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ABSTRACT

European freshwater dreissenid mussels evolved from marine ancestors during the Miocene approximately
30 million years ago and today include some of the most successful and destructive invasive invertebrate
species of temperate freshwater environments. Here we sequenced the genome of the quagga mussel Dreis-
sena rostriformis to identify evolutionary adaptations involved in embryonic osmoregulation. We found high
gene expression levels of a hovel subfamily of lophotrochozoan-specific aquaporin water channel, a vacuolar
ATPase and a sodium/hydrogen exchanger during early cleavage, a period defined by the formation of inter-
cellular fluid-filled ‘cleavage cavities’. Independent expansions of the lophotrochoaquaporin clade that coin-
cide with at least five independent colonisation events of freshwater environments confirm their central role in
freshwater adaptation. The pattern of repeated aquaporin expansion and the evolution of membrane-bound
fluid-filled osmoregulatory structures in diverse taxa points to a fundamental principle guiding the evolution of
freshwater tolerance that may provide a framework for future efforts towards invasive species control.
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MAIN TEXT

Molluscs evolved in the ocean, yet today there are ap-
proximately 5000 freshwater species worldwide origi-
nating from more than 40 independent colonisation
events (1-3). While most freshwater mollusc species
are gastropods (ca. 4000 species, 2), several bivalves
(eg. Dreissena rostriformis, Dreissena polymorpha, Lim-
noperna fortune and Corbicula fluminea) have proven
to be highly successful and ecologically disruptive eco-
system engineers of colonised environments (4-7).

Bivalves have invaded freshwater habitats on at least
11 occasions (3, 8). Despite the independence of these
events, a feature common to freshwater species is a
body fluid osmolarity that is actively maintained hy-

perosmotic to their environment (9, 10). This differs
to marine and brackish water species which are com-
monly osmoconformers (11). Due to their large surface
area to volume ratio, the issue of cellular osmoregula-
tion is expected to be particularly acute for the eggs
and embryos of broadcast spawners such as the quagga
mussel Dreissena rostriformis (Fig. 1; Supplementary
note SM 1). The evolution of mechanisms by the quag-
ga mussel to withstand the harsh osmotic conditions
of the freshwater environment during embryogenesis
may be a contributing factor to their evolutionary suc-
cess and their ability to rapidly spread through newly
colonised habitats.
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Figure 1. The quagga mussel, Dreissena rostriformis. (a) Quagga mussels form dense aggregations connected
with strong byssal threads. Aggregates are often associated with other benthic species such as sponges. (b) lllustra-
tion of a single quagga mussel demonstrating the distinct banding pattern of the shell and the dense clump of byssus
threads that enables them to adhere to both natural and manufactured substrates. (¢) Global distribution of the quagga
mussel highlighting native (blue) and colonised (red) habitats. (d) Condensed phylogeny of Bivalvia (58) based on a
supermatrix composed of 47 molluscan taxa covering 1,377 orthogroups. The quagga mussel is positioned amongst
the Imparidentia. Species with sequenced genomes are marked with a *. All nodes possess support values equal to 1.

Toidentify geneticsignaturesthathave underpinnedthe
transition to freshwater environments, we sequenced,
assembled and annotated the ~1.6 gigabase (Gb) ge-
nome of the quagga mussel D. rostriformis (Supplemen-
tary notes SM 1-2). High heterozygosity (~2.4%) and
repeat content of the genome (Supplementary note
SM 3) necessitated an assembly pipeline specifically
designed for dealing with these issues, which are com-
mon to many wild-type non-inbred invertebrate spe-
cies (Supplementary note SM 4; 12-15). The resulting

non-redundant haploid assembly covers 1.24 Gb with a
scaffold N50 of 131.4 kilobases. The difference of ~360
megabases between the assembled genome and the
predicted genome size is most likely explained by the
collapsing or reduction of highly repetitive regions, as
has been observed with other genome assemblies (16).
Mapping of the paired end libraries back to the com-
pleted genome resulted in 94.5% realignment, con-
firming the integrity of the assembly.
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Annotation of the assembly was performed through a
combination of RNAseq-based transcriptome assem-
blies, homology data and ab-inito methods, resulting in
the identification of 37,681 protein-coding gene mod-
els (Supplementary note SM 5). BUSCO analysis (v. 2.0,
17) detected 928 (94.9%) of the 978 metazoan single
copy orthologues and in total 32,708 (85.8%) of the
gene models could be annotated based on homology to
public databases. These results make the quagga mus-
sel genome one of the most high quality and complete
molluscan assemblies currently available and an im-
portant resource for metazoan genomics.

In order to maintain a body osmolarity above that of the
surrounding medium, organisms require mechanisms
to either prevent the influx of water that would other-

wise diffuse across membranes, or to excrete excess
water that passes into their cells. Likewise, the efflux of
small solutes (eg. Na+, K+, Cl-) that would otherwise be
lost to the environment must be prevented or balanced
with uptake to avoid deteriorating osmotic conditions.
An investigation of the genes encoding sodium, potas-
sium, chloride and water transmembrane channels in
Dreissena revealed an aquaporin, a vacuolar ATPase (v-
ATPase) subunit a and a sodium/hydrogen exchanger
(NHE) that are highly expressed in Dreissena eggs and
early embryos (stages that lack distinct osmoregula-
tory organs) but not in those of the marine oyster Cras-
sostrea gigas (Fig. 2a; Supplementary note SM6).
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Figure 2. Embryonic osmotic regulatory genes. (a) Heat map of expression of candidate osmoregulatory genes
highly expressed during embryogenesis prior to the free-swimming stage. Three genes (highlighted in bold) are highly
expressed in Dreissena but not in similar stages of the marine oyster Crassostrea gigas (see SM 6.2). (b) Phylogenetic
tree of aquaporins with emphasis on classical lophotrochoaquaporins (red) with other classes (green - aquaglycer-
oporins, yellow - unorthodox, pink - EGLPs, white - undescribed annelid/brachiopod clade, light blue - aguaamoni-
aporins, blue - classical aquaporins) collapsed. Note the independent expansions associated with the freshwater
lineages Dreissena, Corbicula, Limnoperna, the unionid mussels and the annelid leech Helobdella. * indicates a clade
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of long branch freshwater gastropod sequences previously annotated as malacoglyceroporins. ** indicates an ex-
panded clade of marine brachiopod sequences. Support values under 0.8 are not shown. (¢) Peptide logo of the highly
charged lophotrochoaquaporin loop D with occupancy and amino acid position indicated on the x-axis respectively.
(d) Predicted structure of the Dreissena lophotrochoaquaporin Dro.75921 loop D (magenta) wrapped to Bos taurus
AQP1 (PDB: 1j4n.1) showing the predicted salt bridge formed between Arg-291 and Asp-293.

Aquaporins are a class of highly selective transmem-
brane passive water transporters that in animals fall
into one of four clades (classical, aquaamoniapor-
ins, aquaglyceroporins or unorthodox/S-aquaporins)
based on their function and their capacity to transport
specific solutes in addition to or instead of water (18).
A fifth group specific to insects, the entomoglycerop-
orins (EGLPs), have been previously assigned to the
classical aquaporins (18), however our results indicate
they may represent a sister group. In humans, aqua-
porins are associated with a number of pathologies
and are important components of the eye, blood-brain-
barrier and kidney (19). In molluscs, the diversity and
function of aquaporins are less well described although
mollusc-specific aquaporin clades have been identified
(20, 21).

A phylogeny of 291 aquaporin genes including 168 bi-
valve sequences from 15 species spanning both marine
and freshwater taxa demonstrates a distinctive pattern
of independent aquaporin gene expansion in freshwa-
ter bivalve species (Fig. 2b; Supplementary note SM 7).
A previously unidentified class of lophotrochozoan-
specific classical aquaporins (hereafter referred to as
lophotrochoaquaporins) that includes the highly ex-
pressed Dreissena genes appears to have expanded on
at least four occasions, coinciding with the freshwater
bivalves Dreissena, Corbicula fluminea, Limnoperna
fortunei and the Unionidae (a species-rich monophyl-
ectic taxon of freshwater paleoheterodont bivalves). In
contrast, none of the marine bivalves show evidence
of such an expansion. Dreissena, Corbicula and Limn-
operna represent independent invasions of freshwa-
ter habitats and all three have close marine relatives
(Supplementary note SM 1; 8, 15). The lineage-specific
aquaporin duplications in these three species reflect
this evolutionary history while the aquaporin expan-
sion in the paleoheterodonts appears to have occurred
after the divergence of the freshwater unionids from
their marine ancestors, but before unionid speciation
(Fig. 2b). Outside of the bivalves, the freshwater anne-
lid leech Helobdella robusta also has an expanded set
of lophotrochoaquaporins while the freshwater gas-
tropods Limnaea stagnalis and Biomphalaria glabrata
possess long branch lengths without evidence of ex-
pansions (Fig. 2b).

In addition to facilitating water transport across os-
motic gradients, hydrostatic gradients may also influ-
ence the directional transport of water by aquaporin
channels. In the absence of an osmotic pressure gradi-
ent, rat AQP1 channels mediate transmembrane wa-

ter transport across a hydrostatic pressure gradient
(22) while human AQP1 expressed in Xenopus oocytes
exhibits reversible gating dependent on the surface
tension of the membrane (23). In plants, membrane
tension-dependent gating of the grapevine aquaporin
TIP2;1 has also been observed under hypotonic condi-
tions (24).

Modelling of the three-dimensional conformation of the
embryonically expressed quagga mussel lophotocho-
aquaporin orthologue Dro.75921 with SWISS-MODEL
(25) revealed high structural conservation of the trans-
membrane regions to other classical aquaporins and
structural variability predominantly confined to loops
A, C and E (Supplementary note SM 8). The exception
to this is AQP1, which also shows evidence of structural
similarity with Dro.75921 through loop D. In lophotro-
choaquaporins, loop D is highly charged and appears
to be highly conserved with two of the most conserved
amino acids (Arg-291 and Asp-293 in Dro.75921) also
predicted to form a salt bridge (Fig. 2d; 26). In addition
to the conductance of water through individual subunit
pores, AQP1 conducts Na+, K+ and Cs+ cations through
the central tetrameric pore which is gated by the highly
charged cytoplasmic loop D (27-29). Increasing evi-
dence that water and ion conductance of aquaporins
can be influenced by factors such as pH (30-33), mem-
brane tension (23) and hydrostatic pressure (22) sug-
gests that a complex set of dynamic, localised param-
eters may interact to influence aquaporin activity.

A conspicuous feature of the early cleavage stages of
some freshwater and terrestrial molluscs is the forma-
tion of a large lens-shaped, fluid-filled cavity between
dividing cells (34, 35). Following cell division, small
cavities begin to appear along the cell-cell border,
gradually coalescing until a single large cavity remains.
The contents of the cleavage cavity are then rapidly dis-
charged to the environment before a new cavity begins
to form (Fig. 3, a-d; Supplementary note SM 8). This
process is typically repeated two to four times for each
of the first three cell divisions. At the 8-cell stage, in-
tercellular cleavage cavities become less apparent and
a single central blastocoel forms (Supplementary note
SM 9). This, too, undergoes periods of gradual inflation
and rapid discharge up until at least the swimming gas-
trula stage.
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Figure 3. Cleavage cavities in developing Dreissena embryos. (a-d) Formation of cleavage cavities during the first
embryonic cleavage under ambient conditions. (e-h) First and second embryonic cleavages under high salinity dem-
onstrating the lack of cleavage cavity formation. (i-I) Formation of cleavage cavities during the first embyronic cleav-
age under low salinity. (m-n) Failed first cleavage leading to rupture of the fertilisation envelope and the extrusion of

an amoeboid projection with a large vacuole.

* indicates cleavage cavities, n indicates nuclei, v indicates intracellular
vacuoles and arrows indicate fertilisation envelope ruptures.

Small cleavage cavities are also present in marine mol-
luscs, however, these remain small and fail to coalesce
(36). In contrast, in freshwater and terrestrial molluscs,
the formation of a wide cleavage cavity has been ob-
served in multiple phylogenetically disparate species
(34-39). Outside of the molluscs, the freshwater anne-
lid leech Helobdella also forms cleavage cavities which
gradually inflate, coalesce and rapidly discharge in the
same manner as those of molluscs (40, 41). The fresh-
water bryozoan Paludicella articulata may also form a
structure reminiscent of molluscan cleavage cavities
(42). In vertebrates, rat hepatocyte couplets induced
to secrete bile through the application of the choler-
etic dibutyryl cAMP rapidly shunt intracellular AQP8
to the membranes at the cell-cell interface (43). This
induces the flow of water in the presence or absence of

an osmotic gradient, forming a fluid-filled intercellular
structure (the canaliculus) with striking resemblance
to Dreissena cleavage cavities.

To confirm a role for the Dreissena cleavage cavity
formation in osmotic regulation, developing embryos
were subjected to hyperosmotic conditions (Supple-
mentary note SM 9). In the majority of circumstances
this resulted in a complete absence of cleavage cavity
formation, while in a few individuals, cleavage cavity
formation remained but was greatly reduced in size
compared to those grown in ambient conditions (Fig. 3,
e-h). Under reduced salinity, cleavage cavities formed
normally (Fig. 3, i-1). This is consistent with results
from other cleavage cavity forming species (35, 37, 44,

45).
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Like embryonic molluscs, freshwater protozoans re-
quire mechanisms to cope with the osmotic influx of
water across their membranes in the absence of com-
plex multicellular excretory organs. Similar to lopho-
trochozoan cleavage cavities, protozoan contractile
vacuoles are membrane-bound structures that gradu-
ally fill with excess cellular water before rapidly dis-
charging it to the exterior (46, 47). Additionally, both
cleavage cavities and contractile vacuoles are associ-
ated with aquaporins and vacuolar ATPases (Fig. 2;
Supplementary note SM 6; 48). Our data provide the
first evidence for the central role of aquaporins and
vacuolar ATPases in a lophotrochozoan osmoregula-
tory process which is similar to that of protozoan con-
tractile vacuoles. The repeated aquaporin expansions
in freshwater lophotrochozoans and the importance of
aquaporins and v-ATPases to protozoan osmoregula-
tory structures suggests that this molecular machinery
may have been co-opted by both the lophotrochozoan
cleavage cavity and the protozoan contractile vacuole
excretory systems.

The NHE that is highly expressed in Dreissena embryo-
genesis is a member of the plasma-membrane NHEs
and thus is likely required for the recovery of sodium
lost to the environment across the plasma membrane.
Neither the v-ATPases nor the PM-NHEs have under-
gone an evolutionary pattern of expansion akin to
that of the aquaporins in which repeated colonisation
events of freshwater environments are associated with
gene family expansions (Fig. 2; Supplementary note SM
7). This further highlights a likely central role for aqua-
porins in lophotrochozoan osmoregulation.

The co-occurrence of cleavage cavity formation with
high aquaporin and v-ATPase subunit a expression lev-
els indicates a role for these proteins in osmoregulation
during early Dreissena embryogenesis similar to that in
protozoan contractile vacuoles. While v-ATPases are
most well-known for the acidification of intracellular
vesicles, their numerous roles in the acidification of ex-
tracellular spaces are now well established (49, 50). It
is also significant that the only v-ATPase subunit that
is highly upregulated during cleavage cavity formation
is an orthologue of subunit a as it is this subunit that
is responsible for subcellular targeting of the entire v-
ATPase complex (51-53). The protonation of the cleav-
age cavity that is predicted to result from v-ATPase ac-
tivity may influence aquaporin-mediated water or ion
conductance in a pH-dependent manner as has been
observed for several mammalian aquaporins (30-33).

In protozoans, the mechanism of contractile vacu-
ole contraction remains elusive. Contractile elements
such as actin-myosin-based systems do not appear to
be associated with contractile vacuoles, leading some
authors to suggest that “contractile” vacuoles are not
actually contractile (46). A more recent hypothesis pos-
its that tension built up in the membrane of the con-
tractile vacuole may provide the force required for fluid
discharge (54).

In many animals, post-fertilisation physicochemical
modifications that transform the vitelline envelope
into the fertilisation envelope typically result in in-
creased rigidity and stiffness (55-57). While such mod-
ifications have not been well described in molluscs,
we observed that Dreissena embryos that fail to cleave
or to form cleavage cavities under ambient conditions
appear to be at increased risk of fertilisation envelope
rupture (Fig. 3, m-p). In contrast, unfertilised Dreissena
eggs gradually increase in volume, presumably due to
the osmotic influx of water, without such a marked in-
crease in susceptibility to vitelline envelope rupture
(Supplementary note SM 9).

We suggest a mechanism for Dreissena cleavage cavity
filling and discharge whereby the mechanical proper-
ties of the fertilisation envelope restricts cell expansion
in a functionally analogous manner to that of the cell
wall of plants. Under such circumstances, an increased
turgor pressure induced by the osmotic influx of wa-
ter triggers the flow of water through the aquaporin
channels down a hydrostatic pressure gradient into
the developing cleavage cavity. The rapid expulsion of
the contents of the cleavage cavity is thus mediated by
tension stored in the fertilisation envelope in a manner
similar to the tension stored in the membranes of pro-
tozoan contractile vacuoles (54).

The deployment of lophotrochoaquaporin water trans-
port channels during early embryogenesis appears to
have enabled Dreissena to regulate intercellular water
levels as early as the two-cell stage of development.
The ability of Dreissena embryos to excrete excess wa-
ter via the formation of cleavage cavities is a function
that in adult animals is usually reserved for complex
organs such as nephridia or kidneys. It is likely that the
evolution of this embryonic osmotic regulatory mecha-
nism involving aquaporin-mediated cleavage cavity
formation was a crucial step in the adaptation of the
quagga mussel - and likely many other aquatic animals
- to freshwater environments.
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