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phylogenetic resolution in a young non-model
adaptive radiation of freshwater gastropods
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Abstract

Background Species flocks in ancient lakes, and particularly those arising from adaptive radiation, make up the bulk
of overall taxonomic and morphological diversity in these insular ecosystems. For these mostly young species assem-
blages, classical mitochondrial barcoding markers have so far been key to disentangle interspecific relationships.
However, with the rise and further development of next-generation sequencing (NGS) methods and mapping tools,
genome-wide data have become an increasingly important source of information even for non-model groups.

Results Here, we provide, for the first time, a comprehensive mitogenome dataset of freshwater gastropods endemic
to Sulawesi and thus of an ancient lake invertebrate species flock in general. We applied low-coverage whole-
genome sequencing for a total of 78 individuals including 27 out of the 28 Tylomelania morphospecies from the Malili
lake system as well as selected representatives from Lake Poso and adjacent catchments. Our aim was to assess
whether mitogenomes considerably contribute to the phylogenetic resolution within this young species flock. Inter-
estingly, we identified a high number of variable and parsimony-informative sites across the other‘non-traditional’
mitochondrial loci. However, although the overall support was very high, the topology obtained was largely congru-
ent with previously published single-locus phylogenies. Several clades remained unresolved and a large number

of species was recovered polyphyletic, indicative of both rapid diversification and mitochondrial introgression.

Conclusions This once again illustrates that, despite the higher number of characters available, mitogenomes
behave like a single locus and thus can only make a limited contribution to resolving species boundaries, particularly
when introgression events are involved.
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but also related to features such as gene orthology and a
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low recombination rate (e.g. [1, 2]). These arguments are
of particular importance in the scientific exploration of
species-rich (and non-model) groups such as gastropods,
which comprise about 63,000 extant species [3]. So far,
only a handful of reference genomes and comparatively
few phylogenomic studies exist for this group (see e.g.
[4-8] for an overview). However, the amount of genomic
resources is also growing for gastropods [5]. In particular,
there is a multitude of mitogenomes available, with many
of them having been analysed to illuminate deeper evo-
lutionary splits within particular gastropod lineages (e.g.
[2, 9-12]). At the interspecific level, however, traditional
mitochondrial barcoding markers (COX1 and 16S rRNA)
still dominate the field of phylogenetics and phylogeog-
raphy, typically in combination with a few fast-evolving
nuclear markers.

The use of these ‘traditional’ markers is also a common
strategy in the study of very young assemblages such as
species flocks, that is, groups of closely-related species
endemic to restricted geographic areas like islands or
lakes (e.g. [13]). With respect to the latter, ancient lakes
were long in the focus of evolutionary biologists owing
to their extraordinary levels of freshwater biodiversity
and endemism (e.g. [14—20]). Thereby, hypotheses arose
whether ecological opportunity alone (e.g. [21-24]) or
certain abiotic and/or biotic factors triggered the evolu-
tion of many of these freshwater species flocks. Among
the main abiotic factors are basin changes and climate-
driven lake-level fluctuations (e.g. [21, 25-27]), whereas
key biotic factors include different reproduction modes
(e.g. [28]), trophic specializations (e.g. [29-33]), and
hybridization (e.g. [34—38]). Particularly the latter seems
to drive biodiversity in several renowned adaptive radia-
tions at various stages (e.g. [39-43]). However, virtually
nothing is known about the extent of hybridization in
non-model radiations, many of which account for much
of the biodiversity in these isolated ecosystems that are
currently under threat [19, 20, 44].

Understanding the relative roles of these factors and
their impact on diversification not only requires a good
biological understanding of the taxonomic target group
but also precise knowledge of the environmental history
of the study system. Both apply to the ancient Malili lake
system in the central mountains and Lake Poso further
north on Sulawesi (Indonesia), which harbour an extraor-
dinary freshwater biodiversity (summarised in [19]).
Remarkably, several of the well-studied species flocks in
the ancient lakes of Sulawesi (gastropods, shrimps, crabs
and telmatherinid fishes) show recurrent patterns, i.e.
morphological distinctiveness, trophic/ecological spe-
cialization (substrate-specific feeding), two or more inde-
pendent lake colonisations in several groups, high local
degrees of endemism, and high rates of intralacustrine as
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well as lacustrine—riverine hybridization (see [19]). The
most diverse and morphologically variable group in this
system is the Sulawesi-endemic freshwater snail genus
Tylomelania. It comprises 53 described morphologically
and ecologically distinct species across the island, several
of which show intraspecific variation in substrate-specific
radula morphs [30, 45]; Fig. 1). Thus, the Tylomelania
species flocks show phenotype-environment correlations
sensu [46] characteristic for adaptive radiations, similar
to the pharyngeal jaws in cichlid fishes (e.g. [33]).

Previous data indicate that ancestral populations of
Tylomelania probably originated on the Australian mar-
gin and colonised Sulawesi about 5 million years ago
(Ma), followed by rapid intra-island diversification and
independent lake colonisation events [47]. Although
age estimates for any of the Malili lake (and Lake Poso)
radiations remain uncertain, available mtDNA data sug-
gest that the different Malili lake clades of Tylomelania
originated between 0.5-1.4 Ma [48]. Importantly, this
time range falls within the age estimate for Lake Towuti
(c. 1 million years, Myr), as revealed by the recently
conducted Towuti Drilling Project [49]. In the avail-
able mtDNA-based phylogenies, the currently recog-
nized morphospecies are recovered polyphyletic, with
different haplotypes often clustering within different
mtDNA clades. Although convergent evolution has been
observed in other adaptive radiations (e.g. [50]), the
observed non-monophyly of lake radiations might either
be due to incomplete lineage sorting and/or mitochon-
drial introgressive hybridization within the lake endem-
ics and between lacustrine and riverine species, which is
not uncommon in rapid radiations (see e.g. [51, 52]). Sig-
natures of mitochondrial introgression have been identi-
fied in Tylomelania [45] and telmatherinid fishes [34, 53].
However, it remains unknown whether such hybridiza-
tion events also triggered diversification, particularly in
the early phase of the different lake radiations (see e.g.
(39)).

The generally young age of the Tylomelania radiation
on Sulawesi and particularly in its lakes, the mismatch
between available AFLP data and morphospecies, and the
comparatively high degree of hybridization highlight the
need for genome-wide data derived from NGS methods.
However, only few genomic data have been published on
this genus so far. These include a complete mitochondrial
genome (mitogenome) of T. sarasinorum [54] as well as
tissue-specific transcriptomic data of different popula-
tions of this species [55, 56]. Tylomelania sarasinorum,
endemic to Lake Towuti, is of particular interest because
of the existence of two populations showing different
substrate-specific radula morphs, potentially indicative
of early stages of incipient speciation. However, none
of these previous genomic data contributed to a better
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Fig. 1 Shell diversity and radula morphs of Tylomelania morphospecies. Top-left: exemplary diversity of species endemic to the Malili lake system,
top-right: exemplary diversity of species endemic to Lake Poso; bottom: exemplary radula diversity of a typical riverine form, T. perfecta; b T.
gemmifera (Lake Matano), ¢ T. kruimeli (Lake Mahalona), d T. towutica (Lake Towuti), e T. sarasinorum (Lake Towuti), f T. matannensis (Lake Matano), g 7.
insulaesacrae (Lake Mahalona), and h T. carbo (Lake Poso). Scale bar=100 um (modified from [45])

understanding of colonisation processes, intralacustrine
diversification patterns, interspecific relationships and
levels of introgression in this genus.

In this study, we aimed at gaining a deeper insight into
the Tylomelania snail adaptive radiation on Sulawesi,
with a particular focus on the Malili lake system, from
a mitogenomic perspective. To this end, we assembled

mitogenome information of 77 individuals from Illumina
shotgun sequencing data and assessed how promising
mitogenomes are for resolving phylogenetic relationships
within a young species assemblage of freshwater gastro-
pods. More specifically, we were interested in (i) how var-
iable such mitogenomes are across this species flock; (i)
whether or not mitogenomes provide more phylogenetic
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information compared to single genetic markers; and (iii)
if other mitochondrial markers not commonly used in
molluscan phylogenetic studies are equally informative at
the inter- and intraspecific level.

Methods

Sequencing and read processing

A total of 78 Tylomelania specimens covering 27 out
of the total of 28 morphospecies (except for T. molesta)
described from the Malili lake system (see [45]) was
examined (Lake Mahalona=9 species, Lake Matano=6
species, Lake Towuti=11 species, Lake Lontoa=2 spe-
cies, and Lake Masapi=1 species; note that some species
co-occur in different lakes). The dataset was comple-
mented with three additional morphospecies from the
Lake Poso system and four riverine taxa (Additional file 1:
Figure S1, Additional file 5: Table S1, and Additional
file 6: Table S2). The material was collected between
1999-2020, and DNA was isolated using a CTAB proto-
col developed for molluscs [57]. Quality of the DNA was
originally evaluated using an agarose gel, based on which
samples were selected for Illumina sequencing. However,
quantity and quality of the DNA and the DNA libraries
was again assessed prior to sequencing with a Fragment
Analyzer (Agilent) and a HS Large Fragment Kit and
a HS NGS Fragment Kit 1-6000 bp, respectively, at the
Genomics Facility Basel at the ETH Zurich Department
of Biosystems Science and Engineering (D-BSSE).

For low-coverage whole-genome sequencing (IcWGS),
we aimed to generate c. 15 Gb per library to obtain a
rough coverage of 5X given an estimated genome size
of 24-27 Gb based on preliminary Illumina MiSeq
data (pers. obs.). DNA libraries were sequenced on an
lumina NovaSeq 6000 platform with a S2 Reagent Kit
(300 cycles=2x151 bp) at the D-BSSE. Raw reads were
trimmed using Trimmomatic 0.39 ([58]; settings: lead-
ing=3, trailing=3, sliding window=4:15, minlen=50),
and their quality was assessed before and after the trim-
ming step with FastQC 0.11.8 (http://www.bioinforma
tics.babraham.ac.uk/projects/fastqc).

Mitogenome mapping and annotation

For the mitogenome mapping step, we made use of the
available annotated mitogenome of T. sarasinorum (Gen-
Bank acc. no. NC_030263, mitogenome length=16,632
bp; [54]). Trimmed reads were mapped against this
mitogenome using BWA-MEM 0.7.17 [59, 60]; the result-
ing sequence alignment map (SAM) files were converted
into binary alignment map (BAM) files with SAM-
tools 1.7 ([61]; settings: removal of unmapped reads,
MAPQ >25). Duplicated reads were discarded a posteri-
ori using MarkDuplicates (Picard; https://broadinstitute.
github.io/picard) as implemented in GATK 4.2.2 [62, 63].
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BAM files were further visualized and processed in
Geneious Prime 2023.1.2 (https://www.geneious.com)
to (i) create consensus sequences of the individual
BAM files (settings: highest quality=60%, threshold for
sequences without quality=65%, call Sanger heterozy-
gotes =50%); (i) transfer annotations from the reference
sequence (NC_030263); (iif) to extract the 13 coding
DNA sequences (CDS) and 2 rRNA genes for each sam-
ple for downstream phylogenetic analyses; the 22 tRNAs
were not considered here, because both the mapping and
annotation from the reference sequences failed for sev-
eral tRNAs; and (iv) to align the gene-specific sequences
using the MAFFT [64] plugin with default settings.

Assessment of DNA quality

We subjected the mapped reads (before and after dupli-
cate removal) to DamageProfiler 1.1 [65] to create
so-called damage plots. Such plots, among other crite-
ria, are typically used in ancient DNA studies to prove
the authenticity of the nucleic acids (see e.g. [66, 67]).
Here, we applied this step to assess whether the DNA
of the older samples isolated more than 20 years ago
has suffered noticeable DNA damage as reflected by an
increased C to T and G to A base misincorporations
towards the ends of the reads (e.g. [67]), potentially lead-
ing to conflicting phylogenetic inferences.

Phylogenetic analyses and cophyloplots

Statistics for the individual multi-sequence alignments
were assessed with AMAS [68]. Single-locus phyloge-
netic analyses were conducted using IQ-TREE 2.2.0
([69, 70]; settings: GTR+T" for all partitions including
codon partitioning for the CDS, 1,000 ultrafast boot-
strap, UFBoot, replicates). The same strategy was applied
to the multi-locus dataset (13 CDS and 2 rRNAs, i.e. a
total of 41 partitions), which was extended with COX1
and 16S rRNA sequences of two sister species of Tylo-
melania, i.e. Pseudopotamis semonis (GenBank acc. nos.
AY312049-AY312050) and P. supralirata (GenBank acc.
nos. AY311944—AY311945). Thereby, the 12S rRNA and
16S rRNA datasets were aligned using MAFFT resulting
in a final concatenated alignment length of 13,630 bp. In
addition to the previous setting, the analysis was re-run
without defining a substitution model a priori.

In order to compare single-locus tree topologies
between the 15 genes, 14 cophyloplots were generated
with the R package phytools 1.0-3 [71] for the R statisti-
cal environment 4.1.1 [72] and using the COX1 phylog-
eny as the reference.

Mitochondrial gene representation in GenBank
We searched for the number of nucleotides available
in GenBank (20 July 2023) for Caenogastropoda and
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Mollusca using the following search terms: ‘12S; ‘16S;
‘ATP6; ‘ATPS; ‘COI'/ ‘COX1, ‘COIl'/ ‘COX2; ‘COIII/
‘COX3; ‘CYTB; ‘ND1, ‘ND2; ‘ND3; ‘ND4; ‘ND4L, ‘ND5;
and ‘ND6. To only count target fragments and not com-
plete mitogenomes or other genomic resources, we lim-
ited the results to a maximum length of 2,000 bp for all
mitochondrial genes.

Results

Read and mapping statistics

Although representatives of the genus Tylomelania
have not yet been sequenced on a NGS platform on
such a large taxonomic scale and based on DNA iso-
lated in part from comparatively old material and using
a standard mollusc-specific CTAB protocol, a com-
paratively large number of raw reads was generated for
most of the samples, ranging from 161,954-137,791,566
(mean=58,032,742, median=44,376,141) read pairs,
of which the majority (62.6-95.6%, mean=94.2%,
median =94.6%) passed the trimming step. Of those read
pairs, 326-816,369 (mean=122,138, median=2389,125)
were mapped against the mitogenome reference sequence
with a mean coverage of 2.6-7,085.6 (mean=1,031.8,
median=741.4). After duplicate removal, 137-561,131
(mean=96,674, median=68,902) and thus 42.0-87.9%
(mean=79.1%, median=281.3%) of the original mapped
read pairs remained, retaining a mean coverage of 1.0—
4,926.6 (mean=2812.9, median=589.7) across the entire
mitogenome (see Additional file 5: Table S1 and Addi-
tional file 2: Figure S2 for details).

DNA quality assessment

Overall, no DNA damage was observed among the 78
samples. However, given the low amount of reads and
the poor coverage after the mitogenome mapping (Addi-
tional file 3: Figure S3 and Additional file 5: Table S1), T.
mahalonensis 2001 from Lake Mahalona was discarded
from subsequent analyses.

Phylogenetic analyses and cophyloplots

The two phylogenetic analyses with IQ-TREE2 — either
based on the GTR+TI" model or the ModelFinder option
— resulted in very similar topologies; however, we here-
after only discuss the results obtained with the GTR+TI"
model. Accordingly, the multi-locus phylogeny revealed a
highly supported ingroup (UFBoot=100), including four
independent lacustrine clades, one for Lake Poso (clade P,
UFBoot=100) as well as three for the Malili lake system
(clades M1-M3; Fig. 2). Whereas clades M2 and M3 are
well supported (UFBoot=100), clade M1 only received
moderate support (UFBoot=>56). Overall, however, the
support is high to very high for the remaining nodes and
in general considerably higher compared to a single-locus
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phylogeny based on COX1 (UFBoot > 90: multi-locus=61
out of 76 nodes = 80.3%, COX1=42 out of 76 nodes =
55.3%).

Clade M1 consists only of lacustrine taxa occurring
in the three main Malili lakes. The species belonging to
Clade M2 either inhabit Lake Mahalona or Lake Lontoa,
whereas clade M3 is the most diverse in terms of geo-
graphic distribution, including species from all five lakes
of the Malili lake system. Within the latter two clades,
also riverine samples are present. Taxonomic inconsist-
encies with respect to the position of particular mor-
phospecies within and across the lakes exist in all three
Malili clades. Moreover, some of the morphospecies
occurring in the same lake are placed in different clades.
This also includes T. inconspicua (placed in M2 and M3),
which is, together with another species from Lake Maha-
lona — T. hannelorae (clade M2) — analysed here, for the
first time, in a molecular phylogenetic context. Accord-
ing to a preliminary COX1 phylogeny, the specimen of T.
sarasinorum used as the reference for the mitogenome
mapping step (NC_030263; [54]) is closely related to T.
sinabartfeldi 3084 (UFBoot = 88; data not shown).

The cophyloplots mainly revealed congruent topolo-
gies, however, with a larger amount of topological dis-
crepancies between COX1 and, for example, 16S rRNA,
ATP8, COX3, ND3, and ND4L (Fig. 3 and Additional
file 4: Figure S4). The majority of these discrepancies are
caused by the relation of the riverine taxa with respect to
the lacustrine clades. However, those relationships are
often only weekly supported in both of the two compara-
tive single-locus phylogenies.

Genetic variability

Overall, a high genetic variability among the 15 loci was
observed. Accordingly, the relative frequency of variable
and parsimony-informative sites ranged between 23.3—
33.2% (mean=28.4%, median=27.6%, COX1=26.7%)
and 17.1-25.0% (mean=21.6%, median=21.3%,
COX1=21.3%), respectively, with the lowest values
observed for the rRNAs (Additional file 7: Table S3). On
the intraspecific level, we here only compared some few
individuals of the same species that were recovered as
sister groups in the molecular phylogeny (i.e. T. baskasti
0827 vs. 6076, T. helmuti 0868 vs. 2716, T. masapensis
1335 vs. 1652, Tylomelania sp. ‘Patingko’ 0894 vs. 2494,
T. wesseli 1630 vs. 1631, and Tylomelania sp. ‘Beau’ 2504
vs. 2584). Accordingly, the highest number of variable
sites across all species pairs was found in ND5 (N=30),
followed by COX1 (N=22), ND4 (N=17), and ATP6 as
well as COX3 (N=13 each). In contrast, only low vari-
ation was found in ATP8 and ND4L (N=3 each; Addi-
tional file 8: Table S4).
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Fig. 2 Multi-locus phylogeny based on 13 CDS and 2 rRNAs using IQ-TREE 2 and 1,000 UFBoot replicates. Branches of riverine species are coloured
in black, branches of lacustrine species are colour-coded according to the Malili lakes shown in the inset map (Lake Poso not shown)
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Fig. 3 Simplified cophyloplots for the different mitochondrial loci analysed vs. the COX1 topology (left side of the plot). See Additional file 4: Figure

S4 for the complete cophyloplots showing the individual topologies

Despite this considerable genetic variability, these
mitochondrial markers are not used to the same extent as
reflected by the number of nucleotides available in Gen-
Bank for both Caenogastropoda and Mollusca in general,
with COX1 being the predominant locus, followed by
16S rRNA and 12S rRNA, and CYTB (Fig. 4 and Addi-
tional file 9: Table S5).

Mitogenome arrangement

The arrangement of the 13 CDS and 2 rRNA genes is
identical to the single published mitogenome of T. sara-
sinorum [54] but also to nine other published mitog-
enomes comprising six other caenogastropod families:
Batillariidae, GenBank acc. no. NC_047187; Paludomi-
dae, NC_045095; Potamididae, MZ168697 & NC_039951;
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Fig. 4 Mitochondrial gene representation: relative frequency of variable and parsimony-informative sites among the 77 Tylomelania mitogenomes
finally analysed in the present study (left panel); relative frequency of caenogastropod nucleotides available in GenBank excluding complete

mitogenomes (right panel)

Semisulcospiridae, NC_023364 & NC_037771; Thiaridae,
MZ321058 & MZ662113; and Turritellidae, NC_029717.

Discussion
In the present study, we provide, for the first time, mitog-
enomic information across a freshwater gastropod spe-
cies flock at near-complete taxonomic level. By doing
so, we were interested whether or not mitogenomes and
their individual loci substantially improve the phyloge-
netic resolution of a comparatively young species assem-
blage endemic to Sulawesi’s ancient Malili lake system.
The present multi-locus phylogeny revealed several
patterns already recognized in previous studies and, in
large parts, also observed in other freshwater groups
inhabiting this ecosystem. These include the presence of
three Malili clades (M1-M3) plus a Lake Poso clade (P)
and several cases of mitochondrial introgression between
lacustrine species or lacustrine—riverine species (Fig. 2).
Those findings are mainly congruent with a first compre-
hensive phylogeny based on COX1 and 16S rRNA [30]
and a later 16S rRNA-derived phylogeny with a main
focus on the lacustrine taxa [73]. Apparent major devia-
tions in the position of one or a few specimens between
gene trees (see e.g. the COX1-16S rRNA cophylop-
lot in Fig. 3) are, in fact, not supported. However, the

present molecular phylogeny is substantially better sup-
ported than previous phylogenetic hypotheses (see [30,
73]) and thus at least, in parts, improved the resolution
of interspecific relationships. This is probably not sur-
prising given that the mitogenome behaves like a single
locus (e.g. [2, 74]), and as such, nearly identical topolo-
gies were found among the different loci (see Fig. 3)
that all contributed to the overall support. However, the
higher number of characters did not affect the phylog-
eny in the same way, which is reflected in the poorly sup-
ported clades M2 and M3. We here argue that these short
branches are related to rapid diversification events result-
ing in so-called ‘bottom-heavy’ clades typical for adaptive
radiations ([75]; see also [76]).

In general, it is remarkable how many variable and
parsimony-informative sites were identified among and
within species across the remaining ‘non-traditional’
mitochondrial genes despite the comparatively young age
of this species flock (Fig. 4, Additional file 6: Tables S2,
and Additional file 7: Table S3). Mitogenomes therefore
not only seem to be very powerful in a phylogenetic con-
text at the family and superfamily level in molluscs (e.g.
[2, 9-12]), but also further below. The nucleotide data-
base of NCBI GenBank is very biased towards COX1,
12S rRNA and 16S rRNA and perhaps CYTB, whereas
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the remaining loci are only rarely used in both Caenogas-
tropoda (to which the Tylomelania species flock belongs
to) and Mollusca in general (Fig. 4). Obviously, this is
not much of an issue, considering that all mitochondrial
genes are part of a single locus (see above) and that the
two genes applied previously to the Tylomelania system
(COX1 and 16S rRNA) have essentially recovered the
same topology as recovered by all other genes (see also
above). However, the constant increase in WGS and
IcWGS projects (see e.g. [5]) in combination with the
suite of relatively easy-to-use mapping tools available
nowadays (e.g. [60, 77—80]) will soon mitigate this bias
and further provide a plethora of ‘non-traditional’ loci
that will likely be relevant for a variety of biodiversity and
phylogenetic studies beyond a classical DNA barcoding
approach.

However, the very nature of such a young species
assemblages as Tylomelania, in which interspecific,
intralacustrine as well as lacustrine—riverine hybridisa-
tion and perhaps also incomplete lineage sorting play a
major role, pushes mitogenome data to their limits (e.g.
[1, 2] and references therein). Understanding the evolu-
tion of such a high biodiversity and morphological dis-
parity (shells and radula forms) thus requires that the
molecular phylogeny approximates the species tree (see
e.g. [81]). In our study, the seemingly polyphyletic nature
of most species and the pattern of lacustrine—riverine
hybridisation found in the previous single-locus stud-
ies on Tylomelania have not been resolved by a mitog-
enome approach, indicating that our multi-locus gene
tree is likely not a good approximation of the species
tree. It might even be argued whether or not the only
clear advantage we found in using near-complete mitog-
enomes rather than just two mitochondrial gene frag-
ments on lacustrine Tylomelania is in fact a benefit. This
means that a considerably better overall branch support
actually becomes a disadvantage by giving a higher cred-
ibility to relationships that reflect the maternal inherit-
ance of a single locus rather than introgression and ‘true’
species boundaries, particularly in these young groups
(e.g. [82, 83]).

Conclusions

Our analyses show that although mitochondrial data
and even complete mitogenomes are essential for taxo-
nomic studies and may provide a robust phylogenetic
backbone, genome-wide data are key to shed light on
the adaptive radiation and their underlying processes.
This not only applies to the freshwater gastropods stud-
ied here, but also other non-model species flocks cur-
rently underrepresented in WGS studies. Future work
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should therefore also focus on these mainly inverte-
brate groups to identify potentially common factors
that triggered diversification and speciation in those
and other isolated ecosystems.
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