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Degree, PPO Activity, and Content of Chemical Components
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Abstract: Although Lilium brownii (L. brownii) bulbs are popular fresh vegetables, a series of quality
problems still remain after harvest. In this study, fresh L. brownii bulbs were placed in the dark at 25,
4, and −20 ◦C and under light at 25 ◦C from 0 to 30 days; the chemical compositions were analyzed
by ultraviolet spectrophotometry (UV) and high-performance liquid chromatography quadrupole
time-of-flight mass spectrometry (HPLC-Q-TOF-MS). During the 30-day storage period, the browning
degree increased over the storage time and with increasing temperature, but the contents of proteins
and free amino acids decreased and were aggravated by light. The total polyphenol content increased
until the 6th day at 25 ◦C (dark or light), but it did not significantly accumulate at −20 or 4 ◦C. The
reducing sugar content showed a dynamic balance, but the total polysaccharide content decreased
constantly in the four storage conditions. The polyphenol oxidase (PPO) activity increased with
storage time and increasing temperature, while it was inhibited by light. The increase rates of
malondialdehyde (MDA) content at −20 ◦C and light (25 ◦C) were higher than those at 4 and 25 ◦C.
In addition, 12 secondary metabolites were identified, most of which accumulated during the storage
period, for example, 1-O-feruloyl-3-O-β-D-glucopyranosylglycerol; 1,3-O-di-p-coumaroylglycerol;
1-O-feruloyl-3-O-p-coumaroylglycerol; and 1,2-O-diferuloylglycerol. The variations in nutrient levels
had a low correlation with browning, but the variations in MDA, PPO, and secondary metabolite
(phenolic acids) levels had a high correlation with browning. In conclusion, fresh L. brownii bulbs
should be stored at a low temperature (4 ◦C) and in dark condition, and browning bulbs are excellent
materials for secondary metabolite utilization.

Keywords: Lilium bulbs; postharvest; metabolites; principal component analysis

1. Introduction

The genus Lilium has over 110 species in the world, of which 55 species are found
in China [1]. In addition, Lilium is an important traditional Chinese medicine and edible
food, and it is widely used as a horticultural ornamental plant. Three species of Lilium
(Lilium lancifolium Thunb., Lilium brownii F.E.Brown var. viridulum Baker., and Lilium pumilum
DC.) have been recorded by Chinese Pharmacopoeia [2] and listed as a medicine food
homology by China’s ministry of Health [3]. Lilium brownii F.E.Brown var. viridulum Baker.
bulbs (L. brownii), with a long medicinal history and active ingredients (such as polyphenols,
saponins, and polysaccharides) [4,5], has been shown to have anti-inflammatory, anti-tussive,
hypoglycemic, antioxidant, immune-modulatory, and anti-tumor effects [6,7]. Apart from
their bioactivities, L. brownii is mainly enjoyed by consumers for its edible properties.
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Polysaccharide, protein, amino acids, phospholipid, and starch (primary metabolites) are
probably the most important parameters [8].

Fresh L. brownii bulbs often display a series of quality issues, such as browning, nutri-
ent loss, or secondary metabolite transformation during the storage period, all of which
impact the edibleness, medicinal value, and commercial value [9]. The browning can be
divided into enzymatic browning and non-enzymatic browning. Enzymatic browning is
caused by polyphenol oxidase (PPO) [10]. In the presence of oxygen, phenolic compounds
are oxidized to quinones, and accumulation of quinones on the surface of tissues causes a
brown-to-black stripe to form after further non-enzymatic oxidation [11]. It is noteworthy
that phenolic compounds from L. brownii bulbs are not only substrates of enzymatic brown-
ing but secondary metabolites with anti-inflammatory and antioxidant activities. The aim
of this study is to explore whether it accumulates under stress physiology [12], as in stil-
benes (as a plant antitoxin and bioactive component [13]) in grapes during storage, which
can provide an important basis for its preparation and utilization. It is of great significance
to study the substrate for enzymatic browning and pharmacological activities of L. brownii
bulbs. In addition, due to the regional structure of cells, enzymes and substrates are in
different spaces, and the premise of their contact is that the cell regionalization is broken.
Therefore, malondialdehyde (MDA), as an indicator of membrane lipid peroxidation, is
related to the degree of cell membrane damage and is also an important indicator for the
study of plant physiology and biochemistry after harvest [14]. Non-enzymatic browning
is mainly caused by the Maillard reaction, also known as the carbonyl ammonia reaction,
which is widely used in the processing of tea, cocoa, etc., but its detailed mechanism is still
unclear [15]. At present, the Maillard reaction model proposed by Hodge is more recog-
nized, and its initial stage involves dehydration condensation of amino-group-containing
compounds and carbonyl-containing compounds [16]. The amino-group-containing com-
pounds mainly refer to free amino acids, while the carbonyl-containing compounds mainly
point to sugars, especially reducing sugars [17]. While at present there is more extensive
research on the browning mechanism than in previous decades, the compounds that are in-
volved in the browning of fresh L. brownii bulbs are affected by a series of life activities and
physicochemical factors during the storage period, and their relationship with browning
still needs further characterization.

In general, a plant’s exuberant metabolism makes it easy for a series of physiological
changes to occur in the course of storage, transportation, and sales [18]. Moreover, improper
preservation can also cause deterioration of quality and greatly reduce the nutritional
quality of L. brownii [19]. Despite the rapid development of the logistics industry, fresh
L. brownii bulbs still need multiple procedures, from excavation to the finished product.
According to a field survey (Lanzhou, Gansu, China; Longhui and Longshan, Hunan,
China), it takes at least 3–7 days of logistics for it to leave the production area. The whole
process is relatively long, and the quality of L. brownii bulbs is often clearly reduced. In
the process of storage and transportation, L. brownii bulbs often face unsuitable storage
temperatures, and this accelerates the deterioration rate of fresh bulbs [20]. In the process
of offline sales, in order to provide L. brownii bulbs with an excellent outward appearance,
fluorescent lamps are usually applied. However, this results in apparent factor changes, of
which, the main manifestation is redness [21,22]. At present, even with mature preservation
techniques, addressing fresh L. brownii quality problems during storage and transportation
remains a challenge; therefore, it is necessary to analyze the details of chemical composition
variation during fresh L. brownii storage.

In this study, the aims are to (i) study the primary and secondary metabolite content
variation in fresh L. brownii bulbs during storage from the perspective of the browning
mechanism, thereby providing assistance to the study of preservation technology regarding
plant-derived food; (ii) explore the pathway to improve the yield of secondary metabolites
in L. brownii bulbs.
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2. Materials and Methods
2.1. Chemicals and Instruments

The formic acid, acetonitrile, and methanol used for high-performance liquid chro-
matography (HPLC) analysis were chromatographic grade and purchased from Merck
KGaA (Shanghai, China). The ethanol, anthrone, sulphuric acid, glucose, DNS (3,5-
dinitrosalicylic acid), phenol, hydrochloric acid, sodium carbonate, sodium dihydrogen
phosphate, disodium hydrogen phosphate, catechol, guaiacol, and hydrogen peroxide
solution were all analytical purity (AR) and obtained from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). The bovine serum albumin (BSA), Coomassie Bright Blue
G-250, Foline-phenol, and gallic acid were purchased from Yuan-ye Bio-Technology Co.,
Ltd. (Shanghai, China).

The ultraviolet spectrophotometer (UV-1800) was purchased from Shimadzu Co., Ltd.
(Kyoto, Japan). The analytical balance (XS 250) was obtained from METTLER TOLEDO
(Columbus, OH, USA). The high-speed centrifuge (2-16R) was purchased from HENGNUO
Instrument Equipment Co., Ltd. (Changsha, Hunan, China).

2.2. Plant Material

Fresh bulbs of L. brownii brownii F.E.Brown var. viridulum Baker. were provided by
Hunan Lvyuan Agricultural Development co., Ltd. (Shaoyang, Hunan, China) in July, 2019,
and identified by Jianguo Zeng, from Hunan Agricultural University. The experiment
was conducted in National Center (Hunan) for Traditional Chinese Medicine Production
Technology (E:113.0853◦; N:28.1836◦), Hunan Agricultural University, Changsha, China.
The bulbs were peeled and washed with cold water, dried surface moisture by hair drier
with cold air blast model, and then stored under 4 conditions: Group 1 (G1) was placed in
a −20 ◦C refrigerator. Group 2 (G2) was placed in a 4 ◦C refrigerator. Group 3 (G3) was
placed in a dark room (temperature = 25 ± 2 ◦C). Group 4 (G4) was placed under the light
(d = 60 cm, temperature = 25 ± 2 ◦C).

The samples were taken randomly once every 6 days during storage process.

2.3. Measurement of Browning Degree

The browning degree was determined as described by Jeong-Seok Cho and Kwang-
Deog Moon [23] with a slight modification. In short, three samples (5.0 ± 0.01 g) were
randomly sampled, 10 mL 0.2% VC solution was added and homogenized in ice bath, an
additional 15 mL was used to wash the residue to a 50-mL centrifuge tube. The homogenate
was centrifuged at 8000 rpm for 20 min at 4 ◦C. After it, the supernatant was centrifuged
again under the same conditions. The absorbance of the resulting solution was measured
at 420 nm, and the 0.2% VC solution used as blank group.

2.4. Measurement of Total Carbohydrates

The extracted and determined methods of total carbohydrates were referred to by Ji
Zhang, et al. [24] with a slight modification. In short, three samples (5.0 ± 0.01 g) were
randomly sampled, 150 mL distilled water was added and homogenized, extracted by
heating in water bath at 65 ◦C for 6h. Then, the extraction solution was centrifuged at
8000 rpm for 30 min at 4 ◦C after it cooled to room temperature, 1.0 mL supernatant was
diluted 50 times and taken as the sample to be tested.

The content was quantified using the anthracenone-sulfuric method at 625 nm and de-
termined comparing the absorbance of sample with respect to a standard curve of glucose.

2.5. Measurement of Total Reducing Sugars

The extracted and determined methods of reducing sugars were referred to by Jun
Chen, et al. [25] with a slight modification. In short, three samples (5.0 ± 0.01 g) were
randomly sampled, 100 mL water-ethanol (v/v = 20/80) was added and homogenized,
using reflux extraction at 85 ◦C for 1 h. Then, the extraction solution was centrifuged at
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8000 rpm for 30 min at 4 ◦C after it cooled to room temperature, 1.0 mL supernatant was
taken as the sample to be tested.

The content was quantified using the 3,5-dinitrosalicylic acid (DNS) method at 540 nm:
1.0 mL sample was mixed with 1.5 mL DNS reagent (2.5 g 3,5-dinitrosalicylic acid, 0.5 g
phenol, 0.075 g sodium nitrite, 2.5 g NaOH, and 50 g KNaC4H4O6·4H2O were dissolved
into a spot of distilled water one by one and then to a constant volume to 50 mL), and
determined by comparing the absorbance of sample with respect to a standard curve
of glucose.

2.6. Measurement the Content of Water-Soluble Protein

The extracted and determined methods of water-soluble protein were referred to by
Xiaoqiang Chen, et al. [26] with a slight modification and simplification: three samples
(5.0 ± 0.01 g) were randomly sampled, 100 mL distilled water was added and homogenized,
extracted by heating in water bath at 65 ◦C for 4 h. Then, the extraction solution was
centrifuged at 8000 rpm for 30 min at 4 ◦C after it cooled to room temperature, 1.0 mL
supernatant was diluted 5 times and taken as the sample to be tested.

The content of water-soluble protein was quantified using the Coomassie Brilliant
Blue method at 595 nm and determined by comparing the absorbance of sample with
respect to a standard curve of bovine serum albumin (BSA).

2.7. Measurement of Free Amino Acids Content

The extracted and content determined methods of free amino acids were referred
to GB/T 8314-2013 (Tea-determination of free amino acids content) [27] with a slight
modification and simplification: three samples (2.0 ± 0.01 g) were randomly sampled,
100 mL distilled water was added and homogenized, extracted by heating in water bath at
100 ◦C for 1 h. Then, the extraction solution was centrifuged at 12,000 rpm for 30 min at
4 ◦C after it cooled to room temperature, 0.5 mL supernatant was taken as the sample to
be tested.

The preparation of ninhydrin solution: 2.0 g ninhydrin monohydrate and 80 mg
stannous chloride were added into 50 mL distilled water, reaction in dark for 24 h after
ultrasonic assisted dissolution. The supernatant was diluted to 100 mL after filtration.
Determination method: 0.2, 0.4, 0.6, 0.8 and 1.0 mg/mL arginine standard solution were
prepared with distilled water, and transfered 0.5 mL into the test tube respectively. Then
0.2 mL phosphate buffer solution (pH = 8.0) and 0.2 mL ninhydrin solution were added.
Finally, it was soaked in boiling water for 15 min, and diluted to 10 mL with distilled water
after it cooled to room temperature with ice water. The free acids content was quantified
at 570 nm and determined comparing the absorbance of sample with respect a standard
curve of arginine.

2.8. Measurement of Total Phenolics Content

The extracted and determined methods of total phenolics were referred to by Lei
Jin, et al. [28] with a slight modification: three samples (5.0 ± 0.01 g) were randomly sam-
pled, 100 mL water-ethanol (v/v = 20/80) was added and homogenized, using ultrasound
extraction at 40 ◦C for 30 min. Then, the extraction solution was centrifuged at 8000 rpm
for 30 min at 4 ◦C after it cooled to room temperature, 1.0 mL supernatant was taken as the
sample to be tested.

The content of total phenolics was quantified by the Folin-Ciocalteu method at 765 nm:
1.0 mL sample was mixed with 0.5 mL Folin solution and 1.0 mL 15% Na2CO3 was added
after 5 min, and then constant volume with distilled water to 10 mL. Then, determined
comparing the absorbance of sample with respect to a standard curve of gallic acid.

2.9. Measurement of Polyphenol Oxidase Activity

The extraction and measurement of PPO were carried out using a modification of the
method of M. Siddiq and K.D. Dolan [29]. Briefly, 2.0 g L. brownii bulbs were blended in
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10 mL of pH 6.0 phosphate buffer and homogenized in an ice bath. Then, centrifuged at
8000 rpm, 4 ◦C for 20 min in a refrigerated centrifuge.

The PPO activity measurement: the reaction mixture consisted of 1.0 mL of 0.1 M
catechol in 3.9 mL phosphate buffer (pH = 6.0) and 0.2 mL of PPO extract, determination
after heat preservation at 25 ◦C for 5 min. The change in absorbance at 420 nm was observed
for 3 min at 25 ◦C, using an ultraviolet spectrophotometer. The reaction velocity (V) was
calculated from the linear part of the plot of absorbance (A) against time (t). The unit of
PPO activity was defined as the change in the absorbance of 0.001/min (∆A 420 nm/min)
due to the oxidation of substrate.

2.10. Measurement of MDA Content

The extraction and measurement of MDA were carried out using a modification of
the method of Janero, D. R. [30]. The preparation of test solution: 100 (±5) mg samples
were put into a 2 mL centrifuge tube, 1.0 mL 10% TCA was added, and homogenized with
tissue grinder. The homogenate was centrifuged at 4 ◦C and 12,000 rpm for 20 min, and
the supernatant was the test solution.

The determination method: 200 µL 10% TCA, test solution and TBA working solution
(0.68% TBA solution, prepared with 10% TCA) were added into a 2 mL centrifuge tube.
After 15 min of boiling water bath, it was cooled and centrifuged at 4 ◦C and 12,000 rpm
for 10 min. The absorbance values were measured at λ = 450, 532, and 600 nm. The results
were calculated by empirical formula: MDA content (µM) = 6.45 × (A532 nm − A600 nm)
− 0.56 × A450 nm; MDA content (µmol/mg) = MDA content (µM) × extraction volume
(mL)/fresh weight of tissue (g).

2.11. High-Performance Liquid Chromatography Quadrupole Time-of-Flight Mass Spectrometry
(HPLC-Q-TOF-MS) Conditions

The HPLC and Q-TOF-MS conditions for analyzing phenolic compounds were mea-
sured through that reported earlier by Zhao, K.H. et al. [31].

An Agilent 1260 HPLC system (Agilent Technologies, Palo Alto, CA, USA), equipped
with a quat pump, an automatic sampler with a 20-µL sample loop, a thermostat of column,
a diode array detector (DAD), and an Agilent ChemStation (Agilent Technologies, Palo
Alto, CA, USA) had been employed to analyze samples. The mobile phase was a binary
gradient prepared from acetonitrile(B) and a solution of acetic acid 0.1% (v/v) (A). It used
the gradient elution procedure: B phase 0–5 min is 10–12%, 5–20 min is 12–15%, 20–25 min
is 15–19%, 25–40 min is 19–30%, 40–50 min is 30–40%, 50–55 min is 40–35%, 55–56 min is
35–10%, 56–65min is 10–10%. An Agilent-ZORBAX SB-C18 column (250 mm × 4.6 mm,
5 µm, Agilent Technologies, Palo Alto, CA, USA) was performed for the chromatographic
separation of total polyphenol extract.

Identification of mass spectrum was employed on an accurate mass spectrometer of
Agilent 6530 Q-TOF-MS (Agilent Technologies, Palo Alto, CA, USA). Chromatographic
separation was employed on an Agilent-ZORBAX SB-C18 column (250 mm × 4.6 mm, 5 µm,
Agilent Technologies, Palo Alto, CA, USA), and the effluent of the HPLC mobile phase
was split and guided into the electrospray ionization (ESI) source. Parameter conditions
were performed as following: negative mode, capillary voltage, 3500 V; nebulizer pressure,
50 psi; nozzle voltage, 1000 V; flow rate of drying gas, 6 L/min; temperature of sheath gas,
350 ◦C; flow rate of sheath gas, 11 L/min; skimmer voltage, 65 V; OCT1 RF Vpp, 750 V;
fragmentor voltage, 135 V. The spectra data were recorded in the range of m/z 100–1000 Da
in a centroid pattern of full-scan MS analysis mode. The MS/MS data of the selected
compounds were obtained by regulating diverse collision energy (10–30 eV).

2.12. Statistical Analysis

Data were presented as the mean ± standard deviation from at least three different
experiments. All data of all groups were analyzed by one-way ANOVA using SPSS (version
23.0). All contents were expressed as dry matter. Line graphs were drawn by Origin
(version 2018). Principal component analysis (PCA) was conducted with SIMCA 14.1.
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The Materials and Methods should be described with sufficient details to allow others
to replicate and build on the published results. Please note that the publication of your
manuscript implicates that you must make all materials, data, computer code, and protocols
associated with the publication available to readers. Please disclose at the submission stage
any restrictions on the availability of materials or information. New methods and protocols
should be described in detail while well-established methods can be briefly described and
appropriately cited.

Research manuscripts reporting large datasets that are deposited in a publicly available
database should specify where the data have been deposited and provide the relevant
accession numbers. If the accession numbers have not yet been obtained at the time of
submission, please state that they will be provided during review. They must be provided
prior to publication.

Interventionary studies involving animals or humans, and other studies that require
ethical approval, must list the authority that provided approval and the corresponding
ethical approval code.

3. Results and Discussion
3.1. Variation in Browning and Contents of Primary Metabolites during Storage Periods

As shown in Figure 1, the browning of fresh L. brownii bulbs was not obvious under
the low temperature, while it increased with the increase in storage time and temperature.
In addition, the process was accelerated by light [32].
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Figure 1. Variation curve of browning degree under four storage conditions.

Protein, amino acids, and sugars are the major primary metabolites in L. brownii
bulbs [33]. As shown in Figure 2A, the total polysaccharide content showed a downward
trend during the 30-day storage process. This indicates that carbohydrate metabolism
still exists in plants under different storage conditions [34]. G1 and G2 maintained the
same changing trend, which was higher than that of other groups, and they showed that
refrigeration and cryopreservation weaken the life metabolism of L. brownii bulbs. When
considering the effects of light, we observed that the contents of G3 were lower than
those of G4, suggesting that the sugar metabolism of bulbs was more vigorous under the
condition of avoiding light.
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As shown in Figure 2B, the reducing sugar contents of G1, G2, and G3 increased with
temperature and clearly increased under light (G4) until the 6th day. In the early stage of
storage, the plant maintained relatively vigorous vitality and a faster metabolic rate, which
increased the content of reducing sugars. During the period from day 6 to 12, the content
of each group decreased. This may be because reducing sugars usually provide energy
for plant life activities, and plant tissues were still active before the 12th day [35]. After
the 12th day, the consumption rate of reducing sugars was lower than the production rate
(reducing sugars are the degradation products of polysaccharides [36]), with the vitality
of the bulbs gradually decreasing (thereby causing a decline in energy demand [37]) [38].
Thus, the content of reducing sugars increased slightly.

Proteins and amino acids are involved in a variety of plant life activities [39]. As
shown in Figure 2C, the water-soluble protein contents of G1 and G2 maintained the same
level during the same period. This may be due to the low life activity of plant tissue and the
stable protein structure at a low temperature [40]. Moreover, the two groups’ contents were
higher than those of G3 and G4. The reason for this may be the decrease in water-soluble
protein content for the strengthened life metabolism without a source supply of N with the
increase in storage temperature [41]. In addition, the water-soluble protein content of G4
decreased sharply and was significantly lower than that of other groups in the later stage.
This may be due to the fact that the plant tissues were stimulated by light and accelerated
the life metabolism rate [42].

Amino acids are the basic unit of protein [43]. The results showed that the change
trend of free amino acid content in fresh L. brownii was similar to that of the protein under
different storage conditions (Figure 2D). The difference is that the life activity of G1 was
inhibited by the low temperature below 0 ◦C, which caused the content change to not be
significant. The bulb tissue of G2 was stored at a low temperature and maintained weak
life activity, meaning that amino acids showed a slow downward trend. The contents of G3
and G4 significantly decreased because the temperature was suitable for their life activities.
However, the changes in free amino acid content only showed a relationship with storage
temperature and did not show the effect of light.
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According to Hodge’s Maillard reaction model, the substrates in the initial stage of
the model are compounds containing amino and carbonyl groups [44]. The results above
show that, in the storage process, the contents of the total polysaccharides, water-solubility
proteins, and free amino acids displayed a negative correlation with the change trend
of the browning degree. Assuming that the Maillard reaction occurred, the content of
carbonyl compounds should maintain a high negative correlation with the browning
degree [45]. G1 displayed unclear browning in the storage process (Figure 1). However, the
content of total polysaccharides in this group still decreased, and the amino compounds
did not show a similar trend. The content variations of the two reaction substrates lacked
consistency. This indicates that the changes in contents of the four nutrients were not the
material basis for L. brownii browning. Thus, it was not possible to consider the notion that
carbonyl and amino compounds participate in the reaction. The occurrence of the Maillard
reaction could not be judged. Therefore, it can be suggested that the changes in contents of
carbonyl compounds and amino compounds were caused by the physiological mechanism
of adversity during the storage period [46,47].

3.2. Variation in PPO Activity and Contents of MDA and Total Polyphenols during
Storage Periods

MDA levels indirectly reflect the degree of cell damage [48]. The increase in MDA
levels suggested that the cell was damaged, which provided conditions for oxygen to
enter cells, and the accumulation of phenolic compounds provided sufficient substrate for
PPO [49]. Phenolic compounds are secondary metabolites of plants; they not only have
pharmacological activities but are plant antitoxins [50]. As shown in Figure 3, the total
polyphenol content was the lowest in G1, because the synthesis of phenolic compounds
is inhibited by low temperature [51]. However, its content decreased slightly due to
the influence of polyphenol oxidase, and MDA content increased as a result of freezing
injury [52].

As the temperature increased up to 4 ◦C, MDA content appeared lower than that of
the other groups. Therefore, there was no obvious accumulation of phenolic compounds.
Phenolic compounds would have been slightly consumed for the remaining weak activity of
PPO, leading to weak browning. However, the bulbs of G3 were in an active physiological
state, and the adverse factors, such as nutrient deficiency and water loss, still caused
tissue damage [53]. This led to the increased MDA content and accumulation of phenolic
compounds, which provided sufficient substrate for enzymatic reaction in the early stage of
storage (until the 6th day). At the same time, this temperature was within the best activity
temperature range of PPO, and therefore, PPO activity increased [54]. These factors caused
the browning degree of G3 to be higher than that of G1 and G2. However, the metabolic
capacity of tissue decreases as nutrients are consumed during storage periods [55]. This
caused the contents of phenolic compounds to begin to decrease after the 6th day. PPO
activity gradually became inactivate, meaning that the contents of phenolic compounds
maintained a stable level in the later stage of storage (on the 24th day). Plant respiration
was aggravated by light (G4), and the tissues showed severe physiological phenomenon and
damage (MDA content increased rapidly), leading to the aggravated browning. G4 and G3
showed similar metabolic processes during storage, and, different to G3, PPO was passivated
by long-time light. Consequently, the PPO activity of G4 decreased rapidly after the 6th day.

The results show that the total polyphenol content was closely related to storage
conditions. The low temperature inhibited the increase in total polyphenol content by
inhibiting plant vitality [56]. Moreover, light enhanced the stress resistance physiology of
plants, which aggravated the accumulation of total polyphenols in the short storage period.

In summary, during the storage of fresh L. brownii bulbs, the stress of adversity in-
duced tissue damage, which led to the phenolic compounds being oxidized by PPO and
the occurrence of the enzymatic reaction. With the weakening of life activities and the
consumption of the enzymatic reaction, the content of phenolic compounds gradually
decreased. The PPO was passivated by temperature and light with the increase in stor-
age time, which caused the intensity of the enzymatic reaction to decrease. Finally, the



Agriculture 2021, 11, 184 9 of 18

browning degree reached a high level, and the content of phenolic compounds reached
the equilibrium state. Therefore, the physical and chemical parameter variation of fresh
L. brownii bulbs during the storage period could be explained more reasonably from the
perspective of the enzymatic browning mechanism.
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3.3. Identification of Phenolic Compounds Via High-Performance Liquid Chromatography
Quadrupole Time-of-Flight Mass Spectrometry (HPLC-Q-TOF-MS)

The phenolic compounds are secondary metabolites of plants, which have a wide
range of biological activities, such as anti-inflammatory, antioxidant, anti-aging, and an-
tidepressant properties [57,58]. According to the report of Luo et al. [59], the phenolic
compounds in L. brownii are mainly phenylpropanoids, which have significant antiox-
idant activity. In our previous study [30], the 12 phenolic acids from L. brownii bulbs
were identified via liquid chromatography quadrupole time-of-flight mass spectrometry
(LC-Q-TOF-MS) and analysis in negative ion mode. The 12 compounds are as follows:

1-O-caffeoyl-3-O-β-D-glucopyranosylglycerol (compound-1); 1-O-p-coumaroyl-3-O-β-
D-glucopyranosylglycerol (compound-2); 1-O-caffeoyl-3-O-p-coumaroylglycerol(com-
pound-3); 1-O-caffeoyl-2-O-p-coumaroylglycerol(compound-4); 1-O-feruloyl-2-O-β-D-
glucopyranosylglycerol(compound-5); 1-O-p-coumaroyl-2-O-β-D-glucopyranosyl-3-O-
acetylglycerol (compound-6); 1-O-p-coumaroyl-2-O-hydroxymethy-3-O-acetylglycerol
(compound-7); 1-O-p-coumaroyl-2-O-β-D-glucopyranosyl-3-O-acetylglycerol (compound-8);
1-O-feruloyl-3-O-β-D-glucopyranosylglycerol(compound-9); 1,3-O-di-p-coumaroylglycerol
(compound-10); 1-O-feruloyl-3-O-p-coumaroylglycerol(compound-11); 1,2-O-diferuloyl
glycerol(compound-12).

They are mainly composed of coumarin acid, caffeic acid, and ferulic acid, which are
connected by one molecule of glycerol, and the glycerol group are formed by para/ortho
substitution or glucose substitution/acetylation. Hence, these compounds belong to phe-
nolic glycerides/glycosides (phenylpropanoid compounds), and are called “regalosides”
in some studies [7].

However, the contents of other phenylpropanoids, except for 1-O-caffeoyl-3-O-p-
coumaroylglycerol, 1-O-p-coumaroyl-2-O-β-D-glucopyranosyl-3-O-acetylglycerol, 1-O-p-
coumaroyl-2-O-β-D-glucopyranosylglycerol, and 1-O-feruloyl-3-O-β-D-glucopyranosylg-
lycerol, are very low in the fresh L. brownii bulbs, which caused the cost of isolation and
purification to be very high. This restricts the development and utilization of regalosides
and indicates that the phenylpropanoids in L. brownii still have great research space.

3.4. Analysis of the Relative Contents of the 12 Compounds via HPLC

The data above show that the content of phenolic compounds is usually low in fresh
L. brownii bulbs, which leads to the high cost of separation and purification. This is
a barrier for the development and utilization of secondary metabolites from L. brownii
bulbs. As shown in Figures 3A and 4, the content of total polyphenols has an obvious
accumulation phenomenon during storage, and the main phenolic compounds in L. brownii
bulbs are the 12 phenylpropanoids. Therefore, to characterize the content variation of the
12 compounds in this section, HPLC was used. The results (Tables 1 and 2) showed that
the relative contents of the compounds did not change significantly when stored at 4 ◦C
and −20 ◦C. This illustrated the notion that the L. brownii bulbs’ life activities were weak
and that bulbs were in a state of approximate dormancy. However, the relative contents
of all compounds increased significantly under a temperature of 25 ◦C in light conditions
for 30 days (Tables 3 and 4). This suggested that the L. brownii bulbs’ life activities did
not stop immediately after harvest and that the phenolic acid compounds accumulated
under stress. In addition, Yin, L. B. et al. also reported that the contents of saponins,
flavonoids, and polyphenols were relatively stable in the early stage (1–5 weeks) via
controlled atmosphere storage, indicating that storage conditions had a significant effect
on the content of secondary metabolites of L. brownii bulbs [60].
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Figure 4. The high-performance liquid chromatography (HPLC) chromatogram of fresh L. brownii.

Table 1. The relative contents of the 12 compounds stored at −20 ◦C for 30 days.

Storage Time (d) 0 6 12 18 24 30

Compound-1 107.06 ± 1.12 104.74 ± 4.01 134.35 ± 3.37 a 143.99 ± 3.24 173.91 ± 0.91a 232.56 ± 14.82 a
Compound-2 269.81 ± 0.77 366.66 ± 21.92 a 468.30 ± 12.85 a 370.04 ± 25.44 a 350.94 ± 18.63 350.21 ± 9.19
Compound-3 3792.36 ± 10.64 3328.57 ± 41.58 4510.88 ± 37.21 b 3879.37 ± 29.17 a 3959.79 ± 31.76 3818.84 ± 44.48
Compound-4 82.43 ± 1.90 50.01 ± 2.33 a 44.24 ± 5.14 48.79 ± 2.23 49.45 ± 2.00 51.25 ± 2.33
Compound-5 138.55 ± 8.09 0.00 0.00 0.00 0.00 0.00
Compound-6 38.17 ± 6.24 58.65 ± 6.74 123.35 ± 8.91 a 225.67 ± 13.11 a 224.93 ± 6.27 153.44 ± 0.67 a
Compound-7 65.15 ± 1.94 663.53 ± 11.77 b 110.70 ± 0.19 179.63 ± 10.95 124.48 ± 7.34 104.61 ± 27.98
Compound-8 1902.94 ± 20.62 1920.21 ± 34.19 2844.26 ± 27.14 a 2431.70 ± 21.32 1731.18 ± 19.50 a 1741.15 ± 25.31
Compound-9 57.18 ± 3.13 0.00 0.00 0.00 49.11 ± 2.13 b 0.00
Compound-10 57.13 ± 2.75 0.00 0.00 0.00 51.14 ± 4.41 b 0.00
Compound-11 318.89 ± 10.10 165.03 ± 7.99 b 144.05 ± 11.36 124.77 ± 18.62 246.62 ± 9.93 a 59.35 ± 4.04 b
Compound-12 245.41 ± 4.59 108.06 ± 9.68b 102.88 ± 4.40 108.51 ± 3.90 200.88 ± 6.75 a 68.01 ± 4.62 b

Note: a—compared with the former group, p < 0.05; b—compared with the former group, p < 0.01.

Table 2. The relative contents of the 12 compounds stored at 4 ◦C for 30 days.

Stor age Time (d) 0 6 12 18 24 30

Compound-1 107.06 ± 1.12 123.90 ± 6.10 243.12 ± 7.70 a 338.23 ± 9.65 a 332.02 ± 5.49 462.35 ± 2.02 a
Compound-2 269.81 ± 0.77 433.41 ± 16.06 b 464.93 ± 23.19 489.99 ± 8.06 331.14 ± 28.23 b 300.34 ± 11.62 a
Compound-3 3792.36 ± 10.64 4467.63 ± 79.88 a 8097.52 ± 46.85 b 6808.66 ± 35.17 b 4548.36 ± 69.95 b 4867.97 ± 63.97
Compound-4 82.43 ± 1.90 126.53 ± 9.02 a 71.00 ± 7.95 a 78.89 ± 2.82 60.55 ± 4.70 a 53.73 ± 3.47 a
Compound-5 138.55 ± 8.09 593.93 ± 65.00 b 350.00 ± 44.35 b 310.76 ± 7.62 182.95 ± 3.43 b 137.18 ± 6.71 a
Compound-6 38.17 ± 6.24 50.49 ± 2.46 106.06 ± 8.87 a 344.63 ± 9.50 b 126.13 ± 6.70 b 88.22 ± 2.24 a
Compound-7 65.15 ± 1.94 1065.39 ± 22.50 b 1175.18 ± 86.93 979.67 ± 18.98 979.87 ± 55.00 676.12 ± 52.29 b
Compound-8 1902.94 ± 20.62 2011.81 ± 39.71 3834.91 ± 57.62 b 3175.96 ± 78.49 a 3276.26 ± 15.89 1822.14 ± 78.29 b
Compound-9 57.18 ± 3.13 51.12 ± 3.40 40.71 ± 3.45 142.48 ± 8.46 b 77.15 ± 7.65 b 37.51 ± 7.52 b
Compound-10 57.13 ± 2.75 99.40 ± 6.42 148.64 ± 8.96 a 137.33 ± 9.57 206.54 ± 4.25 b 219.61 ± 13.09
Compound-11 318.89 ± 10.10 312.24 ± 9.63 436.58 ± 32.42 b 466.44 ± 41.59 695.25 ± 5.25 b 588.63 ± 55.47 a
Compound-12 245.41 ± 4.59 295.42 ± 9.24 295.20 ± 11.78 320.14 ± 6.19 a 322.86 ± 4.01 656.28 ± 20.75 b

Note: a—compared with the former group, p < 0.05; b—compared with the former group, p < 0.01.



Agriculture 2021, 11, 184 12 of 18

Table 3. The relative contents of the 12 compounds stored at 25 ◦C for 30 days.

Storage Time (d) 0 6 12 18 24 30

Compound-1 107.06 ± 1.12 806.38 ± 83.77 b 418.99 ± 50.57 b 390.23 ± 44.67 354.21 ± 70.30 312.80 ± 26.72 a
Compound-2 269.81 ± 0.77 507.73 ± 63.91 b 280.24 ± 23.62 b 221.42 ± 17.38 a 208.48 ± 10.41 203.13 ± 9.90

Compound-3 3792.36 ± 10.64 10447.69 ± 90.12
b 7129.24 ± 54.92 b 6726.39 ± 62.35 a 6118.67 ± 39.33 5647.84 ± 7.67 a

Compound-4 82.43 ± 1.90 86.91 ± 5.02 88.66 ± 2.03 95.75 ± 3.13 115.36 ± 9.63 a 92.61 ± 3.20a
Compound-5 138.55 ± 8.09 501.10 ± 25.35 b 327.10 ± 7.31 a 323.20 ± 7.74 332.48 ± 8.64 385.84 ± 13.15
Compound-6 38.17 ± 6.24 231.16 ± 10.56 b 210.94 ± 14.86 200.58 ± 9.78 164.02 ± 7.95 a 116.74 ± 7.85 a
Compound-7 65.15 ± 1.94 1079.15 ± 62.58 b 1166.15 ± 48.29 1170.79 ± 22.29 2527.22 ± 14.50 b 3082.76 ± 36.60 b
Compound-8 1902.94 ± 20.62 3532.78 ± 15.72 b 2792.35 ± 24.80 a 2293.82 ± 63.50 a 1922.79 ± 41.07 a 1772.28 ± 10.83
Compound-9 57.18 ± 3.13 231.57 ± 14.57 b 235.06 ± 5.83 246.37 ± 14.22 211.59 ± 8.64 405.21 ± 10.64 b

Compound-10 57.13 ± 2.75 188.33 ± 9.84 b 221.71 ± 18.02 a 245.49 ± 16.89 294.58 ± 7.97 442.28 ± 14.73 b
Compound-11 318.89 ± 10.10 1298.38 ± 77.36 b 1372.30 ± 85.52 1462.44 ± 28.18 1630.94 ± 34.05 a 2534.24 ± 23.97 b
Compound-12 245.41 ± 4.59 731.93 ± 33.76 b 879.45 ± 13.08 a 878.87 ± 23.88 1167.70 ± 34.13 a 2034.22 ± 9.88 b

Note: a—compared with the former group, p < 0.05; b—compared with the former group, p < 0.01.

Table 4. The relative contents of the 12 compounds stored under light (25 ◦C) for 30 days.

Storage Time
(d) 0 6 12 18 24 30

Compound-1 107.06 ± 1.12 1508.49 ± 5.82 b 1220.13 ± 18.94 a 1240.64 ± 3.16 1352.80 ± 7.60 856.40 ± 12.81 b
Compound-2 269.81 ± 0.77 557.64 ± 8.25 b 398.62 ± 4.02 a 365.16 ± 3.84 318.01 ± 8.09 131.95 ± 3.58 b
Compound-3 3792.36 ± 10.64 19552.51 ± 66.80 b 14076.69 ± 58.97 a 12216.46 ± 21.20 15310.31 ± 28.22 6343.77 ± 22.20 b
Compound-4 82.43 ± 1.90 168.95 ± 25.18 a 172.03 ± 6.17 184.10 ± 8.10 738.79 ± 13.22 b 160.86 ± 4.11
Compound-5 138.55 ± 8.09 761.45 ± 17.77 b 565.31 ± 14.00 a 528.32 ± 11.05 476.00 ± 9.13 396.46 ± 4.66 a
Compound-6 38.17 ± 6.24 232.56 ± 13.55 b 319.51 ± 9.52 a 427.66 ± 5.58 a 345.16 ± 7.80 258.99 ± 6.78 a
Compound-7 65.15 ± 1.94 96.74 ± 4.62 a 106.42 ± 2.64 118.95 ± 5.44 146.34 ± 5.92 a 97.07 ± 2.11 a
Compound-8 1902.94 ± 20.62 5711.26 ± 24.24 b 5912.23 ± 30.81 7707.86 ± 63.75 b 5743.15 ± 16.20 b 1777.04 ± 11.74 b
Compound-9 57.18 ± 3.13 305.86 ± 28.12 b 347.67 ± 14.84 a 337.14 ± 8.86 369.30 ± 11.72 604.24 ± 21.24 b
Compound-10 57.13 ± 2.75 251.67 ± 2.22 b 330.60 ± 18.74 a 368.88 ± 20.24 399.97 ± 15.89 441.66 ± 6.57 a
Compound-11 318.89 ± 10.10 1918.76 ± 6.46 b 2182.49 ± 46.31 2000.44 ± 18.32 2225.78 ± 35.09 3083.81 ± 28.07 b
Compound-12 245.41 ± 4.59 1173.02 ± 28.34 b 1429.78 ± 37.72 a 1448.31 ± 28.67 1528.76 ± 9.81 2548.10 ± 16.24 b

Note: a—compared with the former group, p < 0.05; b—compared with the former group, p < 0.01.

When stored at 25 ◦C (as shown in Table 3), the relative contents of compounds 1, 2, 3,
5, 6, 8, and 11 reached the maximum value at the early stage of storage (until the 6th day),
and compound 4 reached the maximum value on the 24th day. However, their contents all
decreased after reaching the maximum value. This may be caused by the weakening of life
metabolism. When the life metabolism became weak, phenolic compounds accumulated to
a lesser extent and were consumed by oxidase, resulting in consumption being greater than
generation. The contents of compounds 7, 9, 10, and 12 were very low in the early stage
of storage; the contents were not stable until the later stage of storage (after the 27th day);
and their cumulative amounts reached the maximum. Thus, it appears that they were in a
continuous accumulation state during the storage process [61].

Under a temperature of 4 ◦C (as shown in Table 2), the life metabolism of L. brownii
bulbs were weakened, and the water loss was not obvious (stored in refrigerator). This
indicates that L. brownii bulbs were in a dormant state; thus, the accumulation of phenolic
compounds was not significant. When stored at −20 ◦C (as shown in Table 1), the 12 com-
pounds almost did not show phenomenon of accumulation. This indicates that the life
activities of L. brownii were basically stopped at −20 ◦C. When the life metabolism of fresh
L. brownii bulbs was inhibited by a low temperature, the contents of the 12 phenolic acids
also changed slightly. Notably, with the increase in storage time, the metabolism ability of
fresh L. brownii bulbs was gradually lost under a temperature of −20 ◦C, resulting in the
decrease in each of these compounds.

As shown in Table 4, the relative contents of compounds 1, 2, 3, and 5 reached the
maximum value on the 6th day. Unlike G3, there was a shift in the time when the relative
contents of compounds 6, 8, and 11 reached their maximum values. The maximum relative
content of each compound in G4 was significantly higher than that in the other three groups.
The results show that the contents of phenolic acids in L. brownii bulbs increased rapidly
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when exposed to sunlight, which is similar to the results of French scholars on grapevine
cutting [62]. The higher the degree of plant damage, the more obvious the accumulation
of plant antitoxins. However, the stronger stress conditions aggravated the respiration of
plants, making the plant tissue lose water and die quickly. After the 6th day, the L. brownii
bulb tissues were seriously damaged due to the light. Eventually, they lost their vitality,
which resulted in the interruption of their synthesis. Moreover, the consumption of other
pathways and the degradation of the compounds still existed under strong light conditions,
which finally contributed to the decrease in compound content.

In conclusion, the contents of phenolic acid compounds in fresh L. brownii bulbs were
very low. In addition, the content of phenolic compounds was accumulated in bulbs under
adverse conditions. In fact, L. brownii bulbs being damaged by sale delay or other factors
is inevitable. L. brownii without commercial value could be used for the extraction and
separation of phenolic acids to avoid the waste of resources. Furthermore, the accumulation
of compounds through stress physiology is an effective way to improve the utilization rate
of L. brownii resources and the development of phenolic acids.

3.5. Principal Component Analysis of 8 Physicochemical Parameters, the 12 Phenolic Compounds,
and Storage Time

The principal component analysis of the indicators in the chart above was applied
to illustrate the correlations between the parameters and browning degree. The changes
in physicochemical parameters were normal physiological phenomena after harvest of
fresh L. brownii bulbs. When stored at −20 ◦C, the parameters and the 12 phenolic acids
displayed almost discrete distribution and did not show a certain correlation (as shown
in Figure 5). Combined with the data above, the results showed that the life metabolism
of fresh L. brownii bulbs was inhibited, and, except for total polysaccharide level, the
changes in each index level were not significant. With the increase in storage temperature
(Figures 6 and 7), the browning degree showed significant correlation with storage time,
MDA, and PPO activity and was closely related to compounds 9, 10, 11, and 12. When
exposed to light at 25 ◦C (Figure 8), the browning degree had a significant correlation
with MDA and compounds 9, 10, 11, and 12, while it had a very low correlation with PPO
activity. According to the analysis of PPO activity level in Figure 3B, PPO activity was
inhibited by light, but the total polyphenol content increased in the early stage of storage.
Therefore, PPO activity increased briefly in the early stage of storage, and then it decreased
to a low level. This trend deviated from the variation trend of the browning degree level,
which may lead to the deviation of PPO activity from the browning degree.
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While PCA analysis did not show the correlation between browning degree and total
polysaccharides, free amino acids, water-soluble proteins, and reducing sugars levels,
it further verified the conclusion that the browning of fresh L. brownii bulbs could not
be explained from the perspective of the Maillard reaction. In addition, the correlation
between total polyphenol content and browning degree was not significant. This was
mainly due to the influence of life metabolism on the level of phenolic compounds. The
accumulation occurred in the early stage, resulting in the difference between the change in
level and browning degree during the whole storage period.
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In conclusion, the browning of fresh L. brownii bulbs was mainly related to storage
time; the levels of MDA; PPO; and compounds 9, 10, 11, and 12 but not to the factors of non-
enzymatic browning. Although the correlation between total polyphenols and browning in
L. brownii was not shown statistically, it was found that the phenolic compounds 9, 10, 11,
and 12 were closely related to browning. It is worth noting that the contents of compounds
1, 2, 3, 5, 6, 7, and 8 changed significantly. Due to the fact that their contents increased
first and then decreased during the storage period, correlations with browning could not
be found from the statistical point of view, but this could be due to the fact that they are
not related to browning. Therefore, the influence mechanism of phenolic substrates on
browning still need to be further studied; for instance, the reaction characteristics of PPO
with substrate and a control variable, and combined with biological technology could be
examined. Further research on the dynamic changes in phenolic compounds in L. brownii
will contribute to explaining not only the browning mechanism of fresh L. brownii bulbs
but also the stress physiological mechanism.

4. Conclusions

In this study, the results showed that the contents of nutrients in fresh L. brownii
bulbs decreased during the storage period, which was accelerated by light and a high
temperature, and the appearance became worse. However, while the reducing sugars and
amino acids are the main participants in the Maillard reaction, their content changes did
not match the changes observed for the browning degree.

The low temperature below freezing point can keep L. brownii bulbs fresh to the
maximum extent. However, they display obvious freezing injury after thawing, and, thus,
they should be stored at a low temperature (above 0 ◦C) and in the dark. The changes
observed in PPO activity, total polyphenols, and MDA content could be described from the
perspective of the enzymatic browning mechanism.

Concurrently, through the PCA of the variation of 8 physicochemical parameters and
correlation with the 12 phenolic acids, L. brownii browning was observed to be mainly
caused by enzymatic reaction. In addition, the contents of nutrients and the appearance
quality decreased when stored in light conditions at room temperature. This led to the effec-
tive accumulation of phenolic acid compounds (phenylpropanoids), which provide a novel
visual angle to develop and utilize phenolic acids in L. brownii and reuse waste resources.
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