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Abstract

quantitative development of mitogenomes research.

transitions

Mitogenomes are known for their structural dynamics and the complexity of their rearrangement patterns.
However, their utility in metazoan comparative biology has not been fully exploited. Vertebrate mitogenomes are
now sufficiently representative to allow the development of more advanced methods for comparing genome
architecture. Furthermore, the relatively robust phylogeny of vertebrates at higher taxonomic ranks allows us to
infer the patterns of genome evolution accordingly. In this study, using amphibians as an example, we performed
data cleaning and manual annotation on 1777 samples from the NCBI and identified 88 rearrangement types,
most of which were clade-specific. In addition, we quantified genomic changes in an evolutionary framework
and obtained stepwise growth curves of the architectural changes. This study provides new perspectives for
understanding the evolution of the mitogenomes in amphibians and is expected to facilitate the qualitative and
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Introduction

The architecture of mitogenomes, as the structural orga-
nization of genetic material, exhibits dynamic proper-
ties [1]. It displays remarkable plasticity in individuals [2,
3, 4], while taking radically various pathways in diverse
lineages. The architectural diversity of the mitoge-
nomes provides a noteworthy dimension for observing
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the complexity of mitochondria as an open system. This
diversity encompasses a broad range of genomic rear-
rangements, including insertions, deletions, inversions,
and transpositions, both within genes and in intergenic
regions. These structural changes not only reshape the
genome but may also influence its functionality, ulti-
mately impacting species adaptability and evolution-
ary trajectories. For instance, significant innovations in
metazoans, such as the emergence of multicellularity and
bilateral symmetry, are associated with specific changes
in mtDNA organization [5, 6, 7]. Despite the extensive
knowledge on the dynamic and plastic nature of mitoge-
nomes, a comprehensive understanding of the specific
patterns and implications of genomic rearrangements
within particular taxonomic groups remains limited.
Therefore, a detailed investigation into the diversity of
gene order within a focal taxon is crucial to elucidate how
these structural variations contribute to adaptations and
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evolutionary pathways, filling a critical gap in our current
understanding of mitogenome evolution.

Amphibians represent an intriguing model for such an
investigation. Since 1997 [8], the extensive reorganization
of their mitogenomes has attracted considerable interest.
Features such as exceptional enlargement (up to 28.8k bp)
[9], loss and gain of genes [10, 11, 12], and the stepwise
nature of rearrangement [13], hint at the hidden diversity
within amphibian mitogenomes. Furthermore, the long
noncoding region or control region (CR) has merged
as a “hot spot” for variation, with duplications, triplica-
tions and recombination events adding to the complexity
[9, 10, 13, 14]. Across amphibian lineages, independent
rearrangements have been documented, serving as phy-
logenetic signals of amphibian evolution [15]. However,
further shuffling within the cluster [11], gene replications
[16], and the presence of similar events in taxonomically
distant groups complicate the picture [9]. Intraspecific
rearrangement diversity further emphasizes the need
for a comprehensive analysis [17, 18]. These known and
unknown complexities underscore the urgency to expe-
dite our understanding of evolutionary landscape of
mitogenomes variations in amphibians.

In light of the decreasing costs of high-throughput
sequencing technologies [19], and the advancements in
long-read sequencing [9, 20, 21, 22], coupled with opti-
mized assembly and annotation techniques [23, 24, 25],
we are now poised to explore mitogenomes architecture
in greater depth [26]. In this study, we specifically aimed
to investigate the genomic architectural diversity of
amphibians. To achieve this, we used NCBI2GO (unpub-
lished) to clean the available data from 1777 samples rep-
resenting at least 710 species, resulting in a high-quality
dataset. Subsequently, employing qMGR [27] and qGO
[28], we conducted qualitative and quantitative com-
parative studies within a phylogenetic framework, and
found a phased growth trend of structural changes in the
evolution of mitogenomes. By utilizing amphibians as a
well-studied group with ample variables, we have dem-
onstrated a scalable methodological framework that can
serve as a conceptual blueprint, inspiring similar explora-
tions across a wider array of taxonomic groups and fur-
thering the reach of comparative genomics research.

Materials and methods

Cleaning and error checking

Accurate annotation is often a challenge [29]. Current
data suffer from several issues: a lack of annotations, a
high error rate, and even errors within the curated Ref-
Seq dataset [30, 31, 32, 33, 34, 35, 36]. Previously cleaned
data cannot detect annotation errors at the source or
are unusable due to inconsistent standardization across
studies [7, 37, 38]. Therefore, this study employed a
new tool, NCBI2GO (unpublished), which allows for
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re-annotation, followed by manual verification. To be
specific, 2143 mitogenomes, including 366 from Ref-
Seq [39], were retrieved from NCBI Organelle Genome
Resources using the search string “Amphibia[ORGN]
AND (mitochondrion[TITL] OR mitochondrial[TITL])
AND 10000:50000[SLEN] NOT (RNA [TITL] OR
gene[TITL] OR product[TITL] OR mRNA[TITL] OR
rRNA[TITL] OR misc_RNA[TITL] OR nuclear[TITL])”
These mitogenomes were cleaned using NCBI2GO, and
the gene order was extracted in a standardized format
as described in the Abbreviations section. Out of 1777
samples, 376 with missing or invalid annotations (see
Fig. 1c and Table S4), and those with unconventional
gene orders, were processed through the re-annotation
module relying on MITOS [32]. The intergenic length
was calculated based on the location information to iden-
tify the control region (CR) using a threshold. It should
be emphasized that the annotation of the two frnL and
two truS followed the designation by Boore [5], which is
also the processing method utilized by MITOS.

Taxonomic reconciliation

Coherence between species names and their parent
taxa is central to comparative analysis at higher taxo-
nomic levels. The NCBI taxonomy was checked against
an authoritative list of accepted species. We chose to
initially base this comparison on AmphibiaWeb (AW),
which contains 77 families with 569 genera and 8689 spe-
cies downloaded on January 13, 2024 [40].

The 1777 samples were first de-duplicated based on
NCBI taxonomy, yielding a list of 97 unidentified spe-
cies samples (17 with “cf’ 79 with “sp.”, and 1 unisexal
lineage), 1 hybrid, and 40 with “aff”, 695 species, and 13
subspecies. Matching of the last three of the above five
cases returned the scientific names of 716 species, and
the remaining 32 were manually matched to the GBIF
Backbone Taxonomy [41]. After the final deduplication,
our taxonomic matchup placed 1777 samples into 710
species of 244 genera and 65 families and form a compre-
hensive dataset as showed in Table S1, S2, S3, S4.

Quantification of mitogenome rearrangements

The mitogenomic structural changes can be analyzed
quantitatively by calculating the pairwise distance
between the rearrangements and the ancestral organiza-
tion. We applied both the qMGR and qGO algorithms
to the above dataset. While both aim to quantify the
rearrangement frequency (RF) of each individual gene
and the rearrangement score (RS) of each mitogenome,
gqMGR is alignment free, which calculates the RF of a
given gene by accumulating the changes in the two near-
est neighboring genes. However, qGO relies on homology
alignment to directly calculate the RF of the target gene.
It also supports weighting, meaning that breakpoints
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Fig. 1 Amphibian mitogenome diversity and annotation status. a. Taxonomic
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framework, which visualized from Table S3. b. The boxplot illustrating the spec
species coverage, which visualized from Table S3. ¢. The bar chart shows the an
labeled above each bar, which visualized from Table S4

need to be predefined. Following the widely accepted
processes of replication [42] and transcription [43, 44],
we set two breakpoints to divide the circular genome into
two intervals. Subsequently, genes within each interval
were manually aligned across all types as in Table S5 and
Supplementary File 10. For the RF (Table S6), types 1 and
21 were selected as references, while for RS, a matrix for
all types was generated without the need for a reference
(Table S7 and Fig. 3a), and RS of each types relative type
1 was collected to visualize the RS distributions across
taxon (Table S8). To investigate the drivers of diversifica-
tion, we analyzed the correlation between species rich-
ness and total RS across families (Table S1). Using LOESS
smoothing for non-linear regression, we generated
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visualizations to identify families deviating from the gen-
eral pattern (Fig. 3b).

Evolution of mitogenomic structures across amphibians

We employed the time-calibrated molecular phylog-
eny of Jetz and Pyron [45] as the foundational frame-
work. This phylogeny was updated by incorporating
12 recently revised families (Hynobiidae, Ambysto-
matidae, Proteidae, Rhyacotritonidae, Amphiumidae,
Plethodontidae, Ascaphidae, Alytidae, Rhinophrynidae,
Scaphiopodidae, Megophryidae, Limnodynastidae),
while 7 taxa (Odontobatrachidae, Conrauidae, Nyctiba-
trachidae, Ceuthomantidae, Cycloramphidae, Batrachy-
lidae, Allophrynidae) were pruned due to insufficient
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Fig. 2 Evolutionary dynamics of mitogenomic architecture in Amphibia. a. The diagram illustrates 88 different types of structural variation in the am-
phibian mitogenome characterized by different color-coded blocks. Three ground patterns are represented by circular elements in orange, red and blue,
corresponding to specific branches. In addition, the derived variations are represented by square elements with unique colors. b. Heatmap based on
RF (Rearrangement frequency) reflecting the intensity of structural variation in mitochondrial genomes within different taxonomic units. c¢. Cloud-rain
diagram and box plot comparing the RS (Rearrangement score) of 88 gene rearrangement types distributions across taxonomic units

mitogenomic data coverage. All types are first projected
to the phylogeny, and the ancestral type for the diversity
is inferred to be the relative outgroup (Fig. 2c). Subse-
quently, the phylogeny was sliced into 34 time intervals,
each spanning 5 million years. For each interval, the gene
order types were inferred for all nodes within the inter-
val, and their RS values were accumulated to obtain the
total RS for that interval. Next, we presented the total RS
values for each time interval by taxon in a bar chart, and
illustrated the cumulative change trend of these total RS
values over time using a line graph (Fig. 3c).

Results

Overview of mitogenomic organization in amphibians

A significant number of persistent and stubborn errors in
the annotation were identified and reviewed [36]. Error
types include but are not limited to abnormal reading
direction (strand), erroneous gene designations, miss-
ing gene or other feature annotations, mistaken identity
of trnLl/trnL2 and trnS1/trnS2, and inconsistencies in
gene names. The most misleading situation is when the
errors are included in RefSeq, such as trnY being on the
opposite strand in NC_028278 and one of the truM gene
being missing in NC_030627. After data cleaning, error
checking and taxonomic reconciliation, we obtained a
dataset containing 1777 samples representing 710 species
in 244 genera under 65 families with family-level cover-
age of 87.84%, genus-level coverage of 42.88%, and spe-
cies-level coverage of 8.17% relative to the AmphibiaWeb
classification system (Fig. 1a), yielding 88 gene rearrange-
ment types (Table S1). Species coverage within each
genus was variable, with a mean of 35% and a median of
25%. Among them, Caudata was the richest (mean 58%,
median 50%), and Neobatrachia was the least abundant
(mean 23%, median 13%) (Fig. 1b and Table S3).

The unexpected complexity and variability among
amphibian mitogenomes were revealed (e.g., Fig. 2c and
Table S2). The major lineages of both Gymnophiona and
Archaeobatrachia, as well as a few Caudata, were identi-
cal to the typical vertebrate gene order (orange circle in
Fig. 2a), which was named the Amphibian ground pat-
tern herein and labeled type 1 in Table S2. In addition,
both Caudata and Neobatrachia have their own auta-
pomorphies. The Caudata ground pattern (type 2, red
circle) features one more CR derived between truT and
trnP. The Neobatrachian ground pattern (type 21, blue
circle) has a strongly rearranged gene order, involving the
long-term translocation of trnL1 to form the LTPF tRNA

gene cluster located upstream of the 12S rRNA gene [46].
In contrast to all 10 Caudata families, which have consis-
tently retained the ground pattern among their members,
only 24 of 35 Neobatrachia families show the Neoba-
trachia ground pattern. Among these, 9 families have
evolved new types. The remaining 11 families exhibited
completely derived types, leading to a total of 69 rear-
ranged types. This makes Neobatrachia the most vari-
able group, followed by Archaeobatrachia with 10 types,
Caudata with 8, and Gymnophiona with 5, as shown in
Fig. 2a.

According to the RF scores from qGO (Table S6), the
most common rearrangement events observed in this
study involved CR (169), truLl (142), and nad5 (52).
Inversions are rare relative to translocations. Notably,
consistent with findings from long-read sequencing, mul-
tiple rearrangement types involved duplication of genes
or gene clusters, as well as repetition of CR or a combina-
tion of both [47]. Among them, trnM duplications were
the most common, followed by trnP duplications, as
detailed in Fig. 2b and Table S2.

Mitogenomic structural changes across four lineages
Mosaic evolution and lineage specificity coexisted
throughout mitogenome evolution in amphibians. In
particular, the ground patterns of vertebrate (»=162) and
Caudata (n=415) are shared among distantly related spe-
cies of Gymnophiona, Caudata, and Archaeobatrachia.
However, both patterns are notably absent in Neobatra-
chia. Moreover, the 67 derived types that evolved from
the Neobatrachia ground pattern (n=756) are unique to
this lineage and are not observed in the other three lin-
eages. These observations challenge our understanding of
the organization of the ancestral amphibian mitogenome.
Both Rhinatrematidae and Ichthyophiidae (Uraeotyph-
lus only), the two most basal families of Gymnophiona,
possess the Caudata ground pattern [48]. Given the rear-
rangements found in Caudata and Archaeobatrachia, it is
difficult to rule out the possibility that the ancestral state
of the amphibians was a Caudata ground pattern. How-
ever, the majority of Gymnophiona, with the exception of
the aforementioned families, exhibit this vertebrate pat-
tern. Therefore, applying the principle of parsimony, the
most plausible hypothesis is that the ground pattern of
amphibian mitogenomes is a vertebrate pattern.

Almost all mitogenomic structural changes in Gym-
nophiona are genus specific, except for Boulengerula,
which has interspecific variation, with one of the two
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Fig. 3 Relationship between mitogenomic rearrangements complexity, species diversity, and evolutionary dynamics in Amphibia. a. Heatmap show-
ing the matrix of rearrangement scores (RS) across 88 gene rearrangement types with darker colors indicating greater rearrangement changes, which
visualized from Table S7. b. Correlation between rearrangement complexity and species diversity, with LOESS smoothing applied to highlight trends and
identify outliers, which visualized from Table S1. c. The changes in rearrangement scores (RS) over time for taxonomic units, reflecting the dynamics of
changes in their mitochondrial genome structure, which visualized from Table S8

species having a duplicated trnP (Type 3). There are
also two types (type 4 and type 5) concentrated in the
WANCY tRNA gene cluster that are restricted to two
genera in Siphonopidae. The Caudata ground pattern is
shared by all 10 Caudata families, yet two of them have
derived taxa. Among the 168 Caudata species examined,
there is intrageneric differentiation in the genus Tylo-
totriton, and two of these species are type 11, involving
the expansion of the CR and its flanking genes [14]. The
seven Plethodontidae species from Tylototriton, Anei-
des, Hydromantes and Plethodon are all intragenerially
diverse to types 6-9, and the single-sample Stereochi-
lus is type 10. Archaeobatrachia comprises four succes-
sively evolved lineages, all of which can be traced back to
the ancestral amphibian type. Two out of four genus of
Pipidae, Pipa and Xenopus, possessed both Type 1 and
Type 2. Derived types 20 (swaps of nad6-trnE and cob-
trnT) were found in both examined species of Leiopelma-
tidae. The more diverse Megophryidae shows additional
seven derived types occurring in Leptobrachium (Type
14), Leptobrachella (Type 13) [49, 50], Scutiger (Type 17)

[51] and Oreolalax [49, 52, 53], which intragenetically
diversified into five derived types. These changes primar-
ily involve the duplication of trnM [46] and the remote
transposition of truW.

There is very high variation in the genomic structure
of Neobatrachia. Whether derived in terms of majority
rules or the status of the outgroups, the ancestral type
should contain a unique rearrangement in which LTP
tRNA gene cluster located between the CR and truF.
In addition to type 21, which is shared by 24 families,
considered to be the ground pattern, there is another
type shared by four distant families (type 48), which dif-
fers from the ground pattern only by an additional CR
between nad5 and nad6. Another pair of sister groups
shares type 27, which has an additional interchange of
trnA and truN on top of the ground pattern. The remain-
ing 66 types other than these three are unique to a given
family, meaning that they are no longer shared between
families [46]. The clade comprising Dicroglossidae [17,
46, 54, 55, 56], Ranidae [55, 57, 58, 59, 60, 61, 62, 63]
and Rhacophoridae [64, 65, 66] exhibits the strongest
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changes, encompassing nearly half of the derived types
(32 in total) with Breviceps, Hyperolius, Ptychadena,
Cornufer, Limnonectes, Amolops, Nidirana, Odorrana,
Rana, Polypedates, Nanorana, Quasipaa, and Nanorana
presenting intrageneric changes and the latter two even
presenting intraspecific changes [17, 18]. Nested within
this clade, Mantellidae and Ranixalidae each harbor
family-specific types. Other intrageneric changes occur
in Cornufer, Ptychadena [67], Hyperolius [9], Breviceps
[9, 68], Ischnocnema [69], Brachycephalus, Boana, and
Bokermannohyla and reach an extreme of nine types in
Pristimantis. The changes are varied and involve almost
all regions of the mitochondria. The most notable vari-
able regions involved the trnA and WANCY tRNA gene
cluster [70], in particular, multiple OLs were identified in
the cluster [71].

Quantitative analysis of mitogenomes changes across
amphibians

The hotspot is depicted in Fig. 2b on the heatmap plot-
ted against the relative frequency (RF), detailed in Table
S6. Each amphibian group is represented by a differ-
ent color, with purple indicating the entire amphibian
group. The gradient of color shading reflects the relative
RF score. Among all the genes, trnL1 exhibited the high-
est score due to its long-range translocation across vari-
ous amphibian taxa. However, when examined at a finer
taxonomic level, ¢rnLl rarely undergoes changes within
that specific taxon. It should be noted that hotspots dif-
fer between taxa. For instance, Gymnophiona primarily
experiences changes in the WANCY tRNA gene cluster,
while Archaeobatrachia scores highest for the flanking
genes of nad2. Neobatrachia displayed significantly more
variable regions than did the other taxa, with almost
all the genes exhibiting some degree of rearrangement
except for cox1, cox2, and trnG, which had RF scores of 0.
Notable hotspots common to all three taxa may be con-
fined to the region between nad6 and truF, including CR
[16].

Further analysis of the RS distribution (Fig. 2c and
Table S2) highlighted the significant variation in mitoge-
nomes architecture among amphibians. Gymnophi-
ona as the most primitive group, exhibited the lowest
median RS intensity, suggesting a relatively low level of
genomic change. Caudata has a greater median RS than
Archaeobatrachian, possibly due to Pyxicephalus adsper-
sus, which undergoes strong rearrangement with gene
duplication, resulting in 49 genes [12]. This extreme
value elevates the overall distribution profile with score
peaks at 68 (qGO) and 46 (QMGR). However, disregard-
ing this extreme value, both taxa exhibited relatively
uniform distributions of RS that were generally greater
than those observed in Gymnophiona. It is worth not-
ing that although both Caudata and Archaeobatrachia
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had a minimum RS value of 0, considering that type 1 in
Cadauta evolved from ancestral type 2, this score varied
when type 2 was changed to the reference. The multi-
modal distribution observed in both Archaeobatrachia
and Neobatrachia indicates heterogeneity, potentially
suggesting divergent evolutionary directions. A more
intriguing alternative inference concerns the emergence
of Neobatrachia, which disrupts continuity and gives rise
to fluctuations in Archaeobatrachia. Neobatrachia, as the
most recently evolved lineage, stands out for its high RS
values and several extreme values. There are eleven val-
ues above 20, a magnitude that far exceeds that of any
other taxon, suggesting that it may have evolved in an
aggressive way, avoiding the fatal decrease in evolution-
ary potential. This is consistent with the evolutionary pat-
tern observed in other vertebrates, where more recently
evolved taxa tend to have greater complexity. The
extremely high RS may also indicate that the taxa have
undergone rapid adaptive radiation or evolutionary inno-
vation, resulting in significant increases in complexity.

Building on the quantitative analysis of mitogenomic
changes across amphibians, we further explored the rela-
tionship between species richness and rearrangement
complexity (RS) to uncover potential drivers of diversifi-
cation (Table S1 and Fig. 3b). Our analysis revealed that
the majority of data points are concentrated in the lower-
left corner of the visualization, indicating that families
with low RS scores generally exhibit lower species rich-
ness. As RS scores increase, species richness shows an
overall upward trend, albeit with notable fluctuations
and deviations. Specifically, we identified Dicroglossi-
dae and Ranidae as positive outliers, characterized by
exceptionally high RS scores but unexpectedly low spe-
cies richness. This suggests that these families possess
rearrangement diversity beyond typical levels, potentially
reflecting unique evolutionary or ecological adaptations.
Conversely, Bufonidae and Hylidae emerged as negative
outliers, displaying high species richness despite very low
or absent rearrangement events. This discrepancy may
indicate alternative mechanisms driving diversification
in these families, such as ecological niche partitioning or
adaptive plasticity.

Evolutionary dynamics underlying patterns of
diversification

By aligning the RS of each taxon with the time of origin
of its corresponding branch and aggregating the RS val-
ues over time, a growth curve can be generated (Fig. 3¢
and Table S8). A comparison between the growth curves
for all amphibians and those for each individual taxon
revealed a consistent pattern of stepwise growth over
time. This suggests that there were distinct periods of
rapid expansion followed by relatively stable phases in
amphibian evolution.
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Interestingly, while the absolute values of RS exhibited
considerable variation across taxa, they demonstrated
remarkably consistent patterns of increase, except for
Gymnophiona, which consistently experienced a step
change during the Cretaceous period. This indicates that
Gymnophiona underwent unique evolutionary events
or adaptations during this specific period. Further-
more, when examining the remaining three branches,
it becomes evident that they all display a rapid increase
with nearly comparable slopes soon after the beginning of
the Paleogene Period. This sudden surge in their RS val-
ues is preceded by an extended period of stagnation and
a minor, limited magnitude increment occurring around
or prior to the mid-Cretaceous epoch. The long periods
of silencing in the early clade may indicate an underesti-
mation of potential diversity for various reasons, such as
extinctions associated with specific rearrangements.

Discussion

Unraveling the complexity: mitogenomes variability in
amphibians

The dogma that mitogenomes in vertebrates are frozen
has long been broken, but vertebrates are still considered
subphyla with probably the lowest variability in mtDNA
gene content and gene order, with disparities thought to
have a limited taxonomic distribution. This frosted glass
exists mainly because of uneven sampling [72], a high
percentage of erroneous annotations [33] and problem-
atic mitogenomes [34], as well as the omission of dupli-
cated regions [73]. During the last few years, the advent
of high-throughput sequencing techniques has increased
the number of sequenced mitogenomes. Vertebrates,
in particular, account for more than half of all Metazoa
[7]. Specifically, for amphibians, an adequate represen-
tation of 88% of the families is sufficient to infer con-
sensus mitogenome characterizations of different taxa
and to fully recognize exceptions that lie beyond this
consensus. The present study revealed that 43% of the
amphibian genera examined had at least one available
mitogenome. However, the data still suffer from taxon
bias. In the case of Gymnophiona, mitogenomic struc-
tural changes often occur at the genus level. The lack of
novel rearrangements, despite a genus-level coverage of
82%, suggests data saturation. Conversely, although the
number of Archaeobatrachia mitogenomes exceeds that
of Gymnophiona mitogenomes, changes could occur
within genera even within species, suggesting that as
species diversity increases, the emergence of new types
of mitogenomes is possible. In other words, the existing
data for Archaeobatrachia may be insufficient [49].

The mitogenomes, traditionally considered highly
conserved, exhibits unexpected dynamism, with 88
observed types in our study. This diversity, however, is
likely an underestimate, suggesting that the complexity
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of the mitogenomes extends beyond current comprehen-
sion, especially when considering regions of high vari-
ability [13, 47] that were excluded from this dataset due
to stringent search criteria. This highlights the critical
importance of reference selection in quantitative analy-
ses, as exemplified by the observation of trnL1: while its
RF score is remarkably high (142) relative to type 1, it
becomes negligible (only 25) when compared to type 21.
In a phylogenetic framework, structural diversity is sensi-
tive to the grain of phylogenetic resolution. Specifically,
the differences between major types (type 1 and type 2) in
amphibians, birds and reptiles [23, 74] hinge on the pres-
ence of an additional CR between trnT-P, and Neobatra-
chia shows phylogenetic constraints from ancestral type
21. In contrast to the path-dependent evolutionary tra-
jectories described above, fine-grained taxonomic diver-
sifications appear to be stochastic and unpredictable,
underpinning the individualized nature of mitochondrial
evolution within specific families [75], as depicted in
Fig. 2a. These changes involve all kinds of components,
including trnA, protein-coding genes, rRNAs, and the
CR, occurring regardless of the gene position relative to
the CR and affecting both strands.

Based on such observations, it is reasonable to hypoth-
esize that a variety of mechanisms can drive mitogenome
structural changes, extending beyond the duplication-
random loss (DRL) model traditionally invoked to explain
genomic alterations [77, 78, 79]. The DRL model, while
useful in explaining certain types of genomic changes at
the individual level, may not fully account for the broad
variability observed across different lineages [46, 80] or
proclivity, such as nested copies of duplicated segments
[68]. This raises critical questions about the underly-
ing mechanisms that confer flexibility and robustness to
mitogenome evolution, thereby enhancing its evolvability
and adaptability across diverse lineages [37, 76]. Based on
this insight, it is imperative to re-evaluate whether, and
under what conditions or to what extent, rearrangements
may exhibit convergence.

An asynchronous symphony of the episodic architecture
variation

Complexity often emerges from an intricate dance of
genetic and environmental factors, resulting in the quan-
tification of features that exhibit fluctuations across
multiple dimensions. Through the use of RS and RF as
proxies for measuring complexity, genetic innovations
can be traced step by step, and amphibian evolution
dynamics can be linked to genomic structure evolution.
As shown in Fig. 2c, primitive taxa tended to exhibit sim-
pler structures and lower levels of RS, while derived taxa,
on the other hand, showed a significant increase in RS
across several levels. This increase in complexity suggests
that the genomic structure is able to evolve, enabling the
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exploration of new strategies and facilitating diversifica-
tion [81]. In other words, evolvability evolved [82]. The
case of Archaeobatrachia sheds further light on how
this trend impacts specific groups within these taxa. The
fluctuating RS suggests that Archaeobatrachia may have
undergone a phase of complexity reduction or macroevo-
lutionary freezing [83], which is precisely a consequence
of the evolution of evolvability [84].

Rearrangement frequency (RF) helps us understand
complexity by showing that genes or gene clusters within
a genome may undergo independent evolution [85, 86].
The trnW gene was used as an example. Although its
overall RF appears normal across various amphibian
groups, a zoomed-in examination revealed heterogeneity.
Within Archaeobatrachia, all types involved trnW shifts,
resulting in a remarkably high RF. In contrast, RF rapidly
decreased in Gymnophiona but reached 0 in Caudata.
The heterogeneous behavior of gene rearrangement chal-
lenges the notion that the mitogenome evolves as a cohe-
sive, inseparable evolutionary unit. It becomes evident
that the way a genome evolves depends on the distinct
patterns of independent evolution present among the
different genes or gene blocks that a particular genome
contains [87]. It is noteworthy that the RF scores derived
from the gMGR and qGO algorithms exhibit similar
overall trends. However, in the qMGR analysis, the scores
for trnH, trnE, trnS2, and trnV are underestimated. This
discrepancy arises from the algorithm’s inherent limita-
tion in appropriately assigning scores to internal units
within gene clusters that undergo collective transposi-
tion, as detailed in [28]. Additionally, due to ambiguities
in the original annotation of trnL1 and trnL2, the scores
for these genes in the ¢qMGR analysis are also biased
(Supplementary File 9).

By examining changes in RS over time, it is possible to
trace the increasing complexity of genomic structures
and to infer the reasons for this complexity. As shown
in Fig. 3c, across multiple time intervals, we observe a
pattern where periods of stasis are punctuated by brief
bursts of rapid evolution. The concept that the rate and
pattern of evolutionary change are closely linked to
selective pressures at the lineage level is a longstand-
ing and vital part of macroevolutionary theory [88], and
this concept also applies to mitogenomic evolution [89].
However, the episodic increase in the number of salien-
tians (anurans and caudates) showed a similar pattern
at significant timescales. The first increase, which was
very small and occurred at the beginning of the Jurassic,
was followed by an increase in limited growth near the
Jurassic and Cretaceous boundaries, and a third signifi-
cant increase occurred just after the K-Pg line, overlap-
ping with the rapid diversification of species-rich clades
[90, 91]. Between these periods of growth are long peri-
ods of stagnation, which may reflect temporarily rising
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‘challenging times’ for diversification of mitogenomes,
possibly due to evolutionary constraints. The generaliz-
ability of this pattern across different amphibian clades
highlights the dynamic nature of mitogenomes and the
intermittent nature of the evolutionary events that shape
their structure. Episodic mitogenomic evolution is also
evident in other metazoans, such as fish and inverte-
brates [92] In these organisms, drastic changes in mitoge-
nomic structure have been linked to episodes of adaptive
radiation [93] or extreme environmental adaptation.

The complexity and evolvability of amphibian mitoge-
nomes structure could be shaped over evolutionary time
by various external forces [94]. These forces include not
only the deterministic effects of evolutionary events but
also the stochastic influence of random changes. This
interplay of factors has endowed mitogenomes with a
capacity for adaptation and innovation that exceeds the
predictions of traditional evolutionary models. This
adaptability is particularly evident in the heterogeneous
nature of mitogenomic evolution across amphibian fami-
lies, where significant deviations from general trends
highlight the intricate processes driving diversification.
The evolvability of mitogenomes through gene rearrange-
ments highlights the dynamic role of genome structure
in shaping evolutionary trajectories. These patterns are
consistent with broader evolutionary dynamics in ver-
tebrates, where more recently derived lineages often
exhibit heightened genomic complexity and adaptive
potential. Beyond serving as repositories of genetic infor-
mation, mitogenomes actively participate in evolution-
ary processes by responding to selective pressures and
environmental challenges through structural changes.
Further investigation into the ecological and evolution-
ary contexts of outlier families should prioritize expand-
ing taxonomic coverage to include underrepresented
lineages, aiming to unravel the functional and ecological
implications of mitogenomic rearrangements.

Conclusions

We collected and curated all available mitogenomes for
amphibians and discovered the unexpected dynamism
of their architecture. The quantification of structural
changes reveals the episodic pattern and highlights the
diversity in terms of lineages and genes. This study sheds
light on the mechanisms driving genome evolution and
underscores the importance of genome structure in shap-
ing the evolutionary fate of organisms. We challenge the
simplistic view of genetic structural changes as discrete,
qualitative units and emphasize more specific quan-
titative descriptions of patterns of genome structural
evolution.

Abbreviations
mitogenome
mtDNA

Mitochondrial genome
Mitochondrial DNA



Xiao et al. BMC Genomics (2025) 26:261

tRNA, trn Transfer ribonucleic acid

trnL1 trnL (CUN)

trnL2 trnL (UUR)

trnS1 trnS (AGY)

trnS2 trnS (UCN)

rRNA Ribosomal ribonucleic acid

MRNA Message ribonucleic acid

bp Base pair

nad1-6, 4l NADH dehydrogenase subunit 1-6, 4 L
cox1-3 Cytochrome oxidase subunit I-lll

atp6, 8 ATPase subunit 6, 8

RS Rearrangement score

RF Rearrangement frequency

gMGR Quantifying mitogenome rearrangements
CR Control region

OriL The origin of light strand replication
OriH The origin of heavy strand replication

Supplementary information
The online version contains supplementary material available at https://doi.or
9/10.1186/512864-025-11480-6.

Supplementary Table S1
Supplementary Table S2
Supplementary Table S3
Supplementary Table S4
Supplementary Table S5
Supplementary Table S6
Supplementary Table S7
Supplementary Table S8
Supplementary File 9

Supplementary File 10

Acknowledgements

The members of the Lab of Insect Systematics and Evolutionary Biology
(LISEB) at Jiangxi Normal University are thanked for their contributions to
laboratory work. The authors thank Jing Che, Jing Chai and Jiayong Zhang
for the assistance with revision. We thank the anonymous reviewers for their
careful reading and many constructive comments.

Author contributions

Y.X.: Formal analysis, Writing, Original draft preparation, Visualization. G.N.:
Conceptualization, Methodology, Validation, Writing, Reviewing and Editing.
H.S.: Software, Data curation. ZW.: Investigation. R.D.: Formal analysis. Y.L.:
Resources. M\W.: Supervision, Project administration, Funding acquisition.

Funding
This research was supported by the National Natural Science Foundation of
China (31970447; 32370500).

Data availability

The data sets presented in this study can be found in online repositories.
The names of the repository/repositories and accession number(s) can be
found at: https://figshare.com/account/home#/projects/196681. This study
exclusively uses publicly available sequencing data from NCBI (accession
numbers listed in Supplementary Table 4).

Declarations

Ethics approval and consent to participate
Not applicable.

Page 10 of 12

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 30 July 2024 / Accepted: 13 March 2025
Published online: 17 March 2025

References

1.

Smith DR, Keeling PJ. Mitochondrial and plastid genome architecture: reoc-
curring themes, but significant differences at the extremes. Proc Natl Acad
SciUSA.2015;112:10177-84.

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

Feulner PGD, De-Kayne R. Genome evolution, structural rearrangements and
speciation. J Evol Biol. 2017;30:1488-90.

Ravinet M, Faria R, Butlin RK, Galindo J, Bierne N, Rafajlovi¢ M, et al. Interpret-
ing the genomic landscape of speciation: a road map for finding barriers to
gene flow. J Evol Biol. 2017;30:1450-77.

Boore JL. Animal mitochondrial genomes. Nucleic Acids Res.
1999;27:1767-80.

Hassanin A, Léger N, Deutsch J. Evidence for multiple reversals of asymmetric
mutational constraints during the evolution of the mitochondrial genome
of metazoa, and consequences for phylogenetic inferences. Syst Biol.
2005;54:277-98.

Shtolz N, Mishmar D. The metazoan landscape of mitochondrial DNA gene
order and content is shaped by selection and affects mitochondrial transcrip-
tion. Commun Biol. 2023,6:1-15.

Macey J, Larson A, Ananjeva N, Fang Z, Papenfiss TJ. Two novel gene orders
and the role of light-strand replication in rearrangement of the vertebrate
mitochondrial genome. Mol Biol Evol. 1997;14 1:91-104.

Hemmi K, Kakehashi R, Kambayashi C, Du Preez L, Minter L, Furuno N, et al.
Exceptional enlargement of the mitochondrial genome results from distinct
causes in different rain frogs (Anura: Brevicipitidae: Breviceps). Int J Genomics.
2020;2020:1-12.

Cai LN, Zhang L-H, Lin Y-J, Wang J-Y, Storey KB, Zhang J-Y, et al. Two-Fold ND5
genes, Three-Fold control regions, LncRNA, and the missing ATP8 found in
the mitogenomes of polypedates megacephalus (Rhacophridae: polyped-
ates). Animals. 2023:13:2857.

Cuil,Huang A, He Z, Ao L, Ge F, Fan X, et al. Complete mitogenomes of
polypedates tree frogs unveil gene rearrangement and concerted evolution
within rhacophoridae. Animals. 2022;12:2449.

Cai Y-Y, Shen S-Q, Lu L-X, Storey KB, Yu D-N, Zhang J-Y. The complete mito-
chondrial genome of Pyxicephalus adspersus: high gene rearrangement and
phylogenetics of one of the world's largest frogs. Peer). 2019;7:€7532.
Kurabayashi A, Sumida M, Yonekawa H, Glaw F, Vences M, Hasegawa M.
Phylogeny, recombination, and mechanisms of Stepwise mitochondrial
genome reorganization in mantellid frogs from Madagascar. Mol Biol Evol.
2008;25:874-91.

Kurabayashi A, Nishitani T, Katsuren S, Oumi S, Sumida M. Mitochondrial
genomes and divergence times of crocodile newts: Inter-islands distribu-
tion of Echinotriton andersoni and the origin of a unique repetitive sequence
found in Tylototriton Mt genomes. Genes Genet Syst. 2012,87:39-51.

Sumida M, Kanamori Y, Kaneda H, Kato Y, Nishioka M, Nishioka M, et al. Com-
plete nucleotide sequence and gene rearrangement of the mitochondrial
genome of the Japanese pond frog Rana nigromaculata. Genes Genet Syst.
2001;76 5:311-25.

Zhang J, Miao G, Hu S, Sun Q, Ding H, Ji Z, et al. Quantification and evolution
of mitochondrial genome rearrangement in amphibians. BMC Ecol Evol.
2021;21:19.

Zhang J-Y, Zhang L-P, Yu D-N, Storey KB, Zheng R-Q. Complete mitochondrial
genomes of Nanorana Taihangnica and N. yunnanensis (Anura: Dicroglos-
sidae) with novel gene arrangements and phylogenetic relationship of
Dicroglossidae. BMC Evol Biol. 2018;18:26.

Xia'Y, Zheng Y, Murphy RW, Zeng X. Intraspecific rearrangement of mitochon-
drial genome suggests the prevalence of the tandem duplication-random
loss (TDLR) mechanism in Quasipaa boulengeri. BMC Genomics. 2016;17:965.


https://doi.org/10.1186/s12864-025-11480-6
https://doi.org/10.1186/s12864-025-11480-6
https://figshare.com/account/home#/projects/196681

Xiao et al. BMC Genomics

20.

21

22.

23.

24,

25.

26.

27.

28.

29.
30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

(2025) 26:261

Maddock ST, Briscoe AG, Wilkinson M, Waeschenbach A, San Mauro D, Day JJ,
et al. Next-Generation mitogenomics: A comparison of approaches applied
to caecilian amphibian phylogeny. PLoS ONE. 2016;11:e0156757.

Pollard MO, Gurdasani D, Mentzer AJ, Porter T, Sandhu MS. Long reads: their
purpose and place. Hum Mol Genet. 2018;27:R234-41.

Wenger AM, Peluso P, Rowell WJ, Chang P-C, Hall RJ, Concepcion GT, et al.
Accurate circular consensus long-read sequencing improves variant detec-
tion and assembly of a human genome. Nat Biotechnol. 2019;37:1155-62.
Farquharson KA, McLennan EA, Belov K, Hogg CJ. The genome sequence

of the critically endangered Kroombit tinkerfrog (Taudactylus pleione).
F1000Research. 2023;12:845.

Formenti G, Rhie A, Balacco J, Haase B, Mountcastle J, Fedrigo O, et al.
Complete vertebrate mitogenomes reveal widespread repeats and gene
duplications. Genome Biol. 2021,22:120.

Forni G, Puccio G, Bourguignon T, Evans T, Mantovani B, Rota-Stabelli O,

et al. Complete mitochondrial genomes from transcriptomes: assessing

pros and cons of data mining for assembling new mitogenomes. Sci Rep.
2019;9:14806.

Meng G, LiY,Yang C, Liu S. MitoZ: a toolkit for animal mitochondrial genome
assembly, annotation and visualization. Nucleic Acids Res. 2019,47:e63.
Zardoya R. Recent advances in Understanding mitochondrial genome diver-
sity. F1000Research. 2020;9:FFacultyRev1000-270.

Zhang J, Kan X, Miao G, Hu S, Sun Q, Tian W. gMGR: A new approach for quan-
tifying mitochondrial genome rearrangement. Mitochondrion. 2020;52:20-3.
ShiH, Yang S, Wei M, Niu G. qGO: a novel method for quantifying the diversity
of mitochondrial genome organization. BMC Genomics. 2024;25:1097.
Brenner SE. Errors in genome annotation. Trends Genet. 1999;15:132-3.
Donath A, Jihling F, Al-Arab M, Bernhart SH, Reinhardt F, Stadler PF, et al.
Improved annotation of protein-coding genes boundaries in metazoan
mitochondrial genomes. Nucleic Acids Res. 2019;47:10543-52.

Jihling F, Putz J, Bernt M, Donath A, Middendorf M, Florentz C, et al.
Improved systematic tRNA gene annotation allows new insights into the
evolution of mitochondrial tRNA structures and into the mechanisms of
mitochondrial genome rearrangements. Nucleic Acids Res. 2012;40:2833-45.
Bernt M, Donath A, Jiihling F, Externbrink F, Florentz C, Fritzsch G, et al. MITOS:
improved de Novo metazoan mitochondrial genome annotation. Mol Phylo-
genet Evol. 2013;69:313-9.

Prada CF, Boore JL. Gene annotation errors are common in the mammalian
mitochondrial genomes database. BMC Genomics. 2019;20:73.

Sangster G, Luksenburg JA. Sharp increase of problematic mitoge-

nomes of birds: causes, consequences, and remedies. Genome Biol Evol.
2021;13:evab210.

Smith DR. Depositing annotated sequences in GenBank: there needs to be a
better way. Brief Funct Genomics. 2020;19:337-8.

Boore JL. Requirements and standards for organelle genome databases.
Omics J Integr Biol. 2006;10:119-26.

Montanfa-Lozano P, Moreno-Carmona M, Ochoa-Capera M, Medina NS, Boore
JL, Prada CF. Comparative genomic analysis of vertebrate mitochondrial
reveals a differential of rearrangements rate between taxonomic class. Sci
Rep. 2022;12:5479.

Oxusoff L, Préa P, Perez Y. A complete logical approach to resolve the
evolution and dynamics of mitochondrial genome in bilaterians. PLoS ONE.
2018;13:20194334.

Pruitt KD, Tatusova T, Maglott DR. NCBI reference sequences (RefSeq): a
curated non-redundant sequence database of genomes, transcripts and
proteins. Nucleic Acids Res. 2007,35:61-5. Database issue:D.

AmphibiaWeb. Jan. AmphibiaWeb. https://amphibiaweb.org. Accessed 13
2024.

GBIF Secretariat. GBIF Backbone Taxonomy. GBIF Backbone Taxonomy. GBIF.
org. Accessed 9 Mar 2024.

Falkenberg M. Mitochondrial DNA replication in mammalian cells: overview
of the pathway. Essays Biochem. 2018;62:287-96.

Barshad G, Marom S, Cohen T, Mishmar D. Mitochondrial DNA transcrip-

tion and its regulation: an evolutionary perspective. Trends Genet.
2018,34:682-92.

Bouda E, Stapon A, Garcia-Diaz M. Mechanisms of mammalian mitochondrial
transcription. Protein Sci. 2019;28:1594-605.

Jetz W, Pyron RA. The interplay of past diversification and evolutionary isola-
tion with present imperilment across the amphibian tree of life. Nat Ecol Evol.
2018;2:850-8.

46.

47.

48.

49.

50.

5T

53.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Page 11 of 12

Chen G, Wang B, Liu J, Xie F, Jiang J. Complete mitochondrial genome of
Nanorana Pleskei (Amphibia: Anura: Dicroglossidae) and evolutionary charac-
teristics. Curr Zool. 2011;57:785-805.

Zhang J-F, Nie L-W, Wang Y, Hu L-L. The complete mitochondrial genome of
the large-headed frog, limnonectes bannaensis (Amphibia: Anura), and a
novel gene organization in the vertebrate MtDNA. Gene. 2009;442:119-27.
San Mauro D, Gower DJ, Oommen OV, Wilkinson M, Zardoya R. Phylogeny

of caecilian amphibians (Gymnophiona) based on complete mitochondrial
genomes and nuclear RAG1. Mol Phylogenet Evol. 2004;33:413-27.

Luo H, Cui L, Han F, He Z, Fan X, Zeng B, et al. Complete mitogenome of Oreo-
lalax omeimontis reveals phylogenetic status and novel gene arrangement of
archaeobatrachia. Genes. 2022;13:2089.

Shu G, Yu M, He Z, Xie F, Liang X. Complete mitochondrial genome of the
alpine Metacarpal-tubercled Toad Leptobrachella alpina (Amphibia, Anura,
Megophryidae). Mitochondrial DNA Part B. 2021,6:3242-3.

Song J, Tian Y, Guan D-L. Characterization of the complete mitochondrial
genome of an endangered alpine Toad, scutiger ningshanensis (Amphibia:
Anura: Megophryidae). Conserv Genet Resour. 2017;9:35-8.

Jiang L, Li S, Wang L, Gao X, Wang G, Wang B. The complete mitochondrial
genome of the Toad species Oreolalax jingdongensis (Anura: Megophryidae)
and related phylogenetic analyses. Conserv Genet Resour. 2018;10:873-6.
ZhaoY, Chen J,Wang Z, Zhang Z, Wu M, Yang L. The complete mitochon-
drial genome of the vulnerable Megophryid frog Oreolalax rhodostigmatus
(Anura, Megophryidae). Conserv Genet Resour. 2018;10:617-20.

Yu D, Zhang J, Zheng R, Shao C. The complete mitochondrial genome of
Hoplobatrachus rugulosus (Anura: Dicroglossidae). Mitochondrial DNA.
2012;23:336-7.

LiY, Zhang H, Wu X, Xue H, Yan P, Wu X. A novel mitogenomic rearrange-
ment for Odorrana schmackeri (Anura: ranidae) and phylogeny of ranidae
inferred from thirteen mitochondrial protein-coding genes. Amphib-Reptil.
2014;35:331-43.

Chen Z, Zhai X, Zhang J, Chen X. The complete mitochondrial genome of Fei-
rana Taihangnica (Anura: Dicroglossidae). Mitochondrial DNA. 2015,26:485-6.
Kakehashi R, Kurabayashi A, Oumi S, Katsuren S, Hoso M, Sumida M. Mito-
chondrial genomes of Japanese Babina frogs (Ranidae, Anura): unique gene
arrangements and the phylogenetic position of genus Babina. Genes Genet
Syst. 2013,88:59-67.

Liu P Wang H, Zhao W. Sequencing and analysis of the complete mitochon-
drial genome of Rana amurensis (Anura: Ranidae). Mitochondrial DNA Part B.
2017,2:424-5.

Kim J, Kim JA, Min M-S, Choi J-P, Kim MS, Bhak J, et al. The complete mito-
chondrial genome of Rana Coreana (Anura: Ranidae). Mitochondrial DNA Part
B.2023;8:742-5.

LiJ,Yin W, Xia R, Lei G, Fu C. Complete mitochondrial genome of a brown
frog, Rana kunyuensis (Anura: Ranidae). Mitochondrial DNA. 2016,27:34-5.
Kurabayashi A, Yoshikawa N, Sato N, Hayashi Y, Oumi S, Fujii T, et al. Complete
mitochondrial DNA sequence of the endangered frog Odorrana ishikawae
(family Ranidae) and unexpected diversity of Mt gene arrangements in
Ranids. Mol Phylogenet Evol. 2010;56:543-53.

Liedtke HC, Wiens JJ, Gomez-Mestre |. The evolution of reproductive modes
and life cycles in amphibians. Nat Commun. 2022;13:7039.

Oliver LA, Prendini E, Kraus F, Raxworthy CJ. Systematics and biogeography
of the Hylarana frog (Anura: Ranidae) radiation across tropical Australasia,
Southeast Asia, and Africa. Mol Phylogenet Evol. 2015,90:176-92.

Sano N, Kurabayashi A, Fujii T, Yonekawa H, Sumida M. Complete nucleotide
sequence and gene rearrangement of the mitochondrial genome of the
bell-ring frog, buergeria buergeri (family Rhacophoridae). Genes Genet Syst.
2004;79:151-63.

Huang M, Lv T, Duan R, Zhang S, Li H. The complete mitochondrial genome
of Rhacophorus Dennysi (Anura: Rhacophoridae) and phylogenetic analysis.
Mitochondrial DNA Part A. 2016;27:3719-20.

Chan KO, Hutter CR, Wood PL, Grismer LL, Brown RM. Target-capture phyloge-
nomics provide insights on gene and species tree discordances in old world
treefrogs (Anura: Rhacophoridae). Proc R Soc B Biol Sci. 2020,287:20202102.
Goutte S, Reyes-Velasco J, Freilich X, Kassie A, Boissinot S. Taxonomic revision
of grass frogs (Ptychadenidae, Ptychadena) endemic to the Ethiopian high-
lands. ZooKeys. 2021;1016:77-141.

Kurabayashi A, Sumida M. Afrobatrachian mitochondrial genomes: genome
reorganization, gene rearrangement mechanisms, and evolutionary trends of
duplicated and rearranged genes. BMC Genomics. 2013;14:633.

Canedo C, Haddad CFB. Phylogenetic relationships within Anuran clade
Terrarana, with emphasis on the placement of Brazilian Atlantic rainforest



Xiao et al. BMC Genomics

70.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.

(2025) 26:261

frogs genus Ischnocnema (Anura: Brachycephalidae). Mol Phylogenet Evol.
2012;,65:610-20.

Lyra ML, Monteiro JPC, Rancilhac L, Irisarri |, Kiinzel S, Sanchez E, et al. Initial
phylotranscriptomic confirmation of homoplastic evolution of the conspicu-
ous coloration and bufoniform morphology of Pumpkin-Toadlets in the
genus brachycephalus. Toxins. 2021;13:816.

Zhang P, Liang D, Mao R-L, Hillis DM, Wake DB, Cannatella DC. Efficient
sequencing of Anuran MtDNAs and a mitogenomic exploration of the phy-
logeny and evolution of frogs. Mol Biol Evol. 2013;30:1899-915.

Gissi C, lannelli F, Pesole G. Evolution of the mitochondrial genome of
metazoa as exemplified by comparison of congeneric species. Heredity.
2008;101:301-20.

Urantdwka AD, Kroczak A, Strzafa T, Zaniewicz G, Kurkowski M, Mackiewicz P.
Mitogenomes of accipitriformes and cathartiformes were subjected to ances-
tral and recent duplications followed by gradual degeneration. Genome Biol
Evol. 2021;13:evab193.

Urantéwka AD, Kroczak A, Mackiewicz P.New view on the organization and
evolution of palaeognathae mitogenomes poses the question on the ances-
tral gene rearrangement in Aves. BMC Genomics. 2020,21:874.

Losos JB. Improbable destinies: how predictable is evolution? London: Pen-
guin Books; 2018.

Powell R, Mariscal C. Convergent evolution as natural experiment: the tape of
life reconsidered. Interface Focus. 2015;5:20150040.

Boore JL. The duplication/random loss model for gene rearrangement exem-
plified by mitochondrial genomes of deuterostome animals. In: Sankoff D,
Nadeau JH, editors. Comparative genomics. Dordrecht: Springer Netherlands;
2000. pp. 133-47.

Chong RA, Mueller RL. Polymorphic duplicate genes and persistent non-
coding sequences reveal heterogeneous patterns of mitochondrial DNA loss
in salamanders. BMC Genomics. 2017;18:992.

San Mauro D, Gower DJ, Zardoya R, Wilkinson M. A hotspot of gene order
rearrangement by tandem duplication and random loss in the vertebrate
mitochondrial genome. Mol Biol Evol. 2006;23:227-34.

Mueller RL, Boore JL. Molecular mechanisms of extensive mitochondrial gene
rearrangement in plethodontid salamanders. Mol Biol Evol. 2005;22:2104-12.
Wagner GP, Altenberg L. Complex adaptations and the evolution of evolv-
ability. Evol Int J Org Evol. 1996;50:967-76.

Pigliucci M. Is evolvability evolvable? Nat Rev Genet. 2008;9:75-82.

Toman J, Flegr J. Macroevolutionary freezing and the Janusian nature of
evolvability: is the evolution (of profound biological Novelty) going to end??
Biosemiotics. 2018;11:263-85.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Page 12 of 12

Shcherbakov VP, Stasis is an inevitable consequence of every successful
evolution. Biosemiotics. 2012;5:227-45.

Romanova EV, Bukin YS, Mikhailov KV, Logacheva MD, Aleoshin WV, Sherbakov
DYu. Hidden cases of tRNA gene duplication and remolding in mitochondrial
genomes of amphipods. Mol Phylogenet Evol. 2020;144:106710.

Sahyoun AH, Holzer M, Juhling F, Honer zu Siederdissen C, Al-Arab M, Tout

K, et al. Towards a comprehensive picture of alloacceptor tRNA remolding in
metazoan mitochondrial genomes. Nucleic Acids Res. 2015;43:8044-56.
Chong RA, Mueller RL. Evolution along the mutation gradient in the dynamic
mitochondrial genome of salamanders. Genome Biol Evol. 2013;5:1652-60.
Pennell MW, Harmon LJ, Uyeda JC. Is there room for punctuated equilibrium
in macroevolution? Trends Ecol Evol. 2014;29:23-32.

Butenko A, Lukes J, Speijer D, Wideman JG. Mitochondrial genomes revisited:
why do different lineages retain different genes? BMC Biol. 2024;22:15.

Feng Y-J, Blackburn DC, Liang D, Hillis DM, Wake DB, Cannatella DC et al. Phy-
logenomics reveals rapid, simultaneous diversification of three major clades
of Gondwanan frogs at the Cretaceous—Paleogene boundary. Proc Natl Acad
Sci. 2017;114:E5864-E5870.

Hime PM, Lemmon AR, Lemmon ECM, Prendini E, Brown JM, Thomson RC, et
al. Phylogenomics reveals ancient gene tree discordance in the amphibian
tree of life. Syst Biol. 2021;70:49-66.

Zou H, Lei H-P, Chen R, Chen F-L, Li W-X, Li M, et al. Evolutionary rates of mito-
chondrial sequences and gene orders in spirurina (Nematoda) are episodic
but synchronised. Water Biol Secur. 2022;1:100033.

Ronco F, Matschiner M, Béhne A, Boila A, Blscher HH, El Taher A, et al. Driv-
ers and dynamics of a massive adaptive radiation in cichlid fishes. Nature.
2021;589:76-81.

Roelants K, Gower DJ, Wilkinson M, Loader SP, Biju SD, Guillaume K; et al.
Global patterns of diversification in the history of modern amphibians. Proc
Natl Acad Sci. 2007;104:887-92.

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



	﻿Enhanced dynamicity: evolutionary insights into amphibian mitogenomes architecture
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Cleaning and error checking
	﻿Taxonomic reconciliation
	﻿Quantification of mitogenome rearrangements
	﻿Evolution of mitogenomic structures across amphibians

	﻿Results
	﻿Overview of mitogenomic organization in amphibians
	﻿Mitogenomic structural changes across four lineages
	﻿Quantitative analysis of mitogenomes changes across amphibians
	﻿Evolutionary dynamics underlying patterns of diversification

	﻿Discussion
	﻿Unraveling the complexity: mitogenomes variability in amphibians
	﻿An asynchronous symphony of the episodic architecture variation

	﻿Conclusions
	﻿References


