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Abstract: Due to the high respiration rate and ethylene production at the cut surface of bamboo
(Dendrocalamus latifloxus Munro) shoots after harvesting, browning and lignification at the cut surface
reduce their quality and shelf life. Due to the demand of consumers, using physical treatment to
inhibit microbial growth and maintain quality has become more and more popular. In this study,
bamboo shoots were treated with hot water at 70 °C for 30 s after harvesting and then stored at
1, 3, or 5 °C for 4 weeks to measure the quality change. Our results show that the L* value and
h° angle at the cut surface of the bamboo shoots were significantly higher, but the respiration rate
was significantly lower when stored at 1 °C compared with those at 3 and 5 °C. In terms of quality,
the bamboo shoots showed lower firmness and cutting force values, and no decay was observed at
1 °C. The results from the shelf simulation test with rewarming of the cold-treated bamboo shoots at
ambient temperature (25 °C) for 1 day indicated that the L* value and h° angle were significantly
higher for the bamboo shoots stored at 1 °C compared with those stored at 3 and 5 °C. Taken together,
browning and lignification at the cut surface were effectively inhibited, quality was maintained, and
the storage life could be extended to 4 weeks at 1 °C.

Keywords: respiration rate; polyphenol oxidase; peroxidase

1. Introduction

Bamboo (Dendrocalamus latiflorus Munro) is a perennial monocotyledonous plant
which belongs to the Poaceae family and is distributed widely below an altitude of 500 m in
Taiwan. It thrives in humid and warm climate conditions, particularly when temperatures
range between 20 and 30 °C and there is adequate water supplementation. Tender and
young bamboo shoots are considered an important vegetable in Asia because they are
rich in proteins, minerals, carbohydrates, and dietary fiber, which are beneficial to human
health. The edible part of the bamboo shoot consists of rapidly growing meristematic
tissues, but current harvesting methods cause a large cut surface at the bottoms of young
shoots. It is a challenge to extend the shelf life of bamboo shoots after harvesting due to
the high respiration rate of meristematic tissues and wound-induced ethylene of the cut
areas [1]. These intensive physiological changes result in tissue browning and lignification
at the cut surface, increase firmness, deteriorate quality, and reduce the shelf life [2,3]. After
harvesting, bamboo shoots are typically transported at ambient temperature in Taiwan.
However, this practice often results in a limited shelf life of three days in traditional markets
or auction markets.

Browning and lignification of bamboo shoots during storage are associated with
enzymatic reactions activated by enzymes such as phenylalanine ammonia lyase (PAL),
polyphenol oxidase (PPO), and peroxidase (POD) [2,4-7]. Lower temperatures can delay
the activation process of enzymes related to lignification and browning and slow down
the metabolic process of respiration and ethylene production, thus maintaining better
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postharvest quality and extending the shelf life of bamboo shoots [8]. Moreover, appropriate
temperatures not only reduce respiration rates and ethylene production but also inhibit
microbial growth. On the contrary, storage under inappropriate low temperatures could
induce signs of chilling injury symptoms, such as water-soaked brown flesh [9,10].

Previous studies indicated that postharvest treatments such as modified atmosphere
packaging (MAP), hot air, UV-C, gamma irradiation, 1-methylcyclopropene (1-MCP), sali-
cylic acid, and oxalic acid may effectively prevent quality deterioration of bamboo shoots
(Phyllostachys praecox f. prevernalis) during storage [9,11-15]. Among these, hot air treatment
(heat treatment) is considered to be friendly to human health and the environment. Opti-
mal heat treatment condition might enhance the chilling injury tolerance of horticultural
products by maintaining cell membrane integrity, increasing the synthesis of heat shock
proteins (HSPs), and activating antioxidant systems [16,17]. Furthermore, heat treatment
affected the total phenolic content (TPC) and the PAL, PPO, and POD activities of hor-
ticulture crops during storage, thereby delaying browning [13,18,19]. Additionally, the
optimal storage temperature for bamboo shoots (Dendrocalamus latiflorus Munro) has still
not been thoroughly investigated. Therefore, the present study aims to explore the effect of
hot water treatment followed by low-temperature storage on the activities of browning-
related enzymes and the quality of bamboo shoots as well as determine their optimal
storage temperature.

2. Materials and Methods
2.1. Experimental Materials

Bamboo shoots (Dendrocalamus latiflorus Munro) were harvested in the early morning
from a plantation located in the Taiping District of Taichung, Taiwan and then transferred
to a laboratory within 3 h. Harvested bamboo shoots with a uniform size (weighing
approximately 2 kg) and without blemishes or diseases were sampled for experimentation.

2.2. Treatments and Storage Conditions

The outer layer of a bamboo shoot was first cleaned with tap water and air-dried for
1 h. After a segment of each shoot (approximately 1-2 cm in length) was trimmed off from
the base, the shoots were immersed in hot water at 70 °C for 30 s. Each bamboo shoot was
then dried immediately and individually sealed in a 0.03 mm LDPE bag, and 10 bags were
packaged in 1 box. The boxed bamboo shoots were then subjected to three different storage
temperature treatments—I1, 3, or 5 °C—for 4 weeks, with each treatment having 5 replicates
and each replicate consisting of one box. After the low-temperature treatment, the LDPE
bag was removed, and the bamboo shoots were rewarmed at ambient temperature (25 °C)
for 1 day to simulate shelf conditions. The shoot color, firmness, cutting force, weight
loss, decay ratio, electrolyte leakage, respiration rate, and ethylene production rate were
assessed at the second, third, and fourth weeks after storage. Shoot flesh was sampled
from the base portion of the bamboo shoot at 5 cm above the shoot base, frozen in liquid
nitrogen, and stored at —20 °C for measurements of the TPC and enzyme activities.

2.3. Measurement of Color

The color at the cut surface of a bamboo shoot was determined by using a portable
spectrophotometer (MiniScan EZ 4000S, HunterLab, Reston, VA, USA) with D65 illuminant.
The color was indicated by the L* value (lightness), a* value (redness-greenness), b* value
(yellowness-blueness), C* value (chroma), and h° value (hue angle). Three points at the
cut surface of each shoot were measured and averaged as one replication, with a total of
5 replications per treatment.
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2.4. Determination of Decay Ratio

The decay ratio was evaluated by calculating the percentage of bamboo shoots showing
the presence of microbial lesions or mucilage along with an odor at the cut surface according
to the following formula:

Decay ratio (%) = (number of bamboo shoots with microbial lesions at the
cut surface/total number of bamboo shoots) x 100%

2.5. Measurement of Weight Loss

Weight loss was measured by determining the weight difference between the initial
weight of a bamboo shoot before storage and the weight of a bamboo shoot recorded at the
sampling date, and the ratio of weight loss was calculated according to the following formula:

Weight loss ratio (%) = [(shoot weight before storage — shoot weight after
storage)/shoot weight before storage] x 100%

2.6. Measurement of Texture

The firmness and cutting force of the bamboo shoots were determined by a rheometer
(CR-100, Sun Scientific Co., Ltd., Tokyo, Japan) equipped with a round probe 0.5 cm in
diameter and a sharp blade, measured at a rate of 100 mm-min . Firmness was expressed
as an average value of the firmness measured in the middle (about 5 cm above the bottom)
and in the bottom portion of each sampling shoot.

To measure the cutting force, a drill with a diameter of 16 mm was used to drill a
cylinder flesh sample from the shoot at a position 5 cm above the bottom. The shoot cylinder
was placed horizontally on the platform of the rheometer and measured by vertically cutting
with a sharp blade. The cutting force was expressed as an average value evaluated at two
random sites of the shoot cylinder. Five shoots from each treatment were evaluated.

2.7. Measurement of Electrolyte Leakage

Electrolyte leakage was measured according to the method of Woolf [20] and Luo
et al. [9] with some modifications. In brief, each disc (approximately 1 mm thick and 16 mm
in diameter) was excised from the bottom of the shoot cylinder as mentioned above, rinsed
with deionized water, incubated in 10 mL of 300 mmol/L mannitol, and shaken at 100 rpm
for 3 h at ambient temperature. The initial conductivity was monitored at 25 °C with a
conductivity meter (Suntex SC-2300, Suntex Instruments Co., Ltd., Taiwan). Then, each
sample was frozen at —20 °C for 3 days, thawed, and frozen again at —20 °C to completely
disrupt the cells. After the second thawing, the total electrolyte conductivity was monitored
by incubating the sample in 10 mL of 300 mmol/L mannitol and shaken at 100 rpm for 3 h
at ambient temperature. The electrolyte leakage was expressed as a percentage of the initial
conductivity versus the total conductivity.

2.8. Measurements of Respiration Rate and Ethylene Production

To measure the respiration rate, five bamboo shoots from each temperature treatment
were placed in a closed chamber (one bamboo shoot per chamber) at 25 °C for 1 h. Then,
1 mL of gas was extracted from the chamber using a plastic syringe and injected into the
infrared CO; analyzer (UNOR 610, Maihak AG, Hamburg, Germany).

For determination of the ethylene production, 1 mL of gas was also extracted from
the same chamber mentioned above and then injected into a gas chromatography detector
(GC-8A, Shimadzu Scientific Instruments Inc., Columbia, MD, USA).

2.9. Measurement of TPC

The TPC was determined according to the method of Keith et al. [21] with some
modifications. Two grams of a bamboo shoot flesh sample was homogenized with 5 mL of
0.1 M phosphate buffer (pH 7.0) and then centrifuged with 20,000x g at 4 °C for 20 min.
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One mL of the supernatant was mixed with 0.1 mL of Folin-Ciocalteu phenol reagent and
0.2 mL of 20% sodium carbonate. The mixed solution was diluted to a total volume of 10 mL
with distilled water and heated in boiling water for 3 min. The TPC was then measured at
660 nm with an Elisa Reader (BMG LABTECH, FLUOstar Omega (2, Ortenberg, Germany)
and expressed as micrograms of caffeic acid equivalents per g FW.

2.10. PAL Activity

The PAL activity was assayed using the method of Zhou et al. [22]. One unit of PAL
activity was defined as an increase of 0.001 in ODyg9 per min per g FW.

2.11. PPO and POD Activities

Two grams of a bamboo shoot flesh sample was homogenized with 5 mL of different
buffers to assay the activities of different enzymes. Sodium borate buffer (0.1 M, pH 8.8)
containing 5 mM (3-mercaptoethanol, 2 mM EDTA, and 1% (v/v) polyvinylpolypyrrolidone
(PVPP) was used for PAL analysis, and phosphate buffer (0.1 M, pH 7.0) containing 0.25%
triton and 1% (v/v) PVPP was used for measurements of both the POD and PPO activities.
The mixtures were centrifuged (20,000x g, 4 °C, 20 min), and the supernatants were used
to determine the enzymatic activities. All steps were carried out at 4 °C. POD activity
was assayed through the method of Johnson and Cunningham [23], and PPO activity was
assayed using the method of Lee and Smith [24] with some modifications. The PPO and
POD activities were expressed as a change of 0.01 in ODyyp and ODygp per min per g
FW, respectively.

2.12. Statistical Analysis

The experiments were laid out in a completely randomized design. Analysis of
variance (ANOVA) was performed, and means were compared using the least significant
difference (LSD) (p < 0.05). The analyses were performed using the statistical software
COSTAT 6.4 (CoHort Software, Pacific Grove, CA, USA).

3. Results
3.1. Effects of Storage Duration and Temperature on Visual Appearance of Bamboo Shoots

Temperature is the major factor affecting physiological and metabolic processes such
as browning in bamboo shoots during storage. Thus, it was critical to study the optimal
storage temperature. The L* value of the bamboo shoots significantly declined with the
storage duration at 5 °C, while it kept a similar value at 1 °C. Similarly, after 4 weeks of
storage, the L* value for the bamboo shoots at 5 °C (84.24) was significantly lower than the
L* value for those stored at 1 °C (86.66). In addition, the bamboo shoots at 5 °C showed a
higher a* value and lower h° value, but a lower a* value and higher h°® value were observed
at1 °C (Table 1). Because there was negative correlation between browning and both the L*
and h° values, these results suggest that a storage temperature of 1 °C might effectively
slow down the browning process at the cut surface of bamboo shoots.

The L* and h° values at the cut surface of the bamboo shoots were significantly lower,
but the a* value was higher for those stored at 5 °C compared with those stored at 1 °C
after rewarming for one day at 25 °C (Table 2), indicating that the browning was more
severe after rewarming for those stored at 5 °C. Moreover, the decay ratio was 10% at 3 °C
and 80% at 5 °C after 4 weeks of storage (Figure 1). However, no microbial contamination
was observed at the cut surface of the bamboo shoots after 4 weeks of storage at 1 °C and
rewarming at 25 °C for 1 day (Figure 1).
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Figure 1. Effects of storage duration and temperature on appearance of postharvest bamboo shoots.
Bamboo shoots were stored at 1, 3, and 5 °C for 2 (2W), 3 (3W) and 4 (4W) weeks and then rewarmed
at 25 °C for 1 day (1D).

Table 1. Effects of storage duration and temperature on color at cut surface of postharvest bamboo
shoots stored at 1, 3, and 5 °C for 2 (2W), 3 (3W), and 4 (4W) weeks.

Storage

Storage

* * * * e}
Duration Temperature L a b ¢ h
At harvest 89.25 +0.38 —0.66 + 0.21 11.84 £ 0.44 11.86 £ 0.44 93.2 +1.00
1°C 8763 £0.89a” —-01+£031b 1175+ 098 a 11.76 £ 098 a 90.54 £1.53a
2W 3°C 8755+ 1.10a —0.01+0.32b 11.40 £ 044 a 1141 +044a 90.03 £ 1.61a
5°C 8574 £1.19b 075+ 045a 11.24 £ 093 a 1128 £0.93 a 86.21 £2.46b
1°C 87.66 £ 0.62 a —0.244+0.18 ¢ 11.62 £ 0.56 b 11.62 £ 0.56 b 91.16 £0.87 a
3W 3°C 86.09 £1.60b 0.38 £ 0.50 b 11.81 £ 1.15b 11.83 £1.14b 88.11 £2.55b
5°C 84.86 +1.37 ¢ 0.82+048a 1281+ 0.79a 1284 +£0.79a 86.34+2.14c¢
1°C 86.66 = 1.04 a —0.04+:0.29c 12.88 £ 0.85a 12.88 £ 0.85a 9022 +1.30a
4w 3°C 85.75 £ 1.12b 0.37+0.48b 1235+ 111a 1236 £1.11a 88.38 £2.19b
5°C 8424+ 141c 0.85+0.49a 1294 £ 1.07a 1297 £ 1.08 a 86.26 +1.98 ¢
Storage duration ok ns i il ns
Storage temperature ok ek * * e
Interaction ns?Y ns ** ** ns

“ Means (1 = 5) within a column followed by the same letter were not significantly different at p < 0.05 according

to LSD test. ¥ = Not significant. *, **, *** Significant at p < 0.05, 0.01, or 0.001, respectively.
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Table 2. Effects of storage duration, temperature, and rewarming on color at cut surface of postharvest
bamboo shoots stored at 1, 3, and 5 °C for 2 (2W), 3 (3W), and 4 (4W) weeks and then rewarmed at
25 °C for 1 day (1D).

Storage

Storage

* * * * o
Duration Temperature L a b ¢ h

1°C 8541 +1.69a* 094 +0.61b 1464 £19%4a 14.68 £1.97 a 86.45 +2.01a
2W + 1D 3°C 83.15 +2.08 a 1.24 £042Db 11.95 + 1.78 b 12.02 £ 1.80b 84.15+1.48b
5°C 76.51 £4.61b 278 £132a 14.08 £2.87a 14.38 £3.00 a 79.21 £4.07 c
1°C 86.6 +£ 0.96 a 021 £046¢ 13.68 + 1.24b 13.69 £ 1.24b 89.18 192 a
3W +1D 3°C 84.86 £2.23b 093 +£0.53b 14.44 + 4.55 ab 14.47 + 4.57 ab 86.48 £ 1.18 b
5°C 81.48 +£3.10 ¢ 212+ 1.08a 16.56 £ 3.62 a 16.71 £3.71a 82.89 £2.29 ¢
1°C 85.88 £ 091 a 0.52+0.32b 1522 +£1.39a 1523 +1.39a 88.06 £ 1.15a
4W + 1D 3°C 81.77 £7.32b 110 £ 1.77b 1554 £3.86a 15.64 £4.00 a 86.77 = 4.74 a
5°C 81.19 +£4.33b 214+ 134a 1727 £331a 1742 + 344 a 83.36 +2.99b

Storage duration ** * i ** i

Storage temperature il ook ** ** i

Interaction * nsY ns ns ns

“ Means (1 = 5) within a column followed by the same letter were not significantly different at p < 0.05 according
to LSD test. ¥ = Not significant. *, **, *** Significant at p < 0.05, 0.01, or 0.001, respectively.

3.2. Effects of Storage Duration and Temperature on Respiration Rates of Bamboo Shoots

The edible part of bamboo is the tender young shoot with a large wounding area
at the base when harvested, and thus the respiration rates were high, with a value of
239.06 mL-CO, kg~ !-h~! (Figure 2). Low-temperature storage could significantly reduce
the metabolic rate and respiration rate of bamboo shoots. In this study, ethylene was not
detected during low-temperature storage from 1 to 5 °C. The respiration rate of the bamboo
shoots stored at 1 °C decreased gradually throughout the course of storage. After storage
for 4 weeks, the respiration rate of those stored at 1 °C was 42.98 CO, mL~kg’1 -h~1 which
was significantly lower than the rate of those stored at 5 °C, with a value of 173.89 mL
C02~l<g’1 h~1. The respiration rates of the bamboo shoots stored at 5 °C for 2, 3, or 4 weeks
were 1.4, 3.4, and 4 times higher than those stored at 1 °C, respectively. Overall, storage
at 1 °C might significantly suppress the respiration rate during the storage and shelf-life
period (Figure 2).

o * ol | >

250

Respiration rate
(3]
(=1
(=]
T

(mL-kg'-hr! CO,)
3

—

(=4

(=]
T

0 1 2 3 4

Storage duration (weeks)

Figure 2. Effects of storage duration and temperature on respiration rate of postharvest bamboo
shoots. Bamboo shoots were stored at 1, 3, or 5 °C for 2, 3, and 4 weeks. Dashed line represents the
respiration rate of stored samples after rewarming at 25 °C for 1 day. Vertical bars represent standard
error (n = 5). Means between different treatments in the same storage duration with the same letters
were not significantly different at p < 0.05 according to LSD test.
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3.3. Effects of Storage Duration and Temperature on Firmness and Cutting Force of Bamboo Shoots

Compared with the bamboo shoots stored at 1 °C and 3 °C, those at 5 °C exhibited the
highest firmness, with a value of 166.90 N-cm 2 after 2 weeks of storage and 149.88 N-cm 2
after 4 weeks of storage (Figure 3a). Similarly, the bamboo shoots stored at 5 °C exhibited a
higher cutting force value throughout the course of storage than those stored at 1 °C and
3 °C. For the bamboo shoots stored at both 1 °C and 3 °C for 4 weeks, the cutting force was
similar to that of the fresh shoots (0 weeks), while the cutting force of those stored at 5 °C
for 4 weeks was 1.9 times higher than that of the fresh shoots (Figure 3b). Therefore, storage
at 1 °C significantly alleviated the increase in firmness and cutting force during storage.

(a) (b) :
| : a —3
4 4
b b aa . ab - 5C L4
~
a o
b b '_T[ g
'I' L b | , 05
a e
2
b b b © 2
F1
I -0
() (d)
25 a a a
I 80
b
204 allla =
: ¢ aaa o =
B =]
a b aaa <
S 1 ab b @
b g
I 40 ;
- S
(e}
S
) ﬂ 20 ~
= T -0
0 2 3 4 0 2 3 4
Storage duration (weeks) Storage duration (weeks)

Figure 3. Effects of storage duration and temperature on firmness (a), cutting force (b), weight loss
(c), and electrolyte leakage (d) of postharvest bamboo shoots. Bamboo shoots were stored at 1, 3, and
5°C for 2, 3 and 4 weeks. Vertical bars represent standard error (1 = 5). Means between different
treatments in the same storage duration with the same letters were not significantly different at
p <0.05 according to LSD test.

3.4. Effects of Storage Duration and Temperature on Weight Loss and Electrolyte Leakage of
Bamboo Shoots

The weight loss of the bamboo shoots increased with the storage duration from 1 to
5 °C. However, there was a negative correlation between weight loss and temperature
(1-5 °C). After storage for 4 weeks, the bamboo shoots stored at 1 °C showed significant
weight loss (2.34%), followed by those stored at 3 °C (2.03%) and those stored at 5 °C
(1.59%) (Figure 3c).

Electrolyte leakage has been considered as an indicator of membrane damage and a
qualitative indicator of chilling injury. Our results show that electrolyte leakage increased
as the storage duration increased. However, no significant difference was observed during
1-5 °C storage for 2-3 weeks (Figure 3d).
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3.5. Effects of Storage Duration and Temperature on TPC and PPO, POD, and PAL Activities of
Bamboo Shoots

The TPC and activities of browning-related enzymes were determined under various
storage durations and temperatures to understand the effects of the storage duration and
temperature on the browning of bamboo shoots at the cut surface. The bamboo shoots
stored at 3 °C for 4 weeks exhibited a significantly higher TPC (1030.9 ug-g~! FW) than
other treatments. Furthermore, the storage duration or storage temperature displayed no
significant effect on TPC, but their interaction had a significant effect on the TPC (Table 3).

Table 3. Effects of storage duration and temperature on TPC content and enzymatic activities of
POD, PPO, and PAL in postharvest bamboo shoots stored at 1, 3, and 5 °C for 2 (2W), 3 (3W), and
4 (4W) weeks.

Storage Storage TPC POD PPO PAL
Duration Temperature (ug-g~1 FW) (U-g~1FW) (U-g~1 FW) (U-g~1 FW)
At harvest 655.8 £ 48.7 1155 4+ 570 3492 +35.5 -y
1°C 757.3 £1535a” 1593 + 224 a 392.3 £30.5ab
2W 3°C 7455 £107.0 a 1424 + 177 a 360.9 +£27.2b -
5°C 737.0 £ 1146 a 1537 £ 171 a 4437 +£942a
1°C 848.7 £ 151.8 a 1610 & 160 a 428.6 £ 749b 2792 +375b
3W 3°C 7213 £ 86.6a 1602 + 128 a 528.6 £79.7 a 299.5 4 43.8 ab
5°C 672.7 £1775a 1731+ 442 a 4173 +449b 346.8 £ 445a
1°C 763.6 £155.5b 2328 £171a 4181 +59.2a 4015+ 199a
4W 3°C 1030.9 £262.0 a 2243 £239a 4264 +32.6a 283.5+59.8b
5°C 664.8 +128.6 b 1653 + 251 b 4137 +£214a 206.0 £33.5¢
Storage duration ns X il * ns
Storage temperature ns ns ns **

*

*k

*

ks

Interaction

* Means (1 = 5) within a column followed by the same letters were not significantly different at p < 0.05 according to
LSD test. ¥ Not detected. * Not significant. *, **, *** Significant at p < 0.05, 0.01, or 0.001, respectively.

The storage duration had significant effects on the PPO and POD activities. After
storage for 2 weeks, PPO activity was significantly higher at 5 °C compared with that at
3 °C. In addition, PPO showed significantly higher activity for those shoots stored at 3 °C
relative to that for the shoots stored at 5 °C after 3 weeks of storage. After 4 weeks of
storage, no significant difference in PPO activity was detected among those shoots stored
at 1-5 °C. POD activity increased after storage at 1 °C and 3 °C for 4 weeks, with values of
2328 and 2243 U-g~! FW, respectively, which were significantly higher than those for the
shoots stored at 5 °C (1653 U-g~! FW) (Table 3).

The storage temperature had significant effects on PAL activity. After storage for
3 weeks, the PAL activity increased from 279.2 U-g~! FW at 1 °C to 346.8 U-g~! FW at 5 °C.
On the contrary, after storage for 4 weeks, the PAL activity at 1 °C increased to a value of
401.5 U-g~! FW, which was significantly higher than that for the shoots stored at 5 °C, with
a lower value of 206.0 U-g~! FW (Table 3).

4. Discussion

The primary factor influencing the physiological metabolism of postharvest bamboo
shoots is the storage temperature [8]. Finding the optimal storage temperature for bamboo
shoots is crucial to maintain quality and extend their shelf life. Although low-temperature
storage could inhibit the activities of browning-related enzymes and microbial growth,
inappropriate low temperatures may result in chilling injury symptoms and reduce mar-
ketability [9,10]. As the bamboo shoot consists of rapidly growing meristematic tissues,
harvested bamboo shoots exhibit high metabolic activity and a short shelf life. Moreover,
the harvesting method results in a large wound at the bottom, which induces wound
ethylene. Therefore, it is critical to slow down the respiration rate of bamboo shoots to
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prolong their storage duration [15]. Therefore, a temperature of 1 °C is recommended for
4 weeks of storage to maintain a low respiration rate and high quality.

The browning of bamboo shoots shortens their shelf life, and the severity of browning
is negatively correlated with the L* and h°® values [25,26]. In this study, the bamboo
shoots stored at 5 °C showed significantly lower L* and h® values and higher a* and b*
values, indicating obvious browning at the cut surface. After one day of rewarming at
25 °C, the browning became even more pronounced (Tables 1 and 2, Figure 1). Conversely,
the bamboo shoots at 1 °C maintained a bright and white cut surface which was not
significantly different from those of the freshly harvested ones.

While most vegetables and fruits become tender and turned soft after harvesting, bam-
boo shoots exhibit a rapid increase in firmness after harvesting due to tissue lignification
and lose their commercial value [2,7]. Lignin synthesis starts with the conversion of pheny-
lalanine to cinnamic acid catalyzed by PAL, following a series of enzymatic reactions to
form lignin monomers. These monomers are then polymerized into large lignin molecules
by POD [27]. Luo et al. [8] showed that low-temperature storage inhibits the activity of
lignification-related enzymes such as PAL, cinnamyl alcohol dehydrogenase (CAD), and
POD, which in turn delays the accumulation of lignin and cellulose and slows down the
increase in firmness. In several studies, there has been a significant positive correlation
observed between the contents of lignin and cellulose in postharvest bamboo shoots and
their firmness [4,8,12]. Similarly, we analyzed changes in firmness and cutting force to
investigate lignification in postharvest bamboo shoots. Our results indicate that the bamboo
shoots stored at 1 °C exhibited 24% and 47% reductions in firmness and cutting force, re-
spectively, compared with those shoots stored at 5 °C. Additionally, storing bamboo shoots
at 5 °C did not effectively prevent the increase in firmness or cutting force, while storage at
1 °C could maintain a texture and crispness similar to fresh ones (Figures 2 and 3a,b). Our
data reveal that both the POD and PAL activities of the bamboo shoots were significantly
higher when stored at 1 °C relative to those stored at 5 °C after 4 weeks of storage. However,
the PAL activity showed an opposite trend upon 3 weeks of storage (Table 3), suggesting
that the process of lignin and cellulose accumulation might take place earlier when stored
at 5 °C compared with 1 °C.

Many research findings indicated that browning and lignification of bamboo shoots
during storage are related to their associated enzyme activities, such as PAL, PPO, and
POD [2-5,7,9,13,14]. However, our results show that the storage temperature had no
significant effect on the TPC or PPO or POD activities (Table 3), which might be attributed
to the relatively small temperature differences between 1, 3, and 5 °C. Nonetheless, there
were significant differences in the PAL activities among the bamboo shoots stored at 1, 3,
and 5 °C for 3 and 4 weeks. Because PAL is a key enzyme in the biosynthesis of phenolic
compounds, the browning reaction might have taken place earlier in the bamboo shoots
stored at 5 °C for 3 weeks, as indicated by the higher PAL activity at this temperature
(Table 3). On the other hand, the bamboo shoots stored at 1 °C for 4 weeks showed a higher
PAL activity, indicating that the browning reaction initiated more slowly compared with
those stored at 5 °C (Table 3). PAL serves as the most upstream enzyme in the shikimic acid
pathway. It converts phenylalanine to cinnamic acid by removing the amino group and
leads to the biosynthesis of several secondary metabolites, including lignin, tannins, and
flavonoids [27,28]. Based on this, increased PAL activity might also lead to higher levels of
precursor compounds for polyphenol biosynthesis. Whether the reaction moves toward
polyphenol or lignin biosynthesis depends on its downstream enzyme activities.

Our results show that the POD activity increased as the storage duration increased,
and the bamboo shoots stored at 1 °C and 3 °C for 4 weeks had higher POD activity than
those stored at 5 °C (Table 3). Furthermore, fewer browning symptoms and lower firmness
and lignification at the cut surface were detected in the bamboo shoots stored at 1 °C and
3 °C relative to those stored at 5 °C (Table 1; Figure 3a,b). This might be attributed to
activation of the antioxidant system by POD, because POD plays a vital role in scavenging
reactive oxygen species (ROS). During long-term and cold storage, bamboo shoots may
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suffer oxidative stress due to the accumulation of ROS, and high POD activity may mitigate
oxidative damage.

Low-temperature storage effectively inhibited physiological metabolism and extended
the shelf life. However, some research results also indicate that low-temperature stor-
age could lead to increased electrolyte leakage, the incidence of chilling injury, or a
higher browning index in postharvest bamboo shoots [3,9,10,12]. In this study, the bamboo
shoots stored at 1, 3, and 5 °C did not exhibit significant differences in electrolyte leakage
(Figure 3d), and no chilling injury symptoms were observed. Moreover, the bamboo shoots
stored at 1 °C still showed significantly lower respiration rates after rewarming at 25 °C
for 1 day (Figure 2). Because chilling injury symptoms often appeared and worsened after
rewarming, our results indicate that the bamboo shoots stored at 1 °C did not suffer from
membrane damage during the rewarming period.

5. Conclusions

Our results suggest that storing bamboo shoots at 1 °C could effectively prevent decay
and browning at the cut surface, and this effect may extend to the rewarming period at 25 °C
for 1 day. Furthermore, bamboo shoots stored at 1 °C could maintain a low respiration rate
and high-quality traits, including a low decay ratio, less browning, and vegetable crispness,
because browning-related enzymes and lignification would be effectively inhibited.
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