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Abstract

Pulsatilla chinensis (Bunge) Regel has been widely used in the pharmaceutical industry. With
the deepening of clinical application, the research on its plant resources has attracted much
attention. However, the underlying molecular mechanisms of distinct germination during
Pulsatilla seed development are still mostly unknown. Therefore, in this study, four germin-
ation stages of P. chinensis seeds, with obvious differences in seed appearance traits, were
used as materials. Transcriptome sequencing technology was used to analyse the molecular
mechanisms of seed germination. A total of 27,601 differentially expressed genes (DEGs)
(six different groups) were determined. KEGG enrichment analysis revealed that the up-regu-
lated DEGs were enriched in phenylpropanoid biosynthesis, photosynthesis, photosynthesis–
antenna proteins, plant hormone signal transduction, flavonoid biosynthesis and other path-
ways. A total of 87 DEGs was enriched in phytohormone signal transduction pathways,
including auxin (25), abscisic acid (13), gibberellin (6), ethylene (9) and cytokinin (7).
Furthermore, a protein–protein interaction network was constructed using these DEGs.
Some DEGs were validated by qRT-PCR analysis. This comprehensive analysis provided
basic information on the key genes of plant hormone signal transduction pathways involved
in the seed germination process of P. chinensis (Bunge) Regel.

Introduction

Pasqueflower (Pulsatilla chinensis (Bge.) Regel], belonging to the Ranunculaceae family, is a
traditional Chinese medicine with dry root. The main active ingredient of P. chinensis is ane-
moside B4, which is often used in the treatment of cancers and inflammatory diseases (Kang
et al., 2019).

Due to the continuous excavation of its clinical value, the wild resources of P. chinensis are
increasingly exhausted and rising in prices. Therefore, large-scale artificial cultivation is
urgently needed. At present, P. chinensis is mainly reproduced sexually. Its seeds are small,
its embryo development is not complete, and seeds are in a state of morphophysiological dor-
mancy. Under natural conditions, the germination rate is low and non-uniform, and the seeds
are easy to become mouldy during germination, thereby seriously restricting the development
of P. chinensis industrialization.

Seed germination is at the initial stage of whole plant growth. The physiological and bio-
chemical state of the seed during germination directly affects the post-emergence plant state
and biomass. Seed germination is regulated by external and internal factors, including plant
hormone signalling (Shu et al., 2016), light signalling (Xu, 2020) and abiotic and biotic stresses
(Verma et al., 2016). Among these, the plant hormone abscisic acid (ABA) maintains seed
dormancy and inhibits seed germination, whereas gibberellin (GA) breaks seed dormancy
and promotes seed germination. The dynamic changes in ABA and GA content are the
core factors to maintain seed dormancy or initiate seed germination. Previous studies have
shown that ABA and GA regulate seed dormancy or germination mainly by balancing their
ratio (ABA/GA), that is, ABA/GA determines whether seeds are dormant or germinating; a
high ratio of ABA/GA indicates seed dormancy, otherwise it is seed germination (Shu et al.,
2016). Light often controls the induction of seed germination, or breaking of seed dormancy,
through the regulation of hormone metabolism and signalling pathways (Yang et al., 2020).
Biotic or abiotic stresses, such as waterlogging/flooding, drought, heat, cold and salinity, bac-
teria, fungi, viruses, nematodes and insects (Verma et al., 2016; Zhou et al., 2020), directly or
indirectly affect the changes in these signalling pathways (Daszkowska-Golec, 2011;
Nakashima and Yamaguchi-Shinozaki, 2013; Ibrahim, 2016; Mhamdi and Van Breusegem,
2018; Vishal and Kumar, 2018; Seneviratne et al., 2019).

RNA-seq is a technique for high-throughput sequencing of the mRNAs of a certain species,
which is a collection of all RNAs transcribed in a specific functional state or a certain devel-
opmental stage (Delatte et al., 2016). In particular, when genome information of the species is
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unknown, the genetic information obtained by sequencing could
be used for mining of the functional genes of the species (Jensen
et al., 2012), sequence comparison and expression abundance
analysis (Guo et al., 2011; Wang et al., 2012). In recent years, tran-
scriptome sequencing technology has been increasingly used in
the exploration of seed germination mechanisms of medicinal
plants, such as Glycyrrhiza uralensis (Guan et al., 2021)
Gentiana crassicaulis (Kang et al., 2021) and Pinellia ternate (Li
et al., 2020a).

This study aimed to use the transcriptome data of P. chinensis
seed germination to analyse the key signalling pathways, related
functional genes and important regulatory factors. It also aimed
to establish the foundation for exploring the molecular mechan-
ism of P. chinensis seed germination.

Materials and methods

Plant material and treatments

Seed were collected from wild P. chinensis and grown in
Yangguangzhan (113.128926°E, 37.1422345°N) in Taiyuan City,
Shanxi Province. Samples of P. chinensis seeds were authenticated
by Professor Guoyue Zhong of Jiangxi University of Chinese
Medicine. After pre-treatment, the seeds were sown on two layers
of filter paper and placed in a controlled environment chamber
set at 25°C and 12 h in the dark/12 h in the light.

Samples were taken 0, 2, 4 and 6 d after imbibition. Seeds were
rinsed 2–3 times with PBS buffer. Surface moisture was absorbed,
and the samples were frozen immediately in liquid nitrogen and
stored at −80°C for transcriptome sequencing. Of the total of
four treatments, each treatment was replicated three times.

RNA extraction, library construction and transcriptome
sequencing

Total RNA was extracted from the 12 samples by using the
Illumina Novaseq 6000 sequencing platform at Shanghai
Majorbio Bio-pharm Biotechnology Co., Ltd. Sequencing experi-
ments were performed using OmniPlant RNA Kit for library con-
struction. The concentration and purity of the extracted RNA was
tested by Nanodrop2000, RNA integrity was detected by agarose
gel electrophoresis, and RIN was measured by Agilent2100. A sin-
gle library construction required total RNA ≥ 1 μg, concentra-
tion≥ 35 ng μl−1, OD 260/280 ≥ 1.8 and OD 260/230 ≥ 1.0.

Magnetic beads with oligo(dT) for A-T base pairing with
polyA were used to isolate the mRNA from the total RNA.
Then, fragmentation buffer was added to randomly fragment
the mRNAs, and small fragments of approximately 300 bp were
isolated by magnetic bead screening. Under the action of reverse
transcriptase, random hexamers were added to reversely synthe-
size one-strand cDNA by using mRNA as a template, followed
by two-strand synthesis to form a stable double-strand structure.
The double-stranded cDNA structure was a sticky end filled with
End Repair Mix to make a blunt end, and then an ‘A’ base was
added to the 3′ end to connect a Y-shaped adapter. Finally, the
following steps were performed for Illumina onboard sequencing:
(1) library enrichment, PCR amplification for 15 cycles; (2) add-
ition of 2% agarose gel to recover the target band; (3) TBS380
(Picogreen) quantification, mixed in accordance with the data
ratio; (4) bridge PCR amplification on cBot to generate clusters
and (5) Illumina platform sequencing (PE library, read length
2 × 150 bp).

De-novo assembly and functional annotation

For transcriptome studies without reference genomes, after high-
quality RNA-seq, data were obtained, all quality-controlled
sequencing reads needed to be assembled de novo to generate con-
tigs and singletons. The software used was Trinity (https://github.
com/trinityrnaseq/trinityrnaseq/wiki) (Grabherr et al., 2011).
After splicing was performed on Trinity, the assembly results
were evaluated. The initial assembly sequence obtained generally
needs to be optimized, filtered and re-evaluated. (1) TransRate
(http://hibberdlab.com/transrate/) (Smith-Unna et al., 2016) and
CD-HIT (http://weizhongli-lab.org/cd-hit/) were used to optimize
filtering (Li and Godzik, 2006). (2) For assembly evaluation, the
software Benchmaking Universal Single-Copy Objects was used
(http://busco.ezlab.org) (Simão et al., 2015).

All transcripts obtained from the transcriptional group
sequencing were compared with six databases (NR, Swiss-Prot,
Pfam, COG, GO and KEGG databases) to obtain annotation
information in each database and apply appropriate statistics to
each database annotation. The Plant Transcription Factor
Database was used to annotate transcription factors (TFs).
(http://planttfdb.cbi.pku.edu.cn/) (Jin et al., 2017).

Analysis of DEGs

The transcripts per million reads (TPM) values of all genes were
used to analyse the correlation between each of the samples
(Conesa et al., 2016). DESeq2 (Robles et al., 2012) was used for
the analysis to further reveal the molecular events that occur dur-
ing seed development, with expression levels expressed as |
log2FC| > = 1 and adjusted P-value (P adjust) < 0.001 (Li et al.,
2014; Love et al., 2014; Gao et al., 2020), in at least one of the
comparisons where DEGs were considered for further analysis.

DEGs were analysed for functional enrichment, including GO
and KEGG enrichments (Ashburner et al., 2000; Kanehisa and
Goto, 2000). Goatools was used for unigene/transcript GO
enrichment analysis using Fisher’s exact test. When P adjust <
0.05, the function was considered to be significantly enriched.
The KEGG pathway was used for unigene/transcript enrichment
analysis, and the calculation principle was the same as that in
GO functional enrichment analysis. When P adjust < 0.05, the
KEGG pathway was considered to be significantly enriched.

Proteins are involved in most biological processes in cells
(Keskin et al., 2016), but they rarely act on their own but mostly
in complexes (Alberts, 1998; Charbonnier et al., 2008). Therefore,
to fully understand the function of proteins, their interactions
must be explored (Struk et al., 2019). Protein–protein interactions
(PPIs) are an important aspect of plant systems biology (Struk
et al., 2019). Identification of the interactors of a protein could
help predict its function. In plants, most physiological processes
are regulated by complex signal transduction pathways required
for development, differentiation and adaptation to changing
environments (Vanstraelen and Benková, 2012). Identification
of key protein players and their interaction networks provides
important insights into the regulation of plant developmental
processes and how plants interact with their environment
(Struk et al., 2019). In the present study, the interactions between
phytohormone signalling-related proteins were searched by using
STRING (https://string-db.org/cgi). These protein interaction net-
works were visualized using Cytoscape software (Doncheva et al.,
2019).
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Using the transcriptome sequencing results, the coding
sequence (CDS) information of the core protein gene was
obtained. The CDS of the gene was blasted in Nucleotide
BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) to obtain the
similarity sequence.

On this basis, Mega was used to calculate the similarity of
sequences and construct a phylogenetic tree of genes. Among
them, when using MEGA 11 software to build the best model
of its phylogenetic tree, the number of bootstrap repetitions is
1000 times, and the tree-covering method is the neighbour-
joining method (NJ).

qRT-PCR analysis

According to the sequenced transcriptome data of P. chinensis
seeds during germination, the TPM value of gene expression
was greater than 50, and the TPM value between samples was
basically the same as the screening standard (Ma et al., 2019).
The relative amounts of these genes were verified using
qRT-PCR. The primer sequences were provided by Majorbio Bio.

The RNA was extracted from different samples following the
instructions in the OmniPlant RNA Kit. The purity and concen-
tration were checked by NanoDrop2000, and the integrity of the
total RNA was examined using 1% agarose gel electrophoresis.
The RNA was synthesized into cDNA in accordance with
HiScript Q RT SuperMix for qPCR (+gDNA wiper, Novizan).
The qRT-PCR reaction was performed using an ABI7500 fluores-
cence quantitative PCR instrument (Applied Biosystems, USA)
and ChamQ SYBR Color qPCR Master Mix (2X) (Nanjing
Novizan Biotechnology Co., Ltd). The following were used for
the qRT-PCR reaction system: cDNA, 2 μl; upstream and down-
stream primers, 0.8 μl; 2X ChamQ SYBR Color qPCR Master
Mix 10 μl, 50X ROX Reference Dye2, 0.4 μl and ddH2O, 6 μl.
The cycle conditions were as follows: pre-denaturation at 95°C
for 5 min, followed by cycling for 40 rounds (melting at 95°C
for 5 s, annealing at 55°C for 30 s and extension at 72°C for
40 s). After the above steps were completed, a 96-well plate with
the sample added (10-fold dilution of cDNA) was placed in the
ABI 7500 fluorescence quantitative PCR machine for reaction.
The gene expression changes between different sample materials
were calculated using the 2−ΔΔCt method, with three biological
replicates (Livak and Schmittgen, 2001).

Hormone treatment

After pre-treatment, the seeds were soaked in different concentra-
tions of gibberellic acid (GA3) and abscisic acid (ABA) at room
temperature for 12 h. The control group (CK) was soaked with
distilled water for 12 h. The GA3 treatment concentrations were
50, 100, 150 and 200 mg l−1, and the ABA treatment concentra-
tions were 0.1, 1.0, 10 and 100 mg l−1. The seeds were placed
on a double-layer moistened filter paper (9-cm Petri dish) for ger-
mination light was provided for 12 h d−1, the temperature was
(25 ± 1)°C, and each treatment was repeated three times. The fol-
lowing germination parameters were calculated as follows:

a. Germination rate = germination number/total number of
grains*100%;

b. Germination potential = the number of seeds germinated
within the specified number of days/the total number of
seeds*100% (Shi et al., 2005);

c. Germination index (Gi) = ∑
(Gt/Dt) (Li and Piao, 2010)

with Gt is the normal number of germinated seeds on each
day and Dt is the corresponding germination days.

Results

Analysis of phenotypic traits of P. chinensis seeds during
germination

P. chinensis seeds have a dormancy phenomenon. Their mature
seeds contain immature embryos and the seed germination rate
is extremely low under natural conditions. In the early stage of
the research, the germination rate of the seeds was improved,
and the germination time was shortened by treating the seeds
of P. chinensis with seed priming technology. On the basis of
the pre-treatment, the seeds were placed on a double layer of
wet filter paper for germination treatment, and samples were
taken at 0, 2, 4 and 6 d of the germination treatment. During
the process of seed germination, the characteristic appearance
changed significantly (Fig. 1). After 2 d of germination, some
seeds grew radicles that broke through the seed shells. After 4 d,
the seed radicles extended to 1–2 cm. After 6 d of treatment,
the seeds grew out of the seed shells, with 1–2 leaves.

Transcriptome data analysis

In this paper, four stages in the germination process of P. chinen-
sis seeds were selected to understand the transcriptional regula-
tion mechanism during the germination process of P. chinensis
seeds. Transcriptome sequencing analysis was performed, and
the sampling was repeated three times (see supplementary
Table S1). A total of 510,005,732 pieces of raw data were obtained,
filtered and analysed. Finally, a total of 505,527,940 pieces of clean
data were obtained, of which Q20 and Q30 were divided into
97.50 and 92.86%, and the GC content was 46.43% (see supple-
mentary Table S2). The sequencing results were good, and band
quality was assessed (Fig. 2a). A total of 129,151 unigenes were
assembled by Trinity, of which the largest length was 14,889 bp,
the shortest length was 201 bp, the average length was
850.38 bp, N50 was 1314 bp and E90N50 was 2219 bp. The GC
content was 45.08% (Table 1).

All genes and transcripts obtained by transcriptome assembly
were compared with six major databases (NR, Swiss-prot, Pfam,
COG, GO and KEGG databases) to comprehensively obtain func-
tional information of genes and transcripts and perform statistics
on the annotations of each database (see supplementary
Table S3). A total of 76,222 (59.53%) bands were annotated in
all six databases. Most annotated data were obtained from the
COG database, with 63,414 (49.52%) bands being annotated.
The KEGG database had the least annotation information, and
38,670 (30.20%) bands were annotated. By aligning with the NR
database, checking the similarity of the transcript sequence of
this species with that of similar species and the functional infor-
mation of homologous sequences was possible. The distribution
of band annotation species is shown in the NR database
(Fig. 2b). Among the species with high matching degree of similar
bands, Aquilegia coerulea had the highest proportion, followed by
Quercus suber, Carpinus fangiana and Macleaya cordata.

All unigenes were annotated by the COG database to further
assess the completeness of the de-novo transcriptome assemblies
and predict gene function. The COG classification of all unigenes
was divided into 23 functional categories, mainly including
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carbohydrate transport and metabolism, translation, ribosomal
structure and biogenesis, post-translational modification, protein
turnover, chaperones, signal transduction mechanisms, intracellu-
lar transport, secretion and vesicular transport (Table 2 and
Fig. 2c). Among them, the proportion of genes with functions un-
known was relatively large, and few gene studies during the ger-
mination process of P. chinensis seeds were found. Relevant
annotation references are lacking, thus needing further
strengthening.

DEG analysis

Based on the quantitative expression results, DEG analysis was
performed to obtain DEGs between the two groups (see supple-
mentary Table S4 and Fig. 3). The differential analysis software
used DESeq2, and the screening thresholds were |log2FC| > = 1
and P adjust < 0.001.

DEGs GO enrichment and KEGG enrichment analysis
The up-regulated DEGs are mainly involved in chlorophyll meta-
bolic process, protein-chromophore linkage, chloroplast RNA
processing, xyloglucan metabolic process, auxin-activated signal-
ling pathway and other functions were used to create a differential
gene set for GO enrichment analysis (Fig. 4b). The down-
regulated DEGs were mainly enriched in RNA from tricistronic
rRNA transcript (SSU-rRNA, 5.8S rRNA and LSU-rRNA), ribo-
somal small subunit assembly, regulation of protein-containing
complex disassembly, maturation of SSU-rRNA and positive
regulation of supramolecular fibre organization (Fig. 4c).

KEGG enrichment analysis was carried out on the differential
gene set, and a total of 138 pathways were enriched, mainly in
ribosome, photosynthesis–antenna proteins, carbon fixation in
photosynthetic organisms, photosynthesis, porphyrin and chloro-
phyll metabolism and other pathways (Fig. 4d). Among them, the
up-regulated DEGs were enriched in phenylpropanoid biosyn-
thesis, photosynthesis, photosynthesis–antenna proteins, plant
hormone signal transduction, flavonoid biosynthesis and other
pathways (Fig. 4e). The down-regulated DEGs were mainly
enriched in ribosome, proteasome, carbon fixation in photosyn-
thetic organisms, phagosome and endocytosis (Fig. 4f).

DEGs involved in plant hormone signal transduction pathway
The distribution and signal transduction of hormones during seed
germination are crucial to the development of embryo and endo-
sperm. The differential expression, mutation and modification of
hormone signal transduction-related genes are important factors
affecting seed development (Rajjou et al., 2012; Gazzarrini and
Tsai, 2015).

Within the pathway of plant hormone signal transduction
(map04075), 87 DEGs were significantly enriched, most of
which were involved in auxin, cytokinin, gibberellin, abscisic
acid, ethylene, brassinosteroid, jasmonic acid and salicylic acid
pathways (Fig. 5).

In the auxin pathway, auxin influx carrier 1 (AUX1), transport
inhibitor response 1 (TIR1), AUX/IAA and SAUR (SAUR family
protein) have been reported to be involved in seed germination,
plant development processes, repressing early auxin response
and cell elongation. In this study, 25 genes were enriched in the

Fig. 1. Four different stages of seed germination, times
after imbibition: (a) 0 d; (b) 2 d; (c) 4 d and (d) 6 d.
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Fig. 2. RNA integrity and transcriptome data func-
tional annotation. (a) Sample agarose gel electro-
phoresis detection; (b) NR species annotation and
(c) COG database annotation.
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auxin pathway, including 1 enriched in AUX1, 1 in TIR1, 10 in
IAA, 3 in GH3 and 10 in SAUR. Among them, seven orthologs
of IAA and one of AUX1 were up-regulated compared with
those in BTWZZ_1.

In the cytokinin pathway, one AHP (histidine-containing
phosphotransfer protein) and two ARR-B (two-component
response regulator ARR-B family) showed higher expression levels
in BTWZZ_1 and BTWZZ_2 than in BTWZZ_3 and BTWZZ_4,
whereas others were expressed in an opposite trend.

In gibberellin signalling, two orthologs of PIF4/PIF3 encoding
for phytochrome-interacting factor 4 were continuously
up-regulated compared with those in BTWZZ_1.

A total of 13 genes were enriched in the abscisic acid signalling
pathway, PYL (abscisic acid receptor PYR/PYL family), protein
phosphatase 2C (PP2C), serine/threonine-protein kinase SRK2
(SnRK2) and ABA-responsive element binding factor (ABF)
showed a large difference in expression.

In the ethylene pathway, ethylene receptor (ETR), CRT1 (ser-
ine/threonine-protein kinase CTR1), cyclin-dependent kinase 7
(CDK7), mitogen-activated protein kinase kinase 4/5 (MKK4_5)
and mitogen-activated protein kinases (MAPKs) were presented
remarkably by multiple genes, especially the MAPK gene family,
which was significantly down-regulated.

In addition, some DEGs involved in the SA, BR and JA signal-
ling pathways were expressed in up- or down-regulated patterns.

PPI network analysis
A total of 87 DEGs were enriched in the plant hormone
signal transduction pathway. The DEGs were matched with
the STRING database (https://cn.string-db.org/) to further

Table 1. Transcriptome de-novo assembly results

Type Unigene Transcript

Total number 129151 186492

Total base 1.1 × 10+08 1.73 × 10+08

Largest length (bp) 14,889 14,889

Smallest length (bp) 201 201

Average length (bp) 850.38 925.77

N50 length (bp) 1,314 1,428

E90N50 length (bp) 2,219 1,971

Fragment mapped
percent (%)

66.594 79.816

GC percent (%) 45.08 44.44

TransRate score 0.31027 0.36699

BUSCO score C: 83.6% [S:80.8%;
D:2.8%]

C: 94.1% [S:59.3%;
D:34.8%]

Table 2. COG database annotation results

Type Functional categories COG

Information storage and processing [A] RNA processing and modification 387

Information storage and processing [B] Chromatin structure and dynamics 451

Metabolism [C] Energy production and conversion 2,266

Cellular processes and signalling [D] Cell cycle control, cell division, chromosome partitioning 444

Metabolism [E] Amino acid transport and metabolism 2,020

Metabolism [F] Nucleotide transport and metabolism 484

Metabolism [G] Carbohydrate transport and metabolism 3,126

Metabolism [H] Coenzyme transport and metabolism 665

Metabolism [I] Lipid transport and metabolism 1,799

Information storage and processing [J] Translation, ribosomal structure and biogenesis 3,407

Information storage and processing [K] Transcription 2,421

Information storage and processing [L] Replication, recombination and repair 1,709

Cellular processes and signalling [M] Cell wall/membrane/envelope biogenesis 705

Cellular processes and signalling [N] Cell motility 34

Cellular processes and signalling [O] Post-translational modification, protein turnover, chaperones 5,432

Metabolism [P] Inorganic ion transport and metabolism 1,038

Metabolism [Q] Secondary metabolites biosynthesis, transport and catabolism 937

Poorly characterized [S] Function unknown 33,059

Cellular processes and signalling [T] Signal transduction mechanisms 2,557

Cellular processes and signalling [U] Intracellular trafficking, secretion and vesicular transport 2,484

Cellular processes and signalling [V] Defense mechanisms 539

Cellular processes and signalling [Y] Nuclear structure 12

Cellular processes and signalling [Z] Cytoskeleton 789
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study the key regulators in this pathway, and 65 proteins were
identified. The number of edges was 238, and the average node
degree was 7.32. Cytoscape was used to construct a PPI network
map, where different colours represented different types of
hormone-related proteins. Each of the functional modules was
tightly connected clusters, in which the thicker lines represented
stronger associations between the genes, including 16 auxin-related

proteins; 11 abscisic acid-related proteins; 7 ethylene-related pro-
teins; 6 cytokinin-related proteins; 6 gibberellin-related proteins
and 19 other types, such as salicylic acid, brassinosteroid and jasmo-
nic acid signalling pathways protein. The first six core proteins were
AUX1 and IAA19 (auxin signal transduction pathway), ABI1 and
ABI5 (abscisic acid signal transduction pathway), RGA1 and GAI
(gibberellin signal transduction pathway).

Fig. 3. (a,b) Expression differences and Venn analysis of different groups. (a) Statistics of expression difference and (b) Venn analysis of different groups. The sig-
nificant DEGs with |log2FC| > = 1 and P adjust < 0.001. (c–h) Differential gene volcano maps. (c) BTWZZ1_vs_BTWZZ2; (d) BTWZZ1_vs_BTWZZ3; (e)
BTWZZ1_vs_BTWZZ4; (f) BTWZZ2_vs_BTWZZ3; (g) BTWZZ2_vs_BTWZZ4; (h) BTWZZ3_vs_BTWZZ4.
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Fig. 4. (a–c) GO enrichment analysis. (a) DEGs; (b) DEGs_UP and (c)
DEGs_DOWN. (d–f ) KEGG enrichment analysis. (d) DEGs; (e) DEGs_UP
and (f) DEGs_DOWN.
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Fig. 4. Continued.
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Fig. 5. Functional enrichment of DEGs in plant hormone signal transduction pathways.
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Fig. 6. Phylogenetic tree. (a) AUX1; (b) ABI1 and (c) ABI5.
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Conservation analysis of core gene sequences
In order to determine whether the above six core protein genes
are similar and conserved within other species, the CDS obtained
from the transcriptome (see supplementary Table S5) were used
to perform BLAST in the NCBI database to obtain similar gene
sequences. AUX1, ABI1 and ABI5 obtained multiple similar
sequences (>100) after blasting, IAA19 obtained two sequences,
RGA1 obtained six sequences and GAI obtained two sequences.
Among them, AUX1, ABI1 and ABI5 were compared with the
sequence of the first 10 species (see supplementary Tables
S5–S8), and MEGA11 was used to construct the phylogenetic
tree of AUX1, ABI1 and ABI5 (Fig. 6). In general, the sequences
of the same species clustered well together, with high homology
and similarity, indicating that AUX1, ABI1 and ABI5 genes are
relatively conservative in the evolution process. According to
neighbour-joining phylogenetic analysis on the basis of AUX1
sequences, bootstrap of each node showed that P. chinensis was
close to Ipomoea nil and Papaver somniferum. ABI1 sequence
analysis showed that P. chinensis was close to Prunus mume.
And ABI5 phylogenetic analysis showed that P. chinensis was
close to Alosa alosa and Prunus persica.

Expression profile analysis by qRT-PCR

Six DEGs were randomly selected for quantitative real-time
PCR (qRT-PCR) to validate their expression levels during the
process of seed germination in P. chinensis (Bunge) Regel.
The RT-qPCR results showed that the transcriptional levels
of the tested genes were in a correlated trend with the respect-
ive abundance estimated by RNA-seq (Fig. 7), suggesting
relative rationality and accuracy of the transcriptome analysis
in this study.

Effects of hormone treatments on seed germination

The one-way analysis of variance was performed on the three ger-
mination parameters, and the results showed that the germination
rate and germination index of seeds treated with different concen-
trations of GA3 and ABA were significantly different from those

of the control group (Fig. 8). Compared with the control group,
50 mg l−1 GA3 did not show a significant difference in the seed
germination rate but continuing to increase the concentration
of GA3, the germination rate of P. chinensis seeds decreased sig-
nificantly, and the highest concentration of gibberellin almost
completely inhibited germination. Especially at the 200 mg l−1

GA3, in the late stage of germination, the seeds displayed mildew
in a large area. There were also significant differences in the ger-
mination index of seeds treated with the different concentrations
of GA3. Compared with the control group, the germination index
of seeds in the 50 mg l−1 gibberellin treatment group was
increased, and the germination index of seeds in the high concen-
tration of gibberellin treatment was decreased. After ABA treat-
ment of seeds for 12 h, the germination rate of seeds in the low
concentration treatment group (0.1 mg l−1, 1.0 mg l−1) showed
no significant difference compared with the control group.
Continuing to increase the concentration of abscisic acid
decreased the germination rate significantly compared with the
control group, as did the germination index.

Discussion

Seed dormancy is a complex adaptive characteristic of plants, a
physiological feature that adapts to environmental changes, and
an environmental adaptive response mechanism that
enables seeds to be stored for a long time and maintain a certain
viability, thereby ensuring the reproduction and survival of spe-
cies (Finkelstein et al., 2008; Pipatpongpinyo et al., 2020). As a
protection mechanism, plant seeds not only protect themselves
but also bring certain challenges to agriculture, forestry produc-
tion and even the conservation of endangered wild species
(Ying, 2013).

In recent years, many studies have shown that seeds may still
be in a dormant state when they mature, and the degree of dor-
mancy gradually decreases with the passage of storage time
(Walck et al., 1999; Holdsworth et al., 2008; Graeber et al.,
2012). The phenomenon of seed dormancy is common, but the
causes are complex. They are mainly divided into external and
internal factors. The external factors include environmental

Fig. 7. qRT-PCR confirmation of DEGs.
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factors, such as light, climate, soil, water and changes in the rhizo-
sphere microbial community (Huang et al., 1993). The internal
factors include seed coat disorders, germination inhibitors, hor-
monal regulation and embryo immaturity (Liping, 2016).

Depending on the type of dormancy, different methods are
used to break it. P. chinensis has small seeds and incomplete
embryo development. The germination rate is low and non-
uniform under natural conditions, and it is easy to be mildewed
when germinating (Li and Zhongyun, 2010; Wang et al., 2013).
At present, GA3, low temperature, ultrasonication, polyethylene
glycol (PEG) 6000 and other treatments are mainly used to
break the dormancy of Pulsatilla seeds, improving the germin-
ation rate and potential, and shorten the germination time.
However, no report could be found on the molecular mechanism
of its germination (Shi et al., 2005; Li and Zhongyun, 2010; Wang
et al., 2013).

In recent years, increasing applications of transcriptome
sequencing research have been used in the exploration of plant
seed dormancy, germination and storage mechanisms (Graeber
et al., 2012; Vishweshwaraiah et al., 2018). Especially when the
genome information of the species is unknown, the genetic infor-
mation could be obtained through transcriptome sequencing to
realize the mining of species’ functional genes in a specific period.
Thus, comparing the gene expression of P. chinensis seeds at dif-
ferent germination stages may be important to elucidate the ger-
mination mechanism. This study was the first report on the
application of transcriptome sequencing technology to explore

the germination mechanism of P. chinensis seeds and mine the
regulatory network of dormancy and germination.

Plant hormones are key regulators of plant growth, development
and signalling networks involved in response to different biotic and
abiotic stresses (Durbak et al., 2012; Verma et al., 2016; Qi et al.,
2019). In this study, a total of 13 DEGs were enriched in the
ABA metabolic pathway (Fig. 4e), including two abscisic acid
receptor PYR/PYLs (TRINITY_DN10555_c0_g1, TRINITY_
DN16857_c0_g1) and protein phosphatase 2C (TRINITY_
DN8843_c0_g2). The expression levels (TPM) of two serine/
threonine-protein kinase SRK2s (TRINITY_DN17614_c0_g1,
TRINITY_DN1152_c0_g2) in BTWZZ_3 and BTWZZ_4 were sig-
nificantly higher than those in BTWZZ_1 and BTWZZ_2.
However, abscisic acid receptor PYR/PYL (TRINITY_DN120981_
c0_g1, TRINITY_DN23200_c0_g1, TRINITY_DN9858_c0_g1 and
TRINITY_DN1893_c0_g1), protein phosphatase 2C (TRINITY_
DN11296_c0_g1 and TRINITY_DN4643_c0_g1) and ABA-
responsive element binding factor (TRINITY_DN52899_c0_g1)
were found to be significantly higher in BTWZZ_1 and
BTWZZ_2 than in BTWZZ_3 and BTWZZ_4.

Moreover, the GA metabolism GID1, GID2 and SLY1 gene
families exhibited higher expression in BTWZZ_1 and
BTWZZ_2. The PIF3 and PIF4 gene families also exhibited
up-regulation in BTWZZ_3 and BTWZZ_4. The DELLA proteins
(TRINITY_DN8581_c0_g1 and TRINITY_DN55822_c0_g1)
behaved differently in the four stages of seed germination (Fig. 4d).

Fig. 8. Germination of seeds treated with different concen-
trations of hormone. (a) Germination rate of seeds treated
with different concentrations of GA3; (b) Germination index
of seeds treated with different concentrations of GA3; (c)
Germination rate of seeds treated with different concentra-
tions of ABA; (d) Germination index of seeds treated with dif-
ferent concentrations of ABA.
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Other plant hormones, such as auxin, ethylene, salicylic acid
and brassinosteroids are likely to be involved in seed germination
and dormancy (Li et al., 2018; Moravcová et al., 2018; Kim et al.,
2019). AUX1 is an auxin-importing carrier that regulates auxin
input positively. It regulates the distribution of auxin in different
parts of plants, providing an important guarantee for plant
growth and development and thereby regulating physiological
processes, such as plant embryonic development, organ formation
and plant directional growth. Auxin has also been implicated in
the regulation of germination through histone modification
(Wang et al., 2016). Karrikins, a family of small molecules discov-
ered in wildfire smoke, play a key role in seed dormancy release
and may have complex interactions with phytohormones, espe-
cially IAA (Meng et al., 2016). Sometimes, dormancy release by
after-ripening correlates with a decline in ABA content and an
increase in IAA content during imbibition, as was shown in
rice (Du et al., 2015).

Furthermore, mutations in etr1 showed increased dormancy
and a delay in germination in comparison with the wild type in
Arabidopsis, also resulting in increased sensitivity to ABA with
respect to inhibition of germination (Subbiah and Reddy, 2010).
The brassinosteroid receptor kinase, BRI1, was also considered
to play a key role in seed germination, especially in cold stratifica-
tion (Kim et al., 2019).

The process of seed dormancy and germination is regulated
by various endogenous hormones and environmental factors
(Shu et al., 2016). Abscisic acid and gibberellins are the main
plant hormones that regulate seed dormancy and germination.
Recent studies have shown that auxin may also play an important
role in the regulation of seed dormancy and germination (Belin
et al., 2009; Liu et al., 2013; Shu et al., 2016; Shuai et al., 2016;
Li et al., 2020b). On this basis, different concentrations of GA3

and ABA were selected to treat seeds, and the germination of
seeds was observed. Increasing concentrations of ABA decreased
the germination index of seeds while seed vigour was reduced.
The germination rate and germination index of seeds treated
with gibberellic acid at a concentration of 50 mg l−1 increased,
but there was no significant difference compared with the control
group. When the concentration of gibberellin was increased, the
germination rate and germination index of seeds decreased.
This may be related to the pre-treatment of the seeds (the relevant
patent is being applied for in this part), and the seeds after the
pre-treatment are easier to germinate. Judging from the current
literature, P. chinensis seeds have dormancy characteristics, long
germination period and irregular germination (Shi et al., 2005;
Gu et al., 2014).

Conclusion

This is the first report on the application of transcriptome sequen-
cing technology to explore the germination mechanism of P. chi-
nensis seeds. In this paper, Trinity was used to assemble clean
data obtained by transcriptome sequencing. The clean data was
compared with six major databases to obtain functional informa-
tion of genes and transcripts. The NR species annotation results
showed that the sequencing results had the highest match with
Aquilegia coerulea, but only 26.63% of the genes annotated to
this species. In addition, the COG classification function statistics
found that the number of genes with unknown function was the
largest, up to 33,059. This result also shows to a certain extent that
there are few studies on the genes of P. chinensis, and the molecu-
lar mechanism of its seed germination needs more attention.

During the four stages of seed germination, the DEGs were
mainly enriched in 138 pathways, of which the differentially
expressed up-regulated genes were enriched in the phenylpropa-
noid biosynthesis pathway, and the differentially expressed down-
regulated genes were mainly enriched in the ribosome pathway.
GO functional enrichment analysis found that the up-regulated
differential genes were mainly enriched in chlorophyll metabolic
process, and the down-regulated differential genes were mainly
enriched in tricistronic rRNA transcript (SSU-rRNA, 5.8S
rRNA, LSU-rRNA). Sixty-five DEGs were significantly enriched
in plant hormone signal transduction pathway, including 16
auxin-related proteins, 11 abscisic acid-related proteins, 7
ethylene-related proteins, 6 cytokinin-related proteins, gibberellin
6 protein-related proteins and 19 others. The differential protein
PPI interaction analysis on these pathways found that the first six
core proteins were AUX1, IAA19 (auxin metabolism pathway);
ABI1, ABI5 (abscisic acid metabolism pathway); RGA1 and
GAI (gibberellin metabolism pathway).
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