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Objective: Lycopodiastrum casuarinoides, a fern of the Lycopodiaceae family, is a traditional Chinese 

medicine, which has similar efficacy to that of Huperzia serrata in treating rheumatoid arthritis (RA). 

However, they are different in the contents and compositions of lycopodium alkaloids. In this study, the 

biosynthesis related genes of lycopodium alkaloids and genetic markers are discovered in L. casuarinoides 

transcriptome. 

Methods: The plant of L. casuarinoides was collected and was subjected to the RNA isolation, cDNA library 

construction, high throughput RNA sequencing and bioinformatics analysis. 

Results: Totally 124, 524 high-quality unigenes were assembled from RNA sequencing reads, with an aver- 

age sequence length of 601 bp. Among the L. casuarinoides transcripts, 61,304 shared the significant sim- 

ilarity (E-value < 10 −5 ) with existing protein sequences in the public databases. From 124,524 unigenes, 

47,538 open reading frames (ORFs) were predicted. Based on the bioinformatics analysis, all possible en- 

zyme genes involved in the lycodine-type alkaloids biosynthetic pathway of L. casuarinoides were identi- 

fied, including lysine decarboxylase (LDC), primary amine oxidase (PAO), malonyl-CoA decarboxylase, etc. 

Sixty-four putative cytochrome p450 (CYP) and 827 putative transcription factors were selected from the 

transcriptome unigenes as the candidates of lycodine-type alkaloids biosynthesis modifiers. Furthermore, 

13,352 simple sequence repeats (SSRs) were identified from 124,524 unigenes, of which dinucleotide mo- 

tifs AG/CT were the most abundant (50.1%). Meanwhile, we confirmed the amplification effectiveness of 

25 PCR primer pairs for randomly selected SSRs. 

Conclusion: We obtained the comprehensive transcriptomic information from the high throughput RNA 

sequencing and bioinformatics analysis, which provided a valuable resource of transcript sequences of L. 

casuarinoides in public databases. 

© 2020 Tianjin Press of Chinese Herbal Medicines. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Lycopodiastrum casuarinoides (Spring) Holub ex Dixit is a peren-

ial fern belonging to the Lycopodiaceae family (sensu lato), and is

idely distributed in southern China. The whole plant of L. casuar-

noides , also called as Shujincao in Chinese, is commonly used as

he folk medicine against rheumatoid arthritis (RA). Recent phar-

acological studies have shown that the total alkaloids of L. ca-

uarinoides (ALC) are a potential agent for treating the inflam-

ation and arthritis. Evidence from laboratory and clinical trials
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howed that the total alkaloids of L. casuarinoides possess multiple

harmacological activities, including anti-inflammation and anti- 

rthritis ( Pan, Xia, Guo, & Kong, 2015 ), anti-neuronal cell damage

 Tang et al., 2013 ), and anti-acetylcholinesterase (AchE) ( Hirasawa

t al., 2008 ; Tang et al., 2013 ; Zhang, Chen, Song, Zhang, & Gao,

014 ). 

The chemical structures, composition properties of lycodine-

ype alkaloids and their derivatives of L. casuarinoides have been

tudied extensively and are well defined ( Hirasawa et al., 2008 ;

a & Gang, 2004 ; Tang et al., 2013 ). There are four types

f lycopodium alkaloids, i.e., lycopodine-type, miscellanous-type,

awcettimine-type, and lycodine-type, and lycodine-type com- 

ounds have been identified in L. casuarinoides ( Ma & Gang, 2004 ).
his is an open access article under the CC BY-NC-ND license. 
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The lycodine-type alkaloids represent a unique class of compounds

that are characterized by three or four connected hexatomic rings

( Ma, Jiang, & Zhu, 1998 ). The hexatomic ring is composed of four

parts including a pyridine ring (called ring A), a piperidine ring

(ring B) and a bicyclononane core formed by rings B and D ( Ma &

Gang, 2004 ; Tang et al., 2013 ; Zhang et al., 2014 ). 

To date, more than 80 lycodine-type alkaloids along with their

known analogues have been isolated from L. casuarinoides , such as

huperzine B, huperzine C, and lycoparin C, all of which have been

found to possess the potent inhibition ability against AchE. Inter-

estingly, it is proved that AChE inhibiting activity of huperzine C

is comparable to that of huperzine A (HupA), while the latter has

been clinically used to treat Alzheimer’s disease (AD) for many

years in China ( Hirasawa et al., 2008 ; Tang et al., 2013 ; Zhang et al.,

2014 ). 

Ma and Gang (2004) proposed Hup A and l ycopodium alkaloids

biosynthetic pathways for the first time. The biosynthetic path-

ways of lycodine-type alkaloids were also well documented in this

proposed pathway. In the studies of two transcriptomes of Huper-

iza serrata (Thunb. ex Murray) Trev. and its closely related species,

Phlegmariurus carinatus (Desv.) Ching ( Luo et al., 2010a ; Yang et al.,

2017 ), the biosynthetic pathways of l ycopodium alkaloids are well

summarized as follows: initially, the first biosynthetic step is l-

lysine converting to cadaverine, catalyzed by lysine decarboxylase

(LDC). Subsequently, the oxidative deamination of cadaverine is

catalyzed by copper amine oxidase (CAO), and then piperidine is

spontaneously generated. Next, piperidine is reacted with oxoglu-

taric acid (produced from malonyl-CoA), which is followed by de-

carboxylation, and then pelletierine is generated. After that, multi-

step reactions result in the biosynthesis of lycodane that contains

the unique tetracyclic skeleton. Finally, four classes of lycopodium

alkaloids, including lycopodine-type, lycodine-type, fawcettimine-

type and miscellaneous-type compounds, can be formed from ly-

codane via divergent chemical processes, such as the modification

and oxidation, which are probably catalyzed by CYPs ( Yang et al.,

2017 ). 

H. serrata, P. carinatus and L. casuarinoides are rich in ly-

copodium alkaloids ( Hirasawa et al., 2008 ; Jiang et al., 2014 ; Ma

et al., 1998 ), but they are distinguished in the contents and compo-

sitions of these alkaloids. Therefore, it is worth exploring whether

L. casuarinoides has similar genes related to the biosynthesis of ly-

copodium alkaloids as above-mentioned. 

Next-generation sequencing technologies (NGS) have been

widely applied in the de novo transcriptome sequencing of medic-

inal plants without available genomic data ( Sharma & Shrivastava,
Fig. 1. Medicinal plant L. casuarinoides. (A) Above-ground part of L. casuarinoides. (B) Stem

maturation stage, juvenile stage, initial stage, according to branching phenotype). 
016 ). In this study, we carried out the high throughput transcrip-

ome sequencing of the aerial tissues (stems and pin-like leaves)

f L. casuarinoides and identified candidate genes involved in the

ycodine-type alkaloids biosynthetic pathway. Totally 109 million

equencing reads, representing 16.43 Gb of clean data were utilized

o assemble 124,524 unigenes. In addition, SSR-motifs (microsatel-

ite markers) were also identified in the transcriptome dataset of L.

asuarinoides . The current results provide a valuable genetic basis

or the synthetic biology research on bioactive lycopodium alka-

oids of traditional medicinal plants. 

. Materials and methods 

.1. Plant materials 

The aerial part of L. casuarinoides plant was collected from

inyue Mountain area (27 °36 ′ N, 114 °15 ′ E), Wentang Town,

ichun City, Jiangxi Province of China in May 2016 ( Fig. 1 ). A

oucher specimen (No. 20160613) was deposited at the key Labo-

atory of Natural Active Pharmaceutical of Jiangxi Province, Yichun

niversity, China. The sample was authenticated by Assoc. Prof.

hang-jiu Ji (College of Bioscience, Yichun University). The wild L.

asuarinoides was grown in a wild and moist environment. In or-

er to facilitate sampling and protect local germplasm resources,

e used the aboveground part (stems and leaves) in the follow-

ng analysis. All fresh samples were rapidly mixed, flash frozen in

iquid nitrogen and stored at −80 °C until further use. 

.2. RNA preparation 

The total RNA was extracted from L. casuarinoides samples by

lant RNA Isolation Kit (Tiangen Co., Ltd., Beijing, China); Phe-

olic compounds were eliminated and the genomic DNA was re-

oved according to the manufacturer’s directions. The RNA degra-

ation and contamination were assessed on 1% agarose gel. The

NA quality was checked using the NanoPhotometer spectropho-

ometer (Implen, CA, USA). The RNA concentration was quantified

sing Qubit RNA Assay Kit in Qubit 2.0 fluorometer (Life Tech-

ologies, CA, USA), and the total RNA integrity (RIN value) was

hecked using RNA 60 0 0 Nano Assay Kit with the Agilent bioan-

lyzer 2100 system (Agilent Technologies, CA, USA). The RIN of the

bove-mentioned sample was required to reach more than 7.5 for

NA sequencing. 
s and leaves at four different developmental stage (From left to right: adult stage, 
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.3. cDNA library construction and transcriptome sequencing 

Equal amounts of total RNA from the aerial tissues, including

ain stems and pin-like leaves, were pooled and then were used

o construct the cDNA library. The library was sequenced on the

llumina HiSeq TM 2500 platform in Novogene Co., Ltd. (Beijing.

hina) and the 100 bp paired-end RNA-Seq reads were generated

ased on the standard protocol (Illumina Inc., San Diego, CA). Raw

eads of the sequencing data are deposited in NCBI Sequence Read

rchive (SRA) with the accession number SRA2776088. 

.4. De novo assembly of transcriptome dataset and functional 

nnotation of unigenes 

The original image data generated by the sequencing platform

ere converted by base calling into raw reads. The raw reads were

reprocessed by trimming adaptor sequences and discarding low

uality reads that contain more than 50% bases with Q value of

o more than 20. The clean reads were subjected to the de novo

ssembly of transcriptome using Trinity program ( Grabherr et al.,

011 ). The contigs were obtained and were then further processed

ith the sequence clustering software, TGICL ( Pertea et al., 2003 )

o generate longer sequences defined as unigenes. The BLAST soft-

are (a threshold E -value cutoff of 10 −5 ) was used to compare the

ssembled unigenes with those available from the public databases

ncluding NCBI Non-redundant (NR), Eukaryotic orthologous groups

f proteins (KOG), Swiss-Prot, Protein family (Pfam), Gene ontology

GO), and the Kyoto Encyclopedia of Genes and Genomes (KEGG). 

The functional annotation of unigenes was performed using the

last2GO program ( Conesa et al., 2005 ). In order to understand the

istribution of gene functions, the WEGO ( Ye et al., 2006 ) software

as used to perform the GO analysis. In addition, the metabolic

athway mapping of transcripts was performed by KEGG ( Kanehisa

t al., 2008 ). The enzyme commission (EC) was assigned to the

nique putative unigenes using the BLAST searching against the

EGG database. 

The protein coding sequences (CDSs) of all unigenes were

dentified using BLASTX and ESTScan program ( Iseli, Jongeneel,

 Bucher, 1999 ). Briefly, the BLASTX alignment was performed

etween unigenes and protein databases such as NR, SwissProt,

EGG and KOG. The best alignment results were used to determine

he sequences direction of unigenes. Unigenes with the sequence

atch in only one database were not further searched. When a
Fig. 2. Overview of L. casuarinoides transcriptome assembly a
nigene did not align to any database, ESTScan was used to pre-

ict coding regions and determine the sequence direction. 

Candidate genes belonging to the lycodine type alkaloids

iosynthetic pathway were identified from the unigenes by

atabase searching and functional annotation. 

.5. SSR analysis 

In order to find useful SSRs from all unigenes of L. casuar-

noides , the microsatellite identification tool MISA ( http://pgrc.

pk-gatersleben.de/misa/ ) was used to search SSRs with the follow-

ng parameters: the total repeat length of the sequence is longer

han 20 bases, and the minimum repeats of di-, tri-, tetra-, penta-

nd hexa-nucleotides are 6, 5, 4, 4, and 4, respectively. A maxi-

um distance of 100 nucleotides was allowed between two SSRs.

he primers used for PCR verification of selected SSR loci were de-

igned using Primer3.0 software ( http://primer3 ,ut.ee/) and were

isted in Datasheet 3. The expected PCR product size ranged from

00 to 280 bp, with the GC content ranging from 40% to 60%. 

. Results 

.1. Transcriptome sequencing output and de novo assembly of 

nigenes 

To obtain the global information of L. casuarinoides transcrip-

ome, the cDNA library was constructed from an equal mixture of

otal RNA isolated from main stems and pin-like leaves, and the

igh throughput transcriptome sequencing was performed. After

uality check and data cleaning (Fig. S1), 109,546,778 high-quality

lean reads were obtained, constituting a total length of 16.43 Gb

f nucleotides. Among these clean reads, 97.49% of reads had Q20

ases (base quality more than 20), and the GC content was 45.78%.

ecause the L. casuarinoides genome information is still not avail-

ble, all the clean reads were subjected to the de novo assem-

ly using the Trinity program, from which 124,524 unigenes were

btained, with an average length of 601 bp, and 17,836 unigenes

14.32%) were longer than 10 0 0 bp ( Fig. 2 ). Among unigenes iden-

ified, 32.3% contained the CDS. Eighty percent (38,030) of CDSs

ere within the range of 201 to 10 0 0 bp and the percentage of

DSs longer than 10 0 0 bp was 20% (9508) ( Fig. 2 ). 
nd length distribution of CDS, unigene and transcript. 

http://www.pgrc.ipk-gatersleben.de/misa/
http://www.primer3
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3.2. Unigene sequence annotation 

To obtain the annotations of the assembled unigenes, we con-

ducted a sequence similarity search against the seven public

databases including NCBI Nr, NCBI Nt, SwissProt, KEGG, PFAM, GO,

and KOG using BLASTX. Totally 61,304 unigenes (49.23%) were an-

notated against the public databases (Data Sheet 1, Supplemen-

tary materials), and 6783 unigenes were assigned with at least

one public database; unigenes that were annotated are as fol-

lows: 44,816 unigenes in the Nr database, 43,590 in the SwissProt

database, 26,217 in the KOG database, and 21,343 in the KEGG

database ( Table 1 and Fig. S2). 

The results showed that 3.47% of unigenes shorter than 10 0 0 bp

had BLAST matches against the Nr database, whereas only 1.91%

of unigenes longer than 10 0 0 bp had BLAST matches (Fig. S3).

The same tendency was observed in BLAST results against the

Swiss-Prot database. The statistical analysis of the E -value features

in the Nr database revealed that 23.6% of the mapped unigenes

showed significant homology ( E -value < 10 −5 ) and 47.1% showed

high similarity (60% −80%) to the available plant sequences. In the

Nr database searching, the transcriptome sequences of L. casuari-

noides showed high similarity to Selaginella moellendorffii (15.6%),

P. patens (11.1%), B. napus (5.7%), and other species (4.0%) (Figs. S4

and S5). This indicates that the genome of L. casuarinoides is more
Table 1 

Annotation percentage of L. casuarinoides unigenes against seven public 

databases. 

Databases Numbers of 

unigenes 

Annotation 

percentage/% 

Nr 44,816 35.98 

Nt 19,171 15.39 

Swiss-Prot 43,590 35 

PFAM 41,395 33.24 

KOG 26,217 21.05 

KEGG 21,343 17.13 

GO 43,080 34.59 

Total no. of unigenes 124,524 –

Annotated in at least one database 61,304 49.23 

Annotated in all databases 6783 5.44 

7  

i  

a  

(  

e  

t  

o  
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s  

t  

m  

m

3

 

d  

Fig. 3. GO classification of assembled unigenes. A total of 43,080 unigenes were categorize

function. 
losely related to that of S. moellendorffi than to genomes of other

our species, as both of them are ferns. 

.3. Functional classification by GO and KOG 

For the functional annotation of the L . casuarinoide transcrip-

iome, 43,080 unigenes were characterized using the GO analy-

is. In the biological process category, cellular processes (23,720,

5.06%), metabolic process (23,542, 22.27%), and single-organism

rocess (19,069, 18.05%) were prominently represented. In the

ellular component category, unigene sequences related to cell

13,703, 31.81%), cell part (13,642, 31.67%), and organelle (9313,

3.92%) were dominant. In the molecular function category, bind-

ng (21,231, 43.22%) and catalytic activity (19,686, 40.08%) were

ominant ( Fig. 3 ). 

All unigenes were also subjected to the search against the

OG database for functional prediction and classification. In to-

al, 50,534 unigenes were assigned to one or more of the 25

OG classification categories. Among the 25 KOG categories, the

argest cluster was posttranslational modification, protein turnover,

haperones (7297, 14.44%), followed by general function predic-

ion (4726, 9.35%), transcription (4661, 9.22%), unknown func-

ions (4347, 8.60%), replication, recombination and repair (4009,

.93%), cell cycle control, cell division, and chromosome partition-

ng (3537, 7.00%), signal transduction mechanisms (2955, 5.85%),

nd finally cell wall/membrane/envelope biogenesis (2878, 5.70%)

 Fig. 4 ). Only a few unigenes were assigned to the cell motility and

xtracellular structures. Additionally, 1074 unigenes were assigned

o secondary metabolites, biosynthesis, transport and catabolism,

f which 108 unigenes are related to the synthesis and metabolism

f alkaloids. These GO and KOG annotations provide comprehen-

ive information on specific biological processes, molecular func-

ions, and cellular structures of L. casuarinoides transcripts, and

ay lead to the identification of novel genes involved in secondary

etabolite biosynthesis pathways (Table S1). 

.4. Functional classification by KEGG 

To analyze the gene products during metabolic processes and

etermine their functions in cellular processes in L. casuarinoides ,
d into three main categories: biological process, cellular component, and molecular 
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Fig. 4. Histogram presentation of KOG function classification of L. casuarinoides unigenes. All unigenes were subjected to a search against the KOG database for the functional 

prediction and classification. In total, 50,534 sequences were assigned to 25 KOG categories. 
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7,006 unigenes were found to have significant matches in the

EGG database, and the corresponding EC numbers were obtained

rom BLASTX alignments. Unigenes were assigned to 131 KEGG

athways that were divided into six main categories. Metabolic

athways had the largest number of unigenes (13,034, 48.26%),

ollowed by “genetic information processing” (5902, 21.85%). The

ubcategories with most representations were “translation” (2939

nigenes, 10.88%), “carbohydrate metabolism” (2864, 10.6%), and

overview” (2449, 9.06%). ( Fig. 5 A). 

In the metabolic pathway category, the most represented

ubcategories were carbohydrate metabolism (2864 unigenes),

ollowed by metabolism of energy, lipids (1167), other amino

cids (729), cofactors and vitamins (654), biosynthesis of oth-

rs secondary metabolites (582), nucleotides (512), terpenoids and

olyketides (410), as well as glycan biosynthesis and metabolism

184) ( Fig. 5 B). 

In the secondary metabolism category, 1324 unigenes were

lassified into 21 subcategories (including others secondary

etabolites and terpenoids and polyketides), and most of them

ere mapped to phenylpropanoid biosynthesis, carotenoid biosyn-

hesis, terpenoid backbone biosynthesis ( Fig. 5 C). Interestingly,

ropane, piperidine and pyridine alkaloid biosynthesis involved 78

nigenes and ranked top six ( Fig. 5 C). These unigenes might serve

s good candidates for identifying genes that participate in the ly-

opodium alkaloids biosynthesis pathway. 

Additionally, 5902 unigenes were sorted to the genetic infor-

ation processing involving translation, folding, sorting replication

nd repair, and 3637 were classified into transport and catabolism,

ignal transduction, membrane transport. These results demon-

trate the power of RNA sequencing in identifying novel genes of

on-model medicinal plants, and these annotations lay a founda-

ion for investigating specific processes, functions and pathways in-

olved in secondary metabolites of L. casuarinoides . 

.5. Candidate genes involved in lycodine-type alkaloids biosynthesis 

Next, we focused on the discovery of genes involved in the

ycodine-type alkaloids biosynthesis of L. casuarinoides , which
ould be similar to those of H. serrata. Previous studies ( Ma &

ang, 2004 ; Yang et al., 2017 ) showed that the lycodine-type ly-

opodium alkaloids biosynthesis in H. serrata is derived from the

ommon pathway including the formation of the precursors, ring

losure for the tetracyclic skeleton, and the subsequent modifica-

ion and oxidation ( Fig. 6 ). This figure is better to be the proposed

iosynthesis pathway of L. casuarinoides. It is well known that L.

asuarinoides is rich in lycodine-type lycopodium alkaloids ( Tang

t al., 2013 ; Zhang et al., 2014 ). The only differences between H .

errata and L. casuarinoides are types of oxidation leading to the

ormation of different products in the later steps of lycopodium al-

aloids biosynthesis. Based on the KEGG pathway annotation, we

dentified all possible genes involved in the biosynthesis of ly-

opodium alkaloids in L. casuarinoides , including, LDC (lysine de-

arboxylase), PAO (primary amine oxidase), and malonly-CoA de-

arboxylase, as listed in Table 2 . 

CYPs could determine the types of lycopodium alkaloids

hrough oxidative modifications at the late stage of the alkaloid

iosynthesis ( Grabherr et al., 2011 ; Yang et al., 2017 ). Thus, the

YPs are also identified from the transcriptomic data. Based on the

wiss-Prot protein database, 64 CYP unigenes, belonging to 32 CYP

amilies, were identified ( Table 3 ). Among them, CYP52 (seven uni-

enes) are the most abundant, accounting for 10.94% of all CYP se-

uences, which is followed by CYP71 (6) and CYP734 (4), and the

emaining CYPs account for 73.44% of all CYP sequences. 

.6. Transcription factors (TFs) 

TFs play a critical role in regulating the secondary metabolism,

s they can regulate the expression of related genes at the tran-

cription level to control the flux of secondary metabolites. In or-

er to identify the TFs in the transcriptome datasets of L. casuar-

noides , unigene sequences were searched against the Plant Tran-

cription Factor Database (PlnTFDB) based on the BLASTX. Totally

27 unigenes were shown to belong to 48 plant known tran-

ription factor families. Among them, 83, 81, 72, 63, 52 and 50

nigenes were annotated as the C3H, Homeobox, MYB, bHLH, ERF,

RKY families, respectively ( Fig. 7 ). 
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Fig. 5. KEGG analysis. (A) Pathway assignment based on KEGG database (In the right half, A, transport and catabolism; B, environmental information processing; C, genetic 

information processing; D, metabolism; E, environmental adaptation). (B) Classification based on metabolism categories; (C) Classification based on secondary metabolism 

categories. Right y-axis indicates specific category of genes in main category. 
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Table 2 

Unigenes involved in biosynthesis of lycodine-type alkaloids in L. casuarinoides . 

Gene names EC no. No. of Unigene 

Lysine biosynthesis-related regulatory protein NA 170 

LDC, lysine decarboxylase 4.1.1.18 10 

TYDC, tyrosine decarboxylase 4.1.1.25 1 

Arginine decarboxylase 4.1.1.19 4 

Pyridoxal 5 ′ -phosphate synthase 4.3.3.6 19 

Cadaverine /lysine antiporter NA 1 

PAO, primary amine oxidase 1.4.3.21 7 

Malonyl-CoA decarboxylase 4.1.1.94 1 

Methylmalonyl-CoA mutase 5.4.99.2 2 

Malonyl-CoA-acyl carrier protein transacylase 2.3.1.39 2 
3.7. SSR detection and frequencies 

Using the MISA software, 13,352 microsatellites (SSRs) were

identified in 124,524 unigenes. Of all the SSR-containing unigenes,

1717 contained more than one SSR, and 727 SSRs were present

in the compound form. On overage, we found one SSR per 5.6

Kb length of unigenes (Table S2). There were 6118 (45.82%) din-

ucleotide motifs, 2792 (20.91%) trinucleotide motifs, 239 (1.79%)

tetranucleotide motifs, 26 (0.19%) pentannucleotide motifs and 10

(0.07%) hexanucleotide motifs ( Table 4 ). The length of SSRs was

also analyzed; The majority were between 18 bp to 21 bp. SSRs

with six tandem repeats (1956, 14.56%) were the most common,

followed by five tandem repeats (1718, 12.87%), nine tandem re-

peats (1524, 11.43%), and seven tandem repeats (1494, 11.20%)

( Table 4 ). The details of SSRs derived from all unigenes are shown

in Data Sheet 2 (Supplementary materials). The most abundant re-

peat type was AG/CT (50.1%), followed by AC/GT (10.52%), AAG/CTT

(8.98%), and AGC/CTG (6.6%). To verify the SSR, 25 SSRs were ran-

domly selected and 25 pairs of PCR primers were designed using

the software Primer 3. It turned out that 12 pairs of primers were

applicable in the PCR amplification of the corresponding SSRs (Fig.

S6), and the size of the PCR products was consistent with expected

results (Table S3). 

4. Discussion 

Lycopodium alkaloids are major secondary metabolites and im-

portant medicinal substances of L. casuarinoides . Understanding
heir biosynthesis pathway is important for the high-yield pro-

uction in the wild species, but the basic genomic and transcrip-

ional information of Lycopodiastrum is scarce. In the last decade,

igh-throughput sequencing technologies help us to find out novel

enes involved in secondary metabolite formation and to under-

tand the biosynthesis pathway of various medicinal plants ( Wei,

iao, Hayward, & Fu, 2013 ). The de novo transcriptome assembly

nd the following bioinformatics analysis have become the effi-

ient approach to infer the lycopodium alkaloids biosynthesis path-

ay in traditional medicinal plants such as H. serrata ( Luo et al.,

010b ; Yang et al., 2017 ) and P. carinatus ( Luo et al., 2010b ). In this

tudy, we performed the RNA-Seq to profile the L. casuarinoides

ranscriptome. We obtained 16.43 Gb of data with 109,546,778

lean sequencing reads, and 61,304 unigenes (49.2% of the assem-
Note : NA, not applicable. 
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Fig. 6. Putative pathways for lycodine-type alkaloid biosynthesis in L . casuarinoide s. Enzymes found in this study were as follows: (A) LDC, lysine decarboxylase; (B) CAO, 

copper amine oxidase; (C) PKS, polyketide synthase; (D) unknown enzyme; (E) and (F) CYPs, cytochrome P450. 
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led unigenes) were successfully annotated with the public protein

atabases. 

What are their bioactivity and therapeutic efficacy? For the

eep understanding of the relationship between lycopodium alka-

oids and the corresponding biosynthesis genes of Lycopodiastrum ,

3,080 and 27,006 unigenes were assigned to GO and KEGG cat-

gories respectively. We found that 1324 unigenes may be related

o the various types of alkaloids, e.g., tropane, piperidine, and pyri-

ine alkaloids. More importantly, several critical biosynthesis genes
Table 3 

Summary of CYP family identified in L. casuarinoides transcriptome dataset. 

Gene names No. of unigene Type Percentag

CYP1 1 A1 1.56 

CYP2 1 D6 1.56 

CYP3 2 A2/A8 3.13 

CYP4 2 G15/V2 3.13 

CYP6 2 B6/K1/D5 3.13 

CYP9 1 E2 1.56 

CYP11 1 B1 1.56 

CYP52 7 A11/A12/ A13/ A2/ A3/A9/E1 10.94 

CYP55 2 A2,A3 3.13 

CYP61 2 NA 3.13 

CYP71 6 A1/A22/ B12/B13/B24/ B28 9.38 

CYP72 3 A11/ A13/ A15 4.69 

CYP76 2 C2/C3 3.13 

CYP77 1 A1 1.56 

CYP78 2 A4/ A5 3.13 

CYP81 3 D1/D11/F1 4.69 

Note : CYP denotes Cytochrome P450; No. of genes means the number of uniqu
c Type refers to abbreviation of the identified CYP450 genes; NA, not applicable
ncoding LDC, PAO, and malonly-CoA decarboxylase were success-

ully identified in transcriptome datasets. It seems that the biosyn-

hesis of lycopodium alkaloids in L. casuarinoides might be similar

o that in H. serrata , and both plants share similar early enzymatic

teps in their biosynthetic pathways. Given the absence of HupA

nd the presence of huperzine B/C in L. casuarinoides ( Zhang et al.,

014 ), we speculate that the alkaloid types may depend on later

teps of biosynthesis, e.g., the modification and cyclization of al-

aloid ring structure ( Fig. 6 ). This figure is better to be the pro-
e /% Gene name No. of unigene Type Percentage /% 

CYP84 1 A4 1.56 

CYP85 2 A1/ A2 3.13 

CYP86 2 A8/ B1 3.13 

CYP89 1 A2 1.56 

CYP90 1 A1 1.56 

CYP93 1 A3 1.56 

CYP94 1 B3 1.56 

CYP98 3 A1/ A2/ A3 4.69 

CYP318 1 A1 1.56 

CYP703 1 A2 1.56 

CYP704 2 B1/C1 3.13 

CYP710 2 A1/ A2 3.13 

CYP714 1 B2 1.56 

CYP716 2 B1/ B2 3.13 

CYP734 4 A2/ A4/ A6 6.25 

CYP750 1 A1 1.56 

e putative transcripts with homology to cytochrome P450s. 

. 
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Table 4 

Distribution of identified SSRs. 

Motif Repeat numbers Total % 

5 6 7 8 9 10 11 12 

Di- 0 1148 992 1157 1521 1063 229 8 6118 45.82 

Tri- 1486 768 502 33 2 − − 1 2792 20.91 

Tetra- 202 35 0 2 0 − − 0 239 1.79 

Penta- 22 3 0 0 1 − − 0 26 0.19 

Hexa- 8 2 0 0 0 − − 0 10 0.07 

Total 1718 1956 1494 1192 1524 1063 229 9 _ _ 

% 12.87 14.65 11.20 8.93 11.43 7.96 1.72 0.067 _ _ 

Note : “−” denotes no data. 

Fig. 7. Major TF families identified in L. casuarinoides transcriptome dataset. Type 

and number of TFs identified in L. casuarinoides were shown . C3H, Homeobox, MYB, 

bHLH and ERF proteins were the most abundant. 
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posed biosynthesis pathway of L. casuarinoides . Intriguingly, some

novel genes possibly involved in the biosynthesis of lycopodium al-

kaloids are also annotated, such as a unigene encoding the cadav-

erine/lysine antiporter, and two unigenes encoding malonyl-CoA-

acyl carrier protein transacylase ( Table 2 ). Moreover, we found 64

CYPs in the L. casuarinoides transcriptome dataset, such as CYP52

and CYP71. However, two key classes of CYPs that function in the

modification of lycopodium alkaloids scaffold ( Yang et al., 2017 ),

e.g., BBE (berberine bridge enzyme, encoded by CYP719) and SLS

(secologanin synthase, encoded by CYP72A1), were discovered in

the H. serrata transcriptome ( Yang et al., 2017 ) . However, neither

of them was identified in L. casuarinoides . Therefore, we infer that

other isoforms of CYPs might participate in regulating the late two

stages of ring formation and oxidation ( Fig. 6 ). Owing to the lim-

ited samples, the composition and content of lycopodium alkaloids

were not investigated at the moment, more investigations are war-

ranted for elucidating the link between the gene expressions and

the metabolic phenotypes. 

Several TF families are essential in the regulation of alkaloid

biosynthesis genes in plants. For example, in opium poppy ( Pa-

paver somniferum L.), the C3H type TF Ps175C3H was identified to

be involved in the papaverine biosynthesis ( Agarwal et al., 2016 ).

In Coptis japonicas , CjbHLH1 could regulate the isoquinoline al-

kaloid biosynthesis ( Yamada et al., 2011 ). In the present study,

we detected 827 L. casuarinoides unigenes representing homologs

belonging to various TF families including C3H, Homeobox, MYB,

bHLH, ERF and WRKY, etc. The top three TF families in our datasets

are C3H, Homeobox and MYB, which is comparable to those of two

closely related species H. serrata and P. carinatus ( Luo et al., 2010a ).

Their exact functions are worth further study. 

As is well known, SSR molecular markers are useful for the

study of population structure, genetic diversity and genetic linkage

mapping ( Jiang et al., 2013 ). In this study, 13,352 potential SSRs

were identified from 124,524 unigenes of L. casuarinoides . Except
or the mononucleotide repeats, the dinucleotide repeats (8077

SRs, 50.1%) were the most abundant repeat type, followed by trin-

cleotide repeats (2080, 15.58%). AG/CT (6689, 50.1%) was the most

bundant dinucleotide repeats in L. casuarinoides , so it is in H. ser-

ata and P. carinatus ( Luo et al., 2010b ). 

. Conclusion 

In the present study, we, for the first time, performed the de

ovo transcriptome sequencing analysis of L. casuarinoides aerial

issues on the Illumina platform. More than 16.43 Gb of sequenc-

ng data were generated and assembled into 61,304 unigenes. We

dentified a large number of candidate genes potentially involved

n secondary metabolic pathway, including genes related to the

iosynthesis of lycodine-type alkaloids. LDC, PAO and a series of

enes related to the regulation and modification of lycopodium

lkaloids biosynthesis, e.g., TFs and CYPs, were identified. In ad-

ition, a large number of SSRs were detected in the transcrip-

ome dataset. This dataset might provide useful information about

he key biosynthetic genes of L . casuarinoides. Further studies are

eeded to elucidate the CYPs involved in the ring formation and

xidative modification of the biosynthesis of huperzine B/C. This

reliminary study provides valuable resources for bioengineering

nd synthetic biology studies of the lycopodium alkaloids. 
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