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Abstract: Walnut (Juglans regia L.) is an important nut fruit crop mainly grown for its high nutritional
and medicinal value. In walnut fruit, the pellicle is the main source of polyphenols (such as proan-
thocyanidins), which are natural bioactive compounds but also cause astringency and bitterness for
walnut fruit consumption. However, the gene regulatory networks of phenolic biosynthetic pathways
remain largely unknown in walnut pellicles. Here, we performed RNA sequencing (RNA-seq) to
identify differentially expressed genes (DEGs) associated with pellicle development in walnut. In
this study, seven developmental stages (8-, 9-, 11-, 13-, 15-, 17-, and 19-week after pollination) of
‘Xinwen179’ pellicle tissues were harvested to conduct further transcriptome-wide profiles. Via
RNA-seq, we explored several key DEGs involved in the phenolic biosynthetic pathway, such as
dihydroflavonol-4-reductase (DFR), leucoanthocyanidin reductase (LAR), anthocyanidin synthase (ANS)
and anthocyanidin reductase (ANR), which are dynamically expressed at developmental stages of the
walnut pellicle. Among them, ANR may directly contribute to proanthocyanidins accumulation
during walnut development. Taken together, our preliminary investigation on DEGs associated
with pellicle development will not only elucidate the gene regulatory networks of the phenolic
biosynthetic pathway for pellicle development, but also contribute to the broad spectrum of RNA-seq
data resources for further genetic improvement of walnut.

Keywords: walnut; RNA-Seq; phenolic biosynthetic pathway; proanthocyanidins; ANR

1. Introduction

Walnut (Juglans regia L.; 2n = 2x = 32), a member of the Juglandaceae family, originates
from the mountain valleys of Central Asia and is currently widely cultivated in the USA,
Iran, and China [1]. It is not only used as a fruit crop rich in unsaturated fatty acids,
melatonin, vitamins, polyphenols, and a variety of microelements [2,3] but also has been
applied in medicine, healthcare, cosmetics, and other industrial fields [4–6]. In recent years,
walnut has become a global fruit crop, present in many regions and markets.

Walnut fruit includes four main parts from the outside to the inside: green husk, shell,
pellicle (seed coat or skin), and kernel (seed) [2]. The fleshy green husk surrounds a nucleus
of the nut itself, which is composed of a shell containing the pellicle and the kernel. For
fruit consumption, the kernel is processed into various food products (as an edible part);
however, the husk, shell, and pellicle usually become waste or fuel during walnut fruit
harvesting and processing [7,8]. Generally, the kernel percent is about 40–60% of the whole
walnut fruit, and the pellicle accounts for only about 5–8% of the phenolic compounds
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of the whole kernel [9] but it is the main source of walnut polyphenols (especial for
proanthocyanidins or condensed tannins), which can cause the slight astringency and
bitterness [3,10,11].

Recently, with high-throughput sequencing techniques, transcriptome-wide profiling
of gene expression (i.e., RNA-Seq) has been widely applied in walnut, which has allowed
researchers to understand the dynamics of differentially expressed genes (DEGs) at a global
level. For example, previous studies have revealed several DEGs were associated with the
walnut juvenile–adult phase change [12,13], and are related to plant resistance to nitrogen
stress [14]. Recently, the high-quality chromosome-scale reference genomes have been
reported [15–17]. With a walnut reference genome, the clean reads of RNA-seq data can be
aligned, which will enhance our understanding of transcriptome-wide profiles for walnut
development [18,19]. To date, few studies have been performed using RNA-seq data to
analyze DEGs associated with lipid biosynthesis in walnut kernel tissue [19–21]. However,
the gene regulatory network in walnut pellicle tissue remains unclear.

In this study, we investigated DEGs associated with pellicle development in walnut
at the transcription level. Total RNA was isolated from walnut pellicle tissue during
seven developmental stages, and RNA-seq analyses were performed to identify DEGs
associated with walnut pellicle development using walnut reference genome annotations.
We identified several DEGs related to the phenolic biosynthetic pathway during walnut
pellicle development. Our preliminary investigation into DEGs not only allows us to infer
the gene regulatory network for pellicle development but also contributes to subtle walnut
RNA-seq data resources for further research.

2. Materials and Methods
2.1. Plant Materials and Sample Collection

The walnut variety “Xinwen179” used in this study was planted in a field in the
Xinjiang Uygur Autonomous Region, China (40◦32′27.74239′′ N, 81◦18′3.40166′′ E, altitude
957.37 m). The fruit samples with at least three biological replicates were collected every
two weeks from 8 to 19 weeks after flowering in 2021. Upon harvesting, the kernel
pellicle was stripped, and then the samples were quick-frozen in liquid nitrogen and stored
at −80 ◦C for further RNA extraction. Tannin content was measured with ultraviolet
spectrophotometer for each replicate of the samples according to our previous report [11].
According to the tannin content results, we then selected samples of 8-, 9-, 11-, 13-, 15-, 17-,
and 19-weeks after pollination (hereafter referred to as 8 W, 9 W, 11 W, 13 W, 15 W, 17 W,
and 19 W) for later RNA sequencing.

2.2. RNA Extraction, Library Preparation, RNA Sequencing

Total RNA of walnuts was extracted using the RNA Easy Fast Plant Tissue Kit (TIAN-
GEN, Beijing, China) according to the manufacturer’s instructions. Concentration and
purity were detected by nanodrop, RNA integrity was detected by RNA-specific agarose
electrophoresis and Agilent 2100 Bioanalyzer, and only high-integrity RNA was used for
the next-step experiment. The cDNA libraries were generated using the TruSeq RNA
Sample Preparation Kit (Illumina, San Diego, CA, USA). The quantified RNA library was
prepared using an Illumina TruSeq RNA kit, according to the manufacturer’s instructions.
The high throughput sequencing of RNA libraries was implemented using the Illumina
HiSeq2500 platform.

2.3. RNA-Seq Data Analysis

The RNA-seq data analysis procedure is described in our previous publication [18]. In
brief, the FastQC software was used to evaluate the quality of RNA-seq libraries. Adapter
sequences and low-quality reads with more than 20% low-quality bases (quality < 20)
were filtered out using Trim-galore v0.6.2 (https://github.com/FelixKrueger/TrimGalore,
accessed on 15 August 2021). The clean reads were aligned to the walnut genome [15]
(http://dendrome.ucdavis.edu/ftp/Genome_Data/genome/Reju/, accessed on 15 Au-
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gust 2021) using HISAT2 v2.2.1 (http://daehwankimlab.github.io/hisat2/, accessed on
15 August 2021) with default parameters and only the reads that aligned exactly once were
used for next-step analysis. The gene expression levels were quantified using FeatureCounts
v1.22.2 (http://subread.sourceforge.net/featureCounts.html, accessed on 15 August 2021)
with default parameters. FPKM (Fragments Per Kilobase of exon model per Million mapped
fragments) was used for the normalization of gene expression levels. DEGs were calculated
using the DEseq2 package [22] in R with a cutoff FC (Fold Change) > 2 with an adjusted
p-value < 0.05.

2.4. Functional Enrichment Analysis

A gene ontology (GO) analysis of differentially expressed genes (DEGs) was per-
formed using the agriGO v2.0 [23] web tools. The gene list and gene number of each term
were calculated using the differential genes annotated by the GO term, and the p-value was
calculated by the hypergeometric distribution method (p-value < 0.05 was the standard for
significant enrichment) for comparison with the whole genome background. Biochemical
pathway annotation and enrichment analyses were performed using the Kyoto Encyclope-
dia of Genes and Genomes (KEGG) [24], with significantly enriched terms also defined as
those with FDR < 0.05. The results of gene differential expression analysis were used to
screen PPI pairs with differential genes with a score > 0.95 to obtain the correlation between
target genes, and the interaction diagram was implemented using Cytoscape [25].

2.5. Quantitative Real-Time PCR Validation

Total RNA was extracted as described above. The first-strand cDNA from 1 µg of total
RNA was synthesized from the high-integrity RNA using FastKing RT Kit (TIANGEN,
Beijing). The cDNA was used as a template in a final volume of 20 µg for qRT-PCR
(quantitative real-time PCR), which was implemented by an SYBR Premix ExTaq II Kit a
ABI 7500 qPCR instrument. Three technical replicates were done for each sample. The
2−∆∆Ct method was used to determine the target genes’ relative expression levels in each
sample [18,26]. For qRT-PCR analysis, GAPDH gene was applied as the reference gene [18].
All gene-specific primers used in this study were listed in Table S1.

3. Results
3.1. Fruit Phenotype and Dynamic Tannin Content in ‘Xinwen179’

Walnut, a member of the Juglandaceae family, is a widely cultivated economic fruit
crop rich in unsaturated fatty acids, melatonin, vitamins, polyphenols, and a variety of
microelements. Although walnut has been widely used as an edible fruit or for medicine
and healthcare, among other purposes, the abundant polyphenol resources (especial for
tannins) in the walnut shell and pellicle were a critical factor that tremendously limited
further applications of the plant. The early-flowering walnut variety ‘Xinwen179’ has
strong adaptability, as well as high and stable yield ability with a flexible cultivation
mode, and could be used for breeding as intermediate genetic material. The ‘Xinwen179’
pellicle tannin content was lower than other varieties with a similar inflection point in
the developmental process, so its pellicle was selected for further transcriptome sequenc-
ing (RNA-seq) to identify and validate genes that are highly associated with low tannin
metabolism regulation in early-fruiting walnut, which would lay the foundation for later
genetic improvement. The workflow of RNA-seq for ‘Xinwen179’ pellicle tissues in this
study was indicated in Figure 1A.

We collected fruit with three biological replicates in seven stages (8-, 9-, 11-, 13-, 15-,
17-, 19-week, later referred to as 8 W, 9 W, 11 W, 13 W, 15 W, 17 W, 19 W) after the flowering
of walnut ‘Xinwen179’ and performed a tannin-based imprinting experiment involving
cross- and longitudinal-sectioning to obtain the whole tannin content (Figure 1B). The
pellicle of the fruit was separated and stripped for further determination of tannin content.
The tannin content was almost unchanged from the 8 W to 11 W pellicle, but there was
a sharp increase from 11 W to 15 W, with the highest tannin content present in the 15 W
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pellicle. This increase was followed by a fast decrease from 15 W to 17 W and a slow
decrease from 17 W to 19 W (Figure 1C).
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Figure 1. Phenotype and dynamic content of tannin in walnut variety ‘Xinwen179’. (A) Overview of
the experimental design. The fruits of early-flowering walnut cultivar ‘Xingwen179’ were harvested
at seven stages (8 W, 9 W, 11 W, 13 W, 15 W, 17 W, and 19 W). RNA-seq was performed with three
biological repeats; (B) he phenotype of walnut variety ‘Xinwen179’ from 8 W to 19 W, showing the
appearance of fruit (upper panel) in cross- and longitudinal sections (bar = 1 cm); (C) Tannin content
with three biological replicates (rep).

3.2. RNA-seq Results of Dynamic Development Stages of Walnut Pellicles

Transcriptome sequencing of walnut pellicles involved in these seven stages was
implemented to identify potential genes and molecular mechanisms in tannin metabolism
regulation. A total of 21 pellicle samples at the differential stage were extracted, and
the RNA libraries were prepared and sequenced with the Illumina HiSeq2500 platform.
Statistics of the RNA-Seq profiles in ‘Xinwen179’ at 8 W, 9 W, 11 W, 13 W, 15 W, 17 W, and
19 W are listed in Table 1. Low-quality reads and adapter sequences were filtered, and the
high-quality clean reads were produced at average rates of 97.70%, and 93.75%, Q20, and
Q30 values, respectively, indicating the transcriptome sequencing data were of high-quality
and suitable for further analysis (Table 1). These data have been submitted to the Gene
Expression Omnibus (GEO) database of the National Center for Biotechnology Information
(NCBI) and shared with the accession number GSE209790.

These clean data were aligned to the walnut reference genome using Hisat2 software1;
the mapped rate ranged from 95.60% to 95.99%, with an average of 95.59% (Table 1),
indicating that there was no pollution in the experiments. Only the uniquely mapped
reads were retained for subsequent transcript assembly and gene expression calculation.
The gene expression level was calculated and normalized with fragments per kilobase of
transcript per million mapped reads (FPKM) (Table S2).



Horticulturae 2022, 8, 784 5 of 14

Table 1. Statistics of the RNA-seq profiles in ‘Xinwen179’ at seven different developmental stages.

Sample Total_Reads n Clean_Reads n Total_Mapped_Reads n Mapped_to_Gene n Clean_Reads % Total_Mapped Reads % Mapped_to_Gene % Q20 (%) Q30 (%)

8 W-rep1 42,511,740 39,159,426 37,524,508 31,708,623 92.11 95.82 86.31 97.79 93.94
8 W-rep2 40,938,144 37,770,668 36,109,590 30,471,198 92.26 95.60 86.23 97.62 93.58
8 W-rep3 46,185,768 42,363,092 40,505,002 34,203,893 91.72 95.61 86.29 97.85 94.14
9 W-rep1 51,196,102 47,305,832 45,316,194 38,411,566 92.40 95.79 86.61 97.74 93.84
9 W-rep2 46,607,498 43,072,262 41,186,929 34,938,139 92.41 95.62 86.67 97.47 93.21
9 W-rep3 44,124,428 40,700,108 39,029,827 33,085,504 92.23 95.90 86.63 97.82 94.02
11 W-rep1 41,750,830 38,408,438 36,772,379 30,863,355 91.99 95.74 85.98 97.57 93.47
11 W-rep2 42,265,150 38,826,206 37,207,857 31,305,853 91.86 95.83 86.20 97.75 93.87
11 W-rep3 42,840,582 39,402,138 37,728,901 31,571,366 91.97 95.75 85.80 97.77 93.90
13 W-rep1 43,713,166 40,264,612 38,592,256 32,383,080 92.11 95.85 86.03 97.81 93.96
13 W-rep2 41,997,990 38,622,044 37,020,229 31,078,115 91.96 95.85 86.09 97.72 93.77
13 W-rep3 43,851,814 40,468,318 38,805,463 32,511,695 92.28 95.89 85.82 97.77 93.88
15 W-rep1 40,476,880 37,368,500 35,870,261 29,940,084 92.32 95.99 85.74 97.82 93.98
15 W-rep2 43,758,020 40,116,420 38,471,384 32,069,305 91.67 95.90 85.60 97.77 93.96
15 W-rep3 41,861,892 38,498,628 36,864,470 30,703,181 91.96 95.76 85.60 97.53 93.40
17 W-rep1 40,003,876 36,753,148 35,241,476 28,758,694 91.87 95.89 83.77 97.68 93.71
17 W-rep2 38,970,490 35,921,270 34,387,512 28,016,518 92.17 95.73 83.62 97.54 93.45
17 W-rep3 43,878,416 40,368,632 38,648,771 31,730,672 92.00 95.74 84.21 97.63 93.61
19 W-rep1 40,618,986 37,310,474 35,784,315 29,355,853 91.85 95.91 84.38 97.74 93.87
19 W-rep2 42,697,630 39,273,190 37,627,973 30,838,835 91.97 95.81 84.29 97.65 93.67
19 W-rep3 43,254,244 39,778,674 38,088,212 31,127,183 91.96 95.75 84.11 97.62 93.59
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To gain insight into the transcriptome of pellicle tannin metabolism regulation, we
implemented principal component analysis (PCA) (Figure 2A), Pearson correlation analysis
(Figure 2B), reads annotation in protein-coding genes (Figure 2C), analysis of different
expression level divided into seven categories (Figure 2D), and density analysis of gene
expression level (Figure 2E). PCA analysis identified two principal components (PCs)
that explained 85.0% of the variance of the 21 samples in the transcriptome sequencing
data (Figure 2A), and the Pearson correlation coefficients were all above 0.94 between the
three biological replicates of samples from different stages (Figure 2B), indicating the three
biological replicates have very high repeatability. The average number of reads annotated
in protein-coding genes in the 9 W pellicle sample was higher than in the other samples
(Figure 2C). To decrease the effect of transcription noise, we divided genes into seven
categories (0~0.01, 0.01~0.1, 0.1~1, 1~10, 10~100, 100~100, and >1000) and defined expressed
genes and non-expressed genes with an FPKM cutoff ≥1, and the results indicated that
most genes were expressed (Figure 2D). The density of genes slowly decreased from 8 W to
19 W (Figure 2E).
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Figure 2. The profile of RNA library and sequencing. (A) The principal components analysis
(PCA) of the sample with three biological replicates (rep), which explains 85% of the variance;
(B) heatmap of Pearson correlation coefficients between samples, indicating a high correlation
between the three biological replicates; (C) the number of protein-coding genes of each replicate in
the samples, annotated by RNA-seq data; (D) the number of genes with different expression levels;
(E) the density plot of sample overall gene expression level.

In order to identify the dynamic changes in gene expression associated with tannin
metabolism regulation during pellicle development after flowering, analysis of the dif-
ferentially expressed genes (DEGs) was implemented using FPKM from 21 samples with
standard parameters and fold change (FC) > 2 and p < 0.05 in R package DEseq2. Twenty-
one groups of DEGs were identified and visualized in all chromosomes using a Circos plot
and histogram (Figure 3A,B) and an upset diagram that intuitively shows the number of
common and unique differentially expressed genes between different comparison groups
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(Figure S1). A clustering analysis was performed to better understand the expression
pattern of the DEGs among the comparison groups (Figure 3C). All DEGs were clustered
into four groups. Gene expression levels in cluster 1 slowly increased, and a peak appeared
in the 11 W sample, while gene expression levels in cluster 4 slowly decreased over time
(Figure 3D).
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Figure 3. Identification of differentially expressed genes (DEGs). (A) The circos plot shows the
distribution of DEGs at a genome-wide scale. These rings from outside to inside show genomic
positions (1st), up- and downregulated gene density of each group; (B) the number of up- and
downregulated genes; (C) The heatmap of DEGs in which each column represents one sample, and
each row represents one DEG. Gene expression level was transformed by Z-score; (D) the line charts
show the trend of gene expression level. The genes were divided into four groups (Cluster 1–4).

3.3. Identification and Enrichment Analysis of DEGs between 11 W and 15 W Sample

To identify genes closely related to tannin metabolism regulation, we selected 11 W
and 15 W pellicle samples, where tannin content was sharply increased (Figure 1B) for
DEGs analysis. There were a total of 5169 genes identified as significant DEGs, of which
1655 genes (32%) were upregulated and 3514 genes (68%) were downregulated (Figure 4A).
We also implemented a clustering analysis to better understand the pattern between 15 W
and 19 W samples (Figure 4B). The regulated network of DEG was also conducted to
identify hub genes (Figure S2).
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Figure 4. Identification of DEGs between 11 W and 15 W samples and functional enrichment
analysis. (A) The volcano plot represents up- (red dots) and downregulated genes (blue dots), and
no-difference expression genes (grey dots). Dotted lines show the DEG cutoff value of FC > 2 with
p < 0.05; (B) the heatmap of Z-score-transformed gene expression level of DEGs; (C) histogram (right
panel) representing significantly enriched gene ontology terms, which are divided into biological
processes, molecular functions, and cellular component categories; (D) the bubble diagram shows the
significantly enriched GO terms.

To determine the functions of the DEGs, a KEGG (Kyoto Encyclopedia of Genes and
Genomes) analysis [24] was implemented to investigate the biochemical pathways. First,
all DEGs were mapped to the KEGG term database w significance of enrichment, defined
with a cutoff p < 0.5. The DEGs involved in ‘Plant hormone signal transduction, ‘Fatty
acid biosynthesis’, ‘Starch and sucrose metabolism’, ‘Biotin metabolism’, and ‘Nitrogen
metabolism’ were the five most common significantly enriched terms (Figure 4C,D).
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3.4. Identification and Enrichment Analysis of DEGs between the 15 W and 19 W Samples

We selected 15 W and 19 W pellicle samples, a period in which tannin content de-
creased first quickly (15 W to 17 W) and then very slowly (17 W to 19 W) (Figure 1B), in
terms of DEGs. There was a total of 3049 genes identified as significant DEGs, of which
2094 (69%) were upregulated and 955 (31%) were downregulated (Figure 5A). We im-
plemented clustering analysis to better understand the pattern between 15 W and 19 W
samples (Figure 5B). The regulated network of DEGs was created to identify hub genes
(Figure S3).
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Figure 5. Identification of DEGs between 15 W and 19 W samples and functional enrichment analysis.
(A) The volcano plot represents up-(red dots) and downregulated genes (blue dots), and no-different
expression genes (grey dots). Dotted lines show the DEG cutoff value of FC > 2 with p < 0.05; (B) the
heatmap of the gene expression level of DEGs, which were transformed by Z-score; (C) the histogram
and (right panel) represent the significantly enriched gene ontology (GO) terms, which are divided
into the biological process (BP), molecular function (MF), and cellular component (CC); (D) the bubble
diagram shows the significantly enriched GO terms.

To determine the functions of the DEGs, a KEGG analysis was implemented to investi-
gate the biochemical pathways. First, all DEGs were mapped to the KEGG term database,
with significantly enriched terms identified with a cutoff p < 0.5. These DEGs are involved
in ‘Phenylpropanoid biosynthesis’, ‘Starch and sucrose metabolism’, ‘Cutin suberin and
wax biosynthesis’, ‘Nitrogen metabolism’, ‘Amino sugar and nucleotide sugar metabolism’,
‘Anthocyanin biosynthesis’, and ‘Flavonoid biosynthesis’, and were the six most common
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significantly enriched terms in the metabolism category (Figure 5C,D). These results suggest
the DEGs could directly participate in tannin metabolism regulation.

3.5. Network Construction and Validation of Key Genes Related to the Tannin Synthesis Pathway
in the Walnut Pellicle

To identify key genes involved in tannin metabolism regulation, we summarized the
tannin synthesis pathway based on flavonoid metabolic pathway, phenylalanine metabolic
pathway, and shikimic acid metabolic pathway information on the KEGG website (Figure 6).

The first step of phenylpropanoid metabolism begins with shikimic acid and flavanol
as a precursor to the synthesis of tannins [27–29]. Phenylalanine ammonia-lyase (PAL)
deaminates phenylalanine to produce cinnamic acid. Cinnamic acid is then hydroxylated
to produce p-coumaric acid by cinnamic acid 4-hydroxylase (C4H), which is followed by
4-coumarate-CoA ligase (4CL) to produce p-coumaroyl CoA (Figure 6A). The p-coumaroyl
CoA can commit to the flavonoid pathway via chalcone synthase (CHS). Naringenin
is formed by chalcone isomerase (CHI), which is acted on by flavanone 3-hydroxylase
(F3H) to produce the dihydrokaempferol and dihydroquercetin. The dihydroflavonol-4-
reductase (DFR) acts on dihydroquercetin to make leucodelphinidin and leucocyanidin.
Leucodelphinidin can produce gallocatechin via interaction with leucoanthocyanidin re-
ductase (LAR), produce delphinidin via interaction with anthocyanidin synthase (ANS),
then produce epigallocatechin via interaction with anthocyanidin reductase (ANR). The
leucocyanidin could produce proanthocyanidin (PA) and catechin via interaction with
leucoanthocyanidin reductase (LAR). PA is also known as condensed tannins. Leuco-
cyanidin can also produce cyanidin via interaction with anthocyanidin synthase (ANS),
then produce epicatechin or proanthocyanidin (PA) via interaction with anthocyanidin
reductase (ANR) (Figure 6B). Among these, gallocatechin, epigallocatechin, catechin, and
epicatechin are important hydrolytic tannins. By heatmap analysis, we found that four
enzyme genes such as DFR (Jr4DG00161700), LAR (Jr8SG00081600), ANS (Jr6DG00150000),
and ANR (Jr5DG00075400) shared the same expression pattern that was expressed most
highly at early stages of walnut pellicle development and c 15 W to 19 W (Figure 6C). We
have also performed qRT-PCR assays to confirm these four genes: DFR, LAR, ANS and
ANR. The qRT-PCR data revealed similar expression pattern with those shown by RNA-seq
(Figure 6D). Among these genes, ANR encodes a direct upstream enzyme for catalyzing PAs
accumulation. Considering in accordance with the tannin content during pellicle develop-
ment, ANR may be a candidate gene that directly contribute to PAs accumulation. Together,
we revealed a large scale of DEGs that may associate with walnut pellicle development.
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Figure 6. An overview of the phenylalanine ammonia-lyase pathway leading to the synthesis of tan-
nin (A,B). The tannin signaling pathway was divided into two parts (A,B); (C) Heatmap analysis of the
pression levels of key genes by RNA-seq. Red represents high expression level, and green represents
low expression level; (D) qRT-PCR validation of expression for key candidate genes that positively
regulate tannin biosynthesis. Data points were presented in the column diagram. Bars indicated for
s.d. PAL: Phenylalanine ammonia-lyase; C4H: cinnamic acid 4-hydroxylase; 4CL: 4-coumarate-CoA
ligase; CHI: chalcone isomerase; F3H: flavanone 3-hydroxylase; DFR: Dihydroflavonol-4-reductase;
LAR: leucoanthocyanidin reductase; ANS: anthocyanidin synthase; ANR: Anthocyanidin reductase.

4. Discussion

In this study, we have presented RNA-seq profiles of the walnut pellicle during walnut
development. We have constructed a total of 21 pellicle samples at seven stages (8 W,
9 W, 11 W, 13 W, 15 W, 17 W, and 19 W). By RNA-seq, Q20 and Q30 values were at an
average rate of 97.70% and 93.75%, indicating our RNA-seq profiles were of high-quality
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and suitable for further analysis for pellicle development in walnut. Note that, to make
our data open-access, all the RNA-seq data have been submitted to GEO database of the
NCBI (GSE209790).

Agro-forest waste is a major problem during the harvesting and processing of wal-
nuts because inedible parts (green husk, shell, and pellicle) are produced and usually
discarded [2]. Determining ways to use these inedible parts during walnut processing will
meet the demands for sustainable and green agriculture. Recent studies have demonstrated
that these inedible parts, like the green husk, could be a source of natural bioactive com-
pounds due to their high secondary metabolite content (tannins) [2,3]. However, little is
known about the phenolic biosynthetic pathway in walnut pellicles. Identifying the genetic
regulatory mechanisms underlying modulation of the phenolic biosynthetic pathway con-
tributes to new walnut breeding goals for sustainable and green agriculture and contributes
to the study of the genetic cues controlling pellicle development in other woody perennials
more broadly.

In plants, the tannin biosynthesis pathways are composed of a shikimic acid pathway,
phenylpropane pathway, core flavonoid-anthocyanin pathway, and procyanidin-specific
pathway [27,28]. DFR, LAR, ANS, and ANR were the key enzyme genes involved in
the tannin-specific production pathway. In this study, we have measured the tannin
content during walnut pellicle development, and found that tannin content was gradually
increased at early stages but gradually reduced after a 15-week stage during walnut
pellicle development. To address this question, we have successfully identified that the
expression level of ANR (Jr5DG00075400) was related to the change of tannin content
during walnut pellicle development. For this tannin metabolic pathway, several well-
established transcription factors (TFs) are involved in this pathway in plants [27–29].
Therefore, we supposed this pathway would also be regulated by related TFs in walnut. We
have analyzed the differentially expressed TFs, including bHLH, ERF, MYB, NAC, MYB,
and WRKY families (Figure S4), and examined the protein–protein interaction network
of TFs associated with key enzyme genes in the tannin biosynthesis pathway (Figure S5).
In addition, because epigenetic modifications have been considered as a major driver
for understanding the potential mechanisms of fruit development [30,31], our long-term
goals will commit to identify functional impacts of epigenetic modifications during walnut
fruit development.

In conclusion, this study profiled the transcriptional changes of DEGs in walnut
pellicle development. We have constructed a total of 21 pellicle samples at the seven stages
with high-quality RNA-seq data. We have mainly investigated the PAs pathway and related
genes in walnut pellicles, and successfully identified the dynamic expression pattern of the
important gene ANR. Our study not only provides new insights into understanding the
mechanisms of the PAs biosynthesis for pellicle development, but also makes a contribution
toward breeding and utilization of walnut in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae8090784/s1, Figure S1: The upset diagram of several
DEGs in a different group; Figure S2: Network of key DEGs between 11 W and 15 W samples;
Figure S3: Network of key DEGs between 15 W and 19 W samples; Figure S4: The differential
expressed transcription factors; Figure S5: The protein-protein interaction network of a differentially
expressed transcription factor; Table S1: Summary of qRT-PCR primers used in this study; Table S2:
Summary of gene expression levels and annotations in walnut pellicle at seven developmental stage.
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