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Potato miR828 Is Associated With Purple Tuber Skin and Flesh Color
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Anthocyanins are plant pigments responsible for the colors of many flowers, fruits and storage organs and have roles in abiotic and biotic stress resistance. Anthocyanins and polyphenols are bioactive compounds in plants including potato (Solanum tuberosum L.) which is the most important non-cereal crop in the world, cultivated for its tubers rich in starch and nutrients. The genetic regulation of the flavonoid biosynthetic pathway is relatively well known leading to the formation of anthocyanins. However, our knowledge of post-transcriptional regulation of anthocyanin biosynthesis is limited. There is increasing evidence that micro RNAs (miRNAs) and other small RNAs can regulate the expression level of key factors in anthocyanin production. In this study we have found strong associations between the high levels of miR828, TAS4 D4(-) and purple/red color of tuber skin and flesh. This was confirmed not only in different cultivars but in pigmented and non-pigmented sectors of the same tuber. Phytochemical analyses verified the levels of anthocyanins and polyphenols in different tissues. We showed that miR828 is able to direct cleavage of the RNA originating from Trans-acting siRNA gene 4 (TAS4) and initiate the production of phased small interfering RNAs (siRNAs) whose production depends on RNA-dependent RNA polymerase 6 (RDR6). MYB transcription factors were predicted as potential targets of miR828 and TAS4 D4(-) and their expression was characterized. MYB12 and R2R3-MYB genes showed decreased expression levels in purple skin and flesh in contrast with high levels of small RNAs in the same tissues. Moreover, we confirmed that R2R3-MYB and MYB-36284 are direct targets of the small RNAs. Overall, this study sheds light on the small RNA directed anthocyanin regulation in potato, which is an important member of the Solanaceae family.
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INTRODUCTION

Anthocyanins are natural plant pigments in many flowers, fruits and vegetables providing red, blue and purple hues attractive for flower pollinators and also abiotic and biotic stress resistance (Jaakola, 2013; Lotkowska et al., 2015; Liu et al., 2018). Model and crop plants such as Arabidopsis, maize, Petunia and Antirrhinum have been studied extensively for flavonoid biosynthesis and a number of transcription factors were revealed regulating structural genes of the biosynthetic pathway (Holton and Cornish, 1995; Saito et al., 2013). Solanaceae species (such as tomato, eggplant, pepper and potato) show large diversity in the color of fruits or tubers and accumulate anthocyanins at various levels. Tissue color is strongly influenced by the anthocyanin and carotenoid pathways and anthocyanins accumulate as water soluble vacuolar flavonoids (Dhar et al., 2015). Potato (S. tuberosum L.) accumulates varying levels of anthocyanins in tuber tissues which are consumed widely around the world. Potato is an important global food crop which is cultivated for tubers (underground storage stem), rich in starch, nutrients and vitamins. Its global production of ∼376 million tons in 2016 shows its importance and increasing role in food security1. The appearance of anthocyanins in tuber skin and flesh can strongly influence consumer choice (Jemison et al., 2008).

Potato anthocyanin accumulation was extensively studied in different cultivars previously (Brown et al., 2007; Oertel et al., 2017). Potato tubers are potent sources of antioxidants and some studies reported that tubers are rich in polyphenols (De Jong et al., 2004; Stushnoff et al., 2008; Lee et al., 2016). Additionally, these bioactive compounds have potential health benefits including anticancer and immunomodulatory activities (Zuber et al., 2015; Chandrasekara and Josheph Kumar, 2016). Anthocyanin accumulation is influenced by the balance between biosynthesis and degradation. A conserved network of activators and repressors regulating anthocyanin pigmentation was identified in eudicots highlighting the complexity of the process (Albert et al., 2014). Phenylalanine is the initial precursor of the flavonoids biosynthetic pathway and various enzymes catalyze the production of the intermediate and end products regulated by a common set of transcription factors including MYB, MYC, and WD40 family members (Dhar et al., 2015; Liu et al., 2018). Previously, it was demonstrated that in diploid potato three genetic loci control anthocyanin accumulation in tuber skin: P, R, and I (Dodds and Long, 1955). P is required for production of purple delphinidin-based anthocyanins, R for pelargonidin-based pigments and I plays a role in tissue specific expression in tuber skin. Later these loci have been mapped in potato; for locus R dihydroflavonol 4-reductase (dfr) and for locus I an R2R3 MYB transcription factor designated an2 were identified. Locus P was found to encode flavonoid 3′,5′-hydroxylase (De Jong et al., 2004; Jung et al., 2005; Zhang et al., 2009). R2R3 MYB transcription factors were further identified in potato and validated by transient assays influencing anthocyanin biosynthesis including AN1, MYBA1, and MYB113 (Liu et al., 2016). Over-expression of MYB transcription factor gene StMtf1 resulted in the activation of phenylpropanoid biosynthetic pathway and tubers contained increased levels of chlorogenic acid and anthocyanins (Rommens et al., 2008). Genome-wide expression analysis of transcripts was performed in order to identify key regulators of anthocyanin production and establish a regulatory network to better understand the regulatory mechanisms. Using the same tuber but differently pigmented sectors, 27 differentially expressed genes were identified between white and purple sectors including a single domain MYB transcription factor (Stushnoff et al., 2010). Sprouts, originating from tubers with contrasting pigmentation of three cultivars, were analyzed for metabolites and gene expression using RNA sequencing; anthocyanin and transcriptional changes were found among 22 compounds and 119 transcripts including anthocyanin biosynthesis genes, hormones, transcription factors and signaling related genes (Cho et al., 2016).

Anthocyanin content of plant tissues is influenced by short (21–24nt in length), non-coding, single stranded RNA molecules called micro RNAs (miRNAs) (Rock, 2013). miRNAs are established from the genome and are transcribed by RNA polymerase II (pri-miRNA) (Vaucheret, 2006; Borges and Martienssen, 2015). The transcript forms a strong secondary structure which is recognized and processed by an RNase III type endoribonuclease (DICER-LIKE 1, DCL1); the cleaved product has a stem-loop (hairpin) structure with characteristic free energy (pre-miRNA). The hairpin RNA is further cleaved by DCL1 and a double stranded intermediate molecule is established which will be methylated at the 3′ end by HUA ENHANCER 1 (HEN1) to prevent degradation (Yu et al., 2005). The miRNA incorporates into the effector complex (RNA Induced Silencing Complex, RISC) where it provides sequence specificity and directs the complex to the relevant RNA molecules. The other strand of the intermediate double stranded RNA (star sequence) is usually degraded. Overall, miRNAs act at the post-transcriptional level, silencing the expression of target genes through RNA cleavage or translational inhibition (Rogers and Chen, 2013).

Previous studies implied a role for several miRNAs in tissue color formation (Rock, 2013). In Arabidopsis thaliana stem, miR156 promotes accumulation of anthocyanins whereas decreased miR156 activity results in higher levels of flavonols which is under the regulation of miR156 targeted SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) genes (Gou et al., 2011). In lychee, miR156a is differentially expressed during fruit ripening and can influence anthocyanin accumulation via the regulation of SPL1/2 (Liu et al., 2017). In tomato, miR858 was identified as a negative regulator of anthocyanin biosynthesis regulating the expression of MYB transcription factor genes (Jia et al., 2015). In A. thaliana, over-expression of miR828 resulted in reduced expression levels of MYB transcription factors and lower levels of anthocyanins (Yang et al., 2013). Moreover, miR828 and miR858 were shown to regulate arabidopsis trichome and cotton fiber development via MYB2 gene function (Guan et al., 2014).

Some miRNAs, including miR828, are able to trigger the generation of secondary phased small interfering RNAs (phasiRNAs) (Zheng et al., 2015). After the cleavage of target transcript, the 3′ cleaved RNA product is converted into a double stranded RNA molecule by RNA-dependent RNA polymerase 6 (RDR6) which is processed by DICER-LIKE 4 (DCL4) enzyme into 21nt long siRNAs. Some of the phasiRNAs can regulate the expression of target genes and are called trans-acting siRNA (tasiRNAs) (Rajagopalan et al., 2006). miR828 targets a non-coding RNA named Trans-acting siRNA gene 4 (TAS4) and initiates tasiRNA production. Some of the generated tasiRNAs accumulate to a high level in plants and can target mRNAs of other genes (e.g., MYB transcription factors) influencing important biological pathways (Rajagopalan et al., 2006). One of the tasiRNAs is TAS D4(-) [previously TAS4-siR81(-)] and it was shown that a MYB transcription factor (PAP2/MYB90) is its direct target in A. thaliana controlling expression of anthocyanin, flavonoid and phenylpropanoid biosynthetic genes (Borevitz et al., 2000; Rajagopalan et al., 2006; Luo et al., 2012). Additionally, TAS4 D4(-) can target PAP1 and MYB113 MYB genes in A. thaliana and its level is increased by exogenous treatment with sucrose and glucose (Luo et al., 2012). In parallel, exogenous sucrose increased the anthocyanin level in plants. Increased TAS4 derived tasiRNA production was observed in phosphate (Pi) deficient shoots of A. thaliana and an auto-regulatory mechanism was uncovered involving PAP1/MYB75, miR828 and TAS4 D4(-) which regulate anthocyanin biosynthesis (Hsieh et al., 2009). In apple, miR858, miR828, and TAS4 D4(-) were identified in a small RNA high-throughput sequencing study and it was found that they target up to 81 MYB genes (Xia et al., 2012). Potato has been previously characterized for miRNAs (Zhang et al., 2013; Lakhotia et al., 2014) but our current knowledge about the function of miR828 in crop plants including S. tuberosum is limited.

The previously described studies show that the anthocyanin biosynthetic pathway and its genetic regulation are well understood but other levels of anthocyanin regulation, including post-transcriptional, remain to be fully elucidated. In this study, the role of miR828 was investigated in potato tuber color formation. We identified and characterized potato miR828 in different cultivars and showed that miR828 can trigger the generation of tasiRNAs. A strong association was found between the presence of miR828 and the purple color of tuber tissues. The anthocyanin and polyphenol content of the investigated cultivars confirmed that their accumulation will result in purple/red tissue formation. We predicted potential targets of miR828 and TAS4 D4(-), members of the MYB transcription factor family were investigated for their expression in potato tuber skin and flesh and they were identified as direct targets of the small RNAs.

RESULTS

Anthocyanins Accumulate in a High Manner in Purple Tuber Tissues

In our study, a number of potato cultivars were chosen for studying the role of miR828 having contrasting tuber skin and flesh colors (Figure 1A). DB22670 (S. tuberosum group Phureja) has white/yellow skin and white flesh tissues; IVP48 (S. tuberosum group Phureja) has dark purple/navy blue skin and white flesh; Desiree (S. tuberosum L. ‘Desiree’) is a well-known cultivar used widely in Europe with red skin and yellow flesh and Congo (S. tuberosum L. ‘Congo’) has deep blue/purple skin with the same color of tuber flesh.
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FIGURE 1. Potato cultivars used in this study and total polyphenol and anthocyanin content of tuber skin and flesh tissues. (A) Photos of intact and cut tubers of cultivars used in this study. (B) Total polyphenol and anthocyanin content (TPC and TAC, respectively) of tuber skin and flesh tissues. Error bars show standard errors (SE). Bars with different symbols are significantly different by pairwise Student’s T-test (p < 0.05). Different letters show significant differences between TPC values; different numbers represent significant differences between TAC values.



Phytochemical analysis was carried out to provide more precise data about the compounds which can influence the color of tuber skin and flesh tissues. Tuber skin and flesh tissues were collected separately from the cultivars studied for small RNA expression. Samples were powdered under liquid nitrogen and freeze-dried followed by extraction, analysis of total anthocyanin and polyphenol content and analysis by liquid chromatography–mass spectrometry (LC-MS). Total polyphenol and anthocyanin contents (TPC and TAC, respectively) were determined (Figure 1B). TPC was higher in skin tissues compared to flesh samples in all cultivars. The highest level was detected in skin samples of Congo tubers whereas the skin tissues of IVP48 and Desiree had similar but lower levels and the lowest TPC was determined in DB22670 skin. The flesh samples had more similar levels of TPC with the highest in Congo then Desiree with IVP48 having similar lower values.

As expected, the total phenol content of the samples did not correlate with color but total anthocyanin content was more closely associated with visible tissue color. In cultivar DB22670 with yellow skin and white flesh, anthocyanins were barely detectable with only a very low amount in one flesh sample. IVP48 has dark blue skin and white flesh color and gave a higher level of TAC in skin compared to a low abundance in flesh, which might originate from residual unpeeled skin tissues. Desiree also had a higher TAC in skin than flesh tissues which reflects their red and yellow colors, respectively. The highest total anthocyanin content was measured in Congo skin (deep purple) and flesh (purple). LC-MS data (Supplementary Figure S1) confirmed the TAC data with the highest levels of anthocyanins found in the Congo skin and flesh. This analysis also demonstrated that the different red and purple tissue colors were influenced by their different anthocyanin profiles. For example, the purple cultivar Congo was enriched in malvanin, a coumaroylated malvidin anthocyanin well documented to accumulate in purple fleshed potatoes (Oertel et al., 2017), whereas the red skin coloration of Desiree was associated with the accumulation of pelanin and peonanin (Mori et al., 2010).

miR828 Accumulates at High Levels in Purple Potato Tissues

High-throughput sequencing analysis was used to identify the miR828 sequence as this miRNA was not identified previously in potato [miRBase 22, (Kozomara and Griffiths-Jones, 2014)]. Only one family member of miR828 was found with 22 nt length in S. tuberosum L. ‘Desiree’ tuber tissues. The plant material for high-throughput sequencing originates from a heat stress study (Hancock et al., 2014). Figure 2A shows the predicted mature miRNA and star sequences of potato miR828 (stu-miR828) with the predicted secondary structure of the pre-miRNA forming a stem loop (hairpin-like) structure with free energy of -35.80 kcal/mol (Figure 2B). stu-miR828 shows identity to the previously described miR828 sequences from tomato, peach and grapevine but contains one mismatch compared to miR828 in A. thaliana (Figure 2C) (Kozomara and Griffiths-Jones, 2014; Singh et al., 2016). stu-miR828 fulfills the updated requirements (Axtell and Meyers, 2018) for being a miRNA because of the structure of the pre-miRNA and both the miRNA and the star sequence were found in the sequencing analysis; the details of predicted stu-miR828 can be found in Supplementary Table S1.
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FIGURE 2. miR828 in potato. (A) stu-miR828 miRNA and star sequence. (B) The predicted secondary structure of stu-miR828 (Mfold) with free energy (dG); miRNA∗ shows the star sequence. (C) Alignment of arabidopsis, potato, tomato, peach and grapevine miR828.



RNA gel blot analysis was used to investigate the accumulation of miR828 in different tissues (Figure 3). In leaves, miR828 showed variable accumulation among the cultivars but higher miR828 level was found in Congo leaves which contain purple sectors in the leaflets (Figure 3A). However, miR828 accumulation showed strong association with the presence of purple color in potato tubers. Purple skin and flesh tissues accumulate miR828 in high levels compared to white/yellow tissues. In the purple/red/blue skin samples of IVP48, Desiree and Congo the accumulation level of miR828 is higher than in DB22670 which has white/yellow skin. Additionally, miR828 showed high level only in Congo tuber flesh tissue which is deep purple compared to other cultivars with white or yellow tuber flesh colors (Figures 3B,C). This result indicates an association between the presence of miR828 and purple/deep blue colors in tuber skin and flesh.
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FIGURE 3. RNA gel blot analysis of small RNAs. Potato leaf (A), tuber skin (B), and flesh (C) tissues were used to detect small RNAs with radioactively labeled probes specific to miR828 and TAS4 D4(-). U6 was used as a loading control. Three biological replicates of plant tissues were used for small RNA detection indicated by solid line and the name of cultivars. Photos on (A,C) show leaves, stems, and tubers of cultivars.



miR828 Can Initiate Secondary Small RNA Production in Potato

In previous studies it was found that miR828 can initiate secondary small RNA production targeting TAS4 (Fei et al., 2013). In order to find TAS4 orthologs in potato we searched the potato genome database for A. thaliana TAS4 (AT3G25795) and the TAS4 locus sequence from tomato [T. Dalmay, unpublished, (Singh et al., 2016)]. Using transcripts and non-redundant CDS database we could not identify the TAS4 locus in potato. However, using the superscaffold database we identified a region of the genome which showed moderate similarity to the TAS4 locus (Supplementary Figure S2). The A. thaliana, tomato and potato TAS4 sequences were aligned, the miR828 target site was predicted using psRNATarget software (Dai and Zhao, 2011) and a conserved TAS4 tasiRNA was identified (Figure 4A). TAS4 D4(-) tasiRNA is very abundant in other species and the sequence in potato shows 100% similarity to the corresponding tomato tasiRNA. Previously, this tasiRNA was named as TAS4-siR81(-) and it was shown that a MYB transcription factor (PAP2/MYB90) is its direct target in A. thaliana controlling expression of anthocyanin, flavonoid, and phenylpropanoid biosynthetic genes (Borevitz et al., 2000; Rajagopalan et al., 2006; Luo et al., 2012).
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FIGURE 4. Analysis of potato TAS4. (A) Sequence alignment of TAS4 sequences of Arabidopsis thaliana, tomato and potato; the miR828 target site and TAS4 D4(-) are marked. Below the alignment the double stranded (ds) DNA sequence shows the cut TAS4 RNA with the first four phased siRNAs. (B) RNA gel blot analysis of RDR6i lines; Nicotiana benthamiana transient assay was used as a control (control: non-infiltrated leaf; RDR6i: leaf infiltrated with RDR6i construct; pBIN19RNAi: leaf infiltrated with empty vector). Radioactively labeled random probe of RDR6 amplicon and probe specific to TAS4 D4(-) were used to visualize RDR6i derived siRNAs and TAS4 D4(-). U6 was used as a loading control. (C) RLM 5′ RACE was used to identify free ends of TAS4 RNA. Arrows and numbers indicate free RNA ends with the frequency of cut points identified; the predominant cut occurs between 10/11 nucleotides of miR828.



To investigate the expression level of TAS4 D4(-), small RNA gel blot analysis was performed using the samples which were analyzed for miR828 expression. TAS4 D4(-) was easily detectable by RNA gel blot analysis and its abundance was correlated with the level of miR828 (Figure 3). In leaf, TAS4 D4(-) showed variable accumulation among the cultivars having the highest accumulation in Congo leaves similarly to miR828 (Figure 3A). However, higher expression level was found in tuber skin of cultivars with purple or red color (IVP48, Desiree and Congo), especially in Congo skin samples; TAS4 D4(-) was hardly detectable in skin tissues of DB22670 (Figure 3B). A similar accumulation level of TAS4 D4(-) was found in tuber flesh samples compared to miR828 expression. High expression level was detected in Congo tuber flesh with purple color but in DB22670, IVP48 and Desiree flesh which are either white or yellow, TAS4 D4(-) accumulated at low levels (Figure 3C). This accumulation pattern strongly suggests that miR828 can trigger the generation of the tasiRNA and TAS4 D4(-) was present in purple tissues more abundantly.

Biogenesis of tasiRNAs requires RDR6 and DCL4 (Peragine et al., 2004; Vazquez et al., 2004; Xie et al., 2005). To test whether TAS4 D4(-) generation depends on RDR6 function in potato, transgenic Desiree plants were generated using an RNAi vector expressing a hairpin construct against RDR6 (PGSC0003DMT400060673). Various RDR6i transgenic lines were obtained with different efficiency for the silencing of endogenous RDR6 (Supplementary Figure S3). The most efficiently silenced lines showed about 50% residual expression of endogenous RDR6 gene compared to empty vector transformed potato lines. The efficiency of the hairpin construct was monitored through the generation of RDR6 specific small interfering RNAs (siRNAs). Some lines (RDR6i_4, 16, 18, and 23) showed reduction of RDR6 expression; in parallel a high abundance of RDR6 specific siRNAs was detected in these plants confirming that the silencing against RDR6 is effective (Figure 4B). Transient assay in Nicotiana benthamiana was used as a control to show the efficiency of the hairpin construct; we could detect RDR6 derived siRNA only in the case of the hairpin infiltration. Having altered expression of RDR6 in Desiree lines we checked whether TAS4 D4(-) expression depends on RDR6. Small RNA gel blot analysis was performed to visualize the accumulation of TAS4 D4(-). Higher amount of TAS4 D4(-) was detected in transgenic plants where the silencing against RDR6 was weak (RDR6i_2, 5, 14, and 22). In contrast, we detected lower expression level of TAS4 D4(-) in transgenic plants where the silencing of RDR6 occurred at a high level (RDR6i_4, 16, 18, and 23); these plants showed high levels of RDR6 siRNAs but lower levels of TAS4 D4(-). These results strongly suggest that the small RNA that we detect is a tasiRNA whose generation depends on the function of RDR6.

To investigate the TAS4 transcript levels in skin and flesh tissues Real-Time Quantitative Reverse Transcription polymerase chain reaction (RT-qPCR) was performed (Supplementary Figures S4A,B). In tuber skin high level of TAS4 was detected in IVP48, Desiree and Congo cultivars. Tuber flesh of Desiree and Congo showed high levels of TAS4 transcript compared to DB22670 and IVP48. RNA Ligase-Mediated (RLM)-Rapid Amplification of cDNA Ends (RACE) was performed in order to identify the cut site of miR828 on the TAS4 transcript (Figure 4C). Several free 5′ ends of TAS4 were detected with a predominant cut at the predicted cut site (between the 10th and 11th nucleotide of miR828). This result confirms that TAS4 is processed by miR828 and is a direct target of the miRNA.

miR828 Accumulation Is Coupled With Purple Color in the Same Tuber

In the previous experiments different potato cultivars were investigated for the presence of miR828. Potato is a highly heterozygous crop; studying the genomes of 83 tetraploid cultivars it was shown that there was one single nucleotide polymorphism (SNP) in 24 base pair (bp) on average when exons were investigated and the frequency of SNPs was even higher in introns: 1 SNP per 15 bp (Potato Genome and Sequencing Consortium, 2011; Uitdewilligen et al., 2013). This suggests that there might be considerable differences in the genetic background of the cultivars we have studied. In order to decrease the confounding genetic, environmental and developmental effect we might face comparing different cultivars, we studied the expression of miR828 and TAS4 D4(-) in an advanced potato clone which was developed by conventional breeding procedures (Stushnoff et al., 2010). Clone CO05028 11P/RWP was chosen because it produces tubers with incomplete expression of tuber flesh pigmentation. Lyophilised tuber slices were used to isolate purple and white sectors of tuber flesh. The isolated material was subjected to RNA isolation and small RNA gel blot analysis was used to investigate miR828 expression level (Figure 5). We found that miR828 is expressed at a high level in the purple pigmented sectors but very low level of miR828 was detected in non-pigmented sectors. Similarly to miR828, TAS4 D4(-) was very abundant in purple sectors of tuber flesh and hardly detectable in the non-pigmented sectors. TAS4 transcript level showed similar pattern to the cultivars having high expression in the purple sectors of the flesh (Supplementary Figure S4C). These data show that high expression of miR828 is coupled with high levels of TAS4 D4(-) in the same tuber and is associated with the presence of purple tuber flesh.
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FIGURE 5. RNA gel blot analysis of small RNAs. Purple (P) and white (W) sectors of clone CO05028 11P/RWP were investigated for the presence of miR828 and TAS4 D4(-) with radioactively labeled probes specific to the small RNAs; U6 was used as a loading control. BR indicates biological replicates.



Expression of MYB Genes in Tuber Tissues

MYB genes control anthocyanin formation in plants (Jung et al., 2009; Jaakola, 2013; Rock, 2013). The expression of a MYB73-like gene (a single domain MYB transcription factor) showed strong association with purple pigmented sectors of tuber flesh in advanced potato cultivars (Stushnoff et al., 2010). The expression level of MYB73-like gene was investigated by RT-qPCR in cultivars with different tuber skin and flesh colors (Figure 6). MYB73-like transcripts showed higher accumulation levels in skin tissues of IVP48, Desiree and Congo cultivars (deep blue, red, and deep purple colors, respectively) compared to DB22670 skin (yellow color). We detected the highest expression level in Congo skin (Figure 6A). A similar association was found in tuber flesh samples; only Congo flesh has purple color and extremely high expression (>1000-fold over DB22670) was detected for the MYB73-like gene. DB22670, IVP48, and Desiree (white and yellow flesh colors) all showed low levels of MYB73-like gene expression with only IVP48 flesh showing slightly elevated expression (Figure 6B). Altogether, we found that the MYB73-like gene had higher expression in purple tuber tissues but not only in flesh but also in skin which is in line with the previous findings (Stushnoff et al., 2010).
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FIGURE 6. Expression analysis of MYB genes in cultivars. In tuber skin and flesh samples RT-qPCR was used to analyze the expression of MYB73-like (A) and (B); MYB12 (C) and (D); R2R3-MYB (E) and (F) and MYB-36284 (G) and (H) genes. Relative quantification was made to DB22670; the letters on the bars indicate significantly different expression levels of genes using Student’s T-test (p < 0.05); different letters mean significant differences between the samples.



In order to investigate the potential target genes of miR828 and TAS4 D4(-) we used psRNATarget and the potato transcriptome database to predict target RNAs (Dai and Zhao, 2011; Potato Genome and Sequencing Consortium, 2011). Predicted targets include MYB transcription factors (Supplementary Table S2) and their expression levels were investigated by RT-qPCR. MYB12 (PGSC0003DMT400018841) was predicted to be targeted by miR828 and the mRNA is degraded through cleavage. MYB12 showed the highest accumulation level in DB22670 skin tissues (yellow) (Figure 6C). We found decreased expression levels in IVP48 (deep blue), Desiree (red) and Congo (deep purple) skin; lower MYB12 expression is associated with anthocyanin accumulation and higher expression of miR828 (Figure 2B). In tuber flesh MYB12 showed higher expression levels in DB22670 and IVP48 which have white flesh (Figure 6D). In contrast, Desiree and Congo flesh has lower amounts of MYB12 transcript. Interestingly, Desiree has yellow flesh color and low amount of miR828 accumulates in flesh but it contains as low a level of MYB12 as the purple Congo flesh. The inverse expression levels of miR828 and MYB12 might suggest that miR828 can target MYB12.

Another predicted target of miR828 is an R2R3-MYB transcription factor (PGSC0003DMT400029235). The expression level of R2R3-MYB gene showed higher levels in DB22670 and Desiree skin (yellow and red colors, respectively) (Figure 6E). Compared to their expression, R2R3-MYB has lower expression in IVP48 and Congo skin samples (deep blue and purple). Although, miR828 expression was higher in Desiree skin (red color) (Figure 2B), R2R3-MYB expression was as high in Desiree skin as in DB22670 skin samples (yellow). In flesh tissues, R2R3-MYB showed different expression levels compared to skin samples; differential expression was only found between DB22670 and Congo (yellow and purple colors, respectively) (Figure 6F). Congo flesh tissue showed the lowest expression level of R2R3-MYB which is purple compared to flesh samples of DB22670 (yellow), IVP48 (white), and Desiree (yellow). It is notable that there is an increased expression of R2R3-MYB in IVP48 and Desiree flesh samples but it is not significantly different compared to Congo flesh. The accumulation levels of miR828 and R2R3-MYB suggest that there is a possibility that miR828 could target R2R3-MYB.

It is predicted that TAS4 D4(-) can also target an unannotated MYB transcription factor (PGSC0003DMT400036284, named as MYB-36284 in this study) in potato. Its closest ortholog in A. thaliana is MYB113 (AT1G66370) which regulates the anthocyanin biosynthesis pathway and is targeted by miR828 and TAS4 D4(-) as well (Luo et al., 2012). The expression level of MYB-36284 was investigated by RT-qPCR in skin tissues (Figure 6G) and was found to be similar in DB22670 (yellow) and IVP48 (deep blue) skin samples. Elevated expression was detected in Desiree (red) and Congo (deep purple) skins, being significantly lower in Congo compared to Desiree. A similar expression level of MYB-36284 was found in flesh tissues having significantly higher expression in Desiree flesh (yellow) only compared to DB22670 (yellow), IVP48 (white) and Congo (purple) flesh samples (Figure 6H). Although, the expression pattern between TAS4 D4(-) and MYB-36284 does not support miRNA directed regulation (no inverse correlation) we cannot exclude the possibility that the tasiRNA can target MYB-36284.

Investigating the purple and white sectors of the CO05028 11P/RWP clone we found that MYB73-like gene expression level is much higher in the purple tuber flesh sectors compared to the white ones similar to the expression levels detected in the cultivars (Figure 7A). This is in line with previous findings (Stushnoff et al., 2010). MYB12 transcription factor showed high variation among the white sector samples but the expression of the gene was not significantly different compared to the purple sectors of the tubers (Figure 7B). In contrast, R2R3-MYB had significantly lower levels in purple sectors compared to the white tissues of the same tubers (Figure 7C) similar to the cultivars where R2R3-MYB showed lower expression in purple tissues (Figures 6E,F). MYB-36284 does not show differential expression between the white and purple sectors of the tubers (Figure 7D). Altogether, we found similar patterns of the investigated small targets in white and purple sectors of the same tubers but with some differences compared to the cultivars.
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FIGURE 7. Expression analysis of MYB genes in the same tuber. Purple and white sectors of CO05028 11P/RWP were used to analyze the expression of MYB73-like (A); MYB12 (B); R2R3-MYB (C); and MYB-36284 (D) genes in tuber flesh. Relative quantification was made to white sector samples; the letters on the bars indicate significantly different expression levels of genes using Student’s T-test (p < 0.05); different letters mean significant differences between the samples.



MYB Transcription Factors Are Direct Targets of Small RNAs in Potato

To investigate whether the predicted MYB transcription factors are direct targets of miR828 and TAS4 D4(-), RNA Ligase-Mediated (RLM)-Rapid Amplification of cDNA Ends (RACE) was performed using Congo skin samples. The free end of the R2R3-MYB mRNA was found and mapped back to one point of the mRNA (Figure 8A). The cut site was identified to the position where the miRNA cut usually occurs, between the 10/11 nucleotide positions of miR828 confirming that the R2R3-MYB mRNA is a direct target of miR828. A similar result was obtained for the MYB-36284 transcript. The free end of the mRNA was found using RLM 5′ RACE which was mapped to the canonical cut site for the small RNA between the position of 10/11 nucleotides (Figure 8B). This finding confirms that MYB-36284 mRNA is subjected to nuclease activity and it is a direct target of TAS4 D4(-). Although attempted several times, we could not identify free ends of MYB12 using RLM 5′ RACE which indicates that this mRNA might not be a direct target of miR828.
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FIGURE 8. Identification of free 5′ ends of target RNAs. RLM 5′ RACE was used to identify free ends of R2R3-MYB (A) and MYB-36284 (B) mRNAs. Arrows and numbers indicate free RNA ends with the frequency of cut points identified; the cut occurs between 10/11 nucleotides of the small RNAs (canonical cut site).



DISCUSSION

Anthocyanins are health promoting bioactive compounds having increasing importance in human diet. The presence of anthocyanins could make fruits, tubers and other products more attractive for consumers and increases their values. The biosynthetic pathway and the genetic regulation of anthocyanin production are relatively well known but there is a gap in our understanding of the post-transcriptional regulation of anthocyanin biosynthesis. In this study, we investigated the role of short non-coding RNAs regulating MYB transcription factors of anthocyanin production and found a strong association between the presence of specific small RNAs and purple color in potato tuber skin and flesh. miR828 in potato has been characterized for the first time and we show that it initiates the production of tasiRNAs in different tissues increasing our knowledge of the fine regulation of gene expression at post-transcriptional level in this important crop. Additionally, we determined direct targets of the small RNAs which could be candidate genes for future potato improvement contributing global food security around the world.

Small RNA Target Sites Are Conserved for miR828 and TAS4 D4(-)

Potato is a highly heterozygous plant having a high frequency of SNPs in exons and introns (Uitdewilligen et al., 2013). Additionally, many cultivars are tetraploid making it more difficult to conduct genetics and molecular biology studies (Potato Genome and Sequencing Consortium, 2011). Performing experiments in potato, we always have to consider that there is a possibility of having many different alleles of the same genes. This diversity emphasizes the importance of the role of small RNA directed gene regulation which can generally target many alleles of the same gene. However, this regulation needs the regulatory (target) sites to be conserved in order to establish small RNA directed gene silencing (Jones-Rhoades, 2012). We have performed expression analysis of chosen target genes in order to determine their steady-state levels in tuber skin or flesh tissues (Figures 6, 7). However, it is essential to know whether the small RNAs can direct post-transcriptional processing of their target genes at the predicted small RNA binding sites. To investigate the nucleotide composition of target sites we have performed sequencing of the PCR amplicons to detect any SNPs which might occur in the small RNA cut sites in all the investigated cultivars (Supplementary Figure S5). The lack of SNPs was verified in all cultivars for all of the genes which were investigated showing that the small RNA recognition sites are conserved among these plants (data not shown) and allows the action of effector complexes. This finding further supports the idea that the small RNA regulation of the investigated MYB transcription factors is conserved and could influence regulators of the anthocyanin biosynthesis pathway.

Anthocyanin Level Correlates With Small RNA Expression

Model plants and crops including members of the Solanaceae family were investigated for anthocyanin content (Holton and Cornish, 1995; Dhar et al., 2015). Although, in arabidopsis it was found that the anthocyanin content of plants over-expressing miR828 was decreased and its target genes repressed (Yang et al., 2013) we found in potato that increased miR828 and TAS4 D4(-) levels are associated with anthocyanin accumulation in tuber skin and flesh tissues (Figure 3). Similar results were found in A. thaliana when exogenous sucrose and glucose were provided to seedlings (Luo et al., 2012). Increased sucrose level had a positive effect on TAS4 D4(-) expression and in parallel increased anthocyanin accumulation was observed in plants similar to our observation that the high levels of TAS4 D4(-) is associated with high levels of anthocyanins in tuber skin and flesh. miR156 targets SPL9 in A. thaliana which negatively regulates anthocyanin production (Gou et al., 2011). Anthocyanins accumulate to the highest level at the junction between rosette and stem. High miR156 level promotes anthocyanin biosynthesis through the negative regulation of SPL9 gene because SPL9 can destabilize the MYB-bHLH-WD40 transcriptional activation complex. These examples show that small RNAs can target negative regulators of anthocyanin biosynthesis ultimately influencing the production of bioactive compounds.

Negative Regulators of Anthocyanin Biosynthesis

A conserved network of activators and repressors regulating anthocyanin pigmentation was identified in eudicots highlighting the complexity of this biosynthetic pathway (Albert et al., 2014; Smita et al., 2015). In our study we have investigated the expression levels of MYB73-like gene as a positive regulator of anthocyanin synthesis; its expression correlated well with the presence of anthocyanins (Figures 6, 7). However, it is not well known how the interaction of activators and repressors can contribute to the final color appearance. Our study dissects the role of repressors of anthocyanin biosynthesis contributing to the understanding of the balance of these factors. Repressors are especially important to fine-tune the production of anthocyanins. In petunia it was found that MYB27, an R2R3-MYB transcription factor, is an anthocyanin repressor (Albert et al., 2014). Over-expressing MYB27 reduced the pigmentation of petunia flowers. MYB27 targets both the anthocyanin pathway genes and basic-helix-loop-helix (bHLH) ANTHOCYANIN1 (AN1) which is an essential component of the MYB-bHLH-WD repeat (MBW) activation complex. In the model legume Medicago truncatula MYB2 was shown to be a repressor of anthocyanins and proanthocyanidins (Jun et al., 2015). Over-expression of MYB2 reduced anthocyanin accumulation in M. truncatula hairy roots and A. thaliana seeds. Additionally, myb2 mutant seedlings displayed expanded anthocyanin deposition in seedlings and flowers indicating a repressor function of MYB2 in anthocyanin production. In Trifolium repens Tr-MYB133 and Tr-MYB134 were identified as R2R3-MYB repressors of anthocyanin production (Albert, 2015). Interestingly, they do not prevent ectopic accumulation of anthocyanins and proanthocyanidins and they are expressed when these molecules are synthesized. These genes are regulated by MBW complexes and provide feedback regulation for the same complexes establishing a feedback regulatory network in legumes. In tetraploid potato cultivars R2R3-MYB transcription factors were extensively studied (Liu et al., 2016). StMYB113 and StMYBA1 were highly expressed in white tuber skins and lower expression levels in red or purple tissues. Several alleles of these genes were identified and functional analysis in tobacco leaves confirmed that the presence of a C-terminal 10-amino acid motif is important for activating anthocyanin accumulation suggesting a positive role of these genes in anthocyanin production. However, some variants of these genes were well expressed even in the absence of pigmentation which may be due to non-functional version of the proteins or inhibitory effect on anthocyanin production.

In this study we found that miR828 and TAS4 D4(-) are highly expressed in pigmented tissues of potato tubers (Figure 3) which implies opposite functions of their target genes in tissue color formation, being probably negative regulators. The small RNAs showed the same pattern not only in different cultivars but in white and purple sectors of the same tubers (Figure 5). At the same time the investigated targets of miR828 showed inverse correlation to the miRNA (Figures 6, 7) suggesting that the reduction of the expression of MYB12 and R2R3-MYB might influence anthocyanin accumulation in both skin and flesh tissues. This expression pattern strongly suggests a negative role for these genes in anthocyanin production/accumulation being probably a repressor of pigmentation similarly to the MYB repressors which were discussed previously (Albert et al., 2014; Smita et al., 2015). MYB-36284 is a direct target of TAS D4(-) (Figure 8). We could not detect differential expression of MYB-36284 in pigmented and non-pigmented tissues either in cultivars or in the differentially pigmented sectors of the same tuber (Figures 6, 7). But it is highly possible that the tasiRNA regulation of the gene is important to keep MYB-36284 expression at the level which can fulfill the role of the gene. During tomato fruit ripening it was shown that about half of the investigated miRNA-mRNA expression does not match the expected inverse correlation (Lopez-Gomollon et al., 2012). The reason detecting different small RNA levels and similar accumulation of MYB-36284 in the same tissues could be that this process is spatio-temporally regulated. During tissue development and anthocyanin production/accumulation it might be that MYB-36284 has an important role and its expression level is changed according to the biosynthetic pathway. Also, the fine regulation of MYB-36284 by TAS4 D4(-) might be an important component to establish the balance between positive and negative regulators of anthocyanin biosynthesis.

This study explores the role of post-transcriptional regulation of gene expression in tissue color formation in potato and is summarized in Figure 9. Our results suggest the existence of the balance between activators and repressors of anthocyanin biosynthesis which is influenced by a newly identified level: not only the orchestration of transcription plays a crucial role but the expression levels of negative regulators are fine-tuned via small RNA regulation. In order to clarify the role of miR828 and TAS4 D4(-) in anthocyanin production further studies must be performed. In RDR6i transgenic Desiree lines we could not detect color change of tuber skins and flesh (data not shown). This indirectly indicates that TAS4 D4(-) might not be involved in anthocyanin regulation but to decide this TAS4 D4(-) over-expression and depletion studies must be performed. Similarly, miR828 could be over-expressed in cultivars with white skin and flesh or depleted in potato plants bearing purple/red tubers in order to prove the direct role of miR828 in anthocyanin regulation. Moreover, the role of the investigated MYB genes could be studied via a transgenic approach taking into account the small RNA regulation; small RNA cleavage resistant versions of mRNAs could be over-expressed or the genes could be silenced via different approaches to shed light on their role in anthocyanin biosynthesis.
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FIGURE 9. Summary of the findings for small RNA directed gene regulation of anthocyanin biosynthesis in potato. Purple tuber skin and flesh tissues show high levels of miR828 and TAS4 D4(-) and reduced expression of MYB genes (R2R3MYB, MYB-36284). The down-regulation of anthocyanin biosynthesis inhibitors results in the appearance of purple color. In contrast, white and yellow tissues have low accumulation levels of small RNAs allowing higher expression of MYB genes (R2R3MYB, MYB-36284). High levels of MYB transcription factors inhibits anthocyanin biosynthesis in skin and flesh tissues resulting in white or yellow color formation. Other, yet unknown factors might influence color development regulated directly or indirectly by small RNAs represented as a triangle.



MATERIALS AND METHODS

Plant Material

Solanum tuberosum L. ‘Desiree’ and ‘Congo’ cultivars, DB22670 and IVP48 (Wilkinson et al., 1995) (S. tuberosum group Phureja) were used for the experiments. Plants were propagated from seed tubers for 8 weeks in a glasshouse under LD (16 h light/8 h dark) conditions in 38 cm wide pots. Leaves (2–6 from shoot) were collected together; tubers were harvested 4 months after planting, skin tissues were collected separately from flesh using three tubers from the same plant as one biological replicate.

Generation of RDR6i Lines

The sequence of potato RDR6 (PGSC0003DMT400060673) was used to amplify a 330 nt long region of RDR6 in Desiree. The Gateway cloning system was used with primers having appropriate sequence (Supplementary Table S3) in order to clone the fragment into pDONR207 using BP clonase II (Invitrogen, United States). The cloned RDR6 sequence was confirmed by Sanger sequencing and cloned into the pBIN19RNAi vector using LR Clonase II Enzyme mix according to the manufacturer’s instruction (Invitrogen, United States). The AGL1 strain of agrobacterium was used to generate transgenic S. tuberosum L. ‘Desiree’ lines expressing the hairpin construct using standard transformation procedures (Millam, 2007). Kanamycin was used as a selection marker to establish RDR6i lines. The expression of the endogenous RDR6 gene was studied using primers (Supplementary Table S3, RDR6_UPL) outside of the region which was used to generate the hairpin. UPL Probe #42 was used with the following conditions for amplification: 10 min denaturation at 95°C followed by 40 cycles of 15 s at 95°C, 60 s at 60°C. For more details of PCR amplification, please see Quantitative RT-PCR description.

For transient assay, 3 weeks old N. benthamiana plant were used and infiltrated with the RDR6i construct and empty vector (pBIN19RNAi) as it was described in Wypijewski et al. (2009). Total RNA was extracted and small RNAs were analyzed as it is described below.

Bioinformatics Analysis of Small RNAs

Total RNA for small RNA library preparation was made using the Plant/Fungi Total RNA Purification Kit (Norgen Biotek, Canada) according to the manufacturer’s suggestion. Small RNA library preparation and sequencing was performed by BaseClear (Netherlands); the libraries were sequenced using HiSeq2000 as single end, short (36 cycles) reads. Bioinformatics analysis of small RNAs including miRNA prediction was performed as described in Zhang et al. (2013). Secondary pre-miRNA structure of miR828 was predicted by Mfold and the lowest free energy is shown in Figure 1 (Zuker, 2003). Target RNA prediction of miR828 and TAS4 D4(-) was performed using psRNATarget online software (V1 scoring schema, 2011 release) (Dai and Zhao, 2011). The description of parameters used for psRNATarget prediction is described in Zhang et al. (2013).

RNA Analysis and Identification of miRNA Cut Sites

Total RNA was extracted from leaf, tuber skin and flesh material using TRI Reagent (Sigma-Aldrich, United States) according to the manufacturer’s instructions.

For RNA gel blot hybridization of small RNAs total RNA (10 μg for leaf, 5 μg for skin and flesh tissues) was separated by 15% polyacrylamide (19:1) gel with 8 M urea and 1 × MOPS (20 mM MOPS/NaOH, pH7) buffer. RNA markers (Decade RNA markers, Ambion, United States) were end labeled by 32γ-ATP according to the manufacturer’s instructions. RNA was blotted onto Hybond-N membrane (Amersham, GE Healthcare, United Kingdom) using a PantherTM Semi-dry Electroblotter, HEP-1 (Thermo Scientific Owl Separation Systems, United States) and cross-linked by N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC, Sigma-Aldrich, United States) (Pall et al., 2007). DNA oligos (20 pmol) were end-labeled by 32γ-ATP using T4 polynucleotide kinase (NEB, United States) to visualize miRNAs. For sequences see Supplementary Table S3. Hybridization was performed in PerfectHybTM Plus Hybridization Buffer (Sigma-Aldrich, United States). After overnight incubation at 37°C, the membrane was washed twice in 2X SSC and 0.1% SDS for 15 min at 37°C. After washing, membranes were exposed to a phosphorimager plate and signals were detected by the FLA-7000 Fluorescent Image Analyzing System and Aida Image Analyzer software (Fujifilm, United States). To visualize RDR6 derived siRNAs, random DNA probe was prepared using the fragment which was used to clone the RNAi construct by Prime-a-Gene® Labeling System (Promega, United States) according to the manufacturer’s instruction. The probe was used as described above.

For the identification of miRNA cut sites, RNA Ligase-Mediated (RLM)-Rapid Amplification of cDNA Ends (RACE) was performed using the GeneRacer kit (Invitrogen, United States) according to the manufacturer’s instructions. 5′ RNA oligo was ligated to mRNAs which was isolated using 130 μg total RNA originating from Congo skin tissue with PolyATtract mRNA Isolation Systems (Promega, United States) according to the manufacturer’s instructions. Platinum Taq polymerase (Invitrogen, United States) was used for the amplification of genes with kit primers and gene specific primers (Supplementary Table S3); isolated DNA fragments were ligated into pGEM-T Easy vector system (Promega, United States) for sequence analysis. Sequencing was performed using ABI 3730 DNA Analyzer (Applied Biosystems, Thermo Fisher Scientific, United States) and CLC main workbench (Qiagen, United States) was used for the analysis of the results.

Quantitative RT-PCR

One microgram of total RNA was used to prepare cDNA in a reverse transcription reaction (MMLV, Promega, United States) according to the manufacturer. Three technical replicates of each three biological replicates were used in subsequent Real-Time Quantitative Reverse Transcription polymerase chain reaction (RT-qPCR) reactions using FastStart Universal Probe Master with Rox (Roche Diagnostics, Switzerland) for the control gene: StEF1a with probe #117. The Universal Probe Library system was used to design primers; its description and the details of RT-qPCR are described in Campbell et al. (2014). A StepOnePlus Real-Time PCR System (Applied Biosystems, Thermo Fisher Scientific, United States) was used for amplification with the following conditions: 10 min denaturation at 95°C followed by 40 cycles of 15 s at 95°C, 60 s at 59°C. PCR primer sets were designed flanking the miR828 recognition sites on the target mRNAs using Primer3 (Untergasser et al., 2012). RT-qPCR reactions were performed using Precision Fast 2xqPCR Mastermix with ROX (PrimerDesign, United Kingdom) with 2 min denaturation at 95°C followed by 40 cycles of 5 s at 95°C, 5 s at 58°C and 10 s at 72°C. Data was analyzed as described in Hornyik et al. (2010). For the expression analysis of target genes primers were designed flanking the miRNA cut region. The PCR amplicons of the studied genes were confirmed by sequencing using pGEM®-T Easy vector system (Promega, United States) and Sanger sequencing at the Genome Technology facility of The Hutton. The details of genes and primers are in Supplementary Table S3.

Total Polyphenol and Anthocyanin Extraction and Analysis

Tuber skin and flesh tissues were sliced, frozen in liquid nitrogen, homogenized later using pestles and mortals under liquid nitrogen and aliquots were freeze-dried for downstream analysis.

For analysis, 100 ± 5 mg of freeze-dried potato powder was extracted with 2.5 ml of 50% (v/v) aqueous acetonitrile containing 0.2% formic acid in a blood rotator for 30 min in the dark at 4°C (Stushnoff et al., 2010). Tubes were centrifuged (2500 g for 10 min at 4°C) and the supernatant decanted. The extraction procedure was repeated on the residue. The combined supernatants were assayed for phenol content using the Folin and Ciocalteu method and the differential colorimetric method for anthocyanins (Deighton et al., 2000). Subsamples (1 mL) were dried using a Speed-Vac and re-suspended in 500 μl of 5% acetonitrile for liquid chromatography–mass spectrometry (LC–MS) analysis.

Samples were analyzed on an LCQ-Deca system, comprising Surveyor autosampler, pump, and photodiode array detector (PDAD) and a Thermo ion-trap mass spectrometer (Thermo Fisher Scientific, San Jose, CA, United States). The PDAD scanned discrete channels at 280, 365, and 520 nm. The samples were applied to a C18 column (Synergi Hydro C18 with polar endcapping, 2.0 mm × 250 mm, Phenomenex Ltd., Macclesfield, United Kingdom) and eluted using a linear gradient of 5% acetonitrile (0.1% formic acid) to 40% acetonitrile (0.1% formic acid) over 30 min at a rate of 200 μL/min. The LCQ-Deca LC–MS was fitted with an ESI (electrospray ionization) interface and analyzed the samples in positive and negative ion modes. There were two scan events; full scan analysis followed by data-dependent MS/MS of the most intense ions using collision energies (source voltage) of 45%. The capillary temperature was set at 250°C, with sheath gas at 60 psi and auxiliary gas at 15 psi. Peaks were identified by comparing their relative retention times, PDA spectra and mass-to-charge ratio (m/z) and MS2 properties with previous reports (Fossen et al., 2003; Eichhorn and Winterhalter, 2005; Stushnoff et al., 2008, 2010; Oertel et al., 2017) or, where available, against standard compounds (e.g., chlorogenic acid, tyrosine, and phenylalanine). Although not quantitative, this approach gives valid relative comparisons of the components between different samples or treatments. Samples were also run at 50% dilution to check that the relative amounts of the components were consistent.

Statistical Analysis

Quantitative RT-PCR data was analyzed as described in Hornyik et al. (2010). Fold change in expression was calculated relative to DB22670 or the white sectors of clone CO05028 11P/RWP using StEF1a (PGSC0003DMT400059830) mRNA as a reference. Pairwise Student’s t-test (p < 0.05) was used to determine statistically different expression levels of the investigated genes; different letters on the RT-qPCR graphs show significantly different expression levels of genes. Total polyphenol and anthocyanin content (TPC and TAC, respectively) were statistically analyzed to compare samples; pairwise Student’s T-test (p < 0.05) was performed to show the significant differences between skin or flesh tissues. Components of anthocyanins were quantified by their m/z peak areas calculated using the software provided with the instrument and expressed as average ± standard errors.
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