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Preface to ”Omics Technologies in Food Science”

Food science has greatly developed over the last few years. This has led to increased

attention towards the origin and quality of raw materials, as well as their derived food products.

The continuous advance in molecular biology has allowed the implementation of efficient and

universal omics tools to unequivocally identify the origin of food items and their traceability. This

Book presents research papers in the fields of omics and multi-omics for food science applications.

This Book approaches aspects such as food safety and food quality, as well as new technologies

including metabolomics, metagenomics, nutrigenomics, transcriptomics, and proteomics. Obtaining

and discussing new information is an important step toward continuous research in the area of food

science.

Yelko Rodrı́guez-Carrasco and Bojan Šarkanj

Editors
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Editorial

Foodomics: Current and Future Perspectives in Food Analysis
Yelko Rodríguez-Carrasco

Department of Preventive Medicine and Public Health, Food Science, Toxicology and Forensic Medicine, Faculty
of Pharmacy, University of Valencia, Burjassot, 46100 Valencia, Spain; yelko.rodriguez@uv.es; Tel.: +34-963544228

Climate change, an increase in population, and the recent pandemic crisis triggered by
SARS-CoV-2 have all contributed to a period of global problems. Due to increased food
traffic and the number of prospective customers, it is vital to ensure food safety in terms of
quality, traceability, and safety in this situation. Furthermore, environmental stressors such
as meteorological disasters, rising global temperatures, and rising CO2 levels are on the
rise and reducing crop yields. Moreover, there is an increasing interest in the diet–health
dyad, as well as the link between certain chronic non-communicable diseases and diet.
All of these new demands and problems are difficult to meet using traditional analytical
chemistry in the food sciences.

Foodomics was conceptualized to address the issues of food science. It is characterized
as a discipline that explores the fields of food and nutrition through the application of
omics technologies. This discipline employs high-resolution techniques such as mass
spectrometry, nuclear magnetic resonance, and next-generation sequencing, as well as a
variety of mathematical and computer tools to handle and interpret data.

As a result, high-resolution analytical techniques are gradually being introduced into
the food sciences, along with instruments that allow for the interpretation of the huge
amounts of data generated. Because of their immense utility and development potential,
considerable emphasis is currently made on the development of resolution power, analysis
speed, affordability, and downsizing of these instruments due to the growth in food
safety standards.

Food safety is a critical component of the food production and distribution process.
Toxicological analyses allow for the qualitative and quantitative detection of substances and
organisms that have the potential to affect people′s health (food hazards) or that can signal
their presence directly or indirectly. Because of the vast quantity of information that can
be collected from a single examination, foodomics allows for the adoption of approaches
capable of detecting and evaluating new food hazards, as well as better efficiency in
toxicological research. Foodomics can also help to understand how the production chain′s
operations affect food, allowing for the development of optimization, assessment, and
monitoring strategies. On the other hand, adulterations and fraud, both unintentional
and intentional for financial benefit, are a serious problem that needs to be addressed.
These actions cost the food business some billion euros and jeopardize public health
because adulterated foods may contain ingredients that are capable of triggering diseases in
customers who are ignorant of their presence. Hence, food fraud is also being investigated
and controlled throughout omics technologies.

This Special Issue intends to contribute to the growth of this discipline in order to
highlight its prospective uses and how it fits into the current scientific landscape in the area
of food analysis.

Martínez-Alonso et al. (2022) [1] demonstrated that red beans are a rich source of
bioactive substances such as flavanols and anthocyanidins, which offer antiradical activity
and human health advantages, according to the chemical profile obtained from this study.
In their work, red bean extract (diluted 1:8) demonstrated a significant increase in human
liver cancer cell line (HepG2) proliferation after 24 h of exposure. Additionally, diluted red
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bean extract resulted in a reduction in reactive oxygen species (ROS) generation compared
to the control at 120 min. The latter result was related to antioxidant activity, implying that
the red bean extract could modulate oxidative stress in HepG2 cells.

Shi et al. (2022) [2] revealed the complimentary patterns of nutrient accumulation in
distinct species and decoded the species-specific patterns of bioactive chemicals in three
key staple crops and three fruits. Sweet corn had the most vitamins and amino acids of the
three crops, but rice and wheat were vitamin and amino acid deficient. Mango was the most
vitamin- and amino-acid-rich of the three fruits. Crops were high in fats compared to fruits.
Overall, this research presented metabolomic evidence for a healthy diet, emphasizing the
importance of macronutrients and micronutrients.

Lee et al. (2021) [3] used untargeted metabolite profiling methodologies to conduct
a complete metabolite profiling of various soy fermented products and raw soybeans.
It was reported in this research that variations in the metabolomes and volatolomes of
soy products may be altered by changing processing steps, microbial successions, and
fermentation time.

Keawkim et al. (2021) [4] highlighted that combined metabolomics and flavoromics
could be utilized to identify the major metabolites and flavor components that vary in sacha
inchi seeds during germination with the aim of establishing the optimum nutritional values
and guide the improvement of pharmaceutical products or functional meals manufactured
from sacha inchi seeds. In this research, it was reported that germinated sacha inchi seeds
have higher levels of amino acids, organic acids, total phenolic compounds, and antioxidant
activity than ungerminated seeds.

Uršulin-Trstenjak et al. (2021) [5] applied foodomics as a tool for the development of
healthy food that is tailored to individual health issues and the prevention of food-related
disorders in order to promote human longevity. Diet difficulties, which often lead to
malnutrition, are common among the elderly in nursing facilities. To avoid nutritional
danger, this study emphasizes the significance of examining and regularly monitoring the
nutritional health of persons in elderly homes.

Rocchetti et al. (2021) [6] evaluated the potential of a metabolomics-based technique
combined with retrospective high-resolution mass spectrometry (HRMS) screening to eval-
uate the mycotoxin profile of bulk milk samples. Overall, the HRMS technique putatively
identified 46 mycotoxins. Zearalenol, mycophenolic acid, tentoxin, and apicidin were
revealed to be among the most discriminant markers in this study. Although further confir-
mation studies were required, this work suggested potential carry-over and metabolization
phenomena of mycotoxins in milk.

Cai et al. (2021) [7] reported that long-term 1-methylcyclopropene (1-MCP) treat-
ment produces papaya ripening disorder, while appropriate 1-MCP treatment significantly
prevents the ripening of papaya fruit. Their findings suggested that by targeting the ethy-
lene and auxin signaling pathways, the miRNAs may play a significant role in regulating
fruit ripening. Unsuitable 1-MCP therapy can cause fruit ripening disease by disrupting
miRNA function.

The study of Kafantaris et al. (2021) [8] was the first to use a global transcriptome
method to evaluate pine honey′s antibacterial effects and mechanism of action. Pine honey
had a substantial effect on the transcriptomic profile of Pseudomonas aeruginosa. This study
demonstrated that pine honey had a suppressive effect on P. aeruginosa genome expression,
with more genes down-regulated than up-regulated. These findings could help to unravel
the molecular pathways and biological processes involved in pine honey′s antibacterial
action, which could aid in treating and control P. aeruginosa infection and pathogenicity.

Yu et al. (2021) [9] found that age had a substantial impact on meat quality param-
eters and meat exudate metabolome profiles. Metabolites linked to ATP synthesis and
metabolism (creatine and hypoxanthine), antioxidation (GSSG and carnosine), and prote-
olysis (dipeptides and tripeptides) could be used as biomarkers to track aging times and
detect changes in meat quality, such as increased lipid and protein oxidation, discoloration,
and tenderness.
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Based on the above-mentioned studies, the assurance of food quality and safety will
be the foremost need in the future of food sciences. In the coming years, the worldwide
circulation of food and related raw materials will expand, resulting in an increase in con-
tamination. Furthermore, numerous processed items created with various ingredients
from around the world will share storage rooms and production lines, making food safety
incidents more difficult to regulate. As a result, assuring food safety, quality, and traceabil-
ity will be considerably more difficult and critical than it is now. Foodomics is currently
demonstrating its potential to respond to the demands of food science, even though it will
take more time to develop, consolidate, and gain recognition. Based on the manuscripts
listed in this Special Issue and on the others found in the literature, foodomics has a wide
range of experimental methodologies and applications in the areas of food safety, quality
control, authenticity, food process design, biotechnology, and nutrition. The existence of
these current and future challenges, which are still far from being fully resolved, high-
lights the need to continue working on these issues in order to acquire a comprehensive
perspective on the complicated situation in food and nutrition sciences.

Funding: This research was funded by the Spanish Ministry of Science and Innovation Project
(PID2020-115871RB-I00).

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The author declares no conflict of interest.
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Article

Effect of Phenolic Extract from Red Beans (Phaseolus vulgaris L.)
on T-2 Toxin-Induced Cytotoxicity in HepG2 Cells
Carmen Martínez-Alonso 1,†, Mercedes Taroncher 1,†, Luigi Castaldo 2 , Luana Izzo 2 ,
Yelko Rodríguez-Carrasco 1,* , Alberto Ritieni 2 and María-José Ruiz 1

1 Department of Preventive Medicine and Public Health, Food Science, Toxicology and Forensic Medicine,
Faculty of Pharmacy, University of Valencia, Burjassot, 46100 Valencia, Spain;
carmar36@alumni.uv.es (C.M.-A.); mercedes.taroncher@uv.es (M.T.); m.jose.ruiz@uv.es (M.-J.R.)

2 Department of Pharmacy, Faculty of Pharmacy, University of Naples “Federico II”,
Via Domenico Montesano 49, 80131 Naples, Italy; luigi.castaldo2@unina.it (L.C.); luana.izzo@unina.it (L.I.);
alberto.ritieni@unina.it (A.R.)

* Correspondence: yelko.rodriguez@uv.es
† These authors contributed equally to this work.

Abstract: Red beans contain human bioactive compounds such as polyphenols. Several in vitro
studies have proposed the natural compounds as an innovative strategy to modify the toxic effects
produced by mycotoxins. Hence, in this work, a complete investigation of the polyphenolic fraction
of red beans was performed using a Q-Orbitrap high-resolution mass spectrometry analysis. Notably,
epicatechin and delphinidin were the most detected polyphenols found in red bean extracts (3.297 and
3.108 mg/Kg, respectively). Moreover, the red bean extract was evaluated against the T-2 toxin (T-2)
induced cytotoxicity in hepatocarcinoma cells (HepG2) by direct treatment, simultaneous treatment,
and pre-treatment assays. These data showed that T-2 affected the cell viability in a dose-dependent
manner, as well as observing a cytotoxic effect and a significant increase in ROS production at 30 nM.
The simultaneous treatment and the pre-treatment of HepG2 cells with red bean extract was not able
to modify the cytotoxic T-2 effect. However, the simultaneous treatment of T-2 at 7.5 nM with the
red bean extract showed a significant decrease in ROS production, with respect to the control. These
results suggest that the red bean extract could modulate oxidative stress on HepG2 cells.

Keywords: beans; phenolic compounds; T-2 toxin; HepG2 cells; reactive oxygen species

1. Introduction

Red beans (Phaseolus vulgaris L.), in addition to being a great source of vegetable
protein, fiber, and certain micronutrients in the human diet, contain a great variety of
bioactive compounds. Bioactive compounds are simple substances that have biological
activity, associated with their ability to modulate one or more metabolic processes, which
results in the promotion of better health conditions. Different bioactive compounds have
been studied for their positive effect on human health, such as the following: enzymes,
probiotics, prebiotics, fibers, phytosterols, peptides, proteins, saponins, unsatured fatty
acids, and phenolic compounds, among others [1]. Particularly, colored beans have signifi-
cant amounts of phenolic compounds. Phenolic compounds are classified as flavonoids
(flavones, flavonols, flavanones, isoflavones, anthocyanins, chalcones, dihydrochalcones,
and catechins), phenolic acids (hydroxybenzoic, hydroxyphenyl acetic, hydroxyphenyl
pentanoic, and cinnamic hydroxyl acids), tannins, stilbenes, and lignans. Phenolic acids,
flavonoids, and anthocyanidins are the main phenolic compounds identified and character-
ized in beans [2,3]. Phenolic compounds determine the color of the seeds of these legumes;
hence, in general, a higher phenolic content is observed in more pigmented beans [4].
Phenolic compounds, besides from contributing to the smell, taste, and color of food,
have a long-term intake that could play a bioactive role due to their antioxidant activity,
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which has been related to the prevention of obesity, cardiovascular and neurodegenerative
diseases, cancer, and diabetes, as well as exhibiting anti-inflammatory, antimutagenic, and
antibacterial properties [5,6]. Madhujith et al. demonstrated that beans, especially those
with colored skins, possess strong antioxidant activity as measured by different model
systems [7]. Epidemiological studies correlated the consumption of procyanidin-rich foods
with a lower incidence of inflammatory disease and diseases of multifactorial pathogene-
sis [8]. Similarly, the transcription and secretion of proinflammatory cytokines, including
IL-1β, IL-2, IL-6, TNF-α, and interferon-γ, could be down-regulated by procyanidins, as
reported in some in vitro and in vivo studies [9,10].

Despite the fact that legumes are protein rich foods, they are lacking in sulphur-
containing amino acids. On the other hand, cereals contain sulphur amino acids but are
limited in the essential amino acid lysine. Hence, a combination of legumes and cereals
would improve the protein and nutrient density of the subsequent food products. However,
the resulting high nutritional value food products could be susceptible to deterioration by
fungal contamination, accompanied by the production of mycotoxins [11].

Mycotoxins are the secondary metabolites produced by filamentous fungi. The species
assigned to the Aspergillus, Penicillium, Alternaria, Claviceps, and Fusarium genera produce a
wide range of mycotoxins, which can contaminate food and feed, resulting in a significant
threat to human and animal health [12]. Trichothecenes are a complex group of tetracyclic
sesquiterpenoids produced by several Fusarium spp. Type A and B trichothecenes are
the most relevant mycotoxins reported in food and feed regarding their incidence and
concentration [13]. Among the trichothecenes, T-2 toxin (T-2) is the compound that shows
the highest toxicity. Several studies have reported that T-2 toxin causes multiple damages
to organs such as the kidney, liver, brain, gastrointestinal tract, and bone marrow [14].
Similarly, the toxic effects derived from repeated exposure to T-2 include genotoxicity,
immunotoxicity, neurotoxicity, and reproductive toxicity [15,16]. Therefore, the European
Food Safety Authority (EFSA) established a tolerable daily intake (TDI) for T-2 and its main
metabolite HT-2 of 0.02 µg/Kg body weight (bw) to limit their exposure [13].

Based on the abovementioned information, the aims of this work are as follows:
(i) to evaluate the total phenolic content (TPC), the phenolic profile, using ultra-high-
performance liquid chromatography coupled with high-resolution mass spectrometry
(UHPLC-Q-Orbitrap HRMS), and the antiradical activity of red bean extracts, and (ii) to
assess the effect of the red bean extract on T-2 toxin-induced cytotoxicity in human hepato-
carcinoma (HepG2) cells.

2. Materials and Methods
2.1. Chemicals and Reagents

Methanol (MeOH) and ethanol (EtOH) of HPLC grade were acquired from Merck
(Darmstadt, Germany). Formic acid and ammonium formate were obtained from Fluka
(Milan, Italy). Ethyl acetate was purchased from Merck Life Science S.L. (Madrid, Spain).
Deionized water (resistivity < 18 MΩ cm) was obtained using a Milli-Q water purification
system (Millipore, Bedford, MA, USA).

The chemical reagents and cell culture components used, namely Dulbecco’s Modified
Eagle’s Medium (DMEM), penicillin, streptomycin, trypsin/EDTA solutions, phosphate
buffered saline (PBS), Newborn Calf Serum (NBCS), methylthiazoltetrazolium salt (MTT)
dye, dimethyl sulfoxide (DMSO), Sorensen’s glycine buffer, dichlorodihydrofluorescein
diacetate (H2-DCFDA), 2,2-diphenyl-1-picrylhydrazyl (DPPH), Folin–Ciocalteu′s phenol
reagent, gallic acid (C7H6O5), potassium chloride (KCl), sodium hydroxide (NaOH), hy-
drochloric acid (HCl), sodium chloride (NaCl), sodium phosphate dibasic (Na2HPO4),
potassium phosphate monobasic (KH2PO4), and sodium carbonate (Na2CO3), were ac-
quired from Sigma-Aldrich (Barcelona, Spain).

The standard of T-2 (MW: 466.52 g/mol) was purchased from Sigma-Aldrich (Barcelona,
Spain). Standards of polyphenols (purity > 98%), namely protocatechuic acid, cyanidin
3,5-diglucoside, epicatechin, chlorogenic acid, cyanidin 3-galactoside, caffeic acid, catechin,
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p-cumaric acid, apigenin 7-glucoside, genistein, delphinidin, naringin, cyanidin, rosmarinic
acid, myricitrin, diosmin, isoquercetin, rutin, kaempferol 3-glucoside, vitexin, ellagic
acid, luteolin 7-glucoside, myricetin, diadzein, quercetin, delphinidin 3,5-diglucoside,
naringenin, luteolin, kaempferol, and apigenin, were acquired from Sigma-Aldrich (Milan,
Italy). Stock solutions of T-2 were prepared in MeOH at appropriate working concentrations
and maintained in the dark at −20 ◦C.

2.2. Preparation of Red Bean Extract

The polyphenols were extracted from red beans according to the procedure reported
in the literature with some modifications [17]. In summary, 0.5 g of ground beans was
extracted with 10 mL of a solution MeOH:H2O. The assayed mixtures were 20:80, 30:70,
50:50, 70:30, and 80:20 (v/v). Hydrochloric acid 2N was added to the sample until a pH
adjustment to 2, to avoid the protonated forms of carboxylic groups present in polyphenols.
Then, the mixture was subjected to a horizontal shaker (250 rpm) at room temperature for
3 h and centrifuged for 3 min at 3500 rpm. Finally, MeOH was evaporated from the acidified
sample extract under reduced pressure (250 mbar) at 50 ◦C for 15 min by Buchi Rotavapor
R-200 (Buchi, Postfach, Switzerland) and the aqueous extract containing polyphenols was
filtered with a 0.2 µm polytetrafluoroethylene (PTFE) filter and stored in amber glass flask
at 4 ◦C.

2.3. Determination of Total Phenolic Content (TPC)

The Folin–Ciocalteu assay was used to determine the total phenolic content in accor-
dance with the procedure reported by Izzo et al. [18]. Briefly, 0.5 mL of red bean extract
or blank (deionized water) was diluted with deionized water (4.5 mL) and 0.25 mL of
Folin–Ciocalteu reagent 1 N was added. Then, 1 mL of 2% sodium carbonate solution
was added and the mixture was allowed to stand at room temperature for 1 h in dark
conditions. Finally, the absorbance was measured with a spectrophotometer at 765 nm
against a reagent blank. The analysis was carried out in triplicate and the results were
expressed as mg of gallic acid equivalents (GAE) per Kg of sample.

2.4. Determination of Polyphenolic Profile

The polyphenolic profile of the red bean extracts was carried out on a UHPLC-Q
Exactive Orbitrap-HRMS system (Thermo Fisher Scientific, Waltham, MA, USA), composed
of a Dionex Ultimate 3000 liquid chromatograph equipped with a solvent rack compart-
ment (SRD-3x00), a quaternary rapid separation pump (LPG-3400RS), a rapid separation
autosampler (WPS-3000RS), and a temperature-controlled column compartment (TCC-
3000SD). The chromatographic separation was performed on a Kinetex F5 (50 × 2.1 mm;
1.7 µm) reverse-phase column (Phenomenex, Milan, Italy) at 25 ◦C. The mobile phase
consisted of water containing 0.1% formic acid (A) and MeOH containing 0.1% formic acid
(B). The separation gradient consisted of an initial 0% of phase B, increasing to 40% B in
1 min, 80% B in a further 1 min, and 100% B in 3 min. Then, the gradient was held at 100%
B for 4 min and reduced to 0% B in 2 min, followed by 2 min of column re-equilibration
at 0% B. The total run time was 13 min. The flow rate was 0.5 mL/min and the injection
volume was 1 µL.

The mass spectrometer was equipped with an electrospray (ESI) source that simul-
taneously operates in positive and negative ion switching mode. Full ion MS and all ion
fragmentation (AIF) were set as scan events. The following settings were used in full MS
mode: resolution power of 70,000 Full Width at Half Maximum (FWHM) (defined for m/z
200); automatic gain control (AGC) target: 1 × 106; scan range: 80–1200 m/z; injection time
set to 200 ms; scan rate set at 2 scan/s. The ion source parameters were as follows: sheath
gas pressure: 18; auxiliary gas: 3; spray voltage: 3.5 kV; capillary temperature: 320 ◦C;
S-lens RF level: 60; auxiliary gas heater temperature: 350 ◦C. For the scan event of AIF,
the parameters in the negative and positive mode were set as follows: mass resolving
power = 17,500 FWHM; ACG target = 1 × 105; maximum injection time = 200 ms; scan
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time = 0.10 s; scan range = 80–1200 m/z; isolation window to 5.0 m/z; retention time to 30 s.
The collision energy was varied between 10 and 60 eV to acquire representative product
ion spectra.

For the identification and confirmation of the molecular ion and fragments, a mass
tolerance below 5 ppm was set. Data analysis and processing were performed using
Xcalibur software, v. 3.1.66.10 (Xcalibur, Thermo Fisher Scientific, Waltham, MA, USA).

2.5. Determination of Antiradical Activity (DPPH)

The total free radical scavenging activity of the red bean extracts was determined
using the method reported in the literature with modifications [19]. Briefly, DPPH (4 mg)
was solubilized in 10 mL of MeOH and then diluted to reach an absorbance value of 0.90
(±0.05) at 517 nm. This solution was used to perform the assay and 200 µL of red bean
extract was added to 1 mL of working solution. The mixture was vortexed, kept for 90 min
in the dark, and centrifuged for 5 min at 11,000 rpm. Finally, the decreased absorbance
was measured at 517 nm. The analysis was carried out in triplicate and the results were
expressed as mmol Trolox Equivalents (TE) per Kg of sample.

2.6. Cell Culture

Human hepatocarcinoma (HepG2) cells (ATCC: HB-8065) were cultured in DMEM
medium supplemented with 10% NBCS, 100 U/mL penicillin, and 100 mg/mL strepto-
mycin. The cells were maintained at pH 7.4, 5% CO2 at 37 ◦C, and 95% air atmosphere at
constant humidity. The cells were subcultured routinely twice a week with only a small
number of sub-passages (<20 passages) in order to maintain genetic homogeneity. HepG2
cells were subcultured after trypsinization in a 1:3 split ratio. The medium was changed
every 5 days. The final mycotoxin concentrations tested were achieved by adding T-2
mycotoxin to the culture medium, with a final MeOH concentration ≤ 1% (v/v).

2.7. HepG2 Cells Treatment

The HepG2 cells were cultured in 96-well tissue culture plates by adding 200 µL/well
of density at 2× 104 cells/well. After the cells reached 80% confluence, the culture medium
was replaced with a fresh medium containing different concentrations of T-2 (7.5, 15, and
30 nM) and serial dilutions of red bean extracts (from 1:32 to 1) buffered to pH 7.4. Then,
the plates were incubated in the dark at 37 ◦C and 5% CO2 for 24 h. The assayed T-2
concentrations correspond to sublethal T-2 concentrations for HepG2 cells (<IC50), based
on previous studies carried out in our laboratory [20], and they were IC50/2, IC50/4, and
IC50/8, respectively.

The following two more assays were performed: simultaneous treatment and pre-
treatment. On one hand, for pre-treatment studies, HepG2 cells were exposed to one red
bean extract dilution according to previous cell proliferation assays (red bean extract 1:8
dilution) for 1 and 24 h. Then, the medium containing the red bean extract was removed
and cells were exposed at the T-2 concentrations described above for 24 h. On the other
hand, to conduct studies of simultaneous treatment, HepG2 cells were exposed to the
assayed T-2 concentrations and the 1:8 diluted red bean extract for 24 h.

Appropriate controls containing the same amount of solvent were included in
each experiment.

2.8. Determination of Cell Viability

Cell viability was determined in HepG2 cells by the MTT assay. The MTT assay is
based on the capacity of viable cells to metabolize, via a mitochondrial-dependent reaction,
specifically, the reduction of yellow tetrazolium salt to an insoluble purple formazan crystal.
The MTT assay was carried out according to the procedure reported by Ruiz et al. [21]. In
summary, after treatment studies, the medium containing the compounds was removed
and each well received 200 µL of fresh medium containing 50 µL of MTT. The plates were
returned to the incubator in the dark at 37 ◦C and 5% CO2 for 3 h. Then, the MTT solution
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was removed and 200 µL of DMSO was added, followed by 25 µL of Sorensen’s glycine
buffer. The absorbance was measured at 620 nm on a Wallace Victor2, model 1420 multilabel
counter (PerkinElmer, Turku, Finland). The blank absorbance value (from wells without
cells but treated with MTT) was subtracted from all absorbance values.

Cell viability was expressed as a percentage relative to control cells (≤1% MeOH).
Three independent experiments were conducted with eight replicates each, and the results
were expressed as the mean ± standard error of the mean (SEM) of different indepen-
dent experiments.

2.9. Determination of Reactive Oxygen Species (ROS)

Intracellular ROS production was monitored in HepG2 cells by adding H2-DCFDA [22].
H2-DCFDA is taken up by cells and then deacetylated by intracellular esterases; the
resulting non-fluorescent 2′,7′-dichlorodihydrofluorescein (H2-DCF) is converted to greatly
fluorescent dichlorofluorescein (DCF) when oxidized by ROS. Briefly, 2 × 104 cells/well
were seeded in a 96-well black polystyrene culture microplate. Once cells exhibited 80%
confluence, the culture medium was replaced and cells were loaded with 20 µM H2-DCFDA
in a fresh medium for 20 min in darkness. Then, H2-DCFDA was removed and replaced by
a fresh medium containing 1:8 diluted red bean extract, T-2 (30, 15, and 7.5 nM), and the
combination of diluted red bean extract with T-2 at the different concentrations assayed.
Finally, the fluorescence emitted by the DCF was monitored at different times (0, 5, 15, 30,
45, 60, 90, and 120 min) on a Wallace Victor2, model 1420 multilabel counter (PerkinElmer,
Turku, Finland), at excitation/emission wavelengths of 485/535 nm, respectively. The blank
absorbance value (from wells without cells but treated with H2-DCFDA) was subtracted
from all absorbance values.

The determinations were performed in three independent experiments with 24 repli-
cates each and the results are expressed as an increase (%) in fluorescence in respect to
control cells.

2.10. Statistical Analysis

Statistical analysis of data was carried out using the Statgraphics version 16.01.03
statistical package (IBM Corp., Armonk, NY, USA). Data are expressed as mean ± SEM of
different independent experiments. The statistical analysis of the results was performed
by Student’s t-test for paired samples. The differences between groups were analyzed by
employing one-way analysis of variance (ANOVA) continued by the Tukey HDS post-hoc
test for multiple comparisons. Statistical significance was considered for p ≤ 0.05.

3. Results and Discussion
3.1. Total Phenolic Content and Antiradical Activity of Red Bean Extract

The extraction of phenolic compounds from red beans was optimized by testing
different mixtures of MeOH:H2O and further determined through the Folin–Ciocalteu
assay. The results are shown in Table 1. Based on the results obtained, the mixture 70:30
was optimal to extract phenolic compounds from red beans. The obtained TPC content
(2325± 98 mg GAE/Kg) was in the same range to that of other studies performed on similar
food matrices with values of 1230 mg/Kg [23], 1205 mg/Kg [24], 1690–4850 mg/Kg [25],
and 3450 mg/Kg [26]. The TPC and DPPH data of undiluted red bean extracts are shown
in Table S1.
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Table 1. Total phenolic content (TPC) and antiradical activity (DPPH) of dry red beans using different
mixtures of MeOH:H2O. Values are reported as mean ± SD of independent experiments performed
in triplicate.

MeOH:H2O (v/v) TPC (mg GAE/Kg ± SD) DPPH (mmol TE/Kg ± SD)

80:20 1892 ± 237 42.3 ± 5.8

70:30 2325 ± 98 49.2 ± 4.6

50:50 1348 ± 24 30.4 ± 6.1

30:70 1272 ± 8 29.2 ± 8.7

20:80 1287 ± 28 27.5 ± 7.3
TPC: total phenolic content; GAE: gallic acid equivalents; DPPH: antiradical activity; TE: Trolox equivalents.

The total free radical scavenging activity of the red bean extract was evaluated through
the DPPH assay. The results are in agreement with the previous assay being the highest an-
tioxidant activity obtained with the mixture MeOH:H2O (70:30, v/v) (Table 1). In addition,
it was observed that the larger the phenolic content, the better the free radical scavenging
activity. Significant differences in the phenolic content and the antioxidant activity amongst
legume extracts were also reported by Zhao et al. [27]. Similarly, the values of antiradical
activity obtained from red bean extract (49.2 ± 4.6 mmol TE/Kg) were comparable to those
reported in other studies [28,29].

Besides the antioxidant properties shown by the phenolic compounds, the anti-
inflammatory activity by different mechanisms, including modulation of the inflammatory
cascade, has also been reported in the literature [30]. García-Lafunete et al. reported that
the phenolic rich extracts from beans inhibited the expression of IL-1β, IL-6, and TNF-α
genes of stimulated macrophages RAW 246.7, with colored beans showing more activity
than white beans [31].

3.2. Identification and Quantification of Active Compounds in Red Bean Extract

A total of 30 polyphenols were investigated in the red beans by using UHPLC-Q-
Orbitrap HRMS analysis. The chromatographic and spectrometric parameters are shown
in Table 2. The results showed a good chromatographic shape and separation of all studied
compounds through the UHPLC gradient system employed within a 13 min run. Four
different structural isomers, namely genistein and apigenin (m/z 269.0455), and vitexin and
apigenin 7-glucoside (m/z 431.0983), were found. Compound identification was conducted
by comparing the retention times of the standards with the peaks observed in sample
extracts. For quantification purposes, calibration curves at eight concentration levels were
built in triplicate. All regression coefficients were greater than 0.990.

The quantification of the main phenolic acids and flavonoids in red beans was per-
formed by using a UHPLC-Q-Orbitrap HRMS method. The results are shown in Table 3.
Up to 22 polyphenols were detected. Among the quantified polyphenols, epicatechin was
the major flavanol (3.297 ± 0.119 mg/Kg). The delphinidin, an important anthocyanidin
of pigmented beans, was quantified at 3.108 ± 0.023 mg/Kg. Flavanols and anthocyani-
dins represented 36% and 24.5% of total polyphenolic compounds in red bean samples,
respectively. The other important polyphenols quantified in samples were p-coumaric acid,
isoquercetin, and kaempferol 3-O-glucoside. The polyphenols content of undiluted red
bean extracts are shown in Table S2.
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Table 2. Chromatographic and spectrometric parameters, including retention time, adduct ion, theo-
retical and measured mass (m/z), accuracy, and sensibility, for the investigated bioactive compounds
(n = 30).

Compound RT (min) Chemical
Formula Adduct Ion Theoretical

Mass (m/z)
Measured
Mass (m/z) Product Ion Mass Accuracy

(∆ ppm)
LOD

(mg/Kg)
LOQ

(mg/Kg)

Protocatechuic acid 1.60 C7H6O4 [M − H]− 153.01930 153.01857 109.02840 −4.771 0.026 0.078

Cyanidin
3,5-diglucoside 3.03 C27H31O16 [M + H]+ 611.16066 611.16022 449.19708–

287.06469 −0.719 0.026 0.078

Epicatechin 3.08 C15H14O7 [M − H]− 289.07176 289.07202
221.94647–
203.09201–
161.04478

0.890 0.013 0.039

Chlorogenic acid 3.20 C16H18O9 [M − H]− 353.08780 353.08798 191.05594–
84.98998 0.509 0.013 0.039

Cyanidin
3-galactoside 3.23 C21H21O11 [M + H]+ 449.10784 449.10654 287.05576 −2.894 0.026 0.078

Caffeic acid 3.25 C9H8O4 [M − H]− 179.03498 179.03455 134.99960 −2.401 0.013 0.039

Catechin 3.27 C15H14O6 [M − H]− 289.07175 289.07205

247.02241–
205.10712–
151.03923–
125.02335

1.037 0.026 0.078

p-cumaric acid 3.39 C9H8O3 [M − H]− 163.04001 163.03937 119.04917 −3.925 0.026 0.078

Apigenin
7-glucoside 3.45 C21H20O10 [M − H]− 431.09837 431.09875 341.10919–

283.26419 0.881 0.013 0.039

Genistein 3.47 C15H10O5 [M − H]− 269.04554 269.04562
241.14435–
213.14908–
151.03935

0.297 0.013 0.039

Delphinidin 3.48 C15H11O7 [M − H]+ 303.04992 303.04993 257.12119–
137.05981 0.033 0.026 0.078

Naringin 3.54 C27H32O14 [M − H]− 579.17193 579.17185
271.15524–
227.12846–
161.04475

−0.138 0.013 0.039

Cyanidin 3.57 C15H11O6 [M + H]+ 287.05501 287.05472 207.05879–
147.07649 −0.611 0.013 0.039

Rosmarinic acid 3.58 C18H16O8 [M − H]− 359.07724 359.07742 179.05537 0.501 0.013 0.039

Myricitrin 3.59 C21H20O12 [M − H]− 463.08820 463.08701 316.02126–
178.97646 −2.57 0.013 0.039

Diosmin 3.64 C28H32O15 [M − H]− 607.16684 607.16534 300.99796–
284.03838 −2.471 0.013 0.039

Isoquercetin 3.65 C21H20O12 [M − H]− 463.08820 463.08853
431.09848–
187.09698–
174.95542

0.712 0.013 0.039

Rutin 3.65 C27H30O16 [M − H]− 609.14611 609.14673
300.99911–
271.05026–
255.12390

1.017 0.013 0.039

Kaempferol
3-glucoside 3.66 C21H20O11 [M − H]− 447.09195 447.09329

284.03079–
255.02881–
227.07033

3.000 0.013 0.039

Vitexin 3.67 C21H20O10 [M − H]− 431.09837 431.09711
341.10803–
311.05457–
269.13815

−2.921 0.013 0.039

Ellagic acid 3.67 C14H6O8 [M − H]− 300.99899 300.99911

245.91669–
229.93712–
185.01208–
117.00336

0.398 0.013 0.039

Luteolin
7-glucoside 3.68 C21H20O11 [M − H]− 447.09328 447.09381 285.04028 1.185 0.013 0.039

Myricetin 3.73 C15H10O8 [M − H]− 317.03029 317.02924
178.87917–
151.00217–
137.02290

−3.310 0.013 0.039

Daidzein 3.75 C15H9O4 [M − H]− 253.05063 253.04977 209.96429–
225.00984 −3.398 0.013 0.039

Quercetin 3.86 C15H10O7 [M − H]− 301.03538 301.03508 174.95551 −0.996 0.013 0.039

Delphinidin
3,5-diglucoside 3.87 C27H31O17 [M + H]+ 628.16340 628.16385 465.10339–

303.04987 0.716 0.026 0.078

Naringenin 3.91 C15H12O5 [M − H]− 271.06120 271.06110 235.92595–
151.03917 −0.368 0.013 0.039
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Table 2. Cont.

Compound RT (min) Chemical
Formula Adduct Ion Theoretical

Mass (m/z)
Measured
Mass (m/z) Product Ion Mass Accuracy

(∆ ppm)
LOD

(mg/Kg)
LOQ

(mg/Kg)

Luteolin 3.94 C15H10O6 [M − H]− 285.04046 285.04086 174.95486–
89.02095 1.401 0.013 0.039

Kaempferol 4.00 C15H10O6 [M − H]− 285.04046 285.04086 93.00679 1.403 0.013 0.039

Apigenin 4.08 C15H10O5 [M − H]− 269.04554 269.04541 225.06136–
117.01828 −0.483 0.013 0.039

RT: retention time; LOD: limit of detection; LOQ: limit of quantification.

Table 3. Polyphenols content in dry red beans. Results are expressed as mean ± SD from three
independent determinations.

Compound Content (mg/Kg) ± SD

Apigenin 7-O-glucoside <LOQ

Catechin <LOQ

Chlorogenic acid 0.045 ± 0.002

Cyanidin 0.677 ± 0.046

Cyanidin 3-glucoside <LOQ

Cyanidin 3,5-diglucoside 0.171 ± 0.015

Daidzein <LOQ

Delphinidin 3.108 ± 0.023

Delphinidin 3,5-diglucoside 0.210 ± 0.020

Ellagic acid 0.045 ± 0.001

Epicatechin 3.297 ± 0.119

Genistin <LOQ

Isoquercetin 1.039 ± 0.119

kaempferol 3-O-glucoside 0.803 ± 0.026

Luteolin 0.021 ± 0.001

Naringenin <LOQ

Naringin <LOQ

p-coumaric acid 1.929 ± 0.106

Protocatechiuc acid 0.532 ± 0.016

Quercetin 0.292 ± 0.026

Rosmarinic acid <LOQ

Rutin 0.479 ± 0.037

3.3. Effects of Red Bean Extract on the Cell Viability by Individual Exposure

The HepG2 cell viability evaluated by the MTT assay after 24 h of exposure with red
bean extract dilutions, from 1 to 1:32, is shown in Figure 1. The results clearly indicated
that the viability of HepG2 cells was affected by the more concentrated red bean extracts.
In particular, the undiluted (1) and diluted (1:2 and 1:4) red bean extracts significantly
decreased HepG2 cell viability from 83% to 23%. Nonetheless, the red bean extract diluted
1:8 significantly increased the cell viability (20%) compared to the control.
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Figure 1. HepG2 cell viability after 24 h of treatment with red bean extracts (undiluted extract (1)
and dilutions from 1:2 to 1:32). All values are expressed as mean ± SEM of 3 replicates. (*) p ≤ 0.05
indicates significant differences compared to control.

The reduction in cell viability caused by the more concentrated or undiluted extracts
has also been observed in other studies. Recently, Ziemlewska et al. [32] indicated that high
concentrations of the bioactive compounds contained in red fruits inhibited the cell cycle in
the G2/M phase and caused cell death, exerting a negative impact on cell viability. These
authors demonstrated that high concentrations of phenolic extracts from berries induced
apoptosis due to the activation of the caspases.

3.4. Effects of Simultaneous Treatment in HepG2 Cell Viability Exposed to T-2 and Red
Bean Extract

The effect in HepG2 cells simultaneously exposed to T-2 (7.5, 15 and 30 nM) and 1:8
diluted red bean extract is described in Figure 2. The HepG2 cell viability was affected in a
concentration-dependent manner. Cytotoxic effects were observed in the cells exposed to
30 nM T-2 alone and in combination with the extract, with a significant reduction in cell
viability compared to the control cells by 32% and 56%, respectively. This could be due to
the fact that the diluted red bean extract did not completely prevent T-2 cytotoxicity. The
diluted red bean extract slightly lowered HepG2 cell viability, which was a statistically
significant decrease only in cells exposed to the highest T-2 concentration; whereas it did
not completely prevent T-2 cytotoxicity.
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Figure 2. HepG2 cell viability (%) during 24 h of exposure to T-2 (7.5, 15 and 30 nM) and 1:8 diluted
red bean extract alone and in combination. All values are expressed as mean ± SEM of 3 replicates.
Values in the same figure with different superscript letters are significantly different (p ≤ 0.05).
1:8 = 1:8 diluted red bean extract.

On the other hand, cells exposed to the lowest T-2 concentration tested (7.5 nM)
showed a significant increase in cell viability (11%) compared to the control; cell viability
was slightly higher (13%) in cells simultaneously treated with T-2 and the diluted red
bean extract.

3.5. Effects of Pre-Treatment in HepG2 Cell Viability Exposed to T-2 and Red Bean Extract

The effects of cell pre-treatment with red bean extract for 1 h and 24 h before the T-2
addition are shown in Figure 3. The results indicated that the pre-treatment with red bean
extract was not able to protect or ameliorate the cytotoxic T-2 effect in HepG2 cells in all
T-2 concentrations tested. This effect was increased at 24 h of exposure. Similar results
were reported by Kössler et al. [33], who showed that curcumin (phenolic compound)
reduced cell viability and induced apoptosis in human embryonic kidney cells (HEK293) in
a dose-dependent manner at 22 h of exposure. There are no other data from in vitro studies
by other authors with bean extracts. However, Vila-Donat et al. [34] reported synergistic
cytoprotective effects against cytotoxicity induced by alternariol on Caco-2 cells exposed to
an extract obtained from other types of legumes, such as lentils.
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Figure 3. HepG2 cell viability (%) of pre-treated cells (PT) with 1:8 red bean extract for 1 h (A) and
24 h (B) and afterward exposed to T-2 (7.5, 15, and 30 nM) during 24 h. All values are expressed
as mean ± SEM of 3 replicates. Values in the same figure with different superscript letters are
significantly different (p ≤ 0.05).

3.6. Reactive Oxygen Species

The intracellular accumulation of ROS in HepG2 cells exposed to T-2 toxin was ana-
lyzed using the dichlorofluorescein assay (DCFH-DA). The cells were exposed to T-2 (7.5,
15, and 30 nM) and 1:8 diluted red bean extract for different exposure times (0, 5, 15, 30, 45,
60, 90, and 120 min), and the results are expressed as an increase in fluorescence (%) with
respect to the control (Figure 4). The simultaneous exposure to T-2 at the lowest concentra-
tion tested (7.5 nM) and the red bean extract showed a significant reduction (p ≤ 0.05) in
ROS production after 120 min of exposure with respect to control cells (Figure 4A); whereas
there were no significant differences in ROS production at 15 nM with respect to control
cells (Figure 4B). On the contrary, a significant increase (p ≤ 0.05) in ROS production with
respect to controls was observed in the case of the simultaneous exposure to T-2 at 30 nM
alone and in combination with the red bean extract at 60 min of exposure (Figure 4C).
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Data reported by Lee et al. [34] demonstrated that the treatment of HepG2 cells with
extracts obtained from different types of beans (black, red, and green) against the Tert
Butyl Hydroperoxide (TBHP) agent significantly decreased the production of ROS. On the
other hand, Yang et al. [3] showed that the level of intracellular ROS production in HCT116
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cells decreased significantly in cells treated with phenolic extracts of beans compared to
untreated cells.

The abovementioned results can demonstrate the ability of phenolic extracts to modu-
late oxidative stress. However, further studies with regard to biological activity, including
studies into the mechanisms of action and structure-activity relationships, are necessary to
fully understand the modes of action of these bioactive compounds and to fully exploit
their cytoprotective potential effect, as highlighted in the literature [35].

4. Conclusions

The chemical profile obtained from this study evidenced that red beans are a rich
source of bioactive compounds such as flavanols and anthocyanidins, which confers anti-
radical activity and human health benefits. On the other hand, red bean extract (diluted
1:8) showed a significant increase in HepG2 cell proliferation after 24 h of exposure. Similar
results were observed after HepG2 cell exposure to T-2 toxin at the lowest concentration
assayed (7.5 nM) corresponding to its IC50/8, which could indicate a probable adaptative
response of HepG2 cells. However, higher T-2 concentrations showed cytotoxic effects and
ROS production on HepG2 cells. The results from the simultaneous and pre-treatment
assays indicated that the 1:8 diluted red bean extract did not prevent T-2 cytotoxicity neither
in simultaneous exposures nor with the pre-treatment. Finally, the combination of T-2 at
7.5 nM with the diluted red bean extract showed a decrease in ROS production compared
to the control at the longest exposure time tested (120 min). The antioxidant activity or the
possible T-2 hormetic effect observed in simultaneous treatment could be responsible for
the latter result, suggesting that the red bean extract could modulate oxidative stress on
HepG2 cells.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods11071033/s1, Table S1: Total phenolic content (TPC) and
antiradical activity (DPPH) of undiluted red bean extracts using different mixtures of MeOH:H2O.
Values are reported as mean ± SD of independent experiments performed in triplicate; Table S2.
Polyphenols content in undiluted red bean extracts. Results are expressed as mean ± SD from three
independent determinations.
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Abstract: More than 2 billion people worldwide are under threat of nutritional deficiency. Thus,
an in-depth comprehension of the nutritional composition of staple crops and popular fruits is
essential for health. Herein, we performed LC-MS-based non-targeted and targeted metabolome
analyses with crops (including wheat, rice, and corn) and fruits (including grape, banana, and mango).
We detected a total of 2631 compounds by using non-targeted strategy and identified more than
260 nutrients. Our work discovered species-dependent accumulation of common present nutrients in
crops and fruits. Although rice and wheat lack vitamins and amino acids, sweet corn was rich in most
amino acids and vitamins. Among the three fruits, mango had more vitamins and amino acids than
grape and banana. Grape and banana provided sufficient 5-methyltetrahydrofolate and vitamin B6,
respectively. Moreover, rice and grape had a high content of flavonoids. In addition, the three crops
contained more lipids than fruits. Furthermore, we also identified species-specific metabolites. The
crops yielded 11 specific metabolites, including flavonoids, lipids, and others. Meanwhile, most
fruit-specific nutrients were flavonoids. Our work discovered the complementary pattern of essential
nutrients in crops and fruits, which provides metabolomic evidence for a healthy diet.

Keywords: crops; fruits; nutrition; metabolite analyses; metabolome

1. Introduction

A healthy diet containing enough nutrients is vital to health. The lack of macro- and
micro-nutrients in diets threatens health [1], especially in underdeveloped countries where
people cannot afford varied diets [2,3]. Rice, wheat, and corn are globally major staple
crops. Although they provide 60% of the world’s calorie intake [4], the micro-nutrients
available from staple foods are limited. For instance, corn lacks tryptophan and lysine,
two essential amino acids for humans [5]. The processing of rice and wheat removes bran
and embryo, which leads to the loss of most nutrients [6,7].

The benefits of a plant-based diet on health are mainly from the composition of
phytochemicals [8,9]. More fruit uptake can reduce the risk of some diseases for the
enrichment of vitamins and other micronutrients [10,11]. Mango, banana, and grape are
globally the most widely cultivated fruits [12,13]. Mango is rich in phytosterols, carotenoids,
and vitamins [14,15]. Phytochemicals in mango protect humans from diabetes, obesity,
and cancer [16]. Banana contains high levels of provitamin A carotenoids (pVACs), which
alleviate vitamin A deficiency and reduce the risk of cancers and heart diseases [17].
As a popular fruit, grape is famous for highly bioactive phenols, such as anthocyanins,
flavanols, flavonols, and resveratrol. These compounds are pivotal in antioxidant, heart
protection, anti-cancer, and anti-aging activity [18,19]. Therefore, through food selection
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and a healthy diet, people can get enough nutrition and reduce the occurrence of nutritional
deficiency. However, metabolic cues for food selection are limited.

Metabolomic studies provide novel insights into the composition of phytochemicals.
Metabolic diversity among staple food crops has been well documented. For instance,
metabolome signatures have varied across developmental stages and genotypes in rice,
maize, and wheat [20–22]. Multiple-omics studies have also provided deep insights into
genetic bases of metabolic diversity in staple crops [23–25]. Recently, metabolic features of
fruits have attracted more and more interest. For example, citrus fruits are primary fruit
sources of poly methoxy flavonoids (PMFs), and the determination of major PMFs in fruits
or leaves of 116 citrus accessions revealed significant species-specific and spatiotemporal
characteristics. All reticulated citrus and its natural or artificial hybrids had detectable
PMFs, especially in fruits of wild or early cultivated citrus in early fruit development [26].
In peach, metabolomic analysis was used to construct the metabolic network of peach
mesocarp throughout development. In the early developmental stages of peach, protein
abundance was significantly reduced, while bioactive polyphenols and amino acids piled
up [27]. However, the diversity of nutritional metabolites between crops and fruits is
largely unknown.

Here, we performed non-targeted and targeted metabolic profiling to dissect the
metabolic diversity by using rice, wheat, corn, banana, grape, and mango. We detected
over 3000 metabolites. Those include amino acids, vitamins, flavonoids, lipids, and other
nutrients. In addition, we found significant differences in nutrient construction between
crops and fruits. Although crops are rich in lipids and sweet corn is rich in vitamins and
amino acids, rice and wheat lack in vitamins and amino acids. Grape is rich in flavonols
and anthocyanin, but it lacks amino acids. Mango is rich in vitamins, especially vitamin C,
and most of amino acids. Banana is rich in vitamin B6 but short in flavonoids. Based on the
rich metabolic diversity between crops and fruits, our work deepens our comprehension of
the nutrient structure of a diet.

2. Materials and Methods
2.1. Plant Materials

To study the difference in metabolites between crops and fruits, we selected three im-
portant crops and three popular fruits for research. Crops included wheat, corn, and rice.
Fruits included grape, mango, and banana. Rice (ZH11) came from the breeding base
of Hainan University. Corn (sweet corn) came from Ding’an breeding base of Hainan
University. Wheat (Chinese Spring) came from common wheat varieties grown in the exper-
imental station of the Institute of genetics and developmental biology, Chinese Academy
of Sciences (IGDB, CAS) from 2018 to 2019. Grapes (Pinor Vermei, one of the most pop-
ular grape varieties in the world), mangoes (Alphonso, a traditional Indian cultivar) and
bananas (Cavendish) were selected from the field germplasm community of Guangzhou
banana garden.

2.2. Chemical Reagents

Chromatographic-grade acetonitrile, acetic acid, and methanol were purchased from
Merck (Darmstadt, Germany). The Milli-Q water was purified using a Millipore purification
system (Millipore Corporation, Burlington, MA, USA). All standards used in the test were
stored in −80 ◦C refrigerator in the dark.

2.3. Metabolite Sample Preparation

Fresh fruit or dry grain of crop were collected into 50 mL centrifuge tubes and quickly
frozen in liquid nitrogen and freeze dried. Three biological replicates were collected for
each species. The samples were ground into powder using a grinder machine (MM400,
Retsch) with steel balls at 28 Hz for 56 s or more. Then, 0.05–0.1 g of sample powder was
suspended with 70% methanol water solution in the ratio of 1:10,000. Next, the samples
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were extracted by ultrasonic wave for 10 min at 50 Hz for a total of three times [22,28]. At
the end of each time, vortex vibration and mixing were required.

2.4. Metabolomic Detection

Non-targeted metabolic profiling analyses were performed with Q Exactive Focus
Orbitrap LC-MS/MS (Thermo Scientific, Waltham, MA, USA). Scanning mass ranged from
m/z 100–1000 with an accumulation time of 0.10 s. The scanning mode was full MS/ddMS2.
The recorded data were processed with compound discoverer (CD) 3.1 software to obtain
the mass to charge ratio, retention time, MS/MS2 information of all detected substances.
Then, the detected signals were automatically matched through the internally established
reference libraries of chemical standard entries of software to predict and identify the
metabolite information. The multiple reaction monitoring (MRM) mode with QTRAP 6500+

LC-MS/MS (Shimadzu, Kyoto, Japan) was used for targeted metabolome analyses. The
detection window was set to 80 s, and the targeted scanning time was 1.5 s. The original
data were processed by Multi Quant 3.0.3 software. The chromatographic column was
C18 column (Shim-pack GLSS C18, 1.9UM, 2.1*100, Shimadzu). Mobile phase A and B
was 0.04% acetic acid–water solution, and mobile phase B was 0.04% acetic acid–methanol
solution. The qualitative and quantitative chromatographic conditions were consistent.

2.5. Statistical Analysis

The relative signal strength of metabolites was divided and normalized according to
the internal standard (0.1 mg L−1 lidocaine), and log2 was then used to transform the value.
We used Student’s t-test and fold change of difference to screen for differentially accumu-
lated metabolites (DAMs). Metabolites with p < 0.05 and |log2 (fold change) |≥ 1 were
considered as DAMs. The differences between the metabolites in six fruits were calculated
by nested ANOVA in the R package.

3. Results
3.1. Metabolic Analysis of Crops and Fruits

To dissect the diversity of metabolites between crops and fruits, we selected three staple
food crops (rice, corn, and wheat) and three popular fruits (mango, grape, and banana).
Through non-targeted metabolome detection, we detected a total of 13,790 metabolic signals
in six species (Figure 1a). Among them, 7831 signals were detected in rice, 8325 signals in
wheat, 8879 signals in corn, 8074 signals in mango, 8135 signals in grape, and 9139 signals in
banana (Table S1). Next, we performed a principal component analysis (PCA) of all samples
based on the liquid chromatography-mass spectrometry (LC-MS) data. PCA diagram
showed that principal component (PC) 1 and 2 explained 32.17% and 21.9% variability,
respectively (Figure 1b). Principal component 1 separated crops and fruits successfully,
indicating that the diversity of metabolites between crops and fruits was significant.

To further study the metabolic feature of crops and fruits, we quantified the metabolites
by scheduled multiple reaction monitoring (SMRM) and finally detected 2631 metabolites.
We detected 2296, 2251, 2432, 2290, 2249, and 2376 metabolites in wheat, rice, corn, mango,
grape, and banana, respectively (Table S2). Among them, 1963 metabolites were shared
by crops and fruits. Meanwhile, 9, 7, 67, 18, 9, and 44 metabolites only existed in wheat,
rice, corn, mango, grape, and banana, respectively (Figure 1c). The distribution of the
metabolites of crops and fruits is complementary. Substances with high content in crops
are relatively low in fruits, and vice versa (Figure 1d).
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Figure 1. Analysis of metabolic variation in fruits and crops using Q Exactive Focus Orbitrap
LC-MS/MS. (a) Total ion chromatography of metabolites in fruits and crops. (b) Principal component
analysis (PCA) of the total ion chromatography of fruits and crops. (c) Venn diagram analysis of
crops and fruits. (d) Heat map analysis of 2631 metabolites detected in crops and fruits.

3.2. Characterization of Metabolic Signals

We characterized species-specific metabolites by the retention time, the relative abun-
dance of fragments, and the mass loss during fragmentation. Then, according to these
characteristics, we checked the fragment information in literature and databases, such as
mass bank [29] and the Human Metabolome Database (HMDB) [30]. Finally, we annotated
some of the metabolites with the help of standards. At the same time, by using Compound
Discoverer (CD) 3.1, we matched metabolic structures through the CD database (Figure 2a).
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1 
 

 Figure 2. Detection and identification of specific metabolite signs by Q Exactive Focus Orbitrap
LC-MS/MS. (a) Flowchart for detection and identification of specific metabolites. (b) MS/MS spectra
of SDW05231 at m/z 535.1442, the metabolite was identified as 5,7-dihydroxy-2-(4-hydroxyphenyl)-
6,8-bis(3,4,5-trihydroxyoxan-2-yl)-4H-chromen-4-one. (c) MS/MS spectra of SDW01668 at m/z
291.0860, the metabolite was identified as (-)-Epicatechin. (d) The molecular structure of the
5,7-dihydroxy-2-(4-hydroxyphenyl)-6,8-bis(3,4,5-trihydroxyoxan-2-yl)-4H-chromen-4-one and its
general fragmentation rules. (e) The molecular structure of the (-)-Epicatechin and its general
fragmentation rules.
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The crop-specific SDW05231 (RT 6.26 min) yielded a precursor ion [M+H]+ at m/z
535.1442. We observed product ions with uneven abundance in the secondary mass spec-
trum. The precursor ion lost 18 (H2O) or 30 (CH2O) and produced two signals at m/z
415.1031 [M+H-120]+ and m/z 295.0599 [M+H-120]+ (red peak spectrum in Figure 2b). Its frag-
mentation pattern resembled the flavone C-glucoside, which contains two pentose residues.
Considering the product ion at m/z 295.0599, we inferred that SDW05231 was an apigenin
derivative. Therefore, we decoded DWZP05231 as 5,7-dihydroxy-2-(4-hydroxyphenyl)-6,8-
bis(3,4,5-trihydroxyoxan-2-yl)-4H-chromen-4-one (Figure 2b,d).

Then, we annotated a fruit-specific SDW01668 as (-)-Epicatechin using the CD database.
SDW01668 (RT 4.73 min) produced a precursor ion [M+H]+ at m/z 291.0860. The tandem
mass spectrum showed a high-intensity fragment [1,3A]+ ion at m/z 139.0388. A further
loss of 16 Da yielded m/z 123.0442 based on [1,3A]+. The secondary fragments’ m/z and
fracture modes were highly similar to (-)-Epicatechin (Figure 2c,e).

We annotated over 260 metabolites (Table S3), 28 and 18 of which were absent in fruits
and crops, respectively. Moreover, we also identified species-specific metabolites, such as
resveratrol in grapes (Table S4).

3.3. Whole Metabolome Scale Comparative Analysis of Crops and Fruits

To explore the diversity of nutrients between crops and fruits, we performed
LC-MS/MS-based targeted metabolome analyses. Firstly, we quantified the metabolites by
scheduled multiple reaction monitoring (SMRM). We detected 660 metabolites, including
26 vitamins, 106 amino acids and derivatives, 225 lipids, 108 flavonoids, 73 organic acids,
and other metabolites (Table S5). A PCA showed that PC1 and PC2 explained 32.97% and
20.5% of the variability, respectively (Figure 3a). PC1 separated crops and fruits, indicating
the significant metabolic difference between them. According to PC2, grape, mango, rice,
and wheat clustered together. Meanwhile, banana and corn got close to each other and
were far away from the others. The species-dependent accumulation pattern was further
visualized by a heatmap based on crop and fruit metabolome data. The six species formed
two clusters: crops and fruits (Figure 3b). That is, the metabolic features of crops and fruits
differed remarkably.

Then, we analyzed differentially accumulated metabolites (DAMs) between each
fruit with three crop species. DAMs between each species pair met the following cri-
terion: the fold change >2, while the p-value <0.05. Grapes, for example, accumulated
341~346 DAMs compared with crops. A total of 346 DAMs existed between rice and
grape, including 35 amino acids and derivatives, 70 flavonoids, 141 lipids, 15 vitamins,
and others. Rice harbored 238 up-regulated and 108 down-regulated metabolites (Figure 3c).
We found 341 DAMs between corn and grape, consisting of 52 amino acids and deriva-
tives, 66 flavonoids, 118 lipids, 22 vitamins, and others. Compared with those in grape,
258 and 83 metabolites accumulated with elevated and reduced levels in corn (Figure 3d).
The 334 DAMs between wheat and grapes included 41 amino acids and derivatives,
70 flavonoids, 129 lipids, 15 vitamins, and others. Compared with grapes, wheat pro-
duced 231 and 103 metabolites with significantly higher and lower levels, respectively
(Figure 3e). Compared with crops, DAMs of mango and banana were mainly amino acids
and derivatives, flavonoids, lipids, and vitamins (Figure S1).
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Figure 3. Q trap 6500+ LC-MS/MS was used to analyze metabolite changes in crops and fruits.
(a) Principal component analysis of 660 metabolites detected in crops and fruits. (b) Heat map
analysis of 664 metabolites detected in crops and fruits. (c) Volcanic map analysis of differentially
accumulated metabolites in rice and grape. (d) Volcanic map analysis of differentially accumulated
metabolites in corn and grape. (e) Volcanic map analysis of differentially accumulated metabolites in
wheat and grape. The average of three biological replicates was used for metabolite analysis. The
content of each metabolite was normalized, and hierarchical clustering was carried out. Each crop
and fruit was labeled in a single column, and each metabolite was represented by a single row.

3.4. Comparative Analysis of Common Existing Nutrients in Crops and Fruits

To comprehend the nutritional value of crops and fruits, we firstly focused on common
existing nutrients. The accumulation patterns of vitamins are complementary in crops and
fruits. Corn was rich in most B vitamins, including tetrahydrofolate, nicotinamide, biotin,
pyridoxal, pyridoxamine, and riboflavin. Rice and wheat accumulated the most vitamin
B1 and phosphorylated B6, respectively (Figure 4a). Fruits contained vital compounds
limited in crops. For instance, mango produced more vitamin C, and grape provided
high content of 5-methyltetrahydrofolate. These vitamins are cofactors of many enzymes.
Banana yielded a high level of non-phosphorylated vitamin B6 (Figure 4a). To conclude,
the categories of vitamins between crops and fruits were significantly different. Crops were
rich in B vitamins, which may exist in bran and corn endosperm. Fruits supplemented
other necessary vitamins, such as vitamin C.
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Figure 4. Accumulation of vitamins and amino acids in three crops and three fruits. (a) Heat map of
vitamin in three crops and three fruits. (b) Heat map of amino acid in three crops and three fruits.
(c) Heat map of flavonoids in three crops and three fruits. (d) Heat map of lipids in three crops and
three fruits. The average of three biological replicates was used for metabolite analysis. The content
of each metabolite was normalized, and hierarchical clustering was carried out. Each crop and fruit is
marked in a single column, and each metabolite is represented by a single row.
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The accumulation of amino acids was also different in crops and fruits. Corn yielded
high levels of essential amino acids, excluding tryptophan, while wheat produced consid-
erable content of tryptophan. Compared with grapes and banana, mango contains more
amino acids (Figure 4b).

Lipids and flavonoids also differed in crops and fruits. Flavonoids are highly accu-
mulated in grapes and rice, but less so in the other species (Figure 4c). The accumulation
patterns across species were complementary. Flavanones and anthocyanins mainly existed
in grapes, while flavones were mainly present in rice. Crops produced more lipids than
fruits, especially more than grape (Figure 4d).

3.5. Comparative Analysis of Species-Specific Nutrients

Some nutrients showed remarkable species dependence. We focused on compounds
commonly present in all fruits but absent in crops. We detected five fruit-specific flavonoids,
including (-)-epigallocatechin, catechin, (+)-gallocatechin, (-)-gallatechin, and eriodictyol
7-O-glucoside. Meanwhile, crops harbored more kinds of specific metabolites, consisting
of four flavonoids, three lipids, and four others (Table 1). Then, we noticed metabolites
existing in a single species: One in wheat, twelve in rice, five in corn, five in mango,
five in grape, six in banana (Table S5). In addition, we analyzed some crucial metabolites,
such as chlorogenic acid and theanine. Chlorogenic acid was detected only in corn, grape,
and banana. Although theanine was present in all species, it accumulated at higher levels
in mango and grape (Table S5).

Table 1. Specific metabolites found in wheat, grape, and mango.

Species ID Q1 (Da) RT (min) Compounds Class

Crops

hsf030 301.1 5.63 Diosmetin Flavonoid

MP0307 301.05 8.04 Chrysoeriol Flavonoid

MP0566 565.1 5.64 C-pentosyl-apigenin O-hexoside Flavonoid

MP0577 581.1 4.98 C-pentosyl-luteolin O-hexoside Flavonoid

hsl047 325.3 12.49 Heneicosanoic acid (C21:0) Lipids

MP0557 548.35 10.8 LysoPC 20:2 Lipids

MP2054 307.3 11.39 cis-11,14,17-Eicosatrienoic Acid (C20:3) Lipids

hsb025 166.04 3.46 2-(Formylamino)benzoic acid Others

MP0885 287 12.14 5-deoxo-ent-10-oxodepressin Others

hsa126 161.2 0.72 D-Alanyl-D-Alanine Amino acid and its derivatives

MP0576 580.9 5.18 inositol pentakisphosphate Organic acid and its derivates

Fruits

hsc303 307 3.5 (-)-Epigallocatechin Flavonoid

hsc317 291.08 3.58 Catechin Flavonoid

hsc325 307 2.57 (+)-Gallocatechin Flavonoid

hsc327 307 2.12 (-)-gallatechin Flavonoid

hsf421 451 3.72 Eriodictyol 7-O-glucoside Flavonoid

4. Discussion

Crops and fruits are indispensable for humans. They provide a variety of nutrients and
protect humans against diseases. Hence, nutritional metabolomics of crops and fruits are
essential to dissect the nutritional value and maintain a healthy diet. Although metabolome
studies have been conducted in crops and fruits, metabolic differences between crops
and fruits are yet to be drawn. In this study, we detected 2631 and 660 compounds in
crops and fruits using non-targeted and targeted LC-MS, respectively. Metabolic features
differed remarkably in crops and fruits. Moreover, this work revealed the complementary
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pattern of nutrient accumulation in different species, which provides metabolic insights
into food choice.

Plant metabolites play vital roles in plant growth and nutrition [31]. Tremendous
metabolic diversity occurs across different species [32]. An investigation on metabolomic
data has illustrated interspecific metabolic variation in rice and maize populations, and iden-
tified flavonoids and phenolamides as contributory compounds in diversified evolution
in rice and maize [33]. A study with widely targeted LC-MS/MS has analyzed metabolic
features of the pearling fractions and discovered the enrichment of health-beneficial metabo-
lites in the wheat bran. Meanwhile, the authors have also found that flavonoids are of the
most remarkable spatial divergence among grain layers [34]. In ten fruits, the diversity of
more than 2000 metabolites has been studied and used to construct a metabolic evolutionary
tree [32]. Through the analysis of metabolites in the fruits and leaves of 12 kinds of piper,
it was found that, although there were significant differences in chemical richness and
structural complexity between different species, fruit diversity exceeded leaf diversity [35].
Although these works have elucidated some of the metabolic diversity in different species,
our work directly provides metabolic evidence for the necessity of a balance between staple
foods and fruit uptake. In this study, widely targeted metabolomics were used to study
the metabolic diversity in major food crops (rice, wheat, and corn) and three fruits (mango,
grape, and banana). The main differential metabolites in crops and fruits were vitamins,
amino acids, flavonoids, and lipids. They are essential in plant growth and development,
as well as in keeping humans fit.

Common existing nutrients displayed remarkable species-dependent accumulation [36,37].
Independent work has documented accumulation patterns of flavonoids in rice and
grape, respectively [33,38]. By using a comparative metabolomic analysis, we found that
flavonoids were most abundant in rice and grape among the six species. Grape contains
high contents of anthocyanins and 5-methyltetrahydrofolate. Moreover, our data show
that mango is rich in vitamin C and vitamin E, which resembles a previous work [39].
Furthermore, we have found that the contents of most vitamins and amino acids in mango
are the highest among the three fruits, while the content of vitamin B6 in banana was the
highest. Compared with the three fruits, the content of lipid in the three crops was higher.
Although staple crops provide energy for humans worldwide, they lack essential nutrients.
Although sweet corn contains relatively high levels of most amino acids and vitamins,
the content of vitamins and amino acids in rice and wheat were relatively low. Rice mainly
contained vitamin B1, and wheat mainly contained vitamin B6 and tryptophan. Our work
discovered the complementary pattern of essential nutrients in crops and fruits.

Bioactive polyphenols from fruits have significant antioxidant activity [40]. For in-
stance, catechin protects us against several diseases induced by oxidative stress, such as
cardiovascular disease and cancer [41]. However, the direct application of catechins in
food was limited by the low stability and content [42]. In this study, we draw the diversity
of catechin in fruits, which provides insights into food choice based on the abundance of
health-beneficial compounds. In addition, we also detected resveratrol in grape. It has
strong antioxidant properties and the effects of protecting the heart and blood vessels,
anti-arrhythmia, and vasodilation [43]. We found 11 specific metabolites in crops, mainly
from flavonoids and lipids. These specific metabolites enriched the diversity of metabolites
in different species and met humans‘ needs for nutrients.

5. Conclusions

This work identified the metabolic diversity in three major staple crops and three fruits,
revealed the complementary patterns of nutrient accumulation of different species, and de-
coded the species-specific patterns of bioactive compounds. Among the three crops, sweet
corn was rich in vitamins and amino acids, while rice and wheat were deficient in vitamins
and amino acids. Among the three fruits, mango was rich in vitamins and amino acids.
Compared with fruits, crops were rich in lipids. Overall, this work provided metabolomic
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evidence for a healthy diet, which aims to highlight the need for macronutrients and
essential micronutrients [44].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods11040550/s1, Table S1: Metabolic signals in the three fruits
and three crops were detected by LC-MS-based non-targeted; Table S2: Metabolite variation in the
three fruits and three crops were detected by LC-MS-based non-targeted; Table S3:Metabolites in the
three fruits and three crops were detected by LC-MS-based targeted; Table S4: Specific metabolites in
the three fruits and three crops were detected by LC-MS-based targeted; Table S5: Metabolite variation
in the three fruits and three crops were detected by LC-MS-based targeted. Figure S1: Q trap 6500+

LC-MS/MS was used to analyze metabolite changes in crops and fruits. (a) Volcanic map analysis of
differentially accumulated metabolites in rice and banana. (b) Volcanic map analysis of differentially
accumulated metabolites in corn and banana. (c) Volcanic map analysis of differentially accumulated
metabolites in wheat and banana. (d) Volcanic map analysis of differentially accumulated metabolites
in rice and mango. (e) Volcanic map analysis of differentially accumulated metabolites in corn and
mango. (f) Volcanic map analysis of differentially accumulated metabolites in wheat and mango.
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Abstract: Though varying metabolomes are believed to influence distinctive characteristics of dif-
ferent soy foods, an in-depth, comprehensive analysis of both soluble and volatile metabolites is
largely unreported. The metabolite profiles of different soy products, including cheonggukjang,
meju, doenjang, and raw soybean, were characterized using LC-MS (liquid chromatography–mass
spectrometry), GC-MS (gas chromatography–mass spectrometry), and headspace solid-phase mi-
croextraction (HS-SPME) GC-MS. Principal component analysis (PCA) showed that the datasets for
the cheonggukjang, meju, and doenjang extracts were distinguished from the non-fermented soybean
across PC1, while those for cheonggukjang and doenjang were separated across PC2. Volatile organic
compound (VOC) profiles were clearly distinct among doenjang and soybean, cheonggukjang, and
meju samples. Notably, the relative contents of the isoflavone glycosides and DDMP (2,3-dihydro-
2,5-dihydroxy-6-methyl-4H-pyran-4-one) conjugated soyasaponins were higher in soybean and
cheonggukjang, compared to doenjang, while the isoflavone aglycones, non-DDMP conjugated
soyasaponins, and amino acids were significantly higher in doenjang. Most VOCs, including the
sulfur containing compounds aldehydes, esters, and furans, were relatively abundant in doenjang.
However, pyrazines, 3-methylbutanoic acid, maltol, and methoxyphenol were higher in cheongguk-
jang, which contributed to the characteristic aroma of soy foods. We believe that this study provides
the fundamental insights on soy food metabolomes, which determine their nutritional, functional,
organoleptic, and aroma characteristics.

Keywords: fermented soy product; metabolomics; volatolomics; metabolic pathway

1. Introduction

Fermentation is a metabolic bioprocess that causes biochemical changes in the organic
substrate, through the action of microbial enzymes [1]. Fermentation is considered a
customarily important method of food processing, as it adds superior taste, flavor, and
nutrition to the end-product, as well as enhanced shelf life, compared to raw materials [2].
First cultivated in East Asia, thousands of years ago, soybean is an important, nutrient-rich
crop, but the presence of anti-nutritive toxic substances may limit its nutritional level [3].
Thus, the fermentation approach was used to overcome these limitations and improve the
quality of soybeans, such as the desired taste, aroma, and health effects.

Depending on the fermentation process, various fermented foods are produced, such
as cheonggukjang (fermented soybean), meju (fermented soybean block), doenjang (fer-
mented soybean paste), ganjang (fermented soy sauce), and gochujang (fermented hot-
pepper paste) [4]. Among them, the cheonggukjang, prepared traditionally, is made by
steaming soybeans for several days with rice straw, and meju is made from boiled beans,
wrapped in rice straw and fermented for several months. On the other hand, doenjang is
made by fermenting the meju for an extended duration, ranging 3 months to 3 years, and
separating the liquid layer as ganjang (Figure 1) [5]. Different fermented food products
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have varying flavors and nutritional functions, owing to the varying substrate processing
and fermentation methods. However, the exact factors affecting the characteristics of each
product are not precisely known.
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doenjang from raw soybean.

Metabolite profiling has been used in previous studies to assess the metabolomes of
different foods and biological systems, using a variety of hyphenated mass spectrometry
(MS)-based platforms [4,6]. Untargeted metabolomic studies, involving soybean fermented
foods, can unravel the biochemical aspects of associated nutritional and functional activities
and may further reveal the biomarkers for their quality standardization.

The composition of volatile organic compounds, part of secondary metabolites in food,
affects the taste, aroma, and properties, and, especially in fermented foods, it is considered
an important criterion of consumer acceptability and require comprehensive analysis.
SPME (solid phase microextraction) is a simple, solvent-free, and reliable microextraction
technique to extract volatile compounds from solids, liquids, or even gasses [7,8]. It is
considered a highly reproducible method and has been employed in food aroma and
perfumery studies. This can detect volatile compounds that are highly unstable and
difficult to detect in solvent-based extraction methods. Therefore, a combination of different
spectroscopic platforms, such as GC–MS, LC–MS, and SPME–GC–MS, could detect broader
classes of metabolites and volatile compounds.

A recent study described the effect of fermentation methods on changes in total
metabolite content by comparing various soy fermented products [9]. However, soybean
differs in nutritional content and characteristics, depending on cultured area and cultivar.
This can be a biased factor when comparing the differences in metabolite content by the
fermentation method. Within our literature search, the comparison of volatile compounds
for different soy fermented foods has not yet been carried out. Thus, comparison of
primary and secondary metabolites, as well as the volatile organic compounds (VOCs) for
different commercially available fermented soy products, including cheonggukjang, meju,
and doenjang, which were produced traditionally, was performed. Additionally, soybean,
which is used as raw material in most fermented soy foods, was analyzed.
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2. Materials and Methods
2.1. Chemicals and Reagents

HPLC-grade water, acetonitrile, and methanol were purchased from Fisher Scien-
tific (Pittsburgh, PA, USA). Diethylene glycol was obtained from Junsei Chemical Co.,
Ltd. (Tokyo, Japan). Formic acid, methoxyamine hydrochloride, pyridine, potassium
persulfate, N-methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA), 2,2′-azino-bis (3-
ethylbenzothiazoline-6-sulfonic acid), diammonium salt (ABTS), 6-hydroxy-2,5,7,8-
tetramethylchromane-2-carboxylic acid (Trolox), sodium acetate, acetic acid, 2,4,6-Tris
(2-pyridyl)-s-triazine (TPTZ), hydrochloric acid (HCl), iron (III) chloride hexahydrate,
sodium carbonate, Folin–Ciocalteu’s phenol, sodium hydroxide, gallic acid, and naringin
were obtained from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Sample Information

Twenty samples, (5 soybean and 15 soybean fermented foods (5 cheonggukjang,
5 meju, and 5 doenjang)) were purchased from the traditional manufacturers
(Supplementary Materials Table S1). Five different types of soybeans, cheonggukjang, meju,
and doenjang were obtained from each of the five manufacturers, in order to obtain soybean
fermented foods made from the same soybeans. All the samples were stored at−20 ◦C, until
analysis. Sample information and manufacturing steps are shown in Table S1 and Figure 1.
The fermentation period was estimated based on a previous study [5].

2.3. Sample Extraction
2.3.1. Extraction and Derivatization for Metabolite Profiling

Sample extraction was carried out, following the methodology used by Lee et al. [10],
with some modifications. Approximately 100 mg of sample powder was extracted with 80%
aqueous methanol (100 mg/mL), using a mixer mill (Retsch GmbH and Co, Haan, Germany)
for 10 min at 30 Hz/s, after sonication for 5 min. The sample mixtures were then cen-
trifuged at 8000× g for 10 min at 4 ◦C. The supernatant was separated, following the same
procedure, repeated twice. All acquired samples were filtered through a 0.2 µm syringe
filter, then dried using a speed vacuum concentrator (Biotron, Seoul, Korea). Because of
the significantly different extraction yields, owing to the different physicochemical charac-
teristics of samples, all extracts were normalized based on weight of samples (Table S2).
The collected samples were resuspended in 80% methanol prior to the LC-MS and GC-MS
procedures.

For the GC-MS analysis, sample extracts were added with methoxyamine hydrochlo-
ride (20 mg/mL) in pyridine and oximated at 30 ◦C for 90 min. Then, the oximated
samples were silylated with MSTFA at 37 ◦C for 30 min. We maintained three replicates for
fermented food sources and three analytical replicates.

2.3.2. Extraction of Headspace Volatile Organic Compounds

Extraction of volatile compounds was carried out by modifying the method by
Jo et al. [11]. Sample (2.5 g) was mixed with 2.75 mL of water, 0.75 g of NaCl, and 10 µL of
linalool (2500 ppm in distilled water), an internal standard. The sample mixture was added
in the 20 mL amber SPME vials with a silicon/teflon septum (Supelco, Bellefonte, PA, USA).
The mixtures were maintained at 60 ◦C for 30 min, and SPME fiber (1 cm), coated with
75 µm carboxen/polydimethylsiloxane/divinylbenzene (CAR/PDMS/DVB), was exposed
at 40 ◦C for 30 min to the headspace. The fiber had a desorption procedure at 230 ◦C for
5 min in a GC injector, and the analysis was performed in splitless mode.

2.4. Instrumentations

An Agilent 7890A GC system (Agilent Technologies, Palo Alto, CA, USA), compris-
ing an Agilent 7693 autosampler, coupled with a TOF Pegasus III mass spectrometer
(LECO, St. Joseph, MI, USA), was used in gas chromatography/time-of-flight mass spec-
trometry (GC–TOF-MS) analysis. An RTX-5MS column (30 m × 0.25 mm, 0.25 µm particle
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size; Restek Corp., Bellefonte, PA, USA) was used, with a flow of 1.5 mL/min of helium.
Sample was injected with split ratio of 10:1. The oven temperatures, maintained at 75 ◦C for
2 min, increased to 300 ◦C at 15 ◦C/min, and then were maintained for 3 min. Details of the
analysis and instrument operation conditions were adopted from the method suggested by
Jung et al. [12].

Ultra-high performance liquid chromatography linear trap quadrupole tandem mass
spectrometry (UHPLC-LTQ-orbitrap-MS/MS) was performed on an Vanquish Binary pump
H system (Thermo Fisher Scientific, Waltham, MA, USA), equipped with auto-sampler. The
column was an Phenomenex KINETEX® C18 column (100 mm × 2.1 mm, 1.7 µm particle
size; Torrance, CA, USA), and the injection volume was 5 µL. The column temperature was
set to 40 ◦C, and the flow rate was 0.3 mL/min. The 0.1% (v/v) of formic acid in water
(mobile phase A) and 0.1% (v/v) of formic acid in acetonitrile (mobile phase B) were used,
respectively. The MS data were collected in the range of 100–2000 m/z using an ion trap
mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The analytical program,
applied for the sample, was adopted from the method described by Kwon et al. [13].

Headspace solid-phase microextraction-gas chromatography–mass spectrometry
(HS-SPME/GC-TOF-MS) analysis was conducted. DB-FFAP column (30 m
length × 0.25 mm internal diameter × 0.25 µm film thickness, J&W Scientific,
Folsom, CA, USA) was used to separate a sample analyte. The oven temperature was ini-
tially set at 40 ◦C for 6 min, increased to 200 ◦C at a rate of 4 ◦C/min, and then maintained
at 200 ◦C for 5 min. The flow rate of a carrier gas, helium, was 0.8 mL/min. A mass scan
range of 50–400 m/z and 70 eV of ionization energy were set.

2.5. Data Processing and Multivariate Statistical Analysis

GC-TOF-MS and HS-SPME/GC-TOF-MS raw data files were converted to a network
common data form (NetCDF) (*.cdf) with the ChromaTOF software (LECO,
St. Joseph, MI, USA). The UHPLC-LTQ-Orbitrap-MS raw data were acquired and con-
verted into netCDF (*.cdf) using Xcalibur software (version 2.1, Thermo Fisher Scientific).
Both CDF data were processed with the MetAlign software (http://www.metalign.nl,
(accessed on 16 September 2021)) for data alignment, in accordance with peak mass (m/z)
and retention time (min). Multivariate statistical analysis was processed using SIMCA-
P+ 12.0 software (Umetrics; Umeå, Sweden). Principal component analysis (PCA) and
partial least squares discriminant analysis (PLS-DA) were used to compare metabolic
differences of samples. The significantly discriminant metabolites with a VIP value > 1.0
and p-value < 0.05 were selected using the PLS-DA model. The selected metabolites were
tentatively identified by comparison of various analysis data, such as molecular weights,
formula, retention time, mass fragment patterns, and mass spectrum of standard com-
pounds, as well as the published references, the chemical dictionary version 7.2 (Chapman
and Hall/CRC), in-house library (off-line database in laboratory made by analyzing stan-
dards), commercial databases, such as National Institutes of Standards and Technology
(NIST) Library (version 2.0, 2011, FairCom, Gaithersburg, MD, USA), and the Human
Metabolome Database (HMDB; http://www.hmdb.ca/, (accessed on 4 September 2021)).
Significance (p < 0.05) was tested by employing the one-way ANOVA and Student’s t-test,
using predictive analytics software (PASW), Statistics 18 (SPSS Inc., Chicago, IL, USA).

2.6. Determination of Total Phenolics, Flavonoids, and Antioxidant Properties

The evaluation of antioxidant activity and bioactive compounds in fermented soy
foods were performed using 2,2-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) diammo-
nium salt (ABTS), ferric reducing antioxidant power (FRAP), total flavonoid contents (TPC),
and total flavonoid contents (TFC) assay. The methods were adopted from those conducted
by Jung et al. [14], with modifications. All experiments maintained three replicates of each
sample’s extracts.
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3. Results
3.1. Multivariate Statistical Analyses of Different Fermented Soy Products

Primary, secondary metabolites and VOCs profiles from cheonggukjang, meju, doen-
jang, and unfermented soybean were examined using GC–TOF-MS, UHPLC-LTQ-Orbitrap-
MS, and HS-SPME/GC-TOF-MS. Variations in metabolite profiles, among raw soybean
and fermented soy foods, were examined based on the multivariate analysis of the respec-
tive datasets. PCA and PLS-DA models, obtained from GC–TOF-MS analysis, displayed
cheonggukjang, meju, and doenjang extracts that were clearly segregated from the unfer-
mented soybean samples across PC1, which suggests their varying metabolite profiles,
according to different fermentative bioprocesses. GC-MS datasets for fermented soy foods,
meju, and doenjang were clustered separately from cheonggukjang and soybean across
PC2, 10.2% (Figure 2A). However, the datasets for each fermented samples were clustered
separately from unfermented soybean across PC1, 16.8%. Similar patterns between the
datasets for fermented soy foods and soybean were evident in the corresponding PLS-DA
plots (Figure 2B). In the PLS-DA plot, the stated satisfaction values of the X and Y variables
were 0.324 (R2X) and 0.982 (R2Y), respectively, with a prediction accuracy of 0.970 (Q2).

LC-MS-based PCA and PLS-DA score plots for the secondary metabolite profiles of the
fermented soy foods displayed similar patterns as those obtained for GC-MS (Figure 2C,D).
Both the PCA and PLS-DA plots highlighted a marked segregation between the fermented
soy foods (cheonggukjang, doenjang, and meju) and unfermented soybean across PC1
(14.1%) and PLS1 (14.1%), respectively. LC-MS datasets for meju and doenjang were
clustered separately from those for cheonggukjang and soybean across PC2 (11.4%) and
PLS2 (11.4%), respectively, in corresponding PCA and PLS-DA plots. In the PLS-DA plot,
X and Y variables were 0.352 (R2X), 0.975 (R2Y), and 0.965 (Q2), respectively.

PCA and PLS-DA score plots for the VOCs profiles, based on the HS-SPME/-GC-
TOF-MS datasets, indicated distinct patterns, compared to those obtained for primary and
secondary metabolites (Figure 2E,F). Most notably, the PCA plot highlighted the clearly
segregated VOC datasets obtained for doenjang from rest of the samples (cheonggukjang,
meju, and soybean) across PC1 (9.79%), which suggests its distinctive VOCs composition,
compared to others. The PLS-DA model displayed similar patterns as PCA model, with
statistical variants 0.279 (R2X), 0.979 (R2Y), and 0.908 (Q2).

3.2. Significantly Discriminant Metabolites among the Fermented Soy Products
3.2.1. Primary Metabolite Profiling of Soybean and Its Fermented Foods

Significantly discriminant primary metabolites were selected at a VIP value > 1.0 and
p-value < 0.05, using the PLS-DA model based on GC-TOF-MS analysis. As shown in
Figure 3, the primary metabolites levels were markedly varied among different soy foods
made using different fermentation methods. A total of 40 metabolites, including 15 amino
acids, 5 carbohydrates, 10 organic acids, 4 lipids, and 4 nucleotides, were selected (Table S3).
Notably, all amino acids, as well as most fatty and organic acids, displayed higher relative
abundance in doenjang. However, the organic acids associated with the TCA (tricarboxylic
acid cycle) cycle, such as citric and malic acid, showed higher relative abundance in unfer-
mented soybean, while succinic and malonic acid were relatively higher in cheonggukjang.
Nucleotide compounds were relatively more abundant in cheonggukjang.
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3.2.2. Secondary Metabolite Profiling of Soybean and Its Fermented Foods

Totally, 29 significantly discriminant metabolites, including 10 isoflavones, 6 soyas-
aponins, 7 peptides, and 3 lipids, were selected at a VIP value > 1.0 and p-value < 0.05, using
the PLS-DA model based on LC-MS datasets (Table S4). Isoflavones and soyasaponins were
major metabolites contributing to the observed variance between the metabolite profiles of
the different soy products (Figure 3). Notably, the relative levels of β-glucoside derivatives,
including daidzin, glycitin, and genistin, were significantly lower in fermented soy prod-
ucts, particularly in doenjang. Glycitin contents were highest in soybean, while daidzin
contents were observed more in cheonggukjang. Highest genistin contents were recorded
from meju and cheonggukjang. Aglycone, such as daidzein, glycitein, and genistein, con-
tents were recorded highest in doenjang and lowest in soybean. Of the soyasaponins
detected in this experiment, all DDMP-conjugated soyasaponins, including soyasaponin
αg, βa, and βg, were observed in relatively higher quantities in soybean extracts. Mean-
while, non-DDMP-conjugated soyasaponins, including I, II, III, and IV, were observed in
significantly higher quantities in fermented soy products, especially the longer fermented
doenjang samples, as compared to the raw and unfermented soybean samples.

3.2.3. Volatile Compounds Profiling of Soybean and Its Fermented Foods

A total of 148 volatile compounds, including 18 organic acids, 20 alcohols, 18 esters,
10 aldehydes, 14 ketones, 8 alkanes/alkenes, 11 aromatic compounds, 4 fatty esters, 11 fu-
rans, 5 phenols, 11 pyrazines, and 5 sulfur compounds, were determined as significantly
discriminant among different soy products (Table S5). The analysis of flavor-related volatile
compounds, using HS-SPME/GC-TOF-MS, indicated that most of the carboxylic acids,
aldehydes, esters, furans, sulfur containing compounds, and methoxyphenol displayed
higher relative abundance in doenjang, compared to other fermented soy products and soy-
bean. A few of the flavor compounds, including maltol, branched-chain carboxylic acids,
and methoxyphenol (from lignin and pyrazine), were relatively higher in cheonggukjang,
compared to meju, doenjang, and soybean.

The VOCs profiles detected for doenjang contained higher relative abundance of car-
boxylic acids, aldehydes, most esters, furans, sulfur containing compounds, and methoxyphe-
nol from phenylalanine. However, the relative levels of maltol and branched-chain car-
boxylic acids were higher in cheonggukjang. Pyrazine compounds mainly showed the
highest content in meju or cheonggukjang, and compounds that were higher in meju also
tended to deplete in doenjang, with longer durations of fermentation.

3.3. Correlation Assay between Total Phenolics, Flavonoids, Antioxidant Properties,
and Metabolites

To compare the flavonoid, phenolic contents, and antioxidant activities of soybean and
fermented soy products, ABTS, FRAP, total phenolic content (TPC), and total flavonoid con-
tent (TFC) were measured (Figure 4). According to the results of the ABTS and FRAP assay,
doenjang showed significantly higher antioxidant activity, as compared to cheonggukjang,
meju, and unfermented soybean samples. The TPC value was recorded the highest for
doenjang among all samples. Notably, the TPC values for fermented (cheonggukjang
and meju) and unfermented soybean varied marginally. Unlike other bioactivity assay
results, the TFC as showed insignificantly different among fermented soy products and
unfermented soybean.

Correlation analysis between the metabolites profiling results and bioactivity assays,
such as ABTS, FRAP, TFC, and TPC, were conducted and illustrated in Figure 5. ABTS,
FRAP, and TPC showed positive correlations with isoflavone aglycones, such as daidzein,
glycitein, and genistein, and negative correlations with β-glucosides, such as daidzin,
glycitin, and genistin. In case of soyasaponin, non-DDMP soyasaponins, such as I, II,
III, and IV, showed a positive correlation with ABTS, FRAP, and TPC. However, DDMP-
conjugated soyasaponins, such as αg, βa, and βg, showed negative correlations with FRAP.
Amino acids and dipeptide showed positive correlation with ABTS, FRAP, and TPC values.
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4. Discussion

Soybean products are widely consumed as fermented foods with varying taste, aroma,
and nutritional ingredients, owing to different fermentative bioprocesses. While compar-
isons between fermented soy foods, manufactured in various ways, have widely stud-
ied [9,15,16]. The comprehensive understanding how different fermentative bioprocesses
influence end-product metabolomes, including the VOCs, is not completely achieved.
Herein, to understand influence of fermentation methods and duration on final fermented
soy foods, various fermented soy products (cheonggukjang, meju, and doenjang) with
raw materials (soybean) were compared, using metabolite profiling platforms. To do
so, multiple hyphenated MS-based platforms GC–TOF-MS, UHPLC-LTQ-Orbitrap-MS,
and HS-SPME/GC-TOF-MS were employed. Most primary metabolite contents were

43



Foods 2021, 10, 2516

significantly higher in doenjang, which can be affected by the long fermentation period
(3–6 months), including the brining and aging steps, where both the substrate and microbes
contributed to the metabolite pool [17]. Moreover, the fermentative microorganisms of
doenjang are usually more diverse and enriched, as compared to those for cheonggukjang
or meju, with axenic cultures of Bacillus or Aspergillus [18–20].

Organic acids influence the features of fermented soy products as a flavoring agent by
imparting the acidity and sweet flavor. The relatively lower amount of organic acids in
doenjang extracts was detected. The organic acids might be consumed as the substrates by
microbes during the doenjang fermentation [21] or converted to VOCs [11] (reference [22]).
Further, amino acids could be produced from a few organic acid intermediates during the
glycolysis and/or TCA cycles [20]. It is known that the higher contents of amino acids are
known to influence certain organoleptic traits, including sweetness, bitterness, and savory,
in fermented end-products [22]. In this study, the significantly higher levels of most all
amino acids was observed in doenjang extracts, as compared to meju, cheonggukjang, and
raw soybean.

Considering the secondary metabolite profiles, isoflavones and soyasaponins were the
major compounds that varied markedly between fermented soy products (cheonggukjang,
meju, and doenjang) and unfermented soybean. Among isoflavones, in raw soybean,
significantly higher amounts of isoflavone glucosides (daidzin, glycitin, and genistin) were
detected. On the other hand, the isoflavone aglycones (daidzein, glycitein, and genistein)
showed comparatively higher contents in doenjang. It is known that the isoflavone gluco-
sides in soybeans are converted to isoflavone aglycones by the β-glucosidases released by
the fermentative microorganisms [23]. Moreover, the relative abundance of non-DDMP-
conjugated soyasaponins were increased in fermented products, according to the periods of
fermentation, i.e., cheonggukjang < meju < doenjang, as described in a previous study [24].
Expectedly, the DDMP-conjugated soyasaponin contents were relatively higher in unfer-
mented soybean. The degradation of DDMP-conjugated soyasaponin could be affected by
the unstable characteristic of the DDMP conjugated form and food fermentation [25,26].

Among VOCs, relatively higher amounts of maltol, contributing the sweet flavor [27],
were detected in fermented soy products than in raw materials, with a relatively higher
abundance in cheonggukjang than doenjang [11]. Generally, maltol is produced by the
Maillard reaction of sugars under high temperature and pressure [28]. Hence, we con-
jecture that the heat applied with rice straw during the soybean pre-processing, prior to
cheonggukjang fermentation, might affect higher maltol levels. Additionally, a signifi-
cantly higher abundances of 3-methylbutanoic acid and 3-methylbutanol were observed in
cheonggukjang, which could be produced from 3-methylbutanal by oxidoreductases, ac-
cording to previous study [29]. Moreover, 2-methoxyphenol and 2-methoxy-4-vinylphenol
contents were relatively higher in cheonggukjang. Methoxyphenol is a volatile compound
that produces a unique smoky, phenolic odor in fermented foods [30]. These compounds
are produced by pyrolysis, followed by laccase-mediated transformation of lignin by As-
pergillus [31]. Furthermore, in cheonggukjang and meju, a relatively higher abundance of
pyrazines was observed in doenjang, than was in previous studies [32,33], which could be
influenced by B. subtilis [34], originated from rice straws.

The discrepancy of metabolite contents in different fermented soy foods be caused
by the variations in substrate pre-process and fermentation duration. As a result, the total
flavonoid and phenolic contents, as well as the antioxidant activities, of various fermented
soy products were varied. Doenjang showed significantly higher ABTS, FRAP, and TPC
value, as compared to cheonggukjang, meju, and unfermented soybean samples. Similarly,
a previous study represented the formation of phenolic compounds, including daidzein,
glycitein, and genistein, during fermentation and maturation, which partly affected the
high antioxidant activities of fermented products [35].

Further, the statistical correlation analysis was performed to explore particular metabo-
lites, which contribute to bioactivities. Most amino acids, aglycone derivatives of flavonoids,
non-DDMP soyasaponins, and fatty acids showed a strong positive correlation with ABTS,
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FRAP, and TPC. This pattern was in accordance with the previous studies, which have
reported on the high antioxidant activities of isoflavone aglycones and non-DDMP soy-
asaponins in doenjang [16]. Although, it was reported that amino acids have weak an-
tioxidant effects [36], the higher abundance of amino acids in doenjang might enhance its
antioxidant activities.

5. Conclusions

In order to characterize the food quality, a comprehensive metabolite profiling of
different soy fermented products and raw soybeans was carried out, using untargeted
metabolite profiling approaches. As a result, in doenjang, the distinctly higher abundance
of most organic acids, isoflavone aglycones and non-DDMP soyasaponins, amino acids, and
fatty acids might influence its bioactivities. Moreover, the higher VOCs levels in doenjang
significantly contributes to the rich taste and aroma of fermented final product. In meju, the
fermentative intermediate of doenjang, the relative levels of some pyrazines and alcohols
were observed as higher in meju than other soy products, due to the different fermentative
processes, such as weaving with rice straws and drying. For cheonggukjang, certain aroma
compounds relevant with unique odor, such as pyrazines and methoxyphenols, were more
abundant than other soy products, which could be affected by the microflora from rice
straws and substrate pre-processing. Based on current results, the observed variations
in the metabolomes and volatolomes of soy products might be influenced by varying
processing steps, microbial successions, and fermentation duration. This study may help in
experimental design, process optimization, and quality control of the soy fermented foods
for future research.
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Abstract: Sacha inchi seeds are abundant in nutrients such as linolenic acids and amino acids.
Germination can further enhance their nutritional and medicinal value; however, germination time is
positively correlated with off-flavor in germinated seeds. This study investigated the changes in the
metabolite and flavor profiles and evaluated the nutritional quality of sacha inchi seeds 8 days after
germination (DAG). We also determined their phenolic content and antioxidant activity. We used gas
chromatography equipped with a flame ionization detector (GC-FID) and gas chromatography–mass
spectrometry (GC-MS) and identified 63 metabolites, including 18 fatty acid methyl esters (FAMEs).
FAMEs had the highest concentration in ungerminated seeds, especially palmitic, stearic, linoleic,
linolenic, and oleic acids. Amino acids, total phenolic compounds (TPCs), and antioxidant activity
associated with health benefits increased with germination time. At the final germination stage,
oxidation products were observed, which are associated with green, beany, and grassy odors and
rancid and off-flavors. Germination is a valuable processing step to enhance the nutritional quality
of sacha inchi seeds. These 6DAG or 8DAG seeds may be an alternative source of high-value-added
compounds used in plant-protein-based products and isolated protein.

Keywords: antioxidant capacity; flavoromics; germination; metabolomics; Plukenetia volubilis L.

1. Introduction

Sacha inchi (Plukenetia volubilis Linneo), from the Euphorbiaceae family, also known
as inca peanut, wild peanut, or sacha peanut, is generally cultivated in many regions of
the Peruvian Amazon [1]. Sacha inchi has significant potential economic value in cosmetic,
pharmaceutical, and food industries, and has recently been introduced as an alternative
crop in Thailand. In 2020, the global Sacha Inchi market volume was valued at 92 Million
USD in 2020. However, it is expected to receive a higher market share with a CAGR of
4.7% to reach 125.8 million USD during 2021–2027 [2]. The increasing demand for vegan,
organic products, protein-rich food products, and supplements, as well as its demand in the
food and beverages industry and the cosmetics sector, is expected to push the sacha inchi
industry growth [3]. At present, several commercial products have increased availability
in particular oil, roasted seeds, and protein powder or flour.

Sacha inchi seeds are nutritionally superior as a good source of oil (~41%), protein
(~27%), and bioactive compounds [4], such as polyphenolic compounds, phytosterols
(stigmasterol and campesterol), and tocopherols. The oil is rich in unsaturated fatty acids
(~93% of total lipids). Essential fatty acids in the seeds comprise 33% α-linoleic acid and
~51% α-linolenic acid [5]. The seeds contain high amounts of essential amino acids, such as
isoleucine, valine, and tryptophan [6]. However, they also contain antinutritional compo-
nents, such as saponins, tannins, and trypsin inhibitors [7,8], and are usually consumed
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roasted because of the astringency due to antinutritional components. The germination
conditions of sacha inchi could reduce tannins and other antinutritional components and
enhance the seeds’ nutritional quality [9].

Germination has been studied in many seed plants, such as soybean [10], barley [11],
mung bean [12], sunflower [13], and mangosteen [14]. A germinating seed depends on
reserve carbohydrates, proteins, and lipids synthesized and stored during seed growth.
These compounds are synthesized during germination via glycolysis, the tricarboxylic acid
(TCA) cycle, and amino acid metabolic pathways. Germination begins with water imbibi-
tion, food reserve mobilization, protein synthesis, and consequent radicle protrusion—the
main food reserve for seedling development. The food reserves may be stored mainly in
the endosperm (many monocotyledons, cereal grains, and castor) or cotyledons (many
dicotyledons, such as peas and beans). The macronutrients (proteins, lipids, and carbo-
hydrates) are enzymatically (amylases, proteases) hydrolyzed into simple units of food
comprising sugars and amino acids. These dissolve in water and pass toward the growing
epicotyl, hypocotyl, radicle, and plumule through the cotyledons [15]. Triacylglycerol (stor-
age lipids) metabolism during germination has also been reported in sacha inchi. During
germination, triacylglycerols are hydrolyzed into fatty acids by lipase via lipid metabolism.
The released fatty acids undergo β-oxidation to generate adenosine triphosphate (ATP) as
the major energy supply within the seeds [16].

However, germination time is positively correlated to off-flavor in germinated seeds.
The activity of lipoxygenases (LOXs) on storage lipids in seeds can produce oxidation
products, such as aldehydes and alcohols, leading to unpleasant beany, green, or rancid
flavors [17]. The metabolites and flavor compounds that change during germination can
be used as biomarkers according to the germination stages in sacha inchi.

Metabolomics is the scientific study of multiple small molecules in cells, tissues, plants,
or foods. The metabolite profile contains valuable data for breeding-driven metabolic engi-
neering of nutritionally important metabolites in plants. Metabolomics has been applied in
plant and food science to study the effect of germination on mung bean [12] and barley [11]
and the effect of processing and storage on Nam Dok Mai mango wine fermentation [18].
The metabolomics approach can be targeted or nontargeted. Nontargeted metabolomics
can be used to simultaneously analyze hundreds or thousands of known and unknown
metabolites. In addition, flavor metabolomics or flavoromics can be applied in various
food products, focusing on the changes in the targeted and nontargeted flavor compounds.

There is still a lack of research information on the germination of sacha inchi seed,
as well as the metabolism of triacylglycerols during seed germination of sacha inchi [19].
Only some limited information of the changes of fatty acids during germination of sacha
inchi was investigated without any report on other nutrients.

Considering the insufficient information about the changes of metabolites, flavor
compounds, as well as total phenolic compounds and antioxidant activity during germina-
tion of sacha inchi, therefore, this study investigated the different metabolites and flavor
components formed during germination in sacha inchi seeds using coupled metabolomics–
flavoromics analysis. We also investigated the phenolic content and antioxidant activity
at different germination times. In addition, we identified important biomarkers during
germination in order to determine the best nutritional values and acceptability of foods
and ingredients made from sachi inchi seeds in the future.

2. Materials and Methods
2.1. Chemicals

All chemical solvents and reagents for extraction and gas chromatography (GC)
derivatization were high-performance liquid chromatography (HPLC) and analytical
grade and were purchased from RCI Labscan Ltd. (Pathumwan, Bangkok, Thailand)
and Sigma-Aldrich (St. Louis, MO, USA), respectively. All internal standards, including
tetracosane (IS I), 5α-cholestane-3β-ol (IS II), phenyl-β-D-glucopyranoside (IS III), ρ-chloro-
L-phenylalanine (IS IV), and dodecanoic acid ethyl ester, were standard grade and were
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purchased from Sigma-Aldrich. In addition, all reference standards for metabolomics and
flavoromics, a C6–C30 n-alkane mixture used to measure linear retention indices, and
2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2-azobis(3-ethylbenzothialzoline-6-sulfonic acid)
(ABTS), and Folin–Ciocalteu reagent were purchased from Sigma-Aldrich.

2.2. Seed Sample Preparation

Raw sacha inchi seeds were purchased from Kaeng Khro City, Chaiyaphum Province,
Thailand in 2020. Healthy intact seeds were disinfected by soaking them in 1% (active
ingredient) hypochlorite bleach solution for 15 min, followed by washing thrice with
sterilized distilled water. Next, the seeds were soaked in ultrapure water at 30 ◦C for
12 h and then placed between wet sterilized tissue papers in a sterilized container and
watered regularly every 12 h. The container was kept in an incubator at 30 ◦C and 80%
humidity [19].

Germination was defined by the appearance of an emerging radicle. The samples
were kept for 2, 4, 6, and 8 days (Figure 1). The germinated samples were peeled and
freeze-dried for 24 h using a Gamma 2–16 LSC freeze-drying machine (Martin Christ,
Osterode am Harz, Germany), ground into a fine powder using a blender, and stored in an
aluminum bag at −18 ◦C until analysis.
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2.3. Nontargeted Metabolomics

Solid-phase extraction (SPE) and fractionation of samples were performed [12]. Briefly,
lipids and polar compounds (sugars, sugar alcohols, acids, amino acids, organic acids, and
amines) were extracted from the samples (100 mg) using SPE many times. Dichloromethane
was added to elute the lipid fraction, and the polar fraction in the defatted sample was
eluted using mixed solvents (80:20 v/v of methanol and deionized water [DI]).

After adding 100 µL each of IS I and IS II solution to 500 µL of the lipid fraction,
lipid transesterification was carried out in methanol, and consequently, lipids were sep-
arated into fractions using an SPE C18-LP cartridge (Vertical Chromatography Co., Ltd.,
Nonthaburi, Thailand). Fraction 1 contained fatty acid methyl esters (FAMEs) and hy-
drocarbons, and fraction 2 contained polar lipids (free fatty acids [FFAs], fatty alcohols,
and sterols). All eluents were dried using a vacuum evaporator. The dried fraction 2 was
silylated with N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA).

Subsequently, 250 µL each of IS III and IS IV solution was added to the polar fraction to
obtain fraction 3, 1 mL of which was dried and then silylated with N-trimethylsilylimidazole
(TMSIM). To obtain fraction 4, 1 mL of the polar extract was evaporated to dryness and
100 µL of the silylating agent MSTFA was added to the oximated sample and silylation
performed at 70 ◦C for 15 min.

To obtain acids, 500 µL of hexane and 300 µL of DI water were added to the sample.
After vortex mixing, the oximated sugar in the upper phase was removed and the lower
phase (amino acids and free organic acids) was collected and evaporated until dryness and
then silylated with MSTFA.

Finally, 1 µL of all four fractions was separately analyzed by gas chromatography
equipped with a flame ionization detector (GC-FID; Hewlett Packard, Palo Alto, CA, USA)
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to characterize them. A DB-1 capillary column (60 m × 0.32 mm × 0.25 µm film thickness)
with a 100% dimethylpolysiloxane stationary phase (Agilent Technologies, Santa Clara, CA,
USA) was used to separate the components in the sample. Helium was used as the carrier
gas at a constant flow rate of 1.8 mL/min. Splitless injection was performed at 280 ◦C. The
oven temperature program started at 100 ◦C, then ramped up to 320 ◦C at 4 ◦C/min, and
was held at 320 ◦C for 25 min. The detector temperature was set to 320 ◦C.

2.4. Nontargeted Flavoromics

Flavor compounds in sacha inchi seeds were investigated and measured using 6890N
GC coupled with a time-of-flight mass spectrometer (Leco Corp., St. Joseph, MI, USA).
Dodecanoic acid ethyl ester was used as an internal standard, and a group of n-alkanes
(C6–C30) were used as standards to determine the retention index. Autosampler headspace
solid-phase microextraction (HS-SPME) was performed to extract all volatile compounds
from the sample [20].

To extract flavor compounds, ~3 g of the sample was put in a 20 mL headspace
vial and 1 µL of dodecanoic acid ethyl ester (1 µg/mL in methanol) and 1 g of NaCl
were added before sealing the vial cap. The sample was automatically equilibrated at
70 ◦C for 10 min. The volatile compounds were adsorbed on 50/30 µm divinylben-
zene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) fiber at 70 ◦C for 30 min. Then,
the fiber was desorbed into the GC injection port at 250 ◦C for 5 min in splitless mode.

GC 6890N coupled with a time-of-flight mass spectrometer (Leco Corp.) was used
to measure the volatile compounds in the sample. A Stabilwax fused silica column
(30 m × 0.25 mm × 0.25 µm film thickness) with a cross-bond polyethylene glycol station-
ary phase was used to separate volatile compounds. The temperature program was started
at 40 ◦C for 5 min, ramped up to 225 ◦C at 4 ◦C/min, and then held for 15 min. For MS, the
ion source temperature was set to 200◦C and the transfer line temperature to 225 ◦C. Mass
spectra were investigated at −70 eV in the m/z range of 35–500 atomic mass units (amu).
Identification and relative concentration of flavor compounds were performed using the
ChromaTOF-GC software v4.50.8.0.

2.5. Determination of Total Phenolic Compounds

In the extraction method of Atala et al. (2009) with slight modifications [21], 2.5 g
of the sample were extracted with 25 mL of 75:25 v/v acetone and DI water solution and
shaken in a water bath at room temperature for 90 min. Then, the extract was centrifuged at
2000× g for 15 min, and the supernatant was collected and kept in a brown vial at −20 ◦C
to evaluate the total phenolic compounds (TPCs) and antioxidant activity.

The TPCs were determined using the protocol of Chirinos et al. (2016) with slight
modifications [22]. Briefly, 500 µL of the sample extract was mixed with 1250 µL of
Na2CO3 (7.5% w/v) and 250 µL of Folin–Ciocalteu reagent and reacted for 30 min at
room temperature. Next, absorbance was measured with a spectrophotometer at 755 nm
wavelength against a blank in 500 µL of DI water, 1250 µL of Na2CO3, and 250 µL of Folin–
Ciocalteu reagent. The results are expressed as gallic acid equivalents (mg GAE/g sample).

2.6. Determination of Antioxidant Activity

DPPH and ABTS assays were performed to evaluate the antioxidant activity using a
spectrophotometer. The 0.1 mg/mL (75:25 v/v acetone and DI water solution) of extracted
solution was used to determine antioxidant activity. Ascorbic acid was used as positive
control. The antioxidant activity was expressed in terms of radical scavenging activity by
the following equation:

Radical scavenging activity (%) = [(A0 − As)/As] × 100

where, A0 is absorbance of blank, and As is absorbance of sample extract.
In DPPH assay, as described by Brand-Williams et al. (1995) [23] with modifications,

200 µL of the sample extract was reacted with 2.8 mL of DPPH (0.1 mM in methanol)
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solution. After incubation for 30 min in the dark, absorbance was measured at 517 nm
wavelength against a blank (200 µL of methanol in 2.8 mL DPPH solution).

In the ABTS assay, as described by Re et al. (1999) [24] with modifications, ABTS·+ solu-
tion was prepared by mixing ABTS solution (7 mmol/L) with K2S2O8 solution (2.45 mmol/L)
in a 1:1 volume ratio and stored for 12–16 h in the dark. ABTS·+ solution was diluted with
ethanol in a 1:50 volume ratio to an absorbance of ~0.7 ± 0.02 at 734 nm wavelength. Then,
1 mL of ABTS·+ solution was added to 10 µL of the sample extract and reacted for 15 min
in the dark. Absorbance was measured at 734 nm wavelength against a blank (10 µL of DI
water in 1 mL ABTS·+ solution).

2.7. Statistical Analysis

The collected data were measured at least twice. The identical peak areas of metabo-
lites were integrated using the HP ChemStation A.06.03 program (Hewlett Packard) and
identified using the reference standards comparison method. The relative quantification
was done by normalizing the corresponding peak areas to the peak area of the internal
standard of each fraction and dividing the value by the weight of the extracted sample.
The mass spectra of detected compounds were identified by matching mass spectra with
NIST mass spectral database version 2.0 (National Institute of Standards and Technology,
Gaithersburg, MD, USA). The retention time index (RI) of each volatile compound was
calculated using the retention time of the n-alkanes series (C6–C30) as a reference. The
relative concentration of identified compounds was quantified using the internal standard
method. Dynamic changes in all metabolites and flavor compounds during germina-
tion were explained by principal component analysis (PCA), heat plots, and Spearman’s
rank correlation. PCA was performed using XLSTAT base software. Correlation network
analysis using nonparametric Spearman’s rank correlation of all metabolites and flavor
compounds was performed at a significance level of p ≤ 0.05 in the correlation/association
test mode in XLSTAT.

3. Results and Discussion
3.1. Integrated Metabolomics and Flavoromics of Germinated Sacha Inchi Seeds

The germination percentage of sacha inchi seeds was ≥80%. The seeds began germinat-
ing after 2 days and reached the maximum germination percentage at 8 days. Metabolomics
identified 63 (~65%) of a total of 95 metabolites at 0DAG–8DAG, similar to comparable
metabolite profiling studies on mung bean [12] and soybean [25]. The 63 metabolites were
categorized into 4 groups: 18 FAMEs (16 FAMEs and 2 hydrocarbons), 17 polar lipids
(10 FFAs, 2 fatty alcohols, and 5 phytosterols), 6 sugars (3 organic sugars and 3 sugar
alcohols), and 22 acids (17 amino and 5 organic acids). Flavoromics identified 35 (23%) of a
total of 150 flavor compounds, similar to germinated brown rice (41 volatile compounds
identified at 0DAG–5DAG [17]). The 35 flavor compounds were categorized into 7 groups:
9 aldehydes, 12 alcohols, 2 ketones, 8 volatile acids, 2 lactones, pyridine, pyrazine, and
2-methoxy-3-(1-methylethyl).

Figure 2 shows the PCA biplot and loading of all identified metabolites and flavor
compounds at different germination times. Polar and nonpolar metabolites were major
contributors to the separation along principal component (PC) 1 (Figure 2A). The flavor
compounds were prominently arranged at 4DAG, 6DAG, and 8DAG, explaining 75% of
the variation (Figure 2B). The PCA biplots of metabolites and flavor compounds displayed
four distinct clusters along with the PC (Figure 2C). The first two PCs explained 81.67%
of the total variation at 0DAG–8DAG, PC1 and PC2 demonstrated eigenvalues of 60.330
and 20.518, respectively, and explained 60.94% and 20.73% of the total variation, respec-
tively. Metabolites and flavor compounds were categorized based on the difference in
the germination times into four clusters. The differences between ungerminated seeds
(0DAG) and germinated seeds could be generally described on PC1. The 0DAG seeds
relied on cluster 1 (17 FAMEs, 5 phytosterols, and 8 flavor compounds), 2DAG on cluster 2
(1 FAME, 5 FFAs, and 1 flavor compound), 4DAG on cluster 3 (5 FFAs, 3 amino acids, and
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4 flavor compounds), and 6DAG and 8DAG on cluster 4 (all sugars, most of the acids, and
20 flavor compounds), indicating that most of the FAMEs and FFAs decrease, while most
of the sugars, amino acids, aldehydes, alchohols, and volatile acids increase throughout
germination in sacha inchi.
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To confirm PCA grouping, agglomerative hierarchical clustering analysis in similarity
mode was performed based on 0DAG–8DAG (Figure 3). The dendrogram confirmed the
similarity among the germination stages, differentiated into four groups: group 1 included
ungerminated seeds (0DAG); group 2, 2DAG seeds; group 3, 4DAG seeds; and group 4,
6DAG and 8DAG seeds. The coupled metabolomics–flavoromics of 0DAG was closer to
that of 2DAG, whereas that of 4DAG was closer to that of 6DAG and 8DAG, indicating
that metabolic and flavor components change more rapidly at the final compared to the
early stage of germination.
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Heat map analysis was used to represent dynamic changes in specific compounds by
relative concentrations at each germination time (Figure 4). Figure 4A shows a heat map of
all metabolites. The FAME contents were higher on day 0 and significantly decreased dur-
ing germination. Linolenic (50%), linoleic (36%), and oleic (11%) acids were most abundant
in the lipid fraction, followed by stearic (4%) and palmitic (0.25%) acids at 0DAG–8DAG.
Compared to ungerminated sacha inchi seeds, the palmitic acid content decreased by
~65.6-fold, followed by stearic (13.6-fold), linoleic (12.3-fold), linolenic (11.7-fold), and oleic
(4.9-fold) acids. A decrease in FAMEs has also been reported in germinated rice [26], bar-
ley [11] and mung bean [12]. During germination, triacylglycerols are hydrolyzed by lipase
into FFAs and glycerol, and then hydrolyzed fatty acids are degraded into glyoxysomes by
β-oxidation. Fatty acids are oxidized to carbon dioxide and water, producing energy for
the germination and biosynthesis of new compounds. Therefore, palmitic, stearic, linoleic,
linolenic, and oleic acids can be used as energy sources during embryo development in
germinating sacha inchi. In addition, LOX is the main pathway to mobilize lipids during
germination [27].

We found 10 FFAs, 2 fatty alcohols, and 5 sterols during germination. The FFA
content was the highest at 2DAG, and then significantly dropped followed by a slight
increase. Linolenic acid had the highest concentration at 2DAG (~27-fold), followed by
oleic (13-fold), and linoleic (9-fold) acids, compared to ungerminated sacha inchi seeds.
The increase in major FFAs at the beginning stage in the present study was similar to
related research. Chandrasekaran et al. (2015) [19] reported that the major unsaturated
fatty acids content increased at the beginning stage (3–10 days after germination), followed
by a slight decrease during the germination course of sacha inchi. Under the different
conditions on germination such as temperature, moisture, and germination time may
influence lipid degradation rates [11] in germinated sacha inchi. At the beginning of
germination, triacylglycerols are hydrolyzed by lipases into FFAs. Then, the FFAs are
distributed into the mitochondrial matrix and degraded to acetyl-CoA by oxidation, which
is then processed in the Krebs and glyoxylate cycles [28]. The fatty alcohol content in
germinated sacha inchi seeds showed a relatively small change compared to ungerminated
seeds: 9,12-OH 18:0 showed the highest concentration at 0DAG and 12-OH 18:1 at 4DAG.
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The changes in sterol levels during germination were relatively small, with a higher
concentration at 0DAG than at other days. The ∆7-campestanol and sitosterol levels
significantly changed during germination, similar to germination in wheat [29].
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Six sugars (fructose, glucose, sorbitol, myo-inositol, sucrose, and trehalose) were
found. Between 0DAG and 2DAG, the disaccharide sucrose level rapidly dropped, but
drastically increased later. Similar results were seen in germinating mangosteen [14].
Fructose, glucose, sorbitol, myo-inositol, and trehalose increased up to 6DAG and gradually
declined later. The fructose content changed from 0DAG to 8DAG. The increase in mono-
and disaccharides during germination might suggest that carbohydrates and sugars are
hydrolyzed to simple molecules at the beginning of germination to provide germinating
energy for sacha inchi [30]. During seed growth, sacha inchi could continue to collect
soluble sugars until late maturation. The consumption of soluble sugars during initial
germination might have been affected by glycolysis and the TCA cycle. In organic mung
bean, sugar accumulation during germination might be due to the degradation of starch in
the endosperm via glycolysis, which provides the main energy source for germination [31].

During germination, enzymes (proteinases, oligopeptidase, peptidase, and aminopep-
tidases) hydrolyze storage proteins in the endosperm into amino acids [15]. In germinating
rice, the protease pathway is the main pathway for degradation of storage proteins into
free amino acids [32]. We identified 22 metabolic acids in germinating sacha inchi seeds,
including 17 amino and 5 organic acids. Amino acids increased up to 6DAG, except for
valine and isoleucine, which reduced at 4DAG. Glycine, isoleucine, proline, and leucine
levels changed from 0DAG to 8DAG. Some organic acids (phosphoric, succinic, malic,
and 2-aminoadipic acids) significantly increased during germination, while citric acid
decreased. Citric and malic acids are major organic acids with high abundance in the TCA
cycle. A similar trend of citric acid decrease and malic acid increase is seen in barley [33].
The increase in succinic acid during germination, an intermediate product of the TCA cycle,
can improve the TCA cycle rate [31].

Figure 4B presents changes in volatile compounds in sacha inchi seeds at different
germination times. A number of volatile compounds developed during germination,
which may be related to the macronutrient composition of the seeds. Macronutrients
such as starch and protein have a strong affinity to flavor compounds and can trap them
through reversible hydrogen bonding and hydrophobic interactions, holding a higher
polarity aroma than inclusion complexes. During germination, starch and protein are
hydrolyzed into small molecules by α-amylase and protease, respectively. Trapped flavor
compounds can be released throughout germination [34–36]. We identified 35 volatile
compounds, ~25.7% at 0DAG and ~60% at 6DAG and 8DAG. The largest groups were
alcohols (34%), aldehydes (25.7%), and volatile acids (22.8%). At 0DAG, acetoin and (E,E)-
3,5-octadien-2-one displayed the highest concentration, which contributed woody/creamy
and earthy/green pepper odors. The highest levels of hexanal, (E)-2-hexenal, and 1-octen-
3-ol developed at 4DAG, associated with green pea, grass, and mushroom odors. At
6DAG and 8DAG, 6 alcohols, 5 aldehydes, and 8 volatile acids were detected: 1-penten-
3-ol, 1-pentanol, 3-hexen-1-ol, (Z)-2-heptenal, and 2-octen-1-ol are associated with green,
beany, and grassy odors, providing rancid and off-flavors. Aldehydes and alcohols are
derived from LOX activity and oxidation of fatty acids and generally cause rancidity [37].
These compounds are formed during LOX-mediated degradation of polyunsaturated
fatty acids [38,39] and are expected to directly correlate with the quality attributes of
final germinated seeds. The observed acidity of germinated sacha inchi seeds could be
a significant technical difficulty in producing germinated products, mainly due to the
increase in volatile acids at the final stages of germination. Germinated brown rice [17] and
germinated chickpea, lentil, and yellow pea [9] also show increased hexanoic, heptanoic,
octanoic, and nonanoic acids at the final stages of germination; however, these have a
low odor threshold (<1). The changes influence this phenomenon in lipid degradation in
sacha inchi seeds during germination [40]. Upon germination, the concentration of certain
pleasant flavors in sacha inchi seeds increased, such as a soy-sauce-like odor and a peach
flavor, which indicated furfural and 2(3H)-furanone,5-ethyldihydro, respectively.

Figure 5 shows the relation of all metabolites and flavor compounds during germina-
tion of sacha inchi seeds. Flavor compounds were mainly related to the lipid composition.
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FAMEs had a strong positive correlation (r > 0.7) with alcohols, ketones, butyrolactone, and
pyrazine-2-methoxy-3-(1-methylethyl). However, FAMEs had a strong negative correlation
(r < −0.7) with aldehydes, volatile acids, 2(3H)-furanone,5-ethyldihydro, and pyridine. In
general, lipolysis and lipid oxidation produce rancidity and sourness attributed to alde-
hydes, alcohols, and volatile acids during germination [41]. During germination, volatile
acids are formed via the lipolysis pathway. Aldehyde and alcohol formation during ger-
mination is correlated with the oxidation of oleic, linoleic, and linolenic acids as the main
substrates through LOXs. These aldehydes and alcohols provide rancid and off-flavors to
germinated sacha inchi seeds [42].
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Coupled metabolomics–flavoromics analysis identified 10 metabolites (palmitic acid,
stearic acid, oleic acid, linoleic acid, linolenic acid, fructose, glycine, isoleucine, proline,
and leucine) and 7 flavor compounds (acetoin, (E,E)-3,5-octadien-2-one, hexanal, (E)-
2-hexenal,1-octen-3-ol,2-octen-1-ol, and hexanoic acid) as biomarkers of the nutritional
quality of ungerminated and germinated sacha inchi seeds. Palmitic, stearic, linoleic,
linolenic, and oleic acids were the most abundant fatty acids, and the highest concentration
of acetoin and (E,E)-3,5-octadien-2-one was found at 0DAG. At 4DAG, excess aldehydes
and alcohols (hexanal, (E)-2-hexenal, and 1-octen-3-ol) were produced, which might be
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considered undesirable. At 6DAG and 8DAG, the highest level of sugars and amino
acids was found, which could be applied as food ingredients or plant-based protein. The
highest concentration of fructose, glycine, isoleucine, proline, and leucine can be used as a
biomarker to identify the germinated seed quality. In addition, the changes in metabolites
and flavor compounds during germination are also significantly correlated with biological
activities [43,44].

3.2. Changes in TPCs and Antioxidant Activity during Germination

Germination relies on an effective method of achieving high concentrations of bioac-
tive compounds. Phenolic contents also increase, apart from nutrition level changes. The
dynamic changes in TPCs in germinated sacha inchi seeds are shown in Figure 6. TPCs grad-
ually increased from 0DAG to 8DAG. The impact of germination on TPCs has been studied
in edible seeds, such as beans and cereal grains. Germination can continuously collect
soluble phenolics in germinated edible seeds compared with ungerminated seeds [45–47].
This collection could be associated with the shikimate pathway. Phenylalanine, as an inter-
mediate metabolite in polyphenol metabolism, increased during germination. After the
seeds absorb water, hydrolytic enzymes are activated and macromolecules (biopolymers,
carbohydrates, and proteins) break down into small molecules in the endosperm, followed
by an increase in simple sugars and free amino acids. In addition, bound phenolic com-
pounds conjugated with the cell wall are also released [48]. Germination can also induce
oxidative tension in a plant, producing more enhanced phenolics during germination for
plant antioxidant protection [49]. In sacha inchi seed germination, TPCs were higher at
8DAG than at 0DAG. In addition, the polyphenol enrichment at 8DAG may be related to
the formation of off-flavor compounds in sachi inchi seeds [44].
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Figure 6. Total phenolic compounds (TPCs) of sacha inchi seeds at different germination times
(p ≤ 0.05). DAG, days after germination. Means followed by different letters are significantly
different (p ≤ 0.05) according to the Duncan’s new Multiple Range Test.

In contrast, changes in the phenolic content were the main contributor to the antiox-
idant activity variation during germination [50]. The antioxidant activity of sacha inchi
seeds at different germination times was evaluated by DPPH and ABTS assays (Figure 7).
Germination significantly enhanced the antioxidant activity compared with nongermi-
nated seeds. The antioxidant activity gradually increased from 0DAG to 8DAG up to
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3.6- and 3-fold by DPPH and ABTS assays, respectively, and was parallel to the phenolic
content, which, exhibiting a significant antioxidant potential, could be improved during
germination. In addition, results showed that the highest value of the antioxidant activity
on the germinated sacha inchi was stronger than the positive control of ascorbic acid at
dosage of more than 10 and 20 µg/mL for DPPH and ABTS assays, respectively. Phenolics
can be freed during germination, and some metabolic activities might improve due to the
oxidative signaling in germinated seeds and generate energy for the developing plant. The
increase in antioxidant activity might be associated with de novo synthesis and dynamic
changes in phenolic compounds via phenylpropanoid biosynthesis. Germination can in-
crease the antioxidant activity in edible seeds, such as jack bean, chick pea, soybean, kidney
bean, and mung bean [48], attributed to the increase in some antioxidant components
during germination, such as phenolic compounds, phytosterols, and vitamins.
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4. Conclusions

Coupled metabolomics and flavoromics can be used to identify the main metabolites
and flavor compounds that change in sacha inchi seeds during germination in order to
determine the best nutritional values and guide the improvement of pharmacological
products or functional foods made from sacha inchi seeds. In particular, the later stage
(6–8 DAG) should be applied as novel alternative plant-based protein, functional foods, and
dietary supplements, because they contain significant amounts of amino acids and higher
antioxidant activity. FAMEs (palmitic, stearic, linoleic, linolenic, and oleic acids) correlate
with ungerminated seeds. Sugars and amino acids (fructose, glycine, isoleucine, proline,
and leucine) correlate with 8DAG seeds. Flavor compounds acetoin and (E,E)-3,5-octadien-
2-one have the highest concentration in ungerminated seeds. Hexanal, (E)-2-hexenal, and
1-octen-3-ol have the highest concentration at 4DAG and 2-octen-1-ol and hexanoic acid
at 8DAG. The changes in these flavor compounds are biomarkers of flavor indicators in
sacha inchi seeds. Amino acids, organic acids, TPCs, and antioxidant activity are higher in
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germinated sacha inchi seeds than in ungerminated seeds. These findings could help in
understanding nutritional changes during germination.
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Abstract: Nutritional status is a series of related parameters collected using different available
methods. In order to determine the nutritional status of elderly populations and ensure nutritional
support based on an individual approach, the implementation of the increasingly used foodomics
approach is available; this approach plays a key role in personalized diets and in the optimization of
diets for a population group, such as an elderly population. The Mini Nutritional Assessment (MNA)
method and the Nottingham Screening Tool (NST) form were used on 50 users in a home for the
elderly in northwest Croatia. A loss of body mass (BM) was statistically significantly higher for those
who had the following: decreased food intake in the last week and users who had complete and
partial feeding autonomy. Additionally, the obtained data on drug intake, fluid, individual nutrients,
and physical activity are based on an individual approach. The available documentation provides
insight into nutritional values and food preparation in an attempt to satisfy a holistic approach in the
evaluation of exposure while trying to achieve as many elements of foodomics as possible.

Keywords: elderly population; individual nutritional status assessment; elderly homes;
exposure; foodomics

1. Introduction

People over 65 years of age require a routine nutritional status assessment at least once
a year, while those older than 75 years require more frequent assessments [1]. Numerous
indicators are used in such assessments, such as anthropometric measurements, laboratory
parameters, clinical examination, function tests, and questionnaires, all of which provide
a guaranteed approach to each user/respondent. Foodomics plays a crucial role in per-
sonalized diets and the optimization of diets for groups of the population, an example of
which is the elderly. The increasing frequency of impaired nutritional status has prompted
the innovation of simple and effective patterns as a screening to detect both malnutrition
and obesity among the general, hospitalized, and institutionalized older population. These
screenings contain questions about inadvertent weight loss (further body mass—BM) and
body mass index (BMI), dietary habits, and functional status. They represent an insight into
the need for either the introduction of nutritional support or the use of an appropriately
prescribed diet [2,3].

The four questions in each pattern relate to a loss of BM over the last three months,
food intake, BMI, and disease progression. The British Society for Parenteral and En-
teral Nutrition and its experts put these issues together and use them in the Nottingham
Screening Tool (NST). New and more comprehensive nutritional assessment forms appli-
cable in hospitals, elderly homes, and the community have emerged from the following:
(1) Subjective Global Assessment (SGA), which is a fast, widely available, and inexpensive
technique with good reproducibility; (2) a validated method, namely the Mini Nutritional
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Assessment (MNA); (3) a universal form, i.e., the Malnutrition Universal Screening Tool
(MUST) containing a five-step assessment algorithm; and (4) a nutritional risk assessment
tool—Nutritional Risk Screening (NRS 2002), which was developed and validated as a
questionnaire by the European Society for Clinical Nutrition and Metabolism (ESPEN) [3,4].

Impaired nutritional status adversely affects physical and mental health, resulting in
increased complications, higher mortality rates, and increased treatment costs. Malnutrition
patients are more susceptible to infection and other health-related complications. In healthy
older individuals, malnutrition decreases quality of life and increases the risk of sarcopenia
and bone fragility [5], while obese people are exposed to cardiovascular disease, diabetes,
and renal dysfunction [6–9]. An essential problem in assessing nutrient intake its interaction
with antinutrients [10], heavy metals [11], mycotoxins [12–15], and pesticides [16] that,
depending on their size [17–19], can be found in macroscopic clusters or nanoparticles.
Thus, a more holistic approach for assessing exposures has recently been advocated, one
that estimates intakes and interactions between particular food components [20]. All of
these phenomena, together with inherent properties assessed by whole-genome sequencing
(WGS) or single-nucleotide polymorphism analysis (SNP), can help in creating personalized
nutrition plans that, combined with foodomics, can, in theory, provide the best results for
preserving the health of older populations.

Considering that users in elderly homes are a population with long-standing habits
of consuming a particular, traditional diet, it is essential to balance and meet the needs
of these users through technological preparation and the processing of food, respecting
the energy and nutritional value of a given meal [21]. Considering that this is a sensitive
population, much attention should be paid to the implementation of a hazard analysis and
a critical control points (HACCP) system to ensure the health and safety of the technological
preparation of a meal while respecting ethical manufacturing and hygiene practices [22,23].
Additionally, the highest priority should be the respect of users’ wishes and preferences,
which are emphasized in the ESPEN guideline; this is particularly important in homes for
elderly individuals [4].

Foodomics encompasses analytical platforms for researching food composition and,
with this, its nutritional values and impact on health are demonstrable. New techniques
also provide insight into the detailed picture of food quality and can be used to discover
food deceits, as well as to find solutions for other challenges that arise in food production.
Foodomics was introduced at an international conference in 2009 in Cesena, Italy, and it
was defined as “a discipline that studies areas of food and diet by using and integrating
advanced –omics technologies with the purpose of advancing the well-being, health and
knowledge of consumers”. It requires a combination of food chemistry, biological sciences,
and analysis of dates. It encompasses the four main areas of omics: genomics, transcrip-
tomics, proteomics, and metabolomics [24]. Generally, the results of Foodomics’s research
have a direct impact on consumers, the food industry, and society at large [24]. Regardless
of the fact that foodomics is a relatively new research discipline, it is developing fast and
expectations related to its growth are high. It is believed that it will become an effective
tool for the development of healthy food that is adapted to individual health challenges,
and that it can help in preventing illnesses connected to food and food deceits [25,26].

2. Materials and Methods

This research aims to apply a form for assessing nutritional status, eating habits, and
health status of users/respondents (after this referred to as users) in elderly homes. We seek
to obtain insights not only into the nutritional value of prepared meals, but also regarding
the intake and interaction between individual portions of food by assessing exposures, as
well as the application of the HACCP system, which ensures the correct preparation of
meals in these institutions. The survey included 50 users in elderly homes in the Republic
of Croatia, and it was conducted between October and December 2019 with the consent of
their institutions.
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Through the research, which was conducted between October and December 2019,
50 users of nursing homes in the Republic of Croatia have been surveyed with the approval
of the institution. This research was conducted using tools and forms used for evaluating
nutritive status (in hospitals, nursing homes, and in the care for elderly people in the
community). Four questions were considered in each of the forms, and they were related
to a loss of BM in the last three months, BMI, food consumption, and the advancement
of illness. According to experts from the British Association for Parenteral and Enteral
Nutrition, those questions are connected in the Nottingham Screening Tool-NST. As well
as these data, the questionnaire (Questionnaire S1) also included general data about the
examinee: sex, age, body weight, body height, diagnosis, and ITM [2]. New and more
extensive forms for the evaluation of nutritive status have been developed out of this form
and these were also used in this research. Those forms are the following:

Subjective Global Assessment—SGA—is a widely used and cheap technic that con-
nects data from a clinical examination and the anamnesis of an illness, through which a
quick assessment of nutritive status can be obtained and, if needed, a quick intervention
can be provided. Insight is obtained regarding a loss of BM, a change in food consumption,
relevant gastrointestinal symptoms, functional status, and metabolic needs of a patient.
Occurrence of infection, length of hospital stay, serum albumin and transferrin, muscle
strength, and other objective parameters of the SGA method all influence the obtained
data [2].

Mini Nutritional Assessment—MNA—is a quick method used with elderly people
in hospitals and nursing homes, as well as with people living alone. The goal of this
method is the evaluation of the risk of malnutrition and the insurance of early nutritive
support. It encompasses anthropometric measurements (BM, body height (BH), scope
of the upper arm), short questions for general evaluation (7 questions concerning a loss
of body mass, lifestyle, drug intake, and mobility), questions about nutritional intake
(8 questions concerning number of meals, food and water intake, and the possibility of
autonomous feeding), and a patient’s self-assessment of their nutritive and health status [1].
The obtained data are different depending on the conditions under which the MNA is
conducted; therefore, this tool is considered to be at its most accurate when conducted
with people who live independently from a broader community because of examinee
cooperation [2].

Malnutrition Universal Screening Tool—MUST, although it is primarily intended to
be used within the elderly population, also has its uses in whole hospital populations. It is
comprised of 5 steps, and uses ITM, loss of body mass, and the impact of the degree of the
illness on the health of a patient for determining nutritive status [2].

The tool, that is, the Nutritional Risk Screening questionnaire, or NRS, was developed
in 2002, and it is comprised of two parts and is recommended by the ESPEN [4]. The first
part is comprised of four questions: (1) Is the patient’s BMI lower than 20.5? (2) Has the
patient inadvertently lost body mass in the last four months? (3) Did the patient have a
small food intake in the last week? (4) Is the patient gravely ill? (for example, intensive
care, chronic disease) [2].

In case of an affirmative answer to any of those questions, the examiner continues with
the second part of the questionnaire that takes a closer look at the evaluation of nutritive
status. Once all data are obtained, a classification is established as to whether the patient
is exposed to nutritive risk or whether their nutritive status should be monitored once a
week [1].

Through such a data collection method, an individual and comprehensive approach is
emphasized in developing diets for elderly users in nursing homes; this approach has been
applied in this paper.

For nutritional status assessment, we used the Nottingham Screening Tool (NST)
questionnaire containing user information (gender, age, body mass (BM), height, diagnosis),
body mass index (BMI), data on accidental loss of BM and food intake, and disease severity
data, and a rapidly validated method for assessing nutritional status (Mini Nutritional
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Assessment, MNA). These tools were used based on anthropometric measurements (BM
and body height (BH), upper arm circumference), general assessments (7 questions related
to BM loss, lifestyle, medication, and mobility), dietary intake questions (8 questions
regarding meal count, food and water intake, and self-feeding options), and patient self-
assessment (how the patient perceives his or her nutritional and health status) [1]. Such
a way of collecting data is attuned to an individual and comprehensive approach in the
creation of a diet for users in elderly home.

Based on the above, an individual questionnaire of 24 questions was created. The
first two questions relate to the gender and age of the respondents and the other two to
their anthropometric measurements (BM and BH). The following are a series of grouped
questions. The first group includes questions about the loss of BM, the number and cause
of weight loss, taking medication and lifestyle, and physical activity. The second group
includes questions about the dietary intake of the users, namely the number of meals and
fluid intake, and the possibility of self-feeding. The third group of questions is about the
duration of and recent changes in diet. In a separate question, users’ self-assessment of their
health status, gastrointestinal symptoms, and metabolic needs were examined in relation
to illness. The research described in this paper shows a correlation between patients’ health
status and their nutritional status (Figure S1).

The following software packages were used for statistical data processing and graph
creation: Microsoft Excel 2016 (Microsoft, Redmond, WA, USA), Statistica 13.3 (TIBCO
Software Inc., Palo Alto, CA, USA), Tableau Desktop 2020.4 (Tableau software, Seattle,
WA, USA), and Flourish studio. For statistical tests, the normality of data distribution
was examined with Shapiro–Wilks’ W test; a Leven test confirmed the homogeneity of
variance. Given the results of these tests, the Student’s t-test or the Mann–Whitney U
test was used for a comparison of the two groups, and comparisons of multiple groups
were conducted with ANOVA and Kruskal–Wallis ANOVA, respectively. The results were
considered statistically significantly different when p ≤ 0.05.

3. Results
3.1. Distribution of Users According to BMI

The BMI calculation formula provides an index for all 50 survey users categorized as
nutritional categories. The data obtained show a statistically normal distribution (Figure 1).
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3.2. Loss of BM in Consumer Group Considering Food Intake and Users in Terms of the Possibility
of Consuming a Meal

The loss of BM within a one-month period was statistically significantly higher in
those with reduced food intake in the previous week (Mann–Whitney U = 43.5; p < 0.001)
(Figure 2). There was also a statistically significant difference in the distribution of data
between users with complete autonomy and users with partial autonomy in feeding
(p = 0.002).
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Figure 2. Loss of body mass: (a) comparison of user groups concerning food intake; and (b) compari-
son of users about the possibility of consuming meals. The groups were compared by Mann–Whitney
U test and shown to be statistically different (p values are on graphs).

3.3. Comparison of the Number of Daily Meals and BM, Common BM, BH, and BMI

Comparing the number of meals that users consume (Figure 3) shows that there is a
statistically significant difference between the number of daily meals and BM (p = 0.041),
the usual BM (p = 0.021), and BH (p = 0.037), but interestingly not with BMI (p = 0.334).
BH is well correlated (r = 0.5604; p < 0.001) with BM, which is why there is no significant
difference in BMI.
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3.4. Distribution of Users According to BMI Groups and Gastrointestinal Symptoms

Comparing users divided into BMI groups (Figure 4), 69.5% of participants do not
have any gastrointestinal symptom problems in each BMI group, while constipation is
the most frequently reported gastrointestinal symptom in the group characterized by
dangerous obesity; nausea in the morbid obesity group; and diarrhea in the normal and
excessive BM group.
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3.5. Distribution of Users by the Proportion of BMI Groups and Self-Reported Cause of
Weight Loss

Figure 5 shows the distribution of the stated mass loss concerning self-assessment.
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3.6. Distribution of Users According to Individual BMI Groups and Consumption of More Than
Three Different Medicines

Users (Figure 6) in the morbidly obese group consumed more than three drugs, the
most among all groups. Fewer than three drugs were taken in the group with normal and
excessive BM.
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3.7. Distribution of Users by Individual Groups and Fluid Intake

Figure 7 shows that users with reduced and normal BM take less than 1 L, and those
with elevated and excessive BM more than 1 L.
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In the Figure 8 distribution of user’s macronutrients, milk, and milk products, veg-
etables, and fruits are shown. Major proportion are consuming milk and milk products,
and carbohydrates every day, while proteins and fats, vegetables and fruits are consumed
mainly several time a week.
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3.9. Comparison of the Reduction in Intake of Each Food Group with the Loss of BM Concerning
BMI Group

The labels on the Figure 9. show the following: >5 kg—users lost more than 5 kg;
5 kg—users lost 5 kg; <5 kg—users lost less than 5 kg; 0 kg—users did not lose weight.
Users also reported changes in their diet and the elimination of or reduction in consumption
of a particular group of foods.
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3.11. Distribution of Users according to BMI Groups and Physical Activity (Alone or with Help)

Everyone with morbid obesity (Figure 11), dangerous obesity, and excessive BM
engaged in some physical activity, while users with normal BM avoided sports to the fullest.
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Figure 11. Alluvial diagram of the distribution of users according to the BMI groups and physical
activity (alone or with the help).

4. Discussion

This study shows that, out of all the users, three (6%) confirmed that therapy affected
BM loss, going on to list common gastrointestinal symptoms such as nausea and diarrhea,
while 47 (94%) stated that treatment did not affect their weight loss (Figure S2). More than
250 medicines can affect the absorption and excretion of nutrients. Other side-effects of
drugs adversely affecting nutritional status are anorexia (acetylcholinesterase inhibitors,
antibiotics, digoxin, hypnotics), early satiety (anticholinergics, sympathomimetics), re-
duced feeding ability (sedatives, opiates), dysphagia (Nonsteroidal anti-inflammatory
drugs (NSAIDs)), constipation (diuretics), and diarrhea (laxatives, antibiotics) [27]. This
research was conducted with 50 respondents/users from an elderly home and included
10 (20%) men and 40 (80%) women. According to BMI values and nutritional status, they
are classified into nutritional categories with absolute and relative representation. Of the
total, only one user was highly malnourished, with a BMI < 18.5 kg/m2, or 16.94 kg/m2.
One user with a BMI < 20 kg/m2 and 19.88 kg/m2 also had potential malnutrition. There
were 14 users with normal BMI, (28%) from 20 kg/m2 to 25 kg/m2. Eighteen users (36%)
were overweight, exceeding the BMI limits of 25 kg/m2 to 30 kg/m2. That means that
13 (26%) users are in Grade I obesity and 2 (4%) are in Grade II. One user is in Grade
III, which signifies morbid obesity with a BMI > 40 kg/m2 (Figure 1). In Croatia, the
situation is better when compared to a Korean study from 2016 that observed malnutrition
in 31% of its examinees, while 49% were at risk of malnutrition and 16% had a normal
nutritive status [28]. Additionally, results obtained in Germany from 188 examinees in
two elderly homes confirmed that 57.4% were at risk of malnutrition and 15.4%, were
malnourished; only 27.1% had a normal nutritive status [29]. The difference in obtained
values can be explained by considering that the number of examinees in the mentioned and
compared examples was higher. It can also be explained with the use of different tools for
the evaluation of the nutritive status within elderly populations and the different degrees
of care in different research undertakings [30].

Research has shown that appetite declines with age, as demonstrated by a comprehen-
sive survey by Giezenaar et al. [30]. Although the loss of BM over the observation period
provides essential information about the nutritional status of individuals, it is also crucial
to consider the percentage of BM loss over the observation period. A loss of 5% indicates a
mild and >10% a severe nutritional and health disorder [2].
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Wirth et al. show that BM loss is an indicator of protein–energy malnutrition and
that it increases the mortality rate of older adults in elderly homes, while BMI < 20 kg/m2

and weight loss > 5 kg in one year are independent and equally important risk factors
for 6-month mortality. An age of 65, BMI < 20 kg/m2, and weight loss > 5 kg in one year
are independent and equally relevant risk factors for the 6-month mortality of elderly
individuals [29].

A study by Ryan et al. confirmed that older people who lost at least 5% of their
total BM in a month were 4.6 times more likely to die within a year. BM is therefore
a useful identifier for mortality in elderly populations. It is essential to note the data
obtained from the results of the study, which show that 16 subjects (32%) were obese and
their BMI > 30 [30], which approximately corresponds to the data of this research. Both
malnutrition and obesity represent serious health risks and medical disorders, and great
caution is needed when treating them [2].

Tracking BM loss over a long period is essential information for assessing nutritional
status. Failure in the short term is primarily indicative of a disturbed balance in body
fluids. In contrast, BM loss over a longer time period indicates changes in metabolism and
a decrease in total tissue mass, which puts users at higher nutritional risk. Two (4%) users
of this study lost TM within one month, the remaining two (4%) within two months, and
nine (18%) over three months. As many as 37 users (74%) suffered no TM loss over three
months (Figure S1).

When compared with the research by Ryan et al., whose data show a decrease in BM in
24/153 users (15%), this research shows a loss in only 4% (2 users) in the first month, which
is much lower. Therefore, a regular application of the simple anthropometric measurement
of BM can be used for detecting users at a higher risk of malnutrition, or even death. The
need for further research is apparent in order to observe the role of nutrition in older
populations regarding long-term care [31].

Those with reduced dietary intake in the week prior to start of investigation had
statistically significantly higher BM Loss (Mann–Whitney U = 43.5; p < 0.001) (Figure 2).
At the same time, there is a statistically significant difference in the distribution of data
between users who have complete autonomy and users who have partial autonomy in
feeding (p = 0.002). Users with full independence have been found to have higher data
dispersal due to eating habits, which can be at both extremes from too much to too little
food intake. In those who do not have complete independence, people who help them
consume better regulate the quantities and types of foods, so this subgroup is within the
boundaries of normal BMI.

Comparing the number of meals that users consume (Figure 3) shows that there is a
statistically significant difference between the number of daily meals and BM (p = 0.041),
the usual BM (p = 0.021), and BH (p = 0.037), but interestingly not with BMI-a (p = 0.334).
BH is correlated well (r = 0.5604; p < 0.001) with BM, which is why there is no significant
difference in BMI. Additionally, users with larger BMs and BHs typically consume more
meals per day.

Constipation is common in geriatric populations due to decreased motor function of
the colon, reduced fluid intake, and reduced food volume. This study shows that 4 (8%)
users often had nausea, 5 (10%) diarrhea, 6 (12%) suffered from constipation, and 35 (70%)
had no gastrointestinal symptoms (Figure S2). In terms of the division of users by BMI
(Figure 4), most have no problems in each group. In contrast, constipation is most prevalent
in the group with dangerous obesity, nausea in the group with morbid obesity, and diarrhea
in the group with regular and excessive BM. In elderly homes in other countries, about 60–
80% of users have constipation symptoms, which can lead to greater negative consequences
and ultimately affect quality of life. Although a high prevalence of constipation in the
elderly may be found, there is a lack of empirical evidence to provide interventions based
on individual risk factors for constipation [31].

In six people (12%) (Figure S2) who frequently suffered from constipation, a loss of
BM was observed in the past three months, citing changes in the environment and loss
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of taste and odor as a result of self-assessment (Figure 5). Changing the environment as
a cause of BM loss is found in all those with elevated BMI and most with normal body
weight. Excessive BM users are the second most common cause of BM loss, citing illness
and, ultimately, the loss of a loved one. Users with normal BM, with damage caused by a
change in the middle, also declared a loss of taste and smell as the main reason for their
loss of BM.

The results of this study (Figure S3) show that as many as 39 (78%) users take more than
three types, while only 11 (22%) take fewer than three types of medicine. This comparison
(Figure 6) shows that everyone in the morbidly obese group belongs to the group that
consumes more than three drugs, as do most of the other groups. Those who consume
fewer than three medicines were predominantly found in the group with normal and
excessive BM. These results confirm that older people suffer more from chronic diseases
and take more varied drugs. Results of a study by Morais et al. in 2013, conducted on
664 older people in Europe, have shown that 50.2% of respondents take three or more
medicines per day [32], which is, compared to this research, certainly fewer.

Medications can cause a disturbance in food intake by acting directly or indirectly on
metabolism, and they can potentially endanger oral health. Older people commonly use
anticholinergics, tricyclic antidepressants, sedatives, antihypertensives, muscle relaxants,
and benzodiazepines. These drugs reduce the production of saliva, which contributes to a
loss of weight and BM and also compromises nutritional status [33].

Older adults often do not consume enough fluids during the day, with the reason
being that, with age, the thirst mechanism decreases and they do not feel the need for it
even though it is severely deficient in the body [34]. Regarding the users of this study, 23
(46%) take up to 1 L of fluid per day, 19 (38%) < 1 L daily, and only 8 (16%) > 1 L daily
(Figure S4), which in no way follows the recommended guidelines [1]. An insight into the
further result obtained (Figure 7) shows that users with reduced and typical BM take < 1 L
water, and those with elevated and excessive BM > 1 L water. Studies in elderly homes
reveal that dehydration is common, and 20–30% of older people suffer from dehydration
caused by loss of water; elderly individuals displaying dehydration-related confusion
and disorientation recover either entirely or significantly once their fluid intake becomes
adequate [35,36]. One prospective study found dehydration in 38.3% of elderly home users,
showing that 30.5% of users are at risk of developing dehydration. Total water intake
averages 1l to 1.5l, and 96% of users do not meet the estimated daily intake of fluid [37].
When compared to our research, it can be seen that the indicators of inadequate fluid intake
are the same, with only 16% intaking > 1 L. In another study, fluid intake was inversely
related to an increase in age, cognitive impairment, food consumption challenges, and
increased dining staff, and as many as 85% of elderly home users consumed less than 1.5 L
of fluid per day [38]. Other studies also confirm the low daily fluid intake of elderly home
users. Reed et al. found that 51.3% of nursing home users in the United States, with an
average age of 85, consumed less than 237 mL of fluid per day, with as many as 37% of
those experiencing severe cognitive impairment [39]. Inadequate total fluid intake and,
consequently, dehydration, prevail in the elderly population in nursing homes in all BMI
categories. Nutritional interventions should be directed towards giving more attention to
the type of liquid beverages, as well as diets in terms of milk, yogurt, and soup.

The reduced protein–energy status of a person causes severe health problems and
affects nutritional status. This study sought to obtain as much information as possible
on the intake of proteins, fats, milk, dairy products, carbohydrates, and vegetables and
fruits through daily diets [8] by looking at menus (Table S1), and has made following
the recommendations regarding guidelines [1]. The daily advice for protein consumption
is 0.8 g/kg up to 1.5 g/kg, which can influence the prevention of muscle mass loss, i.e.,
sarcopenia [1]. It is evident from the survey results that 32 (64%) users consumed protein
and fat several times a week, 16 (32%) every day, and only 2 (4%) once a week (Figure 8).
Similar research was conducted on elderly home users who were monitored for protein
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status and protein intake regulated by daily diet and enteral preparations. Users had higher
BMI and less pronounced symptoms of musculoskeletal pain [40].

Fat consumption in elderly homes largely depends on the type of food and how it is
prepared. Research conducted in elderly homes has shown that very little is invested in
the selection of quality foods with fewer saturated fatty acids, which poses a risk to the
health of elderly populations. Menus in elderly homes contain very few quality sources
of unsaturated fatty acids [41]; the recommended intake of total fat is 20–35% [1]. Milk
and dairy products were consumed daily by 23 (46%) users, 15 (30%) several times a week,
while only 3 (6%) once a week (Graph 8). Insufficient intake of milk and milk products
below the recommended level causes the skeletal system to weaken. The daily calcium
intake in the elderly population is 1200 mg/day, which is the same as the recommendation
for vitamin D, which reduces the risk of complications of osteopenia and osteoporosis [42].

Adequate energy and protein intake could be important in the process of maintaining
the health of elderly populations. The data concerning the real food intake of users in
nursing homes generally are not yet sufficiently examined.

Despite nationally available UK testing guidelines for menu planning and nutrition
for people in elderly homes, as many as fourteen studies show that the food offered does
not meet nutritional needs. Another the survey concludes that inadequate intake of milk
and dairy products is also associated with a lack of protein intake and an increased risk of
malnutrition [43], which has also been shown by Van Zwien et al. (2019) [41] in their study,
which states 18% of users achieved a protein intake of 68 g/day, which is less than in this
current paper (46%). Croatian national guidelines point out that 50% of the elderly do not
have the right amount of vitamin D due to insufficient exposure to the sun, thin skin, and
reduced intake of milk, dairy products, and meat [1].

In total, 30 users (60%) in this study consume carbohydrates daily, 19 (38%) multiple
times a week, and only one respondent (2%) once a week (Figure 8). The guidelines
do not show traditional allowable UH intake values. Still, there is a consensus that an
intake preference provided will provide 55–60% of total daily energy intake in the form
of compound UHs [1]. Frequent carbohydrate intake per day significantly increases the
caloric value of foods. It often causes adverse effects on the psychological function of
older individuals, leading to a rapid increase in BMI and a decrease in cognitive function,
especially memory [44]. A literature source shows that, in general, carbohydrate-rich foods
represent the largest share in almost every single meal. The highest risk for the health
of the elderly is the intake of high-calorie carbohydrates, such as refined sugars through
cakes, and it has been shown that the consumption of these foods increases mortality and
creates a higher incidence of heart disease and stroke in the elderly [7,41].

Consumption of vegetables by the users of this study shows that 3 (6%) consume
vegetables every day, and 47 (94%) several times a week. Regarding fruit, 18 (36%) re-
spondents consume it daily, 31 (62%) consume it several times a week, while 1 (2%) eat
it once a week (Figure 8). A similar study was conducted by experts on the consumption
of fruits and vegetables in a sample of 445 people over 65 years old, and the results have
shown that 37% of people living in urban areas and 51% of people in rural areas do not
consume the recommended five units of fruits and vegetables daily. In terms of reasoning,
participants cited their inferior social status relative to the general population, decreased
appetite, and taste sensation [45]. Research findings in other countries showed that few
people consumed fruits or vegetables every day [46].

Exceptional care is given to nutrition in both the preparation and nutritional value of
food. Food in the home is prepared in three primary meals and two entrees of the local
cuisine, respecting variety and being tastefully prepared. Meals tailored to the health needs
of users are also prepared: for people with diabetes, low fat and salt meals, vegetarian
meals, the ability to adjust according to user preferences, mixed food served in the dining
room, or tablet system in rooms (Table S1).

Users of this study self-reported changes in their diet and the elimination of or reduc-
tion in consumption of a particular group of foods. After comparing the dietary changes
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with the loss of BM (Figure 9), it was found that people who reduced protein and fat intake
had the highest result in reducing BM. On average, the reduction in carbohydrate intake
was the best. People who reduced their intake of fruit or did not reduce their consumption
did not show a decrease in BM, unlike in research Morais et al., 2013 [33] showing that
53% of examinees developed nutritive risk by decreasing their consumption of fruit and
vegetables (for easier chewing). It is important to draw attention to life circumstances,
changes in appetite or health, general perceptions of health, intake of food and vegetables,
and choice of food that is easy to chew, as all of these elements influence BMI.

Figure 10 shows how, given the consumption of a particular macronutrient source,
users were divided into BMI groups. It follows that respondents who consumed vegetables
daily were generally in groups with lower BMIs than others. The group with the highest
incidence of morbid obesity consumed proteins and fats, carbohydrates, and vegetables
several times a week.

A loss of muscle mass, resulting in a loss of strength, is also one of the essential
components of the fragility of older individuals of both sexes. Moderate physical activity
is recommended among older people, as it is important to strengthen muscle mass and
increase strength and endurance [1]. In this study, 40 (80%) users were physically active,
while only 10 (20%) were not (Figure S5). A comparison of the users of this study in
different BMI groups (Figure 11) has shown that everyone with morbid obesity engages
in some physical activities, thus showing that they care about their health. Additionally,
most subjects with dangerous obesity and overweight play sports on their own or with
help. Unfortunately, the majority of people who are a healthy weight avoid sports, which
could lead them to have problems related to accumulating excess weight in later life; thus,
it is recommended that the general population be motivated as much as possible to play
sports. Research at the European level shows four clusters with an association between
energy–protein intake and physical activity among the elderly; this is the best strategy for
achieving adequate body weight [47].

The results of similar research in elderly homes link fragility with physical activity,
suggesting that home users have a higher propensity for sedentary lifestyles [48]. Ac-
cording to the study, one hour of immobility per day confirmed the increased risk of
sarcopenia by 33% [49]. A sedentary lifestyle in the elderly is associated with decreased
functional ability and an increased risk of disability in daily activities [50,51]. Improper
food intake can affect the functional status of older people in nursing homes. At the same
time, results of a presentation of nutritional status among users in Spanish homes show
an inadequate composition of the nutritional value of meals [52]. Older users who do not
consume adequate energy input may not have the energy or power to access food and
water on their own, request additional food or water, or feed on their own. In a sample
of 98 nursing home users, it was confirmed that malnutrition predicted deterioration in
functional status [53,54].

The kitchen of the elderly home in question is equipped with the latest food prepa-
ration machines and equipment, all following the HACCP system (Figure S6); this is also
a legal obligation in the Republic of Croatia. It ensures the implementation of ethical
manufacturing and good hygiene practices that guarantee quality technological processes
and healthy and safe products. In this way, nutrient intake and its interactions with antin-
utrients [10], heavy metals [11], (myco) toxins [12–15], and pesticides [16] are monitored;
thus, a holistic approach to the assessment of exosomes (which has advocated lately) is
conducted [20,55].

This research aims to apply a form for assessing nutritional status, eating habits, and
health status of users/respondents in elderly homes.

Through the process of aging, more physical and psychological changes (psychosocial
and socioeconomical) are developed, which often influence nutritional needs and nutritive
status. In this day and age, chronic diseases are often accompanied by therapy consump-
tion (medicine), which can lead to an imbalance in diet and can often result in a poor
nourishment status [56]. Therefore, one of the key elements regarding the care of older
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individuals is the regular evaluation of their nutritive status. A characteristic of the diet
of this population is that their need for energy and macronutrients becomes lower, while
their need for micronutrients stays the same or becomes higher than during adulthood.
Therefore, the organizing of meals is exceptionally important [57].

The data of a large study encompassing 60 hospitals in the evaluation of the nutri-
tive status of patients through the use of different forms/tools, using SGA, showed that
63.3% of examinees were malnourished, while the application of NRS showed that 90% of
hospitalized elderly people were malnourished [58].

Therefore, another goal of this paper is to obtain insight into the foodomics approach,
which plays a key role in personalized diets and the optimization of diets for older individuals.

This paper sought to obtain insights not only regarding the nutritional value of
prepared meals, but also in terms of the intake and interaction between individual portions
of food by assessing exposures, as well as through the application of the HACCP system to
ensure that meals were prepared correctly in these institutions.

5. Conclusions

In terms of normal BM, 14 (28%) users have a BMI ranging from 20 kg/m2 to 25 kg/m2.
Eighteen users (36%) are overweight, which exceeds the BMI limits of 25 kg/m2 to
30 kg/m2. This means that 13 (26%) users are in Grade I obesity, and two (4%) are in
Grade II; meanwhile, one user is in Grade III, which signifies morbid obesity with a
BMI > 40 kg/m2

Users with reduced dietary intake in the week prior to investigation had statistically
significantly higher BM loss (Mann–Whitney U = 43.5; p < 0.001).

At the same time, there is a statistically significant difference in the distribution of
data between users who have complete autonomy and users who have partial autonomy
in feeding (p = 0.002); users with full independence have been found to have higher data
dispersal due to their eating habits.

Comparing the number of meals that users consume shows that there is a statistically
significant difference between the number of daily meals and BM (p = 0.041), the usual BM
(p = 0.021), and BH (p = 0.037), but interestingly not with BMI- a (p = 0.334). BH is correlated
well (r = 0.5604; p < 0.001) with BM, which is why there is no such significant difference in
BMI. Additionally, users of larger BMs and BHs typically consume more meals per day.

This research highlights the importance of checking and continuously monitoring
the nutritional status of those in elderly homes to prevent nutritional risk. It is also
essential to ensure the preparation of a nutritionally valuable healthy meal by applying and
implementing an HACCP system in addition to technologically traditional forms of food
processing that seek to satisfy a holistic approach to assessing exposures. Furthermore, the
use of an individual and comprehensive approach in elderly homes has to be emphasized
in order to ensure adequate nutritional intake of food and liquids, to improve the health
status of users, and to advance the quality of life of elderly people.

All of these elements are connected in foodomics as a tool for the development of
healthy food that is adapted to individual health challenges and the prevention of illnesses
connected to food in order to improve the increasingly longer lifetime of humans.

Diet problems, which often result in malnutrition, are generally spread among elderly
people in nursing homes. The prevalence rates differ depending on the parameters and
limit values used for evaluating nutrition, as well as on the examined population. Future
studies should carefully characterize their participants and use standardized tools for
evaluating nutrition in order to achieve a better comparison of their results.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10102391/s1, Supplementary file 1—Content: Questionnaire S1: An individualized ques-
tionnaire prepared according to the guidelines of standardized methods for assessing the nutritional
status of the elderly for research purposes, Figure S1: Distribution of users according to weight loss
over a period of 1 month, 2 months and 3 months in absolute and relative terms, Figure S2: Review
of the user’s response to a question about the presence of gastrointestinal symptoms in absolute
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and relative terms, Figure S3: Review of user’s response to a question about taking medication and
the effect of therapy on weight loss in absolute and relative terms, Figure S4: Distribution of users
according to fluid intake daily in absolute and relative terms, Figure S5: Review user’s response
to a question: Are you physically active? in absolute and relative terms, Figure S6: certification of
HACCP system certification. Table S1: The menu of nursing home used for research.

Author Contributions: Conceptualization, N.U-T.; methodology, I.D.Š.; software, I.D.Š.; validation,
N.U.-T. and I.D.Š.; formal analysis, I.D.Š.; investigation, D.V. and M.S.; resources, N.U.-T. and M.S.;
data curation, N.U.-T., I.D.Š., M.S. and D.V.; writing—original draft preparation, N.U.-T., M.S. and
I.Ž.; writing—review and editing, N.U.-T., I.D.Š., M.S. and I.Ž.; visualization, N.U.-T.; supervision,
N.U.-T.; project administration, N.U.-T.; funding acquisition, N.U.-T. All authors have read and
agreed to the published version of the manuscript.

Funding: The research was funded by “Aid for Scientific Research and Art Work of the University of
the North-Biotechnical Area of Science”.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Conflicts of Interest: The authors declare no conflict of interest.

References
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Nutrition in The Elderly, Part I (Croatian). Liječnički Vjesnik. 2011, 133, 231–240.
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Abstract: In this work, a retrospective screening based on ultra-high-performance liquid chromatog-
raphy (UHPLC) coupled with high-resolution mass spectrometry (HRMS) based on Orbitrap-Q-
Exactive Focus™ was used to check the occurrence of regulated and emerging mycotoxins in bulk
milk samples. Milk samples were collected from dairy farms in which corn silage was the main
ingredient of the feeding system. The 45 bulk milk samples were previously analyzed for a detailed
untargeted metabolomic profiling and classified into five clusters according to the corn silage con-
tamination profile, namely: (1) low levels of Aspergillus- and Penicillium-mycotoxins; (2) low levels
of fumonisins and other Fusarium-mycotoxins; (3) high levels of Aspergillus-mycotoxins; (4) high
levels of non-regulated Fusarium-mycotoxins; (5) high levels of fumonisins and their metabolites.
Multivariate statistics based on both unsupervised and supervised analyses were used to evaluate
the significant fold-change variations of the main groups of mycotoxins detected when comparing
milk samples from clusters 3, 4, and 5 (high contamination levels of the corn silages) with cluster
1 and 2 (low contamination levels of the corn silages). Overall, 14 compounds showed a significant
prediction ability, with antibiotic Y (VIP score = 2.579), bikaverin (VIP score = 1.975) and fumonisin
B2 (VIP score = 1.846) being the best markers. The k-means clustering combined with supervised
statistics showed two discriminant groups of milk samples, thus revealing a hierarchically higher
impact of the whole feeding system (rather than the only corn silages) together with other factors
of variability on the final mycotoxin contamination profile. Among the discriminant metabolites
we found some Fusarium mycotoxins, together with the tetrapeptide tentoxin (an Alternaria toxin),
the α-zearalenol (a catabolite of zearalenone), mycophenolic acid and apicidin. These preliminary
findings provide new insights into the potential role of UHPLC-HRMS to evaluate the contamination
profile and the safety of raw milk to produce hard cheese.

Keywords: milk metabolomics; retrospective screening; UHPLC-Orbitrap; multivariate statistics;
mycotoxins

1. Introduction

Milk is an important constituent of the human diet in the Western world [1]. In recent
decades, world milk production has increased by over 60%, from 522 million tonnes in
1987 to 843 million tonnes in 2018 [1]. As recently reviewed [2,3], the spectrum of milk
metabolites can be deeply influenced by several external factors, such as the season, origin,
health status, processing, storage, formulation, and feeding systems.

In this regard, one of the major concerns when considering the feeding system is
related to the potential contamination of silages (such as corn silage) by mycotoxins [4,5].
Mycotoxin contamination, especially in milk, has evoked global concerns regarding feed
and food safety due to the toxic effects of mycotoxins in both animals and humans [6,7],
including carcinogenic, mutagenic, teratogenic, immunotoxic, and estrogenic potential.
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Mycotoxins are secondary metabolites produced by several fungi and mainly belonging
to the Aspergillus, Penicillium, Fusarium, Alternaria, and Claviceps strains [8]. These genera
can produce a wide range of different mycotoxins for which specific regulations have
been established in many countries to protect consumers and livestock from their harmful
effects [5]. The great ingestion by dairy cows of regulated mycotoxins has been related to the
quality of the feeding systems [9]; however, this aspect remains insufficiently investigated.
The available data trying to connect the quality of forages and silages (such as corn
silage) with other kinds of the so-called emerging mycotoxins (characterized by being
neither routinely determined nor legislatively regulated) are very scarce [5,10]. When
dairy cows receive a mycotoxin-contaminated feed, these fungal secondary metabolites
can be metabolized and potentially transferred to animal-derived food, including milk
and dairy products [8]. This aspect might be of great concern, considering the toxic effects
previously mentioned.

To date, few analytical methods have been proposed for the simultaneous identifi-
cation of mycotoxins using high-resolution approaches in milk and dairy products [11].
Regarding the most advanced analytical methods available for this purpose, ultra-high-
performance liquid chromatography (UHPLC) has overcome the limitations of conven-
tional HPLC (e.g., lower separation capacity and speed of analysis), improving sensitivity
and resolution using packing materials with smaller particle size [12]. Although tandem
mass spectrometry (MS/MS) provides adequate quantification and high efficiency for
multi-residue analyses, this strategy is sometimes limited for analysis at trace levels in
complex matrices. High-resolution mass spectrometry (HRMS) using Orbitrap technology
has made it possible to achieve high resolution and good specificity because of the mass
accuracy provided by the HRMS detector, combined with traditional information [12,13].
This technique also enables the retrospective analysis of samples, in contrast to MS/MS, by
using appropriate and/or ad hoc databases [12,14,15].

Starting from these background conditions, in this work, a high-resolution UHPLC-
Orbitrap mass spectrometry approach was used to evaluate the mycotoxins profile of bulk
milk samples collected from dairy farms using corn silages as the main ingredients of the
total mixed ration (TMR) (i.e., 30.51 ± 5.84% on a dry matter, DM, basis) [16]. The corn
silages were classified in five main clusters according to the mycotoxin contamination, as
previously reported in Gallo et al. [5]. On the same milk samples, we have previously
demonstrated the potential of untargeted metabolomics to evaluate the impact of contami-
nated corn silages on the most important chemical classes, thus providing evidence that
sphingolipids, together with purine and pyrimidine-derived metabolites, are the most
affected groups of metabolites [16]. Therefore, the aim of this work was to provide new
insights into the ability of a retrospective screening based on HRMS to assess the mycotoxin
profile of bulk milk samples, thus potentially evaluating food safety issues as related to
both regulated and emerging toxins.

2. Materials and Methods
2.1. Collection of Milk Samples

Samples of bulk tank milk (500 mL) (n = 45) were taken in the period January–June
2018 from dairy farms located in the Po Valley (Italy). These latter farmed Holstein Friesian
housed in free-stall barns without pasture access [16]. The herds were characterized by
having on average 38.3% ± 1.9 of primiparous on lactating dairy cows and 2.4 ± 0.2 lacta-
tions before culling. The dairy cows were milked twice a day (i.e., morning and afternoon
milking sessions) and fed a diet based on the large use of corn silage. In particular, the
corn silage represented the main ingredient of total mixed ration (TMR) (i.e., 30.51 ± 5.84%
on a dry matter basis). The visited dairy herds provided additional information when
considering other ingredients characterizing the TMR, namely other small-grain silages
(i.e., 10.65 ± 6.80% on dry matter basis) and hay (i.e., 10.26 ± 5.98% on dry matter basis).
The lactating dairy cows were fed with the same corn silages, previously analyzed by
Gallo et al. [5], from at least four weeks, thus avoiding collecting milk in the period in
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which corn silage bunkers were changed. Additional information regarding herd compo-
sition, milk yield of lactating groups and milk quality, dry matter intake (DMI) as well
as TMR formulation characteristics are reported in our previous published works [5,16].
The corn silages were grouped in five clusters according to the mycotoxin contamination
profiles, as reported in our previous work [5], namely: cluster 1 (corn silages contaminated
by low levels of both Aspergillus- and Penicillium-produced mycotoxins); cluster 2 (corn
silages contaminated by low levels of fumonisins, and other Fusarium-produced mycotox-
ins); cluster 3 (corn silages contaminated by high levels of Aspergillus-mycotoxins); cluster
4 (corn silages contaminated by high levels of Fusarium-produced mycotoxins); cluster
5 (corn silages contaminated by high levels of fumonisins and their metabolites; number
of samples: 3). The collected 45 bulk milk samples were then classified according to the
same corn silages grouping, thus obtaining the following five groups: 18 samples (cluster
1), 17 samples (cluster 2), 2 samples (cluster 3), 5 samples (cluster 4), and 3 samples (cluster
5). The sample legend for each cluster can be found in Table S1.

2.2. Extraction Step for UHPLC-HRMS Analysis

Milk samples were extracted according to the method previously reported for untar-
geted screening [16–18]. Following a skimming process by centrifugation (4500× g for
10 min at 4 ◦C), the 45 milk samples (n = 3) were thoroughly vortex mixed. Afterwards, an
aliquot of 2 mL of each sample was added to 14 mL of acetonitrile (LC-MS grade, Sigma-
Aldrich, Madison, CA, USA) acidified with 3% formic acid, mixed by vortexing for 2 min
and processed with ultrasounds for 5 min. The samples were centrifuged at 12,000× g for
15 min at 4 ◦C to remove large biomolecules (such as proteins). The supernatants were then
filtered through 0.22 µm cellulose syringe filters in amber vials until the further untargeted
metabolomic screening.

2.3. Screening of Mycotoxins by UHPLC-HRMS Analysis

The UHPLC-HRMS analysis was based on an untargeted metabolomic approach, by
using a Q Exactive™ Focus Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo
Scientific, Waltham, MA, USA) coupled to a Vanquish ultra-high-pressure liquid chro-
matography (UHPLC) pump and equipped with a HESI-II probe (Thermo Scientific, USA),
as previously reported by [5]. The chromatographic separation was achieved under a
water-acetonitrile (both LC-MS grade, from Sigma-Aldrich, Milan, Italy) gradient elution
(6–94% acetonitrile in 35 min) using 0.1% formic acid as phase modifier, on an Agilent
Zorbax Eclipse Plus C18 column (50 × 2.1 mm, 1.8 µm). For the full scan MS analysis, the
acquisition was performed using the positive ionization with a mass resolution of 70,000 at
m/z 200. The automatic gain control target (AGC target) and the maximum injection time
(IT) were 1e6 and 100 ms, respectively. Additionally, randomized injections of pooled
quality control (QC) samples were performed in a data-dependent (Top N = 3) MS/MS
mode with full scan mass resolution reduced to 17,500 at m/z 200, with an AGC target value
of 1e5, maximum IT of 100 ms, and isolation window of 1.0 m/z, respectively. For the stage
of data-dependent MS/MS, the Top N ions were selected for further fragmentation under
stepped normalized collisional energy (i.e., 10, 20, 40 eV). The injection volume was 6 µL
and the m/z range for the full scan analyses was 100–1200. Heated electrospray ionization
(HESI) parameters were as follows: sheath gas flow 40 arb (arbitrary units), auxiliary gas
flow 20 arb, spray voltage 3.5 kV, and capillary temperature 320 ◦C. Prior to data collection,
the mass spectrometer was calibrated using a Pierce™ positive ion calibration solution
(Thermo Fisher Scientific, San Jose, CA, USA). To avoid possible bias, the sequence of
injections for milk samples was randomized. Additionally, blank samples (i.e., extraction
solvent only) were randomly injected through the sequence.

2.4. Data Processing

The collected data (.RAW files) were converted into abf format using the Reifycs Abf
Converter and then further processed using the software MS-DIAL (version 4.60) [19].
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Automatic peak finding, LOWESS normalization, and annotation via spectral matching
against the database Mass Bank of North America were initially carried out. The mass
range 100–1200 m/z was searched for features with a minimum peak height of 10,000 cps.
The MS and MS/MS tolerance for peak centroiding were set to 0.01 and 0.05 Da, respec-
tively. Retention time information was excluded from the calculation of the total score.
Accurate mass tolerance for identification was 0.01 Da for MS and 0.05 Da for MS/MS. The
identification step was based on mass accuracy, isotopic pattern, and spectral matching.
In MS-DIAL, these criteria were used to calculate a total identification score. The total
identification score cut-off was >50%, considering the most common HESI+ adducts. Gap
filling using peak finder algorithm was performed to fill in missing peaks, considering
5 ppm tolerance for m/z values. The software MS-Finder [20] was also used for in-silico
fragmentation of the non-annotated mass features, using different available data sources,
such as FoodDB, BMDB, PubChem, T3DB (Toxin) and KNApSAcK libraries, thus reaching
a level 2 of confidence in annotation [21]. A custom database containing the mycotoxins
previously identified in the corn silage samples [5] was also used for a tentative annotation
according to the accurate mass and isotopic profile of each compound and exploiting the
MS-DIAL software.

Finally, calibration curves of authentic standards (purity ≥ 97%) of α-zearalenol (CAS
number: 36455-72-8), mycophenolic acid (CAS number: 24280-93-1), apicidin (CAS number:
183506-66-3), and tentoxin (CAS number: 28540-82-1) (from Sigma-Aldrich) were injected
considering the concentration range: 0.1–100 ng/mL. Data were finally elaborated in
the same software to provide semi-quantitative values. In our experimental conditions
and according to literature [13,22], the definition of the limit of detection and limit of
quantification is not applicable due to the application of high-resolution mass spectrometric
method. However, to ensure quantification, a certain degree of confidence is required.
Therefore, the limit of quantification for the semi-quantitative analysis was the lowest
calibration level used (0.1 ng/mL).

2.5. Multivariate Statistical Analysis

The HRMS data were elaborated using the software MetaboAnalyst [23,24]. Briefly,
after data normalization, both unsupervised and supervised multivariate statistics were
carried out. The unsupervised approach was based on hierarchical cluster analysis (HCA)
and k-means clustering approach, while the orthogonal projections to latent structures
discriminant analysis (OPLS-DA) was used as supervised tool. Additionally, the OPLS-DA
model validation parameters (goodness-of-fit R2Y together with goodness-of-prediction
Q2Y) were inspected, considering a Q2Y prediction ability of >0.5 as the acceptability
threshold. Thereafter, the OPLS-DA model produced was inspected for outliers and
permutation testing (N > 100) was performed to exclude model over-fitting. The importance
of each mycotoxin detected for discrimination purposes was then calculated according to
the variable selection method VIP (i.e., variables importance in projection), considering as
the minimum significant threshold those values higher than 1, also inspecting the S-plot
related to the OPLS-DA model built. As the next step, volcano plots were produced for the
comparison between contaminated (cluster 3, 4, and 5) vs. control groups (cluster 1 and 2)
by coupling fold-change analysis (cut-off value > 1.2) and ANOVA (p < 0.05; post-hoc test:
Tukey HSD; multiple testing correction: Bonferroni Family-Wise Error Rate).

3. Results and Discussion
3.1. Profiling of Mycotoxins in the Different Milk Samples

The starting mycotoxin contamination profile of the different corn silage clusters
is summarized in Figure 1, considering each major group of mycotoxins detected, as
previously discussed in Gallo et al. [5].
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Figure 1. Cumulative values (expressed as µg/kg dry matter) of the major mycotoxins and their
metabolites detected in the corn silages belonging to the different clusters.

Overall, silages belonging to cluster 1 and cluster 2 were characterized by the lowest
contamination levels (cumulatively lower than 1500 µg/kg), while cluster 3, 4, and 5 were
highly contaminated by several regulated and emerging mycotoxins (Figure 1). From a
qualitative point of view, the corn silages revealed a similar mycotoxin contamination
profile, which was mainly associated with Aspergillus toxins, Penicillium toxins, fumonisins
and their metabolites, together with other Fusarium toxins. Additionally, our previous
work [16] demonstrated that there was a clear impact of contaminated corn silages on the
milk metabolomic profiles, and this was particularly true for the metabolism of purines,
pyrimidines, sphingolipids, and oxidative stress-related compounds (such as oxidized glu-
tathione). However, it is important to highlight that in this work no information is available
on the contamination of the other TMR ingredients potentially affecting the final contamina-
tion profile of milk samples. Therefore, after having evaluated separately the fermentative
quality characteristics of corn silages [5] and then the untargeted metabolomic profile of
bulk milk from dairy cows consuming those contaminated corn silages [16], we exploited a
retrospective screening based on high-resolution mass spectrometry to comprehensively
investigate the mycotoxin contamination profile of the same bulk milk samples.

Overall, the retrospective screening following HRMS-based data acquisition allowed
us to identify 46 mycotoxins and/or metabolites, which are reported in Table S1 considering
their adduct type, reference m/z, formula, total identification score (as provided by MS-Dial
software), MS1 isotopic spectrum, MS/MS spectrum (where available), and relative abun-
dance values for each sample replicate (n = 3). In our experimental conditions, the group
composed of other Fusarium mycotoxins was found to be the most represented in the final
dataset, being composed of 13 compounds (such as fusaric acid and apicidin), followed by
7 Penicillium mycotoxins, 5 toxins produced by other fungal strains (including ilicicolin
A, ilicicolin B, citreorosein, macrosporin, and iso-rhodoptilometrin) and Alternaria myco-
toxins (such as alternariol and tentoxin). Additionally, among the 46 mycotoxins detected,
10 compounds were structurally confirmed by means of MS/MS annotations, namely 4Z-
infectopyron, kojic acid, fumonisin B2, nivalenol, siccanol, culmorin, 15-hydroxyculmorin,
butenolide, beauvericin, and pestalotin (Table S1). Interestingly, the HRMS approach
revealed a wide distribution of mycotoxins and some of their metabolites in the bulk milk
samples under investigation. In our previous work [5], 69 mycotoxins were identified
and quantified in the different corn silages. Therefore, from a qualitative point of view,
we found that milk samples were characterized by the 63.7% of mycotoxins found in the
corn silages, although this latter was the not exclusive ingredient of the TMR of the visited
dairy farms. Future ad hoc studies (such as those based on the evaluation of carry-over
phenomena and individual diets for the dairy cows) are extremely necessary to better
investigate the toxicological risks for both animals and humans.
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3.2. Multivariate Analysis on the Different Milk Samples and Discriminant Metabolites

In this work, a foodomics-based approach was used to retrospectively screen the
mycotoxins in the different bulk milk samples to produce hard cheese, to find potential
marker compounds of the feeding regimen (typically based on corn silage as the main ingre-
dient). Therefore, starting from the mycotoxin profile reported in Table S1 and previously
discussed, we used a multivariate statistical approach based on a hierarchical clustering to
naively group the five milk clusters according to the mycotoxins detected. In this regard,
the resulting heat map (Figure 2) was built considering the average log fold-change (FC)
variations of each mycotoxin detected across the five different contamination clusters.

Figure 2. Heat map showing the average clustering (distance measure: Euclidean; clustering al-
gorithm: Ward) of the milk samples according to the mycotoxins detected. The log2 fold-change
(FC) values of each abundance were used for the cluster analysis with the Mass Profiler Professional
software. Red and blue colors in each column indicate relative up- or down-accumulation of the
mycotoxins, respectively.

As can be observed from the figure, the average mycotoxin distribution based on the
corn silage clusters allowed us to group milk samples into two main groups: the first group
(on the right side of the heat map) consisted of milk samples belonging to the clusters 1 and
2 (from silages with a low contamination level), cluster 4 (from silages with high levels of
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non-regulated Fusarium mycotoxins), and cluster 3 (high levels of Aspergillus-mycotoxins
in the silages). Additionally, cluster 5 (i.e., high levels of fumonisins and their metabolites)
showed the most differential and exclusive profile. The heat map reported in Figure 2
allowed us to observe an indirect correlation between the contamination profile of corn
silages and milk samples, as also reported in our previous work evaluating the global
changes of the major chemical classes because of the contaminated feeding systems [16].
Interestingly, cluster 5 was outlined as the most discriminant also in our previous work,
thus highlighting the potential of high levels of fumonisins and their metabolites in the
corn silages to potentially drive chemical differences in cow milk. Additionally, it was
evident from the heat map that some mycotoxins were characterized by both strong up
(red color) and down (blue color) accumulation trends in the different milk clusters.

The supervised OPLS-DA approach combined with the VIP selection method was
then used to extrapolate those mycotoxins characterized by the highest discrimination
potential. The OPLS-DA predictive score plot built considering the distribution of the
different mycotoxins detected is reported as Figure 3. As can be observed, the 45 milk
samples showed a high variability into the score plot space, already observed in the not-
averaged unsupervised HCA (not reported), with the orthogonal component explaining the
16.4% of the prediction ability. Additionally, the OPLS-DA model built was characterized
by a goodness of prediction lower than 0.5 (i.e., representing the cut-off of acceptability),
thus demonstrating a bad correlation between the mycotoxin contamination profile of
corn silages and the bulk milk samples, thus resulting in a prediction model not robust
enough to be used for discrimination or traceability purposes. This result is likely due to
the other ingredients characterizing the TMR. Therefore, further studies are mandatory to
better evaluate the final mycotoxin profile detected. As a next step, we extrapolated those
mycotoxins better accounting for the differences between the five different milk clusters,
using the VIP selection method. Overall, 15 toxins were outlined as the best in terms
of discrimination potential (i.e., VIP score > 1), with antibiotic Y (a Fusarium mycotoxin)
characterized by the best discriminant ability (VIP score = 2.579). Among the VIP markers,
the 26.6% consisted of other Fusarium mycotoxins, followed by a quite similar numerical
distribution (i.e., two toxins per class) for the remaining VIP markers. Among the VIP
markers we found also zearalenone (VIP score = 1.358) and its metabolite α-zearalenol
(VIP score = 1.098).

Considering the scarce prediction ability resulting from the supervised OPLS-DA
modelling, we decided to combine the information provided by volcano plot (i.e., built
by coupling a fold-change analysis with a one-way ANOVA) with the VIP discriminant
markers, thus assessing the cumulative LogFC variations of the main classes of mycotoxins.
An overview of the different compounds (organized in classes) can be found in Table 1. As
a general consideration, the mycotoxins annotated showed differential trends according
to the average LogFC values. In this regard, when considering the comparisons with
clusters 1 and 2 (considered as a control because of the low contamination levels of corn
silages), fumonisins showed an average up-accumulation in milk samples belonging to
clusters 3 and 5, whilst Alternaria mycotoxins showed no averaged differences, although
altersetin was particularly abundant in milk samples characterizing cluster 5. Regarding
the group composed of Aspergillus mycotoxins, bis(methyl-thio)-gliotoxin was highly and
significantly abundant in milk samples belonging to cluster 3 and 5, with average LogFC
values of 5.83 and 7.24, respectively. Additionally, regarding zearalenone metabolites, we
found a significant down-accumulation of zearalenone in cluster 5 with a corresponding
strong and significant (p < 0.05) increase in α-zearalenol. Overall, cluster 5 was confirmed
again to be the most characteristic in terms of mycotoxin profile; accordingly, it also showed
a strong down-accumulation for other Fusarium mycotoxins for the comparison with both
cluster 1 and cluster 2 (being −1.49 and −1.87, respectively). Regarding the other classes
of mycotoxins (such as Enniatins-derived or Penicillium toxins), no huge variations were
detected for the different milk clusters under investigation (Table 1).

89



Fo
od

s
20

21
,1

0,
20

25

Ta
bl

e
1.

M
yc

ot
ox

in
s

de
te

ct
ed

by
H

R
M

S
in

th
e

di
ff

er
en

tm
ilk

sa
m

pl
es

.E
ac

h
co

m
po

un
d

is
pr

ov
id

ed
w

it
h

it
s

V
IP

sc
or

e
(f

ro
m

O
PL

S-
D

A
),

lo
g2

fo
ld

-c
ha

ng
e

(F
C

)v
al

ue
an

d
p-

va
lu

e
(F

W
ER

)
re

su
lt

in
g

fr
om

th
e

vo
lc

an
o

pl
ot

an
al

ys
is

.

C
la

ss
C

om
po

un
d

p-
V

al
ue

(F
W

ER
)

V
IP

Sc
or

e
(O

PL
S-

D
A

)

Lo
gF

C
C

lu
st

er
3

vs
.

C
lu

st
er

1

Lo
gF

C
C

lu
st

er
3

vs
.

C
lu

st
er

2

Lo
gF

C
C

lu
st

er
4

vs
.

C
lu

st
er

1

Lo
gF

C
C

lu
st

er
4

vs
.

C
lu

st
er

2

Lo
gF

C
C

lu
st

er
5

vs
.

C
lu

st
er

1

Lo
gF

C
C

lu
st

er
5

vs
.

C
lu

st
er

2

A
lte

rn
ar

ia
m

yc
ot

ox
in

s
A

lt
er

se
ti

n
p

>
0.

05
<1

2.
15

1
1.

56
2

−
1.

46
6

−
2.

05
6

3.
34

3
2.

75
3

A
lt

er
na

ri
ol

p
>

0.
05

<1
−

0.
06

4
0.

11
3

−
0.

34
1

−
0.

16
3

−
0.

09
7

0.
08

0
A

lt
er

na
ri

ol
,m

et
hy

l-
et

he
r

0.
00

11
<1

−
0.

81
0

−
0.

43
3

0.
13

9
0.

51
6

−
1.

27
3

−
0.

89
7

Te
nt

ox
in

0.
04

95
1.

11
9

−
0.

15
8

0.
27

2
−

0.
49

2
−

0.
06

1
−

1.
25

8
−

0.
82

7
4Z

-I
nf

ec
to

py
ro

n
0.

03
54

<1
0.

29
8

1.
07

2
0.

00
2

0.
77

4
−

0.
21

0
0.

56
2

A
sp

er
gi

llu
s

m
yc

ot
ox

in
s

Br
ev

ia
na

m
id

e
F

0.
00

65
1.

28
7

0.
30

7
0.

67
1

−
0.

58
4

−
0.

22
0

0.
50

1
0.

86
5

K
oj

ic
ac

id
p

>
0.

05
<1

−
0.

54
2

−
0.

51
3

−
0.

25
0

−
0.

22
2

−
0.

26
7

−
0.

23
9

A
ve

ru
fin

p
>

0.
05

<1
0.

53
1

0.
12

9
0.

08
0

−
0.

32
1

−
0.

64
0

−
1.

04
2

Bi
s(

m
et

hy
lt

hi
o)

gl
io

to
xi

n
0.

00
66

1.
10

2
5.

41
4

6.
24

2
−

2.
60

3
−

1.
77

5
6.

83
0

7.
65

7
A

sp
er

ph
en

am
at

e
p

>
0.

05
<1

−
5.

60
4

−
4.

70
0

−
1.

35
1

−
0.

44
7

−
2.

12
6

−
1.

22
2

Fu
m

on
is

in
s

m
yc

ot
ox

in
s

Fu
m

on
is

in
A

1
0.

04
94

1.
66

7
2.

06
9

1.
67

1
0.

41
2

0.
01

4
1.

08
4

0.
68

7
Fu

m
on

is
in

A
2

0.
00

24
<1

3.
28

5
4.

04
1

−
4.

20
3

−
3.

44
7

4.
11

4
4.

87
0

Fu
m

on
is

in
B2

0.
02

94
1.

84
6

2.
44

4
1.

91
8

0.
85

8
0.

33
2

1.
09

6
0.

57
0

Z
ea

ra
le

no
ne

an
d

m
et

ab
ol

it
es

Z
ea

ra
le

no
ne

0.
01

76
1.

35
8

0.
42

0
0.

63
2

0.
17

5
0.

38
6

−
0.

54
3

−
0.

33
2

α
-Z

ea
ra

le
no

l
0.

03
78

1.
09

8
0.

41
6

0.
66

6
−

1.
26

4
−

1.
01

4
2.

82
2

3.
07

2
Tr

ic
ho

th
ec

en
es

D
eo

xy
ni

va
le

no
l

p
>

0.
05

<1
−

0.
39

6
−

0.
08

0
−

0.
53

0
−

0.
21

4
0.

00
07

2
0.

31
6

N
iv

al
en

ol
p

>
0.

05
1.

11
4

0.
19

8
0.

05
3

−
0.

02
9

−
0.

17
4

−
0.

26
5

−
0.

41
0

O
th

er
Fu

sa
ri

um
m

yc
ot

ox
in

s
Si

cc
an

ol
p

>
0.

05
<1

0.
33

5
0.

30
3

−
0.

26
1

−
0.

29
3

−
0.

21
4

−
0.

24
6

M
on

oc
er

in
p

>
0.

05
<1

0.
46

0
0.

28
7

−
0.

07
2

−
0.

24
6

−
0.

37
6

−
0.

55
0

M
on

ili
fo

rm
in

5.
2
×

10
−

6
1.

01
2

0.
44

2
−

0.
18

7
−

0.
11

9
−

0.
74

8
−

1.
35

9
−

1.
98

8
Eq

ui
se

ti
n

p
>

0.
05

<1
1.

16
6

2.
23

4
−

0.
06

0
1.

00
6

−
1.

49
3

−
0.

42
6

C
ul

m
or

in
p

>
0.

05
<1

0.
24

3
0.

07
1

−
0.

18
5

−
0.

35
7

−
0.

46
7

−
0.

63
9

15
-H

yd
ro

xy
cu

lm
or

in
p

>
0.

05
<1

0.
13

7
0.

35
2

−
0.

37
7

−
0.

16
1

−
0.

37
6

−
0.

16
1

Bu
te

no
lid

e
p

>
0.

05
<1

0.
11

6
0.

09
7

−
0.

09
9

−
0.

11
8

−
0.

56
0

−
0.

57
8

Bi
ka

ve
ri

n
3.

4
×

10
−

4
1.

97
5

−
1.

63
0

−
3.

37
5

−
0.

73
4

−
2.

47
8

−
9.

65
5

−
11

.4
00

A
pi

ci
di

n
p

>
0.

05
<1

0.
10

4
−

1.
46

2
3.

16
3

1.
59

6
−

4.
70

0
−

6.
26

8
A

nt
ib

io
ti

c
Y

0.
00

65
2.

57
9

3.
39

5
1.

06
9

0.
77

1
−

1.
55

4
2.

31
5

−
0.

01
0

K
au

re
no

lid
e

0.
00

24
1.

58
1

−
0.

17
8

−
0.

33
4

−
0.

19
8

−
0.

35
4

−
1.

84
5

−
2.

00
1

7,
1-

D
ih

yd
ro

xy
ka

ur
en

ol
id

e
p

>
0.

05
<1

0.
95

4
1.

57
2

−
1.

99
9

−
1.

38
1

−
0.

01
1

0.
60

6
Fu

sa
ri

c
ac

id
p

>
0.

05
<1

0.
25

0
0.

17
5

0.
26

4
0.

18
9

−
0.

57
8

−
0.

65
3

En
ni

at
in

s-
Be

au
ve

ri
ci

n
to

xi
ns

En
ni

at
in

A
p

>
0.

05
<1

0.
64

7
0.

64
0

−
0.

41
8

−
0.

42
5

0.
56

4
0.

55
7

En
ni

at
in

B1
p

>
0.

05
<1

−
1.

42
1

−
0.

72
4

0.
76

7
1.

46
4

−
1.

94
4

−
1.

24
8

En
ni

at
in

B2
0.

04
34

1.
03

9
0.

05
8

0.
43

6
−

0.
46

6
−

0.
08

8
0.

45
8

0.
83

6
Be

au
ve

ri
ci

n
0.

00
24

<1
0.

43
8

0.
65

6
−

0.
42

9
−

0.
21

1
−

0.
58

6
−

0.
36

8
Pe

ni
ci

lli
um

m
yc

ot
ox

in
s

A
sp

er
gl

au
ci

de
p

>
0.

05
<1

−
0.

45
2

−
0.

80
2

−
1.

91
3

−
2.

26
3

1.
34

7
0.

99
7

Pe
st

al
ot

in
p

>
0.

05
<1

0.
08

8
0.

16
7

−
1.

02
9

−
0.

95
1

0.
98

1
1.

05
95

O
xa

lin
e

p
>

0.
05

<1
0.

42
8

0.
47

5
−

0.
17

4
−

0.
12

7
−

0.
69

9
−

0.
65

2
Fl

av
og

la
uc

in
0.

01
11

<1
−

1.
08

8
−

0.
99

2
0.

84
2

0.
93

8
−

1.
28

8
−

1.
19

2
C

yc
lo

pe
ni

n
p

>
0.

05
<1

−
0.

51
5

−
0.

42
0

−
0.

28
1

−
0.

18
7

−
0.

39
3

−
0.

29
9

Fe
llu

ta
ni

ne
A

p
>

0.
05

<1
1.

06
7

1.
12

9
0.

03
7

0.
09

9
−

0.
28

3
−

0.
22

1
M

yc
op

he
no

lic
ac

id
0.

01
47

<1
−

0.
31

2
−

0.
09

4
−

1.
39

4
−

1.
17

5
1.

29
6

1.
51

5
O

th
er

fu
ng

al
m

et
ab

ol
it

es
Il

ic
ic

ol
in

A
0.

01
46

1.
70

6
2.

42
1

6.
08

6
−

4.
30

3
−

0.
63

9
−

2.
54

7
1.

11
7

Il
ic

ic
ol

in
B

0.
04

67
<1

−
0.

08
6

0.
73

4
−

3.
76

7
−

2.
94

6
−

1.
02

9
−

0.
20

8
C

it
re

or
os

ei
n

0.
03

69
<1

5.
85

8
5.

83
1

−
2.

22
5

−
2.

25
2

−
2.

51
0

−
2.

53
8

M
ac

ro
sp

or
in

1.
6
×

10
−

13
<1

−
4.

45
1

−
4.

29
5

−
0.

41
5

−
0.

26
0

−
4.

29
6

−
4.

14
7

Is
o-

R
ho

do
pt

ilo
m

et
ri

n
3.

2
×

10
−

5
1.

25
4

−
0.

16
2

−
0.

46
2

−
0.

04
2

−
0.

34
1

−
1.

30
1

−
1.

59
9

90



Foods 2021, 10, 2025

Figure 3. OPLS-DA score plot considering the different milk samples and their cluster, according to
the corn silage contamination profile.

3.3. Discrimination of Milk Samples According to a k-Means Clustering Approach

The mycotoxin profile of the different milk samples showed a scarce prediction ability
when considering as class discrimination parameter the cluster type used to previously
classify the different corn silages [5]. This aspect is not surprising, considering that in
our experimental conditions, several variables related to both animals and dairy farm
conditions (including the other ingredients of the TMR) may have contributed to the
profile observed, not only the contamination of corn silages by mycotoxins. However, the
unsupervised statistical approach based on hierarchical clustering dendrogram (Table S1)
revealed a tendency in the dataset to discriminate two main groups. This was confirmed
by the PCA score plot resulting from the unsupervised k-means clustering approach
(Figure 4), with two principal components able to explain the 36.8% of the total variability.
Therefore, to find potential marker compounds of the discrimination observed, we used
again a supervised statistical approach (OPLS-DA) combined with the S-plot to extrapolate
the discriminant features. To this aim, two main groups (Group 1 and Group 2) were
considered, and milk samples were assigned to these new groups, accordingly.

Afterwards, a new OPLS-DA prediction model considering the two new groups
outlined by the unsupervised k-means clustering was built, and the resulting score plot is
provided in Figure 5 (Figure 5A). The new OPLS-DA model was characterized by excellent
parameters, recording a goodness-of-fit of 0.976 and a goodness-of-prediction of 0.965,
recording a clear separation between the two groups of milk samples.

Finally, the S-plot related to the OPLS-DA score plot (Figure 5B) was inspected to
extrapolate the most discriminant mycotoxins allowing the separation of both principal
groups. Interestingly, we found that milk samples belonging to Group 2 were higher in
apicidin and tentoxin, while those belonging to Group 1 were mainly discriminated by
α-zearalenol and mycophenolic acid (Figure 5B). Considering the clear separation revealed
by the OPLS-DA approach and based on the new sample grouping, we aim in a future work
to explore more variables able to affect the final mycotoxin profile of milk. In fact, as widely
reported in literature [8], various mycotoxins can modify the rumen flora due to their
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antimicrobial activity. This may decrease the degrading capacity of the rumen, resulting in
an unexpected passage rate of intact toxins from other sources. Additionally, changes in the
blood–milk barrier due to systemic, and particularly local, infections (mastitis) can affect
the integrity of the blood–milk barrier and the pH gradient between blood and milk. Taken
together, these effects could, in turn, alter the rate of excretion and facilitate the excretion
of mycotoxins that are not expected in milk.

Figure 4. PCA score plot resulting from the unsupervised k-means clustering of the different milk
samples under investigation, revealing two major groups according to the mycotoxin contamina-
tion profile.

Figure 5. OPLS-DA score plot (A) considering the two group of milk samples outlined by the unsupervised k-means
clustering approach, together with the S-plot; (B) outlining the most discriminant compounds for the comparison Group 1
vs. Group 2, namely mycophenolic acid and α-zearalenol (Group 1) followed by apicidin and tentoxin (Group 2).
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3.4. Semi-Quantitative Analysis by UHPLC-HRMS of the Discriminant Markers

As a final step, a semi-quantification in HRMS-mode using authentic standards was
carried out considering some of the discriminant marker compounds revealed by the
different statistical approaches, namely α-zearalenol, mycophenolic acid, apicidin, and
tentoxin. The results obtained are reported in Table 2, as average contents (n = 3) for each
milk sample.

Table 2. Semiquantitative analysis based on HRMS (UHPLC-Orbitrap-MS) of tentoxin, α-zearalenol, mycophenolic acid,
and apicidin in the different milk samples according to the main groups highlighted by the k-means clustering approach.
nd = not detected.

Group (k-Means) Milk Sample Tentoxin
(ng/mL)

α-Zearalenol
(ng/mL)

Mycophenolic Acid
(ng/mL)

Apicidin
(ng/mL)

Group 1 (left side) Sample 2 0.86 2.44 1.27 nd
Sample 6 1.68 3.81 1.08 nd

Sample 11 1.71 2.91 0.95 nd
Sample 14 1.03 2.31 0.31 nd
Sample 16 0.64 1.79 0.52 nd
Sample 20 2.21 3.06 1.19 nd
Sample 43 1.08 2.33 0.35 nd
Sample 45 2.04 3.35 0.34 nd
Sample 10 1.69 4.94 0.48 nd
Sample 13 1.93 2.79 0.49 nd
Sample 21 1.18 5.25 2.68 nd
Sample 23 0.67 1.06 0.46 nd
Sample 26 0.71 2.13 0.50 nd
Sample 32 1.16 2.90 0.79 nd
Sample 5 1.07 2.90 0.30 nd

Sample 27 1.07 1.96 0.62 nd
Sample 4 0.76 1.75 0.28 nd

Sample 28 1.22 4.93 1.38 <0.1
Sample 41 0.87 1.80 0.99 nd

Group 2 (right side) Sample 19 1.01 <0.1 <0.1 0.33
Sample 22 1.16 <0.1 <0.1 0.23
Sample 25 2.35 <0.1 0.19 0.28
Sample 29 1.85 <0.1 <0.1 0.15
Sample 33 1.05 <0.1 0.16 0.11
Sample 36 1.79 <0.1 <0.1 0.57
Sample 37 2.07 <0.1 <0.1 0.27
Sample 38 2.35 <0.1 <0.1 0.24
Sample 39 1.16 <0.1 0.15 0.32
Sample 40 2.06 <0.1 <0.1 <0.1
Sample 1 0.29 <0.1 <0.1 0.13
Sample 3 0.19 <0.1 <0.1 0.24
Sample 7 1.49 <0.1 <0.1 0.20

Sample 15 1.15 <0.1 <0.1 0.44
Sample 17 1.28 <0.1 <0.1 <0.1
Sample 24 1.32 <0.1 <0.1 0.43
Sample 30 1.71 <0.1 <0.1 0.18
Sample 31 2.42 <0.1 0.15 0.41
Sample 34 2.02 <0.1 <0.1 0.55
Sample 42 2.23 <0.1 <0.1 0.14
Sample 44 2.88 <0.1 <0.1 0.41
Sample 8 1.43 <0.1 <0.1 0.71
Sample 9 <0.1 <0.1 <0.1 0.30

Sample 12 1.01 <0.1 <0.1 0.15
Sample 18 2.06 <0.1 <0.1 0.12
Sample 46 1.46 <0.1 <0.1 0.25

As shown in the Table 2, we found a concentration range for the tentoxin of 0.19 to
2.9 ng/mL, with no significant differences between the different milk groups considered
according to the k-means unsupervised clustering (i.e., Group 1 and Group 2). Regard-
ing the distribution of tentoxin in the corn silages, Gallo et al. [5] reported a maximum
content of 88.9 µg/kg for corn silage samples belonging to cluster 4, followed by cluster 2
(46.2 µg/kg) and cluster 5 (34.3 µg/kg). Alternaria species can produce more than 70 toxins,
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which play important roles in fungal pathogenicity and food safety, since some of them are
harmful to humans and animals [25]. The studied Alternaria secondary metabolites belong
to diverse chemical groups such as nitrogen-containing compounds (amide, cyclopeptides,
etc.), steroids, terpenoids, pyranones, quinines, and phenolics. The major Alternaria toxins
belong to the chemical groups dibenzo-pyrones, which include alternariol and alternariol
monomethyl ether and cyclic tetrapeptides represented by tentoxin. These mycotoxins
were the most studied metabolites produced by Alternaria strains on different substrates
(tomato, wheat, blueberries, walnuts, etc.) and some of the main Alternaria compounds
thought to pose a risk to human and animal health because of their known toxicity and their
frequent presence as natural contaminants in food [26]. The cyclic tetrapeptide tentoxin is
one of the major Alternaria toxins produced, along with dihydrotentoxin and isotentoxin.
Their structures differ at the unsaturated bond of the N-methyldehydrophenylalanine
moiety, which is hydrogenated into a single bond in dihydrotentoxin, and E configured in
isotentoxin. All three compounds are phytotoxins, with tentoxin being the most potent,
inhibiting photophosphorylation and inducing chlorosis [27]. However, no toxicological
data are available for mammals, and the data on the occurrence of this toxin in food and
feed are limited as well. Additionally, according to the scientific opinion provided by
EFSA in 2016 [26], the levels of tentoxin in the different food categories considered were
the lowest among the four Alternaria toxins covered. In this regard, the highest levels
were found in samples of sunflower seeds (on average 80 µg/kg). Additionally, although
based on limited data, vegetarians seemed to have higher dietary exposure to tentoxin
than the general population. Overall, few data are available in literature about absolute
quantification or screening of Alternaria toxins, such as tentoxin, in milk and dairy products.
In a previous work, Izzo and co-authors [12] tentatively identified tentoxin in seven milk
samples by using a high-resolution retrospective screening, pointing out the necessity of
evaluating other fungal toxic metabolites in milk monitoring studies besides the regulated
mycotoxins and their known metabolites.

Among the VIP markers of the OPLS-DA model we found also zearalenone (VIP
score = 1.358) and its metabolite α-zearalenol (VIP score = 1.098). As reported in Gallo et al. [5],
the corn silages belonging to cluster 1 were characterized by a total content of zearalenone and
derivatives of 95.3 µg/kg, with a great abundance of zearalenone-sulfone (i.e., 91.2 µg/kg).
On the other hand, the lowest contents for zearalenone derivatives were reported for cluster
2 (22 µg/kg) and cluster 4 (2.5 µg/kg), whilst the highest values were reported for cluster
3 (i.e., 152.8 µg/kg) and cluster 5 (i.e., 286.6 µg/kg). Accordingly, the highest abundance
of zearalenone-sulfone was found in cluster 5, being 284.9 µg/kg. This might be of great
concern considering the toxic effects of this compound. Zearalenone and its derivative, α-
zearalenol, are a family of phenolic compounds produced by several species of Fusarium (such
as F. graminearum, F. culmorum, F. crookwellense, F. sambucinum and F. equiseti), which can infect
many important crops such as corn, wheat, sorghum, barley, oats, sesame seed, hay, and
corn silage [28]. These fungal toxins have been associated with hyperestrogenism and other
reproductive disorders in swine. In sows, a series of reproductive disorders may occur at
greater levels of zearalenone in feed (50–100 mg/g feed), including the induction of vulvo-
vaginitis, vaginal and rectal prolapses, delayed onset of the first estrus, infertility characterized
by continuous estrus, pseudo-pregnancy, ovarian abnormalities, and pregnancy loss [29]. Ad-
ditionally, the α-zearalenol metabolite is reported to be three/four times more estrogenic than
zearalenone [30]. In our experimental conditions, we found not quantifiable values up to more
than 5 ng/mL for α-zearalenol. Interestingly, milk samples belonging to cluster 5 showed
the higher average value, according to the highest values of zearalenone derivatives recorded
in the silages belonging to cluster 5 (i.e., 286.6 µg/kg). Besides, α-zearalenol was a specific
marker of Group 1 of the OPLS-DA model reported in Figure 5, while Group 2 showed no
detectable levels (Table 2).

Finally, mycophenolic acid (a Penicillium mycotoxin) and apicidin (a Fusarium myco-
toxin) were found to be two of the most discriminant mycotoxins of the new OPLS-DA
model built (Figure 5). To date, no comprehensive information concerning the carry-over

94



Foods 2021, 10, 2025

of mycophenolic acid from feed to milk is available, although carry-over is possible [31].
However, in our experimental conditions, we found semi-quantitative values of <0.1 up to
1.38 ng/mL in milk samples for this Penicillium mycotoxin. This compound presents low
acute cytotoxicity on the human intestinal cell line Caco-2 compared to other mycotoxins
(such as T-2 toxin, gliotoxin, deoxynivalenol, and patulin) after 48 h exposure; however,
it has been shown to possess immunosuppressive effects [31]. According to literature,
mycophenolic acid is found mainly in blue-veined cheeses. In fact, Fontaine et al. [31]
reported that the 75% of cheese samples analyzed contained a maximum of 705 µg/kg
of mycophenolic acid. However, cheeses may be directly contaminated by mycotoxins,
such as mycophenolic acid, because of accidental or intentional mycotoxigenic fungal
development on the cheese surface or in their core, while the presence of mycophenolic
acid in bulk milk is only attributable to potential carry-over from the feed. Therefore,
further studies based on strong and targeted monitoring plans of mycophenolic acid in
both the TMR and milk (considering individual animals and single diets) are mandatory.
As revealed by the semi-quantification of mycophenolic acid reported in Table 2, this
compound was a specific marker of the Group 1. Regarding apicidin, no information in
the literature is available about its presence in milk and dairy products, and this was also
due to its nature of “emerging” mycotoxin. Overall, apicidin (a cyclic tetrapeptide) is a
fungal metabolite that exhibits potent, broad-spectrum, antiprotozoal activity and inhibits
histone deacetylase activity at nanomolar concentrations [32]. As reported in Table 2, this
compound was a specific marker of the Group 2. Apicidin and mycophenolic acid (as
emerging mycotoxins) have been identified also in the corn silages previously analyzed
by Gallo et al. [5]; however, in our experimental conditions it is impossible to provide
carry-over evaluations and further work is mandatory to better evaluate the impact and
incidence of the contamination profile.

4. Conclusions

In this work, we have assessed the potential of a metabolomics-based approach cou-
pled with a retrospective screening by high-resolution mass spectrometry to evaluate the
mycotoxin profile (in terms of both regulated and emerging mycotoxins) of bulk milk sam-
ples. Overall, the HRMS approach allowed us to identify 46 mycotoxins, but the accuracy
of the prediction was not robust enough and further ad hoc and targeted studies (based
on dedicated and optimized extraction conditions and tandem MS analyses) are required
to confirm the robustness of the markers proposed. Additionally, by coupling unsuper-
vised (different clustering algorithms) and supervised (such as OPLS-DA) approaches we
found the most discriminant mycotoxins driving the separations of the bulk milk samples
under investigation. In this regard, among the most discriminant markers we found α-
zearalenol, mycophenolic acid, tentoxin, and apicidin. The preliminary semi-quantitative
results obtained in this work suggest potential carry-over and metabolization phenom-
ena in milk of the selected mycotoxins, although further ad hoc confirmation studies are
mandatory, mainly when considering the toxicity reported in literature for some of the
markers identified.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10092025/s1, Table S1: dataset resulting from the screening by HRMS of the different
mycotoxins annotated in the milk samples (the MS1 and MS/MS isotopic profiles for each compound
are provided with both isotopic mass and corresponding relative intensity values) together with the
sample legend and the unsupervised grouping (tree plot) of the different milk samples according to
the hierarchical clustering approach (built considering the Euclidean similarity measure and ‘Wards’
as linkage rule).
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Abstract: As an inhibitor of ethylene receptors, 1-methylcyclopropene (1-MCP) can delay the ripening
of papaya. However, improper 1-MCP treatment will cause a rubbery texture in papaya. Under-
standing of the underlying mechanism is still lacking. In the present work, a comparative sRNA
analysis was conducted after different 1-MCP treatments and identified a total of 213 miRNAs, of
which 44 were known miRNAs and 169 were novel miRNAs in papaya. Comprehensive functional
enrichment analysis indicated that plant hormone signal pathways play an important role in fruit
ripening. Through the comparative analysis of sRNAs and transcriptome sequencing, a total of
11 miRNAs and 12 target genes were associated with the ethylene and auxin signaling pathways. A
total of 1741 target genes of miRNAs were identified by degradome sequencing, and nine miRNAs
and eight miRNAs were differentially expressed under the ethylene and auxin signaling pathways,
respectively. The network regulation diagram of miRNAs and target genes during fruit ripening was
drawn. The expression of 11 miRNAs and 12 target genes was verified by RT-qPCR. The target gene
verification showed that cpa-miR390a and cpa-miR396 target CpARF19-like and CpERF RAP2-12-like,
respectively, affecting the ethylene and auxin signaling pathways and, therefore, papaya ripening.

Keywords: 1-MCP treatments; microRNA; degradome and transcriptome; papaya ripening; ethylene
and auxin

1. Introduction

Papaya (Carica papaya L.) is a popular and widely planted fruit in tropical and sub-
tropical regions due to its unique taste, nutritional benefits, and medicinal benefits [1–3].
As one of the classic climacteric fruits, papaya fruits are highly perishable after harvest as a
result of rapid ripening and softening and susceptibility to biotic or abiotic stresses [4,5],
which usually result in a high percentage of product loss [6,7].

The ethylene antagonist 1-methylcyclopropene (1-MCP) has been widely used to main-
tain the quality and extend the shelf life of harvested products [8]. By binding to ethylene
receptors, 1-MCP can inhibit the release of ethylene, inhibit the respiratory intensity of
fruits and vegetables, and delay the ripening of various fruits and vegetables [9–12]. 1-MCP
treatment on papaya at earlier development stages or for long-term/high-concentration
treatments will lead to a “rubbery texture” phenomenon, where the fruits are unable to
completely soften during later storage, leading to tasteless lack of flavor [13]. RNA-seq
analysis has shown that improper 1-MCP treatment severely inhibits cell wall degradation
and fruit softening by inhibiting ethylene signal transduction and cell wall metabolism
pathways [10]. Integrated analysis of metabolomics and RNA-seq data has shown that var-
ious energy metabolites for the tricarboxylic acid cycle, glycolic acid cycle, flavonoids, and
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phenylpropane pathways were significantly affected by 1-MCP, all of which play important
roles in fruit ripening and the softening disorder caused by improper 1-MCP treatment
(400·L−1·16 h) [14]. However, a deeper understanding of the ripening and softening disor-
der caused by inappropriate 1-MCP treatment is imperative for further commercial use of
1-MCP.

Ethylene and auxin play critical roles in fruit ripening [15–17]. At the transcript
level, various transcription factors act as important regulators in the auxin and ethylene
signaling pathways and regulate fruit ripening. In persimmon fruit, the DkERF8/16/18
genes may participate in fruit ripening by accelerating cell wall modification and ethylene
biosynthesis [18]. In papaya, it was found that CpNAC3 interacted with CpMADS4 and
regulated the role of ethylene signal transcription factors, namely CpERF9 and CpEIL5,
to regulate fruit ripening [19]. CpEBF1 interacts with CpMADS1 and regulates cell wall
degradation-related genes to modulate the fruit ripening process and softening disorder
caused by 1-MCP [13]. Exogenous auxin delays the ripening process of tomato fruits by
inhibiting the production of ethylene, the accumulation of carotenoids, and the degradation
of chlorophyll [20]. Auxin-induced DzARF2A expression was confirmed in response to
exogenous auxin application, indicating the auxin-mediated DzARF2A role in durian fruit
ripening [21]. Through transcriptome sequencing, it was found that most of the differ-
entially expressed genes between suitable and improper 1-MCP treatment groups were
enriched in starch and sucrose metabolism, carbon metabolism, plant hormone signal trans-
duction, and amino acid biosynthesis pathways [10]. Among these differentially expressed
genes, there were 21 genes enriched in ethylene and auxin signaling pathways [10].

MicroRNA (miRNA) is a type of non-coding small RNA that is around
21 nucleotide (nt). They are widely presented across eukaryotes, where most are neg-
ative regulators of gene expression [22,23]. They mainly regulate the expression of plant
genes at the post-transcriptional level by mediating cleavage of mRNA target molecules or
reducing the translation of target molecules, thereby regulating morphogenesis, growth,
development, plant organ hormone secretion, plant organ signal transduction, and the
ability to respond to stressors in the environment [24–26]. Recently, a growing body of
studies have found that small RNAs were involved in regulating auxin and ethylene signal
transduction. Li et al. [27] found that miR160, miR390, and their target genes were related to
auxin signaling and participate in the pathway of adventitious root formation in “M9-T337”
apple rootstock. Auxin response factor (ARF) is a plant-specific transcription factor that
mediates the downstream expression of auxin response genes by binding to auxin response
elements and participating in various processes during plant growth and development [28].
The gene families TaARF1, TaARF4, TaARF7, TaARF34, and TaARF39, located in the wheat
genome, were predicted to be targets of Tae-miRNA160, a stress-responsive miRNA. This
showed that they were under the regulation of early auxin-responsive gene expression in
the auxin signaling pathway [29]. An analysis of the differential expression of miRNAs
in banana under ethylene treatment found that miR162a, miR167a, miR172a, and miR319a
participated in ethylene-dependent fruit ripening [30]. All these results suggested that
miRNAs play critical roles in plant development and fruit ripening by regulating ethylene
targets, auxin, and other signaling pathways.

This study integrates a differential expression analysis of miRNA, RNA-seq, and
degradation sequencing in papaya fruit under different 1-MCP treatments in an effort to
identify the key miRNAs and their targets that regulate papaya fruit ripening and the
ripening disorder. This work further explores the transcriptional regulation network in
papaya fruit and provides new ideas for future physiological and molecular research.

2. Materials and Methods
2.1. Plant Material and Treatment

Papaya (Carica papaya L. cv. ‘suiyou-2’) fruits were harvested from a local commercial
farm in the Panyu district of Guangzhou, Guangdong, China. The fruit were harvested at
the color-breaking stage of maturity (5% yellow < peel color < 15% yellow) as long as they
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were disease-free, packaged into polystyrene boxes, and then transported immediately
to the laboratory. The harvested fruit were dipped in 0.2% (w/v) hypochlorite solution
for 10 min and then soaked in a 500 mg·mL−1 solution of mixed prochloraz (Huifeng,
Jiangsu, China) and iprodione (Kuaida, Jiangsu, China) for 1 min to minimize the effect of
microbes/microbe contamination. Treatments were then carried out with the same protocol
as in our previous work in Zhu et al. [31]. A total of 600 papaya fruits were selected and
divided into three sub-groups, and each group contained 200 papaya fruits. Two groups
of the fruit were treated with 400 nL·L−1 1-MCP in a closed foam box for 2 and 16 h,
respectively; air treatment for 16 h was used as a control. All fruits were then treated with
1000 µL·L−1 ethephon for 1 min. After air-drying for a few minutes, the papaya fruit was
packed in an unsealed polyethylene bag (10 cm × 20 cm, 0.02 mm thick) and stored at
22 ◦C. All the treatments were conducted with three biological replicates.

Three sampling points at days 0, 1, and 6 were selected for measurement with three
biological replicates. For each sampling point, three fruits representing the three bio-
logical replicates were collected. Samples were taken from the middle of the papaya
fruit flesh, frozen immediately using liquid nitrogen, and then stored at −80 ◦C for fur-
ther testing. Subsequent usage included RNA extraction, small RNA sequencing, and
degradome sequencing.

2.2. RNA Extraction and cDNA Library Preparation

For RNA-seq, all RNA extraction and library preparation procedures were conducted
as described in Zhu et al. [31].

The NEB Next Ultra-small RNA Library Preparation Kit for Illumina (NEB, #E7530,
Ipswich, MA, USA) was used according to the manufacturer’s protocol in order to generate
a small RNA-seq library. Library quality was evaluated using an Agilent Bioanalyzer 2100
system. Samples from the control group, short-term 1-MCP treatment group, and long-
term 1-MCP treatment group were selected for miRNA analysis after storage for 0, 1, and
6 days. Each sample time contained three biological replicates, and a total of 21 libraries
were constructed. After removing the adapter sequences and low-quality sequence reads
(including reads containing more than 10% N, reads without 3′ linker sequences, and
sequences shorter than 18 nucleotides or longer than 30 nucleotides), the clean reads were
then mapped to the papaya reference genome (http://www.plantgdb.org/CpGDB/). Us-
ing a BLASTN search against miRbase (V21), known miRNAs were identified from mapped
small RNA tags. For the new miRNA candidates, we used miRDeep2 for their identification.
The total number of identified miRNAs in each constructed library was then normalized to
TPM (number of transcripts per million of the clean tags). The DEGseq R package was used
for differential expression analysis between the different groups. The q-value was used
to adjust the p-value. Small RNAs with |log2(foldchange)| > 1 and p -value < 0.01 were
assigned as differentially expressed. Target Finder software was used to predict the target
genes of differentially expressed miRNAs (http://targetfinder.org/). The target gene iden-
tification was also based on the integration of small RNAs and transcriptome sequencing
analysis. Normally, miRNA and mRNA pairs have a negative regulatory network relation-
ship regarding their expression. GO software (http://www.geneontology.org/) was used
to enrich and analyze the differential target genes between sample groups, and the KEGG
(Kyoto Encyclopedia of Genes and Genomes) database was used to analyze the pathway an-
notation of differentially expressed miRNA target genes (http://www.genome.jp/kegg/).

The papaya samples, including fruits treated with 400 nL· L−1 1-MCP for 2 or 16 h and
from the control group, were mixed and used to establish a degradation group library. After
the samples were extracted, total RNA was extracted using the reagent Trizol (Invitrogen,
CA, USA). The quantity and purity of the total RNA were analyzed using a Bioanalyzer
2100 and RNA 6000 Nano Lab Chip Kit (Agilent, CA, USA) with an RIN number > 7.0.
Approximately 20 µg of total RNA was used for degradome library construction. Single-end
sequencing (36 bp) was performed on an Illumina Hiseq2500 at LC-BIO (Hangzhou, China)
according to the protocol recommended by the sequencing facility. Raw sequencing reads
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containing no adaptors nor low-quality reads were obtained using Illumina’s software.
The filtered sequencing reads were then used to identify potentially cleaved targets using
the CleaveL pipeline. Degradome data and reads were mapped to the mRNA downloaded
from JGI (http://www.plantgdb.org/CpGDB/). Only perfectly matched alignments to the
given read were preserved for further degradation analysis.

2.3. RT-qPCR Verification

In order to verify the expression profiles of the identified miRNA and its target mRNA,
7 known miRNAs, 4 novel miRNAs, and 12 corresponding target genes were selected for
real-time quantitative PCR (RT-qPCR) validation.

Total RNA and small RNAs were extracted using TRIzol reagent and Fruit-mate for
RNA purification (Takara, Japan). Total RNA was reverse-transcribed using stem-loop
qRT-PCR [32]. Stem-loop primers for reverse transcription and primers for RT-qPCR are
listed in Tables S1 and S2. The relative gene expression value was normalized against the
relative value of the CpTBP1 gene for mRNA expression [33] and 5 s RNA for miRNA
expression [34]. SuperScript III reverse transcriptase (Invitrogen, Carlsbad, California,
USA) was used to reverse transcribe the total RNA using the pulse reverse transcription
program. The RT-qPCRs were performed using a total volume of 20 µL containing 10 µL
SYBR Mixture (Promega, Madison, Wisconsin, USA), 3 µL cDNA template, 0.5 mM primers,
and 6 µL ddH2O. PCR was performed on a Bio-Rad CFX96 real-time PCR system using
the qPCR Master Mix Kit (Promega, Madison, WI, USA). Three biological replicates were
used to determine the expression of each gene, and expression was calculated using the
2−∆∆CT method [33].

2.4. Plant Expression Vector Construction and Transformation

Validated miRNAs were cloned into a pBI121 binary vector driven by a cauliflower
mosaic virus 35S promoter (CaMV35S). The miRNAs’ corresponding target genes were
cloned into a pMS4 vector containing green fluorescent protein (GFP). Vector constructions
were conducted in reference to Wang’s method [35]. Confirmation of the target gene site
was identified using the website http://plantgrn.noble.org/psRNATarget/). The primers
are listed in Table S3. The constructed vectors were then transformed into tobacco mediated
by Agrobacterium tumefaciens (GV3101). Young tobacco leaves were cultivated for five weeks
and used for injection of Agrobacterium tumefaciens. Transformed leaves were photographed
with ultraviolet light after 36 h of infection.

2.5. Statistical Analysis

Each treatment was conducted in three independent biological replicates, and the
variance of the collected data was analyzed. Statistical differences between groups were
assessed based on Duncan’s Multiple Range Test (DMRT) in SPSS 19.0 (IBM, Armonk, NY,
USA). The graphics were drawn using Prism 8 software (GraphPad Inc., La Jolla, CA, USA)
and Adobe Illustrator software (CC 2017; Adobe Inc., San Jose, CA, USA).

3. Results
3.1. Construction and Sequencing of Small RNA Libraries

Our previous work showed that 1-MCP treatment (400 nL·L−1, 2 h) can delay the
ripening of papaya fruit, but improper 1-MCP treatment (400 nL·L−1, 16 h) causes an
adverse “rubbery” texture [31]. Therefore, small RNA (sRNA) sequencing was performed.
A total of 354.06 megabytes (MB) of clean reads was obtained from 21 different libraries.
For each sample, low-quality sequences and reads with an unknown base (N) greater than
10% of the sequence were first removed and then 3′ adaptor sequences, reads with low
complexity, and reads homologous to t/rRNA sequence were removed. The data for each
sample consisted of no less than 12.23 MB of clean reads (Table S4). In addition, 98.77 to
99.11% of the total reads ranging from 18 to 30 nt library lengths exactly matched the papaya
genome sequence. The length distribution of the sRNAs was mainly concentrated between
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18 and 24 nt, where the papaya libraries were mainly composed of 20 and 21 nt length
sRNAs (Figure 1A). However, in the papaya injected with papaya ringspot virus (PRSV),
21 and 24 nt length sRNAs accounted for the majority of the total sRNAs present [36]. One
possible reason for the observed difference in mature sRNA lengths across the different
groups may be due to the differential activity across the various sRNA biogenesis pathways.
Nucleotide sequence analysis of the identified miRNAs showed that uridine (U) was the
most common nucleotide in sRNAs of 20–24 nt length, while cytosine (C) had a higher
enrichment in the sRNAs of 19 and 25 nt lengths (Figure 1B). C and U account for the
majority of the total number of bases in papaya sRNA.
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3.2. Identification of Known and Novel miRNAs

Known miRNAs in papaya fruit were identified through sequence matching with
an miRNA database (miRBase v21). Read sequences that were exactly the same as the
known miRNA were considered to be an identified known miRNA. A total of 213 miRNAs
were identified in the present study, 44 of which are already known miRNAs, and 169
are newly predicted miRNAs (Table S5). As shown in Figure 1C, the distribution of
known and new miRNAs in sRNAs is different across different lengths. The number of
new miRNAs discovered was significantly greater than the number of known miRNAs.
Among the newly discovered miRNAs, the number of 21 and 24 nt length miRNAs was
significantly greater than that of those of other size classes. The distribution of known
miRNAs and new miRNAs from each sample is shown in Figure 1D. Fewer miRNAs
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were identified in the 1 day (s) after treatment (DAT) and 6 DAT samples in the control
than in the other samples. Among all the known miRNAs, 14 miRNAs showed high
abundance > 5000 TPM, including cpa-miR159a, cpa-miR159b, cpa-miR160d, cpa-miR162a,
cpa-miR164a, cpa-miR166a, cpa-miR166d, cpa-miR319, cpa-miR390a, cpa-miR396, cpa-miR477,
cpa-miR8137, cpa-miR8141, and cpa-miR8148. Five identified miRNAs from across all
the miRNA libraries showed low abundance < 100 TPM, including cpa-miR160c-3p, cpa-
miR164d, cpa-miR5211, cpa-miR8134, and cpa-miR8150. In addition, 169 novel miRNA
candidates from 21 different libraries were predicted. It seems that 25.4% of the novel
miRNA candidates showed lower abundance < 500 TPM. Among all the identified novel
miRNAs, unconservative_supercontig_106_26263 and unconservative_supercontig_17_8265
were in greatest abundance (Table S6).

3.3. Identification of Differentially Expressed miRNAs

Compared to 0 DAT, 60 differentially expressed miRNAs (DEMs) (|log2(FC)| ≥ 1, p-
value ≤ 0.05) were identified (at 1 DAT vs. 0 DAT and 6 DAT vs. 0 DAT) (Figure 2A). There
were 46 DEMs identified between 1 and 0 DAT in the control group, of which 40 DEMs
showed increased expression and 6 DEMs showed decreased expression (Figure 2A). There
were 20 DEMs identified between 6 and 0 DAT in the control group, among which 5 DEMs
had increased expression and 15 DEMs had decreased expression. Among the DEMs in
both comparison groups, there were six DEMs that were shared across both comparisons
during the papaya ripening stage, of which four DEMs had increased expression and two
DEMs had decreased expression during fruit ripening. The number of DEMs decreased
during fruit ripening (Figure 2A). The enriched GO terms for the predicted target genes are
presented in Figure 2B. “Biological process of metabolic process”, “single-organism process
and cellular process”, “the cellular component of cell part and cell”, and “the molecular
function of catalytic activity and binding” had the most significant differences in gene
expression changes during papaya fruit ripening. In the KEGG enrichment analysis, there
were 36 top enrichments for metabolic/biological pathways (Figure 2C). Among these
enriched genes, “metabolic pathways of plant hormone signal transduction”, “fatty acid
metabolism”, “biosynthesis of amino acids”, and “starch and sucrose metabolism” are
important for fruit ripening.

Figure 3A shows a total of 60 miRNAs that were differentially expressed between
1-MCP treatments (long-term and short-term) compared to the control (Figure 3A). The
amount of DEMs decreased with the storage time and duration of the 1-MCP treatment.
Compared to the control, a total of 45 miRNAs were differentially expressed during short-
term 1-MCP treatment. There were 35 DEMs specifically identified in the comparison of
1-MCP 2 h vs. CK at 1 DAT, 5 DEMs specifically identified in the comparison of 1-MCP
2 h vs. CK at 6 DAT, and 5 common DEMs shared across both DATs. Contrary to this, a
total of 27 DEMs were identified in the comparison of long-term 1-MCP vs. the control.
Of these, 11 and 12 DEMs were specifically identified after 1 and 6 DAT, respectively, and
4 DEMs were shared across both DATs. These results indicate that miRNAs are important
in regulating fruit ripening.

In the abnormal fruit ripening case caused by 1-MCP treatment, the number of DEMs
decreased dramatically compared to short-term 1-MCP treatment, indicating that the miss-
ing DEMs may be involved in the softening disorder. In order to fully understand the
functions of DEM target genes, a GO enrichment analysis was performed (Figure 3B).
The enrichments for “metabolic process and cellular process”, “the cellular component of
cell part and cell”, and “molecular function of catalytic activity and binding” biological
processes showed the most significant differences in gene expression during 1-MCP-treated
papaya fruit ripening. From the KEGG enrichment terms, there were 38 top enrichments
for metabolic/biological pathways (Figure 3C). Among these KEGG enrichment terms,
“metabolic pathways of plant hormone signal transduction”, “phenylpropanoid biosynthe-
sis”, “protein processing in endoplasmic reticulum”, “carbon metabolism”, and “starch
and sucrose metabolism” genes were the most enriched, indicating the important roles of
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these terms in fruit ripening and 1-MCP-caused ripening disorder. The COG function for
different treatments is shown in Figure S1. All DEMs were clustered into 26 functional
categories based on four kinds of differential enrichment analyses. Among the 26 functional
categories, “general function prediction only”, “transcription”, and “replication, recombi-
nation, and repair” were the most enriched items. The signal transduction mechanism was
also enriched, which is an important functional protein for the ripening process of papaya
(Figure S1).
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Ethylene and auxin signaling pathways showed an important role in the ripening
of papaya treated with different durations of 1-MCP treatment [31]. According to the
perfect or near-perfect complementarity of expression between miRNAs and their targets,
DEMs were predicted to correspond to uni-genes as potential targets. Through sRNA
sequencing analysis, Target Finder software was used for predicting targets. According to
sRNA sequencing, miRNAs and their predicted target genes related to ethylene and auxin
were found, and eight miRNAs and their predicted target genes with opposite expression
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levels were screened out. It indicates that miRNAs may play a critical regulatory role
in ethylene and auxin signal transduction pathways. The identified miRNAs and their
corresponding target genes are shown in Table 1. In the early development stage of papaya
ripening (1 DAT vs. 0 DAT in the control), cpa-miR319 was downregulated, while cpa-
miR396 and cpa-miR8140 were upregulated. At the late development stage of papaya
ripening (6 DAT vs. 0 DAT in the control), the expression of cpa-miR160d decreased. At
the late development stage of delayed papaya ripening, cpa-miR390a (1-MCP 2 h 6 DAT
vs. control 6 DAT) and cpa-miR396 were upregulated; cpa-miR172a, on the other hand, was
downregulated (1-MCP 2 h 6 DAT vs. 1 DAT). At the early development stage of papaya
softening disorder caused by 1-MCP (1-MCP 16 h 1 DAT to control 1 DAT), cpa-miR172a
was upregulated. Meanwhile, during the ripening stage of papaya with ripening disorder
caused by 1-MCP, the expression of cpa-miR160d, unconservative_supercontig_2_1866 (1-MCP
16 h 6 DAT vs. control 6 DAT), cpa-miR167c, and cpa-miR8140 (1-MCP 16 h 6 DAT vs. 1 DAT)
was upregulated. These results indicated that miRNAs may be involved in ethylene and
auxin signaling and participate in the ripening of papaya.

3.4. Combined Expression Analysis of miRNAs and Their Target mRNAs

Through differential expression analysis of the miRNAs and mRNAs in the sRNAs and
transcriptome sequencing data, key miRNAs and genes were identified. The regulation of
miRNAs and their target genes was uncovered. Compared to 0 DAT, 34 DEMs were identi-
fied, of which 20 DEMs were found at both 1 and 6 DAT. Six DEMs were shared across both
DAT groups (Figure 4A). The enriched target gene GO terms are presented in Figure 4B.
The enrichments for “biological process of metabolic process and cellular process” and
“the molecular function of binding” biological processes showed the most significant differ-
ences in gene expression during papaya fruit ripening. From the KEGG enriched terms,
“metabolic pathways of plant hormone signal transduction”, “carbon metabolism”, and
“starch and sucrose metabolism” were important for fruit ripening (Figure 4C).

Combined with transcriptome analysis, a total of 34 miRNAs were expressed in the
different 1-MCP treatments (long-term and short-term). The amount of DEMs increased
with treatment storage time and duration of the 1-MCP treatment. In total, 22 DEMs
were identified in the comparison of short-term 1-MCP vs. the control at 6 and 1 DAT.
Among the 22 DEMs, 17 DEMs were identified at 1 DAT, 10 were at identified 6 DAT,
and 5 were shared across both dates. The enriched GO terms for miRNA target genes
are presented in Figure 5B. The enrichments for “metabolic process and cellular process”
and “molecular function of binding” biological processes showed the most significant
differences in gene expression during 1-MCP-delayed papaya ripening. From the KEGG
enriched terms, “metabolic pathways of plant hormone signal transduction” and “starch
and sucrose metabolism” were important for fruit ripening (Figure 5C).

Combined with transcriptome analysis, the miRNA target genes were screened out
if they had an opposite expression pattern to their respective miRNAs. In total, 12 miR-
NAs were found to be involved in the signal transduction process of ethylene and auxin.
The miRNAs and their corresponding target genes are shown in Table 2. At the early
development stage of papaya ripening (1 DAT vs. 0 DAT in the control group), the
expression of cpa-miR319 was downregulated while cpa-miR396, cpa-miR8140, unconser-
vative_supercontig_120_28048, and unconservative_supercontig_46_16464 were upregulated.
At the late development stage of papaya ripening (6 DAT vs. 0 DAT in the control), the
expression of cpa-miR160d and unconservative_supercontig_2_1866 was downregulated while
that of unconservative_supercontig_46_16464 was upregulated. At the late ripening stage of
papaya fruit under suitable 1-MCP treatment (1-MCP 2 h 6 DAT vs. control 6 DAT), the ex-
pression of cpa-miR390a was upregulated. During the ripening stage of papaya fruit under
suitable 1-MCP treatment, the expression of cpa-miR172a (1-MCP 2 h 6 DAT vs. 1 DAT) was
upregulated, while the expression of cpa-miR396 and unconservative_supercontig_9_5033 was
downregulated (1-MCP 2 h 6 DAT to 1 DAT). At the early development stage in papaya
with the ripening disorder caused by 1-MCP (1-MCP 16 h 1 DAT vs. control 1 DAT), the
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expression of cpa-miR172a and unconservative_supercontig_52_17983 was upregulated, and
that of unconservative_supercontig_120_28048 was downregulated. At the late development
stage in papaya with ripening disorder, cpa-miR160d and unconservative_supercontig_2_1866
were upregulated (1-MCP 16 h 6 DAT to control 6 DAT). During the papaya ripening stage
for individuals with the ripening disorder, the expression of cpa-miR167c and cpa-miR8140
was upregulated (1-MCP 16 h 6 DAT to 1 DAT).
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Table 1. Expression profiles of DEMs and the predicted target genes under different conditions.

miRNA miR_Regulate Predicted Target Gene ID Predicted Target Gene Name

CK 1 d vs. 0 d

cpa-miR319 Down evm.TU.supercontig_7.3 Carica papaya auxin response
factor 3

cpa-miR396 Up evm.TU.supercontig_48.26

Carica papaya
1-aminocyclopropane-1-
carboxylate synthase
1-like

cpa-miR396 Up evm.TU.supercontig_481.1

Carica papaya
ethylene-responsive
transcription factor
RAP2-12-like

cpa-miR8140 Up evm.TU.supercontig_1322.1

Carica papaya
1-aminocyclopropane-1-
carboxylate synthase
1-like

CK 6 d vs. 0 d

cpa-miR160d Down evm.TU.supercontig_49.122 Carica papaya auxin response
factor 17

cpa-miR160d Down evm.TU.supercontig_53.88 Carica papaya auxin response
factor 16-like

cpa-miR160d Down evm.TU.supercontig_65.4 Carica papaya auxin response
factor 10

2 h 6 d vs. CK 6 d cpa-miR390a Up evm.TU.supercontig_261.2 Carica papaya auxin response
factor 19-like

16 h 1 d vs. CK 1 d

cpa-miR172a Up C.papaya_newGene_850 Carica papaya auxin transport
protein BIG

cpa-miR172a Up evm.TU.supercontig_1.271

Carica papaya
ethylene-responsive
transcription factor
RAP2-7-like

cpa-miR172a Up evm.TU.supercontig_114.55

Carica papaya
ethylene-responsive
transcription factor
RAP2-7-like

16 h 6 d vs. CK 6 d

cpa-miR160d Up evm.TU.supercontig_49.122 Carica papaya auxin response
factor 17

cpa-miR160d Up evm.TU.supercontig_53.88 Carica papaya auxin response
factor 16-like

cpa-miR160d Up evm.TU.supercontig_65.4 Carica papaya auxin response
factor 10

unconservative_supercontig_2_1866 Up evm.TU.supercontig_7.3 Carica papaya auxin response
factor 3

2h 6 d vs. 1 d

cpa-miR172a Up C.papaya_newGene_850 Carica papaya auxin transport
protein BIG

cpa-miR172a Up evm.TU.supercontig_1.271

Carica papaya
ethylene-responsive
transcription factor
RAP2-7-like

cpa-miR172a Up evm.TU.supercontig_114.55

Carica papaya
ethylene-responsive
transcription factor
RAP2-7-like

cpa-miR396 Down evm.TU.supercontig_48.26

Carica papaya
1-aminocyclopropane-1-
carboxylate synthase
1-like

cpa-miR396 Down evm.TU.supercontig_481.1

Carica papaya
ethylene-responsive
transcription factor
RAP2-12-like

16 h 6 d vs. 1 d

cpa-miR167c Up evm.TU.supercontig_17.52 Carica papaya auxin response
factor 6

cpa-miR8140 Up evm.TU.supercontig_1322.1

Carica papaya
1-aminocyclopropane-1-
carboxylate synthase
1-like
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Table 2. Expression profiles of DEMs and their target genes under small RNAs and transcriptome sequencing.

miRNA miR_Regulate Target Gene ID Target Gene Name Target Gene
Regulation

CK 1 d vs. 0 d

cpa-miR396 Up evm.TU.supercontig_48.26

Carica papaya 1-
aminocyclopropane-
1-carboxylate
synthase 1-like

Down

cpa-miR396 Up evm.TU.supercontig_481.1

Carica papaya
ethylene-responsive
transcription factor
RAP2-12-like

Down

cpa-miR8140 Up evm.TU.supercontig_1322.1

Carica papaya 1-
aminocyclopropane-
1-carboxylate
synthase 1-like

Down

unconservative_supercontig_120_28048 Up evm.TU.contig_32826

Carica papaya
indole-3-acetic
acid-amido
synthetase GH3.6

Down

unconservative_supercontig_46_16464 Up evm.TU.supercontig_2.209

Carica papaya 1-
aminocyclopropane-
1-carboxylate oxidase
homolog 4-like

Down

cpa-miR319 Down evm.TU.supercontig_7.3 Carica papaya auxin
response factor 3 Up

CK 6 d vs. 0 d

unconservative_supercontig_46_16464 Up evm.TU.supercontig_2.209

Carica papaya 1-
aminocyclopropane-
1-carboxylate oxidase
homolog 4-like

Down

cpa-miR160d Down evm.TU.supercontig_49.122 Carica papaya auxin
response factor 17 Up

cpa-miR160d Down evm.TU.supercontig_53.88
Carica papaya auxin
response factor
16-like

Up

cpa-miR160d Down evm.TU.supercontig_65.4 Carica papaya auxin
response factor 10 Up

unconservative_supercontig_2_1866 Down evm.TU.supercontig_7.3 Carica papaya auxin
response factor 3 Up

2h 6 d vs. CK 6
d cpa-miR390a Up evm.TU.supercontig_261.2

Carica papaya auxin
response factor
19-like

Down

16 h 1 d vs. CK
1 d

cpa-miR172a Up C.papaya_newGene_850 Carica papaya auxin
transport protein BIG Down

cpa-miR172a Up evm.TU.supercontig_1.271

Carica papaya
ethylene-responsive
transcription factor
RAP2-7-like

Down

cpa-miR172a Up evm.TU.supercontig_114.55

Carica papaya
ethylene-responsive
transcription factor
RAP2-7-like

Down

cpa-miR172a Up evm.TU.supercontig_139.43

Carica papaya
ethylene-responsive
transcription factor
RAP2-7

Down

unconservative_supercontig_120_28048 Down evm.TU.contig_32826

Carica papaya
indole-3-acetic
acid-amido
synthetase GH3.6

Up

unconservative_supercontig_52_17983 Up evm.TU.supercontig_83.80
Carica papaya
ethylene-responsive
transcription factor 4

Down
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Table 2. Cont.

16 h 6 d vs. CK
6 d

cpa-miR160d Up evm.TU.supercontig_49.122 Carica papaya auxin
response factor 17 Down

cpa-miR160d Up evm.TU.supercontig_53.88
Carica papaya auxin
response factor
16-like

Down

cpa-miR160d Up evm.TU.supercontig_65.4 Carica papaya auxin
response factor 10 Down

unconservative_supercontig_2_1866 Up evm.TU.supercontig_7.3 Carica papaya auxin
response factor 3 Down

2 h 6 d vs. 1 d

cpa-miR172a Up C.papaya_newGene_850 Carica papaya auxin
transport protein BIG Down

cpa-miR172a Up evm.TU.supercontig_1.271

Carica papaya
ethylene-responsive
transcription factor
RAP2-7-like

Down

cpa-miR172a Up evm.TU.supercontig_114.55

Carica papaya
ethylene-responsive
transcription factor
RAP2-7-like

Down

cpa-miR172a Up evm.TU.supercontig_139.43

Carica papaya
ethylene-responsive
transcription factor
RAP2-7

Down

cpa-miR396 Down evm.TU.supercontig_48.26

Carica papaya 1-
aminocyclopropane-
1-carboxylate
synthase 1-like

Up

cpa-miR396 Down evm.TU.supercontig_481.1

Carica papaya
ethylene-responsive
transcription factor
RAP2-12-like

Up

unconservative_supercontig_9_5033 Down evm.TU.supercontig_9.126
Carica papaya
auxin-binding
protein T85

Up

16 h 6 d vs. 1 d

cpa-miR167c Up evm.TU.supercontig_17.52 Carica papaya auxin
response factor 6 Down

cpa-miR8140 Up evm.TU.supercontig_1322.1

Carica papaya 1-
aminocyclopropane-
1-carboxylate
synthase 1-like

Down

3.5. Target Gene Identification of Papaya miRNAs by Degradome Analysis

Through degradome sequencing, the splice sites of miRNAs in the mRNA were
found. The 1741 target genes corresponding to their miRNAs are summarized in Table S7.
According to KEGG classification, the target genes of these key DEMs related to plant hor-
mone signal transduction are summarized and shown in Figure 6A,B. The plant hormone
signal pathways include ethylene, jasmonic acid, auxin, gibberella, MAPK, and abscisic
acid. Among all these pathways, the miRNAs related specifically to the ethylene and
auxin signaling pathways were the most enriched. The corresponding key target genes
were CpCTR1, CpARFs, CpTIR1, and CpSAUR67. The expression of some miRNAs in-
creased with fruit ripening, such as unconservative_supercontig_106_26263, cpa-miR156a, and
cpa-miR160d and cpa-miR160a. Some miRNAs were closely related to papaya softening dis-
order, such as unconservative_supercontig_20_9672, unconservative_supercontig_13_6816, cpa-
miR8148, unconservative_supercontig_152_30952, and unconservative_supercontig_119_27967.
Four miRNA targets to CpCTR1 were identified: unconservative_supercontig_75_21810,
unconservative_supercontig_2_1866, unconservative_supercontig_19_9148, and unconserva-
tive_supercontig_3_2646. CpSAUR67 and CpTIR1 were involved in auxin biosynthesis
and signal transduction and were putative targets for unconservative_supercontig_20_9672
and cpa-miR393, respectively. CpARFs were putative targets for cpa-miR160d, cpa-miR319,
unconservative_supercontig_184_32956, cpa-miR156a, and cpa-miR160a. The expression of
these target genes was neither increased with fruit ripening and repressed by 1-MCP
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treatment nor decreased with fruit ripening, but it was induced by 1-MCP treatments
(Figure 6B), indicating that these target genes may play an important role in the fruit
ripening process.
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3.6. Target Gene Identification of Papaya miRNAs by Degradome Analysis

According to the analysis of small RNAs, degradome, and transcriptome sequenc-
ing, the miRNAs related to ethylene and auxin signaling were selected and visualized.
The cpa-miR160a and cpa-miR160d miRNAs co-targeted CpARF10, CpARF16-like, and
CpARF17, thereby affecting auxin signaling and fruit ripening. The cpa-miR172a miRNA
targeted CpERF RAP2-7 and Carica papaya auxin transport protein BIG, and unconserva-
tive_supercontig_2_1866 targeted CpARF3 and CpCTR1, thereby affecting the signaling
pathways of ethylene and auxin simultaneously (Figure 7).
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3.7. Target Gene Identification of Papaya miRNAs by Degradome Analysis

Through the analysis of sRNAs and mRNA sequencing, the miRNAs and their target
genes that are related to ethylene and auxin were selected and verified by RT-qPCR. There
were four miRNAs related to ethylene signaling, namely cpa-miR172a, cpa-miR396, cpa-
miR8140, and unconservative_supercontig_46_16464. Among these miRNAs, the expression
of miR172a in the control group increased sharply at 1 DAT and then decreased. 1-MCP
treatments severely repressed the expression of miR172a (Figure 8A). CpERF RAP2-7-like
was predicted to be the target gene of miR172a. The expression of CpERF RAP2-7-like
decreased at 1 DAT and then increased at 6 DAT, with an opposite expression trend
compared to miR172a (Figure 8B). The expression of cpa-miR396, cpa-miR8140, and uncon-
servative_supercontig_46_16464 decreased with fruit ripening, while the expression of their
corresponding target genes, namely CpERF RAP2-12-like, CpACS1-like, and CpACO4-like,
increased first and then decreased, respectively (Figure 8C–H). Among the four ethylene-
related genes, the expression level of CpACS1 significantly increased at 1 DAT in the control
sample, signaling that these genes may play an important role in the early development
stage of fruit ripening. The expression levels of CpACO4, CpERF4, and CpERF RAP2-7-like
slightly decreased and were negatively correlated with fruit ripening. The expression of
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CpERF RAP2-12-like increased with fruit ripening and was positively correlated with fruit
ripening (Figure 8). The RT-qPCR results were consistent with the RNA-seq data, and
miRNA and the corresponding target genes showed opposite expression patterns.
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respectively. Different colors indicate different samples. The expression of samples at 0 DAT was set to 1. ACT and TBP1
were used as references, which were validated by Zhu et al. (2012).

3.8. Target Gene Identification of Papaya miRNAs by Degradome Analysis

There were six miRNAs and seven target genes identified related to auxin signaling.
Among the miRNAs and target genes, miR160a and miR160d worked together to regu-
late the expression of ARF10/16-like/17. Similar expression profiles in miR160d, miR167c,
miR319, miR390a, and unconservative_supercontig_2_1866 were observed, which first in-
creased and then decreased (Figure 9A,E,G,K). On the contrary, expression of the target
gene ARF first decreased and then increased (Figure 9B–D,F,H,L). The expression of un-
conservative_supercontig_9_5033 first decreased and then increased; the expression of its
target gene, auxin-binding protein T85, increased first and then decreased (Figure 9I,J). The
expression of all six of these miRNAs was positively correlated with fruit ripening, but
their targets showed a negative correlation with fruit ripening. 1-MCP treatment repressed
the expression of these miRNAs but induced the expression of their target genes (Figure 9).
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3.9. Target Gene Identification of Papaya miRNAs by Degradome Analysis

According to the previous analysis, CpARF19-like and CpERF RAP2-12-like were po-
tential targets of cpa-miR390a and cpa-miR396, respectively. To further test the relationship
between these miRNAs and their target genes, transient co-expression assays in Nico-
tiana benthamiana leaves were conducted. As shown in Figure 10, the green fluorescent
protein (GFP) fluorescence from tobacco leaf areas injected with 35s::Pre-cpa-miR390a +
35s::CpARF19-like-GFP and 35s::Pre-cpa-miR396 + 35s::CpERF RAP12-2-like-GFP was
starkly lower than that of the negative controls (Figure 10). These results provide evi-
dence that the CpARF19-like and CpERF RAP2-12-like genes may be directly regulated by
cpa-miR390 and cpa-miR396 miRNA, respectively.
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picture of tobacco.

4. Discussion
4.1. Papaya miRNAs with Conserved and New Gene Targets

As an inhibitor of ethylene receptors, 1-MCP can effectively delay fruit ripening. This
has wide applicability to post-harvest fruit preservation. Improper 1-MCP treatment can
negatively affect the softening ability of fruit during ripening, resulting in papaya ripening

117



Foods 2021, 10, 1643

disorder [37–39]. 1-MCP function can reduce the production of endogenous ethylene.
In banana, 12 novel and 128 known miRNAs were identified. Among these miRNAs,
22 were differentially expressed after ethylene regulation treatment and were involved
in the ethylene response [30]. In Wang’s (2020) study between wild-type and LeERF1
transgenic tomato fruits, 9 miRNAs and 12 nat-siRNAs were found to be differentially
expressed [40]. Degradome sequencing analysis further validated the nine miRNA targets,
and six new targets were also identified. In our present study, 46 known miRNA families
and 169 papaya-specific miRNAs were identified in 1-MCP-treated papaya samples using
deep sequencing and computational analyses (Figure 1, Table S5). This difference in these
two studies may be due to the type of fruit and the difference in post-harvest treatments.
In papaya, a total of 1741 target genes of 178 known miRNAs were identified through
degradome analysis (Table S7). Across the identified miRNAs, there were 40 known
miRNAs, 138 novel miRNAs, and 29 miRNAs related to plant hormone signaling.

4.2. miRNAs Participate in Hormone Pathways during Papaya Fruit Ripening

Using miRNA sequencing analysis, 34 miRNAs related to papaya ripening and 60
miRNAs related to 1-MCP treatment were found (Figures 2 and 3). After target prediction
(Table 1) and combined analysis of miRNAs and miRNA sequences, 12 miRNAs were
found to directly act on ethylene- and auxin-related pathways. Of these 12 miRNAs, eight
were known miRNAs and one was a novel miRNA. miRNAs are negative regulators of
expression of their target genes. The miRNA mdm-miR160 targets the auxin response
factors MdARF16 and MdARF17 and participates in the formation of adventitious root in
apple rootstocks [27]. During papaya’s ripening stage (6 DAT vs. 0 DAT in the control), the
expression of cpa-miR160d decreased, while in papaya fruit with abnormal ripening (1-MCP
16 h 6 DAT vs. control 6 DAT), the expression of cpa-miR160d increased. These results
indicate that cpa-miR160d is involved in the ripening process of papaya. The miRNA miR396
regulates plant growth and development by inhibiting the expression of growth-regulating
factor (GRF) [41], participates in the development of wheat plants [42], and responds to
environmental stressors such as cold injury, high temperature, and drought [43–45]. In
our study, during normal fruit ripening (1 DAT vs. 0 DAT in the control), the expression
of cpa-miR396 was found to be upregulated, while at the early development stage of 1-
MCP-delayed ripening (1-MCP 2 h 1 DAT vs. control 1 DAT) in papaya, the expression
of cpa-miR396 was downregulated. In Luan’s (2018) study, by overexpressing miR172a/b
in tomato plants, the expression of AP2/ERF transcription factor was inhibited, and the
chlorophyll content and photosynthetic rate increased, as well as the development of
higher resistance to phytophthora infection [46]. In the present work, the expression of
cpa-miR172a showed no significant changes during normal ripening (1 DAT vs. 0 DAT
in the control), while during the delayed papaya ripening process (1-MCP 2 h 6 DAT vs.
1 DAT) and the early development stage with abnormal ripening (1-MCP 16 h 1 DAT to
control 1 DAT), the expression of cpa-miR172a was found to be upregulated. These results
indicate that the identified miRNAs may play key roles in papaya fruit ripening.

4.3. Degradation Analysis Showed That miRNAs Are Involved in Regulation of Ethylene and
Auxin Signaling Pathways

Through miRNA-targeted degradome analysis, miRNAs related to ethylene and auxin
signaling were identified, as shown in Figure 6A,B. Their corresponding key target genes are
included in Figure 6B: CpCTR1, CpARFs, CpTIR1, and CpSAUR67. The miRNAs and their
corresponding target genes identified by degradome analysis are shown in Table S8. These
miRNAs were found to regulate hormone signal transduction pathways and hormone home-
ostasis related to developmental processes. CTR1 is located downstream of the ethylene re-
ceptor and mediates the signal from the ethylene receptor by negatively regulating the ethy-
lene response. Both miR1917 and miR171b target CTR1 and are important regulators for ethy-
lene signal transduction in the ripening of tomato fruit [47,48]. In the present study, CTR1
was targeted by unconservative_supercontig_75_21810, unconservative_supercontig_2_1866,
unconservative_supercontig_19_9148, and unconservative_supercontig_3_2646. The expres-
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sion patterns of unconservative_supercontig_75_21810, unconservative_supercontig_19_9148,
and unconservative_supercontig_3_2646 decreased during fruit ripening. The expression of
unconservative_supercontig_2_1866 decreased in 1-MCP-delayed fruit ripening.

At the early stages of auxin signal transduction, it was found that several gene families,
including Aux/IAA (auxin/indole-3-acetic acid), SAUR (small auxin up RNA), and GH3
(Gretchen Hagen3), could respond to auxin treatments. The Aux/IAA protein acts as an
important component of the auxin signaling pathway by participating in the regulation
of expression for a large number of genes downstream of the auxin signaling pathway
by releasing auxin response factor (ARF). Most of the Aux/IAA proteins contain four
conserved domains, namely the I, II, III, and IV domains. Domain II is a key component
that leads to instability of the Aux/IAA protein, which is later degraded by the ubiquitin-
proteasome protein (TIR1) pathway [49,50]. Therefore, TIR1, SAUR, and ARF are key
factors in the auxin signaling pathway. In Arabidopsis thaliana, miR393 participates in
auxin signal transduction and plant development by regulating TIR1 [50]. The miR165/166
miRNA determines the fate of A. thaliana root cells, is involved in plant hormone cross-talk,
and regulates root growth via negative regulation of its target genes, such as the auxin
response factors ARF10, ARF16, and ARF17 [51]. In the present study, ARFs were targeted
by miR156a, miR160a, miR160d, miR319, and unconservative_supercontig_182_32956. The
expression of these five miRNAs decreased during fruit ripening. TIR1 and SAUR67 were
targeted by miR393 and unconservative_supercontig_65_20146, respectively. The expression
of miR393 decreased while that of unconservative_supercontig_65_20146 increased during
papaya fruit ripening.

4.4. Network Regulation Diagram of miRNAs and Target Gene Verification

According to the regulatory network diagram, RT-qPCR verification of key miRNAs
and target genes was performed, showing that the expression of cpa-miR172a, cpa-miR319,
cpa-miR390a, and cpa-miR396 greatly changed. Previous studies found that miR172a-
mediated upregulation of ERF RAP2-7 during water submergence stress in maize roots
restricted plant growth during flood-stress conditions [52]. In the present study, cpa-
miR172a had an effect on ethylene and auxin signaling pathways. Here, cpa-miR396 acted
on the ethylene signaling pathway, and cpa-miR319 and cpa-miR390a acted on the auxin
signaling pathway. Similar results also showed that miR390 targeted ARFs and repressed
their expression [53]. It has previously been reported that miR390 and ARFs form an
auxin-responsive regulatory network to control lateral root growth in A. thaliana. The
expression of miR390 is confined to the mesenchymal cells of the xylem prior to lateral root
initiation. It was found that miR390 stimulates the production of tasiARFs, which repress
the expression of their targets ARF3 and ARF4. There was also positive and negative
feedback between ARF2/ARF3/ARF4 and miR390 to regulate lateral root growth [54].
Two highly expressed miRNAs were selected from the ethylene and auxin pathways, and
their target genes were verified. We found that the expression signal of GFP protein with
target gene binding in tobacco was weakened. These results indicate that CpARF19-like
and CpERF RAP2-12-like are potential targets of cpa-miR390a and cpa-miR396, respectively,
and they all may be important in the process of papaya fruit ripening.

5. Conclusions

Suitable 1-MCP treatment effectively delays the ripening of papaya fruit, and long-
term 1-MCP treatment causes papaya ripening disorder. In this study, after different 1-MCP
treatments on papaya fruits at different development stages, miRNA, transcriptome, and
degradome analyses were performed. A total of 213 miRNAs and 1741 target genes of these
miRNAs were identified. Among these, 11 different miRNAs related to ethylene and auxin
and 12 corresponding target genes were found. The analysis and verification of cpa-miR390a
and cpa-miR396, targeting CpARF19-like and CpERF RAP2-12-like, respectively, highlighted
that these miRNAs and their target genes are likely partners in the ethylene and auxin
signaling pathways. Our results indicate that these miRNAs may play an important role in
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regulating fruit ripening by targeting ethylene and auxin signaling pathways. Unsuitable
1-MCP treatment may disruptively repress miRNA function and cause fruit ripening
disorder.
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Table S8: miRNAs and their corresponding target genes of the degradome analysis.
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Abstract: Pine honey is a unique type of honeydew honey produced exclusively in Eastern Mediter-
ranean countries like Greece and Turkey. Although the antioxidant and anti-inflammatory properties
of pine honey are well documented, few studies have investigated so far its antibacterial activity.
This study investigates the antibacterial effects of pine honey against P. aeruginosa PA14 at the
molecular level using a global transcriptome approach via RNA-sequencing. Pine honey treatment
was applied at sub-inhibitory concentration and short exposure time (0.5× of minimum inhibitory
concentration –MIC- for 45 min). Pine honey induced the differential expression (>two-fold change
and p ≤ 0.05) of 463 genes, with 274 of them being down-regulated and 189 being up-regulated. Gene
ontology (GO) analysis revealed that pine honey affected a wide range of biological processes (BP).
The most affected down-regulated BP GO terms were oxidation-reduction process, transmembrane
transport, proteolysis, signal transduction, biosynthetic process, phenazine biosynthetic process,
bacterial chemotaxis, and antibiotic biosynthetic process. The up-regulated BP terms, affected by pine
honey treatment, were those related to the regulation of DNA-templated transcription, siderophore
transport, and phosphorylation. Pathway analysis revealed that pine honey treatment significantly
affected two-component regulatory systems, ABC transporter systems, quorum sensing, bacterial
chemotaxis, biofilm formation and SOS response. These data collectively indicate that multiple mech-
anisms of action are implicated in antibacterial activity exerted by pine honey against P. aeruginosa.

Keywords: Pseudomonas aeruginosa; pine honey; RNA-sequencing; antimicrobial activity; transcriptomics;
biological process

1. Introduction

Pseudomonas aeruginosa is a ubiquitous, Gram-negative opportunistic human pathogen
that can cause acute and chronic human infections in hospitalized or immune-compromised
patients [1,2]. Typically, it infects the airway, urinary tract, burns, wounds, surgical site
infections and also causes systemic blood infections that can lead to death [3]. The patho-
genesis of P. aeruginosa is attributed to a variety of virulence factors, such as the cytotoxic
pigment pyocyanin, the major siderophore pyoverdine, alkaline protease, elastase, exotox-
ins, flagella, and biofilm formation [4]. In addition, core genome analyses have revealed
a distinct set of P. aeruginosa specific genes, related to its pathogenicity and lifestyle [5].
P. aeruginosa can adapt to a wide variety of environmental conditions and exhibits a remark-
able high multidrug resistance by the formation of biofilms [6–8]. Considering its high

123



Foods 2021, 10, 936

prevalence associated with high mortality rates and lack of treatment options, this pathogen
has been identified by the World Health Organization as a critical research priority for the
development of alternative drugs and novel therapeutic strategies [9].

Recently, diverse natural products exerting antimicrobial activity have been widely
investigated as alternative therapeutic agents to combat multidrug resistant pathogens.
Honey, a natural product of honey bees, has been traditionally used in treating wounds and
infectious diseases [10–12]. Many studies have proved the antimicrobial activity of different
honey types against a plethora of pathogenic bacteria [13–17]. Previous studies conducted
by our research group have also demonstrated that Greek and Cypriot honeys of diverse
botanical origin exhibited potent antibacterial activity [18–20]. The antibacterial activity
of honey to a wide range of pathogens is due to multiple factors including hydrogen
peroxide (H2O2), low pH, methylglyoxal (MGO), antimicrobial peptides, and osmotic
stress [16,21,22]. Several studies have shown numerous biological processes in bacteria
that may be affected by honey such as protein synthesis, quorum sensing (QS), motility,
biofilm formation, as well as response to oxidative stress [23–26].

Pine honey, is a unique type of honeydew honey produced in Eastern Mediterranean
Pinus brutia and Pinus halepensis Miller forests, located in Greece and Turkey [27]. It is
produced by bees which collect honeydew (sugary secretions) eliminated by the insect
Marchalina hellenica (Gennadius), when feeding on certain pine trees [28]. Pine honey has
an impressive pearl-amber color with characteristic metallic highlights, a spicy taste, as
well as a thick texture. All the above characteristics combined with its natural property
not to crystallize and its high content of minerals (potassium, calcium, iron, phosphorus,
magnesium, sodium, and zinc), make pine honey a natural product of significant economic
value [29]. It is estimated that in Greece and Turkey pine honey represents, 65% and 50%
of the total annual honey production, respectively [30,31]. Although the antioxidant and
anti-inflammatory properties of pine honey are well documented [32–35], few studies have
investigated its antibacterial activity [18,36,37].

RNA sequencing (RNA-seq) is a cutting-edge technology for transcriptome profiling
that can provide measurements of genome-wide quantitative analysis of all transcripts with
high accuracy and sensitivity [38,39]. In addition, RNA-seq can reveal specific biological
processes, affected in the presence of natural products or drugs [40,41]. To our knowledge,
this is the first study that employs a global transcriptome approach via RNA-seq analysis
to investigate the antibacterial effects of pine honey at the molecular level using as a model
microorganism the P. aeruginosa PA14 strain.

2. Materials and Methods
2.1. Honey Samples

Pine honey was harvested in August 2019 from an apiary located in Chalkidiki area
(Greece). After the collection, the sample was stored in glass container at room temperature
in the dark. Manuka honey UMF 24+ (MGO 1122), Steens™, New Zealand (Batch No
B084E3) was also used in this study.

2.2. Bacterial Strain, Growth Media, and Culture Conditions

The antibacterial activities of the pine and manuka honeys were tested upon Pseu-
domonas aeruginosa PA14 strain. The bacterial strain was routinely grown in Mueller-Hinton
(MH) broth or MH agar (Lab M, Bury, UK) at 37 ◦C.

2.3. Assessment of the Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal
Concentration (MBC)

The minimum inhibitory concentration (MIC) of the tested honey sample was assessed
in sterile 96-well polystyrene microtiter plate (Kisker Biotech GmbH & Co. KG, Steinfurt,
Germany) using a spectrophotometric bioassay, as previously described [19]. Briefly,
overnight bacterial culture grown in MH broth was adjusted to a 0.5 McFarland turbidity
standard (~1.5 × 108 cfu/mL). Approximately 5 × 104 cfu in 10 µL MH broth was added
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to 190 µL of diluted test honey in MH broth. The control wells contained only MH broth,
inoculated with bacteria. The optical density (OD) was determined at 630 nm using an EL
x808 Absorbance microplate reader (BioTek Instruments, Inc., Winooski, VT, USA) before
(t = 0) and after 24 h of incubation (t = 24) at 37 ◦C. The OD for each replicate well at t = 0
was subtracted from the OD of the same replicate well at t = 24. The growth inhibition at
each honey dilution was measured using the formula: % inhibition = 1− (OD test well/OD
of corresponding control well) × 100. MIC was defined as the lowest honey concentration
which results in 100% growth inhibition.

The MBC is the lowest concentration of any antibacterial agent that could kill tested
bacteria. The MBC was determined by transferring a small quantity of sample contained
in each replicate well of the microtiter plates to MH agar plates by using a microplate
replicator (Boekel Scientific, Waltham, PA, USA). The plate was incubated at 37 ◦C for 24 h.
The MBC was determined as the lowest honey concentration at which no grown colonies
were observed [42].

2.4. Assessment of the Antibacterial Activity Attributed to Hydrogen Peroxide and
Proteinaceous Compounds

The MIC of honey treated with bovine catalase or proteinase K was assessed in
comparison to the untreated honey as previously described [18,43]. Briefly, 50% (v/v) honey
in MH broth containing 100 mg/mL proteinase K (Blirt, Gdansk, Poland) or 600 U/mL
bovine catalase (Serva, Heidelberg, Germany) was incubated for 16 h at 37 ◦C, then diluted
and tested as described above. An increased MIC of treated honey compared to the
untreated honey has shown that the antibacterial activity of tested honey was attributable
to hydrogen peroxide and/or proteinaceous compounds, respectively.

2.5. Total RNA Isolation and RNA Sequencing

Pseudomonas aeruginosa PA14 culture was prepared in MH broth to an initial optical
density at 600 nm (OD600) of 0.05 and then incubated in a 250-mL cell culture conical flask
(Erlenmeyer, Duran) at 37 ◦C with shaking at 200 rpm until reaching mid-exponential phase
(OD600 of 0.4). Cultures were then split into two conical sterile falcons (Falcon, Corning):
one falcon contained 30 mL of untreated culture (control) and the second falcon (30 mL)
contained the culture and the treatment at a final concentration of roughly 0.5×MIC of
pine honey (4.5% v/v). Each culture was grown for an additional 45 min before total
RNA isolation. The control and the treated culture were then split into three technical
replicates (10 mL each). Total RNA from each replicate was isolated using a NucleoSpin
RNA isolation kit (Macherey-Nagel) and DNA removed with DNase I, according to the
manufacturer’s protocol. Samples were analyzed spectrophotometrically using a micro-
volume UV-Vis instrument (Quawell, San Jose, CA, USA) for quantification and purity
assessment. All RNA samples had an A260:A280 ratio between 1.8 and 2.0. RNA integrity
was initially verified by 1% agarose gel electrophoresis. The six samples (3 controls and
3 treated) were shipped to Macrogen (Seoul, South Korea) for rRNA depletion using a
NEBNext Bacterial rRNA removal kit (Illumina, San Diego, CA, USA), library preparation
using the TruSeq stranded total RNA kit (Illumina, San Diego, CA, USA), and subsequent
150-bp paired-end RNA sequencing on a NovaSeq6000 platform (Illumina, San Diego, CA,
USA). RNA integrity was further evaluated using the RNA Nano 6000 Assay Kit of the
Agilent Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA); all samples
demonstrated RNA integrity number (RIN) > 8.0.

2.6. Bioinformatics Analysis of the Differentially Expressed Genes (DEGs)

The fastq files were downloaded from Macrogen, with adapter trimming applied
(TruSeq3 paired-ended) and their read quality was initially assessed using FASTQC (ver-
sion 0.11.5) (http://www.bioinformatics.babraham.ac.uk/projects/fastqc, accessed on
20 December 2020). Subsequently, the reads were trimmed with Trimmomatic (version 0.38-
default parameters) [44] and their quality was again assessed. Reads were aligned to
the P. aeruginosa PA14 genome (NCBI reference sequence, NC_008463.1; GenBank ac-
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cession number CP000438.1; assembly GCA_000014625.1) using the alignment program
HISAT2 [45] and subsequently the number of reads that mapped to each gene was counted
using the feature counts tool (version 1.6.4) with default parameters [46]. After mapping
and counting, differential expression analysis, between control and treated samples, was
carried out using the DESeq2 package (version 2.11.39) [47]. Gene annotation was carried
out using the tool of DESeq2 package and the appropriate file (gtf) from the assembly
(GCA_000014625.1). Genes whose expression displayed an average fold change >2 and
was statistically significant (adjusted p value ≤ 0.05) were considered differentially ex-
pressed (DEGs). In order to understand more profoundly the biological functions and the
metabolic pathways of the identified genes, the DEGs were functionally classified due to
Gene Ontology (GO), using the Goseq tool (version 3.12) [48] and Kyoto Encyclopedia
of Genes and Genomes (KEGG) database (http://www.genome.jp/kegg/, accessed on
27 December 2020) [49]. Go annotation and KEGG classifications were downloaded from
the Pseudomonas Community Annotation Project (PseudoCAP) [50].

A second RNA sequencing analysis using a different pipeline was also conducted for
assessing the robustness of the RNA-seq analysis conclusions. Briefly, the fastq files were
trimmed with minimum contig length parameters and the quality of the final reads was
inspected with FastQC. The trimmed fastq files were used for the de novo assembly of
the P. aeruginosa PA14 transcriptome with the Trinity software (default parameters) [51],
using all samples together. The resulting 5674 Trinity contigs were filtered to keep the
longest isoform of each trinity gene, thus retaining 4903 contigs. The 4903 contigs were fed
to TransDecoder software (https://github.com/TransDecoder/TransDecoder, accessed on
15 January 2021) with default parameters to identify the putative ORFs. Next the resulting
15,549 TransDecoder CDS were used as database for BLASTn search while the P. aeruginosa
PA14 (GCA_000014625.1) CDS were used as a query with e-value cut-off 1 × 10−5. The best
BLAST hit was kept for each P. aeruginosa PA14 gene, resulting in 4614 TransDecoder CDS.
Next, Bowtie2 [52] within Trinity was used to align the reads back to the 4,614 TransDecoder
CDS. In addition to the Trinity de novo assembly, a reference guided analysis was also
performed by aligning the trimmed reads to the P. aeruginosa PA14 CDS with Bowtie2.
Identification of DEGs in both analyses was conducted with the edgeR package [53] within
Trinity, using default parameters.

3. Results and Discussion
3.1. Antibacterial Activity of Pine Honey against P. aeruginosa PA14

In order to investigate the activity of pine honey against P. aeruginosa, MIC and MBC
values were determined. Data are presented in Table 1.

Table 1. Antibacterial activity of pine honey and manuka against P. aeruginosa.

Honey MIC % (v/v) 1 MBC % (v/v) 2 MICp % (v/v) 3 MICc % (v/v) 4

pine honey 9 9 9 20
manuka 9 11 ND 5 ND

1 MIC, minimum inhibitory concentration. 2 MBC, minimum bactericidal concentration. 3 MICp, MIC values of
proteinase K treated honey. 4 MICc, MIC values of catalase treated honey. 5 ND, not determined.

The results clearly demonstrate that pine honey and manuka exert high anti-bacterial
activity since both inhibited P. aeruginosa at 9% (v/v). Furthermore, pine honey was bacte-
ricidal at 9% (v/v), while manuka was bactericidal at 11% (v/v). In order to investigate the
mechanisms which may contribute to the anti-bacterial activity, pine honey was treated
with catalase and proteinase K. The proteinase K treated pine honey exhibited MIC value
9% (v/v) against P. aeruginosa, which is the same as the untreated honey, while the catalase
treated honey exhibited higher MIC value 20% (v/v) indicating that the anti-bacterial
activity of the pine honey was mainly attributable to hydrogen peroxide and not to pro-
teinaceous compounds (Table 1). On the other hand, it is known that MGO is the main
antimicrobial compound in manuka honey [22].

126



Foods 2021, 10, 936

3.2. Effects of Pine Honey on the Transcriptomic Profile of P. aeruginosa PA14
3.2.1. Global Response of P. aeruginosa to Pine Honey Treatment

The molecular response of P. aeruginosa to pine honey was investigated using RNA-
Seq. Pine honey treatment was applied at sub-inhibitory concentration and short exposure
time (0.5× MIC for 45 min), since this approach induces more specific response and
reduces indirect effects [54]. A sub-inhibitory concentration may act as stress inducer or
cues/coercion on receiver bacteria [55].

Data analysis of DEGs was conducted using three different pipelines, leading to
very similar results and conclusions. RNA-seq analysis, using the pipeline (HISAT2-
featurecounts-DESeq2), revealed that pine honey significantly affects the transcriptomic
profile of P. aeruginosa PA14 compared to the control, with changes to the expression of
2543 out of 5964 coding sequences (42.6%; p ≤ 0.05). Of those 2543 genes, 1257 were
up-regulated (21% of all coding genes) and 1286 were down-regulated (21.6%). The
second pipeline (de novo Trinity-edgeR) revealed that pine honey induced the differential
expression of 2115 out of 4673 genes (45.2%; p ≤ 0.05), where 1112 were up-regulated
(23.8% of all coding genes) and 1103 were down-regulated (23.6%). In addition, the
third pipeline (reference genome guided analysis-Bowtie2-edgeR) showed that pine honey
induced the differential expression of 2451 out of 5964 coding sequences (41.1%; p ≤ 0.05)
where 1195 were up-regulated (20% of all coding genes) and 1256 were down-regulated
(21.1%). In a similar study, treatment of P. aeruginosa PA14 with manuka honey induced the
differential expression of 3177 genes (54%; p ≤ 0.05) with 1646 of them being up-regulated
(representing 28% of all coding genes) and 1531 being down-regulated (26% of all coding
genes) [56]. Genome-wide expression changes were visualized as heatmap and volcano
plot to identify specific genes with high fold changes and statistical significance. Results of
hierarchical clustering and volcano plot are shown in Figures 1A and 2.

The results using the first pipeline (HISAT2-featurecounts-DESeq2) showed that pine
honey treatment strongly induced the differential expression (log2FC > 1, meaning >two-
fold change and p ≤ 0.05) of 463 genes (7.8% of all coding sequences) including 274 down-
regulated and 189 up-regulated genes (Table S1). The results of the second pipeline
(de novo Trinity-edgeR), revealed that pine honey treatment induced the differential
expression (log2FC > 1 and p ≤ 0.05) of 440 genes (9.4% of all coding sequences) including
265 down-regulated and 175 up-regulated genes (Table S2). In addition, the last pipeline
(reference guided analysis-Bowtie2-edgeR) showed that pine honey induced the differential
expression (log2FC > 1 and p ≤ 0.05) of 482 genes (8.1% of all coding sequences) including
192 up-regulated and 290 down-regulated genes (Table S3). Further data analysis regarding
DEGs was conducted using the pipeline (HISAT2-featurecounts-DESeq2). Compared to the
study conducted by Bouzo et al. [56], treatment of P. aeruginosa PA14 with manuka honey
highly induced the differential expression of 235 genes (log2FC > 2 meaning >four-fold
change and p ≤ 0.05) including more up-regulated than down-regulated genes. In Figure 2,
genes that were significantly differentially expressed are presented in red (up-regulated)
and blue color (down-regulated). The most up- and down-regulated genes are labeled in
each plot. In addition, Figure 1B shows the bi-plot of the principal-component analysis of
DESeq2 normalized read counts (all coding genes) for pine honey treatment (green) and the
control (red), split into technical replicates. Principal component analysis (PCA) confirmed
that the effect of pine honey on P. aeruginosa differed significantly relative to the control
(Figure 1B).
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Figure 1. Transcriptional response of P. aeruginosa PA14 treated at mid-exponential phase with pine
honey for 45 min at 0.5×MIC. (A) Clustered heatmap (based on Euclidean measures and complete
agglomeration) of all DEGs (>two fold changes and p value ≤ 0.05) in P. aeruginosa across pine honey
treatment and control. Each column represents one sample, and each row represents one gene. The
red and blue gradients indicate up- and down-regulated gene expression, respectively. (B) Bi-plot
of the principal-component analysis of DESeq2 normalized read counts (all coding genes) for pine
honey treatment (green) and the control (red), split into technical replicates.
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Figure 2. Volcano plot of differentially expressed genes (DEGs) based on RNA-seq analysis of
untreated and pine honey-treated Pseudomonas aeruginosa PA14. Each gene is represented by a dot in
the graph and the most differentially expressed up-and down-regulated genes are labeled in each
plot. The x-axis and y-axis represent the log2 value of the fold change and the t-statistic as -log10 of
the p-value, respectively. The genes represented in red (up-regulated) and blue (down-regulated) are
differentially expressed genes with >two fold changes and a p value ≤ 0.05, while gray dots show
genes with no significant difference compared to the control.
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3.2.2. Top Up- and Down-Regulated DEGs

In the pine honey-treated samples, the genes katB, PA14_45470, betA, gntK, mtlE,
fruB, PA14_27840, and PA14_35010 were among the top up-regulated. These genes en-
code the catalase enzyme katB (log2FC 3.72), a putative glutathione S-transferase, the
choline dehydrogenase betA, a gluconokinase, a putative binding protein component of
ABC maltose/mannitol transporter (log2FC 3.89), a putative phosphotransferase system
fructose-specific component, a putative copper-binding protein (log2FC 4.01) and a hypo-
thetical protein respectively (Figure 2). It is documented that the catalase enzyme katB and
glutathione S-transferases are induced in the presence of hydrogen peroxide. Moreover,
these enzymes play multiple crucial roles in oxidative stress protection and bacterial viru-
lence in P. aeruginosa [57–59]. Another enzyme, the choline dehydrogenase betA contributes
toward the hyperosmotic stress resistance in Pseudomonas protegens [60]. Therefore the
observed transcriptional response clearly shows that P. aeruginosa cells attempt to adapt to
the hostile environment of pine honey, which is characterized by the presence of hydrogen
peroxide and high osmolarity.

Among the genes that were strongly down-regulated were those encoding proteins
involved in phenazine biosynthesis phzB1, C1, C2, D1, E1 (log2FC ranged from −3.40 to
−3.90), PA14_55940 (log2FC −5.20) and PA14_40260 (log2FC −3.39) encoding a putative
pilus assembly protein and a conserved hypothetical protein, respectively. Interestingly,
KEEG pathway analysis (see also further below) revealed that PA14_40260 encodes a
protein involved in the pathway of quorum sensing whereas, curated search in both KEEG
and PseudoCAP databases revealed that PA14_55940, the most down-regulated gene in the
presence of pine honey, encodes a bacterial motility protein (fimbriae associated protein
Flp/Fap pilin component) of the protein secretion/export apparatus (Type II secretion
system) [49,50]. Our observations are in accordance with a relevant study, where manuka
honey reduced the motility of P. aeruginosa through the suppression of flagellin-associated
genes [25]. It is plausible that pine honey reduces in a similar way the motility thus
reducing P. aeruginosa virulence.

Other genes that were also strongly down-regulated include phzS (log2FC −4.16) and
M (log2FC −3.28) encoding a flavin-containing monooxygenase and a probable phenazine-
specific methyltransferase respectively, oprC (log2FC −3.17) encoding an outer membrane
copper receptor (pores ion channels), hvn (log2FC −3.50) encoding a putative halovibrin
protein, bkdB encoding a lipoamide acyltransferase component of branched-chain alpha-
keto acid dehydrogenase complex E2, lpdV (lipoamide dehydrogenase-Val) and chiC that
encode a chitinase (Figure 2).

3.2.3. Gene Ontology (GO) Enrichment Analysis

In order to further investigate the biological functions and the metabolic pathways of
DEGs in presence of pine honey, GO analysis was performed [50,61]. The most enriched
GO categories among the DEGs are shown in Figure 3 and Supplementary Tables S4–S7.

In the Biological Processes (BP) category (total DEGs: 375, up-regulated: 177, down-
regulated: 198), the most enriched terms for up-regulated DEGs in presence of pine honey
were related to “regulation of DNA-templated transcription,” “siderophore transport,” and
“phosphorylation” whereas, in contrast, the most enriched BP GO terms for down-regulated
DEGs were “oxidation-reduction process,” “transmembrane transport,” “proteolysis,”
“signal transduction,” “biosynthetic process,” “phenazine biosynthetic process,” “bacterial
chemotaxis,” and “antibiotic biosynthetic process” (Figure 3A, Table S5). In the Cellular
Component (CC) category (total DEGs: 138, up-regulated: 62, down-regulated: 76), the
most enriched terms for up-regulated DEGs in presence of pine honey were related to
“cell outer membrane” and “integral component of plasma membrane” whereas the most
enriched CC GO terms for down-regulated DEGs were “integral component of membrane,”
“ATP-binding cassette (ABC) transporter complex,” and “cytoplasm” (Figure 3B, Table S6).
In addition, in this category, the most enriched GO term was “membrane.” Furthermore, in
the Molecular Function (MF) category (total DEGs: 513, up-regulated: 233, down-regulated:
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280) the most enriched terms for up-regulated DEGs in presence of pine honey were
“DNA and ATP binding” whereas, “catalytic activity” and “flavin adenine dinucleotide
binding” were the most enriched terms for down-regulated DEGs. Other highly enriched
MF GO terms were “oxidoreductase activity” and “transmembrane transporter activity”
(Figure 3C, Table S7).
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Figure 3. Gene Ontology categories of the DEGs. Three main categories were identified: (A) biological process (BP, total
DEGs: 375, up-regulated: 177, down-regulated: 198) (B) cellular component (CC, total DEGs: 138, up-regulated: 62,
down-regulated: 76) (C) molecular function (MF, total DEGs: 513, up-regulated: 233, down-regulated: 280).

3.2.4. KEGG Pathway Enrichment Analysis

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis
revealed that pine honey significantly affected several cellular pathways and induced the
differential expression of genes involved in (but not limited to) two-component regulatory
systems, ABC transporters, quorum sensing (QS), bacterial chemotaxis, and biofilm for-
mation. Regarding the two-component regulatory systems, pine honey treatment caused
significant up-regulation of 10 genes and down-regulation of 25 genes (Figure 4A).
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In treated samples, two genes (pfeS and pirR) encoding a sensor and response regulator
respectively, were among the most up-regulated (log2FC 1.61 and 1.58, respectively).
In contrast, the most down-regulated genes were atoB, PA14_38610, ansB, PA14_31530,
kdpA, B and C (log2FC ranged from −1.62 to −3.22). These genes encode an acetyl-CoA
acetyltransferase, a putative short-chain fatty acid transporter, a glutaminase-asparaginase,
a putative acyl-CoA thiolase, and potassium-transporting ATPase chain ABC, respectively.
Other down-regulated DEGs include oprD encoding an outer membrane porin and cheW,
encoding a putative purine-binding chemotaxis protein. In the ABC transporter gene group
the up-regulated were more prevalent than the down-regulated genes (Figure 4B). The most
up-regulated genes were mtlE, K, G (log2FC ranged from 1.56 to 3.89) encoding putative
ATP-binding component of ABC maltose/mannitol transporters whereas, the most down-
regulated genes were PA14_40240 and gltK, L encoding a putative ATP-binding/permease
fusion and, putative permease and ATP-binding component of ABC transporter system
respectively. Interestingly, apart from the down-regulated genes oprC and D, encoding
outer membrane porins, oprB (log2FC −1.65) encoding a glucose/carbohydrate outer
membrane porin, and PA14_58410 (log2FC −1.55) encoding putative membrane porin,
were also down-regulated. In contrast, the genes mexF and E, encoding putative RND
efflux transporter and RND efflux membrane fusion protein precursor, were up-regulated
(log2FC, 2.25 and 2.42, respectively). OprC is a porin abundant in the outer membrane
vesicles involved in channel-forming and copper binding [62]. OprC transports copper, an
essential trace element implicated in several physiological processes, into bacteria during
copper deficiency. In a very recent study the authors showed that oprC deletion inhibited
bacterial motility and quorum-sensing systems, as well as decreased lipopolysaccharide
and pyocyanin levels in P. aeruginosa [62]. Interestingly, a previous study has shown that
manuka honey decreased pyocyanin production in P. aeruginosa PA14, presumably via
interaction with the MvfR quorum sensing network [63]. The oprD porin facilitates the
diffusion of basic amino acids and peptides containing these residues. Moreover, it is
implicated in carbapenem resistance [64]. On the other hand, the oprB porin has been
associated with the diffusion of glucose across the outer membrane of P. aeruginosa thanks
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to the ABC transporter glt [65,66]. Raneri et al. [67] have demonstrated that P. aeruginosa
mutants defective in glucose uptake have pleiotropic phenotype and attenuated virulence
in non-mammal infection models. In this study, both oprB porin and glt ABC transporter
were down-regulated. Previous studies have shown that reduced permeability of the
outer membrane through oprD impairment and overexpression of the major resistance-
nodulation-division (RND) efflux pump systems (MexAB-OprM, MexCD-OprJ, MexEF-
OprN, and MexXY-OprM), contribute to carbapenem resistance in P. aeruginosa [68,69]. In
this study, oprD is down-regulated in contrast to mexF and mexE (components of MexEF-
OprN RND efflux pump system) which are up-regulated in the presence of pine honey.
It is tempting to speculate that such differential gene expression might counteract the
anti-bacterial activity of compounds (e.g., phytochemicals) contained in pine honey.

Furthermore, RNA-seq analysis revealed that a group of genes implicated in iron
uptake and transport are up-regulated when P. aeruginosa PA14 is exposed to pine honey.
These genes include fptA, fecA, fpvA, piuA, and tonB (log2FC ranged from 1.05 to 2.43)
encoding the Fe(III)-pyochelin outer membrane receptor, a TonB-dependent siderophore
receptor, the ferripyoverdine receptor, a putative outer membrane ferric siderophore re-
ceptor, and periplasmic protein TonB, respectively. Moreover, two genes pchD and pchE,
implicated in pyochelin biosynthesis, were up-regulated (log2FC 1.13 and 1.14, respec-
tively). Iron is a key nutrient, involved in many crucial biological processes. Therefore,
it is essential for bacterial growth and virulence. In order to overcome restricted iron
bioavailability, P. aeruginosa developed various strategies to acquire iron through the direct
production of siderophores such as pyoverdine as well as pyochelin and the uptake of
siderophores via TonB-dependent receptors (TBDRs) [70]. Several studies have shown that
TBDRs could be employed in a “Trojan horse” strategy, in which the interaction between
a siderophore and an antibiotic could significantly increase the antibiotic bioactivity, by
facilitating its transport into the bacterial cell [71–73]. Previous reports have demonstrated
the involvement of different TBDRs such as piuA, fpvA, fecA, and fptA in the uptake of
siderophore-drug conjugates in P. aeruginosa [73,74]. Our data suggest that honey might
impose an iron-limited environment for P. aeruginosa, which could be potentially exploited
in combination with siderophore-antibiotic conjugates as an alternative approach to combat
this multi-drug resistant pathogen.

Pine honey treatment significantly affected the expression of several genes involved in
quorum sensing (QS), bacterial chemotaxis, and biofilm formation pathways (Figure 5A–C).

Interestingly, pine honey treatment provoked significant down-regulation of almost
all genes involved in the above pathways. The values of log2FC ranged from −1.02
to −5.20. The genes phzG1 and G2 (log2FC −4.08 and −3.95, respectively) encode a
probable pyrodoxamine 5′-phosphate oxidase whereas, the genes lasA, B, and lecB (log2FC
−1.90, −2.4, and −2.97 respectively) encode a staphylolytic exoprotease preproenzyme, an
elastase, and a fucose-binding lectin PA-IIL, respectively. In the biofilm formation pathway
the identified genes were pa1L, PA14_34050, PA14_34070, PA14_34100, PA14_34030, and
PA14_34000 (log2FC ranged from −1.02 to −2.9) encoding a PA-I galactophilic lectin
and conserved hypothetical proteins, respectively whereas, in the bacterial chemotaxis
pathway the involved genes were PA14_61300, cheW, pctA, PA14_02220, PA14_58350, cheB,
cheR (log2FC ranged from −1.02 to −1.67) encoding various chemotaxis proteins (i.e.,
methyltransferase, methyl-accepting and purine-binding).

Furthermore, pine honey induced the differential expression of genes involved in
SOS response such as lexA, recA, N, X, and PA14_25150 (log2FC ranged from 1.2 to 1.72).
Similarly, Bouzo et al. (2020) have demonstrated that manuka honey significantly up-
regulated a wide range of genes involved in SOS response.
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Based on KEGG pathway and GO enrichment analysis, pine honey affected, at the
transcriptome level, a wide range of biological processes and pathways in P. aeruginosa.
The two-component regulatory system, the ABC transporter, and QS pathway were the
most affected KEGG pathways in P. aeruginosa, since several up and down-regulated DEGs
exhibited high fold changes (Figures 4 and 5). A two-component regulatory system plays a
substantial role in the pathogenicity, bacterial adaptation, and biofilm formation [75,76].
The two-component regulatory system KEGG pathway (also called “two-component signal
transduction system”) enables bacteria to sense and respond to environmental or intracellu-
lar changes [77,78]. In this study, pine honey treatment induced the differential expression
of several genes implicated in this pathway (Figure 4A). Among the down-regulated DEGs
in the above pathway, cheW, B and R, PA14_02220 and pctA genes encode chemotaxis
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proteins and transducers, respectively. The cheW, B and R DEGs were also detected in
the bacterial chemotaxis pathway (Figure 5B). Bacterial chemotaxis is the movement of
bacterial cells in response to chemical stimuli [79]. According to Turner et al. [80], cheW,
B, and R genes, are required in acute but not chronic wound infections. These data sug-
gest that pine honey treatment might impair the two-component system and bacterial
chemotaxis pathways thus reducing the ability of P. aeruginosa to sense environmental
stimuli and adapt accordingly. In comparison to the study of Bouzo et al. [56], manuka
honey treatment did not affect at the same extent the two-component regulatory system
and bacterial chemotaxis pathways.

Regarding the ABC transporter pathway, pine honey treatment caused significant
up-regulation of 25 genes and down-regulation of 14 genes (Figure 4B). ABC (ATP-binding
cassette) transporters play an important role in nutrients uptake [81]. In addition, ABC
transporter and two-component regulatory systems have a pivotal role in antimicrobial
drug resistance [82]. It might be that up-regulation of several ABC transporter genes might
be related to nutrient uptake directly from pine honey (e.g., sugars).

Furthermore, KEEG analysis revealed that pine honey treatment significantly inhibited
QS, bacterial chemotaxis, and biofilm formation pathways, since several key genes were
down-regulated (Figure 5). In P. aeruginosa, three systems las, rhl, as well as pqs, which are
forming an hierarchical network, play a crucial role in QS [83,84]. The las system positively
regulates itself as well as the other two systems, while the rhl and pqs systems regulate each
other (Figure 5A). In the first system, lasI catalyzes the synthesis of the signal molecule
(AI-1), by binding lasR and activating the expression of many genes (pqsA, B, C, D, E, H,
R, phnA, B and rhlI, R) [85,86]. In the pqs system [87], genes such as pqsA, B, C, D, H, and
phnA, B, catalyze the synthesis of the signal molecules (HHQ or PQS), by binding pqsR and
activating the expression of various genes, including pqsR as well as rhlI, R, whereas in the
third system, rhlI catalyzes the synthesis of the signal molecule (AI-1), by binding rhlR and
activating the expression of other target genes (pqsR, phnA, B, rhlI, R and rhlA, B) involved in
the rhamnolipid biosynthesis [88]. Furthermore, in Figure 5A it is shown that the virulence
factors lasA (exoprotease), lasB (elastase) and lecB (lectin), pyocyanin biosynthesis, and
biofilm formation are co-regulated by the three QS systems (las, pqs, and rhl). In this
study, pine honey treatment inhibited the expression of virulence genes such as lasA, lasB,
pa1L (lecA) and lecB (Figure 5A). The gene lecA is also involved in the biofilm formation
pathway. In addition, the genes of the operon phzABCDEFG involved in the phenazine
biosynthesis, and the genes phzS and M implicated in the pyocyanin biosynthesis, were
down-regulated in a similar manner (log2FC > 3). Previous studies have demonstrated that
several enzymes of the biosynthetic operon phzABCDEFG, which is conserved across the
fluorescent Pseudomonads, are involved in phenazine biosynthesis, through the conversion
of chorismic acid to phenazine-1-carboxylic acid (PCA) [89,90]. P. aeruginosa has two
functional copies (phz1 and phz2) of this operon, which produce PCA. The conversion
of PCA to phenazine-1-carboxamide as well as to 1-hydroxyphenazine is mediated by
two genes phzH and phzS, respectively. A third additional gene phzM is involved in PCA
conversion to 5-methylphenazine-1-carboxylic acid betaine, which is further converted to
pyocyanin by the action of phzS [89–91]. A recent study showed that phenazine production
is associated with the antibiotic tolerance in P. aeruginosa biofilms [92].

Regarding the biofilm formation pathway, KEEG analysis revealed that pine honey
treatment down-regulated key genes including pa1L (lecA) that encode a PA-I galac-
tophilic lectin. Additionally, several genes encoding conserved hypothetical proteins
(HIS-I; PA14_34000, PA14_34030, PA14_34050, PA14_34070 and PA14_34100) were also
inhibited (Figure 5C). Interestingly, pine honey treatment also down-regulated PA14_34030
(Hcp) and PA14_34110 (DotU) implicated in the type VI secretion system of P. aerugi-
nosa (Figure 5C) and PA14_55940 (putative pilus assembly protein) gene of the protein
secretion/export apparatus (Type II secretion system) (Figure 5C). In the bacterial chemo-
taxis pathway, besides cheW, B and R genes, pine honey also down-regulated PA14_58350
(DppA), PA14_61300, and PA14_02220 (MCP) (Figure 5B). Collectively, these results indi-

134



Foods 2021, 10, 936

cate that pine honey down-regulated several genes involved in the QS system (virulence
factors, phenazine production, chemotaxis, and biofilm formation pathway) thus reducing
the fitness of P. aeruginosa to initiate infection or biofilm formation.

In a very recent study, transcriptome analysis of P. aeruginosa biofilm treated with
Trigona honey revealed that roughly 13.5% of the down-regulated genes were biofilm-
associated genes. Additionally, in the pathways involved in biofilm formation, an ultimate
decrease in the expression levels of the D-GMP signaling pathway and diguanylate cyclases
genes implicated in c-di-GMP formation, has been observed [93].

In comparison to the study of Bouzo et al. [56], manuka honey mainly down-regulated
genes of the three different QS systems (las, rhl and pqs) while in this study pine honey
treatment demonstrated a direct inhibitory effect on genes encoding virulence factors and
phenazine biosynthesis. Interestingly, pine honey also down-regulated genes implicated
in bacterial chemotaxis, biofilm formation, and bacterial secretion pathways, indicating a
broader mode of action on the QS system, while this does not occur at such extent following
manuka honey treatment.

4. Conclusions

The present study is the first to employ a global transcriptomic approach, in order to
investigate the antibacterial effects and mode of action of pine honey. RNA-seq analysis
revealed that pine honey significantly affected the trascriptomic profile of P. aeruginosa
by increasing significantly the expression of 189 genes and by reducing significantly the
expression of 274 genes. Specifically, pine honey treatment exerted a broad range of
action on several pathways and biological processes including oxidation-reduction process,
transmembrane transport, proteolysis, regulation of DNA-templated transcription, two-
component regulatory systems, ABC transporters, and SOS response. Interestingly, pine
honey might inhibit quorum sensing, bacterial chemotaxis, and biofilm formation since
several differentially expressed genes involved in the above pathways were strongly down-
regulated. Overall, these data demonstrated that pine honey exerted an inhibitory effect in
P. aeruginosa genome expression since more genes were down-regulated than up-regulated.
These findings could potentially contribute to the treatment and control of P. aeruginosa
infection and pathogenicity, helping to elucidate the molecular pathways and biological
processes implicated in the antibacterial activity exerted by pine honey. Moreover, our
results suggest that the use of pine honey in wound dressings could be an effective and
economical approach to ameliorate wound healing.
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Abstract: This study was performed to assess the changes in meat quality and metabolome profiles
of meat exudate during postmortem aging. At 24 h postmortem, longissimus lumborum muscles
were collected from 10 pork carcasses, cut into three sections, and randomly assigned to three aging
period groups (2, 9, and 16 d). Meat quality and chemical analyses, along with the metabolomics
of meat exudates using ultra-high-performance liquid chromatography coupled with a quadrupole
time-of-flight mass spectrometer (UHPLC-QTOF-MS) platform, were conducted. Results indicated a
declined (p < 0.05) display color stability, and increased (p < 0.05) purge loss, meat tenderness, and
lipid oxidation as aging extended. The principal component analysis and hierarchical clustering
analysis exhibited distinct clusters of the exudate metabolome of each aging treatment. A total of
39 significantly changed features were tentatively identified via matching them to METLIN database
according to their MS/MS information. Some of those features are associated with adenosine
triphosphate metabolism (creatine and hypoxanthine), antioxidation (oxidized glutathione and
carnosine), and proteolysis (dipeptides and tripeptides). The findings provide valuable information
that reflects the meat quality’s attributes and could be used as a source of potential biomarkers for
predicting aging times and meat quality changes.

Keywords: pork purge; aging; metabolome; quadrupole time-of-flight mass spectrometer (UHPLC-
QTOF-MS)

1. Introduction

Postmortem aging is a value-adding process and has been extensively practiced
by the global meat industry for years to enhance meat tenderness, juiciness, and flavor
development [1]. In particular, wet-aging (storing fresh meat at refrigerated temperatures
under vacuum packaged bags) is a widely used strategy in the meat industry due to
its enhanced ease and flexibility of storage [2]. However, an increase in exudate from
meat during aging in a vacuum bag is unavoidable [3,4]. The main cause for the exudate
release is a series of breakdowns in the myofibrils, the cell membrane structure, and the
intracellular cytoskeleton during aging process [5]. In addition, physical pressure applied
during vacuum packing causes the extraction of liquid from the meat, resulting in a greater
release of exudation and purge collection in the bag [6]. The purge contains numerous
metabolites, which could provide useful background biochemical information and could
potentially be closely associated with meat quality changes. Purge, however, is mostly
considered to be waste, and the potential of meat purge use for meat quality determination
has not been actively realized. Only a few studies have explored the potential value of
meat purge as an analytical medium.

Meat purge is the aqueous solution that contains water-soluble sarcoplasmic proteins,
nucleotides, amino acids, peptides, and many soluble enzymes, which are all necessary for
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the metabolism of muscle and for postmortem changes in meat [7,8]. Research regarding
purge loss has mainly focused on identifying exudation amount or correlating its relation-
ship with the meat’s capacity to hold water, meat tenderness, or protein oxidation [9–11].
Very limited research has been done regarding the complete profiling of the compounds in
meat exudate itself. Recently, the metabolomes in beef [7] and pork [12] exudates during
different aging periods were first characterized by 1H nuclear magnetic resonance (NMR)
spectroscopy, and the results indicated a strong correlation between exudate and meat
spectra. Moreover, the metabolite profiles of the muscle exudate obtained from chicken
breast fillets affected by wooden breast (WB) myopathy were revealed by NMR-based
metabolomics (eleven metabolites were significantly affected by WB myopathy) [13]. These
researches display valuable information about the metabolome profile changes of meat
exudate and suggest an easy method to monitor metabolic profile changes associated with
meat aging or meat quality by determining exudate spectra.

Mass spectrometry (MS) has emerged as the critical technology in metabolomics
studies due to its unparalleled sensitivity and specificity, high resolution and wide dynamic
range, enabling the comprehensive quantitative and qualitative measurement of large-scale
small-molecular metabolites in complex biological samples [14]. It has been widely applied
to characterize and quantify the component changes in various muscles [15–18] during
postmortem aging. However, most published studies only focus on muscle tissue rather
than its purge solution. In our previous study, metabolites present in exudates from beef
loins and tenderloins at different aging periods (9, 16, and 23 d) were characterized using
ultra-high-performance liquid chromatography coupled with electrospray ionization mass
spectrometer (UPLC-ESI-MS), and the relationship between identified metabolites and the
oxidative stability of beef muscles during aging was examined as well [19]. The results
indicated that both the oxidative stability of meat and well as the metabolomics profile of
meat exudate were significantly affected by muscle type and aging period. Furthermore,
some oxidative stability-related compounds in meat exudate were identified, which could
possibly explain changes in meat quality.

Taken together, the objective of the study was to assess the meat quality attribute
changes and the associated purge metabolome profiles during vacuum (wet) aging in order
to characterize the major metabolites that present in pork exudate with different aging
periods for monitoring aging times and potentially determining changes in meat quality.

2. Materials and Methods
2.1. Sample Collection

A total of 10 pork carcasses (Landrace × Large White breed with an average live weight
of 117.3 ± 1.7 kg) were harvested at the Purdue University Meat Laboratory. Longissimus
lumborum muscles from one side of each carcass were collected at 24 h postmortem, then
split in three sections, vacuum packaged, and randomly assigned to three aging times (2, 9,
and 16 days) at 2 ◦C. Upon the completion of each aging period, the vacuum packages were
opened and the exudates were collected and stored at −80 ◦C until used for metabolomics
analysis. The weight of each section before and after aging were recorded in order to
calculate purge loss. Pork sections were divided into multiple cuts, and two cuts (around
2.54 cm thick) of each section were used for shear force and display color evaluation,
respectively. The rest of the cuts were vacuum packaged individually and stored at −80 ◦C
until chemical analyses were conducted.

2.2. pH Measurement

The pH of the pork samples was measured at 24 h postmortem and after each assigned
aging time using a meat pH probe (HANNA HI 99163, Hanna Instrument, Inc., Warner,
NH, USA). The pH probe was calibrated to a pH 4 and 7 buffer at 2 ◦C before use and was
directly inserted into three random locations of each sample for measurement.
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2.3. Water-Holding Capacity (WHC)

Multiple measurements (including purge loss, drip loss, and cook loss) were con-
ducted to determine the weight differences under various physical stressors to evaluate
the WHC of the pork samples. Purge loss was measured and calculated in accordance to
Setyabrata et al. [20]. Drip loss was performed according to the method obtained from
Kim et al. [21]. To evaluate cooking loss, the pork cuts were first weighed and then cooked
at 135 ◦C on a flat top electric griddle (Farberware, Walter Idde and Co., Bronx, NY, USA).
Each cut was turned to its other side when the core temperature reached 41 ◦C and then
cooked to 71 ◦C. After cooking, the sample’s weight was recorded and the cooking loss
was calculated according the following formula:

Cooking loss (%) = 100 × (1 − weight o f cooked sample
weight o f raw sample

)

2.4. Display Color

One cut from each assigned aging section was used for display color assessment. Briefly,
pork cuts were aerobically packaged with polyvinyl chloride film (23,000 cm3/m2/24 h
oxygen transmission rate at 23 ◦C) and displayed for 5 days at 2 ◦C under fluorescent
light (∼1450 lx; color temperature = 3500 K). Color was recorded daily in five random
locations on the pork cuts using a Minolta CR-400 colorimeter (Konica Minolta Photo
Imaging Inc., Tokyo, Japan) with CIE standard illuminant D65. The chroma and hue angle
were calculated according to the following formulae described by the American Meat
Science Association guidelines [22]:

chroma =
√
(a∗2 + b∗2)

hue angle = arctan(b∗/a∗)

2.5. Shear Force

The cooked pork cuts were used for shear force evaluation after 24 h of cooling at
4 ◦C. Six cores parallel to the fiber direction were collected using a 1.27 cm diameter
hand-held coring device. The measurement was performed utilizing a TA-XT Plus Texture
Analyzer (Stable Micro System Ltd., Godalming, UK) coupled with a Warner–Bratzler shear
attachment. The average peak shear force (Kg) from the cores was calculated for analysis.

2.6. Myofibril Fragmentation Index (MFI)

MFI was performed in accordance with Culler et al. [23], with some modifications.
Two grams of the minced sample were homogenized with 20 mL cold (2 ◦C) MFI buffer
(100 mM potassium chloride, 20 mM potassium phosphate, 1 mM ethylene glycol tetraacetic
acid, 1 mM magnesium chloride, and 1 mM sodium azide; pH 7.0) for 45 s. The mixture
was centrifuged at 1000× g for 15 min (at 4 ◦C) and then the supernatant was removed.
The pellet was resuspended in 20 mL MFI buffer by using a stir rod and centrifuged again
at 1000× g for 15 min. The supernatant was removed and a pellet of it was resuspended
using 5 mL of cold (2 ◦C) MFI buffer. Straining sample using a No. 18 polyethylene
strainer and an additional 5 mL buffer were used to facilitate the passage of myofibrils
through the strainer. The protein concentration of the suspension was diluted with an MFI
buffer to a final volume of 0.5 mg/mL and the absorbance was then measured using a UV
spectrophotometer (VWR UV-1600 PC, VWR International, San Francisco, CA, USA) at
540 nm. The MFI was expressed as the absorbance multiplied by 200.

2.7. Lipid Oxidation

Lipid oxidation was evaluated via 2-thiobarbituric reactive substances (TBARS) assay
according to the method outlined by Setyabrata and Kim [20]. Briefly, 5 g meat samples
were homogenized with 15 mL of deionized distilled water and 50 µL of 10% butylated hy-
droxyl anisole solution in 90% ethanol for 30 s at 6000 rpm. One milliliter of the homogenate
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was mixed with 2 mL of 20 mM 2-thiobarbituric acid solution in 15% trichloroacetic acid,
heated in 80 ◦C for 15 min, and cooled in ice for 10 min. Afterwards, the mixture was
centrifuged at 2000× g for 10 min and filtered. The absorbance of the filtrate was read at
531 nm using a microplate spectrophotometer (BioTek Instruments, Inc., Winooski, VT,
USA) and multiplied by 5.54 to express the TBARS value.

2.8. Protein Carbonyl Content

The carbonyl content of the pork samples was obtained through following a proce-
dure described by Vossen and De Smet [24]. The carbonyl content was determined via
derivatization with 2,4-dinitrophenylhydrazine (DNPH), leading to the formation of stable
dinitrophenyl (DNP) hydrazone adducts, which can be detected spectrophotometrically at
375 nm using the Epoch Spectrophotometer System (BioTek Instruments, Inc., Winooski,
VT, USA). The carbonyl concentration was expressed as nmol/mg protein.

2.9. Metabolomics Analysis for Pork Purge
2.9.1. Metabolite Extraction

Purge metabolite extraction was performed according to the method from Bligh and
Dyer [25]. Chloroform (250 µL) and methanol (225 µL) were added to 100 µL of meat
purge, and then the samples were vortexed for 15 s and left to sit for 5 min. Afterwards,
125 µL of water was added, mixed, and centrifuged at 16,000× g for 8 min. The upper
layer was transferred to vials and dried via a termovap sample concentrator. For ultra-
high-performance liquid chromatography coupled with a quadrupole time-of-flight mass
spectrometer (UHPLC-QTOF-MS) analysis, the dried fraction was redissolved in 100 µL of
acetonitrile aqueous solution (water:acetonitrile = 95:5) containing 0.1% formic acid.

2.9.2. UHPLC-QTOF-MS Analysis

An Agilent 1290 Infinity II UHPLC system (Agilent Technologies, Palo Alto, CA, USA),
coupled with a Waters Acquity HSS T3 (2.1 × 100 mm × 1.8 um) separation column (Waters,
Milford, MA, USA) and a HSS T3 (2.1 × 5 mm × 1.8 um) guard column, was used to obtain
the chromatographic separations with the column temperature set at 40 ◦C. The sample
injection volume was 5 µL. The mobile phases consisted of solvents A (0.1% formic acid in
ddH2O) and B (0.1% formic acid in acetonitrile) with a 0.45 mL/min flow rate. The gradient
program was as follows: 0–1 min, 100% A; 1–16 min, a linear gradient to 70% A; 16–21 min,
a linear gradient to 5% A, and hold for 1.5 min; returning to 100% A over 1 min, and hold
for 5 min for column re-equilibration. An Agilent 6545 quadrupole time-of-flight (Q-TOF)
mass spectrometer was used for mass spectrometric analysis. The positive electrospray
ionization (ESI) mode was applied for mass spectral (70–1000 m/z) data collection. The
ESI capillary voltage was 3.5 kV, the drying gas flow rate was 8.0 L/min, the temperature
of the nitrogen gas was 325 ◦C, the nebulizer gas pressure was 30 psig, the fragmentor
voltage was 130 V, the skimmer was 45 V, and the Oct 1 RF Vpp was 750 V. Mass data were
acquired using Agilent MassHunter B.06.

2.9.3. Metabolomics Data Processing

The raw data were preprocessed (undergoing peak detection, deconvolution, and
alignment) using Agilent ProFinder (v B.08). The peak area matrix was imported to
MetaboAnalyst 4.0 for principal component analysis (PCA) and hierarchical cluster analysis
(HCA). Variables with missing values were dealt a small value (half of the minimum values
in the original data). The data were normalized by the sum, transformed by generalized
log transformation, and auto scaled. Pairwise comparisons (16 d versus 2 d, 9 d versus
2 d, and 16 d versus 9 d) were performed, respectively, and features with a minimum
fold change of 2 (ratio > 2 or <0.5; FDR < 0.05) were considered to have been changed
significantly in the three comparison groups. Identifications were aided by performing
data-dependent MS/MS collection on composite samples with 10 eV, 20 eV, and 40 eV of
collision energy, respectively. Annotation was achieved based on the database of METLIN
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(www.metlin.scripps.edu (accessed on 20 January 2021)), with a mass tolerance of 10 ppm
for MS1 and a mass tolerance of 20 ppm for MS2.

2.10. Statistical Analysis

The experimental design of this study was a completely randomized design. Each
loin was used as an experimental unit. A repeated measure design was used to detect
instrumental color parameters at three aging periods of retail display. The data of meat
quality attributes were analyzed using SPSS (SPAA Inc., Chicago, IL, USA) for one-way
ANOVA to evaluate the significance of the main treatment (aging). Significance was defined
at the level of p < 0.05.

3. Results and Discussion
3.1. pH

The pH of the muscles was significantly affected by aging (Table 1). At 24 h post-
mortem, the ultimate pH dropped to 5.65 due to the accumulation of lactate and hydrogen
ions from postmortem glycolysis and ATP hydrolysis [26]. The pH declined continually to
5.55 after 2 d of aging, and increased (p < 0.05) to 5.59 and 5.57 after 9 d and 16 d of aging,
respectively. The increased pH may be due to the changes in charge caused by proteolytic
enzymes during postmortem aging [27].

Table 1. The pH and water-holding capacity changes of pork loins during postmortem aging.

Aging Time 1 d (24 h) 2 d 9 d 16 d

pH 5.65 ± 0.01 a 5.55 ± 0.01 c 5.59 ± 0.01 b 5.57 ± 0.01 b

Purge loss (%) - 3.23 ± 0.30 c 5.41 ± 0.50 b 7.80 ± 0.55 a

Drip loss (%) - 6.17 ± 0.31 a 2.74 ± 0.16 b 1.46 ± 0.18 c

Cooking loss (%) - 28.33 ± 0.90 28.01 ± 0.73 25.74 ± 1.06
Results are expressed as the mean ± standard error. Means with different letters (a–c) in a row are different
(p < 0.05).

3.2. WHC

Purge loss increased from 3.23% at 2 d postmortem to 7.80% at 16 d postmortem
(p < 0.05) (Table 1). The increase in purge loss with aging could be due to the degrada-
tion of proteins by proteolysis during aging, resulting in a breakdown in the myofibrils,
cell membrane structure, and intracellular cytoskeleton, which induces the migration of
myowater more easily from the intramyofibrilar space [5].

Drip loss dramatically decreased from 6.17% to 1.46% with aging (p < 0.05) (Table 1).
Higher drip loss has been shown to occur during first 2 days postmortem, which corre-
sponds to the findings from Straadt et al. [28], wherein drip loss increased from 24 h to 48 h
postmortem and stayed constant until 4 d postmortem, after which point it decreased up
until 14 d postmortem. From one side, the decreased drip loss should indicate the increased
WHC of meat during aging according to the hypothesis of Kristensen and Purslow [29],
which showed that degradations in the cytoskeleton during aging reduce or remove the
linkage between the rigor-induced lateral shrinkage of myofibrils and the shrinkage of the
whole muscle fiber. Therefore, muscle myofibrils are observed to “swell” and are capable
of holding more water during aging [28]. However, an increased purge loss from meat
during aging in a vacuum bag was still observed (Table 1), meaning that more water was
exuded from meat, which may result in a lesser volume of water in the meat that was
available to be released as drip loss.

As for cooking loss, no significant differences among aging periods were found,
although 16 d postmortem showed a lower value numerically (Table 1). The weight loss of
the meat during cooking is related to how much water is present and how easily it can leave
the muscle structure network [5]. Purge loss increased following aging, indicating a lesser
volume of water available in the muscle to be easily evaporated. Thus, no significantly
changed cooking loss may suggest a decreased water-holding capacity as aging progresses.
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3.3. Color Stability

The effect of wet-aging on the instrumental color parameters of the pork samples
during display (0, 1, 2, 3, 4, and 5 days) is reported in Figure 1. Lightness (L*) was affected
by aging time; 2 d aged meat showed lower values than did 9 d and 16 d aged meat at the
first 3-day display. Additionally, L* development showed a significant increase (p < 0.01)
in 2 d aged meat during display periods. Pork cuts from 16 d aged sections showed higher
(p < 0.01) a* values than did 2 d and 9 d aged samples at the first 2-day display. However,
at the end of the display period, 2 d aged cuts presented significantly higher (p < 0.05) a*
values than did 9 d and 16 d aged ones. Moreover, a* values were all affected by display
(p < 0.01) regardless of aging treatments and showed a significantly decreased tendency
from that exhibited during day 1 display. Chroma, which represents the color intensity
of the meat, was also affected by aging time (p < 0.01). Compared with shorter aging
treatments, 16 d aged cuts showed the highest chroma at the first 2-day display. However,
they presented more significant declines and showed the lowest chroma at the end of
display. The decrease in chroma from 1 to 5 days of display indicates a gradually increased
accumulation of surface metmyoglobin. These results may suggest that longer aging
treatment could reduce meat color stability during display period [30]. Aged meat blooms
more rapidly but subsequently browns earlier than fresh meat [31]. Previous research also
indicated that the lower color stability of aged meat compared with unaged meat becomes
evident after 3 days of display [32].
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3.4. Shear Force and MFI

The shear force values of the pork samples were affected (p < 0.05) by aging time
(Figure 2a). Two-day aged samples showed the highest shear force value, and the shear
force value decreased as the aging period extended, which suggested an increased tender-
ness of the meat. At the same time, MFI significantly increased (p < 0.05) from 80.92 after
2 d postmortem aging to 110.76 with 9 d aging, and no significant difference was found
between 9 d and 16 d aging treatments (Figure 2b). A higher MFI indicates a more severe
myofibrillar degradation and thus a subsequently more tender meat [33]. Aging improves
the tenderness of the meat through disruption of the muscle ultrastructure by intracellular
proteolytic systems (including calpains, the lysosomal proteases, and cathepsins), which
have the capability of degrading myofibrillar and cytoskeletal proteins [34].
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3.5. Oxidative Stability

TBARS was performed to evaluate the lipid oxidation of the pork meat during aging.
As showed in Figure 3a, there was a significant increase (p < 0.05) in the TBARS values
of pork samples after 9 d aging than that of 2 d aged samples; however, no significant
difference was found between 9 d and 16 d aging treatments. As for protein oxidation,
carbonyl content increased numerically during aging even though no statistical significance
was found (Figure 3b). Lipid oxidation is a critical deterioration reaction in meat and is
positively correlated with oxymyoglobin oxidation [35]. During postmortem aging, muscle
cells gradually lose their ability to maintain reducing conditions due to the collapse of the
antioxidant system and structural integrity, which may lead postmortem muscles to be more
susceptible to oxidation. Similarly, 14-day vacuum aged beef muscle indicated a higher
lipid oxidation than that in nonvacuum packaged meat, as described by Popova et al. [36].
However, some researchers reported no aging effect on the initial TBARS from unaged or
wet aged beef for 14 days [37] or no significant change in the TBARS of beef during aging
for 14 days [38].

147



Foods 2021, 10, 668
Foods 2021, 10, x FOR PEER REVIEW 8 of 13 
 

 

 
Figure 3. The effect of aging treatments on lipid (a) and protein (b) oxidation of pork meat. Results 
are expressed as the mean ± standard error. Means with different letters (a,b) are different (p < 0.05). 

3.6. Metabolomics Profiling of Pork Exudate 
A total of 1483 features were detected via UHPLC-QTOF-MS in the 15 purge samples 

(5 biological replicates × 3 aging treatments), and 20 of them were deleted due to having 
more than 50% of their values missing. Thus, a total of 1463 features were used for PCA 
and HCA analyses. There were complete separations among three different aging treat-
ments from the PCA plot (Figure 4a), which could indicate very distinct purge metabo-
lome profiles observed with different aging days. Similarly, the heatmap also showed two 
distinct clusters in which 2 d purge samples aggregated together and significantly differed 
from 9 d and 16 d samples (Figure 4b). Although 9 d and 16 d samples presented similar 
metabolome profiles, these samples still produced some distinct clusters, respectively. 
The purge metabolome from loin 9 showed some differences from the other metabolomes, 
which could be due to differences in the biological samples themselves. Basically, since 
the metabolome profiles of pork purge were significantly affected by aging treatments, it 
is worthwhile to emphasize that purge from shorter aged (2 d postmortem aged) pork 
presented totally different metabolome profiles than did longer aged pork purge (9 d and 
16 d).  

A total of 933 features changed significantly in three pairwise comparisons (16 d vs. 
2 d, 9 d vs. 2 d, and 16 d vs. 9 d) (Figure 4c) with a fold change of 2 (ratio > 2 or <0.5) and 
a false discovery rate (FDR) < 0.05, in which 34 features were tentatively identified via 
matching METLIN database according to MS/MS information (Table 2).  

Ten compounds were overabundant in 2 d postmortem aged purge (Table 2), and 
these compounds were involved in ATP synthesis and metabolism (creatine, hypoxan-
thine), histidine metabolism (L-Histidine, carnosine), phenylalanine metabolism (2-Phe-
nylacetamide), and the antioxidation of reactive oxygen species (ROS) and free radicals 
(glutathione, oxidized GSSH). Postmortem ATP synthesis and metabolism radically de-
termines most of the critical qualities of raw meat. Creatine has the ability to increase 
muscle stores of phosphocreatine, potentially increasing the muscle’s ability to resynthe-
size ATP from ADP in order to meet increased energy demands [39]. The muscle ATP 
concentration remains stable through the phosphocreatine shuttle early in the postmor-
tem process. However, muscle stores of phosphocreatine are also limited (around 25 
mmol/g of muscle tissue) and the phosphocreatine buffer system can only sustain post-
mortem cellular ATP for a brief period [26], even though creatine and phosphocreatine 
could be still detected in certain concentrations in pork meat after 44 d of aging [40]. The 
decline of creatine content in pork purge during aging in the present study coincided with 

Figure 3. The effect of aging treatments on lipid (a) and protein (b) oxidation of pork meat. Results are expressed as the
mean ± standard error. Means with different letters (a, b) are different (p < 0.05).

3.6. Metabolomics Profiling of Pork Exudate

A total of 1483 features were detected via UHPLC-QTOF-MS in the 15 purge samples
(5 biological replicates × 3 aging treatments), and 20 of them were deleted due to having
more than 50% of their values missing. Thus, a total of 1463 features were used for PCA and
HCA analyses. There were complete separations among three different aging treatments
from the PCA plot (Figure 4a), which could indicate very distinct purge metabolome
profiles observed with different aging days. Similarly, the heatmap also showed two
distinct clusters in which 2 d purge samples aggregated together and significantly differed
from 9 d and 16 d samples (Figure 4b). Although 9 d and 16 d samples presented similar
metabolome profiles, these samples still produced some distinct clusters, respectively. The
purge metabolome from loin 9 showed some differences from the other metabolomes,
which could be due to differences in the biological samples themselves. Basically, since
the metabolome profiles of pork purge were significantly affected by aging treatments,
it is worthwhile to emphasize that purge from shorter aged (2 d postmortem aged) pork
presented totally different metabolome profiles than did longer aged pork purge (9 d and
16 d).

A total of 933 features changed significantly in three pairwise comparisons (16 d vs. 2 d,
9 d vs. 2 d, and 16 d vs. 9 d) (Figure 4c) with a fold change of 2 (ratio > 2 or <0.5) and a false
discovery rate (FDR) < 0.05, in which 34 features were tentatively identified via matching
METLIN database according to MS/MS information (Table 2).

Ten compounds were overabundant in 2 d postmortem aged purge (Table 2), and these
compounds were involved in ATP synthesis and metabolism (creatine, hypoxanthine), histi-
dine metabolism (L-Histidine, carnosine), phenylalanine metabolism (2-Phenylacetamide),
and the antioxidation of reactive oxygen species (ROS) and free radicals (glutathione,
oxidized GSSH). Postmortem ATP synthesis and metabolism radically determines most
of the critical qualities of raw meat. Creatine has the ability to increase muscle stores of
phosphocreatine, potentially increasing the muscle’s ability to resynthesize ATP from ADP
in order to meet increased energy demands [39]. The muscle ATP concentration remains
stable through the phosphocreatine shuttle early in the postmortem process. However,
muscle stores of phosphocreatine are also limited (around 25 mmol/g of muscle tissue)
and the phosphocreatine buffer system can only sustain postmortem cellular ATP for a
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brief period [26], even though creatine and phosphocreatine could be still detected in
certain concentrations in pork meat after 44 d of aging [40]. The decline of creatine content
in pork purge during aging in the present study coincided with the decreased tendency
of creatine and phosphocreatine levels in pork meat after longer aging treatments [40].
This might suggest a progressive collapse of the phosphocreatine shuttle during aging.
Meanwhile, hypoxanthine (a degradation product of ATP) also declined in pork purge
during aging. It was reported that the ATP content will rapidly decrease and almost be
exhausted at 24 h postmortem in pork longissimus lumborum (LL) muscles, followed by
an increase in the downstream product of ATP degradation [41]. However, hypoxanthine
can be oxidized into xanthine via xanthine dehydrogenase; thus, it could be decreased in
pork purge alongside aging.
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When animals are slaughtered for meat, oxygen deficiency results in the impaired
mitochondrial respiration, producing ROS [40]. Glutathione and its redox forms (oxidized
glutathione as GSSH, reduced glutathione as GHS) plays a critical role in preventing
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damage caused by ROS (such as free radicals, peroxides, lipid peroxides, and heavy
metals) [42] for cellular components. GSSG is produced when peroxides are detoxified
by GSH peroxidase and are recycled back to their reduced form by GSH reductase, at the
expense of nicotinamide adenine dinucleotide phosphate (NADPH). The significantly lower
level of GSSG in 16 d aged purge samples as compared to that in 2 d aged samples might
indicate the gradually incapacitated antioxidant defense system in pork muscle during the
aging period. Meanwhile, carnosine and L-histidine showed significant lower levels in
16 d aged purge compared to those in 2 d aged samples. Carnosine, a dipeptide composed
of L-histidine and β-alanine, is a potential endogenous antioxidant that scavenges ROS as
well as inhibits lipid oxidation during oxidative stress [43–45]. L-histidine has also been
demonstrated to have an antioxidative action and has proved to be an excellent scavenger
of reactive 1O2 species [46]. Taken together, the decrease in GSSG carnosine and L-histidine
identified in pork purge during aging would be likely associated with increased lipid and
protein oxidation (Figure 3) in pork meat.

Table 2. Tentatively identified metabolites that have changed significantly among the three aging treatments.

Name Mass m/z
MS1
Error
(ppm)

RT 1 Adduct
Ion Name

D16 vs. D02 D09 vs. D02 D16 vs. D09

Fold-
Change FDR 2 Fold-

Change FDR Fold-
Change FDR

Compounds overabundant in 2 d postmortem aging (12)
Creatine 131.0703 132.0774 −5.15 0.92 (M+H)+ 0.457 0.026 0.372 0.004

2-Phenylacetamide 135.0795 136.0764 −5.08 3.13 (M+H)+ 0.344 0.019 0.339 0.006
Hypoxanthine 136.0382 137.0466 −5.75 1.32 (M+H)+ 0.127 0.004 0.238 0.048

N-Methylisoleucine 145.1103 146.1183 −4.81 4.31 (M+H)+ 0.426 0.001
L-Histidine 155.0698 156.0773 −3.2 1.04 (M+H)+ 0.473 0.000
Carnosine 226.1071 227.1149 −4.69 1.03 (M+H)+ 0.420 0.011

Isobutyryl carnitine 232.1432 232.1559 −6.88 4.75 (M)+ 0.423 0.010
His Glu 284.1101 285.1208 −5.29 1.36 (M+H)+ 0.413 0.000

Lys Pro Ile 356.2432 357.2509 −3.5 0.83 (M+H)+ 0.492 0.002
Glutathione, oxidized 612.1505 613.1613 −3.39 1.49 (M+H)+ 0.432 0.000

Compounds overabundant in 9 d and 16 d postmortem aging (27)
Pro Ala 186.1004 187.1086 −4.88 1.12 (M+H)+ 3.170 0.001 2.206 0.006
Ala Val 188.1155 189.1242 −4.23 1.32 (M+H)+ 2.175 0.000
Ile Gly 188.1162 189.1242 −4.23 2.86 (M+H)+ 3.190 0.000 2.198 0.000

L-Leucyl-L- Alanine 202.1319 203.14 −4.93 2.53 (M+H)+ 3.316 0.003 3.011 0.009
Spermine 202.1317 203.2239 −4.12 3.28 (M+H)+ 2.899 0.018 2.480 0.042

Val Ser 204.111 205.1196 −6.27 0.88 (M+H)+ 2.766 0.001 2.018 0.011
Pro Thr 216.1095 217.1191 −3.88 1.25 (M+H)+ 4.626 0.001 3.379 0.004
Val Val 216.1477 217.1556 −4.14 3.43 (M+H)+ 7.910 0.000 5.018 0.000
Ile Ser 218.1267 219.1347 −3.7 1.2 (M+H)+ 4.945 0.000 3.137 0.002

Val Leu 230.1631 231.1711 −3.57 5.69 (M+H)+ 4.716 0.000 3.693 0.003
Asn Val 231.1215 232.1303 −4.81 1.3 (M+H)+ 4.741 0.000 4.416 0.012
Leu Thr 232.1424 233.1506 −4.45 1.9 (M+H)+ 5.627 0.003 3.262 0.042
Ala Phe 236.1162 237.1244 −4.24 5.76 (M+H)+ 8.885 0.000 4.650 0.007

Ile Ile 244.1783 245.1869 −3.77 7.8 (M+H)+ 6.780 0.001 3.081 0.014
Ile Asp 246.1218 247.1296 −3.2 4.05 (M+H)+ 2.105 0.000 2.146 0.000

Asp Leu 246.122 247.1296 −3.2 4.43 (M+H)+ 5.903 0.000 4.222 0.000
Tyr Ala 252.1115 253.1196 −5.21 2.42 (M+H)+ 2.381 0.026 2.911 0.027

Ala Ile Gly 259.1553 260.1617 −4.61 1.36 (M+H)+ 6.617 0.000 5.237 0.000
Pro Leu Gly 285.1685 286.1771 −3.26 6.11 (M+H)+ 3.141 0.007 2.213 0.025
Val Ile Gly 287.186 288.1939 −7.4 4.32 (M+H)+ 9.503 0.000 4.396 0.007

His Phe 302.1376 303.1463 −3.65 2.74 (M+H)+ 9.624 0.000 5.950 0.001
Gly Lys Leu 316.2111 317.2195 −3.54 2 (M+H)+ 123.990 0.000 37.504 0.001 3.306 0.041
Val Val Asp 331.1744 332.1832 −4.66 3.51 (M+H)+ 47.939 0.000 19.345 0.001
Val Glu Glu 375.1641 376.173 −4.06 3.07 (M+H)+ 3.433 0.005 3.348 0.024

1 RT is the average retention time. 2 FDR is the false discovery rate of the T-test. D02, D09, and D16 refer to pork exudate from 2 d, 9 d, and
16 d postmortem aging treatments, respectively.

At the same time, 24 compounds were identified in overabundance in 9 d and 16 d
aged pork purge (longer aging treatments). Basically, most of these compounds were
dipeptides and tripeptides. The significantly increased levels of these peptides in purge
after 9 d of aging can be explained by accumulated proteolysis, which starts after slaughter.
The postmortem proteolysis by several endogenous proteolytic enzyme systems (calpains,
cathepsins, and proteasomes) is mainly responsible for the degradation of structural
proteins [47], which are broken down into polypeptide fragments, inducing an increased
tenderness of the meat (reflected by a declined shear force and an increased MFI, as seen in
Figure 2). This is followed by peptidyl peptidases acting to generate small peptides. The
aforementioned changes induce a relative significantly increased concentration of peptides
in the muscle with a longer postmortem aging time [48,49]. Thus, it is speculated that
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increasing the amount of peptides effused from muscle with water loss and detecting them
in purge as aging indicators (Table 2), could make them useful as potential biomarkers for
predicting meat tenderness during aging.

4. Conclusions

In summary, the present study indicated that aging significantly affected meat quality
attributes as well as meat exudate metabolome profiles. Metabolites associated with
ATP synthesis and metabolism (creatine and hypoxanthine), antioxidation (GSSG and
carnosine), and proteolysis (dipeptides and tripeptides) could act as potential biomarkers
to monitor aging times and indicate meat quality changes, such as increased lipid and
protein oxidation, discoloration, and tenderness during aging processing. Further studies
regarding target compound (potential biomarkers) quantification and proteome profiles of
meat exudate would be highly warranted to provide more valuable information associated
with meat quality.
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