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The Unionidae represent an excellent model taxon for unravelling the drivers of freshwater diversity, but,
phylogeographic studies on Southeast Asian taxa are hampered by lack of a comprehensive phylogeny and mutation
rates for this fauna. We present complete female- (F) and male-type (M) mitogenomes of four genera of the Southeast
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Asian clade Contradentini+Rectidentini. We calculate substitution rates for the mitogenome, the 13 protein-coding
genes, the two ribosomal units and three commonly used fragments (col, nd1 and 16S) of both F- and M-mtDNA,
based on a fossil-calibrated, mitogenomic phylogeny of the Unionidae. Phylogenetic analyses, including an M+F
concatenated dataset, consistently recovers a monophyletic Gonideinae. Subfamily-level topology is congruent with
that of a previous nuclear genomic study and with patterns in mitochondrial gene order, suggesting Unionidae
F-type 2 as a synapomorphy of the Gonideinae. Our phylogeny indicates that the clades Contradentini+Rectidentini
and Lamprotulini+Pseudodontini+Gonideini split in the early Cretaceous (~125 Mya), and that the crown group of
Contradentini+Rectidentini originated in the late Cretaceous (~79 Mya). Most gonideine tribes originated during
the early Palaeogene. Substitution rates were comparable to those previously published for F-type col and 16S for
certain Unionidae and Margaritiferidae species (pairs).

ADDITIONAL KEYWORDS: evolutionary biogeography — mitochondrial DNA — palaeogeography — selection —

substitution rate — tropical biodiversity.

INTRODUCTION

Southeast Asia is a region of exceptional and highly
threathened biodiversity, being comprised of four of
the 35 global biodiversity hotspots (Mittermeier et al.,
2011). Understanding patterns and drivers of this
diversity is crucial for prioritizing conservation efforts,
particularly in freshwater habitats, where species are
being lost faster than in any other realm (Dudgeon
et al., 2006; Reid et al., 2019). Freshwater mussels
of the order Unionida represent an excellent model
taxon for understanding causes of and threats to
tropical freshwater diversity, owing to their restriction
to freshwater habitats throughout their lifecycle,
exceptional diversity in the region and high sensitivity
to habitat degradation and other anthropogenic factors
(Wéachtler et al., 2001; Gallardo et al., 2018; Lopes-Lima
et al., 2018; Zieritz et al., 2018a, b). Unfortunately,
biogeographical studies on Southeast Asian Unionida
are currently hampered by a lack of a comprehensive
phylogeny of this fauna. Southeast Asian Unionida
have received little scientific attention until recent
intensification of sampling and sequencing efforts
(Pfeiffer & Graf, 2015; Zieritz et al., 2016, 2018a, 2020;
Bolotov et al., 2017a, b; Konopleva et al., 2019).

The vast majority (99%) of the approximately
135 Unionida species from Southeast Asia fall into
the family Unionidae, comprising 714 currently
recognized species globally (Zieritz et al., 2018a; Graf
& Cummings, 2019). The evolutionary relationships
among suprageneric clades of the Unionidae has
been the subject of a number of recent studies, but,
the number of these clades and the relationships
between them remain contentious. Based on a two-
locus dataset, Lopes-Lima et al. (2017b; Fig. 1)
divided the Unionidae into seven subfamilies, two of
which exhibit a Southeast Asian centre of diversity:
(1) the Rectidentinae (=Contradentini+Rectidentini;
36 species, seven genera), which are exclusively
distributed in Southeast Asia, and (2) the Gonideinae
(=Chamberlainiini+Lamprotulini+Gonideini+Pse

udodontini; 69 species, 15 genera), with a disjunct
distribution in Asia, Europe, Africa and North America.
The Gonideinae sensu Lopes-Lima et al. (2017b) were
subsequently split by Bolotov et al. (2017a) into the
Pseudodontinae (=Pseudodontini+Pilsbryoconchini)
and the Gonideinae (=Gonideini) based on a three-locus
dataset, which recovered a paraphyletic Gonideinae
(Fig. 1). Paraphyly of the Gonideinae sensu Lopes-
Lima et al. (2017b) was also recovered in Huang et als
(2019) trees, albeit with poor nodal support (Fig. 1).
Finally, utilizing for the first time a genomic dataset of
596 nuclear loci, Pfeiffer et al. (2019) reintroduced the
Pseudodontinae as the Pseudodontiniin the Gonideinae
and additionally included the Rectidentinae based on
the consistent recovery and strong nodal support of
this large monophyletic group (i.e. Gonideinae sensu
Pfeiffer et al., 2019) (Fig. 1).

As an alternative to nuclear markers, mitochondrial
DNA (mtDNA) has long been popular in population
genetic and phylogenetic studies, owing to their
generally high mutation rates and fast lineage sorting
(Brown et al., 1979; Birky et al., 1983). The unionidan
mitogenome is typical of the Metazoa in that it encodes
13 proteins that belong to four enzyme complexes
of the respiratory chain, the small and large RNA
subunits of the mitochondrial ribosomes and 22 tRNAs
(Bernt et al., 2013a). However, the Unionidae, as well
as at least two other unionidan families and a number
of other bivalve groups, are distinctive in their doubly-
uniparental mode of mitochondria inheritance (Breton
et al., 2009; Gusman et al., 2016). Female (F)-type
mtDNA is transmitted through mothers to both male
and female offspring, whereas male (M)-type mtDNA is
transmitted through fathers only to male offspring and
established in the germ line (Breton et al.,2007). M- and
F-type mtDNA often exhibit nucleotide divergences of
> 20% and thus provide two independent datasets for
phylogenetic reconstructions (Breton et al., 2007). In
addition, mitochondrial gene order has been identified
as a valuable character in itself for supporting deep
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Figure 1. Recent multi-locus phylogenetic hypotheses on Gonideinae sensu Pfeiffer et al. (2019). Vertical bars indicate
subfamilies recognized in respective publications. Note that Froufe et al. (2020) adopted a new systematic framework with
three instead of two family-group levels, and thus, traditional tribes (ending -ini) are considered subtribes (ending -ina) in

that study.

nodes (Lopes-Lima et al., 2017a). This was recently
confirmed by Froufe et al. (2020), who, by combining
M- and F-type mitogenomes for the first time, revealed
that the Gonideinae sensu Lopes-Lima et al. (2017b)
exhibits unique gene orders (i.e. UF2 and UF3) that
are not found in any taxa outside this clade. To reflect
more accurately the presence of several levels of
highly divergent clades within the Unionidae, Froufe
et al. (2020) additionally proposed a new systematic
framework with three instead of two family-group
levels (i.e. subfamilies, tribes and subtribes). Here, we
use two levels of these higher taxa, i.e. subfamilies and
tribes (see Table 1), because subtribes were erected
within a few Unionidae tribes only (Froufe et al.,
2020). As the phylogeny of Froufe et al. (2020) did
not include any members of the Rectidentinae sensu
Lopes-Lima et al. (2017b), hypotheses on the origin of
this important Southeast Asian clade have never been
tested using a mitogenome dataset.

In addition to a robust phylogenetic hypothesis,
identifying the drivers of past diversification events
requires knowledge of the timing (and place) of
these evolutionary events. This information can be

reconstructed through phylogenetic trees (or networks)
that are time-calibrated using palaeogeographical
events, the fossil record or external molecular clocks
(themselves calibrated by either palaeogeographical
events or fossils) (Wilke et al., 2009). Fossil-calibrated
phylogenies have been constructed for the unionidan
families Hyriidae (Grafet al.,2015), Unionidae (Bolotov
et al., 2017a) and the Unionidae+Margaritiferidae
(Froufeetal.,2020).Substitution (=mutation)rates vary
considerably among genes, taxa and with time (Wilke
et al., 2009). However, substitution rates have been
calculated for only a small number of unionidan taxa
and genes so far, all of which revealed comparatively
low evolutionary rates. Froufe et al. (2016) and Araujo
et al. (2016) determined almost identical mean rates
for F-type COIL, i.e. 2.7 and 2.5 x 10 substitutions/site/
year (s/s/y) for Unio delphinus Spengler, 1793 / Unio
foucauldianus Pallary, 1936 (Unionidae, Unioninae)
and Potomida littoralis (Cuvier, 1798) (Unionidae,
Gonideinae) respectively, using the Messinian Salinity
Crisis (5.96 to 5.33 Mya) as their calibration point.
Bolotov et al. (2016) obtained similar to slightly lower
mean substitution rates for four pairs of margaritiferid
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sister species, with an overall mean rate of 2.16 x 10~°
s/sly using fossil calibration points. In the same study,
substitution rates for the margaritiferid 16S are also
provided, averaging 1.33 x 10~ s/s/y, which exceed the
rate for combined Unionidae and Margaritiferidae
obtained by Lydeard et al. (1996) of around 0.50 x 10-°
s/sly. These evolutionary rates are about two to ten
times slower than for other molluscs (Stepien et al.,
1999; Marko, 2002; Wilke et al., 2009), which has
been attributed to the comparatively long generation
times, longevity and low metabolic rates of freshwater
mussels (Araujo et al., 2016; Bolotov et al., 2016).
However, similarly low or even lower evolutionary
rates have been recorded in coelacanths, anthozoan
corals, salmonids, Acipenseriformes and Testudines
[see Bolotov et al. (2016) and references therein].

This study aims to (1) test the validity of the
Gonideinae sensu Pfeiffer et al. (2019) on the basis of two
independent, complete mitogenomes (M-type, F-type and
concatenated), for the first time including genera of the
Contradentini+ Rectidentini; (2) infer implications on
the evolutionary biogeography of this clade, including
potential causes of divergence events, using a fossil-
calibrated mitogenomic approach; and (3) estimate
molecular substitution rates for all coding and two rRNA
(12S and 16S) genes, plus the three most commonly used
mitochondrial gene fragments (i.e. COI, 16S and ND1).

MATERIAL AND METHODS

SAMPLING, DNA EXTRACTION, SEQUENCING,
ASSEMBLY AND ANNOTATION

One male specimen from each of two species of the
Contradentini, i.e. Lens contradens (Lea, 1838), and
Physunio superbus (Lea, 1843) and the Rectidentini, i.e.
Rectidens sumatrensis (Dunker, 1852) and Hyriopsis
bialata Simpson, 1990, respectively, was dissected for
gonadal (to recover M-type mtDNA) and mantle (to
recover F-type mtDNA) tissue collections. Specimens
are deposited in the Museum of Zoology, University
of Malaya (freshwater mussel collection lots #12, 20,
46 and 59). DNA extractions of both tissues for each
species were obtained using a standard high-salt
protocol (Sambrook et al., 1989).

The genomic DNA was processed using Nextera-
based library preparation (Illumina, USA) following
the manufacturer’s instructions. Quantification and
size estimation of the library was then completed on a
Bioanalyzer 2100 High Sensitivity DNA chip (Agilent,
USA). The library was then normalized to 2 nM and
sequenced on a MiSeq Benchtop Sequencer (2 x 250 bp
paired-end reads) (Illumina, USA).

The mitochondrial genomes were reconstructed with
MITObim (Hahn et al., 2013) using previously available

COI gene sequences for each species. Annotations were
performed using MITOS (Bernt et al., 2013b), adjusting
the final tRNAs gene limits of tRNA genes with
ARWEN (Laslett & Canbéck, 2008). In-house scripts
(https://figshare.com/s/a756ef19cec8{65d506a) were
also applied to adjust the mtDNA protein-coding limits
given that MITOS often underestimates gene length.

All F- and M-type mitogenomes were visualized
using GenomeVx (Conant & Wolfe, 2008) and have
been deposited in GenBank under the accession
numbers MW242812-19.

MITOCHONDRIAL PROTEIN-CODING GENES
NUCLEOTIDE COMPOSITION ANALYSIS

Nucleotide compositional bias of the sequenced
mitogenomes was summarized as GC and AT skews
according to the equations: AT skew = (A-T) / (A+T),
GC skew = (G-C) / (G+C) (Perna & Kocher, 1995).

PHYLOGENETIC INFERENCE
Datasets and sequence alignments

To infer the phylogenetic relationships within
the Unionida, we used the eight newly sequenced
mitogenomes together with the Unionida mitogenomes
available at NCBI (Table 1). In all phylogenetic analyses,
we used the DNA sequences of all mtDNA protein-coding
genes (PCG), except atp8 and the gender-specific open
reading frames [M-orf, H-orf and F-orf (Breton et al.,
2009)]. The sequences of the two rRNA genes were also
included in all analyses. Each gene sequence was then
aligned using the stand-alone version of GUIDANCEZ2
(Sela et al., 2015) with the MAFFT v.7 multiple
sequence alignment algorithm (Katoh & Standley,
2013). GUIDANCE builds a high-quality alignment
and assigns confidence scores for each sequence, column
or position in the alignment based on the guide-tree
uncertainty. To build our single gene alignments we used
the following GUIDANCEZ2 parameters: score algorithm:
GUIDANCEZ2; bootstrap replicates: 100; sequence cut-
off score: 0.0 (no sequence removal); column cut-off score:
below 0.8; site masking score: below 0.6 (for codon and
amino acids alignments) and below 0.8 (for the rRNA
alignments). The resulting single gene alignments were
finally concatenated into 12 779 nucleotides (nt) for
the F-type and 13 370 nt for the M-type (12 PCG plus
2 rRNA sequences). The resulting M+F concatenated
alignment spanned 26 150 nt.

Substitution model selection and
partitioning schemes

All concatenated dataset alignments were partitioned,
and the best-fit substitution models selected with
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PartitionFinder2 using a greedy search approach,
MrBayes model set and BIC selection criterion (Lanfear
et al., 2017) (Supporting Information, Table S1).

Phylogenetic analyses

Phylogenetic inference applying a maximum likelihood
(ML) methodology was performed to estimate the trees
for all concatenated alignments using RAxML v.8.2.10
(Stamatakis, 2014) with 100 rapid bootstrap replicates
and 20 ML searches.

To infer the phylogeny with Bayesian methodology
we used MrBayes v.3.2.7a (Ronquist et al., 2012).
The alignment was partitioned according to the best
scheme suggested by PartitionFinder. We applied
a separate molecular substitution model for each
partition. However, the prior probabilities of topology
and branch lengths were linked across the partitions.
Parameters were estimated as part of the analysis
with four Markov chains incrementally heated
with the default heating values. Each chain started
with a randomly generated tree and ran for 1 x 107
generations with a sampling frequency of one tree
for every 1000 generations. The resultant 10 000
trees, after discarding the first 25% as burn-in, were
combined in a 50% majority rule consensus tree. Two
independent replicates were conducted and inspected
for consistency. The log files were checked visually
with Tracer v.1.7 for an assessment of the convergence
of the MCMC chains and the effective sample size
of parameters (Rambaut et al., 2018). The Effective
Sample Size (ESS) values for all parameters from both
BI phylogenies were recorded as > 750. Tree topology
differences were checked for significance with the
KH- (Kishino & Hasegawa, 1989), SH- (Shimodaira &
Hasegawa, 1999) and approximately unbiased (AU)-
tests (Shimodaira & Hasegawa, 1999; Shimodaira,
2002) with 10 000 bootstrap replicates all implemented
in IQ-Tree 2 (Minh et al., 2020).

CALIBRATED TIME PHYLOGENY

The time-calibrated mitogenomic phylogenies were
reconstructed in BEAST v.1.10.1 for F-type and
M-type mtDNA separately based on two reliable
fossil calibrations with exponential prior distributions
(Supporting Information, Table S2), a lognormal
relaxed clock and Yule speciation process as the
tree prior (Suchard et al., 2018). Calculations were
performed at the San Diego Supercomputer Center
(SDSC, University of California, San Diego, USA)
through the CIPRES Science Gateway (Miller et al.,
2010). Three Margaritiferidae mitogenomes were
used as outgroups for the F-type alignment, and one
for the M-type alignment. Similar settings to each

gene partition as in the MrBayes analyses were
specified but using a simplified substitution model
[HKY; see Bolotov et al. (2017a) for details]. Three
replicate BEAST searches were conducted, each with
50 000 000 generations and a tree sampling every
1000 generation. The log files were checked visually
with Tracer v.1.7 for an assessment of the convergence
of the MCMC chains and the effective sample size of
parameters (Rambaut et al., 2018). The runs were
compiled with LogCombiner v.1.10.1 (Suchard et al.,
2018) using an appropriate burn-in depending on the
start of convergence of MCMC chains in each run and
an additional re-sampling every 5000% generation. The
ESS values for all parameters were recorded as > 300.
The maximum clade credibility tree was obtained from
the post-burn-in trees using TreeAnnotator v.1.10.1
(Suchard et al., 2018).

MOLECULAR RATE CALCULATIONS AND ANALYSES

After obtaining the age estimates in BEAST, for each
node and each gene, average sequence divergence
among subgroups of each node (always 2, as the tree
was perfectly dichotomous) was calculated in MEGA-X
(Kumar et al., 2018), using the maximum composite
likelihood substitution model, with 1000 bootstraps,
Gamma distributed rates among sites (G = 1) and
pairwise deletion of gaps. Divergence values were
then divided by the respective average age of the node,
and 95% CI minimum and maximum ages, in order
to obtain the average and 95% CI divergence rate
per year, respectively. Average substitution rates per
lineage (u) were then obtained dividing those values
by 2. Rates were calculated in this way for each gene,
fragment and the whole mitogenome.

To examine and quantify the effects of type (M-
vs. F-type) and node age on divergence rates, we ran
General Linear Models in R v.3.5.2 for each gene,
fragment and the whole mitogenome, fitting “In
(divergence rate)” as a response variable, “type” as a
factor with two levels, “In (node age)” as a covariate,
and the interaction of both terms. Non-significant
terms (P > 0.05) were sequentially dropped from
the model.

The obtained substitution rates account for both
synonymous and non-synonymous substitutions, and
are therefore affected by the molecular mutation rate
and the selective process. Rate variation among genes
could therefore be linked to the strength of selection
they are subject to. In order to better understand
such constraints, we calculated the mean ratio of the
number of non-synonymous substitutions per non-
synonymous site (K)) to the number of synonymous
substitutions per synonymous site (K ) for each PCG
and the whole coding portions of the mitogenome
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using DnaSP (Rozas et al., 2017). K /K values > 1
indicate positive (directional) selection, < 1 negative
(stabilizing) selection and 1 neutrality. Finally, we
examined the relationship between the differences
in F-type and M-type u and K /K -ratios across the 13
PCGs through regression analysis.

RESULTS
MITOGENOME CHARACTERISTICS AND GENE ORDER

All of the eight sequenced mitogenomes include the
13 protein-coding genes (PCGs) typically found in
metazoan mitochondrial genomes, the type-specific orf
described for all Unionida mitogenomes with the DUI
system and 22 transfer RNA (tRNA) and two ribosomal
RNA (rRNA) genes (Fig. 2). The length of M-type
mitogenomes is larger than the F-type as is usual in the
Unionida, ranging from 16 761 nt in Hyriopsis bialata
to 17 282 nt in Physunio superbus, while the F-type
ranged from 15 956 nt in Lens contradens to 16 057 nt
in Physunio superbus (Table 2; Fig. 2). The A+T content
and GC and AT skews are similar across all sequenced
species and types, averaging 62%, 0.38 (+ strand) and
-0.20 (+ strand), respectively (Table 2). Gene order of
the mitogenomes for all four newly sequenced species
was of Unionidae F-type 2 (UF2) for F- and Unionidae
M-type 1 (UM1) for M-type mitogenomes (Lopes-Lima
etal.,2017a).

PHYLOGENETIC ANALYSES

All phylogenies inferred in this study support the
monophyly of the Gonideinae sensu Pfeiffer et al.
(2019), and monophyly of the six gonideine tribes
(Figs 1, 3, 4). The only inconsistent result is that the
Gonideini+Pseudodontini clade is not supported in
M-type mtDNA phylogeny (Figs 1, 3). However, topology
tests of the concatenated (M+F) tree constrained with
the separate M-type phylogeny was not significantly
different to that of the unconstrained tree (P > 0.05
in KH-, SH- and AU-tests). The Chamberlainiini were
consistently recovered as sister to other Gonideinae
tribes in all phylogenies.

FOSSIL-CALIBRATED PHYLOGENY

The fossil-calibrated phylogeny of the complete
F-type mitogenome dataset placed the split
between the Ambleminae (North American) and
Gonideinae+Unioninae (Western-North American+Eu
ropean+Asian+African) in the middle Jurassic (mean
age = 164 Mya, 95% HPD 155-185 Mya) as the most
ancient divergence event within the family (Fig. 5;
Supporting Information, Fig. S1A). The Gonideinae

(W-North American+European+Asian+African) and
Unioninae (European+Asian+African) split in the
late Jurassic (mean age = 152 Mya, 95% HPD = 138-
175 Mya), coinciding with a change in gene order in
the most recent common ancestor (MRCA) of the
Gonideinae. The Chamberlainiini (Southeast Asian)
split from the rest of the Gonidaeinae in the early
Cretaceous (mean age = 142 Mya, 95% HPD = 126—
164 Mya), followed by evolution of a new gene order in
the MRCA of Chamberlainia hainesiana (Lea, 1856).
The clades Contradentini+Rectidentini (Southeast
Asian) and Lamprotulini+Pseudodontini+Gonide
ini (W-North America, Europe+Asia) split from each
other in the early Cretaceous (mean age = 125 Mya,
95% HPD = 106-147 Mya). The tribes Contradentini
and Rectidentini (both Southeast Asia-Indo-Burma-
Sundaland) split from each other in the late Cretaceous
(mean age = 79 Mya, 95% HPD = 58-101 Mya). The
crown groups of most recent tribes likely originated
between 64 and 37 Mya, i.e. since the Cretaceous
(during the Palaeocene and Eocene). In contrast, the
tribe Chamberlainiini had a more ancient crown group
originating near the Albian-Cenomanian boundary
(mean age = 103 Mya, 95% HPD = 72-132 Mya).

MUTATION RATES AND K /K

Mean substitution rates (u) per mitochondrial gene
ranged from 1.14 (rrnS) to 6.77 (atp8), and 1.42
(rrnS) to 7.71 (atp8) s/sly x 107? in F-type and M-type,
respectively (Table 3; Fig. 6A). Atp8 thereby exhibited
by far the highest zin both F- and M- type mitogenomes,
followed by nad 2-6. The lowest u were recorded for
the two ribosomal genes and the cytochrome c oxidase
subunits with the exception of type M-cox2, which
exhibits a particularly variable extension.

Substitution rates across the whole mitogenome
were strongly and significantly affected by ‘type’
and ‘node age’, which explained 25 and 35% of the
variation, respectively (Table 3), with rates being
higher in M-type mtDNA and decreasing with node
age (Fig. S1B). Similarly, highly significant effects of
‘type’ and ‘node age’ on u were found for 12 of the 15
mtDNA genes. Exceptions were atp8 (no effect of ‘type’
and ‘node age’) and nad4l and nad6 (no effect of ‘node
age’). Across the whole mitogenome, M-type u was 31%
higher than F-type u (Table 3). This difference was
lowest in atp8 (13%), cob (22%) and the two ribosomal
genes (17 and 23%, respectively), and highest in cox2
(61%), nad6 (51%), nad4l (49%) and nad3 (46%).
Absolute differences in M-type and F-type u ranged
from 0.3 (for ribosomal genes) and 0.5 (for cox1) to 2.1
(for nad6) s/sly x 10~° (Table 3; Fig. 6B).

Mean K /K, per PCG ranged from 0.12 (cob, cox1)
to 0.51 (atp8) in M-type and 0.02 (cox1) to 0.39 (atp8)
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Figure 2. Gene maps of the F- and M-type mitochondrial genomes of Lens contradens, Physunio superbus, Hyriopsis
bialata and Rectidens sumatrensis. Genes positioned inside the circle are encoded on the heavy strand, and genes outside
the circle are encoded on the light strand. Colour codes: small and large ribosomal RNAs (red); transfer RNAs (purple);
M-orf, F-specific open reading frame (yellow); M-orf, M-specific open reading frame (yellow); protein-coding genes (green).
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Figure 3. Phylogenetic tree of the Unionidae+Margaritiferidae estimated from 14 concatenated individual mtDNA gene
sequences (12 protein-coding and 2 rRNA genes). Values for branch support above each node represent Bayesian posterior
probabilities percentage/maximum likelihood bootstrap support. *Supported values > 95 are represented by an asterisk.

in F-type mtDNA (Table 3). K /K_ was significantly
positively correlated with u, explaining 82% of the
variation in p (F,,, = 110.2, P < 0.0001; Fig. 6A).
In addition, M-type K /K was consistently and
significantly higher than F-type K /K_across PCGs
(ANOVASs: P < 0.001). This difference between M-type
and F-type K /K was particularly pronounced in
nad3, nad4l and nad2, and particularly small in
cob and nadl (Fig. 6B). In addition, there was a
significant relationship between the difference in u
and difference in K /K_between M-type and F-type
PCGs (FL11 =5.728, P = 0.0357), with the difference
in K /K_ explaining 34% of the variation in the
difference in u (Fig. 6B).

DISCUSSION

PHYLOGENY

Our mitogenomic phylogenetic hypotheses of the
Gonideinae are congruent with those recovered on
the basis of a nuclear genomic dataset by Pfeiffer
et al. (2019). This recovers the Ambleminae as sister
to the remaining, sampled unionid subfamilies and
the Gonideinae as a monophyletic group, and is in
contrast to most previously published phylogenies
based on two- or three-locus datasets, which recovered
a paraphyletic Gonideinae with respect to at least
the Ambleminae (Fig. 1). The consistency of results
across nuclear markers and mitogenomic datasets
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male-type mitochondria. Values for branch support above each node represent Bayesian posterior probabilities percentage/

maximum likelihood bootstrap.

adds confidence to this phylogenetic hypothesis of the
Gonideinae. In addition, the hypothesis is congruent
with patterns in F-type mtDNA gene order, with
the ancestral Unionidae order UF1 being retained
in the Ambleminae and (at least) the Unioninae,
and evolution of UF2 in the common ancestor of the
Gonideinae and subsequent evolution of the UF2
variant UF3 in (at least) Chamberlainia hainesiana.
If, for example, Lopes-Lima et als (2017b) or Huang
et als (2019; Fig. 2) hypotheses were assumed, either
UF1 or UF2 would have evolved independently twice
(e.g. UF1 in the Unioninae and Ambleminae), which
would represent a less parsimonious situation.

EVOLUTIONARY BIOGEOGRAPHY

Our updated fossil-calibrated phylogeny revealed a
Mesozoic origin of the Unionidae, placing its crown
group in the early Jurassic. These results are in
full agreement with earlier studies of divergence
patterns within this family based on multiple fossil
calibrations (Bolotov et al., 2017a, b). Furthermore,
the ages inferred from our fossil-calibrated phylogeny
align with those of Bolotov et al. (2020), which were
reconstructed using an external mutation rate, i.e. of
Froufe et al. (2016).

Here, the Contradentini+Rectidentini was recovered
as an ancient clade (mean age = 79 Mya), supporting
the hypothesis of a late Cretaceous origin of Southeast
Asian freshwater mussel fauna (Bolotovetal.,2017a,b).
We found that the crown groups of most gonideine
tribes likely originated during the Palaeocene and
Eocene. These key divergence events in the subfamily
roughly coincide with a warm and humid climatic
episode in the early Palaeogene (Wing et al., 2005;
Gingerich, 2006), when mid-latitude mean annual air
temperatures reached 23-29 °C (Naafs et al., 2018).
The origin of the majority of gondeine tribes could
be explained by long-distance dispersal triggered
by favourable climatic and hydrological conditions
in the early Palaeogene (Carmichael et al., 2017)
followed by diversification processes caused by range
fragmentation during subsequent cold and dry periods
(Feng et al., 2013). Evidence for rapid range expansion
during the Palaeocene-Eocene Thermal Maximum has
been found in several other groups, including reptiles
(Bourque et al., 2015), mammals (Smith et al., 2006;
Burger, 2012) and plants (Wing et al., 2005; Wing &
Currano, 2013). A similar but younger “evolutionary
burst” roughly coinciding with the Miocene Climatic
Optimum, a warm and humid period, was discovered
in genus-level clades of the radicine pond snails
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Figure 5. Fossil-calibrated ultrametric chronogram of the Unionidae calculated under a lognormal relaxed clock model
and a Yule process speciation implemented in BEAST v.1.10.1 and obtained for the complete F-type mitogenome data set.
The newly sequenced tribe-level taxa are coloured red. An outgroup sample (Margaritiferidae) has been removed for better
visualization (but see original BEAST tree in Supporting Information, Fig. S1A). Bars indicate 95% confidence intervals
of the estimated divergence times between lineages (Mya). Black numbers near nodes are mean ages (Mya). Colour labels
indicate the F-mtDNA gene order (UF1, UF2, and UF3). Stratigraphic chart according to the International Commission on
Stratigraphy v.2018/08 (www.stratigraphy.org). Abbreviations: J, Jurassic; K, Cretaceous; N, Neogene; Pg, Palaeogene; Q,

Quaternary.

(Lymnaeidae) (Aksenova et al., 2018). The authors
suggested that subsequent aridification periods led to
fragmentation of continuous ranges and thus radiation
in multiple radicine lineages in suitable refugia.

VARIATION IN MUTATION RATES

Comparison with previously published
substitution rates and potential applications

Substitution rates determined in this study are
comparable to those already available for other
Unionida groups (Lydeard et al., 1996; Araujo et al.,
2016; Bolotov et al., 2016; Froufe et al.,2016). The mean
substitution rate for the (most commonly used mtDNA
fragment) F-type COI of 1.6 x 10~ s/s/y reported here
lies in between those reported for four margaritiferid
species pairs (Bolotov et al., 2016) and two unionid
species (pairs) (Araujo et al., 2016; Froufe et al., 2016).
The rate for F-type 16S of 0.83 x 107° s/s/y is slightly
slower than those reported for the Margaritiferidae
(Bolotov et al., 2016) but exceeds those inferred

from the combined Unionidae and Margaritiferidae
(Lydeard et al., 1996). It was expected that the
Margaritiferidae may share slower substitution rates
because of their generally longer generation times and
slower metabolic rates compared to the Unionidae
(Bolotov et al., 2016), but this supposition was not
supported by our novel results.

Molecular clocks can overcome some gaps in the
fossil record by producing informative date estimates
for fossil-poor evolutionary events or those for which
available fossil data have limited power (e.g. due
to the lack of reliable distinguishing features for
morphological identification) (Donoghue & Yang,
2016). Fields of application include: (1) estimating
clade ages in phylogenetic and phylogeographic
studies when fossil and palaeobiogeographic data
are not available; (2) studying complex geological
histories; and (3) validating time-estimations of
geological and tectonic events, such as the separation
of land masses or the formation and evolution of river
basins (Pennington et al., 2004; Ketmaier et al., 2006;
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Figure 6. Relationship between (A) mean K /K and substitution rate (u) per female-type (full circles) and male-type
(empty circles) mtDNA protein-coding gene; and (B) differences between male- and female-type K /K and u per protein-

coding mtDNA gene.

Roxo et al., 2014; Chen et al., 2016). However, careful
selection of the substitution rate applied in a given
context is crucial as effectiveness and accuracy of a
given rate varies depending on the time scale of the
event. For example, applying the power test by Wilke
et al. (2009) and a type II error of 0.05, data variability

in COI (~710 nt), ND1 (~830 nt) and 16S (~570 nt) is
insufficient to reliably date phylogenetic events that
are younger than 2.6, 1.1 and 6.3 Mya, respectively; at
least when used independently. The matter is further
complicated by time dependency and incomplete
coalescence in shallower phylogenetic depths.
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Possible rate heterogeneity across branches should be
considered (e.g. using an uncorrelated clock model in
phylogenetic estimation), which is why we performed
rate calculations for every node in the tree, and provide
a rate confidence interval that should be used to guide
future applications (Table 3; Supporting Information,
Fig. S2). Our dataset allows ageing of any node within
the unionid phylogeny and therefore, application at
various taxonomic levels, as substitution rates can be
calculated for any given node age and gene (fragment)
using the regression equations given in Supporting
Information (Fig. S2).

Variation across genes

In comparison to nuclear DNA, mutations in
mtDNA are rapidly accumulated, which has been
attributed to an error-prone DNA repair system,
the lack of protective histone-like protein, exposure
of single-strand intermediates during mitochondrial
replication, and/or exposure to oxidative damage
(Castellana et al., 2011; Bernt et al., 2013a; and
references therein). In addition, recombination
is usually absent, and the genetically effective
population size of animal (F-type) mtDNA is
estimated to be only a quarter that of nuclear DNA
(nDNA) due to (doubly)-uniparental inheritance
(DUI) and haploidy (Birky et al., 1983; Castellana
et al., 2011); effective population size of M-type DNA
being even smaller due to fewer mtDNA copies in the
sperm compared to oocyte (Zouros, 2013). However,
loss of functionality of mtDNA, including genes
encoding for protein complexes that play vital roles
in aerobic respiration, is prevented predominantly by
strong negative selection, removing non-synonymous
deleterious mutations (Castellana et al., 2011). In
addition, evidence for positive selection in mtDNA
has been found for some genes and taxa (Bazin et al.,
2006; Oliveira et al., 2008; Smietanka et al., 2010).
In accordance with previous studies on other
taxa, our dataset showed that substitution rates
vary considerably among unionid mtDNA genes.
As expected, rRNA fragments evolved much more
slowly, which has been shown in various taxa before
and partly attributed to high AT content (Brown,
1985; DeSalle et al., 1987). With respect to PCGs,
substitution rates of a¢p8 exceeded those of cox1
by a factor of about 20 in F-mtDNA and a factor of
5 in M-mtDNA, values that are comparable to those
of Smietanka et al. (2010) on Mytilus spp. To a large
degree, this variation in substitution rates among
PCGs appears to be associated with a variation in
negative selection pressure as indicated by the strong
positive correlation between K /K _and u of our dataset.
Strongly relaxed negative selection in a¢p8 has been
observed in several other taxa, including whitefish,

vertebrates and Mytilus spp. (Smietanka et al., 2010;
Castellana et al., 2011; Jacobsen et al., 2016). Sun
et al. (2017) suggested that negative selection of
atp8 was already strongly relaxed in the most recent
common ancestor of all bivalves and that the gene
appears to have been lost in several marine bivalve
species. However, positive directional selection or
the Compensatory-Draft Feedback (CDF) process
[i.e. positive selection of compensatory mutations for
mild-deleterious mutations fixed by e.g. genetic drift
(Oliveira et al., 2008)] may also play a role as has
been shown for a¢p8 and other PCGs in, for example,
mammals (da Fonseca et al., 2008), parasitic wasps
(Oliveira et al., 2008), billfish (Dalziel et al., 2006) and
Mytilus spp. (Smietanka et al., 2010).

Variation between mtDNA types

As expected and observed in a number of previous
studies (e.g. Liu et al., 1996; Hoeh et al., 2002), our
study confirmed that the unionid M-type mitogenome
evolves faster than the F-type mitogenome (overall
by 31%). This has been attributed to relaxed negative
selection in M-type mtDNA and the CDF (Burzynski
et al., 2017 and references therein), which is at least
partly supported by a significant association between
the difference in M-type and F-type substitution rates
and difference in M-type and F-type K /K_in our
dataset. That said, again, positive selection may play
a considerable role, especially in the ~550 nt extension
in M-type cox2 (Chapman et al., 2008).

CONCLUSION

Our mitogenomic phylogeny confirmed the validity
of the Gonideinae sensu Pfeiffer et al. (2019), which
are characterized by a synapomorphic mitogenome
gene order (UF2). Fossil-calibration of this phylogeny,
which was in line with one constructed using an
external mutation rate (Bolotov et al., 2020), further
revealed novel insights into the evolutionary history
and biogeography of the Unionidae, including
evidence for rapid range expansion of several clades
within the Unionidae during the Palaeocene-Eocene
Thermal Maximum and origin of the Southeast
Asian Rectidentini in the late Cretaceous. Most
importantly, the set of substitution rates of 30
mtDNA genes generated in our study will provide an
important basis for future studies aiming to unravel
the evolutionary history and biogeography of the
Unionidae. Considering their exceptionally high
levels of diversity, endemism and threat, particular
focus should thereby be put on tropical freshwater
mussels, including the Parreysiinae and Bornean
endemic genera (Zieritz et al., 2018a, 2020).
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher’s web-site:

Figure S1. Original BEAST v.1.10.1 trees obtained for the (A) complete F-type and (B) M-type mitogenome data
set, respectively.

Figure S2. Relationship of divergence rates and node age for each female- (F) and male-type (M) mtDNA gene,
fragment and the whole mitogenome, calculated based on a fossil-calibrated mitogenomic phylogeny of the
Unionidae. For each regression line, R?, slope (m) and intercept (b) values are given.

Table S1. Best-fit models of nucleotide substitution for each partition subset based on Bayesian Information
Criteria (BIC) using PartitionFinder2 v.2.1.1 (Lanfear et al., 2017) for the Bayesian inference (BI) and maximum
likelihood (ML) analyses.

Table S2. List of fossil calibrations that were used in the BEAST analyses.
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