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Abstract: Potato (Solanum tuberosum L.) is susceptible to enzymatic browning after fresh processing, resulting in color change and potential alteration in the nutritional quality. In this study, a popular potato cultivar, Feiwuruita, was used to profile the metabolites involved in color and nutritional quality changes in fresh shreds stored at 0 and 4 h at 25°C (designated CK and CK4H, respectively). The shreds turned brown within 4 h of storage. In all, 723 metabolites consisting 12 classes of compounds were detected in the samples, largely lipids, phenolic acids, alkaloids, amino acids and derivatives, flavonoids, organic acids, nucleotides and derivatives. Of these, 163 metabolites accumulated differentially between CK and CK4H shreds. Polyphenolic compounds (phenolic acids and flavonoids) mostly increased in the shreds after 4 h storage. Conversely, the short-term storage drastically reduced lipid compounds (25 LysoPC and 19 LysoPE), while essential alkaloids and terpenoid compounds that are beneficial to human health increased in accumulation. The findings present global metabolome and nutritional composition changes in short-term stored shreds of Feiwuruita. This study provides important foundation for future studies on browning prevention/reduction and for better utilization of Feiwuruita.

Keywords: Enzymatic browning; colorimetric values; metabolites; phenylpropanoid biosynthesis; polyphenol oxidases activity






1  Introduction

Potato (Solanum tuberosum L.) is a starchy root vegetable that is one of the most widely consumed foods in the world after wheat, rice and maize [1]. It is a good source of dietary fiber, carbohydrates, carotenes, anthocyanins and micronutrients (e.g., vitamin B6 and C, potassium, iron, folate, thiamin, riboflavin and niacin) [2–4]. It can be cooked in a variety of dishes such as boiling, baking, frying and roasting in different dishes, such as mashed potatoes, potato bread, French fries, potato chips and potato salad [5,6]. Others are processed into potato powder and starch for industrial use [7]. Robertson et al. [2] reported a number of epidemiological studies showing associations between potato consumption and obesity, type 2 diabetes and cardiovascular disease. Potato is an important staple crop in developing countries because of its relatively short production cycle (90–110 days) and high yield per acre [8].

Globally, China is the leading potato producer in terms of volume and area with almost half of its production concentrated in the northern part [1,9]. The potential of potatoes to improve food security and alleviate poverty, as well as their affordability and nutritional value, led the Chinese government to issue the “Guiding Opinions on Promoting the Development of Potato Industry” in 2016, and many provinces and cities have implemented related policies to benefit from potato production and demand [9]. As a result, China has more than 200 kinds of potato staple food products, several of which are currently being commercialized [7]. The major potato starch processing areas in China are located in the northwest, northeast (Heilongjiany, Jilin, and Liaoning), North China, and southwest and northwest (Gansu, Ningxia, Qinghai, Xinjing and Shaanxi) [7,10].

Food preservation consists of various processing steps, including growing, harvesting, processing and distribution, to maintain food quality at a desired level so that maximum benefit and nutritional value can be obtained [11]. Storage of potato tubers has been reported to cause large variations in dry matter content, carbohydrates, proteins, and amino acids [12,13]. Storage conditions and cultivar characteristics of potatoes also have a major influence on the content and structure of nitrogen compounds [14–16]. These changes affect both the consumers and processors through the formation of free amino acids, including glutamic and aspartic acid, serine, valine, proline and glutamine which ultimately affect the taste of the tubers [13]. These also affect the quality characteristics of food products derived from such tubers [17].

Potatoes are susceptible to enzymatic browning during and after fresh processing, which is an important quality issue [18–20]. To date, many anti-browning compounds such as ascorbic acid and its derivatives, xanthosine, thiol and others have been tested on fresh cut potatoes with inconsistent results [18,21–24]. Enzymatic browning is reported to be caused by polyphenol oxidases (PPOs), β-glucosidase (β-GLU), phenylalanine ammonia-lyase (PAL), and peroxidase (POD), which catalyze the conversion of phenolic substrates to quinones, resulting in the formation of dark-colored precipitates in fruits and vegetables. This leads to undesirable changes in the organoleptic properties and change nutritional quality of plant products [19,25]. It has been documented that sulfites are the most effective in preventing browning [24], but there are food safety concerns regarding their use [26,27]. Browning of the fruit/vegetable can easily occur during fresh-cut processing [28]. Once a physical stress or deteriorative process such as a wound response or senescence is initiated, browning symptoms begin to appear in fresh-cut potato tubers when polyphenol substrates react with oxidative enzymes (e.g., PPOs, PAL and POD) [29].

With respect to browning in plant products, Qiao et al. [30] identified metabolites associated with signal transduction (jasmonic acid, glutamate and gibberellins) enriched in a browning-resistant potato cultivar (Kexin (KX13)) and browning susceptible cultivar (Yunshu (YS505)), while L-aspartic acid and kynurenic acid were identified to slow browning. A number of metabolites, including chlorogenic acid, coumaroyl tartaric acid and dicaffeoyl quinic acid are reported to contribute to enzymatic browning in fresh-cut fruits and vegetables [31], and subsequent accumulation of phenolic compounds [25,28,32]. Most of the previous studies in potato were conducted among different cultivars [22,30,33], which have contributed to the selection of potato cultivars to be processed as fresh-cut products. However, findings from the previous studies are largely cultivar-dependent making them extremely difficult to apply to fresh-cut potato management. Therefore, to eliminate the cultivar-dependent factor, the present study used Feiwuruita cultivar which is one of the popular cultivars in Jilin Province and other places in China. This cultivar is popular because of its good agronomic characteristics and high commercial rate but it is highly susceptible to browning [34]. Understanding the metabolome changes in Feiwuruita cv could help major potato growing and processing provinces in China to benefit fully from this cultivar.

In addition to the above, an essential fatty acid, linolenic acid, and some essential vitamins such as vitamin E (α- and γ-tocopherol), vitamin B5 (pantothenic acid) and vitamin B6 (pyridoxal and pyridoxine) were detected in the study of Chaparro et al. [35]. Storage of potatoes decreased the concentration of vitamin C in potato tubers, as reported by Burgos et al. [36]. Inconsistent variations in chlorogenic acid in tubers of purple- or red-fleshed potato cultivars compared to yellow-fleshed tubers have been observed in fresh and cold stored tubers [37]. These studies highlight that nutritional quality changes occur during postharvest management and processing of potato tubers. To the best of our knowledge, no research has been reported on the change in nutritional quality of freshly cut and stored potato shreds.

Herein, we investigated the color and nutritional quality changes in the fresh-cut potato shreds stored shortly and profiled the metabolome changes in fresh-cut potato shreds (CK) stored for 4 h (CK4H) by ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS). The results of this study offer a theoretical basis and practical guidance for the inhibition of browning in fresh-cut and stored potatoes. This information would also serve as a reference point when evaluating the formation of various compounds during the processing of potato products [38].

2  Materials and Methods

2.1 Experimental Materials and Shred Preparation

In this study, well-developed, healthy and fresh potato (S. tuberosum L.) tubers of Feiwuruita cv were used which were obtained from the Jilin Academy of Agricultural Sciences [34]. The potato tubers were washed with clean running water and the washed tubers were further cleaned with tissue paper to dry them without delay. The washed and dried potato tubers were peeled and sliced to a thickness of 2 mm using an electric slicer MS-305 C (Foshan Komle Electric Appliance Co., Ltd., Foshan, China). The freshly cut potato shreds with uniform size and shape were stored for 4 h at room temperature (25°C). The samples were designated as CK before storage and CK4H after storage. Samples of CK and CK4H were immediately labeled and placed in a liquid nitrogen container and then stored in a −80°C ultra-low temperature refrigerator until further processing.

2.2 Measurement of Color Changes in Fresh Cut Potato Shreds Stored for 0 and 4 h

The colors of shreds of CK and CK4H were determined according to the colorimetric values proposed by the Commission Internationale de l’Eclairage with colorimeter (SC-10; Shenzhen 3 nh technology Co., Ltd., Shenzhen, China). Color coordinates are L (lightness), a (redness/greenness) and b (yellowness/blueness). For each group (either CK or CK4H), the collection of color parameters was repeated three times (biological replicates). The color difference (ΔE) [39,40] between the CK and CK4H was computed by the formula below:


ΔE=(LCK4H−LCK4)2+(aCK4H−aCK4)2+(bCK4H−bCK4)2 

where 
LCK4
, 
aCK4 
and 
bCK4 
represent color parameters of shreds from fresh cut potato stored at 0 h, while 
LCK4H
, 
aCK4H 
and 
bCK4H 
represent color parameters of shreds from fresh-cut potato stored at 4 h.

2.3 Metabolome Profiling in Shreds of Fresh Cut Potato Stored for 0 and 4 h by Ultra-Performance Liquid Chromatography-Tandem Mass Spectrometry

Six samples (CK and CK4H with three biological repeats each, weighing ≈ 3 g) were ground to powder after vacuum freeze-drying using a mixer mill MM400 and zirconia beads (15 mm) for 1.5 min at 30 Hz. Subsequently, 100 mg of sample powder from each of the six samples was extracted overnight at 4°C in 1.0 mL 70% aqueous methanol and centrifuged at 10,000 × g for 10 min. The extracts were further filtered and transferred to a new tube for UPLC-MS/MS analysis following Wen et al. [41]. In short, MetWare Biotechnology Co. Ltd. (Wuhan, China) was contracted to conduct and perform widely untargeted metabolites profiling with its self-built database.

To check the repeated analyses, a control analysis was performed by mixing sample extracts from six samples. Metabolites were qualitatively monitored using secondary spectral information by qualitative means. The metabolites were further quantified by analysis in a multi-reaction monitoring mode using a triple quadruple (QQQ) mass spectrometer, an AB4500 Q TRAP UPLC/MS/MS system, equipped with an ESI Turbo Ion Spray interface. The system was operated in both positive and negative ion modes. It was controlled by Analyst 1.6.3 software (AB Sciex). ESI source operating parameters were set: ion source, Turbo Spray; source temperature 550°C; ion spray voltage (IS) 5500 V (positive ion mode)/4500 V (negative ion mode); ion source gas I, gas II, curtain gas set to 50, 60, 25.0 psi, respectively. Collision-activated dissociation was set to high. QQQ and LIT modes were used for instrument tuning and mass calibration in 10 and 100 μmol/L polypropylene glycol solutions, respectively. QQQ scans were performed as multiple reaction monitoring (MRM) experiments. The collision gas (nitrogen) was set to medium. The declustering potential (DP) and collision energy (CE) for individual MRM transitions were determined. Further DP and CE optimization was performed. A specific set of MRM transitions was checked for each time period. These transitions corresponded to the metabolites eluted during that time period.

2.4 Statistical Analyses of Colorimetric Values, Polyphenol Activity and Metabolites in the Shreds of Fresh Cut Potato Stored for 0 and 4 h

A two-tailed t-test at 5% significance level was performed on colorimetric parameters (L, a, and b values) obtained in three biological replicates using Microsoft Excel (Microsoft Corporation, 2018; Redmond, Washington, United States). To evaluate the quality of metabolome data, we applied principal component analysis (PCA) with tidyverse [42] in R, while hierarchical clustering heatmap (HCH), and Pearson’s correlation analysis were done with the help of pheatmap [43] and corrplot [44] in R, respectively. These analyses were done based on relative concentration (ion intensities) of the detected metabolites. We adopted stringent filtering criteria with orthogonal partial least squares discriminant analysis (OPLS-DA) using a threshold of log2 fold change ≥1 i.e., |log2FC ≥ 1| and variable importance in projection (VIP) ≥1 [45] to identify the differentially accumulated metabolites (DAMs) between CK and CK4H shreds. The qualitative and quantitative mass spectrometry analysis of metabolites between shreds between CK and CK4H shreds were performed based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database [46], MetWare database (MWDB) and MRM [47]. The KEGG database was used to annotate DAMs with p-value ≤ 0.05, which were considered as significantly enriched pathways. Furthermore, heatmaps of selected DAMs were generated in R using the pheatmap package [43].

3  Results

3.1 Browning Degree in Fresh Cut Potato and Activity of Polyphenol Oxidases

In the current study, freshly cut potato shreds stored for 0 and 4 h (CK and CK4H, respectively) were used to assess the color changes (Fig. 1). It was observed that the samples turned brown after 4 h (Fig. 1A). The L* (lightness) values of CK shreds (mean ± standard error; 38.74 ± 0.19) were significantly higher than those of CK4H (24.26 ± 0.27) (Fig. 1B), indicating that CK4H samples were darker after 4 h storage. Again, the a* (redness/greenness) was lower in the shreds of CK (1.45.26 ± 0.01) compared with CK4H (6.05 ± 0.10) (Fig. 1B), indicating that there was a large increase in redness/greenness of the shreds after 4 h storage. The shreds of CK recorded b* (yellowness/blueness) value of 11.00 ± 0.44 compared with the shreds of CK4H (10.81 ± 0.06), highlighting that the shreds of CK maintained relatively higher levels of yellowness/blueness, but showed a marginal decrease after 4 h storage (Fig. 1B). The ΔE value (6.18 ± 0.26 10) indicates that shreds of CK4H had much browner color compared to shreds of CK (Fig. 1B).
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Figure 1: Color changes in the freshly cut potato tubers. (A) Trays containing shreds obtained from fresh cut potato stored at 0 and 4 h (CK and CK4H, respectively). (B) Colorimeter values obtained from shreds of the CK and CK4H. Color coordinates L* (lightness), a* (redness/greenness), b* (yellowness/blueness) and the color difference (ΔE*). The error bars were computed as standard error from three biological repeats. Indices with * between the two samples indicate significant difference by student-t test at p < 0.05

3.2 Overview of Metabolome Profiling in CK and CK4H Samples

Metabolomic analysis was performed to characterize the metabolite changes in the shreds of CK and CK4H (Figs. 1A and B). A total of 723 metabolites from 12 classes of compounds were detected by UPLC-MS/MS in the six samples (Fig. 2). The majority of compounds were lipids (16.74%), phenolic acids (14.66%), alkaloids (13.42%), amino acids and derivatives (12.45%), and flavonoids (9.13%) (Fig. 2A; Table S1). The remaining seven known classes include organic acids (8.44%), nucleotides and derivatives (7.05%), terpenoids (2.77%), lignans and coumarins (2.21%), tannins (0.69%), quinones (0.55%), and steroids (0.14%) (Fig. 2A; Table S1). Other compounds constituted 11.76% with saccharides and alcohols, vitamins, xanthone and several unknown classes of compounds (other) (Fig. 2A; Table S1).
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Figure 2: Metabolome profiling in fresh cut potato shreds stored for 0 and 4 h at room temperature (CK and CK4H, respectively). (A) Proportion of the 723 metabolites belonging to 11 class of compounds. (B) Sum of relative ion intensities of compounds in each class in CK and CK4H

The sum of all compounds within each class varied between CK and CK4H (Fig. 2A). Specifically, the accumulation of alkaloids, lipids, flavonoids, terpenoids, tannins, and steroids decreased upon 4 h storage (CK4H), whereas the accumulation of phenolic acids, amino acids and derivatives, organic acids, nucleotides and derivatives, lignans and coumarins, quinones, and others increased upon storage (Fig. 2B). These suggest that storage of freshly cut potato shreds for 4 h at room temperature altered the metabolome.

PCA revealed the degree of metabolic variation between groups (CK and CK4H) and between samples within the same group. CK, CK4H and their combinations (mix samples) within the distribution of apparent dispersion showed that metabolite levels differed between groups (CK and CK4H) (Fig. 3). The mixed samples (CK + CK4H) were clearly separated and found in the middle of the plot. Taken together, the two principal component axes (PC1 and PC2) showed that the 723 metabolites accounted for 53.81% of the variability among the samples. HCH of the samples based on the ion intensities of the 723 metabolites detected showed that the three biological replicates from each sample were grouped together (Fig. 3). There was a high level of reproducibility between biological replicates with Pearson’s correlation coefficients ≥0.87 (Fig. S1). Therefore, the samples were sufficiently reproducible, suitable for use in the subsequent qualitative and quantitative analyses, and adequate to ensure the repeatability and reliability of the metabolomic data.
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Figure 3: Variability of the 723 detected metabolites between fresh cut of potato shreds after 0 and 4 h storage (CK [deep green] and CK4H [brown], respectively) based on their relative ion intensities in triplicates. (A) Principal component analysis. (B) Hierarchical cluster heatmap. Metabolome profiling were done in triplicates for each sample (CK or CK4H). The Mix in the panel A was included as the control for quality check. Color gradients are shown on the right side of the figure, red, green and white colors mean increased, decreased and not detected, respectively

3.3 Detection of Metabolites with Differential Accumulation Between CK and CK4H Samples

To screen for DAMs between CK and CK4H (Table S1A), we applied stringent filtering criteria log2FC ≥ 1 and VIP ≥ 1. This resulted in 163 DAMs, which were grouped into two major clusters of metabolites with differential accumulation between CK and CK4H (Fig. 4A). Among them, only lipids had 91.84% compounds that accumulated more in CK than in CK4H (Fig. 4B), suggesting that storage led to a reduced content of lipid metabolites in potato shreds. On the contrary, alkaloids, amino acids and derivatives, flavonoids, lignans and coumarins, and terpenoids all accumulated more after 4 h storage of potato shreds (Fig. 4B). These results suggest that short-term storage (4 h) significantly alter the metabolomic composition and possibly nutritional quality of fresh cut potato shreds. Therefore, we focused on metabolites that may be involved in the color change of CK4H as well as those of nutritional importance.
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Figure 4: Differentially accumulated metabolites (DAM) between fresh cut of potato stored for 0 h (CK) and 4 h (CK4H). (A) Hierarchical cluster heatmap. The row clustering was based on the relative ion intensities of the detected DAMs. Color gradients are shown on the right side of the figure, red, green and white colors mean increased, decreased and not detected, respectively. (B) Extent of accumulation of DAMs. Up-and down-accumulated mean accumulated higher in CK4H than in CK, and vice versa, respectively

3.3.1 Candidate Metabolites Involved in Browning of Shreds of CK4H

Polyphenols are known to be synthesized mainly through the phenylpropanoid pathway, which involves many different enzymes/metabolites involved in browning of fresh cut potatoes and other crops [48–52]. Therefore, the DAMs for polyphenols and other classes of compounds involved in browning were investigated in this section.

Changes in Polyphenols in the Fresh Cut Samples of Potato

Polyphenols (i.e., phenolic acids, flavonoids and their derivatives, tannins, stilbenes, and lignans) are reported to contribute to bitterness, astringency, color, flavor, odor, and oxidative stability in various crops and their related products [8,53]. Twenty-five polyphenolic compounds accumulated differentially between CK and CK4H, with higher accumulation in the shreds of CK4H than in CK (Fig. 5A). Of these, one flavonoid compound, isobavachalcone D, was completely absent in CK, while the remaining two flavonoids (gallocatechin and 8-methoxykaempferol-7-O-rhamnoside) accumulated 2.70 and 9.30 times higher in CK4H than in CK, respectively. Gallocatechin and its derivatives are reported to be brown in color under ambient conditions [54]. Similarly, three lignan and coumarin compounds (isofraxidin, esculetin and ayapin) accumulated 2.47–16.52 times more in CK4H than in CK.
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Figure 5: Log 2 transformed ion intensities of differentially accumulated metabolites (DAMs) in fresh cut potato shred stored for 0 h (CK) and 4 h (CK4H). (A) Polyphenol compounds. (B) Amino acid and derivative compounds. (C) Nucleotide and derivative compounds. The color legend is shown on the right hand side in the Figure

In addition to flavonoids, lignans and coumarins, 19 phenolic acids differed significantly between CK and CK4H (Fig. 5A). Among them, syringic acid, 3-O-p-coumaroylshikimic acid, p-coumaroyl alcohol, protocatechualdehyde and 2,5-dihydroxybenzaldehyde were completely absent in CK compared to CK4H (Fig. 5A). The remaining 14 phenolic compounds, including cinnamic acid, vanillic acid, vanillin, 5-O-caffeoylshikimic acid, 5-O-p-coumaroylquinic acid, 3-O-p-coumaroylquinic acid, isoferulic acid, ferulic acid, 2-(formylamino)benzoic acid, and caffeic acid, were more abundant in the shreds of CK4H than in CK.

The above results suggest that the enzymatic browning observed in this study may be largely modulated by polyphenols.

Variations in Amino Acids and Nucleotides, and Their Derivatives in the Shreds of CK and CK4H

Some amino acids and their derivatives have been documented to affect both enzymatic and nonenzymatic browning in several plant products depending on their concentrations [13,55–57]. Eighteen compounds belonging to amino acids and derivatives accumulated differentially in CK_vs_CK4H (Fig. 5B). From these, reduced form of glutathione accumulated 2.62 times more in CK relative to CK4H (Fig. 5B). Glutathione according to Kuijpers et al. [58] controls browning by forming colorless addition products with o-quinones of 5-dicaffeoylquinic acids, the decreased accumulation of reduced form of glutathione in CK4H may be involved in browning process (Fig. 5B). Other two compounds (L-Prolyl-L-phenylalanine and L-prolyl-L-leucine) were absent in CK4H, suggesting that these compounds may make CK4H more prone to browning compared to CK.

Among the remaining 15 amino acids and derivatives, only L-valyl-L-phenylalanine was completely absent in CK, while the 14 including L-isoleucyl-L-aspartate, L-glycyl-L-phenylalanine, L-valyl-L-leucine, L-glycyl-L-isoleucine, N-glycyl-L-leucine, N-acetyl-L-tryptophan, and S-adenosyl-L-methionine accumulated more in CK4H than in CK (Fig. 5B).

Twenty-five differentially accumulated nucleotide and derivative compounds were identified between CK and CK4H (Fig. 5C). With the exception of cytidine 5’-monophosphate, cytidylic acid, methotrexate and 2’-deoxycytidine, which were not detected in CK, the remaining 22 compounds accumulated more in CK4H than in CK (Fig. 5C).

The higher accumulation of several amino acids and derivatives as well as nucleotides and derivatives suggest their involvement in modulating the browning of shreds from CK4H (Fig. 1B).

Comparative Analysis of Organic Acids and Others (Vitamins, Saccharides and Alcohols) in the Potato Shreds of CK and CK4H

Most organic acids are shown to exhibit anti-browning properties due to their metal-chelating activities or pH lowering effects and are able to deactivate the PPO and POD enzymes [59,60]. Twelve organic acids were more accumulated in the shreds of CK4H compared with CK (Table 1). These include (-)-jasmonoyl-L-isoleucine, 2-hydroxyisocaproic acid, fumaric acid, citraconic acid and 2-hydroxycinnamic acid. For example, two jasmonates (jasmonic acid and N-((-)-jasmonoyl)-S-isoleucine) are reported to contribute to pericarp browning of litchi fruit [61].
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Two saccharides and alcohols (N-acetyl-D-glucosamine-1-phosphate and D-glucurono-6,3-lactone) accumulated more in CK than in CK4H (Table 1). Two other saccharides and alcohols (xylitol and 2,6-dimethyl-7-octene-2,3,6-triol) accumulated more in CK4H than in CK. In addition, five vitamins: L-ascorbic acid (vitamin C), 4-pyridoxic acid, riboflavin (vitamin B2), dehydroascorbic acid and pyridoxine differed significantly between CK and CK4H. Of these, only L-ascorbic acid (vitamin C) accumulated more than 2-fold higher in CK than in CK4H, the remaining four accumulated higher in CK4H than in CK (Table 1). Three other unknown compounds (N-feruloyloctopamine, P-hydroxycinnamic acid, p-hydroxyphenethylamine, and eucommiol) accumulated highly in CK4H, while another, propyl 2-(trimethylammonio)ethyl phosphate, accumulated highly in CK.

The variations in organic acids and others (vitamins, saccharides, and alcohols) highlight their involvement in regulating browning in CK4H from CK (Figs. 1A and 1B).

3.3.2 Alteration in Nutritional Composition by Short term Storage (4 h) of Fresh Cut Potato Shreds

Variations in Lipid Compounds Content between CK and CK4H Samples

Lipid compounds dominated among metabolites in the study of Chaparro et al. [35]. In this study, 49 lipid compounds consisting of four lipid classes: 25 lysophosphatidylcholine (LysoPC), 19 lysophosphatidylethanolamine (LysoPE), four free fatty acids, and one glycerol ester accumulated differentially between CK and CK4H (Table S2). The 19 LysoPE and their isomers all accumulated higher in the CK than in the CK4H samples. On the other hand, only LysoPC 19:2 increased in accumulation upon the 4 h storage, the remaining 24 LysoPC isomers decreased in accumulation upon 4 h storage (Table S2).

In addition, one saturated fatty acid, stearic acid, and one monounsaturated fatty acid, eicosenoic acid, were found to be more abundant in CK than in CK4H (Table S2). Strikingly, two free fatty acid compounds, 1-linolenoyl-rac-glycerol diglucoside and eicosadienoic acid, as well as a glycerol ester, 2-linolenoylglycerol-1,3-di-O-glucoside, increased in abundance in CK4H compared to CK (Table S2). Taken together, a drastic reduction of lipid compounds in CK4H compared to CK would be beneficial for human health.

Changes in Alkaloid and Terpenoid Compounds after Short Term Storage (4 h) of Fresh Cut Potato Shred

Alkaloids have been reported as having anti-inflammatory, anticancer, analgesic, local anesthesia and analgesia, neuropharmacological, antimicrobial, antifungal, and other activities [62–64]. Therefore, alkaloids are routinely used as dietary ingredients, dietary supplements, and pharmaceuticals, in medicine and other uses in human life. Eighteen alkaloid compounds accumulated differentially in the shreds of CK and CK4H (Table S2). Fifteen alkaloid compounds, including 9α-hydroxysophoramine, tataramide A, phenylethanolamine, 4-hydroxy-2-benzoxazolone (HBOA), and N-feruloyltyramine (Table S2), increased in accumulation upon short-term (4 h) storage of potato shreds. These compounds have been highlighted to have human health benefits [63,65–68], making short-term storage (4 h) of shreds useful for human health.

Terpenoids have a wide range of documented biological properties, including cancer chemoprevention, antimicrobial, antifungal, antiviral, antihyperglycemic, anti-inflammatory, antiparasitic, and memory enhancing [65–67]. Among the 20 terpenoid compounds detected (Table S2), hispanolone, pimaric acid and eucommioside are reported to have anti-inflammatory and anti-tumor activities [66]. These compounds increased highly in CK4H shreds compared to CK shreds (Table S2). Therefore, changes in alkaloids and terpenoids may make short-term storage of potato shreds beneficial for human health, however further validation experiment is needed to ascertain this claim.

3.4 KEGG Pathway Enrichment Analysis of Differentially Accumulated Metabolites between the Two Tubers of Potato

To identify significantly enriched metabolic pathways among the 163 DAMs, we further used the Kyoto Encyclopedia of Genes and Genomes (KEGG) database [46]. Among the top 20 KEGG pathways, phenylpropanoid biosynthesis, pyrimidine metabolism, purine metabolism, and zeatin biosynthesis were significantly (p ≤ 0.05) enriched (Fig. 6), with seven, eight, eight, and five compounds, respectively. The significantly enriched phenylpropanoid biosynthetic pathway compounds consisted of one organic acid (2-hydroxycinnamic acid) and six phenols (cinnamic acid, p-coumaryl alcohol, 5-O-caffeoylshikimic acid, 5-O-p-coumaroylquinic acid, ferulic acid, and caffeic acid), all of which were up-accumulated in CK4H relative to CK.
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Figure 6: Top twenty KEGG pathways enriched in DAMs between the CK and CK4H of fresh tubers of potato. The X-axis represents the enrichment score. The Y-axis represents the top 20 KEGG pathways enriched in DAMs with those underlined being significant at p-value ≤ 0.05. The X-axis represents enrichment factor (rich factor), thus the ratio of the number of DEGs to the number of total annotated genes in a certain pathway. The size of the bubble indicates the number of DAMs enriched in the pathway, and the color of the bubble indicates the magnitude of the p-value

Compounds of the pyrimidine pathway included cytidine 5’-monophosphate (cytidylic acid), thymidine, 2’-deoxycytidine, uridine 5’-monophosphate, cytosine, uridine, cytidine, and 2-deoxyribose-1-phosphate. Whereas in the case of purine pathway was enriched in hypoxanthine, guanosine 5’-monophosphate, adenosine 5’-diphosphate, 2’-deoxyguanosine, xanthosine, guanine, adenine and guanosine. All enriched compounds in the pyrimidine and purine pathways accumulated more in CK4H than in CK.

The zeatin biosynthetic pathway had two amino acids and derivatives (O-acetylserine and S-adenosyl-L-methionine) and three nucleotides and derivatives (adenosine 5’-diphosphate, adenine, and 5’-deoxy-5’-(methylthio)adenosine) accumulated more in CK4H than in CK. The results of KEGG analysis suggest a complex nature of browning in potato tuber shreds.

Based on the above results, we propose a model for browning and nutritional quality changes in shreds obtained from fresh cut potatoes (Fig. 7). Shreds obtained from clean and healthy fresh potato tubers contain high lipid content. Wounds and short-term storage (4 h) at room temperature (25°C) resulted in an increase in PPO activity as well as polyphenols, organic acids and nucleotides and their derivatives, leading to browning of the stored shreds. However, the short-stored shreds had a drastic reduction in lipid content and an increase in beneficial alkaloids (9α-hydroxysophoramine, tataramide A, phenylethanolamine, HBOA, and N-feruloyltyramine) and terpenoid (hispanolone) (Fig. 7).
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Figure 7: A proposed schematic model to elucidate the link between browning and changes in nutritional quality in short term stored (4 h) of freshly cut potato shred by polyphenol oxidases (PPO) and changes in metabolites. The black arrows point to change in the short-term stored shreds. The blue and red arrows indicate increased and decreased, respectively

4  Discussion

4.1 Browning of CK4H Shreds Largely Controlled by Polyphenols, Amino Acids and Organic Acids with Increased PPO Activity

Several studies have been conducted on metabolites involved in browning or anti-browning of fresh potato and its related products with at least two different cultivars [22,30,33,37]. These previous studies allowed for the identification of metabolites involved in browning of fresh potato and its products. However, the confounding genetic background of many different cultivars makes it extremely difficult to apply in production technology to prevent/reduce browning in the potato industry [69]. Therefore, to overcome the confounding effect of different genetic background of potato cultivars used in previous studies, the present study used fresh cut potato shreds of Feiwuruita cv (highly susceptible to browning) [34] stored for 0 and 4 h (25°C) to quantify color changes and global metabolome changes involved in browning of shreds during short-term storage. The freshly cut potato shreds turned brown within 4 h of storage (Figs. 1A and 1B). This highlights the susceptibility of Feiwuruita cv to browning. Also, the wounds created during processing (peeling and shredding) according to Cabezas-Serrano et al. [29] predispose the shreds to browning due to increase in PPO and other enzymes activity (Figs. 1B and 7). PPOs are known as copper-containing enzymes that catalyze the oxidation of a wide range of phenolic compounds to their respective quinones [19,29].

It was observed that polyphenolic compounds (i.e., phenolic acids, and flavonoids) largely showed higher accumulation in the shreds during short-term storage (4 h) (Fig. 5A). Polyphenolic compounds are known to be substrates for PPO activity, among other factors that have been elucidated to influence browning in potato and other crops [28,33,55,56,58,70,71]. For example, caffeic acid accumulated almost 11 times more in the shreds of CK4H than in CK (Fig. 5A), and this metabolite has been shown to be one of the suitable substrates for PPO activity in potato as reported by Feng et al. [55]. This and other identified polyphenolic compounds (e.g., cinnamic acid, vanillic acid, vanillin, 5-O-caffeoylshikimic acid, 5-O-p-coumaroylquinic acid, 3-O-p-coumaroylquinic acid, isoferulic acid, ferulic acid, 2-(formylamino)benzoic acid) are likely to initiate symptoms of browning in fresh-cut potato shreds by serving as substrates and reacting with oxidative enzymes [29].

In this study, several metabolites such as L-ascorbic acid and glutathione in reduced form were highly accumulated prior to short-term storage of the fresh-cut potato shreds, but their accumulation in CK4H were reduced (Fig. 5B; Table 1). These two compounds have been shown to inhibit browning by enhancing the formation of colorless products from o-quinones using reductive compounds that either reduce o-quinones back to their o-diphenolic precursors or form colorless addition products with o-quinones [58,72]. An attempt could be made to intentionally increase the abundance of reduced form compounds of L-ascorbic acid and glutathione in freshly cut potato shreds stored for a short period of time to mitigate browning caused by polyphenolic compounds. Conversely, several other amino acids accumulated more in the CK4H shreds than in the CK shreds (Fig. 5B; Table 1). Amino acids have been shown to react with quninones to facilitate the browning process [57]. For example, the phenylalanine compound caused 165% increase in browning of potato tubers in the study by Ali et al. [57]. Specifically, Mayer [73] showed that highly reactive quinones can polymerize with proteins, amino acids, or other macromolecules to form black, brown, or red pigments that accumulate on wounded tissues, including potato tubers. Five derivatives of phenylalanine (L-alanyl-L-phenylalanine, L-leucyl-L-phenylalanine, L-valyl-L-phenylalanine, 3,4-dihydroxy-L-phenylalanine (L-dopa), and L-glycyl-L-phenylalanine) were identified to accumulate highly during short-term storage of shreds, and these compounds with high abundance may contribute to induce browning by forming colored catechol-amino acid adducts [57,74]. To gain the actual role of some the key metabolites in promoting browning of shreds from Feiwuruita cv, future studies will be designed to include some of them to unearth the relationship between each of the metabolites and browning.

Phenylalanine metabolism is a precursor for phenylpropanoid biosynthesis, which largely produces polyphenolic compounds that can serve as substrates for PPO activity [48–50]. In this study, several compounds accumulated differentially in the phenylpropanoid biosynthetic pathway (Fig. 6). Phenylalanine, pyrimidine, and purine metabolism as well as zeatin biosynthetic pathway may account for high proportion of amino acids and nucleotides and derivatives, which have been elucidated above to moderate browning of fresh-cut potato shreds in this study and several others [12–14,25,57,70,75]. Therefore, the identified metabolites could be validated and used as biomarkers for selection of potato shreds during processing.

4.2 Short Term Storage of Fresh Cut Potato Shreds Altered Nutritional Quality

Our current study showed that shreds of fresh Feiwuruita cv [34] contain high quantities of lipid compounds (Table S1, Figs. 2A and 7) which is consistent with the observation made by Chaparro et al. [35]. However, it was generally observed that the short-term storage of the shreds of fresh Feiwuruita significantly reduced the abundance of lipid compounds that will be beneficial to human health. Yamamoto et al. [76] showed that lysoPE, e.g., LysoPC 18: 2, is involved in lipid droplet formation by suppressing lipolysis and fatty acid biosynthesis, indicating its possible pathological role in the induction of fatty liver disease. Other compelling evidence from Gonzalez et al. [77] suggest the involvement of some members of LysoPE and LysoPC in chronic pain in female adolescents by signaling molecules known to moderate pain perception and mediate inflammation. According to Tan et al. [78], Schober et al. [79], Engel et al. [80], LysoPE and LysoPC levels increase significantly in human inflammatory liver tissue. Interestingly, eicosenoic acid, which is an unsaturated fatty acid, for example cis-11-eicosenoic acid, is found in a variety of plant oils [81]. Increased levels of eicosenoic acid were observed in red blood cells have been reported to be associated with autism in children [82]. All this suggests that short-term storage of freshly cut potato shavings reduces lipids (LysoPC and LysoPE) (Table S2), which may be a solution to reduce the abundance of undesirable lipid compounds in freshly harvested potato tubers. Strikingly, 2-linoleoylglycerol-1,3-di-O-glucoside accumulated slightly more than 2-fold higher in CK4H than in CK (Table S2), and this metabolite has been identified as a major contributor to the flavor of radish (Raphanus sativus L.) taproot [53]. This suggests that CK4H shred may have a better flavor than the CKs, but further studies are needed to validate this speculation.

In contrast to the reduced lipids in CK4H shreds, short-term storage (4 h) increased 9α-hydroxysophoramine, tataramide A, phenylethanolamine, 4-hydroxy-2-benzoxazolone (HBOA), and N-feruloyltyramine (Table S2). 9α-Hydroxysophoramine is reported to have phytopharmacological properties used to expel worms from the intestine, treat fatigue, jaundice and fever [83]. Plants with tataramide A compound are being promoted to accelerate adult neurogenesis as it possesses ability to help aged people to recover from neurodegeneration and cognitive impairments [84]. Phenylethanolamine is one of the so-called trace amines (TA), which are reported to be involved in the regulation of a number of behaviors and play a central role in the proper functioning of the nervous system in genera [85]. They also showed that TAs are present in minute amounts in the brain, but a reduction in TA compounds such as phenylethanolamine is associated with a variety of neurological disorders, including Parkinson’s disease, schizophrenia, depression, and many others [85]. Another study showed that HBOA has beneficial effects against liver fibrosis by inhibiting the inflammatory response in rats [86]. Another alkaloid compound, N-feruloyltyramine, has been shown to prevent scopolamine-induced memory impairment and significantly reduce scopolamine-induced changes in brain areas [87]. These elaborated compounds and a terpenoid compound (hispanolone) require their extraction from short-term stored (4 h) freshly cut potato shreds to determine their functional roles in vitro.

5  Conclusions

This study shows that a popular Chinese potato Feiwuruita cv shreds turned brown within 4 h of storage, which was largely controlled by PPO activity. The metabolomic profile of CK and CK4H shreds differed significantly in alkaloids, amino acids and derivatives, flavonoids, phenolic acids, lignans and coumarins, nucleotides and derivatives, terpenoids, lipids, and others (vitamins, saccharides, and alcohols). It was generally observed that polyphenolic compounds including phenolic acids, flavonoid and its derivatives and, amino acids and nucleotides as well as their derivatives largely increased in abundance upon short term storage of potato shreds. On the other hand, short-term storage of freshly cut potato shreds resulted in a drastic reduction of lipid compounds and an increased abundance of trace alkaloids and terpenoids that are beneficial to human health. The detected compounds were largely enriched in phenylpropanoid and zeatin biosynthesis, as well as pyrimidine and purine metabolism. The information provided herein would be useful for potato shreds processing.
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OEBPS/Images/table-1.png
Table 1: Differentially accumulated organic acids and others (vitamins, saccharides and alcohols, and others)
in the shred of potato stored at 0 and 4 h at room temperature (CK and CK4H, respectively)

Compounds Class 11 CK CK4H VIP FC Log2FC Type

(-)-Jasmonoyl-L- Organic 5,669.97 13,766.57 1.16 2.43 1.28 Up

isoleucine acids

6-Hydroxyhexanoic acid  Organic 30,132.00 43,680.67 1.17 4.35 2.12 Up
acids

2-Methyl-3-oxosuccinic Organic 20,031.00 54,448.33 1.39 2.72 1.44 Up
acid acids

2-Hydroxyisocaproic acid Organic 76,535.67 214,426.67 1.52 2.8 1.49 Up
acids

2-Isopropylmalic acid Organic 18,206.67  425,146.67 1.6 2335 455 Up
acids

a-Ketoglutaric acid Organic 187,536.67 606,233.33 1.48 3.23 1.69 Up
acids

Azelaic acid Organic 46,407.00 776,163.33 1.59 16.73  4.06 Up
acids

2-Hydroxyhexadecanoic ~ Organic 210,120.00 879,460.00 1.59 4.19 2.07 Up
acid acids

Suberic acid Organic 69,083.67 944,696.67 1.6 13.67 3.77 Up
acids

Fumaric acid Organic 211,563.33 1,212,466.67 1.6 5.73 2.52 Up
acids

Citraconic acid Organic 414,906.67 1,868,866.67 1.5 4.5 2.17 Up
acids

2-Hydroxycinnamic acid  Organic 98,802.67 29,956,666.67 1.6 303.2 824 Up
acids

N-Acetyl-D-glucosamine- Saccharides 126,970.00 51,493.33 1.54 0.41 -1.3 Down

1-phosphate and alcohols

D-Glucurono-6,3-lactone  Saccharides 205,206.67 89,351.33 1.23 0.44 -1.2 Down
and alcohols

Xylitol Saccharides 35,447.00 87,538.67 1.33 2.47 1.3 Up

and alcohols
2,6-Dimethyl-7-octene- Saccharides 296,623.33 5,446,366.67 1.59 1836 4.2 Up
2,3,6-triol and alcohols

L-Ascorbic acid (Vitamin ~ Vitamin 3,840,400.00 1,638,000.00 1.32 0.43 —-1.23  Down
®)
4-Pyridoxic acid Vitamin 0 11,197.33 1.6 1244.15 10.28 Up

Riboflavin (Vitamin B2)  Vitamin 23,422.67 75,867.67 1.53 3.24 1.7 Up
Dehydroascorbic acid Vitamin 84,298.33 207,143.33 1.43 2.46 1.3 Up

Pyridoxine Vitamin 338,333.33  1,538,800.00 1.55 4.55 2.19 Up
Propyl 2- Others 42,740.00 10,615.13 1.55 0.25 —2.01  Down
(trimethylammonio)ethyl

phosphate

N-Feruloyloctopamine Others 21,547.50 468,633.33 1.19 32.62 5.03 Up
P-Hydroxycinnamic acid  Others 32,535.30  991,813.33 1.5 3048 4.93 Up
p-hydroxyphenethylamine

Eucommiol Others 380,370.00 5,845,966.67 1.59 1537 3.94 Up

Note: VIP, variable importance in projection. FC, fold change.
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