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Abstract


Carotenoids are considered to be important components in mango fruits. However, there is a lack of understanding about the regulation of carotenoids in mango. To gain an insight into the carotenoid metabolism pathway, carotenoid content and the expression of carotenoid metabolic genes were investigated in the peel and pulp of mango during fruit development and ripening in three cultivars, ‘Kaituk’, ‘Nam Dok Mai No.4′, and ‘Nam Dok Mai Sithong’, which are different in color. The highest carotenoid content was observed in ‘Kaituk’, followed by ‘Nam Dok Mai No.4′ and ‘Nam Dok Mai Sithong’, with the major carotenoid being β-carotene. The gene expression analysis found that carotenoid metabolism in mango fruit was primarily regulated at the transcriptional level. The changing patterns of carotenoid biosynthetic gene expression (MiPSY, MiPDS, MiZDS, MiCRTISO, MiLCYb, MiLCYe, MiHYb, and MiZEP) were similar to carotenoid accumulation, and ‘Kaituk’ exhibited a higher expression level than the other two cultivars. In addition, the differential regulation of carotenoid catabolic genes was found to be a mechanism responsible for variability in carotenoid content among the three mango cultivars. The expression of carotenoid catabolic genes (MiCCD1, MiNCED2, and MiNCED3) more rapidly decreased in ‘Kaituk’, resulting in a larger amount of carotenoids in ‘Kaituk’ than the other two cultivars.
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1. Introduction


Mango (Mangifera indica L.) is one of the world’s most famous tropical fruits because of its tasty and attractive color. The mango color is a major fruit quality factor influencing consumer satisfaction and determining the appropriate maturity for harvest. The pigmentation of mango is mainly determined by carotenoid content and compositions, which contribute to many shades of yellow color fruits [1]. It has been well documented that mango is a rich source of dietary carotenoids for humans. Carotenoids provide many benefits to human health because of their antioxidant properties. The consumption of carotenoids enhances the immune system and is associated with lowered risk factors of some cancers and heart disease [2].



Due to the crucial roles of carotenoids in plants and humans, the carotenoid metabolic pathway has been well studied in a number of fruits and vegetables, such as citrus, melon, strawberry, apple, and chili [3,4,5,6,7,8]. As shown in Figure 1, C20-geranylgeranyl diphosphate (GGPP) is used as a substrate in the carotenoid biosynthesis pathway and then catalyzed by phytoene synthase (PSY) to produce colorless C40-phytoene. A subsequent series of desaturation and isomerization results in the conversion, catalyzed by phytoene desaturase (PDS), ζ-carotene desaturase (ZDS), and carotenoid isomerase (CRTISO). Then, the two critical branching steps are carried forward to yield diverse carotenoids. The cyclization of lycopene with one ε-ring and one β-ring produces α-carotene by lycopene ε-cyclase (LCYe) and lycopene β-cyclase (LCYb). α-Carotene is subsequently converted into lutein by β-ring hydroxylase (HYb) and ε-ring hydroxylase (HYe). Another branch of lycopene is cyclized with two β-rings by lycopene β-cyclase (LCYb) to yield β-carotene. Then, β-carotene is converted into β-cryptoxanthin and zeaxanthin by β-ring hydroxylase (HYb). Zeaxanthin is then converted into violaxanthin by zeaxanthin epoxidase (ZEP). Furthermore, carotenoid catabolism can be catalyzed by a group of enzymes, called carotenoid cleavage dioxygenases (CCDs). They cleave a variety of carotenoids at different cleavage positions depending on the carotenoid substrate. The CCDs can cleave the double bonds of several carotenoid substrates to generate diverse products of apocarotenoids. 9-Cis-epoxycarotenoid dioxygenases (NCEDs), members of the CCD family, enzymatically catabolize violaxanthin to yield C25 epoxy-apocarotenoid, which is then modified to abscisic acid (ABA).



The earlier studies on carotenoid metabolism demonstrated that carotenoid content and composition could be varied among fruit development stages and ripening stages, plant species/cultivars, and plant tissues [9]. In various fruits and vegetables, carotenoid content continuously increased during fruit development together with the appearance of yellow/orange color in ripe fruit, such as melon, tomato, and citrus [3,10,11]. Contrastingly, the carotenoid content dramatically decreased during fruit development in apple, grape, and some berry fruits due to the anthocyanin biosynthesis for red pigment formation [12,13,14,15]. Carotenoid biosynthesis is a crucial biochemical change during mango fruit development and ripening. In recent years, the regulatory mechanism of carotenoid metabolism has been evaluated in a great number of fruits and vegetables during the pre/postharvest process. However, limited information is currently available on mango fruits.



Therefore, the objective of this research was to elucidate carotenoid accumulation and the expression of carotenogenic genes during fruit development and ripening in both the peel and pulp of three mango cultivars with different fruit colors, namely: ‘Kaituk’, ‘Nam Dok Mai No.4′, and ‘Nam Dok Mai Sithong’. These three mango cultivars were considered as an economically important fruit in Thailand with great production and export potential. With an increasing demand and increasing percentage of these mango cultivars that are being exported worldwide, they are different in yellow color development. Thus, it is interesting to use these cultivars as plant materials in this study. The diversities in carotenoid accumulation among different fruit developmental stages, plant tissues, and mango cultivars were discussed and the regulatory mechanism of carotenoid metabolism during mango fruit development was clarified at the molecular level.




2. Materials and Methods


2.1. Plant Materials


The three commercial mango cultivars in Thailand were used as plant materials, namely: ‘Nam Dok Mai Sithong’, ‘Nam Dok Mai No.4′, and ‘Kaituk’. The uniform and blemish-free fruits were randomly harvested from the mango trees in commercial orchards at different developmental stages from 45, 59, 74, 88, and 98 days after full bloom. Mango peel was separated from its pulp, directly frozen in liquid nitrogen and vacuum-freeze-dried, then stored at −30 °C until used.




2.2. Determination of Fruit Color


The fruit color was evaluated in peel and pulp at different developmental stages as L* (lightness), a* (red/green value), b* (blue/yellow value), and hue values using a Minolta chromameter (Model CR-300, Minolta, Osaka, Japan). The color readings were taken in 3 fruits per sample at the equatorial of the fruit.




2.3. Determination of Ethylene Production and Respiration Rate


Ethylene production was evaluated by using gas chromatography with a flame ionization detector (FID) equipped with an 80/100 mesh Porapack-Q column with nitrogen as a carrier gas (GC B14; Shimadzu: Kyoto, Japan). Fruit samples were kept in a sealed plastic container, and then incubated at ambient temperature for 1 h. A 1 mL gas sample was withdrawn from the head space for ethylene measurement in the three replications. The data are expressed as μL C2H4 kg−1 h−1.



Respiration rates were measured using gas chromatography with an 80/100 mesh Porapack-Q column and a thermal conductivity detector (GC A8; Shimadzu; Kyoto, Japan) with the same procedure as described in ethylene production. There were three replications of each maturity stage. The data are expressed as mg CO2 kg−1 h−1.




2.4. Analysis of Carotenoid Content and Composition


Carotenoid extraction and quantification in mango fruits were performed with the method previously described by Kato et al. [10]. The contents of all-trans-violaxanthin, 9-cis-violaxanthin, lutein, α-carotene, β-carotene, and β-cryptoxanthin in the peel and pulp of mango were measured by HPLC in the three replications.



Carotenoids were extracted from samples using hexane–acetone–ethanol (50:25:25, v/v/v) mixture containing magnesium carbonate basic and centrifuged at 4000 rpm for 20 min. The supernatant containing the pigments and hexane was evaporated to dryness. The dry samples were re-dissolved in 12 mL of diethyl ether containing 0.1% (w/v) butylated hydroxytoluene (BHT) and saponified overnight using 20% (w/v) methanolic KOH. After saponification, NaCl-saturated water was used to remove water soluble impurities. Anhydrous Na2SO4 was subsequently added to remove residual water from the extract. The retained carotenoids were eluted from anhydrous Na2SO4 by diethyl ether, and subsequently evaporated to dryness. Carotenoid residues were then re-dissolved in tert-butyl methyl ether (TBME): methanol (1:1, v/v) containing 0.5% (w/v) BHT.



The quantification of carotenoids was carried out with a reverse-phase HPLC system (Jasco, Tokyo, Japan) fit with a YMC Carotenoid S-5 column of 250 × 4.6-mm-i.d. (Waters, Milford, MA, USA) at a flow rate of 1 mL min−1. The eluent was detected by a photodiode array detector (MD-910, Jasco). Three different gradient elution schedules were used to assess carotenoids in the samples according to a previously described method [10]. Peaks were identified by comparing their retention times and absorption spectra with authentic standards and expressed as µg g−1 fresh weight.




2.5. Isolation and Sequence Analysis of Genes Involved in Carotenoid Metabolism Pathway


The total RNA extraction in mango fruits was performed by a modified method from the previously described method of Ikoma et al. [16]. Total RNA was cleaned up by the RNeasy Mini Kit (Qiagen, Hilden, Germany) in accordance with the manufacturer’s instruction guide and stored as ethanol precipitation at −80 °C. Two micrograms of purified RNA was used to synthesize first strand cDNA using TaqMan Reverse Transcription Reagents (Applied Biosystems).



The cDNA fragments of genes related to the carotenoid metabolism pathway (MiPSY, MiPDS, MiZDS, MiCRTISO, MiLCYb, MiLCYe, MiHYb, MiZEP, MiCCD1, MiNCED2, and MiNCED3) were amplified by PCR using a cDNA template and set of primers shown in Table 1. The primers were designed based on the known sequences of carotenogenic genes in Mangifera indica cultivars ‘Jinhuang’, ‘Hongmang NO.6’, ‘Kensington Pride’, and ‘Zill’. The amplified cDNAs were confirmed by sequencing.




2.6. Real Time Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR)


qRT-PCR was conducted in the three replications for each sample. TaqMan MGB probes and the set of primers for MiPSY, MiPDS, MiZDS, MiCRTISO, MiLCYb, MiLCYe, MiHYb, MiZEP, MiCCD1, MiNCED2, and MiNCED3 were designed on the basis of common sequences among the three mango varieties for each gene using Primer Express software (Applied Biosystems) shown in Table 2. The TaqMan Ribosomal RNA Control Reagents VIC Probe (Applied Biosystems) was used for the endogenous control.



Gene expression was analyzed by StepOnePlusTM Real-Time PCR System (Applied Biosystems) in accordance with the manufacturer’s instruction guide. In the Real-Time PCR reaction mixture, each reaction contained 900 nM of primers, 250 nM of TaqMan MGB probe, and the cDNA template. The cycling protocol was of 95 °C for 10 min, then 40 cycles of 95 °C for 15 s and 60 °C for 60 s. The results were calculated using StepOnePlusTM Real-Time PCR System Software (Applied Biosystems) and normalized with the results of 18S ribosomal RNA.




2.7. Data Analysis


Data presented in this study were expressed as the mean ± standard error (SE) for three replications.





3. Results


3.1. Changes in Respiration Rate, Ethylene Production, Peel and Pulp Color during Mango Fruit Development and Ripening


In this study, three cultivars of mango fruits were collected at different maturity stages. The respiration rate was unsteady in the early developmental stage and suddenly reached a peak at the full ripening. The increase in respiration rate was more rapid in ‘Kaituk’ than in the other two cultivars. Similar trends were also observed in ethylene production. The ethylene production was unstable at a low level in the early developmental stage before it immediately increased in the full ripening stage, and higher ethylene production was found in ‘Kaituk’ than in the other two cultivars (Figure 2).



The differences in the peel and pulp color were determined by chroma and hue values, and color was expressed as the four values, including L* for the lightness (0–100), a* for green (−) to red (+), b* for blue (−) to yellow (+), and hue for yellow (90°) to green (180°). In mango peel, L* values continuously increased and then remained constant at the ripening stage from 74–98 days after full bloom in the three cultivars. The a* value continuously increased over fruit development and ripening in all cultivars. The b* values increased more rapidly in ‘Kaituk’ than other cultivars. In the meantime, the b* values continuously decreased and then slightly increased at the full ripening stage in ‘Nam Dok Mai Sithong’ and ‘Nam Dok Mai No.4′. The hue values notably decreased during fruit development and ripening until close to 90° at the full ripening stage in the three cultivars (Figure 3).



In mango pulp, the L* values were unchanged at the early fruit developmental stage before they dramatically dropped at the full ripening stage. The a* and b* values continuously increased over fruit development and ripening. The increase in b* value was more rapid in ‘Kaituk’ than the other two cultivars over fruit development and ripening. Contrastingly, the hue values greatly declined during fruit development until close to 90° at the full ripening stage in the three cultivars (Figure 4).




3.2. Carotenoid Content and Composition in Mango Peel during Fruit Development and Ripening


In this study, three cultivars of mango were collected at different fruit maturity stages, then the variations in carotenoid content and composition were investigated by HPLC. In mango peel, six carotenoids were detected. The major carotenoid presented in peel was β-carotene, which accounted for 70% of total carotenoids. The minor carotenoids were all-trans-violaxanthin, 9-cis-violaxanthin, lutein, β-cryptoxanthin, and α-carotene, which were presented at low levels. The total carotenoid content was progressively accumulated during fruit ripening in the three cultivars. The accumulation of total carotenoids was low at the early developmental stage. Then, it was continuously increased and reached the peak at the full ripening stage (98 days after full bloom). ‘Kaituk’ had the largest amount of total carotenoid content in the peel in all stages among three cultivars, followed by ‘Nam Dok Mai No.4′ and ‘Nam Dok Mai Sithong’. At the full ripening stage, the total carotenoid content in ‘Kaituk’ was 1.5 and 2 times higher than ‘Nam Dok Mai No.4′ and ‘Nam Dok Mai Sithong’, respectively (Figure 5).




3.3. Carotenoid Content and Composition in Mango Pulp during Fruit Development and Ripening


In mango pulp, six carotenoids were also detected. The major carotenoid accumulated in pulp was β-carotene, which accounted for 70% of total carotenoids. The minor carotenoids were all-trans-violaxanthin, 9-cis-violaxanthin, lutein, β-cryptoxanthin, and α-carotene, which accumulated at low levels during fruit development and ripening. The changing patterns of carotenoids accumulated in the pulp were similar to the peel, but a smaller amount of carotenoids was found in the pulp. The total carotenoid content was continuously increased toward fruit development and achieved the maximum at the full ripening stage (98 days after full bloom). Among three cultivars, ‘Kaituk’ had the highest total carotenoid content in the pulp in all stages. At the full ripening stage, the total carotenoid content in ‘Kaituk’ was 1.6 and 2.5 times higher than ‘Nam Dok Mai No.4′ and ‘Nam Dok Mai Sithong’, respectively (Figure 6).




3.4. The Expression of Genes Involved in Carotenoid Metabolism Pathway in Mango Peel during Fruit Development and Ripening


To gain an understanding of the regulatory mechanism of carotenoid metabolism in mango, the expression of eight carotenoid biosynthesis genes (MiPSY, MiPDS, MiZDS, MiCRTISO, MiLCYb, MiLCYe, MiHYb, and MiZEP) and three carotenoid catabolic genes (MiCCD1, MiNCED2, and MiNCED3) was analyzed in the peel of three mango cultivars during fruit development and ripening. For carotenoid biosynthetic genes, as shown in Figure 7, the expression of MiPSY, MiZDS, MiLCYb, and MiZEP progressively increased during fruit development in the three mango cultivars. ‘Kaituk’ exhibited a higher expression level of those genes during fruit development and ripening compared to that of two cultivars. Contrastingly, the changes in the expression of MiPDS, MiCRTISO, MiLCYe, and MiHYb fluctuated in the three cultivars (Figure 7).



For carotenoid catabolic genes, it was found that the expression of MiCCD1 continuously declined in ‘Kaituk’ over fruit development and ripening. In the meantime, the expression of MiCCD1 increased in the early development stage and then decreased in the ripening stage in ‘Nam Dok Mai No.4′. Contrastingly, the expression of MiCCD1 fluctuated and rapidly increased in ‘Nam Dok Mai Sithong’. The expression of MiNCED2 was unsteady before it dramatically dropped to a low level in ‘Kaituk’, while it gradually increased in ‘Nam Dok Mai No.4′ and ‘Nam Dok Mai Sithong’. The expression of MiNCED3 was unsteady before it markedly decreased in ‘Kaituk’ and continuously decreased over fruit development and ripening in ‘Nam Dok Mai No.4′. In contrast, the expression of MiNCED3 continuously increased during fruit development and ripening in ‘Nam Dok Mai Sithong’ (Figure 7).




3.5. The Expression of Genes Involved in Carotenoid Metabolism Pathway in Mango Pulp during Fruit Development and Ripening


The expression of carotenoid metabolic genes was performed in the pulp of three mango cultivars. For carotenoid biosynthetic genes, as shown in Figure 8, the expression of MiZDS and MiLCYb considerably increased during fruit development and ripening. The expression of those two genes was higher in ‘Kaituk’ than in the other two cultivars in all developmental stages. Contrastingly, the expression of other carotenoid biosynthetic genes exhibited a fluctuating trend among different fruit developmental stages and mango cultivars (Figure 8).



For carotenoid catabolic genes, the expression of MiCCD1 progressively decreased in ‘Kaituk’ while it fluctuated in the other two cultivars toward fruit development and ripening. The expression of MiNCED2 remained constant at a very low level during fruit development and ripening in ‘Kaituk’, while it fluctuated and slightly increased at the full ripening stage in ‘Nam Dok Mai No.4′ and ‘Nam Dok Mai Sithong’. The expression of MiNCED3 dramatically fell to near zero in ‘Kaituk’, while it fluctuated in ‘Nam Dok Mai No.4′ and sharply increased in ‘Nam Dok Mai Sithong’ during fruit development (Figure 8).





4. Discussion


Carotenoid regulation in plants is a complex mechanism due to the high variation among the different developmental stages, species/cultivars, and plant tissues [17,18,19]. In this study, three commercial mango cultivars in Thailand with different colors were used as plant materials. To gain an understanding of the regulatory mechanism of carotenoid accumulation in mango, the carotenoid profiles, the expression of carotenoid metabolic genes, and relevant metabolic changes were investigated at different developmental stages in the peel and pulp of mango.



Various physiological and biochemical processes progressively changed during fruit ripening, particularly plant respiration rate, ethylene production, and fruit pigmentation as well [20,21,22,23]. In climacteric fruits, the early changes during the ripening process were the onset of ethylene production and the rise in cellular respiration [24,25]. In this study, the patterns of fruit respiration, ethylene production, and color development were examined at different stages of fruit development. It was found that mango substantially produced ethylene and increased respiration rate during fruit development and ripening. In the meantime, carotenoid content considerably increased, accompanied by a lower hue value and higher a* and b* values, which enhanced the degradation of green pigment and the presence of yellow pigment in mango fruits. It might be concluded that those changes were particular to the typical climacteric pattern of ripening.



The results in carotenoid identification and quantification illustrated that six carotenoids were identified, of which β-carotene was largely accumulated in all developmental stages and accounted for almost 70% of the total carotenoid content in both peel and pulp. It might be proposed that the increase in β-carotene played a very huge part in elevating the level of total carotenoid content in mango. These results corresponded with the previous studies in several fruits, which were found in yellow/orange colored fruits such as carrot [26], loquat [27], melon [28], and persimmon [29].



Carotenoid accumulation was described as a dynamic process during fruit development and ripening [30]. In these results, it was found that carotenoid accumulation in mango fruits was directly influenced by the stage of fruit development from immature to full ripening. In the early developmental stage, carotenoid accumulation was maintained at a low level. Then, it increasingly accumulated until it reached the maximum in the full ripening stage, where ‘Kaituk’ contained the highest carotenoid content in all developmental stages, followed by ‘Nam Dok Mai No.4′ and ‘Nam Dok Mai Sithong’. The present results were similar to previous studies in mango cv. ‘Tainong’, ‘Hongyu’, and ‘Jinhuang’. It was reported that the differences in carotenoid content and the development of yellow coloration were associated with the masking of carotenoids by chlorophyll and unmasking by chlorophyll degradation during fruit development and ripening [5,31,32,33]. It was also observed that the distinct level in carotenoid concentration influenced fruit color and color differences among cultivars and developmental stages. Fruits and vegetables triggered a deeper yellow/orange/red coloration by increasing carotenoid content [34,35,36]. This might suggest that the largest amount of carotenoids in ‘Kaituk’, particularly β-carotene, contributed to a more yellowish color in ‘Kaituk’ than in ‘Nam Dok Mai No.4′ and ‘Nam Dok Mai Sithong’ in all developmental stages, which was evidenced by a lower hue value and higher b* value evaluated in ‘Kaituk’ compared to those of the other two cultivars.



In addition to the differences in fruit development and cultivar, it is well documented that carotenoid accumulation varied significantly among plant tissues [37]. In this study, the differential accumulation of carotenoids in both tissues was detected, with a greater amount of carotenoids in the peel than in the pulp. These results corresponded with previous findings in various fruits. For example, in citrus, carotenoid accumulation in the peel was 5–10 times higher than in the pulp [38]. Similar results were also found in apple, where carotenoid accumulation in the peel was 3–5 times higher than in the pulp [14]. Apart from that, the carotenoid compositions could also vary between plant tissues [39]. However, the variation in carotenoid contents and compositions in plant tissues could not always be described by the transcriptional regulation. The total amount of carotenoids was considered to be associated with the sink capacity of plastids, where carotenoids were synthesized. In some plants, carotenoid accumulation could be influenced by the presence/absence of chloroplasts/chromoplasts [9]. In cauliflower orange (Or) mutant, enhancing the sink capacity by activating the differentiation of chloroplasts or other colorless plastids into chromoplasts enabled an increase in carotenoid accumulation in various tissues [40]. This might suggest that the regulatory mechanism of carotenoids was different in the peel and pulp. The accumulation of carotenoids and their regulatory mechanism should be separately investigated.



Due to the critical importance of carotenoids in plants and human health, the regulatory mechanism of carotenoids has been characterized in a variety of plant species at multiple molecular levels, including transcription, post-transcription, and post-translation [41]. However, the understanding of carotenoid regulation has not been achieved in mango fruits. To clarify the carotenoid metabolism pathway in mango, the expression of crucial regulatory genes in the carotenoid biosynthesis pathway (MiPSY, MiPDS, MiZDS, MiCRTISO, MiLCYb, MiLCYe, MiHYb, and MiZEP) and degradation pathway (MiCCD1, MiNCED2, and MiNCED3) was determined in the three mango cultivars during fruit development and ripening.



In this study, the relationship between the expression of carotenoid biosynthesis genes and the accumulation of carotenoids was observed. In mango peel, the expression of MiPSY, MiZDS, MiLCYb, and MiZEP rapidly increased during fruit development and ripening. Meanwhile, in mango pulp, the expression of MiZDS and MiLCYb continuously increased during fruit development and ripening. The highest transcript level of those genes was detected in ‘Kaituk’ during fruit development and ripening, followed by ‘Nam Dok Mai No.4′ and ‘Nam Dok Mai Sithong’ in both peel and pulp. These results indicated that the variations in carotenoid content in developmental stages and mango cultivars might be attributed to the expression of MiPSY, MiZDS, MiLCYb, and MiZEP in peel and MiZDS, and MiLCYb in pulp.



The expression of PSY has been described as a crucial step influencing carotenoid accumulation in higher plants [42]. To clarify the role of PSY in regulating carotenoid biosynthesis, tomato fruits were transformed with an antisense PSY1, which reduced carotenoid accumulation. It was found that carotenoid biosynthesis was inhibited and resulted in ripe fruit with white color. This indicated that PSY was a rate-limiting gene in regulating carotenoid biosynthesis in plants. The considerable increment of PSY expression during ripening was described in many fruits and vegetables, such as banana [43], citrus [4], and pepper [7]. It was described that the increment in the expression of the PSY gene and carotenoid content coincidentally occurred with the elevated expression of relevant genes in the ethylene biosynthesis pathway [44].



Different metabolic steps also presented as being related to carotenoid biosynthesis. The expression of MiZDS and MiLCYb genes corresponded with carotenoid accumulation in the peel and pulp of mango during fruit development and ripening. The expression levels of those two genes were higher in ‘Kaituk’ than the other two cultivars. It was previously found that ZDS and LCYb played a vital role in carotenoid biosynthesis in fruit mainly accumulating β-carotene. ZDS catalyzed the dehydrogenation of ζ-carotenoid to pro-lycopene, which was subsequently involved in β-carotene biosynthesis. In apricot and tomato, ZDS was considered to be one of the key determining genes for carotenoid regulation [45]. LCYb played a significant role in controlling the β,β-carotenoid synthesis. In loquat and kiwi, the expression of LCYb during the ripening process was closely related to the accumulation of carotenoids [46,47]. Those observations were similar to the present results in mango, which predominately accumulated β-carotene, accounting for almost 60% of total carotenoids in the fruits [48,49]. This suggested that the coordinated expression of MiZDS and MiLCYb in the carotenoid biosynthesis pathway might be a crucial step to control carotenoid accumulation in the three mango cultivars.



Beside carotenoid biosynthetic genes, carotenoid catabolic genes also played a vital role in regulating carotenoid accumulation during fruit maturation [50]. This has illustrated that the carotenoid pool was controlled by the rate of carotenoid catabolism. The accumulation of carotenoids in various plants has been shown to be inversely correlated with the expression of carotenoid catabolic genes, particularly in members of NCED, CCD1, and CCD4 subfamilies [51]. The high CCDs transcript level indicated that most of the carotenoids accumulated in plants were degraded. In the previous findings, the role of carotenoid catabolism in controlling carotenoid accumulation in several plants was clearly described. In chrysanthemum, the levels of carotenoid biosynthesis gene expression in white and yellow petals were similar. In the meantime, CCD4 was highly expressed in white petal to degrade carotenoids, but almost undetectable in the yellow petal [52]. In white and yellow fleshed peach, the differences in carotenoid biosynthetic genes were undetected, but the high transcript level of the CCD4 gene in white flesh peach was found, accounting for the higher carotenoid degradation [53]. In strawberry, which contained a small amount of carotenoids, the induction of CCD1 transcript level enhanced the degradation of carotenoids nearly 50% during fruit ripening. In mango, little information is available about the role of carotenoid catabolism in fruit pigmentation compared to carotenoid biosynthesis. In this study, the results were similar to the earlier study. It was found that the transcript level of MiCCD1, MiNCED2, and MiNCED3 was lower in ‘Kaituk’ than the other two mango cultivars in both tissues. This might have contributed to the low carotenoid degradation and led to the largest amount of carotenoids accumulated in ‘Kaituk’. A similar mechanism of carotenoid regulation was also found in mango cv. ‘Jinhuang’. The high expression of CCD was closely related to the degradation of carotenoids synthesized by ‘Jinhuang’ [5]. These results might conclude that the differential regulation of MiCCD1, MiNCED2, and MiNCED3 appeared to be a critical mechanism responsible for determining the carotenoid accumulation in different mango cultivars.




5. Conclusions


Carotenoid profiles, the transcriptional regulation of carotenogenic genes and some relevant changes associated with carotenoid regulation were investigated in peel and pulp during mango fruit development and ripening among three cultivars. The results showed that carotenoid accumulation in both tissues increased continuously over fruit development and ripening in the three cultivars. The highest carotenoid content was observed in ‘Kaituk’, followed by ‘Nam Dok Mai NO.4′ and ‘Nam Dok Mai Sithong’, in which β-carotene was a major carotenoid found in both tissues. The transcriptional abundance differed among fruit developmental stages and mango cultivars. The coordinated expression of MiPSY, MiZDS, MiLCYb, and MiZEP in peel and MiZDS and MiLCYb in pulp highly regulated carotenoid accumulation during fruit development and ripening. In addition, the transcriptional regulation of carotenoid catabolic genes was observed to be associated with carotenoid accumulation in mango. The differential expression of MiCCD1, MiNCED2, and MiNCED3 was described as a mechanism determining the diversity in carotenoid profiles among mango cultivars. The results contributed to the better understanding of the transcriptional regulation of carotenoids in mango, which will be beneficial for improving mango nutritional quality.
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Figure 1. The principal pathway of carotenoid metabolism in higher plants. Abbreviations of carotenoid metabolic enzymes: PSY, phytoene synthase; PDS, phytoene desaturase; ZDS, ζ-carotene desaturase; CRISO, carotenoid isomerase; LCYe, lycopene ε-cyclase; LCYb, lycopene β-cyclase; HYe, ε-ring hydroxylase; HYb, β-ring hydroxylase; ZEP, zeaxanthin epoxidase; CCDs, carotenoid cleavage dioxygenases; NCEDs, 9-cis-epoxycarotenoid dioxygenases. 
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Figure 2. Changes in respiration rate and ethylene production of mango fruit cv. ‘Nam Dok Mai Sithong’, ‘Nam Dok Mai No. 4′ and ‘Kaituk’ during fruit development (45–88 days) and full ripening stage (98 days). The vertical bars represent the means with SE for three replications. 
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Figure 3. L*, a*, b*, and hue values in peel of mango fruit cv. ‘Nam Dok Mai Sithong’, ‘Nam Dok Mai No. 4′ and ‘Kaituk’ during fruit development (45–88 days) and full ripening stage (98 days). The vertical bars represent the means with SE for three replications. 
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Figure 4. L*, a*, b*, and hue values in pulp of mango fruit cv. ‘Nam Dok Mai Sithong’, ‘Nam Dok Mai No. 4′ and ‘Kaituk’ during fruit development (45–88 days) and full ripening stage (98 days). The vertical bars represent the means with SE for three replications. 
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Figure 5. Changes in carotenoid content and compositions in peel of mango fruit cv. ‘Nam Dok Mai Sithong’, ‘Nam Dok Mai No. 4′ and ‘Kaituk’ during fruit development (45-88 days) and full ripening stage (98 days). The vertical bars represent the means with SE for three replications. 
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Figure 6. Changes in carotenoid content and compositions in pulp of mango fruit cv. ‘Nam Dok Mai Sithong’, ‘Nam Dok Mai No. 4′ and ‘Kaituk’ during fruit development (45-88 days) and full ripening stage (98 days). The vertical bars represent the means with SE for three replications. 






Figure 6. Changes in carotenoid content and compositions in pulp of mango fruit cv. ‘Nam Dok Mai Sithong’, ‘Nam Dok Mai No. 4′ and ‘Kaituk’ during fruit development (45-88 days) and full ripening stage (98 days). The vertical bars represent the means with SE for three replications.



[image: Applsci 11 04249 g006]







[image: Applsci 11 04249 g007] 





Figure 7. The expression of genes involved in carotenoid metabolism in peel of mango fruit cv. ‘Nam Dok Mai Sithong’, ‘Nam Dok Mai No. 4′ and ‘Kaituk’ during fruit development (45-88 days) and full ripening stage (98 days). The vertical bars represent the means with SE for three replications. 
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Figure 8. The expression of genes involved in carotenoid metabolism in pulp of mango fruit cv. ‘Nam Dok Mai Sithong’, ‘Nam Dok Mai No. 4′ and ‘Kaituk’ during fruit development (45–88 days) and full ripening stage (98 days). The vertical bars represent the means with SE for three replications. 
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Table 1. Primers used for RT-PCR and cDNA lengths of genes involved in carotenoid metabolism pathway.
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	cDNA
	Forward Primer (F) and Reverse Primer (R) 5’- 3’
	Length (bp)





	MiPSY
	F: GTGGTATTGAAGCAGGCAGCCTTGGTTA

R: GCATAGGAGACTGGCAATGCAGCTATCT
	943



	MiPDS
	F: TCTGGCAGATGCAGGCCACAAACCT

R: CTGTTGTCACACGCTCAGGTACTCC
	448



	MiZDS
	F: AGAAACGCTCTGGCTCTTGCTCTAAGTC

R: CACTGTGACAACAGGCACGCCAACTAAT
	550



	MiCRTISO
	F: TGTTAAAGCTGAGGTTCTGCCACCCGAT

R: ACAGCTATAACGCCTTGTCCTGGAAACG
	449



	MiLCYb
	F: CTGGTCTGGCGCAGTTGTTTACATTGAC

R: CCGCGCTACAAGTGAAGTTTCCTCAAGA
	483



	MiLCYe
	F: AGTTGTGAGATCACTGTCAGAGGCTCCA

R: CTCCTTCCAGCAATCCGATATAGAACCG
	477



	MiHYb
	F: GCGTGGCTGAGAAGTTAGCGAGGAA

R: CTTCTCTGGGTCTGTGGTGAGACTC
	284



	MiZEP
	F: CAAGCAAAAGCTCTAGTGAGGAACTGGC

R: GCAGAAGTGATCCGACAAGATTTGCACG
	360



	MiCCD1
	F: CTGGAGAATCCAGATCTGGACATGGTCA

R: GTAATTCCACACTGCAACAGGATCTGGC
	491



	MiNCED2
	F: CGAACGTTCCATGAAAACCGTACGGTAC

R: CACTCTCCTTCAGTCCTTCATTTCCCGA
	1578



	MiNCED3
	F: GCATGGCCAGGTCTTAAACCCAGTTCTA

R: CAAGGCAGCCTAAGGATAGCTTTACCTC
	1732










 





Table 2. TaqMan MGB probes and primers used for qRT-PCR of genes involved in carotenoid metabolism pathway.
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	cDNA
	TaqMan MGB Probes
	Primer Sequences





	MiPSY
	ACAGGCAACGACAGAGA
	F: CATGGGAATTGCACCTGGAT

R: GCCAAGGCAGCATTGTAGACA



	MiPDS
	TGCTATTGGACTTCTTC
	F: TTGGCCCGAGAAAGTCAAGT

R: GATTGTCCACCAAGCATTGCT



	MiZDS
	TCCCTGGAATTAAAAGAT
	F: TGCATATGTTGCTGCATGTGAT

R: CCCTCCACGACAATGGAAGT



	MiCRTISO
	CTATGATGCAAAGAAGG
	F: GGCAGGGAATGTCTCAAAAGG

R: CCAATTATTTCATCTGCCACAAGT



	MiLCYb
	TGATGCAACTGGGTTTT
	F: ACAATTCAGGCTGCTGTGGTT

R: GCTTATCATACTGAACAAGGCACCTA



	MiLCYe
	TTTCTTCCGGTTACCCAAA
	F: GGCATCAGGACATTTTTCCATT

R: CGAGAAATCCCTGCCACATC



	MiHYb
	CTCTCTCTGAAATGTTCG
	F: CAAATGGAGGGTGGTGAGGTT

R: CAGCACCAACAGAGAGTGCAA



	MiZEP
	ATGCCTGGCACCCAA
	F: GAGGAAGAGTTGTGCTGGTAGGA

R: CCTTGCCCCAGATTTGGA



	MiCCD1
	TTGGAGGAAATGTTAAAGG
	F: GGCTGGAAAGACAAAGCTTGA

R: TGGGCCCAGGTCGAAGAT



	MiNCED2
	ATGAAGTTGTTGTTATAGGATC
	F: GGGAGGAGCCGGAATCC

R: GTCAGCCGGTGTCATGCA



	MiNCED3
	TGATAGCTCACCCAAAAG
	F: CGACGGTCAGCTTAATTCAACA

R: TCGCCTGAAACGGGATCA



	18s
	Proprietary (Applied Biosystems, Foster City, CA, USA)
	Proprietary (Applied Biosystems)
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