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ARTICLE INFO ABSTRACT

Keywords: Astringency removal is important for the quality of Torreya grandis nut and occurs after harvest. Here, we

Torr €ya gr andis evaluated the effect of NaHCOj3 treatment on astringency removal and compared the differential metabolites of

?strlr}gent substance the seed coat and kernel using a UHPLC QQQ-MS-based metabolomics approach. The result revealed the nut
annin

astringency was primarily enriched in the seed coat with more soluble tannins. The NaHCO3 treatment greatly
shortened the de-astringency process, as indicated by a faster conversion of soluble tannins to insoluble tannins
and more acetaldehyde production. Besides, a total of 293 metabolites, including 92 phenolic acids and 37
flavonoids, were tentatively characterized in the seed coat. A further comparative analysis of the metabolomics
indicated epigallocatechin, gallocatechin, catechin, procyanidin B1, B2, B3 and C1 to be the major metabolites
influenced by the NaHCO3 treatment. This study provides new insights regarding the metabolite differences of
Torreya grandis nuts processed with different de-astringent treatments.

NaHCOj; treatment
De-astringency
Metabolome

1. Introduction Astringency, as one of the most important organoleptic properties
that determines the quality of T. grandis nuts, is generally induced by
various phenolic compounds, including tannins that possess a special

ability to interact with and precipitate alkaloids, gelatin, and other

Torreya grandis (T. grandis) is an evergreen coniferous tree with sig-
nificant economic and medicinal value in mountainous areas of China.

Roasted nuts are popular in China due to their attractive flavor, unique
aroma, and multiple healthy bioactive compounds (Suo et al., 2019).
Unlike other tree nuts, T. grandis nuts need a postharvest ripening pro-
cess for aromatic synthesis, astringency removal and nutrient conver-
sion (Zhou et al., 2019; Zhang et al., 2020). Although a previous study
revealed that appropriate temperature (20 °C) and high relative hu-
midity (90 %) could accelerate the postharvest ripening process (Zhang
et al., 2020) and promote aromatic terpene synthesis (Hu et al., 2022),
scarce information is currently available regarding the profile and
changes in the primary metabolites of T. grandis nuts during the post-
harvest ripening stage.

proteins (Xu et al., 2018). Mild astringency enhances the taste and
texture of a number of foods and beverages, most notably tea and red
wines (Gu et al., 2004). However, in cases of intensive astringency, the
astringent compounds interact with salivary proteins in the mouth and
produce a kind of puckering, drying, or rough sensation (Huang & Xu,
2020). According to the solubility in alcoholic solutions, tannins can be
divided into soluble and insoluble, and the soluble tannins are the pri-
mary source of astringency (Serrano, Puupponen-Pimia, Dauer, Aura, &
Saura-Calixto, 2009). Generally, astringency removal is accompanied by
conversion of soluble to insoluble tannins (Pesis, 2005), and with the
production of ethanol and acetaldehyde (Taira, Ikeda, & Ohkawa, 2001;
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Fig. 1. Changes in the appearance and primary astringent substances in T. grandis nuts during the postharvest ripening stage under the control treatment and the
NaHCOg treatment. A, Changes in the seed coat appearance. B, The CIRG value in the seed coat. C, The total phenolic content in the seed coat. D, The soluble tannin
content in the seed coat. E, The insoluble tannin content in the seed coat. F, The total phenol content in the kernel. G, The soluble tannin content in the kernel. H, the
insoluble tannin content in kernel. The error bars represent the standard error from the three replicates. The different letters indicate the significant differences (p <
0.05) during the postharvest ripening stage under the control treatment (uppercase letters) and the NaHCO3 treatment (lowercase letters). DW, dry weight.

Min et al., 2012).

Tannins can also be divided into hydrolyzed tannins and condensed
tannins according to their chemical structure (He, Tian, Luo, Qi, & Chen,
2015). Hydrolyzable tannins are compounds that contain a central core
of glucose or another polyol esterified with gallic acid or with hexahy-
droxydiphenic acid (HHDP) In an aqueous solution, HHDP spontane-
ously dehydrates to their lactone form of ellagic acid (Cos et al., 2003).
Condensed tannins do not have a polyol nucleus and are not readily
hydrolyzed. They are also known as proanthocyanidins and are oligo-
meric and polymeric flavan-3-ols that are linked primarily through the
C4-C8 or C4-C6 bond (called B-type, dimeric) or doubly linked by an
additional ether bond between C2-O-C7 (A-type). (+)-Catechin (C),
(-)-epicatechin (EC), (-)-epicatechin-3- gallate (ECG), (-)-epi-
gallocatechin (EGC), and (-)-epigallocatechin gallate (EGCG) are
considered to be the 5 most common subunits of flavan-3-ols (Dixon,
Xie, & Sharma, 2005). Different plant species have different types of
dimers, such as procyanidin B1 that is present in grapes and cranberries,
B2, present in apples and cocoa beans, B3, present in strawberries and
willow catkins, and B4, present in raspberries and blackberries (Haslam,
1977). The perceived astringency is highly correlated with the total
tannin concentration, degree of polymerization, subunit composition
and distribution (Wei et al., 2020). Unfortunately, studies on astringent
substances in T. grandis nuts are very limited, and knowledge regarding
the changes in astringent substances during postharvest and processing
as well as on the mechanism of de-astringency will facilitate the pro-
cessing to obtain more attractive and healthier products for consumers.

Previous studies found that a 5 % mass fraction of a NaHCOs5 treat-
ment had an obvious de-astringent effect on hickory kernels (Fan et al.,

2021), while the effect on T. grandis nuts remains unclear and the pri-
mary metabolites that change during the process requires further iden-
tification. Consequently, T. grandis nuts were treated with 0.1 M
NaHCOs to profile the metabolomic changes during the postharvest
ripening process. The overall objectives of this study are (i) to clarify the
effect of NaHCO3 on the de-astringency of T. grandis nuts and (ii) to
characterize the primary metabolites of T. grandis nuts that change
under NaHCOs treatment during the postharvest ripening stage. Our
results provide new evidence that shed light on the primary metabolites
composition of T. grandis nuts with effective de-astringent treatment.

2. Materials and methods
2.1. Plant materials

Cracked T. grandis nuts were grown in a commercial orchard in Zhuji,
Zhejiang Province, China, and harvested on September 13th, 2020
(approximately 525 days after full bloom). The T. grandis nuts with arils
were transported to the laboratory within 4 h on the same day of harvest.
Next, the arils were removed by hand. Nuts of uniform size with an
absence of disease and mechanical wounds were selected for subsequent
experiments. The nuts without the arils were left overnight to dissipate
the field heat. Before the treatment, the nuts were washed with clean
water and then air-dried at 25 °C until there was no excess water on the
shell surface. The T. grandis nuts were pooled and divided into two lots,
each comprised of approximately 30 kg nuts.
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Table 1
Effects of different astringency removal treatments on the ethanol and acetal-
dehyde concentrations in the seed coat and kernel of T. grandis nuts.

Ethanol (ug/g flesh weight) Acetaldehyde (ng/g flesh

weight)
Days CK NaHCO3 CK NaHCO3
Seed 0 160.02 + 160.02 + 11.71 + 11.71 +
coat 6.02P 6.02¢ 1.14° 1.14°
5 173.26 + 341.65 + 20.22 + 9.21 + 1.36°
3.39¢ 8.53% 2.17°
10 275.47 + 126.45 + 27.56 + 766.39 +
6.99" 3.03¢ 5.14° 36.83°
15 118.58 + 100.18 + 66.18 + 270.99 +
6.53F 8.49° 13.03¢ 8.62°
20 144.20 + 203.35 + 1315.76 + 24.31 +
4.67° 11.24° 9.77% 3.32¢
25 216.58 + 184.04 + 98.59 + 17.31 +
3.34% 6.83" 1.58% 0.07¢
Kernel 0 74.94 + 74.94 + 7.03 +0.34®  7.03 +0.34°
6.77% 6.77%¢
5 39.06 + 41.06 + 14.56 + 13.30 +
6.64° 2.90° 0.45% 1.30%
10 29.04 + 49.59 + 562+ 1.02° 818 +252°
0.23% 6.88"
15 42.66 + 61.62 + 1.41 £ 051 11.24 +
3.55% 5.21% 4,192
20 78.49 + 115.81 + 4.47 +1.78% 1278 +
5.20% 13.007 1.66%
25 78.49 + 86.68 + 319+ 1.68% 230+ 0.77%
5.20" 14.15%°

Note: Errors represent the standard errors from three biological replicates. The
different letters indicate the significant differences (P < 0.05) during the post-
harvest ripening stage under the control treatment (uppercase letters) and the
NaHCOs; treatment (lowercase letters).

2.2. Postharvest de-astringent treatment

In this experiment, a single-step retting method coupled with con-
ditions of 25 + 2°C and a 90 % relative humidity (RH) was adopted
according to Ye (2017) and Zhang (2020) with slight modifications, and
then different postharvest de-astringency treatments of T. grandis nuts
were conducted. Approximately 4 kg of T. grandis nuts was placed into a
sealed storage box (approximately 80 cm in length, 40 cm in width, 15
cm in height), and HyO treatment (denoted as CK) and NaHCOs treat-
ment (denoted as NaHCO3) were conducted. CK treatment: The nuts
were rinsed with cold water and soaked for 24 h, and then the excess
water on the surface was removed. They were placed in a sealed storage
frame that was placed in a retort (25 + 2°C and 90 % RH). NaHCOg3
treatment: The nuts were soaked in 0.1 M NaHCOj; for 24 h, washed with
cold water and dried until excess water was removed from the surface;
they were then placed in a sealed storage frame that was placed in a
retort (25 + 2°C and 90 % RH). During the experiment, the pile was
turned twice a day. The first sample was collected on day zero after
harvest, and then samples were collected at five-day intervals until the
25th day. The seed husks were peeled off, the seed kernels and the seed
coats were separated, and they were stored at —-80 °C for further analysis.
The experiment was performed in three biological replicates for each
treatment.

2.3. Chemicals

The anthrone was purchased from the Macklin Biochemical Tech-
nology Co., Itd (Shanghai, China). Petroleum ether was purchased from
the Sinopharm Co. Itd. (Shanghai, China). Standard compounds such as
Coomassie brilliant blue G-250, anhydrous glucose, gallic acid, ethanol,
and acetaldehyde were obtained from the Yuanye Company (Shanghai,
China). Methanol, acetonitrile and formic acid were HPLC grade and
purchased from Merck (Germany). The HPLC and GC standards were
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purchased from Sigma-Aldrich (St. Louis, MO, USA). Water used
throughout the experiment was prepared using the Elix Essential Milli-
Q, Milli-Q Reference and TANKPE100 combined purification system
(Millipore, Massachusetts, USA).

2.4. Seed coat color determination

Five to six T. grandis nuts from the two treatments were randomly
selected and then shelled to observe the color of the seed coat at five-day
intervals during the treatment. Four points of 90° intervals at the nut
equator were measured with a CR-10 colorimeter (KONICA MINOLTA,
Inc., Tokyo, Japan), and L* (lightness, 1-100 value range), a* (redness,
-60-60 value range), b* (yellowness, -60-60 value range) were recor-
ded accordingly. Next, the a* and b* values were converted into H (hue
angle) [H = arc tan (b*/a*)] and C (chroma) (C = [(a®)? + (b*)z]o's),
which quantified the intensity and purity of the hue. According to the
color index of red grapes (CIRG) = (180-H)/(L* + C), the appearance
color of the seed coat was reflected (Zhang et al., 2008).

2.5. Determination of the total phenol, soluble and insoluble tannin
content

2.5.1. Determination of the total phenol content

The total phenol content was determined according to the method
described by Han et al. (2017) with some modifications. (1) Standard
curve drawing: 0, 0.25, 0.50, 0.75, 1.00, and 1.25 mL of a 0.2 mg/mL
gallic acid solution was added in the colorimetric tube respectively and
distilled water was added to 2.0 mL. A total of 1 mL of the Folin-
Ciocalteu reagent was then added, and the mixture was mixed well
and stored in a dark place for 5 min. Then, 5 mL of 15 % NayCO3 was
added, and finally, distilled water was added until the total volume was
10 mL. The solution was mixed well and stored for 1 h. The absorbance
was measured at 760 nm and a standard curve was drawn accordingly.
(2) Extraction of the sample: Ground dried samples (0.5 g) were
extracted using 10 mL methanol for at 25 °C for 2 h. The homogenate
was centrifuged at 13,000 g for 15 min at 4 °C and the supernatant was
used for further measurement. (3) Determination of the sample: A
sample of the crude extract (0.5 mL) was added to 1.5 mL of distilled
water and 1 mL of the Folin-Ciocalteu reagent. After this, 5 mL of a 15 %
Na;COj3 solution was added. The mixtures were incubated at 25 °C for 1
h prior to reading at 765 nm. According to the standard curve, the
phenol content was calculated according to the following equation.

W:chTxK
m X Vg

W—The total phenol content of the sample, mg g~! DW;
c¢—The content of the sample to be tested, mg;

Vr—The total volume of the extract, mL;

m—The quality of the sample, g;

Vs—The sample volume during measurement, mL;
K—Dilution factor.

2.5.2. Determination of the soluble tannin content

Soluble tannins, which are responsible for fruit astringency, were
evaluated using the Folin-Denis method described by Arnal and Del Rio
(2014) with minor modifications. This colorimetric method is based on
the reduction of the Folin-Denis reagent by soluble tannins in an alkaline
solution. A calibration curve was constructed with tannic acid in the
specific concentration range. The ground nuts (1.0 g) were placed in 20
mL of 80 % methanol and the mixture was centrifuged at 5000 g for 10
min at 25 °C. The supernatant was then collected and this procedure was
repeated twice. Then, the supernatant, containing soluble tannins, was
collected from two extractions and was 10-fold diluted with distilled
H0, and designated as the working solution. For the soluble tannins
measurements, 1.0 mL of the working solution and 30 mL of distilled
water were mixed, and then 2 mL of the F-D reagent was added and
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Fig. 2. Content of the starch (A), soluble sugar (B), soluble protein (C), and oil (D) in T. grandis nuts during the postharvest ripening stage under the control treatment
and the NaHCOj3 treatment. The error bars represent the standard error from the three replicates. The various letters indicate the significant differences (p < 0.05)
during the postharvest ripening stage under the control treatment (uppercase letters) and the NaHCOj3 treatment (lowercase letters). DW, dry weight.

mixed well. After 3 min, 10 mL of saturated Na,CO3 was added, vor-
texed, and diluted to 50 mL with distilled water. After the mixture was
stored for 2 h at 25 °C, the absorbance was measured at a wavelength of
725 nm. The soluble tannin content was expressed as milligrams of
tannic acid per gram of dry weight (mg g~} DW).

2.5.3. Determination of the insoluble tannin content

The insoluble tannins were measured according to the methods re-
ported by Oshida, Yonemori, and Sugiura (1996). After the soluble
tannins were extracted, the residue contained insoluble tannins, and
then were re-suspended in 5 mL methanol:HCI (99:1, v/v) for 30 min.
Next, they were centrifuged at 10,000 g for 10 min at 4 °C. The super-
natant was collected and then the procedure was repeated twice. The
supernatant was diluted to 50 mL to determine the content of the
insoluble tannins (refer to the determination method for soluble
tannins).

2.6. Measurement of the ethanol and acetaldehyde concentration

The ethanol and acetaldehyde concentration were measured ac-
cording to the methods reported by Min et al. (2012). A gas chromato-
graph (Thermo Scientific™ TRACE 1300™, Thermo Fischer Scientific,
Waltham, MA, USA), equipped with a 30 m x 0.25 mm x 0.25 pm
capillary column (HP-INNOWAX, Agilent Technologies, Santa Clara,
CA, USA) was required. A total of 2 g of the frozen samples were ground
with liquid nitrogen and were mixed with 5 mL of a saturated NaCl
solution. A total of 3 mL of the mixture was transferred to 10 mL air-tight

vials with crimp-top caps. The vials were incubated at 60 °C for 1 hiin a
water bath and then 0.2 mL of the head-space gas was removed for the
gas chromatography. The injector, detector and oven temperatures were
set at 150, 160 and 100 °C, respectively. sec-butyl alcohol was added to
each vial as an internal control. The results were calculated using
standard curves for ethanol and acetaldehyde, respectively.

2.7. Measurement of the oil, starch, soluble sugar and soluble protein
content

The oil content was measured according to the methods reported by
Zhang (2020). The oil was extracted from the nuts with a petroleum
ether solvent at a boiling point range of 30-60 °C in a Soxhlet device for
8-12 h. After defatting, the samples were dried overnight (10-12h) in a
fume hood to remove the residual petroleum ether and weighed to
calculate the lipid content.

Oil content = (dry weight before defatting — dry weight after defatting)/dry
weight before defatting

Next, the residue was used for the determinations of the starch,
soluble sugar and soluble protein. Both the content of soluble sugar and
starch were determined using anthrone colorimetry (Li & Li, 2013). The
residue (without soluble sugar) was added to 10 mL of distilled water
and then boiled for 15 min. After cooling, 20 mL of perchloric acid was
added, and the solution was left for 15 min at 25 °C. After centrifugation
(10,000 g, 15 min), the supernatant was collected. This extraction pro-
cedure was performed three times, and the supernatant was collected
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Fig. 3. Principal component analysis (PCA) of the metabolites in the seed coat (A) and kernel (C) and the heatmap analysis in the seed coat (B) and kernel (D) of
T. grandis nuts during the postharvest ripening stage under the control treatment and the NaHCO3 treatment. Note: 0 d, day O of the seed coat or kernel; CK-5d, day 5
of the control seed coat or kernel; CK-10d, day 10 of the control seed coat or kernel; Na-5d, day 5 of the NaHCO3 treated seed coat or kernel; Na-10d, day 10 of the

NaHCOs treated seed coat or kernel; Na-15d, day 15 of the NaHCOj5 treated kernel.

into a 100 mL volumetric flask. Next, 1 mL of the solution and 5 mL of
the anthrone reagent were mixed and placed in a boiling water bath for
10 min. After being cooled, they were placed in the dark for 10 min to
measure the absorbance at 620 nm for the starch content analysis. The
soluble protein content was determined with reference to the Coomassie
Brilliant Blue G-250 method and measured at 595 nm (Read & North-
cote, 1981). The starch, soluble sugar, soluble protein and oil contents
are shown as g kg™! dry weight.

2.8. Widely targeted metabolomics analysis

2.8.1. Sample preparation and extraction

The NaHCOs-treated nuts and relevant control nuts, including the
seed coats on Day 0, Day 5, and Day 10 and kernels on Day 0, Day 5, Day
10, and Day 15, were processed for a further metabolomic analysis. The
samples were placed in a freeze dryer (Scientz-100F) for vacuum freeze
drying and then ground into powder in a grinder (MM 400, Retsch,
Germany). Approximately 100 mg of ground nuts was dissolved in 1.2
mL of 70 % methanol extract and vortexed once every 30 min for 30 s.
Each was vortexed six times in total, and the samples were placed in a
refrigerator overnight at 4 °C. After centrifugation (11,000 g, 10 min),
the supernatant was filtered through a 0.22 pm PTFE Millipore mem-
brane for ultra-performance liquid chromatography (UPLC) (SHI-
MADZU Nexera X2) and a tandem mass spectrometry (MS/MS) (Applied
Biosystems 4500 QTRAP) analysis using an SB-C18 analytical column
(2.1 x 100 mm, 1.8 ym, Agilent Technologies, Foster City, CA).

2.8.2. UPLC conditions

The analytical conditions were as follows: solvent A (formic acid:
ultrapure water, 1: 1000, v/v) and solvent B (formic acid: acetonitrile, 1:
1000, v/v). The gradient programme was a 5 % B phase ratio at 0 min,
the B phase linearly increased to 95 % within 9.0 min and was main-
tained at 95 % for 1.0 min, and this was followed by a decrease to 5 %
from 10.0 to 11.1 min and remained constant until 14.0 min. The flow
rate was 0.35 mL min~! at 40 °C, the injection volume was 4 pL. The
effluent was then connected to an ESI-triple quadrupole-linear ion trap
(QQQ-LIT) mass spectrometer.

2.8.3. ESI-Q TRAP-MS/Ms

Linear ion trap (LIT) and triple quadrupole (QQQ) scans were per-
formed on a triple quadrupole-linear ion trap mass spectrometer (Q
TRAP) and an API 4500 Q TRAP LC/MS/MS system equipped with an
ESI Turbo Ion-Spray interface operating in positive and negative ioni-
zation modes and controlled by Analyst 1.6.3 software (AB Sciex). The
ESI source operation parameters were as follows: ion source, turbo
spray; ion source temperature, 550 °C; positive ion spray (IS) voltage,
5,500 V; negative IS voltage, —4,500 V; the ion source gas I (GSI), gas II
(GSID), curtain gas (CUR) were set at 55, 60, and 25.0 psi, respectively;
and the collision-induced ionization (CAD) parameter was high. In-
strument tuning and mass calibration were performed using 10 and 100
umol/L polypropylene glycol solutions in the QQQ and LIT modes,
respectively. The QQQ scans were acquired as multiple reaction moni-
toring (MRM) mode experiments with the collision gas (nitrogen) set to
medium. The de-clustering potential (DP) and collision energy (CE) for
the individual MRM transition were performed with further DP and CE
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T. grandis nuts during the postharvest ripening stage under the control treatment and the NaHCO3 treatment.

optimization. A specific set of MRM transitions were monitored for each
period based on the metabolites eluted within this period.

2.8.4. Qualitative and quantitative analysis of the metabolites
High-resolution mass spectrometry AB sciex 6600 QTOF for quali-
tative detection of mixed samples was employed in this study which
indeed provided exact mass of compounds for identification purposes
and formula prediction. A qualitative analysis of the metabolites was
conducted by a comparison of the accurate precursor ion (Q1), the
product ion (Q3) values, the retention time (RT), and the fragmentation
pattern based on the self-built metware database (MWDB) (Wuhan
Metware Biotechnology Co., Itd., Wuhan, China) (Chen et al., 2013) and
the public metabolite database. To ensure the accuracy of the metabolite
annotations, the repeated signals of K*, Na*, NH4", and other large
molecular weight substances were eliminated during identification.
Then AB sciex4500 Q TRAP for relative quantification of samples
was used owing to its higher senstivity, combining the advantages of
non-targeted and targeted metabolomics. A quantitative analysis of the
metabolites was employed with the MRM mode of the QQQ MS. The
precursor ions (parent ions) of the target substances were screened, and
the ions corresponding to other molecular weight substances were
excluded to initially eliminate interference. The precursor ions were
fragmented after induced ionization by collision for the production of
fragment ions that were then filtered using a QQQ for the selection of the
characteristic fragment ions and elimination of interference from non-
target ions, making the quantification more accurate and repeatable.
The mass spectrum peak of each metabolite in each sample was cor-
rected according to the RT and the peak shape of each metabolite. The
corresponding relative metabolite contents were represented as

chromatographic peak area integrals (Hu, Wang, Hu, & Xie, 2020). A
parameter called the variable importance in projection (VIP) was used to
examine the relative importance of each metabolite in the PLS-DA
model. Metabolites with VIP > 1 and fold change > 2 or fold change
< 0.5 were considered differential metabolites for the group discrimi-
nation (Yang et al., 2019).

2.9. Statistical analyses

The figures were created with Origin 8.0 (MicroCal Software). The
data are presented as the mean + standard deviation (SD). The signifi-
cant differences were determined using SPSS Statistics 20.0 (SPSS Inc.,
Chicago, IL, USA). In addition, a principal component analysis (PCA)
was used to comprehensively evaluate the impact of the NaHCO3 post-
harvest treatments on the de-astringency of T. grandis nuts.

3. Results and discussion

3.1. Effect of the NaHCO3 treatment on the astringency removal of
T. grandis nuts

In practice, the ripening process of T. grandis nuts is considered to be
complete when the interior seed coat turns completely dark black. The
color of the interior seed coat of T. grandis nuts on Day 0 was reddish and
gradually turned black on Day 5 under the NaHCOj5 treatment, whereas
it showed only a slight change under the CK treatment (Fig. 1A). The
CIRG value change was consistent with the color change (Fig. 1B). It has
been reported that the color change in the seed coat may be caused by a
change in the phenolic substances after oxidization (Chazarra, Garcia-
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Table 2
A list of common differentially down-regulated metabolites identified on Day 5 under the control treatment and NaHCOj3 treatment of T. grandis nuts.
Sample Compounds Class I CK-5d- CK-5d- CK-5d- Na-5d- Na-5d- Na-5d- Fold_Change Type (CK- Identification
1 2 3 1 2 3 (CK-5d_vs_Na- 5d_vs_Na- method
5d) 5d)
Seed Epigallocatechin Flavonoids 4.05E 3.68E 4.14E 2.10E 9.46E 1.58E 0.389797071 down Standard
coat + 05 + 05 + 05 + 05 + 04 + 05
Gallocatechin Flavonoids 1.72E 1.43E 1.71E 9.32E 5.09E 6.69E 0.433277894 down Standard
+ 06 + 06 + 06 + 05 + 05 + 05
Nepetin (5,7,3,4'- Flavonoids 3.38E 1.98E 3.22E 6.95E 3.80E 5.50E 0.189518245 down Manual
Tetrahydroxy-6- + 05 + 05 + 05 + 04 + 04 + 04 identification
methoxyflavone)
Protocatechuic acid-4-O- Phenolic 6.56E 2.97E 5.65E 9.00E 9.00E 9.00E 0.000177841 down Manual
glucoside acids + 04 + 04 + 04 + 00 -+ 00 + 00 identification
3,4,5-Trimethoxyphenyl- Phenolic 1.45E 2.58E 2.10E 9.00E 9.00E 9.00E 4.40299E-05 down Manual
1-O-Glucoside acids + 05 + 05 + 05 + 00 -+ 00 + 00 identification
6-O-Caffeoyl-p-glucose Phenolic 1.80E 9.60E 1.64E 6.35E 4.56E 1.34E 0.278255357 down Manual
acids + 05 + 04 + 05 + 04 + 04 + 04 identification
Syringetin Flavonoids 2.27E 1.53E 3.98E 1.92E 9.00E 9.00E 0.024953359 down Standard
+ 04 + 04 + 04 + 03 + 00 + 00
Procyanidin B2 Tannins 1.59E 1.02E 1.43E 7.20E 5.58E 4.64E 0.430495069 down Standard
+ 05 + 05 + 05 + 04 + 04 + 04
Procyanidin B3 Tannins 3.14E 1.91E 1.54E 9.88E 3.78E 6.10E 0.300302353 down Standard
+ 05 + 05 + 05 + 04 + 04 + 04
Procyanidin B1 Tannins 4.85E 4.43E 3.97E 2.68E 1.19E 2.09E 0.450080388 down Standard
+ 04 + 04 + 04 + 04 + 04 + 04
Procyanidin C1 Tannins 9.19E 3.44E 8.50E 9.00E 9.00E 9.00E 0.001277556 down Manual
+ 03 + 03 + 03 + 00 + 00 + 00 identification
Kernel Catechin Flavonoids 1.40E 1.17E 6.55E 2.78E 7.89E 4.75E 0.477744826 down Standard
+ 04 + 04 + 03 + 03 + 03 + 03
Gallocatechin Flavonoids 8.04E 7.78E 1.28E 2.67E 1.75E 2.78E 0.251614256 down Standard
+ 03 + 03 + 04 + 03 + 03 + 03
Isorhamnetin-7-O- Flavonoids 1.88E 1.50E 3.07E 1.13E 5.17E 9.23E 0.39742581 down Manual
glucoside (Brassicin) + 04 + 04 + 04 + 04 + 03 + 03 identification
Myricetin-3-O-galactoside ~ Flavonoids 2.07E 1.46E 1.80E 9.00E 9.00E 9.00E 0.000506671 down Manual
+ 04 + 04 + 04 + 00 + 00 + 00 identification
Myricetin-3-O-glucoside Flavonoids 1.68E 9.81E 1.67E 9.00E 9.00E 9.00E 0.000622988 down Manual
+ 04 + 03 + 04 + 00 -+ 00 + 00 identification
Limocitrin-3-O- Flavonoids 4.83E 2.96E 4.87E 2.60E 1.90E 1.33E 0.460177411 down Manual
galactoside + 04 + 04 + 04 + 04 + 04 + 04 identification
Syringetin-7-O-glucoside Flavonoids 1.46E 1.12E 8.54E 5.08E 8.39E 3.69E 0.499012746 down Manual
+ 04 + 04 + 03 + 03 + 03 + 03 identification
Procyanidin B3 Tannins 9.55E 9.00E 1.00E 9.00E 9.00E 9.00E 0.001377045 down Standard
+ 03 + 00 + 04 + 00 + 00 + 00

Note: The main astringent substances are denoted in RED. Metabolites with VIP > 1 and fold change < 0.5 were considered differential metabolites for group
discrimination. Standard: the metabolite was confirmed by chemical standards. Manual identification: the metabolite was confirmed by comparison of the accurate
precursor ion (Q1), product ion (Q3) values, the retention time (RT), and fragmentation pattern based on the metabolite database.

Carmona, & Cabanes, 2001). Indeed, the total phenol content in the seed
coat of the two de-astringent treatments displayed a decreasing trend,
and the nuts treated with NaHCO3; showed a more pronounced
decreasing trend compared to those under the CK treatment, from 56.47
mg g_1 on Day O to 2.63 mg g_1 on Day 10 (Fig. 1C).

Typically, tannins are the primary phenolic astringency compounds
that can interact and precipitate alkaloids, gelatin, and other proteins
(Xu et al., 2018). The content of soluble tannins has generally been
considered as the primary influence on perception of astringency that
disappears below a threshold of 0.1 % (Soares et al., 2020). Studies have
reported that the removal of astringency is reflected in a dramatic
decrease of the soluble tannin content and a corresponding increase in
the insoluble tannin content (Min et al., 2012). In the present study, both
the CK and NaHCOs3 treatments prompted de-astringency in the seed
coat manifested as a dramatic decrease in the soluble tannin concen-
tration, with NaHCOg treatment decreasing three times as much as the
control (Fig. 1D). The opposite trend was observed in the insoluble
tannin content of the seed coat under the two de-astringent treatments
that showed an upward trend (Fig. 1E). The changing trends in the total
phenols, soluble tannin, and insoluble tannin in the kernels under the
two de-astringent treatments were similar to those of the seed coats, and
the soluble tannin contents in the seed coats were significantly higher
than the levels found in the kernels (Fig. 1), indicating that the nut

astringency was primarily in the seed coat rather than the kernel.
Ethanol and acetaldehyde are the primary products in anaerobic
fermentation, and acetaldehyde is the primary compound that interacts
with the soluble tannins to render them insoluble (Taira et al., 2001; Min
et al., 2012). The contents of ethanol and acetaldehyde were signifi-
cantly higher in the seed coat than in the kernel (Table 1), indicating
that de-astringency primarily occurred in the seed coat. The overall
trend of changes in the ethanol and acetaldehyde contents were
analyzed, and the peaks of the ethanol and acetaldehyde contents in the
NaHCOjs treated nuts were significantly earlier than those in the control.
For example, the ethanol content of the NaHCOj; treated seed coat
reached a peak value of 341.65 ug g~! on the 5th day, while the control
reached a peak of 173.26 ug g~ ! on the 10th day, and its maximum peak
value was obviously lower than that of the NaHCO3 treated seed coat
(Table 1). In terms of the acetaldehyde content, the seed coat under the
NaHCOg treatment showed a significantly higher acetaldehyde content
compared with the samples under the CK treatment from Day 5 to Day
15. However, the seed coat under the CK treatment showed a signifi-
cantly higher acetaldehyde content than under the NaHCOj3 treatment
from Day 15 to Day 25, indicating the maximum peak value of acetal-
dehyde in the NaHCOg treated nuts was obviously earlier than those in
the control. The content of acetaldehyde in the persimmon fruit
increased under the postharvest ethylene and CO treatment, indicating
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that the process of de-astringency was accelerated accordingly (Yin
et al., 2012). Therefore, the results showed that the NaHCO3 treatment
effectively removed astringency and accelerated the process of de-
astringency in T. grandis nuts, which was consistent with the change
trend of the tannin content (Fig. 1).

3.2. The NaHCOs treatment maintained the nutritional quality of the
T. grandis nuts

The starch in the seeds is hydrolyzed into sugar by amylase during
the ripening process, and this provides a carbon source and energy for
protein and oil synthesis (Marriott, Robinson, & Karikari, 1981). Inter-
estingly, the starch content in the kernels under the two de-astringent
treatments decreased and reached the lowest level on the 15th day,
whereas the soluble sugar content, soluble protein, and oil content
showed an upward trend and attained its highest value on the 15th day
(Fig. 2), which was consistent with the results of our previous study
(Zhang et al., 2020).

Different de-astringent treatments (ethanol, ethylene, COj, high
temperature) may have different effects on the quality of the fruit. For
example, a warm water treatment could remove astringency quickly.
After short-term storage, the soluble sugar content increased, and this
improved the taste and sensory quality of persimmons (Li, Wang, Lin, &
Mao, 2020). Ethylene treatment promoted de-astringency and acceler-
ated changes in the persimmon fruit texture and significantly promoted
fruit softening after three days in storage (Min et al., 2012). The use an
ionic solution of NaCl and alum combined with 1-MCP treatment to
remove astringency can maintain the quality of persimmons well, and
they exhibit reduced deterioration during storage. This result was pri-
marily manifested as a better control of the change in color and hardness
and a slowing down the loss of soluble sugar and ascorbic acid (Li et al.,
2020). During the postharvest ripening process of T. grandis, the primary
transformation of nutrients is the decomposition of starch to the syn-
thesis of oil and protein (Zhang et al., 2020). In this study, Fig. 2 showed
that there were no significant changes in the four primary nutrient
compositions of T. grandis nuts under the NaHCO3 treatment; that is, the
NaHCOg3 treatment was an effective method for astringency removal
without a significant effect on the nutritional quality of the T. grandis
nuts. This result provides a valuable reference for research on the de-
astringency of other nuts.

3.3. Overview analysis of the widely targeted metabolomics of T. grandis
nuts processed with different de-astringent treatments

Metabolites are the basis of biological phenotypes and can help us
effectively understand biological processes and mechanisms. Metab-
olomics, the qualitative and quantitative analysis of metabolites, can be
used to detect, screen, and identify biologically significant metabolites
in biological samples and to analyze metabolic pathways or networks
(Zou et al., 2020). Based on the changes in the content of total phenols
and soluble tannins under the postharvest de-astringent treatments, the
study showed that their contents in the seed coat stabilized within 10
days, and those in the kernel stabilized within 15 days. Hence, we pri-
marily analyzed the metabolite differences in the seed coat processed
over 0-10 days and the kernel processed over 0-15 days.

A total of 293 metabolites were detected in the seed coats from 0 to
10 days, and the metabolites were mainly phenolic acids (92) and fla-
vonoids (37) (Fig. S1A). In addition, a total of 347 metabolites were
detected in the seed kernels from O to 15 days and the metabolites were
also mainly concentrated in phenolic acids (101) and flavonoids (83)
(Fig. S1B). Plant polyphenols, a class of important bioactive substances
of plant origin, have antioxidant, anti-inflammatory, antitumor, lipid-
lowering and cardiovascular-protecting activities and are important el-
ements in the preparation of functional foods (Du et al., 2021). Some
seed oils are also rich in phenolics, and these include tea seed oil (Liu
et al., 2022) and sesame seed oil (Akpinar & Akca, 2021). In the
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principal component analysis (PCA) plot, the seed coat samples from the
two de-astringent treatments revealed a distinct separation at both 5 and
10 days of ripening, suggesting that the seed coat at these two treat-
ments had a relatively distinct metabolic profile (Fig. 3A). However, the
kernel samples from the two de-astringent treatments were close in
distance in the plot during the ripening time, indicating similarities in
their metabolic profiles (Fig. 3C). We utilized a hierarchical cluster
analysis to classify metabolites of the seed coat and kernel between the
two treatments during ripening. The clustering results are displayed in a
heatmap in Fig. 3B and Fig. 3D. In the heatmap, two highly distinct
groups of differential metabolites of the seed coat in the CK and NaHCO3
treatments were observed after 5 and 10 days of ripening time (Fig. 3B),
and more differential metabolites in the seed coat were detected on Day
5 than on Day 10 of ripening. No distinct groups of differential metab-
olites were present in the kernels on Day 5 of ripening (Fig. 3D).
Therefore, these results suggested that the metabolic profiles of the seed
coat and kernel were different, especially on Day 5 of ripening.

3.4. Determination of the primary metabolites influenced by the different
de-astringent treatments

To further determine the primary metabolites influenced by the
NaHCOs treatments, we comparatively analyzed the differences in the
metabolites of the CK and NaHCOj3 treatments on the 5th day. From 0 to
5 days, there were 120 and 140 different metabolites in the seed coats
after the CK and NaHCOj3 treatments, respectively (Fig. S2A). There
were 67 and 76 different metabolites in the kernels that underwent the
CK and NaHCOj3 treatments, respectively (Fig. S2B). In addition, there
were 34 common metabolites in the seed coats (Fig. 4A) and 11 common
metabolites in the kernels (Fig. 4C). In addition, flavonoids, phenols,
and tannins could be distinguished on the 5th day (Fig. 4B, 4D).

Both hydrolyzable and condensed tannins have the ability to interact
with proteins and precipitate them, producing the tactile sensation of
astringency (Xie & Dixon, 2005). By comparatively analyzing the
changes in the key metabolites of the seed coats, the hydrolyzed tannins
(gallic acid) did not significantly increase under the NaHCOg treatment,
and there was no significant difference compared with the control nuts
(Fig. S3A). Regardless of the different treatments, the content of the
condensed tannins increased significantly from Day O to Day 5 (Fig. 1E
and 1H). In a further comparison of the CK- and NaHCOs-treated nuts on
the 5th day, the contents of condensed tannins, including epi-
gallocatechin, gallocatechin, procyanidin B1, procyanidin B2, procya-
nidin B3, and procyanidin C1, were markedly lower in the samples
treated with the NaHCOg treatment (Table 2; Fig. S3; Table S1). The
same analysis in the kernels indicated that the primary astringent sub-
stances were catechin, gallocatechin, and procyanidin B3 (Table 2;
Fig. S3B; Table S1).

Currently, research on the astringent substance composition is pri-
marily concentrated in tea, persimmons, and other plants. The astrin-
gent substance compositions of different plants are different. For
example, the astringency in green tea is highly related to the concen-
tration of epicatechin gallate (Ahmad, Gupta, & Mukhtar, 2000). The
substances responsible for the astringent sensation of persimmon tan-
nins are catechins and gallic acid (Tamura, Tanabe, Itai, & Hasegawa,
1999). The primary astringent substances in peanut skin are A-type
proanthocyanidins (Lou et al., 1999). It was found that tannins in walnut
fruit are the primary astringent substances by utilizing a comparison of
seven astringent indices of thirty-eight walnut resources (Yu et al.,
2020). Taken together, based on the comparative analysis of the
metabolite contents on Day 5, epigallocatechin, gallocatechin, catechin,
procyanidin B1, procyanidin B2, procyanidin B3, and procyanidin C1
were shown to be the primary metabolites influenced by the NaHCOs
treatment, indicating their potential role as major contributors to the
astringency of T. grandis nuts (Table 2). By clarifying the primary
metabolite changes during the de-astringency process, this study has
laid a good foundation for future research on the mechanism of nut de-
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astringency.
4. Conclusions

This study provided the first comprehensive profile of the tentatively
identified primary metabolites in T. grandis nuts during the postharvest
de-astringent process. Our data showed that the NaHCO3 treatment
greatly reduced the contents of the total phenols and the soluble tannins
and promoted the production of insoluble tannins and acetaldehyde. In
addition, NaHCOj3 treatment did not affect the conversion of nutrients of
T. grandis nuts after harvest, manifesting an effective way to remove the
nut astringency. Moreover, the widely targeted metabolome analysis
showed that the reduction of epigallocatechin, gallocatechin, catechin,
procyanidin B1, procyanidin B2, procyanidin B3, and procyanidin C1
were significantly larger under the NaHCOs3 treatment compared with
the CK treatment, revealing their potential roles in the astringency
composition of T. grandis nuts. The research results provide new insights
that will help guide further nut de-astringent research and provide a
better understanding of quality improvement of the T. grandis nut.
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