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ABSTRACT 
Colias sifanica Grum-Grshimailo, 1891, is a typical montane butterfly species which occurs on the 
Qinghai-Tibet Plateau (QTP) and adjacent regions in China. In this study, the complete mitochondrial 
genome of this species was assembled from data generated by next-generation sequencing. The mito
genome was 15,151 bp in length and comprised 13 protein-coding genes (PCGs), 2 ribosomal RNA 
genes, 22 transfer RNA genes and a control region. The base composition of the C. sifanica mitoge
nome was 39.7% A, 41.3% T, 11.3% C and 7.7% G, significantly AT biased as commonly found in other 
Pieridae mitogenomes. Phylogenetic analyses based on all PCGs using both the maximum likelihood 
and Bayesian inference methods indicated that C. sifanica is closely related to C. fieldii with high sup
port values, and the phylogenetic relationship of (Dercas þ ((Gandaca þ Gonepteryx) þ (Phoebis þ
(Anteos þ (Catopsilia þ (Zerene þ Colias))))))) was shown for the tribe Coliadini. Though both the mito
genomic gene order and overall base composition were found to be conserved, different Ka/Ks ratios 
for several mitogenomic PCGs were detected between Colias and other species in the tribe Coliadini.
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Introduction

The butterfly genus Colias contains more than 80 species and 
has long been used for ethological, ecological and evolution
ary studies (Remington 1954; Wheat and Watt 2008; Xian 
et al. 2021). Members of these species have been reported to 
be the sympatric sister species that hybridize frequently with 
parallel evolution (Wang and Porter 2004; Porter and Levin 
2007; Dwyer et al. 2015). However, nearly half of the Colias 
species only occur in remote mountainous regions of Central- 
Asia and the Qinghai-Tibet Plateau (QTP) that have been far 
less studied (Laiho and Ståhls 2013).

The typical Lepidoptera mitochondrial genome is a circular 
and compact molecule, ranging from 14 to 16 kb in size and 
consisting of 13 protein-coding genes (PCGs), two ribosomal 
RNA genes (rRNAs), 22 transfer RNA genes (tRNAs) and a 
non-coding region (also known as control region), has been 
widely used in studies of taxonomic resolution, phylogeny 
and molecular evolution (Hao et al. 2014; Wahlberg et al. 
2014; Cao et al. 2016; Yong et al. 2017; Wei et al. 2022). To 
date, complete mitochondrial genomic sequences have been 
reported for two Colias species (C. erate and C. fieldii), which 
were collected from the Anhui and Jiangxi Province of China, 

respectively (Wu et al. 2016; Xian et al. 2021). Colias sifanica 
Grum-Grshimailo, 1891, is a typical montane butterfly species, 
endemic on the QTP and adjacent regions (Laiho and Ståhls 
2013; Huang and Song 2022). This species has the dark 
brown eyes, pink ventral antennae, yellow-green wing surface 
with radially yellow arrows at the end of the forewing cham
ber of the frontal submargin area, and the light-black M-vein 
on the hindwing. The complete mitogenome sequence for C. 
sifanica is not yet available. Deciphering the phylogenetic 
relationships and molecular evolution pattern underlying the 
potential high-altitude adaptation mechanisms for species in 
this genus has been limited because of insufficient genomic 
data. Herein, we sequenced and characterized the mitoge
nome of the C. sifanica, aiming to provide a complete refer
ence mitogenome, valuable for determining robust 
phylogenetic relationships and adaptive evolution for this 
butterfly genus in the future.

Materials and methods

The adult individual of C. sifanica was sampled from the 
Qingsha Mountain, Qinghai, China (N 36.268, E 101.978, 
3300 m above sea level) in July 2021 (Figure 1), and initially 
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preserved in absolute ethyl alcohol in the field and then 
transferred to −80 �C at the College of Life Sciences, Anhui 
Normal University (www.ahnu.edu.cn, Chengyong Su, sucy@ 
ahnu.edu.cn) under the voucher number CS_QSS.

Total genomic DNA extraction, DNA library preparation 
and genomic DNA sequencing were conducted following the 
approach in previous study (Wei et al. 2022). The quality of 
reads was assessed using fastp v0.23.1 (Chen et al. 2018). 
High-quality clean reads (Q20> 95% and Q30> 90%) were 
then assembled using GetOrganelle v1.7.0 with default set
tings (Jin et al. 2020). The mitogenome was annotated by the 
MITOS2 (Donath et al. 2019), and visualized via the CGView 
Web server (https://cgview.ca). The coverage depth was cal
culated using bowtie2 v2.5.2 (Langmead and Salzberg 2012).

Maximum likelihood (ML) and Bayesian inference (BI) 
methods were employed to reconstruct the phylogenetic 
trees based on the concatenated amino acid sequences of 13 
PCGs from 22 pierid species (Leptidea morsei in 
Dismorphiinae as the outgroup). ML analysis was performed 
in IQ-TREE v1.6.8 using the best substitution models as deter
mined in ModelFinder (Nguyen et al. 2015; Kalyaanamoorthy 
et al. 2017), with the branch support values estimated by the 
ultrafast bootstrap (UFBoot) and SH-like approximate likeli
hood ratio test (SH-aLRT) both with 10,000 replications 
(Guindon et al. 2010; Hoang et al. 2018). Bayesian analysis 
was conducted in MrBayes 3.2.6 (Ronquist et al. 2012), as 

performed in previous study (Su et al. 2020). In addition, the 
non-synonymous rate (Ka), synonymous rate (Ks), and Ka/Ks 
values of 13 PCGs from 22 pierid butterfly species were cal
culated using KaKs_Calculator v2.0 with the MYN model 
(Wang et al. 2010).

Results

A total of 144.1 million clean reads (clean base ¼ 21.6 Gbp) 
were generated. The complete mitogenome of C. sifanica 
herein is 15,151 bp in size, with high mean coverage-depth 
(>28,300x, Figure S1), containing 13 PCGs, two rRNA genes, 
22 transfer RNAs (tRNA) genes, and one control (AT-rich) 
region (Figure 2, Table S1). The gene order of mitogenome is 
conserved when compared to those of other previously 
sequenced Pieridae butterflies (Hao et al. 2013; Cao et al. 
2016; Fang et al. 2016). The overall mitogenomic base com
position was estimated to be A 39.7%, T 41.3%, C 11.3%, and 
G 7.7%, significantly AT biased as commonly found in other 
butterfly mitogenomes (Tables S2 and S3). Significant differ
ences in relative synonymous codon usage (RSCU), including 
those of CUU, CCU, GCA, CGU and AGU, were found between 
the genus Colias and other representative genera in Pieridae 
(p< 0.05, Wilcoxon rank sum test, Figure S2, Table S4). 
Moreover, except for cox1, all other PCGs use ATN as the 

Figure 1. Species reference image of Colias sifanica and the male genitalia. A. Ventral side; B. Dorsal side; C. Ring in lateral view; D. Right-hand valvula; 
E. Aedeagus; F. Juxta. The image was taken by Zeyu Hu.
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start codon. Most PCGs use TAA, whereas cox1, cox2, nad4 
and nad5 use incomplete T as the stop codon, as also shown 
in C. erate and C. fieldii (Wu et al. 2016; Xian et al. 2021). The 
rrnL, rrnS and control region in C. sifanica are 1326, 771 and 
368 bp in size, respectively, and tRNA genes ranged from 60 
to 70 bp, totaling 1447 bp in size. In addition, there were no 
significant differences in amino acids composition of PCGs 
between the genus Colias and other representative genera in 
Pieridae (p> 0.05, Wilcoxon rank sum test, Figure S3, 
Table S5).

Phylogenetic analyses using the ML and BI methods con
firmed that C. sifanica belongs to the tribe Coliadini in the 
subfamily Coliadinae (Figure 3a); among the three Colia spe
cies of this study, the C. sifanica, rather than C. erate, was the 
potential sister species of C. fieldii with high support values 
(SH-aLRT ¼ 97.0, UFboot ¼ 100 and posterior probabilities 
(PP) ¼ 1.00); and two monophyletic tribes (Euremdini and 
Coliadini) in the subfamily Coliadinae covering a total of 14 
genera were well supported in the phylogenetic tree. Our 
results also showed that the phylogeny of the tribe Coliadini 
was as follows: (Dercas þ ((Gandaca þ Gonepteryx) þ
(Phoebis þ (Anteos þ (Catopsilia þ (Zerene þ Colias)))))), simi
lar to those in previous studies (Wahlberg et al. 2014; Wei 

et al. 2022). Furthermore, the Ka/Ks ratios of four PCGs (cox3, 
nad1, nad3 and nad4l) of the three Colias species herein were 
significantly different from those of other species in the tribe 
Coliadini (Figure 3b, p< 0.05, Wilcoxon rank sum test), which 
suggested that these PCGs likely underwent different evolu
tionary rates between Colias and other species.

Discussion and conclusions

In this work, we first reported the mitogenome of C. sifanica, 
a typical montane butterfly species endemic on the QTP and 
adjacent regions. Phylogenetic analyses based on the 13 
PCGs using both the ML and BI methods indicated that C. 
sifanica, is closely related to C. fieldii with high support val
ues. Here, two monophyletic tribes (Euremdini and Coliadini) 
in the subfamily Coliadinae were recovered, and the phylo
genetic relationship of (Dercas þ ((Gandaca þ Gonepteryx) þ
(Phoebis þ (Anteos þ (Catopsilia þ (Zerene þ Colias))))))) was 
shown for the tribe Coliadini. Additionally, though both the 
mitogenomic gene order and overall base composition were 
found to be conserved, different Ka/Ks ratios for several mito
genomic PCGs were detected between Colias and other spe
cies in the tribe Coliadini.

Figure 2. Gene arrangement in the mitogenome of Colia sifanica.
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