
RESEARCH ARTICLE Open Access

Fragmentation in mitochondrial genomes
in relation to elevated sequence
divergence and extreme rearrangements
Shiqian Feng1,2†, Andrea Pozzi2†, Vaclav Stejskal3,4, George Opit5, Qianqian Yang6, Renfu Shao7,
Damian K. Dowling2† and Zhihong Li1*†

Abstract

Background: A single circular mitochondrial (mt) genome is a common feature across most metazoans. The mt-
genome includes protein-coding genes involved in oxidative phosphorylation, as well as RNAs necessary for
translation of mt-RNAs, whose order and number are highly conserved across animal clades, with few known
exceptions of alternative mt-gene order or mt-genome architectures. One such exception consists of the
fragmented mitochondrial genome, a type of genome architecture where mt-genes are split across two or more
mt-chromosomes. However, the origins of mt-genome fragmentation and its effects on mt-genome evolution are
unknown. Here, we investigate these origin and potential mechanisms underlying mt-genome fragmentation,
focusing on a genus of booklice, Liposcelis, which exhibits elevated sequence divergence, frequent rearrangement
of mt-gene order, and fragmentation of the mt genome, and compare them to other Metazoan clades.

Results: We found this genus Liposcelis exhibits very low conservation of mt-gene order across species, relative to
other metazoans. Levels of gene order rearrangement were, however, unrelated to whether or not mt-genomes
were fragmented or intact, suggesting mitochondrial genome fragmentation is not affecting mt-gene order
directly. We further investigated possible mechanisms underpinning these patterns and revealed very high
conservation of non-coding sequences at the edges of multiple recombination regions across populations of one
particular Liposcelis species, supportive of a hypothesis that mt-fragmentation arises from recombination errors
between mt-genome copies. We propose these errors may arise as a consequence of a heightened mutation rate
in clades exhibiting mt-fragmentation. Consistent with this, we observed a striking pattern across three Metazoan
phyla (Arthropoda, Nematoda, Cnidaria) characterised by members exhibiting high levels of mt-gene order
rearrangement and cases of mt-fragmentation, whereby the mt-genomes of species more closely related to species
with fragmented mt-genomes diverge more rapidly despite experiencing strong purifying selection.

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.

* Correspondence: lizh@cau.edu.cn
†Shiqian Feng and Andrea Pozzi are co-first authors.
†Damian K. Dowling and Zhihong Li are co-senior authors.
1Department of Plant Biosecurity, College of Plant Protection, China
Agricultural University, Beijing 100193, China
Full list of author information is available at the end of the article

Feng et al. BMC Biology            (2022) 20:7 
https://doi.org/10.1186/s12915-021-01218-7

http://crossmark.crossref.org/dialog/?doi=10.1186/s12915-021-01218-7&domain=pdf
http://orcid.org/0000-0002-1281-2108
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:lizh@cau.edu.cn


Conclusions: We showed that contrary to expectations, mt-genome fragmentation is not correlated with the
increase in mt-genome rearrangements. Furthermore, we present evidence that fragmentation of the mt-genome
may be part of a general relaxation of a natural selection on the mt-genome, thus providing new insights into the
origins of mt-genome fragmentation and evolution.
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Background
Mitochondria are present in virtually all multicellular
eukaryotes, and their function is to provide energy for
the cell [1]. Energy conversion is regulated by a series of
five enzyme complexes, which comprise oxidative phos-
phorylation (OXPHOS), whose subunits consist of a
combination of proteins encoded by the nuclear and
mitochondrial genomes [2, 3]. The mitochondrial gen-
ome (mt-genome) usually exists as a small circular
chromosome in bilaterians (~ 16 kb length) that har-
bours only a few protein-coding genes necessary for
OXPHOS and the RNAs necessary for the translation of
mt-mRNAs [1, 2]. The number of these genes found in
the mtDNA sequence, and their order, are highly con-
served across animals, thus making any occurrence of
gene rearrangement among these genes useful for phylo-
genetic analysis [4]. Indeed, rare gene rearrangements
often mark differences between clades, making the study
of mt-gene order a valuable tool for studying deep phyl-
ogeny [4–6]. However, curiously, not all clades and spe-
cies exhibit highly conserved mt-gene order. In fact, the
huge increase in the number of sequenced genomes
across metazoan taxa over the past decade has brought
to light some species exhibiting atypical mt-genomes,
where neither mt-gene order nor the mt-genome archi-
tecture is conserved.
These atypical mt-genomes exhibit changes of mt-

gene order across closely related congeneric species, oc-
casionally exhibiting stark changes in architecture from
a single circular chromosome to fragmentation into mul-
tiple circular mt-chromosomes or mt-genome
linearization. These changes in mt-genome architecture
are even rarer than gene rearrangements among the
metazoan phylogenies. However, there are two excep-
tions, in which gene order rearrangements and fragmen-
tation are relatively common: in lice (insects from the
insect order Psocodea) and cnidarians (including jelly-
fish, corals, anemones and other stingers) [7]. In 2019,
the human body louse Pediculus humanus was shown to
possess a fragmented mt-genome with 20 minichromo-
somes [8]. Indeed, approximately 30 species of parasitic
lice and booklice (two clades in Psocodea) have been
found to possess fragmented mt-genomes with 2–20
minichromosomes [9, 10]. Cnidarians represent the
other exception, with species in this phylum exhibiting a
wide range of atypical mt-genome architectures,

spanning from the normal circular genome to fragmen-
ted linear genomes [7, 11]. A unique example among
species in this phylum with atypical mt-genome archi-
tecture is a group of parasitic cnidarians (Myxozoa) with
circular fragmented mt-genomes [11]. The Myxozoa mt-
genome has fewer genes than other cnidarian mt-
genomes, and these genes are spread across different
mt-chromosomes, resembling fragmentation from an an-
cestral circular mt-genome to multiple smaller frag-
ments. However, the occurrence of atypical mt-genome
architectures, such as fragmented circular mt-genome, is
not limited to Insecta and Cnidaria, with recent studies
demonstrating similar patterns occurring in a few other
clades, such as Porifera [12] and Nematoda [13–16].
Currently, it remains challenging to explain how these

extreme modifications to mt-genome architecture have
evolved in metazoans, and why they are limited to just a
handful of species occurring across disparate phyla, in-
cluding both nonbilaterians and bilaterians. Some recent
insights have, however, been achieved by researchers
studying an abundance of sequenced linear mt-genomes
in Cnidaria, who have identified specific homologous
genes shared across all species with linear mt-genomes.
This suggests linearization of mt-genomes was caused
by the incorporation of a linear plasmid with the ability
to linearize a circular mt-chromosome, at least in Cni-
daria [7, 17]. Unfortunately, similar data that might pro-
vide insights into the evolution of circular fragmented
mt-genomes in other clades are scarce, with researchers
thus far only making tentative speculation as to the
drivers of mt-genome fragmentation [16, 18]. These
speculations have been mostly done by the pioneers who
first discovered these mt-chromosomes in multiple spe-
cies [16, 18]. One study described the occurrence of
fragmented mt-genomes (consisting of two circles) in
the genus Globodera (Nematoda), with the authors pro-
posing that fragmentation into two mini-circles would
have occurred by a whole genome duplication, followed
by purifying selection leading to the extinction of spe-
cific genes on each mini-circle, ultimately resulting in
multiple mt-chromosomes with different genes [16]. On
the contrary, the researchers discovering the 20 mt-
minicircles in Pediculus humanus (Arthropoda) pro-
posed a mechanism in which the original mt-genome is
slowly replaced by smaller mt-chromosomes that repli-
cate faster [18]. Notwithstanding, both the underpinning

Feng et al. BMC Biology            (2022) 20:7 Page 2 of 17



mechanisms and evolutionary processes that would me-
diate mt-genome fragmentation in the first instance re-
main completely elusive.
Therefore, we examined these putative mechanisms and

evolutionary processes by performing a comparative ana-
lysis across three clades of metazoans with fragmented
mt-genomes, and proposed a hypothesis based on our ob-
servations. In the comparative analysis, we investigated
three different features of mitochondrial biology that
might relate to mt-genome fragmentation. These features
were the degree of mt-gene rearrangement, sequence di-
vergence and the signature of selection acting on these
genes. Our comparative analysis combined a mix of new
data collected from the booklice, Liposcelis, and leverages
existing datasets across several phyla. The incorporated
data from Liposcelis enabled us to examine processes of
mt-fragmentation at high evolutionary resolution, homing

in on intraspecific differences in mt-genome architecture
across the Liposcelis genus, and indeed probing intraspe-
cific differences in patterns of mt-fragmentation across
populations of one particular species, Liposcelis bostrycho-
phila. By combining multiple datasets and measurements
on mt-genome fragmentation, our results give rise to a
new hypothesis and provide unique insights into the
drivers of mitochondrial genome evolution.

Results
The booklice mt-genome has highly variable gene order
and genome architecture
First, we conducted a comparative analysis examining
levels of mt-gene rearrangement across seven genera
spanning five different phyla, finding that rearrange-
ments in the booklouse genus Liposcelis are much less
conserved than six other well-studied genera (Fig. 1A).

Fig. 1 Extraordinary mt-gene rearrangements were found in booklice compared to different bilaterian clades. A Linearized mt-genome
arrangements across six “well-known” genera. They are Mus and Oreochromis representing Chordata, Mytilus from Mollusca, Taenia from Rotifera,
Caenorhabditis from Nematoda, Drosophila from Arthropoda. We also show the divergent mt-genome organisation from our focal genus
Liposcelis. B Number of gene boundaries (NGBs) of the six representative genera of bilaterians which incorporates together all sequences from
the six representative genera. This panel highlights the observation that booklice (Liposcelis) have many more mt-gene rearrangements (i.e. low
level of NGBs). C NGBs of four orders in Insecta. This panel compares the level of mt-gene rearrangements across groups of taxa of similar size
and age (~ 10 species and ~200 Mya old, see Additional file 2: Table S1). Each of the four clades includes species from only one Insecta order
(indicated by different colours)
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The clades analysed here have been the focus of many
studies, thus providing us with multiple high-quality gen-
omic sequences and reliable gene order data to compare
to data from Liposcelis. Despite being part of different
phyla, six of the genera across the five phyla compared ex-
hibited highly consistent patterns, sharing the same mt-
gene order within each genus, and exhibiting few mt-gene
rearrangements across phyla. However, the genus Liposce-
lis was an exception, exhibiting very low conservation in
mt-gene order. To better understand the magnitude of
mt-gene order conservation, we quantified how often mt-
genes changed positions in our dataset by calculating the
number of shared gene boundaries (NGBs) across species
(the rationale and workflow used for quantifying NGBs
are presented in Additional file 1: Fig. S1) within represen-
tative clades. We compared the NGBs of booklice to those
of the six representative genera (Fig. 1B; Additional file 2:
Table S1), showing that the level of mt-gene order conser-
vation in the genus Liposcelis (NGBs: 1.53±1.02) is about
nine-fold lower than that of the well-studied genera
(NGBs: 14.00±0.00 or 15.00±0.00). While the notion of
different metazoan clades exhibiting differences in gen-
ome stability is not new [19], the magnitude of mt-gene
instability we found in Liposcelis is unique.
Next, we investigated phylogenetic signals of mt-gene

order instability across the taxa close to Liposcelis. We
restricted the data to species belonging to the class
Insecta. We compared the mt-gene order conservation
across three well-studied clades within Insecta (Diptera,
Hymenoptera, and Hemiptera), as well as lice clades in
Psocodea. The clades were chosen with the aim of find-
ing groups of species with a phylogenetic relationship
similar in diversity and age to the species of the Psoco-
dea clade. The 15 clades chosen have similar age
(~200Mya) and include a similar number of species (~
10), providing a reasonable comparison to the Liposcelis
clade (~ 220 Mya and 11 species). The clades names,
ages and species included can be found in Additional file
2: Table S1. These clades were then compared to species
within Liposcelis (Fig. 1C; Additional file 2: Table S1).
Through this analysis, we discovered that Liposcelis and
Phthiraptera had about eightfold fewer NGBs than other
clades, and that species more closely related to Liposcelis
and Phthiraptera, such as barklice (NGB = 12.41±1.84),
exhibited lower NGBs than more distant clades and the
ones in Hemiptera (NGB = 15.00±0.00) or Diptera
(NGB = 15.00±0.00). Although species within Hymenop-
tera exhibited less conserved mt-gene order compared
to those within Hemiptera and Diptera, NGBs were still
high relative to those within Liposcelis (NGB = 11.34±
1.47 to 15.00±0.00). The clades Liposcelis and Phthirap-
tera exhibited very fragmented mt-genomes (up to 20
fragments) and the lowest number of NGBs. Based on a
hypothesis that mt-genome fragmentation could be a

potential mechanism for explaining extraordinary in-
stances of mt-gene rearrangement in metazoans [20],
low NGBs are subsequently expected for species with
fragmented mt-genomes. However, our analysis high-
lights that some species within the Liposcelis clade have
very low NGBs while having a perfectly intact circular
mt-genome, such as the newly sequenced L. pearmani.
Our observations, therefore, do not support this hypoth-
esis and suggest that mt-genome fragmentation may not
be the primary driver of the low levels of mt-gene order
stability observed throughout this genus.

Fragmented mt-genomes: the cause or consequence of
gene order rearrangements?
We further investigated the role of mt-genome fragmen-
tation on the conservation of mt-gene order by perform-
ing comparative analyses between two groups of
Liposcelis species with and without mt-genome fragmen-
tation. The analysis revealed similar levels of mt-gene
stability between the two groups, with no significant dif-
ference in the NGBs between species with intact and
those with fragmented mt-genomes (Mann-Whitney U
test, p value = 0.69, NGBsfragmented = 1.67±0.49, NGBsin-
tact = 1.95±0.22, Fig. 2A). Similarly, we computed the
number of NGBs of each species using pairwise com-
parison between all the Liposcelis species, finding once
again that there is no significant difference (Mann-Whit-
ney U test, p value = 0.28) between species with frag-
mented and intact mt-genomes. The lack of differences
in mt-gene recombination (using NGBs as a proxy) be-
tween fragmented and unfragmented species is evident
both in single species (Fig. 2B) and group comparisons
(Fig. 2C). These analyses indicate that patterns of mt-
gene rearrangement do not differ between fragmented
and unfragmented species, therefore suggesting that mt-
genome fragmentation is not the likely driver of the high
levels of mt-gene order variation observed among some
Metazoan clades.
To better understand the patterns of mt-genome frag-

mentation in the Liposcelis genus, we computed a phylo-
genetic tree based on the mtDNA of all booklice. This
analysis revealed a polyphyletic origin of the fragmented
mt-genomes within the genus (Fig. 2D; Additional file 1:
Fig. S2). We found that each booklouse species with
fragmented mt-genome is more closely related to other
species with single circular mt-genomes than to other
species with fragmented genomes, indicating that mt-
genome fragmentation occurred on four independent
occasions within the genus. However, we believe that so
many independent episodes of the evolution of fragmen-
tation are unlikely, and we argue that the presence of
mt-genome fragmentation scattered across the Liposcelis
phylogenetic tree suggests instead that mt-genome frag-
mentation might be a rare consequence of another
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Fig. 2 (See legend on next page.)
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process that is widespread throughout the whole clade.
Thus, we proposed a hypothesis to explain our
phenomenon. Specifically, we hypothesise that the
process leading to mt-fragmentation is the presence of
widespread recombination in Liposcelis mt-genomes; re-
combination could in theory account for both the high
level of gene order rearrangement across the mt-
genomes of all species within the genus, and the spor-
adic mt-genome fragmentation in some species.

The potential role of recombination in intraspecific mt-
genome structural variation
To investigate whether recombination might explain the
phenomena observed, we focused on a single species of
this clade, L. bostrychophila, exhibiting intraspecific mt-
gene rearrangements across populations [21]. Although
we cannot exclude the possibility of cryptic species
within the populations of L. bostrychophila, we treated
these populations as belonging to one species, as this is

(See figure on previous page.)
Fig. 2 Mt-genome rearrangements and fragmentation in booklice. A Comparison of number of gene boundaries (NGBs) between booklice with
fragmented or non-fragmented mt-genomes. No significant difference was detected. The number above each error bar is sampling size. B A
boxplot comparing the mt-genome rearrangements (NGBs count) across the species within the Liposcelis genus through pairwise comparisons.
Each datapoint represents a comparison between the species considered and one of the other Liposcelis species. C The figure shows a
comparison of mt-genome recombination (using NGBs as a proxy) between all species with fragmented and unfragmented mt-genomes. The
datapoints are the same as the previous figure but they have been pooled together and no significant difference was detected. D Phylogenetic
tree of the genus Liposcelis based on PCG123 dataset. The values in each node are posterior probability from MrBayes, bootstrap values based on
IQtree and PhyML. Four branches with fragmented mt-genomes are labelled in red. All other trees based on three datasets (PCG123rRNA, PCG12,
PCG12rRNA) are reported in Additional file 1: Fig. S2, and confirm the topology shown here

Fig. 3 Mt-genome sampling, inter-molecule recombination and non-coding region of Liposcelis bostrychophila. A Sampling locations of the three
L. bostrychophila groups. The three groups of L. bostrychophila dispersed randomly across three continents. B The mitochondrial genome
arrangements of three L. bostrychophila groups. Gene clusters are highlighted using different colours, showing that groups 1 and 2 have similar
gene cluster arrangement, different from group 3. C Homologous recombination happened between two mt-chromosomes of L. bostrychophila.
Four to nine mt-genes constitute five conserved gene clusters in all three groups of L. bostrychophila. Based on the phylogeny among the three
groups, group 3 is derived from group 1. The group 3 arrangement may be created via inter-molecule recombination between the two mt-
chromosomes of group 1. D The motifs identified in non-coding regions. The mt-chromosomes were named by their location and group, for
example, G1C1 means group 1(G1) mt-chromosome 1(C1). Six motifs with the same arrangement were found in both mt-chromosomes of the
three groups while only the Motif5 in G1C2 (mt-chromosome 2 of group 1) translocated to the other strand. The strands are indicated by using
the signs plus and minus. E A comparative analysis of the identities between motifs in the minichromosomes C1 and C2. All motifs had identical
sequences between two mt-chromosomes in each group with the exception of Motif5 (group 1). F A comparative analysis of the identities
between motifs in groups 1, 2 and 3. The motif similarities between group 2 and group 3 are higher than their comparison to group 1. The result
here is according to the phylogeny-based relationship
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consistent with the available molecular phylogenetic and
morphological evidence [22]. We investigated intraspe-
cific patterns of the mt-gene rearrangements in this spe-
cies by combining newly sequenced mt-genomes with
sequences already available from multiple populations of
L. bostrychophila. We increased the existing pool of se-
quenced populations for this species by sequencing sam-
ples from worldwide locations previously not sampled
and verified the presence of three known distinct mt-
gene arrangements (groups 1, 2, and 3) across these pop-
ulations (Fig. 3A). The three groups are defined by spe-
cific and distinct gene orders across the mt-genomes,
present across populations of L. bostrychophila. In the
new sampling locations, we found that only these three
known groups are present. In each of the populations
sampled, we found that all mt-genomes were fragmented
into two minichromosomes. And within each of the
three groups of mt-gene arrangement, the intra-group
sequence conservation was almost 100%, including
within non-coding regions. The presence of recombin-
ation without sequence divergence is quite rare in ani-
mals, however, is more common in plant mitochondrial
genomes, especially when mt-genomes have conserved
sequence repeats [23], suggesting that the Liposcelis mt-
genome might have some sequence that makes the gen-
ome more prone to recombination.
We further explored signatures of structural variation

in the mt-genome across the three L. bostrychophila
groups, to investigate whether recombination may
underpin the high levels of mt-gene order rearrange-
ment specifically within this species, and generally ob-
served across the genus. We confirmed the presence of
five conserved gene clusters across the three L. bostry-
chophila groups, with four to nine mt-genes in each
cluster [21]. The two mt-chromosomes of group 1 and
group 2 have the same gene cluster distribution (Fig.
3B), whereby gene clusters 1, 2, and 3 are located on mt-
chromosome 1, while gene clusters 4 and 5 are located
on mt-chromosome 2. In contrast, in group 3, gene clus-
ters 1, 2, and 5 are located on mt-chromosome 1, while
gene clusters 3 and 4 lie on mt-chromosome 2. Based on
the phylogenetic analyses shown before, group 1 repre-
sents the ancestral lineage of group 2 and 3. These pat-
terns of gene cluster synteny can be explained by the
exchange of gene cluster 3 and gene cluster 5 through
inter-molecule recombination in group 1, leading to the
mt-gene order observed in group 3 (Fig. 3C). Therefore,
recombination could be a perfect candidate in the ex-
planation of mt-genome structural variation.

Some non-coding regions of the mt-genome show higher
conservation than the protein-coding regions
We also noticed that the non-coding regions near the
gene clusters 3 and 5 (highlighted in red dash boxes in

Fig. 3B, C) are particularly conserved in each group, sug-
gesting that these regions might be important in under-
standing patterns of mt-gene recombination and
fragmentation. To further investigate a putative role of
these non-coding regions in mediating recombination in
the mt-genome, we performed comparative analyses
across the three L. bostrychophila groups, with the aim
of identifying conserved motifs within these regions. By
comparing the non-coding regions of the two minichro-
mosomes across three groups, we identified six con-
served motifs that are shared by each group in the same
order (Fig. 3D). These motifs are short mtDNA regions
of less than 100 nt, with highly conserved sequence (~
100%) and unknown function. While the mt-
chromosomes of each group all harbour the same sequence
of DNA motifs, there is one exception, the second mt-
chromosome in the first group (G1C2). In this instance, one
of the conserved motifs in the non-coding region (which we
called Motif 5) has relocated further along the non-coding
region of mt-chromosome 2 (C2). Furthermore, G1C2 Motif
5 has a sequence identity of only 64% when comparing
G1C1 and G1C2, thus being the least conserved of the mo-
tifs (Fig. 3E). As the DNA motifs with conserved positions
have 100% sequence identity across chromosomes, it is pos-
sible that the position within the non-coding region might
affect the conservation of the sequence. Although the se-
quence conservation of the DNA motifs is constant across
mt-chromosomes in the same groups, it varies when com-
paring motifs from different groups, with groups 2 and 3
sharing higher conservation in motif sequence identity than
comparisons of these groups to group 1 (Fig. 3F). Notwith-
standing, the high conservation of these supposedly non-
functional DNA motifs is puzzling, especially considering
that this kind of motifs are not unique to this species. Indeed,
a similar pattern has been observed before in a related clade
(Columbicola, family Philopteridae) where the species have
very fragmented mt-genomes but still share conserved puta-
tively non-functional motifs [24].
To further probe the putative function of these con-

served DNA motifs, we scanned the blastn database for
similar sequences and analysed the motifs for potentially
meaningful open reading frames (ORFs). The few hits
obtained from the blast search were with proteins unre-
lated to the mitochondria, with e-values of around 0.002,
which although formally considered to be meaningful
[25], we believe are unreliable in this context given the
result is so unusual (Additional file 2: Table S2). Like-
wise, the ORF finder identified at least one ORF with
meaningful matches in the blast database for the first 4
motifs, with e-values between 0.01 and 0.0003 for pro-
teins that we would not expect in the mt-genome (ORF
finder results in Additional file 2: Table S3). As the bio-
logical information of the hits does not match the con-
text of these analyses, we believe that none of these hits
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is meaningful, thus suggesting that these DNA motifs
might be conserved for reasons other than translation
into functional proteins.

Enhanced sequence divergence indicates structural
variation in mt genomes
To investigate the cause of enhanced mt-genome struc-
tural variation, we performed a comparative analysis
using the mt-genomes of the 15 insect clades mentioned
before and species from Nematoda and Cnidaria. As mt-
genome fragmentation is a rare event, we included ex-
amples from the phyla Nematoda and Cnidaria to have
more species with fragmented mt-genomes and be able
to better understand mt-genome fragmentation across
the broader metazoan phylogeny. In the phylum Nema-
toda, we analysed the genus Globodera, in which at least
three fragmented mt-genomes have been reported [16,
26, 27], along with its closely related species (Additional
file 2: Table S1). In the phylum Cnidaria [11], we ana-
lysed two orders containing species with normal circular
mt-genomes, and one order, Myxozoa, which contains
species with fragmented circular mt-genomes (Add-
itional file 2: Table S1). In this comparative analysis, we
focused on two aspects, sequence divergence and the se-
lection pressure on the mt-genes. We probed patterns
across eleven protein-coding genes for the arthropods,
seven for the nematodes and five for the Cnidaria be-
cause several genes were not present in some species of
certain clades. For example, the mt-genomes (2 mini-
chromosomes) of the myxozoan Kudoa iwatai possess
only a few of the protein coding genes present in
Arthropoda, while the rest of the genome is full of re-
peats and uncharacterized proteins. We used the
Tamura-Nei distance (dTN) with the gamma correlation
as a proxy to measure sequence divergence in mt-genes,
and dN/dS as a proxy to measure history of selection.
Through these proxies, we first performed a quantitative
comparison between Psocodea (including barklice, book-
lice and parasitic lice) and three major insect clades
(Diptera, Hymenoptera and Hemiptera) in which no mt-
genome fragmentation has been detected (Fig. 4). To
compare divergence and selection, we performed pair-
wise comparisons between the species in each clade and
then compared the results across all clades. We believe
this comparative method to be reliable, because it allows
us to compare the differences within clades of the same
age and similar species numbers. The result of the com-
parison is that almost all clades are significantly different
from each other, with a few exceptions of clades within
one order (e.g. Hymenoptera) that are not significantly
different from each other (e.g. Aculeata and Aprocrita1).
Similarly, when pooling the species together and dividing
them into orders and phyla, the comparative analysis
shows that all orders and phyla have significantly

different selection pressure and genetic distance from
each other. The results of all the statistical tests can be
found in the Additional file 3: Table S4. Despite all
clades experiencing significantly different genetic dis-
tances and selection pressures, there is a pattern unique
to the Psocodea clade. Indeed, while all clades show a
similar pattern between genetic distance and selection
pressure, in the three Psocodea clades there is a clear in-
crease in genetic distance as the purifying selection re-
laxes (i.e. tends to 1) that follows the level of mt-genome
fragmentation. This pattern is only partially shared by
the other two phyla (Nematoda and Cnidaria) harbour-
ing species with fragmented mt-genomes. Indeed, while
both clades with fragmented mt-genomes have a relaxed
purifying selection, relative to the other species in the
same group, their genetic distance does not increase in
the same way, being similar or lower than species be-
longing to the same phyla. These results align with the-
oretical expectations, as the relaxed purifying selection is
expected to increase the number of mutations, and thus,
genetic distance. However, the relaxation of purifying se-
lection in the Psocodea clades with fragmented mt-
genomes suggests that fragmentation might somehow be
related to selection pressure.
To further investigate if the presence of species with

fragmented mt-genomes within a clade are associated
with the genetic distance and purifying selection within
that clade, we investigated the variance of these mea-
surements within each clade. However, as we had only
two species for the three Nematoda clades, we could not
include Nematoda in this analysis. The variance pairwise
comparisons within and across clades showed that the
variance of genetic distance and purifying selection pres-
sure changes in a similar way within the most clades
(Fig. 5, all the statistical tests can be found in the Add-
itional file 3: Table S4). Indeed, only the species in the
Cnidaria phylum and the parasitic lice had significantly
different genetic distance and dN/dS variance from the
other species in the same clade. Interestingly, although
we saw in the previous analysis that the two measure-
ments are significantly higher in the booklice (Liposcelis)
when compared to the barklice (Fig. 4), the variance of
these measurements is not significantly different be-
tween these two clades (Mann-Whitney U test, dTN p
value = 0.13, dN/dS p value = 0.3). This suggests that
the “moderate” fragmentation (i.e. splitting the mt-
genome in 2 or 3) per se does not significantly affect
genetic distance and selection pressure. On the contrary,
we can see that a higher level of fragmentation (i.e. split-
ting in many mt-genomes in parasitic lice) leads to much
higher variability across both measurements. When
comparing the variance of genetic distance and dN/dS
across the different clades we saw that only some of
them had the same variance, with only Diptera having
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significantly lower variance than all the other clades.
The Psocodea order variance of genetic distance and
dN/dS is not significantly different from Hymenoptera
(Mann-Whitney U test, dTN p value = 0.68, dN/dS p
value = 0.48) but is significantly higher than all other
clades. This is probably due to the presence of the para-
sitic lice in Psocodea, as the species in this clade all have

relatively high divergence and relaxed purifying selection
pressure. The lack of increased variance within the
Liposcelis clade shows that the mt-genes across species
in this clade are under similar forces (e.g. purifying se-
lection) and probably had a similar evolution, despite
some of the species within this clade having fragmented
mt-genomes. Therefore, this analysis suggests a specific

Fig. 4 Comparison of dTN and selection pressures across similar clades. The figure shows a comparison of genetic distance and selection pressure
among multiple similar clades. Each datapoint in the figures is computed from pairwise comparisons of each protein-coding mt-gene across all
the species in a clade. Although the datapoints are the same, the boxplots highlight the differences between clades, while the violinplots
highlight the difference across clades and phyla. The numeric axis in each figure is measured as either Tamura-Nei Distance or dN/dS, and the
axes have the same values in both boxplots and violinplots. The statistical tests performed on each clade can be seen in Additional file 3:
Table S4
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interpretation, where the mt-genome fragmentation is
not the cause, but possibly a consequence, of the purify-
ing selection relaxation and increased genetic distance.
According to this interpretation, mt-genome

fragmentation is a consequence of other forces that
lower purifying selection and increase genetic distance.
We propose our hypothesis on how this system works in
the “Discussion” section.

Fig. 5 Comparison of dTN and selection pressures variance across similar clades. The figures show a comparison of genetic distance
and selection pressure standard deviation among multiple similar clades. We represented the standard deviation (S.D.) rather than
the variance to make the figure easier to interpret, as squaring the S.D. would make the values hard to plots on the same axis. Each
datapoint in the figures is computed from the S.D of each gene in the clade considered. For example, the four datapoints present
in Cnidaria correspond to the S.D. of the four mt-gene analysed. Nematoda had only two genes conserved across all species, thus
we excluded this phylum from the comparison. Although the datapoints are the same, the boxplots highlight the differences
between clades, while the violinplot highlight the difference across clades and phyla. The numeric axis in each figure is the S.D. of
either genetic distance or selection pressure, and the axes have the same values in both boxplots and violinplots. The statistical
tests performed can be seen in Additional file 3: Table S4
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Discussion
This study provides the first compelling evidence of a
link between sequence divergence, gene rearrangement
and fragmentation. Our results show that across mul-
tiple metazoan clades, species that are more closely re-
lated to species with fragmented mt-genomes exhibit
elevated sequence divergence and, while they are still
under strong purifying selection, we see signatures of re-
laxed purifying selection associated with higher levels of
mt-genome fragmentation. This phenomenon is most
prominent in Psocodea, albeit present to a smaller de-
gree in Globodera (Nematoda) and Myxozoa (Cnidaria).
In Psocodea, the clade in which we have associated data
on NGBs, the conservation of the mt-genome architec-
ture decreases from barklice (no mt-genome fragmenta-
tion, few mt-gene rearrangements and moderate
sequence divergence) to booklice (sporadic cases of frag-
mentation into 2 or 3 minichromosomes, frequent mt-
gene rearrangements and high sequence divergence),
culminating with parasitic lice (many cases of fragmenta-
tion with 8 to 20 minichromosomes, frequent mt-gene
rearrangements and very high sequence divergence).

The genus Liposcelis, a new model to study (mt) genome
stability?
This study provides three lines of evidence that the non-
model species in the genus Liposcelis, and its related
clades in Psocodea, have unique features that make them
good candidates for further studies on mt-genome sta-
bility. The first line of evidence is that the genus Liposce-
lis has a much higher level of mt-gene rearrangement
when compared to any other clades analysed. This fea-
ture defies common knowledge [21, 28], as insects are
usually species with slow evolving genomes [19], while
the genus Liposcelis has some of the fastest evolving mt-
genomes. The second line of evidence is that the dTN
and dN/dS measurements in the genus Liposcelis dem-
onstrate that the mt-genome is quickly evolving despite
being under strong purifying selection. Indeed, while the
selection pressure relaxes compared to the barklice, it is
still very close to 0 (96% of genes have dN/dS of less
than 0.1) and only slightly higher than other Insecta
clades. This phenomenon suggests that somehow other
forces are driving the increased mutation rate in this
species, providing a perfect system to uncover new in-
sights into mt-genome evolution. The type of forces at
play remains unknown; however, this effect might be ex-
plained by a faster mt-genome duplication rate, which
would increase the number of mutations while keeping
strong purifying selection. The third line of evidence for
using this species as a model to study mt-genome stabil-
ity is the presence of mt-gene recombination across pop-
ulations of the same species, allowing analysis at
multiple taxonomic scales. This unique feature makes it

possible to track the recombination events and provide
reliable evidence of in vivo mt-genome recombination.
Nonetheless, the unique features of inter- and intraspe-
cific mt-genome structural variation make this genus a
good candidate in exploring genome structural variation.
Given that the proteins involved in the DNA repair sys-
tem, which regulate recombination processes, are shared
across the nuclear and mitochondrial genomes, any mu-
tations leading to an increase in recombination rate
would be expected to affect both genomes [29, 30].
Thus, it is intriguing to investigate whether the recom-
bination mechanism is limited to the mt-genome or it is
a general phenomenon, present even within the nuclear
genome. These features make the genus Liposcelis a, per-
haps unique, system to investigate genome structural
variation and (mt) genome stability.

Conserved non-coding regions and diversified mt-gene
rearrangement
This study revealed for the first time the presence of
highly conserved regions within the mt-genome that are
not coding for proteins involved in OXPHOS. Indeed,
we provide conclusive evidence that populations of the
species L. bostrychophila have highly conserved DNA
motifs up to 100 nt long. Some of these motifs are lon-
ger than mt-protein coding genes such as ATP8, and
more conserved [28]. In fact, several motifs have ~ 20%
higher identity than mt-genes with similar length. While
the reason behind the high sequence conservation within
the non-coding region remains unknown, we highlight a
few possible explanations. In our analysis, we uncovered
the presence of conserved ORFs with unknown function,
which is consistent with similar evidence from other
studies that have reported novel proteins within the mt-
genome [31–33]. Although we lack direct experimental
evidence for the presence of these putative proteins, the
conservation of these ORFs across both mt-
chromosomes hints at a possible function. However,
there are other possible explanations for the conserva-
tion of these sequences. One possible explanation for
the presence of these conserved non-coding regions
might involve the recombination of mt-genes. Indeed,
the presence of identical regions next to mt-genes would
facilitate their recombination across mt-chromosomes.
We found that these conserved regions lie next to gene
clusters that have been swapped across groups, support-
ing the hypothesis that these conserved regions are in-
volved in facilitating homologous recombination.
Despite the premise of mt-genome recombination
remaining controversial, evidence from several meta-
zoans suggests it may be pervasive [5, 15, 34, 35]. In-
deed, we note that the position of mt-tRNAs is not well
conserved across closely related species [34–36], sug-
gesting the presence of a recombination mechanism for
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small genes in the mt-genome. If this is the case, then
the booklice might have an enhanced version of this
mechanism, and below we formulate hypotheses based
on this possibility.

Hypothesis: Recombination plays an important role in mt-
genome fragmentation across animal clades
Based on the information gathered on the conserved
DNA motifs, we suggest that their function is to regulate
recombination in Liposcelis. Indeed, as mt-tRNA posi-
tions change across closely related Metazoa [36, 37], it is
possible that a similar recombination mechanism that
shuffles the position of small genes throughout the mt-
genome may operate pervasively across metazoans. Ac-
cordingly, we hypothesise that this mechanism may con-
tribute to the evolution of mt-genome fragmentation
generally across the metazoan phylogeny, wherein errors
during recombination might lead to unequal sorting of
genes, and on occasion to the creation of new and frag-
mented mt-minichromosomes. But, what general fea-
tures of mitochondrial genome architecture would be
required to precipitate cases of mt-genome fragmenta-
tion, while still maintaining mt-genome functionality?
Our study tried to find an answer by comparing whether
clades that host members with mt-genome fragmenta-
tion exhibit consistent differences in genome architec-
ture—be it substitution rate or selection pressure—
relative to clades that do not host members with frag-
mentation, which may precipitate incidences of low gen-
ome stability within these clades. The results of the
study led us to two insights.
The first insight is that episodes of mt-genome in-

stability and fragmentation may be driven by accelerated
evolution of the mtDNA genome, fuelled by a higher
mutation rate. Indeed, Sloan et al. (2012) previously re-
ported that species within the seed plant genus Silene
with fragmented mt-genomes have mt-genes exhibiting
heightened sequence divergence from their neighbouring
species, suggesting that mutation rate might either influ-
ence, or be influenced by, mt-genome fragmentation
[38]. Accordingly, we observed that the mt-genomes of
metazoan species with fragmented mt-genomes, and
their closest relatives, accumulate nucleotide substitu-
tions at a faster pace than more distantly related species.
This will culminate in a higher sequence divergence in
mt-genes between species that are closely related to spe-
cies with fragmented mt-genomes when compared to
between species that are unrelated to any species exhi-
biting mt-genome fragmentation.
The second insight is based on the observation that

despite a heightened substitution rate, the mt-genomes
of species exhibiting high levels of mt-genome instability
and sporadic fragmentation are nonetheless under
strong selection (albeit somewhat relaxed relative to

species with stable genomes), thus ensuring that any
newly fragmented minichromosomes that spread
through a population remain functional. Such selection
will likely balance episodes of selfish selection and puri-
fying selection. Within a scenario of heteroplasmy (mul-
tiple mtDNA molecules competing within an individual),
fragmented minichromosomes will be expected to repli-
cate more quickly and outcompete their single mt-
chromosome counterparts within the germline of an in-
dividual [39–41]. Such selection would presumably be
selfish in origin, fuelled by the replication advantage of
the smaller minichromosomes [42]. Notwithstanding,
purifying selection at the level of the organism and
population would be intense to ensure that these mini-
chromosomes remained functional and prevent degrad-
ation of respiratory performance [43]. However, this
process could somehow be affected by the number of
minichromosomes present. In fact, we observed a grad-
ual relaxation of purifying selection pressure in Psoco-
dea, along with an increase of minichromosomes,
suggesting that splitting the genes involved in respiratory
function across multiple minichromosomes can affect
the selection pressure on these genes.

Conclusions
In this work, we established a link between sequence di-
vergence, recombination and fragmentation in the mito-
chondrial genomes of metazoans, the associations of
which support a new hypothesis for the origin of the mt-
genome fragmentation. Specifically, our results indicate
that decreases in gene order stability in the mtDNA
across the metazoan phylogeny are driven by heightened
mutation rates in these clades, and that this sporadically
leads to mt-genome fragmentation in some members of
these clades. Moreover, we uncovered the presence of
conserved non-coding regions in the mt-genomes of
booklice, which are likely to regulate the numerous
changes in mt-gene order between and even within spe-
cies in this genus, through a recombination mechanism
that we propose is likely to be general across metazoans.

Methods
Mt-genome data collection
All sequences used in phylogeny, gene boundary, se-
quence divergence and selection pressure analyses are
listed in Additional file 2: Table S1. All mt-genomes, ex-
cluding newly sequenced Liposcelis data, were down-
loaded from the NCBI database. We first compared the
number of shared gene boundaries (NGBs) across bila-
terians, where genera with high quality sequenced ge-
nomes were chosen as representative taxa for their
clades. That is genus Drosophila for insects, Caenorhab-
ditis for nematodes, Taenia for cestodes, Mytilus for
clams, Oreochromis for fish and Mus for mammals. We
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then selected clades with similar age to booklice (~ 200
MYA) from three close insect orders (Hymenoptera,
Hemiptera, Diptera) for NGBs calculation and compari-
son. Furthermore, mt-genomes from these insects were
leveraged to verify if the unusual high dTN and strong
purifying selection of booklice is an exception relative to
other insects. We selected no more than two sequences
from one genus to avoid overrepresentation and about
ten sequences were ultimately picked in each of the four
insect orders. Finally, several mt-genomes of Cnidaria
and Nematoda were collected to enable us to investigate
and disentangle possible connections between sequence
divergence, mt-gene rearrangement and mt-genome
fragmentation across diverse metazoan taxa.

Booklice mt-genome sequencing, assembly and
verification
We sequenced 9 mt-genomes from six species of book-
lice, five of which (L. fusciceps, L. obscura, L. pearmani,
L. rufa and L. corrodens) were newly sequenced species,
with four strains of L. bostrychophila re-sequenced
(Additional file 2: Table S1). All booklice samples, before
DNA extraction, were stored in 100% ethanol at − 80 °C.
Genomic DNA was extracted using 20 individuals from
each species (strains) using DNeasy Blood and Tissue
Kit (QIAGEN). All genomic DNA was sent to the Berry-
Genomics company (Beijing, China) for library construc-
tion and sequencing. Two booklice, L. fusciceps and L.
obscura, were sequenced on an Illumina Hiseq 2500 se-
quencer with the insert size of 450 bp and 250 bp
paired-end sequencing. All others were sequenced on an
Illumina Hiseq X10 sequencer with the insert size of
250 bp and 150 bp paired-end sequencing. All sequen-
cing data were deposited in NCBI SRA with the ID
PRJNA787771.
To generate five new mt-genome sequences, we ap-

plied two methods. The first method was to assemble
genome drafts using IDBA-UD (PE250: 98% similarity,
mink = 140, maxk = 240, step = 20; PE150: 98% similar-
ity, mink = 80, maxk = 140, step = 20) [44]. The univer-
sal primer LCO1490-HCO2198 [45] was used to amplify
partial cox1 sequences of the five newly sequenced book-
lice. After sequencing, all cox1 sequences were used to
track the mt-genome like contigs from the genome
drafts. Simultaneously, we applied a second method that
mapped all sequencing reads to the partial cox1 se-
quences for 1000 iterations using “Map to Reference”
function in Geneious 10.1.3 [46]. Both methods lead to
the same mt-genome sequence. Finally, to verify the au-
thenticity of assembled mt-genomes, three booklice were
randomly selected (L. rufa, L. pearmani and L. corro-
dens) for long PCR verification. For each species, three
pairs of Long-PCR primers (Additional file 2: Table S5)
were designed and their amplicons had overlapping

regions on both sides, which together covered the whole
mt-genome chromosome (agarose gel electrophoresis re-
sults in Additional file 1: Fig. S3). The full description of
the method, reaction reagents and amplification pro-
grams for regular and long PCR followed Feng et al. [21
].
The authors of a previous study [21] identified three L.

bostrychophila groups with different mt genotypes. For
the four newly sequenced L. bostrychophila strains, we
did not know to which group each strain belonged.
Thus, the four Illumina sequencing data were mapped to
representative mt-genomes of each group (BJ strain of
group 1, SY strain of group 2 and BB strain of group 3)
using “Map To Reference” function in Geneious 10.1.3
[46]. Since the mt-genome sequence similarity among
the three groups is about 80%, we set the parameter
“Minimum Overlap Identity” during the mapping
process to 90%. As a result, each of the new strains
could map to only one representative mt-genome type.
The four newly sequenced strains are distributed across
all three groups: GR and ZZ strains belong to group 1,
PR strain belongs to group 2 and AH strain belongs to
group 3.
Annotations of all mt-genomes were conducted ini-

tially by the MITOS web server [47] and MitoZ [48].
Protein coding genes and ribosome RNA (rRNA) genes
were then confirmed by BLAST searches of the NCBI
database as well as alignment with homologous genes
from other published booklice mt-genomes. ARWEN
[49] and tRNAscan [50] were also used to confirm trans-
fer RNA (tRNA) genes.

Number of shared gene boundaries (NGBs) comparison
All gene boundaries were identified manually, with the
recognition principle and an example outlined in Add-
itional file 1: Fig. S1. In principle, we counted only the
adjacent genes with the same relative transcription dir-
ection as one shared gene boundary for the two species
(e.g. atp6atp8 and atp6atp8; atp6atp8 and atp8atp6).
The number of shared gene boundaries was counted as
the NGBs between them. All tRNA genes were excluded
from NGBs analysis due to their pervasive mobility. Pair-
wise NGBs were extracted in each selected taxon. For a
general view on NGBs distribution across Bilateria
(shown in Fig. 1B), pairwise NGBs calculation was con-
ducted in (1) six representative taxa, including six se-
quences in Mus, seven in Oreochromis, six in Mytilus,
seven in Taenia, thirteen in Caenorhabditis and eleven
in Drosophila and (2) our focal target, genus Liposcelis
with 11 mt-genomes. Pairwise NGBs were then calcu-
lated on four orders of insects (shown in Fig. 1C) with
an age of ~ 200 MYA (details will be introduced in Se-
quence divergence and selection analyses part), including
Hemiptera (50 sequences), Hymenoptera (43 sequences),
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Diptera (40 sequences) and Psocodea (31 sequences).
Based on canonical Insecta phylogeny [51], these orders
are phylogenetically close to Psocodea with many se-
quenced mt-genomes. In Fig. 2A, we calculated the
NGBs of booklice with or without mt-genome fragmen-
tation: all eleven mt-genome sequences in Liposcelis
were incorporated in Liposcelis-All; four fragmented mt-
genomes (L. bostrychophila BJ strain, L. paeta, L. ento-
mophila, L. brunnea), were used for Liposcelis-Fragmen-
ted; and the other seven were used in Liposcelis-Intact.
For comparison of NGBs between different clades,
Mann-Whitney U test was conducted using R 3.5.0.

Multiple sequence alignment and phylogenetic analyses
We inferred the phylogenetic relationship of Liposcelis
species using mt-genome sequences (species marked in
Additional file 2: Table S1, phylogenetic tree in Fig. 2D,
Additional file 1: Fig. S2). For L. bostrychophila, BJ
(Beijing, China), HLM (Huangliangmeng, Hebei, China)
and BB (Beibei, Chongqing, China), were selected as rep-
resentative sequences of intra-specific group 1, group 2
and group 3, respectively. We used the barklouse, Stimu-
lopalpus japonicus, as the outgroup of the analysis be-
cause it is the closest species to genus Liposcelis with a
known mt-genome. Only protein-coding genes as well as
rRNA genes were considered and concatenated into four
datasets: (1) dataset “PCG123rRNA”, in which there are
concatenated 12 protein-coding genes (atp6, atp8, cox1,
cox2, cox3, cob, nad1, nad2, nad3, nad4, nad5, nad6)
and two rRNA genes (rrnL and rrnS); (2) dataset
“PCG123”, including only 12 protein-coding genes; (3)
dataset "PCG12rRNA”, in which only the first and sec-
ond codon positions of the 12 protein-coding genes and
two rRNA genes are included; and (4) dataset “PCG12”,
in which there are concatenated the first and second
codon positions of the 12 protein-coding genes. Due to
the absence of nad4L in L. entomophila and L. sculptili-
macula, it was excluded from phylogenetic analysis.
Each protein coding gene was aligned individually on
codon mode using the MAFFT method [52] with the L-
INS-I algorithm, which was implemented in TranslatorX
[53]. MAFFT was also used to align two rRNA genes le-
veraging the G-INS-I strategy. All ambiguous sites were
removed with Gblocks v0.91b [54]. Sequences were then
concatenated using the “concat” function of the SeqKit
toolkit [55]. Abovementioned sequence processing was
conducted in a local Linux server.
We performed a phylogenetic analysis on the four

concatenated datasets using Bayesian (BI) and maximum
likelihood (ML) methods, leveraging MrBayes 3.2.6 [56],
IQTREE [57] and PhyML 3.0 [58]. For the BI analysis,
PartitionFinder was used to select the best nucleotide
substitution models. The settings on MrBayes included
two independent sets of Markov chains (one cold and

three heated chains), 10 million generations, sampling
every 1000 generations, and 25% burn-in. The ML ana-
lysis was performed using two different tools. IQ-TREE
web server was used while optional evolutionary models
were detected with the “Auto” option by which the best
substitution models were detected automatically. The
number of ultrafast bootstraps was set to 1000. In
PhyML, the best evolutionary models were selected
using the “Smart Model Selection” method based on
Bayesian information criterion. PhyML phylogenetic
trees were constructed with a bootstrap of 1000 repli-
cates. Optimal nucleotide substitution models for all BI
and ML analyses are listed in Additional file 2: Table S6.

Motif related analyses
The motif conservation was calculated using the MEME
suite online [59] with the following command line ‘-dna
-oc . -nostatus -time 18000 -mod zoops -nmotifs 6
-minw 50 -maxw 300 -objfun classic -minsites 40
-revcomp -markov_order’. The conserved regions were
extracted from the output and plotted using WebLogo3
(http://weblogo.threeplusone.com/create.cgi).

Sequence divergence and selection analyses
All sequences used in the analyses of dTN and dN/dS are
described in Additional file 2: Table S1. Multiple se-
quence alignments were conducted on each dataset fol-
lowing the procedure outlined in Multiple sequence
alignment and phylogenetic analyses. Two genes (atp8
and nad6) were discarded in the following analyses be-
cause after the multiple sequence alignment, their se-
quence lengths are shorter than 30 bp and as such
mutations of one nucleotide would have a dispropor-
tionate effect on the alignment. For the other 11 genes
(atp6, cob, cox1, cox2, cox3, nad1, nad2, nad3, nad4,
nad4l, nad5), we performed dTN extraction as well as
dN/dS calculation using MEGA [60] and KaKs_Calcula-
tor [61, 62]. The dTN was calculated using MEGA 7
using the Tajima-Nei model with gamma correlations.
The default model averaging (MA) method was used in
KaKs_Calculator for each protein coding gene in differ-
ent datasets. The data generated were used for the statis-
tical tests computed through the rank-sum function on
MATLAB. This function performs a test equivalent to
the Mann-Whitney U test, and the results of the ana-
lyses can be all found in Additional file 3: Table S4.
The first dataset includes four Insecta orders (Hemip-

tera, Hymenoptera, Diptera, Psocodea). To better under-
stand variations in order level, those clades with an age
of ~ 200 MYA were selected based on published phyl-
ogeny. All the clades, species, clade ages and sequences
GenBank accession numbers were listed in Additional
file 2: Table S1. Specifically, the overall phylogenetic re-
lationship among the four orders was based on Misof
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et al. [51]. Phylogenetic relationship of Diptera was
based on Wiegmann et al. [63] where the selected clades
were (Brachycera1 + Brachycera2) + (Empidoidea + Ere-
moneura1). The updated phylogeny of Hymenoptera is
by Peters et al. [64]. The phylogeny of selected Hymen-
optera clades could be well reflected by (Aculeata +
Apocrita1) + (Proctotrupomorpha + Apocrita2). For
Hemiptera and Psocodea, a recent systematic phylogen-
etic analysis was conducted by Johnson et al. [65] The
clades selected could be well characterised by (Pentato-
momorpha+Cimicomorpha)+(leafhoppers1+leafhop-
pers2) for Hemiptera and Barklice1 + (Booklice +
Parasitic lice) for Psocodea.
The other dataset includes two clades (Cnidaria and

Nematoda) with fragmented mt-genomes. In Cnidaria,
the phylogeny was based on Yahalomi et al. [11]. We ex-
cluded those special linear mt genomes which might ex-
hibit a different evolutionary path compared to circular
ones. Thus, the three clades (Myxozoa + (Hexacorallia +
Octocorallia)) are selected. In Nematoda, the presence of
fragmented mt-genomes is limited to the order
Tylenchid whose phylogeny is already reconstructed [16,
66]. We tried to balance the number of sequences across
all taxa, however, the genus Gblobodera has only two
available mt-genomes. Thus, we selected the two se-
quences from close taxa Meloidogyne (root knot nema-
tode) and Bursaphelenchus as well, forming
(Bursaphelenchus + (Gblobodera + Meloidogyne)).
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Additional file 1: Fig. S1. The sketch map for NGBs counting. (A) A
schematic representation of the rationale behind the calculation of NGBs.
We counted only the adjacent genes with the same relative transcription
direction as one gene boundary. (B) An example of NGBs counting. The
circular chromosome A and B have five genes (gene A, gene B, gene C,
gene D, gene E). The gene boundaries for species A are A-B, B-C, C-D, D-
E, E-A while those for species B are A-B, B-C, C-E, E-D, D-A. The only
matched gene boundary between the two species is A-B. So the NGBs
between A and B is 1. We used the same method to calculate the NGBs
between two mitochondrial genomes. Fig. S2. Newly constructed phylog-
enies of booklice. We inferred the phylogenetic relationship of Liposcelis
species using mt-genome sequences with four datasets and three soft-
wares. Details were introduced in “Materials and Methods” section. The
numbers in each node represents BI posterior probability or ML boostrap
value for each datasets/methods: PCG123rRNA/MrBayes+PCG123/
MrBayes+PCG12rRNA/MrBayes+PCG12/MrBayes+PCG123rRNA/
IQtree+PCG123/IQtree+PCG12rRNA/IQtree+PCG12/IQtree+PCG123rRNA/
PhyML+PCG123/PhyML+PCG12rRNA/PhyML+PCG12/PhyML. The best
substitution models for different methods are listed in Additional file 3:
Table S4. All three methods supported the same topology among book-
lice species. Fig. S3. Agarose gel electrophoresis Long-PCR products of
the three booklice. (A) Agarose gel electrophoresis PCR products of L. cor-
rodens KS strain. Amplicons 1-6 are from LcCZLF/LcCZLR, LcCZC1F/
LcCZLF, LcCZC1R/LcCZLR, LcCZLF/LcCZLR, LcCZC1F/LcCZLF and
LcCZC1R/LcCZLR. Marker (M): 1 kb DNA ladder marker: 10 kb, 8 kb, 6 kb, 5
kb, 4 kb, 3 kb, 2.5 kb, 2 kb, 1.5 kb, 1 kb, 700 bp, 500 bp, 300 bp. 1 μL Long-
PCR product was used for every sample of each run. (B) Agarose gel

electrophoreses PCR products of L. pearmani KS strain. Amplicons 1-3, 5-8
are from LpearC1F/LpearC1R, LpearLF/LpearLR, LpearSF/LpearSR, LpearLF/
LpearSF, LpearLR/LpearSR, LpearC1F/LpearSR and LpearC1R/LpearSF. (C)
Agarose gel electrophoreses PCR products of L. rufa KS strain. Amplicons
1-5 are from LruLF/LruLR, LruLF/LruSR, LruLR/LruSF, LruC1F/LruSF and
LruC1R/LruSR.

Additional file 2: Table S1. Animal mitochondrial genomes used in this
study. Table S2. Blast results from six motifs from the non-coding region
of Liposcelis bostrychophila. Table S3. Blast results of open reading frames
recognized from six motifs. Table S5. Long-PCR primers used to verify
three booklice mt genomes. Table S6. Optimal models in phylogenetic
analyses.

Additional file 3:. Table S4. Statistics in sequence analyses.

Acknowledgements
We thank the two anonymous reviewers for their constructive comments, as
they helped us improve this study. Furthermore, we thank Charles Lienhard,
Zuzana Kučerová and Radek Aulicky for providing and identifying the
samples. Lastly, we thank Aohan Pang and Bingyi Cui for rearing the
specimens.

Authors’ contributions
SF, AP, DKD and ZL conceived the project and wrote the manuscript. QY, VS,
GO and ZL collected and identified the samples. SF and AP performed the
analyses. SF, QY and RS performed the experiments. All authors read and
approved the final manuscript.

Funding
This work was supported by the Key Research Program of International
Collaboration between China and Czech Republic (2018YFE0108700) to Z. L.,
China Agriculture Research System of MOF and MARA to Z. L., the National
Natural Science Foundation of China (31372230) to Z.L., China Scholarship
Council (201806350115) to S.F., the International Postdoctoral Exchange
Fellowship Program (2020108) to S.F., and Australian Research Council Future
Fellowship (FT160100022) to D.K.D.

Availability of data and materials
All data generated or analysed during this study are included in this
published article, its supplementary information files and publicly available
repositories. Sequencing data for Booklice mt-genome was deposited in
NCBI SRA with the ID PRJNA787771.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors of this work concur with this submission, and the data presented
have not been previously reported, nor are they under consideration for
publication elsewhere.

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Plant Biosecurity, College of Plant Protection, China
Agricultural University, Beijing 100193, China. 2School of Biological Sciences,
Monash University, Clayton, VIC 3800, Australia. 3Crop Research Institute,
Drnovská 507, 161 06 Prague, Czech Republic. 4Faculty of Agrobiology, Food
and Natural Resources, Czech University of Life Sciences, Kamycka 129, 165
00 Prague, Czech Republic. 5Department of Entomology and Plant
Pathology, Oklahoma State University, Oklahoma 74078, USA. 6Zhejiang
Provincial Key Laboratory of Biometrology and Inspection & Quarantine,
College of Life Sciences, China Jiliang University, Hangzhou 310018, China.
7GeneCology Research Centre, Centre for Animal Health Innovation, School
of Science and Engineering, University of the Sunshine Coast, Maroochydore
DC, Queensland 4556, Australia.

Feng et al. BMC Biology            (2022) 20:7 Page 15 of 17

https://doi.org/10.1186/s12915-021-01218-7
https://doi.org/10.1186/s12915-021-01218-7


Received: 7 April 2021 Accepted: 16 December 2021

References
1. Boore JL. Animal mitochondrial genomes. Nucleic Acids Res. 1999;27:1767–

80.
2. Anderson S, Bankier AT, Barrell BG, de Bruijn MH, Coulson AR, Drouin J, et al.

Sequence and organization of the human mitochondrial genome. Nature.
1981;290:457–65.

3. Taanman JW. The mitochondrial genome: structure, transcription, translation
and replication. Biochim Biophys Acta. 1999;1410:103–23.

4. Boore JL, Brown WM. Big trees from little genomes: mitochondrial gene
order as a phylogenetic tool. Curr Opin Genet Dev. 1998;8:668–74.

5. Podsiadlowski L, Braband A, Struck TH, von Döhren J, Bartolomaeus T.
Phylogeny and mitochondrial gene order variation in Lophotrochozoa in
the light of new mitogenomic data from Nemertea. BMC Genomics. 2009;
10:364.

6. Mwinyi A, Meyer A, Bleidorn C, Lieb B, Bartolomaeus T, Podsiadlowski L.
Mitochondrial genome sequence and gene order of Sipunculus nudus give
additional support for an inclusion of Sipuncula into Annelida. BMC
Genomics. 2009;10:27.

7. Lavrov DV, Pett W. Animal Mitochondrial DNA as We Do Not Know It: mt-
Genome Organization and Evolution in Nonbilaterian Lineages. Genome
Biol Evol. 2016;8:2896–913.

8. Shao R, Kirkness EF, Barker SC. The single mitochondrial chromosome
typical of animals has evolved into 18 minichromosomes in the human
body louse. Pediculus humanus. Genome Res. 2009;19:904–12.

9. Song F, Li H, Liu G-H, Wang W, James P, Colwell DD, et al. Mitochondrial
Genome Fragmentation Unites the Parasitic Lice of Eutherian Mammals.
Syst Biol. 2019;68:430–40.

10. Wei D-D, Shao R, Yuan M-L, Dou W, Barker SC, Wang J-J. The Multipartite
Mitochondrial Genome of Liposcelis bostrychophila: Insights into the
Evolution of Mitochondrial Genomes in Bilateral Animals. PLoS ONE. 2012;7:
e33973. https://doi.org/10.1371/journal.pone.0033973.

11. Yahalomi D, Haddas-Sasson M, Rubinstein ND, Feldstein T, Diamant A,
Huchon D. The Multipartite Mitochondrial Genome of Enteromyxum
leei (Myxozoa): Eight Fast-Evolving Megacircles. Mol Biol Evol. 2017;34:
1551–6.

12. Lavrov DV, Pett W, Voigt O, Wörheide G, Forget L, Lang BF, et al.
Mitochondrial DNA of Clathrina clathrus (Calcarea, Calcinea): six linear
chromosomes, fragmented rRNAs, tRNA editing, and a novel genetic code.
Mol Biol Evol. 2013;30:865–80.

13. Sun L, Zhuo K, Lin B, Wang H, Liao J. The complete mitochondrial genome
of Meloidogyne graminicola (Tylenchina): a unique gene arrangement and
its phylogenetic implications. PLoS One. 2014;9:e98558.

14. Humphreys-Pereira DA, Elling AA. Mitochondrial genome plasticity among
species of the nematode genus Meloidogyne (Nematoda: Tylenchina).
Gene. 2015;560:173–83.

15. Hoolahan AH, Blok VC, Gibson T, Dowton M. Evidence of animal mtDNA
recombination between divergent populations of the potato cyst
nematode Globodera pallida. Genetica. 2012;140:19–29.

16. Phillips WS, Brown AMV, Howe DK, Peetz AB, Blok VC, Denver DR, et al. The
mitochondrial genome of Globodera ellingtonae is composed of two circles
with segregated gene content and differential copy numbers. BMC
Genomics. 2016;17:706.

17. Kayal E, Bentlage B, Collins AG, Kayal M, Pirro S, Lavrov DV. Evolution of
linear mitochondrial genomes in medusozoan cnidarians. Genome Biol Evol.
2012;4:1–12.

18. Shao R, Zhu X-Q, Barker SC, Herd K. Evolution of extensively fragmented
mitochondrial genomes in the lice of humans. Genome Biol Evol. 2012;4:
1088–101.

19. Allio R, Donega S, Galtier N, Nabholz B. Large Variation in the Ratio of
Mitochondrial to Nuclear Mutation Rate across Animals: Implications for
Genetic Diversity and the Use of Mitochondrial DNA as a Molecular Marker.
Mol Biol Evol. 2017;34:2762–72.

20. Zou H, Jakovlić I, Chen R, Zhang D, Zhang J, Li W-X, et al. The
complete mitochondrial genome of parasitic nematode Camallanus
cotti: extreme discontinuity in the rate of mitogenomic architecture
evolution within the Chromadorea class. BMC Genomics. 2017;18:840.

21. Feng S, Yang Q, Li H, Song F, Stejskal V, Opit GP, et al. The Highly Divergent
Mitochondrial Genomes Indicate That the Booklouse, Liposcelis

bostrychophila (Psocoptera: Liposcelididae) Is a Cryptic Species. G3. 2018;8:
1039–47.

22. Yang Q, Kučerová Z, Perlman SJ, Opit GP, Mockford EL, Behar A, et al.
Morphological and molecular characterization of a sexually reproducing
colony of the booklouse Liposcelis bostrychophila (Psocodea:
Liposcelididae) found in Arizona. Sci Rep. 2015;5:10429.

23. Kozik A, Rowan BA, Lavelle D, Berke L, Schranz ME, Michelmore RW, et al.
The alternative reality of plant mitochondrial DNA: One ring does not rule
them all. PLoS Genet. 2019;15:e1008373.

24. Sweet AD, Johnson KP, Cameron SL. Mitochondrial genomes of
Columbicola feather lice are highly fragmented, indicating repeated
evolution of minicircle-type genomes in parasitic lice. PeerJ. 2020;8:e8759.

25. Bhagwat M, Aravind L. PSI-BLAST tutorial. Methods Mol Biol. 2007;395:177–86.
26. Armstrong MR, Blok VC, Phillips MS. A multipartite mitochondrial genome in

the potato cyst nematode Globodera pallida. Genetics. 2000;154:181–92.
27. Gibson T, Blok VC, Dowton M. Sequence and characterization of six

mitochondrial subgenomes from Globodera rostochiensis: multipartite
structure is conserved among close nematode relatives. J Mol Evol. 2007;65:
308–15.

28. Feng S, Li H, Song F, Wang Y, Stejskal V, Cai W, et al. A novel mitochondrial
genome fragmentation pattern in Liposcelis brunnea, the type species of
the genus Liposcelis (Psocodea: Liposcelididae). Int J Biol Macromol. 2019;
132:1296–303.

29. Boesch P, Weber-Lotfi F, Ibrahim N, Tarasenko V, Cosset A, Paulus F, et al.
DNA repair in organelles: Pathways, organization, regulation, relevance in
disease and aging. Biochim Biophys Acta. 2011;1813:186–200.

30. Liu P, Demple B. DNA repair in mammalian mitochondria: Much more than
we thought? Environ Mol Mutagen. 2010;51:417–26.

31. Milani L, Ghiselli F, Passamonti M. Mitochondrial selfish elements and the
evolution of biological novelties. Curr Zool. 2016;62:687–97.

32. Lee C. Nuclear transcriptional regulation by mitochondrial-encoded MOTS-c.
Mol Cell Oncol. 2019;6:1549464.

33. Hashimoto Y, Niikura T, Tajima H, Yasukawa T, Sudo H, Ito Y, et al. A rescue
factor abolishing neuronal cell death by a wide spectrum of familial Alzheimer’s
disease genes and Abeta. Proc Natl Acad Sci U S A. 2001;98:6336–41.

34. Aguileta G, de Vienne DM, Ross ON, Hood ME, Giraud T, Petit E, et al. High
variability of mitochondrial gene order among fungi. Genome Biol Evol.
2014;6:451–65.

35. Dowton M, Campbell NJH. Intramitochondrial recombination - is it why
some mitochondrial genes sleep around? Trends Ecol Evol. 2001;16:269–71.

36. Cameron SL. Insect mitochondrial genomics: implications for evolution and
phylogeny. Annu Rev Entomol. 2014;59:95–117.

37. Dowton M, Austin AD. Evolutionary dynamics of a mitochondrial
rearrangement “hot spot” in the Hymenoptera. Mol Biol Evol. 1999;16:298–309.

38. Sloan DB, Alverson AJ, Chuckalovcak JP, Wu M, McCauley DE, Palmer JD,
et al. Rapid evolution of enormous, multichromosomal genomes in
flowering plant mitochondria with exceptionally high mutation rates. PLoS
Biol. 2012;10:e1001241.

39. Hale LR, Singh RS. Extensive variation and heteroplasmy in size of
mitochondrial DNA among geographic populations of Drosophila
melanogaster. Proc Natl Acad Sci U S A. 1986;83:8813–7.

40. Ferguson LR, von Borstel RC. Induction of the cytoplasmic “petite” mutation
by chemical and physical agents in Saccharomyces cerevisiae. Mutat Res.
1992;265:103–48.

41. MacAlpine DM, Perlman PS, Butow RA. The numbers of individual
mitochondrial DNA molecules and mitochondrial DNA nucleoids in yeast
are co-regulated by the general amino acid control pathway. EMBO J. 2000;
19:767–75.

42. Klucnika A, Ma H. A battle for transmission: the cooperative and selfish
animal mitochondrial genomes. Open Biol. 2019;9:180267.

43. Rand DM. The Units of Selection on Mitochondrial DNA. Annu Rev Ecol Syst.
2001;32:415–48.

44. Peng Y, Leung HCM, Yiu SM, Chin FYL. IDBA-UD: a de novo assembler for
single-cell and metagenomic sequencing data with highly uneven depth.
Bioinformatics. 2012;28:1420–8.

45. Folmer O, Black M, Hoeh W, Lutz R, Vrijenhoek R. DNA primers for
amplification of mitochondrial cytochrome c oxidase subunit I from diverse
metazoan invertebrates. Mol Mar Biol Biotechnol. 1994;3:294–9.

46. Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, et al.
Geneious Basic: an integrated and extendable desktop software platform for
the organization and analysis of sequence data. Bioinformatics. 2012;28:1647–9.

Feng et al. BMC Biology            (2022) 20:7 Page 16 of 17

https://doi.org/10.1371/journal.pone.0033973


47. Bernt M, Donath A, Jühling F, Externbrink F, Florentz C, Fritzsch G, et al.
MITOS: improved de novo metazoan mitochondrial genome annotation.
Mol Phylogenet Evol. 2013;69:313–9.

48. Meng G, Li Y, Yang C, Liu S. MitoZ: a toolkit for animal mitochondrial genome
assembly, annotation and visualization. Nucleic Acids Res. 2019;47:e63.

49. Laslett D, Canbäck B. ARWEN: a program to detect tRNA genes in metazoan
mitochondrial nucleotide sequences. Bioinformatics. 2008;24:172–5.

50. Lowe TM, Eddy SR. tRNAscan-SE: a program for improved detection of transfer
RNA genes in genomic sequence. Nucleic Acids Res. 1997;25:955–64.

51. Misof B, Liu S, Meusemann K, Peters RS, Donath A, Mayer C, et al.
Phylogenomics resolves the timing and pattern of insect evolution. Science.
2014;346:763–7.

52. Katoh K, Kuma K-I, Toh H, Miyata T. MAFFT version 5: improvement in
accuracy of multiple sequence alignment. Nucleic Acids Res. 2005;33:511–8.

53. Abascal F, Zardoya R, Telford MJ. TranslatorX: multiple alignment of
nucleotide sequences guided by amino acid translations. Nucleic Acids Res.
2010;(38 Web Server issue):W7–13.

54. Castresana J. Selection of conserved blocks from multiple alignments for
their use in phylogenetic analysis. Mol Biol Evol. 2000;17:540–52.

55. Shen W, Le S, Li Y, Hu F. SeqKit: A Cross-Platform and Ultrafast Toolkit for
FASTA/Q File Manipulation. PLoS One. 2016;11:e0163962.

56. Ronquist F, Teslenko M, van der Mark P, Ayres DL, Darling A, Höhna S, et al.
MrBayes 3.2: efficient Bayesian phylogenetic inference and model choice
across a large model space. Syst Biol. 2012;61:539–42.

57. Trifinopoulos J, Nguyen L-T, von Haeseler A, Minh BQ. W-IQ-TREE: a fast
online phylogenetic tool for maximum likelihood analysis. Nucleic Acids
Res. 2016;44:W232–5.

58. Guindon S, Lethiec F, Duroux P, Gascuel O. PHYML Online—a web server
for fast maximum likelihood-based phylogenetic inference. Nucleic Acids
Res. 2005;33:W557–9.

59. Bailey TL, Boden M, Buske FA, Frith M, Grant CE, Clementi L, et al. MEME
SUITE: tools for motif discovery and searching. Nucleic Acids Res. 2009;(37
Web Server issue):W202–8.

60. Kumar S, Stecher G, Tamura K. MEGA7: Molecular Evolutionary Genetics
Analysis Version 7.0 for Bigger Datasets. Mol Biol Evol. 2016;33:1870–4.

61. Wang D, Zhang Y, Zhang Z, Zhu J, Yu J. KaKs_Calculator 2.0: a toolkit
incorporating gamma-series methods and sliding window strategies.
Genomics Proteomics Bioinforma. 2010;8:77–80.

62. Yang Z. PAML 4: phylogenetic analysis by maximum likelihood. Mol Biol
Evol. 2007;24:1586–91.

63. Wiegmann BM, Trautwein MD, Winkler IS, Barr NB, Kim J-W, Lambkin C, et al.
Episodic radiations in the fly tree of life. Proc Natl Acad Sci U S A. 2011;108:
5690–5.

64. Peters RS, Krogmann L, Mayer C, Donath A, Gunkel S, Meusemann K, et al.
Evolutionary History of the Hymenoptera. Curr Biol. 2017;27:1013–8.

65. Johnson KP, Dietrich CH, Friedrich F, Beutel RG, Wipfler B, Peters RS, et al.
Phylogenomics and the evolution of hemipteroid insects. Proc Natl Acad
Sci U S A. 2018;115:12775–80.

66. Humphreys-Pereira DA, Elling AA. Mitochondrial genomes of Meloidogyne
chitwoodi and M. incognita (Nematoda: Tylenchina): Comparative analysis,
gene order and phylogenetic relationships with other nematodes. Mol
Biochem Parasitol. 2014;194:20–32. https://doi.org/10.1016/j.molbiopara.2
014.04.003.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Feng et al. BMC Biology            (2022) 20:7 Page 17 of 17

https://doi.org/10.1016/j.molbiopara.2014.04.003
https://doi.org/10.1016/j.molbiopara.2014.04.003

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	The booklice mt-genome has highly variable gene order and genome architecture
	Fragmented mt-genomes: the cause or consequence of gene order rearrangements?
	The potential role of recombination in intraspecific mt-genome structural variation
	Some non-coding regions of the mt-genome show higher conservation than the protein-coding regions
	Enhanced sequence divergence indicates structural variation in mt genomes

	Discussion
	The genus Liposcelis, a new model to study (mt) genome stability?
	Conserved non-coding regions and diversified mt-gene rearrangement
	Hypothesis: Recombination plays an important role in mt-genome fragmentation across animal clades

	Conclusions
	Methods
	Mt-genome data collection
	Booklice mt-genome sequencing, assembly and verification
	Number of shared gene boundaries (NGBs) comparison
	Multiple sequence alignment and phylogenetic analyses
	Motif related analyses
	Sequence divergence and selection analyses

	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

