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Abstract In this paper, the complete mitochondrial gen-

ome of Acraea issoria (Lepidoptera: Nymphalidae: Helic-

oniinae: Acraeini) is reported; a circular molecule of

15,245 bp in size. For A. issoria, genes are arranged in the

same order and orientation as the complete sequenced

mitochondrial genomes of the other lepidopteran species,

except for the presence of an extra copy of tRNAIle(AUR)b in

the control region. All protein-coding genes of A. issoria

mitogenome start with a typical ATN codon and terminate

in the common stop codon TAA, except that COI gene uses

TTG as its initial codon and terminates in a single T residue.

All tRNA genes possess the typical clover leaf secondary

structure except for tRNASer(AGN), which has a simple loop

with the absence of the DHU stem. The sequence, organi-

zation and other features including nucleotide composition

and codon usage of this mitochondrial genome were also

reported and compared with those of other sequenced

lepidopterans mitochondrial genomes. There are some short

microsatellite-like repeat regions (e.g., (TA)9, polyA and

polyT) scattered in the control region, however, the con-

spicuous macro-repeats units commonly found in other

insect species are absent.

Keywords Mitochondrial genome � Lepidoptera �
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Introduction

Insect mitochondrial DNA (mtDNA) consists of a circular

molecule of 13–19 kb in size, with 13 protein-coding genes

(PCGs), two ribosomal RNA genes and 22 tRNA genes

[1, 2]. Additionally, it contains a major non-coding area,

i.e., the control region or the A ? T-rich region, which

regulates the transcription and replication of the mito-

chondrial genome [2, 3]. Though gene content of the insect

mitochondrial genome (mitogenome) is relatively con-

served, there are a few of exceptions. For example, Core-

ana rapaelis (Lepidoptera: Lycaenidae) has an extra

tRNASer(AGN); Bombyx mandaria (Lepidoptera: Bombyci-

dae) [4] possesses two extra tRNA-like genes: the tRNA-
Ser(TGA)-like and the tRNAIle(TAT)-like; both the dipterans

Chrysomya chloropyga and C. megacephala have an extra

tRNAIle.

Mainly because of its maternal inheritance, lack of

recombination and an accelerated mutation rate compared

to those of the nuclear DNA, the use of mtDNA has

become popular in the studies of phylogenetics, compara-

tive and evolutionary genomics, population genetics and

molecular evolution among various animal taxa [5, 6]. So

far, more than 160 complete or near complete mitogenome
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sequences have been reported from insects. There are 14

species complete or near complete sequences from the

Lepidoptera (Table 1). The order Lepidoptera, which

includes insects such as the butterflies and moths, has more

than 160,000 species all around the world. Despite of their

huge taxonomic diversity, the existing information about

their mtDNA, especially the complete genomes of mtDNA

is still limited. So, the further insights into lepidopteran

phylogeny and taxonomy await more related sequences to

be determined.

The taxonomic status and the phylogenetic position of

Acraea still remain as a controversial issue [7–10]. Chinese

scholars such as Chou assigned Acraea to a family level

group, Acraeidae, based on morphological characters such

as the shape of their relatively long forewing, incurved

humeral vein, asymmetric claws, etc. [7]. In contrast South

American and African scholars assigned Acraea to a tribal

level (Acraeini) within the subfamily Heliconiinae

(Nymphalidae). Penz and Peggie [8] proposed the Acraeini

appeared as the sister group of Heliconiini ? (Vagrantin-

i ? Argynnini), based on the morphological characters of

early immatures and adults. Freitas and Brown [9] found

the same results from studies of larval, pupal and adult

characters such as the wing veins and scales, shape of

prothoracic legs, male and female genitalia and abdomen,

etc. Based on a combined analysis of the genes cytochrome

oxidase I (COI), elongation factor 1-a (EF-1a) and wing-

less (wgl), Silva-Brandão et al. [10] reconstructed the

phylogenetic trees of the tribe Acraeini. These results

showed that the Acraeini is sister to Heliconiini ? Ceth-

osiini based on bayesian inference, whereas, the Acraeini is

the sister of Vagrantini ? Argynnini (containing Pardop-

sis) based on parsimony analysis.

In this paper, we tried to amplify and sequence the

complete mitogenome of A. issoria (Lepidoptera: Helico-

niinae), and to compare its sequence with those of other

lepidopterans available from GenBank. We aim to supply

more molecular information for further studies of the

lepidopteran phylogeny and to clarify the taxonomic status

of the Acraeini.

Materials and methods

Specimen collection

Adult individuals of A. issoria were collected in Huang-

shan Mountains, Anhui Province, China. After collection,

the fresh materials were preserved in 100% ethanol

immediately and stored at -20�C before the DNA

extraction.

DNA extraction, PCR amplification and sequencing

Whole genomic DNA was extracted from thoracic muscle

tissue with the DNeasy Tissue kit (Qiagen). Some universal

PCR primers for short fragment amplifications of 12S,

COI, CYTB, ND1 and COII genes were synthesized after

Simon et al. [11], Simons and Weller [12], and Caterino

and Sperling [13]. Long primers and some short ones

including ND2, ND4, COIII, and ND5 were designed by

the multiple sequence alignments of the complete mito-

chondrial genomes of all the Lepidopterans available, using

ClustalX1.8 [14] and Primer Premier 5.0 softwares. The

entire genome of A. issoria was amplified in nine fragments

(COI–COII, COII–COIII, COIII–ND5, ND5–ND4, ND4–

CYTB, CYTB–ND1, ND1–12S, 12S–ND2, ND2–COI)

using long PCR technique, which is performed using Ta-

KaRa LA Taq polymerase with the following cycling

parameters: 95�C for 5 min; 30 cycles of 95�C for 50 s,

50�C for 50 s, 68�C for 2 min and 30 s; and a final

extension step of 68� for 10 min. The PCR products were

detected via electrophoresis in 1.2% agarose gel, purified

using the 3S Spin PCR Product Purification Kit and

sequenced directly with ABI–377 automatic DNA

sequencer; all the amplified products were sequenced

directly except for the COIII-ND5 and 12S-ND2, which

were sequenced after cloning; for each long PCR product,

the full, double stranded sequence was determined by

primer walking.

Analysis and annotation

Raw sequence files were proof read and assembled in

BioEdit version 7.0 [15]; PCGs and ribosomal RNA genes

were identified by sequences using ClustalX1.8 software

Table 1 Lepidopteran mitogenomes used in this study

Species Family Accession number

Coreana raphaelis Lycaenidae NC_007976

Artogeia melete Pieridae NC_010568

Papilio xuthus Papilionidae EF621724

Bombyx mandarina Bombycidae NC_003395

Bombyx mori Bombycidae NC_002355

Adoxophyes honmai Tortricidae NC_008141

Phthonandria atrilineata Geometridae EU569764

Ochrogaster lunifer Notodontidae NC_011128

Manaduca sexta Sphingidae NC_010266

Antheraea pernyi Saturniidae AY242996

Saturnia boisduvalii Saturniidae NC_010613

Eriogyna pyretorum Saturniidae NC_012727

Ostrinia nubilalis Pyraloidea AF442957

Ostrinia furnacalis Pyraloidea NC_003368
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[14] and the NCBI Internet BLAST search function;

transfer RNA gene analysis was conducted using tRNA-

scan-SE software v.1.21 [16]; the putatived tRNAs not

found by tRNAscan-SE were confirmed by sequence

comparison of A. issoria with other lepidopterans; nucle-

otide composition and codon usage were calculated in

MEGA 3.0 software [17]. The sequence data have been

deposited into the GenBank database under the accession

number GQ376195.

Results and discussion

Genome organization and structure

The mitogenome of A. issoria is a circular molecule

15,245 bp long and consists of 13 PCGs, two ribosomal

RNA genes for the small and large subunits (srRNA and

lrRNA), and 22 transfer RNA genes, and the same as the

typical animal mitogenome (Fig. 1) with the exception of a

extra tRNAIle(AUR) copy. The mtDNA genome of A. issoria

includes 13 intergenic spacers, ranging from 1 to 430 bp

(517 bp in total), of which only two spacers span longer

than 10 bp (Table 2); additionally, a total of 63 bp over-

lapped nucleotides are scattered all over the genome, and

among which the longest is 35 bp long located between

COII and tRNALys, the seven nucleotides (ATGATAA) is

overlapped between ATP8 and ATP6 (Table 2). This fea-

ture is common to all lepidopteran mtDNA genomes

sequenced to date and functions in forming a hairpin loop

structure for posttranslational modification [18, 19].

The nucleotide composition bias of the mitogenome of

A. issoria is 79.7% A ? T, made up of 78.0% in the PCGs,

83.8% in the ribosomal RNA genes, 82.3% in the transfer

RNA genes and 96% in the control region, respectively.

This is similar to the nucleotide composition biases

observed in other insect mitochondrial genomes, which

ranges from 65.6% in Reticulitermes (Isoptera) [20, 21] to

89.3% in Apis (Hymenoptera) [22]. The nucleotide fre-

quency of the PCGs on the majority (J strand) and the

minority strand (N strand) is T [ A [ C [ G and

A [ T [ C [ G, respectively, with a strong AT bias. In

addition, the CG and AT skews both on the J and N strands

for each mitochondrial genome were thought as a measure

of the compositional asymmetry [23] (Table 3), and in this

study, the PCGs on the J strand display significantly a AT

skew (-0.140) and a GC skew (0.176), compared to that of

other lepidopterans (AT skews are from -0.161 to -0.045,

GC skews are from 0.071 to 0.239). On the contrary, PCGs

on the N strand lack notable AT and GC skews. The

nucleotide bias for AT was also reflected in the condon

usage and the relative synonymous codon usage (RSCU)

(see Table 4 in Supplementary Material), that is codons for

A or T (A = 39.75%, T = 50.11%) strongly overpasses C

or G (C = 6.40%, G = 3.74%) in the third codon position.

The most frequent amino acids in the PCGs of A. issoria

are Leucine (14.42%), Isoleucine (12.24%), Phenylalanine

(10.58%) and Serine (8.34%).

Gene order

Among the 11 known complete mitogenome sequences

from lepidopterans, their orientation and gene order exist

four basic arrangement patterns and all differ from the

ancestral gene order of insects in the location of tRNAMet

[2]. In all Lepidoptera sequenced to date tRNAMet is

located between the control region and tRNAIle, giving the

derived control region (CR)-Met (M)-Ile (I)-Glu (Q)

arrangement instead of that of the insect ground plan CR-I-

Q-M. This phenomenon was first reported in lycaenids and

noctuids by Taylor et al. [24] and has now been found in

five lepidopteran superfamilies (Papilionoidea, Noctuodiea,

Tortricoidea, Pyraloidea, and Bombyciodea) [25] (Fig. 2):

Bombyx mandarina, Bombyx mori, Saturnia boisduvalii,

Adoxophyes honmai, Phthonandria atrilineata, Ochrogas-

ter lunifer, Antheraea pernyi, Manduca sexta, Artogeia

melete and Eriogyna pyretorum share the same patter as

Fig. 2-1; Bombyx mandaria [4] has the pattern shown as

Fig. 1 Map of the mitochondrial genome of A. issoria. The abbre-

viations for the genes are as follows: ATP6, ATP8, ATP synthase

subunits 6 and 8 genes; CYTB, cytochrome oxidase b gene; COI–

COIII, cytochrome oxidase c subunit 1–3 genes; ND1–6, ND4L,

NADH dehydrogenase subunits 1–6 and 4L. Gene names are the

standard abbreviations used in this paper; tRNA genes are denoted as

one-letter symbol according to the IUPAC-IUB single letter amino

acid codes. Gene names that are not underlined indicate the direction

of transcription clockwise, while the underline indicates counter

clockwise
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Fig. 2-2, in which the two extra tRNA-like genes, the

tRNASer(TGA)-like and the tRNAIle(TAT)-like between the

control region and tRNAMet and between the tRNAGln and

ND2, respectively; Coreana raphaelis has the pattern as

Fig. 2-3 in which an extra tRNASer(AGN) is located between

tRNASer(AGN) and tRNAGlu; A. issoria is the pattern shown

as Fig. 2-4 in which an extra tRNAIle is located in the

control region.

Protein-coding genes

Except for COI, 12 out of 13 PCGs in A. issoria use

standard ATN start codons (ATA for ND5 and ND6; ATT

for ND2 and ND3; ATG for COII, ATP8, ATP6, COIII,

ND4, ND4L, CYTB and ND1). However, the COI gene is

generally use non-canonical initial codon for the reason

that no regular start codon is available after the last stop

Table 2 Organization of the

A. issoria mitochondrial

genome

tRNA abbreviations follow the

IU-PAC-IUB three letter code.

For other abbreviations see

legend for Fig. 1
b Extra copy

Gene Direction Nucleotide no. Size(bp) Intergenic

nucleotides

Start code Stop code

tRNAMet F 1–68 68

tRNAIle(AUR) F 69–134 66 0

tRNAGln R 132–200 69 -3

ND2 F 252–1265 1014 51 ATT TAA

tRNATrp F 1270–1335 66 4

tRNACys R 1328–1392 65 -8

tRNATyr R 1394–1459 66 1

COI F 1460–2991 1532 0 TTG T–tRNA

tRNALeu(UUR) F 2992–3058 67 0

COII F 3059–3769 711 0 ATG TAA

tRNALys F 3735–3805 71 -35

tRNAAsp F 3805–3870 66 -1

ATP8 F 3871–4032 162 0 ATG TAA

ATP6 F 4026–4703 678 -7 ATG TAA

COIII F 4703–5491 789 -1 ATG TAA

tRNAGly F 5493–5558 65 2

ND3 F 5559–5912 354 0 ATT TAA

tRNAAla F 5917–5981 65 4

tRNAArg F 5984–6046 63 2

tRNAAsn F 6047–6112 66 0

tRNASer(AGN) F 6111–6171 61 -2

tRNAGlu F 6173–6238 66 1

tRNAPhe R 6237–6301 65 -2

ND5 R 6301–8025 1725 -1 ATA TAA

tRNAHis R 8034–8099 66 8

ND4 R 8104–9444 1341 4 ATG TAA

ND4L R 9445–9726 282 0 ATG TAA

tRNAThr F 9729–9791 63 2

tRNAPro R 9792–9856 65 0

ND6 F 9862–10389 528 5 ATA TAA

Cytb F 10393–11541 1149 3 ATG TAA

tRNASer(UCN) F 11540–11608 69 -2

ND1 R 11607–12563 957 -1 ATG TAA

tRNALeu(CUN) R 12564–12631 68 0

lrRNA R 12632–13962 1331 0

tRNAVal R 13963–14027 65 0

srRNA R 14028–14815 788 0

D-loop F 14816–15245 430

tRNAIle(AUR)b R 14997–15079 83
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codon upstreaming the COI open reading frame [26]. All

lepidopteran species sequenced to date use CGA (R) as the

initial site for COI which is common in insects [19]. In

contrast, Kim et al. [18] considered the tetranucleotide

TTAG abutting to CAG as the initiation site for COI in

C. raphaelis; Clary and Wolstenholme [27] and de Bruijn

[28] proposed that the start codon of COI was tetranucleo-

tides ATAA or ATTA; moreover, some hexanucleotides,

such as TATTAG in Ostrinia nubilalis and Ostrinia

furnicalis [29], TTTTAG in the Bombyx mori, TATCTA in

Penaeus monodon [30], ATTTAA in Anopheles gambiae

[31], Anopheles quadrimaculatus [32] and Ceratitis capitata

[33], were also putatived to be the start codon for COI. In this

study, a typical ATN initiator for COI in A. issoria is not

found in the start site either. Furthermore, TTG as the ini-

tiation codon for COI has been reported in the invertebrate

and some insects including Anopheles quadrimaculatus

[32], Pyrocoelia rufa [34] and Caligula boisdnvalii [35], and

thus it is reasonable to consider that TTG codon lying in the

beginning region of COI to be the possible initiation codon

for COI of A. issoria.

12 PCGs have the common stop codon (TAA), while

COI terminates in a single T residue in this study.

Incomplete stop codons would produce functional stop-

codons after polycistronic transcript cleavage and polyad-

enylation mechanisms [36] and have been found in most

insect mitogenomes including all lepidopteran species

sequenced to date [18, 26, 29, 37].

Transfer RNAs and ribosomal RNAs

A. issoria has the typical 22 tRNAs set and an extra

tRNAIle(AUR)b located in the control region (see Fig. 3 in

Supplementary Material). All of them possess a complete

Table 3 Comparison of mitochondrial proteins for Lepidoptera

Species Size (bp) AT (%) AT-skew CG-skew

J strand N strand J strand N strand J strand N strand J strand N strand

Bombyx mori 6881 4296 78.5 81.3 -0.045 0.269 0.131 0.326

Bombyx mandarina 7004 4296 78.7 81.1 -0.050 0.268 0.132 0.330

Antheraea pernyi 6900 4327 77.0 81.0 -0.153 0.185 0.148 0.309

Ostrinia furnacalis 6886 4307 78.2 81.3 -0.079 0.215 0.110 0.312

Ostrinia nubilalis 6883 4308 78.0 81.0 -0.077 0.215 0.105 0.305

Adoxophyes honmai 6871 4377 77.1 80.6 -0.115 0.199 0.123 0.299

Manduca sexta 6903 4282 79.3 82.0 -0.112 0.193 0.087 0.311

Saturnia boisduvalii 6847 4328 78.0 80.8 -0.151 0.186 0.127 0.330

Eriogyna pyretorum 6897 4329 78.2 81.3 -0.161 0.171 0.128 0.294

Phthonandria atrilineata 6893 4310 78.2 80.6 -0.100 0.199 0.105 0.306

Ochrogaster lunifer 6915 4452 74.5 77.9 -0.087 0.214 0.239 0.423

Coreana raphaelis 6862 4289 80.3 83.4 -0.141 0.115 0.071 0.273

Artogeia melete 6890 4290 77.7 79.8 -0.097 0.211 0.148 0.327

Acraea issoria 6917 4305 76.7 80.1 -0.140 0.161 0.176 0.273

Avg. 6896.3 4321.1 77.89 80.87 -0.108 0.2001 0.1306 0.315

J strand (majority strand) encodes COI-III, CYTB, ATP8, ATP6, ND2, ND3 and ND6

N strand (minority strand) encodes ND4, ND4L, ND5 and ND1

Fig. 2 Compare the gene arrangements of the Lepidoptera mtDNA (Shadows indicate differences existing among the lepidopteran species.

S1: tRNASer(AGN), S2: tRNASer(UCN), L1: tRNALeu(UUR), L2: tRNALeu(CUN), b: extra copy)

Mol Biol Rep (2010) 37:3431–3438 3435

123



clover leaf secondary structure, except that tRNASer(AGN)

lacks DHU stem. In general, the lack of DHU stem in

tRNASer is a common feature in metazoan mtDNAs [38],

but there are exceptions such as the tea tortrix Adoxophyes

honmai (Tortricidae) [26], or the screamer louse, Bothri-

ometopus (Philopteridae) [21] all of whose tRNAs have a

complete clover leaf structure. The tRNAIle(AUR)b structure

of A. issoria differs substantively from the gene copy in the

consensus lepidopteran position. It has three extra nucle-

otides (ATA) in the DHU loop, ten nucleotides (TA-

AAAAATAT) in the anticodon loop and one nucleotide

(A) in the extra loop, respectively, in total 83 bp in size. If

the additional nucleotides were removed by posttranscrip-

tional modification, it would still form the same gene

(tRNAIle) with a standard clover leaf structure. Unlike

other insects with duplicated tRNAIle genes, such as the

dipterans Chrysomya chloropyga [39] and Chrysomya

megacephala [40] there is limited sequence similarity

between the two copies of tRNAIle in A. issoria.

The tRNA acceptor stems are all 7nt whereas the DHU

loops (4-9nt) and TWC loops (3-8nt) are more variable. 15

tRNA genes show 22 pair mismatches in their stems,

including nine pairs in the DHU stems, eight pairs in the

amino acid acceptor stems, three pairs in the TWC stems

and two pairs in the anticodon stems. The mismatched

bases are mainly G�U, U�G or U�U, with the exception

represented by tRNAIle which exhibits G�A and C�U mis-

matches. These mismatches are corrected through RNA-

editing mechanisms [38].

LrRNA and srRNA genes are located between tRNALeu

and tRNAVal, and between tRNAVal and A ? T-rich

region, respectively. They are 1331 and 788 bp in length,

respectively. The lengths of the two rRNAs are similar to

that of other lepidopterans.

Non-coding regions

The mtDNA genome of A. issoria includes 13 intergenic

spacers, ranging from 1 to 430 bp (517 bp in total). There

are only two spacers longer than 10 bp (Table 2): spacer 1

is 51 bp long located between tRNAGln and ND2, whereas,

spacer 2 is 430 bp located between srRNA and tRNAMet. In

addition, the other 11 small intergenic spacers (\10 bp) are

dispersed throughout the whole genome, totaling 36 bp in

length. Non-coding spacer 1 is present in all of the lepi-

dopteran mitogenomes studied to date, but absent in all non-

lepidopteran insects. The A ? T content of this spacer are

88.2%, which is lower than those of other sequenced le-

pidopterans, in which a high A ? T content (93–100%) was

reported [29, 37]. This spacer’s location is fixed among the

lepidopterans, while their sequences are highly diverged

even among two congeneric species examined (Ostrinia

furnicalis and Ostrinia nubilalis; Bombyx mori and Bombyx

mandarina) [25]. This spacer is a constant molecular sig-

nature of lepidopteran mtDNA; however, it is necessary to

test this with a wider taxon sample. Spacer 2 comprises the

control region which regulates the transcription and repli-

cation of the mitogenome [41], and includes the ON (origin

of minority or light strand replication) identifiable by the

motif ATAGA located 14 bp downstream from srRNA,

followed by an 18 bp polyT. This ON motif is conserved

among all lepidopteron, however the polyT stretch varies in

length ranging from 18 to 22 bp. Additionally, the CR

includes multiple short microsatellite-like repeat regions

(e.g., (TA)9, polyA and polyT). The conspicuous macro-

repeat units (50? bp in size) commonly found in other

insect species are absent in the control region. The micro-

satellite-like TG (TA)9 element preceded by the ATTTA

motif is present in the 30 flanking region of spacer 2. Similar

motifs, ATTTA(AT)9, ATTTA(AT)10, ATTTA(TA)8,

ATTTA(AT)7(TA)3, ATTTA(AT)7 and ATTTA(AT)11, are

found in Bombyx mandarina, Bombyx mori, Manaduea

sexta, Ochrogaster lunifer, Coreana raphaelis and Artogeia

melete, respectively.

Conclusion

The mitochondrial genome of A. issoria is 15,245 bp in

size. It has a relatively low AT content (79.7%) compared

to other lepidopteran species. The orientation and gene

order of the A. issoria is similar to those of other lepi-

dopteran species, except for the presence of an extra copy

of tRNAIle(AUR)b in the control region. Majority-strand

PCGs display significant AT and GC skews. On the con-

trary, minority-strand PCGs lack notable AT and GC

skews. The nucleotide bias for AT were also reflected in

the condon usage and the relative synonymous codon

usage. Codons with A or T in the third codon position

(A = 39.75%, T = 50.11%) greatly exceeds those with a

C or G (C = 6.40%, G = 3.74%). The complete mitoge-

nome of A. issoria reported here is expected to supply

more molecular information for further studies of the

lepidopteran phylogeny and for analyses on the taxonomic

status of the Acraeini.
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