2) Measurements were taken every 15 d.

[100 x (X — 0.31) a"+175xL" @)
0.172 T 5645 x LT+ A — 3012 x b '

Bl =
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PPO activity adopts Trichloroacetic acid method perform the measurement and make slight
modifications (He et al. 2017). Weigh 3.0 g of bamboo shoot sample and grind it into a homogenate in 10
ml 0.05mmol-L~ ! sodium phosphate buffer in an ice bath. Centrifuge it in a centrifuge at 4°C for 10000
rrmin~ ! for 30 minutes (DragonLabs Inc., Beijing, China). Take 5 mL of supernatant, add 7.8 ml of
0.1mmol-L~ " buffer solution(sodium phosphate) and 2 mL 0.2 mol-L™ " catechol solution, shake them
evenly, add 2 mL of 20% Trichloroacetic acid solution (Macklin Inc., Shanghai, China) after 10 minutes of
water bath at 37°C, measure the absorbance value at 420 nm, and use 0.1mmol-L™ " sodium phosphate
buffer solution instead of enzyme solution as blank.

Using GONG's method to determine the total phenolic content of bamboo shoots with slight
modifications (Gong et al. 2018). Weigh 4.0 g of bamboo shoot sample (m), 20 mL of 75% anhydrous
ethanol was added, and ground into a homogenate in an ice bath. The mixture was brought to a constant
volume of 50 mL and allowed to stand for 2 hours in dark at 25 °C, followed by centrifugation at 10 °C at
10000 r-min~ " for 10 minutes (DragonLabs$ Inc., Beijing, China). Take 3 mL of the supernatant and add it
to 5 mL of Folin phenol reagent, avoiding light for a sufficient reaction of 0.5 minutes. Add 6 mL of 12%
Na,CO4 solution (Macklin Inc., Shanghai, China) and dilute it to 50 mL with distilled water. Measure the
absorbance (A) at 760 nm after avoiding light for 1 hour at 25 °C. Calculate the total phenol content
using the following standard curve equations and formulas:

¥ =0365x +0.0165

. (3)
R =0.09972

(A—0.1688)x 25x 25

M= (4)
0.2112>xm =1000

2.4. Determination of APX activity, SOD activity, ASA
content and MDA content

Using Petriccione's method to determine the APX activity of bamboo shoots with slight modifications
(Petriccione et al. 2018). Weigh 3.0 g of bamboo shoot samples and place them in a pre-cooled mortar.
Add 20 mL of pre-cooled extraction buffer (200 mmol-L™ ' potassium phosphate buffer, 0.2 mmol-L™"
EDTA, 2 mmol-L™" ascorbic acid, 25% PVPP), grind them in an ice bath to form a homogenate, and
centrifuge them in a centrifuge at 4 °C for 20 minutes. Take 0.6 mL of the supernatant as the enzyme
extraction solution, add 6 mL of reaction buffer (50mmol-L~ ! potassium phosphate buffer, 0.2mmol-L™"

EDTA, 2 mmol-L™ " ascorbic acid) and mix thoroughly. Finally, add 0.5 mL of 20mmol-L™ ' H,0, and

measure the absorbance value at 290nm. The APX activity unit is expressed as U-g™"-min™".

Using the method of Ql et al. to determine the SOD activity in bamboo shoots (Qi et al. 2022). Weigh 3.00
g of bamboo shoot sample and place it in a pre-cooled mortar. Add 10 mL of distilled water that has been
pre cooled at 4 °C, grind it into a homogenate under ice bath conditions, and filter it in a low temperature

environment of 4 °C away from light. Take 2 mL of filtrate and add 4.7 mL of 0.3 mol-L™" Tris HCI
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solution (containing 3.0 mmol-L™ " ethylenediamine tetraacetic acid) and 0.3 mL of 4.0 mol-L™"
pyrogallol. Mix well and measure the absorbance value at 325nm.

Using the SHU method to determine the content of ascorbic acid in bamboo shoots with slight
modifications (Shu et al. 2020). Weigh 5.0 g of bamboo shoot sample and grind it into a homogenate
under ice bath conditions in a 30 g-L™ ! oxalic acid solution. Filter the homogenate and dilute to 250 mL
with 30 g-L™ " oxalic acid solution. Using a pipette, take 30 mL in a conical flask. Titrate it with a
calibrated 2,6-dichlorophenol indophenol solution to a red color that does not change color within 15
seconds.

The content of MDA was determined by the thio Barbituric acid method with improvements. Weigh 3.0g
(FW) of bamboo shoot sample, add 10 mL (Vt) of 100g™" trichloroacetic acid (TCA), grind the

homogenate, and centrifuge at 5 °C for 30 minutes at 12000 rrmin~ . Collect the supernatant and store it
at low temperature for later use. Take 5 mL (Vs) of the supernatant and add 5 mL of 0.5% TBA solution to
obtain the reaction solution (Va). After mixing, react in a 100 °C water bath for 30 minutes, cool down,

and then centrifuge again for 30 minutes at 6000 r-min~ . Take the supernatant and measure the
absorbance at 532 nm, 600 nm, and 450 nm. Calculate the MDA content using the following formula (5):

[6.452 X (A532 — A600) — 0.559 x A450] x Vt x Va
Vs X FW

2.5. Determination of hardness, PAL activity, lignin content
and POD activity

The hardness of the peeled bamboo shoots was tested by placing them horizontally on a texture analyzer
(SMS Inc., London, England) and using a P/2 N probe to determine the middle part of bamboo shoots.

MDA content(umol - kg™ = (3)

The testing depth was set at 8 mm, and the speed before, during, and after measurement was 5 mm-s™".
The triggering force was set at 0.049 Newton.

Using the FUKUSHIMA method to test the lignin content in bamboo shoots with slight modifications
(Fukushima et al. 2021). Weigh and dry 100.00 mg of bamboo shoot sample in a 60 °C oven to constant
weight. Place the dried sample into a reaction tube and add 1000 in sequence pL acetyl bromide reagent,
40 pL Mix evenly with L perchloric acid. Place the reaction tube in an 80 °C water bath for 40 minutes,

and then add 600 pL 3 mol-L™ " sodium hydroxide solution + glacial acetic acid solution 600 pL After fully
mixing and terminating the reaction, centrifuge for 5 minutes in a transcription centrifuge at 10000 r-min~
1 Take the supernatant and measure the absorbance value at 280nm.

PAL activity adopted B- Determination of mercaptoethanol method with slight modifications

(Kahramanoglu et al. 2020). Weigh 5.0 g of bamboo shoot sample and add 15 mL 150 mmol-L™'
extraction buffer (per liter containing 30 g of PVPPR 45 pL B-Mercaptoethanol, 3mmol ethylenediamine
tetraacetic acid), ground into a homogenate under ice bath conditions. Transfer the homogenate into a
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centrifuge tube and centrifuge at 4 °C for 12000 rrmin~ ' for 20 minutes (DragonLab$ Inc., Beijing, China).
Collect the supernatant and store it as the crude enzyme extract at 4°C temperature for future use. Take 1
mL of crude enzyme extract and put it into a test tube. Quickly add 8 mL 100 mmol-L™ "1 buffer(boric acid
borax) and 2 mL 30 mmol-L~ " L-phenylalanine (Macklin Inc., Shanghai, China), shake evenly, and 290 nm
determination of absorbance value. After the measurement is completed, place the test tube in a 35 °C

water bath for 0.8 hour and measure the absorbance value at 290nm as the reaction termination value.
1

The activity is expressed in units of U-g™-min~ .
Determination of POD activity in bamboo shoots using LIU method with slight modifications (Liu et al.
2018). Weigh 3.0g of bamboo shoot samples and place them in a pre-cooled mortar. Add 10 mL 200
mmol-L™ " extraction buffer (per liter containing 30g PVPP, 2% Triton X-100, 2mmol PEG), and grind them
into a homogenate under ice bath conditions. Transfer the homogenate into a centrifuge tube and
centrifuge at 4 °C for 10000 r-min~" for 30 minutes (DragonLabs$ Inc., Beijing, China). Collect the
supernatant as an enzyme extract. Suck 1 mL of media area into the reaction tube and add 8 mL of 30
mmol-L~ 1 guaiacol solution, 400 p L 0.5 mol-L™’ H,0, (Macklin Inc., Shanghai, China) was mixed evenly,
and the absorbance value was measured at 470nm.

2.6. RNA extraction and library construction

Total RNA was extracted from fresh bamboo shoots (Chimonobambusa quadrangularis) using the
RNAprep pure plant kit. The extracted nucleic acid concentration was measured using a Nanodrop2000
spectrophotometer, and the integrity was assessed using Agilent 2100 and LabChip GX. The first strand
of cDNA was synthesized using mRNA as a template and six-base random primers. A cDNA library was
constructed according to the recommended protocol. Six cDNA libraries were created, and all libraries
were sequenced using the Illumina HiSeq 2500 system according to standard procedures.

2.7. De novo sequence assembly and gene annotation

The lllumina HiSeq platform was employed to generate the original reads, which were then subjected to
sequence alignment and subsequent analysis using HISAT2 (hierarchical index of transcripts) (Kim et al.
2015). The moso bamboo genome was utilized as a reference for sequence alignment and analysis,
which can be obtained at http://bamboo.bamboogdb.org/#/download. The reads were assembled using
StringTie and compared with genome annotation information to identify new transcripts (Pertea et al.
2015). Gene annotation was performed using various databases, including NCBI, NR, GO, COG, KEGG, and
Swiss-Prot. The biological repetitive correlations were assessed by calculating Spearman'’s correlation
coefficient (r) (Fonseca et al. 2014).

2.8. Differential gene (DEGs) detection

FPKM (fragments per kilobase of transcript per million fragments mapped) (Florea et al. 2013) was

utilized as an indicator of gene expression, and differences were analyzed using DESeq2 (Love et al.

2014). Fold Change =4 and FDR < 0.01 were employed as screening criteria for gene differential

expression analysis. Using Fold Change, we determined the difference in expression levels between the
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two groups. Furthermore, we calculated the false discovery rate (FDR) by adjusting the p-value of the
significant difference.

2.9. RT-PCR

According to WU et al bamboo shoots were treated using melting peak and dissociation curve specificity
analysis (Wu et al. 2017). Three biological replicates were used for all qRT-PCR analyses.using Actin as
an internal reference gene. See Table 2 for the list of related genes. The relative expression level was

2-AACt

calculated using the method.

2.9. Statistical Analysis

A completely randomized design was used to determine the mean and standard deviation (SD) of the
experiments. P <0.05 is considered statistically significant in a one-way ANOVA using IBM SPSS version
21 (IBM, Armonk, New York, USA).

3. Results

3.1. Respiratory intensity, free amino acid content, soluble
protein content, weight loss rate changes

As presented in Fig. 1-A, the respiration intensity of bamboo shoots exhibited an upward trend during
storage, with no significant difference observed in the early stages. However, the respiration intensity of
fresh bamboo shoots treated with SNP reached its lowest level during the middle and late storage
periods. In comparison to other treatments, respiration intensity was significantly lower at 45 and 60 days
(P<0.05). This indicates that the SNP treatment effectively suppressed postharvest respiration of fresh
bamboo shoots. During storage, bamboo shoots consumed nutrients and lost their soluble protein
content, as shown in Fig. 1-B. At 60 days, however, the soluble protein content of the SNP treatment was
1.74-fold greater than that of the CK treatment. This observation suggests that the SNP treatment better
preserved the nutrient content of fresh bamboo shoots. During storage, bamboo shoots gradually
increase their free amino acid content (Fig. 1-C). The nutrients in fruits and vegetables will be lost
postharvest, nutrients are broken down into amino acids. As compared to SNP, the CK treatment produced
significantly more free amino acids during mid and late storage stages. According to Fig. 1-D, bamboo
shoots lose weight over time. The weight loss rate of SNP treatment is significantly lower than that of CK
treatment in the middle and later stages of storage. The SNP treatment mitigates weight loss in fresh
bamboo shoots during storage. Overall, these findings strongly suggest that the application of SNP
treatment inhibits the respiration intensity and metabolic activity of bamboo shoots during storage,
retards nutrient decline, and suppresses the increase in weight loss rate.

3.2. PPO activity, total phenol content, browning index,
appearance and color changes
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In storage, polyphenol oxidase (PPO) facilitates phenolic compound oxidation, causing enzymatic
browning of postharvest fruits and vegetables. As well, PPO oxidizes phenolic substances, including
chlorogenic acid, which leads to lignification (Wang et al. 2019a). During the early stages of storage, the
PPO activity of bamboo shoots treated with SNP was significantly lower than that of CK treatment. As
seen in Fig. 2-A, PPO activity in the SNP treatment was only 65.31% of that seen in the control treatment
after 30 days. The changes in phenolic content during storage are shown in Fig. 2-B. During storage, there
were significant differences in phenolic substances in bamboo shoots before and after storage, but there
was no significant difference between SNP treatment and CK treatment. A variation in the browning index
of bamboo shoots (Chimonobambusa quadrangularis) during storage can be seen in Fig. 2-C. Browning
index increased continuously between treatments during the initial 0—15 day period, with no significant
difference between them. However, at 45 d, the SNP treatment displayed a significantly lower browning
index compared to the control treatment. According to Fig. 2-D, this finding supports ZHANG's (Zhang et
al. 2023) findings that fresh bamboo shoots change in appearance during storage .

3.3. The changes of APX activity, SOD activity, ASA content
and MDA content

Shown in Fig. 3-A, ascorbate peroxidase (APX) activity in bamboo shoots decreased rapidly at first, then
increased gradually with storage time As. Notably, The SNP treatment group's APX activity exceeded that
of the control group throughout the storage period, which is in agreement with CHEN et al's findings (Chen
et al. 2013). Regarding fresh bamboo shoots, Fig. 3-B illustrates an initial increase in superoxide
dismutase (SOD) activity, followed by a subsequent decrease. However, the SNP treatment demonstrated
a significant increase in SOD activity after 30-60 days of treatment. This increase in SOD activity in
bamboo shoots treated with SNP indicates an enhancement in their antioxidant capacity. In Fig. 3-C, the
ascorbic acid content consistently remained at its highest level in the SNP treatment group during
storage, surpassing the CK treatment. There was a significant increase in ascorbic acid content in the
SNP treatment group after 15 days (P<0.05) versus the CK treatment group. Consequently, bamboo
shoots treated with SNP exhibited better preservation of ascorbic acid levels compared to those treated
with CK. Figure 3-D shows that both the control and SNP treatment groups had an increase in
malondialdehyde (MDA) levels during storage. However, the increase in MDA content was effectively
inhibited by SNP treatment. Specifically, At 45 days, the MDA content was 33.02% higher in the control
group compared with the SNP group. In summary, SNP treatment can stimulate SOD and APX activities,
maintain ascorbic acid content, inhibit MDA accumulation, and slow down oxidative damage of bamboo
shoots during storage.

3.4. Changes of PAL activity, POD activity, lignin content and
hardness

Figure 4-C shows that, during storage, phenylalanine ammonia-lyase's (PALSs) activity initially increased
before declining. Notably, the treatment with SNP consistently exhibited the lowest PAL activity
throughout the storage period, displaying a significant difference from other treatments at 60 d (P<0.05).
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Specifically, the PAL activity of the SNP treatment was only 69.89% of that observed in the CK treatment.
POD activity shows an upward trend in the early stage of storage, followed by a gradual decrease, as
shown in Fig. 4-B,This result is consistent with the study by XU et al(Xu et al. 2023). The POD activity of
SNP treatment continued to decrease and was significantly lower than that of CK treatment after 45 and
60 days of storage, accounting for only 63.59% and 58.22% of the activity observed in the CK treatment,
respectively. As shown in Fig. 4-C, the lignin content showed an upward trend during storage, with no
significant difference between CK treatment and SNP treatment at 0—30 days. However, the SNP
treatment effectively attenuated the accumulation of lignin at 45-60 d, displaying a significant difference
compared to the CK treatment (P< 0.05). Throughout the storage duration, the hardness of bamboo
shoots continuously increased, with the SNP treatment showing a deceleration in the hardness increment
during the later stages of storage. At the time of harvest, the hardness of bamboo shoots measured
915.17 g. After 60 d, the hardness of the CK treatment increased by 1079.54 g, while the hardness of the
SNP treatment increased by 991.94 g (Fig. 4-A). This increase in hardness was attributed to the
lignification process, a phenomenon that is also observed in mangosteen fruit (Yufang et al. 2001).
Based on these results, SNP treatment may suppress the activity of enzymes involved in lignification
biosynthesis, inhibiting the increase in lignin content, such as PAL and POD, thereby retarding the
hardness increase of bamboo shoots during storage.

3.5. Global analysis of transcriptome data

We obtained 41.67 Gb of Clean Data from 6 samples. Each sample yielded approximately 5.85 Gb of
Clean Data, with a Q30 base percentage of 93.75% or higher. The Clean Reads of each sample were then
compared to the designated bamboo genome sequence, resulting in a comparison efficiency ranging
from 66.93-70.05%. According to Fig. 5, 5067 differentially expressed genes (2816 up-regulated and
2251 down-regulated) were identified between the NO treatment group and the control group. It is evident
from these results that NO treatment affected the expression levels of numerous genes in bamboo
shoots.

3.6. Transcriptome alterations in bamboo shoots
(Chimonobambusa quadrangularis) treated with SNP

Induced delayed postharvest senescence of bamboo shoots was investigated in this study. In order to
achieve this objective, GO enrichment analysis was used to analyze differentially expressed genes in SNP
and CK treatments. The distribution of these differential genes across three main categories, namely
biological process, molecular function, and cellular component, is visually presented in Fig. 6.
Furthermore, the top 30 most abundant GO categories in both SNP and CK treatments were further
subdivided into specific functional subcategories. Notably, significant categories encompassed cellular
processes, metabolic processes, single-organism processes, organelles, and catalytic activity.
Furthermore, KEGG enrichment analysis was performed to understand the specific functions of
differentially expressed genes between SNP and CK treatments within metabolic pathways. Figure 7
provides a graphical representation of the 20 most enriched metabolic pathways. Several pathways
stood out due to their high enrichment of differential genes, including mannose-type O-glycan
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biosynthesis, ribosome, flavonoid biosynthesis, and brassinosteroid biosynthesis. Molecular mechanisms
underpinning NO's impact on bamboo shoot postharvest senescence were revealed by these
comprehensive analyses. In addition to highlighting specific biological processes and cellular
components, a number of molecular functions and metabolic pathways are also highlighted. Providing
insight into the regulatory effects of NO on bamboo shoot senescence.

3.7. SNP affects differential genes in aging

Among the 5077 differentially expressed genes influenced by SNP treatment, as presented in Table 1, a
total of 49 genes were discerned to be associated with the senescence of bamboo shoots. Particularly
noteworthy, among these differentially expressed genes, 20 were found to be implicated in lignin
biosynthesis, 16 genes in plant hormone biosynthesis, and 13 genes in reactive oxygen species
metabolism.

In the context of lignin biosynthesis, multiple genes were identified and duly annotated. These genes
encompassed Shikimate kinase (PH02Gene06459), Tryptophan synthase B chain (PH02Gene15732),
Tryptophan synthase a chain (PH02Gene20304), Tyrosine aminotransferase (PH02Gene39337), 4-
coumaric acid CoA ligase (PH02Gene26838), Coniferyl aldehyde dehydrogenase (PH02Gene25533),
scopolamine glucosyltransferase (PH02Gene36322), cinnamyl alcohol dehydrogenase
(PH02Gene26814), and two genes annotated as chorismate mutating enzyme. Following SNP treatment
(Table 1, Fig. 8-A), a discernible down-regulation in the expression of the aforementioned genes was
observed.

In the plant hormone biosynthesis pathway, several specific genes play crucial roles. Flavin
dehydrogenase (PH02Gene00021) and exfoliated aldehyde oxidase (PH02Gene30643, PH02Gene43244)
are involved in the abscisic acid synthesis pathway. Serine-O-acetyltransferase (PH02Gene27443),
homocysteine S-methyltransferase (PH02Gene01123, PH02Gene42555, PH02Gene42561), and ACC
synthase (PH02Gene01947) serve as key components of the ethylene synthesis pathway. For gibberellin
synthesis, critical genes include Gibberellin 3 B-Dioxygenase (PH02Gene30496), gibberellin-44-
dioxygenase (PH02Gene40136), and gibberellin-2B-dioxygenase (PH02Gene36729). Upon SNP treatment,
the expression of these genes exhibited distinct responses. Specifically, in Table 1 and Fig. 8-B, the
expression of genes involved in the gibberellin synthesis pathway decreased under the influence of SNP
treatment. In contrast, the expression of aldehyde dehydrogenase (NAD+) (PH02Gene17054,
PH02Gene37309, PH02Gene37333) and amidase (PH02Gene16240, PH02Gene35506) in the auxin
synthesis pathway increased in response to the same treatment.

In the realm of active oxygen metabolism, the expression levels of peroxidase genes (PH02Gene02731,
PH02Gene25959, PH02Gene46530) and lipoxygenase gene (PH02Gene47636) notably decreased upon
treatment with SNP, as evidenced by the data presented in Table 1 and Fig. 8-C. In contrast, the expression
of several other genes involved in this metabolic pathway exhibited a significant increase under the same
SNP treatment, namely ascorbate peroxidase genes (PH02Gene00102, PH02Gene07059,
PH02Gene18614, PH02Gene43093), superoxide dismutase gene (PH02Gene35117), catalase gene
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(PH02Gene16155), glutathione synthase gene (PH02Gene27678), and glucose-6-phosphate 1-
dehydrogenase genes (PH02Gene11326, PH02Gene19105), as indicated by the data in Table 1 and
Fig. 8-C.
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Table 1
Annotation of Aging Genes

Geneid

lignin biosynthesis

PH02Gene06459
PH02Gene15732
PH02Gene20304
PHO02Gene24639
PH02Gene35239
PH02Gene39337
PH02Gene44264
PH02Gene46974
PH02Gene26838
PH02Gene25533
PH02Gene14706
PH02Gene26814
PH02Gene02731
PHO02Gene19041
PH02Gene20074
PH02Gene25511
PH02Gene25959
PHO02Gene32168
PH02Gene36322
PH02Gene46530

Gene name

MtSK
trpB
trpA
CM
CM
TAT
C4H
C4H
4CL
CALDH
CCR
CAD
POD
HCT
HCT
CCR
POD
HCT
TOGT1
POD

Plant hormone biosynthesis

PH02Gene00021
PHO02Gene30643
PHO02Gene43244
PH02Gene27443
PH02Gene01123

ABA2
AAO03
AA03
SAT
BHMT?2

Gene description

Shikimate kinase

Tryptophan synthase 3 chain

Tryptophan synthase a chain

Branched acid mutase

Branched acid mutase

Tyrosine aminotransferase

Trans cinnamate 4-monooxygenase

Trans cinnamate 4-monooxygenase
4-coumaric acid CoA ligase

Coniferous aldehyde dehydrogenase
Cinnamoyl CoA reductase

Cinnamyl alcohol dehydrogenase

Peroxidase

Mangrove acid o-hydroxycinnamoyl transferase
Mangrove acid o-hydroxycinnamoyl transferase
Cinnamoyl CoA reductase

Peroxidase

Mangrove acid o-hydroxycinnamoyl transferase
Scopolamine glucosyltransferase

Peroxidase

Flavin dehydrogenase

Abscisic aldehyde oxidase
Abscisic aldehyde oxidase
Serine O-Acetyltransferase

Homocysteine S-methyltransferase
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Significant

Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down

Down

Down
Down
Down
Down

Down




Geneid Gene name Gene description Significant
PHO02Gene42555 BHMT2 Homocysteine S-methyltransferase Down
PHO02Gene42561 BHMT2 Homocysteine S-methyltransferase Down
PH02Gene01947 ACS 1}%r?gnocyclopropane—1 -carboxylic acid synthase Down
PH02Gene30496 GA3ox Gibberellin 3 B- Dioxygenase Up
PHO02Gene40136  GA200x Gibberellin-44 dioxygenase Up
PH02Gene36729 GA20x Gibberellin 2 B- Dioxygenase Up
PHO02Gene17054 ALDH(NAD+)  Aldehyde dehydrogenase (nad+) Down
PH02Gene37309 ALDH(NAD+)  Aldehyde dehydrogenase (nad+) Down
PH02Gene37333 ALDH(NAD+)  Aldehyde dehydrogenase (nad+) Down
PHO02Gene16240 Cas Amidase Down
PH02Gene35506 Cas Amidase Down
Active oxygen metabolism

PHO02Gene02731 POD Peroxidase Down
PHO02Gene25959 POD Peroxidase Down
PH02Gene46530 POD Peroxidase Down
PH02Gene00102 APX Ascorbic acid peroxidase Up
PH02Gene07059 APX Ascorbic acid peroxidase Up
PH02Gene18614  APX Ascorbic acid peroxidase Up
PH02Gene43093 APX Ascorbic acid peroxidase Up
PH02Gene35117 SOD Superoxide dismutase Up
PHO02Gene16155 CAT catalase Up
PHO02Gene47636 LOX Lipoxygenase Down
PHO02Gene27678 Gss Glutathione Synthase Up
PH02Gene11326  G6PD Glucose-6-phosphate 1-Dehydrogenase Up
PH02Gene19105 G6PD Glucose-6-phosphate 1-Dehydrogenase Up

3.8. SNP regulates the expression level of aging key genes
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We conducted qRT-PCR analysis on 12 key differential genes involved in the regulation of bamboo shoot
senescence, with the primary objective of further corroborating the findings from transcriptome
sequencing. These 12 genes encompass PH02Gene02731 (POD), PH02Gene06459 (MtSK),
PH02Gene26814 (CAD), PH02Gene26838 (4CL), and PH02Gene35239 (CM), all of which are associated
with the lignin biosynthesis pathway. Additionally, we investigated PH02Gene01947 (ACS) and
PH02Gene30643 (AA03), which are related to plant hormone biosynthesis. Furthermore, our investigation
included PH02Gene35117 (SOD), PH02Gene43093 (APX), PH02Gene16155 (CAT), PH02Gene27678
(GSS), and PH02Gene47636 (LOX), known to be involved in the reactive oxygen metabolism pathway.
The fluorescence quantitative data demonstrated a substantial agreement between the gene expression
levels obtained from RNA-Seq and those observed in qRT-PCR (Fig. 9). This concurrence effectively
validates the reliability and accuracy of the transcriptome results obtained in this study.
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Table 2

Specific primer sequences and conditions for real-time PCR analysis

Species

Phyllostachys
edulis

Phyllostachys
edulis

Phyllostachys
edulis

Phyllostachys
edulis

Phyllostachys
edulis

Phyllostachys
edulis

Phyllostachys
edulis

Phyllostachys
edulis

Phyllostachys
edulis

Phyllostachys
edulis

Phyllostachys
edulis

Phyllostachys
edulis

Phyllostachys
edulis

Gene

Actin

PH02Gene35117(SOD)

PH02Gene43093(APX)

PH02Gene01947(ACS)

PH02Gene02731(POD)

PH02Gene06459(MtSK)

PH02Gene16155(CAT)

PH02Gene26814(CAD)

PH02Gene26838(4CL)

PH02Gene27678(GSS)

PH02Gene30643(AA03)

PH02Gene35239(CM)

PH02Gene47636(LOX)

Primer sequences

F- TGCCCTTGATTATGAGCAGG
R:AACCTTTCTGCTCCGATGGT
F:CTTTCCACTCGCTCCTCCTC
R:TGATACGGGCGTTCACTGTT
F:CACCAACCGATGAGAAGAA
R:GAGTAATTGGCAGCAACGA
F:AACCAACTTTCGCTGGACCT
R:CTTGGAAATTGGCTATCCTC
F:CTTCGTCTTTCTCCTCGCATT
R:TCTCAAGGTTTGGGCAGATG
F:CCTCAATGCGGCGATTAGTT
R:CAAGGGCACATCCAACCAA
F-TTTTCGGAGCCGTCAATCG
R:AGCTCGGAACTCCTCACCA

F:GACAGTGACTTTCTTCAACATC
RTTGGTGTTGCCGTAGTTGATGTA
F:GAATGACCCAGAATCCACAAAG
R:ACTTGGAACCCCTTGTACTTGA

F-TTCCTGGGCTTGGTTCCTTA
R:ACATTAAACTCAGCACATGC

F:AGGTTACCGACCGATTGTTGAT
R:CATCTGGGTGCTTATCTCCTTTC
F:AAGGCTGGTGAGGAAAGGAAGT
R:GTGACTCCTGGAACTTTGCCTCT

F:TTCGCCAACAAGCCTTATCTG
R:TCAGACTTCGGGTCTTTGGTG

Size
(bp)

108

107

103

109

95

107

131

279

141

158

107

131

260

Annealing
(°C)

60

60

60

60

60

60

60

60

60

60

60

60

60
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4. Discussion
4.1. Physiological metabolism

Bamboo shoots, being the buds of bamboo, exhibit a robust physiological metabolism. A fruit or
vegetable's physiological metabolism is adversely affected by postharvest damage. Extensive research
has shown that respiratory intensity serves as an intuitive indicator for evaluating the physiological
metabolism of such produce postharvest. Postharvest fruits and vegetables lose nutrients due to
respiration during storage, resulting in deteriorated quality and accelerated senescence (Li et al. 2019b).
Postharvest fruits and vegetables can be delayed from senescence by SNP treatment by inhibiting their
physiological metabolism (Rabiei et al. 2019). Fresh bamboo shoot respiration rate was significantly
reduced after SNP (NO) treatment, compared with the control group (CK treatment) (Fig. 1-A). This
indicates that NO treatment successfully inhibits the physiological metabolism of bamboo shoots
postharvest. According to the results, NO treatment effectively delays the decline in soluble protein
content and weight loss during storage (Fig. 1-B, Fig. 1-D). The study also observed an upward trend in
free amino acid concentrations during later stages of storage (Fig. 1-C). This can be attributed to the loss
of endogenous proteins and external nutrients, as was found by Ll et al (Li et al. 2014). Observation of
continuous decreases in soluble protein content in this study is consistent with these results.

In conclusion, the application of NO treatment has demonstrated its efficacy in effectively inhibiting the
cellular respiration of bamboo shoots during storage, thereby mitigating the decline in soluble protein and
other essential nutrients. Consequently, this treatment serves to curb the escalation of weight loss rate
throughout the storage duration, ensuring the preservation of superior quality in bamboo shoots, even
during the later stages of storage, and Delaying Postharvest the senescence of bamboo shoots.

4.2. Enzymatic browning

The appearance color is commonly employed as an instinctive parameter for evaluating the quality of
postharvest fruits and vegetables. Enzymatic browning plays a crucial role in altering the appearance
color, particularly in bamboo shoots postharvest. This browning process occurs when phenolic
substances react with PPO under aerobic conditions, forming quinones that subsequently undergo
oxidation and lead to browning (Ali et al. 2020). Phenols are mainly distributed in vacuoles within plant
cells, while PPO is predominantly found in the cytoplasm. The presence of a cell membrane creates a
spatial barrier that partially inhibits enzymatic browning in fruits and vegetables (Wei et al. 2022).
Nevertheless, the accumulation of reactive oxygen species (ROS) resulting from harvest damage and
postharvest storage disrupts the cell membrane, exacerbating enzymatic browning (Li et al. 2017). Due to
the distinctive harvesting method of bamboo shoots, postharvest damage is inevitable. Consequently, the
PPO content of fresh bamboo shoots rapidly increases during storage. However, prior studies on cherries
by AGHDAM have indicated that treatment with NO effectively inhibits the rise in PPO activity and delays
enzymatic browning (Aghdam et al. 2019). In our own research, we observed an ascending trend in the
browning index of fresh bamboo shoots (Fig. 2-C). In the later stage of storage, the browning index of

bamboo shoots treated with NO was lower than that treated with CK and there was a significant
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difference, suggesting that NO treatment can effectively suppress postharvest browning during bamboo
shoot storage. This observation aligns with the changes observed in appearance color (Fig. 2-D). In
summary, NO treatment proves to be an effective measure in inhibiting enzymatic browning, reducing
postharvest browning, and delaying the senescence of fresh bamboo shoots during storage.

4.3. Active oxygen metabolism

ROS, an acronym for reactive oxygen species, is an oxygen-containing substance formed during the
process of aerobic metabolism in postharvest fruits and vegetables. It exhibits potent oxidation
capabilities and active chemical properties, primarily originating from mitochondria. Upon the transfer of
electrons to oxygen molecules during aerobic metabolism, plants produce a toxic and active oxygen-
containing substance known as ROS, where MDA serves as its primary representative(Xie et al. 2022).The
rapid accumulation of ROS during the storage period of postharvest fruits and vegetables can cause lipid
peroxidation of the cell membrane in the body of fruits and vegetables, resulting in membrane damage
and cellular structure disruption. This damage facilitates direct interactions between PPO and phenolic
compounds, exacerbating enzymatic reactions and ultimately leading to browning(Dokhanieh and
Aghdam 2016). To prevent browning and delay senescence in postharvest fruits and vegetables,
maintaining sufficient levels of non-enzymatic antioxidants and promoting the activity and gene
expression of enzymes involved in reactive oxygen metabolism are crucial(Wang et al. 2022). In this
regard, treatment with exogenous NO has been shown to modulate the activity of key non-enzymatic
antioxidants and antioxidant enzymes, thus facilitating the removal of reactive oxygen species within
postharvest fruits and vegetables(Jiménez-Mufioz et al. 2021).

Numerous studies have extensively demonstrated the involvement of various enzymes, namely POD,
SOD, CAT, APX, and LOX, in the metabolism of reactive oxygen species (ROS). The cellular ROS level is
intricately dependent on the capacity of these enzymes to produce and scavenge ROS(Wang et al.
2017a). In the present investigation, under NO treatment, 13 genes associated with reactive oxygen
metabolism exhibited distinct expression patterns. The MDA content of NO treatment was significantly
lower than that of CK treatment in the later stage of bamboo shoot storage (Fig. 3-D, Table 1). These
results clearly indicate the considerable impact of NO treatment on ROS metabolism. CAT, APX, and SOD
enzymes are believed to delay ROS accumulation by clearing peroxides. (Rabiei et al. 2019). This study
further elucidates the upregulation of related genes by NO treatment, including APX (PH02Gene43093,
PH02Gene18614, PH02Gene07059, PH02Gene00102), SOD (PH02Gene35117), and CAT
(PHO02Gene16155) (Table 1). Furthermore, the activities of APX and SOD were significantly higher in the
NO-treated group at 45 d (Fig. 3-A, Fig. 3-B), suggesting that NO stimulation enhances the expression or
activity of APX, SOD, and CAT genes, which aligns with prior research by LI et al (Madebo et al. 2022; Li et
al. 2019a).Previously, LOX has been shown to play a role in peroxide metabolism by generating ROS,
leading to oxidative damage of cell membranes (Mirshekari et al. 2020).The transcriptome data of this
study showed that the LOX gene (PH02Gene47636) expression in the NO treated group was significantly
inhibited after 45 days of storage, indicating that NO can attenuate ROS production by suppressing LOX
gene expression. In addition, we found that in the later stage of storage, the ascorbic acid content of
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bamboo shoots treated with NO was significantly higher than that treated with CK (Fig. 3-C). This finding
suggests that NO treatment can preserve crucial non-enzymatic antioxidants, such as ascorbic acid,
which in turn delays the accumulation of MDA, this is consistent with the change in MDA content (Fig. 3-
D). To sum up, our findings indicate that NO treatment induces alterations in key enzyme activities and
gene expressions involved in active oxygen metabolism. Additionally, NO treatment helps preserve the
levels of non-enzymatic antioxidants, inhibits ROS accumulation, decelerates the oxidative damage of
cell membrane lipids, and impedes the browning of bamboo shoots during storage.

4.4. Lignification

Lignification plays a critical role in the postharvest deterioration of fruits and vegetables, leading to a
substantial increase in their hardness and significantly compromising their taste. Moreover, this process
negatively impacts the quality and market value of bamboo shoots. To address this issue, effective
measures are required for the storage and preservation of bamboo shoots that can mitigate postharvest
lignification (Yang et al. 2023). Following harvest, lignin progressively accumulates and deposits in the
plant cell walls, thickening the secondary walls of bamboo shoot cells and causing the lignification of
fruits and vegetables (Wang et al. 2023). Therefore, it becomes crucial to inhibit the biosynthesis of
lignin. A key enzyme in this process is Phenylalanine ammonia-lyase (PAL), responsible for converting
phenylalanine to trans-cinnamic acid, which significantly influences lignin production (Kong 2015). This
study demonstrates that treatment with NO (nitric oxide) effectively inhibits the increase in hardness,
lignin content, and browning index in bamboo shoots (Fig. 4-D, Fig. 4-C, Fig. 2-C). Additionally, it
significantly suppresses PAL activity during the early stages of storage (Fig. 4-A), thus confirming this
observation. These findings highlight the potential of NO treatment to retard lignification and browning
processes in bamboo shoots during storage, corroborating previous reports by Ql et al.(Qi et al. 2020). As
a result, NO treatment shows promise in delaying the senescence of bamboo shoots during storage.

Lignin accumulation is widely recognized as the primary factor leading to postharvest lignification of
bamboo shoots. The phenylpropanoid metabolism serves as a crucial metabolic pathway responsible for
lignin production. Previous research has indicated that key enzymes, such as POD, C4H, 4CL, CCR, and
CAD, play vital roles in the production of lignin in bamboo shoots, with these genes being prominently
featured in the phenylpropanoid metabolic pathway (ZHENG et al. 2020). Currently, the majority of
investigations on the preservation of NO in bamboo shoots focus on the enzymatic activity and gene
expression of the aforementioned enzymes. However, there is a scarcity of studies examining the
comprehensive regulation of NO on the entire pathway (Yang et al. 2010; Wang et al. 2017b). Notably, the
treatment of NO was found to elicit differential expression of 20 lignin biosynthesis genes (Fig. 8-A,
Table 1), signifying its significant impact on lignin biosynthesis.

In the phenylalanine biosynthesis pathway, the treatment with NO significantly repressed the expression
of three genes: MtSK (PH02Gene06459), tyrosine transaminase (PH02Gene39337), and CM
(PH02Gene24639, PH02Gene35239). MtSK is responsible for catalyzing the phosphorylation of shikimic
acid (SA) to form shikimic acid 3-phosphate(Reddy et al. 2020), while CM facilitates the decarboxylation
of prebenzoic acid to yield phenylpyruvic acid(Pittard and Yang 2008). Shikimate 3-phosphate and

Page 21/39



phenylpyruvate are intermediate products in the formation of phenylalanine, which serves as a vital
precursor for lignin synthesis(Winkel-Shirley 2001). These findings suggest that NO inhibits
phenylalanine biosynthesis and restricts lignin synthesis. Moving on to the phenylpropanoid metabolic
pathway, our study revealed that CAD (PH02Gene26814), POD (PH02Gene02731, PH02Gene25959,
PH02Gene46530), CCR (PH02Gene14706, PH02Gene25511), and 4CL (PH02Gene26838) were found to
be enriched. CAD plays a critical role in the catalytic synthesis of various lignin monomers and serves as
a key enzyme in phenylpropanoid metabolism. Consequently, NO treatment resulted in the
downregulation of the CAD gene expression(Singh et al. 2010), leading to a decrease in the synthesis of
lignin monomers and retarding lignification. On the other hand, CCR converts cinnamoyl coenzyme A into
the corresponding cinnamaldehyde(Thévenin et al. 2011). Our study also demonstrated that NO
treatment inhibited the expression of the CCR gene, preventing the formation of cinnamaldehyde and
thus slowing down lignification. Additionally, cinnamaldehyde acts as an intermediate product in lignin
production and exhibits oxidative properties that induce apoptosis(Hong et al. 2016). Furthermore, 4CL
plays a crucial role in converting cinnamic acid derivatives into pivotal enzymes in the lignin branch point,
thereby influencing the synthesis of phenylpropanoid derivatives(Zhang et al. 2019). After NO treatment,
the expression of the 4CL gene and lignin production were significantly reduced. Prior research has
shown that the increase in POD activity and gene expression leads to the lignification of plant
tissues(Meloni et al. 2003). This observation aligns with our findings that NO treatment inhibits both POD
activity and gene expression at 45 d, effectively preventing the rise in lignin content (Fig. 4-B, Fig. 4-C,
Table 1). Overall, these results demonstrate that NO treatment suppresses the activity and gene
expression of crucial enzymes in the phenylpropanoid metabolic pathway, impeding lignin accumulation,
and inhibiting bamboo shoot lignification during storage.

4.5. Phytohormone

Fruits and vegetables' postharvest ripening is significantly influenced by ethylene, an essential plant
hormone. However, its significance as a maturation signal for non-climacteric fruits, such as bamboo
shoots, remains relatively unexplored. Nevertheless, mounting evidence suggests that ethylene indeed
plays a role in the ripening process of non-climacteric fruits. For example, MA et al (Ma et al. 2021)
demonstrated that inhibiting ethylene biosynthetic enzymes and signal component transcripts in pepper
effectively halts the postharvest senescence of pepper. Similarly, A similar regulation of ripening and
senescence has been demonstrated for postharvest fruits and vegetables by Abscisic acid (ABA) (Dong et
al. 2023), while auxin, gibberellin, and cytokinin may have the opposite effect of delaying ripening and
senescence. The ethylene production in bamboo shoots is triggered by postharvest stress and injury,
resulting in bamboo shoot senescence. Further research has revealed that ethylene also plays an
important role in fruit ripening and senescence (Gu et al. 2002). The enzyme ACC synthase (ACS) plays a
critical role in regulating ethylene biosynthesis and production (Jiang and Fu 2000). In fact, studies have
indicated that NO treatment significantly inhibits the expression of the ACS (PH02Gene01947) gene, thus
reducing endogenous ethylene synthesis. Similarly, the primary hormone ABA has been found to play a
pivotal role in fruit ripening, and LIU et al. also reported similar results in their study (LIU et al. 2007).
Abscisic acid (ABA) plays a leading role in fruit ripening (Gupta et al. 2020). Relevant studies have shown
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a positive correlation between ABA content and the hardness of fruits and vegetables, which may result in
lignification(Carvajal et al. 2017). In this study, we found that NO treatment significantly inhibited gene
expression of related enzymes in the ABA biosynthesis pathway, such as flavin dehydrogenase
(PH02Gene00021) and exfoliated aldehyde oxidase (PH02Gene30643, PH02Gene43244) (Table 1). This
suggests that NO treatment effectively hinders the internal mechanism responsible for ABA synthesis.
Conversely, after NO treatment, the expression of enzymes involved in gibberellin biosynthesis, such as
gibberellin 3B-dioxygenase (PH02Gene30496), gibberellin-44 dioxygenase (PH02Gene40136), and
gibberellin 2B-dioxygenase (PH02Gene36729), increased significantly compared to the control treatment.
This indicates that NO treatment can induce the expression of these key enzyme genes, leading to
increased endogenous gibberellin biosynthesis and delayed senescence in fresh bamboo shoots.
Moreover, in this study, the expression levels of acetaldehyde dehydrogenase (NAD*) (PH02Gene17054,
PH02Gene37309, PH02Gene37333) and amidase (PH02Gene16240, PH02Gene35506), which are key
genes in auxin biosynthesis, were found to be significantly lower after NO treatment compared to the
control treatment. This suggests that NO treatment can modulate the expression of these key genes
involved in auxin biosynthesis, thereby regulating the biosynthesis of endogenous auxin and delaying
senescence in fresh bamboo shoots.

5. Conclusion

In this study, the analysis of physiological data revealed an increasing trend in hardness and browning
index of bamboo shoots (Chimonobambusa quadrangularis) during storage, indicating an ongoing
process of lignification and browning. Transcriptome data analysis further demonstrated that the
treatment with nitric oxide (NO) inhibited the activity of key enzymes and gene expression involved in
lignin synthesis, thereby decelerating lignin accumulation and preventing bamboo shoot lignification.
Additionally, the accumulation of reactive oxygen species was found to promote tissue browning.
Interestingly, The results of this study indicate that NO treatment can regulate the expression of reactive
oxygen species metabolism related enzymes and their genes expression, thereby enhancing the ability of
bamboo shoots to scavenge reactive oxygen species and inhibit MDA accumulation. Moreover, our
results indicate that NO can effectively delay bamboo shoot senescence during storage by regulating
plant hormones, such as ethylene and ABA biosynthesis. Finally, this study provides a comprehensive
summary of the potential molecular regulation mechanism underlying NO treatment and its role in
delaying the senescence of fresh bamboo shoots (Fig. 10). The present findings contribute to a better
understanding of the processes involved in bamboo shoot storage and offer valuable insights into the
application of NO treatment to preserve their freshness.
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Figure 1
Effects of SNP treatment on respiration rate (A), soluble protein content (B), free amino acid content (C)

and weight loss rate (D) of fresh bamboo shoots (Chimonobambusa quadrangularis) during storage.
Different letters (on the same day) were significantly different (Duncan'smultiple range test, P < 0.05).
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Figure 2

Effects of SNP treatment on PPO activity (A), total phenol content (B), browning index (C) and
appearance color (D) of fresh bamboo shoots (Chimonobambusa quadrangularis) during storage.
Different letters (on the same day) were significantly different (Duncan'smultiple range test, P < 0.05).
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Figure 3
Effects of SNP treatment on SOD (A), APX (B), ascorbic acid content (C) and MDA content (D) of fresh

bamboo shoots (Chimonobambusa quadrangularis) during storage. Different letters (on the same day)
were significantly different (Duncan’smultiple range test, P < 0.05).
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Figure 5

Differential gene volcano map
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Figure 8
Lignin biosynthesis (A), plant hormone biosynthesis (B), active oxygen metabolism (C) differential gene

cluster heat map. The log'® (FPKM+1) values of the genes were used for gene expression normalization
and hierarchical cluster analysis.
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Figure 10

lllustrates a possible molecular regulation mechanism involved in the postharvest senescence of fresh
bamboo shoots.
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