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Abstract

:

Mango ‘Nam dok mai si thong’ is in high demand worldwide, displaying desirable attributes which include a particularly sweet flavour and visually appealing appearance. Physiological and biochemical changes that occur in the fruit post-harvest are key factors in determining fruit quality and, consequently, predicted shelf life. In order to understand which post-harvest markers play crucial roles during the ripening process, as well as those which are a consequence of disease infection and physical damage caused by essential oil vapour, partial least squares (PLS) correlation models were used. During storage, physiochemical (percent weight loss, peel colour, firmness, pH, and peel electrolyte leakage) and biochemical (titratable acidity, total soluble solids, total phenolic compounds, total flavonoid compounds, antioxidants, total sugar, and reducing sugar content) parameters, as well as near-infrared (NIR) spectra, were monitored and correlated with visual post-harvest physiological responses. The majority of analysed markers displayed distinct relationships with the ripening process of mangoes, where for non-destructive parameters (R2 = 0.86), lightness (L*) and b* value were notably significant, and for destructive parameters (R2 = 0.79), pH and total soluble solids were notably significant. Similarly, the same markers were also correlated with physical damage and post-harvest mango disease infection severity, possibly through polysaccharide deformation and activation of browning-related enzymes. NIR imaging results also revealed the absorbent regions involved in biochemical alterations (water and enzymes; absorbance at 1170 nm, 1400–1500 nm, and 2150–2250 nm) that pertain to the fruit’s quality. The findings from this work provide an initial step towards the development and assessment of quality measures for ‘Nam dok mai si thong’ mango.
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1. Introduction


Thailand is one of the leading mango producers in the world, with exports of this fruit valued at USD 734 million in 2020 [1]. ‘Nam dok mai si thong’ is a particularly high-demand cultivar on a global scale due to its exceptional qualities, which include an especially sweet flavour and notably alluring appearance [1,2]. At ambient temperatures, freshly harvested mangoes have a relatively short shelf-life of 4–8 days, being prone to physical and biological damage when the maximum ripening stage has been reached [3,4]. This limited shelf life is driven by the fruit’s high respiration rate, ethylene production, excessive ripening, and the effects of post-harvest pests and diseases, which consequently result in the loss of functional nutrients and a decrease in market value [5]. As a result of these pressures, up to 45% of post-harvest mango is lost [6,7]. The ripening stage of mango fruit is considered the primary criterion for determining the fruit’s quality and expected shelf life [8]. Therefore, mangoes are typically harvested at the mature-green or partially ripe stage, which allows sufficient time for handling and marketing of fruits so that they reach the consumer when fully ripened and ready to eat [9]. As a climacteric fruit, mango ripening involves an increase in ethylene production and respiration, resulting in physiochemical changes in fruit colour, texture, firmness, flavour, and aroma [10,11]. Other physiochemical changes include softening of the cell wall, degradation of starch, accumulation of sucrose, synthesis of colour pigments, and development of a distinctive aroma [10,12]. Anthracnose disease caused by Colletotrichum spp. is prevalent during pre- and post-harvest of mango; the infected fruits present slightly black, sunken irregular shape lesions, which gradually enlarge and eventually induce fruit rot and changes in aroma and taste of mango [1,13]. Chemical fungicides are the most common treatment [14]. However, environmental and human health concerns limit fungicide use. Previously, natural products such as essential oil were used to control ripe mango post-harvest disease. Notably, basil (Ocimum spp.) essential oil has antifungal properties, including against the fungi that cause mango post-harvest disease [1,15]. Nonetheless, it has been found that few adverse effects on mango skin have been observed, largely [1,15,16]. While visual observation is used primarily for determining damages and decay, the quality parameters used to determine the internal chemical quality of fruit are largely limited by destructive procedures [17]. The near-infrared spectroscopy (NIR) technique has recently been utilised for the non-destructive evaluation of fruits’ internal and external qualities. Its measurement processes are simple and rapid, requiring neither complex pre-treatments nor chemical reactions on fruit samples [17,18,19]. Though demand for ‘Nam dok mai si thong’ for the export markets is high, only limited research has been conducted to describe the quality markers that describe post-harvest damages to the fruits. Penchaiya et al. [20] observed that biological variation is usually ignored commercially, resulting in an uneven quality trait usually in the forms of physical and biological damages. Moreover, the distinctive golden skin colour characteristic at the mature stage also masks the physical appearance for optimum eating quality. The objectives of this study were therefore to comprehend the relationship of destructive physicochemical properties (firmness, titratable acidity, peel electrolyte leakage, total phenolic and flavonoid compounds, antioxidants, and total and reducing sugar contents), non-destructive parameters (weight loss and peel colour attributes), and post-harvest physiological observations (ripening, essential oil burning, and disease infection) of ‘Nam dok mai si thong’ mango using partial least squares (PLS) correlation and a chemometric analysis tool. The overall outcome from this study will be used toward the development of simple measures for the detection of ripening stage and post-harvest damages caused by physical disruption and pathogens of premium-grade mango.




2. Materials and Methods


2.1. Mangoes and Damage Induction Procedure


Premium-grade ‘Nam dok mai si thong’ mango fruits, of uniform size (ca. 429 g each) and at the commercial harvesting stage, were sourced from a vender in Mae Taeng District, Chiang Mai, Thailand (19°5′51.08″, 98°53′55.54″), and used for this experiment. Upon arrival in the laboratory, sap was drained off, and fruits were cleaned with mild soap and gently wiped until dry. Each fruit was then packed in a 1 L perforated plastic container (polypropylene plastic with 12 holes of 0.1 mm diameter distributed evenly on the lid).



In order to induce varying levels of post-harvest damage to mangoes, cotton balls treated with different amounts (i.e., 0, 13, 25, 63, 250, and 500 µL) of commercial Thai basil (O. basilicum var. thyrsiflora) essential oil (Thai China Flavours and Fragrances Industry Co. Ltd., Nonthaburi, Thailand) were added to containers along with the fruits. The containers were then placed randomly in a controlled climate chamber (25 °C, 80% relative humidity) and incubated for 16 days. Seven mango fruits were collected on damage-induced conduction day (day 0) to represent the mango fruit quality at the beginning. Then, five mangoes from each essential oil treatment were randomly withdrawn for quality assessments at 5, 8, 12, and 16 days and assessed at this time, based on their visual appearance, for (i) ripening, (ii) physical damage (i.e., burning due to exposure to essential oil), and (iii) biological damage (i.e., post-harvest disease infection) as detailed in the next section.




2.2. Sensory Qualities of Mango


Evaluation of post-harvest physiological characteristics of mangoes followed an established methodology developed in previous studies [1,21]. The ripening, burning, and disease infection status of each mango was visually scored by three assessors using the indices detailed in Table 1.




2.3. Near-Infrared Spectra Acquisition


A Fourier-transform near-infrared spectrometer (FT-NIR) (MPA FT-NIR Series Bruker Optics, Stuttgart, Germany) was used to measure the NIR spectra of mango fruits included in the study. Scanning was conducted in absorbance mode with 32 scans per spectrum from 12,500 to 4000 cm−1 (wavelengths from 800 to 2500 nm) using a fibre optic probe. Measurements were taken from both sides of each mango along the equatorial axis of the fruit. A total of 127 samples were scanned.




2.4. Physiological Parameters


2.4.1. Weight Loss


All mangoes were weighed at the start of the study, prior to essential oil treatment, with weights taken again when fruits were removed from containers for physiological and biochemical analysis. The following equation was used to determine percent weight loss [22]:


   %   weight   loss    =  (     (   initial   weight    −    final   weight   )     initial   weight     )  100  












2.4.2. Colour Attributes


A handheld colour spectrophotometer (NS800, 3nh, China) was used to determine the surface colour of the fruit. Six measurements were taken across the surface of the fruit at six different locations, selected at random. The CIE Lab system was used to perform the measurement, with L* representing brightness on a scale of 0 to 100 from black to white, a* representing (+) red or (−) green, and b* representing (+) yellow or (−) blue [23].




2.4.3. Firmness


Firmness of mangoes was determined using a fruit hardness tester (model: FHR-5, N.O.W., Tokyo, Japan) fitted with a pointed cone probe (base diameter: 12 mm, height: 10 mm). Three readings were taken at three equidistant points along the peeled and unpeeled fruit’s equatorial axis. The firmness measurements were expressed in newtons (N).



Following the firmness assessment, mangoes were peeled, and pulps were stored at −20 °C until destructive analysis could be undertaken. Data were collected on pH, total soluble solids, titratable acidity, and peel electrolyte leakage as detailed below.




2.4.4. Mango Juice Extraction, pH, and Total Soluble Solids


To extract mango juice, 20 g of pulp was blended with 10 mL of distilled water, and then the resulting puree was filtered using filter paper (Whatman No. 1). The filtered solution was then analysed for pH using a pH meter (Mettler-Toledo, Greifensee, Switzerland) and total soluble solids using a digital refractometer (PONPE 529BR, Pathum Thani, Thailand).




2.4.5. Titratable Acidity


The titratable acidity of mango juice was analysed based on methods presented by Islam et al. [7] and Ayele [24]. Five grams of blended mango pulp was diluted in 50 mL of DI water. Ten millilitres of solution was then taken for titration with 0.1 N NaOH. As an indicator, 0.1% phenolphthalein was used (end point at pH = 8.2). The amount of NaOH solution required for titration was recorded to calculate the percent titratable acidity, compared to malic acid, in the following equation [24]:


   % Titratable   acidity    =    normality   of   NaOH   ×   titre     (  mL  )     ×    0.067045    sample     (  mL  )     ×    10    








where 0.067045 is the milliequivalent of malic acid.




2.4.6. Peel Electrolyte Leakage


Following methods presented by Ruter [25] and Sommano [26], mango peel was cut into 5 mm × 5 mm strips which were immediately submerged in 20 mL of DI water in a 50 mL test tube. Each sample (5 replications for each mango fruit) was then incubated for 24 h at 4 °C before initial conductivity (EC1) was measured at room temperature using an Eutech CON 700 conductivity meter (Eutech Instruments Pte Ltd., Singapore). Each tube was then autoclaved for 20 min at 121 °C and cooled overnight in an ice bath prior to measuring the final EC2 at room temperature. Electrolyte leakage (EL) was calculated as follows:


  EL   =   EC 1 /  (  EC 2   +   EC 1  )    ×   100  













2.5. Biochemical Analyses


The extraction method used for biochemical analysis of mango fruits followed that presented by Islam et al. [7], with some modification. Four grams of mango pulp was immediately immersed in boiling 80% ethanol, which was then left to boil for ten minutes. The resulting extract was then filtered through muslin cloths, and the mango pulp was then reextracted for three minutes and filtered again. The resulting extract was then evaporated off to approximately 25% of its original volume and transferred to a 100 mL volumetric flask which was then filled to the brim with ethanol and used for the following biochemical tests.



2.5.1. Total Phenolic Compounds


The content of total phenolics in mango pulp extract was determined using the Folin–Ciocalteu procedure, as presented by Sunanta et al. [27]. Briefly, 30 µL of the extract was mixed with 60 µL of 10% Folin–Ciocalteu reagent and 120 µL of 6% sodium carbonate solution in a 96-well microplate. The solution was thoroughly mixed and allowed to react in the dark for 90 min before the absorbance of the reaction mixture at 650 nm was measured using a microplate reader (SPECTROstar Nano; BMG LABTECH, Offenburg, Germany). The linear gallic acid standard equation was used to calculate how many total phenolics were present at concentrations from 0 to 200 mg/L.




2.5.2. Total Flavonoid Compounds


The total flavonoid content of mango pulp extract was measured by a calorimetric assay [27]. Twenty-five microlitres of the extract were diluted with 125 µL of distilled water in a microplate before 7.5 µL of NaNO2 was added and the reaction was allowed to occur for 5 min. Then, 15 µL of AlCl3 was added and left for 6 min before adding 50 µL of NaOH and 27.5 µL of distilled water. The absorbance of the mixed solution was measured at 510 nm. Different concentration sequences of catechin were analysed in the same way to determine the content of flavonoids in the extract, which was expressed as mg of catechin equivalent per litre of mango pulp extract.




2.5.3. Antioxidants


The antioxidant capacity of the extracts was determined using the 2,2′-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid (ABTS) and 1,1-diphenyl-2-picrylhydrazyl (DPPH) assays in this study.



The DPPH assay was based on the method of Adewusi et al. [28] and Sangta et al. [29] with slight modification. Two hundred and fifty microlitres of 0.1 mM DPPH in 95% ethanol (v/v) solution was mixed with 25 µL of sample in a microplate, and then the mixture was allowed 30 min to react in darkness before absorbance was measured at 517 nm. The ability to scavenge the DPPH radical was calculated using the following equation:


   DPPH   radical   scavenging   activity     ( % )  =  [     A   control    −    A   sample     A   control     ]  100  











The ABTS assay was performed according to the method of Adewusi et al. [28] with some modifications. The ABTS solution was prepared by mixing 500 µL of 7 mM ABTS with 500 µL of 2.4 mM potassium persulfate, and then the mixed solution was left for 16 h. The blue-green mixed solution was then diluted with fresh phosphate-buffered saline solution buffer (pH 7.4) until an absorbance of 0.650 ± 0.02 at 734 nm was reached. To determine the antioxidant activity of the extract, 10 µL of sample was added to a 96-well microplate, followed by the addition of 200 µL of ABTS radical cation. This was then left in the dark for 30 min before the absorbance was read at 734 nm. The ABTS scavenging capacity of the extract was calculated as percent antiradical activity using the following equation:


   ABTS   tadical   scavenging   activity     ( % )  =  [     A   control    −    A   sample     A   control     ]  100  












2.5.4. Total Sugar and Reducing Sugar


The mango pulp extract was tested for total sugar and reducing sugar content calorimetrically by using the anthrone and dinitrosalicylic acid methods, respectively, following the method of Islam et al. [7] with some modification.



To determine the total sugar of the extract, 0.2% (v/v) of anthrone in sulfuric acid was used as an anthrone reagent. One millilitre of 0.05% extract diluted in ethanol was added with 2 mL anthrone reagent, and then the resulting mixture was boiled for 10 min. The solution was then allowed to cool before the absorbance was measured at 680 nm. A standard curve was obtained by using the same procedure and measuring D-glucose solution across a range of concentrations from 0 to 100 µg/L.



The dinitrosalicylic acid technique (DNS) was employed to determine the extract’s reducing sugar content. A 96-well microplate was filled with 100 µL of the extract solution, and 100 µL of the DNS solution was then added and mixed. The microplate was then wrapped in plastic, heated in an 80 °C water bath for 30 min, and cooled before the adsorption reached maturity at 575 nm. To obtain a standard curve, a D-glucose solution ranging from 0 to 600 µg/mL was used.





2.6. Statistical Analysis


The mean differences of the physical and biological markers of ‘Nam dok mai si thong’ mango at each ripening stage, the degree of burning symptoms, and the degree of disease infection were statistically explored using analysis of variance (ANOVA) in SPSS (IBM, Armonk, NY, USA), with a significance level of 0.05. The recorded NIR spectra were subjected to principal component analysis (PCA). A partial least squares (PLS) model was applied to examine the relationships of destructive parameters, non-destructive parameters, and recorded NIR spectra with post-harvest characteristics (ripening, burning, and disease infection). Root mean square error of calibration (RMSEC) and prediction (RMSEP) were calculated to evaluate the accuracy of the calibration models. To evaluate the prediction performance of the model, the coefficients of determination for calibration (R2) and prediction (Q2) were also calculated. Calculations of PCA and PLS and related statistical analyses were implemented using in-house MATLAB scripts (MATLAB V7.0, The Math Works Inc., Natick, MA, USA).





3. Results and Discussion


3.1. Fruit Ripening Characteristics


From the results presented in Table 2, it is clear that over the mango ripening process, lightness (L*), firmness of both with peel and without peel (F w/Peel and F w/o Peel, respectively), titratable acidity (TA), total phenolics content, antioxidant activity (DPPH and ABTS), and pH were strongly reduced, while the a* (red–green) and b* (blue–yellow) values of the CIE Lab colour space, weight loss (%), peel electrolyte leakage (EL), total sugar content (ttSugar), the amounts of reducing sugar, total flavonoids content, and the ratio of total soluble solids (TSS) and titratable acidity (TSS/TA) were increased. Mango is a climacteric fruit, where after the mature fruit is detached from the tree, the ripening process, and biological metabolism in general, occurs rapidly [30]. During the ripening process, the respiration rate of the fruit increases, which activates ethylene production; biosynthesis of pigments; and changes in carbohydrates, organic acids, lipids, phenolics, and aromatic compounds [31]. More importantly, structural polysaccharides in the fruit are reformed during ripening, with this being responsible for textural softening and alterations in the appearance of mango fruit [5,31]. Considering only the appearance parameters, the present study found that L* values and firmness, both with and without peel, decreased during the process of ripening, while a*, b*, and percent weight loss increased. Interestingly, this colour change during ripening is exclusive to this cultivar. Penchaiya and Tijskens [32] discovered that during low-temperature storage of mango ‘Nam dok mai si thong’, the a* and b* values increased, while the L* and hue values decreased, which aligns with the results of the current study. Another primary factor influencing mango fruit quality during ripening is water loss in the fruit caused by respiration and dehydration [1], which reduces fruit weight and causes the skin of the fruit to shrink due to decreased cell wall pressure. As the mango fruit ripens, structural carbohydrates also undergo chemical transformation, with pectin, a gelling sugar, contributing to the firmness loss of the fruit [31].



Common physicochemical criteria used to measure fruit quality in mangoes include pH, TA, TSS, TA/TSS, and sugar content. These metrics are often used to define the sweetness and sourness of mango; acid concentrations are frequently reported as pH and TA, whereas sugar levels are recorded as TSS [33]. For ‘Nam dok mai si thong’ mango, we found that TA clearly decreased as mangoes became ripe, in contrast to pH values which increased. Citric and malic acids are common organic acids that contribute to the acidity of mango fruit, with these decreasing as the fruit ripens, possibly due to enzyme activities involved in the Krebs cycle of mango fruit changing during ripening with citrate synthase activity drastically decreasing [31]. The content of sugar also increased during mango ripening in the current study. In general, fructose, glucose (reducing sugars), and sucrose (non-reducing sugar) are the main sugar components in ripe mango [31,33], with an increment in sugar content during ripening generally observed as a result of starch hydrolysis by amylase [33], while the reduction in sugar is due to increased cellular respiration that converts sugar (especially fructose and glucose) and oxygen into carbon dioxide, water, and heat [34].



Bioactive compound markers in ripening mango fruits were also investigated in the current study, revealing contrasting changes in the contents of phenolics and flavonoids reversely altered over the ripening process. While the levels of antioxidants and phenolic compounds decreased with ripening, those of flavonoid compounds decreased in the early ripening stages but were clearly elevated in the ripest fruits. Phenolic compounds are essential phytochemicals that provide biological functions (having antioxidant and anti-pathogenic activity) with the ability to resist environmental stresses. During the ripening process of mango in work elsewhere, the contents of phenolic acid and flavonoids were altered differently depending on the maturity stages of fruits considered, their post-harvest management, and the mango cultivars studied [31]. The most common types of phenolic acids found in mangoes are hydroxybenzoic and hydroxycinnamic acid derivatives, which can be present in free or conjugated forms with glucose or quinic acid [31,35]. Phenolic acids have a relatively high molecular weight and are abundant in unsaturated structures (phenol moiety) and resonance-stabilised structures, resulting in H-atom donation and antioxidant action via a radical scavenging mechanism [35]. Gallic, vanillic, syringic, protocatechuic, and p-hydroxybenzoic acids have been identified as hydroxybenzoic acids in mango pulp, whereas p-coumaric, chlorogenic, ferulic, and caffeic acids are hydroxycinnamic acid derivatives [31]. Flavonoids are polyphenols and represent probably the most vital phytochemicals found in mango pulp. They exist in the form of glycone, glycosides, and methylated derivatives, with the most common type of flavonoids found in mango pulp being quercetin and glycoside derivatives [31,36,37]. The reduction in flavonoid content seen during the earlier stages of the ripening process in the current study might be due to the low expression of synthase, as recorded elsewhere in Ataulfo mango [38]. The apparent increase in flavonoids in maximally ripened fruits in the current study may be explained by increased disease/damage in these fruits occurring later in the ripening process [3,4], which could be expected to cause an accumulation of flavonoids, as well as anthocyanin, as a response to these stresses [39,40,41].




3.2. Burning Characteristics


Essential oils are volatile organic compounds that are synthesised by plants. They serve as self-defendable substances that can protect against environmental stress and as semiochemical compounds that facilitate interaction with other organisms [42]. The majority of essential oils can suppress pathogenic fungi by damaging the pathogen’s cell membrane integrity, thereby modifying the pH of the cell [43,44]. Consequently, there has been an interest in applying essential oil to treat potential disease defects in post-harvest fruit [15,45]. Applying essential oil at an inappropriate (high) concentration, however, could destroy the normal morphology of the fruit and impact the function of the cell wall and membrane, resulting in burning symptoms on the fruit skin [15,46,47]. Consumer acceptance is diminished when mango fruit shows the appearance of discolouration, but despite this, little information exists on measurable changes in ‘Nam dok mai si thong’ treated with essential oil as a natural mango preservative. The results of the current study show that some of the parameters assessed responded to the level of burning symptoms seen (Table 3). L*, firmness of peel, phenolics, and antioxidants, as described by DPPH radical assay, decreased with an increase in burning symptoms, while percent weight loss and pH slightly increased. However, there was no significant difference observed for the responses of a*, b*, firmness of flesh, EL, TSS, TA, TSS/TA, total sugar content, reducing sugar, flavonoids, and ABTS to the degree of burning, which is in accordance with the study of Karunanayake et al. [16], which indicated that the incorporation of beeswax with basil oil had no influence on the physiochemical (excluding TSS) properties of mango (cv. Willard), but had a modest impact on the organoleptic aspects and appearances of mango fruit.




3.3. Infectious Disease Characteristics


The number of samples classified according to the degree of mango anthracnose disease symptoms is shown in Table 4, with the majority of mangoes showing no disease, but with fruits assessed under all five disease classes for markers that can be broadly classified into three categories, namely mango appearance (L*, a*, b*, F w Peel, F w/o Peel, percent weight loss, and EL), physiochemical properties (pH, TSS, TA, TSS/TA, total sugar content, and reducing sugar content), and phytochemical content and its antioxidant activities (phenolics, flavonoids, DPPH, and ABTS). From the results obtained, anthracnose symptom severity was related most strongly to fruit appearance and phytochemicals, and to physiochemical changes to a lesser extent. The lightness and firmness of mango fruits were reduced with increasing anthracnose symptoms, while a*, b*, and percent weight loss increased. Anthracnose and stem end rot infections produced by C. gloeosporioides and Lasiodiplodia theobromae are the most significant challenges faced in the production of ‘Nam dok mai’ mangoes [48,49,50], with C. gloeosporioides being especially problematic due to it producing polygalacturonase and pectolyase enzymes that can degrade the cell wall, resulting in structural loss of cell strength [31].



Enzymes produced by plant tissue in response to stresses may also contribute to the development of undesirable symptoms in mango. Such enzymes include peroxidases, the oxidoreductases that catalyse the reduction of peroxides, which are involved in many metabolic and physiological changes in plant tissue, and include phenolase, which catalyses the oxidation of phenol [51]. In addition, the oxidation reaction of leaked phenol compounds catalysed by polyphenol oxidase (phenolase) causes substance quinones to be generated, which produce brown pigments (melanins) [31,52], and also leads to the leakage of terpene compounds (essential oil) that could be associated with tissue discolouration and the appearance of brown spots [53]. In the current study, there was a marked increase in TSS/TA between ‘infectious 1’ and ‘infectious 2’ (or higher) mangoes, which may suggest that ripening fruits were more susceptible to infection. This may be a result of the increased respiration process, resulting from the formation of ethylene at the site of infection. Ethylene is a volatile plant hormone that, along with other hormones and signals, plays a significant role in triggering the ripening process in numerous fruits [54]. Cell wall degrading enzymes have been previously shown to increase activity linked to ethylene biosynthesis, with mangoes ripening faster as a result [55]. From the statistical analysis results, the surprising aspect of the data is that the increase in flavonoids occurs while DPPH decreases (Table 4). Due to its antioxidant property, it is possible that the mechanism of self-defense against injury is responsible for the increase in flavonoids as damage increases [39,40,41], where the build-up of anthocyanins and flavonoids in the peel of mango fruit is already known to protect against chilling injury and pathogen infection [31,39]. However, it is possible that the amount of flavonoids present does not significantly affect the antioxidant capacity, but that other substances may affect the antioxidant capacity; examples include vitamin C [31] and peroxidase (antioxidant enzymes) [56], which may be reduced.




3.4. PLS Correlations


PLS is a precisely calibrated algorithm for investigating the association between prediction and response parameters. It provides a potent multivariate calibration method where the variations from both the predictive and response parameters are simultaneously extracted and used for correlating the regression model [1], using input data to compute the prediction models [19,57]. A few previous studies have employed the use of PLS to determine relationships between quality attributes in fresh produce. For example, Wongkaew et al. [23] examined the correlation of expected and predicted pectin quality values with the physiological properties of mangoes and the nutritional compositions of mango peel. Working with tangerines, Theanjumpol et al. [19] similarly investigated the correlation and associated PLS coefficients for the prediction of granulation characteristics of fruit using multiple physiochemical variables, including moisture content, soluble solids content, and titratable acidity. In the current study, PLS modelling was used to comprehend the relationship between quality parameters and physiological alterations during post-harvest of ‘Nam dok mai si thong’ mango, as well as to determine the corresponding PLS values of the impact of each parameter (Figure 1 and Figure 2). From the results, the ripening stages of mango and degree of infection were correlated with both non-destructive (Figure 1) and destructive (Figure 2) parameters. The R2 values for ripening stages and the degree of disease infection with non-destructive parameters were 0.8642 and 0.6937, respectively, with important parameters being lightness and percent weight loss. Similarly, the destructive parameters were also correlated with ripening stage and the level of infection, with respective R2 values of 0.7951 and 0.4043 and pH and TSS being the most important factors. Even though all four significant parameters (lightness, percent weight loss, pH, and TSS) were identical, non-destructive and destructive parameters were less associated with burning characteristics, with R2 values of 0.16 and 0.07, respectively.



Lightness, percent weight loss, pH, and total soluble solids are commonly used to evaluate mango quality [32,33]. These provide measurements of metabolic changes in fruits that lead to the mango’s physicochemical, and then physical, transformation. Changes in luminescence are driven by post-harvest degradation of mango pigments, especially chlorophyll and carotenoids, that contribute to green and yellow-orange colouration in mango fruit [31], alongside the generation of melanins arising from oxidation of phenol [31,51,52]. Most of the weight loss is caused by metabolic processes that convert precursors to water as a byproduct, such as cellular respiration and dehydration [1,30], where ethylene is the primary actuator [54]. In addition, biological reactions impact the quantity of reactants and yields, which can be evaluated with pH and TSS [33] and may be due to the transformation of organic acids [31] and polysaccharides [5,31]. These results suggest that it should be possible to develop tools to non-destructively assess ripening stage in ‘Nam dok mai si thong’ mangoes, based, for example, on the brightness of the fruits’ skin. Such tools could prove to be of significant benefit to the mango industry.




3.5. Near-Infrared Spectra


The typical NIR spectra of ‘Nam dok mai si thong’ mango are illustrated in Figure 3A. Visually apparent separation in absorbance patterns between unripe fruits sampled at D0-D5 and ripe fruits at D8-16 was evident, especially at wavelengths where absorbance peaked (i.e., 1400–1600 nm and 1800–2000 nm). As seen in Figure 3B, the PCA score plot likewise reveals a strong separation between the early stored fruits and those held for 8, 12, and 16 days. In work by Jha et al. [8], the authors concluded that such alterations in spectral patterns from mangoes may be attributable to changes in the surface texture and moisture content of fruits during storage. In fruit more generally, the NIR region between 800 and 1050 nm is often used to describe the ripening process, in unison with acidity, pH, sugar content, and texture [58], with numerous other examples in the literature confirming the potential of various wavelengths of light in assessing fruit characteristics. Differences in absorption in the water and protein/amino acid areas (1170 nm, 1400–1500 nm, and 2150–2250 nm), for example, may be associated with disease infestation as a result of microbial development and/or the biochemical mechanisms that heal damaged tissue [59]. Changes in individual sugars, ethanol, and glycerol can also be anticipated using NIR in the 850–1300 nm range [60]. Peaks at 1050–1120 and 1400–1455 nm are altered specifically as the result of O-H absorption in H2O molecules in fruit samples, as described by moisture loss [61,62]. The specific wavelength of 1359 nm might be associated with the C-H bond, suggesting a shift in polysaccharide profile, which is linked to texture modification of plants, whereas wavelengths between 1000 and 1200 nm are related to C-O groups [63]. Alhamdan et al. [64] identified that lower wavelength regions, at 385–935 nm, 382–920 nm, and 630–772 nm, were able to provide information on hardiness, cohesiveness, and chewiness of date fruits. Finally, the spectral region between 2000 and 2400 nm can be used to determine the presence of various pectins (i.e., soluble and proto-pectins) [65], while the absorption peaks between 1790 and 1706 nm are associated with C = O groups, illustrating the presence of different organic compounds [66].



PLS models were fitted for the NIR spectra to explore their ability to describe physical and biological traits (Figure 4, Figure 5 and Figure 6). The best results were those obtained from the ripening process (Figure 4) using multiplicative scatter corrections (MSC) and standard normal variate (SNV) data processing. Here, maximum values of R2 for calibration and validation were found to be 0.713 and 0.515, respectively, which corresponded to the absorbance regions at 1455 nm and 1930 nm. The differences in absorption in the water and protein/amino acid regions (1170 nm, 1400–1500 nm, and 2150–2250 nm) [59] may be related to important metabolic changes, cellular respiration [1,30], and alterations in numerous enzymes [31,67]. There was, however, no correlation found between NIR spectra and essential oil burning (Figure 5) or degree of infection (Figure 6), although the wavelengths associated with these mango characteristics were similar. In work elsewhere, NIR has been similarly used to determine internal or invisible damage of fruits [68,69], as well as stage of maturity [70,71], acidity [72], and ripening stage [73] in different mango varieties. The models employed in these studies were developed based on assessing physicochemical parameters and employing similar imaging-based non-destructive tools to those used in the current work, such as colour space and hyperspectral imagery.





4. Conclusions


The current research supports that the majority of alterations in the physiological and biochemical properties of ‘Nam dok mai si thong’ mangoes occur in response to the natural ripening process. Nevertheless, the mango’s physiological and biochemical properties varied, albeit more marginally, with different degrees of burn and disease infection. Peel lightness, percent weight loss, pH, and TSS values were the most important storage-related indicators for ‘Nam dok mai si thong’ mango, according to the results of the PLS model used. These are measurements of the metabolic transformation that occurs in mangos, leading to physicochemical and physical modification of the fruit, including degradation of colour, phenol oxidation, cellular respiration, dehydration, and transformation of organic acids and polysaccharides. The findings from this work provide valuable information on the measurements most related to the quality of ‘Nam dok mai si thong’ mangoes. This in turn can be utilised to develop new research-related and commercially relevant tools for assessing mango fruit quality.
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Figure 1. The correlation graph of the expected and predicted values and the corresponding PLS values of non-destructive parameters with mango fruit characteristics (ripening, burning, and disease infection). Non-destructive parameters of regression coefficient graph are (1) L* (lightness), (2) a* (green–red), (3) b* (blue–yellow), and (4) weight change (%). Root mean square error of calibration (RMSEC) and prediction (RMSEP) indicate model accuracy, and the coefficients of determination for calibration (R2) and prediction (Q2) represent the model’s prediction ability. 
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Figure 2. The correlation graph of the expected and predicted values and the corresponding PLS values of destructive parameters with mango fruit characteristics (ripening, burning, and disease infection). Root mean square error of calibration (RMSEC) and prediction (RMSEP) indicate model accuracy, and the coefficients of determination for calibration (R2) and prediction (Q2) represent the model’s prediction ability. Destructive parameters of regression coefficient graph are (1) firmness with peel, (2) firmness without peel, (3) pH, (4) TSS, (5) %TA, (6) TSS/TA, (7) electrolyte leakage, (8) total phenolics, (9) total flavonoids, (10) total sugar, (11) reducing sugar, (12) DPPH, and (13) ABTS. 
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Figure 3. Typical NIR spectra of ‘Nam dok mai si thong’ mango encountering physical and biological damages during the storage in the wavelength range of 800–2400 nm (A) and multivariate analysis (PCA) score plot computed from the spectral data (B). 
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Figure 4. The correlation graph of the expected and predicted values and the corresponding partial least squares regression (PLS) values of NIR spectra with mango fruit ripening stages. Abbreviations indicate the data processing type: no data processing (None), multiplicative scatter corrections (MSC), and standard normal variate (SNV); root mean square error of calibration (RMSEC) and prediction (RMSEP) indicate model accuracy, and the coefficients of determination for calibration (R2) and prediction (Q2) represent the model’s prediction ability. 
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Figure 5. The correlation graph of the expected and predicted values and the corresponding partial least squares regression (PLS) values of NIR spectra with mango fruit burning. Abbreviations indicate the data processing type: no data processing (None), multiplicative scatter corrections (MSC), and standard normal variate (SNV); root mean square error of calibration (RMSEC) and prediction (RMSEP) indicate model accuracy, and the coefficients of determination for calibration (R2) and prediction (Q2) represent the model’s prediction ability. 






Figure 5. The correlation graph of the expected and predicted values and the corresponding partial least squares regression (PLS) values of NIR spectra with mango fruit burning. Abbreviations indicate the data processing type: no data processing (None), multiplicative scatter corrections (MSC), and standard normal variate (SNV); root mean square error of calibration (RMSEC) and prediction (RMSEP) indicate model accuracy, and the coefficients of determination for calibration (R2) and prediction (Q2) represent the model’s prediction ability.
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Figure 6. The correlation graph of the expected and predicted values and the corresponding partial least squares regression (PLS) values of NIR spectra with mango fruit disease infection. Abbreviations indicate the data processing type: no data processing (None), multiplicative scatter corrections (MSC), and standard normal variate (SNV); root mean square error of calibration (RMSEC) and prediction (RMSEP) indicate model accuracy, and the coefficients of determination for calibration (R2) and prediction (Q2) represent the model’s prediction ability. 
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Table 1. Indexed scores to determine physical and biological alteration during post-harvest storage of ‘Nam dok mai si thong’ mangoes.






Table 1. Indexed scores to determine physical and biological alteration during post-harvest storage of ‘Nam dok mai si thong’ mangoes.





	
Stage/Degree of Symptom

	
1

	
2

	
3

	
4

	
5






	
Ripening-decay index

	
 [image: Agriculture 12 01407 i001]

	
 [image: Agriculture 12 01407 i002]

	
 [image: Agriculture 12 01407 i003]

	
 [image: Agriculture 12 01407 i004]

	




	
(Score 1–20)

raw, yellow, hard texture

	
(Score 21–40)

raw, yellow, semi-hard texture

	
(Score 41–60)

ripe, orange-yellow, firm texture

	
(Score 61–100) overripe, orange-yellow, soft texture, slightly alcoholic smell

	




	
Burning index

	
(Score 1–20)

no burning

	
 [image: Agriculture 12 01407 i005]

	
 [image: Agriculture 12 01407 i006]

	
 [image: Agriculture 12 01407 i007]

	




	
(Score 21–40)

0–5% of skin surface

	
(Score 41–60)

5–15% of skin surface

	
(Score 61–100) 15–30% of skin surface

	




	
Infectious index

	
(Score 1–20)

no dark spot

	
 [image: Agriculture 12 01407 i008]
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(Score 21–40)

0–5% of skin surface

	
(Score 41–60)

5–15% of skin surface

	
(Score 61–80) 15–30% of skin surface

	
(Score 81–100) >30% of skin surface
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Table 2. Physical and biological markers of ‘Nam dok mai si thong’ mangoes (n = 127) at each ripening stage.






Table 2. Physical and biological markers of ‘Nam dok mai si thong’ mangoes (n = 127) at each ripening stage.





	Indexes
	Ripening 1
	Ripening 2
	Ripening 3
	Ripening 4





	Number
	29
	14
	43
	41



	L*
	81.52 ± 0.20 d
	79.57 ± 0.53 c
	75.59 ± 0.32 b
	73.27 ± 0.35 a



	a*
	1.58 ± 0.14 a
	1.83 ± 0.20 a
	4.03 ± 0.25 b
	5.71 ± 0.30 c



	b*
	31.37 ± 0.63 a
	33.88 ± 1.03 b
	40.8 ± 0.70 c
	43.3 ± 0.48 d



	F w/Peel (N)
	31.37 ± 0.47 d
	24.16 ± 1.48 c
	13.49 ± 0.98 b
	9.23 ± 0.51 a



	F w/o Peel (N)
	24.11 ± 0.76 d
	14.64 ± 1.92 c
	4.03 ± 0.30 b
	1.53 ± 0.27 a



	Weight loss (%)
	1.71 ± 0.25 a
	2.71 ± 0.18 b
	4.17 ± 0.18 c
	6.29 ± 0.31 d



	pH
	3.29 ± 0.04 a
	3.42 ± 0.09 a
	4.64 ± 0.10 c
	5.37 ± 0.07 d



	TSS
	7.93 ± 0.28 a
	8.61 ± 0.33 ab
	8.96 ± 0.23 b
	8.33 ± 0.20 ab



	TA
	0.94 ± 0.05 d
	0.69 ± 0.08 c
	0.17 ± 0.02 b
	0.06 ± 0.01 a



	TSS/TA
	9.38 ± 0.73 a
	15.94 ± 2.91 a
	110.64 ± 12.68 b
	169.83 ± 9.51 c



	Phenolics (mg/L)
	367.09 ± 27.46 d
	300.56 ± 35.70 c
	180.81 ± 16.74 b
	71.59 ± 13.46 a



	Flavonoids (mg/L)
	37.22 ± 2.40 b
	27.01 ± 1.77 a
	31.09 ± 2.03 ab
	54.35 ± 3.11 c



	ttSugar (µg/L)
	7685.77 ± 494.03 a
	8151.23 ± 738.22 a
	12,963.8 ± 1156.53 b
	10,840.8 ± 993.27 ab



	Reducing sugar (µg/L)
	3858.8 ± 142.16 b
	3800.81 ± 214.64 b
	3892.46 ± 160.39 b
	3249.79 ± 179.45 a



	DPPH (%)
	82.57 ± 1.84 c
	77.13 ± 4.05 c
	57.47 ± 3.09 b
	29.22 ± 3.14 a



	ABTS (%)
	82.03 ± 3.77 b
	92.14 ± 0.95 c
	88.07 ± 1.69 bc
	61.83 ± 3.28 a



	EL (%)
	52.17 ± 0.81 bc
	49.58 ± 1.17 a
	51.06 ± 0.66 ab
	54.34 ± 0.64 c







L* = lightness, a* = red–green value, b* = blue–yellow value, F w/Peel = firmness with peel, F w/o Peel = firmness without peel, TSS = total soluble solids, TA = titratable acidity; values indicate mean ± standard error, and values with various superscript letters are significantly different in each row according to Duncan’s multiple range test (p < 0.05).
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Table 3. Physical and biological markers of ‘Nam dok mai si thong’ mangoes (n = 127) at each degree of burning symptoms.






Table 3. Physical and biological markers of ‘Nam dok mai si thong’ mangoes (n = 127) at each degree of burning symptoms.





	Degree of Burning
	Burning 1
	Burning 2
	Burning 3
	Burning 4





	Number
	92
	5
	22
	8



	L*
	76.93 ± 0.40 b
	77.71 ± 1.65 b
	76.54 ± 0.74 b
	72.74 ± 0.75 a



	a* ns
	3.69 ± 0.25
	3.93 ± 0.93
	3.55 ± 0.39
	5.20 ± 0.51



	b* ns
	38.94 ± 0.68
	37.83 ± 3.08
	37.43 ± 1.12
	39.88 ± 0.80



	F w/Peel (N)
	18.45 ± 1.06 b
	18.30 ± 4.83 b
	15.75 ± 1.96 ab
	8.85 ± 0.71 a



	F w/o Peel (N) ns
	9.92 ± 1.04
	8.98 ± 4.88
	7.86 ± 1.96
	1.17 ± 0.35



	Weight loss (%)
	3.88 ± 0.24 a
	4.09 ± 1.05 a
	4.36 ± 0.44 a
	6.44 ± 0.52 b



	pH
	4.38 ± 0.11 ab
	4.26 ± 0.45 a
	4.42 ± 0.18 ab
	5.22 ± 0.16 b



	TSS ns
	8.54 ± 0.17
	8.54 ± 0.28
	8.53 ± 0.21
	7.71 ± 0.29



	TA ns
	0.40 ± 0.04
	0.41 ± 0.19
	0.30 ± 0.08
	0.06 ± 0.01



	TSS/TA ns
	91.71 ± 9.33
	117.19 ± 62.66
	94.96 ± 17.45
	137.94 ± 15.99



	Phenolics (mg/L)
	212.56 ± 17.00 b
	205.29 ± 94.26 ab
	203.66 ± 33.01 ab
	62.64 ± 20.98 a



	Flavonoids (mg/L) ns
	38.13 ± 1.89
	34.27 ± 4.24
	44.32 ± 4.44
	46.10 ± 6.60



	ttSugar (µg/L) ns
	10,557.60 ± 633.10
	9375.00 ± 1814.05
	11,229.50 ± 1724.54
	9211.78 ± 1170.12



	Reducing sugar (µg/L) ns
	3744.85 ± 102.34
	3361.25 ± 364.31
	3572.72 ± 262.20
	3225.13 ± 418.73



	DPPH (%)
	58.53 ± 2.76 b
	53.96 ± 17.15 b
	57.26 ± 6.13 b
	28.75 ± 5.54 a



	ABTS (%) ns
	79.64 ± 2.06
	71.45 ± 13.80
	80.33 ± 4.44
	67.43 ± 7.17



	EL ns
	51.97 ± 0.48
	54.08 ± 1.28
	52.62 ± 1.06
	52.67 ± 1.10







L* = lightness, a* = red–green value, b* = blue–yellow value, F w/Peel = firmness with peel, F w/o Peel = firmness without peel, TSS = total soluble solids, TA = titratable acidity; values indicate mean ± standard error, and values with various superscript letters are significantly different in each row according to Duncan’s multiple range test (p < 0.05). ns = non-significant.
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Table 4. Physical and biological markers of ‘Nam dok mai si thong’ mangoes (n = 127) at each degree of disease infection.






Table 4. Physical and biological markers of ‘Nam dok mai si thong’ mangoes (n = 127) at each degree of disease infection.





	Degree of Infection
	Infectious 1
	Infectious 2
	Infectious 3
	Infectious 4
	Infectious 5





	Number
	67
	31
	16
	7
	6



	L*
	79.35 ± 0.34 c
	74.35 ± 0.25 b
	73.26 ± 0.57 b
	73.49 ± 0.48 b
	70.65 1 ± 0.09 a



	a*
	2.28 ± 0.17 a
	4.87 ± 0.24 b
	5.39 ± 0.39 bc
	6.34 ± 0.68 cd
	7.34 ± 1.13 d



	b*
	34.96 ± 0.66 a
	42.54 ± 0.78 b
	42.59 ± 0.58 b
	44.05 ± 1.44 b
	43.83 ± 1.53 b



	F w/Peel (N)
	23.53 ± 1.06 c
	12.08 ± 1.33 b
	9.87 ± 0.45 ab
	10.15 ± 1.20 ab
	4.39 ± 1.05 a



	F w/o Peel (N)
	15.08 ± 1.20 b
	2.54 ± 0.40 a
	2.21 ± 0.39 a
	1.93 ± 0.66 a
	0.36 ± 0.20 a



	Weight loss (%)
	2.93 ± 0.23 a
	5.08 ± 0.34 b
	5.08 ± 0.42 b
	6.93 ± 0.86 c
	6.90 ± 0.85 c



	pH
	3.73 ± 0.09 a
	5.12 ± 0.11 b
	6.17 ± 0.12 b
	5.36 ± 0.09 bc
	5.72 ± 0.17 c



	TSS ns
	8.36 ± 0.18
	8.49 ± 0.29
	8.82 ± 0.25
	8.50 ± 0.34
	8.92 ± 0.79



	TA
	0.62 ± 0.05 b
	0.09 ± 0.02 a
	0.09 ± 0.03 a
	0.06 ± 0.00 a
	0.05 ± 0.01 a



	TSS/TA
	38.39 ± 6.81 a
	160.35 ± 14.74 b
	151.97 ± 14.09 b
	158.50 ± 12.37 b
	188.58 ± 36.29 b



	Phenolics (mg/L)
	284.35 ± 19.79 b
	129.55 ± 20.34 a
	103.87 ± 21.69 a
	86.92 ± 27.79 a
	37.56 ± 8.97 a



	Flavonoids (mg/L)
	33.18 ± 1.56 a
	42.53 ± 3.94 ab
	45.49 ± 5.18 ab
	52.34 ± 4.83 bc
	64.57 ± 7.83 c



	ttSugar (µg/L) ns
	9136.86 ± 521.85
	13,557.20 ± 1765.05
	10,716.10 ± 878.45
	10,175.6 ± 1401.46
	10,632.00 ± 1988.85



	Reducing sugar (µg/L)
	3869.01 ± 103.03 b
	3611.42 ± 228.35 b
	3530.59 ± 273.45 b
	3217.65 ± 384.73 ab
	2590.47 ± 347.22 a



	DPPH (%)
	71.34 ± 2.57 c
	44.81 ± 4.69 b
	39.27 ± 5.47 b
	32.63 ± 7.43 ab
	19.66 ± 2.47 a



	ABTS (%)
	85.68 ± 1.92 b
	73.78 ± 4.25 b
	74.21 ± 5.15 b
	69.71 ± 6.32 b
	48.01 ± 6.02 a



	EL
	51.18 ± 0.58 a
	53.52 ± 0.67 ab
	52.45 ± 1.04 a
	52.08 ± 1.58 a
	56.42 ± 1.43 b







L* = lightness, a* = red–green value, b* = blue–yellow value, F w/Peel = firmness with peel, F w/o Peel = firmness without peel, TSS = total soluble solids, TA = titratable acidity; values indicate mean ± standard error, and values with various superscript letters are significantly different in each row according to Duncan’s multiple range test (p < 0.05). ns = non-significant.
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