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Abstract: The aim of this study was to select potential probiotic yeasts from dry-cured Xuanwei ham
and investigate yeast-derived antioxidant peptides. The results showed that two strains (XHY69
and XHY79) were selected as potential probiotic yeasts and identified as Yamadazyma triangularis.
The two yeasts showed tolerance under pH 2.5 and 1% bile salt, in addition to protease activity,
auto-aggregation, antibacterial, and antioxidant activities. The peptide fraction (MW < 3 kDa)
isolated from XHY69 fermentation broth, named XHY69AP, showed higher radical scavenging
activities than glutathione at a concentration of 4.5 mg/mL (p < 0.05). The fraction (AP-D10) was
purified from XHY69AP by gel filtration chromatography and reversed-phase high performance
liquid chromatography, and then further identified by a UHPLC-LTQ-Orbitrap mass spectrometer.
The molecular weight of all 55 purified sequences was distributed between 0.370 and 0.735 kDa.
Among these seven novel peptides, Tyr-Pro-Leu-Pro (YPLP), Ala-Gly-Pro-Leu (AGPL), Gly-Pro-Phe-
Pro (GPFP), and Ala-Pro-Gly-Gly-Phe (APGGF) were identified. All sequences were abundant in
hydrophobic amino acids, especially proline residue. Among these novel peptides, YPLP possessed
the highest ABTS scavenging rate (75.48%). The present work selects two new probiotic potential
yeasts from dry-cured Xuanwei ham that are effective to yield novel antioxidant peptides.

Keywords: antioxidant; probiotic; Yamadazyma triangularis; yeast-derived peptides; HPLC-MS/MS

1. Introduction

Xuanwei ham, a traditional Chinese dry-cured meat product, presents a unique fla-
vor, color, and texture due to its natural maturation process. More importantly, suitable
temperature and humidity conditions during the maturation of ham provide an excellent
environment for the growth of beneficial yeast [1]. The predominant yeasts reported in
Spain Iberian ham were Debaryomyces hansenii, Pichia spp., and Candida spp. [2]. In re-
cent years, the focus on yeast has gradually shifted from fermentation starter cultures to
probiotic strains.

Probiotics are defined as “live microorganisms, which when administered in adequate
amounts, confer a health benefit on the host” (FAO/WHO, 2001) [3]. Probiotic yeast is
beneficial to the host’s health through colonization, competition for intestinal adhesion,
and balance of the intestinal microbiota [4], with Saccharomyces cerevisiae being the most
commonly recognized probiotic yeast [5]. Previously, fermented foods and drinks have
been reported to possess potential probiotic yeasts, including Candida, Pichia, Torulaspora,
and Metschnikowia genera [6,7]. Moreover, Klemashevich, et al. [8] reported that the major
contribution of probiotics to health was not only related to the live microorganisms, but
also the metabolites of microorganisms. Postbiotics are functional bioactive compounds
obtained by microbial fermentation and include proteins, carbohydrates, lipids, vitamins,
organic acids, or other complex molecules [9]. Postbiotics can have direct and indirect
effects on the intestinal microbiota [10], anti-inflammatory responses [11] and host immune
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function [12]. The metabolite of probiotic yeast could be considered as a candidate for
postbiotic elements and offer a positive effect on the host [13]. Therefore, it is essential to
explore novel probiotics and their main metabolites, while there are no published studies
about the probiotic yeast isolated from dry-cured Xuanwei ham.

Overproduction of reactive oxygen species (ROS) could induce oxidative stress, de-
stroy the biomacromolecule, and therefore cause human diseases, such as cardiovascular
disease, inflammatory disease, and diabetes [14]. Antioxidant peptides are important
products to protect the body from harm caused by ROS, which are expected to be used
as functional nutrients for humans [15]. Generally, bioactive peptides can be divided into
natural and synthetic peptides, while synthetic peptides are expensive, low-yielding, and
environmentally unfriendly. Interestingly, microorganism-derived peptides, one kind of
the natural peptides, have the advantages of being environmentally friendly, low cost,
readily accessible, along with potential for large-scale fermentation production.

Yeast is considered as an effective source for producing antioxidant peptides. In re-
cent years, the yeast-derived antioxidant peptide is a research highlight. Vieira, et al. [16]
selected peptides (MW < 5 kDa) from the brewer’s spent yeast autolysates that decreased
the ROS level of Caco-2 cells. Mirzaei, et al. [17] obtained the peptide (VCK-9) with nine
amino acids from Kluyveromyces marxianus, which showed high DPPH and ABTS scaveng-
ing capacity. Currently, yeast-derived peptides can be divided into the following three
categories: bioactive peptides released by yeast cells; peptides from yeast fermentation
products; and yeast extracts produced by autolysis or hydrolysis of yeast cells [18]. How-
ever, limited studies have focused on the antioxidant peptides derived from probiotic yeast
fermentation broth.

Thus, the purpose of this work was to select potential probiotic yeasts from dry-
cured Xuanwei hams according to their probiotic properties and obtain antioxidation
peptides from yeast by using ultrafiltration, gel filtration chromatography, reversed-phase
HPLC, and a UHPLC-LTQ-Orbitrap mass spectrometer. The present study will provide
a comprehensive exploration of new probiotic yeast resources and yeast-derived novel
antioxidant peptides.

2. Materials and Methods
2.1. Chemicals and Materials

The 1,1-diphenyl-2-picrylhydrazyl (DPPH) and 2,2'-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid) (ABTS) were purchased from Sigma Chemical Co. (St. Louis, MO, USA).
The glutathione (GSH) and other reagents were purchased from Beijing Solarbio Science &
Technology Co., Ltd. (Beijing, China). Peptide sequence (98% purity) was synthesized in
Nanjing Jinsirui Science & Technology Biology Corp (Nanjing, China).

2.2. Ham Sampling and Yeast Isolation

Xuanwei ham was fermented for 24 months (Laopujia Ham Co., Ltd., Yunnan, China)
and 3 hams were randomly selected for sampling. The surface of Xuanwei ham was wiped
with 75% ethanol, and 25 g of biceps femoris muscle at 2 cm under the surface of the
ham was cut up and placed into 225 mL sterile normal saline. Yeast was selected in rose
Bengal medium, forming pink, round and convex colonies. The colony was purified in YPD
medium by the streak plate method. The 108 isolates were tested for subsequent analyses.

2.3. Determination of Probiotic Properties
2.3.1. Growth at pH 2.5 and in Bile Salts

The growth abilities of all isolates were tested at pH 2.5 and bile salts using a method-
ology adapted from the work of Zoumpopoulou, et al. [19]. Firstly, the 108 isolates were
incubated in YPD broth for 24 h at 28 °C. YPD broth was acidified with 2 M HCI to reach
pH 2.5 and added to 1% (w/v) bile salts, respectively. Then, 10° cells/mL of the strain were
incubated in modified YPD broth for 48 h at 28 °C. The strain cultured in the YPD broth
without bile salts and acidification was set as the control.
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2.3.2. Proteinase Activity

Briefly, the isolates were inoculated in skimmed milk powder medium (YPD medium
with 10% skimmed milk powder) for 3 d at 28 °C. The proteinase activity of yeasts was
shown by the size of the hydrolysis circle.

2.3.3. Auto-Aggregation Capacity

The 3 mL of yeast fermentation solutions was centrifuged (12,000 g, 5 min) to collect
strain cells. The cells were washed twice with sodium chloride solution (0.9%, m/v) and
resuspended in PBS buffer (3 mL), with incubation at 37 °C. Cell suspensions were selected
after 0 h, 2 h, 4 h, and 24 h of incubation and measured at 517 nm, respectively. The
auto-aggregation was tested by the following equation:

Auto-aggregation (%) = [1 - (ﬁ:tﬂ x 100
0

Ap and A¢ are the absorbance of cell suspensions before and after incubation.

2.3.4. Antimicrobial Activity

The pathogen indicator bacteria, Escherichia coli, Staphylococcus aureus, and salmonella
sp., were coated on LB solid medium. To measure the antimicrobial activity of yeast to
pathogen bacteria, 200 uL yeast cultures were added to the indicator bacteria LB medium.
The antimicrobial capacity of yeasts was measured by the size of the inhibition zone.

2.3.5. Antioxidant Activity of Yeast

Yeasts were fermented in YPD broth for 3 d at 28 °C and the total antioxidant capacity
was measured using the T-AOC method kit (Jiancheng Chemical Regent Co., Nanjing,
China).

2.4. Yeast Identification

Yeast DNA was extracted using the fungus DNA Extraction Kit (Solarbio, Beijing,
China) and the purification of DNA was performed by a micro-spectrophotometer (Nan-
oDrop, Thermo Fisher Scientific, Waltham, MA, USA). The ITS51-5.85 rRNA-ITS2 region
was amplified by PCR using the primer pair ITS1 and ITS4 to identify the gene sequences.
Yeast was identified by the alignment of sequences to similar fungal genes in NCBI and by
comparison of the phylogenetic tree.

2.5. Peptide Content

The content of peptides in supernatants was detected by OPA solution based on the
method of Xing, et al. [20]. Casein, ranging in concentration from 0.1 to 1.0 mg/mL, was
set as the standard curve to measure the peptide content.

2.6. Determination of Antioxidant Activity
2.6.1. DPPH Radical Scavenging Activity

A mixture of 800 uL sample and 1 mL DPPH solution (0.2 mM) was reacted in the
dark for 30 min and then the absorbance value was detected at 536 nm (Agampie)- The
blank group was ethanol mixed with deionized water (Apjank). The control group was
DPPH solution mixed with deionized water (A ono1)- The activity was assayed using the
following equation:

A — A
DPPH radical scavenging (%) = {1 - <SamPlemankﬂ x 100
Acontrol — Aplank
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2.6.2. Hydroxyl Radical Scavenging Activity

A mixture of 0.6 mL of the sample, 0.6 mL of 1,10-phenanthroline solution (5 mM),
0.6 mL of FeSOy solution (5 mM), and 0.4 mL of PBS buffer was added to 0.8 mL of H,O,
(0.1%) and incubated at 37 °C for 1 h. The absorbance of mixture was detected at 536 nm
(Asample)- The sample was replaced by ultrapure water as the damage group (Agqamage)- The
sample and H,O, were replaced by ultrapure water as the undamaged group (Aundamage)-
The activity was tested by the equation as follows:

A —A
Hydroxyl radical scavenging (%) = A sample ;amage x 100
undamge — 4}damage

2.6.3. ABTS Radical-Scavenging Activity

A mixed solution of 0.2 mL ABTS (7.4 mM) and 0.2 mL K,5,0g (2.6 mM) reacted
overnight and then was diluted with ethanol, until the OD734 value reached around 0.70.
Samples (0.2 mL) were added to ABTS solution (0.8 mL), reacted for 6 min and then the
absorbance was read at 734 nm (Agample). The sample was replaced by ethanol as the
control group (Acontrol)- The activity was tested using the following equation:

A —A
ABTS radical scavenging (%) = control sample s 100

Acontrol

2.6.4. Reducing Power

Reducing power was assessed as described by Ge, et al. [21]. L-cysteine, ranging in the
concentration from 0.1 to 2.0 mM, was used for the standard curve. The reducing power of
peptides and GSH was expressed as umol/L L-cysteine.

2.7. Separation and Identification of Antioxidant Peptides
2.7.1. Peptide Isolation and Purification by Ultrafiltration (UF)

Yeasts were fermented in YPD broth for 3 d at 28 °C. The fermentation broth was
centrifuged (12,000x g) at 4 °C for 10 min and then filtered using the 0.22-pm membrane.
The supernatant was separated through a 3 kDa ultrafiltration membrane (Millipore,
Bedford, MA, USA). All fractions were collected and measured.

2.7.2. Gel Filtration Chromatography (GFC)

The fraction of 20 mg/mL was separated by a Sephadex-G10 column (160 x 70 cm)
using an AKTA purifier system (Amersham Pharmacia Biotech, Amersham, UK). The
sample was eluted with ultrapure water at 1.5 mL/min and monitored at 214 nm.

2.7.3. Preparative Reversed-Phase High-Performance Liquid Chromatography (RP-HPLC)

The fraction was separated by RP-HPLC (Waters Inc., Milford, MA, USA) using a
C18 column (1.7 pum, 2.1 x 150 mm, Waters) at a flow rate of 2.5 mL/min. A non-linear
gradient of solvent A (distilled water with 0.1% formic acid) to solvent B (0.1% formic acid
in acetonitrile) was monitored at 214 nm. All fractions were collected and freeze-dried for
further analysis.

2.7 4. Peptide Identification by LC-MS/MS

The fraction sequences were analyzed using a UHPLC-LTQ-Orbitrap mass spectrome-
ter with a C18 column (5 um, 250 mm x 3 mm). The filtrate was re-dissolved at 0.5 mg/mL
with ultrapure water. The linear gradient with solvent A (0.1% formic acid) and solvent
B (100% CAN) was operated as follows: 0-2 min, 3-3% B; 2-17 min, 3-40% B; 17-18 min,
40-95% B; 18-28 min, 95-95% B; 28-28.5 min, 95-2% B, 28.5-33 min, 2-2% B. Raw data
were visualized and analyzed by PEAKS (Version Xpro, Waterloo, ON, Canada) software
to obtain peptide sequences.
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2.8. Statistical Analysis

The major tools and databases for analyzing functional peptides were UniProt (www.
Uniprot.org, accessed on 15 January 2022), BIOPEP (http://www.uwm.edu.pl/biochemia,
accessed on 15 January 2022), and the Pepdraw tool (http://pepdraw.com/, accessed on
15 January 2022).

All data were expressed as mean =+ standard error and statistically analyzed by SPSS
20.0 software (SPSS, Chicago, IL, USA). The significant differences (p < 0.05) were evaluated
by Duncan’s multiple-range test in one-way analysis of variance and Student’s t-test.

3. Results and Discussion
3.1. Probiotic Potential of Yeast
3.1.1. Ability to Grow at pH 2.5 and in Bile Salts

Probiotics are resistant to the intestinal environment with gastric acid and bile salts [22].
To select the yeast strains with the property of growing at pH 2.5 and high bile salts,
108 isolates were tested (Table 1). The results showed that 41 isolates could grow at pH
2.5 and 50 isolates could grow at 1% bile salt. A total of 27 isolates could grow both at
pH 2.5 and in 1% bile salt. In the present study, almost 50% of the isolates can tolerate
bile salt, probably because they were originated from dry-cured Xuanwei ham, which has
a high salt content (around 8%) in the final product. Among them, XHY23, XHY28, and
XHY50 exhibited excellent growth abilities. In addition, yeast probiotics showed a higher
resistance to the intestinal environment compared to bacterial probiotics [23].

Table 1. Growth of 108 isolates at pH 2.5 and 1% bile salts, and the proteinase activity of isolates.

Yeast Strain Growth at Growth at Proteinase Yeast Strain Growth at Growth at Proteinase

Name pH 2.5 1% Bile Salt Activity Name pH2.5 1% Bile Salt Activity
XHY1 - - - XHY55 - ++ +
XHY2 ++ - - XHY56 - ++ -
XHY3 + ++ + XHY57 - - -
XHY4 + ++ + XHY58 - ++ +
XHY5 ++ - - XHY59 + + +
XHY6 - - + XHY60 - - +
XHY7 + - + XHY61 - - -
XHY8 ++ - - XHY62 - - +
XHY9 - ++ - XHY63 - + -
XHY10 - - - XHY64 - - +
XHY11 + - - XHY65 - - -
XHY12 + - - XHY66 - - -
XHY13 + ++ + XHY67 - - +
XHY14 - - - XHY68 - - +
XHY15 + ++ + XHY69 + ++ +
XHY16 + + + XHY70 - ++ ++
XHY17 ++ ++ + XHY71 - - -
XHY18 + ++ ++ XHY72 + - +
XHY19 - - - XHY73 - - -
XHY20 + ++ - XHY74 - - +
XHY21 + ++ + XHY75 - - -
XHY22 - - - XHY76 - + -
XHY23 ++ ++ + XHY77 - - -
XHY24 - - - XHY78 - - -
XHY25 - - - XHY79 + ++ +
XHY26 - + + XHY80 - - +
XHY27 - + ++ XHY81 - ++ +
XHY28 ++ ++ + XHY82 - - +
XHY29 - ++ + XHY83 - ++ ++
XHY30 + + + XHY84 - ++ -
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Table 1. Cont.
Yeast Strain Growth at Growth at Proteinase Yeast Strain Growth at Growth at Proteinase

Name pH25 1% Bile Salt Activity Name pH25 1% Bile Salt Activity
XHY31 - ++ - XHY85 - - ++
XHY32 - ++ - XHY86 - - -
XHY33 - - + XHYS87 - - +
XHY34 - - - XHY88 ++ - +
XHY35 + ++ + XHY89 + + +
XHY36 - + - XHY90 ++ - +
XHY37 - - - XHY91 - - -
XHY38 - - + XHY92 + ++ ++
XHY39 - + - XHY93 + + ++
XHY40 - - - XHY9% - - ++
XHY41 - - - XHY95 - + -
XHY42 - + - XHY96 - + -
XHY43 + + + XHY97 ++ - -
XHY44 + - ++ XHY98 + - +
XHY45 - + - XHY99 - - -
XHY46 + - + XHY100 + - ++
XHY47 - - - XHY101 + - -
XHY48 - ++ - XHY102 - + -
XHY49 + ++ + XHY103 - + -
XHY50 ++ ++ + XHY104 ++ - -
XHY51 - - + XHY105 + - +
XHY52 - ++ + XHY106 - - -
XHY53 - ++ - XHY107 + - ++
XHY54 - + + XHY108 + - -

o,

Growth of strains is shown as follows: “++”: ODgg of cultures above 0.4, “+”: OD6g of cultures between 0.2 and
0.4, and “-”: OD6q of cultures under 0.2. The proteinase activity of strains was shown by the size of the hydrolysis

o,

circle radius, as follows: “++”: the hydrolysis circle above 5 mm, “+”: the hydrolysis circle between 1 and 5 mm,
and “-”: none of the hydrolysis circle. The strains isolated from dry-cured Xuanwei ham were named starting
with “XHY”.

3.1.2. The Proteinase Activity of Yeasts

Protease activity as a reference indicator of probiotics reflects protein degradation
capacity. As shown in Table 1, more than half of the isolates presented protease activity and
11 strains with higher protease activities had the potential to degrade the large molecules
of protein into bioactive peptides. In addition, strains with higher protease activity implied
promising fermentation characteristics and contributed to the production of bioactive
components [24]. Combining all indicators in Table 1, 27 strains that could grow in the
simulated intestinal environment with a higher protease activity were selected for the
following parts.

3.1.3. The Auto-Aggregation Ability of Yeasts

The high auto-aggregation of strains promoted adhesion to host epithelial cells and
increased persistence in the gastrointestinal tract [25]. In addition, the colonization of the
gut by probiotics created a defense system to prevent the invasion of pathogens [26]. The
auto-aggregation abilities of isolates incubated for O h, 2 h, 4 h, and 24 h are shown in
Table 2. The auto-aggregation values gradually increased with extended incubation time
and reached the maximum at 24 h of incubation. It is worth noting that 13 strains showed
outstanding auto-aggregation capacity (more than 90% at 24 h), among which XHY21
exhibited the highest auto-aggregation capacity (95.44%). High auto-aggregation yeasts
could prevent the invasion of other pathogenic microorganisms through the formation
of biofilms in vivo [4]. Consequently, the 13 strains with high auto-aggregation had the
potential to prevent pathogenic microorganisms from disrupting the intestinal balance.
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Table 2. The bacteriostatic, auto-aggregation, and antioxidant activities of 27 isolates.

Strain Bacteriostatic Auto-Aggregation (%) DPPH Scavenging
Name .coli  S.aureus  Salmonella sp. 2h 4h 24h Activity (%)
XHY3 - + - 80.49 4+ 0.45feh  86.87 + 0.4 <de 91.3+0.29¢ 84.83 + 0.1 2P
XHY4 + - + 84.7 + 0.36 ¢ 8794+ 054  91.68+0.074 84.85 + 0.08 2P
XHY13 - + ++ 86.08 = 0.192b¢  90.04 +0.282>  93.01 £ 0.16¢ 84.97 +0.032
XHY15 - - + 88.17+0.18 2 90.19 £ 0.173%  92.89+0.01°¢ 84.46 + (.32 2bc
XHY16 + + + 80.81 +1.17 8 81.28 +0.05)  90.24 +0.01 8 84.98 + 0.08 2
XHY17 - - + 82.7 + 0.29 def 81.22+0.69)  91.73 +£0.054 84.94 +0.082
XHY18 - + - 8137 + 048 8376+ 1.058M 87.6+0.32!m 75.54 4+ 0.31 fgh
XHY20 + - + 69.59 + 0.06 ] 81.27 + 0.39] 95.44 + 0.04 2 84.49 + (.14 bc
XHY?21 - - - 8434+ 0714 8675+ 0.589¢  89.82 + 0.09 hi 7735+ 0.1
XHY23 - + + 78.71 £ 1.76 8" 83.86 +0418M 8725+ 0.06™ 77.82 £0.13f
XHY27 - + + 7117 £ 057 f 7417 £ 1731 8238 +£0.03° 79.53 +0.18 ¢
XHY?28 - - - 79.75 +1.048" 8347+ 0.15M  89.97 +0.03 8h 76.87 + 0.09 8N
XHY30 - + - 78.67 £ 0.088" 8485+ 0.82fh 8878 +0.11k 80.32 4+ 0.38 d
XHY35 + - ++ 69.93 + 1.25] 75.67 4+ 0.681 77.62 +£0.19 74.45 4+ 031 %
XHY43 + + + 79.81 £ 0.75%e 8551 +0.44°%  89.9 4 0.06 8" 76.53 + 0.16 M
XHY44 - - + 83.87 £0.523¢ 875940894  91.76 +0.184 76.5 4+ 0.13 hi
XHY49 + - + 71.43 + 0.42] 78.77 £ 2k 79.49 4+ 0.36 P 7643 +0.14 1
XHY50 + + + 87.99 + 0.022 9048 + 0.652  93.92 +£0.03P 83.87 + 0.03 ¢
XHY55 + - + 8494+ 1.4bcd 8859 +(0.23Pc 9164 +0.39de 85.03 + 0.01 2
XHY69 + + + 87.62 4+ 0322 8988+ 0242 9385+ 0.03P 85.08 + 0.04 2
XHY70 - - - 8422+ 054 878340344 9146+ 0.37de 84.1 + 0.2 2be
XHY79 - + + 83.07 +0.394def 8774 + 023 90.49 +0.07f 84.82 + 0.05 b
XHYS83 - - + 77.58 &+ 0.22 hi 834041 86.01 & 0.08 ™ 77.27 4 0.20 f8h
XHY88 + + + 83.28 £ 0.57¢def 8564 +1.5¢f 89.52 + 0.08 1 77.27 + 0.12 8hi
XHY89 - - - 7855+ 2.888M 8377+ 0.8f8hi 8751 £0.05™ 76.84 + 0.01 8h
XHY92 - - + 76.71 + 4.57 1 8421 +0.718M 8793 +0.02! 77.03 & 0.06 8N
XHY93 - + + 79.57 + 1.2 ghi 86.82 £ 0.2¢d 8926+ 0.09] 76.99 + 0.02

Bacteriostatic of isolates are as follows: “++”: radius of the inhibition zone above 5 mm, “+”: radius of the
inhibition zone between 1 and 5 mm, and “-”: none of the inhibition zone. Values within a column with different

letters are significantly different (p < 0.05, n = 4).

3.1.4. The Antibacterial Properties of Yeasts

o,

The antibacterial activity of yeasts was determined against Escherichia coli, Staphylococ-
cus aureus, and Salmonella sp. (Table 2). The results showed that most isolates displayed
obvious antibacterial activity on Salmonella sp. and half of the isolates were effective against
Staphylococcus aureus. The main reason for the antimicrobial activity of probiotics is the
production of antibacterial components, such as bioactive peptides [14], organic acids, and
hydrogen peroxide [27]. However, fewer isolates presented inhibition capacity against
Escherichia coli, which is consistent with the result of Binetti, et al. [28], who found that yeast
strains isolated from cheese presented a poor inhibitory capacity against Escherichia coli.

3.1.5. The Antioxidant Activity of Yeasts

As shown in Table 2, the DPPH scavenging values of 27 isolates were all above 74%,
among which 12 isolates were over 84%. Combining the results of DPPH radical scavenging
activity, antibacterial properties, and auto-aggregation ability, twelve strains were selected
for the measurement of total antioxidant capacity (T~AOC). Two strains (XHY69 and XHY79)
showed significantly higher antioxidant activity than the other strains among the twelve
yeasts (Figure 1a), with T-AOC being over 2.5 U/mg prot (p < 0.05). This phenomenon
could be attributed to the fact that XHY69 and XHY79 produced more metabolites with
antioxidant activity. Therefore, XHY69 and XHY79 strains were considered as potential
probiotics for further strain identification.
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T-AOC (U/mg prot)

XHY79
61| XHYB9
NR 111309.1 Yamadazyma triangularis MUCL 31234

MK394114.1 Yamadazyma triangularis strain CBS 4094
00

‘{ MZ424839.1 Yamadazyma triangularis isolate MTY1

S | MK040526.1 Fungal sp. strain Y378

KJ706559.1 Candida hawaiiana strain DBMY342

NR 138248.1Yamadazyma insecticola CBS 13382

NR 137779.1 Candida pseudoaaseri CBS 11170
AB365477.1.Yamadazyma mexicana10544

NR 111343.1 Candida sinolaborantium ATCC MYA-4337

NR 156006.1 Yamadazyma kitorensis JCM 31005T

NR 1197331 var CBS 6700

Strains name

NR 103619.1Candida germanica CBS 4105

(@) (b)

Figure 1. Determination of potential probiotic yeasts. (a) The total antioxidant capacity of 12 strains.
(b) Phylogenetic tree of amplified sequences of ITS rRNA gene of XHY69 and XHY79 with similar
fungal genes retrieved from NCBI. Different letters (a—d) in the T-AOC index represent significant
differences (p < 0.05, n = 6).

The antioxidant capacities of XHY69 and XHY79 were remarkably stronger than the
yeast strains reported by Goktas, et al. [29] and bacteria strains reported by Amaretti, et al. [30].
The antioxidant mechanisms of most probiotics in vivo have been summarized as those
that produce antioxidant metabolites, up-regulate antioxidase activities, chelate metal ions,
and regulate related signaling pathways [31].

3.1.6. Strain Identification

In order to characterize strains at the species-level, highly conserved ITS rRNA gene
sequences of XHY69 and XHY79 were amplified by PCR and were matched by using BLAST.
The sequences with similarities larger than 98% were compared in a phylogenetic tree. As
shown in Figure 1b, XHY69 and XHY79 were identified as Yamadazyma triangularis, which
was also identified in Spain Iberian ham and Danish cheese [32]. Yamadazyma triangularis
from Danish cheese was applied in cheese production and found to enhance the amino
acid utilization and aroma compounds of products [33]. However, the potential probiotic
and antioxidant properties of Yamadazyma triangularis have not been reported.

3.2. Purification and Analysis of Yeast-Derived Peptides
3.2.1. Selection of Yeast-Derived Peptides by UF

The extracellular metabolites of microorganisms are complex, including polypeptides,
polysaccharides, organic acids, and nucleotides. The extracellular peptides derived from
yeast are mainly released from yeast cells, degraded by proteases during fermentation,
and produced by the autolysis of yeast cells [18]. The metabolites of probiotics generally
possess a highly bioactive capacity and peptides derived from probiotics play a vital part
in antioxidant properties [31].

Owing to their strong antioxidant properties, the XHY69 and XHY79 derived peptides
were explored in the current study. The DPPH scavenging and reducing power of the pep-
tides were affected by different strains and molecular weight (Figure 2a). The XHY69 strain
had higher antioxidant activities than the XHY79 strain (p < 0.05). In addition, for the same
strain, the small peptides under 3 kDa had better antioxidant ability compared with large
molecular peptides. A similar report also confirmed that peptide fractions (MW < 3 kDa)
from Kluyveromyces marxianus [34] had higher antioxidation capacity than large molecular
peptides, mainly because small molecular peptides have smaller spatial structures and
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interfere with the oxidation process.
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Figure 2. Separation of the antioxidant peptides. (a) The antioxidant activities of different peptide
fractions separated by ultrafiltration at a concentration of 1 mg/mL. (b—d) The antioxidant activities
of XHY69AP and GSH at different concentrations. Different letters in the same index on different
peptide fractions are significantly different (p < 0.05, n = 6). Different letters in the same peptide
indicate significant differences (p < 0.05, n = 6). ** p < 0.01 indicates a significant difference between
XHY69 and GSH at the same concentration.

In order to select a highly concentrated peptide fraction with a strong antioxidant
capacity, the content of peptides was also determined (Table S1 in Supplementary Materials).
The peptide content of all fractions was more than 87%. The XHY69 (<3 kDa) presented the
highest peptide concentration of 97.69%, and thus was selected for further research, which
was named XHY69AP.

3.2.2. The Antioxidant Activity of XHY69AP

The antioxidant capacity of XHY69AP was assessed by determining DPPH, hydroxyl,
and ABTS scavenging activity using GSH as the control. The scavenging rates of XHY69AP
and GSH increased with the elevation of their concentration (Figure 2b—d). The scavenging
rate on DPPH of XHY69AP (85.09%) was lower than that of GSH (88.49%) at 4.5 mg/mL
concentration, while the scavenging rate on ABTS of XHY69AP (94.15%) was higher than
that of GSH (92.96%, p < 0.01). Meanwhile, XHY69AP presented a stronger hydroxyl radical
scavenging rate than GSH at the same concentration (p < 0.01). These results indicate that
XHY69AP possessed high antioxidant activity, thus, XHY69AP was applied for further
purification to obtain specific antioxidant peptides.
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3.2.3. Separation of XHY69AP by GFC

The XHY69AP was fractionated using a size exclusion chromatography column (G-10).
Five fractions were obtained from XHY69AP and selected according to their DPPH and
ABTS radical-scavenging capacity, as shown in Figure 3a,b. The DPPH and ABTS scaveng-
ing rates were highest in fraction AP-D (52.05% and 55.98%), followed by fractions AP-E,
AP-C, AP-A, and AP-B (p < 0.05).

=DPPH HABTS
60 - a a

50 |
40 -
30 -
20 A
10 -

Scavenging activity (%)

Peptide fractions
(b)

25 BDPPH  BABTS
a

Scavenging activity (%)

Peptide fractions

(d)

Figure 3. Purification of the antioxidant peptides. (a) Sephadex G-10 chromatogram of XHY69AP.
(b) DPPH and ABTS radical-scavenging activity of purified peptide fractions at a concentration of
1 mg/mL. (c) RP-HPLC chromatogram of AP-D10 fraction. (d) DPPH and ABTS radical-scavenging
activity of purified peptide fractions at a concentration of 0.2 mg/mL. Different letters in the same
index indicate significant differences (p < 0.05, n = 6).

In general, the smaller molecular weight components were later separated in gel
filtration chromatography. These results suggest that the fraction with a low molecular
weight (AP-D and AP-E) of XHY69AP had higher antioxidant activity. Previous research
has indicated that the antioxidant capacity of active peptides was affected by their molecular
weight distribution [36] and small peptides possessed a strong antioxidant effect. Similarly,
the fraction with a smaller molecular weight from Saccharomyces cerevisiae obtained a better
radical-scavenging rate than larger fractions [37]. Considering AP-D had the highest
antioxidant capacity, it was used for the following purification.

3.2.4. Purification of AP-D by Reverse Phase-HPLC

RP-HPLC is a commonly used method for the purification of small molecule peptides
and is suitable for the separation of non-polar, polar, or ionic compounds. AP-D was
fractionated by RP-HPLC, relying on hydrophobic interactions to obtain higher activity
fractions. A total of 19 different fractions were separated from AP-D (Figure 3c). As shown
in Figure 3d, AP-D10 presented the highest DPPH and ABTS scavenging rate of all the
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isolated fractions (p < 0.05). The late peak time of AP-D10 fraction indicates that it had a
high degree of hydrophobicity. Hence, the sequence of AP-D10 was further characterized.

3.2.5. Identification of AP-D10 by LC-MS/MS

The peptide sequence was determined by LC-MS/MS and the physicochemical prop-
erties were evaluated by the Pepdraw tool. As shown in Figure 4a,b, the mass spectrometry
peaks were mainly concentrated in the 200-600 /z range, with a peak time of 20-35 min.
A total of 55 peptides were detected in AP-D10, with the molecular weight ranging from
0.37 to 0.735 kDa (Table S2 in Supplementary Materials).
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Figure 4. Identification of the molecular mass and amino acid sequence of the AP-D10 peptide using
the UHPLC-LTQ-Orbitrap mass spectrometer. (a) Total ion chromatography of AP-D10. The ionic
intensity is shown in green. (b) Mass spectrum of AP-D10. (c) Identification of amino acid sequence
by MS/MS spectrum and the structure of the sequences.

To ensure high confidence in the sequences, the threshold of the ALC value was set
at 95%. As shown in Table 3, a total of eight peptide sequences were selected, including
Phe-Pro-Pro-GIn (FPPQ), Val-Gly-Pro-Phe (VGPF), Aal-Gly-Pro-Leu (AGPL), Tyr-Pro-Leu-
Pro (YPLP), Val-Gly-Pro-Val (VGPV), Gly-Pro-Phe-Pro (GPFP), Pro-Gly-Phe-Pro (PGFP),
and Aal-Pro-Gly-Gly-Phe (APGGF). The molecular weight of the peptides was less than
0.5 kDa and the structure of the eight peptides is shown in Figure 4c.
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Table 3. Sequence composition and properties in the AP-D10 fraction.

12)/C0)L Sequences ‘2: ?gllel?:]l;:) Ilfgfrifc(gll)c fllgciliofl:z:; CJRI Presumptive Parent Protein
99 FPPQ 487.55 5.38 7.24 Serine/threonine-protein kinase ATG1
99 VGPF 418.49 5.56 7.02 Autophagy-related protein 22
99 AGPL 356.42 5.60 8.44 Mannose-1-phosphate guanyltransferase
99 YPLP 488.58 5.48 6.22 Aminopeptidase

5-methyltetrahydropteroyltriglutamate—
98 VGPV 370.44 5.63 8.27 homocysteine
S-methyltransferase

98 GPFP 416.47 5.65 7.62 High-affinity K+ transporter
97 PGFP 416.47 5.25 7.62 Homoaconitase, mitochondrial
9% APGGE 44748 553 913 Heat shock protein 70 1; vacuolar amino acid

transporter 3

The properties of peptide sequences were obtained from the Pepdraw tool (http://pepdraw.com/, accessed on
15 January 2022) and the presumptive parent protein was predicted by the UniProt website (www.uniprot.org,
accessed on 15 January 2022).

The peptide sequences possessed a large proportion of hydrophobic amino acids,
particularly in AGPL and APGGF. The active characteristics of peptides were associated
with amino acid sequences and physicochemical properties. Previous studies have shown
that the hydrophobic amino acids had a beneficial effect on the antioxidant capacity and the
hydrophobicity enabled peptides to react readily with hydrophobic radicals and lipids [38].
The results showed that the three most abundant amino acids were Pro, Phe, and Gly,
and eight peptide sequences contained Pro residue. Similar reports indicated that the
antioxidant peptides from the cheese fermented by Lactobacillus helveticus contained at
least two Pro residues [39], and the Pro residue in purified peptides had a positive effect
on antioxidant activity. You, et al. [40] also found that Pro, Val and Tyr could enhance
the activities of the antioxidant. In addition, the antioxidant properties of peptides were
influenced by N- terminal and C-terminal amino acid residues. The Leu residues at the
N-terminal and C-terminal of the peptide played important roles in radical scavenging
activities [41]. Moreover, the peptide contained aromatic amino acids Trp, Tyr, and Phe at
the C-terminal, which contribute to high free radical scavenging [36]. The Val, Pro, and Phe
residues were enriched at the N-terminal and C-terminal of AP-D10. This is consistent with
the sequences in several antioxidant peptides, which were rich in Gly, Val, Pro, and Leu at
the N-terminal region [42].

The sequence comparison of AP-D10 from the BIOPEP database and Uniport database
showed that seven peptide sequences have not been reported in the previous studies,
except for Val-Gly-Pro-Val with enzyme (ACE)-inhibitory activity found by Fu, et al. [43].
The parent proteins of the eight peptides were predicted by UniPort. The peptides were
mainly derived from transporter protein, mitochondrion, and protein kinase, which were
connected with the autophagic degradation pathway, cell wall synthesis, protein degra-
dation pathways, mitochondrial metabolic pathways, amino acid transportation, and
ion transport.

The eight peptides were synthesized to further verify their antioxidant capacity. In
the comparison between the eight peptides (Table 4), YPLP had stronger ABTS radical
scavenging activity (75.48%). Thus, YPLP could play the dominant role in the antioxidant
capacity of AP-D10. In contrast, other synthesized peptides presented a lower radical
scavenging rate. Fu, et al. [44] indicated that the crude peptides from Xuanwei ham
had better biological activity than individual peptides, which was probably due to their
synergistic effect.
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Table 4. ABTS radical scavenging activity of synthetic peptides at a concentration of 2 mg/mL.

Peptides FPPQ VGPF AGPL YPLP VGPV GPFP PGFP APGGF

ABTS

scavenging 12.83+1559 127840119 1279+1.349 754840232 14764096 34.41+1.34P 13.83+0.159 18.44+147°
activity (%)

All values were expressed as mean =+ SE (n = 4). Different letters (a—e) represent significant differences (p < 0.05).

4. Conclusions

In this study, it was first shown that Yamadazyma triangularis (XHY69 and XHY79)
isolated from Xuanwei ham presented potential probiotic properties. The XHY69-derived
peptides with high antioxidant activity were purified, with the AP-D10 fraction showing
stronger antioxidant capacity. After identification, eight peptide sequences were obtained
from AP-D10 and the synthetic peptide YPLP presented the highest ABTS scavenging
activity (75.48%). Thus, XHY69 is a promising probiotic strain and the XHY69-derived
peptides exhibit strong antioxidant capacity. Further research will focus on revealing the
antioxidant mechanisms of XHY69-derived peptides in vivo and the effect of XHY69 on
the sensory properties of fermented products.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox11101970/s1, Table S1: The peptide content of fractions;
Table S2: Sequence composition and properties in the AP-D10 fraction.
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