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Abstract: Eucommia ulmoides ‘Hongye’ is a new ornamental variety of E. ulmoides with excellent red or purple foliage. We found that E. ulmoides ‘Hongye’ exhibited a gradual change from green to red colour under light conditions. However, the colouring mechanism in the leaves of E. ulmoides ‘Hongye’ remains unclear. In this study, we compared the pigment content and leaf colour index of E. ulmoides ‘Hongye’ at five stages with those of E. ulmoides ‘Xiaoye’, which was used as the control variety. The transcriptome sequencing data of the first-period (H1, green) and fifth-period (H5, red) leaves were also analysed and compared. The corresponding gene regulation in anthocyanin-related metabolic pathways was then analysed. Physiological results indicated that the contents of flavonoids and anthocyanins in red leaves (H5) were significantly higher than those in green leaves (H1), whereas the chlorophyll content in red leaves (H5) was lower than that in green leaves (H1). Moreover, the carotenoid content did not significantly differ between the two varieties. A transcriptome analysis identified 4240 differentially expressed genes (DEGs), and 20 of these genes were found to be involved in flavonoid and anthocyanin biosynthesis pathways. The results provide a reference for further study of the leaf colouration mechanism in E. ulmoides.
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1  Introduction

As one of the main features of ornamental plants, the leaf colour is attributed to various pigment types, such as chlorophylls, carotenoids, and anthocyanins. Chlorophyll is the main component of green leaves, and anthocyanins are a class of flavonoid pigments that provide species-specific red, blue or purple colours in many plant organs and tissues [1]. The relative amounts of chlorophyll and anthocyanin are the main factors influencing leaf colour [2]. In most species, the colouration of plant tissues is caused by the accumulation of anthocyanin pigments in the vacuoles of epidermal cells. The final colouration of the anthocyanin pigments is dictated by the pH of the anthocyanin-localized vacuoles [3,4], and blue and red colours are observed at neutral and acidic pH values, respectively [5,6].

In addition to providing characteristic colours, anthocyanins are of great physiological significance to plants because they may prevent excessive ultraviolet light and thereby protect plants under extreme temperatures and counteract biotic stress [7]. Increasing studies on the structural genes that control anthocyanin synthesis have been performed in recent years, and transcriptomic studies aiming to mine the structural genes and transcription factors (TFs) of anthocyanin synthesis are continuously being performed. For example, the transcriptome results of black persimmon peel at three periods (namely, when the peel is fully green, beginning to change colour, and exhibits a complete colour change), have indicated that the colour of the black persimmon peel is the effect of anthocyanins and their derivatives. During this colour conversion process, the expression of genes that determine pigment synthesis, such as UF5GT, increased significantly, whereas the leucoanthocyanidin reductase LAR enzyme gene do not show differential expression [8]. In addition, a large number of studies have investigated colour formation in the fruits and peels of commercial crops, such as grapes, kiwis, and red pears [9–11], and the process of colour formation in chrysanthemums and tulips [12].

The anthocyanin biosynthetic pathway, which determines anthocyanin deposition, is largely conserved among different plant species, and genes associated with this pathway have been well characterized [13]. Enzyme genes that control anthocyanin synthesis are usually divided into upstream and downstream gene groups. The upstream genes include CHS, CHI, F3H, F3′5′H and other enzyme genes, and the downstream gene group includes DFR, ANS, GT, AT and MT and other enzyme genes [14]. Notably, the structural genes in the anthocyanin biosynthetic pathway are transcriptionally coregulated via three distinct TFs, i.e., R2R3 MYB, basic helix-loop-helix (bHLH) and WD40 repeat proteins [MBW complex] [15,16].

Eucommia ulmoides is an economically important tree species and an ideal urban greening and ornamental landscape species that is widely distributed in China. E. ulmoides ‘Hongye’, which has red and purple leaves, is an excellent ornamental variety selected by the Non-timber Forest R&D Center, Chinese Academy of Forestry. Previous studies have indicated that the anthocyanin content in E. ulmoides ‘Hongye’ leaves is 2.2- to 3.5-fold higher than that in leaves of common Eucommia [17,18]. However, the mechanism regulating the higher anthocyanin content in E. ulmoides ‘Hongye’ leaves has not been studied and remains unaddressed.

In this study, we analysed the transcriptome, leaf structure and pigment content of E. ulmoides ‘Hongye’ (red and purple foliage) and E. ulmoides ‘Xiaoye’ (green foliage) using comparative transcriptomics and well-established physiological assays. The objective of this study was to discover differentially expressed genes (DEGs) and TFs associated with anthocyanin accumulation to reveal the mechanisms of pigment accumulation in the two varieties.

2  Materials and Methods

2.1 Plant Materials and Sample Leaf Collection

In this study, three-year-old E. ulmoides ‘Xiaoye’ and E. ulmoides ‘Hongye’ grafted seedlings were used as the objects (all the rootstocks were common Eucommia ulmoides). E. ulmoides ‘Xiaoye’ and E. ulmoides ‘Hongye’ are both clones obtained through seed breeding methods in Luoyang, Henan. All the samplings were preserved in the experimental base at Yuan Yang County, Henan Province, China (34°55.30′~34°56.45′N; 113°46.24′~113°47.59′E). The annual average temperature is 14.43°C; the annual precipitation is 565.2 mm; the frost-free period is 224 days; the soil is sandy with an organic matter content of 1.04%; the total nitrogen content is 0.097%; the available phosphorus content is 21.27 mg ∙ kg−1; and the available potassium content is 123.04 mg ∙ kg−1.

Under the same growth conditions, 3 plantlets of each variety were selected for leaf sample collection. Each tree contained five typical leaves (from top to bottom, the corresponding ages of these 1–5 leaves were 6, 14, 22, 30, and 38 days, respectively). The sample leaves were numbered as follows: the E. ulmoides ‘Hongye’ leaves were sequentially numbered as H1, H2, H3, H4, and H5, and the E. ulmoides ‘Xiaoye’ leaves were sequentially numbered as G1, G2, G3, G4, and G5.

Half of the samples were immediately frozen in liquid nitrogen. Subsequently, RNA was extracted, and transcriptome sequencing was performed. The other half of the leaves were used for measuring the leaf colour differences and determining the pigment and anthocyanin contents.

2.2 Measurement of the Leaf Colour Difference

The L (lightness), a* (redness) and b* values (yellowness) were measured using a CR2500 colour difference metre (MINOLTA, Japan). For each plantlet, 5 leaves were used for measuring these indexes. In each blade, 10 points were randomly selected, and the vein was carefully avoided. The leaf colour index was calculated using the following equations [19]:


colourindex=(180−h∘)/(L+C∗)
(1)


C∗=(a2+b2)/2
(2)


h∘=tan−1(b∗/a∗)
(3)

where C* is the colour saturation and h° is the hue angle.

2.3 Measurement of the Photosynthetic Pigment Content

The photosynthetic pigment content was determined using the Fadeel method [20]. Approximately 0.10 g (accurate to 0.01 g) of the leaves was weighed after the veins were cut and centrifugation of the resulting sample with 10 mL of 90% acetone at 4000 rpm. The supernatant was used to measure the absorbances at 445, 644 and 662 nm. The complete protocol was repeated with five technical and three biological replicates. The following acronyms were used: chlorophyll a content (Ca), chlorophyll b content (Cb), total chlorophyll content (CT), and carotenoid content (CCar).


Chlorophyllacontent(mg⋅g−1):Ca=(9.78  × A662 − 0.99 × A644)V/(W×1000)
(4)


Chlorophyllbcontent(mg⋅g−1):Cb=(21.40×A644−4.65×A662)V/(W×1000)
(5)


Totalchlorophyllcontent(mg⋅g−1):CT=Ca+Cb
(6)


Carotenoidcontent(mg⋅g−1):CCar=(4.69×A445)V/(W×1000)−0.27×(Ca+Cb)
(7)

In these equations, A is the absorbance at a certain wavelength, C is the pigment concentration (mg · g−1), V is the volume of the extraction solution (mL), and W is the fresh weight of the sample (g).

2.4 Histological Analysis

Freehand sections of leaf cross sections were prepared and observed to determine the accumulation of anthocyanin pigments without staining. Images were captured using a microscope (CHB-213, Olympus, Tokyo, Japan) and camera (DCM900, Oplenic, Hangzhou, China) and were observed with a 40× objective lens.

2.5 Determination of the Anthocyanin Contents in Leaves

The anthocyanin content was determined using Rabino’s method with the following modifications [21]. Fresh leaves were washed with water and accurately weighed to 0.10 g (accurate to 0.01 g). Ten millilitres of 1% HCl methanol solution was then added to the leaves, and the vials were maintained at 32°C for 5 h in a shaking incubator. The 1% HCl methanol solution was diluted five times and used as a test solution. The absorbances at 530 and 657 nm were determined using 1% HCl methanol solution as the control. The same procedure was repeated five times, and the average from three absorbance values at the same wavelength was calculated. The carotenoid component was measured by high-performance liquid chromatography, and the total carotenoid and flavonoid contents were determined using a UV-1800 spectrophotometer. The obtained data were analysed using SPSS software (version 20.0; SPSS Inc., Chicago, IL, USA). Three biological replicates of each sample were evaluated.


Anthocyanincontent(mg⋅g−1):CA=(A530−0.25×A657)V/(W×1000)
(8)

2.6 RNA Extraction and cDNA Library Preparation

Total RNA was extracted using the TRIzol reagent (Invitrogen, USA) according to the manufacturer’s instructions. The RNA concentration and integrity were quantified using a Qubit 2.0 fluorometer (Life Technologies, CA, USA) and an Agilent Bioanalyser 2100 system (Agilent Technologies, CA, USA), respectively. Total RNA with sufficiently high concentration and integrity values was used for cDNA library construction and test analysis. Eukaryotic mRNA was enriched with Oligo magnetic beads (dT). Fragmentation buffer was used to break the mRNA into short fragments. Using mRNA as the template, the first cDNA strand was synthesized with random hexamers, and buffer, dNTPs, RNase H and DNA polymerase were then added to synthesize the second fragment. The cDNA strand was subjected to end repair after purification using a QIAquick PCR kit and elution with EB buffer. Poly(A) was added, and the sequencing linker was ligated. The fragment size was selected by agarose gel electrophoresis, and PCR amplification was performed. The constructed library was sequenced using the Illumina HiSeq™ 2000 system.

2.7 Illumina Deep Sequencing and Data Analysis

Two cDNAs from H1 and H5 were selected for transcriptome sequencing. The constructed cDNA library was sequenced using an Illumina HiSeqTM 2000 sequencing platform (Illumina, San Diego, CA, USA). The Illumina platform converted the sequenced image signal into a text signal through CASAVA base calling and stored it in ‘fastq’ format as raw data. The data from each sample were differentiated according to the index sequence for subsequent analysis. The fastx toolkit (v0.0.14) was used for sequencing-related quality assessment of the original sequencing data of each sample. Perl scripts were used to remove low-quality reads, such as adaptor sequences, and reads with less than 10% unknown nucleotides from the raw reads. Clean reads filtered from the original reads were mapped to the Eucommia reference genome (https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA357336) using HISAT v2.0.4 software with the default parameters [22,23]. The read counts for each gene were calculated using HTSeq v0.6.1, and the gene expression level was estimated as the value of fragments per kilobase of transcript per million mapped reads (FPKM) [24,25]. The FPKM method was used to analyse the gene expression patterns in both types of libraries.

2.8 Identification and Functional Analysis of DEGs

To identify genes showing differential expression between the H1 and H5 cDNA libraries, the DESeq R package (version 1.18.0) was used in this study to identify DEGs from gene expression data using a model based on a negative binomial distribution [26]. To control the false discovery rate, the P-value obtained from DESeq was adjusted using the Benjamini method. Based on the control gene threshold value, a P-value < 0.05 was considered to indicate differential expression. The identified DEGs were used for Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses. The GO enrichment analysis of DEGs was performed using the GOseq R package. The functions of DEGs were categorized according to the GO database using the Blast2GO software suite. GO terms with a correction value of P < 0.05 were considered to indicate significant enrichment of DEGs. To further elucidate the biological functions of DEGs, these genes were assigned to different pathways in the KEGG database. The statistical enrichment of DEGs in the KEGG pathways was then tested using KOBAS software [27,28]. The DEG annotations were retrieved from the Eucommia genome annotation project.

2.9 Quantitative Real Time PCR (qRT PCR) Validation

The expression levels of DEGs in different samples were verified by qRT-PCR. Online software was used for primer design, and the primer sequences are listed in Table S1. The actin (Unigene0020006) gene was used as an internal standard gene. qRT-PCR was performed using SYBR Green Master Mix and a CFX96 real-time system (Bio-Rad, USA) with the following conditions: denaturation at 95°C for 3 min and 40 amplification cycles (95°C for 30 s, 60°C for 30 s, and 72°C for 30 s). The above-described analysis was used as a negative control, and three technical repetitions of each sample were used. The 2−ΔΔCT method was used to calculate the relative expression level of DEGs.

3  Results

3.1 Histological Observation of Leaves

The adaxial surface of E. ulmoides ‘Hongye’ leaves gradually turned dark red during growth, whereas the abaxial surface remained green. However, the leaves of E. ulmoides ‘Xiaoye’ were completely green, and the dorsal lamina was slightly darker than the ventral lamina. A microscopic analysis showed that both red and green cells were found on the dorsal surface of E. ulmoides ‘Hongye’ leaves during leaf growth, whereas red cells were only observed on the leaves of E. ulmoides ‘Hongye’. Hand slicing showed that the upper epidermis and veins of the two varieties were transparent. Moreover, the palisade tissue of E. ulmoides ‘Xiaoye’ remained green throughout its growing period. However, the E. ulmoides ‘Hongye’ palisade tissue gradually deepened and became red after approximately fourteen days of growth (Figs. 1A and 1B). No chlorophyll or anthocyanin was detected in the upper epidermis or veins of E. ulmoides ‘Hongye’ leaves.
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Figure 1: Physiological experiment results. (A) Colour change of Eucommia ulmoides leaves during growth and microscopic sections. (B) Colour change of Eucommia ulmoides leaves during growth and microscopic sections. (C) Changes in brightness and yellowing in the two varieties of Eucommia ulmoides. (D) Changes in the colour index and redness in the two varieties of Eucommia ulmoides. (E) Changes in the chlorophyll a, chlorophyll b and total chlorophyll contents in the two varieties of Eucommia ulmoides. (F) Changes in the anthocyanin and carotenoid contents in the two varieties of Eucommia ulmoides. (G) Changes in the flavonoid content in the two varieties of Eucommia ulmoides

3.2 Leaf Colour Difference and Pigment and Flavonoid Contents

E. ulmoides ‘Xiaoye’ and E. ulmoides ‘Hongye’ plants of the same age were used for comparison of the pigment contents. The brightness and yellowness of E. ulmoides ‘Hongye’ were significantly lower than those of E. ulmoides ‘Xiaoye’, whereas the redness degree and the colour index were significantly higher in the former. The colour index of the E. ulmoides ‘Xiaoye’ leaves on the 22nd day was higher than 0, whereas the redness was below 0 (Figs. 1C and 1D). Based on the red grape fruit colour indexing method [14], the colour indexes of E. ulmoides ‘Hongye’ and E. ulmoides ‘Xiaoye’ were 5.50 (deep-red level) and 1.35 (yellow-green level) on the 38th day, respectively.

During leaf growth and development, the chlorophyll and anthocyanin contents in both varieties increased gradually. The total chlorophyll (including Chlorophylls a and b) content of E. ulmoides ‘Hongye’ was lower than that of E. ulmoides ‘Xiaoye’ at H1 (6 days). From the initiation of the experiment to the 38th day, the chlorophyll content of E. ulmoides ‘Hongye’ increased by 73.72%, whereas that in E. ulmoides ‘Xiaoye’ increased by only 23.52%. Therefore, the total chlorophyll contents of E. ulmoides ‘Hongye’ and E. ulmoides ‘Xiaoye’ tended to be consistent at H5 (38 days) (Fig. 1E). At this time point, the anthocyanin content in E. ulmoides ‘Xiaoye’ and E. ulmoides ‘Hongye’ increased by 135.20% and 748.96%, respectively. The anthocyanin (flavonoid) content of E. ulmoides ‘Hongye’ after 38 days of growth was 2.1 (1.57)-fold higher than that of E. ulmoides ‘Xiaoye’ (Fig. 1G). Carotenoids did not differ significantly between the two varieties (Fig. 1F).

The results showed that the total chlorophyll and carotenoid contents did not differ significantly between E. ulmoides ‘Hongye’ and E. ulmoides ‘Xiaoye’, whereas the contents of anthocyanins and flavonoids in E. ulmoides ‘Hongye’ were significantly higher than those in E. ulmoides ‘Xiaoye’, which indicated that anthocyanins and flavonoids were two of the main factors involved in the formation of red leaves in E. ulmoides ‘Hongye’.

3.3 Transcriptomic Differences

After rigorous quality checks and data cleaning, 51.3–58.2 million clean reads were obtained by sequencing the prepared cDNA library. Among these reads, a total of 38.7–43.4 million reads were mapped to the Eucommia genome database, and the matching rate ranged from 74.01% to 76.02% (Table 1).
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After comparing the FPKM values between the libraries of the two types, 45121 and 45986 genes were identified in the cDNA library, and 3447 and 1598 of these genes were specifically expressed in Eucommia ‘Hongye’ and Eucommia ‘Xiaoye’ leaves, respectively. We detected 4240 DEGs (P-value < 0.01, |Fold Change| > 2), which included 1813 upregulated genes and 2427 upregulated genes (Figs. 2A and 2B). The categorization of DEG functions showed that the up- and downregulated DEGs were mainly enriched in the GO terms “metabolic process”, “catalytic activity” and “single biological process”. In addition, the DEGs were matched and assigned to 106 KEGG pathways, and the major enriched pathways were “flavonoid biosynthesis” and “biosynthesis of secondary metabolites”. In E. ulmoides ‘Hongye’, many downregulated DEGs were enriched in “biosynthesis of secondary metabolites”, whereas some upregulated DEGs were enriched in “flavonoid biosynthesis” (Fig. 2C).

All the raw data obtained in this study have been uploaded to the public database of the National Center for Biotechnology Information (SRR15100427; SRR15100428; SRR15100426; SRR15100425).
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Figure 2: Transcriptome analysis results. (A) Screening of DEGs at two periods. (B) Scatterplot of differential gene expression levels at the H1 and H5 periods. (C) Functional annotation of DEGs in the GO database. (D) Schematic of flavonoid biosynthesis. (E) Type and quantity of TFs

3.4 Flavonoid Biosynthesis Genes Involved in Leaf Colouration

Based on the pathway analysis of DEGs, two types of DEGs closely related to the formation of red leaves in E. ulmoides ‘Hongye’ were summarized. One was a key enzyme gene that regulates the biosynthesis and accumulation of flavonoids (Fig. 2D), and the other was a differentially expressed TF associated with anthocyanin or flavonoid biosynthesis. The first category included 13 DEGs (Table 2). Compared with the results at H1, the analysis of H5 identified one downregulated gene and 12 upregulated genes, which included one coumaric acid-CoA hydroxylase (CoumCoA3H) gene, one flavanone 3-hydroxylase (F3H) gene, one flavonoid 3′ hydroxylase (F3′H) gene, three chalcone synthase (CHS) genes, six dihydroflavonol 4-reductase (DFR) genes, and one anthocyanidin reductase (ANR) gene.
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Using the TF database, all DEGs were annotated to 5,854 TFs, including 614 (10.49%) bHLH, 322 MYB-related, 247 R2R3-MYB and 460 (7.86%) NAC TFs (Fig. 2E). Based on the annotation results obtained using the TF database, seven sequences related to anthocyanin synthesis were obtained (Table 3). Among these sequences, two MYB and two bHLH TFs were downregulated, and one B3 TF, one NAC TF and one HSF TF were upregulated.
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RNA-seq data were screened for differences, and 20 important DEGs were found through functional annotation. The heat map shows the expression of these 20 genes (Fig. 3).
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Figure 3: Heatmap of 20 selected genes showing the clustering results

To verify the RNA-Seq results, we performed qPCR to identify the expression levels of these key DEGs (Fig. 4). As shown in Table 4, the upregulated and downregulated expression patterns in E. ulmoides leaves at H1 and H5 showed good consistency.
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Figure 4: Gene expression patterns during the process of E. ulmoides ’Hongye’ leaf colour formation. The Y-axis and X-axis show the relative gene expression and sampling period, respectively
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4  Discussion

Differences in the range of anthocyanin distribution in different tissues of E. ulmoides ‘Hongye’ leaves were found, and these resulted in certain differences in the appearance of the leaves; specifically, the front of the leaves was dark red in colour, and the backs of the leaves were green. The difference in leaf colour is related to not only the type of pigment but also the distribution of pigments in the plant [29]. Anthocyanins are mainly distributed in the lower epidermis and sponge tissue, such as in the leaves of Prunus virginiana ‘Canada Red’, the backs of which are red. If anthocyanins are mainly distributed in the upper epidermis and palisade tissue, red colour appears on the front of the leaf, as observed in Albizia spp., Berberis thunbergii ‘Atropurpurea’, Photinia fraseri ‘Red Robin’ and E. ulmoides ‘Hongye’ [30]. In E. ulmoides ‘Hongye’ leaves, anthocyanins were found only in the fence tissue. The colour difference between the palisade tissue and the sponge tissue explained the differences in the appearance of the leaves.

The plant colour is divided into four categories according to the chemical structure of their metabolites: chlorophylls, carotenoids, betalains, and flavonoids. Flavonoid pigments include anthocyanins, aurones, and chalcones. Anthocyanins and chlorophylls are two of the main factors involved in the formation of red leaves in E. ulmoides ‘Hongye’. The final leaf colour depends on the ratio of the chlorophyll to the anthocyanin content [31]. Our study found that the chlorophyll and carotenoid contents did not differ significantly between E. ulmoides ‘Hongye’ and E. ulmoides ‘Xiaoye’, whereas the anthocyanin and flavonoid contents of E. ulmoides ‘Hongye’ were significantly higher than those of E. ulmoides ‘Xiaoye’. This finding indicates that the redness of E. ulmoides ‘Hongye’ is related to the synthesis of anthocyanins and flavonoids rather than chlorophyll. In addition, the relationship between anthocyanin and total chlorophyll in purple-leaved E. ulmoides includes an increase in the former and a decrease in the latter [32]. However, both the anthocyanin and chlorophyll contents of E. ulmoides increased gradually in our study. Therefore, the leaves of E. ulmoides ‘Hongye’ showed a gradual change in colour from green to red during its growth, which may be due to the high chlorophyll content at the early stage, whereas the increase in the chlorophyll content was less than the increase in the anthocyanin content.

The most important enzymes in E. ulmoides ‘Hongye’ were chalcone synthase (CHS), flavanone-3-hydroxylase (F3H), dihydroflavonol reductase (DFR), flavonoid-3-hydroxylase (F3′H), anthocyanin reductase (ANR), and coumaric acid-CoA hydroxylase (CoumCoA3H), and these findings are basically consistent with previous reports on the leaf composition of red- and purple-leaved plants [33,34]. The synthesis of anthocyanins begins with the phenylalanine pathway followed by the flavonoid pathway, and the reactions are catalysed by a series of enzymes [35–37]. Chalcone synthase (CHS) is condensed against coumaroyl coenzyme A to produce naringenin chalcone. The F3H gene forms a key substance, DHK, for subsequent anthocyanin synthesis. F3′H catalyses the formation of 2R from DHK 3R-dihydroquercetin. DFR catalyses the formation of colourless proanthocyanidins from dihydroflavonol and synthesizes the corresponding flavonoid products (catechins) [38,39]. ANR catalyses the reduction of anthocyanin glycosides to synthesize corresponding epicatechins and epigallocatechins. UFGT glycosylation makes anthocyanin more stable [13,40]. The literature reveals a competitive relationship between ANR and UFGT. The upregulation of ANR expression increases the procyanidin catechins and decreases the anthocyanin content [41,42]. This finding is consistent with our results that the CHS, F3H, F3′H, and DFR genes were significantly upregulated at H5 and that the ANR genes are significantly downregulated at H5, which can explain the increase in the anthocyanin content observed in leaves at H5.

Because this study focused on E. ulmoides ‘Hongye’ leaves at two developmental stages, the same genes were expressed in the leaves. The expression of genes at different stages shows spatial and temporal specificity and is regulated by a series of TFs. Therefore, the difference in leaf colour might be only due to a difference in gene expression regulation. In this study, the MYB and bHLH genes, which showed differential expression at the H5 and H1 phases, were selected, and the expression of TFs was downregulated at the H5 phase. The MYB and bHLH gene families are closely related to anthocyanin synthesis [43,44]. By transforming the MYB genes of different plants, the leaves or flowers of model plants can become red or purple [45,46]. For example, the activation of MYB182 inhibits the expression of structural and regulatory genes in the anthocyanin biosynthesis pathway and thereby reduces the accumulation of poplar anthocyanins [47]. The overexpression of the Ginkgo biloba transcription repressor GbMYBF2 in Arabidopsis significantly inhibits the synthesis of anthocyanin and the expression of most structural genes, such as CHS, F3H, FLS, and ANS [48].

Interestingly, the anthocyanin content increased during the H5 period in our study. Therefore, we speculated that ANR enzyme genes may be targeted by TFs. As mentioned previously, ANR genes can reversely regulate the content of anthocyanins in plant tissues, and the downregulation of ANR gene expression results in the accumulation of anthocyanins in plant tissues [49]. This method regulating anthocyanin accumulation is functionally similar to the negative regulation of the MYB gene. The ANR pathway is likely a newly identified pathway through which plants regulate anthocyanins, but the reason for the accumulation of anthocyanins only in Eucommia ulmoides ‘Hongye’ palisade tissue remains unclear.

5  Conclusion

In this study, pigment contents were compared between E. ulmoides ‘Hongye’ and E. ulmoides ‘Xiaoye’. The results from a physiological analysis indicated that the contents of flavonoids and anthocyanins in E. ulmoides ‘Hongye’ were significantly higher than those in E. ulmoides ‘Xiaoye’. Anthocyanins and flavonoids are two of the main factors in the formation of red leaves in E. ulmoides ‘Hongye’. The leaves of E. ulmoides ‘Hongye’ exhibited a gradual change in colour from green to red during its growth because the increase in the chlorophyll content was less than the increase in the anthocyanin content. This study explored the transcriptome information of the red traits of E. ulmoides ‘Hongye’ and compared the DEGs involved in pigment biosynthesis between H1 and H5. Some key genes, such as CHS, F3H, DFR, F3′H, ANR, CoumCoA3H, MYB, bHLH, B3, NAC and HSF, were discovered to be involved in the flavonoid and anthocyanin biosynthesis pathways. MYB likely participates in the leaf colouration mechanisms of E. ulmoides by regulating the expression of ANR. The results provide a reference for further study on the leaf colouration mechanism of E. ulmoides.
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Table 1: Stafistical results of the sample and reference genes

Sample Total Total base Total Perfect <=2bp  Unique Multi- Total
reads pairs mapped match mismatch match position unmapped

reads match reads
H1-1 58187024 7273378000 43361920 35609095 7752825 43309687 52233 14825104
(100.00%) (100.00%) (74.52%) (61.20%) (13.32%) (74.43%) (0.09%) (25.48%)
H1-2 56444280 7055535000 41821268 33998842 7822426 41775098 46170 14623012
(100.00%) (100.00%) (74.09%)  (60.23%) (13.86%) (74.01%) (0.08%) (25.91%)
H5-1 56,463,056 7,057,882,000 42,969,828 35,529,125 7,440,703 42,920,822 49,006 13,493,228
(100.00%) (100.00%) (76.10%)  (62.92%) (13.18%) (76.02%) (0.09%) (23.90%)
H5-2 51,315,598 6,414,449.750 38,770,123 31,782,955 6,987,168 38,739,779 30,344 12,545,475
(100.00%) (100.00%) (75.55%) (61.94%) (13.62%) (75.49%) (0.06%) (24.45%)
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Table 3: Ditferential expression of TFs in leaves at H5 and H1

Gene
name

Gene ID log2 (H5/H1)

Annotation of gene function [Species]

MYB

bHLH

B3

NAC
HSF

Unigene0007331 —3.27416028
Unigene0042967 —1.625353289

Unigene0026619 -2.094922192
Unigene0026622 —2.180803819
Unigene0028861 3.043150211

Unigene0032560 2.778905759
Unigene0044189 3.156837747

PREDICTED: malonyl-coenzyme A: anthocyanin 3-O-
glucoside-6"-O-malonyltransferase-like [Vitis vinifera)

PREDICTED: malonyl-coenzyme A: anthocyanin 3-O-
glucoside-6"-O-malonyltransferase-like [ Vitis vinifera)

Myec-like anthocyanin regulatory protein [Cornus alternifolia)
Myec-like anthocyanin regulatory protein [Cornus eydeana)

Leucoanthocyanidin dioxygenase isoform 2 [Theobroma
cacao]

Anthocyanidin reductase [Malus domestica]

PREDICTED: anthocyanidin 5,3-O-glucosyltransferase-like
[Solanum lycopersicum)
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Table 4: Relative gene expression based on RNA-seq and gRT-PCR

Gene name RNA-seq gRT- PCR Expression trend
Unigene0047691 1.82 1.29 Consistent
Unigene0042963 245 —-0.01 Inconsistent
Unigene0001566 3.21 -1.77 Inconsistent
Unigene0013118 4.20 4.04 Consistent
Unigene0023284 3.04 1.16 Consistent
Unigene0013117 2.98 1.24 Consistent
Unigene0033056 11.39 4.38 Consistent
Unigene0033053 5.28 2.36 Consistent
Unigene0033057 5.07 5.10 Consistent
Unigene0033058 4.66 0.98 Consistent
Unigene0033054 3.51 5.10 Consistent
Unigene0023283 2.73 1.06 Consistent
Unigene0011734 -2.05 -1.74 Consistent
Unigene0007331 -3.24 -1.82 Consistent
Unigene0042967 -1.62 -5.29 Consistent
Unigene0026619 —2.13 —3.58 Consistent
Unigene0026622 -2.16 —0.46 Consistent
Unigene0028861 3.04 6.95 Consistent
Unigene0032560 2.77 1.05 Consistent
Unigene0044189 3.14 0.53 Consistent
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Table 2: DEGs in the leaves at H5 and H1

Gene Corresponding Gene ID log2 Gene annotation [Species]

name enzyme (H1/HS)

CoumCoA3H EC: 1.14.1336 Unigenc0047691 1.8 4-coumaric acid 3'-hydroxylase 25 [Coffea arabica]

F3H EC: 1.141321  Unigene0042963 2.4 Flavonoid 3’ hydroxylase [Vitis amurensis]

F3H EC: 1.14.11.9  Unigene0001566 3.2 Flavanone 3-hydroxylase [Ampelopsis grossedentata]

CHS EC:2.3.174  Unigene0013118 4.2 White pollen 1 chalcone synthase [Zea mays]
Unigene0023284 3.0 Chalcone synthase 2 [Camellia chekiangoleosa)
Unigene0013117 3.0 Chalcone synthase [Fitis vinifera]

DFR EC: 1.1.1219  Unigene0033056 11.4 Dihydroflavonol 4-reductase, partial [Prunus cerasifera)
Unigene0033053 5.3 Dihydroflavonol-4-reductase [Vaccinium macrocarpon]
Unigene0033057 5.1 PREDICTED: dihydroflavonol-4-reductase-like [Vitis vinifera]
Unigene0033058 4.7 Dihydroflavonol 4-reductase [Clitoria ternatea)
Unigene0033054 3.5 PREDICTED: dihydroflavonol-4-reductase-like [Vitis vinifera]
Unigene0023283 2.7 Dihydroflavonol reductase [Rhododendron simsii]

ANR EC: 1.3.1.77  Unigene0011734 -2.1 Resveratrol/hydroxycinnamic acid O-glucosyltransferase [Vitis labrusca]
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Table S1: Primers used in the qRT-PCR validation assay

Gene Gene classification Forward primer (5°-3°) Reverse primer (5°-3")
Unigene0001566 F3H GTGGAGGGTGCTTTCGTCGTTA ATGGATAGTCGGCTGTGGTTGG
Unigene0007331 MYB TTGCCTTATCAACTGCATCG TCAACACTCCGTCTTTGCTG
Unigene0011734  ANR GCTACACCGGTCAACTTTGC ACACGTTTAACCGTTCCTGC
Unigene0013117 CHS ATCACCGCCGTCACTTTCCG CCGTCTATGGCTCCATCCGAGT
Unigene0013118 CHS GCCACAAGGATCTCCGACTTACTG  CTCCGCCATTCTCCAACACCATC
Unigene0023283 DFR TGTCCCCTCAGAGTAAGCCCAT CGCTATCCTGTCAATCACCACC
Unigene0023284 CHS ACATCTCCGTGAAGTAGG AATCCAGAAGAGCGAGTT
Unigene0026619  bHLH AGAGAGTCGTTGCGACAGTG AACCGCACTTTCCTTTGCAC
Unigene0026622 bHLH GGAGCACGAAGAAGAAGACG TTCAAGTGTTTGGCACATGG
Unigene0028861 B3 AGCCACTGTCGCCAGCAGAG CTTCGCTGAGATCACGGTGTTGAG
Unigene0032560 NAC GCAGCTAATGAGTCGTCTGAGTCG  CAGCAGAGGTGGAGTTGTTGTCG
Unigene0033053 DFR ACTGAGGCIGCTGAGGAGAG TCAAATCCAAGCTGGTAAATGT
Unigene0033034 DFR TGCTGACCTCTGCTTAGCCTTAC TTGGGGGTGCTCAAAAAGGA
Unigene0033036 DFR GTTCGCGATCCAGCGAATTT TCCAGAGCAACCCTCAATGG
Unigene0033057 DFR TACAGAGTCCGAGCCACCG GCTCCAGCAGGTTTCATCG
Unigene0033038 DFR GTGAACCGCCAAAGGATAAG AGTGCGAGGTGGAAACAGC
Unigene0042963 F3'H CTCTAATCGTCCATTGACTGCC CACCATTTGCCGAACCTCC
Unigene0042967 MYB CAGCAGAAGATTTAAGTACGCCATC TTCTAACAAGGTCTCCCACCAATC
Unigene0044189 HSF AGACTAGAAGAGGAATTGGAG CAGAATGCTGCCTGAATC
Unigene0047691  CoumCoA3H TGCCATCATTTCTGAATCTG ACCATCTACATACTCCACTAAG
Unigene0020006  Actin GGCAGTTTTTCCAAGTATTGTCGG CTTCATCCCCCACATAGGCATCC
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