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Abstract

Red-leaf trait rarely occurs in Juglans regia, and the genetic mechanism underlying this
phenomenon is still unknown. In this study, we attempted to provide insight into the
comprehensive transcriptome of red-leaf J. regia by RNA-Seq using Illumina SeqTM2000
platform. A total of 33,488,602 high-quality reads (3.35G cleans bases) were obtained and
assembled into 53,782 unigenes. A total of 3,683 unigenes were annotated by using basic
local alignment search tool to search against protein databases, All the matched unigenes
were categorized by gene ontology analysis, and 3,466 were assigned to metabolism, among
which 74 were mapped to anthocyanin, carotenoid, and betalain biosynthetic pathways by
Kyoto Encyclopedia of Genes and Genomes analysis. Approximately 656 transcription
factors were isolated including MYB, NAC, and bHLH. Additionally, a total of 13,981 simple
sequence repeats, 41,088 single nucleotide polymorphisms, and 5,860 insertions and
deletions were determined from J. regia transcriptome. Therefore, the current J. regia
transcriptome provides deep insight into the molecular basis of red-leaf breeding of J. regia.

Keywords: Juglans regia, Red-leaf, Marker discovery, Pigment biosynthesis
1. Introduction

Walnut (Juglans regia) belongs to the Juglans genus of Juglandaceae family and is a native to
the region from Balkans eastward to the Himalayas and southwest China; this plant is now
widely spread in Asia, America, and southern and eastern Europe (Nael Abu Taha, 2011). J.
regia is a deciduous tree; its fruits are nutritional nuts rich in unsaturated fatty acids,
tocopherols, and phytosterols (Amaral et al., 2008), and its leaves have been used as
traditional medicine for the treatment of diabetes mellitus, skin inflammations, toothache,
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venous insufficiency, and ulcers (Hosseini et al., 2014b; Paudel et al., 2013). J. regia leaves
reportedly have antioxidative, antimicrobial, antihypertensive, antihelmintic, and
hypoglycemic effects (Hosseini et al., 2014a; Nael Abu Taha, 2011; Pereira et al., 2007;
Qureshi et al., 2014; Zhao et al., 2014).

Different colors are determined by different kinds of plant pigments. Generally, green plants
contain abundant chlorophyll, as well as carotenoids and anthocyanin. Among these
components, chlorophyll is predominant and is responsible for the green color of plant leaves.
However, red-colored leaves naturally exist in some plants, such as Gossypium hirsutum,
Cotinus coggygria, Brassica oleracea, and Prunus cerasifera (Cai et al., 2014; Wang et al.,
2013). The content of each compound determines the different colors of plant leaves. A high
amount of chlorophyll makes leaves green, and a low amount makes them red. The red
pigmentation of G. hirsutum L. leaf, crabapple leaf, and Jatropha curcas (L.) new leaf were
reportedly induced by anthocyanin accumulation (Ranjan et al., 2014; Tian et al., 2015). In
the red leaves of Sorghum bicolor, carotenoids are the predominant compounds, followed by
flavonoids and phenolic acids; a small amount of chlorophyll (a and b) was also present in S.
bicolor red leaves (Abugri et al., 2013). The ever-red leaf trait rarely occurs in the Juglans
genus, thereby providing us a novel material for leaf color study. The red coloration of leaf is
an attractive feature for ornamental value, and the compounds contributing to red coloration
in leaves have biological and ecological importance. For example, anthocyanin can protect
plants against pathogens and insects and can attract insect pollinators (Mouradov and
Spangenberg, 2014); carotenoids participate in photosynthesis, photomorphogenesis, and
photoprotection. However, information on the molecular mechanism underlying pigment
biosynthesis in red leaves of J. regia is lacking. In 2012, Wu et al., performed the genome
sequencing of J. regia by bacterial artificial chromosome (BAC) technology, yielding 31.2
Mb bases which accounted for only 5.1% of the whole genome(Wu et al., 2012). And the
whole-genome of J. regia was sequenced by the end of 2014, however the data was still not
available for public. More recently, next-generation sequencing (NGS) is a cost-efficient way
to apply in gene discovery and analysis of gene expression for non-model species without
reference genome.

Generally, pigment biosynthesis in plants is controlled by structural genes in pigment
biosynthetic pathways and regulatory genes, e.g., transcription factors (TFs). The aim of this
study was to explore molecular markers and pigment biosynthesis of the red-leaf trait by
NGS method.

2. Methods
2.1 Sample Collection and Preparation

The red leaves of J. regia were collected from National Clonal Plant Germplasm Repository,
Taian, Shandong Province, China. Total RNA was isolated from J. regia leaves using Trizol
(Invitrogen) and was treated with DNase I to remove the genomic DNA. RNA degradation
and contamination were checked on 1% agarose gels. RNA purity was assessed using the
NanoPhotometer® spectrophotometer (IMPLEN, CA, USA). RNA concentration was
measured using Qubit® RNA Assay Kit in Qubit® 2.0 Flurometer (Life Technologies, CA,
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USA), and RNA integrity (RIN) was quantified using the RNA Nano 6000 Assay Kit of the
Bioanalyzer 2100 system (Agilent Technologies, CA, USA).

\ M acrothink Journal of Applied Biotechnology

2.2 Transcriptome Sample Preparation for Sequencing

A total amount of 3 ug RNA per sample was used for sample preparation. All prepared RNA
samples had RIN values above 8. Sequencing libraries were generated using [llumina
TruSeq"™” RNA Sample Preparation Kit (Illumina, San Diego, USA) following
manufacturer’s recommendations, and index codes were added to attribute sequences to each
sample. The mRNA was purified from total RNA using poly-T oligo-attached magnetic beads.
Fragmentation was performed using divalent cations under elevated temperature in Illumina
proprietary fragmentation buffer. First strand cDNA was synthesized using random
oligonucleotides and SuperScript II. Second strand cDNA synthesis was subsequently
performed using DNA polymerase I and RNase H. Remaining overhangs were converted into
blunt ends via exonuclease/polymerase activities, and the enzymes were removed. After
adenylation of the 3’ ends of DNA fragments, Illumina PE adapter oligonucleotides were
ligated to prepare for hybridization. To select cDNA fragments that are preferentially 200
base pair (bp) in length, the library fragments were purified with AMPure XP system
(Beckman Coulter, Beverly, USA). DNA fragments with ligated adapter molecules on both
ends were selectively enriched using Illumina PCR Primer Cocktail in a 10-cycle PCR
reaction. Products were purified (AMPure XP system) and quantified using the Agilent high
sensitivity DNA assay on the Agilent Bioanalyzer 2100 system.

2.3 Clustering and Sequencing

The clustering of the index-coded samples was performed on a cBot Cluster Generation
System using TruSeq PE Cluster Kit v3-cBot-HS (Illumina) according to the manufacturer’s
instructions. After cluster generation, the library preparations were sequenced on an [llumina
Hiseq 2000 platform, and 90 bp paired-end reads were generated.

2.4 Analysis of Illlumina Sequencing Data

Raw reads were initially processed through in-house perl scripts, and the clean reads were
obtained by removing reads containing adapter and poly-N and low quality reads. All
downstream analyses were based on high-quality clean reads. The transcriptome assembly
was accomplished using Trinity software (Grabherr et al, 2011). Gene function was
annotated after sequences were searched against the following databases: NCBI
non-redundant protein sequences (Nr), NCBI non-redundant nucleotide sequences (Nt),
Protein family (Pfam), Clusters of Orthologous Groups of proteins (KOG), Swiss-Prot (A
manually annotated and reviewed protein sequence database), Kyoto Encyclopedia of Genes
and Genomes (KEGG) Ortholog database (KO), and Gene Ontology (GO). To discover single
nucleotide polymorphisms (SNPs), Picard-tools v1.41 (http://picard.sourceforge.net) and
Samtools v0.1.18 (http://sourceforge.net/projects/samtools/files/samtools/) were used to sort
and remove duplicated reads and merge the bam alignment results of each sample. GATK?2
software was used to perform SNP calling, and only SNPs with distances higher than 5 were
retained with the GATK standard filter method (McKenna et al., 2010). Simple sequence

23 www.macrothink.org/jab



ISSN 2327-0640

\ M acrothink Journal of Applied Biotechnology
A Institute ™ 2017, Vol. 5, No. 2

repeats (SSRs) of the transcriptome were identified using microsatellite identification tool.
Gene expression patterns were estimated by RNA-Seq by Expectation-Maximization
(RSEM). First, clean data were mapped back to the assembled transcriptome, and the read
counts for each gene were achieved from the mapping results. Finally, the read counts were
normalized into Reads Per Kilo bases per Million mapped Reads (RPKM).

3. Results and Discussions
3.1 Assembled transcriptome

To obtain an overview of comprehensive transcripts of J. regia red leaves, a cDNA library of
J. regia red leaves was generated and pair end sequenced using Illumina HisSeqTM2000
platform, thereby generating 34,634,887 raw reads after base calling. Generally, the error rate
of each sequenced base should be below 1%, and error rate would increase with increasing
sequence read length. The error rate distribution is shown in Figure 1. After removing
adapter-related sequences, low quality reads and reads containing N, 33,488,602 clean reads
were obtained with 3.35 G clean bases in total, and the clean reads were used for
bioinformatics analysis. All clean reads were assembled into 100,605 transcripts using Trinity
software, with mean length of 1,200 bp. The longest transcript of each gene was defined as a
unigene, and 53,782 unigenes (including 42,966,265 nucleotides) were obtained with a mean
length of 799 bp (Table 1). The entire transcriptome (SRA accession Number SRP054989)
assembled was used as reference sequences for further analysis. The length distributions of
all transcripts and unigenes are shown in Additional File 1.

Error rate distribution along reads (Jr_leaf)

% Error rate

Position along reads

Figure 1. Error rate distribution along reads of J. regia transcriptome
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Table 1. Summary of J. regia Transcriptome and de novo assembly

Raw Clean Clean Error
Reads Reads Bases (%)

Numbers/Rate 34634887 33488602 3.35G  0.03

Min Mean Median Max N50 NO90  Total

length length length  length nucleotides
Transcripts 201 1200 813 14850 1984 516 120691294
Unigenes 201 799 398 14850 1532 294 42966265

3.2 Gene Function Annotation

For functional annotation of J. regia transcriptome, all unigenes were searched against seven
public databases. Using this approach, 28,351 unigenes (52.71% of all unigenes) returned a
significant basic local alignment search tool result. Among these unigenes, 3,683 (6.84%)
were annotated in all databases (Table 2). Approximately 47.29% of the total unigenes had no
homology in these databases, thereby suggesting that these transcripts may be unique to J.
regia.

Table 2. Statistics of annotation percentages of J. regia unigenes in public databases

Number of Unigenes Percentage (%)

Annotated in NR 26315 48.92
Annotated in NT 14573 27.09
Annotated in KO 7505 13.95
Annotated in SwissProt 18289 34

Annotated in PFAM 17257 32.08
Annotated in GO 19934 37.06
Annotated in KOG 8969 16.67
Annotated in all Databases 3683 6.84
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Annotated in at least one 28351 52.71
Database
Total Unigenes 53782 100

GO is a classification system that can describe the biological process (BP), cellular
component (CC), and molecular function (MF) of genes. For classification of gene functions,
GO assignment was performed. A total of 19,934 unigenes were assigned to one or more GO
terms, and all these 19,934 unigenes were categorized into 65 functional groups, which are
distributed to three main categories, as follows: BP (53,093), MF (25,579), and CC (37,311)
(Figure 2). However, the categories with no more than 20 unigenes are not shown in Figure 1.
Within the BP category, cellular (12290 unigenes, 23.15%), metabolic (11688 unigenes,
22.01%), and single-organism (5790 unigenes, 10.90%) processes were the most enriched.
Under the CC category, cell (7693 unigenes, 20.62%), cell part (7679, 20.58%), and organelle
(5279 unigenes, 14.15%) were the most highly represented GO terms. In the MF category,
the majority of unigenes were involved in binding (11,647 unigenes, 45.53%), catalytic
activity (10,107 unigenes, 39.51%), and transporter activity (1,438 unigenes, 5.62%).

Percent of genes

Gene Function Classification (GO)
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Figure 2. GO Classification of J. regia unigenes

The three main categories of GO terms were BP, CC, and MF. The horizontal axis was a GO
term, and the vertical axis represented the number and percentage of annotated unigenes. The
categories with numbers below 20 are not shown in this Figure.

EuKaryotic Ortholog Groups (KOG) analysis was used to further evaluate the functions of
annotated unigenes specific to eukaryons. A total of 8,969 unigenes were annotated into 26

26 www.macrothink.org/jab

1993 19934

199

&

Number of genes



ISSN 2327-0640

\ M acrothink Journal of Applied Biotechnology
‘ Institute™ 2017, Vol. 5, No. 2

KOG groups, the cluster of general function prediction only (1,610 unigenes, 17.95%) was
the largest group, followed by post-translational modification, protein turnover, chaperon
(1,207 unigenes, 12.90%), and signal transduction (822 unigenes, 9.16%). The unnamed
protein (1 unigenes, 0.00%), cell motility (3 unigenes, 0.00%), and extracellular structures
(30 unigenes, 0.33%) represented the smallest groups (Figure 3).

KOG Classification

15 20
| J

Percent(%)
10
|

Figure 3. KOG Classification of J. regia unigenes

These 8,969 unigenes of J. regia were assigned into 26 KOG categories. The x-axis
comprised KOG categories, whereas the y-axis comprised percentage of assigned unigenes.

After KO annotation analysis, we further classified the unigenes based on the KEGG
metabolic pathways. KEGG pathways cover the six main groups, such as metabolism, genetic
information processing, environmental information processing, cellular processes, organismal
systems, and human diseases. In total, 7,505 unigenes were mapped to 241 KEGG pathways.
In addition, we created a statistical data of unigenes involved in the second hierarchy
pathways without human diseases category, and the categories showing the greatest
representation by unigenes were metabolism (3,466 unigenes) and organismal systems (1,235
unigenes) (Figure 4). Among all the related secondary metabolism pathways, biosyntheses of
anthocyanin (2 unigenes), flavone and flavonol (10 unigenes), flavonoid (32 unigenes), and
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carotenoid (28 unigenes) were associated with color formation and variation.

KEGG Classification

a
Cell communication =3 %

Figure 4. KEGG Classifications of J. regia unigenes

A: Cellular Processes; B: Environmental Information Processing; C: Genetic Information
Processing; D: Metabolism; E: Organismal Systems.

3.3 SSR Discovery in The J. regia Transcriptome Assembly

SSRs are short tandem repeat sequences (1—6 bp) and are distributed throughout the genome.
For the past 20 years, SSRs have been widely applied for plant genetic analysis because of
their highly polymorphic characterization. From the 53,782 unigenes that were examined in J.
regia transcriptome assembly, 11,315 unigenes containing putative SSRs were identified with
the occurrence frequency of 21.04%, among which 2,148 unigenes had more than one SSR
marker signature. A total of 13,981 SSRs were discovered, of which 815 SSRs were of
compound formation (Table 3). Repeat motifs among these SSRs consisted of 69 types, and
the number of repeat unit size varied from 5 to 24. Table 4 shows the density of different
types of SSRs. The single base repeats were the most abundant motifs (49.29%), followed by
dibase type SSRs (37.42%). In recent years, several SSR markers have been developed by
screening expressed sequencing tags (ESTs). Thirty-five and 30 highly transferable and
polymorphic expressed sequencing tags-simple sequence repeats (EST-SSRs) and 706
EST-SSRs were identified in J. regia by Qi et al. (2010), Zhang et al. (2010), and Zhang et al.
(2013), respectively (Qi JX, 2011; Zhang R, 2010; Zhang et al., 2013). Therefore, compared
with the previous results, our study obtained more SSRs. Moreover, the new SSRs would be
further identified by primer designing and PCR reactions.
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Table 3. Summary of SSR Analysis in the J. regia Transcriptome
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Total number of sequences examined 53782

Total number of identified SSRs 13981

Number of sequences containing more 2148
than 1 SSR

Table 4. Frequency of different SSR types in the J. regia transcriptome

SSRs Repeat Number Total
type

P1 - - - - - 2037 1241 3419 194 6891

P3 881 457 314 20 - - - 3 1 1676

Total 1024 1744 1240 971 1151 2829 1395 3432 195 13981
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Figure 5. Percentages of Different Motifs among Single-nucleotide (A), Dinucleotide (B),
Tribucleotide (C), and Tetranucleotide (D) in the J. regia Transcriptome

3.4 Identification of SNP and InDel Polymorphisms

Although SSR exploration has been conducted in J. regia, SSR frequency was lower than
SNP (Kaya et al., 2013). A total of 41,088 SNPs and 5,860 insertion/deletion polymorphisms
(InDels) were detected. Of the 5,860 InDels, 4616 were insertions and 1,244 were deletions.
Of the 41,088 SNPs, 8,424 were transitions and 32,652 were transversions (with a ratio of
approximately 1:4).

3.5 Mining of Genes are Putatively Related to Leaf Red-pigment Trait

Generally, chlorophyll makes leaf green, and flavonoids, flavone and flavonol, anthocyanin,
betalain, and carotenoid biosynthesis are related to red color pigment (Tanaka et al., 2008). In
J. regia transcriptome, nearly all genes involved in chlorophyll biosynthesis were found. The
flavonoid compounds were the major pigments responsible for colors of flower and
non-green leaves, and the ratio of different anthocyanidins resulted in different colors. To
date, we are not sure which pigments were involved in red mutation because of the lack of
pigment content determination in J. regia leaves, which may be the focus of further study.
Therefore, we analyzed related genes in the biosynthesis of the pigments mentioned above.
From J. regia transcriptome, genes involved in these pathways were analyzed and searched
by standard gene names and synonyms (Additional File 2).

A total of 74 unigenes (including 50 genes) were assigned to the biosynthetic pathways above
by mapping to KEGG pathways. Anthocyanins, a class of flavonoids, are synthesized in the
cytosol and stored in the vacuole. The colors of anthocyanins ranged from red to blue
depending on pH, metal ions, and co-pigments (typically flavones and flavonols). In a
previous study by Zhao et al., 17 compounds isolated and identified from the leaves of J.
regia were collected from Tianjin, China (Zhao et al., 2014). Among these unigenes, all genes
except for four annotated in flavonoid biosynthetic pathway were found (Additional file 3A).
Additionally, in the anthocyanin biosynthesis of the downstream, all genes were identified
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except for the last gene encoding UDP glucose: flavonoid 3-Oglucosyltransferase (3B). Ten
genes were in the flavone and flavonol pathways (3C). Carotenoids are terpenoid compounds
with colors ranging from yellow to red and are synthesized in chloroplasts. All genes
involved in carotene biosynthesis and most genes involved in lutein and astaxanthin
(carotenoid) biosynthesis were identified (Additional File 3D). Betalains are compounds
responsible for violet and yellow color in plants, but the biosynthetic pathway has not been
elucidated well. From the J. regia transcriptome, we found the key enzyme annotated as
‘4,5-DOPA extradiol dioxygenase’ (Additional File 2E). Unlike anthocyanin, betalains are
more stable, and the color does not depend on the pH (Tanaka et al., 2008). We speculate that
flavonoids and carotenoid may be responsible for the red color of J. regia leaves.

3.6 Identification of TFs

In previous studies, a set of TFs, including R2R3-MYB, basic helix-loop-helix (bHLH), and
WD40-repeat protein, were identified as key regulators for transcription expression in
pigment biosynthetic pathways (Grotewold, 2006; Jung et al., 2009; Yang et al., 2015; Zhu et
al., 2014). A total of 656 unigenes annotated as TFs were found (Additional File 3), and the
TF families with the largest number of unigenes were WRKY (64 unigenes), NAC (50
unigenes), bHLH (50 unigenes), MYB (49 unigenes), and heat shock factors (45 unigenes)
(Table 5). TFs from MYB family were the most widespread regulators of anthocyanin
biosynthesis. Tian et al. demonstrated that McMYBI1(0 can positively regulate anthocyanin
biosynthesis via flavonoid 3'-hydroxylase in ever-red leaf crabapple (Tian et al., 2015). In
2015, Albert et al. isolated two R2R3-MYB genes, RED LEAF and RED V, which were
confirmed to be anthocyanin regulators (Albert et al., 2015). Zhou et al. found that
overexpression of PpMYBI0.4 induces anthocyanin accumulation in tobacco and peach
leaves (Zhou et al., 2014). Other evidences support that carotenoids biosynthesis were mainly
regulated at the transcriptional level (Sandmann et al., 2006). In tomato, SINAC4 functioned
as a positive regulator of carotenoid accumulation (Zhu et al., 2014). Moreover, several
unigenes encoding phytochrome-interacting factors, a class of bHLH TFs that can increase
carotenoids accumulation (Rodriguez-Villalon et al., 2009), were also identified in our J.
regia transcriptome. The identified TFs potentially involved in pigment biosynthesis
regulation can be explored deeply in the future.

Table 5. Statistics of transcription factors in red-leaf J. regia

Transcription factors Number
WRKY 64
bHLH 50
NAC 50
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MYB 49
Heat shock 45
GATA 10
MADS-box 10
AP2/ERF 23
WD-repeat 21
GRAS 15
AP2 domain containing 15
R2R3-MYB 13
HD-domain 6

3.7 Analysis of Gene Expression Level

The J. regia transcriptome assembled by Trinity was used for analyzing reference sequences,
and of all 33,488,602 clean reads, 28,493,056 (85.08%) were mapped to the reference
transcriptome. Mapping was performed through RSEM software with two mismatches as the
bowtie parameter (Li and Dewey, 2011). RPKM is the most common method to estimate
gene expression level. Furthermore, all the read count numbers of each sample mapping to
each gene were normalized to RPKM to calculate gene RPKM values. The 49,340 unigenes
had an estimated RPKM value of over 0.3. In particular, 26 unigenes had RPKM values of
over 1000, the largest group comprised 28631 unigenes with RPKM values between 1 and
100, followed by the group with RPKM values between 0.3 and 1 (Table 6). Additionally,
RPKM density distribution of J. regia is shown in Figure 6. For the candidate genes involved
in pigment biosynthesis, some key enzymes in anthocyanin biosynthesis, such as flavonol
3-O-glucosyltransferase, flavonol 3-O-methyltransferase, flavonoid 3',5'-hydroxylase,
flavonol synthase, and chalcone synthase, had high RPKM values (up to 300 to 700). Most
genes in the carotenoid pathway had RPKM values between 20 and 100. Only one gene,
annotated as 4,5-DOPA dioxygenase for betalain accumulation, had an RPKM value of 36.89,
thereby suggesting that all these three pathways were highly expressed in J. regia red leaves
(Additional File 2). Chlorophyll biosynthesis interruption was not the cause of red-leaf trait,
but rather the high ratio of anthocyanin, carotenoid, and betalain biosyntheses.
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Table 6. The read counts RPKM of J. regia genes

RPKM value Number

<0.3 4442 (8.26%)
>0.3 and <1 19764 (36.75%)
>1 and <100 28631 (53.23%)
>100 and <1000 919 (1.7%)
>1000 26 (0.07%)
Total 53782

RPKM density distribution

| |
Sample_name

Aot kat

Density

log10(RPKM)

Figure 6. The RPKM density distribution of J. regia transcriptome

4. Conclusions

High throughput SSRs, SNPs, and InDel discoveries have been developed with the advent of
NGS technology. NGS is an efficient approach for marker discovery and gene mining and for
determination of the metabolism pathways involved, especially in species without a reference
genome (Strickler et al., 2012). The current study generated 53,782 unigenes, 13,981 SSRs,
41,088 SNPs, and 5,860 InDels. Marker-assisted selection has played an important role in
accelerating agriculture breeding. Furthermore, based on the transcriptome data, five
pigments related to biosynthetic pathways were identified, and most genes involved in
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anthocyanin and carotenoid biosynthesis were identified, thereby showing that anthocyanins
and carotenoids may play essential roles in the development of the red-leaf trait in J. regia.
The pigments of plants are controlled by both structural genes and regulatory genes. Some
candidate transcription factors were collected. The current study is the first comprehensive
report on the large scale transcriptome sequencing analysis of J. regia for gene annotation
and molecular marker discovery. Considering the reports on the resistance to insects and
pathogen of red-leaf, this study provides resources for red-leaf trees breeding.
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Abbreviation

SSR: simple sequence repeats

SNPs: single nucleotide polymorphism

Bp: base pair

bHLH: basic helix-loop-helix

ESTs: expressed sequencing tags

GO: gene ontology

InDels: insertions and deletions

KEGG: Kyoto Encyclopedia of Genes and Genomes
KO: KEGG Ortholog

KOG: Clusters of Orthologous Groups of proteins
Nr: NCBI non-redundant protein sequences

Nt: NCBI non-redundant nucleotide sequences
Pfam: Protein family

PIFs: phytochrome-interacting factors

RPKM: Reads Per Kilo bases per Million mapped Reads
TFs: Transcription Factors

4,5-DOPA dioxygenase: 4,5-dihydroxyphenylalanine dioxygenase
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Transcript length interval 200-500bp 500-1kbp 1k-2kbp >2kbp -

Total 31833 8950 7600 5399 53782

Number of Unigenes

Additional File 2. Candidate genes related to the pigmentation of Juglans regia red-leaf

Pathway
Function Unigene No. KO Enzyme D RPKM

comp20631 c0  KO01749 hydroxymethylbilane synthase

glutamate-1-semialdehyde
comp29312 c0  KO01845 .
2,1-aminomutase

comp9774 ¢c0 K02492 glutamyl-tRNA reductase

comp32259 cO0  K02492 glutamyl-tRNA reductase

compl18909 c0  K00522 ferritin heavy chain

comp20893 c0  KO00522 ferritin heavy chain
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comp21097 c0  K04040

comp23862 c0  K00228

comp5337 c0 K03403

comp28686 c0  K03403

compll1188 cO0  K10960

comp25852 ¢l KO08101

compl1746 cO  K13600

comp27579 ¢0  KO01772

comp26150 c0  KO01719

comp24500 c0  K01599

chlorophyll synthase

coproporphyrinogen III oxidase

magnesium chelatase subunit H

magnesium chelatase subunit H

geranylgeranyl reductase

phytochromobilin:ferredoxin

oxidoreductase

chlorophyllide a oxygenase

ferrochelatase

uroporphyrinogen-III synthase

uroporphyrinogen decarboxylase
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comp26382_cl

K08099

compl42184 c0 KI13071

comp18526 cl

K13071

compl07069 c0 K02495

comp27094 c0

comp32040 c0

comp18749 c0

comp26677_c0

comp9311 c0

comp14630 c0

K00231

K13545

KO01885

K03405

K00218

K00218

chlorophyllase

pheophorbide a oxygenase

pheophorbide a oxygenase

oxygen-independent coproporphyrinogen

11T oxidase

oxygen-dependent  protoporphyrinogen

oxidase

red chlorophyll catabolite reductase

glutamyl-tRNA synthetase

magnesium chelatase subunit |

protochlorophyllide reductase

protochlorophyllide reductase
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compl4630 c1  K00218 protochlorophyllide reductase

comp31739 c0  K15746 beta-carotene 3-hydroxylase

comp25896 cO0  K15744 zeta-carotene isomerase

comp1748 c0 K09843  (+)-abscisic acid 8'-hydroxylase

compl3144 c0  K09843 (+)-abscisic acid 8'-hydroxylase

comp27108 ¢2  K09843 (+)-abscisic acid 8'-hydroxylase

compl3725 ¢l K09843 (+)-abscisic acid 8'-hydroxylase

compl3144 c0  K09843 (+)-abscisic acid 8'-hydroxylase

comp27108 ¢2  K09843 (+)-abscisic acid 8'-hydroxylase

compl3725 ¢l K09843 (+)-abscisic acid 8'-hydroxylase
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compl2167 c0  K02291

compl8122 c0  K06444

compl4129 c0  K09840

comp22533 c0  K09840

comp62128 c0  K06443

comp30468 c0  K09839

compl6623 c0  K09841

comp27445 c0  K09841

compl16724 c0

comp118258 c0

phytoene synthase

lycopene epsilon-cyclase

9-cis-epoxycarotenoid dioxygenase

9-cis-epoxycarotenoid dioxygenase

lycopene beta-cyclase

violaxanthin de-epoxidase

xanthoxin dehydrogenase

xanthoxin dehydrogenase

shikimate

O-hydroxycinnamoyltransferase

shikimate

O-hydroxycinnamoyltransferase
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75175 o0 shikimate
com c
P - O-hydroxycinnamoyltransferase

cytochrome P450, family 75, subfamily
compl0118_c0O  K13083 .
A (flavonoid 3',5'-hydroxylase)

comp21359 c0  K13081 leucoanthocyanidin reductase

comp46728 c0 leucoanthocyanidin reductase

comp29197 c0  KO01859 chalcone isomerase

comp20952 c0  K05277 leucoanthocyanidin dioxygenase

comp10942 c0 chalcone synthase

comp41264 c0 chalcone synthase

coumaroylquinate(coumaroylshikimate)
comp27087 c0
3'-monooxygenase
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compl3594 cl

compl15919 c0

comp26379 cl

comp26299 c0

comp20629 c0

comp18527 c2

comp23883 c0

comp27708 cl

comp27385_cl

K00487

K05280

K12930

K05279

K05279

K05279

coumaroylquinate(coumaroylshikimate)

3'-monooxygenase

caffeoyl-CoA O-methyltransferase

flavonol synthase/flavanone

3-hydroxylase

trans-cinnamate 4-monooxygenase

flavonoid 3'-monooxygenase

anthocyanidin 3-O-glucosyltransferase

flavonol 3-O-methyltransferase

flavonol 3-O-methyltransferase

flavonol 3-O-methyltransferase
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comp75470 c0  KO05279 flavonol 3-O-methyltransferase -

cytochrome P450, family 75, subfamily
compl0118 cO0  K13083 . 235.43
A (flavonoid 3',5'-hydroxylase)

comp20629 c0  KO05280 flavonoid 3'-monooxygenase 77.20
Betalain compl7877 c0  K15777 4,5-DOPA dioxygenase extradiol ko00965  36.89
biosynthesis

comp49680 c0  K15777 4,5-DOPA dioxygenase extradiol 3.76
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