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Abstract: Paris polyphylla Smith is a perennial medicinal herb with records from around 2000 years
ago. Polyphyllins are the main bioactive compounds of this herb, which are found to have remarkable
effects on bacteriostatic, antiphlogistic, sedative, and antitumor. However, the market demand for
P. polyphylla is sharply increasing, and the wild resources are threatened by plundering exploitation.
Integrating molecular data of P. polyphylla can benefit the sustainable resource exploitation. Here,
we constructed PPDP (Paris polyphylla Data Portal) to provide a data platform for polyphyllin
biosynthesis and germplasm resource research. PPDP integrates related molecular data resources,
check for functional genomics analysis, and morphological identification. The database provides abundant
updates data (transcriptome, CDS, IncRNA, alternative splicing, gene family, SSR, and chloroplast genome)
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and practical analytical tools (network construction, heatmap of expression profiles, enrichment, and
pathway search) with a user-friendly interface. So far, PPDP is the first biomolecular database for the
genus Paris plants. In the future, we will gradually add genomic data and other necessary molecular

Biosynthesis and Germplasm biological information to improve the database.
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recorded in Pharmacopoeia of the People’s Republic of China [3]. In a recent mono-

graph published in 2021, it is recognized as a species named Paris yunnanensis Franch. [4].
= Pharmacological studies have shown that P. polyphylla has significant effects on hemosta-
Copyright: © 2022 by the authors.  gjg analgesia, bacteriostasis, anti-inflammatory, and tumor cell inhibition [5]. To date,
Licensee MDPI, Basel, Switzerland.  mgre than 210 compounds have been isolated and identified from P. polyphylla, including
steroidal saponins, C-21 steroids, fatty acid esters, triterpenes, flavonoids, $-ecdysone,
and polysaccharides [6,7]. Steroidal saponins, i.e., polyphyllins, are the most important
active ingredients, accounting for approximately 57% of the total number of identified
ingredients. Therefore, rthizoma paridis has become the key drug material of more than
80 kinds of patented medicines, such as gongxuening, yunnan baiyao, reduqing, and

This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Diversity 2022, 14, 1057. https:/ /doi.org/10.3390/d14121057 https:/ /www.mdpi.com/journal/diversity


https://doi.org/10.3390/d14121057
https://doi.org/10.3390/d14121057
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/diversity
https://www.mdpi.com
https://doi.org/10.3390/d14121057
https://www.mdpi.com/journal/diversity
https://www.mdpi.com/article/10.3390/d14121057?type=check_update&version=2

Diversity 2022, 14, 1057

20f16

jidesheng sheyao tablets [8]. However, the long growth cycle of 5-7 years, and the post-
embryonic maturation of seeds result in the slow reproduction of P. polyphylla. Moreover,
sharply increasing market demand and large-scale over-excavation driven by high medical
value cause resource shortage, and also endanger the wild resources of P. polyphylla and
other Paris species [9]. Therefore, understanding polyphyllin biosynthesis mechanism is
significant for the effective utilization of this medicinal herb.

With the development of high-throughput sequencing, transcriptome sequencing
has been widely used to mine functional genes involved in plant secondary metabolism
processes, especially the specialized metabolite biosynthesis of non-model plants lack-
ing genome sequences. The exploration of polyphyllin biosynthesis genes (PBGs) has
remarkably advanced through transcriptome sequencing. Several candidate genes re-
lated to polyphyllin biosynthesis were predicted based on the transcriptome data from
rhizomes [10] or leaves (stems) [11] of P. polyphylla. Meanwhile, another 25 transcripts
encoding 17 key enzymes related to polyphyllin biosynthesis were identified from the
transcriptome of P. polyphylla tissue mixtures [12]. More specifically, a gene encoding
cytochrome P450 monooxygenase (P450) was identified, which catalyzes the oxidative
5,6-spiroketalization of cholesterol to produce diosgenin [13]. A total of 137 PBGs, 74 tran-
scription factor genes, and 1 transporter gene associated with polyphyllin biosynthesis and
accumulation were identified in our previous study [14]. Additionally, polyphyllin biosyn-
thesis is found to be in response to tissue-specific combinatorial development cues through
RINNA-Seq analysis [14,15]. Nonetheless, molecular mechanisms underlying polyphyllin
biosynthesis and accumulation are still unclear.

A database that integrates omics data and analytical tools is very beneficial to unravel
specialized metabolite biosynthesis mechanism. Some medicinal plant databases such as
the Ginseng Genome Database [16] facilitate terpenoid biosynthesis research and molecular
breeding [17,18]. However, there is no database available for P. polyphylla so far. Genetic
information of P. polyphylla is primarily from next-generation sequencing (NGS) transcrip-
tome data [19,20] and very few third-generation sequencing (TGS) transcriptome data [21].
In this study, we constructed the first data portal PPDP (http://ppdp.liu-lab.com) for P.
polyphylla, mainly based on the PacBio SMRT-based RNA-Seq and Illumina-based RNA-Seq
data. The current version of the database provides diverse data, including 36,504 genes,
9020 IncRNAs, 7029 alternative splicing (AS) events, 25,767 SSRs and 49 valid SSR markers,
108 chloroplast genomes, 931 genes from 50 transcription factor (TF) families, 93 CYP and
56 UGT gene candidates, and gene expression profiles at different growth stages. A total
of 186 PBGs were identified, of which 88 genes contained SSRs. PPDP provides a kit
of practical analytical tools, such as network construction, heatmap drawing, pathway
search, etc., with a user-friendly interface. In all, PPDP provides new molecular data and
helps to gain further insight into polyphyllin biosynthesis.

2. Materials and Methods
2.1. Sampling and PacBio SMRT Sequencing

Four fresh tissue samples were collected from six 7-year-old plants of P. polyphylla var.
yunnanensis, which were planted under the same field management in the greenhouse of
Xishuangbanna Tropical Botanical Garden, Chinese Academy of Sciences (Kunming). Each
fresh tissue sample was a mixture, which combined the same tissue collected from three
plants with similar size and status to obtain credible sequencing data. The P. polyphylla
var. yunnanensis plants in this study were obtained through seed germination and seedling
cultivation for years. The seeds were kindly provided by Yunnan Yuxin Agriculture and
Forestry Biological Technology Co., Ltd (Yunnan, China). Seven-year-old is an important
stage in the agriculture cultivation of Paris plants. The rhizomes of P. polyphylla plants from
seed propagation are often harvested at the seventh year. This age is chosen for providing a
representative dataset and a reasonable reference in metabolism biosynthesis research. The
species identification was confirmed by Professor Li Heng (Kunming Institute of Botany,
CAS). RNA from roots and stems were pooled into one sample for SMRT sequencing.
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mRNA was purified using magnetic beads with Oligo (dT), and the library was prepared
according to the Isoform Sequencing protocol (Iso-Seq) using the Clontech SMARTer PCR
c¢DNA Synthesis Kit and the BluePippin Size Selection System protocol as described by
Pacific Biosciences (PN 100-092-800-03). The sequencing was performed using the PacBio
Sequel II platform after confirming library quality. Flowers and leaves were sequenced
separately in the same way after RNA extraction. An additional PacBio isoform sequencing
dataset of P. polyphylla var. yunnanensis was downloaded from The National Genomics Data
Center (NGDC) (accession number: CRA004081) [21] (Figure 1A).
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Figure 1. Implementation of PPDP. (A) RNA-Seq of sampled tissues and data pre-processing. (B) The
main data analysis process. (C) The basic architecture of PPDP. (D) The main functions and related
tools of PPDP.

2.2. Transcriptome Determination and Evaluation

Three sets of PacBio raw data of P. polyphylla var. yunnanensis (two sequenced in this
study and one downloaded from the public database) were processed according to the Iso-
Seq3 pipeline (https://github.com /PacificBiosciences/IsoSeq (accessed on 10 November
2021)). First, circular consensus sequence (CCS) was generated from subread BAM files
with parameter settings: min_length 50, max_length 15,000, min-rq 0.8. Then, CCS reads
were defined as full-length (FL) and non-full-length (NFL) isoforms, depending on the
presence or absence of 5 primers, 3’ primers, and poly(A) tails. Primers, poly(A) tails,
and rapid concatemers were also removed. Finally, full-length non-chimeric (FLNC) reads
were clustered to generate high-quality (HQ) isoforms and low-quality (LQ) isoforms. In
addition, the three FLNC reads were merged by clustering in the expectation of a new
transcript of higher quality. De-redundancy using CD-HIT v4.8.1 [22] and the removal of
transcripts shorter than 200 bp yielded the final non-redundant transcripts, respectively.
Together with our previous NGS transcripts based on Illumina sequencing data from
4 developmental stages and 5 tissues in P. polyphylla var. yunnanensis [13,14], all five
transcripts were assessed using BUSCO v5.0.0 [23].


https://github.com/PacificBiosciences/IsoSeq

Diversity 2022, 14, 1057

40f16

2.3. Functional Annotation and Classification

Functional annotation was performed to gain an insight into the biological context of
the transcripts. All the non-redundant transcripts were searched against Nr and KEGG
using BLAST v2.2.25 [24] with an E-value threshold of 1 x 107>, The annotation of GO,
Swiss-Prot, and Pfam were determined using Trinotate v3.2.2 (http://trinotate.github.io/
(accessed on 20 November 2021)). Transcripts were also annotated by eggnog-mapper
v2.6.1 [25]. Coding sequences (CDS) and open reading frames (ORFs) were identified with
TransDecoder v5.5.0 (https://github.com/TransDecoder/TransDecoder/releases (accessed
on 20 November 2021)).

2.4. SSR Analysis

SSR determination was performed using MISA v2.1 [26]. Six types of SSRs including
mono-, di-, tri-, tetra-, penta-, and hexa-nucleotide repeats with minimum repeat numbers
of 10, 6, 5, 5, 5, and 5 were identified from the transcriptome. The distance between adjacent
SSRs < 100 bp was defined as compound SSR. Further, functional annotations of transcripts
containing SSR were obtained. In addition, valid SSR markers and chloroplast genomes
were collected from the literature and NCBI database, respectively.

2.5. Identification of AS and IncRNAs

The transcripts gtf file raw.gtf was first obtained. Then, the AS events were predicted
using SUPPA v2.3 with default parameters [27]. IncRNAs are non-coding transcripts
longer than 200 bp that regulate gene expression in various forms. IncRNAs in PPDP
were identified by evaluating the coding potential of transcripts using CNCI v2 [28], CPC2
v 0.1 [29], PLEK v1.2 [30], and Pfam. Finally, transcripts at any two intersections of the
prediction results of CNCI, CPC2, PLEK, and Pfam were used as candidate IncRNAs.

2.6. Prediction and Construction of ceRNA Network

In plants, miRNA genes are a class of highly conserved gene families. As no whole
genome of P. polyphylla is available, Arabidopsis thaliana mature miRNAs from the PmiREN
database [31] were used to predict the ceRNA network. The psRNATarget web server
was used to predict targets [32]. The ceRNA score was calculated with our python script
to determine whether IncRNA-mRNA pairs were ceRNAs (p-value < 0.05) [33]. The
intersection was taken to obtain the final predicted ceRNA regulatory relationship pair
and the ceRNA network was acquired. Then the ceRNA network was constructed using
Cytoscape v3.9.1 [34].

2.7. Explore the Biosynthesis Pathway of Secondary Metabolites in P. polyphylla

/s

The following biosynthesis pathways, including “fatty acid elongation”, “steroid
biosynthesis”, “starch and sucrose metabolism”, “terpenoid backbone biosynthesis”,
“phenylpropanoid biosynthesis”, and “flavonoid biosynthesis” in P. polyphylla were ex-
plored by defining A. thaliana as a template. Protein sequences of A. thaliana were obtained
from TAIR [35] and gene accession numbers of the above-mentioned pathways were
obtained from the KEGG PATHWAY Database. Then, the biosynthetic genes from the
pathways of P. polyphylla were acquired by BLAST with the A. thaliana sequences and data

filtration with an E-value threshold of 1 x 1072,

2.8. Prediction of Transcription Factor and CYP&EUGT

The TF families were identified by mapping the protein sequences to the database
PlantTFDB 5.0 [36]. As CYPs and UGTs play very important roles in secondary metabolism,
they are also critical in polyphyllin biosynthesis. A total of 288 CYP protein sequences
from cytochrome P450 (http:/ /drnelson.uthsc.edu/CytochromeP450.html (accessed on
21 March 2022)); and 122 UGT protein sequences from Arabidopsis thaliana cytochromes
P450, cytochromes bs, NADPH-cytochrome P450 reductases, and 3-Glucosidases site
(http:/ /www.p450.kvl.dk/UGT.shtml (accessed on 21 March 2022)) were used to search for
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homologous CYPs and UGTs in P. polyphylla (E-value < 1 x 10~°). Hidden Markov models
(accession numbers: PF00067 and PF00201) were obtained from the Pfam [37] based on the
evolutionary conservation of gene family domains. They were used as the queries to search
against the protein sequences of P. polyphylla using Hmmsearch v3.3.2 [38]. The protein
sequences of screened complete ORFs were further submitted to NCBI-CDD and Pfam to
confirm the domain. Finally, candidate CYPs and UGTs were obtained.

2.9. Construction of Co-Expression Network and PPI Network

Quantification of the merged transcripts was achieved by RSEM [39] using the II-
lumina sequencing data. The co-expression between two genes was estimated by using
the traditional Pearson correlation coefficient. Gene pairs with correlation values > 0.8
and adjusted p values < 0.01 were considered to show co-expression [40]. The protein
interactions of A. thaliana were collected from three databases, namely AtPID v5.0 [41],
AtPIN v9.0 [42], and PAIR v3.0 [43] and the literature [44-46]. A total of 18,037 A. thaliana
genes and 241,468 interactions were obtained. Orthologous groups between the P. polyphylla
and A. thaliana were detected using InParanoid v4.2 [47] with default parameters. The
PPI network in P. polyphylla was inferred from the A. thaliana PPI network by homology
mapping (Figure 1B).

2.10. Development of the Morphological Identification

First of all, the description of morphological characteristics of different species of
the genus Paris, various specimen information of Paris in the CHV China Digital Herbar-
ium (https:/ /primulaworld.blogspot.com/2015/12/the-chinese-virtual-herbarium-cvh.
html (accessed on 2 May 2020)), expert opinions, and the morphological classification
feature data of Paris were collected. Then, the random forest classifier [48] was used to train
the model of the preprocessed data after comparison and screening. Finally, the trained
model was encapsulated and saved for use [49].

2.11. Implementation of PPDP

PPDP was developed using Django web framework (http://www.djangoproject.com/
(accessed on 23 February 2021)) based on Python programming. The website runs on a
Linux Server. The Nginx web server (https://www.nginx.com/ (accessed on 10 March
2021)) and SQLite (https://www.sqlite.org/ (accessed on 20 March 2021)) were used as
the web server and database server, respectively. The web front end was developed using
Bootstrap (https:/ /www.ubuntu.com/ (accessed on 30 March 2021)) and the Semantic Ul
framework (https://semantic-ui.com/ (accessed on 15 April 2021)). JavaScript libraries,
highchart.js (https://www.highcharts.com/ (accessed on 10 May 2022)), and datatables
(https://datatables.net/ (accessed on 3 April 2021)) were applied for rendering interactive
graphs and tables. The network visualization was implemented using Cytoscape.js v.3.3 [50].
The online BLAST server was built with Django-blastplus (https:/ /pypi.python.org/pypi/
django-blastplus/ (accessed on 20 May 2021)) (Figure 1C). Finally, PPDP provides a series of
user-friendly functions, such as browse, download, BLAST, heatmap, network, enrichment,
pathway search, TF family, etc. (Figure 1D).

3. Results
3.1. The Web Interface of PPDP
3.1.1. Browse PPDP

All the genes were listed on the browse page and the detailed information page can be
accessed by clicking the gene ID. For each gene in the browse, comprehensive information
was provided, including multiple gene functional annotations, AS events, heatmaps of gene
expression, and co-expression sub-networks. The number of co-expressed genes displayed
is optional in the gene expression section.
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3.1.2. Visualization of Heatmap, Network, and Enrichment

The ‘Enrichment’ module provides users with GO and KEGG enrichment for genes
of interest (Figure 2B). The expression patterns of genes at different growth periods are
available in the ‘Heatmap” module (Figure 2C). The ‘Network” module enables to extract a
sub-network of user-specified genes from the global co-expression network (Figure 2D).
Additionally, the ‘BLAST" is a user-friendly tool for interacting with the NCBI BLAST+
toolkits (Figure 2A).
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Figure 2. Web interface of PPDP. (A) Finding homologous genes of P. polyphylla using sequence
similarity search with BLAST. (B) KEGG and GO enrichment of genes of interest. (C) Viewing gene
expression profiles at different growth stages. (D) Prediction of co-expression network and PPI-
network. (E) TF and CYP gene family statistics and the specific gene sequences. (F) Morphological
identification of P. polyphylla and other Paris species.

3.1.3. Pathway Search

Plant secondary metabolites play an important role in plant growth and development,
biotic and abiotic stresses, and mediating interactions with other organisms [51-53]. Partic-
ularly, specialized secondary metabolites of medicinal plants are responsible for medicinal
activity. A total of 61, 36, 25, 171, 36, and 128 genes involved in terpenoid backbone biosyn-
thesis, steroid biosynthesis, flavonoid biosynthesis, starch and sucrose metabolism, fatty
acid elongation, and phenylpropanoid biosynthesis in A. thaliana were obtained. Corre-
spondingly, a total of 38, 21, 12, 99, 16, and 49 genes of these pathways in P. polyphylla
were acquired through BLAST. The reference pathway map, related biosynthetic genes
in A. thaliana and P. polyphylla, and their corresponding KEGG enzymes are presented by
selecting a wanted pathway.
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3.1.4. TE, CYP, and UGT Family

In the ‘TF family’ module, the distribution of TF families is represented as a bar chart.
The TF family of interest can be clicked to obtain the queried sequences and each sequence
is linked to its detail page. The ‘CYP & UGT’ module demonstrates the CYP and UGT gene
families in the same way (Figure 2E).

3.1.5. Other Data Resource

An abundance of P. polyphylla datasets can be freely downloaded through the ‘Down-
loads’ section, including transcript sequences, CDS sequences, IncRNA sequences, and
annotations. The ‘Resource’ section provides valid SSR markers and chloroplast genomes
of P. polyphylla and other Paris species. In the ‘Identification System’ section, users can
taxonomically identify their samples by the morphological characters of Paris specimens
collected, such as features of roots, stems, leaves, sepals, flowers, and fruits (Figure 2F).
Moreover, pictures of the taxonomic characteristics are supplied for useful reference.

3.2. Database Statistics and Use Case
3.2.1. General Properties of PacBio Sequencing Data and Evaluation of Transcriptome

A total of 110,666 HQ isoforms and 824 LQ isoforms were acquired, and 36,812 transcripts
were attained after clustering and de-redundancy. A total of 36,504 high-quality non-
redundant transcripts were defined in P. polyphylla after filtering transcripts < 200 bp. The

average length of the transcriptome determined in this study was 2008 bp, with an N50 of
2330 bp and a GC content of 45.88% (Table 1).

Table 1. Summary of the transcriptome of P. polyphylla var. yunnanensis.

Item Value
High-quality isoforms 110,666
Low-quality isoforms 824
Non-reductant transcripts 36,812
High-quality non-redundant transcripts 36,504
Total bases (bp) 73,313,381
N50 (bp) 2330
Average length (bp) 2008
Reads mapping (%) 86.80
Percent GC (%) 45.88

According to BUSCO assessment results, the merged transcriptome has the most
complete sequences and single-copy complete sequences, followed by the Illumina-based
transcriptome (Figure 3A). In addition, 82.50% of the predicted genes from the merged
transcriptome indicated relatively high completeness of the merged transcriptome assembly.
Furthermore, 86.8% of the Illumina reads were mapped to the newly merged transcriptome,
demonstrating a high level of transcriptome coverage. Because it was of higher quality, it
was used for subsequent analyses.

3.2.2. Data Summary

Approximately 90% of the genes were annotated to at least one of the seven public
databases. Specifically, 33,100, 29,249, 17,926, 25,855, 26,493, 19,907, and 29,696 transcripts
were annotated to NR, GO, KEGG, Pfam, Swiss-prot, Kog, and eggNOG, accounting for
90.67%, 80.1%, 49.1%, 70.8%, 72.6%, 54.53%, and 81.3% of the total transcripts, respectively
(Figure 3B). A total of 7029 transcripts had multiple types AS. Among them, those with
retained introns (RI) had the largest number (3230), accounting for 46% (Figure 3C). The
result is consistent with previous reports indicating that RI is the most frequent type
of AS events in plants [54,55]. Additionally, a total of 931 candidate genes from 50 TF
families were found (Figure 3D). The top five TF families are bZIP, C2H2, MYB_related,
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FAR1, and bHLH. Moreover, 100,201 interactions between miRNAs, IncRNAs, and mRNAs
(157 miRNAs, 879 IncRNAs, and 4922 mRNAs) were identified.

A I Complete (C) and single-copy (S) [l Complete (C) and duplicate (D) C
Fragmented (F) Il Missing (M) 3500
46%
A1 ] 0
5]
8 2500 4
% g 2000 - 25.9%
£ x I -
[a] 4
3 1500 19.2%
n S
€ 10001
=z
AS B 500 - 6%
0 14% 1.6% 0.9%
0 40 60 80 100 A3 A5 AF AL MX RI SE
%BUSCO AS events
D
35,000 80
£ 30,000
2
= v
& 25,0001 g 07
g 3
%5 20,0001 &
5 = 40 -
o
-g 15,000+ =
(]
2 £
10,0004
2 20
5000 -
0 0 T Qz o L =
< S P @ o Y I T EE I I I
= {f(/ca Q‘\'bé\.é)ﬁ"o *_O Q/Qé\o @fb @ Eﬁglggégwgégguﬁgéﬁm glxwegé%ggée
& m Q N
< z é =

Gene functional database

TF family

Figure 3. Transcriptome evaluation and annotation. (A) BUSCO assessment results for five transcrip-
tomes with different datasets and assembly strategies. Al: PacBio-based RNA-Seq data from public
database; A2: Illumina-based RNA-Seq data from our previous work; A3: PacBio-based RNA-Seq
data from roots and stems; A4: PacBio-based RNA-Seq data from flowers and leaves; A5: merging
all PacBio-based RNA-Seq data; C: complete orthologs; S: single copy orthologs; D: duplicated
orthologs; F: fragmented orthologs; M: missing orthologs. (B) Statistics of functional annotations.
(C) Classification of the AS events. A3: alternative 3’ splice sites; A5: alternative 5’ splice sites; AF:
alternative first exon; AF: alternative last exon; MX: mutually exclusive exons; RI: retained introns;
SE: skipping exon events. (D) The top 30 TF families identified in P. polyphylla.

3.2.3. Comparison of IncRNAs and mRNAs

A total of 9020 IncRNAs were identified in the P. polyphylla transcriptome using CPC2,
CNCI, PLEK, and Pfam (Figure 4A). According to the length distribution, the average length
of mRNAs (2008 bp) was longer than that of IncRNAs (1613 bp) (Figure 4C). Compared to
mRNAs, IncRNAs featured fewer isoforms and AS events (Figure 4B,D).
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Figure 4. Distribution and features of IncRNA. (A) Venn diagram of predicted IncRNAs. (B) Distri-
bution of isoform numbers of IncRNA and mRNA. (C) Density distribution of IncRNA and mRNA
length. (D) Distribution of AS events of IncRNA and mRNA.

3.2.4. Exploration of the Polyphyllin Biosynthesis Pathway

A total of 186 candidate genes involved in the upstream of the polyphyllin biosynthesis
pathway were identified (Figure 5A). These genes participate in two branch pathways of
plant saponin biosynthesis: the cytosolic mevalonate (MVA) pathway and the plastidial
2-C-methyl-D-erythritol 4-phosphate (MEP) pathway. Quantitatively, more genes were
related to the MVA pathway than to the MEP pathway. The transcriptional regulation
of polyphyllin biosynthesis was also predicted in this study. It showed that a total of
432 TF genes (Figure 5B) may participate in the regulation of polyphyllin biosynthesis
(Supplementary Materials Figure S1).

3.2.5. Data Related to Germplasm Resources

A total of 25,767 potential SSRs were identified from 36,504 transcripts. Among them,
dinucleotides (46.75%) were the most abundant, followed by mononucleotides (39.45%) and
trinucleotides (12.14%). Moreover, 4027 compound SSRs were identified (Table 2). After
functional annotation, 16,120 SSR-containing transcripts had 12,626, 7678, 11,106, 11,465,
and 14,412 homologous sequences in GO, KEGG, Pfam, Swiss-prot, and NR, respectively.
In total, 186 PBGs were identified from the transcriptome, of which 97 contained SSRs.
Additionally, valid SSR markers and the related primers of P. polyphylla were collected from
reference. There were 14 and 35 valid SSR markers for P. polyphylla var. chinensis [56] and
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P. polyphylla var. yunnanensis [57-59], respectively. Similarly, P. polyphylla var. chinensis is
also considered as a species, named Paris chinensis Franch. in the monograph [4]. As the
chloroplast genome is an ideal system for plant phylogeny study and an efficient marker
source in germplasm resource investigation, chloroplast genomes of the Paris species were
also collected from the public database. A total of 108 chloroplast genomes of P. polyphylla
and other Paris species have been added in PPDP.
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biosynthetic genes. (B) Putative TF genes related to the biosynthesis.

Table 2. Statistics of SSRs from the transcriptome.

Item Value
Total number of sequences examined 36,504
Total size of examined sequences (bp) 73,313,381
Total number of identified SSRs 25,767
SSR-containing sequences 16,120
sequences containing more than 1 SSR 6169
SSRs present in compound formation 4027
Mononucleotide repeats 10,164
Dinucleotide repeats 12,045
Trinucleotide repeats 3129
Tetranucleotide repeats 88
Pentanucleotide repeats 71
Hexanucleotide repeats 270
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3.2.6. A Case Study of Mining Genes Related to Polyphyllin Synthesis Using PPDP

PPDP is a comprehensive data platform with molecular data and analytical tools,
such as BLAST, network construction, enrichment analysis, etc. Here, we demonstrate
how to mine genes involved in the polyphyllin biosynthesis pathway. Polyphyllins belong
to steroidal saponins, which share a similar biosynthesis backbone to that of terpenoids.
From KEGG, 61 terpenoid backbone biosynthesis-related genes of A. thaliana were obtained,
and their corresponding sequences from TAIR. Then, 38 optimal polyphyllin biosynthesis-
related gene candidates in P. polyphylla were identified using PPDP BLAST. The expression
profiles of these genes in different tissues at different growth stages can be viewed using the
‘Heatmap’ function (Figure 6A,B). Apparently, polyphyllin biosynthesis-related genes are
expressed differentially in tissues across growth stages, especially PPDP043478, PPDP051101,
and PPDP057972, which are highly expressed in leaves at pollination and fruit stages,
and also in the stem at the pollination stage. A sub-network of polyphyllin backbone
biosynthesis can be constructed using the ‘Network Construction’, indicating the existence
of connections between polyphyllin biosynthesis-related genes in P. polyphylla (Figure 6C).
Additionally, these candidate genes can be examined using ‘GO Enrichment’. As expected,
there was significant enrichment related to polyphyllin biosynthesis. The most abundant GO
entries are isoprenoid biosynthesis processes, followed by sterol biosynthesis and terpenoid
biosynthesis processes (Figure 6D). The ceRNA network of 61 genes is queried using the
‘ceRNA network’. Only PPDP057217 has eight IncRNAs as its ceRNAs, indicating that
these eight IncRNAs may be involved in polyphyllin backbone biosynthesis in P. polyphylla.
(Figure 6E). Finally, the SSRs distribution of the related genes can be retrieved using the ‘SSR
search’. The 16 SSRs retrieved have no tetranucleotide and pentanucleotide repeats; however,
they are very uniformly distributed in type mononucleotide, dinucleotides, trinucleotides,
and compound repeats, which are four, five, three, and four, respectively.



Diversity 2022, 14, 1057

12 of 16

PPDP

Weclome to PPDP

Home  Browse

Paris polyphylla data porta[{PPDPJ Integrates compare
transcriptomics, molecular inarker data, and taxenomie
knowledge of Paris polyphyfla. It aims at providing an &z
visualized data platform for further research on secongs
biosynthesis and germplasrh resource of this impog

Zoom, scrall, and click
buttons to intersct 1% .
with the clustergram. Y

PPDPO068..

Search

Opacity Slider

Top rows sum: ail

Top rows variance
al

Maliix Values

0 9

PPDPO064..

You can input the genes and select the stage you are interested in, ajd this tool generates a clustered heatmap

& R
L) & & &I NS
S & & & & F P )
<Bohn ‘\qf’ SO & o
Row Ordor LSS PG .ﬁf &

——

Tools -

P450&UGT

D

Y

imouse to move node.

PPDPOBORTY |~

FFDFos’lm \

PPOPO72689

sers can zoom in and out of the network map, and click on the node to access the details of the gene. Click and drag the

PPDP0§4821

DP047325

<
7 T—_PPDPO434TE.

PPDPOT1760
PPDP044938

PPDPOS;

PPOPO4T
PPOPO7TIM)

m\g%u s .gspg;gx.

Statistics

BLAST

Download  Help FPID Qsearch

isoprenoid biosynthetic process

isopentenyl diphosphate biosynthetic process, |
methylerythritol 4-phosphate pathway

terpenoid biosynthetic process -

isopentenyl diphosphate biosynthetic process, |
mevalonate pathway

sterol biosynthetic process -

chlorophyll biosynthetic process 1
carotenoid biosynthetic process 4
1-deoxy-D-xylulose-5-phosphate synthase activity <

acetyl-CoA C-acetyltransferase activity 4

transferase activity, transferring alkyl or aryl |

(other than methyl) groups

vitamin E biosynthetic process

farnesyl diphosphate biosynthetic process, |
mevalonate pathway

thiamine biosynthetic process 4

response to molecule of fungal origin 4
photosynthesis 1

peroxisome -

endopeptidase activity 1

fatty acid beta-oxidation

magnesium ion binding

0

prenytransterase activity | [ N

0 25 50 75
Count

E

move nade.

Users can zoom 1n and out of the CeRNA Network map, and Click on the node 10 access The detalls 0f the gene, Click and drag the mouse o

@ IncRNA I miRNA 4 mRNA

PPDP014234
PPDP082010

PPDP033026 \\

PPDP057217

PPDP066492

Ath-miR396b

~#m
/

PPDP011320
Ppngam

PPD%MES

Figure 6. Case study: gene function prediction using PPDP tools. (A) Interface of tools in PPDP.
(B) Heatmap of polyphyllin backbone biosynthesis-related genes in P. polyphylla. (C) Sub-network
of predicted genes related to the biosynthesis. (D) GO enrichment of predicted genes related to
biosynthesis. (E) CeRNA network of polyphyllin backbone biosynthesis-related gene candidates.
Triangles represent miRNAs, squares represent mRNAs, and circles represent IncRNAs.

4. Discussion

Databases typically consolidate redundant-rich data, and provide many useful analyt-
ical tools [60]. Therefore, databases can greatly facilitate the research of various growth and
development processes, genetic research and breeding, and secondary metabolite synthesis
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pathways of plants. The Lonicera japonica functional genomics database (LjaFGD) includes
a Lonicera japonica genome and 77 sets of transcriptomes, converging multiple tools for
the purpose of gene functional analysis and mining of Lonicera japonica [61]. GinkgoDB is
a comprehensive database with multi-dimensional research resources of ginkgo, which
contains two versions of genomes, expression profiles, distribution information, moni-
toring data, and morphological photos [62]. It assists the research, development, and
conservation of the entire community of ginkgo. The Citrus Pan-Genome to Breeding
Database (CPBD) covers 23 genomes of 17 citrus species, 4038 sets of transcriptomes of
13 horticultural species, variations of 167 citrus resource materials, and DNA methylome of
44 citrus samples at different tissues and developmental stages [63]. Practical analysis tools
are also provided in CPBD, including gene search, BLAST, gene ID conversion, KEGG/GO
enrichment, CRISPR design, and genome-wide association analysis (GWAS). PPDP cur-
rently lacks phenotype—genotype association data and genomic data. It is because that
GWAS/QTL studies in P. polyphylla have not been carried out and the large genome size of
P. polyphylla is unavailable at present. Therefore, we need continued efforts in this area.

So far, PPDP is the first database for the Paris plants. Based on PacBio SMRT-based
RNA-Seq and Illumina-based RNA-Seq data, PPDP contains a variety of datasets, including
36,504 genes, 9020 IncRNAs, 7029 AS events, 25,767 SSRs and 49 valid SSRs, 108 chloroplast
genomes, 931 genes from 50 TF families, 93 CYP and 56 UGT gene candidates, and gene
expression profiles at different growth stages. PPDP provides a range of practical analytical
tools, such as BLAST online, heatmap drawing, network construction, and pathway search.
In conclusion, PPDP provides new molecular data and contributes to further understanding
of polyphyllin biosynthesis and germplasm resource research.

In the future, as related research increases and advances, PPDP will continue to be
upgraded to collect more data and provide more functions. Our goal is that PPDP can
facilitate more aspects of research on P. polyphylla.

5. Conclusions

PPDP is a user-friendly data platform that integrates functional genomic analyses,
molecular data resources, and morphological identification of P. polyphylla. Currently, the
analytical tools of PPDP v1.0 are mainly based on transcriptome data. Notably, it offers
a kit of necessary tools for functional analyses of databases, including co-expression, PPI
network prediction, heatmap, functional enrichment, pathway search, online BLAST, and
other general tools. PPDP can contribute to functional genomic analyses and germplasm
resource research on P. polyphylla, and it will help research of polyphyllin biosynthesis
and regulation. In the future, we will add more molecular biology data to progressively
improve the database.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/d14121057 /s1, Figure S1: co-expression network of polyphyllins
biosynthesis genes (PBGs) and the related TF genes. The blue block indicates the PBG and the yellow
block indicates TF gene; Table S1: characteristics of the transcriptomic data in this study; Table S2:
information on valid SSRs collected.
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