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Abstract


Globally, the strawberry is one of the most widely consumed fruits, but under certain environmental conditions, it exhibits inadequate red color development, causing economic losses due to lower product quality. In order to evaluate if changes in color are cultivar-specific and environmentally dependent, a comparative study of anthocyanin accumulation, total phenolic, total flavonoid content analysis and additionally a transcriptional profile of pigment-related genes in “Camarosa,” “Cristal,” “Monterey,” and “Portola” (four strawberry cultivars) was performed. These showed an increase in their red coloration during fruit development. The anthocyanin accumulation in the four cultivars was related to the particular progress of the transcriptional activity of genes involved in the biosynthesis of flavonoid pigments. The greatest increase was observed in “Monterey” and “Camarosa”; thus, we have found a correlation between fruit color redness and total anthocyanins only in these cultivars. However, a positive correlation between the mRNA abundance of FaF3′H and FaFLS and the total flavonoids content was found in all cultivars at early stages of ripening. Finally, we found correlations between color and other important physiological properties such as SSC/TA, weight, and aroma expressed as total esters. These results could be useful in making decisions in future breeding programs to improve the content of healthy compound content in strawberry fruit.






Keywords:


cultivar quality traits correlation; environmental incidence; flavonoid biosynthesis; strawberry anthocyanins; transcriptional profile












1. Introduction


Fruit quality has many aspects, including the sensorial qualities of the fruit such as texture, appearance, skin color, sweetness, and aroma [1], as well as shelf life, processing qualities, resistance to pre- and postharvest pathogens [2], and nutritional properties. In recent years, special attention has been given to berries due to their low caloric content and high amount of potential bioactive compounds, such as polyphenols, fiber, minerals, and vitamins [3,4,5]. In this sense, strawberries are a rich source of polyphenolic compounds [5,6] and are among the most widely consumed fruits in the world [7].



The commercial strawberry (Fragaria x ananassa Duch.) fruit emerged in the mid-1700s from two octoploid strawberries (Fragaria chiloensis and Fragaria virginiana) product of an accidental hybridization [8,9]. Thus far more than 1000 different cultivars are preserved in germplasm collections worldwide [8,10].



The coast of the Maule and Metropolitan regions in Chile, with around of 85% of Chilean production, are the two main strawberry producers (http://www.odepa.gob.cl/). “Camarosa” is the most important cultivar planted, followed by the “Cristal,” “Monterey,” and “Portola” [7].



In general, the skin color of the fruits is a key quality attribute required by the consumer. In strawberry skin, the red color is a consequence of anthocyanin biosynthesis and accumulation [5,6,11,12,13,14,15,16]. The major anthocyanins in strawberry have been identified as pelargonidin- and cyanidin- glycosides or their acylated forms [16,17,18,19]. The gene expression and the activation for anthocyanin biosynthesis enzymes are influenced by three main factors: (i) cultural practices, (ii) climatic conditions, and (iii) phenological stages. Regarding the first factor, the application of abscisic acid (ABA) or 2−chloroethylphosphonic acid (ethephon) is used in some countries, such as the USA, Australia, Chile, and Italy [20,21], to obtain homogeneous color. Regarding the second factor, anthocyanin accumulation in grapes is suppressed by high temperature and low light intensity [22]. Regarding the third factor, genetic factors, which depend on the specific cultivar, strongly affect anthocyanin accumulation. For this reason, the transcriptional levels of genes involved in the first part of the phenylpropanoid metabolic pathway have been analyzed, and there are strong differences in expression among species that could explain differences in their phenolic composition [23].



In strawberry and all the Fragaria genus, fruit color is determined by the accumulation of anthocyanins (Figure 1), the second most abundant flavonoid-derived constituents in strawberry fruit [24,25]. Anthocyanins are water-soluble compounds that provide color to plant tissues with color ranging from red, purple, to blue depending on the vacuolar pH and their structural composition [26]. The most important compound, pelargonidin 3−glucoside, is the anthocyanin pigment responsible for the red color of fruit in the genus Fragaria [6,27]. First, during development and ripening, the different strawberry cultivars exhibited differences in the color of the receptacle and achenes, that were previously associated with an increase in anthocyanin synthesis [28].



On the other hand, considering the importance of fruit skin color and nutritional properties, which are traits used to consider fruit quality, information about phenylpropanoid biosynthesis and accumulation and its relationship with culture and climatic conditions is still scarce. In this sense, we hypothesize that different strawberry cultivars grown under the same crop management and edaphoclimatic conditions would present differences in the skin fruit color and nutritional properties only if the expression level of corresponding genes were different. The aim of this work was to compare the anthocyanin, flavonoid, and phenolic accumulation profiles in “Camarosa,” “Crystal,” “Monterey.” and “Portola,” the most important cultivars planted in the Maule region. These cultivars were grown in the same commercial orchard (Figure 2), in order to establish a relationship between compound concentration, transcript abundance of related genes, and skin fruit color evaluated at four stages of fruit from each strawberry cultivar.




2. Materials and Methods


2.1. Vegetal Material


Fruit from “Camarosa,” “Crystal,” “Monterey.” and “Portola” were harvested from plants in their second year of production. All plants were grown in a commercial orchard in Chanco, Maule Region, Chile (latitude 35°44′00′’ S; longitude 72°32′00′’ W) (Figure 1). The fruits of the four cultivars were collected from 50 different plants (one or two fruit of each stage per plants were obtained) at 09:00 with an atmospheric temperature ranging from 15 °C to 17 °C. Fruit were classified into four different developmental stages based on the classification described by Rosli et al. 2004 [29] and implemented in the laboratory in Ramos et al. (2018) [7] (Figure 1). For each developmental stage of each cultivar, a total of 80 fruit were collected from each of two growing seasons (2018 and 2019).




2.2. Skin Color Determination


Twenty fruit from each cultivar and development stages (large green, white, 50%R and ripe stage) without external damage were examined for skin fruit color. The surface color of the different fruits was characterized using a model CR−400 colorimeter (Konica Minolta, Tokyo, Japan) and expressed in terms of the Hunter scale (L*, a*, b*). The schematic representation of the CIELAB color system was obtained by Nix Color converter (https://www.nixsensor.com/free−color−converter/). Each fruit was then cut into pieces, frozen in liquid nitrogen, and stored at −80 °C until further use.




2.3. RNA Isolation, Reverse Transcription, and qRT−PCR Analysis


Total RNA from frozen fruit was isolated using CTAB method based on Ramos et al. (2018) [7]. The TURBO DNA-free™ Kit (Ambion, Carlsbad, California, USA) was used according to the manufacturer’s procedure to remove the contaminant genomic DNA. Three independent RNA extractions were carried out from each frozen pool of samples. The concentration of the RNA and the integrity were determined by Qubit 3 Fluorometer (Invitrogen, Carlsbad, CA, USA) and agarose gel, respectively. Meanwhile, the First−strand cDNA synthesis was performed using a First Strand cDNA Synthesis Kit (Fermentas Life Science, Glen Burnie, MD, USA) following the manufacturer’s instructions.



The mRNA abundance of the FaPAL1, FaCHS1, FaCHS2, FaF3H, FaF3′H, FaFLS, FaANS, and FaANR transcripts was measured by quantitative real-time PCR (qRT-PCR). Reactions and quantifications were performed following the procedure described by Ramos et al. (2018) [7] and Parra-Palma et al. (2019) [30]. The primers used for qRT-PCR analysis were based on Pillet et al. (2015) [31] (see Supplementary Table S1). Amplification reactions were performed using KAPA SYBR® FAST qPCR Kit Master Mix (2x) Universal (Kapa Biosystems, Sigma-Aldrich, Cleveland, OH, USA) in a Step One Real-Time PCR system (Applied Biosystems, Carlsbad, CA, USA) according to the manufacturer’s instructions and using the methodology previously published by Ramos et al. (2018) [7] and Parra-Palma et al. (2019) [30] and normalized against F. x ananassa glyceraldehyde-3-phosphate-dehydrogenase 1 (FaGAPDH1) gene’s expression level [32]. Data obtained from three biological replicates (ten fruit each) were analyzed by two-way ANOVA test using the factors of cultivar and the developmental stage of fruit. Afterward, Tukey’s HSD multiple comparisons analysis was performed. Differences were considered significant at p ≤ 0.05. The analyses were performed with GraphPad Prism 6 (GraphPad Software Inc., San Diego, CA, USA).




2.4. Total Phenolic, Flavonoid and Anthocyanin Content


Complete fruit tissues were homogenized in a 1% HCl solution prepared in methanol (5 L kg−1 of fruit) with the help of a mortar and pestle. The extracts were stirred for 1.5 h at room temperature and then centrifuged at 4200 × g, and the supernatant was recovered. Three independent extractions from 10 g of the fruit tissue were carried out for each strawberry cultivar and each stage. The obtained extracts were used to determine the total phenolic, anthocyanin and flavonoid content based on Parra-Palma et al. (2018) [5].



First, the total phenolic content was determined using the method of Singleton et al. (1999) [33]. In short, a dilute extract was oxidized with the Folin–Ciocalteu reagent and then neutralized with sodium carbonate. The absorbance of the resulting blue color was measured at 700 nm after 30 min using the Epoch 2 microplate spectrophotometer (BioTek Instruments, Inc., Winooski, VT, USA). Quantification was performed based on a standard curve of gallic acid; the results are expressed as g of gallic acid equivalents per kg of fruit (g kg−1 GAE) and correspond to the means ± SEs of three biological replicates with two more technical replicates.



Second, the total flavonoid content of the samples was determined by the aluminum chloride colorimetric method based on Chang et al. (2002) [34]. Quercetin was used as a reference for the calibration curve. In short, quercetin was dissolved in an 80% ethanol solution and then diluted to 25, 50 and 100 mg L−1. The dilute solutions (0.5 mL) were each mixed with 1.5 mL of 95% ethanol, 0.1 mL of 10% aluminum chloride, 0.1 mL of 1 M potassium acetate, and 2.8 mL distilled water and incubated for 30 min at room temperature. The absorbance of each strawberry/methanol extract (0.5 mL) was measured at 415 nm in the Epoch 2 microplate spectrophotometer (BioTek). The results are expressed as g of quercetin equivalents per kg of fruit (g kg−1 quercetin) and correspond to the means ± SEs of three biological replicates and two technical replicates.



Third, the anthocyanin concentration in the extracts was determined by the pH differential method as described by Lee et al. (2008) [35]. The sample (0.15 mL) was separately mixed with 0.75 mL and dissolved in potassium chloride solution (KCl, 0.025 M, pH 1.0) and sodium acetate (CH3CO2Na ∙ 3H2O, 0.4 M, pH 4.5). After incubation at room temperature for 50 min, the absorbance values at 524 nm and 700 nm were measured. The anthocyanin content was expressed as g of cyanidin 3-glucoside equivalents per kg of fruit (g kg−1 Cy3G) using the absorbance value of A = (A524−A700 nm) pH 1.0 - (A524–A700 nm) pH 4.5, with a molar extinction coefficient of 26,900. Data from biological triplicates were analyzed by two-way ANOVA test using the factors of cultivar and the developmental stage of fruit. Then, Tukey’s HSD multiple comparisons analysis was performed. Differences were considered significant at p ≤ 0.05. The analyses were performed with GraphPad Prism 6 (GraphPad Software Inc., San Diego, CA, USA).




2.5. Correlation Analysis


The different experiments were perform using a completely randomized design. A one-way ANOVA was carried out to determine the significances of differences at p = 0.05 according to Fisher’s least significant difference (LSD) test. Using Pearson’s correlation coefficient, the different correlation was evaluated. Prism 6 program (GraphPad software Inc., San Diego, CA, USA) was used to carry out all statistical analysis.





3. Results and Discussion


3.1. Color Development and Color Quality


In the present work, we analyzed the change in color using the CIELAB color system, in which we can evaluate the lightness (L*), redness (a*), and yellowness (b*) of fruit from four different strawberry cultivars. As expected, the color of the receptacles is increasingly red between each stage of development and in the ripe fruit from all cultivars evaluated (Figure 3 and Supplementary Table S2). Thus, differences in fruit color during the development and ripening of fruit from the four cultivars were characterized by a decrease in L* and b* along with an increase in a*, and the highest value of a* was observed in fruit at the ripe stage in each cultivar (Supplementary Table S2). The major differences between the cultivars were observed in the 50%R stage, which can be explained by bicolor peel present in the fruit (including red and yellow parts). This could be related with the greater standard deviation at this stage in all cultivars. In the CIELAB color system, these changes in a* indicate a decrease in the fruit brightness and the acquisition of a red color (Figure 3), this changes of the a* value or acquisition of the red color in the receptacle is caused by the predominance of anthocyanin compounds [5,6,11,12,13,14,15,16,17,19]. Additionally, even when no significant differences were observed among ripe fruit from the four cultivars, there was a higher a* value in “Monterey,” followed by “Portola.” Fruit from “Cristal” exhibited the lowest value of a* (Supplementary Table S2). Our results showed the highest a* values at the ripe stage, while the lightness value decreased in the four cultivars as the fruit ripened (Figure 3 and suppl. Table S2). These results agree with values previously reported in other strawberry cultivars [36,37,38]. For example, Ganhão et al. (2019) [39] described similar result respect to the red color in the ripe stages of three cultivars from western Portugal region (“Primoris,” “Endurance,” and “Portola”). These authors showed that for a* values of whole strawberry fruits, no significant differences were found in any of the cultivars, which revealed a similar redness.




3.2. Total Phenolic, Flavonoid, and Anthocyanin Content


The total phenolic content from strawberry fruit was determined at the four stages of development and in four strawberry cultivars, using Folin−Ciocalteu reagent based on the protocol reported by Singleton et al. (1999) [33]. First, the highest phenolic content was found in the green stage in the four cultivars analyzed, and no significant differences in the phenolic content in this developmental stage were observed among the four cultivars (Figure 4A). In addition, in the white and ripe stages, the lowest phenolic content was found in the “Portola,” while in the other three cultivars, no differences in the phenolic content were found between the two stages (Figure 4A). Consistent with our results, Scalzo et al. (2005) [40] determined the phenolic content of 13 different fruit and vegetables and reported high levels of phenolic compounds in commercial strawberry fruit. In addition, Aaby et al. (2012) [41] in a study involving 27 strawberry cultivars reported that the total phenolic content depended on the cultivar and was also dependent on the growing conditions, which were all different from those used in this study. Additionally, Parra-Palma et al. (2018) [5] evaluated the phenolic content of different strawberry species and showed that the highest phenolic content was observed in F. chiloensis subsp. chiloensis f. patagonica, followed by Fragaria vesca, and the lowest value was observed in F. x ananassa “Chandler.” We studied four new cultivars beyond those described by Parra-Palma et al. (2018) [5] or by Aaby et al. (2012) [41].



Finally, a recent study showed that total phenolic content of three different cultivars from western Portugal region displays significant differences ranging from 607 to 1314 mg GAE/100 g [39]. In the case of the cultivars produced in Portugal, “Portola” showed the lowest value of total phenolic content with 605.698 mg GAE/100 g; meanwhile, “Primoris” and “Endurance” display 942 and 1314 mg GAE/100 g, respectively [39]. Now, and even though the phenolic content of strawberry described depends on location and the time of year production, our results are in accordance with Ganhão et al. (2019) [39], who describe “Portola” as the cultivar with the lowest phenolic content of the three cultivars analyzed.



Similar to the phenolic content described above, the total flavonoid content was highest at green stage, and there were no differences between the flavonoid content in fruit from different cultivars in that stage (Figure 4B). Among the four cultivars, no differences in the flavonoid content were observed in the white and 50%R stages. In the ripe stage, “Portola,” “Cristal,” and “Monterey” contained the lowest total flavonoid content compared to the “Camarosa” cultivar (Figure 4B). Interestingly, no differences in the flavonoid content in fruit from different cultivars in the first three stages of development were found, whereas in the ripe stage, “Camarosa” contained a statistically higher flavonoid content than “Crystal” and “Portola” (Figure 4B). These results of total phenolic and flavonoid high content are in accordance with the early accumulation of proanthocyanidins (PA) and flavonols reported in F. x ananassa [24].



When the total anthocyanin content was analyzed, there was no detection of anthocyanin compounds in fruit at the green and white stages (Figure 4C), while a significant increase in anthocyanin content was observed in fruit at the 50%R stage, and the maximum anthocyanin content was observed in fruit at the ripe stage (Figure 4C). Interestingly, in fruit at the 50%R stage, the “Camarosa” exhibited the significantly lowest levels, while “Monterey” displayed a trend in anthocyanin content; however, these two cultivars accumulated the most anthocyanins in fruit at the ripe stage (Figure 4C). Many studies have determined the total anthocyanin content, reporting values ranging from 0.15 kg−1 to 0.8 g kg−1 of fruit [42,43,44]. In this work, we measured total anthocyanin values between 0.17 kg−1 and 0.22 g kg−1 of fruit (Figure 4C), with the highest values of total anthocyanins content observed in fruit at the ripe stage from the different cultivars and the highest values found in the “Camarosa” and “Monterey.” However, these same cultivars showed less anthocyanin content in fruit at the 50%R stage (Figure 4C). These results suggest that anthocyanin accumulation begins later in fruit development in these cultivars but that it is more efficient than anthocyanin accumulation in fruit from the other two cultivars after the fruit are fully ripe.




3.3. Expression of Phenylpropanoid Pathway Genes


Based on the analysis of total phenolic, flavonoids, and anthocyanins, the mRNA levels of eight genes encoding key enzymes in the flavonoid biosynthesis pathway in four strawberry cultivars at the four developmental stages were quantified by qRT−PCR. The mRNA levels of the following genes were evaluated: phenylalanine ammonia lyase (FaPAL), which encodes the first enzyme of the phenylpropanoid pathway; chalcone synthase (FaCHS1 and FaCHS2), which encode enzymes involved in the flavanone biosynthesis; flavanone 3−hydroxylase (FaF3H) and flavonoid 3′−hydroxylase (FaF3′H), which catalyze the biosynthesis of dihydroflavonols, flavonol synthase (FaFLS), which is involved in the flavonols biosynthesis; anthocyanidin synthase (FaANS), encoding an enzyme involved in the anthocyanin biosynthesis; and anthocyanidin reductase (FaANR), a gene encoding an enzyme that is involved in the PA biosynthesis (Figure 1). In general, transcriptional analysis showed that different genes exhibited different transcript accumulation profiles (Figure 5). Genes such as FaPAL (Figure 5A), FaCHS1 (Figure 5B), FaCHS2 (Figure 5C), FaF3H (Figure 5D), and FaANS (Figure 5G) showed low levels of transcript accumulation in fruit at the green and white stages, while there was a strong increase in their transcript accumulation in fruit at the 50%R stage, followed by a slight decrease in transcript accumulation in fruit at the ripe stage (Figure 5A–D,G). In contrast, FaF3′H (Figure 5E), FaFLS (Figure 5F) and FaANR (Figure 5H) showed similar transcript accumulation profiles, with higher transcript levels in fruit at the green stage, and then a decrease in transcript levels at the other stages (Figure 5E,F,H). Even though these different genes showed similar expression patterns, differences in the expression levels of each gene were observed at each stage in the different cultivars analyzed (Figure 5). These results are according to previous observations in mature fruit of F. x ananassa in which the most abundant anthocyanin was pelargonidin 3−O−glucoside [5], because the enzymes encoded by FaF3′H and FaFLS are down regulated, allowing to enzymes involved in anthocyanins biosynthesis as FaANS catalyze more substrates available. In agreement with [24], PA content decreases conforming strawberry fruit ripe, in part due by a decrease in the FaANR abundance. These observations are according to the total phenolic and flavonoid content analysis (Figure 4A,B), which suggests that the most abundant compounds at the early stage of ripening could be PA and flavonols.



For the FaPAL gene (the first gene in the biosynthetic pathway), the highest level of transcript accumulation was found in the 50%R stage, and within that stage, the highest value was found in the “Portola.” In the remaining three stages and between the different cultivars, no significant were observed in transcript accumulation (Figure 5A). For FaCHS1 and FaCHS2, the highest transcript accumulation was found at the 50%R stage (Figure 5B,C). In the case of FaCHS1, no differences in transcript accumulation were observed between each cultivar within the same stage (Figure 5B). For FaCHS2, a higher transcript accumulation level was observed in the “Portola,” and no differences were observed among the other three cultivars at the 50%R stage (Figure 5C). In the ripe stage, “Cristal” and “Portola” showed the lowest values of the transcript accumulation level compared to the transcript accumulation in the other two cultivars (Figure 5C). FaF3′H (Figure 5E) and FaANR (Figure 5H) displayed a similar transcript accumulation profile, with higher values in the “Monterey” and lower values in the “Cristal,” while the “Camarosa” and “Portola” showed intermediate expression values (Figure 5E,H). For FaFLS, a higher transcript accumulation level was observed in the green stage in the “Monterey” and “Portola,” followed by the “Camarosa” and “Crystal” at the same stage, while in the white stage, the highest transcript accumulation levels were found in the “Portola” and “Camarosa,” and at the 50%R and ripe stages, no differences were found between the cultivars (Figure 5F).



Finally, an increase in the transcript accumulation of five genes involved in the phenylpropanoid (FaPAL1), flavanones (FaCHS1, FaCHS2), dyhidroflavonols (FaF3H), and anthocyanins (FaANS) biosynthetic pathways was observed. In contrast, transcript accumulation of genes involved in flavonols (FaFLS, FaF3′H) and in PAs FaANR was decreased at the 50%R stage in all cultivars compared to that measured at other stages, suggesting that the anthocyanin content, mainly pelargonidin 3-O-glucoside increases and PA content, decreases as previously reported [5,24].



Future expression analysis of additional different family members of genes involved in this biosynthetic pathway could be evaluated using the genome information recently reported [45]. This information would be useful in future to fill gaps about compounds accumulation during ripening processes.




3.4. Correlation Analysis


The correlational study of the fruit skin color (specifically the “a*” parameter) with the total anthocyanin content, total flavonoid content, total phenolic content, and transcriptional profile of pigment-related genes showed positive correlation coefficients between total anthocyanin accumulation and redness (a*) only in the Monterey and Portola cultivars, and even though a positive trend was observed in the other two cultivars, but this trend is not significant. Additionally, a negative correlation was found between redness (a*) and the total phenolic content in the four cultivars (Table 1). With respect to total anthocyanin content, there was no significant correlation observed between these compounds and the different transcriptional profiles of pigment−related genes in the four cultivars (Table 1). Finally, only the “Camarosa” cultivar showed a negative correlation between the FaFLS gene and redness (Table 1).



Recently, other physiological parameters of quality (firmness, weight, pH, SSC/TA, and aroma expressed as total esters) were described in these same four strawberry cultivars [7,30]. We evaluated a possible correlation between those other physiological parameters of quality with the pigment−related parameters presented here. All the cultivars grow under the same conditions, for this reason no differences in weight were found from different cultivars at each developmental stage (Table 2), similar to previously described [7]. Also, previously we described how the loss of firmness changes throughout the development and ripening of these same four strawberry cultivars and now we found a positive correlation between the loss of firmness and total phenols accumulations in the four cultivars (Table 2). Recently, Castro and Morales-Quintana (2019) [36] performed a comparative study of the changes in physiological properties and cell wall−associated polysaccharide contents during different stages of strawberry “Camarosa,” based on curves of the thermogravimetry (TG) analysis. The authors demonstrated a lower thermal stability in the ripe stage sample than in green stage (initial ripening stage), indicating a greater number of soluble compounds in the ripe stage compared to the green stage [36]. This could explain why the cultivars that undergo the most softening (lowest values of firmness) have a greater number of phenolic compounds showing a positive correlation between them (Table 2). Additionally, the phenols accumulation showed a negative correlation with the fruit weight in three strawberry cultivars (“Portola,” “Monterey,” and “Camarosa”) (Table 2). Finally, positive correlation coefficients between total anthocyanin accumulation, redness (a*), and total esters (related with aroma) were found along the four cultivars (Table 2). This would indicate that when the cell wall loses its firmness (product of the disassembling), the generation of the secondary metabolites and aroma-related compounds are concomitantly activated in fruit showing a good correlation with cultivars in which the softening rates are higher. These observations strongly suggest that cell wall disassembling provides substrates for metabolic pathways associated with quality traits of strawberry fruit.





4. Conclusions


In summary, we showed that each strawberry cultivar has different levels of phenolic compounds in the fully ripened fruit, with fruit in each cultivar at the green stage having the highest phenolic content. Thus, the accumulation of total phenolic compounds was similar in all of the evaluated cultivars at each stage, but in fruit from “Portola” at the ripe stage displayed the lowest phenolic content. Additionally, the total anthocyanin content showed differences in fruit at the ripe stage, with greater anthocyanin accumulation observed in “Camarosa” and “Monterey” (Figure 4). With regard to the pigment-related gene expression, at the 50%R stage, an increase in FaPAL1, FaCHS1, FaCHS2, FaF3H, and FaANS transcript accumulation was observed. In contrast, FaFLS, FaF3′H and FaANR transcript accumulation decreased at the 50%R stage in all cultivars (Figure 5). This increase and/or decrease in the transcript accumulation of pigment-related gene were concomitant with the accumulation of anthocyanins at these same stages. In the correlational analysis, we found a correlation between color and total anthocyanin content only in “Monterey” and “Portola” fruit, while a positive correlation was observed between the mRNA abundance of FaF3′H and FaFLS with the total flavonoid content (mainly flavonols) in the “Cristal,” “Monterey,” and “Portola” cultivars (Table 1). Finally, the results could be useful for making decisions in future breeding programs to improve the healthy compound content in strawberry fruit.
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Figure 1. Phenylpropanoid biosynthetic pathway. A simple schematic view of the metabolic pathway and group of compounds evaluated. Bold and big letters indicate the encoded proteins of analyzed genes. The major compounds synthesized in the pathway route are indicated in the boxes. 
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Figure 2. Commercial orchard arrangement. (a) Aerial view of the commercial orchard and the cultivar distributions showing the “Camarosa” (blue), “Portola” (yellow), “Cristal” (orange), and “Monterey” (green orchards, respectively. Image obtained by Google map tool. (b) Street view of the commercial orchard. (c) Views of the representative “Camarosa” orchard. (d) View of the representative “Monterey” orchard. (e–h) correspond to fruit developmental stages of different strawberry cultivars used in this research, being (e) “Camarosa,” (f) “Portola,” (g) “Cristal,” and (h) “Monterey.” Fruit developmental stages correspond to large green (G), white (W), 50% ripe (50%R), and ripe (R) based on the classification described by Rosli et al. (2004) [29]. Bar scale = 50 m. 
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Figure 3. CIELAB Color Chart of four F. x ananassa cultivars fruit peel in different development stages. The different color corresponds to the average of the measurements of 20 fruit from each cultivar and development stages (green, white, 50% ripe (50%R), and ripe stages). To see the values of the Hunter scale (L*, a*, b*), see Supplementary Table S2. 
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Figure 4. Chemical analysis of the four strawberry cultivars during fruit development and ripening. Total phenolics (A), flavonoids (B), and anthocyanins content (C). 
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Figure 5. Changes in (A) FaPAL1, (B) FaCHS1, (C) FaCHS2, (D) FaF3H, (E) FaF3′H, (F) FaFLS, (G) FaANS, and (H) FaANR mRNA levels measured by qRT-PCR during fruit development and ripening of the four strawberry cultivars. The expression data correspond to the mean of three replicates normalized against FaGADPH1 abundance. Different letters indicate significant differences between cultivars and stages (p < 0.05). 
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Table 1. Pearson’s correlation analysis of skin fruit color (a*), total anthocyanin, flavonoids and phenols accumulations and transcriptional profile of pigment related gene expression (FaPAL, FaCHI1, FaCHI2, FaFLS, FaF3H, FaF3′H, FaANS, and FaANR) in four different F. ananassa “Camarosa,” “Cristal,” “Monterey,” and “Portola.”
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	“Camarosa”
	FaPAL
	FaCHS1
	FaCHS2
	FaF3H
	FaFLS
	FaF3‘H
	FaANS
	FaANR
	Total Phenols
	Total Flavonoids
	Total Anthocyanin
	Skin Color (a*)



	FaPAL
	
	
	
	
	
	
	
	
	
	
	
	



	FaCHS1
	0.959 *
	
	
	
	
	
	
	
	
	
	
	



	FaCHS2
	0.922 *
	0.992 **
	
	
	
	
	
	
	
	
	
	



	FaF3H
	0.903 *
	0.981 **
	0.997 **
	
	
	
	
	
	
	
	
	



	FaFLS
	−0.697
	−0.863
	−0.890
	−0.879
	
	
	
	
	
	
	
	



	FaF3‘H
	−0.062
	−0.315
	−0.368
	−0.359
	0.750
	
	
	
	
	
	
	



	FaANS
	0.934 *
	0.995 **
	0.999 ***
	0.995 **
	−0.881
	−0.350
	
	
	
	
	
	



	FaANR
	−0.407
	−0.597
	−0.613
	−0.584
	0.897
	0.919 *
	−0.604
	
	
	
	
	



	Total phenols
	−0.526
	−0.735
	−0.776
	−0.769
	0.976 *
	0.872
	−0.763
	0.944 *
	
	
	
	



	Total flavonoids
	−0.370
	−0.508
	−0.491
	−0.444
	0.781
	0.833
	−0.489
	0.959 *
	0.820
	
	
	



	Total anthocyanin
	0.117
	0.349
	0.466
	0.522
	−0.552
	−0.535
	0.439
	−0.370
	−0.614
	−0.093
	
	



	Skin color (a*)
	0.699
	0.864
	0.920 *
	0.938 *
	−0.919 *
	−0.576
	0.907 *
	−0.676
	−0.877 *
	−0.477
	0.765
	



	“Cristal”
	FaPAL
	FaCHS1
	FaCHS2
	FaF3H
	FaFLS
	FaF3‘H
	FaANS
	FaANR
	Total Phenols
	Total Flavonoids
	Total Anthocyanin
	Skin Color (a*)



	FaPAL
	
	
	
	
	
	
	
	
	
	
	
	



	FaCHS1
	0.958 *
	
	
	
	
	
	
	
	
	
	
	



	FaCHS2
	0.984 **
	0.910 *
	
	
	
	
	
	
	
	
	
	



	FaF3H
	0.951 *
	0.997 **
	0.891
	
	
	
	
	
	
	
	
	



	FaFLS
	−0.545
	−0.568
	−0.408
	−0.629
	
	
	
	
	
	
	
	



	FaF3‘H
	−0.203
	−0.218
	−0.060
	−0.293
	0.927 *
	
	
	
	
	
	
	



	FaANS
	0.983 **
	0.949 *
	0.989 **
	0.928 *
	−0.389
	−0.023
	
	
	
	
	
	



	FaANR
	−0.380
	−0.417
	−0.232
	−0.486
	0.983 **
	0.977 *
	−0.213
	
	
	
	
	



	Total phenols
	−0.643
	−0.724
	−0.500
	−0.776
	0.959 *
	0.812
	−0.520
	0.918 *
	
	
	
	



	Total flavonoids
	−0.530
	−0.516
	−0.405
	−0.578
	0.991 **
	0.937 *
	−0.366
	0.975 *
	0.917 *
	
	
	



	Total anthocyanin
	−0.123
	0.144
	−0.279
	0.188
	−0.403
	−0.434
	−0.169
	−0.478
	−0.527
	−0.296
	
	



	Skin color (a*)
	0.528
	0.716
	0.377
	0.755
	−0.759
	−0.587
	0.459
	−0.725
	−0.902 *
	−0.666
	0.772
	



	“Monterey”
	FaPAL
	FaCHS1
	FaCHS2
	FaF3H
	FaFLS
	FaF3‘H
	FaANS
	FaANR
	Total Phenols
	Total Flavonoids
	Total Anthocyanin
	Skin Color (a*)



	FaPAL
	
	
	
	
	
	
	
	
	
	
	
	



	FaCHS1
	0.710
	
	
	
	
	
	
	
	
	
	
	



	FaCHS2
	0.801
	0.990 **
	
	
	
	
	
	
	
	
	
	



	FaF3H
	0.625
	0.991 **
	0.967 *
	
	
	
	
	
	
	
	
	



	FaFLS
	−0.399
	−0.488
	−0.516 ns
	−0.545
	
	
	
	
	
	
	
	



	FaF3‘H
	−0.205
	−0.303
	−0.323 ns
	−0.378
	0.976 *
	
	
	
	
	
	
	



	FaANS
	0.828
	0.979 *
	0.994 **
	0.943 *
	−0.429
	−0.225
	
	
	
	
	
	



	FaANR
	−0.389
	−0.457
	−0.488
	−0.514
	0.999 ***
	0.980 **
	−0.401
	
	
	
	
	



	Total phenols
	−0.402
	−0.705
	−0.697
	−0.770
	0.938 *
	0.878
	−0.614
	0.924 *
	
	
	
	



	Total flavonoids
	−0.469
	−0.507
	−0.545
	−0.553
	0.996 **
	0.959 *
	−0.464
	0.996 **
	0.925 *
	
	
	



	Total anthocyanin
	−0.375
	0.348
	0.230
	0.469
	−0.374
	−0.414
	0.152
	−0.354
	−0.586
	−0.303
	
	



	Skin color (a*)
	0.069
	0.717
	0.631
	0.805
	−0.572
	−0.522
	0.561
	−0.545
	−0.809 *
	−0.529
	0.899 *
	



	“Portola”
	FaPAL
	FaCHS1
	FaCHS2
	FaF3H
	FaFLS
	FaF3‘H
	FaANS
	FaANR
	Total Phenols
	Total Flavonoids
	Total Anthocyanin
	Skin Color (a*)



	FaPAL
	
	
	
	
	
	
	
	
	
	
	
	



	FaCHS1
	0.980 *
	
	
	
	
	
	
	
	
	
	
	



	FaCHS2
	0.993 **
	0.986 **
	
	
	
	
	
	
	
	
	
	



	FaF3H
	0.989 **
	0.998 ***
	0.994 **
	
	
	
	
	
	
	
	
	



	FaFLS
	−0.514
	−0.666
	−0.593
	−0.636
	
	
	
	
	
	
	
	



	FaF3‘H
	−0.402
	−0.557
	−0.496
	−0.530
	0.984 **
	
	
	
	
	
	
	



	FaANS
	0.535
	0.526
	0.617
	0.555
	−0.527
	−0.583
	
	
	
	
	
	



	FaANR
	−0.384
	−0.538
	−0.481
	−0.512
	0.978 *
	0.999 ***
	−0.599
	
	
	
	
	



	Total phenols
	−0.377
	−0.549
	−0.458
	−0.511
	0.986 **
	0.981 **
	−0.422
	0.975 *
	
	
	
	



	Total flavonoids
	−0.353
	−0.497
	−0.456
	−0.476
	0.950 *
	0.989 **
	−0.666
	0.993 **
	0.944 *
	
	
	



	Total anthocyanin
	−0.0878
	0.093
	−0.074
	0.031
	−0.543
	−0.493
	−0.419
	−0.474
	−0.647
	−0.388
	
	



	Skin color (a*)
	0.470
	0.634
	0.504
	0.586
	−0.881
	−0.804
	0.0955
	−0.783
	−0.896 *
	−0.706
	0.811 *
	







*, **, *** indicate significant at 0.01, 0.001, and 0.0001 p-value by Fisher’s least significant difference (LSD) test.













 





Table 2. Pearson’s correlation analysis of skin fruit color (a*), total anthocyanin, flavonoids and phenols accumulations, firmness, weight, pH, SSC/TA, and total esters in four different F. ananassa “Camarosa,” “Cristal,” “Monterey,” and “Portola.”
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	“Camarosa”
	Total Anthocyanin
	Total Flavonoids
	Skin Color (a*)
	Total Phenols
	Firmness a
	Weight a
	pH a
	SSC/TA a
	Total Esters b



	Total anthocyanin
	
	
	
	
	
	
	
	
	



	Total Flavonoids
	−0.093
	
	
	
	
	
	
	
	



	Skin color (a*)
	0.765
	−0.477
	
	
	
	
	
	
	



	Total phenols
	−0.614
	−0.820
	−0.877 *
	
	
	
	
	
	



	Firmness
	−0.603
	0.798
	−0.610
	0.820
	
	
	
	
	



	Weight
	0.799
	−0.663
	0.779
	−0.964 *
	−0.953 *
	
	
	
	



	pH
	−0.918 *
	0.750
	−0.918 *
	0.866
	0.867
	−0.960
	
	
	



	SSC/TA
	0.727
	−0.454
	0.599
	−0.853
	−0.889
	0.871
	−0.911 *
	
	



	Total esters
	0.999 ***
	−0.090
	0.998 ***
	−0.610
	−0.599
	0.797
	−0.916 *
	0.723
	



	“Cristal”
	Total Anthocyanin
	Total Flavonoids
	Skin Color (a*)
	Total Phenols
	Firmness a
	Weight a
	pH a
	SSC/TA a
	Total Esters b



	Total anthocyanin
	
	
	
	
	
	
	
	
	



	Total Flavonoids
	−0.296
	
	
	
	
	
	
	
	



	Skin color (a*)
	0.772
	−0.666
	
	
	
	
	
	
	



	Total phenols
	−0.527
	0.917 *
	0.902 *
	
	
	
	
	
	



	Firmness
	−0.680
	0.888
	0.638
	0.974 *
	
	
	
	
	



	Weight
	0.903 *
	−0.677
	0.904 *
	−0.823
	−0.99 **
	
	
	
	



	pH
	−0.851
	0.750
	0.840
	0.883
	0.963 *
	0.993 **
	
	
	



	SSC/TA
	0.912
	−0.538
	0.911 *
	−0.793
	−0.865
	0.949 *
	−0.941 *
	
	



	Total esters
	0.998 ***
	−0.272
	0.998 ***
	−0.494
	−0.655
	−0.891
	−0.834
	0.890
	



	“Monterey”
	Total Anthocyanin
	Total Flavonoids
	Skin Color (a*)
	Total Phenols
	Firmness a
	Weight a
	pH a
	SSC/TA a
	Total Esters b



	Total anthocyanin
	
	
	
	
	
	
	
	
	



	Total Flavonoids
	−0.303
	
	
	
	
	
	
	
	



	skin color (a*)
	0.899 *
	−0.529
	
	
	
	
	
	
	



	Total phenols
	−0.586
	0.925 *
	−0.809 *
	
	
	
	
	
	



	Firmness
	−0.731
	0.843
	−0.738
	0.981 **
	
	
	
	
	



	Weight
	0.861
	0.032
	0.877
	−0.977 *
	−0.925 *
	
	
	
	



	pH
	−0.912 *
	0.657
	−0.922 *
	0.8667
	0.946 *
	−0.934 *
	
	
	



	SSC/TA
	0.935 *
	−0.577
	0.931 *
	−0.8254
	−0.920 *
	0.960 *
	−0.992 **
	
	



	Total esters
	0.999 ***
	−0.286
	0.998 ***
	0.567
	−0.715
	0.846
	−0.903 *
	0.925 *
	



	“Portola”
	Total anthocyanin
	Total Flavonoids
	skin color (a*)
	Total phenols
	Firmness a
	Weight a
	pH a
	SSC/TA a
	Total esters b



	Total anthocyanin
	
	
	
	
	
	
	
	
	



	Total Flavonoids
	−0.388
	
	
	
	
	
	
	
	



	skin color (a*)
	0.811 *
	−0−706
	
	
	
	
	
	
	



	Total phenols
	−0.647
	0.944 *
	− 0.896 *
	
	
	
	
	
	



	Firmness
	−0.7133
	0.898
	−0.7313
	0.993 *
	
	
	
	
	



	Weight
	0.792
	−0.827
	0.772
	−0.967 *
	−0.987 **
	
	
	
	



	pH
	−0.932 *
	0.695
	−0.920 *
	0.875
	0.910 *
	−0.943 *
	
	
	



	SSC/TA
	0.899
	−0.667
	0.829
	−0.876
	−0.926 *
	0.970 *
	−0.964 *
	
	



	Total esters
	0.996 **
	−0.345
	0.976 *
	−0.601
	−0.664
	0.746
	−0.912
	0.865
	







*, **, *** indicate significant at 0.01, 0.001 and 0.0001 p−value Fisher’s least significant difference (LSD) test. a obtained from Ramos et al., 2018 [7]; b obtained from Parra−Palma et al., (2019) [30].
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