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Abstract 

The mitochondrial (mt) genome of the bushveld rain frog (Breviceps 
adspersus, Brevicipitidae, Afrobatrachia) is the largest (28.8 kbp) among the 
vertebrates investigated to date. The major cause of genome size enlargement 
in this species is the duplication of multiple genomic regions. To investigate 
the evolutionary lineage, timing, and process of mt genome enlargement, I 
sequenced the complete mtDNAs of two congeneric rain frogs, B. 
mossambicus and B. poweri. The mt genomic organization, gene content, and 
gene arrangements of these two rain frogs are very similar to each other but 
differ from those of B. adspersus. The B. mossambicus mt genome (22.5 kbp) 
does not differ significantly from that of most other afrobatrachians. In 
contrast, the B. poweri mtDNA (28.1 kbp) is considerably larger: currently the 
second largest among vertebrates, after B. adspersus. The main causes of 
genome enlargement differ among Breviceps species. Unusual elongation 
(12.5 kbp) of the control region (CR), a single major noncoding region of the 
vertebrate mt genome, is responsible for the extremely large mt genome in B. 
poweri. Based on the current Breviceps phylogeny and estimated divergence 
age, it can be concluded that the genome enlargements occurred 
independently in each species lineage within relatively short periods. 
Furthermore, a high nucleotide substitution rate and relaxation of selective 
pressures, which are considered to be involved in changes in genome size, 
were also detected in afrobatrachian lineages. My results suggest that these 
factors were not direct causes but may have indirectly affected mt genome 
enlargements in Breviceps. 



IIntroduction 
 

Mitochondrial (mt) genomes of multicellular animals (metazoans) are generally 
closed-circular and double-stranded DNA molecules approximately 14–20 kbp 
in length (D. R. Wolstenholme, 1992; Pereira et. al., 2010; Lavrov & Pett, 
2016). However, genome size ranges from 6 to 48kbp (Pereira et. al., 2010; Hou 
et. al., 2016), and linear and fragmented mtDNAs have been found in 
approximately 9000 animals investigated thus far (Kayal et. al., 2011; Song 
et.al.,2019; NCBI organelle genome resourcesAvailable from http://www. 
ncbi.nlm. http://nih.gov/genome/browse!/organelles/.). In most metazoans, 
this small organelle genome encodes a typical set of 37 genes: 13 protein genes, 
involved in the electron transport system of respiration, two rRNA genes (rrns), 
and 22 tRNA genes (trns). In addition, animal mt genomes contain one long 
noncoding region, harboring several sequence elements related to mt genomic 
transcription and replication, named the control region (CR) or alternatively the 
D-loop region (Pereira et. al., 2010). 
The mt genomic structure of metazoans, particularly vertebrates, tends to be 
conserved among closely related taxa. The same mt gene content and gene 
arrangement (synteny) are observed from fishes to mammals (e.g., 
(Boore,1999; Warzecha et. al., 2018)). This genomic organization would have 
arisen in a common ancestor of vertebrates and has been maintained in a wide 
range of vertebrate taxa over 400 million years (Kurabayashi et. al., 2006; 
Kumar et. al., 2017). 
However, in some vertebrate taxa, increases in gene content due to gene 
duplication and rearrangements of mt gene positions are often observed (e.g., 
(Boore,1999; Mueller & Boore, 2005)). In particular, a greater degree of 
structural change in mt genomes has been reported for amphibians, especially 
modern anurans (neobatrachians) (e.g., (Kurabayashi et. al., 2010; Kakehashi 
et. al., 2013)). Among anurans, the members of the basal group (a 
paraphyletic group generally called the “Archaeobatrachia”) retain the typical 
ancestral (i.e., symplesiomorphic) mt genome organization of vertebrates 
(Irisarri et. al., 2012; Zhang et. al., 2013). In contrast, most of the 



neobatrachians share the derived positions of three trns translocated from their 
original locations (LTPF-trn cluster) (Irisarri et. al., 2012; Sumida et. al., 
2001). The Neobatrachia contains two superfamilies, Hyloidea and Ranoidea. 
The latter includes three large groups, Microhylidae, Natatanura, and 
Afrobatrachia (Frost et. al., 2006; Feng et. al., 2017). Of these, microhylid 
frogs retain the mt genomic structure of typical neobatrachian, while in 
natatanuran and afrobatrachian taxa, mt genomic rearrangements 
accompanying duplications and translocations of mt genes and the CR are 
often observed (Kurabayashi et. al., 2010; Kakehashi et. al., 2013; Zhang 
et. al., 2013; Kurabayashi et. al., 2008; Xia et. al., 2014). In particular, the 
mt genomes of afrobatrachians show largescale structural changes. 
The Afrobatrachia is a group of frogs, endemic to Africa, which currently 
consists of 422 described species in four families: Arthroleptidae, Brevicipitidae, 
Hemisotidae, and Hyperoliidae (Frost et. al., 2019). Kurabayashi & Sumida 
(2013) have sequenced the complete mt genomes of four afrobatrachians 
representing all four afrobatrachian families. All of these frogs tend to have 
large mt genomes, exceeding 20kbp, and three of them have duplicated mt 
genes and/or CRs (excluding Hemisus). In particular, the mt genome of 
Breviceps adspersus (Brevicipitidae) has a highly reconstructed mt genome 
with many gene rearrangements and many duplicated gene regions. 
Consequently, the size of the B. adspersus mt genome is the largest among 
those vertebrates for which mtDNA has been sequenced to date (also the 13th 
largest among metazoans) (Kurabayashi & Sumida, 2013). 
To investigate the evolutionary origin and significance of the unusually large mt 
genome of B. adspersus, I analyzed the mt genomes of two additional Breviceps 
species, B. mossambicus and B. poweri. It has been suggested that the 
duplication of mt genes and the CRs, which results in an increase in genome 
size, are the result of nonadaptive evolution which, in insects, is correlated with 
an acceleration of nucleotide substitution rate (Shao et. al., 2003) and a 
relaxation of purifying selective pressure, leading to a reduction in functional 
constraints that purge slightly deleterious mutations (Boussau et. al., 2011). 
Thus, I investigated the changes in the substitution rate and selection pressure 



among afrobatrachian mt genomes and discuss the correlation between mt 
genome size and the change in the substitution rate and selective pressure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



MMaterials and Methods 
2.1. Specimens Used.  

In this study, I used four frog specimens: one Mozambique rain frog, Breviceps 
mossambicus (Peters, 1854), and three Power’s rain frogs, B. poweri (Parker, 
1934) (Peters, 1854; Parker et. al., 1934). These frogs were obtained via the 
pet trade; thus, their collection sites are unknown. The frog specimens were 
stored in 95.5% ethanol as part of AK’s personal amphibian collection. The 
voucher numbers are 15-004, 15008, and 15-010 for B. poweri and 14-001 for B. 
mossambicus.  

2.2. Molecular Experiments. 

 I extracted and purified the total DNA from the liver tissue of each fixed 
specimen with a DNeasy Blood & Tissue Kit (QIAGEN K. K., Tokyo, Japan) or 
using phenol/chloroform extraction with “DNA sui-sui” extraction buffer (Rizo 
Inc., Tsukuba, Japan) and ethanol precipitation methods (Sambrook & Russell, 
2001). From the purified total DNA, the whole mtDNA was amplified by PCR 
and sequenced for B. poweri (voucher 15-004) and B. mossambicus. The PCR 
amplification and sequencing procedures from Kurabayashi et. al. (2006) were 
followed. Specifically, for each specimen, I amplified 10 overlapping fragments 
containing the entire mt genome using the long and accurate (LA) PCR method 
with LATaq (Takara Bio Inc., Shiga, Japan) according to the manufacturer’s 
instructions. These fragments were purified using the gel extraction method 
with a GenElute Agarose Spin Column (Sigma-Aldrich Japan Inc., Tokyo, 
Japan). The purified PCR fragments were sequenced using the primer walking 
method with an ABI 3130xl automated DNA sequencer (Applied Biosystems, 
Foster City, CA, USA). In this study, I used a total of 117 PCR primers for 
mtDNA amplification and/or sequencing, and 108 of them were newly designed 
during this study. All the primers used are listed in Table 1. 

 

 



2.3. NGS.  
The PCR fragments containing the CRs were very long, and these fragments 
harbored many direct repeat sequences that could not be read by the primer 
walking method (see Figure 1). Thus, these fragments were sequenced using 
single-molecule real-time (SMRT) sequencing with the PacBio RS II 
next-generation sequencer (NGS), which allows exceptionally long read 
sequencing (max lengthperread > 40kbp) (Pacific Bioscience, “SMRT Link user 
guide (v5.1.0),” 2018, Available from https: //http://www.pacb.com/ 
documentation/smrt-link-user-guide-v5-1-0/.). I also applied the 
multiplex-amplicon approach (see (Pacific Bioscience, 2018)). Briefly, I amplified 
the CR fragments from three B. poweri and one B. mossambicus specimens 
(approx. 13 and 8kbp, respectively; see Figure 2) with the primers having 
distinct 3′ tag sequences for each specimen (consequently, the PCR fragments 
amplified from the same specimen have the same specific tag sequences, and 
thus, the PCR results were sortable from the mass NGS 
output-multiplex-amplicon method). Approximately 5μg of the gel-purified CR 
fragments of two B. poweri (vouchers 15-004 and 15-010) and one B. 
mossambicus was used for the library construction for NGS. I outsourced the 
library construction and SMRT sequencing to CoMIT (Center of Medical 
Innovation and Translational Research) of Osaka University. The first SMRT 
run allowed for the determination of the entire CR sequences of B. 
mossambicus and one B. poweri specimen (15-010). However, I could not obtain 
enough sequence reads for another B. poweri specimen (15-004). Thus, for this 
specimen, I made two internal PCR primers (named bfCSB_ Fow1 and 
bfCSB_Rev2, Table 1) based on the resultant CR sequence of B. poweri (15-010). 
Using these primers, two fragments of the 5′ and 3′ sides of the CR (approx. 4 
and 9 kbp, respectively) were separately amplified from B. poweri (15-004) and 
the fragments were sequenced by another SMRT run. The assembled 
sequences of each CR fragment were reconstructed from the RS II outputs 
using the Long Amplicon Analysis program implemented in the SMRT Link 
analysis system (Pacific Bioscience, 2018). 
The assembled whole mtDNA sequences of B. mossambicus and B. poweri 
(15-004) and the CR sequence of B. poweri (15-010) were deposited in the 



International Nucleotide Sequence Database Collaboration (INSDC) under the 
accession numbers LC498571, LC498572, and LC498573, respectively. 

2.4. Phylogenetic Analyses and Divergence Time Estimation. 
 I performed phylogenetic tree reconstructions and a divergence time 
estimation by adding the sequence data obtained in this study to the dataset of 
Kurabayashi and Sumida (Kurabayashi & Sumida, 2013), and the analytical 
methods used by Irisarri et. al., (2012) were followed. The previous dataset 
includes not only mt gene sequences but also nuclear genes. The nuclear data 
were also used in this study. Mitochondrial sequence data of afrobatrachians 
reported by Zhang et. al. (2013) were not used here because of a lack of genome 
size information and sequences of some mt genes. The genes used and their 
accession numbers are listed in Table 2. 
First, I aligned the sequences of each of the 13 protein genes, two rrns, and 22 
trns, separately. The protein and RNA genes were aligned using the 
TranslatorX program with the default setting (Abascal et. al., 2010) and 
MAFFT with the L-INS-i option (Katoh & Toh, 2008), respectively. The 
sequences of trns were manually aligned using their secondary structures as a 
guide. Ambiguously aligned sites were deleted using the Gblocks program ver. 
0.91b with the default parameters (Castresana, 2000). The final alignment 
dataset consisted of 21,063 bp (consisting of 13,938 and 7125 mt and nuclear 
gene sequences, respectively) from 49 operational taxonomic units (OTUs).  
I used the following sequences in the phylogenetic analyses: two mt rrns, 22 mt 
trns, and the 1st and 2nd codons of the 13 mt and nine nuclear protein genes 
(total 15,093 bp). I did not use the 3rd codon positions of the protein genes in the 
phylogenetic analyses (and divergence time estimation) because it is known 
that their fast substitution rates could distort the reconstruction of deep anuran 
phylogenies (Hoegg et. al., 2004; Gissi et. al., 2006). I also applied a 
partitioning strategy in the phylogenetic analyses; i.e., the concatenated 
sequence data were partitioned into statistically suitable partitions and a 
distinct nucleotide substitution model was applied for each sequence partition. 
The PartitionFinder program ver. 1.1.1 (Lanfear et. al., 2012) was used to 
estimate the best partitioning scheme using Akaike’s information criterion 



(AIC) (Akaike, 1973). Consequently, a setting with 17 distinct partitions was 
suggested as the best partitioning scheme and this partitioning scheme was 
used in both the maximum likelihood (ML) and Bayesian inference (BI) 
analyses. An independent general time reversible+gamma distribution 
(GTR+G) substitution model for each of the 17 partitions was applied in the ML 
analysis. For the BI analysis, the best substitution model was estimated for 
each partition using the Kakusan4 program (Tanabe, 2011). The detailed 
partitioning scheme and the suggested substitution models in BI are 
summarized in Data S1. 
I performed phylogenetic reconstructions using ML and BI methods. RAxML 
ver. 8.2.12 and MrBayes ver. 3.2.6 software packages were used for the ML and 
BI analyses, respectively (Stamatakis et. al., 2014; Ronquist et. al., 2012). 
The rapid hill climbing algorithm (implemented in RAxML) with the starting 
tree option of 100 randomized parsimonious trees was applied for the ML 
analysis. For the BI analysis, 10 million generations of four Markov chains 
(MCs) were run with one sampling per every 1000 generations and the 1st 10% 
samples were discarded as burn-in. The convergence of the posterior 
distribution of model parameters (all parameters reached >200) was checked 
using Tracer ver. 1.5 (Rambaut & Drummond, 2009). The supports for the 
internal branches of reconstructed trees were evaluated using bootstrap 
percentages (BPs) calculated by 1000 pseudoreplications and Bayesian 
postprobabilities (BPPs) in ML and BI analyses, respectively. 
The divergence times of anurans were estimated using a Bayesian dating 
method with the BEAST ver. 2.5.2 program package (Bouckaert et. al., 2019). 
In the estimation, the amphibian phylogenies recovered from both ML and BI 
analyses were used as the topology constraint (Figure 3). The sauropsid 
monophyly (lizard+bird), not recovered by my ML and BI analyses, was a priori 
assumed in this dating analysis as in previous studies (Irisarri et. al., 2012; 
Kurabayashi & Sumida, 2013). The same data partitioning scheme and 
substitution models used in the BI analysis were also applied here. I used the 
Yule process (Yule, 1925) to describe cladogenesis. The final MCs were run 
twice for 100 million generations with one sampling per every 10,000 
generations, and the 1st one million generations were discarded as burn-in. The 



posterior distributions of model parameters were checked in the same way as 
the above BI analysis. Following Irisarri et. al. (Irisarri et. al., 2012), I applied 
seven (lower age boundaries) calibration points as follows: (A) 
Sauropsida-Synapsida split: >312 million years ago (Ma), (B) 
Archosauromorpha-Lepidosauromorpha split: >260 Ma, (C) 
Cryptobranchidae-Hynobiidae split: >146Ma, (D) Anura-Caudata split: 
>249Ma, (E) most recent common ancestor (MCA) of Discoglossoidea: >161 Ma, 
(F) MCA of Pipoidea: >146Ma, and (G) Calyptocephalella-Lechriodus split: >53 
Ma. These were used as prior boundaries for divergence time estimation. 

2.5. Relative Rate Test.  
I compared the relative rates of nucleotide substitutions of mt genes (all mt 
genes, all mt protein-coding genes, all rrns, and all trns) among afrobatrachian 
lineages using relative rate tests (RRTs) (Li & Bousquet, 1992) with the RRTree 
program (Bouckaert et. al., 2019). The Kimura two-parameter substitution 
model (Kimura, 1980) was used for the estimation of genetic distances. In this 
analysis, I used the gene data of 24 neobatrachians. Noncompared lineages 
were used as the outgroups in each comparison (e.g., when I compared 
Hemisus and the three Breviceps species, the lineages of the remaining 20 
neobatrachians were regarded as the outgroups). The lineages for each 
comparison are shown in Table 3. 
 
2.6. Detection of Changes in Lineage-Specific Selective Pressure.  
It is known that the ratio of nonsynonymous/synonymous substitutions (dN/dS 
ratio = ω) can be used to identify the changes in selective pressure among taxa 
(Irisarri et. al., 2012; Yang, 2006; Buschiazzo et. al., 2012). To understand the 
changes in the dN/dS ratio in ranoid lineages, I used the “branch model” 
analysis (Yang, 1997) using the Codeml program implemented in PAML 4.9 
(Yang, 2007). In this analysis, I used the alignment data of mt protein genes 
from 24 neobatrachian taxa and the ML and BI tree topology. I compared five 
branch models with distinct assumptions about dN/dS ratios. In one model 
(null model), the single constant ω was assumed in all neobatrachian lineages 
while other models allowed the changes in the dN/dS ratios on specific ranoid 



branches. The details of the models are shown in Table 4. The branch lengths 
were first calculated under the null model, and the resultant branch lengths 
were applied in the other models. The significance of the differences in log 
likelihoods among these models was tested using the likelihood ratio test 
(LRT).∗∗<0.001. 
 

RResults and Discussion 

3.1. Huge mt Genomes of Rain Frogs. 
 I determined the entire mt DNA sequences of two rain frogs, B. mossambicus 
and B. poweri. These mt genomes are 22,553 and 28,059 bp in length, which 
are very large for a vertebrate mt genome (typical size range is 16–17 kbp 
(Wolstenholme, 1992)). Although the genome size of B. mossambicus is similar 
to those of other afrobatrachian frogs (e.g., marbled reed frog (Hyperolius 
marmoratus): 22,595 bp and hairy frog (Trichobatrachus robustus): 21,418 bp; 
see Figure 3), the B. poweri mt genome was the second largest among the 
vertebrates investigated thus far (according to NCBI organelle genome 
resources (NCBI organelle genome) as of August 2019). The third largest 
vertebrate mt genome is 25,972 bp for the prickly gecko (Heteronotia binoei) 
(Fujita et. al., 2007). Therefore, the mt genome of B. poweri is closer in size to 
that of B. adspersus, which possesses the largest known mt genome of 
vertebrates (28,757bp). 
In contrast to the large genome sizes, the mt gene content of both B. 
mossambicus and B. poweri is similar to that of many other vertebrates (Figure 
3), containing the set of 37 single genes (13 proteins, two rRNA, and 22 tRNA 
genes) and single long and short noncoding regions commonly found in 
vertebrate mt genomes. The long noncoding region is referred to as CR and 
contains putative sequence elements involved in DNA replication and RNA 
transcription (e.g., terminate associate sequence (TAS) and conserved sequence 
blocks 1–3 (CSB1–3); see Figure 1 and (Jemt et. al., 2015)), 
LRT. However, model 2 had a higher −ln L. 



and a short noncoding region is known as the light-strand replication origin (OL). 
The presence of a small pseudogene, trnS(AGY), between NADH 
dehydrogenase subunits 4 and 5 (nd4 and nd5) is the singular exception in gene 
content (Figure 3). 
The gene content of B. mossambicus and B. poweri is not similar to that of the 
congeneric B. adspersus mt genome, which has many duplicated and 
triplicated gene regions and duplicated CRs, making it the largest known mt 
genome among vertebrates (Figure 3). Instead, the cause of the mt genome 
enlargement in B. mossambicus and B. poweri is the unusual expansions of the 
control regions. The lengths of their CRs are 6,618 and 12,537 bps, respectively, 
although the typical CR lengths in vertebrates are 1-2kbp (Wolstenholme, 
1992). The long CRs of B. poweri and B. mossambicus result from the 
occurrence of multiple and long-tandem repeats (Figure 1). The B. 
mossambicus CR contains four distinct direct tandem repeats, and these 
repetitive sequences, totaling 4228 bp in length, occupy 63.9% of the CR. The 
CR of B. poweri (individual 4) has six distinct repeat sequence groups. Two of 
them are quite long (see Figure 1): one repeat group consists of 1,150 and 
1,151bp, nearly complete, repeat sequences (repeat 1: totaling 2301 bp), while 
another is composed of 23 units of 233–405bp incomplete direct repeat 
sequences (repeat 3: totaling 7,339bp). Consequently, the total length of the six 
repeat sequences in the B. poweri CR is 10,625 bp (occupying 84.7% of the CR 
nucleotides). The long CR over 10 kbp in length is quite rare and has never 
been completely sequenced in other vertebrate taxa (approximately 12kbp CR 
occurred in a Malagasy frog (Gephyromantis pseudoasper) (Kurabayashi et. al., 
2008)). 
To determine whether the unusually long CR is specific to the individual frogs 
used or is a common characteristic of the frog species, I checked the CRs of two 
additional B. poweri individuals. The PCR fragments having similar lengths 
(approx. 13 kbp, including the whole CR and 5′and 3′ franking gene regions) are 
commonly amplified in all three individuals (Figure 2). I also sequenced the CR 
of one of the two additional individuals. Although the CR lengths differ by 
627bp between the B. poweri individuals (12,537 bp vs. 11,910 bp), the CR 
sequences of the two B. poweri individuals are quite similar, excluding the 



number of repeat units. Therefore, the very long CR, with numerous repetitive 
sequences, seems to be a common feature of this rain frog species. 
It is almost impossible to precisely sequence long repetitive regions exceeding 
10 kbp, such as those of the B. poweri CR by conventional sequencing methods 
(i.e., primer walking and construction of deletion mutants (Kurabayashi et. al., 
2008)) or by using the NGS technique with a short-read sequencing strategy 
(Mahmoud et. al., 2019). In this study, a long-read strategy with PacBio RS II 
allowed me to relatively easily sequence such long repetitive sequences. These 
results demonstrate the superiority and necessity of long-read sequencing in 
analyzing the repetitive sequences occasionally found in both organelles and 
nuclear genomes. 

3.2. Phylogeny, Timing, and Distinct Causes of mt Genome Enlargement in 
These Congeneric Rain Frogs.  
To infer the phylogenetic lineages and evolutionary times of the mt genome 
enlargement of afrobatrachians, including Breviceps, I performed molecular 
phylogenetic analyses and divergence time estimation. The ML and BI 
methods reconstructed the same tree topology, and the maximum log likelihood 
(ln L) of the resultant ML and the average ln L of the BI tree were -224667.83 
and -221797.17, respectively. The time tree of amphibians having the ML/BI 
tree topology is shown in Figure 4. The major anuran phylogenies and the split 
ages agreed completely or to a substantial degree with those from previous 
studies: e.g., the monophyly of neobatrachians and paraphyly of 
archaeobatrachians with respect to neobatrachians (most recent common 
ancestor of Neobatrachia = 162:3Ma), monophyly of ranoids (MCA = 127:0Ma), 
and the three major clades of ranoids (Natatanura, Microhylidae, and 
Afrobatrachia, which started to split from 127.0 Ma) (e.g., (Irisarri et. al., 2012; 
Zhang et. al., 2013; Feng et. al., 2017; Pyron & Wiens, 2011)). 
The resultant phylogenies of afrobatrachian taxa completely match those of 
recent studies (Zhang et. al., 2013; Kurabayashi & Sumida, 2013; Nielsen et. 
al., 2018) (Figure 5), excluding the Afrobatrachia+Microhylidae clade not 
supported in Feng et. al. (Feng et. al., 2017). Specifically, (1) Afrobatrachia is 
monophyletic, (2) Microhylidae becomes the sister taxon of Afrobatrachia, (3) 



Brevicipitidae forms a clade with Hemisotidae (this clade is called 
Xenosyneunitanura axis is in million years. (Frost et. al., 2006)), (4) Breviceps 
is monophyletic and B. poweri is the basal taxon of the three species sampled in 
this genus, and (5) B. mossambicus and B. adspersus have a closer affinity 
within this sample. The estimated divergence ages of the corresponding nodes 
are as follows: (1) 118.1Ma for the divergence between Afrobatrachia and 
Microhylidae, (2) 107.9 Ma for the most recent common ancestor of 
afrobatrachians, (3) 87.4Ma for the split of Brevicipitidae and Hemisotidae, (4) 
47.1 Ma for the divergence of B. poweri from the lineage of B. mossambicus+B. 
adspersus, and (5) 34.0Ma for the split of B. mossambicus and B. adspersus. 
The divergence ages estimated here largely agree with those from recent 
studies (Zhang et. al., 2013; Kurabayashi & Sumida, 2013). However, for the 
Breviceps divergences, younger ages have been estimated by Nielsen et. al. 
(Nielsen et. al., 2018) (20 and 18 Ma for the divergences of 4 and 5, respectively). 
They used a total of 24 Breviceps taxa and applied some young calibration 
points within afrobatrachian lineages in their dating analyses. These 
differences in the data analysis could account for the differences in estimated 
divergence ages between my study and that of Nielsen et. al. (Nielsen et. al., 
2018). 
As described above, the mt genomes of microhylid frogs, the sister group of 
Afrobatrachia, exhibit average genome sizes for vertebrates (16.7–17.2 kbp) 
(Zhang et. al., 2005; Hwang & Lee, 2012). In contrast, the afrobatrachian mt 
genomes exceed 20 kbp for all six species examined. Thus, the mt genome 
enlargement appears to be an evolutionary trend that has arisen in the 
lineages leading to the living afrobatrachians after the split from the 
highlighted by orange and red colors, respectively. 

microhylid lineage (Figures 4 and 5). In particular, the mt genome sizes of the 
two Breviceps species, B. adspersus and B. poweri, are over 28 kbp, making 
them as the largest and second largest known mt genomes of vertebrates. With 
regard to the interspecific phylogeny of Breviceps, these two species are not 
monophyletic; i.e., B. adspersus is closer to B. mossambicus than to B. poweri 
(Figure 3). Overall, my results indicate that the huge mt genomes arose in two 



independent rain frog lineages within relatively short periods (>47 and >30 
million years for the lineages leading to B. poweri and B. adspersus, 
respectively). Furthermore, it is noteworthy that the physical causes of mt 
genome enlargement differ between these two rain frogs. The duplication of 
multiple gene/CRs and the accumulation of repetitive sequences are the main 
causes of mt genome enlargement in B. adspersus and B. poweri, respectively. 
There are several examples of mt genome enlargement shared by congeneric 
species. For example, Malagasy poison frogs (Mantella spp.) commonly have 
>22 kbp mt genomes enlarged by the duplication of genes and CRs 
(Kurabayashi et. al., 2008; Boussau et. al., 2011), and two Scapharca ark 
shells exhibit >46kbp mt genomes, mainly caused by elongations (>30kbp) of 
noncoding sequences (Hou et. al., 2016; Liu et. al., 2013). However, there has 
been no similar example to that of Breviceps where the mt genome 
enlargement occurs in independent congeneric lineages, from distinct causes. 
Thus, the mt genomic structure is highly variable in this frog taxon. 

3.3. Gene Rearrangements and Evolutionary Inference.  
Although a highly rearranged mt genome is present in B. adspersus 
(Kurabayashi & Sumida, 2013), the mt gene content and their arrangements of 
the congeneric B. poweri and B. mossambicus do not deviate largely from the 
typical mt genomes of vertebrates (Figure 3). The latter Breviceps species have 
almost the same gene arrangement, with the exception of two small 
translocations of trnN and light-strand replication origin (OL) within the 
WN-OL-ACY trn cluster (Figure 3). Because the order of trnsWN-OL found in B. 
poweri (and also in B. adspersus) is a primitive (plesiomorphic) gene order 
commonly shared by other afrobatrachians (Figure 3) (Zhang et. al., 2013; 
Kurabayashi & Sumida, 2013), the OL-trnsNW order of B. mossambicus 
appears to be newly emerged in the lineage leading to this species. 
The B. poweri and B. mossambicus mt gene arrangements are similar to those 
of the mt gene orders of neobatrachians, especially Hemisus. Excluding the two 
minor trn translocations that occurred within the same trn clusters (specifically 
OL-trnsNW in B. mossambicus and trnsPLTF in Hemisus), the translocation of 
trnsHS is the only distinctive difference between Breviceps and Hemisus. 



Although the trnsHS is located between nd4 and nd5 in most neobatrachians, 
including Hemisus, this trn block lies between the cytochrome apoenzyme b 
gene (cytb) and CR in B. poweri and B. mossambicus. The novel 
cytb-trnsHS-CR arrangement could have arisen in a common ancestor of 
Breviceps after the split with other brevicipitid genera, for the following reasons: 
(1) the original nd4-trnsHS-nd5 arrangement remains in another brevicipitid, 
Callulina kreffti, mt genome (Zhang et. al., 2013) and (2) the pseudogene of 
trnS is found at its original position between nd4 and nd5 in B. poweri and B. 
mossambicus (Figure 3). 
The gene rearrangements in animal mt genomes are considered to reflect 
animal evolution (e.g., (Kurabayashi & Sumida, 2013; Boore et. al., 1995; Boore 
et. al., 1998; Zhang et. al., 2018)), and the rearranged gene orders found in this 
study can be regarded as novel phylogenetic markers for brevicipitid taxa. 
Specifically, the OL-trnsNW can be considered characteristic of some members 
of the B. mossambicus group (Nielsen et. al., 2018), while the cytbtrnsHS-CR 
can be regarded as a synapomorphy of Breviceps. 
In the B. adspersus mt genome, the trnsHS block is further translocated and 
positioned within the triplicated trnsLTPF-12Srrn-trnV-16Srrn cluster. In 
addition, duplications and translocations of the trnsWN-OL cluster and CR 
were also found in this species (Figure 3) (Kurabayashi & Sumida, 2013). The 
detailed phylogenetic lineage and evolutionary period of these large genomic 
modifications have not been clarified. This study shows that the mt genomes of 
B. poweri and B. mossambicus are not markedly rearranged from the typical 
neobatrachian type, although B. adspersus branches between these species’ 
lineages (Figure 3 and see (Nielsen et. al., 2018)). Therefore, it can be concluded 
that the unique mt genome of B. adspersus evolved only in the lineage leading 
to this species. Large mt genomic modifications resulting in stepwise gene 
rearrangements along with multiple lineage splits have been reported in 
Malagasy frogs (Mantellidae) (Kurabayashi et. al., 2008). However, in 
Breviceps, largescale genomic changes occurred in a single species lineage in a 
relatively short period (>47 Ma in this study and >20 Ma according to (Nielsen 
et. al., 2018)), suggesting that the genomic structure of vertebrate mtDNA 



could harbor higher structural variability than is generally believed (e.g., 
(Warzecha et. al., 2018)). 

3.4. Substitution Rates and Selective Pressure on the Afrobatrachian mt 
Genomes and Their Correlations with Genome Size Expansion.  
As mentioned above, the duplication of genes/CRs and the occurrence of 
numerous repetitive sequences in the CR are responsible for the huge mt 
genomes of B. adspersus and B. poweri, respectively. Most of these events 
occurred in tandem, except for the nontandem duplications of CR and 
trnS(AGY) (Figure 3), which could have been caused by a nontandem 
duplication mechanism (Kurabayashi et. al., 2008; Kurabayashi & Sumida, 
2013). In animal mt genomes, it is believed that both duplicated gene regions 
and tandem repeats in the CR have emerged because of errors in mtDNA 
replication, such as imprecise replication termination and strand slippage of the 
nascent DNA strand (e.g., (Moritz & Brown, 1987; Xia et. al., 2016)). 
Furthermore, it has been suggested that accelerated nucleotide changes lead to 
the frequent tandem duplications via frequent substitutions at the initiation 
and termination points of mtDNA replication (Shao et. al., 2003). To investigate 
the correlation between genome size and nucleotide substitution rates, I 
compared the relative substitution rates of mt genes (four categories: all 37 
genes, 13 protein genes, two rrns, and 22 trns) among afrobatrachian-related 
taxa using the RRT (Table 3). 
The RRT showed that the substitution rates of afrobatrachian mt genes 
commonly having large genome sizes (>20 kbp) are significantly faster than 
those of the sister taxon, the microhylids, with normal genome sizes in all 
compared categories. Furthermore, the substitution rates of 
xenosyneunitanurans (Brevicipitidae+Hemisotidae), including the longest mt 
genomic species, are significantly higher than those of another afrobatrachian 
group, the laurentobatrachians (Arthroleptidae+Hyperoliidae) for all mt genes 
and protein genes (but are not significant for rrns and trns). These results 
suggest a correlation between the substitution rate and mt genome size. 
However, the substitution rates of the Hemisus mtDNA with a 20 kbp genome 
size are not significant but are faster than those of Breviceps species in all four 



compared categories. Among Breviceps species, the B. poweri mt genes show 
faster substitution rates compared to those of B. mossambicus and B. 
adspersus, although the latter species has the largest mt genome among 
vertebrates. From these results, it is concluded that mt genomes with large 
genome sizes also tend to have fast nucleotide substitution rates but the latter 
factor is not a direct cause of genome enlargement in afrobatrachian frogs. 
It has been shown that animal mt genomes are subject to a strong purifying 
pressure that suppresses mutations leading to functional changes because the 
functions of mt coding genes are essential for respiration (e.g., (Li et. al., 2019)). 
Nevertheless, it has been reported that the purifying pressure of mt genomes is 
relaxed in neobatrachians, especially in the ranoid lineages (Irisarri et. al., 
2012; Kurabayashi & Sumida, 2013). A relaxation of purifying selective 
pressure, leading to a reduction in functional constraints that purge slightly 
deleterious mutations, has been suggested as one of the causes of mt genome 
enlargement (Boussau et. al., 2011). In general, the ratio of nonsynonymous 
and synonymous substitutions (dN/dS ratio, ω) is useful to understanding the 
conditions for selection of the genes: positive selection (ω > 1), neutral evolution 
(ω = 1), and purifying selection (ω < 1). Here, I estimate the dN/dS ratio using 
the branch model to investigate the changes in selective pressures in the ranoid 
lineages. In this analysis, I calculated the ω value(s) of the five branch models 
and compared the resultant log likelihood values among these models (Table 4). 
The LRT showed that model 4, with variable ω for all neobatrachian branches, 
is the best fitted among the models tested (P = 6:6 × 10−21 vs. model 3 with the 
2nd largest likelihood value). 
Figure 5 indicates the estimated ω values for the ranoid lineages under the best 
branch model (model 4). In all neobatrachian lineages, the estimated ω values 
are less than 1 (0.039–0.096) and confirm that the mt genomes of 
neobatrachian frogs are under strong purifying pressure. Compared to the 
background ω value (0.053) of the nonranoid neobatrachian lineage, the ω 
values are high in 25 of 31 ranoid branches (the branches shown in black and 
red in Figure 5), indicating that the purifying selection has been relaxed in 
these lineages. Largely relaxed branches mainly correspond to the ancestral 
lineages, specifically common ancestral lineages leading to Breviceps (i.e., 



ranoids, afrobatrachians, and microhylids, afrobatrachians, and 
xenosyneunitanurans: ω = 0:096, 0.090, 0.89, and 0.89, respectively). In contrast, 
the ω values of the branches leading to the extant frogs (i.e., terminal branches) 
tend to be lower. On the other hand, the ω values of six out of 16 terminal 
branches are less than the background ω value, indicating that the purifying 
selection increased again in these lineages. 
Among anurans, the mt genomes with >20 kbp size have only been reported 
from ranoid taxa (see (NCBI organelle genome)) and obvious increases in the 
dN/dS ratio are found in most ranoid lineages. These facts appear to support 
the idea that the sizes of the mt genome can change concomitantly with lower 
selection strengths (Boussau et. al., 2011). However, it is remarkable that 
reincreased purifying pressures are found in species lineages leading to 
Mantella and Hoplobatrachus, having >20 kbp mt genomes (ω = 0:051 and 
0.052, respectively). Furthermore, selective pressures of the species lineages of 
B. adspersus and B. poweri (ω = 0:071 and 0.068, respectively), i.e., the exact 
lineages with increased genome size, are not as relaxed as those of their 
ancestral lineages. Consequently, my findings suggest that low selective 
pressure does not directly cause the huge mt genomes as does substitution rate 
(see the above). Rather, the existence of relaxed purifying selection in the 
ancestral lineages seems to have an indirect effect on the mt genome size. This 
indirect correlation might be caused by the accelerated accumulation of 
deleterious mutations under low selective pressure. Significantly, the mutations 
occur at the DNA replication-related sites which could induce numerous 
repetitive regions, leading to large mt genomes, as pointed out in Shao et. al. 
(Shao et. al., 2003). 
 

CConclusion 
In this study, I show that B. poweri has the second largest known mt genome 
among the vertebrates after its congeneric B. adspersus. I also found that the 
unusually large mt genomes did not arise in a common ancestor of these 
Breviceps species but rather that the genome enlargement occurred 
independently in each species lineage within relatively short periods. 



Consistent with this evolutionary inference, the causes of the genome 
enlargement differed between these species. At present, 19 nominal species are 
known in Breviceps (Frost et. al., 2019), but only three mt genomes have been 
analyzed. It is remarkable that two of these mt genomes are the largest known 
among the vertebrates. Also, the mt genomic structures differ significantly 
between these congeneric species, suggesting high variability in the mt genomic 
structures in this genus. Future investigations of Breviceps mt genomes may 
provide new insights into the hidden diversity of vertebrate mt genomes. 
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Primer name Ssequence (5' > 3') 

CO2NeFow CAAGAYGCRRYHTCHCCNATYATAGAAGA 

CO3 150Rev CCTTCWCGRAYNAYRTCTCGYCAYCAYTG 

ND4 650 Rev* GADCCDGCRATDGGDGCYTCDACRTG 

ND3 120 Fow* AAACTNTCMCCNTAYGARTGYGGHTTTGAYCC 

ND5 720 Rev* GCDGADACWGGKGTDGGRCCYTCYAT 

Thr Fow AAAGCAYYGGTCTTGTAARCC 

R51** GGTCTGAACTCAGATCACGTA 

F51* CCCGCCTGTTTACCAAAAACAT 

ND1 660Rev* ACRTTRAANCCNGANACHAGTTCWGAYTC 

ND1 420 Fow* CGRGCHGTHGCHCAAACNATYTCHTAYGA 

AsnFow* AAGCTCKCTGGAWWGAGYGTTTAGCTGTTAA 

Trp Fow* YHARACYAARRGCCTTCAAAGC 

Bmos_16S_700Rev TGAGTTCCGGTGATTTGTTC 

Bmos_ATP6_120Rev GTTTTTAAGAATCATGATTG 

Bmos_ATP6_630Fow GCCGTCGCAATTATTCAAGC 

Bmos_CO1Nend_Rev GTGCCGATGTCTTTGTGGTTAGT 

Bmos_CO2_200Rev AGAATGATTGCTGGTATAAC 

Bmos_Met_Fow TAAGCTCTTGGGCCCATACC 

Bmos_ND2_40Fow CTAACATTAAGCTTAGCTGTAGG 

Bmos_ND3_300Rev 5'CATAAATAAAGCCAATGGT 

Bmos_ND6_220Rev TTAGTTGCTGAGCCATATCC 

Bmos_upOL_Rev GGGATATAATGTTGGTTGAC 

Bpow_CO1_CendRev GGCGAATGAGGGTTCTTC 

Bpow_CO3_770Fow TTCTATCTACTGATGAGG 

Bpow_Cytb_400Rev GGATATTTGTCCTCATGG 

Bpow_ND3_310Rev TCATTCATAGATGAAGCC 

Afrobat_16S_100Rev CTCCATGGGGTCTTYTCGTC 

Bmos_CytbFow1 TCTGAGGAGGATTCTCAGTTGAC 

Bmos_CytbFow2 CCAAACATCTTAGGAGACCCAGA 



Bmos_CytbRev2 ATAGCCGACGAAGGCTGTTGCCA 

Bmos_upSerUCNpsgene_Rev AAGTAATACTTGATCTAGCT 

Bmos_ND5Fow1 GCTAATACCGCTGCTCTTCAAGC 

Bmos_ND5Fow2 ATAGTAAGGCTAGGACCAGACCT 

Bmos_12S_Rev2 ACTGGTGTGCGGAGACTTGCATG 

Bmos_12S350Fow GTGAAACACTTGTTAATTAG 

Bmos_ATP6_140Rev GTTTTTAAGAATCATGATTG 

Bmos_ATP6_630Fow GCCGTCGCAATTATTCAAGC 

Bmos_CO2_200Rev AGAATGATTGCTGGTATAAC 

Bmos_Lys_Fow GATAGCAACAGCCTTTTAAG 

Bmos_ND4_460Fow CTATATACTCTAGTAGCAGC 

Bmos_ND3_300Rev CATAAATAAAGCCAATGGT 

Bmos_16S_700Rev TGAGTTCCGGTGATTTGTTC 

Bmos_Met_Fow TAAGCTCTTGGGCCCATACC 

Bmos_upOL_Rev GGGATATAATGTTGGTTGAC 

Bmos_CO1_540Fow CAAACTCCTCTATTTGTATG 

Bmos_ND2_40Fow CTAACATTAAGCTTAGCTGTAGG 

Bmos_CO1_Nend_Rev GTGCCGATGTCTTTGTGGTTAGT 

Bmos_CR_Fow1 GTTTCATTAACTCTAGGATATC 

Bmos_CR_Fow2 CATTAGTTTCATTAACTCTAGG 

Bmos_ND6_220Fow TTAGTTGCTGAGCCATATCC 

Bmos_ND5_1420Fow CTCCAATGACACACACAATG 

Bmos_ND2_930Fow TCATCTAAAGTAACATGACG 

Bmos_upLeuCUN_Rev AGCGTGGGCATAGCATTTAG 

Afrobat_16S_100Rev CTCCATGGGGTCTTYTCGTC 

Afrobat_16S_200Fow GTACCTTTTGCATCATGGTC 

Afrobat_16S_550Rev AGRTGGCTGCTYTYAGGCC 

Bmos_CO3_440Fow CGRGCHGTHGCHCAAACNATYTCHTAYGA 

Bpow_Lys_Fow TAGCAACAGCCTTTTAAGC 

Bpow_CO2_170Rev TTTCGATTTCTTGGGCGTC 

Bpow_CO3_NeFow ACCCATCCCTACCACATAGT 

Bpow_ATP6_230Rev GTATTAGGGATGTTAGGAT 



Bpow_ND2_NeFow ATTAACCCCACAGCACTA 

Bpow_ND2_550Fow GTCACCTAGGCTGAACAA 

Bpow_afAsnFow_Cst AAGCTTCTTTCTACCACCC 

Bpow_asAsnRev GTGGTAGAAAGAAGCTTG 

Bpow_ND4_320Rev TCAGAGGTAGTAAAGGCTA 

Bpow_12S_NeRev AGGCTAGGACCAGACCTTTG 

Bpow_16S_700Rev GCGGTGAGTTCCGGTGAT 

Afrobat_Cytb_150Fow GGYCTNTTCCTNGCNATACACTAYAC 

Afrobat_Cytb_1030Rev ATRAAWGGRTNTTCTACWGGYTG 

Bpow_ND4_430Fow ATTAGCTGGCAACTATATTGT 

Bpow_Cytb_400Rev GGATATTTGTCCTCATGG 

Bpow_ND4_1150Fow TATAACAACTATCACTGC 

Bpow_ND3_310Rev TCATTCATAGATGAAGCC 

Bpow_CO3_770Fow TTCTATCTACTGATGAGG 

Bpow_CO1_CendRev GGCGAATGAGGGTTCTTC 

Bp_CO1_1060Rev GTTAGCTAGAATAATACC 

Bp_ND6_30Fow GGGGGTTTCTTCAAATCC 

Bp_ND5_180Fow TCATGAATATTCCTTAC 

Bpow_ND5_610Fow AATTACTTCCTCCTGGC 

Bpow_ND6_200Fow GCTTTAGTGGCCGAGCC 

Bpow_CO1_680Rev GTAGAGGATGGGGTCTCC 

Bre_Val_Fow CTTACACCGAGCCAATG 

Bre_Val_Rev CATTGGCTCGGTGTAAGC 

Bp_12S_800F GACACGTACAAACCGCC 

Bp_CO1_400R CCATATGAGCTGTATTCC 

Bp_ND5_1340F CCCCGCTCTAACGTTTC 

Brevi_OL_Fow1 CATAWAACACAATGYYAA 

Brevi_OL_Fow2 AWMTYCCMYCCAGWGAAC 

Brevi_OL_Fow3 CAGWGAACTAAAMTACTTCT 

Afro_OL_LoopStem_Rev1 GRCTTCTCCCGTTTTTAA 

Afro_OL_LoopStem_Rev2 GRCTTCTCCCGTTTTWAA 

Afro_OL_LoopStem_Rev3 CYCSGGGRCTTCTCCCGTT 



ME1_Fmod ACAGTARTYCAAGYCTAYRCYCCAAC 

ME2_Rmod CWGCAWATCTGAGGTTGTTRAKATTTCT 

Bpow_bfOL_C2_Fow CAACAAGCTTCTTTCTACCACC 

Bpow_bfOL_C3_Fow CAACAAGCTTCTTTCTACCACCC 

Bpow_bfOL_C4_Fow CAACAAGCTTCTTTCTACCACCCC 

Bpow_afbfOL_C2_Rev TACACCCCCGCGGACCTTATTCC 

Bpow_afbfOL_C3_Rev TACACCCCCGCGGACCTTATTCCC 

Bpow_afbfOL_C4_Rev TACACCCCCGCGGACCTTATTCCCC 

Bp_Cytb_630Fow_AD21 AGTCGCATGACTGTGTTCCAATCCAACAGGGCTAAACTC 

Bp_Cytb_630Fow_AD22 CAGTACTGCACGATCGTCCAATCCAACAGGGCTAAACTC 

Bp_Cytb_630Fow_AD23 GTGCTGAGCATCAGACTCCAATCCAACAGGGCTAAACTC 

Bm_Cytb_F1_AD24 CACTGATCGATATGCATCTGAGGAGGATTCTCAGTTGAC 

Bp_phe_12S_Rev_AD21 AGTAGTGCTACTCGACCCAGACCTTTGTGCTTATAAGAC 

Bp_phe_12S_Rev_AD22 ATGCGAGATCTGCTCACCAGACCTTTGTGCTTATAAGAC 

Bp_phe_12S_Rev_AD23 TGAGACATACTGAGTGCCAGACCTTTGTGCTTATAAGAC 

Bm_12S_Rev_AD24 ATGTGCACTAGTGTACTGTAAATTTAAGATTAGCTG 

Bpow_bfCSB_Fow1 GTGTGTTTTGAAATGGACGGGC 

Bpow_bfCSB_Fow2 GCCCCGCCCCTGAAGATTCTGGAGC 

Bpow_bfCSB_Rev1 AAACCCGTAAAATCAGACATG 

Bpow_bfCSB_Rev2 GCCCGTCCATTTCAAAACACAC 

bfCSB_Fow0 ATTGTAGAATCCTCTAATCA 

intCSB_Rev0 GTAAGGGGGGGGTAGGCTCC 

afCSBRev1 GTTCCTAATATACTGAGGGA 

Brevi_CR_intCSB_Rev0N GGTAAGGGGGGGGTAGGCTCCAG 

*Kurabayashi A, Sumida M: PCR Primers for the Neobatrachian Mitochondrial Genome. Current Herpetol 2009, 28:1–11. 

**Kurabayashi A, Usuki C, Mikami N, Fujii T, Yonekawa H, Sumida M, Hasegawa M (2006) Complete nucleotide sequence of the 

mitochondrial genome of a Malagasy poison frog Mantella madagascariensis: Evolutionary implications on mitochondrial genomes of 

higher anuran groups.   223–236. 

Molecular Phylogenetics and Evolution 39: 223–237. 

 



Mitochondrial genomes determined in this study are shown in yellow.
Genome and Genes used

Mitochondrial genome
bdnf (Brain-derived neurotrophic factor)

cxcr4 (CXC chemokine receptor)
h3a (Histon 3a)

pomc (Proopiomelanocortin)
rag1 (Recombination activating protein 1)

rag2  (Recombination activating protein 2)
rho (Rhodopsin)

slc8a1 (= ncx1: sodium/calcium exchanger 1)
slc8a3 (sodium/calcium exchanger 3)

Alignment length (bp)
13938*

696
669

321
447

1488
801

309
1269

1125
Family/Taxonomic rank

Species
INSD Accession

Species
INSD AccessioSpecies

INSD AccessioSpecies
INSD AccessiSpecies

INSD Accession
Species

INSD AccessionSpecies
INSD Accession

Species
INSD Accession

Species
INSD AccessionSpecies

INSD Accession
Mammalia

Homo sapiens (human)
D38112

Homo sapiens
NM_001143816Homo sapiens

NM_001008540Homo sapiens
NM005324

Homo sapiens
NM_000939.2

Homo sapiens
NM_000448

Homo sapiens
NG_007573

Homo sapiens
U49742

Homo sapiens
X91213

Homo sapiens
X93017

Aves
Gallus gallus (bird)

X52392
Gallus gallus

NM_001031616Gallus gallus
NM204617

Gallus gallus
Y00392

Gallus gallus
GU269642

Gallus gallus
M58530

Gallus gallus
AY443150

Gallus gallus
D00702

Gallus gallus
NM_001079473

Gallus gallus
XM421178

Sauropsida
Iguana iguana (lizard)

AJ278511
Cyclura nubila (Iguanidae)

FJ433956
Timon lepidus

EF110995
Iguana iguana

DQ284249
Eublepharis macularius (Gekkonidae)

AB128826
Anolis carolinensis

EU402826
Cyclura nubila (Iguanidae)

DQ119641
Anolis carolinensis

AY902453
Anolis carolinensis

GU456076
Timon lepidus

EF110997
Amphibians (Caudata and Gymnophiona )
Cryptobranchidae

Andrias davidianus
AJ492192

Andrias davidianus
EU275889

Andrias davidianus
AY948801

Andrias japonicus
DQ284358

Andrias davidianus
EU275843

Andrias japonicus
AY583346

Pachytriton
AF369085

-
-

Andrias davidianus
AY948847

Andrias davidianus
AY948911

Hynobiidae
Batrachuperus pinchonii

DQ333815
Hynobius sonani

EU275864
Batrachuperus pinchonii

EF017998
Batrachuperus pinchonii

DQ284330
Hynobius sonani

EU275818
Batrachuperus pinchonii

EF018054
-

-
Hynobius formosanus

DQ347406
Batrachuperus pinchonii

EF018023
Batrachuperus pinchonii

EF107362
Sirenidae

Siren intermedia
GQ368661

-
-

Siren intermedia
EF107473

Siren lacertina
DQ284216

-
-

Siren intermedia
AY650140

-
-

-
-

Siren intermedia
EF107249

Siren intermedia
EF107407

Rhinatrematidae
Rhinatrema bivittatum

AY456252
-

-
Rhinatrema bivittatum

EF107478
Rhinatrema bivittatum

DQ284370
-

-
Rhinatrema bivittatum

AY456257
-

-
Rhinatrema bivittatum

DQ284002
Rhinatrema bivittatum

EF107255
Rhinatrema bivittatum

EF107417
Ichthyophiidae

Ichthyophis glutinosus
AY456251

-
-

Ichthyophis glutinosus
AY948794

Ichthyophis cf. peninsularis
DQ284137

-
-

Ichthyophis glutinosus
AY456256

-
-

-
-

Ichthyophis glutinosus
AY948839

Ichthyophis glutinosus
AY948901

Typhlonectidae
Typhlonectes natans

AF154051
-

-
-

-
Typhlonectes natans

DQ284136
Typhlonectes natans

AF369043
Typhlonectes natans

AY456260
Typhlonectes natans

AF369088
-

-
Typhlonectes sp.

EF107229
Typhlonectes sp.

EF107365
Anurans
"Archaeobatrachia"
Alytidae

Alytes obstetricans
AY585337

Alytes obstetricans
EF407511

Alytes obstetricans
AY364170

Alytes dickhilleni
HM998945

Alytes dickhilleni
HM998961

Alytes obstetricans
AY583334

Alytes muletensis
AY323781

Alytes obstetricans
DQ283825

Alytes obstetricans
Y523703

Alytes obstetricans
EF107345

Alytidae
Discoglossus galganoi

AY585339
Discoglossus galganoi

HM998929
Discoglossus pictus

AY364172
Discoglossus galganoi

HM998944
Discoglossus galganoi

HM998960
Discoglossus galganoi

AY583338
Discoglossus sardus

AY323785
Discoglossus galganoi

DQ283915
Discoglossus pictus

AY523708
Discoglossus pictus

AY948858
Ascaphidae

Ascaphus truei
AJ871087

Ascaphus truei
EU275896

Ascaphus truei
AY523695

Ascaphus truei
DQ284162

Ascaphus truei
EU275850

Ascaphus truei
AY323754

Ascaphus truei
HM998977

Ascaphus truei
AY323730

Ascaphus truei
AY523731

Ascaphus truei
AY948893

Bombinatoridae
Bombina orientalis

AY585338
Bombina orientalis

HM998928
Bombina orientalis

AY364177
Bombina orientalis

HM998943
Bombina orientalis

AY692246
Bombina orientalis

AY583335
Bombina orientalis

AY323783
Bombina orientalis

HM998984
Bombina orientalis

AY523715
Bombina orientalis

AY948867
Leiopelmatidae

Leiopelma archeyi
HM142901

Leiopelma archeyi
HM998927

Leiopelma archeyi
AY523700

Leiopelma archeyi
HM998942

Leiopelma archeyi
HM998959

Leiopelma archeyi
HM998973

Leiopelma archeyi
HM998978

Leiopelma archeyi
DQ283895

Leiopelma archeyi
HM998951

Leiopelma archeyi
EF107408

Pelobatidae
Pelobates cultripes

AJ871086
Pelobates fuscus fuscus

HM998931
Pelobates cultripes

AY364171
Pelobates fuscus

DQ284159
Pelobates fuscus fuscus

HM998966
Pelobates cultripes

AY323758
Pelobates fuscus fuscus

HM998983
Pelobates cultripes

AY323736
Pelobates cultripes

AY523707
Pelobates cultripes

AY948857
Pelodytidae

Pelodytes cf. punctatus
JF703231

Pelodytes cf. punctatus
JF703235

-
-

Pelodytes punctatus
DQ284157

Pelodytes cf. punctatus
JF703242

Pelodytes cf. punctatus
AY583343

Pelodytes cf. punctatus
JF703247

Pelodytes punctatus
DQ283824

Pelodytes punctatus
AY523709

-
-

Pipidae
Pipa pipa

GQ244477
-

-
Pipa pipa

AY364174
-

-
-

-
Pipa pipa

AY874303
-

-
Pipa pipa

DQ283781
Pipa pipa

AY523711
Pipa pipa

EF107351
Pipidae

Pipa carvalhoi
HM991332

Pipa carvalhoi
HM998935

-
-

Pipa carvalhoi
DQ284277

Pipa carvalhoi
HM998963

Pipa carvalhoi
HM998974

Pipa carvalhoi
HM998980

Pipa carvalhoi
DQ283922

Pipa carvalhoi
HQ260711

-
-

Pipidae
Silurana tropicalis

AY789013
Silurana tropicalis

EF433430
Silurana tropicalis

AY523697
Silurana tropicalis

CR855729
Silurana tropicalis

BC088054
Silurana tropicalis

AY874306
Silurana tropicalis

EF535957
Silurana tropicalis

NM_001097334
Silurana tropicalis

AY523721
Silurana tropicalis

AY948891
Pipidae

Xenopus laevis
HM991335

Xenopus laevis
HM998930

Xenopus sp.
AY523691

Xenopus laevis
J00984

Xenopus laevis
X05941

Xenopus laevis
L19324

Xenopus laevis
L19325

Xenopus laevis
S62229

Xenopus laevis
X90839

Xenopus wittei
EF107370

Pipidae
Hymenochirus boettgeri

HM991331
Hymenochirus boettgeri

HM998932
Hymenochirus boettgeri

AY523685
Hymenochirus boettgeri

HM998947
Hymenochirus boettgeri

HM998964
Hymenochirus boettgeri

AY583340
Hymenochirus boettgeri

HM998981
Hymenochirus boettgeri

AY323735
Hymenochirus boettgeri

AY523702
Hymenochirus boettgeri

EF107344
Pipidae

Pseudhymenochirus merlini
HM991333

Pseudhymenochirus merlini
HM998934

-
-

Pseudhymenochirus merlini
HM998948

Pseudhymenochirus merlini
HM998965

Pseudhymenochirus merlini
HM998975

Pseudhymenochirus merlini
HM998982

Pseudhymenochirus merlini
HM998985

Pseudhymenochirus merlini
HM998953

-
-

Rhinoprhynidae
Rhinophrynus dorsalis

HM991334
Rhinophrynus dorsalis

HM998933
Rhinophrynus dorsalis

AY523699
Rhinophrynus dorsalis

HM998946
Rhinophrynus dorsalis

HM998962
Rhinophrynus dorsalis

AY874302
Rhinophrynus dorsalis

HM998979
Rhinophrynus dorsalis

DQ347405
Rhinophrynus dorsalis

AY523722
Rhinophrynus dorsalis

AY948894
Neobatrachia
Heleophrynidae

Heleophryne regis
JF703229

Heleophryne regis
JF703237

Heleophryne purcelli
AY364191

Heleophryne regis
DQ284161

Heleophryne regis
JF703243

Heleophryne regis
AY323764

Heleophryne regis
AY323786

Heleophryne regis
AY323739

Heleophryne purcelli
AY948833

Heleophryne purcelli
AY948892

Calyptocephalellidae
Calyptocephalella gayi

JF703228
Calyptocephalella gayi

JF703236
Calyptocephalella gayi

EF107495
Calyptocephalella gayi

DQ284415
Calyptocephalella gayi

AY819090
Calyptocephalella gayi

AY583337
Calyptocephalella gayi

DQ872909
Calyptocephalella gayi

DQ284036
Calyptocephalella gayi

EF107275
Calyptocephalella gayi

EF107440
Limnodynastidae

Lechriodus melanopyga
JF703230

Lechriodus melanopyga
JF703238

-
-

Lechriodus fletcheri  
DQ284299

Lechriodus melanopyga
JF703244

Lechriodus melanopyga
AY583341

Lechriodus melanopyga
DQ872908

Lechriodus fletcheri  
DQ283942

Lechriodus melanopyga
JF703249

-
-

Hylidae
Hyla chinensis

AY458593
Hyla chinensis

HM998936
Hyla meridionalis

AY523687
Hyla chinensis

HM998949
Hyla japonica

DQ055794
Hyla chinensis

HM998976
Hyla chinensis

HQ260710
Hyla japonica

AY844615
Hyla chinensis

HM998954
Hyla meridionalis

AY948860
Bufonidae

Duttaphrynus melanostictus
AY458592

Duttaphrynus melanostictus
HM998937

Duttaphrynus melanostictus
AY364167

Duttaphrynus melanostictus
DQ284324

Duttaphrynus melanostictus
DQ158317

Duttaphrynus melanostictus
EU712821

Amietophrynus regularis
AY323784

Duttaphrynus melanostictus
DQ283967

Duttaphrynus melanostictus
AY948805

Duttaphrynus melanostictus
AY948851

Ceratophrydae
Telmatobius bolivianus

JF703234
Telmatobius bolivianus

JF703241
Telmatobius sp.

EF107464
Telmatobius marmoratus

DQ284068
Telmatobius truebae

AY819097
Telmatobius bolivianus

AY583344
Telmatobius bolivianus

JF703248
Telmatobius verrucosus

DQ283770
Telmatobius sp.

EF107239
Telmatobius sp.

EF107389
Sooglossidae

Sooglossus thomasseti
JF703233

Sooglossus thomasseti
JF703239

Sooglossus thomasseti
AY364187

Sooglossus thomasseti
DQ284425

Sooglossus thomasseti
JF703245

Sooglossus thomasseti
AY323778

Sooglossus thomasseti
AY323798

Sooglossus thomasseti
AY323744

Sooglossus thomasseti
JF703250

Sooglossus thomasseti
AY948884

Sooglossidae
Sooglossus sechellensis

JF703232
Sooglossus sechellensis

JF703240
-

-
Sooglossus sechellensis

DQ284423
Sooglossus sechellensis

JF703246
Sooglossus sechellensis

DQ872921
Sooglossus sechellensis

DQ872910
Sooglossus sechellensis

DQ284040
Sooglossus sechellensis

JF703251
-

-
Ranoidea
Afrobatrachia
Arthroleptidae

Hyperolius marmoratus
AB777218

Hyperolius viridiflavus
EF396013

Hyperolius marmoratus
AB612019

Hyperolius marmoratus
AB777222

Hyperolius puncticulatus
HM772937

Hyperolius viridiflavus
AY323769

Hyperolius viridiflavus
AY323789

Hyperolius viridiflavus
AY323740

Hyperolius marmoratus
AB612020

Hyperolius sp.
AY948868

Brevicipitidae
Breviceps adspersus

AB777216
Breviceps adspersus

AB777220
Brevicipitidae

Breviceps  mossambicus
LC498571

Breviceps mossambicus
EF395998

Breviceps mossambicus
EF017965

Breviceps mossambicus
DQ284397

Breviceps mossambicus
EF396076

Breviceps mossambicus
EF396114

Breviceps mossambicus
DQ284023

Breviceps mossambicus
EF018002

Breviceps mossambicus
EF107383

Brevicipitidae
Breviceps poweri

LC498572
Hemisotidae

Hemisus marmoratus
AB777217

Hemisus marmoratus
AB612014

Hemisus marmoratus
AY364186

Hemisus marmoratus
DQ284407

Hemisus marmoratus
AB777221

Hemisus marmoratus
AB612013

Hemisus marmoratus
EF396127

Hemisus marmoratus
DQ284029

Hemisus marmoratus
AY948827

Hemisus marmoratus
AY948883

Hyperoliidae
Trichobatrachus robustus

AB777219 
Trichobatrachus robustus

EF396035
Trichobatrachus robustus

AB612024
Trichobatrachus robustus

DQ284335
Trichobatrachus robustus

AB777223
Trichobatrachus robustus

EF396109
Trichobatrachus robustus

AB612022
Trichobatrachus robustus

AY322215
Trichobatrachus robustus

AB612025
Trichobatrachus robustus

AY948874
Microhylidae
Microhylidae

Microhyla ornata
DQ512876

Microhyla pulchra
EF396021

Microhyla ornata
AY364168

Microhyla sp.
DQ284400

Microhyla sp.
HM998967

Microhyla pulchra
EF396093

Microhyla pulchra
EF396134

Microhyla ornata
AY364383

Microhyla ornata
AY948806

Microhyla ornata
AY948852

Microhylidae
Kaloula pulchra

AY458595
Kaloula pulchra

EF396015
Kaloula pulchra

EF017974
Kaloula pulchra

DQ284379
Kaloula pulchra

HM998968
Kaloula pulchra

AY323772
Kaloula pulchra

AY323790
Kaloula pulchra

-
Kaloula pulchra

EF018030
Kaloula pulchra

AY948853
Natatanura
Dicroglossidae

Fejervarya limnocharis
AY158705

Fejervarya limnocharis
HM998938

-
-

Fejervarya limnocharis
DQ284356

Fejervarya limnocharis
HM998969

Fejervarya sp.
AY571649

Fejervarya sp.
DQ019526

Fejervarya limnocharis
DQ458271

Fejervarya limnocharis
HM998955

-
-

Dicroglossidae
Limnonectes fujianensis

NC_007440
Limnonectes laticeps

AB489065
Limnonectes laticeps

AB277320
Limnonectes kuhlii

DQ284355
Limnonectes fujianensis

AB568560
Limnonectes fujianensis

HM163582
Limnonectes fujianensis

HM163618
Limnonectes fujianensis

DQ458260
Limnonectes magnus

EF018019
Limnonectes magnus

EF107377
Dicroglossidae

Hoplobatrachus tigerinus
NC_014581

Hoplobatrachus tigerinus
AB489063

Hoplobatrachus tigerinus
AB277319

Hoplobatrachus rugulosus
DQ284181

Hoplobatrachus tigerinus
AB777232 

Hoplobatrachus tigerinus
AB277345

Hoplobatrachus occipitalis
HM163648

Hoplobatrachus tigerinus
AB489039

Hoplobatrachus tigerinus
AB277331

Hoplobatrachus tigerinus
AB777233

Ranidae
Lithobates catesbeianus

AB761267
Lithobates catesbeianus

AB612040
Lithobates catesbeianus

AB612041
Lithobates catesbeianus

AB777224
Lithobates catesbeianus

AY819103
Lithobates catesbeianus

AB612037
Lithobates catesbeianus

AB612038
Lithobates catesbeianus

DQ283926
Lithobates catesbeianus

AB612042
Lithobates catesbeianus

AB777225 
Ranidae

Babina holsti
AB761264

Babina holsti
AB777227

-
-

Babina adenopreula
DQ284163

Babina holsti
AB777228

Babina holsti
AB777229

-
-

Babina adenopreula
DQ283829

Babina holsti
AB777230

Babina holsti
AB777231

Mantellidae
Mantella madagascariensis

AB212225
Mantella madagascariensis

HM998940
Mantella madagascariensis

AB612047
Mantella aurantiaca

DQ284061
Mantella madagascariensis

HM998971
Mantella madagascariensis

DQ019500
Mantella madagascariensis

DQ019532
Mantella madagascariensis

AY263284
Mantella madagascariensis

HM998957
-

-
Rhacophoridae

Rhacophorus schlegelii
AB202078

Rhacophorus dennysi
HM998941

Rhacophorus malabaricus
AY948769

Rhacophorus dennysi
HM998950

Rhacophorus dennysi
HM998972

Rhacophorus dennysi
DQ019512

Rhacophorus dennysi
DQ019547

Rhacophorus dennysi
EU215575

Rhacophorus dennysi
HM998958

Rhacophorus malabaricus
AY948848

Rhacophoridae 
Buergeria buergeri

AB127977
Buergeria buergeri

AB612034
Buergeria buergeri

AB612035
Buergeria buergeri

AB777226
Buergeria buergeri

AB728249
Buergeria buergeri

AB612031
Buergeria buergeri

AB612032
Buergeria buergeri

AB728288
Buergeria buergeri

AB612036
Buergeria buergeri

AB728305

*Total 10343 bp data without protein codon 3rd position was used in phylogenetic reconstructions and divergence time estimation.



Comparisons of the relative rates of nucleotide substitutions among afrobatrachian-related lineages. 
The lineages with faster substitution rates are shown in bold. 

 
Compared genes Compared lineages 

 
Relative substitution rates 

 
Probability Significance 

 Lineage 1  Lineage 2  Lineage 1  Lineage 2   ** < 0.001  

Microhylids vs. Afrobatrachians          

All 37 mt genes  Microhylids 
 

Afrobatrachians 
 

0.340 
 

0.380 
 

1.0 x 10-7 ** 

All 13 protein genes Microhylids 
 

Afrobatrachians 
 

0.391 
 

0.428 
 

1.0 x 10-7 ** 

All rRNA genes Microhylids  Afrobatrachians  0.165  0.204  1.0 x 10-7 ** 

All tRNA genes Microhylids 
 

Afrobatrachians 
 

0.225 
 

0.286 
 

1.0 x 10-7 ** 

Laurentobatrachia (Arthroleptidae + Hyperoliidae) vs. Xenosyneunitanura (Hemisotidae + Brevicipitidae)  

All 37 mt genes  Laurentobatrachians  Xenosyneunitanurans  0.343  0.361  2.1 x 10-5 ** 

All 13 protein genes Laurentobatrachians  Xenosyneunitanurans  0.389  0.408  2.6 x 10-4 ** 

All rRNA genes Laurentobatrachians  Xenosyneunitanurans  0.178  0.192  0.098  

All tRNA genes Laurentobatrachians  Xenosyneunitanurans  0.248  0.267  0.114  

Hemisus vs. Breviceps (Hemisotidae vs. Brevicipitidae) 
       

All 37 mt genes  Hemisus 
 

Breviceps 
 

0.369 
 

0.358 
 

0.058 
 

All 13 protein genes Hemisus  Breviceps  0.413  0.404  0.207  

All rRNA genes Hemisus 
 

Breviceps 
 

0.203 
 

0.184 
 

0.083 
 

All tRNA genes Hemisus 
 

Breviceps 
 

0.279 
 

0.266 
 

0.470 
 

Breviceps mossambicus vs. B. adspersus          

All 37 mt genes  B. mossambicus  B. adspersus  0.351  0.351  0.993  

All 13 protein genes B. mossambicus  B. adspersus  0.393  0.394  0.906  

All rRNA genes B. mossambicus  B. adspersus  0.185  0.190  0.514  

All tRNA genes B. mossambicus  B. adspersus  0.279  0.266  0.237  

Breviceps mossambicus vs. B. poweri 
         

All 37 mt genes  B. mossambicus  B. poweri  0.351  0.375  4.6 x 10-6 ** 

All 13 protein genes B. mossambicus 
 

B. poweri 
 

0.393 
 

0.423 
 

5.9 x 10-6 ** 

All rRNA genes B. mossambicus 
 

B. poweri 
 

0.185 
 

0.193 
 

0.311 
 

All tRNA genes B. mossambicus  B. poweri  0.279  0.287  0.551  

Breviceps adspersus vs. B. poweri          

All 37 mt genes  B. adspersus  B. poweri  0.351  0.375  3.7 x 10-6 ** 

All 13 protein genes B. adspersus  B. poweri  0.394  0.423  6.5 x 10-6 ** 

All rRNA genes B. adspersus  B. poweri  0.190  0.193  0.695  

All tRNA genes B. adspersus  B. poweri  0.266  0.287  0.087  



       
LRT** vs. 

    
Model 

 
Constraint of the model 

 
--lnL* of the Model 

 
Model 0 1 2 3 

 
0 Constant ω 

 
All neobatrachian branches have single ω 

 
148549.3 

 
- - - - 

 
1 Two ω (Afrobatrachia) 

 
Afrobatrachian branches have one unique ω 148536.2 

 
3.2 x 10-7 - - - 

 
2 Two ω (Ranoides) 

 
Ranoid branches have one unique ω 

 
148539.0 

 
5.5 x 10-6 NC*** - - 

 
3 Eleven ω 

 
All afrobatrachian branches have distinct ω 

 
148515.9 

 
5.1 x 10-10 1.3 x 10-5 1.4 x 10-6 - 

 
4 Thirty-one ω All ranoid branches have distinct ω  148443.6  9.6 x 10-29 2.7 x 10-24 2.6 x 10-25 6.6 x 10-21 

 



















 
Mitochondrial genome organization of afrobatrachians and other anurans. The mitochondrial (mt) genome 

organization of Breviceps mossambicus and B. poweri determined in this study is compared with that of other 

afrobatrachians, neobatrachians, and vertebrates reported in previous studies (Kurabayashi and Sumida (2013) 
and Zhang et al. (2013)). Genes, pseudogenes, control regions (CRs), and light-strand replication origins (OL) are 

shown in boxes. The heavy- and light-strand encoded genes are denoted above and below each gene box, 

respectively. The boxes do not reflect the actual sizes of the genes and CRs. The single-letter amino acid codes 

designate the corresponding transfer RNA genes (trns). L1, L2, S1, and S2 indicate trns for Leu (UUR), Leu 
(CUN), Ser (UCN), and Ser (AGY), respectively. “ψ” shows a pseudogene. Other gene abbreviations are as follows. 

12S and 16S: 12S and 16S ribosomal RNAs; CO1–3: cytochrome c oxidase subunits 1–3; Cytb: cytochrome 

apoenzyme b; ND1–6 and 4L: NADH dehydrogenase subunits 1–6 and 4L. The genes, pseudogenes, OL, and 

CRs with duplications and/or rearrangements in afrobatrachians are colored. “Copy” with number shows the 
duplicated regions within a species. Closed arrows between species indicate the rearranged genes and the 

presumed evolutionary direction of the translocations. The photos of afrobatrachian species are also provided 

(excluding Callulina kreffti).



Fig.4

Time tree of anurans. A phylogenetic tree reflecting the divergence ages estimated using a Bayesian 
relaxed dating method with the 15,093 bp nucleotide data. The tree topology of amphibians is the same as 
that of the resultant ML and BI trees. Bold branches indicate the lineages leading to the extant anurans. 
Horizontal blue bars on each node indicate 95% credibility intervals of estimated divergence age. The 
bootstrap probability (BP) of ML and Bayesian postprobabilities (BPP) are also shown on the right side of 
each node (BP value/∗,∗∗ > 95 and 99 BPPs), and the calibration points used in the dating analysis are 
indicated on the corresponding nodes (A to G). The scale of the horizontal
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 Telmatobius bolivianus 19.3 kbp 

 Hyla chinensis   18.2 kbp 

 Calyptocephalella gayi 18.0 kbp 

 Lechriodus melanopyga  19.2 kbp 
 Heleophryne regis 17.6 kbp 

 Duttaphrynus melanostictus 17.4 kbp 

 Heleophryne regis 17.6 kbp 

 Sooglossus sechellensis NA  

 Limnonectes fujianensis 18.3 kbp 

 Fejervarya limnonectes 17.7 kbp 

 Hoplobatrachus tigerinus   20.5 kbp 

 Babina holsti 19.1 kbp 

 Lithobates catesbeianus 18.2 kbp  

 Mantella madagascariensis 22.8 kbp  

 Rhacophorus schegelii     21.4 kbp  

 Buergeria buergeri         19.9 kbp  

 Kaloula pulchra  16.8 kbp 

 Microhyla ornata 16.7 kbp  

 Hyperolius marmoratus 

22.6 kbp 

 Trichobatrachus robustus 

21.4 kbp 

 Hemisus marmoratus 

20.1 kbp 

 Breviceps mossambicus 

 Breviceps adspersus 

 Breviceps poweri 

28.6 kbp 

28.1 kbp 

22.6 kbp 


