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Conservation genomic resources over the past decade has drastically

improved, since genomes can be used to predict diverse parameters vital

to conservation management. Luehdorfia taibai is an endemic butterfly only

found in restricted aeras in middle-west China and is critically endangered. It

was classfied as a vunerlable (VN) species in the “China species red list.” Here

we generated 34.38 Gb of raw DNA sequencing reads and obtained a high-

qualified draft genome assembly of L. taibai. The final genome is ˜683.3 Mb,

with contig N50 size of 10.19 Mb. Further, 98.6% of single-copy orthologous

genes have been recovered by BUSCO. An estimated 42.34% of the genome

of L. taibai consists of repetitive elements. Combined with gene prediction

and transcriptome sequencing, genome annotation produced 15,968 protein-

coding genes. Additionally, a nearly 1:1 orthology ratio of syntenic blocks

between L. taibai and its closest genome Luehdorfia chinensis suggested that

the genome structures have not changed much after speciation. The genome

of L. taibai have not undergone a whole genome duplication event. Population

dynamics analyses indicates that L. taibai has an extremely low heterozygosity

of 0.057%, and its population size has declined dramatically over the past 10

thousand years. Our study describes a draft genome assembly of the L. taibai,

the first implication of this species. We consider the globally overexploited of

the host plants is not the main reason to threaten L. taibai. The genome will

provide advice for the conservation to the economically important Luehdorfia

lineage and this specific species.

KEYWORDS

China species red list, genome assembly, genome annotation, conservation
management, Luehdorfia taibai

Abbreviations: BUSCO, Benchmarking Universal Single-Copy Orthologs; GO, gene ontology; LINE,
long interspersed nuclear elements; WGD, whole genome duplication; Ka, non-synonymous
substitution rate; Ks, synonymous substitution rate; PSMC, pairwise sequentially Markovian
coalescent.
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Introduction

Conservation genomics has rapidly developed in popularity
over the past decade as genomic data has become increasingly
valuable for answering conservation questions (Hohenlohe
et al., 2021). By integrating high-quality reference genomes,
scientists can gather detailed information about a species,
such as its effective population size, genetic drift, and gene
flow (Wright et al., 2020), providing essential benchmarks in
assessing the protection status of species (Wu et al., 2020).
However, the insects were less concerned than vertebrates, on
which conservation management often focused (Podsiadlowski
et al., 2021). With their high esthetical attractiveness, butterflies
could serve as flagship species for conservation projects.
Developing genome assemblies of endangered butterfly
species could provide a more detailed understanding of their
evolutionary history and contributes to their conservation.

The genus Luehdorfia, which belongs to the tribe
Zerynthiini, is one of the rarest genera of butterflies in East
Asia (Dong et al., 2016). The genus comprises only four species,
two endemic to China (Luehdorfia chinensis and L. taibai); (Liu
et al., 2013; Xing et al., 2014). L. taibai (NCBI txid: 367834)
is a relatively recently established species [recognized in the
1994 (Chou, 1994)]. It has a restricted distribution range in
the alpines of the Qinling Mountains in China (Chou, 1999;
Guo et al., 2014). This species was categorized as vulnerable
(VN) by the “China species red list.” A field survey in 2010
recorded less than 250 extant mature individuals on the south
slopes of the Qinling Mountains (Xing et al., 2014; Dong et al.,
2016). Further survey work in three consecutive summers
from 2011 to 2013 recovered about 100∼200 larvas from six
counties in Qinling Mountains per year and observed less than
three mature individuals during the eclosion seasons per day
(Guo, 2013). Such a small population size and low eclosion rate
suggest this species faces a high threat of extinction and should
be re-evaluated as “Endangered” (Dong et al., 2014; Guo et al.,
2014; Fang et al., 2019). L. taibai is also classified as a species
of “Beneficial or Have Important Economic and Scientific
Research Value” by the National Forestry and Grassland
Administration. In light of this threatened status, an effective
conservation strategy is urgently needed (Dong et al., 2014; Guo
et al., 2014). Here, we present a high-quality genome assembly
of L. taibai, which sheds light on its demographic history and
can serve as a critical resource for future population genomics
research and conservation efforts.

Materials and methods

Sample collection and sequencing

Two L. taibai larvae and one adult individual were collected
from Huxian County, Shaanxi province, China, in May 2019. All

samples were immediately transferred into liquid nitrogen and
stored for DNA/RNA extractions. We used one larva for DNA
sequencing and reserved the other larva and the adult individual
for transcriptome sequencing.

High-quality genomic DNA was extracted from the selected
larva using the Qiagen DNAeasy Tissue kit. One library
for nanopore sequencing was constructed with 50 µg DNA
following the standard protocols. A total of ∼34.38 Gb
of raw reads were produced, with a read N50 value of
33,504 bp. Another 5 µg DNA was used for short reads
sequencing. One Illumina library was constructed according
to the standard protocol and sequenced on the Illumina
HiSeq X-ten platform (Nair et al., 2018), generating a total
of 18.32 Gb raw data of 150 bp paired-end reads. Total
RNA was isolated using the Qiagen RNeasy tissue kit for the
other larva and the adult sample. After reverse transcription,
two cDNA libraries were sequenced using the same Illumina
platform. A total of 7.17 Gb of paired-end reads were
generated. All sequencing was performed by Beijing Biomarker
Biotechnology Co. Ltd (Beijing biomarker biotechnology co,
LTD, Beijing, China).

Genome assembly and quality
assessment

Long reads generated by nanopore sequencing were cleaned
first. De novo genome assembly was carried out using the
Nextdenovo v2.5.0 software with the read length cut-off and
seed length cut-off value set to 12 and 20 Kb, respectively,
Guiglielmoni et al. (2021). The raw assembly was polished
using the Nexpolish v1.4.0 software (Hu et al., 2020) with
Illumina short reads for three rounds. Then, the haplotigs
were removed using PurgeHaplotigs (Roach et al., 2018) with
default parameters. Finally, we assess the integrity of the
genome assembly using the Benchmarking Universal Single-
Copy Orthologs (BUSCO) v5.2.3 (Simao et al., 2015) and Quast
v5.2.0 (Gurevich et al., 2013) software.

Identification of repetitive elements,
protein-coding gene prediction, and
genome-guided transcriptome
assembly

Repeatmasker v4.0.7 (Tarailo-Graovac and Chen, 2009)
with the insect library of the Repbase and Repeatmodeler
v1.0.8 (Flynn et al., 2020) were used to identify and mask
repetitive elements on the genome assembly. Protein-coding
genes were predicted with the masked genome assembly
using a combination of ab initio and homology-based
prediction methods. The transcriptomic data was initially
used in PASA v2.5.1 (Haas et al., 2003) to obtain the top
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500 gene models, which were then applied in Augustus
v3.3.1 (Burge and Karlin, 1997) for ab initio prediction. For
the homology-based prediction, annotated protein sequences
of four closely related species (Papilio machaon, P. bianor,
Kallima inachus, and Parnassius apollo) were downloaded from
the Genbank and imported into GeneWise (Birney et al.,
2004). Finally, we merged all predictions to produce a non-
redundant raw gene set in Evidence Modeler (Haas et al.,
2008). Functional annotation of the gene set was conducted
by querying the protein sequences against the InterProscan
database (Jones et al., 2014) with a customized searching
script. The final gene set only retains the annotated genes.
Based on this final gene set, genome-guided transcriptome
assemblies were carried out using HiSat2 v2.1.3 (Kim et al.,
2015) and Stringtie v1.3.5 (Pertea et al., 2015) with default
parameters. Differentially expressed genes between two samples
were identified using edgeR (R package; Robinson et al.,
2010).

Phylogenomic and comparative
genomic analysis

Five closely related butterfly reference genomes—
Luehdorfia chinensis, Papilio machaon, Papilio bianor,
Parnassius apollo, and Parnassius orleans were downloaded
from NCBI for identifying orthologous genes and gene families
using Orthofinder v2.3.8 (Emms and Kelly, 2019). The first
three species belong to the subfamily Parnassiidae, and the
other two species belong to Papilioninae, another subfamily
in Papilionidae (He et al., 2022). All single-copy orthologous
genes shared across all six genomes were selected and aligned
in MAFFT v7.4 (Katoh and Standley, 2013). With default
settings, we used RaxML v8.2.12 (Stamatakis, 2014) to build a
maximum-likelihood (ML) phylogeny with the concatenated
sequences. Based on the ML tree topology, divergence times
and nucleotide substitution rates were estimated using R8S
v1.81 (Sanderson, 2003). The lowest chi-2 cross-validation score
was used to select the best method in the calculation. From
the website www.time-tree.org, we selected two calibration
points: the divergence between Papilio machaon and P. bianor
[20.3 Mya; (Condamine et al., 2012)] and that between
Parnassius apollo and P. orleans [13.4 Mya; (Condamine et al.,
2018)].

To examine patterns of genome evolution, we applied
MCscanX (Wang et al., 2012) with default parameters to
infer collinear syntenic blocks (defined as having at least five
collinear genes, blast e-value set as 1e-10) within L. taibai
and between L. taibai and its sister species, L. chinensis. The
expansion and contraction of gene families were examined
in CAFÉ v4.0 (Abramova et al., 2021) using the ultrametric
tree derived in R8S.

Inference of demographic history

We inferred the L. taibai population size history using
the Pairwise Sequentially Markovian Coalescent model [PSMC
v0.6.5; Nadachowska-Brzyska et al. (2016)]. Illumina pair-end
reads were mapped onto the genome assembly using bwa v0.7.17
mem (Li and Durbin, 2010). Genome consensus sequences
based on the read alignments were generated with the mpileup
utility in samtools v1.9 (Li et al., 2009) and the vcfutils.pl
script from the psmc package. Then, we estimated the effective
population size (Ne) using psmc with the “-p” option set to
“28 × 2 + 3 + 5” as in a previous butterfly study (Yang et al.,
2020). The result was scaled assuming a generation time of 1 year
and a mutation rate of 3.59e-09 per site per generation—the rate
estimated from our R8S analyses.

Results and discussions

De novo genome assembly

The genome of L. taibai was assembled into 232 contigs and
had a size of 683.3 Mb. The de novo genome assembly is of
high quality with N50 of 10.19 Mb, L50 of 24, and the most
extended contig length of 26.79 Mb (Table 1). Over 99.9% of the
nanopore reads can be mapped back to the assembly—most long
reads were incorporated. Blasting (BLASTN) assembled contigs
against the database of known sequencing adaptors did not
find any potential matches. In addition, Quast analysis showed
a high mapping rate to L. chinensis genomes (98.17% contigs
can be aligned). BUSCO analysis revealed that 98.6% of the
5,286 expected Lepidoptera single-copy orthologous genes are
complete on the assembled genome. Only 0.2% of duplicated
BUSCOs indicate the absence of haplotigs. Mapping all Illumina
short reads back to the genome shows one peak in the coverage
depth distribution, confirming a neglectable proportion of
haplotigs (Supplementary Figure 1). Furthermore, most of the
short reads from transcriptome sequencing can be mapped to
the genome assembly as well—the mapping rates of RNA-seq

TABLE 1 Summary statistics of the genome assembly of L. taibai.

Characteristics Statistic values

Genome size 683,338,409 bp

Contig number 232

Longest contig length 26,798,033 bp

Shortest contig length 36,976 bp

Rate of GC 37.94%

Contig N50 10,191,599 bp

Contig L50 24

Contig N90 1,849,070

Contig L90 83
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data of the adult and larval samples were 95.26 and 95.42%,
respectively. Hence, our de novo genome assembly showed no
obvious assembly error and is primarily complete regarding
functional elements. Compared to the reported genome of
L. chinensis (N50 of 2.39 Mb, and with 1,362 scaffolds), our
genome assembly of L. taibai has higher connectivity and
integrity. It could be a better reference for future studies on the
genome evolution of the genus Luehdorfia.

Identification of repetitive elements
and gene finding

In total, the repeat sequences comprised 42.34% (289.33 Mb)
of the L. taibai genome. Interspersed Repeats occupied the
most—282.34 Mb. Among them, the retroelements and long
interspersed nuclear elements are the most abundant subtypes,
accounting for 4.43% (30.29 Mb) and 3.80% (26.01 Mb) of the
assembly. For non-coding RNAs, we identified 107 ribosomal

RNA and 3918 transfer RNA sequences. A summary of the
repeat annotations is provided in Supplementary Table 1.

After masking repetitive sequences, we identified 15,968
protein-coding genes on the assembled genome. The mean
lengths of the gene, coding DNA sequence (CDS), and intron
were 12,582.95, 2,195.44, and 10,377.87 bp, respectively. The
average number of CDS and exons per gene were 6.19 and 6.52,
respectively. Gene functions are annotated based on protein
domain conservation using Interproscan, which determines
motifs and domains by querying protein sequences against 21
public databases, including the Pfam, PANTHER, Gene3D, and
CDD. The InterProscan iprterm database annotated the most
number of genes—83.69% (13,364) of the gene set, followed by
PANTHER and Pfam, which were 78.85% (12,592) and 76.54%
(12,222), respectively. In addition, 9,273 genes were annotated
with gene ontology (GO) terms (see Supplementary Table 2 for
a summary of the gene functional annotations).

The larval and adult samples expressed high proportions
of genes—85.04% (13,580) and 83.52% (13,338) of the
gene set, respectively. 12,600 genes were shared between

FIGURE 1

(A) Time-calibrated phylogeny of the six butterfly species based on single-copy orthologous genes. Numbers on the pie charts indicate the
numbers of gene families that experienced expansion (red) or contractions (blue); the number beside each node denotes the estimated
divergence time (million years ago). (B) Circos plot of syntenic blocks between L. taibai (longer colorful blocks on the right) and L. chinensis
(shorter green blocks on the left) genome. Only the longest ten contigs in L. taibai are shown. The internal lines link the collinear gene pairs, and
the outer circles (from inside outward) represent GC content (sliding window of 1 Mb), expressed gene location, and SNP density (sliding
window of 1 Mb). The outermost numbers and strings represent the names of the contigs for L. taibai and the scaffold number for L. chinensis.
(C) Estimated historical effective population size (Ne) of L. taibai with bootstrap results (thin lines).
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samples, and 2,251 genes were differentially expressed (FDR
adjusted P-value < 0.01). Enrichment analysis revealed several
significantly enriched GO terms (see Supplementary Table 3 for
a Table showing the results) among these differentially expressed
genes. In particular, the most significantly enriched BP
(Biological Pathway) terms include reproduction (GO:0000003),
reproductive process (GO:0022414), and developmental process
(GO:0032502), concordant with the different developmental
stages of the two samples.

Phylogenetic analysis

Across the six butterfly genomes, OrthoFinder identified
a total of 14,924 orthologous and/or paralogous groups of
genes. Among them, 5,923 are single-copy orthologous genes
shared by the six genomes. The concatenated alignment
comprises 20,534,736 amino-acid sites. The derived ML
tree is well-supported such that all bootstrapping values
are 100% (Figure 1A). The time-calibrated tree shows that
L. taibai and L. chinensis are sister species with a divergence
time estimated at ∼1.76 Mya (Figure 1A). The clade of
these two species clusters with the apollo butterflies (Genus
Parnassius; divergence time around 29.49 Mya) and then with
the swallowtail butterflies (Genus Papilio; divergence time
around 46.60 Mya).

Comparative genomics for L. taibai

Regarding gene families, L. taibai has 46 unique (254 genes),
455 expanded and 863 contracted gene families (Figure 1A).
Functional enrichment analysis of the 211 significantly
expanded (adjusted P-value < 0.01) gene families reveal
several significantly enriched MF (Molecular Function) terms,
including the heterocyclic compound binding (GO:1901363)
and structural constituent of chromatin (GO:0030527).
The most significantly enriched BP terms are the multi-
organism process (GO:0051704) and metabolic process
(GO:0008152; Supplementary Table 4). On the branch
leading to L. taibai and L. chinensis, there are 411 predicted
expanded and 1,244 contracted gene families. Several BP
terms are enriched among the 63 significantly expanded gene
families, including metabolic process (GO:0008152) and cellular
process (GO:0009987).

Genome collinearity analyses inferred 10,260 collinear gene
pairs from 369 syntenic blocks between L. taibai and L. chinensis.
Each block’s average number of genes reached an astonishing
value of 27.81. The overall genomic gene collinearity between
L. taibai and L. chinensis revealed a nearly 1:1 orthology
ratio, indicating similar genomic structures in these two
species (Figure 1B).

Genetic diversity and demographic
history of L. taibai

The assembled L. taibai’s genome has 395,579 heterozygous
sites, corresponding to a heterozygosity rate of 0.057%.
This heterozygosity is extremely low compared to other
species in the Papiliondae family. For example, Papilio
bianor, a common species with effective population size (Ne)
size over 10 million, has a heterozygosity of 1.81%. This
low heterozygosity rate is comparable to the Gaint Panda
(0.049%), a famous animal with worldwide conservation interest
(Westbury et al., 2018).

The PSMC analysis indicates that around 10 thousand
years ago, the effective population size (Ne) of L. taibai
experienced a rapid decline and then stayed at a deficient level
ever since (Figure 1C). This pattern is contrary to common
ideas about why L. taibai became an endangered species.
This species currently only oviposits on Saruma henryi Oliv.,
a species used in traditional Chinese herbal medicine. Over
the past decades, this host species has undergone excessive
exploration, which is considered the leading cause of the
population decline in L. taibai (Zhou et al., 2010). If the
over-exploitation of host plants is the primary reason, we
would only observe a sharp population size decline in recent
history, just as in the walrus (Shafer et al., 2015), and whales
(Morin et al., 2021). The rapid decline of L. taibai occurred
about 7000∼10,000 years ago long predated any anthropogenic
activities on their host plants. Also, a diet experiment on
L. taibai showed that under starvation, these butterflies will
alternate and expand host plants (Guo, 2013). That is, a
shortage of S. henryi might not necessarily cause the butterfly
population to collapse.

Nevertheless, geological analyses of the local climate history
of the Qinling Mountains showed that the local temperature
significantly raised in the early Holocene (Fang and Hou,
2011; Li et al., 2015). The time coincided with the population
decline we observed in L. taibai (Figure 1C). L. taibai lives
at mid-high altitudes (above 1,500 m ASL). It is likely that
this butterfly has adapted to a cold environment for most
of their life cycle. The rising temperature could severely
impede the growth and productivity of the butterfly, leading
to population decline. If the main reason for L. taibai’s
low effective population size was climate change, the effect
of it should be the focus of future conservation and
population management.

Conclusion

Here, we have assembled and annotated the genome of
Luehdorfia taibai using a combination of Nanopore long-read
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and Illumina short-read sequencing. This is the first such
effort for this species and the genus Luehdorfia. The extremely
low heterozygosity of L. taibai and its demographic history
suggest that this species should be a priority for conservation
management, and conservation efforts should focus on the
impact of climate change.
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