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Abstract

Fresh-cut lotus root is highly susceptible to quality deterioration, primarily due to enzymatic browning and microbial growth. This study investigated the
efficacy and mechanism of *Co-y irradiation in preserving the quality of fresh-cut lotus root. The results demonstrated that irradiation effectively controlled
total bacterial numbers within 5 log,, CFU/g throughout the storage period. Irradiation significantly inhibited browning, reducing the browning index by
19.6%, 25.3%, and 28.6% at 1, 2, and 3 kGy, respectively, compared to the control. This inhibitory effect was attributed to the delayed degradation of total
phenolics and the suppressed accumulation of soluble quinones, the direct browning precursors. Irradiation induced a dose-dependent inhibition of
polyphenol oxidase (PPO) activity, with the 3 kGy treatment exerting the strongest suppressive effect; however, the activities of phenylalanine ammonia-
lyase (PAL) and peroxidase (POD) remained unaffected. Circular dichroism (CD) and fluorescence spectroscopy revealed three kGy irradiation induced
rearrangements in the secondary structure, and disruption of the tertiary structure of PPO. Specifically, CD analysis definitively characterized conformational
changes in PPO, showing a dramatic reduction in the a-helix content from 35.4% to 18.4%. Meanwhile, fluorescence spectra of PPO exhibited a 12 nm
redshift accompanied by significant fluorescence quenching. This phenomenon provides direct evidence that the enzyme's tertiary structure was disrupted,
which in turn lead to the exposure of its hydrophobic core and ultimately resulted in functional inactivation. ®Co-y irradiation is a highly effective
technology for maintaining the quality of fresh-cut lotus root, primarily through direct microbial inactivation and the suppression of the PPO-mediated
browning pathway.
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Introduction

Fresh-cut vegetables are in high demand worldwide for their
nutritional benefits and convenience. Among these, fresh-cut lotus
(Nelumbo nucifera Gaertn.) root has gained popularity as a novel,
minimally processed product in Chinal'l. However, microbial
contamination and enzymatic browning pose major challenges for
the industry. Mechanical injury during processing disrupts cellular
compartmentalization, releasing vacuolar phenolics and oxidative
enzymes into the cytosol. As observed in lettuce stems, this triggers
rapid metabolic shifts and oxidative cross-talk, culminating in discol-
oration and economic losses[?3l. This browning cascade is equally
severe in white-fleshed vegetables such as lotus root, where high
phenolic content and intrinsic enzymatic activity accelerate quality
deteriorationt,

Polyphenol oxidase (PPO) is established as the principal enzyme
responsible for enzymatic browning in fresh-cut fruits and
vegetablesBl. This copper-containing metalloenzyme catalyzes the
oxidation of phenolic compounds to highly reactive o-quinones,
which subsequently polymerize into brown melanins, compromis-
ing product quality®®. The overall browning process can be modu-
lated by other enzymes. Phenylalanine ammonia-lyase (PAL) drives
the synthesis of phenolic substrates, while peroxidase (POD) can
further oxidize phenolics in the presence of H,0,, potentially acting
in synergy with PPOI°.. Despite this foundational knowledge, the
precise regulatory mechanisms controlling phenolic metabolism-
related enzyme activities in complex postharvest systems, such as
fresh-cut lotus root, remain insufficiently resolved.
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Conventional anti-browning strategies (e.g., chemical inhibitors,
thermal processing) often compromise sensory attributes or lack
eco-compatibility. Irradiation has emerged as a promising non-ther-
mal alternative, capable of eliminating pathogens while extending
shelf lifel”8l, Low-to-medium doses (< 5 kGy) may further inhibit
browning, as evidenced in shredded cabbage, where y-irradiation
(2 kGy) suppressed PAL activity and gene expression!. While y-irra-
diation has been demonstrated to effectively delay browning and
decay in various fruits and vegetables®'%, its efficacy and underly-
ing mechanism for highly browning-sensitive root vegetables like
lotus root are less comprehensively studied. Existing research on
lotus root has primarily focused on the changes in sensory and
physicochemical properties during storage post-irradiation. The
current mechanistic understanding of irradiation-induced PPO inhi-
bition is often attributed to indirect causes such as gene expression,
downregulation, or oxidative stress, while direct experimental
evidence on whether and how irradiative energy disrupts the
secondary and tertiary structure of PPO, leading to the loss of
catalytic function, is still lacking. Therefore, this study evaluated the
effects of 60Co-y irradiation (1-3 kGy) on microbial safety, color qual-
ity, and browning-related metabolism in fresh-cut lotus root during
storage. It is hypothesized here that, irradiation inhibits browning in
fresh-cut lotus root by inducing conformational changes in PPO,
disrupting its catalytic function through structural alterations. This
multi-scale mechanistic investigation will not only provide a solid
theoretical basis for applying y-irradiation to preserve lotus root,
but also offers new insights into the universal molecular
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mechanisms by which irradiation technology controls enzymatic
browning in fresh produce.

Materials and methods

Raw materials and °°Co-y irradiation treatment
Lotus roots (Nelumbo nucifera Gaertn. cv. Qian Shui Ou) were
harvested from a commercial field located in Guangzhou, Guang-
dong, China in October 2024, and transported to the laboratory
within 3 h under an ice bath. Uniform roots without mechanical
damage were washed with tap water and sliced into pieces with the
thickness of 0.5 cm using a sharp knife. The slices were divided into
four groups packed separately in polypropylene plastic bags and
treated with 0Co-y irradiation at 1, 2, and 3 kGy. Irradiation was
performed at a dose rate of 1.0 kGy/h at ambient temperature
(approx. 25 °C). Slices without radiation treatment were used as a
control. The treated samples were stored at 25 °C with a relative
humidity of 65% + 5% for 9 d. Each bag contained approximately
500 g of samples. Three replicates were applied for each treatment.

Microbial counts

Fresh-cut lotus root samples (25 g) were homogenized with 225 mL
of sterile physiological saline (0.85% NaCl). Following serial decimal
dilution, aliquots were spread-plated onto plate count agar (PCA).
After incubation at 37 °C for 48 h, visible colonies were enumerated.
Total bacterial counts were calculated as log,, CFU/g. Data is
presented as mean values + standard deviation from three biologi-
cal replicates (n = 3).

Color measurement and browning degree
analysis

Surface color of fresh-cut lotus root was quantified using a chro-
mameter (CR-400, Konica Minolta, China). The instrument was
preheated for 15 min and calibrated prior to measurements. For
each sample, the measurement head was placed in direct contact
with three randomly selected positions on the cut surface. Color
parameters (L, a*, b*) were recorded, with total color difference
calculated as AE, where higher AE values indicate greater visual
discoloration.

Five grams of tissue was homogenized in 20 mL ice-cold distilled
water using a polytron homogenizer. The slurry was centrifuged
(5,000 g, 20 min, 4 °C) in a refrigerated centrifuge (Eppendorf 5430R,
Germany). The resulting supernatant was equilibrated to 25 °C for
5 min before measuring absorbance at 410 nm (A410). Browning
index (Bl) was calculated as A410 x 10.

Total phenolic compound content

Total phenolic content was assessed using the Folin-Ciocalteu
assay with minor modifications. Briefly, 3.0 g of sample material was
homogenized in 30 mL of 60% (v/v) aqueous ethanol. The
homogenate was centrifuged at 10,000 g for 5 min at 4 °C. The
supernatant was adjusted to a final volume of 40 mL with extraction
solvent (60% ethanol). 0.125 mL of diluted extract was combined
with 0.625 mL deionized water. After adding 0.125 mL Folin-Ciocal-
teu reagent, the mixture was vortexed for 10 s and incubated in
darkness (25 °C, 3 min). Subsequently, 1.25 mL of 7% (w/v) sodium
carbonate (Na,COs) and 1.0 mL deionized water were introduced.
Following thorough mixing, reaction mixtures were developed in a
temperature-controlled water bath at 25 °C for 90 min. Absorbance
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was measured at 760 nm against a reagent blank using a UV-1800
spectrophotometer (Shimadzu, Japan). Total phenolic content was
calculated based on a gallic acid standard curve and expressed as
milligrams of gallic acid equivalents per kilogram of fresh weight
(mg/kg FW).

Soluble quinone content

Soluble quinone content was quantified following Wang et al.
with modifications!'". Fresh-cut lotus root tissue (5.0 g) was homog-
enized in 20 mL of absolute ethanol. The homogenate was
centrifuged at 10,000 g for 10 min (4 °C). The supernatant was
collected and immediately subjected to spectrophotometric analy-
sis. Absorbance measurements were recorded at 437 nm using a UV-
1800 spectrophotometer (Shimadzu, Japan) with anhydrous ethanol
as a blank. Soluble quinone levels are expressed as absorbance units
at437 nm.

PAL, POD, and PPO activity assay

PAL activity was determined using the method described by
Zhang et al. with minor modifications!'l. Approximately 2 g of
sample tissue was homogenized in 5 mL of 0.05 mmol/L sodium
borate buffer (pH 8.8) containing 0.5 g polyvinylpyrrolidone (PVP),
5 mmol/L 2-mercaptoethanol, and 2 mmol/L EDTA, using a pre-
chilled mortar. The homogenate was centrifuged at 12,000 g for
20 min at 4 °C, and the resulting supernatant was used as the crude
enzyme extract. The reaction mixture for the PAL assay comprised
3.5 mL of 0.1 mol/L sodium borate buffer (pH 8.7), T mL of 10 mmol/L
L-phenylalanine, and 0.5 mL of the enzyme extract. The change in
absorbance at 290 nm was recorded, and one enzyme unit (U) was
defined as a 0.01 absorbance change per min per gram of fresh
weight.

POD and PPO activities were assayed following the method of
Li et al.l'2, An aliquot of 3.0 g samples was homogenized with 50 mL
of ice-cold 0.05 M phosphate-buffered saline (PBS, pH 7.0) in a pre-
chilled mortar. To obtain the crude enzyme extract for POD and PPO
assays, the homogenate was centrifuged (10,000 g, 10 min, 4 °C) and
the supernatant was collected. For POD activity determination, the
reaction mixture was prepared by combining 2 mL of acetic acid
buffer (with 5 mmol/L benzidine) and 1T mL of the enzyme extract.
For PPO activity, the reaction system was prepared by combining
1.0 mL of supernatant, 1.0 mL of 0.1 mol/L catechol, and 1.5 mL of
phosphate-buffered saline (PBS). Following a 5 min incubation at
37 °C, the POD reaction was initiated by adding 1 mL of 0.3% H,0,.
POD activity was then quantified by monitoring the increase in
absorbance at 470 nm for 2 min. PPO activity was determined by
measuring the absorbance change at 420 nm. Similar to PAL, one
unit (U) of PPO/POD activity was defined as the amount of enzyme
that caused an increase in absorbance of 0.01 per min under the
assay conditions. The activity was expressed per gram of fresh
weight (U/g FW).

PPO extraction and partial purification

Following irradiation, PPO was then individually extracted and
purified from the tissues of the treatment group. Lotus root slices
were homogenized with a Bamix mixer to make a puree. The tissue
homogenate was washed twice with pre-chilled PBS (pH 7.4) to
remove impurities. To obtain the crude protein extract, the sample
was treated with PBS (pH 7.4), supplemented with protease
inhibitors (1 mM PMSF and 5 mM EDTA) for lysis, and incubated on
ice for 30 min. The mixture was then centrifuged at 12,000 g for
30 min at 4 °C, and the supernatant was collected. Following the
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gradual addition of solid ammonium sulfate to 40% saturation, the
crude protein solution was stirred on ice until fully dissolved and
then stored at 4 °C for 8 h. The resulting precipitate was collected by
centrifugation, resuspended in PBS buffer, and the supernatant was
discarded. The samples were further purified by size-exclusion chro-
matography using an AKTAprime plus system equipped with a
Superdex 200 column. The analysis was carried out under the
following conditions: a mobile phase of 50 mM PBS buffer, a flow
rate of 1 mL/min, and an injection of 5 mL of dialyzed sample.
Protein concentration was determined by the Bradford method,
using absorbance at 595 nm and a bovine serum albumin (BSA)
standard curve. The final partially purified PPO had a concentration
of approximately 3 mg/mL. For spectroscopic analyses, this stock
was diluted with 50 mM PBS to the required working concentra-
tions (0.5 mg/mL for CD, and 0.1 mg/mL for fluorescence). Simulta-
neously, the purity of the protein extract was evaluated using
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) (Supplementary Fig. S1).

PPO enzyme gene expression (qQRT-PCR)

Following total RNA extraction (Trizol method) and quality assess-
ment (purity and concentration), cDNA was synthesized using a
reverse transcription kit (Takara, Dalian, China) as per the manufac-
turer's instructions. Gene expression was subsequently analyzed by
real-time PCR (RT-PCR). The qRT-PCR assay was conducted using a
7500 Real-Time PCR System (Applied Biosystems, USA). The program
is comprised of the following steps: an initial incubation at 37 °C for
2 min, followed by a reverse transcription step at 55 °C for 15 min
and enzyme inactivation at 85 °C for 5 min. Amplification proceeded
for 40 cycles with denaturation at 95 °C for 10 s, annealing at 56 °C
for 10 s, and extension at 72 °C for 10 s. For each sample, reactions
were set up in triplicate to ensure the reproducibility of the results.
The mRNA expression level was normalized to the expression level
of the housekeeping gene GAPDH (forward, GTCACCACTGA-
CACGTTGGC, and reverse, AGTGGTCGTTGAGGGCAATG). The primer
was used for gRT-PCR: N1PPO (Nelumbo nucifera polyphenol
oxidase) forward, TTGGAAGCCGAAGATGA and reverse, CACGAAGC-
GAACACTATC.

Fluorescence emission spectra analysis

The protein solution was diluted to 0.1 mg/mL with 50 mM PBS
(pH 7.4) for analysis. Fluorescence emission spectra (280-400 nm)
was recorded at 25 °C on an RF-600 spectrophotometer (Shimadzu,
Tokyo, Japan) using an excitation wavelength of 265 nm. The spec-
tra was acquired with both excitation and emission slits set to 1 nm
and a scanning speed of 6,000 nm/min, and were baseline-corrected
against a PPO-free control.

Circular dichroism spectrum (CD)

CD spectra of the protein solution (0.5 mg/mL in 50 mM PBS, pH
7.4) were acquired using a CHIRASCAN spectropolarimeter (Applied
Photophysics, UK), scanning from 190 to 250 nm at a speed of
50 nm/min.

Data analysis

The results from at least three independent experiments are
reported as mean * standard deviation. Statistical comparisons were
performed by one-way ANOVA with Duncan's multiple range test in
SPSS Statistics 17, considering differences significant at p < 0.05.
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Results

Effects of irradiation on microbial contamination
of fresh-cut lotus root

Microbial contamination is a significant challenge in the storage
of fresh-cut vegetables. Minimal processing operations such as
cutting and dicing, critically determine initial microbial load and the
subsequent pattern of microbial growth!'3l. Contamination by
human, animal, or environmental pathogens can occur during
primary production and processing!'¥, with fresh-cut produce
known to harbor pathogens such as Escherichia coli O157:H7,
Salmonella enterica, and Listeria monocytogenes!'315], Different
produce items vary in their ability to support bacterial growth. For
example, in fresh-cut lettuce, storage for just 3 d led to a substantial
increase in total colony count (exceeding 5 log,, CFU/g), notably
from Pseudomonas, resulting in significant sensory quality deterio-
ration['®l, Similarly, in fresh-cut lotus root, the cutting process
disrupts the tissue, creating an environment conducive to microbial
proliferation. As shown in Fig. 1, total viable counts in untreated
(control) lotus root increased rapidly, reaching 15.2 log,, CFU/g by
day 5. In sharp contrast, irradiation significantly (p < 0.05)
suppressed growth at this critical stage, with the values of 2.6, 1.1,
and 0.8 log,, CFU/g for the 1, 2, and 3 kGy treatments, respectively
(Fig. 1). This dose-dependent inhibition persisted throughout stor-
age. On storage day 9, lotus root treated with 1 kGy irradiation
reduced the total bacterial number to only half the level of the
control group. The total viable counts in the 2, and 3 kGy treat-
ments remained below 5.0 log,;, CFU/g, with the 3 kGy treatment
demonstrating the strongest antimicrobial efficacy. These results
clearly indicate that irradiation is a highly effective bactericidal treat-
ment for controlling microbial populations and enhancing the shelf-
life of lotus root slices.

Effects of irradiation on color and browning
index of fresh-cut lotus root

The development of browning was monitored in the lotus root
slices throughout storage (Fig. 2). Irradiation from different sources
i.e., y-ray, ultraviolet light, and diode laser has been proven to inhibit
browning in fresh-cut vegetables such as celtuce, cabbage, and
bamboo shootl®17.18], |n this study, browning occurred in the control
treatment after 3 d of storage, whereas slices treated with 2, and 3 kGy
irradiation exhibited slight browning. This visual improvement was
quantitatively confirmed by color measurements, as shownin Table 1.
The L* value (lightness) decreased over time in all groups, but the

25 1
M Control
5} 7 1 kGy
€ 20{ E2kGy
E@ & 3 kGy
25 15
5=
3 & 101
£=
2 51
= a
0 iblbb .Wbﬂlgc
1 3
Storage time (d)

Fig. 1 Effects of irradiation on microbial contamination of fresh-cut
lotus root during storage.
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Fig. 2 Pictures of fresh-cut lotus root subjected to 6°Co—y irradiation at
1,2, and 3 kGy during storage.

decline was significantly mitigated by irradiation. At the end of stor-
age, the L* values of samples treated with 1, 2, and 3 kGy were 1.4%,
12.4%, and 22.9% higher than the control, respectively. Conse-
quently, the 3 kGy treatment showed the smallest overall color
change (AE). Consistent with color parameter trends, the browning
index (Bl) increased with prolonged storage, rising from 4.87 to
15.57 over the 9 d storage period. Starting from the third day of stor-
age, irradiation exerted a significant inhibitory effect on browning.
Specifically, Bl of samples treated with irradiation doses of 1, 2, and
3 kGy was respectively lower by 19.6%, 25.3%, and 28.6% compared
to the control group. Notably, the inhibitory effect of irradiation on
browning was dose-dependent during the late stage of storage. The
3 kGy dose demonstrated the most pronounced effect, with its final
Bl being approximately half of that in the control group. The
observed browning degree showed a strong positive correlation
with PAL and POD activities, but a significant negative correlation

Table 1. Changes in color and browning index of fresh-cut lotus root during
storage.

Storage Treatments

Parameters time (d)

Control 1 kGy 2 kGy 3 kGy

50.91+1.99° 50.21+0.85% 50.98+0.77° 50.13 + 1.58%
41.81+1.322 4048+ 1.07° 40.34+1.41° 40.68+0.78°
40.02 +1.94% 3898 +2.00° 39.70+2.08% 40.23 +2.00°
31.70 + 1.85° 32,14+ 1.60° 35.62+2.66° 38.98+ 2282
4551+ 1,612 4408+ 1.80° 4546+ 1.73% 4448+ 1.89°
477441332 46,67 +0.89° 46.6+1.11° 46.33+0.63°
54.67 + 1.86C 56.96 + 0.84a 54.98 + 0.68bc 56.1 + 1.49ab
4428 +2.07a 36.64 +1.94c 40.19+2.73b 35.88 +2.07c
487+0.80° 487+128 480+1.12° 4.83+1.15°
8.94+259¢ 7.19+0.73° 6.68+092%® 638+ 1.62°
14.07 £2.07° 7.37+0.31% 7.13+0.82%® 691 +2.06°
15.57 +2.73% 10.88+0.48° 9.84+052° 7.98+0.67°

Cglor
(L)

Color
(AE)

Browning
Index (BI)

U w o VW uUuTwo wvwu wo

©

Different letters in the same row indicate significant difference (p < 0.05).
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= | kGy
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with total phenol content, suggesting that phenol consumption by
these enzymes may accelerate browning!'%l. Therefore, we further
examined the activities of the relevant enzymes.

Phenolics and soluble quinone content

Phenolic substances are the substrates for browning. The total
phenol content in differently treated samples gradually decreased
during storage (Fig. 3). This is contrary to previous studies where
total phenol content documented a rise in these compounds over
time in wounded fresh-cut lotus rootsl''9, In the present study, this
degradation was significantly slower in irradiated samples. The 3 kGy
treatment was most effective, best preserving phenolic content
during the critical first 3 d of storage.

Quinones, formed via phenolic oxidation, are direct browning
precursors. Soluble o-quinone accumulation strongly correlates with
visual deterioration, exhibiting an inverse relationship with color
brightness (L* value) in horticultural products!'®. Concurrently, the
concentration of soluble o-quinones, the direct precursors to brown
pigments, increased rapidly, peaking on day 5 (Fig. 3). The accumu-
lation was drastically higher in the control group, which reached
quinone levels 2.8-fold greater than the irradiated groups at the
peak. By day 9, quinone concentrations in controls doubled those in
irradiated samples, confirming that irradiation persistently
suppressed oxidation kinetics. The marked reduction in quinones
led to a corresponding decrease in browning intensity. This result
was perfectly aligned with the measurements of color difference
and browning index.

60Co-y irradiation had limited effects on PAL and
POD activities

Phenolic metabolism alterations are widely recognized to influ-
ence enzymatic browning in cut vegetablesB32%, The activity of PAL,
the first enzyme in the phenolic-synthesizing phenylpropanoid
pathway, showed a dynamic change in fresh-cut lotus root during
storage, initially increased during storage, peaking on day 5 before
declining (Table 2). This pattern aligns with studies on cut lettuce
and shredded cabbage, where wound-induced stress typically
enhances PAL activity®°l. However, 6°Co-y irradiation did not signifi-
cantly alter PAL activity relative to the control at any point during
storage. This lack of PAL response to irradiation-induced stress
suggested that PAL activity may not be the primary factor regulat-
ing enzymatic browning in lotus root slices. The absence of PAL
modulation by irradiation in lotus root contrasted sharply with its
reported efficacy in cabbagel®, where PAL suppression directly

0.15 1 -» Control

=+ 1 kGy
-+ 2 kGy
-+ 3 kGy

0.10 4

Soluble quinone content (mg/kg)

0.05 L] T L T T L) T
0 1 2 3 4 5 6 7 8 9

Storage time (d)

Fig. 3 The dynamic changes of total phenolic compounds, and soluble quinone content of lotus root slices subjected to irradiation during storage.
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mediated browning inhibition. This discrepancy underscored that
irradiation's anti-browning mechanisms were highly commodity-
dependent. Similarly, peroxidase (POD) activity was not significantly
affected by irradiation treatment (Table 2). In root crops like lotus,
which naturally accumulate high levels of preformed phenolics2'],
browning control may require targeting oxidation enzymes (e.g.
PPO) rather than phenolic biosynthesis pathways.

60Co-y irradiation inactivated PPO activity

All samples showed a significant storage-dependent increase in
PPO activity, while this elevation was notably mitigated by ¢°Co-y
irradiation (Fig. 4). The control group exhibited a 196% rise in PPO
activity, compared to an average increase of only 72% in irradiated
groups. On day 5 of storage, PPO activity in the control was 1.7 times
higher than in irradiated samples. The inhibitory effect of €°Co-y irra-
diation on PPO activity was dose-dependent, with the 3 kGy dose
being the most effective. At the molecular level, gRT-PCR analysis
revealed that PPO transcript abundance in the 3 kGy irradiated
group was only 50.2% of that in the control, indicating ¢°Co-y irradi-
ation downregulated PPO transcription to inhibit its activity
increase.

Effect of irradiation on the secondary structure of
PPO

Conformational changes in PPO induced by gamma irradiation
were analyzed by far-UV circular dichroism (CD) spectroscopy.
According to CD spectral analysis (Table 3), the native PPO in lotus
root was characterized by 35% a-helix and 20% f-sheet content. The

Table 2. The activities of PAL and POD in lotus roots slices subjected to different
doses of %°Co-y irradiation during storage.

Treatments (U/g FW)

Parameters S}orage
time(d)  control 1kGy 2kGy 3kGy
PAL 0 6.05+0.67° 6.65+057% 6.15+1.32% 6.45+2.89°
activity 3 10.71+0.06° 10.89+1.30% 9.09+1.222 9.21+1.65°
5 10.42+0.712 12.02+0.73° 9.97+0.24* 10.58 +0.29°
9 946+068 923+0572 975+1.86° 9.98+0.72°
POD 0 39.77 +£5.38% 39.91+3.30° 38.23+3.27% 38.76+4.19°
activity 3 56.84 +8.71% 54.75+1.86° 56.38+1.95% 53.49+ 1,132
5 53.48 +1.132 59.51+9.73° 5970+ 8.11° 53.48 +4.36°

9 51.47 £2.10° 55.62+0.97° 53.16 +5.62° 54.89 +8.75°

Different letters in the same row indicate significant difference (p < 0.05).

10 1
-e- Control
= 1 kGy
34 ~ 2 kGy
-+ 3 kGy

PPO activity (U/g)
o
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present findings on the secondary structure thus confirm the
predominant a-helical conformation of PPO[22., A significant confor-
mational change was observed following the 3 kGy treatment, char-
acterized by a 48.6% reduction in a-helix and a concurrent 40%
increase in f-sheet content. Analysis of the CD spectra demon-
strated that high-dose irradiation (3 kGy) induced a distinctive struc-
tural transition in the protein, marked by the dominance of $-sheet
conformations. The CD spectroscopic data were in full agreement
with the enzymatic activity results, confirming that the conforma-
tional changes in PPO directly underlie the observed alterations in
its activity. According to Chutia et al., PPO showed higher vulnerabil-
ity to DBD plasma inactivation compared to POD in tender coconut
waterl23, In this study, gamma irradiation was found to alter protein
conformation, leading to a decrease in a-helix and a concomitant
increase in S-sheets and random coils. The active site copper of PPO
molecules was coordinated by three histidine residues contributed
from the four a-helices?¥. Consequently, the disruption of the o-
helix structures of PPO might result in the breakdown of active sites
and the inactivation of PPO.

Effect of irradiation on the tertiary structure of
PPO

Tertiary structural changes in PPO induced by gamma irradiation
were assessed by intrinsic fluorescence spectroscopy (Fig. 5).
Compared to the native PPO, irradiation treatment caused a marked
decrease in fluorescence intensity. Furthermore, a clear redshift in
the maximum emission wavelength was observed. For the 3 kGy
treatment group, the emission maximum shifted from 275 to 310 nm
(Fig. 5). This spectral change signifies a fundamental alteration in the
enzyme's conformation. The concurrent redshift in emission maxi-
mum and decrease in fluorescence intensity (Fig. 5) confirmed that
gamma irradiation induced microenvironmental alterations around
aromatic residues, leading to the disruption of PPQ's native tertiary
structure.

Discussion

The present findings demonstrate that %°Co-y irradiation effec-
tively maintains the postharvest quality of fresh-cut lotus root
primarily by inhibiting the PPO-mediated enzymatic browning path-
way, rather than through a generalized suppression of phenolic
metabolism.

ko

80 = |

60 =

Il Control
9 3 kGy

40 -

20

Relative expression of PPO protein

Storage time (d)

Fig. 4 The PPO activity, and relative gene expression of PPO of lotus root slice samples with and without irradiation. ** Represents significant different

between treatments (p < 0.05).

Liu et al. Food Innovation and Advances 2026, 5(2): 145—152

Page 149 of 152



Food Innovation
and Advances

Table 3. Effect of ®Co-y irradiation on the percentage content of lotus PPO
secondary structures.

Treatment  a-Helix (%) f-Sheet (%) p-Corner (%) Random coil (%)
Control 354+04% 206+0.5° 14.0+0.1° 30.1+0.92
3 kGy 184+02° 285+0.1° 142%0.1° 39.0+0.3°

The different letters in the same row means significant difference (p < 0.05).
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Fig. 5 Fluorescence spectra of PPO with and without °Co-y irradiation.

The core anti-browning mechanism was the targeted suppres-
sion of PPO. It was found that irradiation not only inhibited the stor-
age-induced surge in PPO activity in a dose-dependent manner but
also significantly downregulated the expression of the PPO gene
itself. This dual action at the transcriptional and enzymatic levels
effectively attenuates the entire browning cascade. This is consis-
tent with transcriptomic studies in other irradiated crops, such as
Lentinula edodes, where irradiation directly downregulated brown-
ing-related enzyme genes!?l. The resulting reduction in PPO activ-
ity directly explains the slower oxidation of phenolic substrates and
the consequent drastic reduction in the accumulation of soluble o-
quinones, which are the direct precursors of brown pigments. The
strong correlation between low quinone levels and lower Bl and
higher lightness (L*) firmly establishes this suppressed oxidative flux
as the primary cause for improved visual quality.

Unlike in shredded cabbage, where irradiation inhibits browning
by suppressing PAL activity and phenolic synthesis2'], no significant
effect of irradiation was observed on PAL activity in lotus root
(Table 2). This indicates that the phenolic biosynthesis pathway was
not the primary target of irradiation in this tissue. Interestingly, we
observed a net decrease in total phenolics during storage (Fig. 3a).
This contrasts with some reports where cutting stress alone, with-
out any external physical field intervention, usually stimulates
phenolic biosynthesis leading to an accumulation of phenolics in
fresh-cut lotus!’19., This reversal of trends underscores the profound
impact of y-irradiation. In the typical wound response, the increased
synthesis may outweigh oxidation. However, under y-irradiation, the
metabolic balance is shifted. The high constitutive phenolic pool in
lotus root2" is rapidly oxidized by irradiation-generated free radi-
cals. Moreover, irradiation simultaneously and powerfully activated
PPO (at least transiently during treatment), and disrupted its struc-
ture, leading to sustained high oxidative activity. It is plausible that
the rate of phenolic consumption via this oxidation pathway
outpaced any potential wound-induced synthesis, leading to the
observed net decline. Therefore, in such a system with abundant
pre-formed substrates, the critical control point logically shifts from
inhibiting synthesis (as in cabbage) to preventing the oxidation of
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the existing phenolic pool. The results of this study confirm that
targeting the oxidation enzyme (PPO) is paramount in this context.

In contrast to PPO, the activities of PAL and POD were not signifi-
cantly altered by irradiation (Table 2). The lack of a POD response is
notable, as a synergistic role for POD in PPO-mediated browning has
been proposed in some systems[26l, Its minimal involvement here is
consistent with the limited endogenous H,0, availability typical in
many fresh-cut vegetables?’], a condition exacerbated in lotus root.
The critical mechanism underlying this H,0, limitation is exempli-
fied in fresh-cut potatoes, where browning progressed without
detectable H,0, generation, and POD activity only increased signifi-
cantly upon exogenous H,O, addition[?8], The main phenolic
compound in lotus roots is gallic acid?'], and as a PPO substrate, its
ability to induce hydrogen peroxide formation is far weaker than
that of catechin29l, The parallel kinetics of phenolic preservation and
quinone suppression under irradiation confirm that browning
control in lotus root hinges on intercepting the initial PPO-catalyzed
oxidation step. Unlike some leafy vegetables where quinone recy-
cling occurs (e.g., via catechol-POD cycles), lotus root's gallic acid-
dominated system lacks efficient quinone reductases?'l. Thus,
accumulated o-quinones directly polymerize into melanin. By simul-
taneously dampening PPO activity and conserving phenolics,
y-irradiation effectively throttles flux through this terminal brown-
ing pathway.

The profound inactivation of PPO can be directly explained by the
irradiation-induced structural damage observed at both the
secondary and tertiary levels. Our CD spectral analysis revealed a
fundamental unfolding of PPO, marked by a drastic loss of a-helix
and a concomitant gain of S-sheet structure following 3 kGy treat-
ment. This is critically important because the active site of PPO,
where the copper ions are coordinated, is primarily constructed
from several a-helicesl?2. The disruption of this helical framework, as
seen in the 48.6% reduction, likely leads to the disintegration of the
catalytic center, directly causing loss of function. This structural
perturbation is not unique to irradiation. Similar principles of a-helix
destabilization have been observed in other physical fields, such as
magnetic fields. Studies have demonstrated that magnetic fields can
facilitate the ordering of hydrogen bonds and alter the alignment of
peptide dipole moments within a-helices, leading to a measurable
decrease in helical content3),

This unfolding at the secondary level was consistent with the
perturbation of the tertiary structure, as evidenced by fluorescence
spectroscopy. Intrinsic fluorescence originates predominantly from
tryptophan (Trp) and tyrosine (Tyr) residues, which are sensitive
reporters of local conformational changes. These fluorophores are
usually sequestered within the hydrophobic core in the native state.
The fluorescence of these residues is highly sensitive to the local
environment and is quenched in polar solventsB'l. The observed
reduction in fluorescence intensity (Fig. 5) suggested that irradia-
tion causes the burial or quenching of tryptophan residues, reflect-
ing conformational rearrangements and a possible alteration in the
surface hydrophobicity of the enzyme. It has been reported that
gamma irradiation, which triggers the radical oxidation of protein,
could increase the surface hydrophobicity by exposing sulphydryl
groupsB?, a process indicative of disulfide bond reduction or cleav-
age. Critically, disulfide bonds are covalent cross-links that provide
substantial conformational stability to enzymes; their disruption
significantly compromises structural integrity33l. The observed spec-
tral changes suggests that gamma irradiation induced a partial
unfolding of the protein, causing the buried Trp and Tyr residues to
become exposed to the surrounding aqueous solventB4., Irradiation
induced the disruption of the tertiary structure, and the amino acids
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with high mobility were more exposed to the polar environment,
resulting in a red-shifted emission peak°1. The pronounced redshift
and quenching of fluorescence unequivocally demonstrate that the
compact, native structure of PPO was loosened, exposing the
hydrophobic core and its constituent Trp and Tyr residues to the
aqueous milieuBZ, This conformational rearrangement can be
attributed to the impact of irradiation-generated free radicals, which
attack protein molecules by disrupting stabilizing non-covalent
interactions and disulfide bonds!3%l. Such attacks lead to a loss of
structural integrity, resulting in protein unfolding and denaturation.
This structural disorganization could bring the Trp and Tyr residues
into close proximity with other amino acid side chains that act as
quenchers, and/or promote non-specific aggregation. Both scenar-
ios would lead to fluorescence quenching, consistent with our spec-
tral observations. The resultant conformational change directly
impacts enzymatic function. Critically, the direct correlation
between such a fluorescence redshift and the loss of PPO activity
has been consistently documented in previous studies33371, There-
fore, our fluorescence spectroscopic evidence provides a direct
structural explanation for the observed inactivation of PPO in irradi-
ated lotus roots.

In conclusion, 8Co-y irradiation generates free radicals that cause
conformational changes in PPO (secondary structure destruction
and tertiary structure unfolding), which is coupled with the tran-
scriptional downregulation of the PPO gene. In addition to funda-
mentally altering the browning metabolism, y-irradiation conferred
a decisive practical advantage by ensuring microbial safety through-
out storage. The treatment at 2, and 3 kGy effectively maintained
total viable counts below 5 log,, CFU/g. This represents a significant
extension of the microbiological shelf-life compared to the untreat-
ed control. This robust microbial control, achieved concurrently with
the profound inhibition of enzymatic browning, underscores the
dual and synergistic benefit of y-irradiation. Gamma irradiation
presents a sophisticated postharvest strategy that leverages funda-
mental structural and transcriptional biology to achieve superior
quality preservation in fresh-cut lotus root. The treatments showed
no significant negative impact on the primary nutritional marker
(total phenolic content) assessed in this study. Their influence on
other sensory attributes, such as texture, aroma, and specific flavor
compounds, remains to be evaluated. Therefore, future research
should include a comprehensive dose-response analysis of these
crucial consumer acceptance parameters to fully optimize the irradi-
ation protocol for the commercial production of fresh-cut lotus root.

Conclusions

This study demonstrates that 6°Co-y irradiation serves as an effec-
tive technology for preserving the quality of fresh-cut lotus root by
ensuring microbiological safety and profoundly inhibiting enzy-
matic browning. The preservation effect is primarily achieved
through a significant reduction in microbial load and a multi-
targeted intervention in the browning pathway. Specifically, irradia-
tion treatment conserves phenolic substrates, thereby limiting the
formation of soluble quinones, the direct precursors of brown
pigments. The browning process appears to be dominated by PPO
activity and substrate availability, rather than being co-limited by
POD. The core mechanism lies in the potent and selective suppres-
sion of PPO, which is driven by irradiation-induced conformational
alterations in the enzyme's tertiary structure and a concurrent
down-regulation of PPO gene expression. Notably, the stability of
PAL and POD activities underscore that the plant's inherent stress

Liu et al. Food Innovation and Advances 2026, 5(2): 145—152

Food Innovation
and Advances

response can compensate for generalized protein damage, further
highlighting the specificity of irradiation towards deactivating the
pivotal PPO-mediated browning cascade. Thus, ¢Co-y irradiation
presents a scientifically grounded strategy for the fresh-cut industry,
effectively decoupling the undesirable browning reaction from the
plant's beneficial defense mechanisms to prolong shelf life and
maintain visual quality.
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