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Abstract
Botrychium is a commonly used medicinal plant in the family Botrychiaceae
and genus Botrychium, whose growth and development are representative. To
obtain its transcriptome and other biological information, next-generation se-
quencing and analysis were performed. This study used fresh whole plants
of Botrychium as material for whole-transcriptome sequencing on the Illumina
HiSeq 2500 platform. Clean reads were assembled to obtain unigenes, which
were then subjected to bioinformatic analysis against the non-redundant protein
database (Nr), Nucleotide Sequence Database (Nt), Gene Ontology (GO), Clus-
ters of Eukaryotic Orthologous Groups (COG), Kyoto Encyclopedia of Genes
and Genomes (KEGG), SwissProt, and Interpro. The results showed that a
total of 6.67 Gb of clean reads were obtained, yielding 58,646 unigenes with an
average length of 1,023 bp. The overall annotation rate of unigenes across the
aforementioned databases was 69.25%. Specifically, in the GO database, 20,762
genes were annotated to 52 functional groups within three ontologies: biological
process, cellular component, and molecular function. COG annotated 20,633
genes and classified them into 25 functional categories. In the KEGG database,
29,377 genes were annotated and could be divided into 5 major categories and
19 subcategories of metabolic pathways. Based on this analysis, 41 gene families
related to eight categories of plant hormone signal transduction were identified.
Through alignment, a total of 43,102 coding sequences (CDS) were obtained,
with an average length of 749 bp and an N50 of 1,137. Sixty transcription factor
(TF) families comprising 1,502 transcription factor genes were identified. A total
of 17,195 single nucleotide polymorphism (SNP) sites were discovered, including
11,122 transitions and 6,073 transversions. Additionally, 8,245 simple sequence
repeats (SSRs) were found, with dinucleotide repeats and trinucleotide repeats
being the most abundant. These results provide comprehensive transcriptome
information for Botrychium at both functional and structural levels, as well as
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potential genes involved in plant hormone signal transduction, thereby furnish-
ing fundamental molecular biological data for further in-depth research on the
growth and development, genetics, and variety identification of Botrychium.

Full Text
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ing of Plant Hormone Signal Transduction-Related Genes
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Abstract
Botrychium ternatum is a commonly used medicinal plant in the Ophioglos-
saceae family whose growth and development exhibit representative character-
istics of ferns. To obtain its biological information including transcriptome
data, we performed next-generation sequencing and analysis. Using fresh whole
plants of B. ternatum as material, we conducted global transcriptome sequenc-
ing on the Illumina HiSeq 2500 platform. Clean reads were assembled into
unigenes, which were then subjected to bioinformatic analysis across seven
databases: the non-redundant protein/nucleotide database (Nr), Nucleotide Se-
quence Database (Nt), Gene Ontology (GO), Clusters of Eukaryotic Orthol-
ogous Groups (COG), Kyoto Encyclopedia of Genes and Genomes (KEGG),
SwissProt, and InterPro. The results yielded 6.67 Gb of clean sequences, which
assembled into 58,646 unigenes with an average length of 1,023 bp. The over-
all annotation rate was 69.25% across all databases. Specifically, 20,762 genes
were annotated in GO across three ontologies (biological process, cellular com-
ponent, and molecular function) covering 52 functional groups. COG annotated
20,633 genes and classified them into 25 functional clusters. KEGG annotated
29,377 genes that could be divided into 5 major categories and 19 sub-pathways,
from which we screened 41 gene families related to eight classes of plant hor-
mone signal transduction. BLAST analysis identified 43,102 coding sequences
(CDS) with an average length of 749 bp and N50 of 1,137. We screened 60
transcription factor (TF) families comprising 1,502 TF genes. Additionally, we
discovered 17,195 single-nucleotide polymorphism (SNP) sites, including 11,122
transitions and 6,073 transversions, and 8,245 simple sequence repeats (SSRs),
with dinucleotide and trinucleotide repeats being the most abundant. These
results provide comprehensive transcriptome information for B. ternatum from
both functional and structural perspectives, including potential genes involved
in plant hormone signal transduction, offering foundational molecular data for
further research on its growth, development, genetics, and variety identification.
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Introduction
Plant hormones are small signaling molecules that play crucial roles in plant
growth and development, functioning through plant hormone signal transduc-
tion systems. Internal or external stimuli induce expression of a series of plant
hormone genes, which act on corresponding hormone receptors or components to
ultimately manifest different traits (Su et al., 2008). Common plant hormones
include auxin, cytokinin, gibberellin, abscisic acid, ethylene, brassinosteroid,
jasmonic acid, and salicylic acid. In these signal transduction systems, some re-
ceptors or key components interact or exhibit crosstalk, creating synergistic or
antagonistic effects that network the signaling pathways (Ohri et al., 2015).
For example, light signals can regulate root development through crosstalk
with auxin signaling pathways (Kumari & Panigrahi, 2019), while phytochrome-
interacting factors (PIFs) can respond to gibberellin, brassinosteroid, jasmonic
acid, auxin indole-3-acetic acid (IAA), abscisic acid, and ethylene signaling path-
ways, linking these hormone signaling networks through this “hub”molecule
(Ren et al., 2016). Plant hormones also promote flowering through epigenetic
regulation; gibberellin, jasmonic acid, abscisic acid, and auxin play important
roles in DNA methylation and histone post-translational modification-mediated
chromatin compaction, thereby affecting flowering (Campos-Rivero et al., 2017).
Additionally, plants have evolved complex hormone signaling networks to pro-
tect themselves against soil pathogen attacks (Berens et al., 2017). Thus, plant
hormone signal transduction systems are vital for plant growth, development,
defense, and environmental adaptation.

Botrychium ternatum, also known as “Yi Duo Yun,”“Xiao Chun Hua,”“She
Bu Jian,”and other local names, belongs to the Ophioglossaceae family and
Ophioglossum genus. It is an annual herbaceous medicinal plant that primar-
ily reproduces via spores, and its growth and development are representative of
ferns. Widely used in traditional Chinese medicine, particularly in Guizhou and
Fujian provinces, it has heat-clearing, detoxifying, cough-relieving, and hemo-
static effects, and is mainly used to treat infantile convulsions due to high fever,
lung-heat cough, hemoptysis, whooping cough, snakebites, conjunctivitis, and
corneal opacity (Qi, 2012; Zhao et al., 2008; Ruan, 2002). Current research on B.
ternatum has focused primarily on chemical constituents, clinical and pharmaco-
logical effects, and classification and distribution surveys, with limited molecular
biology information that restricts deeper investigation.

The transcriptome refers to the complete set of transcripts in a cell under spe-
cific physiological conditions, including messenger RNA (mRNA), ribosomal
RNA (rRNA), transfer RNA (tRNA), and non-coding RNA. With the devel-
opment and popularization of sequencing technology, transcriptome sequenc-
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ing (RNA-seq) has become an important method for studying genes and their
regulation at the molecular level. In this study, we obtained the global tran-
scriptome of B. ternatum through high-throughput sequencing and analyzed it
using bioinformatic methods to obtain overall annotation information, screen
for potential genes involved in plant hormone signal transduction, and identify
single-nucleotide polymorphisms (SNPs) and short sequence repeat polymor-
phisms (SSRs). This provides valuable molecular data for further research on
the growth, development, and variety identification of B. ternatum.

1.1 Materials

Fresh, mature whole plants of B. ternatum (including roots, stems, leaves,
and spores) were collected in July 2016 from the Doupeng Mountain area of
Duyun City, Qiannan Prefecture, Guizhou Province (altitude ~1,500 m, 107°20�-
107°27�E, 26°12�-26°16�N). The plants were identified by Associate Professor
Wang Chuanming of Qiannan Medical College for Nationalities. Samples were
immediately rinsed with clean water, dried with absorbent paper, placed in a
dry ice box, and transported back for RNA extraction.

1.2 cDNA Library Preparation and Sequencing

Whole plants were ground into powder in liquid nitrogen. Total RNA was
extracted using an RNA extraction kit (Aidlab, Beijing) with DNA digestion.
mRNA was enriched using magnetic beads with Oligo(dT), and quality was
assessed via agarose electrophoresis and NanoDrop micro-volume nucleic acid
detection. After passing quality control, cDNA was synthesized using a kit,
followed by purification, end-repair, 3�-end adenylation, adapter ligation, frag-
ment size selection, and PCR amplification to construct the cDNA library. The
qualified library was then sequenced on the Illumina HiSeq platform.

1.3 De Novo Assembly

Raw reads were filtered to remove low-quality sequences, adapter contamina-
tion, and reads with excessive unknown bases (N), yielding clean reads. Trinity
software (v2.0.6) (Grabherr et al., 2011) was used for de novo assembly of clean
reads, followed by clustering and redundancy removal using TGICL software
(v2.0.6) (Pertea et al., 2003) to obtain unigenes for subsequent analysis.

1.4 Unigene Functional Annotation and Analysis

To understand unigene functions, we annotated them across seven functional
databases using bioinformatic software: BLAST (v2.2.23) for NT, NR, COG,
KEGG, and SwissProt annotations; Blast2GO (v2.5.0) (Conesa et al., 2005)
with NR annotation results for GO annotation; and InterProScan5 (Quevillon
et al., 2005) for InterPro annotation. Plant hormone signal transduction-related
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genes were identified by classifying annotated genes according to the KEGG
signaling pathway map04075.

1.5 Transcriptome Structure Analysis

CDS Prediction: Based on functional annotation results, the best-aligned seg-
ment from NR, SwissProt, KEGG, and COG databases was selected as the CDS
for each unigene following database priority order. Unigenes without annotation
were modeled using ESTScan (v3.0.2) (Iseli et al., 1999) for CDS prediction.

TF Coding Capacity Prediction: Open reading frames (ORFs) were de-
tected using getorf (EMBOSS:6.5.7.0) (Rice et al., 2000). ORFs were aligned to
transcription factor protein domains from PlantTFDB using hmmsearch (v3.0)
(Mistry et al., 2013), and unigenes were identified for TF coding capacity based
on TF family characteristics described in PlantTFDB (Jin et al., 2017).

SSR and SNP Detection: SSRs were detected in unigenes using MISA
(v1.0) (Thiel et al., 2003). Clean reads were aligned to unigenes using HISAT
(v0.1.6-beta) (Kim et al., 2015), and SNPs were detected using GATK (v3.4-0)
(McKenna et al., 2010).

2.1 Sequencing and Assembly Results
The Illumina HiSeq platform generated 55.52 Mb of raw reads, which after
filtering yielded 44.45 Mb of clean reads, achieving a clean read rate of 80.6%.
The sequencing depth was considered “deep”(>15 Mb). The total clean bases
reached 6.67 Gb, assembling into 58,646 unigenes with an average length of
1,023 bp. Both N50 and N70 exceeded 1,000 bp (Table 1 ). All unigenes were
longer than 300 bp, with the majority (25.5%) ranging from 300-400 bp, and
39% exceeding 1,000 bp (Figure 1 [Figure 1: see original paper]), indicating
good sequencing continuity and assembly quality.

2.2 Unigene Functional Annotation
Unigenes were annotated across seven functional databases (NR, NT, GO, COG,
KEGG, SwissProt, and InterPro). The results are summarized in Table 2 . NR
(NCBI protein database) provided the most annotations (65.4%), with an overall
annotation rate of 69.25% across all databases. Based on NR annotation results,
we analyzed species distribution (Figure 2 [Figure 2: see original paper]). Fern
species Physcomitrella patens and Selaginella moellendorffii accounted for 24%
of annotations, consistent with B. ternatum being a fern. Additionally, the
reference species Picea sitchensis showed high annotation frequency (14.21%),
likely due to its well-annotated genome (Ralph et al., 2008). The Venn diagram
of NR, COG, KEGG, SwissProt, and InterPro annotations (Figure 3 [Figure
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3: see original paper]) revealed 12,522 unigenes (21.4%) shared across all five
databases, indicating high annotation reliability for these genes.

2.3 GO Annotation Results
GO annotation assigned 20,762 B. ternatum genes or gene products to three
main categories: molecular function, cellular component, and biological process.
The functional distribution is shown in Figure 4 [Figure 4: see original paper]. In
biological process, the top three terms were metabolic process, cellular process,
and single-organism process. In cellular component, “cell”was most abundant
while “nucleotide”was least common. In molecular function, catalytic activity
and binding were most numerous, followed by transporter activity.

2.4 COG Functional Annotation
COG database comparison annotated 20,633 B. ternatum unigenes, with re-
sults shown in Figure 5 [Figure 5: see original paper]. The largest cluster
was “general function prediction only”(4,559 genes). Eight clusters contained
1,000-2,000 genes, including essential biological activities such as translation,
ribosomal structure and biogenesis, and transcription. Notably, 995 genes were
identified as “function unknown.”

2.5 KEGG Pathway Analysis and Plant Hormone Signal
Transduction Gene Screening
A total of 29,377 genes were mapped to six major categories and 21 sub-pathways
(Figure 6 [Figure 6: see original paper]). Metabolism pathways contained the
most genes (17,698; 60%), while human disease-related genes were least abun-
dant (141 genes, as expected for a plant species). Environmental adaptation-
related genes in the organismal systems category numbered 1,266. Based on
KEGG signaling pathway map04075, we classified annotated genes to identify
candidate genes related to plant hormone signal transduction (Table 3 ).

2.6 Transcriptome Structure
CDS: BLAST analysis identified 38,212 CDS, and ESTScan predicted an ad-
ditional 4,890 CDS, totaling 43,102 CDS with an average length of 749 bp and
N50 of 1,137.
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TF: We screened 60 transcription factor gene families comprising 1,502 TF
genes. Families with over 100 members included C3H, MYB, MYB-related, and
bHLH. Other abundant families included AP2-EREBP, WRKY, and GRAS.

SNP: A total of 17,195 SNP sites were discovered, including 11,122 transitions
(5,452 A-G and 5,670 C-T) and 6,073 transversions (1,444 A-C, 1,729 A-T, 1,418
C-G, and 1,482 G-T).

SSR: Dinucleotide repeats were most abundant (3,666), followed by trinu-
cleotide repeats (3,439), then mononucleotide (563), hexanucleotide (260),
tetranucleotide (169), and pentanucleotide repeats (148).

Discussion
B. ternatum is a non-model medicinal plant commonly used in traditional
medicine, with flavonoids and polysaccharides as its main active components.
RNA-seq yielded 6.67 Gb of clean bases, with 各项指标 indicating good
sequencing depth and assembly quality. Annotation across seven databases
revealed NR had the highest annotation rate (65.4%). Since NR contains both
verified and predicted proteins with large data volume, its high annotation rate
should be interpreted in combination with other databases. The Venn diagram
analysis of NR, COG, KEGG, SwissProt, and InterPro annotations (Figure 3
[Figure 3: see original paper]) showed 12,522 unigenes shared across all five
databases, suggesting high annotation reliability for this subset.

GO, COG, and KEGG annotations are essential for gene annotation, describ-
ing genes from perspectives of ontology, clustering, and pathways, respectively.
COG analysis identified 995 unigenes of unknown function (4.8%). B. terna-
tum belongs to Eusporangiopsida class and Ophioglossales order, representing
numerous fern species that are widely distributed and ancient, with most re-
producing via spores. Ferns occupy a transitional position between lower and
higher plants, exhibiting unique developmental characteristics (Christenhusz &
Chase, 2014; Zhang et al., 2016). Comparing the B. ternatum transcriptome
with other ferns such as Huperzia serrata (Yang et al., 2017) revealed similar
overall annotation rates (55-60%). In both plants, metabolism pathways con-
tained the most KEGG-annotated genes, and environmental adaptation genes
represented a significant proportion, suggesting ferns mobilize numerous genes
for environmental adaptation, enabling their survival as an ancient plant lin-
eage. Therefore, studying the growth and development of ferns like B. terna-
tum is meaningful, particularly the screened but functionally unknown genes
warranting further investigation.

Plant hormones are crucial factors affecting plant growth and development.
KEGG analysis identified genes in all eight known plant hormone signal trans-
duction pathways. Most gene families contained few members, facilitating subse-
quent cloning, analysis, and functional characterization. However, some families
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were large, such as TF and DELLA in gibberellin signaling, BRI1 in brassinos-
teroid signaling, B-ARR in cytokinin signaling, and PP2C in abscisic acid signal-
ing, each containing dozens or even hundreds of members. Further work should
identify key genes and narrow the research scope through differential expression
analysis across tissues, organs, or treatments—a limitation of the current study.
Additionally, although both are ferns, B. ternatum and H. serrata exhibit vastly
different growth characteristics: B. ternatum grows rapidly and reproduces an-
nually via spores, while H. serrata grows slowly with spore germination requir-
ing several years (Guo et al., 2009). Comparing hormone signal transduction
gene numbers (our lab data deposited at http://bigd.big.ac.cn/gsa, accession
PRJCA001325) revealed significant differences in some gene families with more
than two-fold variation. B. ternatum contained more genes in gibberellin signal-
ing TF (PIF4 and PIF3), brassinosteroid signaling BAK1, BZR1/2, and TCH4
families, while H. serrata had more genes in cytokinin signaling CRE1 and A-
ARR, brassinosteroid signaling BSK, and abscisic acid signaling NPR1 and TGA
families. This suggests these genes may have different growth regulatory roles,
potentially contributing to the distinct growth patterns of these two ferns.

Besides endogenous hormones, external environmental factors such as light, tem-
perature, stimuli, and soil affect plant growth and development. Many studies
aim to identify key nodes of these influencing factors (e.g., light-temperature in-
teractions, pests, and microbes). Multi-omics and systems biology approaches
are valuable strategies for studying such complex regulatory networks (Meena
et al., 2017; Myburg et al., 2019; Choi, 2019).
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